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ABSTRACT
It is assumed that all species, including sheep, demonstrate significant variation between 
individuals including the characteristics of their bone marrow-derived mesenchymal stem 
cells (BM-MSCs). These differences may account for limited success in pre-clinical animal 
studies and may also impact on treatment strategies that are used within regenerative 
medicine. This study investigates variations between ovine MSCs (oMSCs) isolated from 13 
English Mule sheep donors by studying cell viability, expansion, the cells’ trilineage differentia-
tion potential and the expression of cell surface markers. In addition to the primary objective, 
this article also compares various differentiation media used for the trilineage differentiation of 
oMSCs. In this study, a clear individual variation between the sheep donors regarding oMSCs 
characterization, tri-lineage differentiation potential and marker expression was effectively 
demonstrated. The results set out to systematically explore the ovine mesenchymal stem cell 
population derived from multiple donors. With this information, it is possible to start addres-
sing the issues of personalized approaches to regenerative therapies.
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1. Introduction

Mesenchymal stem cells (MSCs) have been introduced 
as a possible cell source for orthopaedic tissue engineer-
ing due to their unique biological properties [1]). 
Several stem cell sources are under investigation, such 
as umbilical cord blood, amniotic fluid, bone marrow, 
and adipose tissue. However, clinical applications are 
mainly limited to bone marrow and peripheral blood- 
derived MSCs, which can be harvested easily and safely 
[2]. Animal models are commonly used method for 
testing medical substances or tissue engineering 
approach [3]. At present, animal models cannot give 
representative comparison for all research questions for 
orthopaedic regeneration in humans [4]. In fact, each 
animal model is selected to treat a specific research 
question. For instance, the mechanistic investigations 
of bone biology and response to growth factors could be 
assessed within small animals such as mice or rats. The 
repair of orthopaedic defects using engineered tissues 
and biomedical implants on the other hand must be 
studied in large animals, such as sheep, before their 
successful translation to human practice.

Sheep are commonly used for pre-clinical studies 
before clinical translation, since they are docile and 
their large bones have similar structure, biochemical, 
and mineral composition to humans’. In addition, the 

size and basic anatomy of the sheep skeleton and 
ageing are generally comparable with humans [5]. 
Hence, orthopaedic implants including engineered 
cartilage and bone tissues are commonly tested in 
sheep model and numerous studies have been per-
formed [6–9].

However, there are some limitations associated 
with using sheep animal model for orthopaedic studies 
such as high cost, ethical consideration and quadru-
pedal gait [10]. Additionally, ovine MSCs (oMSC), 
unlike human MSCs (hMSC), are not well studied 
regarding their isolation, expansion, and characteriza-
tion. Very few studies investigated the growth charac-
teristics, differentiation, and surface antigen 
expression of oMSC [11]. Same as humans, there are 
individual variations between different sheep donors 
[12]. However, despite large donor-dependent varia-
tions, standard protocols and media compositions for 
human MSCs differentiation were first established by 
Pittenger in 1999 [13]. In contrast, oMSCs differentia-
tion and characterization protocols are still lacking.

Articular cartilage (AC) is a specialized tissue which 
covers the articulating surfaces at the end of the mam-
malian bone. Cartilage is considered avascular, 
aneural, and has limited capacity for self-repair [14] 
due to its sparse cellularity, inactive appearance, and 
obscure characteristics [14–16]. However, researchers 
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have defined not only the structural arrangement of 
the tissue and the complexity of the polydisperse 
matrix components but a surprisingly active set of 
metabolic processes [17].

This study aimed to determine variations between 
oMSCs obtained from 13 sheep donors to assess the 
potential influence of donor variations on clinical out-
comes for regenerative medicine and cartilage tissue 
engineering. Therefore, cells were isolated and char-
acterized, and cells’ proliferation and differentiation 
capacities were determined. Additionally, various 
media compositions were investigated for their suit-
ability as trilineage differentiation media for the iso-
lated oMSC. The isolated oMSC will be used to 
engineer donor-specific cartilage tissue.

2. Materials and methods

Materials were sourced from manufacturers or their 
distributors within the United Kingdom, unless other-
wise mentioned (supplementary data SD-Table 1). 
Methods for all surgeries were performed in accordance 
with the UK Home Office Regulations and protocols 
confirmed by the University of Nottingham, Animal 
Welfare and Ethical Review Body. Thirteen adult female 
English Mule sheep, non-pregnant, skeletally mature 
(age 2–4 years) with weights ranging from 64.5 to 
89.5 kg were used in this study. The sheep were housed 
at the Sutton Bonington Animal Facility at the 
University of Nottingham.

2.1. Isolation and expansion of oMscs

2.1.1. Collection of ovine bone marrow
Under general anaesthesia, bone marrow was surgi-
cally aspirated from the sternum bone of the sheep 
using a sterile 50 ml syringe connected to a Jamshidi 
needle and coated with 1% heparin (Workhardt, UK). 

The aspirate was transferred to 50 ml falcon tubes 
containing collecting media (Table 1). Tubes were 
kept on ice for 1 h during the transport to the cell 
culture laboratory at Keele University where oMSCs 
isolation and Stro-4 selection were carried out.

2.1.2. Isolation and stro-4 selection of oMscs by 
magnetic cell sorting (MACS)
All stock and working solutions were prepared for the 
isolation of bone marrow-derived ovine mesenchymal 
stem cells (BM-oMSC) and the Stro-4 selection pro-
cess as described in SD-Table 2 (supplementary data). 
For each donor, the mononuclear cell fraction was 
isolated by red blood cell (RBC) lysis treatment. Stro- 
4 positive oMSCs were isolated by MACS as previously 
described by Markides et al. 2018 [18]. Cells were 
cultured with early proliferation medium (EPM) at 
37°C and 5% CO2. After 3 days, non-adherent cells 
were removed, and basic medium (BM) was added. 
Cells were then cultured until 80–90% confluency and 
used for experiments at passage 3.

2.1.3. Cell viability assessed by trypan blue 
exclusion test
The cell viability of isolated cells was assessed by 
trypan blue exclusion test [19]. Briefly, after trypsi-
nation and staining with trypan blue (Biosera, UK), 
the total numbers of live and dead cell were counted 
using a haemocytometer. Then, the number of cells 
per millilitre, the total cell number and cell viability 
were calculated.

2.1.4. Assessment of metabolic activity
To assess cell viability, alamarBlueTM reagent 
(Invitrogen, UK) [20] was used according to the man-
ufacturer’s instructions. The assay was performed in 
triplicate on cell monolayers at passages (P) P1, P2 
and P3. Following incubation, 100 µL of the assay 

Table 1. Media used for the bone marrow collection, oMSC isolation and early expansion and proliferation. Basic medium was also 
used as control medium.

Media types Compositions

Serum free media (SFM) alpha minimum essential medium (αMEM) without L-glutamine; supplemented with 1% L-glutamine, 1% Penicillin/ 
streptomycin (P/S)

Collecting media alpha minimum essential medium (αMEM) without L-glutamine supplemented with 10% foetal bovine serum (FBS), 1% 
L-glutamine, 1% Penicillin/streptomycin (P/S), 1% heparin.

Early Proliferation Medium 
(EPM)

alpha minimum essential medium (αMEM) without L-glutamine supplemented with 20% foetal bovine serum (FBS), 1% 
L-glutamine, 1% Penicillin/streptomycin (P/S).

Basic Media (BM) alpha minimum essential medium (αMEM) without L-glutamine supplemented with 10% foetal bovine serum (FBS), 1% 
L-glutamine, 1% Penicillin/streptomycin (P/S).

Table 2. Number of donors out of 13 that have expressed the CD makers. Scale was used to indicate the marker expression level as 
following −: no expression; ±: <5% expression; +: 5 − 50% expression, ++: 50 − 100% expression (27).

CD 
Expression (-)no expression

(+ -) 
<5% expression

(+) 
5 − 50% expression

(++) 
50 − 100% expression

Total 
Donors

CD 29 / / 4 9 13
CD44 / / 1 12 13
CD 45 11 2 / / 13
CD31 3 7 3 / 13
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solution from each well were transferred to a 96 well 
plate (n = 8). Acellular control samples (basic media) 
were used as blank. The absorbance was read at 570 nm, 
using 600 nm as a reference wavelength. Absorbance 
values were plotted as bar graph and standard devia-
tions are shown as error bars.

2.2. Testing differentiation media for ovine 
BM-MSCs

Supplements required to prepare adipogenic media 
(AdM), osteogenic media (OsM) chondrogenic media 
(ChM) and other media used in this study were pre-
pared as stock solutions, aliquoted and stored at −20°C 
until used. Various differentiation protocols were inves-
tigated to encourage oMSCs differentiation. Initially, 
two pilot studies were performed to test the media 
compositions’ suitability for the tri-lineage differentia-
tion of the ovine BM-MSCs (supplementary data).

2.3. Tri-lineage differentiation of ovine BM-MSCs

From the pilot studies 1 and 2, media compositions for 
trilineage differentiation were chosen based on best 
performance for each lineage, namely for adipogenesis 
[21], for osteogenesis [22] and for chondrogenesis [23].

2.3.1. Adipogenic differentiation of ovine BM-MSC 
monolayers
oMSCs of 13 donors were seeded as monolayers in 24 
well plates at 2 × 104 cells/well (n = 3). Cells were cul-
tured using the induction and maintenance medium 
compositions described previously [24]. Briefly, cells 
were cultured initially with adipogenic induction med-
ium consisting of high-glucose DMEM (4.5 g/L), 1 μM 
dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine 
(IBMX), 100 µM indomethacin, 10 µg/ml insulin, 1% 
non-essential amino acid (NEAA), 1% bovine serum 
albumin (BSA), 1% l-glutamine and 1% penicillin/ 
streptomycin (P/S) for 72 hours. Then, medium was 
changed to adipogenic maintenance medium consist-
ing of DMEM (4.5 g/L) + 1% l-glutamine, 1% BSA, 10  
μg/ml insulin and 1% P/S for 14 days.

On day 1, day 7 and day 14 of incubation, cells were 
fixed with 10% buffered formalin. Adipogenesis of the 
monolayers was assessed by Oil Red O stain of intra-
cellular lipid droplets. Therefore, a dye stock solution 
was prepared in 100% isopropanol. The stock solution 
was filtered and kept in RT until use. Prior to staining, 
a 60% (v/v) working solution was prepared in distilled 
water. This working solution was filtered using a 0.2  
μm syringe filtered before use. Fixed cells were washed 
twice with distilled water before 500 μL of Oil Red 
O working solution were added to each well and 
incubated for 10 min at room temperature. Then, the 
dye was removed, and cells were washed four times 
with distilled water. Brightfield images were taken at 

different magnifications. The Oil Red O dye was 
eluted for semi-quantitative analysis. Thus, 200 µL of 
100% isopropanol were added to each well, incubated 
for 10 min at room temperature. The absorbance of 
the eluted dye was measured at 492 nm (n = 6).

2.3.2. Osteogenic differentiation of ovine BM-MSC 
monolayers
The human protocol for osteogenesis was used to com-
pare the responses of ovine BM-MSCs obtained from 
13 donors [24]. Thus, 2 × 105 cells/well were seeded in 6 
well plates (n = 3). At 90–100% confluency, cells were 
incubated with 4 ml of osteogenic media (OsM) con-
taining DMEM (high glucose), 0.1 µM dexamethasone, 
50 µM ascorbic acid, 50 mM β-glycerophosphate, 10% 
foetal bovine serum (FBS), 1% L-glutamine and 1% P/S. 
While the control plate was incubated with basic media 
(BM). Osteogenesis was evaluated histologically on day 
1, 14 and 21 after cells were fixed using 95% methanol 
for 20 min. Cells were then stained with alizarin S red to 
determine the mineralized calcium deposits following 
osteogenic differentiation in the fixed monolayers. 
Therefore, 1% (w/v) alizarin S red dye was dissolved in 
dH2O. The solution was then filtered using a 0.2 μm 
syringe filter and the pH was adjusted to 4.0 using 0.1 M 
HCl. Fixed samples were washed with dH2 

O. Subsequently, the cells were fully covered with ali-
zarin S red staining solution and incubated for 20 min 
at room temperature (RT). After that, the dye was 
removed, and the samples were washed with dH2 

O gently to remove excess staining solution. Samples 
were imaged under a light microscope. Semi- 
quantitative analysis was performed to assess osteogen-
esis by eluting the alizarin S red stain using 10% 
Cetylpyridinum chloride (CPC) for each well. Samples 
were incubated overnight at RT following which absor-
bance was read at 562 nm (n = 6).

2.3.3. Chondrogenic differentiation of ovine 
BM-MSC in pellet culture
To compare the chondrogenic potential of ovine BM- 
MSCs, cell pellets were cultured as described by Jackson 
et al. [25]. Therefore, the chondrogenic media compo-
sition published by Heidari et al. [23] was utilized with 
slight modifications, namely DMEM (high glucose) 
containing 0.1 μM dexamethasone, 50 μg/ml ascorbic 
acid, 10 ng/mL TGF-β1, 50 µl/mL ITS, 1% FBS, 1% 
L-glutamine and 1% PS. Pellets were prepared using 
5 × 105 cells/pellet (n = 6). Pellets were harvested and 
stored at day 0, 14 and day 21. Chondrogenesis was 
assessed by histology using Alcian Blue stain and 
Glycosaminoglycans (GAGs) quantification using 
DMMB assay. The sGAG content was normalized to 
the DNA content of the same samples to determine the 
sGAG content in relation to cell number. The DNA 
content was assessed by PicoGreen assay following 
manufacturer’s instruction.
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2.4. Expression of cell surface markers

The ovine BM-MSCs of the 13 donors were immu-
nophenotyped by flow cytometry. Cells at passage 3 
were cultured until 80% confluent and then labelled 
with CD29, CD44, CD45 and CD31 antibodies. In 
brief, cells were trypsinized, counted and resus-
pended to achieve a concentration of 5 × 106 cells/ 
ml in ice-cold blocking buffer (BB) [26] which was 
prepared by dissolving EDTA and bovine serum 
albumin in 500 ml PBS. Then, cell suspensions were 
incubated at 4°C for 1 h. Next, 1 ml aliquots of the 
cell suspensions were centrifuged at 300 g and 4°C for 
10 minutes before the supernatants were discarded. 
Cells were incubated at 4°C for 15 minutes with 100  
μL of primary antibody solution (1:1000). 
Subsequently, cells were washed with BB and centri-
fuged at 300 g for 10 min before supernatants were 
discarded. Next, FITC-conjugated secondary anti-
body (Goat Anti-Mouse IgG (FITC) Abcam 
(ab6785) was added to the cells (1: 100) followed by 
incubation in the dark at 4°C for 15 min. 
Subsequently, cells were washed with 1 ml BB, cen-
trifuged at 300 g for 10 min and finally resuspend 
with 150 μL PBS.

For CD31, control isotypes IgG1 and IgG2α cell label-
ling was minimized to three steps. Namely, after resus-
pending with 100 μL cold BB, cells were mixed with 10 μL 
of relevant FITC-conjugated primary antibodies (1:10) 
and incubated in dark at 4°C for 10 min. Cells were then 
washed with 1 ml cold BB and centrifuged at 300 g for 10  
minutes. Finally, cells were resuspended with 150 μL PBS.

The flow cytometer Cytomics FC 500 (Beckman 
Coulter) with at least 50,000 event counts was used for 
analysis. The acquired data were analysed using Flowing 
Software (version 2.5.1). IgG1 was the isotype control for 
CD 29, CD 44 and CD 45. While IgG2α was the isotype 
control for CD 31. The FL1 channel was used for analysis. 
CD29 and CD44 were positive MSC markers and CD45 
and CD31 were negative MSC markers. The percentage 
of cells that were considered positively stained was deter-
mined by gating the stained population with a gate that 
excluded 99% of all isotype control events. The results 
were scored as recommended by Boxall and Jones (2012) 
who scored MSC marker expression levels using the same 
scale, namely −: no expression; ±: <5% expression; +: 5 −  
50% expression, ++: 50 − 100% expression [27].

2.5. Statistical analysis

Values for trypan blue and alamar blue; semi- 
quantitative data for adipogenic and osteogenic differ-
entiation, the pellets’ sGAG content and sGAG/DNA 
content were plotted as bar graphs. The data were 
expressed as mean ± standard deviations. One-way 
ANOVA with Tukey’s multiple comparisons test was 
performed to determine statistical significance using 

SPSS statistics program version 24. Statistical signifi-
cance was set to 0.05 and p values were denoted as *p  
< 0.05, **p < 0.01, ***p < 0.001.

2.6. Ethical statement

Methods were conducted in accordance with the UK 
Home Office Regulations and protocols approved by 
the University of Nottingham Animal Welfare and 
Ethical Review Body. For all surgeries, animals were 
placed in lateral recumbency to allow access to the 
sternum and medical aspect of both hind legs.

3. Results

3.1. Cell expansion and cell viability

Cells adhered to stand tissue culture plastic three 
days after seeding (Figure 1A). Cells exhibited 
characteristic spindle shape and polygonal mor-
phology on day 7 and 9 (Figure 1A). Cell viability 
was quantified for one donor over three passages 
using trypan blue exclusion test. The number of 
live cells increased significantly over three passages 
(p ≤ 0.001) from 0.628 × 106 cells (±0.09 × 106 cells) 
in passage 1 (P1) to about 1.047 × 106 cells 
(±0.135×106 cells) in passage 2 (P2) and 1.295 ×  
106 cells (±0.22× 106 cells) in passage 3 (P3). No 
significant differences in the number of dead cells 
were observed across the three passages indicating 
cells’ vitality and activity during the early passages. 
The values are expressed as total number of dead 
and live cells (Figure 1B). Cell viabilities of over 
85% were observed for P1–3 and no significant 
differences between the three passages were 
observed (Figure 1C). Over three passages, meta-
bolic activity was assessed by alamarBlueTM. 
Significant differences were observed in the meta-
bolic activity of the cells (p ≤ 0.001). The absor-
bance of alamarBlueTM increased from 0.32 nm 
±0.012 (P1) to 0.33 nm ±0.026 (P2) and 0.38 nm 
±0.003 (P3) (Figure 1D).

3.2. Adipogenic differentiation potential

Microscopic observation of Oil Red-O stained oMSC 
monolayers revealed that all donors underwent adipo-
genic differentiation at different levels (day 10, day 17) 
compared to the control groups which were cultured 
in basic medium (BM) (Figure 2) indicating variations 
in adipogenic potential. Hence, donors were divided 
into three groups, namely high performing donors 
(strong Oil Red O stain), medium performing donors 
(intermediate Oil Red O stain) and low performing 
donors (weak Oil Red O stain). This result was con-
firmed semi-quantitatively by spectrophotometry of 
the eluted dye (Figure 3).
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In general, all donors showed significant differ-
ences across the duration of the experiment com-
pared to day 1; except donor 6 and donor 9. 
Significant differences were also observed for 
most adipogenic differentiated cells compared to 
the controls (BM) at the same time points for each 
donor. However, when comparing all 13 donors 
with each other, noticeable differences were 
observed among donors regarding the final time 

point (day 17). These results confirmed that 
donors’ capacity for adipogenic differentiation 
was significantly different from each other, in 
particular donor 13 which showed the highest 
degree of the adipogenesis (absorbance 0.356 nm 
±0.015). Donor 13 was significant different from 
all other donors (p ≤ 0.001). While the lowest 
degree of adipogenesis was observed for donor 6 
(absorbance 0.115 nm ±0.022).

Figure 1. Characterization of isolated ovine BM-MSCs. A) Morphology of STRO-4 positive ovine BM-MSCs in 2D cell culture was 
observed at (i) 10% confluence on day 3, (ii) 50% confluence on day 7 and (iii) 90% confluence on day 9 after isolation. Cells 
exhibited characteristic spindle shape and polygonal morphology. B) Numbers of live and dead cells were counted using trypan 
blue for three passages (P1–3). C) Cell viability (%) was determined for one donor. Absorbance values were plotted as a bar graph. 
Standard deviations are shown as error bars. The data are expressed as mean ± standard deviation (n = 4, each). D) Metabolic 
activity of ovine BM-MSC at P1-P3 was assessed by alamarBlueTM. The results were normalized to an acellular blank and data are 
expressed as mean ± standard deviation (n = 8, each). *p ≤ 0.05 **p ≤ 0.01 ***p ≤ 0.001.

Figure 2. Oil Red-O stain of ovine BM-MSCs in monolayer. Bright field images of thirteen donors at P3 were taken on day 10 
and day 17. Different degrees of adipogenic responses to the differentiation media were observed ranging from low (donor 5,6,9 
and 12), moderate (donors 2,3,4,7 and 10) and high (donors 1,8,11,13). Scale bars = 300 µm.
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3.3. Osteogenic differentiation potential

oMSCs underwent osteogenic differentiation over 21  
days. Calcium deposition was assessed qualitatively by 
alizarin red stain (Figure 4). Variations in the osteogenic 
differentiation potential were observed between donors 
when comparing 14 and day 21 to day 1 (p ≤ 0.001). The 
donors’ responses to differentiation media (OsM) ranged 
from low (donors 3 and 8) to moderate (donors 2, 4, 6, 9, 
11, 12 and 13) to high (donors 1, 5, 7, 10 and 12).

This result was confirmed semi-quantitatively by 
eluting alizarin red (Figure 5). To allow easier 
comparison and understanding of the graph only 

non-significant (n.s.) differences are displayed, 
whereas significant differences were not displayed. 
For the comparison of treated (OsM) versus con-
trol (BM) cells at each time point for each donor; 
and the comparison between of the treated group 
on day 1, day 14 and day 21 for each donor, p ≤  
0.001 was assumed to be significantly different. The 
numbers [1–13] were used to illustrate the signifi-
cant differences between treated donors on day 21. 
For each donor, significant differences in osteogen-
esis were observed for day 10 and day 21 compared 
to day 1 (p ≤ 0.001). The results also showed differ-
ences between the treated groups (OsM) compared 

Figure 3. Semi-quantitative measurement of oMscs’ adipogenic differentiation. The measurement of the eluted dye revealed the 
occurrence of adipogenesis in the treated group (AdM) over 17 days. Significant differences were observed on day 10 and day 17 
compared to day 1; except for donor 6 and 9. Significant differences were observed between individual donors indicating 
variations in adipogenic potential over 17 days. Figure specific symbols were given to compare the results as the following (+) 
comparison of significance levels between the treated (AdM) and control (BM) group of the same time points within the same 
donor; (*) comparison of significance between three time points for the treated group (AdM) for each donor; and the numbers [1– 
13] were used to compare adipogenesis between the thirteen donors at day 17 of the treated group, p ≤ 0.001.

Figure 4. Alizarin Red S stain of oMscs. Bright field images of alizarin red stained oMscs (P3) in monolayers were taken on day 14 and day 
21. Different degrees of calcium deposition were observed ranging from low (donors 3 and 8) to moderate (donors 2,4,6,9, 11, 12 and 13) 
and high (donors 1,5,7 and 10, 12) responses to the differentiation media. Images were taken at x10 magnification, scale bar = 300 µm.
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to the control group (BM) for each time point and 
each donor. oMSCs from donors 8, 3, and 13 had 
the lowest osteogenic differentiation potential. 

Lastly, donors 5, 1, 10, and 7 could be considered 
as high osteogenic performers as illustrated by the 
highest absorbance readings.

Figure 5. Semi-quantitative measurement of the oMscs’ osteogenic response. The absorbance measurement of the eluted Alizarin Red 
S revealed that the treated group (OsM) underwent osteogenic differentiation over 21 days. All donors showed significance differences 
at day 14 and day 21 compared to day 1. Treated groups (OsM) were significantly different from control groups (BM) at the same time 
point for each donor (p ≤ 0.001). Non-significant differences (n.S.) for all comparisons are shown. All other comparisons were significant at 
p ≤ 0.001. Numbers [1–13] represents the donor number in comparison to the other donors at the final time point, p ≤ 0.001.

Figure 6. GAG and collagen production in ovine BM-MSCs pellets. Three different histological stains were performed on 7 µm thick paraffin 
sections of cell pellets cultured in ChM and BM on day 21. Variations in the production of GAG (Alcian blue and toluidine blue) and collagen 
(picrosirius red) were observed reflecting the chondrogenic potential of the thirteen donors. Considering GAG production, donors 1, 2, 4 and 
12 were considered high performers, while the remaining donors which showed a lower degree of chondrogenesis. The highest amount of 
collagen was produced by donors 7 and 13 performed best. Images were taken at 20 × magnification, scale bar = 200 μm.
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3.4. Chondrogenic differentiation potential in 
pellet culture

The chondrogenic differentiation potential of the 
oMSCs was assessed by histological staining which 
revealed chondrogenic differentiation for all 13 donors 
in the treated group (ChM) compared to the control 
group (BM) (Figure 6). Two histological stains for 
sGAG were used to assess matrix production, namely 
Alcian blue and toluidine blue. The strongest Alcian 
blue and toluidine blue stains were observed for donors 
1, 2, 4, and 12. Collagen production was assessed by 
picrosirius red stain, which indicated the strongest 
stains for donors 7 and 13.

Chondrogenesis was also assessed quantitatively by 
assessing sGAG contents in the pellets using DMMB 
assay. The sGAG production in the oMSCs pellets varied 
between donors. In general, the amount of sGAG per cell 
increased progressively until day 21 for all donors. The 
highest sGAG/DNA ratio was obtained for donor 4, 
whereas donor 12 showed the lowest sGAG/DNA ratio. 
The remaining donors have maintained their sGAG 
levels after normalization to the pellets’ DNA content 
(Figure 7).

The three differentiation lineages of each donor were 
compared using the absorbances of the eluted stains and 
GAG/DNA on the final time points, respectively. The 
highest values for adipogenesis (donor 13), osteogenesis 
(donor 1) and chondrogenesis (donor 4) were set to 1. 
The absorbances were normalized to the highest value 
and plotted as scatter graph (Figure 8). Although each 
donor’s oMSCs population differentiated, there was no 
clear profile in highly responsive donors between the 
three lineages. This means that a donor that was highly 

responsive during chondrogenic differentiation 
(donor 4), was not as responsive to osteogenic or adipo-
genic differentiation.

3.5. Surface epitope expression

Flow cytometry of oMSCs was performed for four CD 
markers to identify oMSCs characteristics (Figure 9). 
The results showed that most donors were positive for 
both CD 29 and CD 44, however, differences were 
observed in the level of expression. CD 29 for example, 
was more strongly expressed in donor 2, donor 4, 
donor 6 and donor 10. While other donors demon-
strated lower expression with less than 50% (donor 3, 
8, 9, 11). The remaining donors showed mediocre 
positive expression (donor 1, 5, 7, 12, 13).

Regarding CD 44, higher positive expressions were 
observed compared to CD 29. Most donors were 
strongly positive for CD 44 (donor 2, 4, 5, 6, 7, 10, 
13). While the remaining donors showed a mediocre 
positive expression (donor 3, 9, 11) or low positive 
expression (donor 1, 12, 8).

All donors showed low expression for both CD 45 
and CD 31 (Figure 10), which is expected and is used 
to identify MSCs. For CD 45, most donors showed an 
expression between 0.32% and 4.63% except donor 5 
and 7. For all donors, except donor 11, CD 31 was 
expressed at levels below 10%.

Results are shown in Table 2 using the recommended 
scale by Boxall 2012, which gave symbols indicating the 
marker expression level as following −: no expression; ±: 
<5% expression; +: 5 − 50% expression, ++: 50 − 100% 
expression.

Figure 7. Production of GAG in relation to DNA content. The pellets’ GAG and DNA contents were quantified using DMMB and 
PicoGreen assay respectively. Significant increases were observed on day 10 and day 21 compared to day 1 for the treated group 
(ChM) for most donors. Donor 8 revealed no significant differences between day 10 and 21 compared with day 1. (+++) =  
significant differences between the treated (ChM) and control (BM) for each time point and donor, (***) = significant difference 
between the time points of Ch M for each donor at p ≤ 0.001 [1–13]. = significant differences in the comparison of each donor 
at day 21 for ChM with all other donors at the same time point. Each number [1–13] represents the donor number in comparison 
to the other donors at the final time point. Data are shown as standard deviation (n = 3), p ≤ 0.001.
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4. Discussion

MSCs as therapeutic agents in the advancement of skele-
tal stem cell-based therapies have demonstrated remark-
able clinical potential. Their restricted availability and 
difficult expansion to therapeutic numbers are still limit-
ing their clinical use. MSCs represent less than 0.001% of 
the bone marrows’ cell population. Therefore, efforts to 
enrich their proportion are under development to har-
ness their unique properties including the ability to self- 
regenerate, differentiate into several cell lineages and 
participate in immunomodulation. There is an increasing 
awareness of the MSCs’ various clinical applications in 
the treatment of many incurable diseases. Hence, their 
mechanisms of action, migration and potential individual 
variation among patients in the responses to the MSCs 
treatment as well as MSCs’ safety for clinical use of 
homologous treatments is of increasing interest.

For this study, ovine bone marrow derived MSCs 
were characterized to determine donor variation to aid 
the establishment of regenerative therapies and to 
predict their efficiency for clinical bone and cartilage 
repair.

All oMSCs investigated in this study were obtained 
from female sheep. Currently, there are no guidelines 
on the preferred use of male or female animals. 
However, Berset et al. [28] conducted a survey on 
Sheep Usage in Biomedical Research where sheep 
users were asked to confirm the sex of the animals 
they used for their studies. Results indicated that 
79.8%, 19% and 16.7% of researchers used females, 
neutered males and intact males, respectively. For the 
19% of researchers using neutered males, either the sex 
of the animals was not important, or animals were 

selected based on availability. Other important points 
were sheep availability and the trust into and experi-
ence of the sheep supplier [28].

oMSCs were first isolated from bone marrow in 
1994 by Jessop and colleagues. They emphasized that 
cells exhibited a fibroblastic morphology and could be 
induced into adipogenic and osteogenic phenotypes 
in vitro [29]. Since then, oMSCs have been effectively 
isolated from different sources like umbilical cord 
blood [30], adipose tissue [31], peripheral blood [32], 
liver [23], amniotic fluid [33], dental pulp [34], syno-
vial membrane [35], dermis [36], hair follicles [37] and 
endometrium [38].

There are several sites for collection of bone mar-
row from sheep. In the majority of sheep studies, the 
iliac bone is the preferred site for harvesting 
[11,26,39]. However, for this study, the bone marrow 
aspirate was successfully collected from the sternum 
bone and adequate amounts of bone marrow was 
harvested as described elsewhere [40,41]. Human 
MSCs (hMSC) can also be collected by bone marrow 
aspiration from the iliac crest of healthy volunteers 
[42]. While in infants and toddlers, the anteromedial 
face of the tibia is ideal. All studies showed that ovine 
MSCs exhibited morphological, immunophenotypical 
and multipotential characteristics similar to those 
observed in human MSC in vitro and in vivo 
[23,26,39].

In this study, oMSCs successfully adhered to the 
surface of standard tissue culture formats within 3  
days of incubation. The cells displayed fibroblast-like 
morphology with spindle or triangular-shaped cell 
bodies, with large and elliptical nuclei. Cells 

Figure 8. Comparison of donor differentiation. The donors’ differentiation performances were compared by calculating the 
differentiation as arbitrary unit. Therefore, highest absorbances for eluted alizarin red stain, Oil-red stain and GAG/DNA content on 
the final time point were set equal to 1 (donor 1, 4, 13). All absorbances were divided by the highest values and plotted as scatter plot.
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proliferated in a fibroblast-like pattern. Similar obser-
vations were made previously [23]. Since oMSC are 
smaller than the hMSC [11], more ovine MSC could 
proliferate on the same culture area.

STRO-1 is a well-considered cell surface antigen 
employed for characterization of human MSCs popu-
lations [43]. Oreffo and colleagues have shown that 
through STRO-1 selection, it is possible to enrich the 

Figure 9. Immunophenotyping of oMscs for CD 29 and CD 44. Immunophenotyping of oMscs for CD 29 and CD 44. oMscs were 
cultured to P3 and 80% confluency in basic medium (B M). The expression of CD 29 and CD 44 was assessed to identify their MSCs 
characteristics. (A) Overlay histograms of each antibody marker, (B) positive cells (%) compared to staining with the IgG1 isotype 
control. Donors were positive for CD 29 and CD 44. Variations in the expression levels for both CD markers were obtained and 
ranged between 22.11% − 99.93% for CD 29 and between 48.96–99.73% for CD 44. The unfilled region is isotype control IgG1, red 
and blue regions are CD 29 and CD 44 antibody markers, respectively.
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MSC population during cell isolation [44]. Gronthos 
and colleagues have developed and characterized the 
analogous ovine marker, STRO-4. Hence, STRO-4 

positive oMSC were selected for this study because 
they exhibit multilineage differentiation potential cap-
able of forming mineralized bone matrix, lipid-filled 

Figure 10. Immunophenotyping of oMscs for CD 45 and CD 31. oMscs were cultured until P3 and 80% confluency in basic medium 
(BM). The expression of CD 45 and CD 31 was assessed to identify their MSCs characteristics. (A) Overlay histograms of each 
antibody marker, (B) positive cells (%) compared IgG1 or IgG2α isotype controls. As expected, most donors were negative for both 
CD markers and showed variability in their expression levels, which ranged between 0.32% − 13.41% for CD 45 and between 0.32– 
18.33% for CD 31. Unfilled regions are isotype controls IgG1or IgG2α, purple and green regions are CD 45 and CD 31 antibody 
markers, respectively.
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adipocytes, and chondrocytes capable of forming 
a glycosaminoglycan-rich cartilage matrix [45].

Passaging of oMSCs did not cause changes to their 
cell viability, cell morphology and cell characteristics 
typical for MSC, similar to other studies [32,46]. No 
significant changes were observed for cell viability 
obtained from trypan blue exclusion test. 
Nevertheless, significant differences were detected for 
cell metabolic activity evaluated by Alamar blue. This 
could be due to the nature of the different assays as 
trypan blue depends on the number of live and dead 
cells which increased significantly and gradually with-
out affecting the viability percentage. On the other 
hand, Alamar blue usesuses the reducing capacity of 
living cells to quantitatively determine cell metabolic 
activity. When cells are alive, they maintain a reducing 
environment within the cytosol of the cell. In this 
study, the oMSCs remained healthy and viable over 
the three passages.

The isolated cells were evaluated for their three- 
lineage differentiation potential after appropriate dif-
ferentiation media compositions were selected accord-
ing to the histological performance of the seeded cells 
(supplementary data). The results for the pilot study 1 
when applying either a standard hMSCs protocol or 
the recommended oMSCs protocol for differentiation, 
both protocols resulting in osteogenesis, while limited 
adipogenesis and chondrogenesis were observed. 
Therefore, the protocol by Jaiswal et al. 1997 was 
chosen for osteogenic differentiation [24]. 
Additionally, different protocols were tested on two 
oMSC donors to determine appropriate media com-
position for adipogenesis [13,21,23,47,48] and chon-
drogenesis [21,23,26,47,48] (pilot study 2). In this 
study, the adipogenesis and chondrogenesis protocols 
established by Heidari et al. 2013 were selected for all 
following differentiation experiments [23].

For the differentiation media, all 13 donors exhib-
ited positive osteogenic, adipogenic and chondro-
genic differentiation compared to the basal (BM) 
which contains the essential elements for prolifera-
tion and expansion and was used as control. Clear 
variations between donors were observed through 
histological stains and their semiquantitative analysis 
as well as biochemical assays either in 2D or 3D. 
Even though oMSCs from all donors differentiated, 
there was no clear profile in highly responsive 
donors between the three lineages. For example, 
a donor that was highly responsive during chondro-
genic differentiation (donor 4), was not as respon-
sive to osteogenic (donor 1) or adipogenic 
differentiation (donor 13). The variation or devia-
tions among individuals is due to a single character-
istic or several characteristics. Those differences 
which in their totality distinguish one individual 
from another include somatic or observed character-
istics like physical, mental, social and cultural 

differences, as well as characteristics at the cellular 
and molecular levels. However, the variations of 
stem cells between individuals are still not fully 
explained. The relation between the performance of 
MSCs donors can be explained by the differences of 
the genetic epitopes and other proteins that are 
produced by the cells, or the proteins from their 
extracellular environments that affect the stem cell 
behaviour. The stemness of stem cells can be affected 
by the individual variation, which is affected by 
several factors including genetics. Hence, some indi-
viduals have the tendency to be obese, some have 
strong bones or strong muscles. Despite advances in 
stem cell biology, the behaviour of the stem cells is 
still not fully explained. Furthermore, adults stem 
cells are still not developed to their final lineage. 
Thus, cells can be variable according to their epi-
topes that they express, for example, the cells that we 
have isolated differed for STRO-4 epitopes on their 
cell membrane (STRO-4 positives and STRO-4 nega-
tive), even though they derived from the same bone 
marrow sample from the same donor at the same 
time. Additionally, the expression of epitopes may be 
affected by the environment and since cells have 
diversity in the response to different stimulants, 
this might also affect donor variability. A better 
understanding of functional properties through 
molecular profiling of MSCs may have impact on 
future clinical applications [49].

To monitor the chondrogenesis, the pellets were 
tested for the glycosaminoglycans increasing within 
the surrounding matrix. The DNA content of the 
pellets decreased with time in the chondrogenic med-
ium (CM) treated group compared to the BM group. 
However, normalization of the sGAG to the pellet’s 
DNA content shows that sGAG synthesis increased 
over the culture period in the CM group as one would 
expect. Cell aggregates grown in the BM did not form 
cohesive pellets. Pellets remained fragile and broke 
easily. Whilst sGAG content remained high, possibly 
due to its incorporation in a stable ECM, the number 
of cells contributing to the sGAG may be underesti-
mated whilst sGAG per cell becomes overestimated. 
Therefore, normalization of sGAG to DNA can effec-
tively show whether the sGAG synthesis increases per 
cell. This has been shown to be a reliable measure 
when both DNA and GAG are increasing, or the 
DNA content is stable [50].

CD markers have been used to characterize stem 
cell populations with clear guidelines now in place 
for establishing genotype and phenotype of bone 
marrow derived mesenchymal stem cells [27]. 
However, it has not been concluded if MSCs resi-
dent in different tissues are the same or even very 
similar. For instance, adipose-derived MSCs express 
CD 34 [51], whereas BM-MSCs do not. W8-B2 
/MSCA-1 is expressed by BM-MSCs but not by 
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placenta-derived MSCs [52]. In this study, the ovine 
BM-MSC expression for CD 29, CD 44, CD 45 and 
CD 31 was investigated. These antibodies were cho-
sen because these epitopes are normally expressed 
positively (CD 29, CD 44) or negatively (CD 45, CD 
31) in MSCs.

For the majority of the 13 donors, the CD marker 
expression confirmed this norm for ovine BM-MSCs. 
Cells expressed CD 29 (4 donors were +, 9 donors were 
++) and CD 44 (1 donor was +, 11 donors were ++). On 
the other hand, negative expression was confirmed for 
CD 45 (11 donors were -, and 2 donors were ±) and CD 
31(3 donors were -, 7 donors were ±, 3 donors were +). 
These results are consistent with a study by Boxall and 
Jones (2012) who scored MSC marker expression levels 
using the same scale [27].

Although bone marrow and adipose tissue are the 
main sources of the MSCs [13,52], perinatal sources, 
including amniotic membrane and umbilical cord have 
preference over adult sources due to availability, lack of 
donor site morbidity, young age of cells, high quantity 
of cells in the tissue, or high proliferation capacity [53] 
[54]. In vitro studies comparing MSCs from different 
sources concluded that MSCs are similar [55–57]. It is 
suggested that a better understanding of functional 
properties indicating the potential impact on future 
clinical applications may be achieved by molecular pro-
filing of MSCs [58].

In summary, we have investigated the variability of 
MSCs derived from 13 sheep donors for their triline-
age differentiation potential following selection of sui-
table differentiation media. Sheep are well accepted as 
pre-clinical models for orthopaedic tissue engineering 
studies, also, animal models for orthopaedic tissue 
engineering and disease modelling [59]. Testing of 
new purified and expanded MSC-based products in 
large animal models will allow for a thorough pre- 
clinical evaluation of novel products prior to clinical 
trials in humans [60].
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