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Abstract

The germ cell lineage ensures the creation of new individuals and perpetuates the genetic information across generations. Primordial 
germ cells are pioneers of gametes and exist transiently during development until they differentiate into oogonia in females, or 
spermatogonia in males. Little is known about the molecular characteristics of primordial germ cells in cattle. By performing 
single-cell RNA-sequencing, quantitative real-time PCR, and immunofluorescence analyses of fetal gonads between 40 and 90 days of 
fetal age, we evaluated the molecular signatures of bovine germ cells at the initial stages of gonadal development. Our results 
indicate that at 50 days of fetal age, bovine primordial germ cells were in the early stages of development, expressing genes of early 
primordial germ cells, including transcriptional regulators of human germline specification (e.g. SOX17, TFAP2C, and PRDM1). 
Bovine and human primordial germ cells also share expression of KIT, EPCAM, ITGA6, and PDPN genes coding for membrane-bound 
proteins, and an asynchronous pattern of differentiation. Additionally, the expression of members of Notch, Nodal/Activin, and BMP 
signaling cascades in the bovine fetal ovary, suggests that these pathways are involved in the interaction between germ cells and their 
niche. Results of this study provide insights into the mechanisms involved in the development of bovine primordial germ cells and put 
in evidence similarities between the bovine and human germline.
Reproduction (2021) 161 239–253

Introduction

The specification of primordial germ cells (PGCs), 
the progenitors of sperm and eggs, occurs around the 
onset of gastrulation by the inductive signaling of bone 
morphogenetic proteins (BMP) on a group of cells that 
are initially destined toward a somatic mesodermal fate 
(Lawson et al. 1999, Saitou et al. 2002, Kobayashi et al. 
2017, Chen et  al. 2019). Even though the signaling 
pathways that operate during PGC specification are 
conserved across mammals (Nikolic et  al. 2016), the 
origin of the signaling molecules, the key transcriptional 
regulators, and their hierarchy are divergent between 
species (Kojima et al. 2017).

In mice, the period of PGC development lasts around 
7 days. This process is initiated by BMP4 signaling on 
WNT-primed cells, which activates PRDM1 (also known 
as BLIMP1) and PRDM14. Together with TFAP2C, a 
direct target of PRDM1, these genes act in combination 
to induce PGC fate (Ohinata et al. 2005, Yamaji et al. 
2008). The PRDM1-PRDM14-TFAP2C tripartite genetic 
network acts to repress the somatic mesodermal program, 
induce re-expression of pluripotency genes, initiate 
expression of PGC genes, and prompt genome-wide 
epigenetic reprogramming (Saitou et  al. 2002, Yabuta 
et  al. 2006, Seki et  al. 2007); all key events involved 
in the specification of PGCs. After specification, PGCs 

follow guidance cues that will ultimately lead them to the 
genital anlage. Upon colonization of the undifferentiated 
developing gonad, PGCs undergo synchronous mitotic 
divisions with incomplete cytokinesis, forming nests of 
interconnected germ cells (Pepling & Spradling 1998). 
The PGC development period ends when female PGCs 
enter meiotic prophase or male PGCs enter mitotic 
quiescence (McLaren & Southee 1997). In the ovary, 
meiosis initiation is triggered by retinoic acid signaling 
which in the testis is antagonized by the cytochrome 
P450 activity of Sertoli cells (Bowles et  al. 2006, 
Koubova et al. 2006).

In humans, the period of PGC development lasts 
around 7 weeks (from week 2 to week 9 of fetal 
development) (Tang et  al. 2015). Activation of BMP 
signaling leads to upregulation of PRDM1, which in 
primates and pigs, is triggered by SOX17, a key regulator 
of PGC specification (Irie et al. 2015, Kobayashi et al. 
2017, Kojima et  al. 2017). BMP signaling initially 
upregulates TFAP2C independently from SOX17, 
which in combination with PRDM1 establish the gene 
expression program of human PGCs (Kojima et  al. 
2017). Upon specification, human PGCs migrate and 
colonize the genital ridge to extensively proliferate until 
they enter meiosis asynchronously in females (Anderson 
et  al. 2007) or enter mitotic quiescence and undergo 
meiosis after puberty in males (Tang et al. 2015).
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Despite the advances in mice and humans, PGC 
specification and development in livestock species are 
largely unknown. Similar to humans, the period of bovine 
PGC development lasts around 6 weeks (from week 
2 to week 8 of fetal development) (Lavoir et al. 1994, 
Wrobel & Süß 1998). At 40 days of fetal development, 
the undifferentiated bovine gonad undergoes sexual 
differentiation, and then female germ cells initiate meiosis 
between 70 and 80 days of fetal age (Erickson 1966). At 
the molecular level, bovine PGCs are characterized by 
nonspecific alkaline phosphatase (AP) activity (Wrobel 
& Süß 1998), expression of well-conserved germline 
markers such as the tyrosine-kinase receptor KIT (also 
known as cKIT) (Kritzenberger & Wrobel 2004), and 
the RNA-binding proteins NANOS3 (Ideta et al. 2016), 
DDX4 (also known as VASA) (Pennetier et  al. 2004, 
Bartholomew & Parks 2007, Luo et al. 2013) and DAZL 
(Hummitzsch et  al. 2013). However, the molecular 
signatures that characterize the bovine germline during 
early gonadal development have not been elucidated, 
due in part to the challenges associated with studying 
PGCs. During their initial development, PGCs are 
embedded in the developing embryo in small numbers 
(Barton et al. 2016, Cantú & Laird 2017) and even though 
human and mice PGCs can be purified by cell sorting, 
antibodies to successfully target and isolate bovine 
PGCs are not commercially available. To overcome 
this limitation and elucidate the molecular signatures 
that characterize the bovine germline during early 
gonadal development, we performed single-cell RNA-
sequencing (scRNA-seq), quantitative real-time PCR 
(RT-qPCR), and immunofluorescence analyses of fetal 
gonads between 40 and 90 days of age. At day 50 bovine 
PGCs were in early stages of development and shared 
with the human germline expression of transcriptional 
regulators and surface markers, and an asynchronous 
progression of differentiation.. Bovine PGCs and their 
somatic counterparts expressed members of the BMP, 
Activin/Nodal, and Notch signaling cascades, suggesting 
that these pathways may have roles in coordinating the 
events of gonad development in cattle.

Materials and methods

Tissue collection and processing

Bovine fetuses were obtained from a local abattoir and 
transported on ice to the laboratory within 3 h of retrieval. 
Fetuses were inspected for normal development and 
the crown-rump length (CRL) was measured to estimate 
gestational age (DesCôteaux et  al. 2009). Gonads were 
identified based on their location within the abdominal 
cavity, anatomy, and relationship with neighboring organs 
(mesonephros and/or kidneys). Tissues retrieved for histology 
were fixed in 4% paraformaldehyde for 24 h at 4°C and step-
wise dehydrated through an ethanol gradient and processed in 
a VIP Tissue Tech processor (Sakura Finetek). Tissue was then 
embedded in paraffin, sectioned at 5 μm thickness and stained 

with hematoxylin and eosin (H&E). Gonads collected for 
immunostaining analyses were fixed in 4% paraformaldehyde 
for 5 h at 4°C, washed and transferred to 30% sucrose until 
embedding in Tissue-Tek optimal cutting temperature (OCT) 
compound (4883, Sakura Finetek). Cryoblocks were sectioned 
at 10 μm thickness and tissue sections were stored at −20°C 
until staining. Gonads retrieved for scRNA-seq were washed in 
ice-cold PBS and slow frozen in DMEM containing 20% FBS 
and 10% DMSO using a freezing device (5100-0001, Thermo 
Scientific). Fetal ovaries and testes harvested for quantitative 
RT-PCR were snap-frozen in liquid nitrogen and stored at 
−80°C until RNA was extracted. Samples utilized in this study 
are listed in Table 1.

Immunofluorescence analysis

Cryosections were washed to remove the OCT compound 
before unmasking for 10 min in a steamer in 10 mM sodium 
citrate buffer, pH 6.0. Blocking was performed by incubating 
the tissue sections with 0.3 mM glycine and 10% normal 
donkey serum for 1 h, at room temperature. Tissue sections were 
then incubated overnight at 4°C with the following primary 
antibodies: anti-PRDM1 (1:50; 14-5963-80, Invitrogen), anti-
OCT4 (1:500; sc-8628, Santa Cruz Biotechnology), anti-DAZL 
(1:500; Ab34139, Abcam), anti-DDX4 (1:500; Ab13840, 
Abcam). Secondary antibody incubation was performed for 
1 h at room temperature and Hoechst 33342 was used for 
counterstaining. Tissue sections were mounted using ProLong 
Gold Antifade (P36934, Invitrogen) and images captured using 

Table 1 List of bovine fetuses harvested for this study.

CRL (cm) Sex
Estimated fetal  

age (days) Analysis

2 N/A 40 H&E
2 Male 40 IMF
2.5 Male 45 IMF
3 Female 45–50 IMF
3 Male 45–50 RT-qPCR
3.5 Female 50 AP
3.5 Female 50 RT-qPCR
4 Female 50 scRNA-seq
4 Female 50 scRNA-seq
4.5 Female 50 H&E
4.5 Female 50 RT-qPCR
5.5 Female 50–60 RT-qPCR
5.5 Male 50–60 RT-qPCR
6 Female 60 IMF
6.3 Male 60 IMF & AP
8 Male 60–70 RT-qPCR
8.3 Female 60–70 RT-qPCR
11 Female 80 RT-qPCR
11 Male 80 RT-qPCR
12 Male 80 IMF & AP
14 Female 90 RT-qPCR
14 Male 90 RT-qPCR
15.5 Female 90 IMF
16 Female 90 IMF

AP, detection of alkaline phosphatase activity; CRL, crown-rump 
length; H&E, hematoxylin and eosin staining; IMF, 
immunofluorescence staining; N/A, not available; RT-qPCR, 
quantitative real-time PCR; scRNA-seq: single-cell RNA-sequencing.
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a Leica TCS SP8STED 3X laser-scanning confocal microscope. 
Image processing was performed using ImageJ (v2.0.0-rc-
69/1.52n). Immunostaining of mesonephros was utilized as 
negative control when germline-specific proteins were detected.

Alkaline phosphatase staining

Detection of AP activity was performed using the Alkaline 
Phosphatase Staining Kit II (00-0055; Stem-gent) adapting the 
manufacturer’s protocol for tissue sections. Briefly, cryosections 
were washed in PBS supplemented with 0.05% Tween 20 
and incubated with freshly prepared AP Substrate Solution 
(provided with the kit) in the dark at room temperature for 
15 min. The reaction was stopped by washing tissue sections 
in PBS and stained sections were mounted in ClearMount 
mounting medium (MMC0112, American MasterTech). 
Imaging was performed using a Q Imaging camera on an 
Olympus BH2 microscope.

Sex determination by polymerase chain reaction

Fetuses less than 50 days of fetal age (4 cm CRL) were sexed by 
PCR targeting the DEAD box helicase 3 gene (DDX3X/DDX3Y), 
which allows discrimination between X and Y chromosomes 
based on amplicon size (Gokulakrishnan et  al. 2012). DNA 
extraction was performed using the DNeasy Blood and Tissue 
Kit (69504, Qiagen) according to manufacturer’s protocol. DNA 
was quantified using a NanoDrop 2000C Spectrophotometer 
(Thermo Scientific) and amplified using the Go Taq Hot Start 
Green Master Mix. Amplicons were observed by agarose gel 
electrophoresis stained with ethidium bromide. Genomic 
DNA from adult testes and ovaries were used as controls.

cDNA preparation and quantitative RT-PCR

Total RNA was extracted using the RNeasy Mini Kit (74104, 
Qiagen) and DNase treated with the RNase-Free DNase 
Set (79254, Qiagen). After extraction, RNA was quantified 
using the Qubit RNA BR Assay Kit (Q10211, Invitrogen) and 
reverse transcribed using SuperScript III Reverse Transcriptase 
(18080044, Invitrogen) according to the manufacturer’s 
protocols.

Evaluation of gene expression was performed using PowerUp 
SYBR Green Master Mix (A25742, Applied Biosystems) on 

a QuantStudio 3 Real-Time PCR System (A28137, Applied 
Biosystems). The Primer Quest tool (Integrated DNA 
Technologies) was used to design primers (Table 2) spanning an 
exon–exon junction. Samples were run in technical duplicates 
and relative expression was calculated by the delta Ct method, 
normalizing values to the HMBS housekeeping gene. cDNA 
from adult testes and ovaries were used as controls.

Fetal gonad dissociation for single cell RNA-
sequencing

Slow-frozen gonads from two independent replicates of 
approximately 50 days of fetal age (4 cm CRL) were removed 
from liquid nitrogen and thawed at 37°C in a water bath. 
Gonads were then rinsed in ice-cold PBS, minced into 
~0.1 mm pieces and incubated in Collagenase Type IV 
(800 U/mL) (LS004186, Worthington) supplemented with 
DNase I (6 U/mL) (04536282001, Roche Applied Science) 
at 37°C in a prewarmed orbital shaker for 10 min at 150 
rpm. After dissociation, the cell suspension was filtered and 
dead cells were removed by magnetic bead sorting using a 
Dead Cell Removal Kit (13009010, Miltenyi) following the 
manufacturer’s protocol. Viable cells resuspended in 0.4% 
BSA were submitted on ice to the UC Davis DNA Technologies 
& Expression Analysis Core for library preparation and 
sequencing.

10× Genomics library preparation and sequencing

Cells were captured using a 10× Chromium controller 
targeting 10,000 cells per sample. Libraries were prepared 
using the Chromium Single Cell 3’ v2 chemistry for sample 1 
and v3 chemistry for sample 2 according to the manufacturer’s 
protocol. Sequencing was performed in an Illumina HiSeq 
4000 platform as 150 base paired-end.

Mapping, cell quality control and downstream 
analyses

Demultiplexing of raw reads and mapping to the bovine 
reference genome (ARS-UCD1.2.96) was performed using the 
Cell Ranger software (v3.0.2). Reads were filtered and counted 
through the Cell Ranger Count pipeline. The R package Seurat 
(v3.1.0.9003) was used for sample integration, quality control, 

Table 2 Sequence of primer sets used for qPCR.

Gene Forward primer sequence Reverse primer sequence Tm (°C)
Amplicon  
size (bp)

DDX4 GAAGGTGATAGCTCTGGTTTCT GTCTTGATAACCGCCTCTCTT 62 99
HMBS CTTCACCATTGGAGCTGTCT TAGTTCCTACCACACTCTTCTCT 62 116
NANOS3 TGTGCAGGTTCCAAAGGT GTCTCCTTAGGCAGAAGTTGAG 62 81
PRDM1 CCACATGAATGCCAGGTTTG TGCACTGGTAAGGTTTCTCTC 62 97
PRDM14 GGACAAGGGTGACAGGAAAT TCCCGCATGTAGAACACTTG 62 128
POU5F1 AACGAGAATCTGCAGGAGATATG TCTCACTCGGTTCTCGATACT 62 87
SOX2 CATTAACGGCACACTGCCCC TGAAAATGTCTCCCCCGCCC 62 76
SOX17 AAGATGCTGGGCAAGTCG CGGTACTTGTAGTTGGGATGG 62 116
TFAP2C CGACATGGCACACCAGAT GGAAATAGGACCTTTGCGAATAAC 62 94
DDX3 AGGAAGCCAGGAAAGTAA CATCCACGTTCTAAGTCT 58 184 and 208

Tm, melting temperature.

Downloaded from Bioscientifica.com at 12/07/2021 05:51:44PM
via Washington State University and Washington State University

https://rep.bioscientifica.com


 https://rep.bioscientifica.com

D A Soto and P J Ross242

Reproduction (2021) 161 239–253 

and secondary analyses (Stuart et al. 2019). Quality check of 
datasets and cell filtering was based on 4 criteria: number 
of detected genes, number of unique molecular identifiers, 
percentage of mitochondrial genes, and percentage of 
ribosomal genes. Cells that passed the selection criteria (cells 
containing 200 to 6000 reads and <5% of mitochondrial 
genes) were used for downstream analysis (Supplementary 
Fig. 1A, see section on supplementary materials given at 
the end of this article). Integration and normalization of 
the two replicates was performed by identifying ‘anchors’ 
across datasets. Dimensionality reduction was performed 
by uniform manifold approximation and projection (UMAP) 
and differential gene expression was performed using non-
parametric Wilcoxon rank sum test, which is part of the 
standard Seurat pipeline. Functional clustering of gene 
ontology (GO) term enrichment of differentially expressed 
genes was performed using DAVID (Huang et al. 2009). The 
integration of bovine and human data sets was performed 
using the human UMI count data from http://github.com/
zorrodong/germcell (Li et  al. 2017). Only female cells 
expressing 2000 to 10,000 genes and 100,000 to 1,100,000 
transcripts were kept for integration, resulting in 970 total 
cells. Integration of the bovine and human datasets was also 
performed by the identification of ‘anchors’ using R package 
Seurat (v3.1.5.9003) (Stuart et al. 2019) and variations due 
cell cycle heterogeneity were regressed out. The identification 
of candidate surface marker genes was performed using the 
computational framework COMET (Delaney et  al. 2019) 
using their stand-alone software package.

Data availability

Accession numbers for the 10×X Genomics single cell 
RNA-seq data that support the findings of this study are 
openly available at https://www.ncbi.nlm.nih.gov/geo/, GEO 
accession: GSE162952. Code availability of the custom scripts 
used can be found on GitHub at https://github.com/deliasoto/
Bovine_scRNA-seq.

Results

Morphology and alkaline phosphatase activity of 
bovine fetal gonads

We evaluated the anatomical relationship of the 
developing gonad with the mesonephros between 
40 and 50 days of fetal age (2–4.5 cm CRL) by H&E 
staining. At 40 days of fetal age (Supplementary Fig. 
2A and B), the gonads were identified by their ventral 
location to the mesonephros, one of the biggest organs 
in the abdominal cavity at this stage. Around 10 days 
later (Supplementary Fig. 2C and D), gonads had tripled 
in size and grown out from the mesonephros. Similar 
to other mammals, bovine PGCs possess temporary AP 
activity that is lost upon differentiation (Gropp & Ohno 
1966, Lavoir et  al. 1994). We detected nonspecific 
AP activity throughout the fetal gonad in ovaries and 
testes (Supplementary Fig. 2E, F and G). In ovaries at 50 

days of fetal age (3.5 cm CRL), AP positive cells were 
detected throughout the whole organ, but the surface 
epithelium seemed to be AP negative. In testes, positive 
cells in the seminiferous tubules progressively lost AP 
activity between 60 and 80 days of development (6-12 
cm CRL), whereas somatic cells in the interstitium 
remained AP positive. Thus, in female and male fetal 
gonads, germ cells were masked by the positive AP 
reaction of the surrounding cells, confirming the lack 
of specificity of AP staining that others have described 
(Gropp & Ohno 1966, Lavoir et al. 1994, Wrobel & Süß 
1998). Even though bovine fetal gonads can be easily 
identified after 40 days of development, AP activity is 
not an appropriate germ cell marker as it is unspecific 
and germ cells lose AP expression over time.

Single-cell RNA-sequencing of 50 days old bovine 
fetal ovaries

Since specific surface markers and antibodies to sort the 
different cell populations of the bovine fetal gonad are 
not available, we performed scRNA-seq on dissociated 
fetal gonads to capture the molecular signatures of the 
bovine germline and its niche. A total of 19,499 cells 
from two independent replicates of approximately 50 
days of fetal age (4 cm CRL) were sequenced obtaining 
564,587,528 sequence reads, with 64,039 and 22,332 
mean reads per cell in sample 1 and 2, respectively 
(Supplementary Fig. 1A). After filtering out cell doublets 
and low-quality cells, 15,548 cells were used for 
clustering. We identified 11 cell clusters with all clusters 
being represented in each replicate (Supplementary 
Fig. 1B). Cluster identity was assigned based on the 
expression of well-conserved marker genes (Fig. 1A and 
B) and functional GO term enrichment (Supplementary 
Table 1). Cells allocated to cluster 5 were identified 
as PGCs based on the expression of pluripotency and 
germline-specific genes such as NANOG, OCT4 (also 
known as POU5F1), NANOS3, and EPCAM (Fig. 1B 
and C). PGCs represented 10.8% of the cells present 
in the fetal gonad. Clusters 0, 1, and 2 expressed 
genes associated with stromal (NR5A1 and COL1A2) 
and epithelial (KRT19 and MSLN) cell populations 
of the fetal ovary (Jameson et  al. 2012, Mork et  al. 
2012, Hummitzsch et  al. 2013), and respectively 
represented 51.7, 20.1, 17.5% of the cells restricted to 
the somatic and germ cell compartment. GO analysis 
indicated that clusters 0, 1, and 2 showed specific 
enrichment for terms such as collagen and extracellular 
matrix, translation and cell–cell adhesion, and cell 
proliferation, respectively (Supplementary Table 1). 
Thus, we identified clusters 0, 1, and 2 as stromal cells, 
quiescent epithelial cells and proliferative epithelial 
cells, respectively (Fig. 1B and C). Clusters 3, 4, 6, 7, 8, 
9, and 10 represented 29.7% of the total cells analyzed 
and corresponded to endothelial cells, erythrocytes, 
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monocytes/macrophages, reticulocytes, fibroblasts, 
platelets, and lymphocytes, respectively (Fig. 1C). This 
analysis demonstrated that different cell populations, 
including PGCs, can be identified in the bovine fetal 
gonad by scRNA-seq.

Evaluation of the gene expression profile of 
the somatic compartment (clusters 0, 1 and 2) 
(Supplementary Fig. 3) showed high expression of 
genes involved in the development of the genital ridge 
(WT1, GATA4, SF1, EMX2 and LHX9) (Luo  et al. 1994, 
Miyamoto  et al. 1997, Birk  et al. 2000, Hammes  et al. 
2001, Kusaka  et al. 2010, Hu  et al. 2013). On the other 
hand, genes associated with pre-granulosa cells (LGR5, 
RSP01, WNT4, FOXL2 and FST) (Jorgez   et  al. 2004, 
Mork et al. 2012, Rastetter   et al. 2014, Zheng   et al. 
2014) presented only low expression in around 5.5% of 
the cells. These results indicate that the somatic cells of 
50 days old (4 cm CRL) bovine fetal gonads are largely 
undifferentiated and starting the transition toward 
supportive cells.

Molecular profiling of the bovine germline during 
early fetal development

scRNA-seq data indicated that at 50 days of fetal age (4 
cm CRL) most of the cells in the PGC cluster (98.7%) 
expressed at least one marker of pluripotency including 
OCT4 (72.5%), NANOG (95.2%), and SALL4 (47.2%), 
or at least one marker of early PGCs development 
(95.5%) including NANOS3 (80.2%), KIT (69%), and 
AP (57.6%). A smaller subset of cells (21.1%) expressed 
genes that characterize pre-meiotic late-stage PGCs 
including DAZL (6.3%), DDX4 (16%), and STRA8 
(0.5%) (Fig. 2A and Table 3). Marker co-expression 
analysis showed that 76% of the cells allocated to the 
PGC cluster shared expression of pluripotency and early 
markers, with 21% also co-expressing late PGCs markers 
(Fig. 2B), indicating that most PGCs in day 50 fetuses are 
still in early stages of differentiation, with a subset of 
cells transitioning toward a more advanced stage.

To confirm the early stage of bovine PGCs at 50 days 
of fetal age (4 cm CRL) and assess the developmental 

Figure 1 Cell populations detected by scRNA-seq in the bovine fetal ovary at 50 days of fetal age. (A) Heatmap of differentially expressed genes 
in each cell cluster. Genes used for cluster identification are colored in yellow. (B) Dot plot of the average level of expression (dot color) and 
percentage of positive cells (dot size) expressing specific marker genes in each cell cluster. (C) Identity of cell populations in UMAP projection.
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timeline of the bovine germline, we analyzed 
expression of well-known markers of early and late 
PGC at different stages of development by RT-qPCR 
and immunofluorescence (Figs 2C and 3 ). Detection of 
OCT4, NANOS3, and DDX4 in fetal gonads by RT-qPCR 
(Fig. 2C) corroborated the findings from scRNA-seq. 
OCT4 and NANOS3 presented a similar pattern of 
expression, characterized by a progressive increase 
during the first 2–3 months of gonad development, 
likely reflecting PGC proliferation. OCT4 and NANOS3 
expression decreased after this period (Fig. 2C). NANOS3 
was not detected in adult ovaries, but was expressed in 
the adult testes, which is consistent with its role during 
spermatogenesis (Lolicato et  al. 2008). Expression of 
DDX4 increased after 50 days of development (4 cm 
CRL) reaching its highest expression in the adult testis 
(Fig. 2C). Immunofluorescence analyses (Figs 3 and 6) 
indicated that PRDM1 and OCT4 were equally expressed 
in female and male PGCs early in development (40–70 
days or 2–7 cm CRL). Upon progression of differentiation, 
PRDM1 and OCT4 were first downregulated in males 
while in females their expression persisted in germ 

cells located at the ovarian cortex. DAZL protein was 
first detected at 60 days (6 cm CRL) of development 
and rapidly became broadly expressed in the germline, 
especially in males. DAZL detection persisted at 80-90 
days (12–16 cm CRL), in spermatogonia and oogonia 
inside the seminiferous tubules and ovigerous cords, 
respectively. DDX4 was only detected in the fetal 
gonads after day 80 of fetal development (12 cm CRL), 
following DAZL upregulation.  Overall, RT-qPCR and 
immunofluorescence analyses confirmed scRNA-seq 
results indicating that at day 50 of fetal age (4 cm CRL), 
bovine PGCs are mostly in early stages of development.

Similarities between bovine and human germline 
development

Given the early developmental stage of day 50 
bovine PGCs, we evaluated the presence of known 
transcriptional regulators involved in human germline 
commitment. The signaling cascade that triggers 
specification of the human germline has been well 
studied. PRDM1, PRDM14, and TFAP2C form a key 

Figure 2 Gene expression profile of bovine 
PGCs. (A) Level of expression of pluripotency, 
early and late markers of PGC development in 
cells of the bovine gonad. (B) Venn diagram of 
the co-expression of pluripotency, early, and 
late markers of PGCs development in bovine 
PGCs. (C) Relative expression of OCT4, 
NANOS3 and DDX4 in fetal gonads between 
45 and 90 days of fetal age and adult testes 
and ovaries. Numbers in fetal samples 
represent crown-rump length in cm.
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transcriptional network that commands specification of 
the germline in different species (Ohinata et al. 2005, 
Yamaji et al. 2008, Kobayashi et al. 2017, Sybirna et al. 
2020). Specifically in humans, the SRY-Box proteins 
SOX17 and SOX15 also play an important role in 
germline development (Guo et  al. 2015, Tang et  al. 
2015, Kobayashi et al. 2017, Kojima et al. 2017, Chen 
et  al. 2018, 2019). Bovine PGCs expressed PRDM1, 
TFAP2C, SOX17, and SOX15 transcription factors (Fig. 
4A). PRDM14 was only detected in a few cells, which 
is consistent with observations in human PGCs (Guo 
et al. 2015, Irie et al. 2015, Tang et al. 2015, Kobayashi 
et  al. 2017) and SOX2, which is only re-activated in 
mouse PGCs (Western et al. 2005, Perrett et al. 2008, 
Campolo et al. 2013), was not detected. We confirmed 
expression of PRDM1, TFAP2C, SOX17, SOX2, and 
PRDM14 by RT-qPCR in fetal gonads (Fig. 4B). Levels 

of PRDM1, TFAP2C, and SOX17 increased until days 
60–70 of development (approximately 8 cm CRL) and 
then decreased steadily. Interestingly, PRDM14 shared 
a similar pattern of expression with PRDM1, TFAP2C, 
and SOX17, especially in fetal ovaries. Expression of 
SOX2 was almost undetectable in all the fetal samples 
evaluated, confirming results of scRNA-seq analysis.

Integration of our dataset with a publicly available 
single-cell transcriptome of human fetal gonadal cells 
(FGCs) of 5–26 weeks of development (Li et al. 2017), 
showed that 50 days old bovine PGCs clustered together 
with early human germ cells (Mitotic) (Fig. 5A). Bovine 
PGCs and human mitotic FGCs had a similar gene 
expression profile, especially for genes involved in 
germline specification and pluripotency, and genes that 
characterize early and late PGC development (Fig. 5B). 
Our scRNA-seq results also revealed that bovine PGCs 
expressed genes coding for the surface proteins EPCAM 
(96.2%), PDPN (94.2%), KIT (69%), and ITGA6 (34.7%) 
(Table 3), which are also present in human FGCs (Fig. 
5C) (Sasaki et al. 2016, Chen et al. 2018). These findings 
further confirm the similar germline-specific molecular 
profiles between these two species. 

We performed prediction of marker panels by 
COMET which ranks single or multiple marker genes 
for identification of cell populations of interest. In line 
with previous results, EPCAN, KIT and PDPN appeared 
among the top ranked markers to identify bovine PGCs 
(Supplementary Fig. 4A and Supplementary Table 3). 
Interestingly CD9, which has a role during fertilization 
(Umeda et al. 2020) and is present in 99.7% of the cells 
in the PGC cluster and ranked the fifth best marker for 
PGC identification and isolation. Reliable approaches 
for the isolation of gonadal somatic cells could be 
possible using single marker genes (Supplementary Fig. 
4B) or by positive and negative selection of marker pairs 
(Supplementary Fig. 4C).

Exploring the distribution of OCT4 and DAZL in 
whole ovaries from 40- to 90 day-old fetuses (Fig. 6), 
we found a progressive loss of OCT4 expression from 
the center of the ovary outwards to the periphery, while 
DAZL expression persisted during differentiation, as 
others have described (Hummitzsch et al. 2013). At 40 
days of age, few OCT4-positive cells were detected in 
the ovary. OCT4-positive cells dramatically increased 
20 days later and at day 90 OCT4 was only expressed in 
cells confined to the vicinity of the surface epithelium. 
Expression of DAZL was first detected at 60 days of age 
in cells of the medulla and ovarian cortex. DAZL-positive 
cells localized in the same pattern of cells expressing 
OCT4; in fact, all the DAZL-positive cells detected at 
60 days co-expressed OCT4. Overall, the expression 
pattern of germline transcriptional regulators, germline-
specific, pluripotency, and cell surface markers, and the 
asynchronous pattern of differentiation detected in the 
bovine germline, revealed important similarities in the 
development of bovine and human germ cells.

Table 3 Gene expression profile of female bovine PGCs at 50 days 
of fetal age.

Genes

PGC cluster
Number of  

positive cells
Percentage of  
positive cells

Pluripotency
 OCT4 854 72.5
 NANOG 1121 95.2
 SALL4 556 47.2
 KLF4 128 10.9
 LIN28A 59 5.0
 DPPA3 0 0.0
 SOX2 0 0.0
Early PGCs
 PRDM1 794 67.4
 PRDM14 44 3.7
 TFAP2C 1006 85.4
 SOX17 1116 94.7
 SOX15 1008 85.6
 NANOS3 945 80.2
 ALPL 679 57.6
 DND1 3 0.3
Late PGCs
 DDX4 188 16.0
 DAZL 74 6.3
 PIWIL2 23 2.0
Meiosis
 STRA8 6 0.5
 SYCP1 5 0.4
 SYCP2 261 22.2
 SYCP3 479 40.7
 REC8 29 2.5
 STAG3 9 0.8
Oocyte
 NOBOX 1 0.1
 FIGLA 1 0.1
 ZP3 57 4.8
 GDF9 4 0.3
Surface proteins
 KIT 813 69.0
 EPCAM 1133 96.2
 PDPN 1110 94.2
 ITGA6 409 34.7
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Expression of mediators of different signaling 
pathways in the bovine fetal ovary

Our data confirmed that bovine PGCs express the KIT 
receptor (Kritzenberger & Wrobel 2004), while gonadal 
somatic cells expressed the KIT ligand (KITLG, also 
known as SCF) (Fig. 7), consistent with previous findings 
(reviewed by Driancourt et al. 2000).

It has been suggested that bone morphogenetic protein 
(BMP), Nodal, and Notch signaling cascades have roles 
in the initial development of the human germline (Li 
et  al. 2017). We identified expression of BMP2 and 
BMP4 ligands in different cell populations, particularly 
in PGCs (Fig. 7). BMP4 was more broadly expressed than 
BMP2, and it was among the top differentially expressed 
genes detected in the PGC cluster (Supplementary Table 
2). Receptors (ACVR1, BMPR1A) and effector (SMAD5) 
of BMP signaling were detected in several cell groups at 
different levels of expression. Notably, most of the cells 
expressing ACVR1, BMPR1A or SMAD5 corresponded 
to stromal cells, epithelial cells, and PGCs. 

The Nodal ligand was detected only in a few PGCs, 
but receptors (ACVR1C, ACVR2A) and nuclear effectors 
(SMAD2 and SMAD3) of the Nodal cascade, were 
present in several cell clusters with a higher number of 
positive cells in the stromal, epithelial, and PGC clusters. 
Since Nodal and Activin are both members of the TGFβ 
superfamily of signaling molecules, and signal through 

the same mediators (reviewed by Pauklin & Vallier 
2015), we evaluated the expression of the subunits 
IINHA, INHBA, and INHBB) (Fig. 7) that form Activins 
(A, B, and AB), as well as Inhibins (A, B, and AB). We 
detected expression of the three Inhibin subunits in our 
dataset, with specific enrichment in stromal cells and 
epithelial cells. 

Members of notch signaling members were found 
at varying levels of expression in many of the cell 
populations analyzed (Fig. 7). The Notch ligand DLL3 was 
mostly detected in PGCs, and the receptors NOTCH2, 
NOTCH3, the effector RBPJ (also known as CBF1), which 
cooperates with Notch intracellular domain to promote 
transcription, and the target gene HES1, were abundant 
in stromal and/or epithelial cells. The consistent 
expression of mediators of KIT, BMP, Nodal/Activin, and 
Notch signaling in PGCs and supporting somatic cells of 
the bovine fetal gonad, suggest that these pathways may 
be involved in the interaction between bovine PGCs and 
their niche.

Discussion

Obtaining a pure population of PGCs for molecular 
profiling is challenging. Previous means used to identify 
bovine PGCs included AP activity, KIT expression, 
detection of specific lectins, and histological features. 
AP activity and KIT expression are unspecific methods 

Figure 3 Expression of well-conserved germ 
cell markers in bovine fetal gonads. 
Immunofluorescence for PRDM1, OCT4, 
DAZL, and DDX4 in gonads from 40 to 90 
days of fetal age. Nuclear staining was 
performed using Hoechst 33342. Scale bar 20 
μm. OCT4 and PRDM1 detection was 
confined to the nuclei of PGCs, and DAZL and 
DDX4 to the cytoplasm. This is in agreement 
with their roles as transcriptional regulators 
and RNA-binding proteins, respectively.
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to identify germ cells, as they are also present in 
hematopoietic cells and gonadal somatic cells (Ohno 
& Gropp 1965, Lavoir et  al. 1994, Kritzenberger & 
Wrobel 2004). Similar to other species, bovine PGCs 
have a characteristic morphology that allows their 
identification (Leichthammer et al. 1990, Wrobel & Süß 
1998); however, identification of cells by morphology 
is impractical, considering the time required for tissue 
dissociation and manual cell selection. Targeting specific 
lectins on bovine PGCs does not offer a great advantage 
either, as glycan-binding antibodies have weak affinity 
for their target, leading to poor sensitivity (Haab 2012). 
DDX4 is a germline-specific marker frequently used for 
sorting human germ cells, but since the expression of a 
membrane-bound isoform of DDX4 in pre-meiotic germ 
cells is debatable, the use of commercially available 
anti-DDX4 antibodies for sorting purposes has shown 
conflicting outcomes (Woods & Tilly 2013, Zarate-Garcia 
et al. 2016, Wagner et al. 2020). Therefore, by performing 
scRNA-seq, we overcame the limiting step of cell sorting 

and obtained the transcriptional landscape of bovine 
PGCs and of different cell groups within the fetal ovary.

The relatively undifferentiated state of bovine PGCs 
captured by scRNA-seq and the positive expression 
of master regulators of human germline commitment 
suggest that the signaling network governing bovine 
PGC specification might be similar to what has been 
described in humans. Our scRNA-seq data indicated 
that at 50 days of fetal age, the transcriptional profile 
of bovine PGCs is characterized by the expression of 
PRDM1, TFAP2C, SOX17, SOX15, SALL4, LIN28A, 
KLF4, and ITGA6 (Table 3), with SOX17 being one of the 
top differentially expressed genes (Supplementary Table 
2), and lacking SOX2 expression (Fig. 5B). Therefore, 
bovine PGCs seem to possess a transcriptional network 
similar to human PGCs. It has been postulated that 
SOX17 exerts its critical function in the development of 
the human germline by regulating gene expression as a 
binding partner of OCT4 (Tang et al. 2016). Expression 
of SOX17 and SOX2 are mutually exclusive in human 

Figure 4 Expression of transcriptional 
regulators of germline development in bovine 
PGCs. (A) Violin plots of common (PRDM1, 
PRDM14 and TFAP2C), and species-specific 
genes with a function in human (SOX15 and 
SOX17) germline development. (B) Relative 
expression of PRDM1, TFAP2C, SOX17, SOX2, 
and PRDM14 in fetal gonads between 45 and 
90 days of fetal age, and adult testes and 
ovaries. Numbers in fetal samples represent 
crown-rump length in cm.
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PGCs and downregulation of SOX2 is required for 
PGC-like cell differentiation in vitro (Lin et  al. 2014). 
OCT4 switches binding partners from SOX2 to SOX17, 
and regulates the expression of endoderm genes during 
mouse primitive endoderm differentiation (Aksoy 
et  al. 2013). Interestingly, targets of the SOX17-OCT4 
partnership are PRDM1 and SALL4 (Aksoy et al. 2013), 
which are both also expressed in bovine PGCs (Table 3). 
Therefore, our data support the notion that there might 
be a correspondence between embryonic structure and 
usage of transcription factors, and that SOX17 may be 
critical in determining PGC fate in species that develop 
as bilaminar discs, such as pigs, primates and cattle 
(Kobayashi & Surani 2018). It will be of interest in the 
future to evaluate the requirement for SOX17 in the 
development of the bovine germline. 

Unlike PRDM1, which seems to have a conserved 
role in PGC fate across mammals, PRDM14 function 
seems to be less explicit. In mouse PGCs, PRDM14 
is involved in repressing the somatic program, 
upregulating germline-specific genes, and promoting 
epigenetic reprogramming (Saitou et  al. 2002, Yabuta 
et al. 2006, Seki et al. 2007). Instead in human PGCs the 
role of PRDM14 is less understood. Since in fetal gonads 
PRDM14 has a cytoplasmic location (Irie et al. 2015) and 
its knockdown did not affect PGC-like cell specification 
(Sugawa et al. 2015) it has been suggested that PRDM14 
is dispensable for human PGC fate. However, a recent 
report put in evidence the crucial role of PRDM14 in the 

differentiation of human PGC-like cells by inducing a 
rapid and comprehensive loss of endogenous PRDM14 
protein (Sybirna et  al. 2020). Thus, we compared the 
expression profile of PRDM14 in bovine and human 
PGCs and interestingly, only a small group of bovine 
PGCs expressed PRDM14. This difference could be 
attributed to a different role of PRDM14 in bovine PGC 
fate, or possible to the different scRNA-seq platform 
used between datasets. 

The transcriptome of bovine PGCs revealed the 
expression of genes coding for membrane-bound 
proteins that could be of utility for cell sorting. Besides 
the KIT receptor (Kritzenberger & Wrobel 2004), bovine 
PGCs also expressed PDPN, EPCAM, and ITGA6. Even 
though these markers do not seem to be specific to the 
germline, they may be a good alternative to the also 
unspecific KIT receptor, especially if they are targeted 
simultaneously. KIT, AP, PDPN, EPCAM, and ITGA6 
have also been used to sort or quantify gonadal and in 
vitro generated germ cells in humans (Guo et al. 2015, 
Irie et al. 2015, Sasaki et al. 2015, Kobayashi et al. 2017, 
Li et al. 2017, Yokobayashi et al. 2017, Chen et al. 2018).

Different signaling pathways have roles in regulating 
the delicate interaction between PGCs and gonadal 
somatic cells. BMP signaling has a well-known role 
in determining germline fate and regulating follicular 
development (reviewed by Rossi et  al. 2016). BMP4 
and BMP7, secreted from theca and granulosa cells, 
are important for the primordial to primary follicle 

Figure 5 Similarities between bovine and 
human PGCs transcriptional profile. (A) 
Integration of scRNA-seq data from bovine (50 
days) and human (5–26 weeks) fetal germ cells 
at different stages of differentiation (Li et al. 
2017). (B) Comparison of the expression of 
germline-specific genes between bovine PGCs 
and human fetal germ cells (Li et al. 2017). (C) 
Expression of EPCAM, KIT, PDPN, and ITGA6 
genes coding for membrane-bound proteins in 
bovine PGCs and human fetal germ cells (Li 
et al. 2017). FGCs, fetal germ cells; RA, 
retinoic acid.
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transition (Lee et  al. 2001, Nilsson & Skinner 2003). 
Granulosa cells of human fetal ovaries are characterized 
by having high expression of BMP2, which possibly 
plays a role during the mitosis-meiosis transition of 
germ cells (Li et al. 2017). In the bovine fetal gonad, we 
detected BMP2 and BMP4 ligands in germ cells, and 
BMP7 highly expressed in a small group of cells in the 
somatic compartment. Receptors and mediators of BMP 
signaling were present in stromal cells, epithelial cells, 
and PGCs. These results suggest that BMP signaling 
operates two-ways between PGCs and the somatic 
compartment in the bovine fetal ovary. Human PGCs 
might induce differentiation of other germ cells through 
activation of the Nodal/Activin signaling pathway (Li 
et  al. 2017). Our results indicate that Nodal/Activin 
signaling may also be active in different cell populations 
of the fetal ovary, but mainly in stromal cells, epithelial 
cells, and PGCs. We hypothesize that neither Activins 
nor Nodal ligands are the main drivers of activation of 
the cascade, but rather, that Inhibins are the ligands 
that trigger activation of Activin/Nodal pathway in 
the bovine fetal ovary. Recently the role of the Notch 

pathway in the development of the mammalian ovary 
has begun to be elucidated (Vanorny & Mayo 2017). 
Notch activation in somatic cells of the mouse fetal 
ovary is required for germ cell nest breakdown, follicle 
assembly (Xu & Gridley 2013, Vanorny et al. 2014), and 
meiosis entry (Feng et al. 2014). Our scRNA-seq results 
show high expression of the DLL3 ligand in PGCs, and 
expression of the NOTCH2 receptor and the target gene 
HES1 in somatic cells, in agreement with findings in 
the human fetal gonad (Li et al. 2017). Therefore, these 
results suggest that Notch signaling plays an important 
role during gonad development, which is conserved 
among the mouse, human, and cow. 

Another difference between mouse and human 
germ cells development is the pattern by which 
differentiation proceeds. In the mouse fetal ovary, 
meiosis progresses in a rostro-caudal wave (Bowles 
et al. 2006, Koubova et al. 2006) while in the human 
fetal ovary meiosis occurs radially (Anderson et  al. 
2007). Interestingly, our data indicate similarities 
between the bovine and human germline in terms of 
spatio-temporal differentiation. In fetal ovaries, we 

Figure 6 Expression of germ cell markers in 
whole bovine ovaries. Immunofluorescence 
for OCT4 and DAZL in the developing ovary. 
Histological sections were imaged at 20× and 
pictures were merged to inspect a complete 
section of the ovary. Nuclear staining was 
performed using Hoechst 33342. Scale bars 
100 μm.
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detected a progressive downregulation of OCT4 from 
the center to the periphery. Germ cells in seminiferous 
tubules also progressively lost expression of OCT4, and 
only few OCT4-positive cells remained among DAZL/
DDX4-positive cells at day 80 of development. This is 
in agreement with characterizations of the developing 
human testis, where differentiation is asynchronous and 
germ cells expressing early and late markers coexist 
inside the same seminiferous tubule (Anderson et  al. 
2007, Sohni et  al. 2019). These results may indicate 
that the progression of bovine PGC differentiation is 
asynchronous and that germ cells at different stages of 
differentiation coexist in the fetal gonad, similar to what 
has been reported for the human ovary (Anderson et al. 
2007).

Conclusions

Results from this work offer new insights into the 
mechanisms that govern gonadal and germline 
development in cattle. The data we report here is a useful 
resource to understand the different cell compartments 
of the developing gonad, the reciprocal relationship 
between germ cells and their niche, and the factors 
that may affect germ cell development. Further, results 
from this study may provide the basis for developing 
approaches for in vitro differentiation of bovine 
gametes from pluripotent stem cells. The similarities 
we found in the transcriptional profile of human and 
bovine PGCs confirm that mouse biology can only be 
partially extrapolated to other mammalian species and 
indicate that cattle may be a suitable model to study the 
specification and commitment of PGCs in humans.
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Figure 7 Gene expression of members of 
different signaling pathways in the bovine fetal 
ovary. Dot plot of the average level of 
expression (dot color) and percentage of 
positive cells in each cell cluster (dot size). 
Genes in black represent ligands. Genes in 
purple represent receptors, effectors, or targets 
of each signaling cascade.
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I b u p r o f e n  r e s u l t s  i n  a l t e r a t i o n s  o f  
h u m a n  f e t a l  t e s t i s  d e v e l o p m e n t
M i l l i s s i a  B e n  M a a m a r 1 ,  L a u r i a n n e  L e s n é 1 ,  K r i s t i n  H e n n i g 2 ,  C h r i s t è l e  D e s d o i t s -
L e t h i m o n i e r 1 ,  K a r e n  R.  K i l c o y n e 3 ,  I s a b e l l e  Coiffec1 ,  A n t o i n e  D .  Ro l l a n d 1 ,  C é c i l e  C h e v r i e r 1 ,  
D a v i d  M .  K r i s t e n s e n 1, 4 ,  V i n c e n t  L a v o u é 5 ,  J e a n - Ph i l i p p e  A n t i g n a c 2 ,  B r u n o  L e  B i z e c 2 ,  
N a t h a l i e  D e j u c q - Ra i n s f o r d 1 ,  Ro d  T.  M i t c h e l l 3 ,  Sé v e r i n e  M a z a u d - G u i t t o t 1, *  &  B e r n a r d  J é g o u 1, 6, *

A m o n g  p r e g n a n t  w o m e n  i b u p r o f e n  i s  o n e  o f  t h e  m o s t  f r e q u e n t l y  u s e d  p h a r m a c e u t i c a l  c o m p o u n d s  
with up to 28% reporting use. Regardless of this, it remains unknown whether ibuprofen could act as 
a n  e n d o c r i n e  d i s r u p t o r  a s  r e p o r t e d  f o r  f e l l o w  a n a l g e s i c s  p a r a c e t a m o l  a n d  a s p i r i n .  To  i n v e s t i g a t e  t h i s ,  
we exposed human fetal testes (7–17 gestational weeks (GW)) to ibuprofen using ex vivo c u l t u r e  a n d  
xenograft systems. Ibuprofen suppressed testosterone and Leydig cell hormone INSL3 during culture of 
8–9 GW fetal testes with concomitant reduction in expression of the steroidogenic enzymes CYP11A1,  
CYP17A1 a n d  HSD17B3,  a n d  o f  INSL3.  Te s t o s t e r o n e  w a s  n o t  s u p p r e s s e d  i n  t e s t e s  f r o m  f e t u s e s  y o u n g e r  
than 8 GW, older than 10–12 GW, or in second trimester xenografted testes (14–17 GW). Ex vivo,  
ibuprofen also affected Sertoli cell by suppressing AMH production and mRNA expression of AMH, 
SOX9, DHH, a n d  COL2A1. While PGE2 production was suppressed by ibuprofen, PGD2 production was 
n o t .  G e r m  c e l l  t r a n s c r i p t s  POU5F1,  TFAP2C,  LIN28A, ALPP  a n d  KIT w e r e  a l s o  r e d u c e d  b y  i b u p r o f e n .  
We conclude that, at concentrations relevant to human exposure and within a particular narrow ‘early 
window’ of sensitivity within first trimester, ibuprofen causes direct endocrine disturbances in the 
h u m a n  f e t a l  t e s t i s  a n d  a l t e r a t i o n  o f  t h e  g e r m  c e l l  b i o l o g y .

Analgesics, including paracetamol and non-steroidal anti-in�ammatory drugs (NSAIDs) such as aspirin and 
ibuprofen, are among the most widely used and environmentally prevalent pharmaceutical drugs in the world1. 
�ey are regarded as extremely e�ective medications and are widely used for self-medication, including by preg-
nant women during early pregnancy2–4. During pregnancy, analgesics are generally taken to relieve migraine, 
pain, and fever, but are also used in in�ammatory conditions and are frequently used during preterm labor1,5–8. 
�ese medications are known to cross the placenta and to be present in meconium, neonatal urine, and in breast 
milk, indicating painkiller transmission from the mother to the fetus and to neonates9–15. Attention has recently 
been focused on the associations between analgesic use during the second and third trimesters of pregnancy 
and a number of unwanted e�ects in children. �ese include low birthweight, risk of premature closure of the 
ductus arteriosus, cardiac defects, decreased fetal and neonatal renal function, and asthma16–20. Concerns have 
also been raised recently about the use of over-the-counter painkillers during the �rst and second trimesters of 
pregnancy and an association with congenital cryptorchidism, the most frequent congenital reproductive disor-
der in newborn boys7,8,21,22, as well as with shorter anogenital distance (AGD) in male infants23,24, the latter being a 
biomarker for androgen action during fetal life. A series of studies undertaken in utero in the rat and ex vivo in rat 
and human fetal testes and in xenogra�ed mouse models have shown that paracetamol and the NSAIDs aspirin 
and indomethacin can disrupt the testicular endocrine system. �ese disruptive endocrine e�ects may highlight 
analgesic involvement in fetal maldescended testes1,7,25–28.
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Ibuprofen is the only of the 3 most common over-the-counter painkiller with paracetamol and aspirin, whose 
endocrine disruptive potential has not yet been investigated ex vivo. �is is despite the fact that its consump-
tion has continued to increase even though aspirin consumption has decreased1,6. �e percentage of pregnant 
women reporting ibuprofen use averages 10%, but this varies widely across studies, ranging from 0.5% to over 
28%3,6,7,16,29–34. In addition to cryptorchidism7, ibuprofen use by pregnant women has also been associated with 
hypospadias35, another congenital abnormality featuring a midline fusion defect of the male ventral urethra. �e 
latter association was not found in another study36. Cryptorchidism and hypospadias are associated disorders and 
although some cases arise from genetic syndromes, most cases remain idiopathic37. However, both cryptorchid-
ism and hypospadias most probably re�ect subnormal levels of androgens during the development of the male 
urogenital tract38,39.

In this study, we investigated whether ibuprofen disrupts the endocrine system and the di�erentiation of the 
human fetal testis during the �rst and second trimesters of pregnancy. We used a combination of an organotypic 
culture system (Fetal Gonad Assay; FEGA) based on culturing human fetal testes fragments, and a human fetal 
testes xenogra� system. �ese approaches, have been separately used for the study of endocrine-disrupting sub-
stances26,27,40,41, but never integrated in the same series of experiments. In the FEGA system, a�er 1 to 3 days of 
exposure to ibuprofen at 10−7–10−4 M, we assessed the gross morphology, endocrine function, and gene expres-
sion for the main cell types of the �rst trimester human fetal testis ex vivo, whilst the xenogra� system was used to 
determine the e�ect of prolonged (7 day) ibuprofen exposure on the endocrine function of the second trimester 
testis.

Re s u l t s
I b u p r o f e n  a n d  L e y d i g  c e l l  m o r p h o l o g y  a n d  f u n c t i o n .  No apparent changes in general morphology or 
Leydig cell marker expression was seen in the ibuprofen-exposed FEGA explants as compared to the non-exposed 
(Fig. 1A–C).

In the 7–7.9 gestational week (GW) 10−5 M ibuprofen-treated testes, no signi�cant e�ect was observed on 
testosterone levels when compared to the non-treated testes (Fig. 1D). By contrast, when the 8–9.9 GW testes 
were exposed ex vivo to ibuprofen, a signi�cant dose-dependent testosterone decrease was seen a�er 72 h of expo-
sure (slope β  =  − 0.076, p <  0.0001); the pairwise comparisons versus the control condition evidenced an e�ect 
with 10−5 M (− 32.3%; p <  0.001 and with 10−4 M (− 35.6%; p <  0.01) (Fig. 1E). In the 8–9.9 GW testes, we also 
observed time- and dose-dependent e�ects of ibuprofen (a�er 24 h, slope β  =  − 0.052, p <  0.0001; a�er 48 h, slope 
β  =  − 0.081, p <  0.0001; a�er 72 h, slope β  =  − 0.085, p <  0.0001), with the decrease of testosterone occurring a�er 
only 24 h of exposure: − 12.8% with 10−5 M (p <  0.01); and − 24.6% with 10−4 M (p <  0.001). �is dose-dependent 
decrease was ampli�ed a�er 48 h (− 19.8 and − 49%, respectively; both p <  0.001), and further ampli�ed a�er 
72 h (− 29.3% and − 55.3%, respectively; both p <  0.001) (Fig. 1F). In contrast, no e�ect was observed ex vivo on 
testosterone levels in the 10–12 GW testes for doses of ibuprofen of 10−7–10−4 M (Fig. 1G).

Given the apparent speci�c time window for testosterone reduction during the mid-late �rst trimester, we 
then investigated the e�ect of ibuprofen exposure during the second trimester (14–17 GW) using the xenogra� 
system. Exposure to a 7 day therapeutic regimen of ibuprofen (10 mg/kg, 3 times daily) did not a�ect testoster-
one production from the human fetal testis as determined by both host mouse seminal vesicle weight (14.63 mg 
versus 13.21 mg; p =  0.62; n =  4 Fig. 1H) and plasma testosterone (0.84 versus 0.82 ng/ml; p =  0.85; n =  4; Fig. 1I) 
in host mice. Similarly, plasma 5-dihydrotestosterone (5α -DHT) was una�ected by exposure to ibuprofen (3.26 
versus 2.44 ng/ml; p =  0.56; n =  4; Fig. S1). Mean plasma ibuprofen concentration 1 hour a�er the �nal dose in 
ibuprofen-exposed host mice was 2.78 ±  0.55 µ g/ml and undetectable in vehicle-exposed controls (Fig. S1)

Using gas chromatography-tandem mass spectrometry (GC/MS-MS), we then measured the entire comple-
ment of detectable steroids both in the FEGA testis explants themselves and in the media a�er 48 h of exposure to 
10−5 M of ibuprofen in the 8–9.9 GW testes (Fig. 2A,B). Our results reveal that in this fetal age-range, only 3 steroids 
were found to be above the threshold of the GC/MS-MS technique in the non-treated fetal testis: pregnenolone 
(1.39 ±  0.7 ng/mg of testicular tissue); dehydroepiandrosterone (DHEA) (1.7 ±  1.1 ng/mg of testicular tissue); and 
testosterone (54.4 ±  25.7 ng/mg of testicular tissue). Levels of these 3 steroids in the explants were not signi�cantly 
a�ected by ibuprofen at 10−5 M (data not shown). Parallel investigation in the corresponding culture media allowed 
us to detect, for the �rst time in humans, 6 steroids in the control (i.e. unexposed) condition in both the ∆ 5 and ∆ 
4 steroid pathways: - ∆ 5, 17-hydroxy-pregnenolone (17-OH-preg) (4.3 ±  1.9 ng/mL); DHEA (21.3 ±  4.7 ng/mL) 
(Fig. 2A); - ∆ 4, 17-hydroxy-progesterone (17-OH-prog) (9.6 ±  5.9 ng/mL); androstenedione (183.7 ±  97.0 ng/
mL); testosterone (1597.8 ±  722.5 ng/mL); and 5-dihydrotestosterone (5α -DHT) (7.1 ±  8.0 ng/mL  
of culture media) (Fig. 2B). Of these, the potent androgens testosterone and α -DHT were found to be signi�-
cantly inhibited by 10−5 M of ibuprofen (36.8 and 70.2%, respectively at p <  0.01). �e levels of the other androgen 
androstenedione were also reduced (− 41.2%), but this was not statistically signi�cant at p <  0.05 (Fig. 2B).

A�er 48 h of exposure to ibuprofen, the expression of 3 genes that encode for steroidogenic enzymes was 
markedly decreased: by 48.6% (p <  0.05) for CYP11A1, by 82% (p <  0.001) for CYP17A1, and by 70.4% (p <  0.05) 
for HSD17B3 (Fig. 2C). By contrast, the mRNA levels of HSD3B2 and SRD5A3, 2 other genes which encode 
enzymes of the steroidogenic pathway, as well as the mRNA levels of BZRP and STAR, the 2 genes encoding pro-
teins involved in cholesterol transport to the mitochondria, were not a�ected by exposure to ibuprofen (Fig. 2C).

�e other key fetal Leydig cell-produced hormone investigated was INSL3. For explants from 8–12 week 
gestation fetuses, INSL3 levels were dose-dependently and signi�cantly decreased a�er 72 h of exposure to ibu-
profen at doses ranging from 10−7–10−4 M, (slope β  =  − 0.155, p =  0.007) (Fig. 3A). At 10−5 M the decrease of 
INSL3 (− 39%) was signi�cant (p <  0.05), but at 10−4 M no signi�cant di�erence was observed. To assess whether 
a window of sensitivity exists, we again divided the fetuses into 2 age groups, 8–9.9 GW and 10–12 GW. In fact, 
there was a signi�cant dose-response decrease in INSL3 levels for the 10–12 GW age group (slope β  =  − 0.181, 
p =  0.03) (Fig. 3B,C). In addition to decreased INSL3 production, a�er 48 h of culture with 10−5 M of ibuprofen, 
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Figure 1. Ibuprofen and Leydig cell steroidogenic function. (A–C) Representative images of CYP11A1 
immunostaining in explants of a 7.9 gestational week (GW) human fetal testis cultured with DMSO or 
ibuprofen. CYP11A1 appears brown (3,3′ -diaminobenzidine tetrahydrochloride staining), and sections were 
counterstained with hematoxylin. Scale bar =  100 µ m. (D) Testosterone production as a function of culture 
duration in 7–7.9 GW human fetal testes in the presence of DMSO (Control) or 10−5 M of ibuprofen. Results are 
expressed as fold change from the respective control testis (% of Control). Values are means ±  SEM of 6 testes 
from 6 di�erent fetuses. Repeated measures analysis of variance (ANOVA) on ranks was performed (p =  0.172). 
(E–G) Testosterone production a�er culture of 8-9.9 GW (E,F) and 10–12 GW human fetal testes (G) in the 
presence of DMSO (Control) or 10−7–10−4 M of ibuprofen for 72 h (E,G) and for 24, 48 and 72 h (F). Results are 
expressed as fold change from the �rst day of culture (FC to D0). Values are means ±  SEM of 14–37 testes from 
14–37 fetuses for the 8–9.9 GW group, 6–14 testes from 6–14 fetuses for the 8–9.9 GW at 24, 48 and 72 h group, 
and 13–21 testes from 13–21 fetuses for 10–12 GW. ANOVAs with a random fetus e�ect were performed using 
unstructured covariance matrices. A Wilcoxon test was also performed for pairwise comparisons (**p <  0.01, 
***p <  0.001). (H) Seminal vesicle weight and (I) plasma testosterone production in host mice carrying human 
fetal testis xenogra�s (14–17 GW; n =  4 fetuses) a�er 7 days (7d) of exposure to vehicle (Corn Oil; open circles) 
or ibuprofen (10 mg/kg 3 times daily; closed circles) with overall mean ±  SEM for vehicle (white bars) and 
ibuprofen (black bars). Values are means ±  SEM from 4 fetuses. Data analyzed by two-way ANOVA.
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INSL3 transcripts were also repressed by 57.1% (p <  0.001) (Fig. 3D). As in previous studies26,42, INSL3 produc-
tion appears to have substantial interindividual variability.

I b u p r o f e n  a n d  Se r t o l i  c e l l  m o r p h o l o g y  a n d  f u n c t i o n .  No apparent change in Sertoli cell number or 
topographical organization was observed in FEGA explants a�er exposure to 10−5 M or 10−4 M of ibuprofen, 
based on expression of AMH or cytokeratin 18 (KRT18) a marker of the immature Sertoli cell intermediate �la-
ments, (Fig. 4A–F). �is was further demonstrated by an unchanged Sertoli cell density a�er 72 h of exposure to 
10−5 M of ibuprofen (Fig. 4G).

When the testes from the youngest human fetuses (7–7.9 GW) were exposed to 10−5 M of ibuprofen, a sig-
ni�cant decrease in AMH was seen from 48 h of culture onwards (− 31.1% at 48 h (p <  0.05), − 53.0% at 72 h 
(p <  0.0001), and − 38.1% at 96 h (p <  0.05)) (Fig. 4H). When fetuses of 8–12 GWs were analyzed together, a 
dose-dependent suppression of AMH production was observed (slope β  =  − 0.294, p <  0.0001), with − 38.4% 
(p <  0.001) at 10−5 M and − 76.2% (p <  0.001) at 10−4 M (Fig. 4I). �e dose-dependent decrease of AMH levels 

Figure 2. Ibuprofen and global steroidogenesis. (A,B) Global analysis of ibuprofen e�ects on the ∆ 5 (A) and 
∆ 4 pathways (B) of testosterone production using GC-MS/MS. Human fetal testis explants (8–9.9 GW) were 
incubated for 48 h with DMSO (Control) or 10−5 M of ibuprofen. Steroid precursors of the ∆ 5 and ∆ 4 pathways 
were measured by GC-MS/MS in the media. Values are mean ±  SEM of 8 fetuses pooled in 5 independent 
experiments, and are expressed as the percentage of variation from the control. **p <  0.01 by non-parametric 
signed rank Wilcoxon test on paired data. (C) Quantitative RT-PCR of BZRP, STAR, CYP11A1, CYP17A1, 
HSD17B3, HSD3B2 and SRD5A3 was performed on control testes (white bars) and testes treated with 10−5 M 
of ibuprofen (grey bars) for 24 and 48 h. Each column shows a pool of 11–15 fetal testes. Each bar represents 
the mean ±  SEM of the fold change in target gene expression relative to the reference gene RPLP0. A non-
parametric signed rank Wilcoxon test on paired data was performed (*p <  0.05, **p <  0.01, ***p <  0.001).
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was also seen both in the 8–9.9 GW group (slope β  =  − 0.295, p <  0.0001), with − 31.0% (p <  0.05) at 10−7 M, 
− 54.8% (p <  0.001) at 10−5 M and − 66.7% (p <  0.001) with 10−4 M (Fig. 4J) and in the 10–12 GW group (slope 
β  =  − 0.291, p =  0.003) (Fig. 4K). In accordance with these �ndings, the expression of AMH mRNA was found 
to be suppressed by ibuprofen exposure in hFEGA: − 42.1% at 24 h and − 89.9% (p <  0.001) at 48 h (Fig. 5). As 
with AMH mRNA, the mRNA of SOX9, a speci�c marker of the di�erentiation of Sertoli cells, was repressed a�er 
ibuprofen exposure: − 43.3% (p <  0.001) at 24 h; and − 59.7% (p <  0.001) at 48 h. �e mRNA expression of the 2 
SOX9 targets investigated DHH and COL2A1 was decreased by − 51.3% (p <  0.01) and − 61.7% (p <  0.01) at 24 h; 
and − 79.8% (p <  0.001) and 79.6% (p <  0.001), respectively (Fig. 5).

We also investigated the e�ect of ibuprofen exposure on AMH production in the second trimester human 
fetal testis using the xenogra� system. In contrast to the results in the �rst trimester testis there was no signi�cant 
di�erence in AMH production in second trimester xenogra�s exposed to ibuprofen compared to vehicle-exposed 
controls (0.75 versus 1.34 ng/ml; p =  0.038; Fig. 4L).

Ibuprofen alters germ cell markers. Neither the morphology nor the density of the germ cells appeared 
altered a�er 72 h of exposure to 10−5 and 10−4 M of ibuprofen (Fig. 6A–D). �is contrasted with the expression of 
5 germ cell genes which were repressed a�er 48 h of ibuprofen exposure: POU5F1, a transcription factor essential 
for the pluripotency maintenance in embryonic stem cells43, was signi�cantly decreased by 57.2% (p <  0.01); 
TFAP2C, a factor believed to regulate the expression of several genes involved in cell growth and di�erentiation44, 
was also signi�cantly decreased by 67.9% (p <  0.001); LIN28A, which regulates the germ cell pool45, was signif-
icantly decreased by 32.9% (p <  0.05); ALPP and KIT, which are typical markers of germ cells46,47, were signi�-
cantly decreased by 91.8% (p <  0.05) and 72.7% (p <  0.05), respectively (Fig. 6E).

Ibuprofen suppresses the production of prostaglandin PGE2, but not that of 
PGD2. Cyclooxygenase enzymes (COX1 and COX2) are responsible for catalyzing the formation of prosta-
glandins from arachidonic acid, and ibuprofen is classically known to inhibit these enzymes48,49. We therefore 
assayed the prostaglandins PGD2 and PGE2, both previously found to be produced by the human fetal testis26. 
At all ages investigated, ibuprofen did not have a signi�cant e�ect on PGD2 levels (Fig. 7A–C). In contrast, an 
ibuprofen-induced dose-dependent inhibition of PGE2 levels was demonstrated (slope β  =  − 0.109, p =  0.03). 
Furthermore, signi�cant inhibitory e�ects on PGE2 levels were observed in the 8–12 GW fetal testes a�er 72 h 
of exposure to 10−5 and 10−4 M of ibuprofen (− 31.6%, p <  0.01 at 10−5 M; and − 32.7%, p <  0.01 at 10−4 M) 
(Fig. 7D). �is ibuprofen-suppressive e�ect was more pronounced in the 8–9.9 GW fetal testes under the same 
conditions: − 29.7% at 10−7 M; − 36.5% at 10−6 M; − 51.4% (p <  0.01) at 10−5 M; and − 42.0% (p <  0.05) at 10−4 M 
(Fig. 7E), again with a signi�cant dose-dependent suppression of PGE2 production (slope β  =  − 0.122, p =  0.02). 
In the 10–12 GW testes, no signi�cant inhibition of PGE2 was seen (Fig. 7F). However, high levels of PGE2 were 
observed when the 10–12 GW testes were exposed to the lowest doses of ibuprofen (+ 128.1% at 10−7 M, p <  0.05 
and + 78.1% at 10−6 M, p <  0.01).

Figure 3. Ibuprofen and production of INSL3 by Leydig cells. (A–C) Ibuprofen and INSL3 production 
a�er exposure to ibuprofen during 72 h of human fetal testis culture at (A) 8–12 gestational weeks (GW), (B) 
8–9.9 GW, and (C) 10–12 GW. Results are expressed as fold change from the �rst day of culture (FC to D0). 
Values are means ±  SEM (n =  12–31 testes from 12–31 fetuses). ANOVAs with a random fetus e�ect were 
performed using unstructured covariance matrices. A Wilcoxon test was performed for pairwise comparisons. 
(*p <  0.05). (D) Quantitative RT-PCR for INSL3 was performed on control testes (white bars) and testes treated 
with 10−5 M of ibuprofen (grey bars) for 24 and 48 h. Each column is made up of a pool of 11–15 fetal testes. 
Each bar represents the mean ±  SEM of the fold change in target gene expression relative to RPLP0 reference 
gene. A non-parametric signed rank Wilcoxon test on paired data was performed (***p <  0.001).
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Figure 4. Ibuprofen and Sertoli cell function. (A–F) Representative images of KRT18 (A–C) and AMH (D–F) 
immunostaining in cultured explants of 7–7.9-gestational week (GW) human fetal testis. KRT18 and AMH 
appear brown (3,3-diaminobenzidine tetrahydrochloride staining), and sections were counterstained with 
hematoxylin. Scale bar =  100 µ m. (G) Sertoli cell numbers were determined by counting AMH-positive cells 
in control testes (white bars) and testes treated with 10−5 M (grey bars) and 10−4 M (black bars) of ibuprofen 
for 72 h. Data are presented as the number of cells per surface area unit (0.01 mm2) (means ±  SEM) based on 1 
or 2 explants per treatment in 7 fetuses. A Wilcoxon test was performed for pairwise comparisons. (H) AMH 
production a�er 24, 48, and 72 h of exposure to DMSO (Control) or 10−5 M of ibuprofen in 7–7.9 GW human 
fetal testes. Results are expressed as fold changes from the control testis (% of Ctrl). Values are means ±  SEM for 
7 testes from 7 fetuses. Repeated measures analysis of variance (ANOVA) on ranks was performed (*p <  0.05, 
****p <  0.0001). (I–K) AMH production a�er culture of 8–12 GW (I); 8–9.9 GW (J); and 10–12 GW (K) human 
fetal testes in the presence of the control solvent DMSO (Control) or 10−7–10−4 M of ibuprofen. Results are 
expressed as fold change from the �rst day of culture (FC to D0). Values are means ±  SEM of 6–17 testes from 
6–17 fetuses for the 8–9.9 GW, and of 6–7 testes from 6–7 fetuses for the 10–12 GW. ANOVAs with a random 
fetus e�ect were performed using unstructured covariance matrices. A Wilcoxon test was performed for 
pairwise comparisons (*p <  0.05; ***p <  0.001). (L) Plasma AMH in individual host mice carrying human fetal 
testis xenogra�s (14–17 GW; n =  4 fetuses) a�er 7d exposure to vehicle (Corn Oil; open circles) or ibuprofen 
(10 mg/kg 3 times daily; closed circles) with overall mean ±  SEM for vehicle (white bars) and ibuprofen (black 
bars). Data analyzed by two-way ANOVA.
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Figure 5. Ibuprofen and Sertoli cell markers. Quantitative RT-PCR for SOX9, AMH, DHH and COL2A1 were 
performed on control testes (white bars) and testes treated with 10−5 M of ibuprofen (grey bars) at 24 or 48 h of 
culture. Each column represents a pool of 11–15 fetal testes. Each bar shows the mean ±  SEM of the fold change 
in target gene expression relative to the RPLP0 reference gene. A non-parametric signed rank Wilcoxon test on 
paired data was performed (*p <  0.05; **p <  0.01; ***p <  0.001).

Figure 6. Ibuprofen and germ cells. (A–C) Representative images of M2A immunostaining in cultured 
explants of an 8.6-gestational week (GW) human fetal testis. M2A appears brown (3,3′ -diaminobenzidine 
tetrahydrochloride staining), and sections were counterstained with hematoxylin. Scale bar =  100 µ m. (D) 
Numbers of germ cells were determined by counting AMH-negative cells a�er culturing human fetal testis 
(n =  7 testes from 7 fetuses) in the presence of 0.01% of DMSO (Control, white bars) or 10−5 M (grey bars) or 
10−4 M (black bars) of ibuprofen. Data are presented as the number of cells per surface area unit (0.01 mm2) 
(means ±  SEM) based on 1 or 2 explants per treatment from 7 fetuses. A non-parametric signed rank Wilcoxon 
test on paired data was performed. (E) Quantitative RT-PCR for POU5F1, TFAP2C, LIN28A, ALPP and KIT 
was performed on control testes (white bars) and testes treated with 10−5 M of ibuprofen (grey bars) at 24 or 48 h 
of culture. Each column shows a pool of 11 or 15 fetal testes. Each bar represents the mean ±  SEM of the fold 
change in target gene expression relative to the RPLP0 reference gene. A non-parametric signed rank Wilcoxon 
test on paired data was performed (*p <  0.05, **p <  0.01; ***p <  0.001).
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D i s c u s s i o n
�e 3 most frequently consumed mild analgesics during the �rst trimester of pregnancy are paracetamol (also 
known as acetaminophen) and the NSAIDs aspirin and ibuprofen1. Several recent epidemiological studies have 
reported that the consumption of ibuprofen during the �rst trimester is associated with an increased risk of 
cryptorchidism and/or hypospadias7,8,33. In animals and humans, these congenital abnormalities are considered 
complex disorders involving either rare genetic traits, or abnormal endocrine activity or production in fetal tes-
tes37–39,50–52. Since the in utero assessment of ibuprofen’s e�ects on the development and function of human fetal 
testes is impossible for obvious ethical reasons, we developed an ex vivo model system which has already proven 

Figure 7. E�ect of ibuprofen on human fetal testis PGD2 and PGE2 production. (A–C) PGD2 
concentrations a�er 72 h of culture of 8 to 12 gestational week (GW) (A), 8–9.9 GW (B), and 10–12 GW (C) 
human fetal testes in the presence of the solvent DMSO (Control) or 10−7–10−4 M of ibuprofen. (D–F) PGE2 
concentrations a�er 72 h of culture of 8–12 GW (D), 8–9.9 GW (E), and 10–12 GW (F) human fetal testes in 
the presence of DMSO (Control) or 10−7–10−4 M of ibuprofen. Results are expressed as fold change from the 
�rst day of culture (FC to D0) for both PGD2 and PGE2 productions. Data are means ±  SEM (n =  4–10 testes 
from 4–10 fetuses for PGD2; n =  6− 18 testes from 6–18 fetuses for PGE2). ANOVAs with a random embryo 
e�ect were performed using unstructured covariance matrices. A Wilcoxon test was performed for pairwise 
comparisons (*p <  0.05, **p <  0.01).
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to be useful for studying the e�ects of paracetamol, NSAIDs (aspirin and indomethacin) and environmental 
chemicals (bisphenol A) on the human fetal testis during the �rst trimester26,40. In addition, as a complementary 
tool of investigation, we utilized a xenogra� system which has been shown to model the e�ects of prolonged 
exposure to therapeutic doses of analgesics in the human testis during the second trimester27.

�e present study demonstrates, through the use of the FEGA, that concentrations which are equivalent to 
or even lower than peak plasma levels of ibuprofen53,54 markedly a�ect the biology of the 2 major human fetal 
testicular somatic cell populations, as well as of the germ cells, and that these e�ects occur during speci�c periods 
of human fetal testis development. �is occurred without any obvious changes in the number of these cells or 
in the general morphology of the testis at any age. �us, ibuprofen markedly decreased testosterone levels and 
steroidogenesis at large. �is inhibitory e�ect was observed using both the immunoassay of testosterone and GC/
MS-MS analysis, and was found to be dose-, time- and age-dependent. Of note is that this appeared restricted to 
the 8–9.9 GW fetal testes. Androgens play an essential role in the masculinization of the urogenital tract55. �is 
narrow window of ibuprofen sensitivity corresponding to the younger fetal ages investigated is similar to that pre-
viously observed for aspirin and indomethacin26. �is likely re�ects the fact that Leydig cells go through markedly 
di�erent steps of di�erentiation and thus biological states56, some of which appear to be resistant to ibuprofen’s 
anti-androgenic e�ects. Indeed, we were able to demonstrate that testosterone production was not reduced by 
exposure to ibuprofen in late �rst trimester human fetal testis (10–12 GW) in the ex vivo culture system, nor in 
second trimester human fetal testis (14–17 GW) using the xenogra� approach. �e ibuprofen-induced testoster-
one inhibition during the speci�c 8–99 GW time window contrasts greatly with the e�ects observed in previous 
studies in aspirin- and indomethacin-treated fetal testes ex vivo. In fact, we found that the latter NSAIDs actually 
stimulate human testis testosterone levels26, rather than suppressing them as in the case of ibuprofen. Another 
striking di�erence is that, while paracetamol was previously found to reduce both plasma levels of testosterone 
and the weight of androgen-dependent seminal vesicles in the xenogra� model-system27, ibuprofen had no e�ect 
in the xenogra�-system model as revealed here. �ese di�erences are likely to re�ect the di�erent nature and 
thus mechanisms of action of the two analgesics considered, ibuprofen being a NSAID while paracetamol is not.

�e present work also reveals that at least 3 steps of steroidogenesis are signi�cantly a�ected ex vivo by ibu-
profen, as it suppressed the transcripts encoding CYP11A1, CYP17A1, and HSD17B3. CYP11A1 is important 
as it catalyzes the �rst reaction of steroidogenesis (i.e. the conversion of cholesterol to pregnenolone). CYP17A1 
catalyzes 17α -hydroxylation of progesterone and pregnenolone, and also converts 17α -hydroxypregnenolone to 
DHEA and 17α -hydroxyprogesterone to androstenedione. CYP17A1 is typically regarded as a key determinant 
of testosterone production, susceptible to both androgen production regulation and perturbation57,58. HSD17B3 
catalyzes the ultimate conversion of androstenedione to testosterone, androstenedione being the �rst androgen 
produced in the downstream chain line of steroidogenesis. �e present study represents the �rst GC/MS-MS 
global analysis of fetal testicular steroidogenesis demonstrating that, in addition to suppression of testosterone, 
the e�ect of ibuprofen on the expression of CYP17A1 also negatively impacted androstenedione and to a greater 
extent 5α -DHT. Further supporting evidence for ibuprofen being an anti-androgenic compound is the observa-
tion that low doses of this NSAID (5–6 mg/kg/day for 35 days) inhibited plasma levels of testosterone in adult 
male mice59. Ibuprofen has also been shown to inhibit the human UDP-glucuronosyltransferases UGT2B15 and 
UGT2B17, and the latter is very important for glucuronidation and testosterone excretion60.

It is important to note that not only androgens were impacted by ibuprofen but also INSL3, which is the pep-
tidic hormone produced by Leydig cells and which was dose-dependently inhibited by ibuprofen. In accordance 
with this, INSL3 expression levels were also suppressed by ibuprofen. Insl3 knock-out mice are cryptorchid50,61 
and some mutations of the human INSL3 gene have been associated with cases of cryptorchidism38. �e �rst 
phase of testicular descent which occurs in humans between 8 and 17 GW is controlled by INSL328,38,51,62. In a 
previous study, 8–12 GW human fetal testes treated with paracetamol had reduced INSL3 production26, and in 
the present study ibuprofen exposure in testis explants at the same gestational age for 72 h induced signi�cant 
alterations in INSL3 production. �ese �ndings support the hypothesis that ibuprofen-induced suppression of 
INSL3 expression and production could be related to the increased risk of cryptorchidism in boys whose mothers 
were exposed to ibuprofen during pregnancy7.

Interestingly, ibuprofen also induced a dose-dependent suppression of AMH production in the human fetal 
testis ex vivo. To the best of our knowledge, ibuprofen is the �rst endocrine disruptor which is found to display 
direct suppressive action on the endocrine function of the human (and other mammalian) fetal Sertoli cells. 
However, the reduced AMH production following ibuprofen exposure was restricted to the �rst trimester testis 
during a speci�c period from 7–9.9 GW. Exposure in late �rst trimester (10–12 GW) explants and in second tri-
mester (14–17 GW) xenogra�s did not result in a signi�cant change in AMH production although the variability 
between samples clearly increased in the late �rst trimester. In addition, there was a large variability in AMH pro-
duction between fetuses for the second trimester xenogra�s which was accounted for using two-factor analysis 
as previously described27. �e di�erence observed here between the FEGA ex vivo (i.e. decreased levels of AMH) 
and the xenogra� model system (i.e. no change in AMH levels) could result from the age-di�erence of the fetal 
testes used; it also cannot be excluded, however, that the intrinsic di�erence of the two assay-systems discussed 
before28 could also account for it. Taken together, the results obtained ex vivo indicate that there exist speci�c 
‘windows of sensitivity’ during which certain Sertoli cell function may be a�ected by exposure to ibuprofen. It is 
likely that the ibuprofen suppression of SOX9 mRNA expression evidenced in this study along with several of its 
known targets (AMH, DHH, COL2A1), represents the basis by which ibuprofen also suppresses AMH.

Our study reveals not only that ibuprofen disturbs the endocrine homeostasis of the testis, in both the Sertoli 
and Leydig cells, but also that exposure to this NSAID markedly alters the expression of the germ cells genes 
POU5F1, TFAP2C, LIN28A, ALPP, and KIT. �ese genes are expressed in a population of mitotic fetal germ 
cells named gonocytes. NSAIDs have been shown to promote cell cycle arrest and apoptosis thereby decreas-
ing the initiation and/or progression of various cancers (colorectal, bladder, skin, esophageal adenocarcinoma, 
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ovarian)63–66. Whether ibuprofen e�ects occur by similar mechanisms remains to be established. In addition, 
whether ibuprofen-induced alteration of germ cell gene expression results from a direct e�ect of this NSAID on 
the human gonocytes, or if it is secondary to the marked suppression of the endocrine function of both Sertoli 
and Leydig cells is also unknown.

PGD2 and PGE2, the 2 prostaglandins investigated in this study, are thought to be involved in the di�erentia-
tion of the fetal testis. In fact, exposing mouse testis explants (11, 12, and 14 days post-coitum) to PGE2 prevented 
the di�erentiation of testis cords67. Furthermore, mice de�cient in Ptgds, which encodes the lipocalin-type pros-
taglandin D2 synthase enzyme responsible for PGD2 synthesis, display unilateral cryptorchidism68. However, 
here, we show that exposure to ibuprofen had no signi�cant e�ect on PGD2 production. In contrast, ibuprofen 
induced marked changes in PGE2 levels. It is interesting to note that, as in our previous study on paracetamol, 
aspirin, and indomethacin, human fetal testis PGD2 production appears to be much less sensitive to the e�ects of 
ibuprofen than PGE226. �e precise mechanism of action underlying the inhibitory e�ect of ibuprofen on PGE2 
production remains to be explored. PGE2 is known to modulate immune and in�ammatory responses through 
its receptors EP1 to EP469, and EP2 has recently been detected within the rat fetal testis70. It also remains to be 
determined what the consequences of ibuprofen-induced suppression of PGE2 might be on the human fetal testis 
biology and development. It would be important to understand which testicular cell type(s) is/are responsible for 
PGE2 production and which ones express the receptor for PGE2 within the human fetal testis.

Of all the analgesics that we have tested so far using our ex vivo human fetal testis system26, ibuprofen appears 
to be the agent which alters the human fetal endocrine balance with the widest range of e�ects as it a�ects all 
the major testicular cell types. Interestingly, paracetamol, aspirin, indomethacin, and ibuprofen each display 
their own endocrine-disrupting signatures (Table 1). �e only unequivocally shared e�ect observed with these 
4 analgesics is their inhibitory action on prostaglandin E2 production in 8–9.9 GW fetuses. However, whereas 
paracetamol and aspirin did not have any e�ect on testosterone production at this stage of gestation, the same 
group of testes treated with ibuprofen had lower testosterone production. Several other di�erences between anal-
gesic e�ects also exist: ibuprofen - unlike aspirin but similar to paracetamol - suppresses INSL3 production. 
Furthermore, aspirin increased AMH production whereas paracetamol had no such e�ect, and ibuprofen showed 
a dose-response inhibition of this Sertoli cell produced hormone (Table 1). Taken together, these observations 
indicate that each drug has its own mechanism of action within the human fetal testis. Due to the di�erent 
analgesic-induced biological signatures induced within the fetal testis, it is likely that this explains why when 
pregnant women simultaneously use more than one analgesic (paracetamol, aspirin, and ibuprofen), the risk of 
cryptorchidism observed is almost 10 times higher (odds ratio 2 fold versus 17 fold) than when a single painkiller 
is used7. Likewise, simultaneous use of both paracetamol and NSAIDs was found to be associated with signi�-
cantly shorter AGD in boys, while exposure to paracetamol only was not signi�cantly associated with shorter 
AGD24. In any case, the di�erent therapeutic indications and contra-indications of these medications, i.e. par-
acetamol and of the NSAIDs, also re�ect their di�erent structures and properties. �e present data complement 
our previous �ndings, which show that analgesics can behave as endocrine disruptors during key stages of the 
development of the urogenital tract26. �is study provides new mechanistic explanations for the increased risk 
of cryptorchidism and hypospadias observed a�er in utero exposure to these medications by di�erent groups.

In conclusion we show that exposure to therapeutic levels of ibuprofen during speci�c ‘windows of sensitivity’ 
can result in multiple e�ects on Sertoli-, Leydig- and germ-cell development and function in the human fetal 
testis. �is includes e�ects on production of several testicular hormones during the �rst trimester. �ese �ndings 
are based on the results of 2 di�erent model systems of human fetal testis development. Whilst they cannot be 
directly translated into recommendations for the use of ibuprofen in humans they provide experimental support 
to the epidemiological association between analgesic use and the development of male reproductive disorders, 
evidence that would support the avoidance of ibuprofen use during the �rst trimester where practicable.

M a t e r i a l s  a n d  M e t h o d s
Ethics statement. First trimester (7–12 gestational week) and second trimester (14–17 gestational week) 
human fetuses were obtained from abortions performed at the Rennes Sud Hospital in Rennes, France and the 
Royal In�rmary of Edinburgh, Edinburgh, UK, respectively. None of the pregnancy terminations were due to 
fetal abnormalities. Women gave written informed consent as per the legal procedures put in place by the French 
national biomedical research agency (authorization #PFS09-011; Agence de la Biomédecine) and the Declaration 
of Helsinki – Ethical Principles for Medical Research Involving Human Subjects. All experiments were performed 
in accordance with relevant guidelines and regulations. Ethical approval for the study was obtained from Rennes 

Cell type Hormone Paracetamol Ibuprofen Aspirin Indomethacin

Leydig cell Testosterone ⇔ ⇘1 ⇗ ⇗

INSL3 ⇘ ⇘ ⇔ ⇔ 

Sertoli cell AMH ⇔ ⇘ ⇗ ⇔ 

Unknown PGD2 ⇔ ⇔ ⇔ ⇔ 

PGE2 ⇘ ⇘ or ⇗2 ⇘ ⇘

Table 1.  Summary of the endocrine-disrupting signatures of each tested analgesic ex vivo. Data for 
paracetamol, aspirin and indomethacin come from26. 1A�er 24, 48 and 72 h of exposure. 2 ⇘ In the 8–9.9 GW 
and 8–12 GW testes at 10−5 and 10−4 M; ⇗ in the 10–12 GW testes at 10−7 and 10−6 M.
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Sud Hospital local ethics committee (notice #11-48) and South East Scotland Research Ethics Committee (refer-
ence number: LREC08/S1101/1).

H u m a n  f e t a l  t e s t i s  c o l l e c t i o n .  First-trimester human fetal testes were recovered from the abortion aspi-
ration products using a binocular microscope (Olympus SZX7, Lille, France). �ey were immediately placed in 
ice-cold phosphate-bu�ered saline (PBS) solution. Second trimester human fetal testes were recovered and placed 
into ice-cold ‘xenogra� media’ containing Liebowitz L-15 with glutamine, 10% fetal bovine serum, 1% penicillin/
streptomycin and 1% non-essential amino acids (all Sigma, Poole, UK).

C u l t u r e  a n d  x e n o g r a f t  p r o c e d u r e s .  �e testes were cut into explants of less than 1 mm3 according to 
a standardized protocol previously described26,40. For the testes younger than 8 GW, 2 wells were designed to 
accommodate 1 testis and either control or 10−5 M of ibuprofen treatment. �ese testes were immediately exposed 
to treatments. For the 8 to 10 GW group, 4 wells were prepared for 4 di�erent culture conditions (1 control and 
3 ibuprofen concentrations). �ese wells were each half a testis in length and contained 2 to 3 pieces of a single 
testis. For the older testes (10 to 12 GW), 6 wells for 6 di�erent culture conditions (1 control and 5 ibuprofen con-
centrations) were created, each containing 1 or 2 testis pieces from a single testis. �e explants were cultured in 
inserts (0.4 µ m pores; Falcon, Becton-Dickinson, Le Pont de Claix, France) placed in 24-well companion culture 
plates (Becton-Dickinson). Human chorionic gonadotrophin (Sigma Aldrich, Saint-Quentin, France) was added 
at a concentration of 0.1 IU/mL71, and the cultures were incubated at 37 °C for 96 h in a humidi�ed atmosphere of 
95% air and 5% CO2. �e medium was removed every 24 h and divided into at least 2 aliquots that were imme-
diately snap-frozen on dry ice and stored at − 80 °C. To assess dose-response e�ects, a�er the �rst 24 h of culture 
(D0) the explants were exposed to either the control, DMSO at a �nal concentration of 0.1%, or to the ibuprofen 
treatment, with concentrations of 10−7 M to 10−4 M added to the medium.

For xenogra� studies, human fetal testes were gra�ed into castrate host mice as previously described27. Brie�y, 
small pieces (1 mm3 approx; 4–6 per mouse) of testis tissue were placed subcutaneously, either side of the midline, 
under the dorsal skin of the mice using a 13 G cancer implant needle (Popper and Sons, US). In general, 3–6 mice 
were xenogra�ed with tissue from each fetus, and mice were maintained for 7 days to ensure vascularisation 
before any host treatments commenced. One week a�er gra�ing, host mice commenced treatment with subcuta-
neous injection of human chorionic gonadotropin (20 IU hCG every 72 hours; Pregnyl, Organon Laboratories) 
to mimic the human in utero environment72. Host mice were also randomly allocated to receive a therapeutic 
regimen of either ibuprofen (10 mg/kg three times daily), or vehicle (corn oil) by daily oral administration with 
analysis 1 hour a�er the �nal dose. Host mice were sacri�ced by cervical dislocation, and blood was obtained 
by cardiac puncture for assessment of plasma testosterone, AMH and ibuprofen. Testosterone production and 
action was assessed by measuring plasma testosterone and seminal vesicle weight. No di�erences were observed 
between vehicle- and ibuprofen-exposed host mice in terms of body weight, number of gra�s retrieved or total 
gra� weight (Fig. S1).

I m m u n o s t a i n i n g  a n d  s t e r e o l o g y .  Immunohistochemistry was performed on 4% paraformaldehyde-PBS 
and Bouin solution-�xed, paraµn-embedded tissues, as previously described26. �e Sertoli cells were labeled with 
an AMH goat primary antibody (1:100; Santa Cruz Biotechnology, CA, USA). Leydig cells were stained with a 
rabbit anti-cytochrome P450, family 11, subfamily A, polypeptide 1 (CYP11A1) antibody (1:250; Sigma Aldrich). 
A mouse M2A primary antibody (1:100; Abcam, Paris, France) was used for gonocyte immunolabeling. For the 
AMH and M2A antibodies, antigens were retrieved for 40 min at 80 °C in 10 mM citrate bu�er, pH 6.

A NanoZoomer 2.0-RS scanner (Hamamatsu, Tokyo, Japan) was used to capture pictures of the whole slides 
at 40x magni�cation. �e surface area of 5 to 10 sections randomly selected within the whole explant were calcu-
lated with NDP.view so�ware (Hamamatsu). ImageJ so�ware (US National Institutes of Health, Bethesda, MD, 
USA) was used to perform the stereological cell counting. Germ and Sertoli cells were identi�ed and counted as 
intra-cordal AMH-negative and AMH-positive cells, respectively.

H o r m o n e  a s s a y s .  Testosterone was assayed using a speci�c radioimmunoassay (RIA): a direct testoster-
one RIA with an intra-assay coeµcient of variation (CV) ≤  8.6% and an inter-assay CV of 11.9% (Immunotech, 
Beckman Coulter, Villepinte, France). A speci�c RIA was also used for insulin-like 3: a human INSL3/RLF RIA 
kit with intra- and inter-assay CVs of ≤ 15 and 7%, respectively (Phoenix Pharmaceuticals, Strasbourg, France). 
AMH levels were assayed using an AMH/MIS Enzyme-Linked Immunosorbent Assay (ELISA) kit with an 
intra-assay CV of 3.2 to 12.3% and inter-assay CV of 5.8 to 14.2% (Immunotech, Marseille, France). PGD2 was 
measured with ELISA using a prostaglandin D2-MOX EIA Kit having an intra-assay CV of 8 to 15% and an 
inter-assay CV of 10 to 17% (Cayman Chemical, Ann Arbor, MI, USA). PGE2 was also assayed using a prosta-
glandin E2 EIA Kit (intra-assay CV 3.7 to 30.4% and inter-assay CV 6.4 to 35%) (Cayman Chemical).

�e hormone assay data from the culture system using the testes of the fetuses younger than 8 GW were 
expressed as hormone production fold change as compared to the control testis. Since the older testes were cut 
into explants, the �rst 24 hours of culture (day 0 without treatment, or D0) served as the baseline for normaliza-
tion of hormone production in each testicular sample a�er 24, 48, and 72 h of exposure to DMSO or ibuprofen. 
Depending on fetal age, we established cut-o�s for normal relative testosterone production in the control exper-
iments, calculated at D3 normalized to the D0 result in the same culture well. �ese were > 0.7 for the 8–9.8 GW 
explants, and ≥ 0.1 for the 10–12 ones.

G l o b a l  a n a l y s i s  o f  s t e r o i d s .  �e procedures for applied sample preparation and GC-MS/MS measure-
ments have been previously described73,74. Tissue samples were homogenized a�er addition of 50:50 v/v meth-
anol and water (300 µ l/10 mg tissue). Prior to extraction for quanti�cation according to isotopic dilution, tissue 
homogenates, and cell culture media (200 µ l) were spiked with internal standards (17β -estradiol-16,16,17-d3; 
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5α -androstan-3α ,17β -diol-16,16,17-d3; etiocholanolone-2,2,3β ,4,4-d5; 17β -testosterone-16,16,17-d3; 
4-androsten-3,17-dione-19,19,19-d3; 5α -androstan-17β -ol-3-one-16,16,17-d3; and 17-methyltestosterone-d3). 
Non-polar compounds were extracted from the aqueous phase (pH 5.2) with diethyl ether, followed by a liquid/liq-
uid partitioning to separate androgens and estrogens. Both fractions were puri�ed on 200 mg Upti-Clean SI-S car-
tridges (Interchim, Montluçon, France), then derivatized with a silylation reagent as described by Courant et al.74.  
Two micro-liters of each �nal extract were injected into the GC-MS/MS system. �e detection and quanti�-
cation of the targeted compounds were performed on a spectrometer (Bruker, Fremont, CA, USA). Electron 
impact (70 eV) was the ionization mode used for androgens, while negative chemical ionization (80 µ A �lament 
current) with methane reactant gas was applied for estrogens. �e source temperature was set to 250 °C and the 
transfer line to 300 °C. �e chromatographic conditions were previously described by Courant et al.74. �e mass 
spectrometer was operated in multiple reaction monitoring (MRM) acquisition mode, and argon was used as 
collision gas at 2.0 mTorr. �e diagnostic signals were monitored for the targeted compounds have been reported 
elsewhere73,74.

For xenogra�s, testosterone and ibuprofen were extracted from mouse plasma by solid phase extraction 
using 10 mg HLB Oasis cartridges (Waters, UK). Brie�y, 50 µ L plasma was enriched with 1 ng 13C3-Testosterone 
(QMX, UK) as internal standard. Cartridges were conditioned with methanol and water, the sample loaded and 
washed with water, 5% methanol and then eluted with 1 mL methanol. �e eluate was reduced to dryness under 
nitrogen at 40 °C and reconstituted in mobile phase (70 µ L water/acetonitrile (70:30, v/v)). Chromatographic 
separation was achieved by injecting 30 µ L sample onto an Acquity UPLC system with an ACE Excel C18-AR col-
umn (150 ×  2.1 mm; 2 µ m) protected by a Kinetex KrudKatcher (Phenomenex) and operated at 30 °C. �e mobile 
phase consisted of 0.1% formic acid (Sigma Aldrich) in water and 0.1% formic acid in acetonitrile (B) at a �ow 
rate of 0.5 mL/min. Gradient elution from 30–100% B was achieved, with a total run time of 9 mins. Testosterone, 
and Ibuprofen eluted at 5.40 and 5.7 min respectively. Following separation, testosterone and ibuprofen were 
detected on a QTrap 5500 triple quadrupole mass spectrometer (Sciex, Warrington, UK) operated in positive 
ion electrospray mode (5.5 kV, 550 °C, ion source gas 60/40). Transitions monitored were m/z 289.1 →  97.0, and 
m/z 156.1 →  114.1 for testosterone and ibuprofen, respectively. �e ratio of the peak area of each analyte to the 
internal standard was used to generate a calibration curve and using linear regression analysis the amount of each 
analyte was calculated.

RNA extraction and quantitative Polymerase Chain Reaction (qPCR). RNA extractions from testes 
were done using a NucleoSpin XS kit (Macherey-Nagel, Hoerdt, France) according to the manufacturer’s instruc-
tions. Total RNA (250 ng) was reverse transcribed with random primers and Moloney murine leukemia virus 
reverse transcriptase (Invitrogen, �ermoFisher, Courtaboeuf, France). Quantitative PCR was performed accord-
ing to the manufacturer’s instructions using the SYBR Green master mix (Applied Biosystems, �ermoFisher) 
with a 0.5 µ l cDNA template in an Applied Biosystems 7500 Real-Time PCR system. �e ampli�cation program 
was as follows: a 2 min holding stage at 50 °C; initial denaturation of 10 min at 95 °C; 40 cycles of 15 sec denatur-
ation at 95 °C; and 1 min at 60 °C for annealing and extension. Dissociation curves were produced using a ther-
mal melting pro�le performed a�er the last PCR cycle. To avoid ampli�cation of contaminating genomic DNA, 
primer pairs were selected on either side of an intron. RPLP0 and RPS20 mRNA were used as internal controls 

Gene Upstream primer Downstream primer

Product 
length 

(bp)
Annealing 

temp °C

ALPP TCTGGGTACTCAGGGTCTGG ATCGCTACGCAGCTCATCTC 101 62

AMH CGCCTGGTGGTCCTACAC GAACCTCAGCGAGGGTGTT 162 67

BZRP GGCTTCACAGAGAAGGCTGT ACTGACCAGCAGGAGATCCA 87 66

COL2A1 GGCAATAGCAGGTTCACGTACA CGATAACAGTCTTGCCCCACTT 57 53

CYP11A1 AGACCTGGAAGGACCATGTG TCCTCGAAGGACATCTTGCT 435 65

CYP17A1 GTGGAGACCACCACCTCTGT GCTGAAACCCACATTCTGGT 108 67

DHH TGATGACCGAGCGTTGTAAG GCCAGCAACCCATACTTGTT 196 67

HSD3B2 GCCTGTTGGTGGAAGAGAAG GCAGGCTCTTTTCAGGAATG 158 62

HSD17B3 TCCTTGGCCTCTCTACTCCA AGACAGCATATGGGGTCAGC 125 62

INSL3 CCCAGAGATGCGTGAGAAGT CCAGCCACTGTAGCAACTCA 229 68

KIT TTCTTACCAGGTGGCAAAGG AAATGCTTTCAGGTGCCATC 209 62

LIN28A AAGCTGCACATGGAAGGGTT CCGCCTCTCACTCCCAATAC 138 67

POU5F1 TACTCCTCGGTCCCTTTCC CAAAAACCCTGGCACAAACT 131 67

RPLP0 TCTACAACCCTGAAGTGCTTGAT CAATCTGCAGACAGACACTGG 167 66

RPS20 AACAAGCCGCAACGTAAAA ACGATCCCACGTCTTAGAA 96 67

SOX9 AACGCCTTCATGGTGTGG TCTCGCTCTCGTTCAGAAGTC 124 59

SRD5A3 AGGAATGCCTACATAACAGGGAA CTCCAAATGGGATCCTGTGGT 181 62

STAR GGCTGGCATGGCCACAGACT TTGGGCAGCCACCCCTTGA 162 77

TFAP2C CCGGTCCTTGCGGGAGAAGTT CTGGTTTACTAGGAAATTCGGCTTCACA 164 75

Table 2.  Primers used for qPCR.
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for normalization75 (Table 2). Results were calculated by the ∆ ∆ CT method as n-fold di�erences in target gene 
expression with respect to the reference gene and the calibration sample (made of an equal mix of each of the 
samples tested).

St a t i s t i c a l  a n a l y s i s .  Hormone measurements (means ±  SEM) are expressed either as percentages of the 
values as compared to the control testes (7 to 7.9 GW fetuses), as the fold change from the respective untreated 
�rst day of culture (D0; 8–12 GW fetuses), or as absolute values for serum in xenogra�ed mice.

Testosterone and AMH production as a function of culture duration in 7–7.9 GW testes were analyzed using 
repeated measures analysis of variance (ANOVA) on ranks. Ibuprofen dose-response relationships were assessed 
for testosterone, INSL3, AMH, PGD2, and PGE2 using variance analyses, with the treatment as explanatory var-
iable and a random fetus e�ect. To normalize the data, logarithm transformations were used for INSL3, AMH, 
PGD2 and PGE2 data. �e dose was transformed into a categorical variable (ranging from 1 for the lowest dose 
to 4 for the highest one) then introduced into the models as continuous variables. �e corresponding slope β  
therefore represents the change in hormone secretion for each supplementary dose unit. Pairwise di�erences 
between the ibuprofen treatments and controls were analyzed using the non-parametric Wilcoxon signed-rank 
test. Quantitative PCR data, GC-MS/MS data, and cell-counts were also analyzed with the Wilcoxon test. For 
analysis of AMH, testosterone and ibuprofen in xenogra�s, a two-way ANOVA was performed. Signi�cance was 
de�ned as a con�dence level of p <  0.05. Statistical analyses were performed using SAS so�ware (SAS/STAT ver-
sion 9.3; SAS Institute Inc., Cary, NC) and SigmaPlot 12.0 so�ware (Systat So�ware, San Jose, CA, USA).
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