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ABSTRACT

Mesenchymal stem cells (MSCs) have a capacity to differentiate into the chondrogenic
lineage and are a valuable allogenic source for cartilage tissue engineering. However,
they still have critical limitations of relatively inefficient chondrogenic differentiation in
vitro and of dedifferentiation and/or hypertrophic changes at late stages of differentia-
tion. Numerous approaches using biochemical and mechanical factors have been tried
but have so far failed to overcome these problems. Recent studies by other groups and
ours have shown that low-intensity ultrasound (LIUS) is an efficient tool for promoting the
chondrogenic differentiation of MSCs both in vitro and in vivo. A series of our experi-
ments suggests that LIUS not only induces chondrogenic differentiation of MSCs but also
has diverse additional activities that enhance the viability of MSCs, increase possibly
the integrity of the differentiated tissues and delays hypertrophic changes during differ-
entiation. Therefore, LIUS could be an innovative and versatile tool for chondrogenic
differentiation of MSCs and for cartilage tissue engineering.

ABBREVIATIONS

3-D, three-dimensional; BMP-2, bone morphogenic protein-2; ECM, extracellular
matrix; ELISA, enzyme-linked immunoabsorbent assay; HIF-1a, hypoxia inducible factor-
Ta; LIUS, low-intensity ultrasound; MMP-3, metalloproteinase-3; MSCs, Mesenchymal
stem cells; PCNA, proliferating cell nuclear antigen; PECAM-1, pallet/endothelial cell
adhesion molecule-1; PGA, polyglycolic acid; RT-PCR, reverse transcriptase-polymerase
chain reaction; TGFB, transforming growth factor-B; TIMP-2, tissue inhibitor of metallopro-
teinases-2; VEGF, vascular endothelial growth factor

INTRODUCTION

Mesenchymal stem cells (MSCs) are currently under extensive investigation as an
alternative cell source for cartilage tissue engineering.!> They can be easily isolated from
various tissues such as the bone marrow, adipose tissue and umbilical cord blood, and
have high ability to differentiate into chondrogenic lineages in vitro and in vivo. To
induce chondrogenic differentiation, MSCs are usually cultured in a chondrogenic defined
medium in a three-dimensional (3-D) environment using micromass culture or various
scaffold materials. In addition, growth factors, such as transforming growth factor-f
(TGFP) in particular, are utilized to enhance differentiation efficiency.*> However, these
differentiation protocols have the limitation that they generate undesired tissues different
from the native cartilages and that they suffer from hypertrophic changes at late stages of
differentiation in vitro and in vivo.®8 Therefore, it is imperative to develop a well-designed
and efficient method for chondrogenic differentiation of MSCs if construction of native
cartilage-like tissues is to be achieved.

Recently, diverse mechanical stimulations such as cyclic hydrostatic pressure, cyclic
compressive loading and low-intensity ultrasound (LIUS) have been shown to be a
promising intervention to enhance the chondrogenic differentiation of MSCs.>-10
Among these mechanical stimulations, LIUS is of particular interest because it is simple,
cost-effective and already proven to activate chondrocyte phenotypes in vitro'’? and
improve cartilage repair in animal models.?%4 This review will introduce findings by other
groups and ours on the LIUS effect on MSCs during the chondrogenic differentiation and
will discuss some of the issues regarding its mechanism and future applications.
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four weeks the LIUS stimulation clearly
increased the compressive strength and the
expression of proteoglycans and collagens

Type Il collagen

in the construct. In addition to the LIUS
effect to induce chondrogenic differen-
tiation of MSCs, several other notice-
able results were observed in our
experiments. First, LIUS induced chon-
drogenic differentiation of MSCs in the
absence of added TGFp both in vitro and

in vivo.1428 This result is inconsistent with

Figure 1. Effects of LIUS on the chondrogenic differentiation of human MSCs in alginate layer culture. The
expression of chondrogenic markers such as Sox-9, aggrecan and type Il collagen was measured at one
and two weeks by RT-PCR analysis. Relative band intensities normalized against those of GAPDH were
presented from five independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001.

EFFECT OF LIUS ON THE CHONDROGENIC DIFFERENTIATION
OF MSCS IN VITRO AND IN VIVO

The activity of LIUS in enhancing chondrogenic differentiation
of MSCs was first reported by Ebisawa et al. using pellet culture
of human MSCs from bone marrow.!> They used pulsed LIUS
at 1 MHz and intensities of 15, 30, 60, 120 mW/cm? for 20 min
a day over 10 days. The pulsed LIUS was shown to increase
expression of sulfated proteoglycans in the presence of TGFf3 in
both immunohistochemistry and enzyme-linked immunoabsorbent
assays (ELISA). However, the study had some limitations that the
LIUS effect was only shown at 30 mW/cm? and no supportive data
was provided such as the expression of type II collagens and other
chondrogenic markers. About two years later, Schumann et al. and
we reported similar results for the LIUS effect in human and rabbit
MSCs.”14 Schumann et al. cultured human MSCs in aggregates
or in a biodegradable composite scaffold of hyaluronan and gelatin
(in a ratio of 7:3).? Their LIUS parameters were similar to those
used by Ebisawa et al. except it was applied at 1.5 MHz and a fixed
intensity of 30 mW/cm?. Instead, cells were treated for 40 min a day
for the first seven days and observed until 21 days in the presence of
TGEFB1. The positive effect of LIUS was shown by the expression
of proteoglycans and type II collagen, as demonstrated by reverse
transcriptase-polymerase chain reaction (RT-PCR) and chemical
assays.

We have shown the LIUS effect in vitro and in vivo in more
specific and diverse experiments using human and rabbit MSCs
from the bone marrow in alginate or polyglycolic acid (PGA)
scaffolds.!3141625 In contrast to the two other studies described
above, continuous wave LIUS was applied at a frequency of 0.8 or
1 MHz and an intensity of 200 mW/cm? for 20 min a day or for
10 min every 12 hrs. The LIUS parameters and treatment
conditions were optimized based on our studies using chondro-
cytes.?%:21:26.27 In alginate culture of rabbit MSCs, LIUS stimulated
synthesis of cartilage matrix, formation of lacunae, and enhanced
expression of chondrogenic marker genes such as aggrecan, type
IT collagen and Sox-9 after one or two weeks of culture.!* Similar
results of the LIUS effect were obtained in vitro in alginate culture
of human MSCs (Fig. 1)25 and in rabbit MSCs in a PGA scaffold.!¢
The LIUS effect was also shown in vivo.'> Rabbit MSCs in a PGA
scaffold were first implanted in the backs of nude mice and were
stimulated with LIUS from the outside for 20 min a day at 0.8 MHz
and 200 mW/cm? in a continuous wave mode. When examined until
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those of the other two groups that the LIUS
activity was shown only in its presence.”!?
Differences in the mode of LIUS stimula-
tion might be the reason for the apparent
discrepancy of the results. Second, LIUS
induced expression of tissue inhibitor of
metalloproteinases-2 (TIMP-2) but showed no effect on the protein
level of metalloproteinase-3 (MMP-3) or mRNA levels of MMP-13,
and type T and X collagens.!41¢ TIMP-2 functions as an inhibitor
of MMPs and an anti-angiogenic factor that can inhibit vascular
invasion following hypertrophy of chondrocytes during endochon-
dral ossification.?? Type I and X collagens and MMP-13 are also
involved positively in the hypertrophic changes of chondrocytes.®
Therefore, LIUS might inhibit degradation of extracellular matrix
(ECM) proteins and/or hypertrophic changes of differentiated
MSCs, thereby enhancing the integrity of cartilage constructs.
Third, MSCs differentiated using LIUS treatment maintained their
chondrogenic phenotypes for a longer time than did the untreated
cells, when they were re-plated in monolayer culture.'* Schumann
et al. also showed that human MSCs pretreated with pulsed LIUS
for one week expressed more proteoglycans and collagens when
examined at two and three weeks.” These results indicate that
preconditioning by LIUS for a short period (e.g., for one week) could
program MSCs to differentiate well into chondrogenic lineages or to
better maintain chondrogenic phenotypes during subsequent culture
in the absence of additional LIUS stimulation. These issues will be
discussed in more detail below.

EFFECT OF LIUS PRECONDITIONING ON THE CHONDROGENIC
DIFFERENTIATION OF MSCS AND THE CARTILAGE REPAIR IN A
RABBIT DEFECT MODEL

The preconditioning of MSCs with LIUS could be a useful
protocol for the application of MSCs to the tissue engineering of
cartilage. It could reduce the time and cost for culture of MSCs
in vitro as well as enhancing the efficiency of chondrogenic differ-
entiation of MSCs. In addition, it might enable mass production
and wide distribution of engineered cartilages with allogenic MSCs.
In our experiments, LIUS preconditioning of rabbit MSCs in PGA
scaffold for one week in vitro without TGFp significantly enhanced
the chondrogenic differentiation and formation of hyaline carti-
lage-like tissues, when the construct was implanted into the backs
of nude mice (Fig. 2A).16 In addition, calcification of tissues with
vascular invasion, observed from four weeks of implantation in the
untreated group, was apparently delayed by LIUS preconditioning
(Fig. 2B).1° It appears to be associated with the effect of LIUS on
the expression of genes involved in the hypertrophy of chondrocytes
and angiogenesis as mentioned above.!41¢ Treatment by TGF1
alone in vitro showed no significant effect on chondrogenic
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Figure 2. Effect of LIUS preconditioning on the chondrogenic differentiation
and hypertrophic changes of rabbit MSCs in PGA scaffold in nude mice.
(A) Safranin O/Fast green staining for the expression of proteoglycans in the
implanted constructs at 1, 2, 4 and 6 weeks (x10). (B) von Kossa staining
for the calcification of the implanted constructs (x10).

differentiation and calcification of the implant in nude mice both in
the absence and presence of LIUS treatment. The LIUS precondi-
tioning of rabbit MSCs in PGA scaffolds has also been observed to
improve repair of the full-thickness cylindrical defect in the femoral
trochlea (unpublished data). The implant showed stronger expression
of proteoglycans and type II collagen and better integration with
host tissue in the LIUS preconditioned group than in the untreated
group. In a previous report, De Bari et al. showed that human
synovial membrane MSCs, differentiated in vitro, failed to form
stable cartilage when implanted subcutaneously in nude mice.?!
Noel et al. also showed that C3H10T1/2-derived C9 MSCs injected
into the knee joints of CB17-severe combined immunodeficient g
mice did not differentiate into chondrocytes to form cartilage tissue
in the absence of bone morphogenic protein-2 (BMP-2) expres-
sion.3? Although there are differences in the experimental conditions,
our results suggest that the LIUS preconditioning of MSCs is an
efficient method for the chondrogenic differentiation of MSCs and
cartilage tissue formation in vivo.
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ROLE OF TGF(3 IN THE LIUS EFFECT ON THE CHONDROGENIC
DIFFERENTIATION OF MSCS

It has long been regarded that TGFp is necessary and sufficient to
induce chondrogenic differentiation of MSCs in vitro.#> The LIUS
effect has been shown in the presence of TGEf in the reports by the
other groups.”!? They argued that LIUS could increase the synthesis
of endogenous TGFf in MSCs or increase the access of exogenous
TGFp to the center of the constructs.” In our studies, however,
the LIUS effect was consistently observed in diverse experimental
conditions in vitro and in vivo without exogenous TGFf.!31416:25
The discrepancy between the results could be caused by differences
in the cell source, 3-D culture system and LIUS stimulation mode as
described above. We suspect that the LIUS stimulation mode could
be a most critical factor because the TGFp-independent activity of
LIUS was reproducibly obtained in our studies using both rabbit
and human MSCs and using different scaffold systems such as
alginate, PGA and fibrin/hyaluronan composite (unpublished data).
The other groups used LIUS of pulsed wave at 30 mW/cm?, while
we used continuous wave at 200 mW/cm?. It is not clear, however,
why these differences influenced the function of MSCs and the
dependency on TGEF.

We think that LIUS have a unique role and mechanism that is
independent of TGFf during the differentiation of MSCs. First,
the role of TGFP was not always definite in the chondrogenic
differentiation of MSCs. TGFf was not always sufficient to induce
chondrogenic differentiation of human MSCs in pellet culture and
BMP-1 or BMP-2 were required.>>3* Chondrogenic differentiation
occurred efficiently without any added growth factors in bovine MSCs
in pellet culture occurred®® and rabbit MSCs in PGA scaffold.!3-10
Besides, other mechanical stimulations such as cyclic hydrostatic
pressure and cyclic compressive loading also induced robust chon-
drogenesis of human and rabbit MSCs, respectively, independently
of exogenous TGFB.!1153¢ Second, LIUS must use different cell
surface receptors and cellular signaling pathways from those for
TGFp. The TGFp signal is transmitted via specific cell surface
receptors and the Smad pathway,®” whereas the LIUS signal
appears to use the mechanotransduction pathway including inte-
grins, stretch-activated ion channels, and interleukin-4 on the
cell surface.?®40 In addition, the expression pattern of selected
surface markers was different between TGFB- and LIUS-treated
groups during the chondrogenic differentiation of human MSCs
(unpublished data).

EFFECT OF LIUS ON THE HYPERTROPHIC CHANGES
OF DIFFERENTIATED MSCs

In contrast to fully differentiated chondrocytes, MSCs under
going the chondrogenic differentiation in vitro or in vivo usually
lose their differentiated phenotypes, probably by dedifferentiation
and/or hypertrophic changes.®$1031 Preconditioning with LIUS
in vitro delayed these adverse changes of rabbit MSCs implanted
in the back of nude mice, such as the loss of proteoglycans
expression, vascular invasion and calcification of tissues in our
study.'® These changes are reminiscent of the phenomenon observed
during endochondral bone formation.! Further investigation
using rabbit MSCs in alginate or PGA scaffolds showed that LIUS
treatment reduced expression of genes involved in the hypertrophy
of chondrocytes, such as type I and X collagens, and MMP-13,
while induced that of TIMP-2, an inhibitor of angiogenesis,
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as early as after one week in vitro.!%1® We also observed that
LIUS could inhibit vascular invasion, as judged by immuno-
histochemical analysis for pallet/endothelial cell adhesion molecule-1
(PECAM-1) and could reduce the expression of angiogenic factors
such as hypoxia inducible factor-1at (HIF-1a) and vascular endothe-
lial growth factor (VEGF) in rabbit MSCs in vitro or in nude
mice (unpublished data). These results suggest that LIUS could
inhibit the hypertrophic changes and vascular invasion during the
chondrogenic differentiation of MSCs in vitro and in vivo. It is
inconsistent with previous reports that LIUS stimulated angiogenesis
or hypertrophy of the cartilage during fracture healing and
endochondral ossification in vitro.#2#3 The differences in the
experimental conditions (subcutaneous versus bone) could be a
cause of the inconsistent results, and careful and long-term
investigations are necessary to fully address the effect of LIUS on
the hypertrophic changes of MSC and its value for the cartilage
tissue engineering. The mechanism of LIUS to inhibit hypertrophy
of cells is not clear but probably independent of its function
to enhance chondrogenic differentiation of MSCs. First, hyper-
trophic change could occur prematurely and often precede the
chondrogenic differentiation of MSCs in vitro.® Therefore,
inhibition of hypertrophy by LIUS could be a prerequisite
for the efficient chondrogenic differentiation of MSCs rather
than its outcome. Second, LIUS was also shown to reduce the
expression of type X collagen in the deep zone of the cartilage
explants in vitro, where no chondrogenic differentiation is

involved. %4

EFFECT OF LIUS ON THE PROLIFERATION AND VIABILITY
OF MSCs

The effect of LIUS on the proliferation was rather compli-
cated in chondrocytes depending on the experimental conditions
used.!7-18:2021:45 e have previously argued that LIUS enhances
the proliferation of chondrocytes in monolayer culture but not in
3-D environment.”? The direct effect of LIUS on the proliferation
of MSCs during chondrogenic differentiation has not yet been
investigated thoroughly. MSCs differentiated in alginate using
LIUS showed higher proliferation rate than that of the untreated
controls, when cells were replated in monolayer culture.!* However,
MSCs differentiated in a PGA scaffold showed no significant
differences in their DNA content in vitro or in vivo.!>10
Therefore, it is likely that LIUS does not have significant effect
on the proliferation of MSCs during chondrogenic differentiation
in 3-D environments.

In contrast, LIUS significantly enhanced the viability of both
chondrocytes and MSCs in 3-D alginate culture.?!?> Harsh
conditions for chondrogenic differentiation of MSCs using 3-D
culture and TGFp appeared to be cytotoxic and induce apoptotic
cell death for long time culture. Treatment of LIUS clearly inhibited
apoptotic events and reduced expression of apoptosis-related genes
such as p53 and bax, while induced that of anti-apoptotic genes
such as bcl-2 and proliferating cell nuclear antigen (PCNA)
(Fig. 3)."* Interestingly, the protective effect of LIUS was also
observed in monolayer culture of MSCs treated with staurosporine
to induce apoptosis. Therefore, the anti-apoptotic effect of LIUS
appears to be an active process involving specific regulation of
related genes but not just simply enhancing the cell proliferation or
overall cellular activity.
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Figure 3. Effects of LIUS on the apoptosis of human MSCs during chondrogen-
ic differentiation in alginate layer culture. (A) Thin sections of the constructs
were stained with FragEL DNA Fragmentation Detection Kit (Calbiochem,
Germany) at one and two weeks. The number of apoptotic cells was deter-
mined from five independent experiments in the histogram. The data were
presented as a mean * standard deviation (SD). *p < 0.05, **p < 0.01,
and ***p < 0.001 (B) The expression of apoptosis and cell viability related
genes (p53, bax, bcl-2 and PCNA) was examined by Western blot analysis.
The level of action was measured as an internal control.

SUMMARY AND FUTURE PERSPECTIVES

The results from other groups and ours suggest that LIUS is
an efficient tool for promoting the chondrogenic differentiation
of MSCs both in vitro and in vivo. LIUS was shown to play not
just enhancing but actively inducing roles that direct MSCs to
chondrogenic lineages without exogenous growth factors such as
TGEF. LIUS also had diverse additional functions during the chon-
drogenic differentiation of MSCs in vitro and in vivo. It enhanced
(1) viability of MSCs by inhibiting apoptosis of cells, (2) regulated
expression of genes involved in the integrity of the differentiated
construct, and (3) delayed hypertrophic changes at the late stage
of differentiation. Together with its non-invasive and cost-effective
properties, the activities of LIUS make it an innovative and versatile
tool for the chondrogenic differentiation of MSCs and cartilage
tissue engineering. Chondrogenic programming of MSCs by LIUS
preconditioning and direct application of LIUS in vivo could also
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allow diverse approaches for its practical use in the cartilage tissue
engineering. Future studies should include (1) further optimiza-
tion of the LIUS treatment condition such as the LIUS parameters,
cell culture medium and scaffold system to sufficiently overcome
hypertrophic changes of MSCs, (2) understanding the detailed
mechanism underlying the diverse activities of LIUS and (3) devel-
opment of efficient and convenient LIUS stimulators fit for specific
research or practical purposes, for example, an integrated system of
bioreactor and LIUS stimulator for cartilage tissue engineering using

MSCs.
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