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Abstract

Understanding how ageing impacts endometrial function is crucial for preserving
fertility in older females. While ageing-related cellular dysfunction and inflamma-
tion are observed in the bovine uterus, its effects on endometrial physiology remain
unclear. Using an experimental model of young (4-7 years) and old (13-15 years)
cloned female cattle, we assessed the effect of ageing on the endometrium through
transcriptome profiling and responses of cultured endometrial cells to interferon tau
(IFNT) and of cultured endometrial explants to LPS. Progesterone profiles were
similar between young and old females. Transcriptomic analysis of endometrial
biopsies on day 15 of the estrous cycle identified 859 differentially expressed genes
(DEG; p=<0.05, |FC|=1.5), among which 402 DEG were over-expressed and 457
DEG were under-expresssed in old females. These DEG are linked to immune,
inflammatory, metabolic, and cell organization pathways and networks. RT-qPCR
validation of selected candidate DEG revealed an increased expression of COL4A3,
CPAS3, IGFBP1, IGFBP2, RSAD2, SCARAS, and SERPINA14 in young females. In
vitro stimulation with IFNT of primary uterine glandular epithelial and stromal cells
revealed that glandular epithelial cells exhibit a greater sensitivity to IFNT than
stromal cells, both in old and young females. Glandular epithelial cells derived from
old females exhibit a weaker response to IFNT, in terms of the number of differen-
tially expressed genes, compared to those from young females. The effect of LPS
treatment on cytokine concentrations was lightly more pronounced in young females
than in old females, with LPS leading to a significant increase in the concentra-

tion of IL-1a, IL-1B, IL-6 and IL-10 in young females. By altering the transcriptomic
profile of the endometrium and its capacity to respond to both the embryo’s signal
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and inflammatory factors, we propose that age may be a key factor underlying
uterine-related reproductive failures. Further experiments are required to confirm this
hypothesis.

Introduction

The uterus is essential and irreplaceable for the establishment and maintenance

of a successful pregnancy that ends with the birth of living and healthy offspring.
Pregnancy results from intricate, reciprocal interactions between the embryo and

the endometrium, starting as early as the late pre-implantation phase. While optimal
embryo quality is a prerequisite, most embryo losses observed during pregnancy are
linked to inadequate interactions between the implanting conceptus and the endome-
trium [1-3]. The dynamic property of the endometrium as a sensor of embryo quality
has been first demonstrated in cattle and later confirmed in humans [4,5]. Alterations
of the sensor-driver properties of the endometrium significantly affect implantation,
placentation and foetal development, with post-natal repercussions [6-8].

Endometrial physiology is influenced by intrinsic factors such as metabolism,
inflammation, and psychological stress as well as extrinsic factors, including biotic
and abiotic factors such as heat, nutrition, exogenous hormones, and infections
[8—13]. Among the intrinsic factors, ageing—a process often accompanied by chronic
inflammation—is associated with a decline in organ function [14].

Ageing is notably characterized by an accumulation of senescent cells, a weak-
ened immune response, metabolic dysfunction and tissue fibrosis [15-18]. Ageing is
also associated with a decline in female reproduction capacity. In rodents, maternal
ageing is linked to increased litter heterogeneity and a rise in developmental anoma-
lies [7]. In alpacas and cows, embryo transfer success rates decrease as the recip-
ient’s age increases [19,20]. While age-related ovulatory dysfunction and reduced
oocyte quality have been well documented across many species [21-23], the impact
of ageing on the structural organization and gene expression profiles of the endome-
trium has received comparatively less attention. For example, women over 45 exhibit
more pronounced signs of cellular senescence in the uterus compared with younger
women [24]. In cows, the incidence and severity of adenomyosis increase with age
[25]. However, the effects of ageing on endometrial function, particularly the ability of
this tissue to interact with the embryo during implantation or to cope with inflamma-
tion, remain largely unexplored.

Understanding the molecular and biological mechanisms underlying uterine ageing
appears critical in the context of reproductive health, such as the rising maternal age
at first pregnancy in humans and the question of extending longevity to improve pro-
ductivity of dairy cows in conventional and organics farming systems [26].

Investigating uterine ageing is inherently complex due to the organ’s function
and sensitivity to hormonal influences. Factors such as genetic, environmental
conditions, parity, and systemic ageing of the maternal organism—including the
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hypothalamic-pituitary-gonadal axis—introduce significant confounding variables. A research animal model that minimizes
genetic diversity and environmental variability represents a relevant option to reduce study biases.

Our study investigates the molecular and biological changes associated with uterine ageing in cattle, using an exper-
imental model comprising bovine females of two distinct ages, all sharing the same nuclear genome and raised under
identical farming conditions. Transcriptomic analyses were performed on endometrial biopsies collected on Day 15 (D15)
of the estrous cycle during the peri-implantation period when endometrium is receptive to conceptus signals. To assess
the functional consequences of endometrial ageing, two in vitro experiments were carried out and involved either primary
cell cultures or endometrial explant cultures. First, we evaluated the molecular response of primary bovine glandular
epithelial and stromal cells to Interferon-tau (IFNT), the key signal of pregnancy recognition in ruminants, at D15. Sec-
ond, we examined the inflammatory response of endometrial explants exposed to lipopolysaccharide (LPS), a compo-
nent of the cell wall of Gram-negative bacteria, on Day 3 (D3) of the estrous cycle, a time point chosen to minimize the
anti-inflammatory effect of progesterone, which is low at this stage of the cycle.

Materials and methods
Animals and sample collection

Experiments were conducted in compliance with European Community Directive 2010/63/EU, which revises Directive
86/609/EEC on the protection of animals used for scientific purposes. The animal procedures associated with endome-
trial biopsy collection were approved by the Ethical Committee of Animal Experimentation of INRAE and AgroParisTech
(CEEA45 “COMETHEA”; reference APAFIS#596) with authorization subsequently granted by the French Ministry of Edu-
cation and Scientific Research (reference 2015050417061568).

Fifteen Holstein females, derived from somatic nucleus cloning of a single cell donor cow, were included in the study.
Females from this cell line were previously used and described in studies investigating the effects of ageing on the inflam-
matory response in cattle [27]. The use of this somatic clone model minimizes inter-individual genetic variability. More-
over, all females were raised under standardized feeding and housing conditions (https://doi.org/10.17180/MAQZ-V844),
limiting environmental effects.

The animals were divided into two groups: young (4—7 years) primiparous females (YF) and old (13-15 years) nullipa-
rous females (OF). Detailed information on the animals is provided in S1 Table. For all females, estrous cycle were syn-
chronised using the Crestar method, as described by [27], with the day of estrus designated as Day 0. For the YF group,
endometrial biopsies were collected more than a year after calving.

To confirm the stage of the estrous cycle, serum progesterone (P4) concentrations were measured. Blood was col-
lected on Days 2, 8, 14, and 22 of the estrous cycle for experiment 1 (6 YF and 8 OF) and on Days 0 and 3 for experiment
2 (5 YF and 4 OF; Fig 1). After centrifugation, serum was isolated and P4 concentration was analysed using an Enzyme-
Linked Immunosorbent ELISA assay [28]. The intra-assay coefficient of variation of the quality control at a concentration of
1ng/mL was 7.2%.

Endometrial biopsy samples were collected, under peridural anaesthesia (Procamidor ©, France) using a
Kevorkian-Younge uterine biopsy forceps (Alcyon, Paris, France) as previously described [9]. The biopsies were per-
formed only after confirming the effectiveness of the anaesthesia, which was assessed by observing tail relaxation and
flaccidity. All manipulations were performed in a calm environment by a certified experimenter using precise and controlled
techniques. For each female, 2—3 biopsies were taken from the middle of each uterine horn — ipsilateral and contralat-
eral to the corpus luteum. A systematic macroscopic examination of the biopsies allowed for the careful identification and
exclusion of caruncular tissue. Only intercaruncular tissue was retained and used for the analyses. Biopsies were taken
on Day 15 from 6 YF and 8 OF (4-5 years and 13—14 years, respectively; experiment 1) and on Day 3 from 5 YF and 5
OF (6—7 years and 14—15 years, respectively; experiment 2).
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Fig 1. Experimental layout. After hormonal synchronization, endometrial biopsies were sampled from young females (YF, n=6) and old females (OF,
n=28) at Day 15 of the estrous cycle for experiment 1 (Exp. 1) and on YF (n=5) and OF (n=5) at Day 3 for experiment 2 (Exp. 2). For determining P4
levels, blood samples were collected on Days 2, 8, 14, and 22 (Exp. 1) and on Days 0 (estrus) and 3 (Exp. 2).

https://doi.org/10.1371/journal.pone.0332176.9001

Total RNA preparation

Total RNA was extracted from biopsies, endometrial explant cultures or primary cultures of glandular epithelial or
stromal cells using TRIzol Reagent (ThermoFisher Scientific) as previously described by [29] and purified on Qiagen
columns (RNeasy Mini kit; Qiagen, Courtaboeuf, France) according to the manufacturer’s recommendations. Total
RNA was quantified using Nanodrop ND-3300 spectrophotometer (Labtech, Wilmington, DE, USA). The RNA integ-
rity (RIN) was evaluated using the Agilent 2100 ® Bioanalyzer (@bridge ICE -Iso Cell Express-, INRA, France: https://
www6.jouy.inra.fr/ice). Only total RNA samples with a RIN ranged from 7 to 9.5 were conserved and stored at —80°C
until use (array hybridization, microfluidic analyses and reverse transcription polymerase chain reaction (RT-PCR)
quantification).

Experiment 1: Impact of ageing on the bovine endometrium at Day 15 post-estrus

Microarray hybridization. Transcriptomic analyses were performed using total RNA extracted from endometrial
biopsies collected on D15 from the uterine horn ipsilateral to the corpus luteum, obtained from 4 YF and 4 OF (Fig 1;

S1 Table). Gene expression profiles were determined using a custom bovine array, spotted with 61,325 probes that
represented 23,926 unique transcripts, as described previously [30]. More than ninety-seven percent of the transcripts on
the array are derived from the Bos taurus genome (taxid:9913; genome assembly UMD3.1) and annotated by Ensembl
(http://www.ensembl.org/Bos_taurus/Info/Index). The remaining 3% are control elements (technical spike-ins, synthetic
sequences and endogenous reference controls).

Cyanine-3 (Cy-3) labeled cRNAs were prepared using 25ng of total RNA with the One-Color Low Input Quick Amp
Labeling kit (Agilent Technologies). Specific activities and cRNA yields were determined using the NanoDrop ND-1000
(Thermo Fisher Scientific). For each sample 600 ng of Cy3 labeled cRNA (specific activity > 6.0 pmol of Cy3/ug of cRNA)
were fragmented at 60°C for 30 min and then hybridized to the custom bovine arrays for 17 h at 65°C following the man-
ufacturer’s instructions (Agilent Technologies) as described in [30]. The microarray data were submitted to GEO (Gene
Expression Omnibus) database (accession number GSE291161).
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Microarray data analysis. Differentially expressed genes (DEG) between OF and YF were identified using the
FCROS (Fold Change Rank Ordering Statistics) method [31]. Transcripts were considered as differentially expressed
when they exhibited a fold change |FC|21.5 and a f-value <5%.

To determine the major biological functions and canonical pathways associated with the DEG, interaction networks or
pathways were analyzed using Ingenuity Pathways Analysis (IPA) software (https://www.ingenuity.com). For the IPA analy-
ses, the p-value was adjusted using Benjamini-Hochberg method (B-H p-value) with significance set at B-H p-value <0.05
and a Z-score22 or < —2.

Gene candidat approach: validation of microarray data. To validate the transcriptome findings, expression levels of
a selection of candidate genes were quantified via RT-gPCR using endometrial biopsies from 6 YF and 7 OF (S1 Table).
The OF with a P4 level of 0.4ng/mL on the 14th day of the estrous cycle was excluded from this analysis. Candidate
genes were selected based on their high differential expression in the transcriptomic analysis and their relevance to
uterine mediated fertility or ageing in the endometrium.

Total RNA (1 ug per sample) was reverse-transcribed into complementary DNA (cDNA) using 1 L of Oligo(dT),, ,,
primers at 0.5 pg/uL (Invitrogen, France), 1 uL of 10mM dNTP at 0.5mM each (Thermo Fisher Scientific, France), and 1
ML of Maxima H Minus Reverse Transcriptase enzyme at 200 U/uL (Thermo Fisher Scientific, France) in a final reaction
volume of 20 pL, following the manufacturer’s instructions (Thermo Fisher Scientific, Les Ulis, France). Specific primer
pairs for each candidate gene were designed using NCBI Primer BLAST (https://www.ncbi.nIm.nih.gov/tools/primer-blast/)
and are presented in S2 Table. All primers were validated prior to use by sequencing the corresponding amplification
products to confirm specificity. The efficiency of the primers was validated using a standard curve. For each primer pair, a
series of 6 successive dilutions of cDNA, prepared from the pooled samples, was performed. Each dilution was analysed
in duplicate to ensure reproducibility. An amplification curve was then generated to calculate the efficiency based on the
variation in the threshold cycle (Ct) for each dilution point. The efficiencies obtained ranged from 81.66% to 115.39%, with
an average efficiency of 91.33%.

Quantitative PCR (qPCR) reactions were then performed using 1 ug of cDNA, 15 uM primers, and 7.5 pL of SYBR
Green real-time PCR master mix (Applied Biosystems, France) using StepOnePlus Real-Time PCR Systems (Thermo
Fisher Scientific, Les Ulis, France). All PCR reactions were performed in duplicate, in a final reaction volume of 15 pL,
with RNase/DNase-free water. The amplification conditions were as follows: initial denaturation of 95°C for 10 minutes,
followed by 45 cycles of denaturation at 95°C for 15 seconds, annealing at 60°C for 60 seconds, and DNA elongation at
72°C for 40 seconds. Product specificity was evaluated by analysing the melting curves and performing sequencing of
the amplicons. A standard curve was included for each gene to generate the arbitrary expression values for the candidate
genes [32]. A duplicate NTC (No Template Control) was included for each gene to assess potential contamination. A sepa-
rate plate was used for each gene. Amplification products for each gene were sequenced to verify their specificity.

Normalization of candidate mMRNA expression levels was achieved using the three most stable reference genes
(C20RF29, RPL19, and SLC30A6) from six tested reference genes, as determined by qBasePlus software (Biogazelle,
Zwijnaarde, Belgium). The relative expression level of each gene was reported as mean calibrated normalized relative
quantity (CNRQ) values in arbitrary units.

Isolation and primary culture of bovine endometrial cells. For cell culture, endometrial biopsies collected from the
ipsilateral and contralateral uterine horns of 3 OF and 3 YF at D15 were used (S1 Table). Immediately after collection,
biopsies were immersed in 15mL of phosphate-buffered saline (PBS) with Ca?+ and Mg?* (Sigma-Aldrich, France) and
transported on ice (4°C) under sterile conditions to the laboratory within approximately 3 hours.

Upon arrival, samples were rinsed twice with 15mL of PBS (with Ca?* and Mg?*) to remove blood residues. Biopsies
were then blotted dry and placed in sterile Petri dishes. For each female, approximately 0.5g of tissue was manually
minced using a scalpel under sterile conditions in a laminar flow hood until reduced to a fine tissue homogenate. The
minced tissue was enzymatically digested in 10 mL of a solution containing collagenase (C5138; 500 |U/ml; Sigma-Aldrich,
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France) and hyaluronidase (H3506; 250 1U/ml; Sigma-Aldrich, France) prepared in Euroflush medium (IMV 19450,
France). Samples were incubated for 1.5 hours at 37°C in a water bath. The resulting cell suspension was diluted in 20 mL
of Euroflush medium, transferred to 50 mL Falcon tubes, and centrifuged at 1,000 rpm for 10 minutes. The cell pellet was
resuspended in 30 mL of complete medium consisting of DMEM-F12 with 15mM HEPES (Gibco, France) supplemented
with 10% fetal bovine serum (Gibco, France), 1% Glutamax (Sigma-Aldrich, France), 1% Penicillin—streptomycin (10 000
Ul — 10mg; Sigma-Aldrich, France), 1% Insuline-transferrine-sélénium (ITS 1mg — 0.55mg — 0.5 pg; Gibco, France), 1%
Amphotericin B (10mg/mL; Biosera, France), 1% gentamycin (10 mg/mL; Biosera, France), 1% Nystatin (100 000 Ul/mL;
Sigma-Aldrich, France)..

To remove undigested tissue and collagen fibres, the cellular suspension was first filtered through a 100 pm cell
strainer. To separate glandular epithelial and stromal cells, a second filtration was then performed using a 30 pym filter
(pluriStrainer, France). Glands were retained on the 30 pm filter, while stromal cells passed through and were subse-
quently filtered through a 10 pm filter (PluriStrainer, France).

Glands were seeded in the complete medium at a density of 4 x 108 cells per 90 mm cell culture dish (64 cm? surface
area) and incubated at 38°C under 5% CO, and humidified atmosphere. Stromal cells were seeded at 16 x 10° cells per
Primaria™ dish (Corning, France) and incubated at 38°C under 20% CO,, for 2 hours to specifically promote their adhe-
sion to the plastic, thereby facilitating the selection of this cell type. The medium was changed three times to remove
non-adherent cells. Adherent stromal cells were then cultured in complete medium at 38°C under 5% CO, and humidified
atmosphere.

For each cell type, the medium was renewed every 2—3 days. To ensure cell type purity, only epithelial cells that formed
a continuous monolayer within two days were maintained in culture and were considered epithelial glandular cells. After
6—7 days, when cells reached 80-90% confluence, they were trypsinized using TryLE Express (Gibco-Life Technologies,
France) and reseeded into 12-well plates, with each well having a diameter of 22 mm. Cells were seeded at densities of
2.3x10* glandular epithelial cells and 1.2 x 10* stromal cells per well, in 1 mL of complete medium.

IFNT treatment of primary bovine endometrial cells. After five days of culture, pre-confluent cells (80—-90%
confluence) were incubated with a modified medium in which fetal bovine serum was replaced by 0.1% bovine
serum albumin. Cells were then treated in the absence or presence of recombinant ovine IFNT (100 ng/mL;
produced by G. Charpigny, INRAE, France) for either 1 hour or 24 hours. For each cell type (glandular epithelial
cells and stromal cells), experiments were performed in triplicate using 12-well plates (TPP, Dutscher). For
wells intended for 1-hour treatments, IFNT (or control medium) was added 1 hour before the end of the 24-hour
incubation period.

At the end of the treatment, the culture medium was collected, and cells from each well were lysed in 200 pL of RLT
Plus buffer (RNeasy Plus Mini Kit, Qiagen, France) and stored at —80 °C until RNA extraction.

Total RNA was extracted from each type of cultured endometrial cells as described above. Expression levels of 7 refer-
ence genes and 89 selected genes (S2 Table) were quantified using the BioMark HD high-throughput microfluidic gPCR
technique (Fluidigm, Genomeast Platform, Strasbourg, France). These genes were selected based on their biological rele-
vance to pregnancy establishment. Among the 89 selected genes, the abundance of 77 transcripts in glandular epithelial
cells and 79 in stromal cells was accurately quantified.

Normalization of transcript levels was conducted using the two most stable reference genes (PCNP and FRG1), as
determined by qBasePlus software (Biogazelle).

Experiment 2: Impact of ageing on endometrial response to inflammation

Experiment 2 was conducted 21 months after experiment 1, using the available animals. Endometrial explants were
collected from 5 YF and 5 OF on Day 3 of the estrous cycle (Fig 1 and S1 Table). For each animal, explants derived
from biopsies collected from the uterine horns ipsilateral and contralateral to the corpus luteum were incubated in
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1 mL of Roswell Park Memorial Institute (RPMI) medium (Sigma, France), supplemented with 1% Glutamax (200 mM
L-alanyl-L-glutamine; Gibco, France), 1% penicillin-streptomycin (Sigma-Aldrich, France), 1% amphotericin B (Bios-
era, France) and 1% insulin-transferrin-selenium supplement (Gibco, France). Explants were incubated for 1h, 6h or
24h in the presence or absence of LPS (1 pug/mL; strain O111: B4; Sigma-Aldrich, France), at 38°C under 5% CO, in
humidified air. At the end of each incubation period, explants were removed from the medium, centrifuged to remove
residual incubation fluid, weighed, then frozen in liquid nitrogen and stored at -80°C. Incubation media were also col-
lected, centrifuged, aliquoted into 0.25mL, frozen in liquid nitrogen, and stored at —80°C pending analysis of cytokine
concentration.

Quantification of transcript levels by microfluidic gPCR. Total RNA was extracted from endometrial
explants after LPS challenge. Due to insufficient mRNA quantity for one of the OF, the expression of 89 genes
of interest and 7 reference genes (S2 Table) was quantified from the mRNA extracted from 5 YF and 4 OF (S1°
Table) using the BioMark HD high-throughput microfluidic gqPCR approach (INRAE, Nouzilly). Of the 89 candidate
genes tested, the expression levels of 82 genes were accurately quantified. Normalization of transcript levels was
performed using the two most stable reference genes (C20RF29 and SLC30A6) as determined by gBasePlus
software (Biogazelle).

Quantification of cytokines concentration in incubation media. The culture medium from explants from 5 YF and
4 OF was collected after 24 hours of culture in the presence or absence of LPS to assess cytokine assays. To account for
basal cytokine levels, control samples consisting of culture medium incubated for 24 hours without explants were included
under both LPS-treated and untreated conditions. A custom Milliplex cytokine assay based on Luminex technology
specifically developed for ruminants (MERCK-Millipore, Custom bovine/ovine assay 1.0; G. Foucras, INRAE-ENVT,
Toulouse; [33]) was used to quantify 14 cytokines (IL-1a, IL-13, IL-2, IL-4, IL-6, IL-10, IL-17, CCL2, CCL3, CCL4, CCLS5,
CXCL10, IFN-y and TNF-q).

Statistical analysis

P4 concentrations and RT-qPCR quantification of endometrial transcript levels were compared between OF and YF using
a Mann-Whitney test (p <0.05), conducted with GraphPad Prism 9.0.2.

To evaluate the effects of recombinant IFNT treatment and ageing on primary cell cultures of glandular or stromal
origins, candidate transcript levels were analysed between OF and YF using a two-way ANOVA performed in R software
(p=0.05). For the endometrial explants derived from OF and YF, a two-way ANOVA was also performed with R software
(p<0.05) to assess the effect of LPS treatment and ageing on expression levels of candidate genes and cytokine concen-
trations present in the culture media.

The data are presented as mean+ SEM (standard error of the mean).

Results
Experiment 1: Impact of ageing on endometrial function at D15

Progesterone serum. P4 concentrations showed no significant difference between the young and old females
sampled on Days 2, 8, 14 and 22 of the estrous cycle (S1 Fig). One old female did not exhibit cyclic activity (P4
concentration was 0.4 ng/mL on the 14th day of the estrous cycle).

Ageing impacts endometrial transcriptional profiling. Using total RNA, transcriptomic analyses and the validation
of a selection of DEG by RT-gPCR included cycling females, with P4 levels ranging from 4.4 to 7.6 ng/ml on Day 14 of the
estrous cycle (S2 Fig). Transcriptomic analyses were performed with 4 females per group, then RT-gPCR confirmation
was performed with 6 YF and 7 OF.

Using the fold change rank ordering statistics (FCROS) method, volcano plots and probabilities were used to visualize
the distribution of DEG between OF and YF at Day 15 post-estrus (FC = OF/ YF; Fig 2). Eight hundred and fifty-nine (859)
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Fig 2. Results of microarray data in experiment 1. Transcriptomic analyses were performed using total RNA extracted from endometrial biopsies collected
on Day 15 of the estrous cycle from old females (OF, n=4) and young females (YF, n=4). Statistical analyses were performed using the F-CROS method.

(A) Volcano-plot of microarray data. Each circle represents a probe. The blue horizontal line represents the error threshold set at 5%. The vertical purple lines
indicate the threshold used (|[FC|21.5). The green and red circles correspond to transcripts significantly over- or under-expressed in old females, respectively.
(B) Table of the differentially expressed genes (DEG) between old and young females. FC = OF/ YF; f-value 2 0.975 or f-value < 0.025.

https://doi.org/10.1371/journal.pone.0332176.9002

DEG were identified between OF and YF (f-value20.975 or f-value <0.025; |FC| 2 1.5), of which 402 were over-expressed
(f-value £0.025 and FC =2 1.5) and 457 were under-expressed in OF (f-value 20.975 and FC < 1/1.5) compared with YF (Fig
2 and S3 Table). Among the 859 DEG, only 34 displayed a |[FC|=3 (S3 Table).
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Among the 402 DEG over-expressed in OF compared with YF, ASB2 (FC=4.94), ACTG2 (FC=4.73), CCL21 (FC=4.58),
DTNA (FC=4.39), ACTA1 (FC=3.95), and OXTR (FC=3.78) were among the DEG, displaying the highest FC. On the
other hand, the most under-expressed genes in OF compared with YF included CLEC4E (FC=0.22) IGFBP1 (FC=0.27),
IGFBP2 (FC=0.31), COL4A4 (FC=0.40), C PA3 (FC=0.43) and COL4A3 (FC=0.45).

In order to validate the microarray data, expression levels of a selection of DEG identified between OF and YF, rele-
vant to uterine receptivity or ageing, were quantified by RT-gPCR (S3 Fig). As determined by the microarray analyses,
RT-gPCR analyses confirmed that expression level of DTNA was significantly higher in OF than in YF (P<0.05) whereas
transcripts abundance of ADAMDEC1, CDH11, COL4A3, CPA3, RSAD2, SCARAS, SERPINA14, SMPDL3B and TFAP2C
(P<0.05) as well as IGFBP1 and IGFBP2 (P<0.01) were significantly lower in OF compared with YF.

Ageing is associated with specific canonical pathways in the endometrium. Out of the 859 DEG identified when
the endometrium of OF was compared with YF, 798 were successfully mapped then 748 were subsequently analyzed
using the IPA software. A significant association was established for 137 canonical pathways (B-H p-value <0.05), of
which 23 were predicted to be activated (Z-score 22) and 7 inhibited (Z-score <-2) in OF (Fig 3). The canonical pathways
predicted to be inhibited in OF are mainly associated with the organisation and regulation of the extracellular matrix, such
as “Assembly of collagen fibrils and other multimeric structures” (B-H p-value=8.7E-04), “Collagen degradation” (B-H
p-value =5.0E-03), “Collagen biosynthesis and modifying enzymes” (B-H p-value =1.1E-04) and “Extracellular matrix
organization” (B-H p-value =3.0E-03). Among the canonical pathways activated in OF, some are related to inflammation
and immunity responses, such as “ILK signaling” (B-H p-value =1.2E-07) and “Platelet homeostasis” (B-H p-value =2.2E-
02), while others are linked to regulation of cell motility and cytoskeleton such as the “RHO GTPases activate PAKs” (B-H

Integrin Signaling

Caveolar-mediated Endocytosis Signaling
Paxillin Signaling

Gap Junction Signaling —

Platelet homeostasis fr—

Oxytocin Signaling Pathway

Actin Cytoskeleton Signaling

ILK Signaling

Smooth Muscle Contraction

Signaling by Rho Family GTPases

SNARE Signaling Pathway

Regulation of Actin-based Motility by Rho
NGF-stimulated transcription

Nuclear Cytoskeleton Signaling Pathway
White Adipose Tissue Browning Pathway
VEGF Signaling

Striated Muscle Contraction

Molecular Mechanisms of Cancer

Sertoli Cell-Sertoli Cell Junction Signaling
Serotonin Receptor Signaling

Irritable Bowel Syndrome Signaling Pathway
RHO GTPases activate PAKs

Pancreatic Secretion Signaling Pathway
Specification of primordial germ cells
Extracellular matrix organization

Collagen biosynthesis and modifying enzymes
Regulation of the Epithelial Mesenchymal Transition in Development Pathway
Collagen degradation

WNT ligand biogenesis and trafficking
Assembly of collagen fibrils and other multimeric structures

-3 2 -1 0 1 2 3 4 5 6 7

W z-score M -log(B-H p-value)

Fig 3. Canonical pathways associated with DEG identified in experiment 1. Significant predicted canonical pathways associated with DEG were
identified from endometrial biopsies collected on day 15 of the estrous cycle in old females (OF, n=4) compared to young females (YF, n=4). Canonical
pathways are considered significant when -log (B-H p-value) 2 1.301 (vertical blue line). Ingenuity Pathway Analysis (IPA) defines a canonical pathway
as inhibited or activated in OF if the Z-score is<—-2 or = 2 respectively (vertical red lines). Only the canonical pathways that are predicted to be activated
or inhibited are presented and ranked in descending order of Z-score.

https://doi.org/10.1371/journal.pone.0332176.9003
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p-value =2.0E-02), “Regulation of Actin-based Motility by Rho” (B-H p-value =7.2E-06) and “Actin cytoskeleton signaling”
(B-H p-value =6.6E-07). Canonical pathways associated with endometrial receptivity were also activated in OF, including
the “Oxytocin signaling pathway” (B-H p-value =5.4E-03), “VEGF signaling” (B-H p-value =1.4E-02), and “Integrin
signaling” (B-H p-value=2.3E-04).

Out of the 241 significant (B-H p-value < 1.6E-04) categories of functions identified by IPA (S5 Table), 14 biological func-
tions were predicted to be increased (Z-score = 2) and 12 were predicted to be decreased (Z-score <-2) in OF (Table 1).
Overall, movement of immune cells was strongly represented among the increased functions in OF, with for example
“Cell movement of neutrophils” (Z-score =2.6), “Cell movement of phagocytes” (Z-score =2.4), “Migration of granulocytes”
(Z-score=2.1) and “Cell movement of myeloid cells” (Z-score =2.0). The functions predicted to be decreased in OF were
primarily related to cell death and survival and cellular assembly and organization, such as “Development of benign tumor”
(Z-score=-2.4), “Mature-B-cell neoplasm” (Z-score =-2.0), “Mature B cell malignant tumor” (Z-score=-2.0), as well as

Table 1. Biological functions associated with DEG identified in experiment 1.

Diseases or Functions annotation B-H p-value Activation Z-score
Cell movement of neutrophils 9,1E-09 2,6
Female genital neoplasm 7,4E-31 2,4
Tumorigenesis of reproductive tract 5,4E-31 2,4
Cell movement of phagocytes 8,0E-10 2,4
Differentiation of epithelial tissue 2,7E-06 2,3
Ovarian tumor 6,1E-08 2,2
Contractility of smooth muscle 4,1E-05 2,2
Accumulation of leukocytes 7,6E-05 2,2
Recruitment of myeloid cells 2,0E-05 21
Migration of granulocytes 2,5E-05 2,1
Adhesion of immune cells 1,1E-06 2,1
Cell movement of myeloid cells 3,5E-12 2,0
Accumulation of cells 1,1E-04 2,0
Differentiation of epithelial cells 3,5E-06 2,0
Mature B cell malignant tumor 4,1E-08 -2,0
Mature B-cell neoplasm 3,6E-13 -2,0
Brain lesion 1,3E-33 -2,0
Biosynthesis of cyclic nucleotides 6,6E-05 =21
Metabolism of cyclic nucleotides 3,6E-05 =21
Non-astrocytoma brain tumor 2,1E-23 -2,2
Intracranial lesion 3,5E-32 -2,2
Brain tumor 3,3E-32 -2,2
Head and neck tumor 6,1E-57 -2,3
Calcinosis 2,1E-06 -2,4
Development of benign tumor 7,4E-09 -2,4
Benign solid tumor 3,0E-16 -2,5

Significant predicted biological functions associated with DEG were identified from endometrial biopsies
collected on day 15 of the estrous cycle in old females (OF, n=4) compared to young females (YF, n=4).
Biological functions are significant when B-H p-value <0.05 and are predicted by IPA to be decreased
(Z-score < -2) or increased (Z-score 22) in OF. Only the biological functions that are activated or inhibited
are presented and ranked in descending order of Z-score.

https://doi.org/10.1371/journal.pone.0332176.t001
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the regulation of cellular metabolism and signaling, such as “Calcinosis” (Z-score =-2.4), “Biosynthesis of cyclic nucleo-
tides” (Z-score=-2.1) and “Metabolism of cyclic nucleotides” (Z-score=-2.1).

Ageing is associated with specific networks and upstream regulators in the endometrium. IPA network
interaction analyses revealed 25 interaction networks globally linked to metabolism, immune response and inflammatory
processes and cellular organization (S6 Table).

Fig 4 illustrates three networks, namely « Cancer, Gastrointestinal Disease, Organismal Injury and Abnormalities », «
Cancer, Organismal Injury and Abnormalities, Reproductive System Disease » and « Cancer, Cellular Development, Cel-
lular Movement ». These networks include genes linked to cellular organization (ACTA1, ACTA2, COL4A3), metabolism
(IGFBP1, IGFBP2) and interferon-stimulated genes (MX1, RSAD?2), as well as SCARAS5, whose expression is modulated
by pregnancy in cattle. Most of these genes were validated by RT-gPCR.

IPA analyses identified 1526 significant upstream regulators (B-H p-value <0.05; S7 Table) of which 95 were predicted
as activated (Z-score = 2) and 51 were predicted as inhibited (Z-score <-2) in OF (Table 2). Among the 10 most activated
upstream regulators in OF, 4 were related to inflammatory processes (TGFB1, MAPK14, F3, Leukotriene D4). Among the
10 most inhibited upstream regulators in OF, several are related to the immune response (IFNAR, NC410, IRF3, IFNL1,
IFN BETA).

Effect of ageing on the endometrial response to IFNT in vitro. Among the 77 genes for which transcript levels were
successfully quantified in primary cultures of glandular epithelial cells, 26 exhibited differential expression in response to
ageing, incubation time, and IFNT treatment, whereas only 17 out of 79 quantified genes were differentially expressed in
stromal cells. Ageing and IFNT response exhibited cell-type-specific effects (Table 3). In the primary cultures of glandular
epithelial cells, after 1 hour of incubation, a marked effect of ageing and a limited effect of IFNT on the expression of
candidate genes were observed, as reflected by the number of genes showing significantly different expression levels.
Specifically, ageing significantly affected the expression of 5 genes (ATP11C, CD3D, HEG1, SCN1A and SCRN3) in the
absence of IFNT (- IFNT) and 4 genes (CAT, ELMO2, FNDC3B, SOD?2) in its presence (+ IFNT) and 7 genes (BOLA-N,
CYP7B1, FRG1, PCNP, PTGR1, S100A8, WARS) commonly affected under both conditions. In contrast, in the presence
of IFNT, the expression of DMBT1 (P=0.038), SCN1A (P=0.048), and SCRN3 (P=0.003) is decreased in YF, while the
expression of ADAMDEC1 (P=0.027) and MX2 (P=0.035) is increased. In OF, only two genes are affected by IFNT
treatment: MX2 (P=3.5E-05) and OAS17 (P=0.037), both of which show increased expression in the presence of IFNT.
Conversely, after 24 hours of incubation, the effect of ageing faded, affecting the expression of 3 genes (AIF1, COL26A1,
SCN1A) in the absence of IFNT, 8 genes in its presence (BOLA-N, CAT, CYP7B1, ELMO2, FNDC3B, PCNP, SOD2
and WARS) and 3 genes (FRG1, PTGR1, and ST00A8) both in the absence and presence of IFNT. The effect of IFNT,
meanwhile, became more pronounced, with 5 genes (BOLA-N, IFI27L2, MX1, OAS1, and WARS) commonly affected in
both groups, 8 genes (ATP11C, CAT, ELMO2, FRG1, IL15, PCNP, PTGR1, and TAC3) specifically affected (P <0.05) in
YF and CYP7B1 (P=0.01) specifically affected in OF (Table 3; S2 Fig).

In the primary cultures of stromal cells, regardless of the incubation duration, ageing did not significantly (P > 0.05)
affect the expression of candidate genes, with the exception of ADAMDEC1, which showed a significant difference
(P=0.007) after 1 or 24 hours of incubation with IFNT. However, after 1 hour of incubation, IFNT treatment led to a sig-
nificant increase in the expression levels of BOLA-N and OAS1 in both YF and OF. ATP11C expression increased signifi-
cantly (P=0.014) only in YF. In OF only, the expression levels of ADAMDEC1 (P=0.047), MX1 (P=0.022), and WARS
(P=0.019) increase significantly in presence of IFNT while CD3D expression decreased significantly (P=0.006). Similar
to the primary cultures of glandular epithelial cells, the effect of IFNT became more statistically significant in stromal cells
after 24 hours of incubation. In details, IFNT treatment induced a significant increase in the expression levels of BOLA-N,
ELMQO2, IL15, MX2, OAS1, WARS and a significant decrease (p <0.05) in the expression of ATP11C and IFI27L2 in both
YF and OF. Additionnally, CD3D (P=0.049), CYP7B1 (P=0.005) and FNDC3B (P=0.005) expression was significantly
decreased only in OF following IFNT treatment, whereas a significant (P=0.005) decrease in PCNP expression and a
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Fig 4. Major networks associated with DEG identified in experiment 1. Networks were generated from 859 differentially expressed genes (DEG)
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(A) Network #1 — Cancer, Gastrointestinal Disease, Organismal Injury and Abnormalities. (B) Network #3 — Cancer, Organismal Injury and Abnormalities,
Reproductive System Disease. (C) Network #15 — Cancer, Cellular Development, Cellular Movement.

https://doi.org/10.1371/journal.pone.0332176.9004
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Table 2. Top 10 activated or inhibited upstream regulators, associated with DEG identified in experiment 1.

Upstream Regulator Molecule Type Activation B-H p-value Mechanistic Network
z-score
SRF transcription regulator 4,9 2,0E-17 294 (18)
MRTFA transcription regulator 4,5 9,2E-14 267 (18)
MRTFB transcription regulator 3,9 2,4E-11 222 (14)
MYOCD transcription regulator 3,9 1,9E-10 159 (10)
TGFBA1 growth factor 3,7 3,1E-25 368 (22)
D-glucose chemical — endogenous mammalian 3,6 6,0E-14 336 (26)
WWTR1 transcription regulator 3,3 1,7E-07 229 (15)
MAPK14 kinase 3,3 3,6E-04 285 (15)
F3 transmembrane receptor 3,2 3,6E-03 209 (15)
leukotriene D4 chemical — endogenous mammalian 2,9 4,0E-04 309 (21)
LATS (family) Group -2,7 1,1E-05 273 (13)
IFN BETA (family) group -2,7 1,2E-03 157 (13)
SIX1 transcription regulator =27 5,7E-14 119 (7)
IFNLA1 cytokine -2,7 2,1E-02 289 (15)
AZD0156 chemical drug -2,8 3,5E-06
molybdenum disulfide chemical reagent -2,9 6,1E-13
N-[N-(3,5-difluorophenacetyl- chemical — protease inhibitor -2,9 9,8E-03 282 (12)
L-Ala)]-S-phenylglycine t-butyl
ester
IRF3 transcription regulator -3,0 1,7E-03 133 (15)
NC410 biologic drug -3,1 1,3E-04
IFNAR (family) group -34 6,3E-04 235 (16)

Significant predicted upstream regulators associated with DEG identified from endometrial biopsies taken on Day 15 of the estrous cycle in old females
(OF, n=4) compared to young females (YF, n=4). Upstream regulators have been selected according to their significance (B-H p-value <0.05) and are
predicted by IPA to be inhibited (Z-score <-2) or activated (Z-score 22) in OF. The upstream regulators are ranked according to their Z-score.

https://doi.org/10.1371/journal.pone.0332176.t002

significant increase in FRG1 (P=0.013), MOG (P=0.009), MX71 (P=0.008) expression were observed only in YF following

IFNT treatment.

The intensity of the response to IFNT, assessed by the FC (+IFNT/-IFNT) was not significantly (P > 0.05) different
between OF and YF in each cell type.

Experiment 2: Impact of ageing on endometrial response to inflammation

Determination of cycle stage by progesterone assay. P4 levels at D3 were similar (p=0.134) between the

synchronised 6 YF and 3 OF. One old female was not synchronised.

Effect of ageing on endometrial response to LPS: transcript levels. As shown in Fig 5A, in the absence of LPS,
6 (IDO2, IL1B, IL6, PSMB2, RSAD2, SOCS3), 5 (BAX, HSPAS5, NDEL1, PRG3, SOCS4) and 2 (IRF3 and PSMB?2)
transcripts were differentially expressed between YF and OF (“Ageing”) after 1, 6 or 24 hours of incubation respectively.
However, in the presence of LPS, the difference between YF and OF was no longer observed, as no candidate gene was
differentially expressed between the two groups after 1 hour of treatment, only DNMT3A was differentially expressed after
6 hours and DNMT3A, IL8 and TLR6 after 24 hours of LPS exposure. Regardless of the incubation time (1, 6, and 24
hours), LPS treatment (“LPS treat.”) had a greater impact on YF than on OF, reflected by the number of transcripts whose
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Table 3. Response of endometrial cells to interferon tau (IFNT) in experiment 1.

1h

24 h

Ageing

IFNT treat.

Ageing

IFNT treat.

Gene symbol

-IFNT

+IFNT

YF

OF

-IFNT

+ IFNT

YF

OF

Glandular epithelial cells

ADAMDEC1

1.98

AlF1

ATP11C

BOLA-N

CAT

CD3D

COL26A1

0.46

Sl

3.06

0.63

CYP7B1

DMBT1

0.80

ELMO2

FNDC3B

FRG1

HEG1

IFI27L2

2.18

IL15

1.94

MX1

MX2

7.44

OAS1

2.23

ND

PCNP

PTGR1

S100A8

SCN1A

SCRN3

0.54

0.52

39.00

48

SOD2

0.48

TAC3

WARS

Stromal cells

ADAMDEC1

4.96

ATP11C

1.28

BOLA-N

CD3D

1.21

CYP7B1

13.17

32.74

0.34
36.18

ELMO2

FNDC3B

FRG1

IFI27L2

IL15

LOC109562134

MOG

MX1

144.78

MX2

ND

OAS1

4217

35.39

PCNP

WARS

1.34

0.36

(Continued)
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Table 3. (Continued)

Glandular epithelial cells and stromal cells from endometrial biopsies taken on Day 15 of the estrous cycle from young females (YF, n=3) and old fe-
males (OF, n=3) were cultured in the absence or presence of 100 ng/mL recombinant ovine interferon tau (IFNT) for 1 hour or 24 hours. Expression lev-
els of candidate transcripts were quantified from total RNA using RT-gPCR. Two-way repeated-measures ANOVA test using R software was performed
to identify significant differences according to ageing and IFNT treatment. Differences in transcript levels were considered statistically significant when
P-value <0.05 (two-tailed). Significant differences are indicated by a coloured box background. For the IFNT treatment, the fold changes “+ IFNT/- IFNT”
corresponds to the number indicated in each cell of the table (no significant difference).

Only genes with significantly different expression levels for at least one condition are shown.

Treat.: treatment.

- IFNT: incubation in the absence of IFNT; +IFNT: incubation in the presence of IFNT.

ND: not determined.

Ash color P<0.05.

Light black color P<0.01.
Dark black color P<0.001.

https://doi.org/10.1371/journal.pone.0332176.t003

expression levels were altered. After 1 hour of incubation, LPS treatment significantly affected the expression of 10 genes
(IDO2, IL1B, IL6, IL8, IL10, IRF3, PSMB2, SOCS5, TLR8 and TNFA) in YF, compared to 5 genes (CASP3, IFNG, IL1A,
SOCS3 and TNFA) in OF. After 6 hours, 11 genes (BAX, IL1B, IL6, MX1, MX2, PTGS2, RSAD2, SOCS4, SOD2, TAP,
TNFA) were significantly upregulated in YF, whereas only /L6 was upregulated in OF. Finally, after 24 hours of incubation,
6 genes (FOXL2, IL6, IL10, RSAD2, SOCS3, SOD2) were upregulated in YF, while only 4 genes (ALOX5AP, IDO1, TLR4
and TNFA) showed significantly altered expression in OF. The intensity of the response, as assessed by the FC (+ LPS/ -
LPS), was generally greater in YF than in OF for each incubation time.

Effect of ageing on endometrial response to LPS: cytokine concentration in the explant incubation medium. As
observed for the transcripts, after 24 hours of incubation in the absence of LPS, ageing significantly influenced the
concentrations of five cytokines quantified in the culture media of endometrial explants. However, in the presence of LPS,
the concentrations of the 14 cytokines measured in the culture medium of endometrial explants were similar between YF
and OF (Fig 6).

LPS treatment significantly affected the concentration of 5 cytokines in YF and only one in OF (Fig 6A). Indeed, in
YF, LPS induced a significant increase in the concentration of pro-inflammatory cytokines IL-1a, IL-1B, IL-6, and the
anti-inflammatory cytokine IL-10 (FC ranging from 3.6 to 5.0). LPS treatment significantly increased the concentration
of the pro-inflammatory cytokine TNF-a in both YF and OF, with no significant difference in fold change between the two
groups (Fig 6B).

Ageing or LPS treatment had no significant effect on the concentration of the pro-inflammatory cytokines such as
CCL2, CCL3, CCL4, CXCL10, IFN-y, and IL-2, and the anti-inflammatory cytokines such as IL-1RA and IL-4.

Discussion

In mammalian females, research has primarily focused on the overall impact of age on pregnancy outcomes following
mating or artificial insemination [34]. While studies have documented age-related changes in ovarian phenotypes, oocyte
quality, and the hypothalamic-pituitary axis in both human and animal models, the specific effects of ageing on the endo-
metrium—at both molecular and functional levels—have been explored in a limited number of studies.

The bovine model is frequently cited in the study of female reproductive function, including the effects of ageing
[35-37]. More specifically, cloned cattle raised in experimental farms provide a relevant model, as their use minimises
genetic and environmental variability. The use of cloned young (3 years old) and old (10 years old) cows was published as
an experimental model for investigating the effect of aging on ovarian response to stimulation, using a protocol designed

PLOS One | https://doi.org/10.1371/journal.pone.0332176  September 26, 2025 15/25



https://doi.org/10.1371/journal.pone.0332176.t003

PLO\Sﬁ\\.- One

A 1h 6h 24h
Ageing LPS treat. Ageing LPS treat. Ageing LPS treat.
Gene symbol|- LPS |+ LPS| YF | OF |-LPS[+LPS| YF | OF |-LPS|+LPS| YF | OF
ALOX54P 0.72
BAX 1.53
CASP3 0.83
DNMT3A
FOXL2 1.97
HSPAS
IDOI 4.17
1DO2 1.12
IFNG 1.71
ILIA 2.46

ILIB 3.21 2.04
IL6 4.62 6.63 | 2.43
ILS 285
P<0.05

IRF3 T
MX] 5.21
i 5.50
NDELI
PRG3
PSMB2 e
PTGS2 -
e 30.96 16.49
SOCS3 0.54 o
i o
SOCSS G
o 3.10 241
T 6.32
TLR4 —
TLRG
e 047
TNFA 6.45 XY 6.18 331
8 IL6 IL10
12- ..
T
5 Q
=& YF;-LPS
- -O- OF;-LPS
¥ YF;+LPs
RSAD2 ¥ wFisies
g e —Sm — RI— g
N
Q / :
: g
14
G—---::::::::::::é
Y .
24
Time Time

Fig 5. Response of endometrial explants to lipopolysaccharide (LPS) in experiment 2. Treat.: treatment. (B) Graphical representation of transcript
levels for individual females after 24 hours incubation in the absence or presence of LPS. Mean +/- SEM. Explants were derived from endometrial biop-
sies sampled on Day 3 of the estrous cycle. Explants were cultured in the absence or presence of 1 pg/mL LPS for 1 hour, 6 hours or 24 hours. Young
females (YF), n=5; old females (OF), n=4. (A) Effect of LPS and ageing on transcripts level. Expression levels of candidate transcripts were quantified
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on total RNA using microfluidic RT-qPCR. Two-way repeated-measures ANOVA test using R software was performed to identify significant differences
according to ageing and LPS treatment. Differences in transcript levels were considered statistically significant when P-value <0.05 or lower (two-tailed).
Significant differences are indicated by a coloured box background. For the LPS treatment, fold changes « +LPS/ - LPS » are indicated. Only genes with
significantly different expression levels for at least one condition are shown.

https://doi.org/10.1371/journal.pone.0332176.9005
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Fig 6. Effect of LPS on cytokine concentrations in the culture medium of endometrial explant in experiment 2. Explants were derived from endo-
metrial biopsies sampled on Day 3 of the estrous cycle and were cultured in the absence or presence of 1 ug/mL LPS for 24 hours. Young females (YF),
n=5; old females (OF), n=4. (A) Effect of LPS and ageing on cytokine concentration in the incubation medium. P-value was determined by an ANOVA
test. Differences in cytokine levels were considered statistically significant when P-value < 0.05 (two-tailed). Only cytokines with significantly different
concentrations for at least one condition are shown. (B) Graphical representation of cytokine concentrations for individual females after 24 hours of incu-
bation in the absence or presence of LPS. The cytokine concentration is expressed in picograms (pg) per milliliter of culture medium (mL), normalized to
the weight of the explant tissue in milligrams (mg).

https://doi.org/10.1371/journal.pone.0332176.9006

PLOS One | https://doi.org/10.1371/journal.pone.0332176  September 26, 2025 17125



https://doi.org/10.1371/journal.pone.0332176.g006
https://doi.org/10.1371/journal.pone.0332176.g005

PLO\Sﬁ\\.- One

for women [38]. Very few laboratories have been able to derive such an experimental model. Our INRAE model of bovine
somatic clones, that involves young primiparous females and old nulliparous females, has offered the unique opportunity
to decipher the molecular and biological effect of ageing on the endometrium.

In our experiments, P4 level was similar between the two experimental groups during the luteal phase. These results
are consistent with previous studies conducted on bovine females, one comparing P4 levels in cows aged 13—14 with
their daughters aged 1—4 years, and the other one comparing cows aged 16—-17 years with cows aged 4-5 years [35,39].
A third study presented some nuances: the P4 concentration in young females (2.9 years) is significantly lower on both
the 7th and 12th days of the cycle compared to that in older females (15.7 years). However, no difference was observed
between the middle-aged group (6.7 years) and the older cows [36]. This latter comparison closely matches the age pro-
file of the females involved in our study. The exact parity of the cows in these studies, however, was not specified. Given
the established association between early luteal phase P4 levels and the likelihood of a successful pregnancy, we have
therefore considered that P4 secretion alone does not account for the decline in fertility associated with age [40].

In our experimental bovine animal model with a fixed genotype, our study also showed that ageing was associated with
variations in gene profiles of the endometrium at D15.

Among the 859 DEG we found between YF and OF, a limited number displayed a |FC| = 3. This limited fold change is
consistent with previous observations published for human endometrium, with 28 endometrial genes found to be differ-
entially expressed with a fold change greater than 3 between women younger or older than 35 [41]. Interestingly, our
RT-gPCR analyses confirmed that CDH11, SCARAS5, SMPDL3B, and TFAP2C, on the one hand, and DTNA, on the
other hand, were respectively under-expressed and over-expressed in OF. These findings are similar to those observed
in women, namely, a under-expression of CDH11 and SCARAS in senescent decidual cells, a under-expression of SMP-
DL3B and TFAP2C, and an over-expression of DTNA in the endometrium of women over 35 years old [41,42]. This strik-
ing similarity in gene regulation between humans and cattle—species that differ in endometrial cell composition during the
luteal phase—underscores the need for a comprehensive investigation into the biological roles of these genes in mamma-
lian endometrial ageing.

In addition to the regulation observed in the senescence of decidual cells in women, SCARAS has also been identified
as a differentially expressed gene in the endometrium of heifers with distinct fertility profiles. On days 7 and 14 of the
estrous cycle preceding embryo transfer, SCARAS is underexpressed in the endometrium of heifers in which the transfer
fails, compared to those that become pregnant [43]. Given its well-established role in humans as a tumor suppressor gene
involved in limiting cell proliferation and promoting apoptosis, the decreased expression of SCARAS in the endometrium of
old females may indicate a dysregulation of endometrial cell turnover, which could impair endometrial function and contrib-
ute to the reduced fertility associated with uterine ageing [44,45].

In our study, CLEC4E-the gene encoding the MINCLE protein, which is expressed on the surface of immune cells such
as macrophages, dendritic cells, and natural killer cells and recognizes pathogen-associated molecular patterns (PAMPs)
as well as damage-associated molecular patterns (DAMPs)-was the gene that presented the lowest transcript levels in the
endometrium of OF compared with YF [46]. CLEC4E is also one of the most under-expressed genes during the mid-luteal
phase in the endometrium of women with recurrent implantation failure. Additionally, in these women, the expression of
SIX1 was down-regulated [47]. This transcription factor has also been implicated in endometrial carcinogenesis, although
the precise mechanisms through which it contributes to this process remain to be clarified [48]. Notably, SIX1, which
regulates numerous genes involved in cell proliferation, migration, and senescence, is one of the most inhibited upstream
regulators in OF [49]. These findings may impair tissue homeostasis and thereby contribute to the increased incidence
of embryonic mortality observed in aging females [34]. In the OF group, our data underlined the reduced transcriptional
expression of genes including ADAMDEC1, CPA3, IGFBP1, IGFBP2, SCARAS5 and TFAP2C involved in proliferative and
metabolic processes, such as “Female genital neoplasm”, “Tumorigenesis of reproductive tract”, “Ovarian tumor”, “Benign
solid tumor”. IGFBP1 and IGFBP2, two members of the insulin-like growth factor binding protein family that modulate IGF
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activity and thereby influence cell proliferation, differentiation and survival, are known to be involved in the regulation of
endometrial receptivity or decidualization [50,51]. IGFBP1 transcript levels are lower in the endometrium of sub-fertile heif-
ers compared with highly fertile ones, a result similar to what has been observed in the endometrium of infertile women
compared with fertile ones [52,53]. In vitro, IGFBP1, a marker of endometrial decidualization in women, is less expressed
in the stromal endometrial cells of women over 36 years old compared with those under 36 [54]. On day 17 of the estrous
cycle, IGFBP2 expression was lower in the endometrium of infertile heifers compared with sub-fertile ones [1]. CPA3
encodes an enzyme that is mainly expressed by mast cells, a type of immune cell found in the endometrium. The number
and activity of endometrial mast cells fluctuate throughout the menstrual cycle, with a specifically increased presence and
activation reported in women experiencing recurrent pregnancy loss [55]. The higher CPA3 expression observed in the
endometrium of young mice compared to older ones may reflect age-related changes in immune cell function and tissue
homeostasis, a finding that is also confirmed in our study, where the endometrium of young females shows higher CPA3
expression that of older females [56]. These findings suggest a deregulation of the metabolic, immune and proliferative
processes in the endometrium associated with age, that may affect endometrial receptivity and the ability of this tissue to
interact with the implanting conceptus.

Furthermore, COL4A3 and COL4A4 are among the most under-expressed genes in OF. These genes are involved part
of canonical pathways that are inhibited in OF, including “Assembly of collagen fibrils and other multimeric structures,”
“Collagen degradation,” “Collagen biosynthesis and modifying enzymes,” and “Extracellular matrix organization,” suggest-
ing an alteration in the structure and function of the extracellular matrix of the endometrium in older females.

In the OF group, CCL21 transcript levels were higher than those quantified in the YF group and CCL217 was involved
in biological pathways related to immune cell trafficking which were activated in females from the OF group. This gene,
whose expression varies depending on the estrous cycle or pregnancy status in cows and sows, was reported to be
over-expressed in the luminal epithelial cells of the endometrium in cows with persistent subclinical endometritis, com-
pared to those that are healthy or have resolved the condition [57-59]. Indeed, CCL21 is a chemokine notably expressed
by stromal cells. It has a high affinity for the CCR7 receptor, which is expressed by various immune cells, including naive
T and B cells, central memory T cells, dendritic cells, and natural killer cells. During an inflammatory process, CCL21
expression can be upregulated, thereby promoting the chemotactic recruitment of these immune cells to lymphoid or
inflamed tissues [60]. Overall, the increased expression of CCL27 in OF suggests an age-associated alteration in endo-
metrial immune regulation. This may reflect a heightened inflammatory state or a dysregulated immune environment in the
ageing uterus. Biological functions related to immunity and immune cell migration are also predicted to be activated in our
model of OF. Our results are consistent with the activation of age-related inflammation pathways previously described in
bovine and murine endometrial cells [56,61]. Collectively, these results support the emergence of an inflammatory phe-
nomenon in the ageing endometrium.

In our model of endometrial explants incubated with LPS, our results showed that explants from YF are more sensi-
tive to LPS treatment than those from OF, when transcript and protein levels of a selection of cytokines were quantified.
Our results are consistent with findings from studies that examined cytokine production in bovine endometrial explants
or cells, collected at various stages of the estrous cycle and cultured for up to 48 hours with increasing concentrations of
LPS, including 1 pg/mL [62,63]. In contrast, in the OF group, cytokine protein content in the culture supernatants remained
unchanged after 24 hours in response to LPS. Our results suggest that the sensitivity of the bovine endometrium to an
inflammatory trigger decreases with age. This could be explained by the chronic low-noise inflammation characteristic of
ageing, or by a reduced capacity of the endometrium to respond to LPS challenge [64]. Further studies, with an extended
incubation period and primary cultures of various endometrial cell types, could help clarifying whether the response of
endometrial cells from old females is indeed reduced or simply delayed.

Exacerbated inflammation in the endometrium significantly compromises the establishment of gestation in human [65].
Our findings show that ageing is associated with molecular changes of the endometrium, that affect the sensor properties
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of the endometrium and its ability to respond to the implanting conceptus. These results are consistent with observations
in alpacas, a species in which females over 15 years of age exhibit lower birth rates following embryo transfer com-
pared to those under 15 years of age [19]. In our study, incubation of IFNT with endometrial cells revealed an altered
response of ageing cells to this major factor of pregnancy recognition in ruminants. Our findings also demonstrated a
cell-type-specific response to IFNT in term of transcript levels in YF and OF cells. Glandular epithelial cells exhibited a
greater sensitivity than stromal cells to IFNT. These results are consistent with the cell-type-specific transcriptomic signa-
tures previously demonstrated in the absence or presence of IFNT [66—68].

After 24 hours of incubation, glandular epithelial cells derived from YF endometrial biopsies appeared more sensitive
to IFNT stimulation than those derived from OF, as indicated by a greater number of differentially expressed genes and
stronger statistical significance. These data are consistent with the inhibition of the upstream regulator IFNAR in OF
observed in our transcriptomic analyses. Previous studies have demonstrated that endometrial glands are crucial for the
establishment of pregnancy in ruminants [69]. Consequently, the altered ability of the glandular epithelial cells to response
to IFNT could interfere with pregnancy establishment, as suggested by Taniwaka and colleagues [61]. In their study, endo-
metrial cells from young (3.8 years) and old (14.4 years) cows, regardless of cell type and parity, were cultured with IFNT,
and the endometrial cells from older cows showed a reduced sensitivity to IFNT compared to those from younger cows
[61]. Pregnancy failures reported in aged females may result from a compromised sensor property of the endometrial cells
that affect the ability of this tissue to respond optimally to the signals emitted by the conceptus during the implantation
process.

In our study, all OF were nulliparous, and all YF were primiparous. Therefore, the contribution of primiparity in the
interpretation of our analyses cannot be ruled out. To our knowledge, limited information is available regarding the effect of
parity on endometrial function. In cows, the pregnancy rate following an embryo transfer decreases as the recipient’s par-
ity increases [20]. In this study parity and age were confounded. A study in aging female rats revealed that age, combined
with parity and estrous cyclicity, significantly affects fertility in older rats. Specifically, the age-related decline in fertility
is further exacerbated by increased parity, as multiparous females and those with disrupted estrous cyclicity are less
likely to conceive with advancing age [70]. Furthermore, it has been shown that parity can induce a chronic inflammatory
response. Indeed, Urzua et al. demonstrated that parity influences the systemic inflammatory response associated with
the spread of ovarian cancer in aging mice, with multiparous mice exhibiting a more pronounced systemic inflammatory
response compared to nulliparous mice [71]. An experimental model that includes young and old females with identical
parity would refine our understanding of the effects specific for age and for parity on the endometrium.

In conclusion, our study has shown that ageing is associated with significant alterations in biological functions and
molecular pathways that play critical roles for pregnancy establishment and progression in cattle. The consequences of
ageing on pregnancy failures or prenatal programming of health in adult involve a skewed response of the endometrium
to embryonic factors that deserve more detailed investigation. Given the specific physiological roles played by the various
cell types of the endometrium, future investigations that address the impact of ageing on distinct endometrial cell types
will bring new insights on the mechanisms underlying the alteration of the sensor and driver properties of the endometrium
and their contribution to fertility and pregnancy outcomes [68,72]. Our current knowledge including this study prompts the
need for addressing the negative effects of uterine ageing as part of fertility management in mammalian species including
cattle and humans.

Supporting information

S1 Fig. Progesterone serum assay during the estrous cycle in experiment 1. Blood samples were collected on Days
2, 8, 14 and 22 of the estrous cycle on young females (YF, n=6) and old females (OF, n=7) included in the transcriptomic
analyses and validation by RT-gPCR. Mean +/- SEM.

(TIF)
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S2 Fig. Individual serum progesteronemia during the cycle of experiment 1. Blood progesteronemia was measured
at Days 2, 8, 14, and 22. For each young female (YF); For each old female (OF). Solid lines indicate females included

in transcriptomic analyses and RT-qPCR confirmation (n=4 per group). Dashed lines indicate additional females for
RT-gPCR confirmation (n=2 YF and n=3 OF). In total, transcriptomic analyses were performed with 4 females per group,
RT-gPCR confirmation was performed with 6 YF and 7 OF.

(TIF)

S3 Fig. RT-gPCR validation of the microarray data in experiment 1. Expression levels of the transcripts were quan-
tified by RT-qPCR using total RNA extracted from endometrial biopsies collected on Day 15 of the estrous cycle from 6
young females (YF, black bars) and 7 old females (OF, open bars). Expression levels for each gene were determined

in calibrated normalized relative quantities (CNRQ) and were presented as mean+/- SEM. P value was determined by
Mann-Whitney test. * P<0.05; ** P<0.01.

(TIF)

S4 Fig. Response of primary cultures of endometrial cells to interferon tau (IFNT) in experiment 1. Principal com-
ponent analyses were performed using the expression levels of 77 and 79 candidate genes quantified in 3 young females
(YF) and 3 old females (OF) in glandular epithelial cells and stromal cells, respectively. Each point represents a female.
Each asterisk represents the centroid of a group.

(TIF)

S1 Table. Details of animals included in each experiment according to analyses performed. Exp. 1: experiment 1
(Day 15 of the estrous cycle); Exp. 2: experiment 2 (Day 3 of the estrous cycle).
(DOCX)

S2 Table. Primers sequences used for RT-gPCR quantification of transcript levels. Microarray: validation of DEG
identified by microarray.
(XLSX)

S3 Table. Differentially expressed genes (DEG=3859) identified in endometrial biopsies collected at day 15
post-oestrus from old females (OF; n=4) versus young females (YF; n=4). FC: fold change. Fold change rank ordering
statistics (FCROS) method (f-value <0.025 and 2> 0.975; |FC|=1.5). f-value <0.025 and FC <0.67: DEG under-expressed in
YF; over-expressed in OF. f-value 20.975 and FC >1.5: DEG over-expressed in YF, under-expressed in OF.

(XLSX)

S$4 Table. Ingenuity Canonical Pathways related to 859 DEG identified between old females (OF; n=4) and young
females (YF; n=4) in endometrial biopsies collected on Day 15 post-oestrus.
(XLS)

S5 Table. Ingenuity Diseases or Functions Annotation related to 859 DEG identified between old females (OF;
n=4) and young females (YF; n=4) in endometrial biopsies collected on Day 15 post-oestrus.
(XLS)

S6 Table. Networks related to 859 DEG identified between old females (OF; n=4) and young females (YF; n=4) in
endometrial biopsies collected on Day 15 post-oestrus.
(XLS)

S7 Table. Upstream Regulator related to 859 DEG identified between old females (OF; n=4) and young females
(YF; n=4) in endometrial biopsies collected on Day 15 post-oestrus.
(XLS)
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S8 Table. Individual progesterone levels measured in Experiment 1 (Days 2, 8, 14 and 22 of the estrous cycle)
and Experiment 2 (Days 0 and 3) in YF and OF.
(XLSX)

S9 Table. Individual RT-qPCR results from endometrial biopsies collected in Experiment 1.
(XLSX)

S$10 Table. Individual RT-gPCR results on primary endometrial cells cultured for 1 hour or 24 hours in the pres-
ence or absence of IFNT in Experiment 1.
(XLSX)

S$11 Table. Individual RT-qPCR results on endometrial explants cultured for 1, 6 or 24 hours in the presence or
absence of LPS in Experiment 2.
(XLSX)

S$12 Table. Cytokine concentrations in the incubation medium after 24h of incubation in the absence or presence
of LPS. Cytokine concentrations in the incubation medium cultured with explant are expressed in pg/mL/mg. Explant
mass in mg. The cytokine concentrations reported in the table were calculated as follows: (Cytokine concentration mea-
sured — Control cytokine concentration)/ Explant mass. For statistical analysis, negative values of IL-1RA, IL-17A, and
IL-10 cytokine concentrations after correction were set to zero. Cytokine concentrations in the control incubation medium
without explant are expressed in pg/mL.

(XLSX)
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