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Abstract

Background: Cartilage tissue engineering is a promising method for repair of cartilage defects. Induction of chondrogenesis in
mesenchymal stem cells (MSC) is currently used in cartilage tissue engineering. Among growth factors, transforming growth factor
β (TGF-β) is common chondrogenic inducer but toward hypertrophic chondrocyte. However, mechanical factors such as ultrasound
could stimulate chondrogenesis.
Objectives: We aimed to investigate stimulation of endogenous TGF-β genes expression by low intensity pulsed ultrasound (LIPUS)
in MSC.
Materials andMethods: In this experimental study, adipose tissue stem cells (ASC) cultures were treated with or without LIPUS (30
mW/cm2, 20 min/day) and with or without TGF-β3 (10 ng/mL) for 4 or 14 days. Chondrogenic gene expression of SOX9 and members
of TGF-β family (β1, β2 and β3) was assessed in ASC cultures at day 4 and 14 by real time PCR.
Results: The gene expression of SOX9 significantly increased by LIPUS and TGF-β treatment versus control cultures. Exogenous TGF-
β3 treatment stimulated endogenous TGF-β1 and β2 gene expressions more than LIPUS treated cultures at day 4. LIPUS, TGF-β and
LIPUS plus TGF-β treated cultures expressed same TGF-β3 gene expression at day 4. The expression of TGF-β1 and β2 decreased by
LIPUS in comparison to TGF-β treated cultures at day 14.
Conclusions: Our results suggest that LIPUS might initiate differentiation of ASC without enhancing endogenous TGF-β genes in
in-vitro.
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1. Background

mesenchymal stem cells (MSC) are currently evaluated
for their use in cartilage tissue engineering approaches.
Adipose stem cells as a kind of MSC have been used most
frequently for chondrogenic induction. Transforming
growth factor β (TGF-β) and mechanical loading are used
to promote chondrogenic differentiation of stem cells [1]
and the application of these factors for chondrogenic in-
duction are taken from embryonic development knowl-
edge and transforming growth factor-β (TGF-β) is the key
regulator of cartilage formation [2]. Three members of
TGF-β (β1, β2 and β3) are involved in chondrogenesis
of MSC. Several studies have found that TGF-β stimulates
chondrogenic gene and protein expression in MSC differ-
entiation [3-5]. TGF-β could induce chondrogenic differen-
tiation of MSC [1], but several disadvantages are associated
with its use such as the formation of an unfavourable hy-
pertrophic cartilage phenotype which followed by endo-

chondral ossification instead of permanent chondrogen-
esis [6-9]. Mechanical loading induces chondrogenic dif-
ferentiation of bone marrow mesenchymal stem cells (BM-
SCs) as effective as TGF-β [10, 11] and it might enhance TGF-β
receptors and also influences on TGF-β intracellular path-
way molecules [12]. However the effects of loading on ex-
pression of endogenous TGF-β are not investigated.

TGF-β is potent growth factor in proliferation and dif-
ferentiation of cells [13] and using of this growth factor
for clinical cartilage tissue engineering which it is not ap-
proved by FDA. Also TGF-β might promote in vitro chondro-
genesis toward hypertrophic chondrocytes [14]. However,
direct mechanical stimulation without using exogenous
TGF-β is one potential strategy to optimize chondrogen-
esis in order to improve the functional outcome of MSC-
based constructs [4, 15]. Among mechanical loading types
low intensity pulsed ultrasound (LIPUS) is used for chon-
drogenic differentiation of MSC [16] and it is currently ap-
plying for rehabilitation in clinic.
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2. Objectives

For clinical purposes, it is necessary to show ultra-
sound dose not induce chondrogenesis via stimulation of
TGF-β expression and consequent unwanted hypertrophic
chondrocytes formation. Therefore this study aimed to
evaluate the effects of LIPUS on TGF-β genes expression.

3. Materials andMethods

3.1. Cell Isolation and Culture

In this experimental study, adipose tissue stem cells
(ASC) were isolated from subcutaneous adipose tissue that
was harvested from patients undergoing elective surgical
procedures, as previously described with minor modifica-
tions [17]. Informed consent and local ethical committee
approval was obtained for the use of adipose tissue speci-
mens for this research. Briefly, the obtained adipose tissue
was washed with phosphate-buffered saline (PBS, Sigma) to
remove red blood cells, chopped into small pieces and the
extracellular matrix was digested for 60 minutes at 37°C
with 0.5 U/mL Liberase Blendzyme 3 (Roche, The Nether-
lands) in PBS. A single cell suspension was obtained by fil-
tering the digested material through a 100 µm mesh fil-
ter to remove tissue debris. The ASC-containing cell sus-
pension was centrifuged at 600 g, and the pellet was re-
suspended in culture medium, which was composed of
Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen,
UK) supplemented with 500 µg/mL streptomycin sulfate
(Sigma), 600 µg/mL penicillin (Sigma) and 5% platelet
lysate. The ASC-containing cell suspension was cultured
at 37°C and 5% CO2 in a humidified incubator. After 24
- 48 hours media of cultures were changed to remove
unattached cells. Medium was refreshed twice per week.
Micromass cultures were established as 50µL droplets con-
taining 4× 105 cells in 6-well culture dishes. Cultures were
allowed to attach for 1 hour at 37°C.

3.2. Chondrogenic Differentiation of ASC

Cultures were treated with LIPUS (as described below),
TGF-β3 (10 ng/mL) (Biovision, Milpitas, CA, USA) and the
combination of LIPUS and TGF-β3 (LIPUS + TGF-β). Cul-
tures received DMEM supplemented with 1% FBS, 100 U/mL
penicillin, 100 µg/mL streptomycin and 2.5 µg/mL ampho-
tericin B.

3.3. Low-Intensity Pulsed Ultrasound Treatment

ASC cultures were exposed to LIPUS (30 mW/cm2) dur-
ing 20 minutes per day for a period of 4 or 14 days. The
therapy unit consisted of two sonic accelerated fracture
healing system devices (SAFHS®, model 2A; Exogen, Smith

and Nephew Inc., Memphis, TN, USA) and three transduc-
ers per device, which were connected by coupling gel to
the six-well culture plate. The SAFHS® device provides low-
intensity ultrasound at 1.5 MHz frequency. This setting was
used in earlier experiments by Smith and Nephew Inc. and
has proven to provide ultrasonic waves in the medium. The
distance between the transducer and the cultures was less
than 2 mm [18]. Control culture plates were kept under
identical conditions in 6-well culture dishes, but were not
exposed to LIPUS treatment.

3.4. Chondrogenic Gene Expression of Cultures

RNA isolation was performed using TRIzol® reagent
(Invitrogen, Carlsbad, CA, USA). cDNA synthesis was per-
formed using Superscript Vilo® (Invitrogen, Carlsbad, CA,
USA). Real-time PCR reactions were performed using the
SYBR Green reaction kit in a Light Cycler 480 (Roche Di-
agnostics). cDNA was used in 10 µL PCR mix (Light Cycler
DNA Master Fast startplus kit, Roche Diagnostics) contain-
ing a final concentration of 0.5 pmol of primers. Relative
gene expression of chondrogenic differentiation master
gene, SOX9 and TGF-β isoforms (β1, β2 and β3) were de-
termined. Using the Light Cycler software version 4, the
crossing points were assessed and plotted versus a serial
dilution of individual gene standards using the Fit Points
method. PCR efficiency was calculated, and only data with
efficiencies ranging from 1.85 - 2.0 were used.

3.5. Statistical Analysis

Data were obtained from three independent experi-
ments. Data were log transformed, normalized to the
housekeeping gene and tested for statistical significance
by one-way analysis of variance using Graph Pad prism 5
software. Data are expressed as mean ± SEM. Differences
are significant if P < 0.05.

4. Results

The histological evaluation of ASC cultures showed the
production of cartilage extracellular matrix after 14 days.
Proteoglycans production evaluated by alcian blue stain-
ing (Figure 1). Production of proteoglycans has been oc-
curred by TGF-β and LIPUS (Figure 1B and 1C) in comparison
with control cultures (Figure 1A). Combination of inducers
(TGF-β and LIPUS) showed more alcian blue staining (Fig-
ure 1D). Cartilage of mouse trachea is used for positive con-
trol (Table 1).

The master gene of chondrogenesis, SOX9 significantly
(P < 0.005) expressed in LIPUS and TGF-β treated cultures
in comparison to control cultures at day 14 (Figure 2). The
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Table 1. Real Time PCR Primers Used in This Study

Primer Primer Sequence

HPRT1F 5’-GCTGACCTGCTGGATTACAT-3’

HPRT1R 5’-CTTGCGACCTTGACCATCT-3’

SOX9F 5’-CCCAACGCCATCTTCAAGG-3’

SOX9R 5’-CTGCTCAGCTCGCCGATGT-3’

TGF-β1F 5’-TGGCGTTACCTTGGTAACC-3’

TGF-β1R 5’-GGTGTTGAGCCCTTTCCAG-3’

TGF-β2F 5’-ATCGATGGCACCTCCACATATG-3’

TGF-β2R 5’-GCGAAGGCAGCAATTATGCTG-3’

TGF-β3F 5’-AAGCGCACAGAGCAGAGAATC-3’

TGF-β3R 5’-AGTGTCAGTGACATCGAAG-3’

Abbreviations: F, forward; HRPT1, hypoxanthine phosphoribosyltransferase as housekeeping gene; R, reverse; SOX9, SRY (sex determining region Y)-box 9; TGF-β, trans-
forming growth factor-β.

Figure 1. Micrographs of Alcian Blue Staining for Proteoglycans Production by ASCs After 14 Days of Culture and Hyaline Cartilage

A, Control cultures; B, cultures treated with low-intensity ultrasound; C, TGF-β treated pellets; D, low-intensity ultrasound in combination with TGF-β; E, hyaline cartilage as
a positive control.
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Figure 2. Effects of LIPUS, TGF-β, and Their Combination on SOX9 Gene Expression
in ASC at Day 4 and 14

Figure 3. Effects of LIPUS, TGF-β and Their Combination on TGF-β Genes Expression
in ASC at Day 4 and 14
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*Significantly different from control; *P < 0.05. LIPUS, low-intensity pulsed ultra-
sound; TGF-β, transforming growth factor-β.

gene expression results of endogenous TGF-β showed sig-
nificant expression by exogenous TGF-β at day 4 (Figure 3).
The expression of different isoforms of endogenous TGF-β
genes increased by TGF-β treatment at day 4 (Figure 4A).
However TGF-β expression did not increased by LIPUS, TGF-
β and both of them at day 14 (Figure 4B).

5. Discussion

In this study I showed that LIPUS increased the expres-
sion of SOX9 the same as TGF-β treated cultures. However
LIPUS did not change endogenous TGF-β gene expressions
in ASC in comparison to exogenous TGF-β. Our findings
are in agreement with Li et al. results that stress could
stimulate chondrogenesis in percence of inhibition of TGF
pathway in MSC [19]. Addition of mechanical loading to

chondrogenic medium may enhance chondrogenesis po-
tential of mesenchymal stem cell [10]. Mechanical load-
ing might change cell shape and facilities translocation
of TGF-β pathway molecules from cytoplasm to the nu-
cleus and direct effect of TGF-β or its receptors may inter-
act with mechanical chondrogenic stimulation [12]. The in-
teraction between mechanical loading and TGF-β could be
via various direct or indirect mechanisms. TGF-β increases
mechanosensitive proteins, paxillin and focal adhesion ki-
nase and make cells sensitive to mechanical loading [20,
21]. In our study the high expression of SOX9 and TGF-β in-
dicates ultrasound may act via TGF-β pathway and lower
TGF-β expression suggested involving TGF-β receptors and
other pathways. The results of pervious study showed that
compressive loading increased in TGF-β1 gene expression
[12]. In the culture medium without TGF-β1, mechanical
loading stimulated gene and protein expression of TGF-β1
and TGF-β3 [22]. TGF-β signaling may magnify the sensitiv-
ity of cells to mechanical forces by increasing of transcrip-
tional factors such as SOX9 as a master gene of chondrgene-
sis. Inhibition of TGF-β signaling pathway significantly de-
creased the stress-induced chondrogenic gene expressions
[19]. Several studies have proposed that mechanical load-
ing may stimulate TGF-β signaling and promotes the chon-
drogenesis of MSCs [11, 12, 23] but this study for first time is
done TGF-β gene expression isoforms by LIPUS treatment.

LIPUS may affect focal adhesion kinase an ERK mechan-
otransduction pathway and increased ECM production in
chondrocytes [24]. TGF-β and LIPUS act via c-Jun and ERK
intracelluar pathway [25]. In this study even though there
is no prominent increase in TGF-β genes and SOX9 in com-
bination of ultrasound and TGF-β treatments. The high ex-
pression of SOX9 in ultrasound treatments in comparison
with control cultures at day 4 and 14 in this study might be
due to modulation of mechanotransduction by stage de-
pendent TGF-β signaling pathway [26].

Taken together, our data suggest that ultrasound could
not induce endogenous TGF-β gene expressions but me-
chanical stress produced TGF-β1 to promote chondrogen-
esis [10]. Further studies on TGF-β receptors would be nec-
essary to elucidate the signaling pathway of ultrasound for
chondrogenesis induction in MSC.
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Figure 4. Effects of LIPUS, TGF-β and Their Combination on TGF-β1, 2 and 3 Genes Expression in ASC at A, Day 4 and B, Day 14
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