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ABSTRACT    
Background: Porcine embryonic development is widely utilized in the medical industry. 
However, the blastocyst development rate in vitro is lower compared to in vivo. To 
address this issue, various supplements are employed. Extracellular vesicles (EVs) play 
the role of communicators that carry many bioactive cargoes. Additionally, the contents 
of EVs can vary on the estrous cycle.
Methods: We compared the effects of adding EVs derived from porcine uterine fluid 
(UF), categorized as non-EV (G1), EVs in estrus (G2) and EVs in diestrus (G3). After in 
vitro culture (IVC) was performed in three different groups, cleavage rate and blastocyst 
development rate were examined. In addition, glutathione (GSH) and reactive oxygen 
species (ROS) levels were measured 2 days after activation to assess oxidative stress. 
Results: Using NTA and cryo-TEM, we confirmed the presence of EVs with sizes ranging 
from 30 nm to 200 nm, that the particles were suitable for analysis for analysis. In IVC 
data, the highest cleavage rate was observed in G2, which was significantly different 
from G1 but not significantly different from the next highest, G3. Similarly, the highest 
blastocyst development rate was observed in G2, which was significantly different from 
G1 but not significantly different from the next highest, G3.
Conclusions: These results indicate that estrus derived EVs contain biofactors 
beneficial for early blastocyst development, including GSH which protects the 
blastocyst from oxidative stress. Additionally, although diestrus-derived EVs are 
expected to have some effect on blastocyst development, it appeared to be less 
effective than estrus-derived EVs.

Keywords: cycle, embryo development, extracellular vesicles, reactive oxygen species, 
uterine fluid
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INTRODUCTION

The development of porcine embryos is utilized in 

various medical fields, including as a model for human 

medical research and in organ transplantation. However, 

compared to in vivo conditions, the development rate of 

blastocysts in vitro is lower (Na et al., 2015; Mahdavine-

zhad et al., 2019). The reasons may include the supply of 

unidentified nutrients, the interaction with oxygen and 

carbon dioxide concentrations, temperature, and humid-

ity, lack of hormones and growth factors, and the limita-

tions of immune protection (Saeidnia et al., 2015). Among 

these, hormones and physiological signals are particularly 

important in the uterus during the estrous cycle.

Female mammals, including porcine, undergo cyclic 

changes in physiological state during the estrous cycle. 

The levels of various hormones fluctuate depending on 

the stage of the estrous cycle (Park et al., 2022). The es-

trus stage elevates levels of estrogen, follicle-stimulating 

hormone, and luteinizing hormone secretion. During the 

estrus stage, the uterus undergoes cellular proliferation, 

increasing the thickness of the endometrium to create a 

suitable environment for embryo implantation. Diestrus is 

the stage after ovulation, characterized by increased levels 

of progesterone and decreased levels of estrogen. During 

this stage, the uterus thickens and stabilizes the endo-

metrium with progesterone, secreting nutrients, growth 

factors, and immunomodulatory substances essential for 

embryo development (Bulletti et al., 2022). In the estrous 

cycle, these changes occur through interactions between 

cells. The factors regulated by hormones in the uterus are 

either directly secreted through uterine fluid (UF) or re-

leased in the form of vesicles, which are then delivered to 

other cells such as embryos (Beal et al., 2023).

Extracellular vesicles (EVs) are known to perform many 

biological functions, especially in intercellular commu-

nication (Mincheva-Nilsson and Baranov, 2010; Li et al., 

2017). EVs contain RNA, proteins, enzymes, and lipids, 

which are important in a variety of biological functions, 

including the transport of these materials and the regula-

tion of physiological and pathological processes (Guruna-

than et al., 2019; Saadeldin et al., 2022). Recent research 

has demonstrated that EVs mediate communication be-

tween the mother and the embryo during early embryonic 

development (Machtinger et al., 2016).

Increased oxidative stress is known to have diverse ef-

fects, including mtDNA mutation, senescence, cell death, 

and reduced ATP production capacity in mitochondria 

(Orrenius et al., 2007). In addition, the occurrence of 

oxidative stress not only impairs follicle growth by induc-

ing apoptosis of oocytes, but also decreases embryonic 

development, cleavage rate, and oocyte quality, thereby 

reducing reproductive performance (Prasad et al., 2016). 

oxidative stress can be evaluated by determining reactive 

oxygen species (ROS) levels, which are an indicator of this 

stress. Recent studies have revealed that EVs regulate oxi-

dative stress (Qi et al., 2021). Additionally, oxidative stress 

in early embryos is emphasized because they are particu-

larly vulnerable and it can significantly impact fetal devel-

opment (Chen et al., 1999). 

We hypothesized that during the estrus and diestrus 

stages, the EVs derived from porcine UF would contain 

biomolecules that prevent oxidative stress, improving 

the development and quality of embryos. The aim of this 

study was to investigate the effects of EVs derived from 

porcine UF at different stages of estrous cycle on embry-

onic development.

MATERIALS AND METHODS 

Chemicals
All the chemicals were acquired from Sigma-Aldrich 

(USA) unless otherwise specified.

EV isolation and characterization
The porcine uterus was brought from the abattoir to the 

laboratory, and classified into estrus and diestrus periods. 

The porcine UF was washed in Dulbecco’s Phosphate Buff-

ered Saline (DPBS) and the UF was collected. The UF was 

centrifuged at 400 × g for 10 min to remove cell debris and 

apoptotic bodies. The supernatant fluid was centrifuged at 

2,000 × g for 30 min and filtered through a 0.22 μm filter 

to remove microvesicles. Finally, EVs were isolated by 180 min 

ultracentrifugation at 1,000 × g. Nanoparticle tracking analysis 

(NTA) was performed to determine the size and concentration 

of particles obtained through ultracentrifugation. The sample 

was diluted 1:1,000 in DPBS and measured by NanoSight NS 

3000 (Malvern, UK) (Saadeldin et al., 2023). And the EVs were 

visualized through cryogenic transmission electron microscopy 

(cryo-TEM). Vitrobot mark IV and Quantifoil R1.2/1.3 Cu 300 

grids were used. Cryo-TEM images were captured using a 

Glacios microscope (Kang et al., 2023).
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In vitro maturation (IVM) oocytes 
Cumulus oocyte complexes (COCs) aspirated oocytes 

from follicles 3-6 mm in diameter using an 18-gauge 

needle attached to a 10 mL syringe. After discarding the 

supernatant, the precipitate was washed with HEPES-

buffered Tyrode’s (TLH) containing 0.05% (w/v) polyvinyl 

alcohol (PVA). Only COCs with homogeneous cytoplasm, 

with layers of compact cumulus cells, were used and 

washed three times with TLH-PVA. The COCs were then 

divided into different groups and incubated in their re-

spective medium supplemented with hormones for 20-22 

hours in a humidified atmosphere at 39℃ in the pres-

ence of 5% CO2 (Fang et al., 2023). The COCs were then 

transferred to hormone-free medium and incubated for 

another 20-22 hours. The medium was TCM-199 (Gibco; 

Thermo Fisher Scientific Inc., USA) supplemented with  

0.6 mM cysteine, 0.91 mM sodium pyruvate, 75 μg/mL ka-

namycin, 10 ng/mL epidermal growth factor and 1 μg/mL 

insulin. The hormones included 10 IU/mL hCG and 10 IU/mL 

PMSG (Fang et al., 2022).

Parthenogenetic activation & in vitro culture (IVC) with 

supplement of EVs
After 44 hours of IVM, COCs were denuded by gentle 

pipetting with 0.1% hyaluronidase. Oocytes were washed 

twice in TLH medium, and only oocytes with the first po-

lar body were selected. The oocytes were then gradually 

equilibrated in activation medium for parthenogenetic 

activation. Denuded oocytes were placed between elec-

trodes covered with activation medium connected to the 

BTX Electro-Cell Manipulator 2001. The oocytes were 

activated with a double direct current (DC) pulse of 120 V 

for 60 μs (Bang et al., 2023). The activated oocytes were 

washed twice in TLH medium and three times in fresh 

Porcine Zygote Medium-5 (PZM-5) and then placed in 

non-EVs (G1), EVs in estrus (G2) and EVs in diestrus (G3), 

respectively. The concentration of EVs during culture was 

3 × 105 particles/mL (Leal et al., 2022). The activated oo-

cytes were cultured at 39℃ in a humidified atmosphere of 

5% O2, 5% CO2, and 90% N2 for 7 days.

Measurement of embryos glutathione and reactive 

oxygen species levels
To measure glutathione (GSH) and ROS, 2 cell and 4 cell 

stage embryos from each group were selected 2 days af-

ter activation. To measure GSH, embryos were incubated 

with 10 μM Cell Tracker Blue in TLH-PVA for 30 minutes 

in the dark (Kwak et al., 2012). They were then washed 

with Dulbecco’s phosphate-buffered saline supplemented 

with 0.1% polyvinyl alcohol (PVA).

In addition, to measure ROS, embryos were incubated 

with 10 μM 2’,7’-dichlorodihydrofluorescein diacetate 

(H2DCFDA; Invitrogen Corporation) in TLH-PVA for 30 

minutes in the dark (Fang et al., 2023). They were then 

washed with Dulbecco’s phosphate-buffered saline sup-

plemented with 0.1% polyvinyl alcohol (PVA). Subsequent-

ly, the images were captured using a fluorescence mi-

croscope (Leica DE/DM 2000, Wetzlar, Germany). ImageJ 

software (National Institutes of Health, USA) was used to 

measure fluorescence intensity. 

Statistical analysis
IBM SPSS Statistics ver. 26 software (IBM Corp.) was 

used for statistical analysis. One-way analysis of vari-

ance and LSD post hoc tests were performed to compare 

means. Values were presented as mean ± standard error 

of the mean. Statistical significance was defined as a p-

value less than 0.05.

RESULTS

EVs isolation and characterization
EVs in estrus and EVs in diestrus from porcine UF were 

first measured for their respective particle sizes and con-

centrations using nanoparticle tracking analysis (NTA). 

The results showed that the mean size and concentration 

of EVs in estrus were 253.9 ± 48.0 nm and 2.42 × 109 ± 

4.80 × 107 particles/mL, respectively; the mean size and 

concentration of EVs in diestrus was 111.7 ± 23.7 nm 

and 5.41 × 108 ± 3.51 × 107 particles/mL, respectively. 

To further characterize the EVs, the shape and size of the 

particles were measured using TEM (Fig. 1).

Comparison of embryonic development based on the 

presence of EVs
The cleavage rate was highest in the order of G2 (74.7 

± 1.6), G3 (73.5 ± 2.8), and G1 (71 ± 1.5). The highest 

cleavage rate in G2 was significantly different from G1, 

but it was not significantly different from the next highest, 

G3. Similarly, the blastocyst development rate was highest 

in the order of G2, G3, and G1. The highest blastocyst de-

velopment rate in G2 was significantly different from G1, 
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but it was not significantly different from the next high-

est, G3 (Table 1).

Measure of oxidative stress in embryos
The results of ROS level measurements showed signifi-

cant differences among all groups. Among them, it was 

observed that G1 exhibited the highest expression of 

ROS, while G2 showed lower expression compared to G3 

(Fig. 2). The results of the GSH level measurement showed 

significant differences among all groups. The expression 

of GSH was lowest in G1, and G3 exhibited lower expres-

sion than G2 (Fig. 3).

DISCUSSION

The aim of this study was to investigate the effect of 

porcine UF-derived EVs on embryonic development. NTA 

and Cryo-TEM were used to confirm the presence of EVs. 

Next, the IVC medium was divided into three groups: 

non-EVs (control, G1), EVs in estrus (G2), and EVs in di-

estrus (G3). Then, IVC was performed under three condi-

tions, and the embryonic development rate was measured.

The IVC results showed that the presence of EVs in es-

trus had a significant effect on embryonic developmental 

potential cleavage rate, and developed to blastocysts rate. 

In the group with EVs in estrus (G2), both the cleavage 

rate and blastocyst development rate were the highest 

among the groups. This suggests the presence of physi-

ological factors derived from the UF environment during 

estrus, which support cleavage. As estrus is characterized 

by elevated estrogen levels, it is anticipated that factors 

maintained by estrogen would be abundant. Factors regu-

Table 1. Effect of EVs derived from UF in estrus and diestrus stage 
in porcine embryonic development

Groups
No. of embryos

Culture Cleaved (%) Develop to Bl. (%)

Non-EVs (G1) 267 170 (71.7 ± 1.5)a 39 (16.5 ± 2.6)a

EVs in estrus (G2) 267 177 (74.7 ± 1.6)b 47 (19.8 ± 2.3)b

EVs in diestrus (G3) 267 174 (73.5 ± 2.8)a,b 43 (18.2 ± 3.0)a,b

a,bValues with different superscript letters within a column vary significantly 

among the three groups (p < 0.05, n = 8). Bl, Blastocyst.
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Fig. 1. Characterization of extracellular EV. (A) Cryo-TEM image of UF-derived EVs. The scale bar represents 50 nm. (B) NTA results 
of EVs derived from UF during the estrus stage. (C) NTA results of EVs derived from UF during the diestrus stage. Cryo-TEM, cryo-
transmission electron microscopy; NTA, nanoparticles tracking analysis.
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lated by estrogen include growth factors such as Insulin-

like Growth Factor (IGF) and Epidermal Growth Factor 

(EGF) (Filardo et al., 2000; Fujimoto and Kitamura, 2004). 

It is expected that various proteins and mRNA enhanc-

ing the activation of pathways such as AP-1, STAT, Elk-1, 

CREB, NF-κB, mediated by estrogen receptors and estro-

gen response elements, were transferred from the uterus 

to the blastocyst through EVs (Fuentes and Silveyra, 2019). 

This could have led to the activation of metabolism in the 

early blastocyst. 

EVs during diestrus are expected to contain many fac-

tors regulated by progesterone. Progesterone also regu-

lates factors such as fibroblast growth factor (FGF), he-

patocyte growth factor (HGF) and IGF which influence 

early embryo growth and division, as well as Leukemia 

Inhibitory Factor (LIF) and Transforming Growth Factor-

beta (TGF-beta), involved in endometrial maintenance 

and immune regulation (Satterfield et al., 2008). However, 

in the IVC, the cleavage rate and blastocyst development 

rate were lower in the diestrus EVs group (G3) compared 

to the estrus EVs group (G2). This suggests that proges-

terone-derived EVs may contain fewer factors involved 

in early blastocyst development compared to estrogen-

derived EVs and may contain more factors involved in im-

mune response generation and other roles necessary for 

maintaining pregnancy. Further investigation is needed to 

explore this phenomenon.

In the results of oxidative stress, compared to G1, both 

G2 and G3 showed a decrease in ROS levels. This is at-

tributed to the activation of intracellular antioxidant 

defense systems by factors activated by estrogen and pro-

gesterone, as discussed earlier (Xiang et al., 2021). This 

is consistent with the high expression of the antioxidant 

GSH in G2 and G3, compared to G1. Therefore, it is ex-

pected that estrogen and progesterone activate the anti-

oxidant defense system, leading to the delivery of associ-

ated downstream factors via EVs to the blastocyst, thereby 

increasing the levels of the antioxidant GSH and reducing 

oxidative stress (Park et al., 2022). 
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Fig. 2. The influence of EVs on the levels of ROS in early pig embryos. (A) Images of ROS measurements for each group. (B) The rela-
tive levels of ROS in early-stage embryos. The staining was performed on embryos at the 2-cell and 4-cell stages at 2 days after par-
thenogenetic activation. Bars with different alphabetical letters are significantly different among the groups (p < 0.05).
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tive levels of GSH in early-stage embryos. The staining was performed on embryos at the 2-cell and 4-cell stages at 2 days after par-
thenogenetic activation. Bars with different alphabetical letters are significantly different among the groups (p < 0.05).
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CONCLUSION

In this experiment, we observed the effects of estrus 

and diestrus-derived EVs on blastocyst development. The 

results showed that while diestrus EVs did not significantly 

differ from the control in terms of cleavage and blastocyst 

development rate, they exhibited a numerical increase. In 

contrast, the estrus EVs group showed a significant effect 

compared to the control. This suggests that estrus derived 

EVs may contain more factors aiding in early embryonic 

development compared to diestrus EVs, including GSH, 

which protects against ROS. 
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