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ABSTRACT  

Advanced age is a risk factor undermining women´s fertility. Hence, the optimization of  

assisted reproduction techniques is an interdisciplinary challenge that requires the  

improvement of in vitro culture systems. Here, we hypothesize that supplementation of  

embryo culture medium with extracellular vesicles  from endometrial-derived mesenchymal  

stem cells (EV-endMSCs) may have a positive impact on the embryo competence of aged  

oocytes. In this work, 24 weeks old B6D2 female mice were used as egg donors and in vitro  

fertilization assays were performed using males from the same strain (8-12 weeks); the  

presumptive zygotes were incubated in the presence of 0, 10, 20, 40 or 80 µg/ml of EV- 

endMSCs. The results from the proteomic analysis of EV-endMSCs and the classification by  

reactome pathways allowed us to identify proteins closely related with the fertilization  

process. Moreover, in our aged murine model, the supplementation of the embryo culture  

medium with EV-endMSCs improved the developmental competence of the embryos as well as  

the total blastomere count. Finally, gene expression analysis of murine blastocysts showed  

significant changes on core genes related to cellular response to oxidative stress, metabolism,  

placentation and trophectoderm/inner cell mass formation. In summary, we demonstrate that  

EV-endMSCs increase the quality of the embryos, and according to proteomic and genomic  

analysis, presumably by modulating the expression of antioxidant enzymes and promoting  

pluripotent activity. Therefore, EV-endMSCs could be a valuable tool in human assisted  

reproduction improving the developmental competence of aged oocytes and increasing the  

odds of implantation and subsequent delivery.  

   



INTRODUCTION 

Advanced woman age is one of the most detrimental prognostic factors for fertility in humans 

as it decreases egg’s competence. Nowadays, social, educational and financial pressures have 

delayed motherhood until the final thirties or forties, declining overall fertility and increasing 

the risk of miscarriage (1). When motherhood needs to be delayed, egg freezing is the assisted 

reproductive technique of choice to preserve the oocyte´s quality, but this has to be planned in 

advance which is not the most common scenario (2). In aged women (> 40 years), the use of 

assisted reproductive techniques is recommended if conception does not occur after 6 

months. However, even when these techniques improve fertilization rates, blastocyst 

development is compromised and live births considerably decreased compared to oocytes´ 

from younger donors (3). This decline in fertility has been partly linked to an oxidative stress 

imbalance in the aged oocyte resulting in impaired reactive oxygen species metabolism and 

decreased capacity for protein/DNA repair (4). Nevertheless, the optimization of embryo 

culture conditions for aged oocytes is a challenge that could enhance embryo development 

and quality (5).  

Nowadays, adult stem cells are under investigation to improve the fertilization rates in assisted 

reproduction. Placental derived mesenchymal stem cells (MSCs) are currently under evaluation 

in a clinical trial for improving implantation rates (Clinicaltrials.gov Identifier NCT01649752). 

Moreover, the therapeutic potential of autologous MSCs is evaluated in women suffering 

premature ovarian failure (Clinicaltrials.gov Identifier NCT02062931).  

Special attention has been focused on the extracellular vesicles released by MSCs. They are 

known to mediate cell-to-cell communication by means of their specific cargo (RNAs, DNA, 

lipids, proteins, cytokines and growth factors) (6,7) and are secreted by different cell types 

including endometrial and oviductal cells (7–9). Furthermore, these extracellular vesicles have 

been used as coadjuvants in assisted reproduction (10). Their addition to bovine embryo 

culture medium has been found to enhance blastocyst quality (8,11) and to improve the 



quality of homologous embryos through embryo-to-embryo communication when deriving 

derived from porcine parthenotes and bovine embryos (12,13).  

Few years ago endometrial-derived Mesenchymal Stem Cells (endMSCs) and their extracellular 

vesicles (EV-endMSC) were isolated from menstrual blood (14) and they were found to 

alleviate human hepatic failure by diminishing active caspase 3 and apoptosis (15), to decrease 

prostate tumor-induced angiogenesis by modulating reactive oxygen species (ROS) production, 

diminishing VEGF secretion and NF-κB activity (16) and to exert cardioprotective effects 

through MicroRNA-21 (17). EV-endMSCs’ importance in human reproduction has been 

demonstrated by the fact that they appeared to be involved in the embryo-maternal 

interactions (6) and in endometrial receptivity (18).  

In view of these reports, and according to previous results from our group which 

demonstrated that human EV-endMSCs in embryo culture medium increased cell proliferation 

and hatching rates in a murine model (10), we hypothesize that human EV-endMSCs may have 

a beneficial effect on the developmental competence of embryos derived from aged females 

mice. 

In order to validate this hypothesis, embryo division kinematics follow-up, blastocyst quality as 

well as the expression of specific genes were evaluated in zygotes derived from old mice (24 

weeks old) after addition of EV-endMSCs. Additionally, the proteomic profile of the EV-

endMSCs used for supplementation of embryo culture medium was characterized and 

classified using Gene Ontology and Reactome Pathway Database.  

 

Materials and methods 

Isolation and in vitro expansion of endometrial mesenchymal stromal/stem cells 

Endometrial Mesenchymal Stromal/Stem Cells (endMSCs) were isolated from menstrual blood 

of four healthy women according to previously described protocols (10). Samples were 



collected on day 2 or 3 of the menstrual cycle in a menstrual cup. Written informed consent 

was obtained from all donors under the auspices of the Minimally Invasive Surgery Centre 

Research Ethics Committee, which approved this study. Menstrual blood was diluted 1:2 in PBS 

and centrifuged at 450 x g for 10 min. Supernatants were discarded in order to remove cervical 

mucus debris and cells were re-suspended in Dulbecco's Modified Eagle's medium (DMEM) 

containing 10% fetal bovine serum (FBS), 1% penicillin/streptomycin and 1% glutamine. Cells 

were seeded onto tissue culture flasks and expanded at 37°C in 95% air and 5% CO2 

atmosphere. Non-adherent cells were removed after 24 hours. Adherent cells were cultured to 

80% confluency and detached using PBS containing 0.25% trypsin (v/v). Cells were seeded 

again at a density of 5000 cells/cm2. Culture medium was changed every three days. 

 

Phenotypical characterization and multipotentiality of endMSCs 

For the phenotypic analysis, 2 × 105 endMSCs were stained with human monoclonal antibodies 

(mAbs) against CD29, CD31, CD34, CD44, CD45, CD49d, CD49f, CD56, CD73, CD90, CD105 and 

HLA-DR using the appropriate concentrations of mAbs in the presence of PBS containing 2% 

FBS. The endMSCs and mAbs were incubated for 30 min at 4°C. Cells were then washed and re-

suspended in PBS. Isotype-matched antibodies were used as negative controls. The flow 

cytometric analysis was performed on a FACScalibur cytometer (BD Biosciences, CA, USA) after 

acquisition of 105 events. Viable cells were selected using forward and side scatter 

characteristics and fluorescence was analyzed using CellQuest software (BD Biosciences, CA, 

USA). The mean relative fluorescence intensity (MRFI) was calculated by dividing the mean 

fluorescent intensity (MFI) by the MFI of its negative control. The differentiation assays of 

endMSCs were performed for 21 days with differentiation specific media, which was replaced 

every three days. Oil Red O, Alcian Blue and Alizarin Red S stainings were performed to 

evidence adipogenic, chondrogenic and osteogenic differentiation, respectively. Cells were 

analyzed at passages 3-4. 



  

Isolation, purification and characterization of extracellular vesicles derived from endMSCs  

Extracellular vesicles derived from endMSCs (EV-endMSCs) were obtained from endMSCs using  

a previously optimized protocol (10). The cell culture medium was DMEM (product code:  

L0102, Biowest, Nuaillé, France) containing 10% FBS) was replaced by DMEM containing 1%  

insulin–transferrin–selenium (product code: 41400045, ThermoFisher Scientific, Waltham, MA,  

USA) when cells reached 80% of confluence. End-MSCs at passages 4-5 were used for  

extracellular vesicles isolation. The endMSCs supernatants were collected every 3–4 days and  

centrifuged at 1000 x g for 10 min and 5000 x g for 20 min at 4°C. These supernatants were  

filtered using sterile cellulose acetate filters. Firstly, with a 0.45 μm pore size and secondly with  

a 0.2 μm pore size (Corning, NY, USA). Filtered supernatants were then concentrated using  

3kDa MWCO Amicon® Ultra Devices (Merck-Millipore, MA, USA) centrifuged at 4000 x g for 1  

hour at 4°C. The concentrated supernatants were stored at -20°C for the subsequent  

proteomic analysis and co-incubation with the zygotes.   

Prior to in vitro experiments, the protein content of microvesicles was quantified by a Bradford  

assay (BioRad Laboratories, CA, USA). The concentration and size of purified extracellular  

vesicles were quantified by nanoparticle tracking analysis (NanoSight Ltd, Amesbury, UK) and  

analyzed using the particle-tracking analysis software package version 2.2.   

  

Protein identification by high-resolution liquid chromatography coupled to mass spectrometry- 

based proteomic analyses  

The characterization of EV-endMSCs from three different donors was performed by high- 

throughput proteomic analysis according to previously described protocols   

(19–23). For proteomic analysis, protein extracts were incubated with trypsin using the Filter  

Aides Sample Preparation (FASP) digestion kit (Expedeon), as previously described (24). The  



resulting peptides were labelled using 8plex-iTRAQ reagents (Sciex) according to 

manufacturer´s instructions and desalted on OASIS HLB extraction cartridges (Waters Corp.). 

Half of the tagged peptides were directly analyzed by LC-MS/MS in different acquisition runs, 

and the remaining peptides were separated into 3 fractions using the high pH reversed-phase 

peptide fractionation kit (Thermo Fisher Scientific). High-resolution LC-MS analysis of iTRAQ-

labelled peptides was carried out on an Easy nLC 1000 nano-HPLC apparatus (Thermo 

Scientific) coupled to QExactive mass spectrometer (Thermo Fisher Scientific). Peptides were 

injected onto a C18 reversed phase  (RP) nano-column (75 µm I.D. and 50 cm, Acclaim 

PepMap100, Thermo Scientific) in buffer A (0.1% formic acid (v/v)) and  eluted with a 180 min 

lineal gradient of buffer B (90% acetonitrile, 0.1% formic acid (v/v)). MS runs consisted of 

enhanced FT-resolution spectra (140,000 resolution) in the 390-1,500 m/z range and separated 

390-700, 650-900, and 850-1500 m/z ranges followed by data-dependent MS/MS spectra of 

the 15 most intense parent ions acquired along the chromatographic run. HCD fragmentation 

was performed at 30% of normalized collision energy. A total of 14 MS data sets, eight from 

unfractionated material and six from the corresponding fractions, were registered with 42 

hours total acquisition time. For peptide identification the MS/MS spectra were searched with 

the SEQUEST HT algorithm implemented in Proteome Discoverer 2.1 (Thermo Scientific). The 

results were analyzed using the probability ratio method (25) and the false discovery rate 

(FDR) of peptide identification was calculated based on the search results against a decoy 

database using the refined method (23). Peptide and scan counting was performed assuming 

as positive events those with a FDR equal or lower than 1%. Enrichment analysis was 

performed by using the DAVID functional annotation database (26,27). Abundance of proteins 

was estimated from LC/MS and quantified by means of the intensities of iTRAQ reporters. 

Reporter ion intensities were normalized to the total ion intensity of sample dataset.  

 

Reagents 



All the reagents were purchased from Sigma-Aldrich (Barcelona, Spain) unless otherwise 

stated. 

 

Animals and superovulation protocol 

All the experimental procedures were reviewed and approved by the Ethical Committee of the 

Junta de Extremadura (CGA/mbr). B6D2F1 mice were housed under a 12 hours light/12 hours 

dark cycle, at a controlled temperature (19-23°C) with free access to food and water. Females 

were intraperitoneally (IP) injected with 8 IU of equine chorionic gonadotropin (eCG, Veterin 

Corion, Divasa Farmavic) followed 49 hours later by 8 IU of IP human chorionic gonadotropin 

(hCG, Foligon, MSD) to trigger ovulation.  

 

In Vitro Fertilization 

Twenty four weeks old female mice (n = 24) were euthanized 12 hours after hCG 

administration by cervical dislocation, and cumulus-oocyte complexes (COCs) were recovered 

from oviducts and placed in 500 µl of pre-equilibtrated Human Tubal fluid (HTF; Merck-

Millipore, Madrid, Spain) covered with mineral oil. Two male B6D2F1/J mice aged 8-12 weeks 

were euthanized (n = 16) for each IVF day by cervical dislocation and were ventrally dissected 

to remove the cauda epididymis. Once located, the epididymis and attached vas deferens were 

sectioned and transferred to two different a Petri dishes containing 500 µl of pre-equilibrated 

HTF covered with mineral oil. Spermatozoa were obtained by gently pressing the cauda 

epididymis through the vas deferens and were allowed to capacitate for 45 min at 37°C in a 5% 

CO2/95% air atmosphere at 100% humidity. At the end of the incubation, sperm concentration 

was measured using a Makler chamber (Irvine Scientific, CA, USA). The pool of cumulus 

oocytes complexes obtained from all the females were released from the ampullas into a petri 

dish containing 500 µl of equilibrated HTF covered with mineral oil. Then, the oocytes were 



inseminated with 2 × 106 sperm/ml pooled from both males (0.5 x 106 total sperm from each 

male); gametes were co-incubated for 6 hours, and the presumptive zygotes were washed in 

500 µl ofclean KSOM medium after co-incubation (Merck-Millipore, Madrid, Spain). Then, 

zygotes were randomly allocated to 100 µl droplets of KSOM  supplemented with 0, 10, 20, 40 

or 80 µg/ml of EV-endMSCs and cultured until they reached the expanded blastocyst stage (4 

days). Eight different IVF sessions in eight different days were run and 3 females (n=24) and 2 

males (n=16) per day were used. Moreover, in order to show the differences between aged 

and non-aged oocytes in parallel with supplementation of EVs, we performed IVF on young 

B6D2 female mice (8-12 weeks, n=3). These IVF sessions were performed in accordance with 

the protocol used for the aged mice and no supplementation of EV-endMSCs was used. 

 

Total cell number 

The number of cells in an embryo is a well-known indicator of embryo quality (28). Therefore, 

to further evaluate embryo quality, some of the expanded blastocysts obtained were fixed in 

4% formaldehyde in PBS added with 0.01% of polyvinyl alcohol (PVA; w/v) at 4˚C for 12 hours 

and stained with 2.5 µg/ml of Hoechst 33342 (Eugene, OR, USA) in PBS added with PVA for 10 

minutes at 37˚C. Then, the blastocysts were mounted on glass slides with glycerol, covered 

with coverslips and sealed using nails polish. The embryos were then visualized using a 

fluorescence microscope (Nikon Eclipse TE2000-S) equipped with an ultraviolet lamp. Cell 

number was analyzed using the Fiji Image-J Software (1.45q, Wayne Rasband, NIH, USA). 

RNA isolation and reverse transcription  

Six independent samples of embryos cultured with and without EV-endMSCs (n = 25 expanded 

blastocysts per treatment) under each experimental condition (10 µg/ml, 20 µg/ml, 40 µg/ml, 

and 80 µg/ml of EV-endMSCs; n = 25 embryos/treatment) were used. Three independent 

groups of 8-9 embryos at blastocyst stage per experimental group were pooled and processed 

for poly(A) RNA extraction. Poly(A) RNA was extracted using the Dynabeads mRNA Direct 



Extraction Kit (Dynal Biotech, Oslo, Norway) following the manufacturer’s instructions with 

minor modifications as described by Bermejo-Alvarez and coworkers (29). After 5 min of 

incubation in lysis buffer and another 5 min with lysis buffer and Dynabeads, poly(A) RNA 

attached to the Dynabeads was extracted with a magnet and washed twice in washing buffer A 

and washing buffer B. RNA was then eluted with 10 mM Tris–HCl, pH 7.5. Immediately after 

extraction, the reverse transcription (RT) reaction was performed as recommended by the 

manufacturer (Epicentre Technologies Corp, Madison, WI, USA). Briefly, oligo-dT (0.2 μM) and 

random primers (0.5 μM) were added to each RNA sample and were heated for 5 min at 70°C 

to denature the secondary RNA structure. Next, the tubes were incubated at 25°C for 10 min 

to promote the annealing of the primers. Then, the RNA was reverse-transcribed for 60 min at 

37°C in a final volume of 40 μL containing 0.375 mM dNTPs (Biotools, Madrid, Spain), 6.25 U 

RNasin RNAse inhibitor (Promega), 10 × MMLV-RT buffer with 8 mM dithiothreitol and 5 U 

MMLV high performance reverse transcriptase (Epicentre Technologies Corp, Madison, WI, 

USA), followed by incubation at 85°C for 5 min to inactivate the RT enzyme.  

 

Gene expression analysis  

The mRNA expression levels of the selected genes were determined by real-time quantitative 

reverse transcription polymerase chain reaction (qRT-PCR) using specific primers designed with 

Primer-BLAST (http://www.ncbi.nlm.nih.gov/ tools/primer-blast/) to span exon-exon 

boundaries when possible. Primers (Table 2) were previously validated for adequate primer 

efficiency; the specificity of their PCR products was confirmed by electrophoresis on a 2% 

agarose gel. All target genes showed efficiencies between 97 and 100% and correlation 

coefficients close to 1.0.  

All PCR reactions were performed in a final volume of 20 μL, containing 0.25 mM of forward 

and reverse primers, 10 μL of GoTaq qPCR Master Mix (Promega) with SYBR Green as double-

stranded DNA-specific fluorescent dye and 2 μL of each cDNA sample using a Rotorgene 6000 



Real Time Cycler (Corbett Research, Sydney, Australia). For each experimental group, three 

different cDNA samples were used in two repetitions for all genes of interest. The PCR 

program consisted of an initial denaturalization step at 94°C for 2 min, followed by 35 cycles of 

denaturalization at 94°C for 10 s, annealing at 56°C for 30 s, extension at 72°C for 15 s and 10 s 

of fluorescence acquisition defined for each primer. At the end of each PCR run, melt curve 

analyses were performed for all genes to ensure single product amplification and exclude the 

possible interference of dimers.  

Values were normalized using as housekeeping gene H2AFZ that were tested in previous 

studies (30). Relative expression levels were quantified by the comparative cycle threshold 

(ΔΔCT) method (31). Fluorescence was acquired in each cycle to determine the threshold cycle 

during the log-linear phase of the reaction at which fluorescence increased above background 

for each sample. According to the comparative CT method, the ΔCT value was determined by 

subtracting the mean CT value of the housekeeping gene for each sample from each gene CT 

value of the sample. Calculation of ΔΔCT involved using the highest sample ΔCT value (i.e. the 

sample with the lowest target expression) as an arbitrary constant to subtract from all other 

ΔCT sample values. Fold changes in the relative gene expression of the target were determined 

using the formula 2–ΔΔCT(32).  

Internalization assay 

To analyze the uptake of the EV-endMSCs by the embryos, the extracellular vesicles were 

stained with 2% SYTO RNA Select green fluorescent cell stain (Thermo Fisher Scientific) at 37°C 

for 30 min. PBS without exosomes were stained with 2% SYTO RNA Select green fluorescent 

cell stain and used as control. To remove the remaining dye, samples were centrifuged on 

exosome spin columns (MW 3000, Thermo Fisher Scientific) according to manufacturer’s 

instructions. Exosomes concentration was indirectly measured in a Bradford assay. Finally, 

after IVF, 25 murine zygotes were co-cultured with labeled EV-endMSCs at different 

concentrations or stained PBS as negative control. Internalization (green fluorescence) was 



confirmed by fluorescent microscopy. Additionally, embryos were stained with 2.5 mg/ml of  

Hoechst 33342 (Eugene, OR, USA) for 10 min at 37°C to visualize DNA.  

  

Statistical analysis  

For total cell number and gene expression analysis data were tested for normality using a  

Shapiro–Wilk test; results are reported as mean ± standard deviation (SD). Groups were  

compared using a one way ANOVA due their Gaussian distribution and homoscedasticity.  

When statistically significant differences were found, a Bonferroni post-hoc test was used to  

compare pairs of values in the blastomere count experiment, while for the expression of  

candidate genes, the ANOVA was followed by multiple pairwise comparisons using the Tukey  

method. Blastocyst rates were compared among groups by Chi-square test with the Yates  

correction for continuity. The Fisher’s Exact Test was used when a value of less than 5 was  

expected in any treatment.  Statistical analyses were performed using Sigma Plot software  

version 12.3 for Windows (Systat Software, IL, USA) or with SPSS-21 software (SPSS, IL, USA); p  

< 0.05 was considered as statistically significant.  

  

Results  

Characterization of endMSCs and EV-endMSCs  

The characterization of endMSCs and EV-endMSCs has been previously published by our group  

(10,33). The phenotypical analysis evidenced that endMSCs were positive for CD29, CD44,  

CD73, CD90, CD105 and CD117, and negative for CD14, CD20, CD31, CD34, CD45, CD80 and  

HA-DR. The differentiation potential of these cells toward adipogenic, chondrogenic and  

osteogenic lineages was confirmed by selective staining and microscopic analysis after co- 

culture with differentiation specific media. Regarding EV-endMSCs, the nanoparticle tracking  

analysis showed that the mean size of the vesicles was 153.5±63.05 nm, while their  



concentration was 3.31 x 1011±3.8x109 particles/ml. Additionally, the analysis of CD9 and CD63  

by flow cytometry demonstrated a positive expression of these exosomal markers.  

  

High-throughput proteomics analysis of EV-endMSCs   

This proteomic analysis allowed us to identify a wide range of proteins in EV-endMSCs (n =  

1802). The relative abundance of each protein, represented in Table 1, was estimated in  

accordance to the peptide counting from LC/MS analyses and was quantified by means of the  

intensities of iTRAQ reporters which were used to tag the peptides of each sample. Reporter  

ion intensities of each protein were normalized to the total ion intensity of the sample dataset.  

Functional analysis according to the Gene Ontology annotation database (34,35) was  

performed with the most representative proteins identified, accordingly to their abundance (n  

= 580), considering negligible proteins with abundance lower than 0.005%.   

Firstly, the protein data set was classified according to the “cellular component” annotation. In  

this analysis, a total of 395 proteins were classified as “Extracellular Vesicles” (GO:1903561 p <  

0.01, 5% FDR; data not shown). In a subsequent analysis using the Reactome Pathway  

Database (36) we sorted out the proteins according to their involvement in crucial pathways  

related to fertilization and embryo implantation. Some interesting Reactome pathways were:  

Metabolism (R-HSA-1430728; n = 114 proteins), Developmental biology (R-HSA-1266738; n =  

74 proteins) and Cellular response to oxidative stress (R-HSA-2262752; n = 23 proteins). Figure  

1 shows the Venn diagram with unique and overlapped proteins among these three Reactome  

pathways. Additionally, Table 1 lists the proteins identified and classified in the  

aforementioned Reactome categories. Of note,  45 out of 114 proteins identified in the  

Metabolism pathway were also classified by Gene-Ontology in the Immune System Process  

(GO:0002376). Similarly, 26 out of 114 were involved in the Regulation of Cell Differentiation  

(GO:0045595). Furthermore, the number of identified peptides (peptide counting) for each  



protein together with the Gene name, UniProt Accession Code and the Reactome Pathway it  

belongs are listed in the Supplementary Table 1.  

  

Development to the blastocyst stage and total cell number count  

EV-endMSC addition to the embryo culture medium did not influence embryo division at days  

1 and 2 of culture compared to control (Table 3; p > 0.05). However, when the embryos  

reached the morula stage (day 3), the 20 µg/ml and 80 µg/ml dosages of EV-endMSCs  

significantly enhanced the percentage of embryos that developed in culture compared to  

control (Table 3, p < 0.05). Our results showed that the blastocyst rate after 4 days of culture  

significantly increased when EV-endMSCs were added to the embryo culture medium at any of  

the dosages tested (Table 3; p < 0.01). Interestingly, the maximum blastocyst yield was  

observed for the 20 µg/ml dose (62.9% blastocyst rate) compared to the control (29.4%) at day  

4 of culture.  

In parallel, expanded blastocyst total cell number significantly increased for all the EV- 

endMSCs dosages tested varying from 32.4 ± 12.9 blastomeres per embryo (mean ± SD) in the  

control group to 48.5 ± 14.4 for the 40 µg/ml, being this the maximum value obtained (Figure  

2; p < 0.05).   

In order to emphasize the differences in developmental competence and kinematics of  

embryos obtained from young and aged female mice, new IVFs were performed in 8-12 week- 

old females in absence of EV-endMSCs. In our experimental conditions, the blastocyst rate in  

young females reached 89.6%, which was consistently higher than the percentages obtained in  

aged females (supplementary Table 2).  To highlight the marked age-dependent differences  

found in IVF outcomes, a chi-square test was performed to compare the developmental  

competence and embryo kinematics of young (8-12 weeks) vs aged (24-26 weeks) B6D2  

females. As it can be observed in the supplementary Table 2, blastocyst development was  

severely compromised with increasing age in our B6D2 females at all the stages studied.  



  

Differential expression of embryo-related genes   

The gene expression analysis was performed by quantitative PCR in blastocysts at day 4 of  

culture. Based on the proteomic analysis, several candidate genes were selected according to  

their involvement in the following Reactome categories: Metabolism (Acaca, Gapdh), Cellular  

response to oxidative stress (Gpx1 and Sod1) and Developmental biology (Pgf, Vegfa, Pou5f1  

and Sox2). These four genes were also subclassified according to their involvement in  

placentation (Pgf, Vegfa) and trophectoderm/inner cell mass formation (Pou5f1 and Sox2).   

When compared against control, the relative RNA abundance for Gpx1 was downregulated in  

the 20-80 µg/ml EV-endMSCs while Sod1 expression was consistently lower in the 10-40 µg/ml  

doses (p < 0.05). Relative Vegfa and Gapdh expression increased at all the EV-endMSCs doses  

used compared to control (p < 0.05) except for the 80 µg/ml dose which did not differ from the  

non-EV-endMSCs added treatment (p > 0.05). Sox2 expression was upregulated for the 10, 20  

and 40 µg/ml dosage compared to control (p < 0.05), while its expression did not change when  

EV-endMSC at 80 µg/ml were added (p > 0.05; Figure 3).  

In addition, the relative RNA abundance of Acaca, Pgf and Pouf51 did not vary despite EV- 

endMSC supplementation (p > 0.05; Figure 3).  

  

EV-endMSCs uptake  

Fluorescent labelling of EV-endMSCs allowed us to confirm that these vesicles are effectively  

internalized by the embryos after 24 h of co-culture. The absence of fluorescence in the  

control demonstrated that residual fluorescence was not interfering with analysis. Based on  

the fluorescence analysis, here we demonstrated that EV-endMSCs co-cultured with murine  

embryos at different concentrations were rapidly internalized. Figure 4 shows representative  

images of a murine embryo co-cultured with EV-endMSCs at 80 µg/ml, as well as  

representative images of the control.   



 

Discussion  

In the present study, we demonstrate that extracellular vesicles released from human 

endometrial MSCs can be used as an embryo culture supplement to partially recover the 

developmental competence of aged oocytes. In our setting, not only the developmental 

competence of the embryos was improved (Table 3), but also the total blastomere count 

(Figure 2). This is in accordance with the report of Qu et al., who demonstrated that bovine 

embryos subjected to somatic cell nuclear transfer produce exosomes that enhance the 

development to the blastocyst stage as well as their quality (13). 

Even when embryo culture conditions have lesser influence on the developmental potential of 

the early embryo than the initial oocyte quality (37), our results in an aged murine model 

demonstrate that EV-endMSCs enhance the developmental competence as well as the quality 

of the embryos produced. These results may have discrepancies with former reports in mice 

and bovine where addition of extracellular vesicles did not enhance the embryo’s 

developmental competence (8,10,11). However, it is important to note that, in our previous 

report (10), these EV-endMSCs were co-cultured with 2-cell embryos retrieved from young 

females (aged 8-12 weeks) which have a notably superior developmental competence than the 

aged murine model used in the present work. This consideration can also be confirmed by our 

results regarding the developmental competences of zygotes retrieved from young and aged 

females (Supplementary Table 2). As expected, in absence of the EVs supplementation, 

embryos from young female mice were significantly more capable of developing when 

compared to the embryos from aged females. This result demonstrates that improving the 

developmental competence of embryos derived from young B6D2 females is virtually not 

possible. On the contrary, it is possible to improve embryo development in aged murine 

models. So naturally ageing mice can be considered important models for the investigation of 

occurring declines in reproductive capacity and impaired viability of the oocyte (38). 



In the case of the bovine species (8,11), embryo culture medium was enriched with  

homologous oviductal extracellular vesicles and  the reduced developmental competence of in  

vitro matured oocytes could not be overcome when these vesicles were used. This divergence  

can be explained not only by the molecular differences that may exist between human EV- 

endMSCs and bovine oviductal extracellular vesicles, but also by the inherent reduced  

developmental competence of bovine oocytes harvested in prophase I (39).   

On the other hand, mesenchymal stem cells have been previously used for embryo culture in  

porcine, bovine and murine models; even when contradictory results have been reported, it  

has been proposed that MSCs secrete growth factors that may have a positive impact during  

embryo culture enhancing embryo quality (40–42).   

Next, in order to further understand the mechanisms involved in the beneficial effects of EV- 

MCs on the embryo development, a high throughput proteomic analysis was performed in  

these EV-endMSCs. Firstly, the most abundant identified proteins were classified according to  

specific Reactome pathways which are closely related with the fertilization process:  

Metabolism (a total of 114 proteins), Developmental biology (a total of 74 proteins) and  

Cellular response to oxidative stress (a total of 23 proteins; Table 1).  

Some of the most abundant proteins found in our proteomic analysis deserve better  

investigation. For example, fibronectin (FN1) was reported to be essential for embryogenesis,  

from the two-cell stage to tissue morphogenesis (43–46). Vinculin (VCL) and Alpha2  

macroglobulin (A2M), other abundant proteins found in our analysis, were found to be  

important during early development (47,48). Moreover, A2M as well as Matrix  

metalloproteinase-3 (MMP-3) and Agrin (AGRN) were related to implantation (49–51). In  

addition, Matrix metalloproteinase -2 (MMP-2) and Laminin beta 1 (LAMB1) were associated  

to the developing human embryo and the early phases of human pregnancy (52,53).  

Interestingly, the proteomic analysis revealed the presence of four different Insulin-like growth  

factor-binding proteins isoforms (-4, -5, -6, -7) in all EV-endMSCs samples. The presence of  



these proteins is relevant considering that previous reports have demonstrated that the  

addition of insulin-like growth factor-binding protein to embryo culture medium protects the  

inner cell mass from apoptosis and increases mitochondrial membrane potential in oocytes  

(54). Our proteomic analysis has also demonstrated a very high abundance of serum albumin  

(the fourth in terms of absolute quantification), which is largely used for the supplementation  

of commercial media in IVF (55) and has been reported to alleviate ROS production in vitro in  

neurons and sperm (56,57).  

To further confirm if the proteomic results can, at least in part, explain the improvement in the  

developmental competence and embryo quality, gene expression analysis in the resulting  

blastocysts was performed on core genes related to Cellular response to oxidative stress,  

Metabolism, Placentation and Trophectoderm/inner cell mass formation.  

Regarding the cellular response to oxidative stress category, previous studies have evidenced  

that one of the main constraints blunting the developmental competence of aged oocytes  

relies on their reduced ability to counteract ROS (58). Interestingly, the expression of Sod1 (as  

well as Gpx1) consistently decreased at the 20 and 40 µg/ml EV-endMSCs dosages coinciding  

with the highest embryo yields obtained in the present work (Figure 3 and Table 3). The  

diminished expression of glutathione peroxidase 1 and superoxide dismutase 1 suggests that  

EV-endMSCs exert an exogenous ROS scavenger activity during embryo culture (Figure 3). As a  

matter of fact, a good correlation between mRNA, proteins and antioxidant enzyme activities  

in embryos subjected to diabetic environment has already been demonstrated (59). In the pre- 

implantation embryo, antioxidant enzymes (including SOD1 and GPX1) are primarily regulated  

at the pre-transcriptional level, and the transcripts are translated to produce active enzymes  

(60). Moreover, it was postulated that embryo’s defense against ROS depends the intracellular  

ROS levels that trigger the expression of antioxidant genes as demonstrated in human  

umbilical vein endothelial cells (61)and mouse zygotes (62). It has to be noted that, in our  

work, EV-endMSCs were added to zygotes. In view of all the previous literature and  



considering that major gene activation occurs in the 2-cell embryo, if less Sod1 and Gpx1mRNA  

is found in the embryos, it is likely that lower ROS levels are triggering their expression.  

Agreeing with our findings, but in the setting of prostate tumors, EV-endMSCs have also been  

shown to diminish angiogenesis in tumoral cells by means of their ROS scavenger activity (16),  

demonstrating again the ROS scavenger potential of EV-endMSCs is an unexplored scenario.  

Additionally, the expression levels of Pou5f1 and Sox2 were also analyzed. The gene Pou5f1 is a  

homeodomain transcription factor of the POU (Pit-Oct-Unc), family that encodes the Oct4  

protein. This protein has been shown to be a critical regulator of cellular pluripotency in  

murine embryos (63). Additionally, the transcription factor Sox2 (SRY-related HMG-box gene 2)  

forms a complex with Oct4 and participates in the maintenance of self-renewal of the  

pluripotent inner cell mass, being essential for the formation of the trophoectoderm in the  

preimplantation embryo (64). Our results demonstrate that the expression of Pou5f1 did not  

vary between treatments but the expression of Sox2 raised for the 10-40 µg/ml EV-endMSCs  

dosages coinciding with the maximum blastocyst rates and total cell number (Figure 3). It is  

known that morulae developed from Sox2-/- zygotes get arrested at this stage and fail to  

cavitate (64) and form a proper inner cell mass (65); in addition, rescue experiments using cell- 

permeant Sox2 protein result in increased blastocyst rate and restoration of Sox2 protein  

levels in murine blastocysts knock-down of Sox2 using short interfering RNA (64). Hence, the  

increased expression of Sox2 together with the enhanced developmental competence and cell  

number of our embryos further corroborate the boosting effect on embryo quality mediated  

by EV-MSCs supplementation.  

Regarding to metabolism-related genes, it has been demonstrated that fully pluripotent stem  

lines exhibit higher ATP levels compared with initial pluripotent stem cells (66). These  

observations are coincident with the increased Gapdh expression and increased total cell  

number observed in our embryos for the 10-40 µg/ml EV-endMSCs dosages. It is widely known  

that GAPDH activity is involved in the glycolytic pathway triggering the conversion of  



glyceraldehyde-3-phosphate to 1,3-diphosphoglycerate to provide energy in the form of ATP.  

Hence, the increased expression of Sox2 in our aged murine model suggests that firstly, EV- 

endMSCs increases the quality of the embryos through the self-renewal of the pluripotent  

inner cell mass and the establishment of the trophectoderm lineage (64). Secondly, the  

increased expression of Gapdh suggests an increase of embryo quality through the  

enhancement of metabolism during embryonic development.   

Conversely, our results did not show significant differences in the expression levels of the  

Acaca gene which encodes the acetyl-CoA carboxylase, suggesting that fatty acid metabolism  

is not affected by EV-endMSCs supplementation to the embryo culture medium.  

Aside from quality-related genes and metabolism-related genes, we aimed to determine if the  

produced embryos could potentially exhibit higher implantation ability. Our experiments  

revealed that Vegfa consistently increased when EV-endMSCs were added at the 10-40 µg/ml  

dosages. Previous reports have demonstrated that mouse-derived embryos treated with either  

recombinant human VEGF, or VEGF isoforms 121 and 165, exhibit higher embryo development  

with quicker cavitation, increased blastomere number, improved implantation rates and fetal  

limb development compared to controls (67). Furthermore, recent findings from our research  

group have demonstrated that murine embryos exposed to EV-endMSCs exhibit higher VEGF  

and PDGF-AA release, confirming the results of the present study (8). Therefore, the addition  

of EV-endMSCs to IVF-derived murine zygotes obtained from aged females increased the  

quality of the embryos, presumably due to their ROS scavenger and pluripotent-promoting  

activity. Furthermore, in light of the previously mentioned reports it is tempting to speculate  

that the resulting embryos may also exhibit higher implantation potential.  

To the authors’ best knowledge, this is the first report describing the proteomic profiling of EV- 

endMSCs based on Reactome pathways. Moreover, our in vitro assays have demonstrated  

their therapeutic potential to rescue the developmental competence of aged oocytes in a  

murine model. Hence, their beneficial effect should be taken in account as it may be a valuable  



tool in human ARTs improving the efficiency of the current techniques and increasing the odds  

of implantation and subsequent delivery.   
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FIGURE LEGENDS  



  

Figure 1. High-throughput proteomic analysis on EV-endMSCs. Protein extracts from EV- 

endMSCs were processed by high-resolution liquid chromatography coupled to mass  

spectrometry-based proteomic analyses. The functional enrichment analysis was performed by  

Reactome Pathway Database in the most representative proteins identified (n = 580). The  

Venn diagram shows unique and overlapped proteins in these three Reactome pathways.  

Figure 2.  Total cell number of murine blastocysts cultured in presence or absence of EV- 

endMSCs. Total cell number of the expanded blastocysts was obtained after Hoechst 33342  

staining and subsequent evaluation by fluorescence microscopy. For each treatment, the  

individual blastomere count is represented. Horizontal bars show the mean values. All the  

treatments differ statistically from the control (p < 0.05).  

Figure 3. Relative mRNA expression of candidate genes. Relative mRNA levels of candidate  

genes related to the proteome categories cellular response to oxidative stress, metabolism  

and developmental biology (n = 25 embryos/treatment). Bars represent mean ± SD; values  

bearing different letters differ statistically from the control (p < 0.05).  

Figure 4. Internalization of EV-endMSCs by the embryos. EV-endMSCs were labeled with SYTO  

RNA Select green fluorescent cell stain and co-cultured at different concentrations with  

embryos for 24 h. Additionally, embryos were stained with Hoechst to visualize DNA. The  

figure shows representative images of an embryo co-cultured with EV-endMSCs at 80 µg/ml (E,  

F, G, H). Representative images of the control (embryos co-cultured with stained PBS) are also  

shown (A, B, C, D). A and E: bright field microscopy showing a representative embryo. B and F:  

visualization of Hoechst fluorescence under fluorescence microscopy. C and G: visualization of  

SYTO RNA Select fluorescence under fluorescence microscopy. D: merged image of A, B and C.  

H: merged image of E, F and G.  

  

  

TABLES  

Table 1. Reactome functional annotation of EV-endMSCs proteins. Proteins were classified and  

subsequently analyzed according to their involvement in crucial pathways related to in vitro  

fertilization and embryo implantation. Selected pathways were Metabolism (R-HSA-1430728)  

(n=114 identified proteins), Developmental biology (R-HSA-1266738) (n=74) and Cellular  

response to oxidative stress (R-HSA-2262752) (n=23). Color scale represents the protein  

abundance according to total peptide counting from LC/MS analyses. Additional information  

regarding LC/MS protein identification is displayed in Supplementary Table 1.   

Table 2. List of primers.  

Table 3. Embryo division kinematics and blastocyst rate. Murine oocytes from aged females  

(24 weeks old) were subjected to IVF and the number of oocytes used as well as their embryo  

division dynamics was recorded at days 1 to 4 of embryo culture. All values are presented as  



total number and (percentage); values bearing different letters in the same column differ 

statistically from the control (p < 0.05). 

Supplementary Table 1. Proteins identified in EV-endMSCs LC/MS analyses at 1% FDR 

(n=1802). Protein descriptions, UniProt accession codes and the corresponding genes names 

(N/A means “Not assigned”) are displayed. Np refers to the number of peptides identified for 

each protein. The FDR for peptide identification was set at 1%. Green symbols indicate those 

proteins annotated within the Reactome pathways discussed on the text (Table 1). 
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Table 1. 

Metabolism Developmental Biology Cellular response 
to oxidative stress 

PSMA3 
GM2A 
PSAP 
GSS 

CNDP2 
GOT2 
LDHA 

IQGAP1 
PSMA1 
FABP5 
PGK1 
IDH1 
GLO1 

FH 
SDC4 

PSMB3 
HSPG2 

BTD 
LTA4H 
RPLP2 
TPI1 

AGRN 
HBB 

PSAT1 
PSME1 
NAGLU 

MARCKS 
DCN 
HEXB 
FABP4 
UBA52 
PSMA7 
PGK2 

GC 
PTGDS 
HEXA 
RBP1 
CTGF 
GNS 
GLRX 

PSMB9 
ENO3 
APOE 
RPL12 
VCAN 

PSMA2 
CMPK1 
LDHB 

TXNRD1 
NT5E 

APOA1 
RPS28 
PSMB1 
GSTO1 
SDC1 
TCN2 
NME1 

A2M 
PSMB4 
NME2 
KPNB1 

TKT 
ATP5B 
ENO1 
FDPS 

MANBA 
MAN2B2 
ALDOC 
GSTP1 

TXN 
ADH5 
ME1 
ALB 

PGAM2 
PSMA5 

HK1 
B4GAT1 

LRP1 
PSMA4 

CYCS 
AP2B1 
PRSS1 
PGD 

PSME2 
SEC23A 
MDH2 
PSMA6 

ALDH1A1 
GPC1 

PGAM1 
LUM 
EXT1 

GALNS 
EXT2 

TALDO1 
GBE1 

ALDOA 
PGLS 
SDC2 
DBI 

DDAH2 
GAPDH 
RPLP1 
CD44 
P4HB 
CBR1 

MDH1 
CKM 

PCSK9 
PSMB7 
ACP5 
GPI 
BGN 

HSP90AA1 
 

ACTR2 
ARPC2 
PSMA3 
PEA15 

MYL12A 
IQGAP1 

HSP90AB1 
COL5A1 

PFN1 
PSMA1 
ALCAM 
CAP1 

PLXNC1 
NEO1 

PSMB3 
FN1 

AGRN 
PEBP1 

PDGFRB 
PSME1 
COL6A3 
FABP4 
UBA52 
MSN 
MYL9 

PSMA7 
MYH10 
ITGB1 

PDLIM7 
MYH11 
PSMB9 
COL5A2 
MYH9 

PSMA2 
PSMA4 
AP2B1 

TUBA1B 
 

PSME2 
PRNP 

PSMA6 
CFL1 
GPC1 

ACTN2 
SDC2 
CDH2 

MYH14 
MMP2 
ACTR3 
LAMB1 
SPTAN1 
HSPA8 

COL3A1 
VCL 

PSMB7 
LAMC1 

HSP90AA1 
COL6A1 
DPYSL2 
PDGFRA 
PSMB1 

SEMA3A 
EZR 

PSMB4 
TLN1 

SEMA7A 
COL6A2 
YWHAB 

NRP1 
ACTB 

COL2A1 
ARPC4 
PSMA5 
MYL6 

SPTBN1 
 

SOD2 
MMP3 
SOD1 
SOD3 

HSPA1B 
PARK7 
PRDX2 
ANXA1 
PRDX1 
APEX1 
PDGFD 

TXNRD1 
PDGFRA 
PTPRK 
TPM1 
GSTP1 

TXN 
CYCS 
AXL 

CST3 
PRDX5 
PRDX6 
P4HB 
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Table 2.  

 

Entrez 

gene  

symbol 

Gene name Accesion no. Forward primer (5'-3') Reverse primer (5'-3') 
Product  

length    

H2afz 
H2A histone family, 

member Z 
NM_001316995.1 AGGACGACTAGCCATGGACGTGTG CCACCACCAGCAATTGTAGCCTTG 209 

   

Gpx1 
Glutathiones 

peroxidase 1 
NM_001329527.1 GCAACCAGTTTGGGCATCA CTCGCACTTTTCGAAGAGCATA 116 

   

Pgf 
Placental Growth 

Factor 
NM_001271705.1 CTCTCTGGAACACAGGCAGA CCGTAGCTGTACCACGAAGA 100 

   

Vegfa 
Vascular endothelial 

growth factor A 
NM_009505 CACAGCAGATGTGAATGCAG TTTACACGTCTGCGGATCTTG 94 

 

  
Acaca 

acetyl-Coenzyme A 

carboxylase alpha 

  

XM_011248666.1 
AAACCAGCACTCCCGATTCAT GGCCAAACCATCCTGTAAGC 175 

 

  
Pou5f1 

POU domain, class 5, 

transcription factor 1 
NM_013633 TAGGTGAGCCGTCTTTCCAC GCTTAGCCAGGTTCGAGGAT 159 

 

  
Sox2 

SRY (sex determining 

region Y)-box 2 
NM_011443.4 GCACATGAACGGCTGGAGCAACG TGCTGCGAGTAGGACATGCTGTAGG 206 

 

  
Bax 

BCL2-associated X 

protein 
NM_007527.3 AAGCTGAGCGAGTGTCTCCGGCG GCCACAAAGATGGTCACTGTCTGCC 361 

 

  
Gapdh 

Glyceraldehyde-3-

Phosphate 

Dehydrogenase 

NM_001289726.1 AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA 122 
 

  
Sod1 

Superoxide Dismutase 

1 
NM_174615 GTGCAAGGCACCATCCACTTCG CACCATCGTGCGGCCAATGATG 309 

 

  
Gadd45a 

Growth Arrest And 

DNA Damage 

Inducible Alpha 

BC023815.1 CTTCTGGTCGCACGGGAAGG GCTCCACCGCGGCAGTCACC 277 
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Table 3. Embryo division kinematics. 

 Oocytes 2 cells  
(Day 1) 

8 cells 
(Day 2) 

Morula 
(Day 3) 

Blastocyst 
(Day 4) 

Control 126 93 (73.8) 82 (65.1) 71(56.3)
a 37 (29.4)

a 
10 µg/ml 124 98 (79) 95 (76.6) 83 (66.9)

a 56 (45.2)
b 

20 µg/ml 124 102 (82.3) 96(77.4) 95 (76.6)
b 78 (62.9)

b 
40 µg/ml 128 97 (75.8) 88 (68.8) 86 (67.2)

a 71 (55.5)
b 

80 µg/ml 130 104 (80) 100 (76.9)  93 (71.5)
b 70 (53.8)

b 
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