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Abstract—Articular cartilage defects are common, causing
significant morbidities. Tissue engineering using pluripotent
stem cells is a new promising modality for cartilage repair. In
the current study, we investigated the chondrogenesis of
rabbit adipose-derived stem cells (ADSCs). We isolated
rabbit ADSCs and transfected these cells with constructs
encoding human insulin growth like factor 1 (IGF-1) and
bone morphogenic protein 2 (BMP-2). We examined the
growth and morphology of these transfected cells and their
production of type II collagen and MMP-3. We found that
IGF-1 and BMP-2 drove the chondrogenesis of ADSCs,
which showed mature chondrocyte-like cells and formed
cartilage nodules. These cells also produced type II collagen
with a reduced production of MMP-3. Our findings sug-
gested that human ADSCs could differentiate into chondro-
cyte-like cells driven by IGF-1 and BMP-2 and held promises
as an abundant and ready source of stem cells for cartilage
repair and regeneration.
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INTRODUCTION

Cartilage is hypocellular and avascular and has
limited repair capacity of articular cartilage damages
or defects. Defects of load-bearing articular cartilages
are often results of trauma, degeneration or disease
processes and are common, causing significant mor-
bidities. Autologous chondrocyte transplantation has
been used for the treatment of articular cartilage
defects in patients with osteoarthritis for over a decade,
but the method suffers from, among others, a paucity
of cell sources and damages to the native tissues upon
harvesting of chondrocytes.3

Recently, tissue engineering has emerged as a new
and promising modality for cartilage repair and multi-
ple attempts have been made using various types of
adult stem cells such as bone marrow-derived stem cells.
Cartilage is formed from the condensation of mesen-
chymal stem cells during embryogenesis. Adipose tissue,
which also originates from the mesenchymes, offers a
promising source of cells for tissue engineering. Adi-
pose-derived stem cells (ADSCs) have been shown to be
multipotent adult stem cells and capable of chondro-
genesis.13 It contains stem cells similar to bone mar-
row-derived mesenchymal stem cells44,45 and has the
ability to yield mesenchymal stem cells that have the
potential to undergo chondrogenesis and cartilage
regeneration. Additionally, these ADSCs are easily
accessible, abundant in supply, minimally invasive upon
harvesting, easily expandable and non-immunogenic.

Chondrocytes produce dense extracellular matrix
(ECM) with 40–50% of cartilage ECM consisting of
collagens, mostly type II collagen, and 20–25% of
different proteoglycans. Bone morphogenic proteins
(BMPs) stimulate the mitosis of chondrocytes and their
production of ECM and induce mesenchymal stem
cells to differentiate into chondrogenic cells. BMP-2
alone, however, appears to stimulate osteogenesis.21

But, when used together with other growth factors,
BMP-2 is capable of stimulating chondrogenesis.33

Insulin like growth factor 1 (IGF-1) increases the
synthesis of major cartilage proteins including prote-
oglycans and type II collagen26 and inhibits the deg-
radation of ECM in normal cartilage.

The matrix metalloproteinases (MMP) are a family
of zinc-dependent proteases. They are involved in
proteolytic cleavage and remodeling of the cartilage,
and regulation of angiogenesis. Among all of the
MMPs, MMP-3 is particularly linked with pathologi-
cal conditions. An increased level of synovial MMP-3
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is usually found in acute knee injuries together with
increased IL-1b and TNF-a.35

In the current study, we transfected ADSCs
sequentially with IGF-1 and BMP-2, and observed
their effects on the chondrogenic differentiation of
ADSCs. We showed that IGF-1 and BMP-2 drove
the chondrogenesis of these ADSCs, which could
become an abundant and ready source for cartilage
regeneration.

MATERIALS AND METHODS

Isolation and Primary Culture of ADSCs

Subcutaneous adipose tissue (5 cm3 in size) was
removed from the nape of the neck of New Zealand
rabbits provided by the animal facility of China
Medical University, Shenyang, Liaoning, China. The
experimental procedures were approved by the
Experimental Animal Ethic Committee at China
Medical University. Subsequently, the tissues were
minced and digested with 0.1% type II collagenase
(Invitrogen, Carlsbad, CA) at 37 �C for 40 min and
resuspended in a red blood cell lysis buffer at room
temperature for 15 min. The digest was then filtered
through 200 and 50 lm mesh and pelleted by centri-
fuging at 6009g for 5 min. The cells were resuspended
and 700 cells/mm2 were cultured in Dulbecco’s Modi-
fied Eagle Medium with 10 mM glucose (DMEM-HG)
(Gibco BRL, Grand Island, NY) and 5% fetal bovine
serum (FBS) (TBD, Tianjin, China) at 37 �C in a
humidified 5% CO2 incubator.

Transfections and Infections

ADSCs were seeded at a density of 0.5 9 106/well in
6 well plates and were transfected with pcDNA3.1,
pcDNA3.1-hIGF-1, or vehicle (at 5 lg of each item)
using Lipofectamine 2000 by the manufacturer’s
instructions (Invitrogen). At 24 h post transfection,
geneticin (G418, Gibco-BRL) (500 lg/mL) was added
to the transfected cells and cells were cultured for
2 weeks for the selection of geneticin-resistant stably
transfected cells. The ADSCs stably transfected with
pcDNA3.1-hIGF-1 were infected with the adenoviral
vectors Ad-hBMP-2, Ad-LacZ, or vehicle at a multiple
of infection of 1:100.

RT-PCR

Total RNA from ADSCs transfected with vehicle,
pcDNA3.1, pcDNA3.1-hIGF-1, pcDNA3.1-hIGF-1 +
Ad-LacZ, or pcDNA3.1-hIGF-1 + Ad-hBMP-2
was isolated using TRIzol reagents according to
the manufacturer’s instructions (Invitrogen). Reverse

transcription was done using RevertAidTM First
Strand cDNA Synthesis Kit according to the manu-
facturer’s instructions (Fermentas, Hangover, MD).
The sequences of primers for hBMP-2 were as follows:
hBMP-2 forward, 5¢-CTAAAGGTCGACCATGGTG
GCCGGGACCCGCTG-3¢ and hBMP-2 reverse, 3¢-G
ACTGGAATTCCTAGCGACACCCACAACCCT-5¢.
Those for hIGF-1 were hIGF-1 forward, 5¢-GCCTCG
AGGAAGATGCACACCATGTCCTC-3¢ and hIGF-1
reverse, 5¢-GCGAATTCCTACATCCTGTAGTTCTT
GTTTC-3¢ and those for the housekeeping gene b-actin
were b-actin forward: 5¢-ACACTGTGCCCATCTAC
G-3¢ and b-actin reverse: 5¢-CTCGTCATACTCCTG
CTTG-3¢. The cDNA was used as templates for PCR,
which was carried out in a 50 lL reaction containing
10 mM Tris–HCl (pH 9.0), 50 mM KCl, 0.1 mg/mL of
bovine serum albumin, 1.5 mM MgCl2 2 units of Taq
polymerase (Takara, Dalian, Liaoning, China), 0.4 lM
each primer, 4 lL cDNA, and 0.2 mM all four dNTPs
by incubating the reaction mixture at 95 �C for 5 min
followed by 30 cycles of 95 �C for 30 s, 55 �C for 1 min
and 72 �C for 1 min with additional incubation at 72 �C
for 10 min. The PCR products were resolved by 1%
agarose gel electrophoresis.

MTT Assay

The growth and morphological features of ADSCs
transfected with the various constructs were examined
by light microscopy and the formation of cartilage was
studied by staining with 1% toluidine blue. In addi-
tion, the proliferation of these ADSCs was assessed
by the tetrazolium-based semi-automated colorimetric
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) reduction assay according to the
manufacturer’s instructions (Amresco, Solon, OH).
Briefly, ADSCs were seeded at a density of 0.5 9 105/
well in 96-well plates and 250 lg MTT was added at
various time points and the values of optical density
(OD) of these cells were read at 570 nm.

Immunoblotting Studies and Indirect Immunofluorescent
Microscopy

The cellular lysates from ADSCs transfected with
the various constructs were prepared as described4 and
were resolved by SDS-PAGE. Immunoblotting analy-
sis was done as previously depicted.4 The antibodies
against the following proteins were used for immuno-
blotting studies: type II collagen, IGF1 and MMP-3
(Neumark). Indirect immunofluorescent microscopy
was done as previously described and anti-type II
collagen (Neumark) and FITC-conjugated goat anti-
mouse antibody (Zhongshan Jinqiao, Beijing, China)
were used.
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Transmission Electron Microscopy

ADSCs transfected with the various constructs were
rendered into single cell suspensions. The cell pellets
were collected after centrifuging at 1000 rpm and
washed with PBS. The cells were subsequently fixed
overnight with 2.5% glutaraldehyde, washed with
0.01 M sodium cacodylate, fixed in 1% osmium
tetroxide for 4 h. The fixed cells were dehydrated in
increasing concentrations of acetone, immersed in
Spurr’s resin and embedded in labeled capsules with
freshly prepared resin. Ultrathin sections were pre-
pared and stained with uranyl acetate and lead citrate
and examined under transmission electron microscope.

RESULTS

ADSCs Transfected with pcDNA3.1 + hIGF-1
and Ad-BMP-2 Expressed hIGF-1 and BMP-2

and Exhibited Robust Growth

Isolated ADSCs showed typical elliptical or fibro-
blastic morphology 24 h after inoculation and grew
into in whorl-like formations. By day 5, ADSCs
showed a pattern of aggregated cell growth with whorl

formation (Fig. 1a). Trypan blue staining showed that
95% of cultured ADSCs were viable and the ADSCs
had a doubling time of 28.4 h. After transfection with
pcDNA3.1 + hIGF-1, ADSCs exhibited active
growth with a doubling time of 24.5 h. They also
showed numerous mitotic figures and increased cell
volume and the cells appeared polygonal, oval or
irregular in shape (Fig. 1b). The ADSCs transfected
with pcDNA3.1 + hIGF-1 and subsequently infected
with Ad-BMP-2 showed a growth pattern and
morphology similar to ADSCs transfected with
pcDNA3.1 + hIGF-1. The proliferation study using
the MTT assays further revealed that ADSCs trans-
fected with pcDNA3.1 + hIGF-1 exhibited rapid
growth following transfection while ADSCs transfec-
ted with pcDNA3.1 + hIGF-1 and subsequently
infected with Ad-BMP-2 showed a similar growth rate
to that of ADSCs transfected with vehicle control
(Fig. 1c).

The expression of hIGF-1 and BMP-2 in ADSCs
transfected with various constructs was examined by
RT-PCR. The results showed that hIGF-1 was
expressed in ADSCs transfected with pcDNA3.1 +
hIGF-1, but not in untransfected ADSCs or those
transfected with control vector (Fig. 1d). Additionally,

FIGURE 1. (a) Cultured ADSCs showed a whorl-like growth pattern (2003). (b) Morphology of ADSCs transfected with
pCDNA3.1 + hIGF-1 (4003). (c) Proliferation of ADSCs transfected with pCDNA3.1 + hIGF-1 or Ad-BMP-2. Proliferation of the
ADSCs was examined using MTT assays. Data were expressed as mean 6 SD. Each experiment was repeated at three times.
* p < 0.05, compared with control. (d) IGF-1 and BMP-2 were expressed in ADSCs transfected with pCDNA3.1 + hIGF-1 or Ad-BMP-2.
Total cellular RNA was isolated and reverse transcribed into cDNA, which were amplified by PCR using primers for hIGF-1, BMP-2
or b-actin. Lane A, cultured ADSCs; lane B, ADSCs stably transfected with pCDA3.1; lane C, ADSCs stably transfected with pCDNA
3.1 + hIGF-1; lane D, ADSCs stably transfected with pCDNA3.1 + hIGF-1 and infected with Ad-LacZ; lane E, ADSCs stably trans-
fected with pCDNA3.1 + hIGF-1 and infected with Ad-BMP-2.
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BMP-2 was detected in those ADSCs transfected with
pcDNA3.1 + hIGF-1 and subsequently infected with
Ad-BMP-2, but not in those infected with Ad-LacZ.

ADSCs Transfected with pcDNA3.1 + hIGF-1
and Ad-BMP-2 were Chondrogenic

The ADSCs stably transfected with pcDNA3.1 +
hIGF-1 exhibited fibroblast-like growth and producing
a directionless mass of cells. The nucleus appeared
large and oval in shape with double nuclei observed in
some ADSCs. The nucleolus was prominent and there
were vacuoles in the cytoplasm. After 2 weeks of
growth at low serum, the ADSCs appeared elliptical,
the nucleus became smaller, and the vacuoles disap-
peared. In addition, typical nodular cell aggregates
were observed. Staining of ADSCs transfected with
pcDNA3.1 + hIGF-1 with 1% toluidine blue revealed
the presence of dark blue areas, reflecting high contents
of proteoglycans (Fig. 2a), suggesting that these cells
were of chondrogenic potential. Similar findings were
observed in ADSCs transfected with pcDNA3.1 +
hIGF-1 and subsequently infected with Ad-BMP-2
(Fig. 2b).

ADSCs Transfected with pcDNA3.1 + hIGF-1
and Ad-BMP-2 Produced High Levels of Type II

Collagen

We further examined the expression of type II col-
lagen in ADSCs transfected with the various constructs
by immunoblotting studies. We found that ADSCs
transfected with pcDNA3.1 + hIGF-1 alone had
higher level of type II collagen compared with that of
untransfected ADSCs (Fig. 3a). The highest level of
type II collagen was found, however, in those ADSCs
that were subsequently infected with Ad-BMP-2.
Immunohistochemical study further revealed that type
II collagen was expressed in ADSCs transfected with
pcDNA3.1 + hIGF-1 or those pcDNA3.1 + hIGF-1
and subsequently infected with Ad-LacZ while no type
II collage was detected in ADSCs transfected with
vehicle or vector control (Figs. 3b to 3e).

ADSCs Transfected with pcDNA3.1 + hIGF-1
Expressed Lower Levels of MMP-3

We examined the expression of MMP-3 in ADSCs
transfected with various constructs. We found that the
level of MMP-3 was lower in ADSCs transfected with
pcDNA3.1 + hIGF-1 compared with those transfec-
ted with vehicle or control vector (Fig. 4). Subsequent
infection with Ad-BMP-2 of ADSCs transfected with
pcDNA3.1 + hIGF-1 caused no further reduction in
the level of MMP-3.

ADSCs Transfected with pcDNA3.1 + hIGF-1
and Ad-BMP-2 Exhibited a Mature Phenotype

Transmission electron microscopic examination
revealed that the nucleus of ADSCs appeared oval-
shaped with prominent nucleolus and with sparse and
diffuse distribution of chromatin (Fig. 5a). There were
fewer organelles and the mitochondria, the
Golgi apparatuses and the endoplasmic reticula were
not well developed. These findings suggest that the

FIGURE 2. (a) ADSCs transfected with pCDNA3.1-hIGF-1
showed aggregated cell growth with formation of cartilage
nodules. The cells were stained with 1% toluidine blue. (b)
ADSCs transfected with pCDN3.1-hIGF-1 and infected with
Ad-BMP-2 exhibited aggregated cell growth with formation of
cartilage nodules. (c) Naı̈ve control. Magnification: 3100.
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ADSCs were immature. ADSCs transfected with
pcDNA3.1 + hIGF-1 and Ad-BMP-2 showed denser
chromatin, abundant and well-developed organelles
(Figs. 5b and 5c), suggesting that the transfected
ADSCs were metabolically active.

DISCUSSION

Tissue-engineering strategies for cartilage repair
have been widely studied using resorbable biomaterial
scaffolds, stem cells of various origins, and biologically
active molecules such as cytokines or growth fac-
tors.12,16 A successful cell-based therapy for cartilage
repair requires an appropriate cell source that is

abundant in supply and non-immunogenic, and that
possesses chondrogenic potential and easy accessibil-
ity.12,17 Due to their higher yields and easier accessi-
bility than primary chondrocytes, bone-derived
mesenchymal stem cells (BMSCs) have been studied as
a source of chondrogenic cells for cartilage repair and
as an alternative to autologous primary chondro-
cytes.1,24 Challenges, however, remain with the use of
BMSCs, including the invasive nature of their isolation
procedures, inadequate yield of stem cells that may be
isolated from bone marrow,9 and the limited differen-
tiation potential of BMSCs with increasing age of the
cells.2,38

ADSCs are abundant in supply and yield a higher
number of mesenchymal stem cells. They are readily
accessible and also non-immunogenic. ADSCs have
similar characteristics to BMSCs15,18,44 and are capa-
ble of multilineage differentiation in a manner resem-
bling BMSCs.19,42,44 Additionally, ADSCs have been
shown to be of chondrogenic potential; they can
maintain the differentiated chondrocyte phenotype for
an extended period of time when cultured in vitro8,14

and show greater ability to form chondrocytes.20,34 On
the other hand, ADSCs were found to exhibit no sig-
nificant difference from BMMSCs in cell yield, growth
kinetics, cell senescence and multi-lineage differentia-
tion capacity.5 ADSCs were also shown to have poor
chondrogenic capability, which could be attributed to
the presence of preadipocytes in the isolates that
may interfere with the chondrogenic properties of
ADSCs.28

FIGURE 3. (a) ADSCs transfected with pCDNA3.1-hIGF-1 and
Ad-BMP-2 produced type II collagen. Expression of type II
collagen was examined by immunoblotting. Lane A, cultured
ADSCs; lane B, ADSCs stably transfected with pCDA3.1; lane
C, ADSCs stably transfected with pCDNA 3.1 + hIGF-1; lane D,
ADSCs stably transfected with pCDNA3.1 + hIGF-1 and
infected with Ad-LacZ; lane E, ADSCs stably transfected with
pCDNA3.1 + hIGF-1 and infected with Ad-BMP-2. Expression
of type II collagen was also examined by immunohistochem-
istry (b–e). (b) Cultured ADSCs; (c) ADSCs stably transfected
with pCDA3.1; (d) ADSCs stably transfected with pCDNA
3.1 + hIGF-1; (e) ADSCs stably transfected with pCDNA3.1 +
hIGF-1 and infected with Ad-BMP-2.

FIGURE 4. ADSCs transfected with pCDNA3.1 + hIGF-1
showed reduced expression of MMP-3. Lane A, cultured
ADSCs; lane B, ADSCs stably transfected with pCDA3.1; lane
C, ADSCs stably transfected with pCDNA 3.1 + hIGF-1; lane D,
ADSCs stably transfected with pCDNA3.1 + hIGF-1 and
infected with Ad-LacZ; lane E, ADSCs stably transfected with
pCDNA3.1 + hIGF-1 and infected with Ad-BMP-2.
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Growth factors and cytokines such as BMP-2 and
IGF-1 have been shown to be capable of modulating
the proliferation and differentiation potentials of
mesenchymal stem cells.10,11,29,31,40 IGF-1 is the
most widely studied anabolic growth factor that
regulates cartilage metabolism. IGF-1 augments car-
tilage regeneration by stimulating cell migration to
the wound site, promoting chondrocyte survival,

development, maturation and proliferation and to
function in an autocrine manner to stimulate matrix
synthesis.22,23,32,37,41 In the meanwhile, IGF-1 inhibits
matrix degradation by down-regulating matrix
metalloproteinases and inflammatory cytokines and it
also inhibits the apoptosis of chondrocytes.6,27,30

In this study, we isolated ADSCs and have shown
these cells transfected with human IGF-1 and BMP-2
exhibited robust growth and were capable of chon-
drogenesis. IGF-1 has been shown to promote chon-
drocytes survival, development and maturation. BMPs
belong to the transforming growth factor-b (TGF-b)
superfamily, which includes TGF-b, activins/inhibins,
and BMPs. BMP-2 is capable of inducing the differ-
entiation of MSCs into chondrocytes,43 promotes
chondrogenic differentiation,18 upregulate cartilage
gene expression after mechanical injury7 and improve
cartilage injury repair.39 The physiological effect of
IGF-1 has been shown to be executed through IGF-1R
and BMP-2 increases the binding availability of
IGF-1R for IGF-1.25 We also noted a significant
decrease in the level of MMP-3 after transfection with
IGF-1. MMP-3 degrades the extracellular matrix and
inhibits the movement of chondrocytes. BMP-2 also
exerts inhibitory effects on the expression and activity
of MMP-3.36

In conclusion, we have demonstrated that human
IGF-1 and BMP-2 drive the chondrogenesis of
ADSCs. These chondrocyte-like cells are of mature
type and produce type II collagen. Our findings suggest
that ADSCs can be engineered for generating chon-
drocyte-like cells for cartilage repair. Because of their
abundance and ease of harvesting, tissue engineering
using ADSCs is a promising modality for cartilage
repair and regeneration.

REFERENCES

1Alhadlaq, A., J. H. Elisseeff, L. Hong, C. G. Williams,
A. I. Caplan, B. Sharma, R. A. Kopher, S. Tomkoria,
D. P. Lennon, and A. Lopez. Adult stem cell driven genesis
of human-shaped articular condyle. Ann. Biomed. Eng.
32(7):911–923, 2004.
2Banfi, A., G. Bianchi, R. Notaro, L. Luzzatto,
R. Cancedda, and R. Quarto. Replicative aging and gene
expression in long-term cultures of human bone marrow
stromal cells. Tissue. Eng. 8(6):901–910, 2002.
3Bhosale, A. M., and J. B. Richardson. Articular cartilage:
structure, injuries and review of management. Br. Med.
Bull. 87:77–95, 2008.
4Cui, B., S. P. Johnson, N.H. Bullock, F. Ali-Osman, D.D.
Bigner, and H.S. Friedman. Bifunctional DNA alkylator
1,3-bis(2-chloroethyl)-1-nitrosourea activates the ATR-
Chk1 pathway independently of the mismatch repair
pathway. Mol. Pharmacol. 2009.

FIGURE 5. Ultrastructure by electron transmission micros-
copy of (a) cultured ADSCs; (b) ADSCs stably transfected with
pCDNA 3.1 + hIGF-1; (c) ADSCs stably transfected with
pCDNA3.1 + hIGF-1 and infected with Ad-BMP-2. Original
magnification: 37500.

AN et al.1652



5De Ugarte, D. A., K. Morizono, A. Elbarbary, Z. Alfonso,
P. A. Zuk, M. Zhu, J. L. Dragoo, P. Ashjian, B. Thomas,
and P. Benhaim. Comparison of multi-lineage cells from
human adipose tissue and bone marrow. Cells Tissues
Organs 174(3):101–109, 2003.
6Delany, A. M., S. Rydziel, and E. Canalis. Autocrine
down-regulation of collagenase-3 in rat bone cell cultures
by insulin-like growth factors. Endocrinology 137(11):
4665–4670, 1996.
7Dell’Accio, F., C. De Bari, N. M. El Tawil, F. Barone,
T. A. Mitsiadis, J. O’Dowd, and C. Pitzalis. Activation of
WNT and BMP signaling in adult human articular carti-
lage following mechanical injury. Arthritis Res. Ther.
8(5):R139, 2006.
8Erickson, G. R., J. M. Gimble, D. M. Franklin, H. E. Rice,
H. Awad, and F. Guilak. Chondrogenic potential of adi-
pose tissue-derived stromal cells in vitro and in vivo. Bio-
chem. Biophys. Res. Commun. 290(2):763–769, 2002.
9Fraser, J. K., I. Wulur, Z. Alfonso, and M. H. Hedrick.
Fat tissue: an underappreciated source of stem cells for
biotechnology. Trends Biotechnol. 24(4):150–154, 2006.

10Fukumoto, T., J. W. Sperling, A. Sanyal, J. S. Fitzsimmons,
G. G. Reinholz, C. A. Conover, and S. W. O’Driscoll.
Combined effects of insulin-like growth factor-1 and trans-
forming growth factor-beta1 on periosteal mesenchymal
cells during chondrogenesis in vitro. Osteoarthr. Cartil.
11(1):55–64, 2003.

11Gelse, K., C. Muhle, K. Knaup, B. Swoboda, M. Wiesener,
F. Hennig, A. Olk, and H. Schneider. Chondrogenic dif-
ferentiation of growth factor-stimulated precursor cells in
cartilage repair tissue is associated with increased HIF-
1alpha activity. Osteoarthr. Cartil. 16(12):1457–1465, 2008.

12Guilak, F., H. A. Awad, B. Fermor, H. A. Leddy, and
J. M. Gimble. Adipose-derived adult stem cells for cartilage
tissue engineering. Biorheology 41(3–4):389–399, 2004.

13Guilak, F., K. E. Lott, H. A. Awad, Q. Cao, K. C. Hicok,
B. Fermor, and J. M. Gimble. Clonal analysis of the dif-
ferentiation potential of human adipose-derived adult stem
cells. J. Cell. Physiol. 206(1):229–237, 2006.

14Hicok, K. C., T. V. Du Laney, Y. S. Zhou, Y. D.
Halvorsen, D. C. Hitt, L. F. Cooper, and J. M. Gimble.
Human adipose-derived adult stem cells produce osteoid in
vivo. Tissue. Eng. 10(3–4):371–380, 2004.

15Huang, J. I., P. A. Zuk, N. F. Jones, M. Zhu, H. P. Lorenz,
M. H. Hedrick, and P. Benhaim. Chondrogenic potential of
multipotential cells from human adipose tissue. Plast.
Reconstr. Surg. 113(2):585–594, 2004.

16Hubbell, J. A. Materials as morphogenetic guides in tissue
engineering. Curr. Opin. Biotechnol. 14(5):551–558, 2003.

17Hunziker, E. B. Articular cartilage repair: basic science and
clinical progress. A review of the current status and pros-
pects. Osteoarthr. Cartil. 10(6):432–463, 2002.

18Jin, E. J., S. Y. Lee, Y. A. Choi, J. C. Jung, O. S. Bang, and
S. S. Kang. BMP-2-enhanced chondrogenesis involves p38
MAPK-mediated down-regulation of Wnt-7a pathway.
Mol. Cells 22(3):353–359, 2006.

19Kern, S., H. Eichler, J. Stoeve, H. Kluter, and K. Bieback.
Comparative analysis of mesenchymal stem cells from bone
marrow, umbilical cord blood, or adipose tissue. Stem Cells
24(5):1294–1301, 2006.

20Kessler, M. W., G. Ackerman, J. S. Dines, and D. Grande.
Emerging technologies and fourth generation issues in
cartilage repair. Sports Med. Arthrosc. 16(4):246–254, 2008.

21Knippenberg, M., M. N. Helder, B. Zandieh Doulabi, P. I.
Wuisman, and J. Klein-Nulend. Osteogenesis versus

chondrogenesis by BMP-2 and BMP-7 in adipose stem
cells. Biochem. Biophys. Res. Commun. 342(3):902–908,
2006.

22Loeser, R. F., C. A. Pacione, and S. Chubinskaya. The
combination of insulin-like growth factor 1 and osteogenic
protein 1 promotes increased survival of and matrix syn-
thesis by normal and osteoarthritic human articular chon-
drocytes. Arthritis Rheum. 48(8):2188–2196, 2003.

23Madry, H., G. Kaul, M. Cucchiarini, U. Stein,
D. Zurakowski, K. Remberger, M. D. Menger, D. Kohn,
and S. B. Trippel. Enhanced repair of articular cartilage
defects in vivo by transplanted chondrocytes overexpress-
ing insulin-like growth factor I (IGF-I). Gene Ther.
12(15):1171–1179, 2005.

24Martin, I., V. P. Shastri, R. F. Padera, J. Yang, A. J.
Mackay, R. Langer, G. Vunjak-Novakovic, and L. E.
Freed. Selective differentiation of mammalian bone mar-
row stromal cells cultured on three-dimensional polymer
foams. J. Biomed. Mater. Res. 55(2):229–235, 2001.

25Nakae, J., Y. Kido, and D. Accili. Distinct and overlapping
functions of insulin and IGF-I receptors. Endocr. Rev.
22(6):818–835, 2001.

26Nixon, A. J., L. R. Goodrich, M. S. Scimeca, T. H. Witte,
L. V. Schnabel, A. E. Watts, and P. D. Robbins. Gene
therapy in musculoskeletal repair. Ann. NY Acad. Sci.
1117:310–327, 2007.

27Oh, C. D., and J. S. Chun. Signaling mechanisms leading to
the regulation of differentiation and apoptosis of articular
chondrocytes by insulin-like growth factor-1. J. Biol. Chem.
278(38):36563–36571, 2003.

28Park, J., K. Gelse, S. Frank, K. von der Mark, T. Aigner,
and H. Schneider. Transgene-activated mesenchymal cells
for articular cartilage repair: a comparison of primary bone
marrow-, perichondrium/periosteum- and fat-derived cells.
J. Gene Med. 8(1):112–125, 2006.

29Presta, M., P. Dell’Era, S. Mitola, E. Moroni, R. Ronca,
and M. Rusnati. Fibroblast growth factor/fibroblast
growth factor receptor system in angiogenesis. Cytokine
Growth Factor Rev. 16(2):159–178, 2005.

30Ridgway, D. M., S. A. White, M. L. Nicholson, and
R. M. Kimber. Pancreatic islet cell transplantation: pro-
gress in the clinical setting. Treat. Endocrinol. 2(3):173–189,
2003.

31Rumalla, V. K., and G. L. Borah. Cytokines, growth fac-
tors, and plastic surgery. Plast. Reconstr. Surg. 108(3):719–
733, 2001.

32Schmidt, M. B., E. H. Chen, and S. E. Lynch. A review of
the effects of insulin-like growth factor and platelet derived
growth factor on in vivo cartilage healing and repair.
Osteoarthr. Cartil. 14(5):403–412, 2006.

33Schmitt, B., J. Ringe, T. Haupl, M. Notter, R. Manz, G. R.
Burmester, M. Sittinger, and C. Kaps. BMP2 initiates
chondrogenic lineage development of adult human mesen-
chymal stem cells in high-density culture. Differentiation
71(9–10):567–577, 2003.

34Schreml, S., P. Babilas, S. Fruth, E. Orsó, G. Schmitz,
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