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Abstract: Cell-based therapies using mesenchymal stem cells (MSCs) are a promising tool in bone
tissue engineering. Bone regeneration with MSCs involves a series of molecular processes leading
to the activation of the osteoinductive cascade supported by bioactive factors, including fibroblast
growth factor-2 (FGF-2) and bone morphogenetic protein-2 (BMP-2). In this study, we examined
the biological characteristics and osteogenic differentiation potential of sheep bone marrow MSCs
(BM-MSCs) treated with 20 ng/mL of FGF-2 and 100 ng/mL BMP-2 in vitro. The biological properties
of osteogenic-induced BM-MSCs were investigated by assessing their morphology, proliferation,
phenotype, and cytokine secretory profile. The osteogenic differentiation was characterized by
Alizarin Red S staining, immunofluorescent staining of osteocalcin and collagen type I, and expression
levels of genetic markers of osteogenesis. The results demonstrated that BM-MSCs treated with FGF-2
and BMP-2 maintained their primary MSC properties and improved their osteogenic differentiation
capacity, as confirmed by increased expression of osteocalcin and collagen type I and upregulation
of osteogenic-related gene markers BMP-2, Runx2, osterix, collagen type I, osteocalcin, and osteopontin.
Furthermore, sheep BM-MSCs produced a variety of bioactive factors involved in osteogenesis,
and supplementation of the culture medium with FGF-2 and BMP-2 affected the secretome profile
of the cells. The results suggest that sheep osteogenic-induced BM-MSCs may be used as a cellular
therapy to study bone repair in the preclinical large animal model.
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1. Introduction

Large bone defects and delayed fracture unions and non-unions, if not repaired effectively by the
body, result in pain and lead to morbidity and prolonged, expensive hospitalization [1]. Moreover,
bone disorders, such as osteoarthritis and osteoporosis, and the aging of the population constitute
serious issues and challenging clinical problems. Thus, researchers are looking for new treatment
modalities that will slow or prevent the development of these disorders [2]. Although orthopedic
surgery has made great advances, the gold standard for bone defect repair is still dominated by
autologous or allogeneic bone grafts. Nevertheless, clinical demands for bone grafts are far above
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the available amounts of traditional, natural bone auto- and allo-grafts, especially considering the
impending global problem of obesity and aging. Moreover, there are limitations related to bone
allografts, such as donor site complications, inferior healing compared to autologous grafts, and risk of
disease and infective agent transmission [3].

Recent advances in cell-based therapies for regenerative medicine have supported the development
of mesenchymal stem cells (MSCs) as an effective and minimally invasive alternative in bone repair [4].
MSCs are an attractive candidate for clinical approaches because of their ability to self-renew and
differentiate into multiple tissues, including bone, cartilage, and fat [5]. They are a key component of
the bone repair process, representing the precursors for bone-forming osteoblasts and cartilage-forming
chondrocytes and modulating the healing response [4]. The cellular and molecular signals of
a bone defect correspond to the beginning stages of fracture healing, which involves, inter alia,
the trafficking and activation of MSCs. Both innate and adaptive immune responses are modulated by
MSCs. Therefore, MSCs not only provide progenitor cells, but also activate other cells involved in
tissue regeneration via the paracrine effect, thereby modulating a favorable microenvironment and
coordinating bone remodeling [6]. Molecular osteoinductive events in bone regeneration involve a
variety of growth factors, cytokines, and chemokine signaling pathways, as well as the upregulation of
genes involved in bone formation and mineralization [4,7].

Effective cellular therapy for bone regeneration employs MSCs and growth factors that enhance
different steps of differentiation. Bone morphogenetic protein-2 (BMP-2) and fibroblast growth factor-2
(FGF-2) are two molecules that have a synergistic osteogenic effect on MSCs [7–10]. FGF-2 regulates the
migration, proliferation, and differentiation of many cell types, including vascular endothelial cells and
osteoblasts. There are studies demonstrating the potential of FGF-2 in promoting bone formation and
angiogenesis [11–15]. Moreover, FGF-2 increases the BMP-2 osteoinductive potential by upregulating
BMP-2 and its receptor expression level [10,16]. BMP-2 is a subtype of the BMP family of growth factors,
which are mainly synthetized and secreted by osteoblasts [17]. BMP-2 regulates osteogenesis and
induces MSCs to differentiate into cartilage and bone [18,19]. Furthermore, the United States Food and
Drug Administration has approved the recombinant human bone morphogenetic protein-2 (rhBMP-2)
for clinical applications [20,21]. However, the FGF-2/BMP-2 synergistic effect on bone regeneration is
not fully explained, and requires further examination before safe clinical application can be achieved.

In the present study, we introduce the synergistic effect of FGF-2 and BMP-2 on the pro-osteogenic
potential of bone marrow-derived mesenchymal stem cells (BM-MSCs) derived from sheep. Whereas
rodents are the most widely used animal models for translational medicine, preclinical large
animal models provide a better understanding of the mechanism of human diseases. For instance,
when investigating musculoskeletal diseases, the thin cartilage and bones of rodents represent an
inadequate volume and size of the defects, and the lack of the ability to manage long-term studies
makes them less useful for preclinical studies than large animal models [22,23]. Therefore, we decided
to use ovine BM-MSCs to study the effect of FGF-2 and BMP-2 on MSC proliferation, phenotype,
osteogenesis-related proteins (osteocalcin and collagen type I) expression, multilineage differentiation,
and, in particular, early and late osteogenesis-related gene marker expression. We also evaluated the
cytokine expression level of BM-MSCs treated with FGF-2, with and without BMP-2. The comprehensive
characteristics of ovine BM-MSCs make them good candidates for the study of bone reconstruction in
veterinary medicine using a large animal model as a preclinical model in order to assess of the efficacy
of cellular therapy in bone regeneration for potential application in clinical practice.

2. Results

2.1. Morphology of Sheep BM-MSCs

The ovine bone marrow-derived mesenchymal stem cells altered their morphology when cultured
for 21 days in: (1) complete αMEM, (2) αMEM supplemented with FGF-2, (3) αMEM supplemented
with FGF-2 and BMP-2, (4) osteogenic differentiation medium, (5) osteogenic differentiation medium
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supplemented with FGF-2, and (6) osteogenic differentiation medium supplemented with FGF-2
and BMP-2. In the αMEM-cultured medium, deprived of additional cytokines, BM-MSCs showed
a spindle-shaped morphology, typical for MSCs (Figure 1a). Likewise, in an αMEM medium
supplemented with FGF-2, the cells were spindle-shaped, although they were smaller and denser
(Figure 1c). However, the largest morphological differences were observed in the cell culture treated
with both BMP-2 and FGF-2, where some cells grew into fine mesh-like structures, and some covered
the cell monolayer rounded aggregates, resembling bone-like structures (Figure 1e). When BM-MSCs
were cultured in an osteogenic differentiation medium, they exhibited calcium deposition, regardless
of whether they were additionally stimulated with BMP-2 and/or FGF-2 (Figure 1b,d,f). Interestingly,
the crystal formation in the osteogenic differentiation medium supplemented with BMP-2 and/or FGF-2
tended to be smaller, denser, and more dispersed throughout the monolayer (Figure 1d,f).
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Figure 1. Morphological changes of sheep bone marrow-derived mesenchymal stem cells (BM-MSCs)
in different culture conditions. BM-MSCs were cultivated in an αMEM or osteogenic differentiation
medium, both supplemented with or without BMP-2 and/or FGF-2 for 21 days. In response to both
stimuli (FGF-2 and BMP-2), the cells exhibited different cellular morphology compared to the control
culture conditions, i.e., αMEM or osteogenic differentiation medium without any additional cytokines
(a,b). Cells treated with FGF-2 were smaller and grew more densely (c). FGF-2 and BMP-2 added to the
complete αMEM medium showed an osteogenic differentiation of the cells (e), and when added to the
osteogenic differentiation medium, they altered the size and density of calcium acceleration (d,f).
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2.2. Cell Proliferation and Doubling Time Analyzed with the MTT Assay

The proliferative activity of sheep BM-MSCs (passage 3) cultured in complete αMEM (control)
and αMEM supplemented with BMP-2 and/or FGF-2 was evaluated using the MTT assay. Growth
curves in the cells in all culture conditions appeared as a typical “S” curve and showed a latency phase
of about 4 h after seeding. After 24 h of incubation, the cells proliferated rapidly and entered the
logarithmic phase. After approximately 72 h, the BM-MSCs entered the plateau phase and began to
degenerate (Figure 2a). Compared to the untreated cells (cultured in αMEM), the proliferation of the
cells treated with BMP-2 and/or FGF-2 began to increase after 24 h, and this stimulatory effect increased
during observation. The most efficient proliferative activity was observed in the cells treated with
FGF-2, compared to control (p < 0.005).

The doubling time of ovine BM-MSCs differed depending on cell culture conditions (Figure 2b).
BM-MSCs doubled their cell number significantly faster when cultured in a medium supplemented
with BMP-2 and/or FGF-2, compared to the control αMEM without any additional cytokines. BM-MSCs
treated with FGF-2 had the strongest cell proliferative ability.
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Figure 2. (a) Growth curves of sheep BM-MSCs treated with or without BMP-2 and/or FGF-2 assessed
with the MTT assay. Compared to the cell control cultured in αMEM, the proliferation of BM-MSCs
treated with BMP-2 and/or FGF-2 increased, whereas the proliferation of cells cultured in αMEM
supplemented with FGF-2 was the highest. ** p < 0.005, *** p < 0.0001. (b) Doubling time of ovine
BM-MSCs cultured in growth media supplemented with or without the cytokines FGF-2 and BMP-2 in
three independent experiments performed in triplicate.

2.3. Immunophenotype of Sheep BM-MSCs in Different Culture Conditions

BM-MSCs from sheep bone marrow (passage 3) expressed the specific MSC surface markers CD73
and CD105 when cultured in the control medium αMEM and a medium supplemented with BMP-2
and/or FGF-2 on days 7 and 14 (Figure S1a,b in supplementary) and day 21 (Figure 3). The values
of positive population ranged between 84% and 99%. The values of CD73 and CD105 for BM-MSCs
cultured in αMEM with or without FGF-2 were at the same high level of above 91% of the population,
regardless of culture time. On day 7, BM-MSCs cultured with FGF-2 and BMP-2 showed a lower level
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of CD73 and CD105 positive cells (84–87%), compared to cells treated with FGF-2 alone or without any
supplements (Figure S1a). The percentage of CD73-positive BM-MSCs increased over time for all cell
populations cultured in three different conditions. The level of cells with the hematopoietic phenotype
CD34 was very low, 1–6% of positive cells, among which the highest level of 5–6% was reported for the
cells cultured for 14 days in αMEM with FGF-2 and BMP-2 and for the cells incubated for 21 days in
the control medium αMEM. As with CD34, the common hematopoietic marker CD45 was also at a low
level between 0–8% during observation. The major histocompatibility complex class II antigen HLA
DR was detected at the beginning of the BM-MSCs culture (7 days) in the media supplemented with
BMP-2 and/or FGF-2, with values ranging between 38% and 45% of the population, whereas in the
control medium αMEM, the value was assessed at 4.5%. The level of HLA-DR-positive cells decreased
over time, and on day 21 of culture, was assessed at below 1% in all culture conditions (Figure S1b).
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Figure 3. Flow cytometry analysis of BM-MSCs cultured in the control medium αMEM and in a
medium supplemented with BMP-2 and/or FGF-2 for 21 days. The expression of the MSC-specific
antigens CD73 and CD105 was detected for all cells cultured in different conditions. Cells expressing
the hematopoietic markers CD34, CD45, and HLA DR were absent or detected at low levels on day 21
of observation in all culture conditions.

2.4. CD90 Expression Level in Sheep BM-MSCs

As there are no commercially available anti-CD90 antibodies reactive with ovine cells for flow
cytometry, CD90 was assessed using reverse transcription polymerase chain reaction (RT-PCR).
Differences in the CD90/GAPDH relative fold change level depended on the culture medium conditions.
Gene expression for the MSC marker CD90 was detected in all cells treated with or without BMP-2
and/or FGF-2. However, CD90 expression was associated with culture medium supplementation,
and the highest level of CD90 was observed for BM-MSCs cultured in the complete αMEM medium,
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whereas in the BM-MSCs treated with FGF-2 and BMP-2, CD90 relative fold change was at the lowest
level (6.51 vs. 2.95 on day 7; p < 0.005). The CD90 expression remained at a similar level within the
cells in the same culture conditions, regardless of incubation time (Figure 4).
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Figure 4. RT-PCR (reverse transcription polymerase chain reaction) analysis for CD90 gene expression
of BM-MSCs cultured in the αMEM medium supplemented with or without BMP-2 and/or FGF-2 for 7,
14, and 21 days. The highest level of CD90 was observed in cells cultured in the control medium αMEM
for all time points. In contrast, BM-MSCs treated with FGF-2 and BMP-2 were characterized with the
lowest level of CD90. The experiment was assessed three times in duplicate. * p < 0.05, ** p < 0.005,
*** p < 0.0001.

2.5. Assessment of Osteogenic Differentiation Markers

To assess the effect of FGF-2 and BMP-2 on the expression of osteogenesis-related proteins,
immunofluorescent staining of osteocalcin and collagen type I was performed after 21 days of BM-MSC
culture in an osteogenic differentiation medium as a control and an osteogenic differentiation medium
supplemented with BMP-2 and/or FGF-2. The cells treated with BMP-2 and/or FGF-2 showed a
moderately enhanced expression of both osteogenic differentiation markers compared to the control
cells (Figure 5a,b). The immunofluorescence intensity of osteocalcin and collagen type I was higher in
the cells treated with both BMP-2 and FGF-2 than in the cells treated with FGF-2 alone (Figure 5c,d).

2.6. Effect of BMP-2 and FGF-2 on mRNA Expression in Genes Involved in Osteogenic Differentiation

The gene expression of the early osteogenic differentiation markers: bone morphogenetic protein-2
(BMP-2), runt-related transcription factor 2 (Runx2), osterix (Osx), and collagen type I (ColI), and late
osteogenic markers: osteocalcin (Ocl) and osteopontin (Opn), following 7, 14 and 21 days of incubation in
the αMEM medium with BMP-2 and/or FGF-2, was analyzed as the effect of BMP-2 on sheep BM-MSCs
in osteogenesis. The expression of BMP-2 increased after 14 days of BM-MSC incubation in both
cell culture conditions, compared to control. However, there were no significant differences in the
expression level of this gene between 14 and 21 days of cell culture. BM-MSCs cultured 14 days in the
medium with FGF-2 and BMP-2 exhibited a higher expression of BMP-2 than those cultured in the
medium with only FGF-2 (Figure 6a, RQ 3.97 vs. 2.34; p < 0.0001). The mRNA expression of Runx2
increased over time from day 7 to 14 in the BM-MSCs cultured in the medium supplemented with
FGF-2 and BMP-2 (Figure 6b, RQ 1.84 vs. 6.78; p < 0.0001), whereas in the cells cultured only with FGF-2,
the expression level of Runx2 was downregulated over time, but still higher than control. The highest
peak in Osx gene expression was observed on day 14 in the BM-MSCs treated with FGF-2 and BMP-2
(Figure 6c, RQ 3.33; p < 0.0001); afterwards, on day 21, gene expression decreased. In the BM-MSCs
treated only with FGF-2, the Osx expression level increased after 14 days of incubation and then
decreased. In the control, Osx gene expression increased over time, and on day 21, it was even slightly
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higher than in FGF-2-treated cells. ColI gene expression was upregulated in the BM-MSCs treated
with FGF-2 or FGF-2 together with BMP-2 over time, and the highest expression level was reported
after 21 days of incubation (Figure 6d RQ 5.19 and 4.25; p < 0.0001). Interestingly, ColI expression
was also upregulated in the control on day 14, but decreased afterwards. The gene expression of
the late osteogenic marker Ocl increased over time for both BM-MSCs treated with FGF-2 alone or
FGF-2 with BMP-2; however, at the time point of 21 days, it was higher in the cells incubated with
both FGF-2 and BMP-2 (Figure 6e, RQ 7.20 vs. 4.81; p < 0.0001). The effect of FGF-2 and BMP-2 on
the expression level of the second late osteogenic marker Opn also differed from that for FGF-2-only
supplementation without BMP-2. Opn expression increased over time in both stimulated BM-MSCs.
Nevertheless, the BM-MSCs cultured in the medium with FGF-2 and BMP-2 exhibited a significantly
higher expression level than those cultured only with FGF-2 (Figure 6f, RQ 4.18 vs. 2.59; p < 0.0001).Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 7 of 23 
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with or without BMP-2 and/or FGF-2 for 21 days. The Ocl and ColI were stained with FITC in green 
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Figure 5. Representative images for the immunofluorescence staining of osteocalcin (Ocl) (a) and
collagen type I (ColI) (b), expressed by BM-MSCs cultured in an osteogenic differentiation medium
with or without BMP-2 and/or FGF-2 for 21 days. The Ocl and ColI were stained with FITC in green and
nuclei in blue with DAPI. Immunofluorescence staining for osteocalcin (c) and collagen type I (d) was
quantified using the ImageJ software. FGF-2 and BMP-2 promoted the expression of osteogenic-related
proteins, which resulted in a moderately more intense fluorescence in the treated cells compared to the
control cells cultured in the osteogenic differentiation medium alone.



Int. J. Mol. Sci. 2020, 21, 9726 9 of 22
Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 10 of 23 

 

 

Figure 6. Real-time qRT-PCR analysis for the osteogenic differentiation gene marker of BM-MSCs 
following treatment with BMP-2 and/or FGF-2 for 7, 14, and 21 days. mRNA for BMP-2, Runx2, osterix 
(Osx), and collagen type I (ColI) (a–d) characterizes the early stage of osteogenesis; osteocalcin (Ocn) and 
osteopontin (Opn) (e,f) characterize the expression in the late stage of differentiation into osteogenic 
cells. Three different experiments were performed. * p ˂ 0.05, ** p ˂ 0.005, *** p ˂ 0.0001. 

2.7. Differentiation Potential of Sheep BM-MSCs 

The capacity of sheep BM-MSCs for multilineage differentiation was confirmed using Alizarin 
Red S staining for osteogenesis, Oil Red O staining for adipogenesis, and Alcian Blue staining for 
chondrogenesis. The impact of BMP-2 and FGF-2 on differentiation capacity was also assessed. The 
cells that were cultured for 21 days in an osteogenic differentiation medium and an osteogenic 
differentiation medium supplemented with BMP-2 and/or FGF-2 formed a mineralized matrix. The 
addition of the cytokines FGF-2 or FGF-2 together with BMP-2 did not have a significant impact on 
the osteogenic differentiation potential. BM-MSCs themselves had the most powerful osteogenesis 
capacity in comparison to adipogenesis and chondrogenesis; therefore, stimulation by cytokines did 
not change their osteogenic potential. Interestingly, BM-MSCs differentiate more efficiently into 
chondrocytes when treated with FGF-2 and/or BMP-2 (Figure 7). 

Figure 6. Real-time qRT-PCR analysis for the osteogenic differentiation gene marker of BM-MSCs
following treatment with BMP-2 and/or FGF-2 for 7, 14, and 21 days. mRNA for BMP-2, Runx2, osterix
(Osx), and collagen type I (ColI) (a–d) characterizes the early stage of osteogenesis; osteocalcin (Ocn) and
osteopontin (Opn) (e,f) characterize the expression in the late stage of differentiation into osteogenic cells.
Three different experiments were performed. * p < 0.05, ** p < 0.005, *** p < 0.0001.

2.7. Differentiation Potential of Sheep BM-MSCs

The capacity of sheep BM-MSCs for multilineage differentiation was confirmed using Alizarin
Red S staining for osteogenesis, Oil Red O staining for adipogenesis, and Alcian Blue staining for
chondrogenesis. The impact of BMP-2 and FGF-2 on differentiation capacity was also assessed. The cells
that were cultured for 21 days in an osteogenic differentiation medium and an osteogenic differentiation
medium supplemented with BMP-2 and/or FGF-2 formed a mineralized matrix. The addition of the
cytokines FGF-2 or FGF-2 together with BMP-2 did not have a significant impact on the osteogenic
differentiation potential. BM-MSCs themselves had the most powerful osteogenesis capacity in
comparison to adipogenesis and chondrogenesis; therefore, stimulation by cytokines did not change
their osteogenic potential. Interestingly, BM-MSCs differentiate more efficiently into chondrocytes
when treated with FGF-2 and/or BMP-2 (Figure 7).
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Figure 7. Multilineage differentiation of sheep BM-MSCs. Osteogenic differentiation was assessed using
Alizarin Red S staining, adipogenic differentiation using Oil Red O, and chondrogenic differentiation
using Alcian Blue staining.

2.8. Secretion Profile of Sheep BM-MSCs

The expression levels of 18 ovine cytokines in the supernatants from BM-MSCs cultured in
different media: (1) αMEM, (2) αMEM supplemented with FGF-2, and (3) αMEM supplemented with
FGF-2 and BMP-2, were analyzed using the semi-quantitative C-Series Ovine (Sheep) Cytokine
Array C1 Kit to determine the impact of culture media on their secretion profile (Figure 8a).
Furthermore, changes over time in cytokine expression were also examined, following treatment
with BMP-2 and/or FGF-2 for 7, 14 and 21 days (Figure 8b,c). A comparison of cytokine profiles
depending on the cell culture medium showed that in all culture conditions, decorin, the cytokine
that influences fibrillogenesis, was at the highest relative expression level, which is more than 100% of
the internal positive control. In the supernatant of the control cells cultured in the complete αMEM
medium, eight cytokines had an expression level of ≥10%, among which the most abundant were
immunomodulatory and pro-angiogenic cytokines, such as: decorin (>100%), regulated on activation,
normal T-cell expressed and secreted–RANTES (~73%), interleukin-8–IL-8 (~42%), monokine induced
by gamma interferon–MIG (~21%), allograft inflammatory factor–AIF (~17%), tumor necrosis factor
α–TNF-α (~12%), secreted frizzled-related protein 3–sFRP-3 (~12%), and vascular endothelial growth
factor A–VEGF-A (~11%). After the FGF-2 treatment, the expression levels of MIG, sFRP-3, TNF-α,
and VEGF-A increased, whereas the expression level of IL-8 and RANTES decreased. The addition of
FGF-2 and BMP-2 to the culture medium reduced the expression level of IL-8, TNF-α, and VEGF-A
(Figure 8a).
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FGF-2 alone, or (c) FGF-2 and BMP-2 after 7, 14 and 21 days of incubation.

Interestingly, the cytokine secretion profile of BM-MSC culture in the treated cells changed over
time. In the supernatants from the cell culture treated with FGF-2, the expression level of RANTES
increased gradually over time. The expression level of other cytokines remained at the same level in
the supernatants collected after 7 and 21 days; however, after 14 days, the expression of most of the
examined cytokines was the lowest (Figure 8b). The expression level of AIF, decorin, IL-8, sFRP-3
decreased over time in the supernatants from BM-MSCs treated with FGF-2 and BMP-2. The expression
level of RANTES in the collected supernatant was the highest after 14 days (Figure 8c).

3. Discussion

MSC-based therapies are gaining popularity as a therapeutic tool in bone pathologies [24] thanks
to their properties of self-renewal, differentiation into osteogenic lineage, secretion of a variety of
biological factors, and the ability to regenerate damaged tissues. The application of MSCs in bone
engineering can serve as an alternative when standard clinical methods are insufficient, especially
for restoring large bone defects or difficult-to-treat non-union fractures. For a safe and efficient
bone-healing therapy involving MSCs, it is necessary to characterize in detail the biological properties
of MSCs and standardize cell culture conditions [25]. To enable the transition of MSCs from the
laboratory to clinical use, large animal models (including sheep) have been widely investigated due
to their structural and physiological similarities to humans. Before clinical application, cellular and
molecular interactions are studied in vitro. Afterwards, small animal models facilitate the initial “proof
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of concept,” whereas large animal models allow for the examination of the safety, dosing, and efficacy
of MSCs prior to clinical application [26]. Although human MSCs have been extensively investigated,
sheep MSCs are still poorly characterized [27]. Another problem in research on MSC application in
bone diseases is the efficacy of osteogenic differentiation. Consequently, it is crucial to investigate
the factors that induce the osteogenic differentiation capacity of MSCs [24]. Previous studies report
that bone formation consists of two phases, proliferation and mineralization, which are regulated by
specific gene expression [28,29]. In this study, ovine bone marrow-derived MSCs, treated with FGF-2
as a cell proliferation stimulator and BMP-2 as an osteogenic inductor, were investigated in the context
of their biological activity for a potential application as a cell-based therapy supporting bone healing
in the large animal model.

Our results revealed that the morphology and proliferation of ovine MSCs isolated from bone
marrow depended on culture medium supplements, which was previously reported for some
supplements (FGF-2, ascorbic acid, epidermal growth factor, and platelet-derived growth factor-BB) in
human MSCs [30] and ovine MSCs [31]. However, it has not yet been investigated how FGF-2 and
BMP-2 affect the biological properties of ovine MSCs. Major changes in morphology were observed
in BM-MSCs cultured in αMEM supplemented with both FGF-2 and BMP-2. In comparison to the
morphology of the BM-MSCs cultured in the control medium, which showed a typically fibroblast-like
spindle shape, in the cell culture treated with FGF-2 and BMP-2, some osteoblast-like structures
were visible in addition to the standard fibroblastic morphology. This observation confirmed the
pro-osteogenic function of BMP-2 when applied together with FGF-2 in a cell culture medium, and this
phenomenon was also shown earlier for human and mouse MSCs [7]. Supplementation with FGF-2
alone did not result in new osteoblast-like structures; nevertheless, the cells were smaller and grown in
a higher cell density. The effect of the osteogenic induction of BMP-2 and FGF-2 was also reported when
the cells were cultured in a supplemented osteogenic differentiation medium [7]. The density of calcium
deposits and mineralized matrix in the BMP-2- and/or FGF-2-induced cells was moderately higher
compared to the cells cultured in an untreated osteogenic differentiation medium. A comparison of cell
proliferation curves according to stimuli showed that the highest proliferation rate occurred in αMEM
supplemented with FGF-2. This observation is in line with previous reports documenting that FGF-2
increased the proliferation of MSCs and other cell types [32–35]. The addition of both cytokines, FGF-2
and BMP-2, to the culture medium decreased the proliferation of BM-MSCs, although it was still higher
than in the cells cultured in the control αMEM medium. This phenomenon, with high probability,
is associated with an advanced osteogenic differentiation potential triggered by the complementary
action of FGF-2 and BMP-2.

To fulfill the minimal criteria of the International Society for Cellular Therapy (ISCT) relating
to the phenotype and tri-lineage differentiation characteristics of MSCs [36], ovine BM-MSCs were
characterized for their immunophenotype and multi-lineage differentiation potential. The expression
profile of the surface antigens of ovine MSCs has already been reported in some studies [30,31,37–39];
however, there is a lack of data about the effect of FGF-2 and BMP-2 on ovine BM-MSC surface markers.
Bearing in mind the restrictions concerning the critical quality of the MSCs that are under consideration
for clinical application, it is crucial to analyze whether FGF-2 and BMP-2, which have a positive effect
on osteogenic differentiation, do not have a negative effect on the biological properties of MSCs over a
period of differentiation time. Therefore, in our study, BM-MSCs treated with osteogenic stimuli were
examined during the follow-up period up to 21 days of the cell culture for CD73, CD105, CD34, CD45,
and HLA DR expression levels using flow cytometry and for CD90 using RT-PCR. The analysis revealed
a high expression level of CD73, CD90, and CD105, and a very low or lack of the expression of CD34,
CD45, and HLA DR; this confirmed that the ovine BM-MSCs maintained the naïve MSC phenotype
according to ISCT criteria [36]. Moreover, BM-MSCs stimulated with BMP-2 and/or FGF-2 maintained
the stability of the basic MSC phenotype, and the level of CD73 and CD105 positive cells increased
during observation time, thus confirming the purity of the BM-MSC population. However, our data
showed an alteration in the CD90 gene expression performed using the RT-PCR method, depending
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on medium supplements and observation time. The highest CD90 gene expression was observed in
the control cells cultured in αMEM without any cytokine addition, and the lowest expression was
observed in BM-MSCs cultured in αMEM supplemented with FGF-2 and BMP-2 after 21 days of
cultivation. This observation suggests that the decrease of CD90 gene expression is a result of FGF-2
and BMP-2 activity. This phenomenon may be the effect of an ongoing osteogenic differentiation of the
examined ovine BM-MSCs, as demonstrated in studies on the osteogenic differentiation of human
dental pulp stem cells and a decreased expression of the MSC surface marker CD90 [40]. The data
showed little variation in the expression level of the negative MSC surface markers, especially HLA DR.
Initial analysis, performed on day 7, revealed that the level of cells with the expression of the HLA DR
antigen constituted almost half of the population of ovine BM-MSCs treated with BMP-2 and/or FGF-2.
However, HLA DR expression decreased to below 0.3% in all examined populations after 21 days of
cultivation, which proved that over time, cells with a potential activation ability were removed from
the ovine BM-MSC population. Nevertheless, the variability in the expression of HLA DR for human
BM-MSCs used in clinical studies has been already described by Grau-Vorster et al. They reported that
the multilineage differentiation and immunomodulatory potential of MSCs was independent of their
HLA DR expression level [41]. Our results concerning the immunophenotype suggest that BM-MSCs
treated with BMP-2 and/or FGF-2 in long-term culture did not lose their characteristic MSC properties.

The FGF-2 and BMP-2 treatment affected osteocalcin and collagen type I expression, as indicated by
immunofluorescence intensity. Ovine BM-MSCs showed a moderately high expression of osteocalcin
and collagen type I when cultured in the osteogenic differentiation medium supplemented with both
FGF-2 and BMP-2. Nevertheless, the addition of FGF-2 alone also slightly increased the expression of
osteocalcin and collagen type I at the protein level compared to the osteogenic differentiation medium
without any supplements. This is a significant observation that confirms the pro-osteogenic stimulatory
effect of FGF-2 and BMP-2 on ovine BM-MSCs. Nevertheless, the differences in immunofluorescence
intensity between the cells cultured in an osteogenic medium with or without supplements were rather
modest. The reason may have been the impact of the osteogenic differentiation medium on MSCs,
which significantly induce cells to differentiate into the osteogenic lineage, regardless of supplement
addition. The role of FGF-2 is to enhance the osteogenic potential by stimulating cell proliferation
during the early stages of osteogenesis and regulating the BMP-2 osteoinductive potential, whereas
BMP-2 is known as one of the strongest inducer of osteogenesis. In physiological conditions, FGF-2
and BMP-2 are produced by osteoblasts and accumulated in the extracellular matrix of the bone [7].
In our study, both cytokines added to αMEM were able to promote the osteogenic differentiation of
MSCs by inducing the expression of a range of osteogenic gene markers.

The degree of sheep BM-MSC osteogenic differentiation following FGF-2 and BMP-2 treatment
was determined by assessing the expression level of the osteogenic marker genes: BMP-2, Runx2,
osterix, collagen type I, osteocalcin, and osteopontin. Our study demonstrated that FGF-2 and BMP-2
treatment upregulated the expression of osteogenic signaling molecules in the sheep BM-MSCs, starting
from the early steps of bone formation to the late phase of mineralization. The peak expression of
BMP-2 in BM-MSCs cultured with FGF-2 and BMP-2 was observed after 14 days of differentiation
and was higher than in the cells cultured without BMP-2. BMP-2 has already been described by other
researchers as an important regulator of osteogenic differentiation [42,43]. The finding that BMP-2
increased its own expression may suggest that during the bone healing process, BMP-2 induces its
own expression in response to injury, making it a feedback regulation. It is worth noting that FGF-2
alone also enhanced the relative BMP-2 expression, but the difference in its expression between days 7,
14, and 21 was rather low.

Runx2 has been reported as the earliest osteogenic marker and a stimulator of osterix expression [44,45].
Both genes are involved in osteogenesis as master transcription factors. Runx2 may affect the early
stage of the recruitment of osteoblastic progenitor cells, and osterix is involved in the final osteogenic
differentiation stage. Furthermore, an overexpression of osterix induces the expression of the final
osteogenic marker, osteocalcin [46]. These observations support the results of the present study.
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The relative expression level of Runx2 increased after 14 days of incubation and was the highest in
BM-MSCs treated with FGF-2 and BMP-2, which confirmed the stimulatory effect of FGFs and BMP-2
on Runx2 expression, as demonstrated by other researchers [19,47]. However, BMP-2 significantly
upregulated the osterix gene expression on day 14 of culture. In contrast, FGF-2 downregulated the
relative osterix gene expression in ovine BM-MSCs over the culture period. The same outcome in the
gene expression of the late osteogenic markers, osteocalcin and osteopontin, was observed in BM-MSCs
stimulated with FGF-2 and BMP-2. The expression level of these genes increased over time and was
the highest after 21 days of incubation. Similar results for Runx2, osterix, and osteocalcin in human
BM-MSCs treated with BMP-2 have already been reported [19]. However, in this study, the osteogenic
differentiation medium supplemented with BMP-2 was used instead of the complete αMEM.

FGF-2 and BMP-2 are involved in different stages of bone repair. FGF-2 enhances bone formation
at the early stage of differentiation based on the proliferation phase, whereas BMP-2 plays a key role in
the final stages of mineralization [48]. This hypothesis is supported by the results of our work relating
to collagen type I and osteopontin expression. Collagen is one of the main proteins synthesized by
osteoblasts in the early phase of osteogenic differentiation [49]. Relative collagen type I gene expression
was the highest in the sheep BM-MSCs treated with FGF-2 on day 21. Interestingly, BMP-2, as an
active inducer of osteogenic differentiation, enhanced the expression of the late osteogenic marker,
osteopontin. These findings confirmed that FGF-2 and BMP-2 affect bone formation at different stages
of osteogenic differentiation.

To identify the role of BMP-2 and FGF-2 in MSC differentiation, sheep BM-MSCs were cultured in
commercial osteo-, adipo-, and chondrogenic differentiation mediums with or without BMP-2 and/or
FGF-2. This study showed that BMP-2 and/or FGF-2 did not significantly affect the Alizarin Red S
staining intensity. This finding can be explained by the fact that ovine BM-MSCs have a good ability to
differentiate into osteoblasts when cultured in an osteogenic differentiation medium. Therefore, the
differences between Alizarin Red S stained cells were rather difficult to distinguish, as the intensity of
staining in all treated or untreated cells was very high. However, FGF-2 and BMP-2 treatment improved
the efficacy of chondrogenic differentiation. The stimulatory effect of BMP-2 on the chondrogenesis
of human MSCs has already been reported by other authors [50,51]. Our results confirmed a similar
effect of BMP-2 on MSCs obtained from sheep.

MSCs are known for their capability to produce many growth factors, cytokines, and chemokines,
which affect immune cells and types of cells that modulate the local environment during
regeneration [52]. In this study, 18 cytokines were screened on sheep BM-MSCs following FGF-2
and/or BMP-2 treatment. The cytokine expression pattern differed depending on the cell culture
conditions and cultivation time. Firstly, it is worth noting that in all supernatants, the level of decorin
was significantly high. Decorin is a bone matrix protein that plays a key role in bone remodeling [53].
Amable and her team have also reported that human MSCs derived from bone marrow and adipose
tissue secrete decorin [54]. Moreover, Shu et al. have found that FGF-2 and FGF-18 upregulate the
decorin gene expression level in BM-MSCs [55]. Their results support our observation that FGF-2
exerts a stimulatory effect on decorin secretion by ovine BM-MSCs. Our data also showed that the
level of proangiogenic and immunomodulatory cytokines, namely VEGF-A, MIG, sFRP-3, and TNF-α,
increased in FGF-2-treated BM-MSCs. This observation is in line with a study performed by Gorin et
al., who found that FGF-2 enhances the angiogenic properties of the human dental pulp-origin MSC
secretome [56]. In contrast, stimulation with both FGF-2 and BMP-2 decreased VEGF-A and TNF-α.
Interestingly, IL-8 was downregulated in cells treated with both cytokines, FGF-2 and BMP-2, and its
highest level was observed in the control culture without any stimuli. IL-8 is an inflammatory mediator
that plays an important role as an enhancer of cell migration in tissue repair. However, Bastidas-Coral
et al. demonstrated that IL-8 did not stimulate the osteogenic differentiation of human MSCs [57].
Based on these findings and our observations, we can hypothesize that the upregulation of IL-8 is not
needed for osteogenesis.
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The role of FGF-2 combined with BMP-2 in the osteo-induction of MSCs and osteoblast-like cells
has been investigated by different studies [7,16,48]. For example, it was found that the co-delivery of
low doses of FGF-2 and BMP-2 is more efficient in the bone formation of old human and mouse cell
cultures than BMP-2 treatment alone [7]. Although the effect of stimulation with FGF-2 and BMP-2 on
the osteogenic differentiation of mouse and human MSCs remains to be researched, the primary MSCs
obtained from large animals have not yet been investigated for their osteogenic potential following
FGF-2 and BMP-2 treatment. It is important to fully understand the response to osteogenic stimuli
of ovine cells in vitro before undertaking in vivo experiments on the large animal model in order to
test different strategies of enhancing the regeneration of large bone defects. Our results suggest that
treatment with FGF-2 and BMP-2 significantly improves the osteogenic potential of ovine BM-MSCs
on both the molecular and the protein level.

4. Materials and Methods

4.1. BM-MSC Isolation and Culture

The study was approved by the institutional Animal Ethics Committee at the Institute of
Immunology and Experimental Therapy PAS (No 63/2017 from 21 of June 2017). Six adult sheep
weighing from 42 to 54 kg were used in the study. A 15-guage bone marrow aspiration needle
(15 G × 15 mm, Perfectus, Medax, Italy) was used to aspirate 10 mL of bone marrow from the iliac
crest into a 20 mL heparinized syringe. All procedures were performed under general inhalant
anesthesia with oxygen volatilized isoflurane (IsoVet, Piramal Healthcare, UK). Analgesia was
provided with fentanyl (Fentanyl WZF, Warsaw, Poland). Bone marrow aspirations were performed
by experienced surgeons at the Department and Clinic of Surgery, Faculty of Veterinary Medicine,
Wroclaw University of Environmental and Life Sciences. Mononuclear cells were isolated using the
Lymphoflot gradient (Bio-Rad, Dreieich, Germany, cat. no. 824012) during 30 min of centrifugation at
400 g at room temperature (RT). Next, the isolated mononuclear cells of bone marrow-origin were
collected and washed two times in PBS. Cell suspensions were seeded in 75 cm2 (T75) culture flasks
and cultured in Minimum Essential Medium α-transformation–αMEM (IIET PAS, Wroclaw, Poland)
supplemented with 10% fetal bovine serum, FBS (Biowest, Riverside, Montana, MT, USA, cat. no.
S1810-500), 2 mM L-glutamine (Biowest, Riverside, Montana, MT, USA, cat. no. X0550-100), and 1%
penicillin/streptomycin (Merck, Saint Louis, MO, USA, cat. no. P0781). The cells were incubated in a
humidified atmosphere at 37 ◦C with a 5% CO2. To ensure an effective adherence of MSCs, the culture
medium was first changed after 7 days of incubation, after which the complete medium was replaced
every three days. When the plastic adherent bone marrow-derived mesenchymal stem cells (BM-MSCs)
reached 80% confluence, they were harvested using the Accutase Cell Detachment Solution (Corning,
Manassas, VA, USA, cat. no. 25-058-CI). Accutase was deactivated with an equal volume of the
complete culture medium and centrifuged at 200 g for 5 min at RT, resuspended in the culture medium,
and plated again in T75 culture flasks at a density of 1 × 104 cells/mL for the experiments.

4.2. BMP-2 and FGF-2 Supplementation

To determine the osteogenic stimulatory effect of BMP-2 and FGF-2 on BM-MSCs, the cells were
treated with 100 ng/mL of BMP-2 (Stem Cell Technologies, Grenoble, France, cat. no. 78004.1) and/or
20 ng/mL FGF-2 (Merck, Saint Louis, MO, USA, cat. no. F0291). BM-MSCs cultured in the αMEM
complete medium were used as a control. The supplemented and control media were changed every
three days. The experiments on osteogenic induced BM-MSCs were performed after 7, 14, and 21 days
of incubation.

4.3. Cell Proliferation and Doubling Time Calculation

The proliferative activity of BM-MSCs cultured with BMP-2 and/or FGF-2 was analyzed using
the MTT assay. The cells were seeded in triplicate at a density of 2 × 103 cells/well in 96-well plates.
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Cells were allowed to attach to the plates for the first 4 h, after which 10 µL of a 4 mg/mL MTT (Merck,
Saint Louis, MO, USA, cat. no. M2128) solution was added. After incubation, over the next 4 h at
37 ◦C, the medium was aspirated and 100 µL of DMSO (POCh, Gliwice, Poland, cat. no. 363550117)
was added to solubilize the purple formazan crystals. Optical density was measured at 540 nm with a
Wallac Victor2 microplate reader (Perkin Elmer LAS, Waltham, MA, USA). The cell proliferation was
analyzed after 24, 48, 72, and 96 h. The medium in each well was replaced after three days. The MTT
proliferation assay was repeated three times.

To calculate the cell doubling time (DT), the following formula was used:

DT = T·
ln2

ln NT
N0

(1)

where T is the incubation time (hours), NT is the number of cells after the incubation time, and N0 is
the number of cells initially harvested. The incubation time point was 48 h, based on the exponential
phase. The number of cells after the incubation time was obtained from the growth curve from the
MTT assay. The standard curve was plotted to determine the relationship between cell number and
absorbance at 540 nm.

4.4. Flow Cytometry

BM-MSCs cultured in three different media: αMEM, αMEM + FGF-2, and αMEM + FGF-2 +

BMP-2 at different time points of incubation, 7 and 21 days, were analyzed for the basic MSC surface
markers using flow cytometry and a FACS Calibur platform (BD Bioscience, Cambridge, UK). Briefly,
cells were harvested with the Accutase Cell Detachment Solution (Corning, Manassas, VA, USA),
washed in PBS (IIET PAS, Wroclaw, Poland), and resuspended in PBS at a concentration of 2 × 106

cells/mL. For direct flow cytometry, 50 µL of BM-MSCs and an appropriate amount of a conjugated
primary antibody (Table S1) were added to the FACS tubes and incubated for 30 min at 4 ◦C in the
dark. Then, the cells were washed in 1 mL of PBS. After centrifugation, the cells were resuspended
in 100 µL of PBS and analyzed. For indirect labelling, 50 µL of BM-MSCs were incubated with the
primary antibody at 4 ◦C for 30 min. Next, the cells were washed and resuspended in a solution of a
diluted fluorochrome-labeled secondary antibody in 3% BSA/PBS (Gibco, Carlsbad, CA, USA) and
incubated in the dark at 4 ◦C for 30 min. After incubation, the cells were washed, resuspended in
100 µL PBS, and analyzed using FACS Calibur (Becton Dickinson, San Jose, CA, USA). The data from
the flow cytometry experiments were visualized using the Flowing Software version 2.5.1. All used
antibodies and their dilutions are listed in Table S1 in the supplementary materials.

4.5. Immunofluorescence Staining

To detect osteogenesis-related proteins, collagen type I, and osteocalcin, the BM-MSCs were cultured
in 96-well plates at a density of 1 × 103 cells/well in an αMEM- and αMEM-medium supplemented
with BMP-2 and/or FGF-2. The αMEM-medium was used as a control. For immunostaining, performed
after 7, 14 and 21 days of incubation, the culture media were aspirated, and the cells were washed with
PBS. Next, BM-MSCs were fixed in 100 µL of 3.7% paraformaldehyde for 20 min at RT and washed
again in PBS. The cells were then covered with 50 µL of 3% BSA/PBS to block the nonspecific bindings
and incubated for 1.5 h at 37 ◦C. Afterwards, the blocking solution was removed, 50 µL of diluted
primary antibodies, rabbit anti-collagen type I, and mouse anti-osteocalcin (Table S1) were added to
the wells for 24 h of incubation at 40 ◦C. Next, each well was washed with PBS three times, and the
cells were incubated with 50 µL of secondary goat anti-rabbit or goat anti-mouse FITC-conjugated
solutions (Table S1) for 30 min in the dark at RT. After incubation with secondary antibodies, the wells
were washed three times in PBS. For nuclei staining, DAPI (Vector Labs, Burlingame, CA, USA, cat. no.
H-1200) was used for 20 min of incubation in the dark at RT, after which the cells were washed with
PBS. Immunofluorescence staining was visualized using an Axio Observer inverted fluorescence
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microscope (Zeiss, Jena, Germany) equipped with a system for image acquisition and digitalization
and analyzed using the Zeiss Zen Blue software.

4.6. RT-PCR (Reverse Transcription Polymerase Chain Reaction)

To evaluate the expression of the surface marker CD90, RNA was extracted and purified from
the BM-MSCs cultured in αMEM with or without BMP-2 and/or FGF-2 for 7, 14, and 21 days using
the NucleoSpin® RNA Kit (Macherey-Nagel, Düren, Germany, cat. no. 740955.50) according to the
manufacturer’s instructions. Next, the reverse transcription of 1 µg of total RNA from each sample
was performed to prepare cDNA using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher,
Vilnius, Lithuania, cat. no. K1622). To ensure a good quality of DNA examination, PCR for β-actin
was performed on 2% agarose gel with ethidium bromide. The synthesized cDNAs were subjected to
PCR using DreamTaq DNA Polymerase (Thermo Fisher, Vilnius, Lithuania, cat. no. EP0702). The PCR
primer sequences and reaction parameters are shown in Table S2 in the supplementary materials.
The PCR products were analyzed and visualized with 2% agarose gel electrophoresis using a G:BOX
system (Syngene, Cambridge, UK). RT-PCR was normalized by the housekeeping gene GAPDH,
and the gel bands were quantified using the ImageJ software (National Institutes of Health, Bethesda,
Maryland, USA).

4.7. Real-Time qRT-PCR

Extraction and reverse transcription of total RNA from the BM-MSCs treated with 100 ng/mL
BMP-2 and/or 20 ng/mL FGF-2 for 7, 14 and 21 days was performed as previously described in the
RT-PCR methodology. Real-time PCR was conducted with the Power SYBR Green PCR Master Mix
(Life Technologies, Warrington, UK) using the ViiA 7 Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA). The reactions were carried out in triplicate with the program running: initial
denaturation at 95 ◦C for 10 min, followed by 40 cycles of denaturation at 95 ◦C for 15 s, annealing at
the Tm (◦C) of the primers listed in Table S2 for 1 min, and extension at 72 ◦C for 40 s. All PCR product
quantifications were normalized to the housekeeping gene GAPDH. The relative mRNA expression
level was calculated using the 2-∆∆CT method, where the threshold cycle (CT) from the triplicate runs
was averaged and calibrated to GAPDH CT.

4.8. Multilineage Differentiation

To examine the multilineage differentiation potential of sheep BM-MSCs, the cells were seeded
in a 24-well plate at a density of 1 × 104 cells/well and allowed to attach. After overnight incubation,
the culture media were changed to the osteogenic, adipogenic, and chondrogenic differentiation media
(PromoCell, Heidelberg, Germany, cat. no. C-28013, C-28012, C-28016) with or without BMP-2 and/or
FGF-2 in a volume of 400 µL/well for the induced cells and αMEM for the control cells. The media
were refreshed every three days. After 14 days of incubation for chondrogenesis and 21 days for
osteogenesis and adipogenesis, the differentiation potential was assessed through visualization with
appropriate staining. To perform the staining, the differentiation media were removed, the cells were
washed with PBS and fixed for 20 min at RT in a 3.7% formaldehyde (Merck, Saint Louis, MO, USA,
cat. no. 104003). Next, the formaldehyde was removed, the cells were washed with PBS again and
stained at RT with 200 µL Alizarin Red S for 10 min for osteogenic differentiation, Oil Red O for 15 min
for adipogenic differentiation, and Alcian Blue for 40 min for chondrogenic differentiation (Merck,
Saint Louis, MO, USA, cat. no. A5533, O0625, A3157).

4.9. Sheep Cytokine Array

To evaluate the impact of FGF-2 and BMP-2 on the cytokine secretory profile of sheep BM-MSCs,
the cells were cultured in the αMEM medium supplemented with 2 mM L-glutamine and 1%
penicillin/streptomycin without FBS and with the addition of: (1) FGF-2 and (2) FGF-2 with BMP-2
for 7, 14 and 21 days. The cells were seeded in T75 cell culture flasks at a density of 1.9 × 104/cm2,
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in the complete αMEM medium first, and incubated for 24 h. Next, the media were changed for
αMEM without FBS supplemented with BMP-2 and/or FGF-2. The media were changed every three
days. After the time points, the supernatants were collected into 15 mL tubes. To remove cellular
debris, the supernatants were centrifuged at 1200 rpm for 10 min at RT, placed into the new tubes,
centrifuged once again at 1600 rpm for 10 min at RT, placed into the new tubes and stored in −20 ◦C.
The secretory profile of BM-MSC cytokines was examined using the semi-quantitative C-Series Ovine
(Sheep) Cytokine Array C1 Kit (Ray- Bio®, Norcross, GA, USA, cat. no. AAO-CYT-1-8) according to
the manufacturer’s protocol. Briefly, membranes were placed into the wells of the incubation tray
and incubated at RT for 30 min with 2 mL of blocking buffer. Next, the samples were aspirated and
1 mL of supernatants were added for overnight incubation at 4 ◦C. The next step was to wash the
membranes and incubate them with 1 mL of biotinylated antibody cocktail for 2 h at RT. The second
wash was performed to remove the unbound antibody, after which 1 mL of HRP-Streptavidin was
incubated with the membranes at RT for 2 h. At the end, the membranes were washed and detected
with chemiluminescence using an X-ray film. The differences in relative protein expression were
measured using the ImageJ and the Protein Array Analyzer plugin. Next, the data were analyzed in
Microsoft Excel-based Analysis Software Tool for the Ovine Cytokine Array C1 kit (Ray-Bio®, Norcross,
GA, USA). The results are presented on heat maps created in GraphPad Prism version 7 (GraphPad
Software, Inc., San Diego, California, USA).

4.10. Statistical Analysis

All statistical analyses were calculated with the GraphPad Prism version 7. The one-way analysis
of variance (one-way ANOVA) with Dunnett’s test for multiple comparison procedures was used to
compare the obtained data. p-values < 0.05 were considered as statistically significant. All experiments
were conducted at least in three independent analyses.

5. Conclusions

In this study, we showed that MSCs from sheep bone marrow had a great osteogenic potential
when stimulated with FGF-2 and BMP-2. After long-term treatment, the cells still maintained the
characteristic phenotype of MSCs and expanded more efficiently compared to the culture in the control
medium without cytokines. FGF-2 and BMP-2 enhanced osteogenic differentiation, as confirmed by
Alizarin Red S staining and by osteocalcin and collagen type I expression. Furthermore, FGF-2 and
BMP-2 upregulated the gene expression of the early osteogenic markers, including BMP-2, osterix,
and Runx2, and the late osteogenic markers, osteocalcin and osteopontin. Our findings demonstrated
that sheep BM-MSCs produced a variety of growth factors, cytokines, and chemokines involved
in osteogenesis, and supplementation of the culture medium with FGF-2 and BMP-2 affected the
secretome profile of the cells.

The improvement of the osteogenic potential of MSCs is very important in research on an
innovative treatment for many bone diseases. Co-administration of FGF-2 and BMP-2 seems to be a
promising strategy for bone regeneration in in vivo studies on sheep MSCs. Therefore, the next step
in this project is to develop a safe cell-based therapy for large bone defects in the sheep model with
osteo-inducted BM-MSCs as a preclinical model for cellular therapy in bone regeneration and further
potential clinical application.
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AIF allograft inflammatory factor
BM-MSCs bone marrow derived mesenchymal stem cells
BMP-2 bone morphogenetic protein 2
ColI collagen type I
DMSO dimethyl sulfoxide
FGF-2 fibroblast growth factor 2
HLA DR Human Leukocyte Antigen–DR isotype
IL-8 interleukin-8
MIG monokine induced by gamma interferon
MSCs mesenchymal stem cells
Ocl osteocalcin
Opn osteopontin
Osx osterix
RANTES Regulated on Activation, Normal T-cell Expressed and Secreted
Runx2 Runt related transcription factor 2
sFRP-3 secreted frizzled-related protein 3
TNF-α tumor necrosis factor α
VEGF-A vascular endothelial growth factor A
αMEM Minimum Essential Medium α-transformation

References

1. Tseng, S.S.; Lee, M.A.; Reddi, A.H. Nonunions and the potential of stem cells in fracture-healing. J. Bone Jt.
Surg. Am. 2008, 90 (Suppl. 1), 92–98. [CrossRef]

2. Loeser, R.F. Age-related changes in the musculoskeletal system and the development of osteoarthritis.
Clin. Geriatr. Med. 2010, 26, 371–386. [CrossRef]

3. Wang, W.; Yeung, K.W.K. Bone grafts and biomaterials substitutes for bone defect repair: A review. Bioact.
Mater. 2017, 2, 224–247. [CrossRef]

4. Knight, M.N.; Hankenson, K.D. Mesenchymal Stem Cells in Bone Regeneration. Adv. Wound Care (New
Rochelle) 2013, 2, 306–316. [CrossRef]

5. Undale, A.H.; Westendorf, J.J.; Yaszemski, M.J.; Khosla, S. Mesenchymal stem cells for bone repair and
metabolic bone diseases. Mayo Clin. Proc. 2009, 84, 893–902. [CrossRef]

6. Lin, W.; Xu, L.; Zwingenberger, S.; Gibon, E.; Goodman, S.B.; Li, G. Mesenchymal stem cells homing to
improve bone healing. J. Orthop. Transl. 2017, 9, 19–27. [CrossRef] [PubMed]

7. Kuhn, L.T.; Ou, G.; Charles, L.; Hurley, M.M.; Rodner, C.M.; Gronowicz, G. Fibroblast growth factor-2 and
bone morphogenetic protein-2 have a synergistic stimulatory effect on bone formation in cell cultures from
elderly mouse and human bone. J. Gerontol. A Biol. Sci. Med. Sci. 2013, 68, 1170–1180. [CrossRef] [PubMed]

8. Behr, B.; Sorkin, M.; Lehnhardt, M.; Renda, A.; Longaker, M.T.; Quarto, N. A comparative analysis of the
osteogenic effects of BMP-2, FGF-2, and VEGFA in a calvarial defect model. Tissue Eng. Part A 2012, 18,
1079–1086. [CrossRef] [PubMed]

9. Charles, L.F.; Woodman, J.L.; Ueno, D.; Gronowicz, G.; Hurley, M.M.; Kuhn, L.T. Effects of low dose FGF-2
and BMP-2 on healing of calvarial defects in old mice. Exp. Gerontol. 2015, 64, 62–69. [CrossRef] [PubMed]

10. Gronowicz, G.; Jacobs, E.; Peng, T.; Zhu, L.; Hurley, M.; Kuhn, L.T. Calvarial Bone Regeneration Is Enhanced
by Sequential Delivery of FGF-2 and BMP-2 from Layer-by-Layer Coatings with a Biomimetic Calcium
Phosphate Barrier Layer. Tissue Eng. Part A 2017, 23, 1490–1501. [CrossRef] [PubMed]

http://dx.doi.org/10.2106/JBJS.G.01192
http://dx.doi.org/10.1016/j.cger.2010.03.002
http://dx.doi.org/10.1016/j.bioactmat.2017.05.007
http://dx.doi.org/10.1089/wound.2012.0420
http://dx.doi.org/10.4065/84.10.893
http://dx.doi.org/10.1016/j.jot.2017.03.002
http://www.ncbi.nlm.nih.gov/pubmed/29662796
http://dx.doi.org/10.1093/gerona/glt018
http://www.ncbi.nlm.nih.gov/pubmed/23531867
http://dx.doi.org/10.1089/ten.tea.2011.0537
http://www.ncbi.nlm.nih.gov/pubmed/22195699
http://dx.doi.org/10.1016/j.exger.2015.02.006
http://www.ncbi.nlm.nih.gov/pubmed/25681640
http://dx.doi.org/10.1089/ten.tea.2017.0111
http://www.ncbi.nlm.nih.gov/pubmed/28946792


Int. J. Mol. Sci. 2020, 21, 9726 20 of 22

11. Charoenlarp, P.; Rajendran, A.K.; Iseki, S. Role of fibroblast growth factors in bone regeneration. Inflamm.
Regen. 2017, 37, 10. [CrossRef] [PubMed]

12. Coffin, J.D.; Homer-Bouthiette, C.; Hurley, M.M. Fibroblast Growth Factor 2 and Its Receptors in Bone
Biology and Disease. J. Endocr. Soc. 2018, 2, 657–671. [CrossRef] [PubMed]

13. Kyllonen, L.; D’Este, M.; Alini, M.; Eglin, D. Local drug delivery for enhancing fracture healing in osteoporotic
bone. Acta Biomater. 2015, 11, 412–434. [CrossRef] [PubMed]

14. Lei, L.; Wang, S.; Wu, H.; Ju, W.; Peng, J.; Qahtan, A.S.; Chen, C.; Lu, Y.; Peng, J.; Zhang, X.; et al. Optimization
of release pattern of FGF-2 and BMP-2 for osteogenic differentiation of low-population density hMSCs.
J. Biomed. Mater. Res. A 2015, 103, 252–261. [CrossRef] [PubMed]

15. Li, P.; Bai, Y.; Yin, G.; Pu, X.; Huang, Z.; Liao, X.; Chen, X.; Yao, Y. Synergistic and sequential effects of BMP-2,
bFGF and VEGF on osteogenic differentiation of rat osteoblasts. J. Bone Miner. Metab. 2014, 32, 627–635.
[CrossRef] [PubMed]

16. Song, R.; Wang, D.; Zeng, R.; Wang, J. Synergistic effects of fibroblast growth factor-2 and bone morphogenetic
protein-2 on bone induction. Mol. Med. Rep. 2017, 16, 4483–4492. [CrossRef]

17. Smith, D.M.; Cooper, G.M.; Mooney, M.P.; Marra, K.G.; Losee, J.E. Bone morphogenetic protein 2 therapy for
craniofacial surgery. J. Craniofac. Surg. 2008, 19, 1244–1259. [CrossRef]

18. Sun, J.; Li, J.; Li, C.; Yu, Y. Role of bone morphogenetic protein-2 in osteogenic differentiation of mesenchymal
stem cells. Mol. Med. Rep. 2015, 12, 4230–4237. [CrossRef]

19. Marupanthorn, K.; Tantrawatpan, C.; Kheolamai, P.; Tantikanlayaporn, D.; Manochantr, S. Bone
morphogenetic protein-2 enhances the osteogenic differentiation capacity of mesenchymal stromal cells
derived from human bone marrow and umbilical cord. Int. J. Mol. Med. 2017, 39, 654–662. [CrossRef]

20. Kawaguchi, H.; Jingushi, S.; Izumi, T.; Fukunaga, M.; Matsushita, T.; Nakamura, T.; Mizuno, K.; Nakamura, T.;
Nakamura, K. Local application of recombinant human fibroblast growth factor-2 on bone repair: A
dose-escalation prospective trial on patients with osteotomy. J. Orthop. Res. 2007, 25, 480–487. [CrossRef]

21. Burkus, J.K.; Gornet, M.F.; Dickman, C.A.; Zdeblick, T.A. Anterior lumbar interbody fusion using rhBMP-2
with tapered interbody cages. J. Spinal. Disord. Tech. 2002, 15, 337–349. [CrossRef] [PubMed]

22. Harding, J.; Roberts, R.M.; Mirochnitchenko, O. Large animal models for stem cell therapy. Stem Cell Res.
Ther. 2013, 4, 23. [CrossRef] [PubMed]

23. Futrega, K.; Music, E.; Robey, P.G.; Gronthos, S.; Crawford, R.W.; Saifzadeh, S.; Klein, T.J.; Doran, M.R.
Characterisation of ovine bone marrow-derived stromal cells (oBMSC) and evaluation of chondrogenically
induced micro-pellets for cartilage tissue repair in vivo. bioRxiv 2020. [CrossRef]

24. Oryan, A.; Kamali, A.; Moshiri, A.; Baghaban Eslaminejad, M. Role of Mesenchymal Stem Cells in Bone
Regenerative Medicine: What Is the Evidence? Cells Tissues Organs. 2017, 204, 59–83. [CrossRef]

25. Murphy, M.B.; Moncivais, K.; Caplan, A.I. Mesenchymal stem cells: Environmentally responsive therapeutics
for regenerative medicine. Exp. Mol. Med. 2013, 45, e54. [CrossRef] [PubMed]

26. Hotham, W.E.; Henson, F.M.D. The use of large animals to facilitate the process of MSC going from laboratory
to patient-‘bench to bedside’. Cell Biol. Toxicol. 2020, 36, 103–114. [CrossRef] [PubMed]

27. Haddouti, E.M.; Randau, T.M.; Hilgers, C.; Masson, W.; Walgenbach, K.J.; Pflugmacher, R.; Burger, C.;
Gravius, S.; Schildberg, F.A. Characterization and Comparison of Human and Ovine Mesenchymal Stromal
Cells from Three Corresponding Sources. Int. J. Mol. Sci. 2020, 21, 2310. [CrossRef]

28. Mundy, G.R.; Chen, D.; Zhao, M.; Dallas, S.; Xu, C.; Harris, S. Growth regulatory factors and bone. Rev. Endocr.
Metab. Disord. 2001, 2, 105–115. [CrossRef]

29. Mundy, G.R. Regulation of bone formation by bone morphogenetic proteins and other growth factors.
Clin. Orthop. Relat. Res. 1996, 324, 24–28. [CrossRef]

30. Gharibi, B.; Hughes, F.J. Effects of medium supplements on proliferation, differentiation potential, and
in vitro expansion of mesenchymal stem cells. Stem Cells Transl. Med. 2012, 1, 771–782. [CrossRef]

31. Adamzyk, C.; Emonds, T.; Falkenstein, J.; Tolba, R.; Jahnen-Dechent, W.; Lethaus, B.; Neuss, S. Different
Culture Media Affect Proliferation, Surface Epitope Expression, and Differentiation of Ovine MSC. Stem Cells
Int. 2013, 2013, 387324. [CrossRef] [PubMed]

32. Kottakis, F.; Polytarchou, C.; Foltopoulou, P.; Sanidas, I.; Kampranis, S.C.; Tsichlis, P.N. FGF-2 regulates cell
proliferation, migration, and angiogenesis through an NDY1/KDM2B-miR-101-EZH2 pathway. Mol. Cell
2011, 43, 285–298. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/s41232-017-0043-8
http://www.ncbi.nlm.nih.gov/pubmed/29259709
http://dx.doi.org/10.1210/js.2018-00105
http://www.ncbi.nlm.nih.gov/pubmed/29942929
http://dx.doi.org/10.1016/j.actbio.2014.09.006
http://www.ncbi.nlm.nih.gov/pubmed/25218339
http://dx.doi.org/10.1002/jbm.a.35168
http://www.ncbi.nlm.nih.gov/pubmed/24639043
http://dx.doi.org/10.1007/s00774-013-0538-6
http://www.ncbi.nlm.nih.gov/pubmed/24306516
http://dx.doi.org/10.3892/mmr.2017.7183
http://dx.doi.org/10.1097/SCS.0b013e3181843312
http://dx.doi.org/10.3892/mmr.2015.3954
http://dx.doi.org/10.3892/ijmm.2017.2872
http://dx.doi.org/10.1002/jor.20315
http://dx.doi.org/10.1097/00024720-200210000-00001
http://www.ncbi.nlm.nih.gov/pubmed/12394656
http://dx.doi.org/10.1186/scrt171
http://www.ncbi.nlm.nih.gov/pubmed/23672797
http://dx.doi.org/10.1101/2020.05.15.094847
http://dx.doi.org/10.1159/000469704
http://dx.doi.org/10.1038/emm.2013.94
http://www.ncbi.nlm.nih.gov/pubmed/24232253
http://dx.doi.org/10.1007/s10565-020-09521-9
http://www.ncbi.nlm.nih.gov/pubmed/32206986
http://dx.doi.org/10.3390/ijms21072310
http://dx.doi.org/10.1023/A:1010015309973
http://dx.doi.org/10.1097/00003086-199603000-00004
http://dx.doi.org/10.5966/sctm.2010-0031
http://dx.doi.org/10.1155/2013/387324
http://www.ncbi.nlm.nih.gov/pubmed/24228035
http://dx.doi.org/10.1016/j.molcel.2011.06.020
http://www.ncbi.nlm.nih.gov/pubmed/21777817


Int. J. Mol. Sci. 2020, 21, 9726 21 of 22

33. Yamachika, E.; Tsujigiwa, H.; Matsubara, M.; Hirata, Y.; Kita, K.; Takabatake, K.; Mizukawa, N.; Kaneda, Y.;
Nagatsuka, H.; Iida, S. Basic fibroblast growth factor supports expansion of mouse compact bone-derived
mesenchymal stem cells (MSCs) and regeneration of bone from MSC in vivo. J. Mol. Histol. 2012, 43, 223–233.
[CrossRef] [PubMed]

34. Cartland, S.P.; Genner, S.W.; Zahoor, A.; Kavurma, M.M. Comparative Evaluation of TRAIL, FGF-2 and
VEGF-A-Induced Angiogenesis in Vitro and In Vivo. Int. J. Mol. Sci. 2016, 17, 2025. [CrossRef] [PubMed]

35. Lee, J.G.; Jung, E.; Heur, M. Fibroblast growth factor 2 induces proliferation and fibrosis via SNAI1-mediated
activation of CDK2 and ZEB1 in corneal endothelium. J. Biol. Chem. 2018, 293, 3758–3769. [CrossRef]
[PubMed]

36. Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.; Krause, D.; Deans, R.;
Keating, A.; Prockop, D.; Horwitz, E. Minimal criteria for defining multipotent mesenchymal stromal
cells. The International Society for Cellular Therapy position statement. Cytotherapy 2006, 8, 315–317.
[CrossRef] [PubMed]

37. McCarty, R.C.; Gronthos, S.; Zannettino, A.C.; Foster, B.K.; Xian, C.J. Characterisation and developmental
potential of ovine bone marrow derived mesenchymal stem cells. J. Cell Physiol. 2009, 219, 324–333. [CrossRef]

38. Khan, M.R.; Chandrashekran, A.; Smith, R.K.; Dudhia, J. Immunophenotypic characterization of ovine
mesenchymal stem cells. Cytom. A 2016, 89, 443–450. [CrossRef]

39. Vivas, D.; Caminal, M.; Oliver-Vila, I.; Vives, J. Derivation of Multipotent Mesenchymal Stromal Cells from
Ovine Bone Marrow. Curr. Protoc. Stem Cell Biol. 2018, 44, 2B.9.1–2B.9.22. [CrossRef]

40. Okajcekova, T.; Strnadel, J.; Pokusa, M.; Zahumenska, R.; Janickova, M.; Halasova, E.; Skovierova, H.
A Comparative in Vitro Analysis of the Osteogenic Potential of Human Dental Pulp Stem Cells Using Various
Differentiation Conditions. Int. J. Mol. Sci. 2020, 21, 2280. [CrossRef]

41. Grau-Vorster, M.; Laitinen, A.; Nystedt, J.; Vives, J. HLA-DR expression in clinical-grade bone marrow-derived
multipotent mesenchymal stromal cells: A two-site study. Stem Cell Res. Ther. 2019, 10, 164. [CrossRef]
[PubMed]

42. Dumic-Cule, I.; Peric, M.; Kucko, L.; Grgurevic, L.; Pecina, M.; Vukicevic, S. Bone morphogenetic proteins in
fracture repair. Int. Orthop. 2018, 42, 2619–2626. [CrossRef] [PubMed]

43. Onishi, T.; Ishidou, Y.; Nagamine, T.; Yone, K.; Imamura, T.; Kato, M.; Sampath, T.K.; ten Dijke, P.; Sakou, T.
Distinct and overlapping patterns of localization of bone morphogenetic protein (BMP) family members and
a BMP type II receptor during fracture healing in rats. Bone 1998, 22, 605–612. [CrossRef]

44. Tsao, Y.T.; Huang, Y.J.; Wu, H.H.; Liu, Y.A.; Liu, Y.S.; Lee, O.K. Osteocalcin Mediates Biomineralization during
Osteogenic Maturation in Human Mesenchymal Stromal Cells. Int. J. Mol. Sci. 2017, 18, 159. [CrossRef]
[PubMed]

45. Ryoo, H.M.; Lee, M.H.; Kim, Y.J. Critical molecular switches involved in BMP-2-induced osteogenic
differentiation of mesenchymal cells. Gene 2006, 366, 51–57. [CrossRef] [PubMed]

46. Lee, K.S.; Kim, H.J.; Li, Q.L.; Chi, X.Z.; Ueta, C.; Komori, T.; Wozney, J.M.; Kim, E.G.; Choi, J.Y.; Ryoo, H.M.;
et al. Runx2 is a common target of transforming growth factor beta1 and bone morphogenetic protein 2,
and cooperation between Runx2 and Smad5 induces osteoblast-specific gene expression in the pluripotent
mesenchymal precursor cell line C2C12. Mol. Cell Biol. 2000, 20, 8783–8792. [CrossRef]

47. Kim, H.J.; Kim, J.H.; Bae, S.C.; Choi, J.Y.; Kim, H.J.; Ryoo, H.M. The protein kinase C pathway plays a central
role in the fibroblast growth factor-stimulated expression and transactivation activity of Runx2. J. Biol. Chem.
2003, 278, 319–326. [CrossRef]

48. Hughes-Fulford, M.; Li, C.-F. The role of FGF-2 and BMP-2 in regulation of gene induction, cell proliferation
and mineralization. J. Orthop. Surg. Res. 2011, 6, 8. [CrossRef]

49. Persson, M.; Lehenkari, P.P.; Berglin, L.; Turunen, S.; Finnila, M.A.J.; Risteli, J.; Skrifvars, M.; Tuukkanen, J.
Osteogenic Differentiation of Human Mesenchymal Stem cells in a 3D Woven Scaffold. Sci. Rep. 2018, 8,
10457. [CrossRef]

50. Vanhatupa, S.; Ojansivu, M.; Autio, R.; Juntunen, M.; Miettinen, S. Bone Morphogenetic Protein-2 Induces
Donor-Dependent Osteogenic and Adipogenic Differentiation in Human Adipose Stem Cells. Stem Cells
Transl. Med. 2015, 4, 1391–1402. [CrossRef]

http://dx.doi.org/10.1007/s10735-011-9385-8
http://www.ncbi.nlm.nih.gov/pubmed/22203245
http://dx.doi.org/10.3390/ijms17122025
http://www.ncbi.nlm.nih.gov/pubmed/27918462
http://dx.doi.org/10.1074/jbc.RA117.000295
http://www.ncbi.nlm.nih.gov/pubmed/29363574
http://dx.doi.org/10.1080/14653240600855905
http://www.ncbi.nlm.nih.gov/pubmed/16923606
http://dx.doi.org/10.1002/jcp.21670
http://dx.doi.org/10.1002/cyto.a.22849
http://dx.doi.org/10.1002/cpsc.43
http://dx.doi.org/10.3390/ijms21072280
http://dx.doi.org/10.1186/s13287-019-1279-9
http://www.ncbi.nlm.nih.gov/pubmed/31196185
http://dx.doi.org/10.1007/s00264-018-4153-y
http://www.ncbi.nlm.nih.gov/pubmed/30219967
http://dx.doi.org/10.1016/S8756-3282(98)00056-8
http://dx.doi.org/10.3390/ijms18010159
http://www.ncbi.nlm.nih.gov/pubmed/28106724
http://dx.doi.org/10.1016/j.gene.2005.10.011
http://www.ncbi.nlm.nih.gov/pubmed/16314053
http://dx.doi.org/10.1128/MCB.20.23.8783-8792.2000
http://dx.doi.org/10.1074/jbc.M203750200
http://dx.doi.org/10.1186/1749-799X-6-8
http://dx.doi.org/10.1038/s41598-018-28699-x
http://dx.doi.org/10.5966/sctm.2015-0042


Int. J. Mol. Sci. 2020, 21, 9726 22 of 22

51. Legendre, F.; Ollitrault, D.; Gomez-Leduc, T.; Bouyoucef, M.; Hervieu, M.; Gruchy, N.; Mallein-Gerin, F.;
Leclercq, S.; Demoor, M.; Galera, P. Enhanced chondrogenesis of bone marrow-derived stem cells by using a
combinatory cell therapy strategy with BMP-2/TGF-beta1, hypoxia, and COL1A1/HtrA1 siRNAs. Sci. Rep.
2017, 7, 3406. [CrossRef] [PubMed]

52. Kraskiewicz, H.; Paprocka, M.; Bielawska-Pohl, A.; Krawczenko, A.; Panek, K.; Kaczynska, J.;
Szyposzynska, A.; Psurski, M.; Kuropka, P.; Klimczak, A. Can supernatant from immortalized adipose tissue
MSC replace cell therapy? An in vitro study in chronic wounds model. Stem Cell Res. Ther. 2020, 11, 29.
[CrossRef] [PubMed]

53. Takeuchi, Y.; Kodama, Y.; Matsumoto, T. Bone matrix decorin binds transforming growth factor-beta and
enhances its bioactivity. J. Biol. Chem. 1994, 269, 32634–32638. [PubMed]

54. Amable, P.R.; Teixeira, M.V.; Carias, R.B.; Granjeiro, J.M.; Borojevic, R. Protein synthesis and secretion in
human mesenchymal cells derived from bone marrow, adipose tissue and Wharton’s jelly. Stem Cell Res.
Ther. 2014, 5, 53. [CrossRef] [PubMed]

55. Shu, C.; Smith, S.M.; Little, C.B.; Melrose, J. Use of FGF-2 and FGF-18 to direct bone marrow stromal stem
cells to chondrogenic and osteogenic lineages. Future Sci. OA 2016, 2, FSO142. [CrossRef]

56. Gorin, C.; Rochefort, G.Y.; Bascetin, R.; Ying, H.; Lesieur, J.; Sadoine, J.; Beckouche, N.; Berndt, S.; Novais, A.;
Lesage, M.; et al. Priming Dental Pulp Stem Cells With Fibroblast Growth Factor-2 Increases Angiogenesis
of Implanted Tissue-Engineered Constructs Through Hepatocyte Growth Factor and Vascular Endothelial
Growth Factor Secretion. Stem Cells Transl. Med. 2016, 5, 392–404. [CrossRef]

57. Bastidas-Coral, A.P.; Bakker, A.D.; Zandieh-Doulabi, B.; Kleverlaan, C.J.; Bravenboer, N.; Forouzanfar, T.;
Klein-Nulend, J. Cytokines TNF-alpha, IL-6, IL-17F, and IL-4 Differentially Affect Osteogenic Differentiation
of Human Adipose Stem Cells. Stem Cells Int. 2016, 2016, 1318256. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/s41598-017-03579-y
http://www.ncbi.nlm.nih.gov/pubmed/28611369
http://dx.doi.org/10.1186/s13287-020-1558-5
http://www.ncbi.nlm.nih.gov/pubmed/31964417
http://www.ncbi.nlm.nih.gov/pubmed/7798269
http://dx.doi.org/10.1186/scrt442
http://www.ncbi.nlm.nih.gov/pubmed/24739658
http://dx.doi.org/10.4155/fsoa-2016-0034
http://dx.doi.org/10.5966/sctm.2015-0166
http://dx.doi.org/10.1155/2016/1318256
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Morphology of Sheep BM-MSCs 
	Cell Proliferation and Doubling Time Analyzed with the MTT Assay 
	Immunophenotype of Sheep BM-MSCs in Different Culture Conditions 
	CD90 Expression Level in Sheep BM-MSCs 
	Assessment of Osteogenic Differentiation Markers 
	Effect of BMP-2 and FGF-2 on mRNA Expression in Genes Involved in Osteogenic Differentiation 
	Differentiation Potential of Sheep BM-MSCs 
	Secretion Profile of Sheep BM-MSCs 

	Discussion 
	Materials and Methods 
	BM-MSC Isolation and Culture 
	BMP-2 and FGF-2 Supplementation 
	Cell Proliferation and Doubling Time Calculation 
	Flow Cytometry 
	Immunofluorescence Staining 
	RT-PCR (Reverse Transcription Polymerase Chain Reaction) 
	Real-Time qRT-PCR 
	Multilineage Differentiation 
	Sheep Cytokine Array 
	Statistical Analysis 

	Conclusions 
	References

