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Abstract

Managing tendon healing process is complicated mainly due to the limited regeneration capacity of tendon tissue. Mesen-
chymal stem cells (MSCs) have potential applications in regenerative medicine and have been considered for tendon repair
and regeneration. This study aimed to evaluate the capacity of equine adipose tissue-derived cells (eASCs) to differentiate
into tenocytes in response to platelet-derived growth factor-BB (PDGF-BB) and growth differentiation factor-6 (GDF-6)
in vitro. Frozen characterized eASCS of 3 mares were thawed and the cells were expanded in basic culture medium (DMEM
supplemented with 10% FBS). The cells at passage 5 were treated for 14 days in different conditions including: (1) con-
trol group in basic culture medium (CM), (2) induction medium as IM (CM containing L-prolin, and ascorbic acid (AA))
supplemented with PDGF-BB (20 ng/ml), (3) IM supplemented with GDF-6 (20 ng/ml), and (4) IM supplemented with
PDGF-BB and GDF-6. At the end of culture period (14th day), tenogenic differentiation was evaluated. Sirius Red staining
was used to assess collagen production, and H&E was used for assessing cell morphology. mRNA levels of collagen type
1 (coll), scleraxis (SCX), and Mohawk (MKX), as tenogenic markers, were analyzed using real-time reverse-transcription
polymerase chain reaction (qQPCR). H&E staining showed a stretching and spindle shape (tenocyte-like) cells in all treated
groups compared to unchanged from of cells in control groups. Also, Sirius red staining data showed a significant increase
in collagen production in all treated groups compared with the control group. MKX expression was significantly increased
in PDGF-BB and mixed groups and COLI expression was significantly increased only in PDGF-BB group. In conclusion,
our results showed that PDGF-BB and GDF-6 combination could induce tenogenic differentiation in eASCs. These in vitro
findings could be useful for cell therapy in equine regenerative medicine.
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torn tendons, tendon growth, and improving tendon healing
[3,4].

Tissue engineering is an advanced method of repair-
ing damaged tissue by a live tissue repair process based on
three principles of cellular resources, appropriate scaffold-
ing, and growth factors [5]. Regarding cellular sources, adi-
pose-derived mesenchymal stem cells (ASCs) are ideal for
tissue engineering because of their ease of isolation, rapid
proliferation, differentiation to other cells, and low immu-
nogenicity, as well as covering a large surface area in the
body, cost-effectiveness, and being extractable [6]. These
beneficial characteristics of ASCs distinguish them from
other MSCs that are more widely used in tissue engineer-
ing and regenerative medicine (TERM) field [7]. ASCs are
potentially applicable for tendon and ligament repair [6, 8]
which their differentiation is induced by using growth factors
(GF) [9], or by a combination of mechanical and biochemi-
cal stimulation in vitro [10, 11].

So far, none of the treatments has been able to completely
repair the tendon tissue. However, tissue engineering is one
of the most recent and fastest treatments for musculoskel-
etal injuries in horses and other animals [12]. Compared to
MSCs derived from other sources, the major merit of ASCs
is that adipose tissue offers patient-derived autologous
MSCs, which is possible to be easily harvested with lower
morbidity [9]. The result of ASCs per gram of tissue is 500-
fold higher than that obtained for bone marrow MSCs (BM-
MSCs) [13]. Cultured ASCs in tissue engineering (TE) has
been taken into consideration for other stem-cell-based stud-
ies in the field of cell therapy [14].

Tendon extracellular matrix (ECM) synthesis could be
controlled in vitro by some major growth factors, including
transforming growth factors- § (TGF-p). Of special interests
are growth differentiation factors (GDFs), especially GDF 5,
6 and 7, which are members of the TGF-} superfamily and
are crucial for growth, homeostasis and tendon regeneration
[15]. Numerous studies have shown that other growth factors
such as bone morphogenetic proteins (BMP), TGF-b, and
fibroblast growth factor (FGF) are included in the tenogenic
differentiation of MSCs [16-18]. Studies have shown that
ASCs respond to BMPs. Cartilage-derived morphogenetic
protein-2 (CDMP-2), named also BMP-13 and GDF-6, is a
BMP that belongs to the TGF-f family [15, 19-21]. GDF-6/
BMP-13 has been shown that proliferate and produce col-
lagen in tendon fibroblasts in vitro [22, 23]. It has also been
reported that it induces ECM collagen synthesis and even
small bone and cartilage growth in new tissue [21]. Actually,
this growth factor is important in the growth of many cell
types in different tissues, the function of cell proliferation
and differentiation, embryonic growth, and the repair of a
wide range of tissues [24].

Besides differentiation potential into tenocyte, MSCs pro-
duce many paracrine factors, including vascular endothelial
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growth factor (VEGF) and platelet-derived growth factor
(PDGF) [25]. PDGEF is composed of 3 isoforms (PDGF-
AA, PDGF-BB, and PDGF-AB) that PDGF-BB isoform
has the greater potential to stimulate cell proliferation [26,
27]. PDGF probably acts as one of the factors contributing
to tendon and ligament recovery by regulating cell viability
and differentiation. [28]. Additionally, PDGF is expressed
at the wounds, which indicate that PDGF-BB can lead to a
healing process through its mitogenic effect [29]. Despite
the potential of PDGF as an important factor for tendon
healing, there is little compelling evidence to confirm that
PDGF-BB induces cell proliferation and matrix production
in tendon samples [30]. Thus, in this study, we aimed to
investigate the effect of BMP13 (GDF-6) and PDGF-BB as
supplementary growth factors on differentiation of equine
ASCs (eASCs) into tendon-like cells when they are added
to culture medium alone or in combination form.

Materials and methods

All stages and protocols of the tests have been approved by
the Ethics Committee of Ferdowsi University of Mashhad.
All chemicals and cell culture media were prepared from
Sigma or Gibco (St. Louis, Mo., USA) and tissue culture
flasks and dishes from SPL (Korea).

Culture and proliferation of eASCs

Frozen eASCs of 3 mares which were previously charac-
terized [31] were used. First, cells at passage 3 (P3) were
thawed and cultured in basic medium containing Dulbecco’s
adjusted Eagle Medium (DMEM), 10% fetal bovine serum
(FBS, Gibco, USA ), 100 U/ml penicillin (P), and 100 pg
/ml streptomycin (S) and the medium was replaced at 2
days intervals. The frozen cells of each sample (3 mares) at
P3 were thawed and expanded until P5 to get the required
enough cell number for next step.

Experimental design for tenogenic differentiation
of eASCs

The experimental groups were designed into four categories
(at least five replicates for each sample): (1) control group:
cells were cultured in basic culture medium as CM (DMEM
with 10% FBS and P/S), treated groups including (2) induc-
tion medium as IM (CM containing L-Prolin (0.34 mM),
and Ascorbic Acid (0.17 mM)) supplemented with PDGF-
BB (20 ng/ml), (3) IM supplemented with GDF-6 (20 ng/
ml), and (4) IM supplemented with PDGF-BB and GDF-6.
eASCs at P5 were implanted into six-well plates (3 x 10
cells /well) and culture was continued for 14 days.
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Hematoxylin and eosin (H&E staining)

In order to assess cell morphology at the end of culture
period (14th day), H&E staining was employed. By using
4% paraformaldehyde for 15 min and washing it twice with
PBS, cells were fixed. For completely covering the base of
the wells for 7 min, first PBS was separated from the wells
and then hematoxylin solution was added. After 7 min,
hematoxylin solution was aspirated and each well washed
with distilled H20 to remove residual eosin solution. The
wells were then counterstained with hematoxylin solution
for 5 min and each well washed with double-distilled H20.
The cells were covered with PBS. Images were taken with
an inverted microscope (Olympus IX41).

Sirius red staining

At 14th day, the medium was changed and the cells were
washed with PBS. Before Sirius red staining, cells were fix-
ated with 70% ethanol for 30 min and washed 3 times [32].
The deposited collagen was stained with 0.1% Sirius red
(Direct Red 80 sigma 365,548) in a saturated aqueous solu-
tion of picric acid. To quantify the stained nodules, the stain
was solubilized with 0.5 ml of 1:1 (vol/vol) 0.1% NaOH
and pure methanol for 30 min at room temperature. Solubi-
lized stain (0.1 ml) was added to wells of a 6-well plate, and
absorbance was measured at 540 nm. Data are presented as
mean + SD.

RNA extraction, cDNA synthesis and quantitative
RT-PCR (qPCR)

Cells at 14th day were collected and total RNA was extracted
using Roche kit (Germany) based on manufacturer’s proto-
col. For cDNA synthesis, 1 ug of total RNA was reverse
transcribed into cDNA using cDNA Synthesis Kit (Parstous,
Iran). Quantitative polymerase chain reaction (QPCR) was
performed to assess the expression levels of tendon-specific
markers in cells cultured with different medium. By using
Primer premier (version 5.0), all primers were designed and
are reviewed in Table 1. qPCR was performed using SYBR

Green qPCR Master Mix (amplicon). The PCR cycling was
contained 30 cycles of amplification of the template DNA,
with primer annealing at 58—64 °C. GAPDH, as reference
gene, was used for normalizing the CT of target genes. The
efficiency of all genes was calculated using standard curve
of each gene, and the efficiency for target genes and GAPDH
were almost the same. So, the expression level of each tar-
get gene was determined by using the 2724 method, and
fold change related to the expression level of control sample
(untreated eASCs). ACt values were attained by the differ-
ence between the Ct values of target genes and the GAPDH
gene. For obtaining AACt values, these values were normal-
ized by subtracting the ACt value of the calibrator sample
(control), their respective Ct value in basic medium condi-
tion. Outcomes are defined as relative gene expression in
comparison with the calibrator sample that is equal to 1.

Statistical analysis

The data was gathered from optical absorption of Sirius Red
staining on three mare samples with at least five replicates.
Ct values from 3 treated samples and control group (with
triplicate read) was obtained. Normal distribution of data
was checked by Shapiro—Wilk test. Data are expressed as
the mean + SD and statistical significancy was assessed by
one-way analysis of variance (ANOVA) test followed by
post-hoc Tukey test using GraphPad Prism software (ver-
sion 8.0; GraphPad Software, Inc.). A value of P <0.05 was
considered statistically significant.

Results
Cell morphology

Tenocytes are similar in shape to long, narrow, and spindle-
shaped morphology of fibroblasts arranged in rows one by
one in the longitudinal direction of the tendon. As a result,
it is important to study morphology of differentiated eASCs
as an important criterion for tenogenic differentiation. The
cells treated by PDGF-BB, GDF-6 or GDF-6 + PDGF-BB

Table 1 Details of primers used

Primer (5'-3") Annealing tem- Amplicon
perature (°C) size (bp)

L Gene Accession number

for RT-PCR analysis
MKX XM_023632373.1
SCX NM_001105150.1

COLIA1  XM_023652710.1

GAPDH NM_00116 3856.1

F: AATAATCCCGTTCACCATCCTG 64 196
R: TTTGCCTTGTCTTTCCCATCAT
F:GAACGCCCAGCCCAAACA 62 103
R:CATCCGCCTCTAACTCCGAATC
F: CGGGTTTGGAGGAAAGTCAGG 64 140
R: ACGAGGTAGTCTTTCAGCAAC
F: GTCGGAGTAAACGGATTTGG 58 113

R: ATGTAGTTGAGGTCAATGAAGG
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appeared more slender, elongated and spindle-shaped with
thinner and longer cytoplasmic projections compared to con-
trol untreated cells (Fig. 1).

Collagen production assessment by Sirius Red
Staining

Sirius Red is a unique method for assessing differentiation
of tendons that dyes collagen I and III, with more focus on
collagen I which is one of the main features of tendons. Data
Analysis showed that all treated groups had higher optical
absorption than the control group and the most distinguished
belonged to PDGF-BB/GDF-6 group. This difference in
PDGF-BB and PDGF-B/GDF-6 groups was significant com-
pared to other groups (Fig. 2).

Expression level of tendon specific markers by qPCR

Using qPCR, tendon markers including Scleraxis (SCX),
Collagen type 1 (COLI), and Mohawk (MKX) were analyzed.
gqPCR results showed that PDGF-BB and also GDF-6 (alone
or in combination) were able to activate tendon marker gene
expression in eASCs.

In conclusion, the results indicated that both PDGF-BB
and GDF-6 are capable of inducing tendon marker gene
expression in eASCs. According to Fig. 3, with adding fac-
tors in culture medium and creating a distinctive environ-
ment for 14 days, these factors, alone or in combination,
caused an increase in gene expression in comparison with

Fig. 1 Morphologic appearance
of eASCs in different culture
conditions This H&E stain-

ing shows the change of eASC
morphology under different
treatments at day 14. As it can
be seen, the cells appeared
more slender, elongated and
spindle-shaped with treatment
by GDF-6 (b) and PDGF-BB
(c¢) and also in combination

of GDF-6 and PDGF (D) in
comparison to cells at untreated
control cells (a) which were
cultured in the absence of
differentiation factors. (Scale
bars =200 pm)
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the control group. The expression of COLI was significantly
increased only in the PDGF-BB group in compare with con-
trol group (P=0.008). MKX expression in the presence of
factors was increased compared to the control group, and
this increase in the presence of PDGF-BB and PDGF-BB/
GDF-6 was significant (P=0.001 and P=0.000, respec-
tively). Increased expression of SCX in treated groups was
not significant in comparison with control group (P=0.57).

Discussion

The purpose of this study was to develop a reliable method
to enhance the tenogenic differentiation of eASCs using
growth factors in vitro. Two potential tenogenic factors,
PDGF-BB and GDF-6, were chosen to assess their single or
combined effects on the tenogenic differentiation of eASCs.
Our results showed that PDGF-BB and GDF-6 particularly
in combination form are efficient and effective for the induc-
tion of tenogenic differentiation of eASCs in vitro.
Although MSCs to be extracted from variety of tissues
have significant similarities in distinctive traits, sometimes
there are differences between them, and it seems that the
origin of stem cells can be important in its distinctiveness.
Also, using different cocktail of inductive factors play an
important role in the degree of differentiation. The attain-
ment of stem cells has raised great hopes for the treatment of
many incurable degenerative diseases, however, it is neces-
sary to examine their differentiation potential into different




Molecular Biology Reports (2020) 47:6855-6862

6859

A
L 4 = 3 ’ N R
G A\
.o 'i’ PR G
B
0.6
*
*
0.4+ :
& E i
0.2- |
0.0 1
> ©
¢t & ¢® ¢®
IR QC\ QC‘
< S
>

Fig.2 Production of collagen in eASCs induced with various growth
factors. a Sirius red staining for collagen deposition evaluation in
eASCs cultured in 6 well in the absence of growth factors (Ctrl) or
the presence of GDF-6 (G), PDGF-BB (P) and mix of the two factors
GDF-6+PDGF-B (M) at day 14, which show the increased collagen
production in the treatment groups in comparison to control group.
b Quantification data of Sirius red staining. Data are presented as
mean + SD. According to OD, collagen levels increased in all three
treatment groups compared to the control group According to these
data, the amount of collagen in groups PDGF-BB and GDF-6/PDGF-
BB has increased significantly compared to group GDF-6, and con-
trol. Ctrl control, OD optical density

Col Ial
41 *

Relative expression
Relative expression

Fig.3 The mRNA expression level of tendon markers including SCX,
COLI and MKX. The expression of collagen lal only in PDGF-BB
group was significantly increased compared to the control group

tissues (e.g. tendon) in the laboratory before their clinical
use. Furthermore, one of the strategies for regeneration and
tissue engineering is use of optimized, in vivo pre-differen-
tiated stem cells to avoid unwanted differentiation, such as
bone formation [33, 34].

Differentiated cells such as fibroblasts can also be a good
cell source for regeneration of tendon. Although beneficial
effects of fibroblasts for tendon repair has been reported
[35], cutaneous fibroblasts have disadvantage of produc-
ing fibrotic ECM, which is involved in scarring. ASCs have
a higher advantage in tissue engineering due to their dif-
ferentiation potential, self-renewal capacity, being easily
accessible from various tissues such as adipose, cord blood
and bone marrow, with minor donor site complications.
However, their inherent tendency toward fat may preclude
the use of ASCs in tendon reconstruction [36]. To this end,
intensive research was conducted to overcome this obstacle.
Yu et al. (2016) showed that hypoxia or activation of factor-
induced hypoxia-1 expression could improve wound healing
by ASCs [37]. In addition, several studies have shown that
growth factor supplementation can increase ASC cell pro-
liferation and improve tendon repair efficiency, production
of ECM components of tendon and TNMD [38].

Since repairing damaged tendon takes long time and this
repair is interrupted with scar tissue, the new formed tissue
has usually poorer quality than natural tendon. So, using
an appropriate cell source in regenerative medicine such as
MSCs could prevent the formation of scar tissue and a more
effective tendon tissue will be produced. Despite the good
characteristics of fibroblasts in tendon cell differentiation
compared to other cells, cutaneous fibroblasts are harmful
because they may produce fibrotic ECM, which is involved
in scarring [36]. In addition, Ho et al. have compared poten-
tial of different cells (i.e. autologous tenocytes, fibroblasts,
and autologous MSC) for the treatment of tendon lesions in
clinical setting and introduced MSCs as the best choice [39].

MKX Scx

p
°
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-
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3

Relative expression
_° e
a >
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at day 14 (P<0.5). Mkx significantly increased under the influence
of PDGF-BB and GDF-6/PDGF-B groups compared to control and
GDF-6 (P <0.5). Data are shown mean + SD
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Although many studies with successful results used
growth factor supplementation for tenogenic differentia-
tion of ASCs, it is hard to evaluate efficacy because of
differences in cell sources, species, duration, and readout
indices [11, 40, 41]. So, it is necessary to compare the
potential growth factors shoulder-to-shoulder to determine
which one is the most dominant factor for tenogenic differ-
entiation in equine ASCs. Specific markers of most stages
of tendon development need to be identified; nonetheless,
so far we know that the process is associated with the
initial emergence of tendon progenitor cells followed by
differentiation and maturation [42]. During differentiation
of MSC into a tendon-like cell, different molecules have
priority in synthesis. SCX is a central transcription fac-
tor expressed at the early stages of tendon formation and
known to stimulate the formation of tendon progenitors.
MKX and COLI are downstream molecules, respectively,
that are directly induced by SCX. Actually, SCX is required
to stimulate the cell to become a tendon progenitor [9, 41,
43]. Via our approach, we could show comparable results
with significant increases in expression of MKX and COLI
after 14 days of treatment. However, the expression of
SCX was not significant in treated groups compared to the
control group at 14th day. It is possible that its expression
was increased at early days and was decreased at 14th day.
Based on our results, we considered that these changes
show the molecular mechanisms involved in eASCs under-
going tendon differentiation. Norelli et al. have studied
the effect of GDF-5, 6 and 7Tand PDGF-BB growth fac-
tors alone and in combination on rat ASCs and showed
a time priority increase in expression of SCX and COLI
in combination with two growth factors and in a combi-
nation of PDGF-BB and GDF-6 [38]. In another study,
differentiation of rat bone marrow MSCs with GDF-6 at
concentration of 20 ng/ml caused significant expression
of the SCX gene [44]. These results may reflect the differ-
ences of molecular mechanisms in rat versus equine MScs
during tendon differentiation process in vitro.

Many of tendon and ligament damages in race equine are
similar to damages in athletes [35]. Therefore, equine has
been used as an appropriate animal model and that is why we
chose this model. It has been previously proven that 20 ng/
ml concentration of the GDF-6 growth factor is effective to
induce expression of tendon-specific gene markers [40]. A
study by Gongalves et al. (2013) regarding tenogenic dif-
ferentiation of stem cells from human amniotic membrane
(hHAFSCs) and from human adipose tissue (hASCs) with
different growth factors has been reported. In 10 ng/ml con-
centration of PDGF-BB in both cell groups on the 21st-day,
COLI and SCX had a significant increase in comparison with
the control group, while in the 14th-day, CLOI and SCX
were less than or equal to the control group [9] which shows
the effect of time on tenogenic differentiation.
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Mohanty et al. showed that stimulation of MSCs from the
umbilical cord stimulated by BMP-12 leads to an increase
in MKX expression [45]. It was also reported that human
bone marrow MSCs under treatment by BMP-12 led to an
increase in MKX expression as well [46]. In agreement with
these studies, our results showed the increased expression of
MKX as an important tendon transcription factor in PDGF-
BB group.

Some recent studies suggest the new combinations of fac-
tors and culture conditions for induction of tenogenic dif-
ferentiation of MSCs. Stanco et al. have shown that using
serum-free medium (SF) or a xenogenic-free human pooled
platelet lysate medium (hPL) in the presence of CTGF,
TGFp-3, BMP-12 and ascorbic acid (AA) promoted dif-
ferentiation of hASCs into tenocyte-like cells [47]. The
results of another study showed that BMP-12 causes late
expression of SCX and MKX, while TGF-bl leads to their
earlier expression. Moreover, the addition of ascorbic acid
with BMP-12 or TGF-bl resulted in increased collagen I
deposition [48]. Rajpar et al. induced tenogenic differen-
tiation of equine BM-MSC in the presence of collagen I
hydrogels and growth factors FGF-2, TGF-p1, IGF-1 and
BMP-12 alone or as novel combinations over 10 days. Their
results showed higher potential of BMP-12 as a tendon dif-
ferentiation factor, while FGF-2, TGF-f1, and IGF-1 was
described as better inducers of matrix synthesis and/or cell
proliferation [49].

In conclusion, our results showed that PDGF-BB and
GDF-6 could induce tenogenic differentiation in eASCs
in combination together during a 14 days culture period.
Moreover, the novel combinations of different growth fac-
tors are guaranteed for more effective induction of tenogenic
differentiation. It is hoped that these in vitro findings could
be useful for equine regenerative medicine in treatment of
tendon injuries.
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