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Abstract

The aim of the study was to investigate the effect of cyclic
mechanical strain on differentiation markers in the presence
or absence of dexamethasone.

Human bone marrow stromal cells (BMSC) from seven
donors (32.5±6.2 years) were cultivated with (D+) or with-
out (D-) dexamethasone. A cyclic mechanical strain with an
elongation of 2% (D+2; D-2) or 8% (D+8; D-8) was ap-
plied for three days with a stimulation time of three times
two hours each day. Levels of alkaline phosphatase (ALP)
and osteocalcin (OC) were compared after time intervals of
four and seven days. mRNA expression of Collagen I, III
and Cbfa1 was investigated after one, four, and seven days.

ALP levels were significantly increased in the D+8 group
after four and seven days (147.1±6.3%; p<0.05 and
168.6±6,5%; p<0.03) and in the D-8 group after 7 days
(197.4±10.4; p<0.04). Cyclic strain had a significant influ-
ence on ALP-secretion (F=7.5; p<0.01).

In the D-8 group there was a significant increase in OC
secretion after 4 days (140.9±12.5%; p<0.05).; p<0.01).
The effect of stretching was significantly stronger than that
of dexamethasone (F=17.2 vs. 1.8). Collagen I (Col I) ex-
pression was upregulated in D+8 cultures after 4 days
(215.0±53.3 p<0.04) and after seven days (166.7±55.7;
p<0.04). Collagen III (Col III) expression was upregulated
in D+2 and D+8 cultures after 4 days (200.7±16.3 and
185.9±12.7; p<0.04) and after seven days (154.4±10.1 and
118.8±16.4; p<0.04). There was a significant increase of
Cbfa1 expression in D+8 cultures at all investigated time
intervals (day 1: 105.5±3.7%; day 4: 104.7±3.0%; day 7:
104.4±2.1%; p<0.03). Stretching (F=20.0; p<0.01) was a
stronger contributor to Cbfa-1 expression than dexametha-
sone (F=12.1; p<0.01)

Cyclical mechanical stimulation with 8% elongation
increases ALP and OC levels and upregulates Col I and III
synthesis and Cbfa1 expression. In the short term, cyclical
stretching is a stronger differentiation factor than dexam-
ethasone. Cyclical stretching and dexamethasone both en-
hance the osteogenic commitment of hBMSC.
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Introduction

Large bone defects occur as a result of trauma, infection,
tumors or removal of orthopaedic implants. Treatment
options include the application of synthetic or biologic
substitutes. Obtaining autologous bone from the iliac crest
is the gold standard procedure for many orthopaedic pro-
cedures. However, this technique is connected with donor
site morbidity of more than 30% (Heary et al., 2002). In
the future, tissue engineering techniques may allow bone
reconstruction using autologous osteogenic cells.

Human bone marrow stromal cells (hBMSC) are a pre-
mier resource for tissue engineering of bone. BMSC can
be obtained from different locations and amplified in vitro.
Thus, the number of cells available can be increased 100
of times and more (Caplan and Bruder, 2001). The cells
can be frozen and thawed without loosing their ability to
proliferate and differentiate into bone (Lennon et al., 2001),
cartilage (Angele et al., 2003), and fibrous tissue (Altman
et al., 2002), which is enhanced by individual cell cultiva-
tion protocols. Osteogenic differentiation of hBMSC has
been supported by dexamethasone (Byers et al., 1999).
Mechanical stress has been demonstrated to stimulate the
secretion of osteogenic proteins (Kaspar et al., 2000).
Cyclic mechanical stretching modulated the secretion pat-
tern of growth factors in human tendon fibroblasts (Zeichen
et al., 2000). Altman and coworkers have shown an in-
crease in fibroblast differentiation of BMSC in a collagen
gel matrix when stimulated by cyclic stretching (Altman et
al., 2002). There have been several investigations dedi-
cated to examine the influence of cyclic mechanical stretch-
ing upon osteoblasts obtained from cancellous bone chips
(Kaspar et al., 2000; Neidlinger-Wilke et al., 2001). It
could be demonstrated that cyclic stretching stimulates
osteoblast proliferation and CICP (procollagen I
propeptide) production but decreased the synthesis of al-
kaline phosphatase and osteocalcin (Kaspar et al., 2000).
The magnitude of axial stretching that is necessary in or-
der for cells to respond is lower for fibroblasts than it is
for osteocytes (Neidlinger-Wilke et al., 2001). So far, the
response of a two dimensional hBMSC culture to cyclic
mechanical stretching has not been investigated. Hence,
the purpose of the present study was to study the effects of
both dexamethasone and cyclic mechanical stretching upon
differentiation of hBMSC.
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Methods

Cell stretching system
We used a cell stretching system previously described

for the stimulation of human fibroblasts (Zeichen et al.,
2000). The system consists of rectangular, elastic silicone
dishes that are deformable. The apparatus is driven by an
eccentric motor that allows variation in the magnitude of
stimulation (Fig. 1). The dishes were sterilized by heat and
conditioned seven days in Dulbecco´s Modified Eagle Me-
dium (DMEM) containing 10% of human serum, penicil-
lin (100U/l) and streptomycin (100mg/ml) at 37°C before
the cells were plated.

Cell culture conditions
Human bone marrow aspirates from 7 donors were ob-

tained during routine orthopaedic surgical procedures in-
volving exposure of the iliac crest, after informed consent.

The age of the donors averaged 32.5±6.2 years. The cells
were purified using a density gradient solution (Bruder et
al., 1994; Cassiede et al., 1996) and cultured in vitro using
a standard medium (Dulbecco´s modified Eagle medium
(DMEM)/Ham´s F-12 1:1 with L-glutamine, 10% human
serum, 5 µg/ml ascorbic acid). Culture dishes were incu-
bated at 37°C in a humidified atmosphere of 5% carbon
dioxide and 95% air. Culture medium was changed after
the first four days and thereafter every two days. After cells
reached confluence (usually about three to four weeks), they
were released with 0.05% trypsin. For first passage cul-
tures (P1), an equal number of cells were plated in flasks
with a culture surface of 75cm2. To obtain enough cells,
the BMSCs underwent two other passages (P2, P3). Each
time, they were split and grown in an increased number of
culture flasks. Starting at the second passage, dishes were
divided into 2 different groups: in the first group, 2.55 µM
dexamethasone was added to the cell culture medium (D+).
The second group was cultivated without dexamethasone
(D-; Fig. 2). After the second passage, 2.5x105 cells were
seeded on flexible silicone dishes. After three days of incu-
bation with culture medium to allow cell attachment and
spreading, the concentration of human serum was reduced
to 1% for 24 hours to align most cells into the G0 phase of
the cell cycle. Previous experiments using cell cycle analy-
sis showed that after 24 hours more than 70% of the cells
were in the G0 phase (Zeichen et al., 2000). During this
phase, cells down-regulate the proliferation rate and pro-
tein synthesis. Thus, this procedure maximizes potential
differences of these parameters.

Cell stretching experiments
The dishes were divided into six different groups: in

groups one through three, 2.55 µM dexamethasone was
added to the cell culture medium (D+).Groups four to six
were cultured without dexamethasone (D-). Four groups
were exposed to 3 repetitions of 2 hours of cyclic mechani-
cal stretching and a break of 1 hour (Table 1). The cells of
group one and four were subjected to cyclic mechanical
strain of 2% (D+2; D-2) and groups two and five to 8%
cyclic mechanical strain (D+8; D-8) at a frequency of 1
Hz. A rest of 21 hours was given in between stretching.
Groups three and six were cultured without mechanical
stimulation as controls (D+0; D-0; Fig. 2). The silicone
dishes were incubated at 37°C in a humidified atmosphere
of 5% carbon dioxide and 95% air.

Analysis of alkaline phosphatase and osteocalcin
Differentiation markers were determined on the first

and fourth day following stimulation (d4, d7). At these time
intervals, cells were harvested from the dishes and homog-
enized. The content of protein was determined by the
method of Lowry and a photometric detection of levels of
alkaline phosphatase (ALP) was conducted. Osteocalcin
(OC) levels were investigated using an enzyme linked
immuno-sorbent assay kit, that was used according to the
guidelines of the manufacturer (N-MID™ Osteocalcin One
Step ELISA, Osteometer BioTech, Herlev, Denmark). The
optical density of the probes was measured in an ELISA
reader at a wavelength of 450nm. Values of strained cells
were divided by values obtained from control dishes in order

Day 1
3x2 hours cyclic
stimulation at 1Hz-
PCR-samples

Day 2
3x2 hours cyclic
stimulation at 1Hz

Day 3
3x2 hours cyclic
stimulation at 1Hz

Day 4
ALP
OC
PCR-samples

Day7
ALP
OC
PCR-samples

Table 1: Cell stretching and sample collection protocol in this study.

Figure 1. In the cell stretching system, the silicone dishes
are fixed at one end and held in a movable clamp at the
other end. Mechanical longitudinal stretching of the
dishes occurred by motor-driven movements of the clamp
back and forth, so the dishes were stretched and relaxed
along the longitudinal axis.
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to compare the effects of the various strains and dexametha-
sone on cellular proliferation and differentiation.
Quantitative reverse transcriptase polymerase chain
reaction

We extracted DNA using Trizol according to the single-
step acid-phenol guanidinium method (Chornczynsky and
Sacchi, 1987). cDNA synthesis was performed using Super-
script II RNAse H- Reverse Transcriptase (Invitrogen GmbH,
Karlsruhe, Germany) and a Taq DNA Polymerase Kit™
(Qiagen, Valencia, CA, USA). We monitored RT-PCR reac-
tions using a GeneAmp® PCR System 9700 (Perkin Elmer,
Norwalk, CT, USA), with settings as as follows: For cDNA,
we used four holds (5min at 94°C, 10min at 4°C, 60sec at
37°C, and 5min at 90°C). For GAPDH, we used two holds
(5min at 94°C, 7min at 72°C) and thirty-three cycles (45sec
at 94°C, 45sec at 60°C, and 45sec at 72°C). For Collagen
III, we used two holds (5min at 94°C, 7min at 72°C) and
forty cycles (45sec at 94°C, 45sec at 58°C, and 45sec at
72°C). For Tenascin-C and Cbfa-1, two holds (5min at 94°C,
7min at 72°C) and thirty-five cycles (45sec at 94°C, 45sec at
58°C, and 45sec at 72°C) were selected. The level of expres-
sion of each target gene was normalized to the reference gene
glyceraldehyde phosphate dehydrogenase (GAPDH; (Altman
et al., 2002; Byers et al., 1999)) and then expressed as a frac-
tion of the average expression levels measured in samples
that were not cyclically stretched. Primers and probes were
as follows: GAPDH: sense: ACCACAGTCCA-
TGCCATCAC; antisense: TCCACCACCCTGTTGCTGTA,
collagen III: sense: CAGGTGAACGTGGAGCTGC;
antisense: TGCCACCAGTGTTTCCGTGG. Cbfa1: sense:

GAGTGGACGAGGCAAGAG; antisense: GGGT-
GGTAGAGTGGATGG; the primers for collagen I and
tenascin-C have been described previously (Altman et al.,
2002).

Statistical analysis
The data from 7 experiments were statistically evalu-

ated. Absolute values were transferred into relative
changes of each parameter dividing the values of stretched
samples by the values of unstretched controls (the base-
lines represent an expression of 100% of the controls).
The figures represent the 4 different combinations of
stretching and dexamethasone at 2 (3) different time in-
tervals. Results are reported by mean and standard devia-
tion. To study pairs of dependent variables (stretched vs.
control), we used a non parametric two-tailed Wilcoxon-
Test. A general linear model for repeated measures analy-
sis of variance with an F-test for between-subject con-
trasts were used to study the influence of factors on cell
differentiation. The F-value is a parameter that allows
comparing the strength of the effects of various potential
factors. Between-subjects effects were further analyzed
using a post-hoc Tukey-Kramer test (SPSS 10.0, SPSS
Inc., Chicago, IL, USA). The level of significance  was
predetermined at a p-value of 0.05.

Figure 2. BMSC´s from one patient were pooled, purified using a density gradient solution, and cultured in vitro
using standard media (Dulbecco´s modified Eagle medium (DMEM) / Ham´s F-12 1:1 with L-glutamine, 10% hu-
man serum, 5 µg/ml ascorbic acid and 100U/l penicillin/ streptomycin). In order to provide enough cells, BMSC
underwent three passages. After the first passage, in half the cell culture flasks, 2.55 µM dexamethasone was added to
the culture medium. Cells of the third passage were plated on eighteen silicone dishes (2.5 x 105 cells/ silicone dish).
Twelve silicone dishes were divided into four groups: 2% and 8% cyclic strain with (D+) or without (D-) dexametha-
sone for three times two hours on three subsequent days. The other six silicone dishes were used for controls. Cells
were tested for differentiation parameters the first day immediately after stretching, the fourth and seventh day follow-
ing the beginning of the experiment.
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Results

ALP
Comparison of ALP levels revealed that cells subjected

to cyclic stimulation at 8% expressed significantly more
ALP than unstretched controls when cultured with dexam-
ethasone after 4 and 7 days (147.1±6,3%; p<0.05 and
168.6±6,5%; p<0.03) and without dexamethasone after 7
days (197.4±10.4; p<0.04; Fig. 3). 8% cyclical stretching
enhanced ALP levels more than 2% stretching (p<0.01).
Analysis of the between-subject effects showed that stretch-
ing had a significant influence on ALP-secretion (F=7.5;
p<0.01). This effect was thirteen times stronger than that
of dexamethasone (F=0.6). There were no significant dif-
ferences between cell cultures treated with dexamethasone
compared with those cultivated without dexamethasone.

Osteocalcin
Overall, there was little expression of osteocalcin which

is represented by the high standard deviation of relative OC
levels. Only cells cultured without dexamethasone and
stimulated with 8% cyclical stretching showed a signifi-
cant increase compared with controls after 4 days
(140.9±12.5%; p<0.05). These samples contained signifi-
cantly more osteocalcin compared with the cells exposed
to 2% stretching (D+2: 108.8±13.5; D-2: 115.2±13.0;
p=0.04; Fig. 4).

There was a significant effect of cyclical stretching on
osteocalcin secretion (F=17.2; p<0.01). This effect was sig-
nificantly stronger than that of dexamethasone (F=1.8;
p<0.01). 8% cyclical stretching increased osteocalcin se-
cretion compared with 2% and no stimulation after 4 days
(p<0.01). There were no significant differences between
cell cultures treated with dexamethasone compared with
those cultivated without dexamethasone.

Collagen I
Collagen I (Col I) expression was significantly increased

in cell cultures cultivated with dexamethasone and stimu-
lated with 8% cyclical stretching after 4 days (215.0±53.3;
p<0.04) and after seven days (166.7±55.7; p<0.04). There
was a significant difference between 2 and 8% cyclical
stimulation (p<0.01) and a significant interaction between
dexamethasone and stimulation after 4 days (p<0.01). The
combination of dexamethasone and cyclical mechanical
stimulation had a significant effect on collagen I expres-
sion after 7 days (p<0.01). The effect of cyclical stretching
was higher than that of dexamethasone (F=1.7 vs. 0.7).
There were no significant differences between cell cultures
treated with dexamethasone compared with those cultivated
without dexamethasone. The data for collagen I expression
is shown in Figure 5.

Collagen III
Collagen III (Col III) expression was significantly in-

creased in cell cultures cultivated with dexamethasone and
stimulated with 2% and 8% cyclical stretching after 4 days
(200.7±16.3 and 185.9±12.7; p<0.04) and after seven days
(154.4±10.1 and 118.8±16.4; p<0.04). There was a sig-
nificant difference in collagen III expression between cells
exposed to dexamethasone compared with those that were

treated without dexamethasone after 7 days (184.6±58.1%;
p<0.03). Mechanical strain had a stronger effect on Col III
expression than dexamethasone (F=11.7 vs. 0.1). The com-
bination of dexamethasone and cyclical mechanical stimu-
lation had a significant effect on Col III expression (F=3.6;
p<0.02).  The data for collagen III expression is shown in
Figure 6.

Figure 3. Increase in alkaline phosphatase activity com-
pared with controls that were not mechanically stretched:
There was a significant increase in relative activity in
cultures strained with 8% of cyclic stretching and culti-
vated with dexamethasone after four and seven days and
in cell cultures strained with 8% that did not receive
dexamethasone after seven days.

Figure 4. Secretion of osteocalcin compared with con-
trols that were not mechanically stimulated: There was
a high variation in response to cyclic stretching; signifi-
cant increased levels compared with controls that were
not cyclically stretched could only be observed in the
D-8 group after four days.
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Cbfa1
We detected a significant increase of Cbfa1 expression

of cells exposed to 8% stretching and dexamethasone at all
investigated time intervals compared with unstretched con-
trols (day 1: 105.5±3.7%; day 4: 104.7±3.0%; day 7:
104.4±2.1%; p<0.03). There was a significant upregulation
of Cbfa1 expression of cells exposed to 8% stretching cul-
tured without dexamethasone after 7 days (105.3±3.6%;
p<0.03 Fig. 7). There was a time dependent effect of dex-
amethasone (F=4.4; p<0.03). Between subject contrasts
identified cyclical stretching (F=20.0; p<0.01) as a stronger
contributor to Cbfa-1 expression than dexamethasone
(F=12.1; p<0.01). 8% cyclical stretching had significantly
more effect on Cbfa-1 expression than 2% stretching
(p<0.01). There were no significant differences between
cell cultures treated with dexamethasone compared with
those cultivated without dexamethasone.

Discussion

This study investigated factors that have been found to af-
fect the secretion of differentiation markers of osteoblasts
and BMSC in vitro. 8% cyclic stretching in silicone-dishes
significantly increased ALP-, OC secretion and Col I and
Cbfa-1 expression compared with 2% and no stimulation.
Col III expression was significantly increased following 4
and 7 days after cyclic mechanical stimulation with 2 and
8% stretching. As the cells were adherent to the silicone
surface of the dishes, 2% stimulation in this study may dif-
fer from the stimulation used by other authors (Altman et

al., 2002) with BMSCs embedded in a collagen matrix.
These investigators did not detect an osteogenic differen-
tiation following two weeks of continuous axial and rota-
tional stimulation. The collagen matrix, and the different
culture media used (including fibroblast growth factor,
FGF), may have lead up to these discrepancies. The results
of this study also differ from findings for the stimulation
of osteocytes (Kaspar et al., 2000). The stimulation with 1
Hz and a strain magnitude of 1000 microstrain (1% stretch-
ing) in a two dimensional culture on silicone dishes in a 4-
point bending device increased the proliferation (10-48%)
and carboxyterminal collagen type I propeptide release (7-
49%) of human-cancellous bone-derived osteoblasts but

Figure 5. Collagen I mRNA expression: There was an
upregulation of collagen I expression in the group
treated with dexamethasone and 8% stimulation after
four and seven days. There was a significant difference
between 2 and 8% cyclical stimulation (p<0.01) and a
significant interaction between dexamethasone and
stimulation after 4 days (p<0.01). The combination of
dexamethasone and cyclical mechanical stimulation had
a significant effect on collagen I expression after 7 days
(p<0.001).

Figure 6. Collagen III mRNA expression: Significant
increased expression could be detected for D+2 and D+8
groups after four and seven days.

Figure 7. Cbfa1 mRNA expression: Cultures that were
exposed to dexamethasone and 8% cyclic mechanical
stimulation reacted quicker with a significant increase
than cultures with the same amount of stretching that
were not exposed to dexamethasone (significant increase
after seven days, *)
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reduced alkaline phosphatase activity and osteocalcin re-
lease by 9-25 and 5-32%, respectively. We therefore con-
clude that there are substantial differences between BMSC
and osteocytes with respect to their reaction on cyclic strain.
Osteocytes dedifferentiate as a response to strain (Kaspar
et al., 2000). This behaviour is different from BMSC, which
follow, even without osteogenic media, the pathway of os-
teogenic differentiation, especially as a response to mechani-
cal stimulation.

Dexamethasone has been found to stimulate the secre-
tion of ALP of hBMSC in vitro (Jaiswal et al., 1997). In
this study, there was less effect of dexamethasone on cell
differentiation compared with cyclical stretching for the
observed time interval. However, the significant findings
of the above mentioned studies were reported after a time
interval of four weeks. After one week, no significant dif-
ference could be detected. The results of this investigation
demonstrate that stretching is a stronger factor promoting
osteogenic differentiation than dexamethasone with short
term cyclic mechanical stretching. The combination of cy-
clic mechanical stretching and dexamethasone increased
collagen III-expression of BMSC in vitro significantly.

The results of this study show a discordant response of
the main markers of osteogenesis, Cbfa-1, ALP, and OC.
Dexamethasone increased the production of Cbfa-1 and
ALP (Fig. 3 and Fig. 7), but decreased the production of
OC (Fig. 4). However, we detected very little secretion of
OC. Thus, this parameter must be interpreted very carefully.
The expression of Cbfa-1 was limited over time, which has
been reported previously (Frank et al., 2002).

Neidlinger-Wilke and coworkers have identified a lower
axial strain limit for fibroblasts, (4.2 ± 0.4%), than for
osteoblasts (6.4 ± 0.6%) (Neidlinger-Wilke et al., 2001).
This strain level for osteoblasts corresponds with the find-
ings of this study for BMSC. We observed significant in-
creases of ALP, OC, Col I, Col III, and Cbfa1 predomi-
nantly in the groups that were exposed to 8% of cyclic
stretching.

The major limitation of this study is the heterogeneity
of hBMSC with respect to morphology and differentiation.
This is consistent with the view that these cells belong to a
lineage hierarchy in which only some of the cells are
multipotential stem cells or primitive progenitors whereas
others are more restricted (Aubin and Triffitt, 2002). This
phenomenon explains the high variances found in this study,
especially for OC and Cbfa-1 expression.

Cbfa-1 has been identified as one of the earliest differ-
entiation markers that regulate OC expression (Yamaguchi
et al. 2000). Cbfa-1 was found to be upregulated early fol-
lowing 8% cyclical stretching stimulation in cell cultures
that were exposed to dexamethasone. OC was upregulated
after four days, which indicates that at least some of the
cells were already differentiated into preosteoblastic phe-
notype (Yamaguchi et al., 2000).

The implications of this study for the application of
mechanical stimulation for tissue engineering, are 2-fold:
If no other differentiation factor is used, BMSC will re-
spond with a osteogenic differentiation. This can be an un-
desirable response in protocols aiming for a transforma-
tion into the fibroblastic or chondrogenic phenotype. Since

the long term fate of BMSCs transferred into the human
body is yet not clear, mechanical stimulation that occurs
after transplantation of a tissue engineered constructs may
cause a calcification of the matrix.

Osteogenic differentiation can be obtained using a
number of well investigated differentiation factors, amongst
those bone morphogenic proteins (Vehof et al., 2001) and
dexamethasone (Jaiswal et al. 1997). Mechanical stimula-
tion is a promising factor that stimulates both differentia-
tion and structural alignment (Neidlinger-Wilke et al.,
2001) of BMSCs.

The findings of this study must be interpreted with care
due to the small number of cases and the heterogeneity of
the individual BMSC cultures.

Further research is necessary to determine the long term
effects of cyclic mechanical stretching and to apply cyclic
mechanical strain to three-dimensional cell-matrix systems.
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 Discussion with Reviewers

I. Martin: What is the physiological relevance of studying
cell response to strain using a 2-dimensional model sys-
tem, where cells are grown on silicone?
Authors: Amplification of human bone marrow stromal
cells in a 2-dimensional cell culture is a widespread tool
for various tissue engineering applications. Mechanical
stimulation has been reported to stimulate the secretion
patterns of osteoblasts (Kaspar et al., 2000) and fibroblasts
(Skutek et al., 2001). The stimulation mode used in the
current study affects differentiation towards the osteogenic
lineage. This is an important effect that is helpful for the

tissue engineering of bone but is detrimental for the crea-
tion of both tendons and cartilage. Cell culture conditions
are easier to investigate in a 2-dimensional system than they
are in a 3-dimensional system where there is an effect of
matrix composition. Cell seeding, and the amount of stretch-
ing on the individual cell can not be controlled in the same
manner.

I. Martin: Using the highly sensitive real-time quantitative
RT-PCR technique, variations of up to one cycle in the
amplification curves (corresponding to 2-fold differences
in the measured gene expression) can easily occur. Consid-
ering this fact, can we consider reliable and relevant differ-
ences of 20%, 60% or even 80% in the expression of a
specific gene, if measured by such technique?
Authors: The increases of the differentiation markers re-
ported in this study have to be interpreted with care. Espe-
cially the increases in Cbfa-1 expression that were in the
range of 3-10% and thus very slim. However, we observed
increased expressions in 6 of our 7 experiments, which
corresponds with the narrow standard deviations. The RT-
PCR technique is more reliable in finding gene expressions
of selected markers than it is to compare the amount of
expression.

C. Evans: How clinically applicable and economical will
be a protocol that requires mechanical stimulation of MSCs
for several days? Why not simply add a recombinant growth
factor, such as BMP-7?
Authors:  Up to the present point, growth factors like BMP-
7 seem to be a very powerful tool in order to enhance the
osteogenic differentiation of BMSC. Histological evalua-
tion of in vivo application has shown, however, that the 3-
dimensional structure of bone that has been formed under
the stimulation of BMP-2 is inferior to native bone and
that osteoclasts are also stimulated, which lead up to cystic
formations within the regenerate. Mechanical stimulation
may be a tool that not only supports osteogenic differentia-
tion, but also improves the 3-dimensional properties of bone
using tissue engineering techniques. For the application of
cyclic compression/ stretching, new mechanoreactors have
to be designed that enable a clinically applicable and eco-
nomical way of using these stimulation techniques.
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