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Abstract

Ectopic calcification of vascular tissue is associated with several cardiovascular pathologies and likely involves active regulation
by vascular smooth muscle cells and osteoblast-like vascular cells. This process often occurs in sites with altered mechanical
environments, suggesting a role for mechanical stimuli in calcification. In this study, we investigated the effect of mechanical
stimulation on the proliferation, osteogenic differentiation, calcification, and mitogen-activated protein kinase (MAPK) signaling in
calcifying vascular cells (CVCs), a subpopulation of aortic smooth muscle cells putatively involved in vascular calcification.
Application of equibiaxial cyclic strain (7%, 0.25Hz) to CVCs had no effect on cell proliferation, but accelerated alkaline
phosphatase expression and significantly increased mineralization by 3.1-fold over unstrained cells. Fluid motion in the absence of
strain also enhanced mineralization, but to a lesser degree. Because MAPK pathways mediate mechanically regulated osteoblast
differentiation, we tested whether similar signaling was involved in mineralization by CVCs. In static cultures, pharmacological
inhibition of the extracellular signal-regulated kinase (ERK1/2), p38 MAPK, and c-Jun N-terminal kinase pathways significantly
attenuated mineral production by as much as —94%, compared with uninhibited CVCs. Strikingly, although mechanical stimulation
activated each of the MAPK pathways, inhibition of these pathways had no effect on the mechanically induced enhancement of
alkaline phosphatase activity or mineralization. These novel data indicate that mechanical signals regulate calcification by CVCs,
and although MAPK signaling is critical to CVC osteogenic differentiation and mineralization, it is not involved directly in
transduction of mechanical signals to regulate these processes under the conditions utilized in this study.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Ectopic calcification in the cardiovascular system
(e.g., in arteries, cardiac tissue, and heart valves)
contributes to atherosclerotic lesions (Rumberger et al.,
1995), increased risk of cardiovascular (Iribarren
et al., 2000; Wong et al., 2000) and cerebrovascular
(Vliegenthart et al., 2002) events, increased risk of
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dissection after angioplasty (Fitzgerald et al., 1992), and
failure of native (Braunwald, 1997) and bioprosthetic
(Vyavahare et al., 1997) heart valves. Vascular and
valvular calcification, previously believed to be non-
specific responses to tissue injury, are now recognized as
highly regulated processes (Giachelli, 2001; Mohler et al.,
2001; Wallin et al., 2001), similar in many ways to bone
formation (Bostrom et al., 1993; Mohler et al., 2001).
Smooth muscle cells (SMCs) contribute significantly to
the active regulation of vascular calcification (Campbell
and Campbell, 2000; Giachelli, 2001; Shanahan et al.,
2000; Shioi et al., 2000). In healthy tissue, normal SMCs
express proteins (e.g., matrix gla protein) that actively
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inhibit calcification (Luo et al., 1997; Shanahan et al.,
2000). In response to pro-calcific regulatory factors,
however, SMCs can transform to an osteoblast-like
phenotype (Jono et al., 2000; Shioi et al., 1995; Steitz
et al., 2001). In vitro, these transformed SMCs express
bone-associated genes and proteins, and are able to
produce mineralized nodules. These findings from cell
culture studies are supported by observations of active
osteoblast-like cells in calcific lesions in heart valves
(Mohler et al., 2001) and bone-associated proteins in
atherosclerotic plaques (Shanahan et al., 1994). Addi-
tionally, subpopulations of calcifying vascular cells
(CVCs) that exhibit osteoblast characteristics have been
isolated from the aortic media (Watson et al., 1994) and
the aortic valve interstitium (Mohler et al., 1999). These
cells respond to factors associated with vascular and
valvular calcification, resulting in increased mineraliza-
tion in vitro (Mohler et al., 1999; Parhami et al., 2001;
Tintut et al., 2000; Watson et al., 1994). Thus, regulation
of calcification is dependent on the activities of both
normal SMCs and, when present, osteoblast-like CVCs.
How these specific cell types respond to signals from a
milieu of factors that induce or inhibit calcification
likely dictates whether calcification is initiated, and if so,
how it progresses.

Notably, vascular and valvular calcification are
often prevalent in regions with significant or altered
mechanical environments, such as in native heart
valves (Thubrikar et al., 1986), bioprosthetic valves
(Vyavahare et al., 1997), and vascular lesions (Caro
et al., 1969), suggesting a role for mechanical stimuli in
calcification. In bone cells and their mesenchymal
precursors, mechanical strain increases matrix miner-
alization via activation of the extracellular-regulated
protein kinase (ERK1/2) signaling pathway (Simmons
et al., 2003; Wang et al., 2002; Ziros et al., 2002), a sub-
family of the mitogen-activated protein kinases
(MAPKSs). The effect of physical stimuli on vascular
calcification is less clear. We recently showed that cyclic
mechanical strain inhibits the phenotypic conversion of
vascular smooth muscle cells to a pattern of osteoblast-
like gene expression (Nikolovski et al., 2003). However,
the effect of physical stimulation on the osteoblast-like
vascular cells that are present in lesions and likely
involved in advancing calcification is not known.
Determining the effect of physical stimuli on the
function of this subpopulation in particular is important
to understanding the role of mechanical signals in the
initiation and progression of vascular calcification.

Thus, our objective in this study was to determine the
effect of mechanical stimulation on calcifying vascular
cells, a subpopulation of smooth muscle cells putatively
involved in vascular calcification. We hypothesized
that mechanical signals regulate osteogenic differentia-
tion and calcification by CVCs. We also tested the
secondary hypothesis that, similar to bone cells and their

mesenchymal progenitors, mineralization by CVCs in
response to mechanical signals is regulated by activation
of MAPK pathways.

2. Methods
2.1. Cell culture

Bovine calcifying vascular cells (generously provided
by Linda L. Demer, University of California, Los
Angeles) were used as a model of osteoblast-like
vascular cells putatively involved in calcification. These
cells are isolated and cloned by limiting dilution and
single cell harvesting from cultures of aortic SMCs in
which multicellular nodules appear spontaneously
(Watson et al., 1994). The resulting clonal lines were
previously identified as CVCs by positive staining with
monoclonal antibody 3G5 and by their ability to
aggregate into mesenchymal condensations and form
calcified nodules in vitro (Watson et al., 1994). The cells
were expanded in high glucose Dulbecco’s Modified
Eagle Medium (Invitrogen) supplemented with 10%
heat-inactivated FBS (Invitrogen), 140mM sodium
bicarbonate (Sigma-Aldirch, St. Louis, MO), 25mM
HEPES (Sigma), 100 U/ml penicillin, and 0.1 mg/ml
streptomycin (both from Invitrogen). Serum from the
same lot was used within a single experiment for both
control and experimental cell populations. Cells from
passages 14-17 were used for experiments. For all
experiments, the CVCs were cultured in their standard
medium supplemented with 10 mM f-glycerophosphate
(Sigma) to provide a pro-calcific environment.

2.2. Mechanical stimulation of cultured cells

Cells were plated on six-well plates with flexible
silicone rubber bases (Flexcell, Hillsborough, NC). The
flexible bases were pre-coated with 1pg/em? type I
collagen by adsorption of the collagen in a carbonate/
bicarbonate buffer (15mM Na,CO; and 35mM NaH-
COs; in PBS, pH 9.4) for 24 h at 4°C. Cells were seeded
at a density of 3 x 10* cells/cm? with seeding confined to
a Scm? area in the center of the wells using Teflon
o-rings as physical barriers. After 24h, the o-rings
were removed, new medium was added, and the cells
were immediately subjected to mechanical stimulation.
In most experiments, a modified Flexercell system (FX-
2000, Flexcell) was used to apply a 7% equibiaxial cyclic
strain to the cells continuously at 0.25 Hz (square-wave;
2sec strain, 2sec relaxation) for the duration of the
experiment, with media changes every other day. With
the Flexercell system, deformation of the cell substrate
not only mechanically strains the cells, but also results in
motion of the cell culture medium, which itself can be a
potent physical stimulus. To test whether motion of the
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culture media alone in the absence of substrate
deformation had an effect on cell function, a set of
experiments were performed in which Flexcell plates
were prepared as described, placed on an orbital shaker
in an incubator, and rotated at 0.25 Hz for the duration
of the experiment, with media changes every other day. In
all cases, static control plates were maintained identically
except for the application of strain or fluid motion.

2.3. DNA content assay

The total amount of DNA in each well was
determined as a measure of cell proliferation. DNA
content was also used to normalize alkaline phosphatase
activity to account for differences due simply to cell
number. Cell nuclei were disrupted by addition of a
lysis buffer (0.025M trisHCI, 0.4 M NaCl, 0.5% SDS,
pH = 7.4), followed by sonication and centrifugation.
Samples of the supernatant and standard solutions of
calf thymus DNA were measured in parallel using
the Hoescht 33258 assay (Cesarone et al., 1979) to
determine DNA content.

2.4. Alkaline phosphatase assay

Alkaline phosphatase (ALP) activity was measured as
a marker of early osteogenic differentiation. ALP
activity was determined quantitatively from cell lysates
obtained by washing the cell layers twice with PBS and
then harvesting using a passive lysis buffer (Promega,
Madison, WI). The lysate was sonicated and centrifuged
at 4°C and the supernatant was assayed for ALP
activity by incubating with 50 mM p-nitrophenyl phos-
phate in an assay buffer (100 mM glycine, 1 mM MgCl,,
pH 10.5) at 37°C for 15min. The absorbance was
measured at 405nm and converted to p-nitrophenol
(pPNP) concentration based on standard solutions
prepared in parallel. Alkaline phosphatase activity was
normalized to DNA content determined from the same
lysates, as described previously.

2.5. Matrix mineralization assays

Mineral deposition was assessed qualitatively by the
von Kossa method after 10 days of straining. Prior to
staining, cell layers were washed twice in PBS and then
fixed with 70% ethanol for 30 min at 4°C. Fixed cell
layers were incubated with 5% (w/v) silver nitrate
solution for 30 min under bright light. After incubation,
the cell layers were washed in dH,O and rinsed twice
with 5% (w/v) thiosulphate to remove unreacted silver.
Samples for quantitative assessment of matrix miner-
alization were obtained by rinsing the cell layers twice
with calcium-free PBS and solubilizing the accumulated
matrix-deposited calcium in 0.6 N HCl at 4°C for ~18h
(Wada et al., 1999). After centrifugation, the supernatant

was assayed for calcium content using the o-cresolphtha-
lein reaction (Sigma Kit #587), with the absorbance read
at 575 nm. Calcium concentration was determined based
on standard solutions prepared in parallel.

2.6. Immunoblotting analysis

Using immunoblotting analysis, we first determined
whether physical stimulation activated MAPK path-
ways in CVCs. Cells were seeded as described previously
at a density of 3 x 10%cells/cm” and allowed to adhere
for 24 h in serum-containing media. To synchronize the
cells and reduce basal MAPK activity, the cells were
serum-starved for 4 h prior to and during the application
of strain, which lasted up to 60 min. Immediately after
straining with the Flexercell, cell layers were washed
once with ice cold PBS and incubated on ice in cell lysis
buffer (Cell Signaling Technology, Beverly, MA). The
DNA content in 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 immunopreci-
pitation and chemiluminescent 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.

2.7. MAPK inhibition studies

The role of individual MAPK pathways in alkaline
phosphatase expression and matrix mineralization by
CVCs was assessed by blocking the pathways using
specific inhibitors. The ERK1/2 pathway was blocked
with U0126 (Cell Signaling), which inhibits MEK1/2, an
upstream molecule of the ERK phosphorylation cascade
(Favata et al., 1998). The p38 MAPK was specifically
inhibited with SB203580 (Calbiochem, San Diego, CA)
(Cuenda et al., 1995) and JNK was inhibited with
SP600125 (Calbiochem) (Bennett et al., 2001). Prelimin-
ary experiments showed that the optimal concentrations
for inhibition of MEKI1/2, p38, and JNK without
cytotoxicity were 10 uM U0126, 15uM SB203580, and
20 uM SP600125, respectively. To assess the effects of
the inhibitors on MAPK activity, inhibitors were added
to the serum-free cell culture media one hour prior to
application of the mechanical stimulus, the CVCs were
then strained for 15min, and the lysates were collected
for immunoblot analysis, as described above. To
determine the effects of the inhibitors on alkaline
phosphatase expression and mineralization by CVCs,
experiments were performed for 5 or 15 days as
described previously, with the MAPK inhibitors added
with each replacement of media. In contrast to the
immunoblotting experiments in which serum-free media
were used to reduce basal MAPK activity, fully
supplemented media were used in these experiments.
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3. Results

3.1. Effect of mechanical stimulation on proliferation,
osteogenic expression and mineralization by CVCs

The DNA content was measured in static cultures and
in cultures strained with the Flexercell as an indicator of
cell proliferation. Both static (control) and strained
CVC:s proliferated with time in culture, but there was no
difference in DNA content between the two conditions
(Fig. 1), indicating this mechanical stimulus did not
affect the net proliferation of CVCs.

To determine the effect of mechanical stimulation on
CVC osteogenic differentiation, alkaline phosphatase
activity, an early marker of osteogenic expression, and
matrix mineralization were measured in static and
strained cultures. Both control and strained CVCs
expressed increasing levels of alkaline phosphatase with
time in culture, consistent with their osteoblast-like
differentiation behavior (Fig. 2). Mechanical stimula-
tion resulted in increased levels of alkaline phosphatase
activity at earlier time points (P<0.05; Fig. 2). As is
typical of CVCs, the cells aggregated into mesenchymal
condensations (Fig. 3A and B). Mechanical stimulation
also resulted in more mineralized nodules being formed
(Fig. 3C and D), with a 3.1 fold increase in matrix-
deposited calcium after 15 days in culture (P<0.001;
Fig. 3E). Together these data indicate that mechanical
signals stimulate osteogenic differentiation of CVCs.

3.2. Effect of mechanical stimulation on MAPK
activation in CVCs

Since we observed that CVC osteogenesis was
mechanoresponsive and mechanical stimuli are known
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Fig. 1. Mechanical stimulation does not affect proliferation of CVCs.
The total amount of DNA increased with time in culture, but there was
no difference in amount of DNA between the unstrained cells (¢, solid
line) and strained cells ([J, dashed line). Data represent means + SD
of pooled data from two experiments in which there were three samples
for each condition.

Alkaline phosphatase activity
(nmol pNP/min/ug DNA)

Days

Fig. 2. Mechanical stimulation accelerates alkaline phosphatase
expression by CVCs. Alkaline phosphatase expression by unstrained
cells (e, solid line) increased with time in culture, but mechanical
stimulation accelerated this process (O, dashed line). Significantly
higher levels of alkaline phosphatase activity were noted throughout
the 15 day experiment in mechanically simulated versus static control
cells. Data represent means + SD of a typical experiment with n = 3
samples for each condition. Two additional independent experiments
showed similar results. *P<0.05 vs. unstrained control by ANOVA
and post-hoc Tukey pairwise comparisons.

to enhance osteogenic differentiation of bone cells
through activation of MAPK pathways, we tested
whether the mechanical stimulus applied with the
Flexercell similarly activated the ERK1/2, p38, and
JNK pathways in CVCs. All three pathways were
activated by mechanical stimulation, with prolonged
activation for up to 30min in the case of ERKI/2
(Fig. 4A) and p38 (Fig. 4B), and for at least 60 min in
the case of JNK (Fig. 4C).

3.3. Effect of MAPK inhibition on osteogenic
differentiation of unstrained CVCs

We next determined the role of MAPK signaling in
the osteogenic differentiation of CVCs in the absence of
mechanical stimuli by blocking individual MAPK
pathways pharmacologically and measuring the effect
on alkaline phosphatase activity after 5 days and on
mineralization after 15 days in static culture. Inhibition
of ERK1/2, p38, and JNK activation by 10 pM U0126,
15uM SB203580, and 20puM SP600125, respectively,
was confirmed with immunoblotting (data not shown).

When ERK1/2 activity was blocked by U0126 in
unstrained cells, we observed an increase in alkaline
phosphatase activity at day 5 relative to uninhibited cells
(2.3-fold; not statistically significant (NS)) (Fig. 5A), but
a significant decrease in mineral production at day 15
(—89%; P<0.05) (Fig. 5B). The pattern of mineraliza-
tion with ERK /2 inhibited was also altered, with more
diffuse matrix mineralization, and fewer and smaller
mineralized condensations (Fig. 5C). These data suggest
critical but distinct roles for ERK1/2 signaling in early
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Fig. 3. Mechanical stimulation enhances matrix mineralization by
CVCs. Cellular condensations (arrows) typical of CVCs were evident
in both the (A) unstrained and (B) strained cultures after 15 days
(phase contrast images, original magnification 100 x ). However, von
Kossa staining demonstrated fewer mineralized nodules in the (C)
unstrained condition than in the (D) strained condition (brightfield
images, original magnification 40 x ). (E) Measurement of matrix-
deposited calcium by mechanically stimuated cells (normalized to that
by static control cells) confirmed that there was significantly more
mineral formed by the strained cells after 15 days. Data represent
means + SD of pooled data from two experiments in which there were
three samples for each condition. Two additional independent
experiments showed similar results after 15 days of straining.
*P<0.001 by t-test.

osteogenic differentiation and later processes leading to
mineralization. Inhibition of p38 by SB203580 and of
JNK by SP600125 had little effect on alkaline phospha-
tase activity at day S5 in unstrained cells (Fig. 5A).
However, both p38 and JNK pathways were necessary
for normal mineralization, as inhibition of these path-
ways resulted in significantly decreased matrix miner-
alization, compared with unihibited cells (—94% for
p38; —88% for JNK; both P<0.05) (Fig. 5B). Histo-
chemical staining showed no evidence that blocking
these pathways altered the pattern of condensation or
mineralization; instead, there were simply fewer nodules
with the p38 and JNK pathways inhibited (data not
shown). Although the p38-inhibited cells were able to

Time (min.) 0 15 30 60

ERK1/2
(A)

Time (min.) 0 15 30 60
. _—
p38 — *

(B)

Time (min.)

0 8 30 60
-
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Fig. 4. ERK1/2, p38, and JNK are activated in CVCs by mechanical
stimulation. CVCs were strained and, at the times indicated, cells
lysates were collected. The activity of (A) ERK1/2 (phospho-Elk-1),
(B) p38 (phospho-ATF-2), and (C) JNK (phospho-c-Jun) were
analyzed by immunoblotting with quantification by densitometry.
Strain activated the pathways in a time-dependent manner, with
maximum activity of ERK1/2 (2.7-fold over unstrained cells) and p38
(6.0-fold) after 15min of straining and of JNK (2.7-fold) after 30 min
of straining.

produce mineralized nodules, the morphology of the
cells surrounding the nodules was distinct from that of
normal differentiating CVCs, with abundant intracellu-
lar vacuoles (Fig. 5D). The JNK-inhibited cells had
normal morphology (data not shown).

3.4. Effect of MAPK inhibition on osteogenic
differentiation of mechanically stimulated CVCs

We next examined whether the enhancement of
osteogenesis by mechanical stimulation was mediated
by MAPK pathways in CVCs. Again these pathways
were inhibited pharmacologically (confirmed by immu-
noblotting) and alkaline phosphatase activity at day 5
and mineralization at day 15 were measured as
indicators of osteoblast-like differentiation.

Interestingly, although mechanical stimuli activated
MAPK pathways (Fig. 4), inhibition of these pathways
had little effect on the mechanically induced enhance-
ment of alkaline phosphatase activity observed in
uninhibited cells (Fig. 6A). Without inhibition, we
observed a significant increase in alkaline phosphatase
activity at day 5 in the stimulated cells, relative to the
static control cells (3.6-fold; P<0.05) (Fig. 6A).
Similarly, with p38 or JNK inhibited, the mechanical
stimulus enhanced alkaline phosphatase activity signifi-
cantly over the inhibited, static counterpart by 3.7-fold
and 3.5-fold for p38 and JNK, respectively (P<0.05)
(Fig. 6A). With the ERK1/2 pathway inhibited, the
stimulated cells expressed higher alkaline phosphatase
levels (Fig. 6A), but the degree of enhancement by
the mechanical stimulus was comparable to the other
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Fig. 5. Alkaline phosphatase and mineralization are differentially regulated by MAPK pathways in unstrained CVCs. CVCs were cultured statically
in media with or without MAPK inhibitors for 5 or 15 days. (A) After 5 days, alkaline phosphatase activity by unstrained cells was increased when
the ERK1/2 pathway was blocked with 10 uM U0126. Inhibiting the p38 pathway with 15uM SB203580 or the JNK pathway with 20 pM SP600125
had no effect on alkaline phosphatase expression by unstrained cells. (B) Matrix mineralization by unstrained cells after 15 days was significantly
attenuated with inhibition of each MAPK pathway. (C) With the ERK1/2 pathway inhibited, mineralization by unstrained cells (von Kossa stain,
brightfield image, original magnification 40 x ) was diffuse rather than confined primarily to nodules (compare with Fig. 3C). (D) With p38 inhibited,
the unstrained cells formed mineralized nodules (arrows) (phase contrast image, original magnification 100 x ), but the cellular morphology was
abnormal (compare with Fig. 3A). Note the photomicrographs in (C) and (D) were taken with different magnifications and contrast methods. Data
in (A) and (B) represent means + SD of individual experiments with » = 3 samples for each condition. An additional experiment showed similar

results. *P<0.05 vs. uninhibited sample by Student t-test.

cases (4.7-fold over unstrained, ERK-inhibited cells;
P<0.05).

Similar to mechanically induced alkaline phosphatase
expression, mechanically induced mineralization was
unaffected by inhibition of each of the ERK1/2, p38,
and JNK pathways. As with the static control cells,
inhibition of the MAPK pathways attenuated the degree
of mineralization by the mechanically stimulated cells
relative to stimulated, uninhibited cells (Fig. 6B).
However, relative to the inhibited, static counterpart,
mechanical stimulation resulted in a significant increase
in the amount of matrix-deposited calcium regardless
of the pathway inhibited (P<0.05) (Fig. 6B). These
data indicate that mechanical stimulation enhanced
mineralization independent of MAPK signaling. Inter-
estingly, whereas ERK1/2 inhibition resulted in diffuse

mineralization by static control cells (Fig. 5C), mechan-
ical stimulation seemed to recover some of the normal
pattern of mineralization (Fig. 6C).

3.5. Effect of fluid motion on osteogenic expression and
mineralization by CVCs

To distinguish between the effects of fluid motion and
strain, CVCs were subjected to fluid agitation alone on
an orbital shaker, and alkaline phosphatase activity at
day 5 and mineralization at day 15 were measured as
indicators of osteogenesis. Fluid agitation alone resulted
in a significant increase in alkaline phosphatase activity
at day 5 compared with static control cells (P<0.01)
(Fig. 7A). Mineralization also increased 1.7-fold with
application of fluid motion alone relative to static
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Fig. 6. Enhancement of osteogenic differentiation by mechanical stimulation is not mediated by MAPK pathways. CVCs were cultured in media
with or without MAPK inhibitors and with mechanical stimulation (S; hatched bars) or statically (C; shaded bars) for 5 or 15 days. (A) Application
of strain increased alkaline phosphatase activity in uninhibited cells after 5 days, relative to static control cells. The enhancement of alkaline
phosphatase activity by mechanical stimulation was not affected by inhibition of the ERK1/2 (by U0126), p38 (by SB203580), or INK (by SP600125)
pathways. (B) Similarly, mechanical stimulation increased mineralization relative to static control cells after 15 days, even when the MAPK pathways
were inhibited. Notably, the pattern of mineralization by stimulated, ERK1/2-inhibited cells (C) was more nodular (von Kossa stain, brightfield
image, original magnification 40 x ) than the diffuse mineralization seen with static, ERK1/2-inhibited cells (compare with Fig. 5C). Data in (A) and

(B) represent means + SD of individual experiments with n = 3 samples for each condition. An additional experiment showed similar results.

*P<0.05 vs. unstrained counterpart by t-test.

controls (Fig. 7B), but the difference was not significant
and on average less than that observed when the CVCs
were subjected to strain (Figs. 3E and 6B).

4. Discussion

The association between vascular calcification and
local mechanical stimuli suggests mechanical signals
modulate the calcification process. However, the effect
of mechanical signals on the specific cell populations
putatively involved in the active regulation of vascular
calcification is not known. The results of this study
demonstrate that mechanical stimulation of calcifying
vascular cells accelerated osteogenic differentiation,

resulting in increased mineral production. Although
activation of ERK1/2, p38, and JNK signaling path-
ways was critical to aspects of CVC differentiation and
each pathway was activated by mechanical stimulation,
the regulation of mineralization by the mechanical
stimuli applied here was not mediated by MAPK
signaling. These novel results identify mechanical signals
and MAPK signaling as independent regulators of
mineralization by vascular cells, suggesting roles for
each in the etiology of vascular calcification.

Although mechanical factors and vascular calcifica-
tion are associated, there was little previous evidence
supporting a direct effect of mechanical signals on
calcification by vascular cells. The results presented here
are the first to demonstrate that mechanical stimuli
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Fig. 7. Fluid motion in the absence of substrate deformation enhances osteogenic differentiation. CVCs were agitated on an orbital shaker to
generate fluid motion (F; hatched bars) or maintained as static cultures (C; shaded bars) for 5 or 15 days. (A) Fluid motion increased alkaline
phosphatase activity after 5 days, relative to static control cells. (B) Fluid motion also increased mineralization relative to static control cells after 15
days, although not significantly. Data represent means + SD with n = 3 samples for each condition. *P<0.01 vs. static control by t-test.

regulate osteogenic differentiation, condensation, and
mineralization by a calcifying subpopulation of vascular
cells. Notably, this response differs from that seen with
vascular SMCs. Rat aortic SMCs cultured in collagen
sponges and subjected to chronic cyclic strain have
lower expression of bone-associated genes and miner-
alize less than SMCs cultured under static conditions
(Nikolovski et al., 2003). While differences in the
mechanical stimulus, culture system, and cell species
limit the implications of these observations, the data
suggest that mechanical stimuli might have distinct
effects on specific subpopulations of cells within the
vascular wall. Accordingly, there might be distinct roles
for each cell type in the etiology of vascular calcification.
For instance, in normal vascular smooth muscle tissue,
mechanical signals might protect against mineralization,
acting to maintain the normal SMC phenotype. How-
ever, in circumstances in which pro-calcific regulators
initiate transformation from a SMC phenotype to an
osteoblast-like phenotype, appropriate mechanical sig-
nals may act in concert with other regulators to
stimulate osteogenic differentiation and mineralization
by the osteoblast-like vascular cells specifically, thereby
contributing to the progression of calcified lesion
formation. Therefore, similar to atherosclerosis, vascu-
lar calcification may be a multi-factorial disease in which
mechanical signals act on specific vascular cell popula-
tions in concert with other stimuli to prevent or promote
disease initiation and progression. Clearly further
studies, including in vivo experiments, are necessary to
test these hypotheses.

In the absence of mechanical stimulation, inhibition
of each of the MAPK signaling pathways affected
expression of the osteogenic markers. A possible
mechanism by which inhibited MAPK signaling might
affect mineralization is to increase apoptosis, which is an
initiating factor for mineralization of CVC cultures

(Proudfoot et al., 2000). Our data do not support this
mechanism, however. For instance, the ERK1/2 path-
way typically promotes cell survival (Howe et al., 2002)
and its inhibition would therefore be expected to
increase apoptosis and mineralization. While we did
observe a small decrease in net proliferation with this
pathway inhibited (data not shown), this was accom-
panied by a decrease in mineralization and an increase in
alkaline phosphatase expression, suggesting delayed
osteogenic differentiation of the cells. Inhibition of the
p38 and JNK pathways had no effect on cell prolifera-
tion, again supporting a direct effect on osteogenic
conversion of the CVCs rather than an apoptosis-
mediated calcification mechanism.

Similar to bone cells (Gebken et al., 1999; Granet
et al., 2001, 2002; Kletsas et al., 2002; Pommerenke
et al., 2002; Schmidt et al., 1998; You et al., 2001; Ziros
et al., 2002) and SMCs (Li et al., 1999; Li and Xu,
2000), the strain stimulus activated MAPK pathways
in CVCs. In contrast to bone cells, however, the
regulation of osteogenic differentiation and miner-
alization by strain was not mediated by MAPK
signaling in CVCs, as pharmacological inhibition of
MAPK pathways did not abolish mechanically
enhanced osteogenesis. While MAPK signaling is one
pathway for transduction of mechanical signals,
mechanoreceptors regulate cell function through several
mechanisms that are independent of MAPKs (Davies,
1995; Li and Xu, 2000; Ruwhof and van der Laarse,
2000). For example, the cAMP signaling pathway,
which mediates osteogenic differentiation of CVCs by
tumor necrosis factor-o (Tintut et al., 2000) and other
activating factors (Tintut et al., 1998), is known to be
mechanoresponsive in vascular SMCs (Mills et al.,
1997). Furthermore, the responses of SMCs and CVCs
to mechanical stimulation are likely dependent on the
specific nature of the mechanical stimulus, as in bone
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cells (You et al., 2000). In this study, we used the
Flexercell system to apply a mechanical stimulus via
cyclic deformation of the cell substrate at a magnitude
comparable to that in the medial layer of blood vessels
(Bella et al., 1999). A secondary stimulus generated by
this level of substrate deformation is reactive motion of
the cell culture medium (Brown et al., 1998), making it
difficult to distinguish the effects of strain and fluid
motion on cell function with the Flexercell system.
Differentiating these effects is important because fluid
flow has the potential to regulate cell function by
generating membrane shear stresses and by enhancing
local mixing and chemotransport (Donahue et al., 2003).
In bone cells, fluid flow generated by mechanical loading
appears to be a more potent regulator of metabolism
than mechanical strain at physiological levels (Smalt
et al., 1997; You et al., 2000). We addressed this issue by
subjecting CVCs to fluid agitation in the absence of
strain. Our data indicate that CVC osteogenesis is
responsive to fluid motion alone. While we cannot
determine definitively whether these effects are due to
shear stresses or enhanced chemotransport, the differ-
ential effects of MAPK inhibition with and without
mechanical stimulation suggest that enhanced chemo-
transport is not solely responsible for the osteogenic
response. Furthermore, our data suggest that both
strain and fluid flow regulate CVC osteogenesis, as the
effects on mineralization due to fluid motion alone were
attenuated from those observed when the CVCs were
stimulated with the Flexercell system. Critical to a better
understanding of the (patho)physiological relevance of
these mechanical signals is more thorough characteriza-
tion of the cellular-level mechanical stimuli experienced
in situ by SMCs and CVCs in normal and diseased
vascular tissue.

In conclusion, we have shown that mechanical
stimulation regulates calcification by CVCs. Although
not involved in transduction of the mechanical stimulus,
signaling via the ERK1/2, p38, and JNK pathways
regulates CVC osteogenesis and mineralization, suggest-
ing mechanisms by which pro- and anti-calcific regula-
tors might act. Together these data support the premise
that vascular calcification is a cell-regulated process,
involving a multitude of regulatory pathways and
factors, including mechanical stimuli. Further investiga-
tion into the mechanisms by which specific mechanical
signals regulate vascular calcification may reveal novel
regulatory pathways and potential targets for therapeu-
tic intervention.

Acknowledgements
We gratefully acknowledge the assistance of Dr.

Rajaram Gopalakrishnan (University of Minnesota)
and the support of the NIH (R01 DE13033), a Natural

Sciences and Engineering Research Council of Canada
Postdoctoral Fellowship to C. Simmons, and an
American Heart Association Fellowship to J. Nikolovski.

References

Bella, J.N., Roman, M.J., Pini, R., Schwartz, J.E., Pickering, T.G.,
Devereux, R.B., 1999. Assessment of arterial compliance by carotid
midwall strain—stress relation in normotensive adults. Hyperten-
sion 33, 787-792.

Bennett, B.L., Sasaki, D.T., Murray, B.W., O’Leary, E.C., Sakata,
S.T., Xu, W., Leisten, J.C., Motiwala, A., Pierce, S., Satoh, Y.,
Bhagwat, S.S., Manning, A.M., Anderson, D.W., 2001. SP600125,
an anthrapyrazolone inhibitor of Jun N-terminal kinase. Proceed-
ings of the National Academy of Sciences of the United States of
America 98, 13681-13686.

Bostrom, K., Watson, K.E., Horn, S., Wortham, C., Herman, I.M.,
Demer, L.L., 1993. Bone morphogenetic protein expression in
human atherosclerotic lesions. Journal of Clinical Investigation 91,
1800-1809.

Braunwald, E., 1997. Valvular heart disease. In: Braunwald, E. (Ed.),
Heart Disease: A Texbook of Cardiovascular Medicine. WB
Saunders, Philadelphia, pp. 1007-1076.

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.

Campbell, G.R., Campbell, J.H., 2000. Vascular smooth muscle
and arterial calcification. Zeitschrift fur Kardiologie 89
(Suppl. 2), 54-62.

Caro, C.G., Fitz-Gerald, J.M., Schroter, R.C., 1969. Arterial
wall shear and distribution of early atheroma in man. Nature
223, 1159-1160.

Cesarone, C.F., Bolognesi, C., Santi, L., 1979. Improved microfluoro-
metric DNA determination in biological material using 33258
Hoechst. Analytical Biochemistry 100, 188-197.

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.

Davies, P.F., 1995. Flow-mediated endothelial mechanotransduction.
Physiological Reviews 75, 519-560.

Donahue, T.L., Haut, T.R., Yellowley, C.E., Donahue, H.J., Jacobs,
C.R., 2003. Mechanosensitivity of bone cells to oscillating fluid
flow induced shear stress may be modulated by chemotransport.
Journal of Biomechanics 36, 1363-1371.

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 kinase. Journal of Biological Chemistry 273,
18623-18632.

Fitzgerald, P.J., Ports, T.A., Yock, P.G., 1992. Contribution of
localized calcium deposits to dissection after angioplasty. An
observational study using intravascular ultrasound. Circulation 86,
64-70.

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.

Giachelli, C.M., 2001. Ectopic calcification: new concepts in cellular
regulation. Zeitschrift fur Kardiologie 90 (Suppl. 3), 31-37.



1540 C.A. Simmons et al. | Journal of Biomechanics 37 (2004) 1531-1541

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-1 members in
response to changes in mechanical environment in osteoblastic
cells. Cellular Signalling 14, 679-688.

Howe, A.K., Aplin, A.E., Juliano, R.L., 2002. Anchorage-dependent
ERK signaling—mechanisms and consequences. Current Opinion
in Genetics and Development 12, 30-35.

Iribarren, C., Sidney, S., Sternfeld, B., Browner, W.S., 2000.
Calcification of the aortic arch: risk factors and association with
coronary heart disease, stroke, and peripheral vascular disease.
Journal of the American Medical Association 283, 2810-2815.

Jono, S., McKee, M.D., Murry, C.E., Shioi, A., Nishizawa, Y., Mori,
K., Morii, H., Giachelli, C.M., 2000. Phosphate regulation of
vascular smooth muscle cell calcification. Circulation Research 87,
E10-17.

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.

Li, C., Xu, Q., 2000. Mechanical stress-initiated signal transductions in
vascular smooth muscle cells. Cell Signal 12, 435-445.

Li, C., Hu, Y., Mayr, M., Xu, Q., 1999. Cyclic strain stress-induced
mitogen-activated protein kinase (MAPK) phosphatase 1 expres-
sion in vascular smooth muscle cells is regulated by Ras/
Rac-MAPK pathways. Journal of Biological Chemistry 274,
25273-25280.

Luo, G., Ducy, P., McKee, M.D., Pinero, G.J., Loyer, E., Behringer,
R.R., Karsenty, G., 1997. Spontaneous calcification of arteries
and cartilage in mice lacking matrix GLA protein. Nature 386,
78-81.

Mills, I., Cohen, C.R., Kamal, K., Li, G., Shin, T., Du, W., Sumpio,
B.E., 1997. Strain activation of bovine aortic smooth muscle cell
proliferation and alignment: study of strain dependency and the
role of protein kinase A and C signaling pathways. Journal of
Cellular Physiology 170, 228-234.

Mohler 3rd., E.R., Chawla, M.K., Chang, A.W., Vyavahare, N., Levy,
R.J., Graham, L., Gannon, F.H., 1999. Identification and
characterization of calcifying valve cells from human and canine
aortic valves. Journal of Heart Valve Disease 8, 254-260.

Mohler 3rd., E.R., Gannon, F., Reynolds, C., Zimmerman, R., Keane,
M.G., Kaplan, F.S., 2001. Bone formation and inflammation in
cardiac valves. Circulation 103, 1522-1528.

Nikolovski, J., Kim, B.S., Mooney, D.J., 2003. Cyclic strain inhibits
switching of smooth muscle cells to an osteoblast-like phenotype.
FASEB Journal 17, 455-457.

Parhami, F., Tintut, Y., Ballard, A., Fogelman, A.M., Demer, L.L.,
2001. Leptin enhances the calcification of vascular cells: artery wall
as a target of leptin. Circulation Research 88, 954-960.

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.

Proudfoot, D., Skepper, J.N., Hegyi, L., Bennett, M.R., Shanahan,
C.M., Weissberg, P.L., 2000. Apoptosis regulates human vascular
calcification in vitro: evidence for initiation of vascular calcification
by apoptotic bodies. Circulation Research 87, 1055-1062.

Rumberger, J.A., Simons, D.B., Fitzpatrick, L.A., Sheedy, P.F.,
Schwartz, R.S., 1995. Coronary artery calcium area by electron-
beam computed tomography and coronary atherosclerotic
plaque area. A histopathologic correlative study. Circulation 92,
2157-2162.

Ruwhof, C., van der Laarse, A., 2000. Mechanical stress-induced
cardiac hypertrophy: mechanisms and signal transduction path-
ways. Cardiovascular Research 47, 23-37.

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.

Shanahan, C.M., Cary, N.R., Metcalfe, J.C., Weissberg, P.L., 1994.
High expression of genes for calcification-regulating proteins in
human atherosclerotic plaques. Journal of Clinical Investigation
93, 2393-2402.

Shanahan, C.M., Proudfoot, D., Tyson, K.L., Cary, N.R., Edmonds,
M., Weissberg, P.L., 2000. Expression of mineralisation-regulating
proteins in association with human vascular calcification. Zeits-
chrift fur Kardiologie 89 (Suppl. 2), 63-68.

Shioi, A., Mori, K., Jono, S., Wakikawa, T., Hiura, Y., Koyama, H.,
Okuno, Y., Nishizawa, Y., Morii, H., 2000. Mechanism
of atherosclerotic calcification. Zeitschrift fur Kardiologie 89
(Suppl. 2), 75-79.

Shioi, A., Nishizawa, Y., Jono, S., Koyama, H., Hosoi, M., Morii, H.,
1995. Beta-glycerophosphate accelerates calcification in cultured
bovine vascular smooth muscle cells. Arteriosclerosis Thrombosis
and Vascular Biology 15, 2003-2009.

Simmons, C.A., Matlis, S., Thornton, A.J., Chen, S., Wang, C.Y.,
Mooney, D.J., 2003. Cyclic strain enhances matrix mineralization
by adult human mesenchymal stem cells via the extracellular signal-
regulated kinase (ERK1/2) signaling pathway. Journal of Biome-
chanics 36, 1087-1096.

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.

Steitz, S.A., Speer, M.Y., Curinga, G., Yang, H.Y., Haynes, P.,
Aebersold, R., Schinke, T., Karsenty, G., Giachelli, C.M., 2001.
Smooth muscle cell phenotypic transition associated with calcifica-
tion: upregulation of Cbfal and downregulation of smooth muscle
lineage markers. Circulation Research 89, 1147-1154.

Thubrikar, M.J., Aouad, J., Nolan, S.P., 1986. Patterns of calcific
deposits in operatively excised stenotic or purely regurgitant aortic
valves and their relation to mechanical stress. American Journal of
Cardiology 58, 304-308.

Tintut, Y., Parhami, F., Bostrom, K., Jackson, S.M., Demer, L.L.,
1998. cAMP stimulates osteoblast like differentiation of calcifying
vascular cells. Potential signaling pathway for vascular calcifica-
tion. Journal of Biological Chemistry 273, 7547-7553.

Tintut, Y., Patel, J., Parhami, F., Demer, L.L., 2000. Tumor necrosis
factor-alpha promotes in vitro calcification of vascular cells via the
cAMP pathway. Circulation 102, 2636-2642.

Vliegenthart, R., Oudkerk, M., Song, B., van der Kuip, D., Hofman,
A., Witteman, J., 2002. Coronary calcification detected by electron-
beam computed tomography and myocardial infarction. The
Rotterdam coronary calcification study. European Heart Journal
23, 1596.

Vyavahare, N., Chen, W., Joshi, R., Lee, C.-H., Hirsch, D., Levy, J.,
Schoen, F., Levy, R.J., 1997. Current progress in anticalcification
for bioprosthetic and polymeric heart valves. Cardiovascular
Pathology 6, 219-229.

Wada, T., McKee, M.D., Steitz, S., Giachelli, C.M., 1999. Calcifica-
tion of vascular smooth muscle cell cultures: inhibition by
osteopontin. Circulation Research 84, 166-178.

Wallin, R., Wajih, N., Greenwood, G.T., Sane, D.C., 2001. Arterial
calcification: a review of mechanisms, animal models, and the
prospects for therapy. Medicinal Research Reviews 21, 274-301.

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



C.A. Simmons et al. | Journal of Biomechanics 37 (2004) 1531-1541 1541

mesenchymal cell differentiation toward osteoprogenitors. Journal
of Biological Chemistry 277, 10931-10937.

Watson, K.E., Bostrom, K., Ravindranath, R., Lam, T., Norton, B.,
Demer, L.L., 1994. TGF-beta 1 and 25-hydroxycholesterol
stimulate osteoblast-like vascular cells to calcify. Journal of
Clinical Investigation 93, 2106-2113.

Wong, N.D., Hsu, J.C., Detrano, R.C., Diamond, G., Eisenberg, H.,
Gardin, J.M., 2000. Coronary artery calcium evaluation by
electron beam computed tomography and its relation to
new cardiovascular events. American Journal of Cardiology 86,
495-498.

You, J., Yellowley, C.E., Donahue, H.J., Zhang, Y., Chen, Q., Jacobs,
C.R., 2000. Substrate deformation levels associated with routine

physical activity are less stimulatory to bone cells relative to
loading-induced oscillatory fluid flow. Journal of Biomechanical
Engineering 122, 387-393.

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-El
osteoblasts. Journal of Biological Chemistry 276, 13365-13371.

Ziros, P.G., Gil, A.P., Georgakopoulos, T., Habeos, 1., Kletsas, D.,
Basdra, E.K., Papavassiliou, A.G., 2002. The bone-specific
transcriptional regulator Cbfal is a target of mechanical
signals in osteoblastic cells. Journal of Biological Chemistry 277,
23934-23941.



	Mechanical stimulation and mitogen-activated protein kinase signaling independently regulate osteogenic differentiation and min
	Introduction
	Methods
	Cell culture
	Mechanical stimulation of cultured cells
	DNA content assay
	Alkaline phosphatase assay
	Matrix mineralization assays
	Immunoblotting analysis
	MAPK inhibition studies

	Results
	Effect of mechanical stimulation on proliferation, osteogenic expression and mineralization by CVCs
	Effect of mechanical stimulation on MAPK activation in CVCs
	Effect of MAPK inhibition on osteogenic differentiation of unstrained CVCs
	Effect of MAPK inhibition on osteogenic differentiation of mechanically stimulated CVCs
	Effect of fluid motion on osteogenic expression and mineralization by CVCs

	Discussion
	Acknowledgements
	References


