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Mechanical load modulates chondrogenesis of human
mesenchymal stem cells through the TGF-3 pathway
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Abstract

This study investigated the effect of mechanical load on human mesenchymal stem cell (hMSC) differentiation under different exoge-
nous transforming growth factor-g1 (TGF-B1) concentrations (0, 1 or 10 ng/ml).The role of the TGF- signalling pathway in this process
was also studied. Human MSCs were seeded into fibrin-biodegradable polyurethane scaffolds at a cell density of 5 X 10% cells per scaf-
fold and stimulated using our bioreactor. One hour of surface motion superimposed on cyclic compression was applied once a day over
seven consecutive days. Scaffolds were analysed for gene expression, DNA content and glycosaminoglycan amount. Addition of TGF-B1
in the culture medium was sufficient to induce chondrogenesis of hMSCs. Depending on the TGF-B1 concentration of the culture
medium, mechanical load stimulated chondrogenesis of hMSCs compared to the unloaded scaffolds, with a much stronger effect on
gene expression at lower TGF-B1 concentrations. With TGF-B1 absent in the culture medium, mechanical load stimulated gene tran-
scripts and protein synthesis of TGF-B1 and TGF-B3. TGF-B type | receptor inhibitor LY364947 blocked the up-regulation on TGF-B1 and
TGF-B3 production stimulated by mechanical load, and also blocked the chondrogenesis of hMSCs. Taken together, these findings
suggest that mechanical load promotes chondrogenesis of hMSCs through TGF-g pathway by up-regulating TGF-8 gene expression and
protein synthesis.

Keywords: chondrogenesis ® human bone marrow mesenchymal stem cells e fibrin-polyurethane scaffold composites e
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Introduction

Articular cartilage has a very poor ability to self repair. Tissue engi-
neering is believed to be the future of articular cartilage healing
because of the unsatisfying results of the current clinical proce-
dures. Mesenchymal stem cells (MSCs) derived from bone mar-
row have demonstrated the multipotential to differentiate into sev-
eral cell lineages, including chondrocytes [1].

It has been documented that cyclic hydrostatic pressure [2-4]
and cyclic compressive load [5-11] can stimulate chondrogenic
differentiation of MSCs. However, the precise mechanisms by
which physical loads affect biological responses have yet to be
resolved. Furthermore, the ideal mechanical parameters remain
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unknown. Since the physiological joint movement is kinematically
very complex, sole mechanical compression alone is unlikely to
sufficiently stimulate the generation of functional tissue from
MSCs in vitro. To address the combined interplay of joint-level
compression, shear and articular motion, we developed a bioreac-
tor that allows for simultaneous compression, shear and articular
fluid transport of developing constructs [12, 13]. Our recent study
established a fibrin-polyurethane scaffold composite culture sys-
tem, which is able to provide an environment for chondrogenesis
of human mesenchymal stem cells (hnMSCs) [14]. Therefore in this
study, cyclic compressive load and surface shear strain were
applied on hMSCs fibrin-polyurethane scaffolds constructs to
modulate chondrogenesis, aiming to more accurately mimic the
in vivo situation in vitro. Furthermore, some scaffolds were cut
into top and bottom sections to investigate the mechanotransduc-
tion effect on different parts of the stimulated constructs.

Various growth factors (i.e. fibroblast growth factor-2, trans-
forming growth factor-g [TGF-B], insulin-like growth factor-1 and
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osteoprogenitor factor-1) have been used to modulate chondrocyte
phenotype, proliferation and biosynthesis rates. In particular, ‘chon-
drogenic medium’ containing dexamethasone and TGF-B+1 has been
developed to induce chondrogenic differentiation of chondroprog-
enitor cells [1]. Dimeric ligands of the TGF-g superfamily signal
across cell membranes by assembling heterotetrameric complexes
of structurally related serine/threonine—kinase receptor pairs, desig-
nated types | and Il. TGF-B complexes assemble cooperatively
through recruitment of the low-affinity (type I) receptor by the lig-
and-bound high-affinity (type Il) pair. The type Il receptor phospho-
rylates the type | receptor, which in turn activates type | receptor
kinase activity [15]. It is known that TGF-@ and mechanical loads
modulate chondrogenesis of MSCs. However, the interaction
between TGF-B and mechanical load remains unclear. Therefore we
applied mechanical loads on hMSCs fibrin-polyurethane scaffolds
constructs, either alone or in the presence of 1 ng/ml or 10 ng/ml
TGF-B1, specifically to determine whether there is a dose response
of this factor on any mechanical stimulation. In addition, the inhibi-
tion of TGF-B signalling by LY364947, a selective, ATP-competitive
inhibitor of TGF-B type | receptor kinase (TGF-g RI) [16-18], was
used to investigate the role of TGF-B signalling pathway in hMSC
chondrogenic differentiation induced by mechanical loading.

Materials and methods

Biodegradable polyurethane scaffold

Cylindrical (8 x 4 mm) porous scaffolds (average pore size of 90-300
wm) of biodegradable polyurethane were prepared as described elsewhere
[19]. The polymers used for scaffold preparation were synthesized with
hexamethylene diisocyanate, poly(e-caprolactone) diol and isosorbide diol
(1,4:3,6-dianhydro-D-sorbitol) as chain extender [20].

Isolation and expansion of hMSCs

Bone marrow was obtained with ethical approval and the written consent
of patients undergoing total hip replacement. MSCs were isolated by Ficoll
cushion as described elsewhere [14].

Fibrin-polyurethane composite culture of hMSCs

Afibrin-polyurethane hybrid system was used for 3D hMSC culture. P3 hMSCs
were trypsinized, suspended in fibrinogen solution and mixed with thrombin
solution immediately prior to seeding into the polyurethane scaffold at a cell
density of 5 X 10° per scaffold. The final concentrations of the fibrin gel were
17 mg/ml fibrinogen and 0.5 U/ml thrombin [21]. After 7 days in pre-culture in
six-well plates (5 ml medium per scaffold, medium changed every 2 to 3 days),
cell-scaffold constructs were exposed to mechanical loading in special holders
for 7 days as described below (3 ml medium per scaffold, medium changed
everyday). Constructs were divided into three groups. Each group had eight
scaffolds in total. All groups were cultured in medium consisting of DMEM
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(Gibco, Basel, Switzerland), ITS (10 wg/ml insulin from bovine pancreas,
5.5 pg/ml human transferrin (substantially iron-free), 5 ng/ml sodium selen-
ite, 0.5 mg/ml bovine serum albumin and 4.7 wg/ml linoleic acid; Sigma),
100 units/ml Penicillin (Gibco), 100 wg/ml Streptomycin (Gibco), 1% non-
essential amino acid (Gibco), 50 wg/ml ascorbate 2 phosphate (Sigma, Buchs,
Switzerland), 5 WM e-amino-caproic acid (Sigma) [22] and 10" M dexam-
ethasone (Sigma). Either 0 ng/ml, 1 ng/ml or 10 ng/ml recombinant human
TGF-B1 (Fitzgerald, Concord, MA, USA) was added into the medium of three
groups respectively prior to and during mechanical loading.

For the TGF-B Rl inhibitor study, in the group without TGF-B1 in culture
medium, inhibition of TGF-B RI signalling was investigated by adding
1 wM LY364947 (Sigma) (an inhibitor of TGF-B RI) into the medium.

Mechanical loading

Mechanical conditioning of cell-scaffold constructs was performed using
our previously described bioreactor system [12]. Briefly, a ceramic hip ball
(32 mm in diameter) was pressed onto the cell-seeded scaffold. Interface
motion was generated by oscillation of the ball about an axis perpendicu-
lar to the scaffold axis.

Samples were assigned in quadruplicates to one of two groups: The
loaded group was exposed to ball oscillation of *=25° at 1 Hz.
Simultaneously, dynamic compression was applied at 1 Hz with 10%
sinusoidal strain, superimposed on a 10% static offset strain, resulting in
an actual strain amplitude of 10-20%. Mechanical loading was performed
1 hr a day over 7 consecutive days. The group of unloaded constructs
served as controls. After 7 days in pre-culture and 7 days of loading the
top 10% of the construct was used for gene expression analysis.

Biochemical analysis

Whole samples were digested with 0.5 mg/ml proteinase-K at 56°C
overnight. DNA content was measured spectrofluorometrically using
Hoechst 33258 (Sigma) [23]. The amount of glycosaminoglycan (GAG) in
the scaffolds and medium was determined by the dimethylmethylene blue
dye method [24].

Gene expression analysis

Total RNA was extracted from homogenized constructs with TRI Reagent.
Reverse transcription was performed with TagMan reverse transcription
reagents, using random hexamer primers and 1 g of total RNA. Table 1
shows the sequence of human primers and TagMan probes for collagens
type-I (COL1), type-Il (COL2), type-X (COL10), aggrecan (AGG) and pro-
teoglycand (PRG4). Primers and probe for amplification of 18S ribosomal
RNA (18S), osterix transcription factor (Sp7, Hs00541729_m1), TGF-g1
(TGFB1, Hs00171257_m1) and TGF-B3 (TGFB3, Hs00234245_m1) were
from Applied Biosystems (Rotkreutz, Switzerland). Relative quantification
of target mRNA was performed according to the comparative Ct method
with 18S ribosomal RNA as the endogenous control [25, 26].

TGF-B1 and TGF-B3 ELISA

During 7 days of mechanical loading, conditioned medium of loaded and
control samples were pooled for each construct and analysed for TGF-B1
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Table 1 Oligonucleotide primers and probes (human) used for real time PCR

CcoL1 Primer fw (5-3")
Primer rev (5-3)
Probe (5'FAM/3'TAMRA)
COL2A1 Primer fw (5’-3')
Primer rev (5-3")
Probe (5'FAM/3'TAMRA)
Primer fw (5-3")
Primer rev (5-3)
Probe (5'FAM/3'TAMRA)

Primer fw (5-3")

COL10A1

Aggrecan
Primer rev (5-3")
Probe (5'FAM/3'TAMRA)
Primer fw (5-3")
Primer rev (5-3)
Probe (5'FAM/3'TAMRA)

PRG4

CCCTGGAAAGAATGGAGATGAT
ACTGAAACCTCTGTGTCCCTTCA
CGGGCAATCCTCGAGCACCCT
GGCAATAGCAGGTTCACGTACA
GATAACAGTCTTGCCCCACTTACC
CCTGAAGGATGGCTGCACGAAACATAC
ACGCTGAACGATACCAAATG
TGCTATACCTTTACTCTTTATGGTGTA
ACTACCCAACACCAAGACACAGTTCTTCATTCC
AGTCCTCAAGCCTCCTGTACTCA
CGGGAAGTGGCGGTAACA
CCGGAATGGAAACGTGAATCAGAATCAACT
GAG TAC CCA ATC AAG GCA TTA TCA
CCATCT ACT GGC TTA CCA TTG CA

CAA TCC CAT GCT TTC CGA TGA GAC CAA T

and TGF-B3 concentrations by ELISA (DY240 and DY243, R&D Systems,
Abingdon, UK) according to manufacturers’ instruction.

Statistical analysis

SPSS 16.0 statistical software was used for statistical analysis (signifi-
cance at P < 0.05). Gene expression values were normalized to the
values of cells before 3D culture (day 0), if this value was not detectable,
the data were then normalized to the expression level of control samples
treated with 0 ng/ml TGF-B1 (day 14). One-sample Kolmogorov—Smirnov
test was used to define if the data are normally distributed (normal dis-
tribution at P > 0.1). For comparison of all the gene expression data,
Mann-Whitney U test was used. For comparison of GAG/DNA value, TGF-
B1 and TGF-B3 protein concentrations in medium, between control and
loaded samples, an independent t-test was used; among the 3 groups
with different concentrations of TGF-B+1 in medium, anova LSD post hoc
test was used.

Results

TGF-B1 and mechanical loading
experiments

To address the effect of mechanical loading on chondrogenesis of
hMSCs and the interaction between mechanical loading and TGF-B1,

hMSCs were cultured in presence or absence of mechanical
loading and with 0, 1 or 10 ng/ml TGF-B1 in the culture medium.
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Biochemical analysis

There was no difference in DNA content between control samples
cultured in medium with different concentrations of TGF-3+ (data
not shown). Mechanical loading decreased the DNA content of
constructs cultured in medium with 10 ng/ml TGF-B1 compared to
control samples (P < 0.05), but not in the constructs cultured in
medium with 0 or 1 ng/ml TGF-B1.

Total GAG synthesized (scaffolds plus medium) was normal-
ized to DNA content (Fig. 1). The control samples cultured in
medium with 1 ng/ml (P < 0.01) or 10 ng/ml TGF-B1 (P < 0.001)
had significantly higher GAG/DNA value compared to samples cul-
tured in medium without TGF-B1 (Fig. 1 control). In all the three
groups where samples were cultured in medium with different
concentrations of TGF-B1, the total GAG/DNA value showed
a trend of up-regulation by mechanical load, this difference was
significant in the groups with 0 ng/ml (P < 0.001) or 10 ng/ml
TGF-B1 (P < 0.05).

Gene expression

Without mechanical stimulation, addition of TGF-B1 in the culture
medium significantly up-regulated the mRNA gene expression of
COL2, AGG, COL10 and Sp7, markedly down-regulated the mRNA
gene expression of PRG4, while having no effect on the mRNA
gene expression of COL1, TGFB1 and TGFB3 (Fig. 2A-H). By day
14, the COL2, AGG, COL10 and Sp7 gene expression of hMSCs
cultured in presence of 1 ng/ml TGF-B1 increased 46,392 (P = 0.004),
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687- (P = 0.002), 60- (P = 0.002) and 121- (P = 0.004) fold
respectively compared to cells cultured in the absence of TGF-B1.
This increase was greater when 10 ng/ml TGF-B1 was added to the
medium. In contrast, treatment with 10 ng/ml TGF-B1 decreased
PRG4 gene expression to 0.13- (P = 0.009) fold compared to
cells cultured in the absence of TGF-B1.

Significant increases in chondrogenic gene expression due to
mechanical load were only noted when TGF-B1 was not added to the
culture medium. When hMSCs were cultured in medium without
TGF-B1, mechanical loading significantly stimulated gene expres-
sion by 1663- (P = 0.018), 269- (P = 0.004), 42- (P = 0.004),
174- (P = 0.006), 3- (P = 0.037) and 6- (P = 0.004) fold for genes
COL2, AGG, COL10, Sp7, TGFB1 and TGFB3 respectively (Fig. 2A,
B, E, F, G and H; 0 ng/ml TGF-B+1). In the absence of TGF-B+1, COL1
and PRG4 gene expression was up-regulated 2.7- and 3.4-fold by
mechanical loading (Fig. 2C and D; 0 ng/ml TGF-B1). However, this
difference is not significant. With 1 ng/ml TGF-B1 in culture
medium, AGG gene expression was stimulated 3.8-fold by mechan-
ical loading (P = 0.004) (Fig. 2B; 1 ng/ml TGF-B1). The remaining
gene expression levels were not affected by mechanical loading.

In the group where 10 ng/ml TGF-B1 was added, only Sp7 gene
expression (2-fold, P = 0.037) was significantly up-regulated by
mechanical loading (Fig. 2F; 10 ng/ml TGF-B+1). All the other genes
in the other groups did not show significant difference between
loaded and control samples.

TGF-B1 and TGF-B3 ELISA

The concentrations of TGF-B1 and TGF-B3 protein in the condi-
tioned medium on days 8—14 (7 days of loading) were determined
by ELISA (Fig. 3).

© 2009 The Authors

The TGF-B1 protein concentrations in control sample condi-
tioned medium treated with 1 ng/ml (0.75 = 0.05 ng/ml, P <
0.001) or 10 ng/ml (3.42 = 0.13 ng/ml, P < 0.001) TGF-B1 were
both significantly higher than that of control samples cultured in
the absence of TGF-B+1 (0.17 = 0.02 ng/ml) (Fig. 3A control). The
greatest up-regulation of TGF-B synthesis was seen in the loaded
group cultured in the absence of exogenous TGF-8+1. Mechanical
loading significantly up-regulated TGF-B1 protein synthesis
in groups with 0 (2.98-fold, P < 0.001) or 1 ng/ml (1.34-fold,
P = 0.001) TGF-B1 in the culture medium (Fig. 3A). While in the
group with 10 ng/ml TGF-B1 in the culture medium, the amount of
TGF-B1 protein was down-regulated by mechanical loading by
20% (P < 0.001) (Fig. 3A).

No difference in TGF-B3 protein concentrations was observed
in the conditioned medium of control samples from three groups
treated with different exogenous levels of TGF-B+ (Fig. 3B control).
Mechanical loading significantly up-regulated TGF-B3 protein syn-
thesis in samples cultured without TGF-B1 in the medium (1.82-
fold, P = 0.002) (Fig. 3B).

TGF-B Rl inhibitor and mechanical
loading experiments

As we had determined that chondrogenesis could be induced by
mechanical load in the absence of TGF-B we decided to investigate
this further. To investigate the role of TGF- signalling in chondro-
genic induction of hMSCs by mechanical loading when no TGF-B1
was added into the culture medium, hMSCs were cultured in the
presence and absence of mechanical loading and the presence
and absence of TGF-B Rl inhibitor LY364947.
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Gene expression

When LY364947 was not added into the culture medium, mechan-
ical loading significantly up-regulated COL1, COL2, COL10, AGG,
Sp7, TGFB1 and TGFB3 gene expression in the absence of addi-
tional TGF-B (Fig. 4; LY3649477). When LY364947 was added into
the culture medium during 7 days of loading, mechanical load did
not have any effect on the expression of any of these genes
demonstrating a pivotal role in TGF-B up-regulation due to
mechanical load (Fig. 4; LY3649477).

Discussion

TGF-B+1 increased the gene expression of chondrogenic, hyper-
trophic and osteogenic markers (Fig. 2), and also stimulated the
synthesis of GAG (Fig. 1). This has been shown in both pellet cul-
ture and scaffold culture of MSCs [1, 27-31], indicating the ability
of TGF-B+1 to promote chondrogenesis and terminal ossification.

© 2009 The Authors
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Even though it is widely believed that stem cells react to
mechanical load, according to the literature chondrogenic
response is only mildly enhanced by load. The data presented here
demonstrated that under lower concentrations of TGF-B1 in the
culture medium, a large increase in chondrogenic marker expres-
sion (type Il collagen and aggrecan) was induced by dynamic
compression and surface shear strain. However, we found this
response was greatly reduced when 10 ng/ml TGF-g1 was added
to the culture medium, this suggests a feedback mechanism. We
propose two possible explanations. (1) The concentration of TGF-B1
in culture medium influences the effect of mechanical load on the
chondrogenesis of stem cells. The standard chondrogenic TGF-B1
level (10 ng/ml) is non-physiological and artificially high. In this
situation the effects of mechanical load on the chondrogenesis of
hMSCs are masked, as seen by very small increase in the type Il
collagen (1.2-fold) and aggrecan (1.5-fold) gene level between
control and loaded samples in our study (Fig. 2A and B).

Most of the published studies related to mechanical load and
chondrogenesis of stem cells were performed using 10 ng/ml
TGF-B, which may explain why chondrogenic differentiation was
minimally stimulated by load [3, 6, 10, 11]. This is supported by
the study of Terraciano et al. They showed that when goat MSC-
PEGDA hydrogel constructs were cultured in the absence of TGF-B1,
aggrecan gene expression was up-regulated 3.8-fold after 1 hr of
cyclic compression; however, when 10 ng/ml TGF-B1 was present,
aggrecan gene expression only increased 1.4-fold after load of
2.5 hrs per day for 14 days [11].

Miyanishi et al. reported that exposing hMSCs pellets to inter-
mittent hydrostatic pressure in the absence of TGF-8 increased
SO0X9, type Il collagen and aggrecan mRNA levels by 4.0-, 5.7-
and 4.4-fold compared to the respective control. In the presence
of 10 ng/ml TGF-Bs, intermittent hydrostatic pressure increased
S0X9, type Il collagen and aggrecan mRNA levels by 1.9-, 3.3-
and 1.6-fold compared to the respective control [4]. This is con-
sistent with our present study that the trend of chondrogenic gene
expression increase is lower under high exogenous TGF-B level.
Under comparable culture conditions (1 0’ M dexamethasone, no
TGF-B) and load, the up-regulation of type Il collagen and aggre-
can mRNA expression in Miyanishi paper [4] was 5.7- and 4.4-
fold, respectively. Using the device in our study load increased
type Il collagen and aggrecan mRNA expression by 1663- and
666-fold, respectively. This indicates the advantage of our system,
although other factors such as the frequency which the medium is
changed will play a role {7, 9].

We also observed that the preparation of the medium played a
role. Due to the serum-free nature of the chondrogenic medium if
the TGF-B1 was added prior to sterile filtration, the final concen-
tration was 0.5 ng/ml, not the 10 ng/ml as expected. This led to
differences when load was applied. We prepared a sterile filtered
stock solution through a small volume filter that would adsorb
little protein. The TGF-B1 was then added after the main medium
had been sterile filtered.

(2) Dexamethasone is necessary in the process of chondro-
genic differentiation stimulated by mechanical load. We performed
an experiment with neither dexamethasone nor TGF-B1 in the
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culture medium. Mechanical load did not affect the gene expres-
sion profile except for 7.45-fold increase of PRG4 mRNA expres-
sion (data not shown). Huang et al. and Mouw et al. have also
carried out studies without dexamethasone and TGF-B1, where
mechanical load did not lead to highly increased type Il collagen
or aggrecan gene expression [8, 10]. Although dexamethasone is
not a specific chondrogenic differentiation factor [1], our previous
study has shown that combination of dexamethasone and TGF-B1
is crucial for chondrogenesis of hMSCs [14]. With dexamethasone
present in the culture medium, addition of TGF-B1 did not affect
the DNA content of the hMSCs scaffolds constructs, which is con-
sistent with other investigations [7, 28, 29].

When TGF-B1 was absent in the medium, we detected an
increase in type X collagen and Sp7 gene expression, although
this increase was much lower than the up-regulation of type Il col-
lagen. We have previously demonstrated that the fibrin-
polyurethane construct leads to a significantly lower expression of
hypertrophic markers compared to pellet culture [14]. A limited
degree of up-regulation of type X collagen may be unavoidable as
the level found in monolayer expanded MSCs is so low. Even a
very low level of absolute expression would seem like a large
increase when the baseline levels are so low. We have compared
the dCt of type X collagen expression to that found in normal,
healthy adult human articular cartilage, using 18S as a control. We
found that the expression was similar to that found within our
loaded samples without exogenous TGF-B1 treatment (data not
shown). Other groups have suggested Col X may not be an opti-
mal marker during /in vitro chondrogenesis as an increase was
detected prior to type Il collagen expression during chondrogene-
sis of human MSCs [32, 33]. There is also the possibility that a
small subset of cells undergo hypertrophy, leading to the
increases seen.

Itis also interesting to note that addition of TGF-B+ into the cul-
ture medium down-regulated PRG4 expression (Fig. 2D). Samples
loaded in the absence of additional TGF-B1 led to an increase in
endogenous TGF-B synthesis (Fig. 3). The final measured concen-
tration of TGF-B1 in the conditioned medium of 0 ng/ml and 1 ng/ml
groups was similar, and yet PRG4 was only down-regulated in the
1 ng/ml group. This suggests that there is a subtle difference in
the way PRG4 expression is regulated by TGF-B, the significance
which is still unclear, as PRG4 is required for adequate lubrication
at the interface.

Mechanical load up-regulated the gene expression and protein
synthesis of TGF-B1 and TGF-B3 in hMSCs in the absence of
exogenous TGF-B1. This finding is consistent with other studies
which have demonstrated that mechanical loading can promote
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TGF-B production in cell culture [7, 8, 34] and tissues [35, 36].
Several researchers have proposed that mechanical stimulation
may activate TGF-B signalling and hence promote the chondroge-
nesis of MSCs [8, 10, 37]. Therefore, we applied the TGF-B type |
receptor inhibitor LY364947 in the group without TGF-B1 in the
culture medium, and stimulated hMSCs-polyurethane scaffolds
constructs with dynamic compression and surface rotation.
Results showed that when LY364947 was absent in the medium,
mechanical load induced chondrogenesis of hMSCs and TGFB
gene expression in the absence of exogenous TGF-B (Fig. 4;
LY364947 ). With LY364947 in the medium, chondrogenesis of
hMSCs stimulated by load was blocked as determined by no
up-regulation of chondrogenic and hypertrophic marker genes
(Fig. 4A-E; LY364947+). The TGFB gene expression was also not
up-regulated (Fig. 4F and G; LY364947+). To the best of our
knowledge, this is the first study which demonstrated that the
induced chondrogenesis of hMSCs by mechanical load is an out-
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and will be useful in cartilage tissue engineering.

In conclusion, this study has demonstrated that mechanical
loading can stimulate chondrogenesis of hMSCs cultured in
polyurethane-fibrin composites; however, it is only observable
under low concentrations of TGF-B1 and in the presence of dex-
amethasone. Mechanical load induces chondrogenesis of hMSCs
through the TGF-B pathway and this can be blocked using a spe-
cific inhibitor of TGF-B RI.
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