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Abstract

Physical stimuli play critical roles in the development, regeneration, and pathology of many mesenchymal tissues, most notably

bone. While mature bone cells, such as osteoblasts and osteocytes, are clearly involved in these processes, the role of their

progenitors in mechanically mediated tissue responses is unknown. In this study, we investigated the effect of cyclic substrate

deformation on the proliferation and osteogenic differentiation of human mesenchymal stem cells (hMSCs). Application of

equibiaxial cyclic strain (3%, 0.25Hz) to hMSCs cultured in osteogenic media inhibited proliferation and stimulated a 2.3-fold

increase in matrix mineralization over unstrained cells. The strain stimulus activated the extracellular signal-regulated kinase

(ERK1/2) and p38 mitogen-activated protein kinase pathways, but had no effect on c-Jun N-terminal kinase phosphorylation or

activity. Strain-induced mineralization was largely mediated by ERK1/2 signaling, as inhibition of ERK1/2 attenuated calcium

deposition by 55%. Inhibition of the p38 pathway resulted in a more mature osteogenic phenotype, suggesting an inhibitory role for

p38 signaling in the modulation of strain-induced osteogenic differentiation. These results demonstrate that mechanical signals

regulate hMSC function, suggesting a critical role for physical stimulation of this specific cell population in mesenchymal tissue

formation.

r 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Mesenchymal stem cells (MSCs) are a small sub-
population of the heterogenous mixture of cells found in
adult bone marrow stroma. MSCs are characterized by
their ability to replicate as undifferentiated cells ex vivo
and by their potential to differentiate to several lineages
of mesenchymal tissues, including bone, cartilage, fat,
and muscle (Pittenger et al., 1999). Accordingly, there is

significant interest in identifying the factors that regulate
MSC growth and differentiation, with the goals of
determining the natural role of MSCs in regeneration,
disease, and aging, and using them as a cell source for
therapeutic interventions such as tissue engineering.
Among the factors that regulate MSC growth and

differentiation are soluble factors (Ferrari et al., 1998;
Pittenger et al., 1999; Sanchez-Ramos et al., 2000;
Wakitani et al., 1995; Woodbury et al., 2000; Yoo et al.,
1998), and cell–substrate interactions (Ohgushi and
Caplan, 1999; Yang et al., 2001). Although little
is known about the molecular mechanisms by
which soluble and substrate signals regulate MSC
function, Jaiswal et al. (2000) recently showed that
the commitment of human MSCs (hMSCs) to the
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osteogenic and adipogenic lineages in vitro involves
signaling by mitogen-activated protein kinase
(MAPK) pathways. In particular, they found that
induction of hMSC differentiation to osteoblasts
by dexamethasone, ascorbic acid, and b-glyceropho-
sphate is regulated by the extracellular signal-regulated
kinase (ERK1/2) cascade. Furthermore, blocking
the ERK1/2 pathway inhibits osteogenic differentiation
of hMSCs and leads to adipogenesis. Thus MAPK
pathways, which are generally activated by growth
factors/cytokines (Robinson and Cobb, 1997)
and integrin-mediated cell adhesion (Morino
et al., 1995), play critical roles in directing MSC
commitment.
MAPK pathways are also activated by physical

stimuli to regulate the function of a variety of cell types,
including bone cells (Gebken et al., 1999; Granet et al.,
2001, 2002; Jessop et al., 2002; Kletsas et al., 2002;
Matsuda et al., 1998; Pommerenke et al., 2002; Schmidt
et al., 1998; Weyts et al., 2002; You et al., 2001; Ziros
et al., 2002). In bone, it has been proposed that mature
cells such as osteocytes (Ajubi et al., 1999; Huiskes et al.,
2000; Kawata and Mikuni-Takagaki, 1998) and osteo-
blasts (Jessop et al., 2002; Smalt et al., 1997; Weyts et al.,
2002; Wozniak et al., 2000; You et al., 2001) are
responsible for sensing and responding to mechanical
stimuli. Whether the progenitors that give rise to these
cells are responsive to mechanical signals and if so, by
what mechanisms remain open and important questions,
however. Bone marrow stromal cell populations have
been shown to be mechanically responsive (Altman
et al., 2002; Keila et al., 1994; Rubin et al., 2000,
2002; Thomas and el Haj, 1996; Wang et al., 2001,
2002; Zhang et al., 1995), but the procedures tradi-
tionally used to isolate stromal cells from bone
marrow result in heterogeneous populations comprised
of a mixture of undifferentiated to fully committed
cells (Friedenstein et al., 1982; Phinney et al., 1999).
Thus, it is unclear whether the stromal cells that are
responsive to mechanical signals are fully differentiated
cells, committed progenitors, or undifferentiated stem
cells.
In the present study, we hypothesized that the

mesenchymal stem cell subpopulation of the bone
marrow stroma is responsive to mechanical stimuli
through MAPK signaling. To test this hypothesis,
we used a relatively homogeneous population of
bone marrow-derived hMSCs and determined the effect
of cyclic mechanical strain on the proliferation
and differentiation of this specific cell population
under osteogenic conditions. We show that cyclic
deformation of the cell substrate inhibits the growth of
hMSCs and increases deposition of mineralized matrix.
Further, we demonstrate that this strain-induced
mineralization is mediated by the ERK1/2 pathway.
These results demonstrate that mechanical strain is

a potent regulator of hMSC function, suggesting
a mechanism by which mechanical signals might
regulate bone tissue development, regeneration, and
pathology.

2. Methods

2.1. Cell culture

Primary hMSCs isolated from adult human bone
marrow aspirates by density gradient centrifugation
were obtained from Cambrex Bio Science (Walkersville,
MD). The cells are characterized by their ability
to attach and proliferate in culture, by uniform
expression of approximately 50 surface antigens
(with 98% homogeneity at passage 2), and by their
consistent differentiation to multiple mesenchymal
lineages under controlled conditions in vitro (Pittenger
et al., 1999). The cells were expanded in non-differ-
entiating growth medium consisting of MSC Basal
Medium (Cambrex) supplemented with 10% fetal
bovine serum (FBS; Cambrex), 4mM l-glutamine
(Cambrex), 100U/ml penicillin, and 0.1mg/ml strepto-
mycin (both from Invitrogen, Carlsbad, CA) to passage
four to seven. In any particular experiment, cells for
the control and experimental conditions were at the
same passage number. For all experiments, the hMSCs
were maintained in osteogenic supplemented (OS)
medium (serum-containing medium supplemented
with 50 mg/ml ascorbic acid, 10mM b-glycerophosphate,
and 0.1 mM dexamethasone (all from Sigma-Aldrich,
St. Louis, MO)).

2.2. Application of mechanical strain to cultured cells

Cells were plated on six-well culture dishes with
flexible silicone rubber bottoms (Flexcell, Hillsborough,
NC). The plates were pre-coated with 1 mg/cm2 type I
collagen by adsorption in a carbonate/bicarbonate
buffer (15mM Na2CO3 and 35mM NaHCO3 in PBS,
pH 9.4). Cells were seeded at various densities
(see below) in the center of the wells (B5 cm2 area)
using Teflon o-rings as physical barriers (Cunningham
et al., 2002). The cells were allowed to attach and
spread for B24 h, after which the o-rings were removed,
the OS medium was added, and the cells were
immediately subjected to mechanical stimulation. Using
a modified Flexercell system (FX-2000, Flexcell), a
spatially uniform 3% equibiaxial cyclic strain was
applied to the cells continuously at 0.25Hz (2 s on, 2 s
off) for the duration of the experiment, with OS media
changes every 3 days. Unstrained (control) plates
were maintained identically except for the application
of strain.
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2.3. Proliferation studies

To assess the effect of mechanical strain on cell
proliferation, the hMSCs were plated at an initial
density of 1000 cells/cm2 to ensure cell growth would
not be contact inhibited and differentiation would not
occur (Jaiswal et al., 1997). Net proliferation was
determined at specified time points by harvesting
adherent cells with 0.05% trypsin/0.02% EDTA (In-
vitrogen) and counting using a Coulter Counter.

2.4. Osteogenic differentiation studies

To assess the effect of mechanical strain on the
osteogenic differentiation of hMSCs, cells were plated
with an initial density of 10,000 cells/cm2 and strained
for up to 16 days while maintained in OS medium.
Alkaline phosphatase (ALP) activity, an early but non-
specific marker of osteogenesis, and mineral deposition,
a late differentiation marker, were assessed qualitatively
by histochemical staining. Cells were fixed in 70%
ethanol and stained for ALP activity using Sigma Kit
#85 or for mineral deposition by the von Kossa method
(Halvorsen et al., 2001). To assess differentiation to
other lineages, certain wells were stained for evidence of
chondrogenesis with Safranin (0.1% Safranin in 0.1%
acetic acid) or of adipogenesis with Oil Red O (0.3% Oil
Red O in isopropanol).
To measure ALP activity quantitatively, cell layers

were washed twice with PBS and then harvested using a
passive lysis buffer (Promega, Madison, WI). The lysate
was sonicated and centrifuged. The supernatant was
assayed for ALP activity by incubating with 50mM p-
nitrophenyl phosphate in an assay buffer (100mM
glycine, 1mM MgCl2, pH 10.5) at 37�C for 10–20min.
The absorbance was measured at 405 nm and converted
to p-nitrophenol concentration based on standard
solutions prepared in parallel. To determine the amount
of DNA in each well, the cell nuclei were disrupted by
addition of a lysis buffer (0.025M trisHCl, 0.4M NaCl,
0.5% SDS, pH=7.4), followed by sonication and
centrifugation. The DNA content was determined from
the supernatant using the Hoescht 33258 assay (Cesar-
one et al., 1979) and standard solutions of calf thymus
DNA prepared in parallel.
To measure matrix mineralization quantitatively, the

cell layers were rinsed twice with calcium-free PBS and
the accumulated matrix-deposited calcium was solubi-
lized in 0.6N HCl overnight at 4�C. After centrifuga-
tion, the supernatant was assayed for calcium content
using the o-cresolphthalein reaction (Sigma Kit #587),
with the absorbance read at 575 nm. Total calcium in
each well was determined based on standard solutions
prepared in parallel.

2.5. MAPK activation studies

Activation of MAPK pathways by mechanical strain
was assessed by immunoblotting analysis. Consistent
with the differentiation experiments, hMSCs were
seeded at a density of 10,000 cells/cm2 and allowed to
adhere for 24 h in serum-containing medium. To
synchronize the cells and reduce basal MAPK activity,
the cells were then maintained for 48 h in basal medium
containing 0.5% FBS, and finally serum-starved for 4 h
prior to and during the application of strain. The
hMSCs were strained for periods of 8, 15, 30, or 60min,
as strain-induced activiation of MAPK pathways has
been observed on these time scales in osteoblastic cells
(Ziros et al., 2002). After the cells were strained, they
were washed once with ice cold PBS and incubated on
ice in cell lysis buffer (Cell Signaling Technology,
Beverly, MA). The DNA content in the sonicated
lysates was measured using the Hoescht 33258 assay,
and the results confirmed that there were equal numbers
of cells in each sample. Lysate supernatants were
retained for selective immunoprecipitation and chemi-
luminescent detection of ERK1/2, p38 MAPK (p38), or
c-Jun N-terminal kinase (JNK) activity using MAPK
Activity Kits (Cell Signaling Technology) according to
the manufacturer’s protocols. In some cases, we used
anti-phospho-JNK antibody in Western blots to exam-
ine the presence of phospho-JNK in the lysates directly
(i.e., without selective pulldown).

2.6. MAPK inhibition studies

The role of individual MAPK pathways in the
response of hMSCs to strain was assessed by blocking
the pathways using specific inhibitors. The ERK1/2
pathway was blocked with U0126 (Cell Signaling), an
MEK1/2 inhibitor (Favata et al., 1998). The p38 MAPK
was specifically inhibited with SB203580 (Calbiochem,
San Diego, CA) (Cuenda et al., 1995). We found that
JNK was not phosphorylated or activated by the
mechanical stimulus applied (see Section 3), and there-
fore JNK inhibition experiments were not pursued.
Preliminary experiments showed that the optimal
concentrations for inhibition of MEK1/2 and p38
without cytotoxicity were 10 mM U0126 and 15 mM
SB203580, respectively. To assess the effects of the
inhibitors on MAPK activity, inhibitors were added to
the serum-free cell culture media 1 h prior to application
of the strain stimulus, the cells were then strained for
15min, and the lysates were collected for immunoblot
analysis.
To determine the effects of MAPK pathway inhibi-

tion on osteogenic differentiation, differentiation experi-
ments were performed as described above, but in the
presence of the MAPK inhibitors. In contrast to the
immunoblotting experiments in which serum-free media
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were used to reduce basal MAPK activity, OS media
were used in these experiments to promote differentia-
tion. At the conclusion of the experiments, ALP activity
and matrix calcium deposition were measured to assess
osteogenic differentiation.

3. Results

We first examined the effect of mechanical strain on
the proliferation of hMSCs cultured in OS media. While
both control (unstrained) and strained cells proliferated
in an exponential manner, the strain stimulus slowed the
rate of proliferation (Fig. 1A), resulting in significant
inhibition of net proliferation over a 10 day period
(Po0:02; Fig. 1B). This effect appeared to be due to
inhibition of proliferation, as cell counts from the
aspirated media were similar for the control and strained
conditions (data not shown), indicating that the
differences in net proliferation were not due to greater
cell detachment from the strained substrate.
The effect of mechanical strain on osteogenic differ-

entiation was assessed by examining ALP activity and
mineral deposition. The ALP levels expressed by the
hMSCs increased with time cultured in the OS medium
(Figs. 2A-D), but the application of strain did not have a
detectable effect on ALP activity at the time points
examined (Figs. 2A-E). Application of strain did not
induce differentiation to the chondrogenic and adipo-
genic lineages (assessed histochemically; data not
shown). Straining the hMSCs did result, however, in
greater matrix mineral deposition (Fig. 3A and B), with
a significant 2.371.0 (SD) fold increase in matrix-
deposited calcium with strain after 16 days in culture
(Po0:05; Fig. 3C).

We next examined the involvement of MAPK path-
ways in mechanically regulated mineralization by
hMSCs. With the application of strain, both ERK1/2
and p38 activity peaked after 15min of strain, whereas
there was no detectable JNK activity in response to
strain (Fig. 4A). To confirm this result was due to low
JNK activity and not an inability to detect active JNK,
we also measured JNK phosphorylation in response to
treatment with anisomycin, a JNK activator (Cano et al.,
1994), and in response to strain. Treatment for 30min
with 25 mg/ml anisomycin resulted in JNK phosphoryla-
tion, whereas no phosphorylation was evident with
application of strain for 15min (Fig. 4B), consistent
with the JNK activity assay. Treatment of the cells 1 h
prior to strain application with 10 mM U0126 or 15 mM
SB203580 inhibited the strain-induced activity of
ERK1/2 (Fig. 4C) and p38 (Fig. 4D), respectively.
When ERK1/2 activity was blocked by U0126, we

observed a significant decrease in the expression of
osteogenic markers by unstrained cells after 16 days in
culture, with both decreased ALP activity (�55721%;
Po0:001) (Fig. 5A) and decreased mineral production
(�31718%; NS) (Fig. 5B). Furthermore, with ERK1/2
inhibited there were no statistically significant differ-
ences in ALP activity (Fig. 5A) or mineralization (Fig.
5B) between control and strained cells. The degree of
mineralization with strain in ERK 1/2 inhibited cells was
significantly attenuated from that seen in strained cells
without MAPK inhibition (�55727%; Po0:05; Fig.
5B), further demonstrating the involvement of ERK1/2
signaling in strain-induced mineralization.
Blocking p38 activity with SB203580 in the absence of

strain had little effect on the deposition of matrix
calcium (Fig. 5B), but did result in a 2.170.5 fold
increase in ALP activity, compared with uninhibited
control cells (Po0:01; Fig. 5A). When the cells were
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Fig. 1. Mechanical strain inhibits the growth of hMSCs. (A) Unstrained cells (�, solid line) proliferated at a greater rate than did cells subjected to

strain (&, dotted line). Data represent means7SD of a typical experiment with n ¼ 3 samples for each condition. (B) Cell counts of strained cells

normalized to unstrained cells demonstrated significant inhibition of proliferation of hMSCs when subjected to strain. Data represent means7SD of

pooled data from two independent experiments in which there were three samples for each condition. �Po0:02 vs. unstrained control.
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strained with the p38 pathway inhibited, there was a
significant 81746% decrease in ALP activity compared
to p38-inhibited control cells (P ¼ 0:02; Fig. 5A)
coupled with a significant 4.672.4 fold increase in
calcium deposition (P ¼ 0:02; Fig. 5B). These findings
suggest the SB203580-treated strained cells were in a
more differentiated state, as indicated by higher expres-
sion of later markers with decreased expression of early
markers. Additionally, relative to the uninhibited
strained cells, the p38-inhibited strained cells had
decreased ALP activity (�62735%; Po0:02; Fig. 5A)
but greater mineralization (1.470.7 fold; NS; Fig. 5B),

again suggesting more differentiated cells with p38
inhibited.

4. Discussion

We demonstrated that hMSCs, cultured in osteogenic
medium and stretched by cyclic deformation of the cell
substrate, inhibited their growth and increased their
production of mineralized matrix in response to the
mechanical stimulus. This strain-induced response was
largely mediated by ERK1/2 signaling. The p38 MAPK
pathway was also activated by strain and its inhibition
resulted in a more mature osteogenic phenotype,
suggesting an inhibitory role for the p38 pathway in
the modulation of strain-induced osteogenic differentia-
tion. These novel results demonstrate the potent effect
of mechanical signals on mesenchymal stem cell func-
tion, suggesting a mechanism by which mechanical
forces might regulate developmental, regenerative, and
disease processes in mesenchymal tissues.
Mechanically regulated mineralization in vitro has

been demonstrated with mature osteoblasts (Wozniak
et al., 2000) and with stromal cells isolated from bone
marrow aspirates by selecting cells that were adherent
and formed colonies in culture (Keila et al., 1994; Wang
et al., 2002; Zhang et al., 1995). This isolation method,
pioneered by Friedenstein et al. (1970), results in a
heterogeneous cell population (Friedenstein et al., 1982;
Phinney et al., 1999) with significant possibility of
‘‘contamination’’ by committed cells, thus making it
difficult to identify whether the strain-responsive cells
were fully differentiated cells, committed progenitors, or
undifferentiated stem cells. We used a purified post-
natal stem cell population selected by density centrifu-
gation (Pittenger et al., 1999) to isolate the response of
primary mesenchymal stem cells to mechanical stimula-
tion. To our knowledge, this is the first demonstration
that this specific cell population is responsive to strain,
with functional consequences in terms of matrix
mineralization.
The mechanical stimulus we applied to the hMSCs

was 0.25Hz, 3% equibiaxial cyclic strain generated by
deformation of the cell substrate. Spatially uniform
substrate deformation was achieved by using a modified
Flexcell system and confining cell seeding to the center
of the wells, thus eliminating the variability typically
observed in other systems (Brown, 2000). Because the
membranes were deformed minimally at low frequency,
it is unlikely that reactive fluid stresses would stimulate
the cells in our system significantly (Brown et al., 1998).
Thus the primary stimulus was matrix deformation,
likely transduced to the cell by surface receptors, such as
integrins (Ingber, 1991; Shyy and Chien, 1997). The
strain magnitude may be critical to the specific response
of cells to this stimulus, as mature osteoblasts have been
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Fig. 2. ALP activity increased with time in culture, but was not

detectably affected by application of strain. Histochemical staining of

ALP activity demonstrated an increase in activity with time in OS

culture for both unstrained (A vs. B) and strained (C vs. D) cells, but

no difference between unstrained and strained cells at day 8 (A vs. C)

or day 16 (B vs. D). Original magnification 100X. (E) Quantitative

measurement of ALP activity confirmed there were no differences in

activity between unstrained (�, solid line) and strained cells (&, dotted

line) measured at various time points throughout the duration of the

experiment. Data represent means7SD of a typical experiment with

n ¼ 3 samples for each condition. An additional independent

experiment showed similar results.
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reported to up-regulate proliferation and down-regulate
differentiation in response to 1% uniaxial strain
(Kaspar et al., 2000). However, it is unclear whether
these effects, which differ from those we obtained, are
due to the different cell types, mechanical stimulus, or
both. Due to the rigidity of mineralized bone tissue,
maximum continuum-level matrix deformations in situ
are approximately an order of magnitude lower than
that applied in the current study (B3000 mstrain) (Burr
et al., 1996). Thus, the strain magnitudes applied in the
current study are supra-physiological for mature bone
cells (i.e., osteocytes and osteoblasts) that are embedded
in or adherent to mineralized substrates. However, the
putative role of MSCs in bone regeneration implies these
cells reside in collagenous matrices that are significantly
more compliant than mineralized bone tissue. Therefore,
the magnitude of physiologically relevant strains for
MSCs may be greater than that for mature bone cells,
and the stimulus we applied in the current study was
selected accordingly. Our results are consistent with
computational models of fracture healing (Claes and
Heigele, 1999) and of bone formation around implants
(Simmons et al., 2001) that predict tissue strains as high
as 5% are permissive for intramembranous bone
formation. Although the cellular-level functional loads
experienced by MSCs in the stroma and at regenerative
sites require further investigation, for therapeutic
applications such as bone tissue engineering, the
identification of a beneficial stimulus, regardless of its
nature, is an important finding.
The substrate deformation stimulus we applied

activated the ERK1/2 pathway in the hMSCs. This
novel finding is consistent with observations in osteo-

blasts, in which ERK1/2 is activated in response to
various mechanical stimuli, including substrate defor-
mation (Granet et al., 2001, 2002; Kletsas et al., 2002;
Ziros et al., 2002), forces applied directly to integrins
(Pommerenke et al., 2002; Schmidt et al., 1998), high
energy shock waves (Wang et al., 2001, 2002), and fluid
flow (Jessop et al., 2002; Weyts et al., 2002; You et al.,
2001). The activation of ERK1/2 enhanced mineraliza-
tion by the hMSCs, a functional consequence that was
largely inhibited with the addition of U0126. We did not
observe an effect of strain alone on ALP activity,
suggesting that strain-enhanced mineralization was not
mediated through stimulation of ALP. The molecular
target of ERK1/2 activation in hMSCs and its link to
mineralization have not been reported. One possibility is
that, similar to osteoblastic cells, physical stimulation
leads to increased expression and DNA binding activity
of core-binding factor A1 (Cbfa1), a transcription factor
that is the ‘‘master’’ regulator of osteoblast differentia-
tion (Ducy et al., 1997), by phosphorylation of Cbfa1 by
ERK1/2 (Wang et al., 2002; Ziros et al., 2002). The
induction of osteoblast differentiation by soluble signals
(Gallea et al., 2001; Jaiswal et al., 2000; Lai et al., 2001;
Xiao et al., 2002) and cell–matrix interactions (Lai et al.,
2001; Takeuchi et al., 1997; Xiao et al., 2000, 2002) also
involves ERK1/2 activation, indicating that the ERK1/2
pathway may be not only a common mediator for a
variety of mechanical stimuli in MSCs and bone cells,
but also a common mediator of mechanical and non-
mechanical signals.
In addition to ERK1/2 activation, the matrix

deformation stimulus activated p38 MAPK. This path-
way has been shown previously to be activated during
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Fig. 3. Mechanical strain induced greater matrix mineralization by hMSCs. Von Kossa staining of cell layers after 16 days in culture demonstrated

less evidence of matrix mineralization in the unstrained condition (A) than in the strained condition (B). Original magnification 100X. (C)

Measurement of matrix-deposited calcium by strained cells (normalized to calcium deposition by unstrained, control cells) confirmed that there was

significantly more mineral formed by the strained cells after 16 days. Data represent means7SD of pooled data from two experiments in which there

were three samples for each condition. �Po0:05 vs. unstrained control.
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osteogenic differentiation of hMSCs induced by OS
media (Jaiswal et al., 2000). Inhibition of the p38
pathway increased ALP activity in unstrained cells and
increased expression of late osteogenic markers in
strained p38-inhibited cells. Together these results
suggest that in contrast to the positive osteogenic effect
of ERK1/2 activation, the p38 pathway plays an
inhibitory role in MSC osteogenic differentiation. A
similar inhibitory role for p38 signaling in osteoblast
differentiation was observed with multipotent mouse
C2C12 cells in response to induction by BMP-2 (Vinals
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Fig. 4. ERK1/2 and p38, but not JNK, are activated by mechanical

strain in a time-dependent manner and can be inhibited. hMSCs were

strained and, at the times indicated, cell lysates were collected, and the

activity of ERK1/2 (Elk-1 phosphorylation), p38 (ATF-2 phosphor-

ylation), and JNK (c-Jun phosphorylation) were analyzed. (A) Activity

of both ERK1/2 and p38 increased with up to 15min of strain

application, and then decreased with longer periods of strain

application, whereas JNK activity was not induced by the strain

stimulus. (B) Phosphorylated JNK was detectable in anisomycin-

treated hMSCs, but not in strained cells, thus supporting the results of

the activity assay. The activity of ERK1/2 (C) and p38 (D) after 15min

of strain application were inhibited by 10mM U0126 and by 15mM
SB203580, respectively. These concentrations were determined in

preliminary experiments to be optimal for inhibiting kinase activity

and minimizing cytotoxicity. While baseline activity of ERK1/2 in (A)

and of p38 in (D) is not apparent in the figure, low intensity bands were

visible for these conditions on the original blots.
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et al., 2002), suggesting similarities in signaling between
different types of epigenetic stimuli.
In conclusion, we have shown that mechanical strain

mediated by matrix deformation stimulates mineraliza-
tion by hMSCs through MAPK signaling. The ability of
mechanical signals to regulate bone formation by MSCs
could potentially be exploited in bone tissue engineering
through application of external loading, as has been
attempted with other cells and tissues (Altman et al.,
2002; Bancroft et al., 2002; Carver and Heath, 1999;
Guilak, 2001, 2002; Kim et al., 1999; Niklason et al.,
1999), or by appropriate matrix design (Simmons and
Mooney, 2003). More generally, our results suggest that
the MSC subpopulation of the stroma and the mechan-
ical signals to which it is subjected might play critical
roles in the development and regeneration of mesench-
ymal tissues, and in diseases in which there are
deficiencies in the regulation of bone formation.

Acknowledgements

We gratefully acknowledge the support of the
NIDCR/NIH (R01 DE13033) and a Natural Sciences
and Engineering Research Council of Canada Post-
doctoral Fellowship to C. Simmons.

References

Ajubi, N.E., Klein-Nulend, J., Alblas, M.J., Burger, E.H., Nijweide,

P.J., 1999. Signal transduction pathways involved in fluid flow-

induced PGE2 production by cultured osteocytes. American

Journal of Physiology 276, E171–178.

Altman, G.H., Horan, R.L., Martin, I., Farhadi, J., Stark, P.R.,

Volloch, V., Richmond, J.C., Vunjak-Novakovic, G., Kaplan,

D.L., 2002. Cell differentiation by mechanical stress. FASEB

Journal 16, 270–272.

Bancroft, G.N., Sikavitsas, V.I., van den Dolder, J., Sheffield, T.L.,

Ambrose, C.G., Jansen, J.A., Mikos, A.G., 2002. Fluid flow

increases mineralized matrix deposition in 3D perfusion culture

of marrow stromal osteoblasts in a dose-dependent manner.

Proceedings of the National Academy of Sciences of the USA 99,

12600–12605.

Brown, T.D., 2000. Techniques for mechanical stimulation of cells

in vitro: a review. Journal of Biomechanics 33, 3–14.

Brown, T.D., Bottlang, M., Pedersen, D.R., Banes, A.J., 1998.

Loading paradigms—intentional and unintentional—for cell cul-

ture mechanostimulus. American Journal of the Medical Sciences

316, 162–168.

Burr, D.B., Milgrom, C., Fyhrie, D., Forwood, M., Nyska, M.,

Finestone, A., Hoshaw, S., Saiag, E., Simkin, A., 1996. In vivo

measurement of human tibial strains during vigorous activity. Bone

18, 405–410.

Cano, E., Hazzalin, C.A., Mahadevan, L.C., 1994. Anisomycin-

activated protein kinases p45 and p55 but not mitogen-activated

protein kinases ERK-1 and -2 are implicated in the induction of c-

fos and c-jun. Molecular and Cellular Biology 14, 7352–7362.

Carver, S.E., Heath, C.A., 1999. Increasing extracellular matrix

production in regenerating cartilage with intermittent physiological

pressure. Biotechnology and Bioengineering 62, 166–174.

Cesarone, C.F., Bolognesi, C., Santi, L., 1979. Improved microfluoro-

metric DNA determination in biological material using 33258

Hoechst. Analytical Biochemistry 100, 188–197.

Claes, L.E., Heigele, C.A., 1999. Magnitudes of local stress and strain

along bony surfaces predict the course and type of fracture healing.

Journal of Biomechanics 32, 255–266.

Cuenda, A., Rouse, J., Doza, Y.N., Meier, R., Cohen, P., Gallagher,

T.F., Young, P.R., Lee, J.C., 1995. SB 203580 is a specific inhibitor

of a MAP kinase homologue which is stimulated by cellular stresses

and interleukin-1. FEBS Letters 364, 229–233.

Cunningham, J.J., Linderman, J.J., Mooney, D.J., 2002. Externally

applied cyclic strain regulates localization of focal contact

components in cultured smooth muscle cells. Annals of Biomedical

Engineering 30, 927–935.

Ducy, P., Zhang, R., Geoffroy, V., Ridall, A.L., Karsenty, G., 1997.

Osf2/Cbfa1: a transcriptional activator of osteoblast differentia-

tion. Cell 89, 747–754.

Favata, M.F., Horiuchi, K.Y., Manos, E.J., Daulerio, A.J., Stradley,

D.A., Feeser, W.S., Van Dyk, D.E., Pitts, W.J., Earl, R.A., Hobbs,

F., Copeland, R.A., Magolda, R.L., Scherle, P.A., Trzaskos, J.M.,

1998. Identification of a novel inhibitor of mitogen-activated

protein kinase. Journal of Biological Chemistry 273, 18623–18632.

Ferrari, G., Cusella-De Angelis, G., Coletta, M., Paolucci, E.,

Stornaiuolo, A., Cossu, G., Mavilio, F., 1998. Muscle regeneration

by bone marrow-derived myogenic progenitors. Science 279,

1528–1530.

Friedenstein, A.J., Chailakhjan, R.K., Lalykina, K.S., 1970. The

development of fibroblast colonies in monolayer cultures of guinea-

pig bone marrow and spleen cells. Cell and Tissue Kinetics 3,

393–403.

Friedenstein, A.J., Latzinik, N.W., Grosheva, A.G., Gorskaya, U.F.,

1982. Marrow microenvironment transfer by heterotopic trans-

plantation of freshly isolated and cultured cells in porous sponges.

Experimental Hematology 10, 217–227.

Gallea, S., Lallemand, F., Atfi, A., Rawadi, G., Ramez, V., Spinella-

Jaegle, S., Kawai, S., Faucheu, C., Huet, L., Baron, R., Roman-

Roman, S., 2001. Activation of mitogen-activated protein kinase

cascades is involved in regulation of bone morphogenetic protein-

2-induced osteoblast differentiation in pluripotent C2C12 cells.

Bone 28, 491–498.

Gebken, J., Luders, B., Notbohm, H., Klein, H.H., Brinckmann, J.,

Muller, P.K., Batge, B., 1999. Hypergravity stimulates collagen

synthesis in human osteoblast-like cells: evidence for the involve-

ment of p44/42 MAP-kinases (ERK 1/2). Journal of Biochemistry

126, 676–682.

Granet, C., Boutahar, N., Vico, L., Alexandre, C., Lafage-Proust,

M.H., 2001. MAPK and SRC-kinases control EGR-1 and NF-

kappa B inductions by changes in mechanical environment in

osteoblasts. Biochemical and Biophysical Research Communica-

tions 284, 622–631.

Granet, C., Vico, A.G., Alexandre, C., Lafage-Proust, M.H., 2002.

MAP and src kinases control the induction of AP-members in

response to changes in mechanical environment in osteoblastic

cells. Cellular Signalling 14, 679–688.

Guilak, F., 2002. Functional tissue engineering: the role of biomecha-

nics in reparative medicine. Annals of the New York Academy of

Sciences 961, 193–195.

Guilak, F., Butler, D.L., Goldstein, S.A., 2001. Functional tissue

engineering: the role of biomechanics in articular cartilage repair.

Clinical Orthopaedics and Related Research 391 (Suppl.),

S295–305.

Halvorsen, Y.D., Franklin, D., Bond, A.L., Hitt, D.C., Auchter, C.,

Boskey, A.L., Paschalis, E.P., Wilkison, W.O., Gimble, J.M., 2001.

Extracellular matrix mineralization and osteoblast gene expression

by human adipose tissue-derived stromal cells. Tissue Engineering

7, 729–741.

ARTICLE IN PRESS
C.A. Simmons et al. / Journal of Biomechanics 36 (2003) 1087–10961094



Huiskes, R., Ruimerman, R., van Lenthe, G.H., Janssen, J.D., 2000.

Effects of mechanical forces on maintenance and adaptation of

form in trabecular bone. Nature 405, 704–706.

Ingber, D., 1991. Integrins as mechanochemical transducers. Current

Opinion in Cell Biology 3, 841–848.

Jaiswal, N., Haynesworth, S.E., Caplan, A.I., Bruder, S.P., 1997.

Osteogenic differentiation of purified, culture-expanded human

mesenchymal stem cells in vitro. Journal of Cellular Biochemistry

64, 295–312.

Jaiswal, R.K., Jaiswal, N., Bruder, S.P., Mbalaviele, G., Marshak,

D.R., Pittenger, M.F., 2000. Adult human mesenchymal stem cell

differentiation to the osteogenic or adipogenic lineage is regulated

by mitogen-activated protein kinase. Journal of Biological Chem-

istry 275, 9645–9652.

Jessop, H.L., Rawlinson, S.C., Pitsillides, A.A., Lanyon, L.E., 2002.

Mechanical strain and fluid movement both activate extracellular

regulated kinase (ERK) in osteoblast-like cells but via different

signaling pathways. Bone 31, 186–194.

Kaspar, D., Seidl, W., Neidlinger-Wilke, C., Ignatius, A., Claes, L.,

2000. Dynamic cell stretching increases human osteoblast prolif-

eration and CICP synthesis but decreases osteocalcin synthesis

and alkaline phosphatase activity. Journal of Biomechanics 33,

45–51.

Kawata, A., Mikuni-Takagaki, Y., 1998. Mechanotransduction in

stretched osteocytes—temporal expression of immediate early and

other genes. Biochemical and Biophysical Research Communica-

tions 246, 404–408.

Keila, S., Pitaru, S., Grosskopf, A., Weinreb, M., 1994. Bone marrow

from mechanically unloaded rat bones expresses reduced osteo-

genic capacity in vitro. Journal of Bone and Mineral Research 9,

321–327.

Kim, B.-S., Nikolovski, J., Bonadio, J., Mooney, D.J., 1999. Cyclic

mechanical strain regulates the development of engineered smooth

muscle tissue. Nature Biotechnology 17, 979–983.

Kletsas, D., Basdra, E.K., Papavassiliou, A.G., 2002. Effect of protein

kinase inhibitors on the stretch-elicited c-Fos and c-Jun up-

regulation in human PDL osteoblast-like cells. Journal of Cellular

Physiology 190, 313–321.

Lai, C.F., Chaudhary, L., Fausto, A., Halstead, L.R., Ory, D.S.,

Avioli, L.V., Cheng, S.L., 2001. ERK is essential for growth,

differentiation, integrin expression, and cell function in human

osteoblastic cells. Journal of Biological Chemistry 276,

14443–14450.

Matsuda, N., Morita, N., Matsuda, K., Watanabe, M., 1998.

Proliferation and differentiation of human osteoblastic cells

associated with differential activation of MAP kinases in response

to epidermal growth factor, hypoxia, and mechanical stress in vitro.

Biochemical and Biophysical Research Communications 249, 350–

354.

Morino, N., Mimura, T., Hamasaki, K., Tobe, K., Ueki, K., Kikuchi,

K., Takehara, K., Kadowaki, T., Yazaki, Y., Nojima, Y., 1995.

Matrix/integrin interaction activates the mitogen-activated protein

kinase, p44ERK-1 and p42ERK-2. Journal of Biological Chem-

istry 270, 269–273.

Niklason, L.E., Gao, J., Abbott, W.M., Hirschi, K.K., Houser, S.,

Marini, R., Langer, R., 1999. Functional arteries grown in vitro.

Science 284, 489–493.

Ohgushi, H., Caplan, A.I., 1999. Stem cell technology and biocera-

mics: from cell to gene engineering. Journal of Biomedical

Materials Research 48, 913–927.

Phinney, D.G., Kopen, G., Righter, W., Webster, S., Tremain, N.,

Prockop, D.J., 1999. Donor variation in the growth properties and

osteogenic potential of human marrow stromal cells. Journal of

Cellular Biochemistry 75, 424–436.

Pittenger, M.F., Mackay, A.M., Beck, S.C., Jaiswal, R.K., Douglas,

R., Mosca, J.D., Moorman, M.A., Simonetti, D.W., Craig, S.,

Marshak, D.R., 1999. Multilineage potential of adult human

mesenchymal stem cells. Science 284, 143–147.

Pommerenke, H., Schmidt, C., Durr, F., Nebe, B., Luthen, F., Muller,

P., Rychly, J., 2002. The mode of mechanical integrin stressing

controls intracellular signaling in osteoblasts. Journal of Bone and

Mineral Research 17, 603–611.

Robinson, M.J., Cobb, M.H., 1997. Mitogen-activated protein kinase

pathways. Current Opinion in Cell Biology 9, 180–186.

Rubin, J., Murphy, T., Nanes, M.S., Fan, X., 2000. Mechanical strain

inhibits expression of osteoclast differentiation factor by murine

stromal cells. American Journal of Physiology (Cell Physiology)

278, C1126–1132.

Rubin, J., Murphy, T.C., Fan, X., Goldschmidt, M., Taylor, W.R.,

2002. Activation of extracellular signal-regulated kinase is involved

in mechanical strain inhibition of RANKL expression in bone

stromal cells. Journal of Bone and Mineral Research 17,

1452–1460.

Sanchez-Ramos, J., Song, S., Cardozo-Pelaez, F., Hazzi, C., Stedeford,

T., Willing, A., Freeman, T.B., Saporta, S., Janssen, W., Patel, N.,

Cooper, D.R., Sanberg, P.R., 2000. Adult bone marrow stromal

cells differentiate into neural cells in vitro. Experimental Neurology

164, 247–256.

Schmidt, C., Pommerenke, H., Durr, F., Nebe, B., Rychly, J., 1998.

Mechanical stressing of integrin receptors induces enhanced

tyrosine phosphorylation of cytoskeletally anchored proteins.

Journal of Biological Chemistry 273, 5081–5085.

Shyy, J.Y.-J., Chien, S., 1997. Role of integrins in cellular responses to

mechanical stress and adhesion. Current Opinion in Cell Biology 9,

707–713.

Simmons, C.A., Mooney, D.J., 2003. Regulation of cellular response

to mechanical signals by matrix design. In: Guilak, F. (Ed.),

Functional Tissue Engineering: The Role of Biomechanics. Spring-

er, New York, in press.

Simmons, C.A., Meguid, S.A., Pilliar, R.M., 2001. Mechanical

regulation of localized and appositional bone formation around

bone-interfacing implants. Journal of Biomedical Material Re-

search 55, 63–71.

Smalt, R., Mitchell, F.T., Howard, R.L., Chambers, T.J., 1997.

Induction of no and prostaglandin E2 in osteoblasts by wall-shear

stress but not mechanical strain. American Journal of Physiology

273, E751–758.

Takeuchi, Y., Suzawa, M., Kikuchi, T., Nishida, E., Fujita, T.,

Matsumoto, T., 1997. Differentiation and transforming growth

factor-beta receptor down-regulation by collagen-alpha2beta1

integrin interaction is mediated by focal adhesion kinase and its

downstream signals in murine osteoblastic cells. Journal of

Biological Chemistry 272, 29309–29316.

Thomas, G.P., el Haj, A.J., 1996. Bone marrow stromal cells are load

responsive in vitro. Calcified Tissue International 58, 101–108.

Vinals, F., Lopez-Rovira, T., Rosa, J.L., Ventura, F., 2002. Inhibition

of PI3K/p70 S6K and p38 MAPK cascades increases osteo-

blastic differentiation induced by BMP-2. FEBS Letters 510,

99–104.

Wakitani, S., Saito, T., Caplan, A.I., 1995. Myogenic cells derived

from rat bone marrow mesenchymal stem cells exposed to -

5azacytidine. Muscle and Nerve 18, 1417–1426.

Wang, F.S., Wang, C.J., Huang, H.J., Chung, H., Chen, R.F., Yang,

K.D., 2001. Physical shock wave mediates membrane hyperpolar-

ization and Ras activation for osteogenesis in human bone marrow

stromal cells. Biochemical and Biophysical Research Communica-

tions 287, 648–655.

Wang, F.S., Wang, C.J., Sheen-Chen, S.M., Kuo, Y.R., Chen, R.F.,

Yang, K.D., 2002. Superoxide mediates shock wave induction of

ERK-dependent osteogenic transcription factor (CBFA1) and

mesenchymal cell differentiation toward osteoprogenitors. Journal

of Biological Chemistry 277, 10931–10937.

ARTICLE IN PRESS
C.A. Simmons et al. / Journal of Biomechanics 36 (2003) 1087–1096 1095



Weyts, F.A., Li, Y.S., Van Leeuwen, J., Weinans, H., Chien, S., 2002.

ERK activation and alphavbeta3 integrin signaling through Shc

recruitment in response to mechanical stimulation in human

osteoblasts. Journal of Cellular Biochemistry 87, 85–92.

Woodbury, D., Schwarz, E.J., Prockop, D.J., Black, I.B., 2000.

Adult rat and human bone marrow stromal cells differenti-

ate into neurons. Journal of Neuroscience Research 61,

364–370.

Wozniak, M., Fausto, A., Carron, C.P., Meyer, D.M., Hruska, K.A.,

2000. Mechanically strained cells of the osteoblast lineage organize

their extracellular matrix through unique sites of alphavbeta3-

integrin expression. Journal of Bone and Mineral Research 15,

1731–1745.

Xiao, G., Jiang, D., Thomas, P., Benson, M.D., Guan, K., Karsenty,

G., Franceschi, R.T., 2000. MAPK pathways activate and

phosphorylate the osteoblast-specific transcription factor, Cbfa1.

Journal of Biological Chemistry 275, 4453–4459.

Xiao, G., Gopalakrishnan, R., Jiang, D., Reith, E., Benson, M.D.,

Franceschi, R.T., 2002. Bone morphogenetic proteins, extracellular

matrix, and mitogen-activated protein kinase signaling pathways

are required for osteoblast-specific gene expression and differentia-

tion in MC3T3-E1 cells. Journal of Bone and Mineral Research 17,

101–110.

Yang, X.B., Roach, H.I., Clarke, N.M., Howdle, S.M., Quirk, R.,

Shakesheff, K.M., Oreffo, R.O., 2001. Human osteoprogenitor

growth and differentiation on synthetic biodegradable structures

after surface modification. Bone 29, 523–531.

Yoo, J.U., Barthel, T.S., Nishimura, K., Solchaga, L., Caplan, A.I.,

Goldberg, V.M., Johnstone, B., 1998. The chondrogenic potential

of human bone-marrow-derived mesenchymal progenitor cells.

Journal of Bone and Joint Surgery 80, 1745–1757.

You, J., Reilly, G.C., Zhen, X., Yellowley, C.E., Chen, Q., Donahue,

H.J., Jacobs, C.R., 2001. Osteopontin gene regulation by

oscillatory fluid flow via intracellular calcium mobilization and

activation of mitogen-activated protein kinase in MC3T3-E1

osteoblasts. Journal of Biological Chemistry 276, 13365–13371.

Zhang, R., Supowit, S.C., Klein, G.L., Lu, Z., Christensen, M.D.,

Lozano, R., Simmons, D.J., 1995. Rat tail suspension reduces

messenger RNA level for growth factors and osteopontin and

decreases the osteoblastic differentiation of bone marrow stromal

cells. Journal of Bone and Mineral Research 10, 415–423.

Ziros, P.G., Gil, A.P., Georgakopoulos, T., Habeos, I., Kletsas, D.,

Basdra, E.K., Papavassiliou, A.G., 2002. The bone-specific

transcriptional regulator Cbfa1 is a target of mechanical signals

in osteoblastic cells. Journal of Biological Chemistry 277,

23934–23941.

ARTICLE IN PRESS
C.A. Simmons et al. / Journal of Biomechanics 36 (2003) 1087–10961096


	Cyclic strain enhances matrix mineralization by adult human mesenchymal stem cells via the extracellular signal-regulated kinas
	Introduction
	Methods
	Cell culture
	Application of mechanical strain to cultured cells
	Proliferation studies
	Osteogenic differentiation studies
	MAPK activation studies
	MAPK inhibition studies

	Results
	Discussion
	Acknowledgements
	References


