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ABSTRACT

Injured cartilage is difficult to repair due to its poor vascularisation. Cell based therapies may serve as
tools to more effectively regenerate defective cartilage. Both adult mesenchymal stem cells (MSCs) and
human adipose derived stem cells (hADSCs) are regarded as potential stem cell sources able to generate
functional cartilage for cell transplantation. Growth factors, in particular the TGF-b superfamily, influence
many processes during cartilage formation, including cell proliferation, extracellular matrix synthesis,
maintenance of the differentiated phenotype, and induction of MSCs towards chondrogenesis. In the cur-
rent study, we investigated the effects of FGF-2 on hADSC morphology and chondrogenesis in Transwell
culture. hADSCs were obtained from patients undergoing elective surgery, and then cultured in expan-
sion medium alone or in the presence of FGF-2 (10 ng/ml). mRNA expression levels of SOX-9, aggrecan
and collagen type Il and type X were quantified by real-time polymerase chain reaction. The morphology,
doubling time, trypsinization time and chondrogenesis of hADSCs were also studied. Expression levels of
SOX-9, collagen type II, and aggrecan were all significantly increased in hADSCs expanded in presence of
FGF-2. Furthermore FGF-2 induced a slender morphology, whereas doubling time and trypsinization time
decreased. Our results suggest that FGF-2 induces hADSCs chondrogenesis in Transwell culture, which

may be beneficial in cartilage tissue engineering.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Cartilage damage such as associated with osteoarthritis often
exhibits limited repair due to its avascularity. Therefore, finding
effective treatments to improve cartilage repair remains a chal-
lenge. Strategies based on tissue engineering have acquired sub-
stantial attention as possible approaches for cartilage repair [1].
Recent studies on cell-based cartilage tissue engineering have
investigated the use of biomaterials seeded with chondrocytes or
progenitor cells and/or chondrogenic factors [2]. Adult mesenchy-
mal stem cells (MSCs) such as bone marrow-derived mesenchymal
stem cells (BMSCs) have been previously been investigated a new
cell sources for cartilage engineering [2-4]. Adipose derived adult
stem cells (ADSCs) may provide an additional source of stem cells
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for chondrogenesis, osteogenesis, and adipogenesis. ADSCs can be
obtained easily, with minimally invasive procedures, and in much
higher quantities than MSCs derived from bone marrow [5-9]. Hu-
man MSCs as well as ADSCs are a heterogeneous population of
stem cells with various chondrogenic potential [10,11]. In fact
most non-ADSCs (derived from these preparations), including adi-
pose precursor cells, fibroblasts, and endothelial cells, lack chon-
drogenic potential. Moreover, not all ADSCs exhibit the same
chondrogenic potential [12]. Therefore it will be crucial to improve
the isolation and expansion efficacy of ADSCs to investigate their
possible clinical relevance [1].

When the hADSCs cells were propagated in culture their mor-
phology become flattened and spread out on the culture surface.
After three passages proliferation slowed. To overcome this, we ap-
plied expansion medium containing TGF-b 1, EGF and b-FGF in
very low, but relevant, concentrations [13]. Fibroblast growth fac-
tors (FGFs) belong to a family of heparin-binding polypeptide
growth factors that have over 20 members, including FGF-2
[14,15]. It has been shown that FGF-2 acts as a regulator in several
signaling cascades involved in the development and maintenance
of cartilage, especially in early stages of limb development [16].
Recently it has been shown that FGF-2 can enhance cellular
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proliferation and chondrogenic differentiation of hBMSCs [4].
FGF-2 significantly promoted proliferation and chondrogenic po-
tential of mice ADSC in micromass culture. It also increased the
mRNA levels of Sox-9 and N-cadherin [17]. In addition to biological
agents, the induction of chondrogenesis in ADSCs appears to be
enhanced by culture systems that induce a rounded cell shape,
including (1) scaffold free systems such as pellet culture and Trans-
well culture or (2) application of scaffolds [6]. Moreover it has been
shown that human bone marrow stem cells (hBMSCs) can undergo
chondrogenic differentiation in Transwell culture [18]. We there-
fore investigated the effects of FGF-2 on the morphology, prolifer-
ation and chondrogenesis of hADSCs in Transwell culture.

2. Materials and methods
2.1. Isolation and culture of hADSCs

Human adipose tissue adult stem cells were derived from sub-
cutaneous fat tissue of five individuals, who underwent elective
surgery. All procedures were conducted according to Isfahan Uni-
versity of Medical Sciences, Medical Faculty ethic committee ap-
proval. Adipose tissue was washed thoroughly with sterile PBS
(sigma), finely diced and then digested with 0.1% collagenase A
(Sigma) solution for 30-45 min at 37 °C. Collagenase A was neu-
tralized with an equal volume of expansion medium containing
DMEM-low glucose (Sigma) with 10% FBS (Invitrogen) and 1% pen-
iciline/streptomycine (Gibco). Following this the suspension was
centrifuged, and the cell pellets were planted on culture flasks con-
taining fresh expansion medium. The media was changed on the
following day, and thereafter every 3-4 days. The cells were pas-
saged a further two times at which point they were trypsinized
and counted using a hemocytometer.

2.2. Cells morphology, doubling time and trypsinization

hADSCs were plated at a density of 8000 cells/cm? at each pas-
sage. hADSCs were divided into two groups. Both groups were cu-
lured in basic expansion medium (DMEM low glucose containing
10% FBS), while in the treatment group FGF-2 (10 ng/ml, Royan
Institute) was included in the expansion medium. Cell morphology
was photographed using phase-contrast microscopy every day.
Doubling time of the third passage was calculated using the algo-
rithm provided by http://www.doubling-time.com [19,20].

For trypsinization, three flasks in each group at various passages
were trypsinized with trypsin-EDTA (0.05%, Gibco). The time re-
quired to release 100% of cells from the culture flask was
measured.

2.3. Chondrogenic differentiation

After passage 3, harvested hADSCs were resuspended in chon-
drogenic culture medium (high glucose Dulbecco’s modified Eagle
medium (Gibco), 100 pg sodium pyruvate (Sigma), 10 ng/ml TGF-
31 (R & D Systems) 100 nM dexamethasone (Sigma), 1% ITS + Pre-
mix (sigma), 40 pg/ml proline (Sigma), 50 pg/ml ascorbate-2-phos-
phate (Sigma) and 1% peniciline-streptomicine (Gibco)). For
chondrogenesis in Transwells, aliquots of hADScs (5 x 10° in
100 pl of medium) were pipetted directly onto the dry filter inserts
of Transwells in multiwall plates (6.5 mm diameter 0.4-pm pore
size polycarbonate membrane, 24 well plate Corning Life Sciences)
.The plate was centrifuged at 200 g for 5 min, and 0.5 ml of chon-
drogenic medium was added to the lower chamber of the filters.
The medium of the upper and lower chambers were replaced every
2 days, 100 pl total, for 14 days. For control group the incomplete

chondrogenic medium that is the same with the mentioned chon-
drogenic medium was used except without TGF-R1.

2.4. RNA isolation and real-time polymerase chain reaction

RNA samples (n = 3 per data point) were prepared after14 days
of chondrogenic differentiation. Discs were disrupted in liquid
nitrogen using a small pestle and then RNA isolated using TRIzol
reagents (Invitrogen). The RNA was reverse transcribed using
RevertAid First Strand cDNA Synthesis Kit (Fermentase) with oligo
dT primers. The real-time polymerase chain reaction was per-
formed using SYBRGreen PCR Master mix (Fermentase) and the
StepOne Plus™ quantitative Real time PCR detection System (Ap-
plied Biosystems). Primers were designed for each gene using the
AllelelD software (Primer Biosoft), which generated the follow se-
quences: collagen II (forward-CTGGTGATGATGGTGAAG, reverse-
CCTGGATAACCTCTGTGA), collagen X (forward-AGAATCCATCTG
AGAATATGC, reverse-CCTCTTACTGCTATACCTTTAC), Sox-9 (for-
ward-TTCAGCAGCCAATAAGTG, reverse-GTGGAATGTCTTGAAGGT-
TA), aggrecan (forward-GTGGGACTGAAGTTCTTG, reverse-GTTGTC
ATGGTCTGAAGTT) and GAPDH (forward-AAGCTCATTTCCTGGTAT
G-reverse-CTTCTTCTTGTGCTCTTG). The gene of interest was nor-
malized against the reference gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). The expression level of each target gene
was calculated as 2-22, as previously described [21].

2.5. Statistical analysis

Doubling time and trypsinization time were analyzed using a
Student t-test and the comparison of gene expression was carried
out using a One-way ANOVA analysis of variance and Post hoc (Tu-
key) analysis. Significant differences were considered those with P
value of <0.05. All data was reported as mean + SD.

3. Results
3.1. Histologic changes in response to FGF-2

Following transfer of hADSCs cells to expansion media with or
without FGF (10 ng/ml), cells were passaged a further two times.
At this point cells in both the control and treatment groups dis-
played rapid changes in cellular morphology. At early stages,
hADSCs passaged without FGF-2 were thin and spindle shaped
but gradually became wider and spindle shaped, and at much later
stages became large and flat. By contrast, hADSCs passaged in the
presence of FGF-2 maintained their thin spindle-shape even at pas-
sage 3.

3.2. Trypsinization and doubling time of hADSCs

The presence of FGF-2 in the expansion medium maintained the
hADSCs’ thin spindle-shape (Fig. 1A), which empirically correlated
with an easier detachment from the culture flasks. The trypsiniza-
tion time for control hADSCs expanded without FGF-2 was 5-6 min
(Fig. 2A), significantly higher than the 3-4 min required for the
treatment group (P <0.01). FGF-2 also affected the doubling time
of ADSCs. At passage 3, the doubling time of the FGF-2 treatment
group (mean 1.7 days) was significantly lower than the control
group (mean 4.6 days) P < 0.01 (Fig. 2B).

3.3. Gene expression changes of hADSCs cultured in Transwell culture

Real-time PCR was used to measure changes in the gene expres-
sion profile induced by the inclusion of FGF-2 in chondrogenic
media during differentiation. Briefly, Transwell cultures of hADSCs
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Fig. 1. The morphology of hADSCs that expanded in two different expansion medium. ADSCs that expanded in medium supplemented with FGF-2 (10 ng/ml), the cells are
spindle shaped and smaller (A). ADSCs were propagated in ordinary expansion medium, the cells became wider but were still spindle shaped (B).
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Fig. 2. FGF-2 effects on the doubling time and trypsinization time of ADSCs. Trypsinization time also was affected with FGF-2 in expansion medium. (A) Different expansion
medium cause difference in doubling time of ADSCs. (B) All data represented as a mean + SD. *p < 0.05.

supplemented with FGF-2 showed greater chondrogenic gene
expression than hADSCs differentiated without FGF-2.

Collagen Il expression was significantly up regulated in the
treatment group compared to controls. More specifically, the
mRNA levels of collagen II found in discs differentiated from FGF-
2 treated hADSCs were significantly greater (524-fold) than in discs
differentiated from control hADSCs (251-fold, P < 0.05) which was
significantly higher than discs differentiated from control hADSCs
without TGF-1beta.The same trend was seen for the expression
of aggrecan and Sox-9. Sox-9 expression was enhanced in discs dif-
ferentiated from treated hADSCs compared to control hADSCs, both
of which were much higher than control hADSCs differentiated in
the absence of TGF-1beta (Fig. 3). For aggrecan, discs derived from
treated hADSCs showed about 47.7-fold upregulation, compared to
a 33.8-fold upregulation in control hADSCs, when normalized to
control hADSCs differentiated without TGF-1beta. During chondro-
genic differentiation, collagen X is considered an undesirable mar-
ker of hypertrophy, and is unfortunately expressed during
chondrogenesis in many of culture systems. Encouragingly, in
our system, collagen X expression in discs differentiated from
FGF-2 treated hADSCs was markedly reduced compared to un-
treated controls (Fig. 3).

4. Discussion
Repair of cartilage injuries are challenging to orthopedic sur-

geons, due to cartilage’s poor capacity for natural repair. Using
autologous adult stem cells such as BMSCs and ADSCs to

regenerate defective cartilage may become a viable clinical option.
However, characteristics of these cells such as morphology, prolif-
eration rate, trypsinization time, and eventual differentiation
capacity may change under prolonged in vitro culture [13,22,23].
In this study, we investigated the effects of FGF-2 on these charac-
teristics during passaging and subsequent differentiation in Trans-
well culture. We demonstrate that FGF-2 reduces the doubling and
trypsinization time of hADSCs during passaging, and promotes the
expression of chondrogenic marker genes (SOX-9, collagen type Il
and aggrecan) during subsequent chondrogenic differentiation.

Mesenchymal stem cells (MSCs) have been considered for pos-
sible clinical use because of their self-renewing potential and mul-
tipotentially. They have been isolated from a variety of tissues
including bone marrow [3], muscle [24], and adipose tissue [25].
Among these tissues, bone marrow has been well established as
a MSCs source in humans. However, the availability of such tissue,
and the recoverable cell numbers are relatively limited [26]. Inci-
dentally, adipose tissue is an interesting MSCs source because of
its adequate supply, and because large numbers of MSCs can be ob-
tained from a relatively small amount of fat tissue [27]. Moreover,
previous studies and now this current study, demonstrate that
MSCs isolated from fat tissue have chondrogenic potential [28].
ADSCs therefore, represent a viable cell source for autologous car-
tilage tissue engineering.

Previous studies describe adult MSCs as having a large cytoplas-
mic volume when cultured without bFGF, while fetal and adult
bone marrow-derived MSCs cultured with bFGF (5 ng/ml) have a
smaller fibroblast-like morphology with a spindle-shaped cyto-
plasm [35]. Similar observations have been made for human bone
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Fig. 3. The relative expression level of collagen II, Sox-9, aggrecan and collagen X after chondrogenesis in Transwell culture and the effects of expansion medium
supplemented with FGF-2. All data were normalized to GAPDH expression and compared to the non-FGF-2 expanded control. Values were represented as mean * SD.

“p < 0.05.

marrow derived stem cells (hBMSCs) [14,18,36]. Consistent with
these reports, we also observe that FGF-2 maintains the small cyto-
plasmic volume and spindle morphology of hADSCs over repeated
passages. This strong effect of FGF-2 on hADSCs morphology sug-
gests it may modulate their growth and differentiation potential.
To investigate the possible affect of FGF-2 on the lineage-specific
chondrogenic differentiation of hADSCs, primary hADSCs were pas-
saged in the presence or absence of FGF-2 and their chondrogene-
sis was subsequently assessed using a three-dimensional
Transwell culture system [5,7,37]. Induced chondrogenesis in
Transwell culture routinely leads to an upregulation of collagen
II, Sox-9 and aggrecan [5,7,37].

We demonstrate that passaging of hADSCs in the presence of
FGF-2 promotes the expression of these chondrogenic markers
upon hADSCs differentiation. SOX-9 is one of the earliest markers
expressed in cells undergoing precartilaginous condensation [29]
and it is also required for the expression of collagen type II and
aggrecan, which are expressed during initial cell condensation
and further differentiation into chondrocytes.

It has previously been shown that extended in vitro culture of
MSCs leads to hypertrophic chondrocytes and expression of colla-
gen type X upon their differentiation [30-32]. In this study, expres-
sion levels of collagen type X were lower in discs differentiated
from hADSCs cultured in presence of FGF-2, indicating that FGF-2

inhibited the formation of fibrocartilage and degeneration (hyper-
trophy). Therefore, it can be concluded that in vivo passaging hAD-
SCs in the presence of FGF2 improves their chondrogenic
differentiation capacity.

We also show that hADSCs cultured in presence of FGF-2
(10 ng/ml) exhibit a lower doubling and trypsinization time
(Fig. 1). Growth factors including FGF-2 can modulate mesenchy-
mal cells’ growth and differentiation [14,17,33], while FGF-2 in
particular can influence self-renewal of ADSCs during propagation
in vitro [34]. Since the poor proliferation of chondrocytes in vitro
presents a significant obstacle for cartilage repair, FGF-2 may be
a useful tool for expanding chondrogenic progenitor cells to num-
bers viable for cell replacement.

We conclude that FGF-2 inclusion during routing passaging of
hADSCs improves the scalability and efficacy of their subsequent
chondrogenesis in Transwell culture. Therefore, FGF-2 may serve
as a useful tool for promoting translational research for cell-based
therapies targeting cartilage tissue regeneration.
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