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Introduction

Kovpak, V. V., Kovpak, O. S., Babiy, Y. O., Kharkevych, I. O., Derkach, S. S., & Kovtun, S. I. (2026). Effect of endome-
trium-derived exosomes on the development of bovine embryos. Regulatory Mechanisms in Biosystems, 17(3), e26051.
doi:10.15421/0226051

Modern cattle reproduction is based on the implementation of in vitro technologies; however, the quality of such em-
bryos often remains inferior to their in vivo counterparts due to the lack of paracrine signals from the maternal organism. This
study evaluated the effect of exosomes isolated from an endometrial cell culture on embryo morphology, developmental
dynamics, and viability. The study was based on oocyte-cumulus complexes obtained after the slaughter of cows and pro-
cessed according to standard IVP protocols. Exosomes isolated by sequential ultrafiltration using a 100 kDa cut-off were
added to the culture at a ratio of 1 cell equivalent per 5 embryos. To analyze efficiency, 2—4-cell embryos were randomly
assigned to a control group and two experimental groups, in which exosomes were introduced at 48 hours (Exo-48h) and
96 hours (Exo-96h) of culture, respectively. This made it possible to determine the role of extracellular vesicles in compen-
sating for the absence of the maternal environment. It was found that the addition of exosomes derived from bovine endome-
trium to the in vitro system exerted a pronounced stimulatory effect on the preimplantation development of embryos, ensur-
ing a significant increase in the blastocyst rate regardless of the time of their supplementation. As early as on day 7 of culture
(168 h), the use of exosomes improved blastulation efficiency: in the Exo-48h group, this parameter increased to 26.7 +
0.0%, while in the Exo-96h group it reached its maximum of 27.8 + 2.2%, which was 1.66-fold higher than in the control
group (16.7 £ 1.9%). Analysis of morphological parameters revealed a significant intensification of developmental kinetics:
whereas only early blastocysts (stage code 5) were present in the control group on day 7 of culture, the experimental groups
showed a significant proportion of mature blastocysts (stage code 6), at 8.9-10.0% (P < 0.05). A specific receptive period for
the paracrine effect of vesicles on embryo development was observed at the morula stage (96 h). Exosome supplementation
during this period provided the highest viability parameters at the final stages of observation. On day 8 (192 h), the experi-
mental groups showed a shift in the morphological profile towards later embryogenesis: the percentage of expanded blasto-
cysts (stage code 7) was 2.33-fold higher than in the control group (15.6 + 1.1% vs. 6.7 + 1.9%). A decisive advantage of
adding exosomes to the culture medium was the activation of the hatching process (stage code 8), which was completely
absent under control conditions on day 8, whereas in the Exo-96h group it reached 11.1 + 1.1%. On the final, day 9 (216 h)
of observation, the prolonged effect of exosomes was confirmed by a substantial increase in implantation potential. The
percentage of embryos that successfully overcame metabolic barriers and emerged beyond the zona pellucida in the Exo-96h
group reached 35.5 +2.9%, which was twice the control value (17.8 + 1.1%) and significantly higher than the results of early
supplementation (Exo-48h — 26.7 + 1.9%). Thus, endometrial exosomes act as effective mediators of cellular communica-
tion, enabling simulation of the maternal microenvironment, accelerating cavitation and intensifying hatching, thereby sub-
stantially improving the quality of bovine embryos produced in an in vitro system.

Keywords: reproductive biotechnologies; fertility; extracellular vesicles; embryonic development; cattle breeding.

the first week of gestation accounts for the highest percentage of ges-
tational losses (Poliakiwski et al., 2025), optimization of embryo

Trends in modern cattle reproduction reflect a systemic shift in
priorities towards in vitro technologies. This transition is sustainable
in nature, as evidenced by the steady dynamics of the average annual
growth rate in laboratory embryo production, which stands at 12%
(Viana, 2024). However, despite advances in the development of in
vitro culture systems, the biological potential of bovine embryos
produced in this way still remains substantially lower compared with
their counterparts obtained in vivo (Rizos et al., 2002; Mazzarella
etal.,, 2024). Thus, the artificial culture environment induces various
abnormalities, including disturbances in gene expression (Lonergan
etal., 2003) and the formation of so-called “stress metabolism”.
The latter is characterized by intensified aerobic glycolysis and exces-
sive lactate production (Khurana & Niemann, 2000). At the cellular
level, this is manifested by structural changes, in particular abnormal
accumulation of lipid inclusions, disruption of intercellular junction
integrity, and a reduced population of microvilli (Rizos et al., 2002).
These morphofunctional disturbances result in reduced resistance to
cryogenic exposure (Ferré et al., 2020) and lower transplantation
efficiency (Kovpak et al., 2022; Krisher & Herrick, 2024). Given that

culture conditions with the aim of approximating them to physiologi-
cal conditions is a key strategic direction for improving the efficiency
of embryo transfer in cattle breeding.

Considering that the oviduct and uterus are capable of providing
an ideal microenvironment at different stages of embryo develop-
ment, understanding the mechanisms of this interaction is important.
In vivo, the embryo remains in the oviduct until day 4, after which it
migrates through the uterctubal junction into the uterine cavity, where
it undergoes the morula stage and blastocyst formation up to day 8
(Frankenberg et al., 2016). This process is supported by secretions of
the oviductal epithelium and endometrium, which provide the embryo
with the necessary conditions for its growth and development (Li &
Winuthayanon, 2017; Piibor et al., 2023). The key agents of embryo—
maternal cross-talk are extracellular vesicles (EVs), a heterogeneous
population of membrane-bound structures secreted by cells that func-
tion as mediators of paracrine and autocrine signaling (Yuana et al.,
2013), transporting regulatory molecules from the maternal organism
to the embryo (Raposo & Stoorvogel, 2013; Santos et al., 2025).
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In complex multicellular systems, and in the reproductive tract in
particular, vesicle release represents an evolutionary solution for the
long-distance exchange of biomolecules, such as transmembrane
receptors, genetic information in the form of MRNA and microRNA,
as well as proteins, lipids, and secondary messengers (Gydrgy et al.,
2011; Van der Pol et al., 2012). At the same time, extracellular vesic-
les can ensure the elimination of excessive and/or hazardous intracel-
lular or membrane-associated compounds (Frey & Gaipl, 2011).
It should be noted that biomolecules packaged within vesicles are less
susceptible to degradation, which additionally enables cargo to be
delivered much more efficiently, since vesicles may be equipped with
cell-type-specific adhesion receptors (Yuana et al., 2013). Based on
biogenesis parameters, secretion characteristics, and size, EVs are
classified into three main subpopulations: exosomes, microvesicles,
and apoptotic bodies (Radchenko & Yelchaninova, 2024), while so-
me researchers distinguish oncosomes as a separate category (Zabo-
rowski et al., 2015). At the same time, the increasing number of pub-
lications specifically devoted to exosomes (Burke et al., 2016; Kimiz-
Gebologlu & Oncel, 2022) highlights their importance in the regula-
tion of intercellular communication and identifies them as a promis-
ing object of modern biotechnological research.

Exosomes are extracellular vesicles of endosomal origin, 40—
160 nm in diameter, with an average diameter of approximately
100 nm (Kalluri & LeBleu, 2020). They were first identified in the
early 1980s (Trams et al., 1981) and were initially considered to be
mechanisms for the disposal of cellular waste. Recent developments
have intensified the field of exosome research, and in 2017 almost
2,000 exosome-related articles were published (Bowers et al., 2020).
Scientific interest in exosomes is driven by the complex intracellular
mechanisms of their biogenesis, which shape their unique composi-
tion and determine their role in subsequent intercellular interactions
(Mathieu et al., 2019). Bang & Thum (2012) indicate that exosomes
arise within many cell types from endosomal compartments known as
multivesicular bodies (MVBs). Exosome formation begins with en-
docytosis of the plasma membrane and the formation in the cyto-
plasm of a small membrane-bound vacuole and an early endosome.
Components of the cell membrane, including membrane-bound sig-
naling proteins, are captured during this process, becoming part of the
endosomal membrane and, ultimately, of the exosomal membrane
itself (Théry et al., 2002). The early endosome matures into an MVB
through internal budding of the endosomal membrane and the for-
mation of intraluminal vesicles (ILVs), which are nascent exosomes
(Bowers et al., 2020). Fusion of the MVB with the plasma membrane
results in exocytosis of ILVs into the extracellular space, where they
acquire the status of exosomes (Bang & Thum, 2012). Given their
small size, they have a high penetration capacity, are able to spread
rapidly in the extracellular space, participate in intercellular commu-
nication through fusion with cell membranes, and influence various
cellular functions (Stahl & Raposo, 2017). In the context of embryo-
genesis in an in vitro system, exosomes are considered promising
tools for microenvironment modulation, as they are capable of mim-
icking physiological signals from the maternal organism, thereby
compensating for deficits in regulatory stimuli in synthetic culture
systems (Raposo & Stoorvogel, 2013; Santos et al., 2025).

Taking the above into account, it can be stated that exosomes
play an important role in the regulation of early embryogenesis. Un-
der natural conditions, the transition of the embryo from the oviduct
into the uterine cavity is synchronized with a critical stage of its de-
velopment — morulation (Frankenberg et al., 2016), during which
endometrial exasomes act as the main carriers of maternal signals.
Therefore, the addition of endometrium-derived exosomes to an in
vitro culture system represents a strategic approach to overcoming the
“in vitro effect”. This may partially compensate for the absence of a
dynamic maternal microenvironment and contribute to increasing the
biological competence of bovine embryos and their capacity for fur-
ther development. In view of this, the aim of the present study was to
evaluate the effect of exosomes isolated from endometrial cells on the
morphological characteristics and developmental dynamics of bovine
embryos in an in vitro system.

Materials and methods

The experimental part of the study was carried out during 2025—
2026 at the Educational and Scientific Laboratory “Centre for Animal
Reproduction with a Sperm and Embryo Bank” of the National Uni-
versity of Life and Environmental Sciences of Ukraine. The source of
the initial material for the study was ex vivo organs - uteri and ovaries
— obtained from cows after commercial slaughter. The experiments
were performed in accordance with the requirements of the Law of
Ukraine “On the Protection of Animals from Cruelty” (Article 230 of
2006), the “General Ethical Principles for Experiments on Animals”,
approved by the National Congress on Bioethics, and aligned with the
provisions of the “European Convention for the Protection of Verte-
brate Animals Used for Experimental and Other Scientific Purposes”
(Strashourg, 1986). The housing conditions of the cows complied
with the established standards of the Order of the Ministry for Devel-
opment of Economy, Trade and Agriculture of Ukraine “On Appro-
val of the Requirements for the Welfare of Farm Animals during
Keeping” (No. 224 of 2021). A positive opinion regarding the use of
the experimental cows was obtained from the Local Bioethics Com-
mittee of the National University of Life and Environmental Sciences
of Ukraine before the start of the experiments (Protocol No. 026 dated
10 April 2022).

Production of zygotes in the in vitro system. Oocyte maturation in
the in vitro system. Biological material (ovaries of clinically healthy
animals) was obtained at a slaughter facility and transported to the
laboratory in a thermally insulated container at a temperature of 30—
33 °C. The delivery time did not exceed 3 hours from the moment of
collection. Under laboratory conditions, the organs were subjected to
four rounds of sanitary treatment with warm (37-38 °C) Dulbecco’s
phosphate-buffered saline (Sigma, USA) supplemented with gen-
tamicin sulphate at 75 pg/cm? (Sigma, USA). Oocyte-cumulus com-
plexes (OCCs) were recovered from antral follicles 2-8 mm in dia-
meter in a laminar-flow cabinet by mechanical dissection of the fol-
licular wall. The procedure was performed using oocyte and embryo
manipulation medium - Wash Medium (EmbryoCloud, Spain). Mor-
phological analysis of the OCCs was carried out using an SZ51 stere-
omicroscope (Olympus, Japan). Only fully competent oocytes 120
130 pum in diameter, with a compact multilayered cumulus, an intact
zona pellucida, and homogeneous ooplasm without signs of vacuoli-
zation or atresia, were selected for the experiment. The selected OCCs
were washed six times in Wash Medium on a heated stage (37 °C).
Maturation (in vitro maturation, IVM) was carried out for 22—
24 hours in 4-well plates (Oosafe, USA). Each well contained
300 mm? of Maturation Medium — medium for in vitro maturation of
bovine oocytes (EmbryoCloud, Spain) — under a layer of mineral oil
(Origio, Denmark). Culture was performed at a density of 20-22
OCCs per well in a multigas incubator at 38.5 °C in a gas atmosphere
containing 6% COzand 5% O.

Preparation and capacitation of bull spermatozoa. Sperm selec-
tion and activation were performed according to a standardized proto-
col combining the stages of purification, separation of the motile
fraction, and induction of capacitation. At the first stage, Sperm Wash
Medium (EmbryoCloud, Spain) for bovine spermatozoa was used to
eliminate cryoprotectant components and native plasma. A pre-tha-
wed semen dose was added to 1 cm3 of medium at 20-25 °C, follo-
wed by centrifugation at 200 x g for 5 minutes. The pellet-washing
procedure was repeated twice. The functionally active gamete fraction
was isolated by the swim-up method. For this purpose, the sperm
pellet after washing was carefully placed at the bottom of a tube con-
taining 1 cm? of Swim-up Medium (EmbryoCloud, Spain) for bovine
spermatozoa. Equilibration in a thermostat for 60 minutes allowed
viable cells to migrate into the upper layers of the solution, whereas
atypical and immotile forms remained in the pellet. The resulting
sperm suspension (supernatant) was subjected to 4-hour incubation in
capacitation medium. After the activation period, the cells were cen-
trifuged at 200 x g for 5 minutes, and the resulting pellet was resus-
pended in 1 cm? of Fertilization Medium for bovine oocytes (Emb-
ryoCloud, Spain). The final sperm concentration required for fertiliza-
tion was determined using a Goryaev counting chamber.
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Oocyte fertilization and embryo culture in the in vitro system. Af-
ter completion of the maturation stage, once the readiness of the
OCC:s for fertilization had been verified based on the condition of the
perivitelline space and cumulus, the oocytes were subjected to fertili-
zation by in vitro fertilization (IVF). Gamete co-culture was perfor-
med in 4-well plates (Oosafe, USA) in Fertilization Medium for bo-
vine oocytes (EmbryoCloud, Spain) under a layer of mineral oil
(Origio, Denmark). Each well, with a volume of 300 mm?3, received 5
to 10 OCCs and a motile spermatozoa fraction at a ratio of 5 x 103
spermatozoa per oocyte. Incubation lasted for 18-20 hours, after
which mechanical denudation of the zygotes was performed. Further
embryo development took place in 100 mm3 microdroplets of Culture
Medium for bovine embryo development (EmbryoCloud, Spain).
Culture was performed in groups of 5 embryos per droplet under
standard conditions.

Establishment of a primary culture of bovine endometrial cells.
To obtain the primary cell culture, bovine uteri collected at a slaughter
facility immediately after slaughter were used. Biological material
was collected from animals in the early luteal phase of the oestrous
cycle, which was identified by the presence of a corpus haemorrha-
gicum according to the guidelines of Ireland et al. (1980). After visual
confirmation of the absence of reproductive system pathologies, the
organs were transported to the laboratory under isothermal conditions
at a temperature of 30 °C. Under laboratory conditions, the uteri were
cleaned of adjacent tissues and disinfected with a 70% ethanol solu-
tion. For cell isolation, the uterine horn ipsilateral to the ovary bearing
the haemorrhagic corpus luteum was used. After a longitudinal inci-
sion along the line of mesometrial attachment, careful desquamation
of the luminal layer of the endometrium was performed using sterile
glass slides. The collected cellular material was transferred into pre-
warmed basal medium consisting of Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma, USA) supplemented with 20% foetal
bovine serum (FBS) (Sigma, USA) and 10 pL/cm3 antibictic-antimy-
cotic solution (Sigma, USA). The viable cell suspension was seeded
at a concentration of 1 x 108 cells per Petri dish (df = 35 mm, Sarstedt,
Germany) (Fig. 1). The cells were cultured in a CO2 incubator at 37
°C and 5% CO2. The culture medium was replaced every 48 hours.
On day 14 of culture, after the formation of a monolayer with 80—
90% confluence, the cells were passaged at a ratio of 1:2, after prior
detachment from the surface of the culture dish using trypsi/EDTA
solution (Sigma, USA). Cell centrifugation was performed at a cen-
trifugal force of 200 x g for 10 min.

Exosome isolation by ultrafiltration. The isolation of extracellular
vesicles was initiated at the first passage when the endometrial cell
culture reached an 80% monolayer. To prevent contamination with
serum-derived exosomes, the monolayer was washed three times with
phosphate-buffered saline (PBS, Sigma, USA), after which the cells
were transferred to serum-free medium (DMEM supplemented with
antibiotic-antimycotic solution). The conditioned medium was col-
lected after 48 hours of incubation and subjected to repeated centrifu-
gation using a Hettich UNIVERSAL 320R centrifuge (Germany) at
4 °C. The first two centrifugation steps — 300 x g for 10 min and
2,000 x g for 10 min —were used to remove cellular debris, while the
third centrifugation step — 10,000 x g for 30 min — was used to clear
the supernatant of large vesicles. The resulting supernatant was addi-
tionally filtered through a membrane with a pore diameter of 0.22 pm
(Sarstedt, Germany). Exosomes were concentrated using centrifugal
concentrators with a molecular weight cut-off (MWCO) of 100 kDa
(Amicon Ultra-15 100,000 MWCO, Millipore Merck, Germany) at
9,000 x g for 60 min until a retentate volume of 0.5 cm3 was reached.
To remove low-molecular-weight impurities, diafiltration was per-
formed by adding 10 cm? of PBS to the concentrate, followed by a
repeated ultrafiltration cycle. The resulting exosome fraction was
resuspended in 0.5 cm3 of PBS and stored at —80 °C.

Exosome dosing. To ensure biological relevance and to approxi-
mate the experimental conditions as closely as possible to physiologi-
cal conditions, exosome dosing was standardized using the cell
equivalent (CE) method (Al-Madhagi, 2024). One CE was defined as
the total amount of exosomes secreted into the conditioned medium
by 1 x 108cells of a bovine endometrial culture over a 48-hour culture

period. The use of the CE parameter made it possible to correlate the
secretory activity of the cell culture with the corresponding biological
response, thereby offsetting the natural variability in exosome produc-
tion by cells. In the study, 1 CE was used per 5 embryos.

Fig. 1. Primary culture of bovine endometrial cells
(day 10 of culture), phase-contrast microscopy:
epithelial cells (white arrow), stromal cells (black arrow)

Group formation. To study the stage-specific effect of endometri-
al exosomes on embryo development in the in vitro system, a com-
parative model with different time points of their introduction was
applied. At 46-48 hours after fertilisation, 2—4-cell embryos (n = 90)
were randomly assigned to three experimental groups. The study was
repeated three times (n = 3 for each series) to ensure the statistical
significance of the results.

Group 1 (control) — culture was performed in standard Culture
Medium for bovine embryo development (EmbryoCloud, Spain)
without the addition of exogenous factors throughout the entire ob-
servation period.

Group 2 (Exo-48h) — the fraction of exosomes obtained from the
bovine endometrial cell culture at a dose of 1 CE per 5 embryos was
introduced into the culture system immediately after assessment of
zygote cleavage (46-48 hours). This model was intended to simulate
the prolonged effect of maternal paracrine signals from the early stag-
es of embryogenesis.

Group 3 (Exo0-96h) — exosomes at the same dose (1 CE/5 embry-
0s) were introduced at 96 hours of embryo culture, corresponding to
the morula stage, by replacing 50% of the droplet volume with fresh
medium containing the appropriate amount of exosomes. This sche-
me models the physiological moment of embryo transition into the
uterine cavity and its initial contact with the secretory profile of the
endometrium.

Assessment of embryo development. The development of bovine
embryos was monitored using a Nikon Eclipse Ti2-U inverted re-
search microscope equipped with a heated stage, which made it pos-
sible to minimize thermal stress during visual analysis.

The blastocyst formation rate was assessed at 168 hours (day 7)
and 192 hours (day 8) of culture. The percentage of blastocysts ob-
tained was calculated as the ratio of formed blastocysts to the total
number of 2-4-cell embryos included in the experiment, expressed as
a percentage. Morphological assessment of bovine embryo quality
was performed according to the classification proposed by B6 &
Mapletoft (2013) and recommended by the International Embryo
Technology Society (IETS). For comparative analysis, four stages of
embryo development were distinguished: | — early blastocyst (stage
code 5 (SC 5)): the embryo has a fluid-filled cavity, the blastocoel, the
cell mass occupies 70-80% of the perivitelline space, and the overall
appearance of the embryo resembles a “signet ring”; 11 — blastocyst
(stage code 6): characterized by clear differentiation of the trophecto-
derm and embryoblast, the blastocoel is fully formed, and the embryo
occupies almost the entire perivitelline space; Il — expanded blasto-

3
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cyst (stage code 7): the overall diameter of the embryo is increased
1.2-1.5-fold, the cell mass is closely apposed to the zona pellucida,
which, in turn, is thinned by approximately one-third of its initial

100 um

thickness; IV — hatched blastocyst (stage code 8): the embryos are in
the process of emerging from the zona pellucida, i.e. hatching, or have
already completely shed the zona pellucida (Fig. 2).

100 pm

Fig. 2. Bovine embryos at different development stages (day 8), phase-contrast microscopy: early blastocyst (stage code 5) (a),
blastocyst (stage code 6) (b), expanded blastocyst (stage code 7) (c), hatched blastocyst (stage code 8) (d), according to IETS standards;
1 —zona pellucida, 2 —trophoblast, 3 —inner cell mass, 4 — blastocyst cavity, 5 —initial blastocoele cavity, 6 — inner cells

Natural hatching was assessed at 216 hours of culture (day 9).
Natural hatching parameters were calculated as the ratio of the num-
ber of embryos that had initiated or completed emergence from the
zona pellucida to the total number of blastocysts.

Statistical analysis. The experimental data were processed using
methods of variation statistics with Microsoft Excel software and the
XLSTAT analytical add-in. The results obtained were presented as
the arithmetic mean and its standard error (x £ SE). To assess the
effect of exosomes on embryo development, one-way analysis of
variance (one-way ANOVA) was applied. To identify statistically
significant differences between the experimental groups at fixed time
points, post hoc comparisons were performed using Tukey’s HSD
test. Differences were considered statistically significant at a probabi-
lity level of P <0.05.

Results

To assess the effect of exosomes on the preimplantation deve-
lopment of embryos, a series of experiments was conducted involving
their addition to the culture medium at different stages of embryogen-
esis. Analysis of the results obtained made it possible to identify dif-
ferences in the dynamics of blastocyst formation and their capacity
for subsequent hatching.

It was established that on day 7 of culture (168 hours), the blastu-
lation rate in the control group was the lowest and amounted to 16.7 +
1.9%. The addition of exosomes to the medium significantly increa-
sed embryogenesis efficiency, regardless of the timing of their intro-

4

duction (P < 0.05). In particular, in the Exo-48h group, the proportion
of formed blastocysts increased to 26.7 + 0.0%, which was 1.6-fold
higher than in the control group. A similar trend was observed in the
Exo-96h group, where the highest mean blastulation rate was record-
ed, at 27.8 + 2.2%. A detailed analysis of embryo morphology on day
7 of culture additionally revealed significant differences in the rate of
cavitation between the experimental groups and the control (Fig. 3).

It was found that at 168 hours of culture, the main proportion of
formed blastocysts was characterized as early blastocysts (SC 5).
In the control group, this parameter was 16.7 + 1.9%, whereas in the
Exo-48h and Exo-96h groups the percentage of embryos at this stage
was slightly higher, at 17.8 + 1.1%; however, no statistically signifi-
cant difference compared with the control at the SC 5 stage was de-
tected. A fundamental difference between the groups was recorded
when analyzing the SC 6 stage (blastocyst). In the control group, no
embryos at the SC 6 stage were detected on day 7 of culture. In the
experimental groups, the proportion of embryos at this developmental
stage was 8.9 £ 1.1% in the Exo-48h group and 10.0 + 1.9% in the
Exo-96h group. The difference identified between the experimental
groups and the control was statistically significant (P < 0.05).

Further monitoring of embryogenesis on day 8 (192 hours) of
culture demonstrated an increase in the differences between the
groups (Fig. 4). In the control group, most embryos remained at the
early stages of blastulation (SC 5 and SC 6), whereas the percentage
of expanded blastocysts (SC 7) was significantly lower than in the
experimental groups and amounted to only 6.7 + 1.9%. The maost sub-
stantial difference was that, under control conditions, no cases of
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complete or partial hatching were recorded on day 8 of culture. By
contrast, in the experimental groups, a shift in morphological stages
towards late embryogenesis (SC 7 and SC 8) was observed. Thus, the
percentage of expanded blastocysts (SC 7) in the groups supplement-
ed with exosomes significantly increased to 15.6 + 1.1% (P < 0.05),
which was 2.3-fold higher than the control values. The results of the
hatching assessment confirmed the positive effect of exosome sup-
plementation of the culture medium on blastocyst quality. In the Exo-
48h group, the percentage of blastocysts emerging beyond the zona
pellucida (SC 8) was 6.7 = 0.0%. In the Ex0-96h group, the percent-
age of hatched blastocysts was 11.1 + 1.1%, which was statistically
higher not only than the control value (P < 0.01), but also than the
value in the group with early exosome supplementation (P < 0.05).

Analysis of the results at the final stages of embryo culture in the
in vitro system (192-216 h) confirmed the prolonged positive effect
of exasomes on embryo viability and hatching capacity (Table 1).
On day 8 of culture, the number of formed blastocysts in the experi-
mental groups was significantly higher compared with the control.
In the Exo0-48h group, this parameter was 43.3 £ 1.9%, while in the
Exo0-96h group it was 46.7 = 1.9%. At the same time, in the control
group it remained at 33.3 £ 1.9% (P < 0.05). It should be noted that
although the experimental groups demonstrated a significant advanta-
ge over the control, no statistically significant difference in the total
number of embryos was detected between the experimental groups
themselves on day 8.
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experiments; statistical analysis was performed using Tukey’s test; letters above the bars within the same developmental stage
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Table 1
Effect of exosome supplementation of the in vitro culture system
on the development of bovine embryos (x + SE, n =90*)

Study Blastocysts, day 8 (192 h), n (%) Hatching, day 9 (216 h), n (%**)

groups
Control 30 (333 % 19y 16 (178 £ 1.1y
Exo-48h 39 (433+19) 24 (267 £19)°
Ex0-96h 42 (467 +19) 32 (355+29)

Note: * n = 90 — the total number of 2—4-cell embryos in each group across
three replicates, with 30 embryos in each replicate; ** the hatching percentage
was calculated relative to the number of 2—4-cell embryos; letters indicate
significant differences between groups within a column (P < 0.05) according to
Tukey’s test.

The capacity of embryos for hatching is a decisive indicator of
their implantation potential. Since 216 hours, corresponding to day 9
of embryogenesis, is regarded by most researchers as a critical time
point for verifying viability and completion of preimplantation deve-
lopment in the in vitro system, this time point was selected by us as
the final one for the assessment of morphological parameters. It was
established that the addition of exosomes to the culture medium made

it possible to substantially increase the proportion of embryos that had
partially or completely emerged from the zona pellucida. In the Exo-
48h group, the percentage of embryos at the SC 8 stage was 26.7 +
1.9%, which significantly exceeded the value in the control group
(17.8 £ 1.1%, P < 0.05). The highest efficiency was recorded in the
Exo-96h group, where the proportion of hatched blastocysts was
35.5+ 2.9%. It should be noted that this parameter was significantly
higher not only compared with the control (P < 0.01), but also com-
pared with the Exo-48h group (P <0.05).

Discussion

The results obtained indicate that the introduction of exosomes
into the in vitro culture system exerts a pronounced stimulatory effect
on the preimplantation development of bovine embryos. Our study
demonstrates, for the first time, the dynamics of the embryonic re-
sponse depending on the stage of embryogenesis, revealing a specific
physiological window at the morula stage (96 h), when the embryo is
most receptive to external signals from exosomes isolated from the
bovine endometrium. Analysis of morphological parameters confirms
that exosomes not only increase the overall blastulation rate, but also
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substantially accelerate cavitation, ensuring the transition of embryos
to the expanded blastocyst stage. The high viability and functional
competence of the embryos obtained are clearly confirmed by their
capacity for hatching, which began much earlier in the experimental
groups than in the control, where no cases of blastocyst emergence
from the zona pellucida were recorded on day 8.

The mechanism underlying the stimulatory effect of exosomes is
based on their ability to regulate critical functions of embryogenesis
through multilevel signaling, encompassing the control of cell divi-
sion, metabolism, and inhibition of apoptosis (Xue et al., 2024).
The efficiency of such communication in the in vitro system is en-
sured by the structure of the zona pellucida. According to Vanroose
etal. (2000), the pore diameter of the zona pellucida is 155-203 nm,
which makes it permeable to exosomes (40-160 nm), which, after
diffusion, are actively internalized by blastomeres (Pavani et al.,
2018). Once in the cytoplasm, exosomes act as complex biochemical
containers. Comprehensive quantitative proteomic profiling has
shown that critical changes in trophectoderm cell adhesion networks
— cell adhesion molecule binding, cell adhesion mediator activity, and
cell-cell adhesion junctions — as well as in metabolic and gene ex-
pression networks, are mediated by endometrial exosomes, which act
as protein carriers (Evans et al., 2019). In parallel with proteins, en-
capsulated microRNAs modulate the function of target cells by influ-
encing embryonic morphogenesis and implantation potential (Ng
etal., 2013; Balaguer et al., 2018). Thus, exosomes act as epigenetic
mediators that promote the growth, division, and preparation for ad-
hesion of embryonic cells (Chen et al., 2022; Xue et al., 2024).

The advantage we identified for exosome supplementation at
96 hours of culture, corresponding to the morula stage, has a physio-
logical basis. In ruminants, developmental arrest in the in vitro system
is often observed specifically on day 4 of embryo development,
which corresponds to the compaction stage of 8-16 blastomeres and
coincides with the time of embryo transition from the oviduct to the
uterus (Graf et al., 2014). From this point onward, the embryo inter-
acts with the maternal organism through paracrine mechanisms until
the onset of implantation, which occurs approximately on day 19 of
development (Maillo et al., 2016). To date, it has been demonstrated
that the use of extracellular vesicles (EVs) from various sources —
uterine and follicular fluids, as well as oviductal epithelium — marked-
ly improves the quality of bovine embryos by increasing the blastula-
tion rate and total cell number when added to in vitro culture systems
(Fazeli & Godakumara, 2024). However, data on the effects of exo-
somes derived specifically from endometrial cells remain fragmented.
Thus, our findings regarding the efficiency of vesicle supplementation
on day 4 of embryo culture are consistent with the results of Qiao et
al. (2018), who established that uterine exosomes at this stage signifi-
cantly increase the blastocyst formation rate compared with other
supplementation time intervals. At the same time, Perrini et al. (2018)
indicate that the addition of endometrial microvesicles (100 x 10°
MVs/cm) at the early stages of embryogenesis did not exert a stimula-
tory effect, which emphasizes the importance of synchronizing the
“maternal signal” with the stage of embryo development. Aguilera et
al. (2024) point to differences in the biological activity of exosomes
depending on their origin. According to their data, EVs collected in
vivo from uterine fluid more effectively stimulate an increase in blas-
tocyst diameter and the expression of interferon tau (IFNT) compared
with vesicles obtained from cells cultured in an in vitro system. It is
also important to consider the donor’s condition, since exosomes
obtained in the presence of a pathological state in the organism may
exert a suppressive effect on embryos (Wang et al., 2019; Li et al.,
2023). In our study, the use of exosomes from functionally active
cells obtained from healthy donors provided a rational simulation of
the maternal microenvironment.

The most striking confirmation of the positive effect of exosomes
was the intensification of the hatching process. This phenomenon is a
critical stage that determines the ability of the preimplantation embryo
to adhere and subsequently implant into the endometrium, thereby
initiating the phase of placentation (Taniyama et al., 2011). It should
be recalled that under control conditions, no cases of blastocyst emer-
gence beyond the zona pellucida were recorded, indicating lower
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embryo competence compared with embryos in the experimental
groups. It is known that three mechanisms are involved in the process
of blastocyst hatching: mechanical forces acting on the zona pellucida
through blastocyst expansion; weakening of the zona pellucida
through enzymatic degradation; and penetration of trophoectodermal
cell projections into the zona pellucida (Negron-Pérez & Hansen,
2017). Embryo growth and development contribute to the mechanical
component through thinning of the zona pellucida, which has been
shown to be promoted by EVs (Chen et al., 2022). Meanwhile, em-
bryo culture in an in vitro system is often accompanied by oxidative
stress, which causes zona hardening and creates a mechanical barrier
that prevents natural hatching (De Vos & Van Steirteghem, 2000).
However, the use of exosomes helps overcome this negative phe-
nomenon. According to studies by Zhang et al. (2022), treatment with
exosomes activates cellular antioxidant defence, which not only pre-
vents damage to embryonic structures but also maintains the elasticity
of the zona pellucida.

The developmental dynamics of embryos investigated in this
study indicate that the efficiency of exosomal support is closely corre-
lated with the stage of embryogenesis at which exosome supplemen-
tation was performed. The positive effect observed with early sup-
plementation at 48 h can be explained by the mitigation of the adverse
influence of in vitro environmental factors during the initial stages of
development. Owing to the combination of protective and regulatory
functions, the addition of endometrial exosomes to the culture medi-
um in the experimental groups enabled embryos to overcome the
metabolic barriers of early embryogenesis more successfully. How-
ever, due to the irreversible degradation of exosomes under prolonged
incubation conditions (Sokolova et al., 2011; Yuan et al., 2021), their
subsequent effect on the hatching process was weaker compared with
exosome supplementation at 96 h of culture.

At the same time, the introduction of exosomes into the culture
medium at 96 h of culture, corresponding to the morula stage, demon-
strated the highest efficiency. This advantage is attributable to the fact
that the timing of supplementation coincides with the period of the
embryo’s greatest need for support to initiate cavitation and subse-
quent hatching. Late exosome supplementation created conditions for
their maximum biological activity precisely during the period of blas-
tocyst formation and made it possible to avoid premature degradation.

Conclusion

The conducted study confirms the pronounced stimulatory effect
of endometrial exosomes on the preimplantation development of
bovine embryos in an in vitro system, expressed as a significant in-
crease in the blastulation rate compared with the control, regardless of
the timing of vesicle supplementation. Analysis of the morphological
parameters of embryos indicates a substantial acceleration of devel-
opmental kinetics and intensification of cavitation processes, as evi-
denced by the presence of embryos at the blastocyst stage (stage code
6) as early as day 7 of culture exclusively in the experimental groups.
At the same time, the most optimal period of embryo development in
the in vitro system was established — the morula stage, corresponding
to 96 hours of culture — when embryos exhibit maximum receptivity
to endometrial exosomal signals, ensuring the highest viability pa-
rameters and capacity for subsequent hatching. The decisive effect of
exosomes on embryogenesis lies in their ability to initiate successful
emergence of the studied blastocysts beyond the zona pellucida,
which was not observed at all under control conditions on day 8,
ultimately determining the high implantation potential of the embryos
obtained. The data obtained indicate the high efficiency of using en-
dometrial exosomes to simulate the maternal microenvironment,
thereby enabling optimization of the preimplantation development of
bovine embryos in an in vitro system.

This study was conducted with state funding for 2025-2027 under the project
“Development of a biotechnological process for intensive reproduction of cattle
and its implementation in the post-war recovery of cattle breeding”, state regis-
tration number: 0125U001878.
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