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Abstract
German Journal of
Veterinary Research Small ruminants, i.e., sheep and goats, are not only an important component of livestock
production, but also a promising model for translational research in reproductive and
- regenerative medicine using mesenchymal stem cells (MSCs). MSCs, known for their pleiotropic
: effects and ability to secrete regulatory factors, are increasingly used in various fields of
|l % biomedicine and veterinary research. Here, a comparative study of the characteristics of MSCs

from different tissues of sheep and goats, i.e., adipose tissue (AT) and bone marrow (BM), was
performed, including the analysis of their in vitro isolation features, culturing characteristics,

b and interspecies differences. We found that MSC cultures obtained from AT and BM exhibit
species-specific differences in proliferation rate and culturing time. We describe long-term

|@ @ ‘ culture of ovine (up to 40 passages) and caprine (up to 20 passages) MSCs for the first time.
Growth curves were constructed, and morphological differences between the cultures and

Article History: changes in them with increasing passage number were documented. Induction of adipogenic and

Received: 7-Oct-2015 osteogenic differentiation demonstrated that MSCs isolated from different sources (AT vs. BM)

Accepted: 23-Nov-2025 require different times for differentiation; however, interspecies differences in differentiation time

’;/ﬁ:;;if%?'};%ﬁgn;“th°r: were not apparent. The isolation, culture, and differentiation protocols reported here provide a

m.romanov@kent.ac.uk stable method for generating MSC populations from AT and BM in sheep and goats. Sheep MSCs
demonstrated a greater proliferative activity compared to goats, but goat MSCs had an earlier
proliferation peak. Unlike ovine MSCs, goat AT- and BM-MSCs did not alter their morphology
during long cultivation. Neither sheep nor goat MSCs had spontaneous mesenchymal
differentiation, but both AT-MSCs displayed faster adipogenesis, with BM-MSCs predisposed to
osteogenesis. The results of the study contribute to understanding the interspecies features of
MSCs in vitro and lay the groundwork for the practical, cutting-edge applications of small
ruminant MSCs across various biomedical and veterinary fields.
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Introduction

The production and breeding of small ruminants, are among the most attractive and promising
i.e., sheep (Ovis aries) and goats (Capra hircus), areas for the development of the commercial and
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private livestock sectors (Pulina et al., 2018;
Morgan-Davies et al., 2024). To date, they are
considered valuable farm animals because of
their rapid rate of herd formation (Liptac et al.,
2025), specifically due to the reproductive
systems of sheep and goats (Al-Jaryan et al.,
2023). Moreover, their products include high-
value milk, wool, dairy, and meat products,
which leverage the advantages of the small
ruminant industry and contribute to its high
profitability (Gadekar et al., 2023; Chadda et al.,
2025).

In translational research, sheep and goats
also offer several advantages, including large
bones with structures, biochemistry, and mineral
composition similar to those of humans
(Kandziora et al., 2001). In addition, their skeletal
size and basic anatomy, weight, joint structure,
and bone/cartilage healing mechanisms are
generally comparable to humans (Wilke et al.,
1997; Pearce et al., 2007; Viateau et al., 2007;
Martini et al., 2001). This makes them pivotal
models primarily in orthopedics (Martini et al.,
2001). There are also, however, new and
emerging areas of translational research (Dias et
al., 2022; Harness et al., 2022; Alvites et al.,
2021). In particular, small ruminants are
attractive models for translational research in
reproductive and regenerative medicine using
mesenchymal stem cells (MSCs), also known as
multipotent stromal cells (Mohamad-Fauzi et al.,
2015; Anatolitou et al., 2024). That is, MSCs have
been used to identify factors affecting the efficacy
of artificial insemination (Almeida et al., 2021;
Souza-Fabjan et al., 2023), to improve sperm
quality (Jia et al., 2024; Stewart and Shipley,
2021; Balaro et al., 2022; Paredes et al., 2024;
Sakhatsky et al., 1987; Linnik et al., 2010), and
to enhance male fertility (Segunda et al., 2024;
Tanrikulu et al., 2025). Moreover, goats have
generated considerable interest as models for
dairy animal genetic engineering and stem cell
therapy for bone and cartilage restoration and
implantation (Mohamad-Fauzi et al., 2015).

In recent years, MSCs have been identified,
isolated, and characterized from various species
(Mohamad-Fauzi et al., 2015; Anatolitou et al.,
2024) and have been found to have further
applications, serving as a useful source of
regulatory substances (Korochkina et al., 2023,
2024a). Among other practical examples, the
efficacy and safety of MSCs and their derivatives
seem encouraging in treating mare endometritis
(Del Prete et al., 2024, 2025; Wong et al., 2024;
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Tongu et al., 2024; Mambelli et al., 2013; Rink et
al., 2018; Cabezas et al., 2018; Navarrete et al.,
2020), chronic vesicular adenitis in bulls (Severo
et al., 2025) and mastitis in dairy cows (Ghai et
al., 2022), facilitating allogenic transplantation in
bull recipient testes (Segunda et al., 2024),

modulating the inflammatory response to
spermatozoa in mares (Ferris et al., 2014) and
implicating for other reproductive

biotechnologies (Mattei et al., 2024; Cortez et al.,
2024; Motta et al., 2023; Baouche et al., 2023;
Segunda et al., 2019; Bezerra et al., 2019; Maia
et al., 2017; Opiela et al., 2017; Lange-Consiglio
et al., 2017; Mancanares et al., 2015).

Of particular interest is the use of MSCs to
improve male reproductive capacity and confer
cryoprotective effects on sperm (Scassiotti et al.,
2023; Segunda et al., 2024; Tanrikulu et al.,
2025). According to data from the last 10 years,
MSCs derived from umbilical cord, adipose tissue
(AT), and bone marrow (BM) showed the best
results in restoring male fertility. For instance,
Hajihoseini and Vahdati (2017) and Mehrabani
and Hassanshahi (2015) conducted studies on
the effects of bone marrow-derived MSCs (BM-
MSCs) and adipose tissue-derived MSCs (AT-
MSCs) on induced azoospermia in guinea pigs
and rats, respectively. Panahi and Keshavarz
(2015) evaluated rat testes as an azoospermic
animal model for stem cell transplantation when
using busulfan to induce azoospermia. Following
this model approach, Tamadon et al. (20195)
injected BM-MSCs into the azoospermic hamster
testes. In 35 days, the testes into which MSCs
were injected became morphologically normal.
Hereby, spermatogenesis was detected in a
proportion of testicular tubules that received
Other reported trans-
differentiation of MSCs into spermatogenic cells
under appropriate conditions (Cakici and
Buyrukcu, 2013). In an investigation by Kim et
al. (2018), MSCs reduced chemotherapy-induced
lesions, premature ovarian failure, and polycystic
ovary syndrome in mice. These positive results
can be explained, at least in part, by MSCs'
effects on granulosa cells, as well as their anti-
inflammatory, anti-apoptotic, regenerative, and
potential paracrine actions (Yang et al., 2020). In
studies by Sun et al. (2013) and Omar et al.
(2016), MSCs reduced chemotherapy-induced
damage and premature ovarian failure. These
results can be explained by the fact that multiple
mechanisms are involved when using MSCs.
After MSC migration to the damaged ovary, MSCs
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modulate proliferation, apoptosis, immunization,
autophagy, oxidative stress, and fibrosis in
ovarian cells (Li et al., 2021). AT- and BM-derived
goat MSCs can differentiate into osteogenic,
adipogenic, and chondrogenic types (Mohamad-
Fauzi et al., 2015). Mohamad-Fauzi et al. (2015)
described goat MSCs and demonstrated that
MSCs obtained from different tissues and from
the same tissue might differ significantly.

In our previous studies, we preliminarily
assessed the positive effects of BM-MSCs and AT-
MSCs on spermatozoa quality parameters in
rams (Korochkina et al., 2024a,f), buck-goats
(Korochkina et al., 2023), and bulls (Korochkina
et al., 2024d). We further demonstrated that the
reliability of results on stem cell applications in
animals using species-specific cells is of great
importance. It follows then that a more thorough
characterization of MSCs obtained from sheep
and goats is of further interest and significance,
particularly as it seems to be relatively lacking in
the literature (Mohamad-Fauzi et al., 2015). With
this in mind, we carried out a detailed study of
the features of MSCs isolated from different
sources, i.e., AT and BM, and determined the
characteristics and behavior of cells in culture for
sheep and goats. An inter-specific comparison of
these parameters in MSC cultures completed our
investigations.

Materials and methods

Ethical approval

Approval for this study was obtained from the
Local Ethics Committee established at the
Federal State Budgetary Educational Institution
of Higher Education “St. Petersburg State
University of Veterinary Medicine” (Fsbeihe
Spsuvm), St. Petersburg, Russia (Protocol No. 1
dated 20 January 2025). The study was approved
for conducting within the framework of the
research project entitled “The Influence of MSCs
from Adipose Tissue and Bone Marrow of Small
Ruminants on the Quality Indicators of Their
Spermatozoa before and after Cryopreservation”
at the Fsbeihe Spsuvm.

Animals and samples

Samples of AT and BM tissues were collected
after slaughter of the males, including four rams
and four goat bucks kept in a private farm in
Leningrad Oblast. All animals were about two
years old and clinically healthy. AT samples were
isolated from subcutaneous fat immediately after

slaughter. To isolate BM samples, rib fragments
were taken from the animals. The samples were
placed in sterile tubes filled with 25 mL of the
following transferring medium: phosphate-
buffered saline (PBS; BioloT, St. Petersburg,
Russia) containing 200 pg/mL ceftriaxone-AKOS
(Sintez, Kurgan, Russia), 3 pg/mL amphotericin
B (Sintez), 100 U/mL penicillin (Gibco, Billings,
MT, USA), and 100 pg/mL streptomycin (Gibco).

MSC isolation from adipose tissue and bone
marrow

MSC isolation protocols were adopted from Dar
et al. (2021). Under laminar flow conditions, all
biomaterial was thoroughly washed with sterile
PBS buffer supplemented with 200 pg/mL
ceftriaxone-AKOS and 3 pg/mL amphotericin B.
AT samples were minced and incubated with 500
U/ml collagenase (type 2) (PanEco, Moscow,
Russia) for 45 min at 37 °C with constant
shaking. After that, cells were pelleted by
centrifugation at 400 g for 10 min. Pellets were
resuspended in a-MEM medium (BioloT). For BM
cell isolation, rib fragments were thoroughly
washed with sterile PBS buffer supplemented
with 200 pg/mL ceftriaxone-AKOS and 3 pg/mL
amphotericin B. Then, BM cells were washed out
of the rib fragments under pressure using a 25-
gauge syringe. The resultant cell suspension was
transferred to a sterile tube and collected by
centrifugation (400 g for 10 min).

Resuspended cells from AT and BM were
filtered through a cell filter with a pore size of 100
pm, and the filtrate was centrifuged again. The
pellet was diluted with a-MEM medium
supplemented with 10% HyClone™ fetal bovine
serum (FBS; Cytiva, Marlborough, MA, USA), 100
U/ml penicillin, and 100 pg/mL streptomycin
and seeded into cell culture flasks (SPL Life
Sciences, Naechon-myeon, Pocheon, Korea). Cell
cultures were placed in a CO, incubator at 37 °C
and 5% CO,. After 24 hours, the medium was
changed, and non-adherent cells were removed
by washing. The medium was refreshed every 3
days until an 80-90% confluent monolayer was
achieved, which was formed on the 7th-10th day
of cultivation. Cells were then treated using
0.05% trypsin (PanEco) in Versen solution
(PanEco). After two isolations, all sheep and goat
AT- and BM-MSC cultures obtained were
cryopreserved. This involved equilibration in a
cryoprotective medium containing FBS and 10%
DMSO (PanEco) for 20-30 min at room
temperature, followed by slow cooling at 10
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°C/min in an isopropanol-based freezing
chamber to -80 °C, and subsequent storage in
liquid nitrogen (=196 °C). The produced MSC
cultures were deposited in the cell culture
biobank maintained at Stem Renovatio LLC (St.
Petersburg, Russia).

Finally, randomly selected cultures of AT- and
BM-MSCs obtained from one sheep and one goat
were thawed to evaluate their properties. To
study the growth properties, MSC cultures were
seeded in 25 cm? flasks and cultured in a-MEM
medium supplemented with 10% FBS and
antibiotics (100 U/mL penicillin and 100 pg/mL
streptomycin).

Proliferation assay for sheep and goat MSCs

To plot the growth curves and compute the
population doubling time (td), we regularly
seeded sheep MSCs at 2 x 103 cells/cm? and goat
MSCs at 4 x 103 cells/cm?, and counted the cells
removed after 72-96 h of growth. Based on these
data, we calculated the proliferation index (PI),
i.e., the ratio of the number of grown cells (Ny) to
the number of seeded (Np) as described by
Frausto et al. (2019). We also determined tq using
the following formula: tq = t/log> (N¢/No), where t
is the culture growth time (Uzbekov, 2004).
Sheep AT- and BM-MSC cultures were passaged
until passage 40, and goat cultures until passage
20. Cell morphology in each culture was also
assessed during cultivation using an inverted
microscope (Zeiss Axio Observer Al, Zeiss,
Oberkochen, Germany) and image capture.

Adipogenic and osteogenic differentiation
potential of MSCs

The ability of MSCs
adipogenic lineage in vitro was studied using the
StemPro™  Adipogenesis Differentiation Kit
(Gibco) according to the manufacturer’s
instructions. Osteogenesis potential evaluation
was performed according to Mahajan et al.
(2022). For osteogenesis induction, we used a
medium based on DMEM HG (4.5 g/L, Gibco)
supplemented with 10% HyClone™ FBS (Cytiva),
1% L-glutamine (Sigma-Aldrich, St. Louis, MO,
USA), 50 U/mL penicillin, and 50 pg/mL
streptomycin. To this medium, the following
osteogenic inducers were also added: 50 pg/mL
ascorbic acid  (Sigma-Aldrich), 10 pM

to differentiate into
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dexamethasone (Sigma-Aldrich), and 10 mM f-
glycerophosphate (Sigma-Aldrich).

At passage 4, the cells were transferred to 24-
well plates at a density of 4 x 105 cells/cm?2. After
24 h, the medium in the wells was replaced with
induction (n = 3) or control (n = 3) media for each
culture and lineage. Then, the media were
replaced every 3-4 days. The differentiation
efficiency was assessed at 14, 21, and 28 days of
cultivation. For this purpose, cells were fixed with
ice-cold methanol and stained with specific dyes.
Lipid droplets in the cytoplasm were labeled
using Oil Red O staining (Sigma-Aldrich), and
nuclei were stained with Carazzi’s hematoxylin
(PanEco). Osteogenic differentiation efficiency
was analyzed using Alizarin Red S (Abcam,
Waltham, MA, USA). To assess possible
spontaneous differentiation in MSC cultures,
monolayer staining was performed as described
above and without differentiation at passage 30
for sheep MSCs and at passage 20 for goat MSCs.

Statistical analysis

The analyzed data were represented as mean *
standard error of the mean (SEM) for each group.
The Mann-Whitney rank-sum U-test was used to
estimate the difference between two independent
groups at the p < 0.05 significance level. Graphs
were plotted using Microsoft Excel and GraphPad
Prism 8.0 (Dotmatics, Boston, MA, USA;
GraphPad Software, 2024).

Results
Proliferation of sheep and goat MSCs

At the first study step, we analyzed the
proliferative activity of goat and sheep MSCs
isolated from AT and BM tissues. Proliferative
activity is a crucial feature of MSCs that can be
used directly in cell-based therapeutic
approaches in a cell-free format for
secretome production (Patel et al., 2017; Vizoso
et al., 2017; Mushahary et al., 2018; Eleuteri and
Fierabracci, 2019; Han et al., 2019). In both
cases, active proliferation is a very important
characteristic. As can be seen in Figure 1, sheep
MSCs from AT and BM had significantly higher
PI than goat MSCs, while goat AT-MSC
proliferation was higher than that of goat BM-
MSCs.

and
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Figure 1: Small ruminant culture growth curves of mesenchymal stem cells (MSCs) from adipose tissue (AT)
and bone marrow (BM) showing changes in proliferation index (PI) depending on the duration of cultivation. (A)
The representative PI curves for sheep MSCs; (B) the same for goat MSCs. Blue curve, AT-MSCs; red curve, BM-
MSCs; a.u., arbitrary units. Data are presented as mean values.

We demonstrated that AT- and BM-derived
sheep MSC cultures had the peak proliferation
rate at passages 15-22. The population doubling
time at the initial cultivation stage (i.e., passages
3-6) for both AT- and BM-MSC cultures was 20—
26 h, whereas it was 10-14 h at the peak of cell
growth and 14-19 h by passage 40. Overall, it
should be noted that the proliferation kinetics for
AT- and BM-derived sheep MSCs were similar,
although PI of the AT-MSCs culture was lower
than that of BM-MSCs (Figure 1A). In goat MSCs,
we found that AT-MSCs demonstrated
significantly higher proliferative potential than
BM-MSCs. The population doubling time for goat
AT-MSCs was 30 h at the initial cultivation stage
(i.e., at passages 3 to 6) and 18-20 h at the peak
of proliferative activity (passages 9-13), returning
to 30 h up to passage 20. The PI for goat BM-
MSCs remained very low throughout passaging.
The population doubling time was 31 h during
the first 15 passages and grew up to 60 h by
passage 20 (Figure 1B). Direct comparisons of the
absolute of proliferation dynamics
between goat and sheep MSCs revealed that both
AT- and BM-MSCs of sheep had significantly
higher proliferative potential than goat MSCs
(Figure 1). In sheep MSCs
demonstrated greater proliferative activity in
comparison to goat MSCs, although goat MSCs
had an earlier proliferation peak. These findings
suggest that sheep MSCs have greater potential
for cell-based
biotechnological applications, for instance, in
veterinary medicine. Among goat MSCs, AT-
MSCs had greater potential for future

values
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biotechnological applications.
Morphology of freshly isolated sheep and goat
MSCs

Cell morphology in MSCs is a key parameter for
assessing cell homeostasis and subsequent cell
fate (Colter et al., 2001; Sekiya et al., 2002;
Haasters et al., 2009; Al-Azab et al., 2022).
Morphology analysis after isolation allows for
checking possible by
mesothelial cells or other cell types. The cell
morphology in sheep AT-MSC and BM-MSC
cultures at passages 0-3 was heterogeneous. In
the AT-MSC culture, spindle-shaped cells with
fibroblast-like morphology were observed. Also,
small round cells, single colonies of polygonal
cells with epithelioid morphology, and single
large squamous cells were encountered (Figure
2). In the BM-MSC culture, in addition to
fibroblast-like cells, round cells of varying sizes
were observed (Figure 2). We hypothesize that
this might be the
hematopoietic stem cells.
In the case of goat cells, AT-MSC and BM-
MSC cell morphology was homogenous, since
there were only single cells with fibroblast-like
morphology. At the beginning, we detected single
polygonal cells among AT-MSCs and single
round-shaped cells among BM-MSCs. However,
these cells were eliminated at passage 2, and the
cell cultures became homogenous (Figure 2).
Goat BM-MSCs and AT-MSCs exhibited distinct
growth landscapes. In particular, goat AT-MSCs
formed small spiral-shaped colonies, whereas
BM-MSCs were more round-shaped and did not
form a distinct growth pattern (Figure 2).

for contamination
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Collectively, freshly isolated sheep MSCs were
heterogeneous, whereas goat MSCs after
isolation had a homogenous morphology.

Sheep and goat MSC morphology during long
cultivation

One of the crucial questions in biotechnology and
cell subculturing is how cells change over long
cultivation and passaging. It is especially
important to determine the fate of the cell
secretome and its components (Al-Azab et al.,
2022; Chouaib et al., 2023; Siraj et al., 2023;
Hughes et al., 2024). Accordingly, in this study,
we examined changes in cell morphology in sheep
AT- and BM-MSCs over a long cultivation period,
as shown in Figure 3. At passage 4, sheep AT-
and BM-MSC cultures appeared more
homogeneous, with fewer foreign cells. The cell
shape became fibroblast-like with characteristic

2-4 pseudopodia, depending on the cell density.
It should be noted that AT-MSCs were visually
larger than BM-MSCs. All differences between
the two culture types were evened out at passage
15, when the cultures actively proliferated, and
the monolayer acquired the maximal density. At
passage 30 (Figure 3), when the culture growth
rate decreased, the cell morphology significantly
changed compared to the culture at passage 3.

Spiral-shaped colonies became indistinct, while
the cell pseudopodia in both cultures became
less elongated, with several short appendices. At
the same time, cells with two long, thin

pseudopodia appeared. In the AT-MSC culture,
we observed many small, round cells, whereas in
the BM-MSC culture, we observed clusters of
polygonal and round cells (Figure 3).

Figure 2: Morphology of freshly isolated sheep and goat MSCs at 7 days after isolation. Phase-contrast

microscopy, 40x.
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Passage 4, 72h

Passage 30, 72h

Figure 3: Morphology of cultures from sheep adipose tissue (AT) and bone marrow (BM)-derived mesenchymal
stem cells (MSCs) at later passages. Ovine MSCs altered their morphology during prolonged cultivation, losing
multiple pseudopodia and forming two sharp pseudopodia (phase contrast microscopy, 100x).

In summary, sheep AT- and BM-MSCs, upon
prolonged cultivation, significantly altered their
morphology, with a more sharply defined cell
shape. The question of secretome equivalence
across different subculturing stages remains
open for sheep MSCs, as significant
morphological changes are often associated with
reorganized transcription, translation, and
secretion (Sanjurjo-Rodriguez et al., 2017;
Infante and Rodriguez, 2018; Harman et al.,
2021; Campagna et al., 2025).

In addition to sheep MSC morphology, we also
explored the long cultivation-related morphology
changes in goat MSCs. It was found that goat AT-
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and BM-MSCs did not alter their morphology
during long cultivation (Figure 4). Goat MSCs at
passage 4 had a fibroblast-like, homogeneous
morphology. Long subculturing did not
significantly alter cell morphology, even though
the cell growth rate decreased up to passage 20.
Hereby, the cells and the monolayer did not
change their morphology and did not form any
specific landscape (Figure 4). This observation
may suggest that MSCs exhibit a more stable
secretome profile, which may be more beneficial
for biotechnology applications. In contrast, sheep
MSCs underwent pronounced morphological
remodeling.



Passage 4, 72h

Passage 30, 72h

Figure 4: Morphology of cultures from goat adipose tissue (AT) and bone marrow (BM) derived mesenchymal
stem cells (MSCs) at later passages. Goat MSCs did not change their morphology during long-term cultivation:

phase-contrast microscopy, 100x.

Sheep and goat MSC differentiation

Our results demonstrated that both sheep and

goat MSCs did not have spontaneous
mesenchymal differentiation. Herewith, AT-
MSCs from sheep and goats had faster
adipogenesis, while their BM-MSCs were

predisposed to osteogenesis.

Use of specific dyes to lipid droplets (Oil Red
O for adipogenesis) and calcium inclusions
(Alizarin Red S for osteogenesis) in sheep and
goat MSC monolayers at passage 30 and 20,
respectively, did not reveal any features of
spontaneous differentiation in the adipogenic
and osteogenic lineages (data not shown).
Despite prolonged subculturing, sheep and goat
MSCs from AT and BM retained their
multipotency.

We evaluated the mesenchymal phenotype of
isolated cells based on their overall ability to
differentiate into adipogenic and osteogenic
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lineages. Accordingly, the MSC differentiation
efficacy was assessed using Oil Red O and
Alizarin Red S staining, as shown in Figure 5.

During adipogenesis induction, all MSCs
formed cells with lipid droplets, which could be
characterized as adipocytes. Nevertheless, the
adipogenesis induction period was significantly
less for both sheep and goat AT-MSCs. Lipid
droplets in the cells from AT- and BM-MSCs were
detected respectively at 14 and 21 days after
induction (Figure 5, upper panel). This was
observed in both sheep and goat MSCs.

The osteogenesis induction also stimulated
the formation of calcium inclusions, so that the
cells with calcium inclusions were determined as
osteoblasts. Calcium inclusions in both sheep
and goat AT- and BM-MSCs were detected
respectively at 28 and 21 days after induction
(Figure 5, lower panel).



Figure 5: Micrographs of stained cultures of sheep and goat MSCs after differentiation in the adipogenic and
osteogenic lineages. Adipogenic samples were stained with Oil Red O, and osteogenic samples with Alizarin Red

S. Phase-contrast microscopy, 40x.

This study, therefore, confirmed the MSC
mesenchymal phenotype and demonstrated that
tissue-specific MSCs are predisposed to lineage-
specific differentiation. That is, sheep and goat
AT-MSCs were predisposed to adipogenesis,
whereas BM-MSCs were predisposed to
osteogenesis.

Discussion

The successful breeding and improvements of
farm animals are based on a number of factors,
including preserving their fertility, including
issues such as implantation success (Mohamad-
Fauzi et al., 2015), as well as maintaining and
preserving their genetic diversity (Scherf, 1995;
Deniskova et al., 2024; Bondarenko and
Khvostik, 2020). Given the current trend in
global agriculture, the primary task for the
further development of the small ruminant
industry is the preservation of existing sheep and
goat breeds (Deniskova et al., 2025; Romanov et
al., 2021; Tarasova et al., 2021). Several
approaches wuse sperm banks that employ
cutting-edge techniques to cryopreserve sperm
from high-value rams and goats (Berean et al.,

2024; Korochkina and Pushkina, 2024;
Korochkina et al., 2024e; Korochkina, 2025).
Taking into account the  reproductive

characteristics of small ruminants of both sexes
(Michael et al., 2025), but, in particular, in the
search for factors affecting the success of
artificial insemination (Almeida et al., 2021;
Souza-Fabjan et al., 2023; Artemenko et al.,
2010), it is relevant to study methods for
improving the andrological quality of sperm
before and after cryopreservation (Jia et al.,
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2024). MSCs can be used for this (Stewart and
Shipley, 2021; Balaro et al., 2022; Paredes et al.,
2024) and thereby enhance male reproductive
capacity (Segunda et al., 2024; Tanrikulu et al.,
2025). In previous studies, we preliminarily
established a short-term positive effect of goat
MSCs components (lysate) on the quality of their
spermatozoa (Korochkina et al., 2024b), as well
as an effective protocol for using conditioned
medium of mesenchymal stromal cells from ram
AT and BM and spermatozoa in terms of
improving the quality of sperm cells (Korochkina
et al., 2024c). Moreover, the role of sheep and
goats as models for genetic engineering in dairy
species, including stem cell therapy (e.g., for
bone and cartilage restoration), suggests that
more research and investment are likely in the
fields of reproduction and MSCs for these small
ruminant species (Mohamad-Fauzi et al., 2015).
Although MSCs from different species are
widely used in research, unlike in humans, there
are no universally accepted minimal criteria for
their identification in other animals. Heidari et al.
(2013) demonstrated that, in contrast to human
and mouse MSCs, ovine MSCs derived from both
BM and AT exhibit low expression of CD90 and
CD105, but like human and murine cells, they
express CD44 and CD166. CD34 and CD45,
however, remain negative across all four species
examined. In contrast, caprine MSCs were
reported to express CD90, CD105, and CD73,
while lacking the hematopoietic marker CD45
(Mohamad-Fauzi et al., 2015). Ovine MSCs
characterized by Vivas et al. (2018) expressed
CD44, CD90, CD140a, CD105, and CD166. More
recently, Al-Mutheffer et al. (2023) demonstrated



variable expression of CD29 (22.11-99.93%) and
CD44 (48.96-99.73%) in BM-derived MSCs from
13 sheep, while all donors consistently showed
low expression of CD45 and CD31. In this study,
due to the absence of species-specific markers,
MSC identity was verified by directed bilineage
differentiation into adipogenic and osteogenic
lineages.

Osteogenic differentiation in our cultures
required 21-28 days, longer than the 14-21 days
usually observed for human MSCs, depending on
their tissue source (BM or AT). Prolonged
osteogenic differentiation of ovine MSCs
compared with human MSCs was first reported
by Kulneva et al. (2010b). Kalaszczynska et al.
(2013) also found significant interspecies
differences, suggesting that standard in vitro
osteogenic protocols may not be suitable for all
species. These authors further reported that
phosphate source influences ovine osteogenesis,
with monosodium phosphate being required for
successful differentiation. Both their data and
point to strong
interbreed heterogeneity among ovine MSCs.
Later studies employing B-glycerophosphate (f3-
GlyP) and monosodium phosphate (NaH2PO4)
supplemented with BMP-2 also found that ovine
BM-MSCs had weaker osteogenic potential than
their human counterparts (Bottagisio et al.,
2015). Similarly, Al-Mutheffer et al. (2023)
reported donor-dependent variation in ovine BM-
MSC osteogenesis, though extracellular matrix
achieved by day 21,
consistent with our results. Haddouti et al.
(2020) provided a semi-quantitative comparison
of human and ovine MSC mineralization, finding
comparable results by Alizarin Red S staining in
both AT-MSCs and BM-MSCs after 21 days.
Optical density measurements, however,
revealed that mineralization rates were
consistently higher in human MSCs. Inorganic
phosphate (Pi) release was comparable between
human and ovine BM-MSCs, whereas ovine AT-
MSCs released approximately half as much as
human AT-MSCs. In contrast, Westerkowsky et
al. (2023) reported osteogenic
differentiation in ovine BM-MSCs compared with
human BM-MSCs.

Reports on adipogenic differentiation of ovine
MSCs are inconsistent. Kulneva et al. (2010a,
2010b) found that standard adipogenic media
failed to induce adipogenesis in BM-MSCs and
even induced cell death. Reducing
dexamethasone and IBMX concentrations tenfold

ours interindividual and

mineralization was

enhanced
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enabled Oil Red O-positive adipocytes to appear
by day 21, increasing by day 28. Modified
protocols have also been required for AT-MSCs,
as shown by Heimann et al. (2023), who proposed
a rosiglitazone-based induction medium that
improved adipogenesis across several
mammalian species, including sheep. Haddouti
et al. (2020) compared human and ovine MSC
adipogenesis under standard induction
conditions, showing lipid-rich vacuoles stained
with Oil Red O by day 21 in both BM- and AT-
derived cultures. Human MSCs, however,
exhibited more than double the adipogenic
capacity of ovine MSCs. Other studies also
reported low or absent adipogenesis in ovine BM-
MSCs, despite variations in protocol (Rentsch et
al., 2010; Adamzyk et al., 2013). Westerkowsky
et al. (2023) confirmed these findings, observing
more lipid vacuoles in human BM-MSCs than
ovine BM-MSCs by day 27, with ovine BM-MSCs
rarely showing typical lipid droplet morphology.
McCarty et al. (2009) demonstrated adipogenesis
in ovine BM-MSCs after four weeks in human-
targeted induction medium, though the number
of Oil Red O-positive vacuoles remained low.
Similarly, Al-Mutheffer et al. (2023) found weak
adipogenesis in BM-MSCs after 17 days in
DMEM-HG-based adipogenic medium, with only
one showing strong lipid
accumulation, while two showed none. Our
results, obtained with StemPro™ medium, are
consistent with Korovina et al. (2019), who also
reported successful but limited adipogenesis in
ovine MSCs.

Here, by comparing MSC differentiation
capacity in sheep and goats, we established that
longer induction times were required to achieve
adipogenic osteogenic
compared to human MSCs. A small number of
studies have addressed goat MSCs. Mahajan et

donor culture

and differentiation

al. (2022) reported that AT-MSCs from the
infrapatellar fat pad differentiated into
adipogenic, chondrogenic, and osteogenic

lineages, with osteogenesis observed by day 28
and adipogenesis by days 14-21. Abraham et al.
(2024) also showed osteogenesis in goat AT-MSCs
after 21 days in StemPro™ medium. Mohamad-
Fauzi et al. (2015) reported weak osteogenesis in
AT-MSCs but significant mineralization in BM-
MSCs. They also found much higher
adipogenesis in AT-MSCs, with 9-fold more Oil
Red O-positive cells than BM-MSCs by day 21.
Elkhenany et al. (2016) demonstrated both
osteogenic and adipogenic induction in goat



MSCs at passage 3, while also documenting
reduced differentiation capacity at later
passages, up to passage 11 — the latest passage
reported for goat MSCs. In contrast, ovine MSCs
are commonly studied at passages 3-5. Thus, our
characterization of ovine MSCs at passage 40 and
goat MSCs at passage 20 provides the first
published description of their proliferative and
morphological traits at such late stages.

Cellular heterogeneity following MSC
isolation from different tissues, as observed in
our study, has also been reported by many
groups (Phinney et al., 1999; Sekiya et al., 2002;
Meirelles and Nardi, 2003; Tropel et al., 2004;
Silva Filho et al., 2014), regardless of whether
density gradient separation was wused. This
reflects the bone
microenvironment, where HSCs coexist with
stromal, endothelial, adipose, and mesenchymal
cells. HSC-MSC interactions, mediated by
adhesion molecules, regulate quiescence and
During MSC isolation, many
HSCs are removed by washing, but a small
fraction may remain transiently associated with
MSCs (Grenier et al., 2021; Omatsu, 2023).
Reported times for achieving pure MSC cultures
range from 8 days (Silva Filho et al., 2014) to 30
days (Tropel et al., 2004).

In this study, MSCs from both sheep and
goats maintained visual morphological
homogeneity for at least 20 passages; however,
late-passage ovine MSCs showed reduced growth

complex marrow

differentiation.

(over twofold lower compared with peak
proliferation at passage 20 = 3) and marked
morphological alterations. Previous studies
demonstrated spontaneous oncogenic

transformation of ovine MSCs at 240 passages,
characterized by loss of fibroblast-like
morphology, failure of adipogenic differentiation,
karyotype abnormalities (trisomies, polyploidy),
elevated telomerase activity, upregulation of c-
myc and VEGF, and tumorigenic potential in vivo
(Popov et al., 2009; Bersene et al., 2005). Thus,
the high proliferative
morphology of late-passage ovine MSCs in our
study may indicate immortalization, though this
requires further investigation.

rates and altered

Overall, our data show that ovine and caprine
MSCs differ substantially in their proliferation
and differentiation characteristics. Ovine MSCs
displayed high proliferative capacity up to
passage 40, whereas goat MSCs, particularly
BM-MSCs, declined in growth by passage 20.
These findings concur with prior reports of higher
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proliferation in ovine MSCs compared with
human MSCs (Haddouti et al.,, 2020;
Westerkowsky et al., 2023) and with Abraham et
al. (2024), who reported a population doubling
time of 44 hours in early-passage goat AT-MSCs,
slightly longer than in our study.

The features of AT- and BM-MSCs we
identified in both sheep and goats will be
instrumental for further research to elucidate the
influence of these small ruminant MSCs on the
quality of their spermatozoa before and after
cryopreservation to develop advanced
reproductive biotechnologies, as well as their role
as models for stem cell therapies.

Conclusions

Overall, our findings are consistent with those of
other, albeit limited, studies on ovine and caprine
MSCs (e.g., Mohamad-Fauzi et al., 2015). The
described protocols for isolation and culture
reliably yielded MSC populations from both AT
and BM, as confirmed by successful bilineage
differentiation. For the first time, we documented
the long-term cultivation of ovine and caprine
MSCs, generated growth curves, and
documented morphological changes at late
passages. We also provided the first direct
comparison of the proliferative potential of MSCs
from small ruminants, demonstrating that MSCs
derived from different sources (AT vs. BM) require
different induction times for differentiation;
however, no interspecies differences in
differentiation time were detected.

With the ongoing development of sheep and
goat farming in Russia, artificial insemination is
particularly important. Its success relies heavily
on cryopreservation techniques, specifically the
maintenance of viable and fertile spermatozoa
during freezing and transport without loss of
fertilizing capacity. Many studies have sought to
mitigate the impact of environmental stress and
temperature fluctuations on male gametes. In
this context, MSCs hold the potential for
applications in reproduction through their
dynamic antioxidant activity, mediated by
endogenous production of heme oxygenase-1
(HO-1) and glutathione, and their capacity to
limit cellular generation of reactive oxygen
species (ROS). Since ram and buck spermatozoa
are especially vulnerable to oxidative stress due
to their = membranes being  rich in
polyunsaturated fatty acids (PUFAs), which are
highly sensitive to lipid peroxidation, the
protective properties of MSCs provide tolerance



against oxidative damage. Consequently, the
detrimental effects of ROS on sperm motility and
viability during cryopreservation and thawing
may be mitigated by incorporating MSCs into
extenders or by developing optimized storage and
transport media containing MSCs. Such
strategies could significantly advance
reproductive biotechnology and expand sheep
and goat breeding worldwide. Considering the
role of small ruminant MSCs in the field of stem
cell therapy, the results described herein provide
valuable information for furthering the cause of
treatment for bone and cartilage disorders.
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