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The Effects of Mechanical
Stimulation on Controlling
and Maintaining Marrow
Stromal Cell Differentiation
Into Vascular Smooth
Muscle Cells
For patients suffering from severe coronary heart disease (CHD), the development of a
cell-based tissue engineered blood vessel (TEBV) has great potential to overcome current
issues with synthetic graft materials. While marrow stromal cells (MSCs) are a promising
source of vascular smooth muscle cells (VSMCs) for TEBV construction, they have been
shown to differentiate into both the VSMC and osteoblast lineages under different rates
of dynamic strain. Determining the permanence of strain-induced MSC differentiation
into VSMCs is therefore a significant step toward successful TEBV development. In this
study, initial experiments where a cyclic 10% strain was imposed on MSCs for 24 h at
0.1 Hz, 0.5 Hz, and 1 Hz determined that cells stretched at 1 Hz expressed significantly
higher levels of VSMC-specific genetic and protein markers compared to samples
stretched at 0.1 Hz. Conversely, samples stretched at 0.1 Hz expressed higher levels of
osteoblast-specific genetic and protein markers compared to the samples stretched at
1 Hz. More importantly, sequential application of 24–48 h periods of 0.1 Hz and 1 Hz
strain-induced genetic and protein marker expression levels similar to the VSMC profile
seen with 1 Hz alone. This effect was observed regardless of whether the cells were first
strained at 0.1 Hz followed by strain at 1 Hz, or vice versa. Our results suggest that
the strain-induced VSMC phenotype is a more terminally differentiated state than the
strain-induced osteoblast phenotype, and as result, VSMC obtained from strain-induced
differentiation would have potential uses in TEBV construction. [DOI: 10.1115/1.4029255]
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Introduction

CHD is the leading cause of morbidity and mortality in the U.S.
[1]. For patients suffering from severe CHD, plaque build-up in
the wall of the coronary arteries can cause inadequate oxygen sup-
ply to the heart, leading to cardiac ischemia and eventually death
[2]. In order to restore adequate blood circulation, coronary artery
bypass grafts (CABG) are performed. CABG procedures are
highly invasive and involve the harvesting of a vessel at a second-
ary site [3,4]. Although synthetic materials such as Dacron and
polytetrafluoroethylene are often used for vascular grafts, they can
lead to thrombosis or neointimal hyperplasia [5]. More impor-
tantly, while synthetic grafts work well for arteries bigger than
12 mm, they are not suitable for the geometry of coronary arteries
[6,7]. A cell-based TEBV has great potential to overcome the
morbidity of autografts and the issues with synthetic materials.

In order to attain the proper organization and mechanical prop-
erties found in native vessels, VSMCs are used as a crucial com-
ponent of TEBVs [8–11]. Physiological conditions expose native
vessels to a constant cyclic mechanical strain of 9–12% strain at
roughly 1 Hz [12]. Under pulsatile flow, VSMCs in culture have
been shown to express a more organized and layered structure in
addition to a higher level of extracellular matrix (ECM) reorgan-
ization, resulting in significantly higher Young’s modulus and

burst strength [13,14]. VSMCs play a crucial role in TEBVs and it
is evident that the application of cyclic strain can help to duplicate
their organization and mechanical properties found in native ves-
sels. Nevertheless, isolation of patient VSMCs for graft construc-
tion is a highly invasive procedure and may not be the most
efficient TEBV cell source.

With growing interest in stem cells, research has shown that
MSCs, or mesenchymal stem cells, are a potential cell source for
VSMCs. Compared to VSMCs, MSCs are more easily harvested
and isolated, resulting in a process that is less invasive and leads
to less morbidity than a vessel harvest for VSMCs [15]. In addi-
tion, MSCs have a much higher proliferative capacity and can
potentially generate more tissue in less time than VSMCs [16,17].
The differentiation capacity of MSCs spans the broadest spectrum
of terminally differentiated cell types among adult stem cells; the
documented differentiation capacity of MSCs includes bone, carti-
lage, muscle, marrow stroma, tendon/ligaments, adipose tissue,
connective tissues, and smooth muscle [17–22]. These combined
factors make MSCs a potential cell source for vascular regenera-
tion and a great candidate for the fabrication of tissue engineered
vascular constructs.

Studies in recent years have shown bone marrow-derived
MSCs to differentiate into VSMCs in response to transforming
growth factor b-1 and ascorbic acid [23–26]. Despite success in
static conditions, MSCs differentiated into VSMCs must retain
their cell type under dynamic conditions to be useful in a func-
tional TEBV. To this end, several studies have shown that me-
chanical stimulation involving cyclic strain was capable of
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inducing MSC differentiation into the VSMC lineage in as short
as 24 h [27–30]. Higher strain frequencies were observed to yield
more occurrences of VSMC commitment, while lower strain fre-
quencies were often observed to induce osteogenesis [31,32]. The
distinction between strain conditions suggests that there may be
two distinct mechanical conditions capable of directing MSC dif-
ferentiation, one leading to VSMCs and the other to osteoblasts.
In order to implement MSCs in TEBV designs, it is essential to
elucidate the stability of these lineage commitments.

In this study, we focused on the stability of MSC differentiation
into VSMCs and osteoblasts when differentiation was induced
solely by cyclic mechanical stimulation, thus mimicking the strain
a TEBV would be exposed to in vivo. We apply conditions center-
ing on the physiological conditions of 10% strain at 1 Hz [11]
experienced by native VSMCs to study the effective frequency
range of using mechanical conditioning for directed differentia-
tion. By using single- and dual-stage conditioning, we investi-
gated the stability of mechanically induced MSC differentiation
into VSMCs, and in so doing determined whether any fluctuation
in stretch frequency pre- or postimplantation could potentially
compromise a constructed graft.

Materials and Methods

Cell Culture and Substrate Preparation. Primary human
MSCs (hMSCs; Lonza, Basel, Switzerland) were cultured in high
glucose Dulbecco’s modified eagle medium (DMEM; Gibco

VR

Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine
serum (Invitrogen), 1% L-glutamine, and 1% penicillin-
streptomycin (Invitrogen). Cells were maintained in a humidified
incubator with 5% CO2 at 37 �C and passaged at 80% confluence.
All experiments were conducted using cells between passages 4
and 10. Passages 4–10, while considered high for MSCs in most
studies, were specifically chosen since differentiation capacity at
higher passages is a crucial requirement for this study. This is
because in order to construct a full vascular graft from marrow-
isolated MSCs with efficiency, the isolated MSCs must undergo
several population doublings prior to directed differentiation.

Cells were seeded onto nonreinforced, vulcanized, polydime-
thylsiloxane (PDMS) sheetings (Specialty Manufacturing, Inc.,
Pineville, NC) manufactured to a thickness of 254 lm. Sample
substrates were cut into 1.5 cm� 4 cm rectangular films to fit the
cell-stretching device. Prior to seeding, the PDMS films were treated
with 3� layer-by-layer polyelectrolyte deposition of 1 mg/ml

polyethyleneimine (Sigma Aldrich, St. Louis, MO) and 3 mg/ml
polystyrene sulfonate (Alpha Aesar, Ward Hill, MA), followed by a
coating of human fibronectin(Millipore, Billerica, MA) at 40 lg/ml.
hMSCs were then seeded at a density of 1.0� 104 cells/cm2 and
allowed to attach for 24 h before loading onto the stretching
device.

Uniaxial Mechanical Stimulation. Samples were stretched
using a modified version of a proprietary, uniaxial mechanical cell
stretcher [33]. Conditions for single-stage experiments were set to
24 h durations at 10% strain under 1 Hz, 0.5 Hz, and 0.1 Hz fre-
quencies as well as a static unstretched condition for control. Con-
trol experiments had determined that the strain in the center
10 mm� 10 mm section of the slide varied by only 0.3%. Condi-
tions for dual-stage experiments were set to 24 h durations at 10%
strain under 1 Hz and 0.1 Hz frequencies. The first and second
conditions had alternating frequencies applied; if the first condi-
tion was 1 Hz, the second condition was set to 0.1 Hz and vice
versa. Switching from one condition to the other was done imme-
diately following the termination of the first condition (Fig. 1).
Dual-stage conditions were repeated using 48 h durations for each
condition to study the effects of more prolonged stimulation on
transdifferentiation. Cell samples were analyzed immediately fol-
lowing the conclusion of each experiment.

Image Analysis of Cell Alignment. Samples were fixed in
cold 4% paraformaldehyde (PFA; Electron Microscopy Sciences,
Hatfield, PA) for 15 min and washed three times with phosphate
buffered saline (PBS; Invitrogen). Bright field images were
acquired using an Axiovert S-100 microscope system (Carl Zeiss,
Inc., Thornwood, NY) equipped with METAMORPH imaging soft-
ware under 10� magnification (Molecular Devices, Sunnyvale,
CA).

Images of cells in the 10 mm� 10 mm region of consistent
strain were analyzed using IMAGEJ software and Image-Pro Plus
(Media Cybernetics, Silver Spring, MD). Cell outlines were man-
ually traced, and the orientation of the cells were determined by
measuring the major axis of each cell relative to the direction of
applied strain. Measured angles varied from 0 deg to 90 deg, signi-
fying a range from perfect alignment with the strain to alignment
perpendicular to the strain, respectively (Fig. 2). Twenty images
were acquired for each condition without overlap of field of view.
Each image was then divided into a 5� 5 grid, and one cell at the

Fig. 1 Uniaxial mechanical stimulation. Single- and dual-stage mechanical stimulation were
delivered at 10% strain under the specified conditions. Dual-stage mechanical stimulation
consists of two distinct conditions delivered sequentially.
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center of each grid was measured for polarity for a total of 500
measurements per condition. This promoted a measurement col-
lection process that was unbiased from localized cell-to-cell
interaction-influenced orientation.

Quantitative Real-Time-Polymerase Chain Reaction (RT-
PCR) Analysis of Lineage-Specific Markers. To quantify the
degree of lineage commitment of the MSCs, quantitative RT-PCR
(qRT-PCR) was performed using primers that targeted lineage-
specific genes. Total ribonucleic acid (RNA) was extracted with
RNeasy Mini Kit (Qiagen, Germantown, MD) and reverse tran-
scribed into complementary DNA (cDNA) deoxyribonucleic acid
by high capacity RNA-to-cDNA Master Mix (Applied Biosys-
tems, Carlsbad, CA). RT-PCR was then performed with an
Applied Biosystems 7300 RT-PCR system using Taqman Gene
Expression Assays) and Taqman Fast Universal PCR Master Mix
(both Applied Biosystems). The Taqman PCR primers used are

summarized in Table 1. Duplex PCR reactions were conducted for
the simultaneous quantification of the housekeeping gene Glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) (VIC

VR

dye) and a
given target gene (FAMTM dye), starting with 1 ll of cDNA sam-
ple in a total volume of 20 ll. Three separate experiments were
analyzed, each containing groups subjected to various strain con-
ditions and a control group subjected to no strain (i.e., 0 Hz). For a
given experiment, target gene expression in each group was first
quantified relative to that of GAPDH. Using these values, the
expression of target genes in experimental groups was then
expressed relative to that in the control (0 Hz) group, giving the
strain-induced change (increase or decrease). The average fold
changes for three experiments are shown in Figs. 3 and 6.

Immunocytochemical Analysis of MSCs. Samples were fixed
in cold 4% PFA (electron microscopy sciences) for 15 min and
washed three times with cold PBS (Invitrogen). To permeabilize
the cells, 0.1% Triton X-100 (Sigma) in PBS solution was added
for 10 min. The samples were then washed three times with cold
PBS and incubated for 1 h at 37 �C in 0.1% bovine serum albumin
(BSA; Sigma Aldrich) in PBS and goat serum (Millipore) at 15 ll/
2 ml to block nonspecific binding. After blocking, the samples
were incubated for 2 h at 37 �C in 0.1% BSA and the appropriate
dilution of primary antibody. The primary antibodies used were

Fig. 2 Measurement of cell orientation relative to the direction
of mechanical strain. Cellular orientation relative to the direc-
tion of strain was measured from the angle a.

Table 1 RT-PCR primers for amplification of lineage-specific
genes and the length of amplified products

Lineage Gene Taqman
Assay ID

Amplicon
Length

GAPDH* Hs999999905_m1 122
Osteoblast BGLAP (osteocalcin, OC) Hs00609452_g1 74
Osteoblast SPP1 (osteopontin, OPN) Hs00959010_m1 84
SMC ACTA2 (SM-a actin) Hs00426835_g1 105
SMC MYH11 (SM-MHC) Hs00224610_m1 78
SMC CNN1 (calponin) Hs00154543_m1 93

*Housekeeping gene

Fig. 3 MSC alignment increased as a function of stretch frequency. MSC alignment distribu-
tion after 24 h of mechanical stimulation at (a) 0 Hz, (b) 0.1 Hz, (c) 0.5 Hz, and (d) 1 Hz frequen-
cies shows an alignment shift toward the direction perpendicular to the axis of strain, as the
strain frequency increases from 0 to 1 Hz. The dotted line depicts the frequency that would
be expected at each angle grouping with random MSC alignment.
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monoclonal anti-actin, a-smooth muscle mouse IgG, clone 1A4
(Product No. A5228, Sigma Aldrich) at a 1:200 dilution and
human osteocalcin antibody, monoclonal mouse IgG, clone
190125 (Catalog No. MAB1419; R&D Systems, Minneapolis,
MN) at a 1:40 dilution. After three washes with 0.1% BSA, the
samples were incubated for 1 h at room temperature in 0.1% BSA
and a 1:200 dilution of goat anti-mouse IgG-FITC (Product No.
F2012; Sigma Aldrich). The samples were washed three times
with 0.1% BSA in PBS and then incubated for 10 min at room
temperature in 0.1% BSA and a 1:400 dilution of Hoechst 33342
nuclear dye (Invitrogen). After three washes with PBS, the sam-
ples were imaged immediately using the Axiovert S-100 micro-
scope (Carl Zeiss, Inc.) and assessed for protein expression.

Statistical Analysis. Each experiment was performed at least
in triplicate. Statistical significance between multiple groups was
determined by analysis of variance, with intergroup significances
identified by Tukey’s post hoc test.

Results

MSC Alignment Increased as a Function of Stretch Fre-
quency. While cellular orientation for unstretched cells remained
random and evenly distributed (Fig. 3(a)), a pattern for orientation
was observed once mechanical stimulation was applied for 24 h.

At 0.1 Hz, a gradual shift in alignment toward 40 deg–60 deg was
observed in the orientation distribution (Fig. 3(b)). Fewer cells
possessed orientations parallel or perpendicular to the axis of
strain while over 38% of the cells lay within 40 deg–60 deg with
respect to the axis of strain. At 0.5 Hz, the alignment of MSCs fur-
ther shifted toward the direction perpendicular to the axis of strain
(Fig. 3(c)). Over 78% of the cells possessed an orientation greater
than 60 deg with respect to the axis of strain. This shift in orienta-
tion was significantly emphasized at 1 Hz strain frequency, with
over 85% of the cells at an angle greater than 60 deg with respect
to the axis of strain (Fig. 3(d)). These results show that MSC
alignment shifts toward the direction perpendicular to the axis of
strain as uniaxial cyclic strain frequency increases from 0 to 1 Hz.
This observation confirms previous results [34,35] and is consist-
ent with the physiological organization of VSMCs in the media
layer of the artery.

MSC Differentiation Into VSMC and Osteoblast Lineages
Was Induced by Distinct Stretch Frequencies. Quantitative
analysis of lineage-specific genetic markers showed that the
mRNA expression of the VSMC markers smooth muscle actin
(SM-a actin), smooth muscle myosin heavy chain (SM-MHC),
and calponin significantly increased as the stretch frequency rose
from 0.1 Hz to 1 Hz stretch. Conversely, the expression of the
osteoblast marker osteocalcin significantly decreased under these

Fig. 4 Expression of lineage-specific genes and protein shows MSC differentiation into
VSMCs and osteoblasts under distinct frequencies. (a) At 1 Hz stretch frequency, VSMC-
specific genes (SM-a actin, SM-MHC, and calponin) were highly upregulated compared to
osteoblast-specific genes (osteocalcin and osteopontin). Conversely, osteoblast-specific
genes were relatively upregulated at the 0.1 Hz frequency. Each bar represents the mean 6 SD,
n 5 3, * p < 0.05. (b) Bright field and fluorescent images of MSCs show highly expressed SM-a
actin under the 1 Hz condition and a positive expression of osteocalcin under 0.1 Hz condition.
Scale bar is 100 lm.
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conditions, and the marker osteopontin strongly trended down-
ward (Fig. 4(a)). There were no significant differences in expres-
sion of any of the genes between the 0.5 Hz and either 0.1 or 1 Hz
groups.

To supplement the findings at the RNA level, the strained cells
were stained for SM-a actin and osteocalcin, and the expression
of these lineage-specific proteins was determined by immunocyto-
fluorescence. Fluorescence microscopy confirmed the qRT-PCR
findings. Expression of SM-a actin was significantly higher for
the 1 Hz frequency condition than in the unstretched and 0.1 Hz
conditions. Similarly, in the 0.1 Hz condition, expression of osteo-
calcin was higher than in the unstretched and 1 Hz conditions
(Fig. 4(b)).

MSCs Showed Pronounced Alignment Regardless of
Sequence and Duration of Dual-Stage Mechanical Stimulation.
While cellular reorientation is well documented as a response to
mechanical stimulation, the stability of this response to further
changes in mechanical stimulation remains to be elucidated.
Accordingly, we delivered dual-stage mechanical stimulation
using both 0.1 Hz and 1 Hz frequencies in both orders at 24-h and
48-h durations. Cells in the group first exposed to 0.1 Hz and then
to 1 Hz (24 h each) showed a final alignment profile almost identi-
cal to that observed for cells receiving single-stage 1 Hz stimula-
tion. The alignment profile for the 1 Hz–0.1 Hz group was also
similar to that for the single-stage 1 Hz group, although there did
appear to be a small, partial drift back toward the single-stage
0.1 Hz profile. Virtually identical alignment profiles were observed
when stage durations were extended from 24 to 48 h (Figs. 4 and
5), indicating that 24 h of strain at a given frequency is sufficient to
elicit any changes in cell orientation that may occur.

Mechanical Stimulation Was Capable of One-Directional
Transdifferentiation of MSCs From the Osteoblast to the
VSMC Lineage. qRT-PCR analysis was next done after our dual-
stage studies to examine the mRNA expression of SM-a actin,
SM-MHC, calponin, osteocalcin, and osteopontin. The mRNA
levels for all genes observed after dual-stage strain administered
in either order were not statistically different than those observed
with 1 Hz single-stage strain regardless of whether the stages were
performed for 24 h (Fig. 6(a)) or 48 h (Fig. 6(b)).

Fluorescence microscopy showed confirmation to our qRT-
PCR findings. For each of the four combinations of conditions,
the samples stained highly positive for SM-a actin and positive
but with low expression for osteocalcin (Fig. 7). These results
coincide directly with the alignment results from dual-stage
stretch conditions, indicating differentiation into the VSMC phe-
notype regardless of the direction of frequency transition and con-
dition duration.

Discussion

The initial investigations of this study confirm that the fre-
quency of mechanical stimulation on MSCs directly influences
cellular phenotype as determined by cell orientation, and gene and
protein expression. Thus, the 1 Hz directional strain, which was

Fig. 5 MSC alignment distributions after dual-stage mechani-
cal stimulation indicate MSC transdifferentiation to a VSMC
phenotype. (a) MSC alignment distribution for all dual-stage
combinations shows a profile similar to that observed with
single-stage 1 Hz stretching, expressing a pronounced shift to-
ward the direction perpendicular to the axis of strain.

Fig. 7 SM-a actin and osteocalcin staining of MSCs showed
evidence of VSMC lineage commitment in all dual-stage me-
chanical stimulation conditions. A four two-stage protocols
resulted in the same increased level of SM-a actin expression
and low level of osteocalcin expression, which would be indica-
tive of MSC commitment into the VSMC lineage. (a)–(d): 24 h
stages, (e)–(h): 48 h stages. Scale bar is 100 lm.

Fig. 6 MSC lineage-specific gene expression after dual-stage
mechanical stimulation indicates MSC transdifferentiation to a
VSMC phenotype. (b) Expression of VSMC-specific genes was
upregulated compared to osteoblast-specific genes when tran-
sitioned from either 0.1 Hz to 1 Hz condition or 1 Hz–0.1 Hz. The
gene marker distribution was similar to that seen with single-
stage 1 Hz condition. The same observation was made for both
the 24 and 48 h duration conditions, suggesting the capacity of
transdifferentiation in only one direction regardless of duration.
Each bar represents the mean 6 SD, n 5 3.
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modeled after the physiological pulsatile frequency, induced a cel-
lular alignment perpendicular to the direction of strain, similar to
that observed in VSMC in muscularized blood vessels. Further-
more, the expression of VSMC genetic markers was significantly
increased at this frequency. In contrast, the 0.1 Hz directional
strain induced only a partial shift in cellular orientation and
induced a gene expression profile consistent with that of
osteoblasts.

The VSMC markers were chosen for the specific indication of
VSMCs of the contractile phenotype. SM-a actin alone is not suf-
ficient as it can also be expressed in fibroblasts. However, the
combination of SM-a actin, SMC-MHC, and calponin indicates
the presence the contractile apparatus only present in mature
VSMCs of the contractile phenotype [25,36,37]. The osteogenic
markers chosen are common indicators of osteoblast formation.
Osteocalcin and osteopontin play a major role in bone mineraliza-
tion and thus indicate the presence of mature osteoblasts [38,39].

The most significant finding of this is the demonstration that a
1 Hz stretch frequency for at least 24 h is sufficient to induce a
VSMC phenotype, regardless of any previous progression toward
the osteoblast phenotype induced by 0.1 Hz strain. Furthermore,
attaining the VSMC phenotype appears to largely preclude trans-
differentiation back into the osteoblast phenotype. While there
may have been a trend toward the acquisition of some osteoblast
characteristics with second stage low frequency strain, this trend
did not achieve statistical significance with respect to mRNA gene
expression, and the protein expression data in Fig. 7 strongly sup-
port a VSMClike phenotype. Our data also indicate that extending
the second stage 0.1 Hz strain to 48 h gave results almost identical
to the 24-h second stage experiments. Overall, these results sug-
gest that either the 1 Hz frequency was a threshold for permanent
lineage commitment into the VSMC lineage or that the VSMCs
were a dominant cell type for MSC differentiation.

Although the intracellular signaling mechanisms of mechano-
transduction have not been well understood, the cytoskeleton is
widely understood as an important signal transducer in stress-
induced cell response (44–46). Liu et al. demonstrated the signifi-
cance of actin stress fibers in the alignment response by showing
the inability of smooth muscle cells to align under different stretch
frequencies after using cytochalasin D to disrupt intact actin fila-
ments [35]. Other studies have also implicated integrins and focal
adhesions in alignment mechanotransduction [40–42]. It has also
been suggested that stress fiber realignment occurs due to the
inability of actin stress fibers to sufficiently relax at high frequen-
cies [43,44]. Under these conditions, the cumulative time spent
without tension leads to stress fiber degradation. Newly formed
stress fibers oriented perpendicular to the axis of stretch are more
stable because they experience less strain and would thus tend to
accumulate over time. An alternate theory was proposed by Chen
et al. [45] based on a minimal-model cellular mechanosensing
study. It was demonstrated in this study that realignment of a
stress fiber connecting to two focal adhesions at 1 Hz can be sim-
ply explained by mechanical focal adhesion destabilization and
the intrinsic physical properties of a stress fiber. Regardless of the
exact mechanism, realignment involves integrins and focal adhe-
sions, which also have intracellular signaling functions through
the c-Jun N-terminal kinases (JNK) and extracellular signal-regu-
lated kinase (ERK)/mitogen-activated protein kinase (MAPK) and
focal adhesion kinase pathways. These pathways would thus have
the potential to explain the changes in gene expression seen in the
present study, although this remains to be demonstrated.

The two-dimensional strain system used in this study only
allows for the formation of a single layer of SMCs, and as such
would be best applied to the construction of small artificial arte-
rioles. A next logical step would be to repeat this study with cells
embedded in a 3D collagen-FN matrix, in order to establish condi-
tions for the preparation of smooth muscle cell sheets containing
multiple layers of cells. There are at least two distinct advantages
to a 3D model. Recent studies have shown that 3D models pro-
mote better differentiation (reviewed in Ref. [46]), thus such a

system would presumably produce a higher quality tissue sheet.
More importantly, multilayer smooth muscle cell sheets would
allow the engineering of larger arteries and arterioles.

Conclusions

The creation of a biological construct capable of mimicking the
native structure and function of the medial layer of the artery
would be a significant step toward a fully functional TEBV. De-
spite the benefits of MSCs as a cell source of VSMCs, the possi-
bility of MSC transdifferentiation postimplantation is a potential
complication that needs to be further understood. In working
closer toward this goal, we discovered that the application of two
distinct lineage-inductive mechanical conditions does indeed
demonstrate the ability of MSC transdifferentiation. However, the
observed transdifferentiation was only from the osteoblast lineage
to the VSMC lineage under the condition of switching from
0.1 Hz stimulation frequency to 1 Hz. Reversing the sequence of
stretch frequencies from 1 Hz to 0.1 Hz induced no transdifferen-
tiation effects from the VSMC to the osteoblast lineage. Further-
more, the duration of each lineage-inductive condition also did
not affect the observed one-directional transdifferentiation.
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