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Abstract One of the most important issues in orthopaedic
surgery is the loss of bone resulting from trauma,
infections, tumours or congenital deficiency. In view of
the hypothetical future application of mesenchymal stem
cells isolated from human adipose tissue in regenerative
medicine, we have analysed and characterized adipose-
derived stem cells (ASCs) isolated from adipose tissue of
rat, rabbit and pig. We have compared their in vitro
osteogenic differentiation abilities for exploitation in the
repair of critical osteochondral defects in autologous pre-
clinical models. The number of pluripotent cells per
millilitre of adipose tissue is variable and the yield of
rabbit ASCs is lower than that in rat and pig. However, all
ASCs populations show both a stable doubling time during
culture and a marked clonogenic ability. After exposure to
osteogenic stimuli, ASCs from rat, rabbit and pig exhibit a
significant increase in the expression of osteogenic markers
such as alkaline phosphatase, extracellular calcium deposi-
tion, osteocalcin and osteonectin. However, differences
have been observed depending on the animal species and/
or differentiation period. Rabbit and porcine ASCs have
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been differentiated on granules of clinical grade hydroxy-
apatite (HA) towards osteoblast-like cells. These cells grow
and adhere to the scaffold, with no inhibitory effect of HA
during osteo-differentiation. Such in vitro studies are
necessary in order to select suitable pre-clinical models to
validate the use of autologous ASCs, alone or in association
with proper biomaterials, for the repair of critical bone
defects.
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Introduction

Research on mesenchymal stem cells has greatly advanced
during the recent past. These adult pluripotent stem cells
play a key role in maintaining the homeostasis of their
resident tissue and are able to differentiate into cellular
lineages belonging to the mesodermic layer (Caplan 1994)
and to transdifferentiate into neurons, hepatocytes and f3-
islet cells (Jiang et al. 2002; Baksh et al. 2004; Chen et al.
2004).

Autologous mesenchymal stem cells isolated from
bone marrow (BMSCs, bone marrow stromal cells)
have previously been successfully used for osteo-
regeneration in patients with critical bone defects
(Quarto et al. 2001; Kitoh et al. 2004; Funk et al. 2007,
Jager et al. 2009), whereas the use of autologous adipose-
derived stem cells (ASCs) to promote bone healing and
regeneration has been reported in just a few cases. For
instance, Lendeckel et al. (2004) have shown that these
cells repair calvarial bone defects in a 7-year-old child
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and, recently, Mesiméki et al. (2009) have reported the
first case of a microvascular custom-made ectopic bone
flap developed by using autologous ASCs and reim-
planted in a patient with a hemi-maxillectomy. ASCs with
their high multi-differentiative potential (Zuk et al. 2002;
De Ugarte et al. 2003; Rigotti et al. 2007; de Girolamo et
al. 2007, 2008; Bunnell et al. 2008) and their reduced
immunogenicity (Le Blanc et al. 2003; Barry 2003;
Majumdar et al. 2003) can be considered excellent
candidates for applications of regenerative medicine.
Furthermore, ASCs can be easily obtained from adipose
tissue with a more abundant cellular yield than BMSCs
(Noth et al. 2002).

Autologous human ASCs (hASCs) have previously
been used with success to improve the lipotransfer
technique (Matsumoto et al. 2006), to heal ischaemic
lesions in patients who have undergone radiotherapy
(Rigotti et al. 2007), to treat facial lipoatrophy (Yoshimura
et al. 2008a) and for cosmetic breast augmentation
(Yoshimura et al. 2008b). This improvement might be
explained on the basis that ASCs are able either to
differentiate or to recruit resident cells, when implanted
in the physiological microenvironment. Recently, Cai et
al. (2009) have demonstrated that hASCs are able to
preserve heart function and augment local angiogenesis
following their administration in the context of myocardial
infarction in athymic rats.

We have previously characterized hASCs and shown
their in vitro differentiative potential into osteogenic,
chondrogenic and adipogenic lineages (de Girolamo et al.
2007, 2008). We have loaded hASCs onto various types of
scaffold to test their osteoinductive features and have
observed that these cells are sensitive to the effect of the
three-dimensional (3D) environment. Other authors have
demonstrated that ASCs can be isolated from the adipose
tissue of various animals such as the rat (Tholpady et al.
2003; Kingham et al. 2007; Yoshimura et al. 2007), rabbit
(Peptan et al. 2006; Torres et al. 2007), pig (Qu et al. 2007)
and horse (Vidal et al. 2007).

Moreover, various ASCs-based pre-clinical models have
been reported in bone tissue engineering. Osteoinduced
ASCs loaded on specific scaffolds exhibit a great healing
potential when implanted in rabbit and rat calvarial defects
(Dudas et al. 2006; Yoon et al. 2007) and, recently, Tobita
et al. (2008) have demonstrated, in rats, that ASCs mixed
with platelet-rich plasma induce periodontal ligament-like
and alveolar bone regeneration.

In this work, we have isolated ASCs from small,
medium and large animals, such as rats (rASCs), rabbits
(rtbASCs) and pigs (pASCs). We have compared the
features of these cells in the undifferentiated state and their
ability to differentiate in vitro into cells of the osteogenic
lineage. The behavior of ASCs seeded on hydroxyapatite
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(HA), a biomaterial used for some orthopaedic applications,
has also been evaluated.

Materials and methods

Harvesting of adipose tissue and isolation and culture
of ASCs

ASCs were isolated from adipose tissues harvested from
various areas: inguinal and perirenal regions from rat,
interscapular site of rabbit and caudal area from pig.
rbASCs were purified from interscapular adipose tissue
of adult New Zealand White rabbits (Torres et al. 2007)
killed by intramuscular administration of an overdose
(5 mg/kg) of a solution of 50 mg/ml sodium pentothal.
Primary cultures of the stromal vascular fraction (SVF)
were established as previously described with minor
modifications (Peptan et al. 2006). Adipose tissue was
finely minced and washed with phosphate-buffered saline
(PBS) containing 3x P/S (50 U/ml penicillin and 50 pg/ml
streptomycin; Sigma-Aldrich, Milan, Italy) and centrifuged
at 1200g for 2 min to remove erythrocytes and cellular
debris. Samples were then digested in a shaking water bath
for 60 min at 37°C by 0.1% type I collagenase (Worthing-
ton, Lakewood, N.J., USA) in PBS supplemented with 3x
P/S. After digestion, the collagenase I was neutralized by
adding an equal volume of DMEM (Sigma-Aldrich)
supplemented with 10% FBS (fetal bovine serum; Sigma-
Aldrich), 50 U/ml penicillin, 50 pg/ml streptomycin and
2 mM L-glutamine (Sigma-Aldrich). The samples were
centrifuged for 10 min at 1200g to separate the SVF from
adipocytes, cellular debris and undigested tissue. The SVF
was filtered through sterile medicinal lint and the pellet was
resuspended in control medium (CTRL). Cell number and
viability were determined by trypan-blue exclusion.

The same protocol was used to isolate mesenchymal
stem cells from pig caudal adipose tissue (Qu et al. 2007).

ASCs from Sprague-Dawley rats were isolated as
previously described with minor modifications (Tholpady
et al. 2003; Kingham et al. 2007; Yoshimura et al. 2007).
Adipose tissue was collected from both inguinal and
perirenal regions. The minced tissue was digested with
0.075% collagenase type I at 37°C for 45 min and then
centrifuged for 10 min at 350g.

ASCs derived from the SVF were plated in control
medium at a density of 10°cells/em® and maintained at
37°C in a humidified atmosphere with 5% CO,. After
48-72 h, non-adherent cells were discarded by washing
with PBS. During all the period of culture, growth medium
was changed three times a week.

After reaching 80%-90% of confluence, cells were
detached by incubation with 0.5% trypsin/0.2% EDTA
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(Sigma-Aldrich). ASCs were plated at a density of 5x10°
cells/cm? for further expansion and experiments.

MTT cell proliferation assay

From passage 1 to 4 in culture, ASCs were trypsinized and
plated at a density of 5x10°cells/em® in control medium.
ASCs viability was monitored at various time points (1, 6, 10
or 14 days) by addition, to the culture medium, of MTT (3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide;
Sigma-Aldrich) at a final concentration of 0.5 mg/ml and
further incubation for 4 h at 37°C. The resulting formazan
precipitate was then solubilized by using 100% dimethyl-
sulphoxide and the absorbance was read at 570 nm with a
Wallac Victor II plate reader (Kingham et al. 2007).

Fibroblast-colony-forming unit assay

The fibroblast-colony-forming unit (CFU-F) assay was
performed as previously reported with minor modifications
(Wu et al. 2000; Vidal et al. 2007). Starting from a suspension
containing 10’ cells/ml, ASCs were plated by serial dilution in
6-well plates (from 48 cells/cm”® to 1 cell/cm?) and
cultured in control medium supplemented with 20% FBS.
At day 6, the medium was changed and, at day 10, cells
were fixed with 100% methanol and stained with 0.5%
crystal violet (Fluka, Buchs, Switzerland). The frequency
of the CFU-F was established by scoring individual
colonies (consisting of at least 20-30 cells) with respect
to the number of seeded cells.

Osteogenic differentiation and evaluation of differentiation
markers

ASCs were differentiated towards the osteogenic lineage by
using a specific inductive medium (OSTEO) supplemented
with 10 nM dexamethasone (Sigma-Aldrich), 10 mM
glycerol-2-phosphate (Sigma-Aldrich), 150 uM L-ascorbic
acid-2-phosphate (Sigma-Aldrich) and 10 nM cholecalcif-
erol (Sigma-Aldrich; de Girolamo et al. 2007, 2008).
Differentiation was performed in monolayer, cells being
seeded at a density of 5x10°cells/cm?. Cells were cultured
at 37°C in a humidified atmosphere (5% CO,) for various
periods, the medium being changed three times a week.
Osteogenic differentiation of ASCs was assessed by
evaluating morphological changes, alkaline phosphatase
(ALP) activity, calcified extracellular matrix deposition
and specific bone protein expression.

ALP activity

In order to determine ALP activity, cells cultured for 7 and
14 days were washed with PBS and lysed in non-denaturant

conditions by using 0.1% Triton X-100 (Sigma-Aldrich) in
double-distilled H,O. ALP activity was determined by
incubating cellular lysates at 37°C in the presence of 1 mM
p-nitrophenylphosphate (Sigma-Aldrich) in alkaline buffer
(100 mM diethanolamine and 0.5 mM MgCl,, pH 10.5;
Bodo et al. 2002). The reaction was stopped with 1 N
NaOH and the absorbance of each sample was read at
410 nm with a Wallac Victor II plate reader. ALP activity
was then normalized to total protein content as determined
by BCA protein assay (Pierce Biotechnology, Rockford,
111, USA).

Calcified extracellular matrix deposition

After 7, 14 and 21 days of culture, extracellular matrix
mineral deposition was assessed by evaluating the presence
of red nodules stained by 40 mM alizarin red-S (AR-S,
pH 4.1; Fluka) after fixation in 70% ice-cold ethanol. The
quantification of mineral deposition was performed by
incubating the stained sample with 10% w/v cetylpyridi-
nium chloride (CPC; Sigma-Aldrich) in 0.1 M phosphate
buffer (pH 7.0) for 15 min to extract AR-S. Absorbance
was read at 550 nm with a Wallac Victor II plate reader
(Halvorsen et al. 2001).

Expression of bone-specific proteins

Osteocalcin and osteonectin protein expression was
evaluated by Western blot analysis in osteogenic-
differentiated ASCs. Cells incubated in CTRL or OSTEO
medium were detached from the dish, collected by
centrifugation and resuspended in lysis buffer (50 mM
TRIS pH 8, 150 mM NaCl, 1% Nonidet P40, 0.1% SDS)
supplemented with proteinase inhibitors. The protein con-
centration of cell lysates was analysed by a Pierce protein
assay kit (Pierce). Proteins (20 ng) were loaded onto 10%
SDS-polyacrylamide gels and electrotransferred onto
Hybond-ECL extra nitrocellulose membrane (Amersham
Bioscience). After being blocked in 5% nonfat dry milk in
TBS-T (TRIS-buffered saline and 0.1% Tween-20) for 1 h at
room temperature, membranes were incubated at 4°C
overnight with either rabbit anti-osteocalcin or mouse anti-
osteonectin (1:200 dilution; Santa Cruz Biotecnology, Santa
Cruz, Calif.,, USA) and mouse anti-f3-actin (1:3000 dilution;
Sigma-Aldrich). Specific proteins were revealed by horse-
radish peroxidase (HRP)-conjugated secondary antibodies
(GE Healthcare) and the ECL Western Blotting Analysis
System Kit (GE Healthcare) according to the manufacturer’s
protocol. Osteocalcin and osteonectin expression was then
quantified by using Imagel] software. The osteo-specific
proteins content was normalized to that of (3-actin.

The expression of osteocalcin and osteonectin was
also determined by immunofluorescence. ASCs differen-
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tiated for 28 days and cultured on coverslips were
washed with PBS" (PBS supplemented with 0.1 mM
CaCl, and 0.1 mM MgCl,) and fixed with 3% parafor-
maldehyde for 20 min. Autofluorescence was blocked
with 50 mM NH,CI in PBS". The cells were permeabi-
lized for 4 min in PBS" containing 0.1% Triton X-100 and
then incubated with rabbit anti-osteocalcin antibodies,
mouse anti-osteonectin antibodies, mouse anti-3-actin
antibodies or rabbit anti-f3-tubulin antibodies (Santa Cruz
Biotecnology) for 60 min at room temperature. Specific
proteins were revealed by Alexa-Fluor-488 goat anti-
mouse antibodies and Alexa-Fluor-568 goat anti-rabbit
antibodies (Invitrogen, Camarillo, Calif., USA) for 30 min
at room temperature. Cover-slips were analysed by
confocal fluorescence microscopy (Bio-Rad MRC 1024;
Bio-Rad Laboratories, Hercules, Calif., USA).

ASCs-scaffold constructs

Undifferentiated rtbASCs (5x10%cells/scaffold) were loaded
onto clinical-grade porous (60%) HA granules (Permedica,
Merate, Italy and Biomaterials Research Center, University
of Milan, Italy) to evaluate their ability to grow and
differentiate in a 3D environment. Cells were allowed to
adhere overnight to scaffolds in microcentrifuge tubes and,
the following day, the seeded scaffolds were transferred to a
24-well plate and cultured for 14 and 21 days, either in
CTRL or OSTEO medium. ALP and calcium deposition
were analysed as described above.

Fig. 1 a Cellular yield of ASCs
after isolation and at passage 1.

2.0,

AFTER ISOLATION

Statistical analysis

Data are expressed as meanstSD and statistical analysis
(two-way analysis of variance) was performed by using
GraphPad Prism v5.00 (GraphPad Software, San Diego,
Calif., USA): for OSTEO vs CTRL: *P<0.05, **P<0.01,
*#+£P<0,001; for HA vs PA: 3P<0.05, **P<0.01, ***P<0.001.

Results
Isolation and characterization of undifferentiated ASCs

Mesenchymal stem cells were isolated from adipose tissues
derived from three animal species and from various
anatomical sites: inguinal and perirenal adipose tissue from
rats, interscapular region from rabbits and caudal region
from pigs. We purified a consistent number of cells with an
average of 6.2x10°+3.8x10° and 8.9x10°+8.4x10° progen-
itor cells/ml raw adipose tissue from inguinal and perirenal
regions, respectively, of rats and 3.5x10%+2.8x10* rbASC
cells were purified from each millilitre of rabbit interscap-
ular adipose tissue, whereas we isolated an average of
1.8x10°+4.7x10%cells/ml adipose tissue from porcine cau-
dal area (Fig. 1a). One week after isolation, ASCs started to
proliferate rapidly and, at passage 1, the variability of ASC
cell numbers, among the same different sites and species,
was reduced (Fig. 1a). All ASC cells showed a homoge-
neous fibroblast-like shape that was maintained for many

AT PASSAGE 1

ASCs were isolated from
adipose tissue harvested from
various anatomical sites in rat
(rASCs), rabbit (rbASCs) and
pig (pASCs); n=3. b—d Micro-
photographs of undifferentiated
inguinal rASCs (b), rbASCs
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(¢) and pASCs (d) fixed at
passage 6 and stained with
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passages in culture, without any signs of cellular aging
(Fig. 1b—d). These cells reached 80%-90% confluence
every 2-3 days: the doubling time (DT) was 74419 h for
rASCs from inguinal adipose tissue and 93+27 h for
rASCs from the perirenal region (Fig. 2a). rbASCs grew
more rapidly with respect to rASCs and pASCs with a DT
of 4612 h (Fig. 2b), whereas the DT of pASCs was
54419 h (Fig. 2¢). MTT assay confirmed that rbASCs and
pASCs possessed a greater ability for self-renewal than
rASCs (data not shown).

These ASCs showed a marked clonogenic ability.
Indeed, about 9.7% of inguinal rASCs and 7.4% of
perirenal rASCs were able to produce CFU-F at passage
1; this frequency gradually decreased during passages
(Fig. 3a). Surprisingly, at passage 1, rbASCs presented a
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Fig. 2 Doubling time (DT) of rASCs (a), tbASCs (b) and pASCs (¢)
at various passages in culture (n=3); DT=txIn(2)/In(N/N,), where ¢ is
the time in culture (in hours), N is the final number of cells and N, is
the initial number of cells (/NG inguinal adipose tissue, REN perirenal
adipose tissue)

stronger clonogenic ability (about 23%), which slowly
decreased during culture, reaching a CFU-F value of 7% at
passage 4 (Fig. 3b). Interestingly, pASCs maintained a
high clonogenic potential without any significant differ-
ence between early and late passages (12%+6% for all
passages; Fig. 3b).

Osteogenic differentiation of ASCs

We next tested the osteogenic potential of ASCs derived
from the three different animal tissues by culturing rASCs,
bASCs and pASCS in osteogenic medium for different
times. As early as 7 days in culture, all of the cells
exhibited some morphological modifications; indeed, cell
appearance changed from an elongated fibroblastic to a
more cuboidal shape (Arrigoni et al. 2009).

When the cells were induced to osteo-differentiate over
7 days, both inguinal and perirenal rASCs showed
abundant ALP activity compared with undifferentiated
cells, with an increase of about 56% for inguinal and 83%
for perirenal rASCs; this activity significantly increased
for both cellular populations after 14 days of osteogenic
differentiation (about +235% with respect to the undiffer-
entiated cells; Fig. 4a). Furthermore, both inguinal
(Fig. 4b, c¢) and perirenal differentiated cells produce a
greater amount of calcified extracellular matrix compared
with cells cultured in control medium. rASCs of both
origins, when differentiated for 7-21 days, were able to
produce high levels of calcium depots; however, these
increases were not statistically significant, since the
variability among samples was large (Fig. 4d).

In rbASCs, as ecarly as 7 days of osteogenic
differentiation, ALP activity was significantly abundant
in osteo-differentiated cells in comparison with undif-
ferentiated cells, with an increase of about 148%.
Surprisingly, after 14 days in culture, ALP activity, for
both undifferentiated and differentiated cells, was higher
than that detected after 7 days (Fig. 4e). To confirm the
osteogenic differentiation ability of tbASCs, we quantified
the calcified extracellular matrix deposition after 7, 14 and
21 days of culture (Fig. 4f, g): osteo-induced cells
produced an abundant amount of calcified extracellular
matrix compared with undifferentiated cells, with an
increase of 22% and 50% after 7 and 14 days, respective-
ly. This increase was also maintained after 21 days of
differentiation (+43%; Fig. 4h).

pASCs that differentiated towards osteoblastic-like cells
showed an upregulation of ALP levels of 50% and 180% in
comparison with undifferentiated cells both after 7 and
14 days (Fig. 41). Analysis of calcified extracellular matrix
deposition in differentiated pASCs for the same periods of
time showed increases in terms of calcified matrix
deposition of 45% and 30%, respectively, with a further

@ Springer



406 Cell Tissue Res (2009) 338:401-411
a 40
40 rASCs rbASCs pASCs
INGUINAL PERIRENAL
304 304
L
o)
w
O 20/ 201
—
(=]
S
T
104 T 10q =
T Il
L e - .
2 3 4

1 2 3 4 1

Passage Number

' d
Cc a O

Fig. 3 CFU-F assays performed with the ASCs at various passages in
culture. a, b Percentage of CFU-F cells was calculated as (number of
colonies/number of plated cells)x100. ¢—f Microphotographs of

increase (+22%) after 21 days of osteo-differentiation
(Fig. 4j-).

In order to evaluate further the osteogenic differentiation
ability of tbASCs and pASCs, we examined osteocalcin
and osteonectin protein expression by Western blot
analysis and by immunofluorescence. Both osteo-induced
rbASCs and pASCs expressed osteocalcin and osteonec-
tin: these proteins were upregulated in osteogenic differ-
entiated tbASCs by about 152% and 51% and in pASCs
by 6% and 121%, with respect to undifferentiated cells,
respectively (Fig. 5a). Moreover, both osteocalcin
(Fig. 5d) and osteonectin (Fig. 5h, j) were expressed in
ASCs osteo-differentiated for 28 days but not in undiffer-
entiated cells (Fig. 5b, f). The expression of osteocalcin
and osteonectin was thus induced by the differentiation
process, although we observed that not all the cells were
homogeneously stained, in particular for the expression of
osteonectin, suggesting that differentiated rbASCs and
pASCs were not synchronized.

Furthermore, cryopreservation did not affect the stem
cell features or the osteogenic differentiation ability of
rASCs, rbASCs and pASC, as previously shown for hASCs
(de Girolamo et al. 2008).
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colonies at passage 1 stained with crystal violet for inguinal (¢) and
perirenal (d) rASCs, rbASCs (e) and pASCs (f)

Interaction of ASCs and HA scaffold

Since the final aim of our in vitro study was to test
cells suitable for future in vivo models, we needed to
check whether ASCs were able to adhere to scaffolds
routinely used in the orthopaedic field, such as HA
granules. rbASCs and pASCs tightly adhered to the
biomaterial and actively proliferated. Moreover, both
cell populations properly colonized the surface and the
pores of HA granules and no cellular toxicity was
produced by the scaffold (Fig. 6a; data not shown). Both
rbASCs and pASCs, seeded on HA and differentiated for
14 days, produced a 31% and 34% increase in ALP
activity compared with undifferentiated cells, respectively
(Fig. 6b, d). Then, when cultured in a 3D environment,
both undifferentiated rtbASCs and pASCs showed greater
ALP activity in comparison with that of undifferentiated
cells cultured in monolayer (31% and 303%, respectively).
In addition, calcium depots, produced by rbASCs differ-
entiated for 21 days in the presence of HA, were
upregulated by 98% compared with cells maintained in
control medium (Fig. 6¢). In contrast, pASCs induced to
differentiate in the presence of HA showed an increase of
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Fig. 4 Osteogenic differentiation assessment of rASCs (a-d), rbASCs
(e-h) and pASCs (i-1) (CTRL undifferentiated cells in control medium,
OSTEO differentiated cells in osteogenic medium, d days). a, e, i ALP
activity (means+SD of ALP U/ug proteins, n=3) for each species and
for various time points. b, ¢, f, g, j, k Microphotographs of alizarin
red-S staining at 21 days of culture for rASCs and at 21 days for

just about 20% in extracellular calcified matrix deposition
without a significant difference with respect to cells
cultured on plastic (Fig. 6e).

Discussion
In this study, we have compared the features of ASCs

isolated from rat, rabbit and pig, with particular reference to
their osteogenic differentiation potential.

O cCTrRL [ OSTEC

1.04

CPC Value

7d 14d 21d 7d 14d 21d

INGUINAL PERIRENAL
h 2.0
” 15
=
P
O 1.0
o
O
0.5
0.0 —===m
7d 14d 21d
2.0
° 1.6
2
S
o 1.0
o
O
0.5
7d 14d 21d

rbASCs and pASCs in control (b, f, j) and osteogenic (¢, g, k)
medium (light microscopy). Bars 200 pm. d, h, 1 Quantification of
calcium deposition by cetylpyridinium chloride (CPC) extraction at
various time points (means+SD, n=3). OSTEO vs CTRL: *P<.05,
**p<.01, ***P<.001

In rat, the site of tissue harvesting seems to have little
effect on the characteristics of ASCs. Indeed, the number of
cells per millilitre of raw adipose tissue is higher from the
perirenal site than from the inguinal area. However, as early
as 1 week after isolation, we have observed a faster
proliferation rate of the cells derived from the inguinal
region with respect to those from the perirenal area, thereby
balancing the final cellular yield. In addition, the clono-
genic ability appears similar for both cell populations
showing a similar decrease during the passages in culture.
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Fig. 5 Osteocalcin and osteonectin expression in undifferentiated and
osteogenically differentiated tbASCs and pASCs (CTRL undifterenti-
ated cells in control medium, OSTEOQ differentiated cells in osteogenic
medium). a Western blots. b-m Immunofluorescence analysis (light

The number of ASCs from the interscapular rabbit
adipose tissue is significantly lower in comparison with
those from the rat and pig. However, as also demonstrated
by Peptan et al. (2006), rtbASCs proliferate more rapidly
and show a marked clonogenic ability that mildly decreases
during passage, as also previously described for hASCs (de
Girolamo et al. 2008). Porcine adipose tissue contains an
abundant population of pASCs, showing a similar prolifer-
ative ability as the other animal ASCs but, interestingly,
these cells are better able to maintain their high clonogenic
potential throughout the period of culture that we have
analysed. Furthermore, all these ASCs have been tested
after cryopreservation and no differences have been
observed, suggesting their use for cell-based therapies,
even after a long period of time after their isolation (data
not shown).

All these cell types possess suitable osteogenic potential
as assessed by the upregulation of markers of osteogenic
differentiation such as ALP activity, osteocalcin and
osteonectin and as confirmed by the ability of these cells
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microscopy). Osteocalcin expression (b, d). Osteonectin expression
(f, h, j, 1). B-Actin (c, e) and B-tubulin (g, i, k, m) as housekeeping
proteins. Human osteosarcoma cells (SaOS-2) as positive controls
(Lm). Bars 100 pm

to produce a large amount of calcified extracellular matrix.
Both rASC populations, if opportunely stimulated, acquire
some of the features of osteoblastic-like cells and, to date,
we have not determined any relevant difference that would
lead us to prefer one or the other cell population.

Our data demonstrate that osteo-differentiated rabbit
ASCs exhibit high levels of ALP activity just after 7 days
of differentiation, in contrast to results previously obtained
for hASCs and also reported by Peptan et al. (2000).
These observations might be useful in the perspective of
future in vivo applications because they suggest that the
time of ex vivo manipulation can be reduced before ASC
reimplantation.

In addition, the ability of these cells to adhere and grow
on an HA scaffold suggests that this biomaterial may be an
efficient support for future in vivo applications, even if HA
does not exert any significant osteoinductive effect on
rbASCs and pASCs differentiation,.

Before performing pilot clinical studies, the regenerative
capacity of human mesenchymal stem cells in both athymic
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Fig. 6
osteogenic medium (scanning electron microscopy). Bar 100 pm.
ALP activity of undifferentiated (CTRL) and osteo-differentiated
(OSTEO) tbASCs (b) and pASCs (d) cultured for 14 days both on
plastic (P4) and on hydroxyapatite (HA4); means+=SD of ALP U/ug
proteins, n=8. Calcified extracellular matrix deposition of undifferen-

rbASCs (a) seeded on a hydroxyapatite scaffold cultured in

and immune-competent pre-clinical animal models has to
be tested. However, although the nude model allows us to
test the in vivo behaviour of human-derived cells, it
presents limitations particularly because of the lack of the
immunological system, which is usually involved in every
regeneration process; this could delay the healing of any
experimental defects. Moreover, nude animals are more
prone to infections and systemic illness. Thus, these
disadvantages could mask the potential role of cells in the
healing process (Tholpady et al. 2003). Thus, immune-
competent animal models lacking these drawbacks might
better resemble the relevant biology in a clinical autologous
transplantation procedure.

Rabbits and pigs are promising animal models in the
field of regenerative medicine. In particular, rabbits are
useful for screening several experimental conditions be-
cause of their low cost of maintenance, whereas pigs
represent a more predictive model because of their greater
similarity to human beings with regard to diet, weight and
working load. The femoral defect in the rat also represents a
valid model in the orthopaedic field (Cuomo et al. 2009;
Smietana et al. 2009). However, we are interested in an
autologous cell-implant model, which we believe will not
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tiated (CTRL) and osteo-differentiated (OSTEO) rtbASCs (c¢) and
pPASCs (e) cultured for 21 days on PA and in the presence of HA were
quantified by CPC extraction; means+SD of CPC value/10"5 cells,
n=8. OSTEO vs CTRL: **P<0.01, ***P<0.001; HA vs PA: $¥P<0.01,
$%%p<0.001

be easy to obtain in rat. Moreover, the small dimension of
rat bones requires an extremely precise surgical approach,
which could be subjected to possible errors with resultant
effects on the final regeneration process.

Another important problem that researchers have to face
in isolating ASCs from these animals remains the lack of
reagents to evaluate specific mesenchymal stem cell
markers that might be partially overshadowed by the
similar morphological and biological features of both
rASCs, rbASCs and pASCs compared with human mesen-
chymal stem cells (Pittenger et al. 1999; Zuk et al. 2001).

In conclusion, our results could have relevant implica-
tions in the setting up of adequate bone regeneration
strategies based on the reimplantation of autologous ASCs
either in the undifferentiated or the pre-differentiated state.
We have just established an autologous rabbit model of
bone critical-size lesions by using ASCs in association with
disks of HA in order to assess the in vivo integration of the
cells/scaffold constructs with the surrounding bone tissue
and the effect of the physiological microenvironment
(experiments in progress). Adipose tissue represents a
precious source of multipotent cells with a great potential
for several clinical applications, above all in the field of the
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regenerative medicine. We strongly believe that a large
animal model, such as the pig, has to be tested, before
moving on to a pilot clinical study.

Acknowledgments The authors are grateful to Dr. Alessandro
Addis, Carlo Sala, Giuseppe Rossoni, Patrizia Rosa and Permedica
S.p.a. (Merate, LC, Italy) for providing us with experimental material
and to Filippo Perbellini and Giuliana Gatti for their invaluable help.

References

Arrigoni E, Lopa S, de Girolamo L, Stanco D, Brini AT (2009)
Mesenchymal stem cells from adipose tissue (ASCs) in pre-
clinical models: tissue engineering for bone regeneration. In:
Bartolo PJ et al (eds) Proceedings of the International Conference
on Tissue Engineering. ICTE 2009, Leiria, Portugal, July 9-11,
2009. pp. 73-79

Baksh D, Song L, Tuan RS (2004) Adult mesenchymal stem cells:
characterization, differentiation, and application in cell and gene
therapy. J Cell Mol Med 8:301-316

Barry FP (2003) Biology and clinical applications of mesenchymal
stem cells. Birth Defects Res Part C Embryo Today 69:250-256

Bodo M, Lilli C, Bellucci C, Carinci P, Calvitti M, Pezzetti F,
Stabellini G, Bellocchio S, Balducci C, Carinci F, Baroni T
(2002) Basic fibroblast growth factor autocrine loop controls
human osteosarcoma phenotyping and differentiation. Mol Med
8:393-404

Bunnell BA, Flaat M, Gagliardi C, Patel B, Ripoll C (2008) Adipose-
derived stem cells: isolation, expansion and differentiation.
Methods 45:115-120

Cai L, Johnstone BH, Cook TG, Tan J, Fishbein MC, Chen PS, March
KL (2009) Human adipose tissue-derived stem cells induce
angiogenesis and nerve sprouting following myocardial infrac-
tion, in conjunction with potent preservation of cardiac function.
Stem Cells 27:230-237

Caplan Al (1994) The mesengenic process. Clin Plast Surg 21:429—
435

Chen D, Zhao M, Mundy GR (2004) Bone morphogenetic proteins.
Growth Factors 22:233-241

Cuomo AV, Virk M, Petrigliano F, Morgan EF, Lieberman JR (2009)
Mesenchymal stem cells concentration and bone repair: potential
pitfalls from bench to bedside. J Bone Joint Surg Am 91A:1073—
1083

de Girolamo L, Sartori MF, Albisetti W, Brini AT (2007) Osteogenic
differentiation of human adipose-derived stem cells: comparison
of two different inductive media. J Tissue Eng Regen Med
1:154-157

de Girolamo L, Sartori MF, Arrigoni E, Rimondini L, Albisetti W,
Weinstein RL, Brini AT (2008) Human adipose-derived stem
cells as future tools in tissue regeneration: osteogenic differen-
tiation and cell-scaffold interaction. Int J Artif Organs 31:467—
479

De Ugarte DA, Morizono K, Elbarbary A, Alfonso Z, Zuk PA, Zhu
M, Dragoo JL, Ashjian P, Thomas B, Benhaim P, Chen I, Fraser
J, Hedrick MH (2003) Comparison of multi-lineage cells from
human adipose tissue and bone marrow. Cells Tissues Organs
174:101-109

Dudas JR, Marra KG, Cooper GM, Penascino VM, Mooney MP, Jiang
S, Rubin JP, Losee JE (2006) The osteogenic potential of
adipose-derived stem cells for the repair of rabbit calvarial
defects. Ann Plast Surg 56:543-548

Funk JF, Matziolis G, Krocker D, Perka C (2007) Promotion of bone
healing through clinical application of autologous periosteum

@ Springer

derived stem cells in a case of atrophic non-union. Z Orthop
Unfall 145:790-794

Halvorsen YD, Franklin D, Bond AL, Hitt DC, Auchter C, Boskey
AL, Paschalis EP, Wilkison WO, Gimble JM (2001) Extracellular
matrix mineralization and osteoblast gene expression by human
adipose tissue-derived stromal cells. Tissue Eng 7:729-741

Jager M, Jelinek EM, Wess KM, Scharfstddt A, Jacobson M, Kevy
SV, Krauspe R (2009) Bone marrow concentrate: a novel strategy
for bone defect treatment. Curr Stem Cell Res Ther 4:34-43

Jiang Y, Jahagirdar BN, Reinhardt RL, Schwartz RE, Keene CD,
Ortiz-Gonzalez XR, Reyes M, Lenvik T, Lund T, Blackstad M,
Du J, Aldrich S, Lisberg A, Low WC, Largaespada DA,
Verfaillie CM (2002) Pluripotency of mesenchymal stem cells
derived from adult marrow. Nature 418:41-49

Kingham PJ, Kalbermatten DF, Mahay D, Armstrong SJ, Wiberg M,
Terenghi G (2007) Adipose-derived stem cells differentiate into a
Schwann cell phenotype and promote neurite outgrowth in vitro.
Exp Neurol 207:267-274

Kitoh H, Kitakoji T, Tsuchiya H, Mitsuyama H, Nakamura H, Katoh
M, Ishiguro N (2004) Transplantation of marrow-derived
mesenchymal stem cells and platelet-rich plasma during distrac-
tion osteogenesis—a preliminary result of three cases. Bone
35:892-898

Le Blanc K, Tammik C, Rosendahl K, Zetterberg E, Ringdén O
(2003) HLA expression and immunologic properties of differen-
tiated and undifferentiated mesenchymal stem cells. Exp Hematol
31:890-896

Lendeckel S, Jodicke A, Christophis P, Heidinger K, Wolff J, Fraser
JK, Hedrick MH, Berthold L, Howaldt HP (2004) Autologous
stem cells (adipose) and fibrin glue used to treat widespread
traumatic calvarial defects: case report. J Craniomaxillofac Surg
32:370-373

Majumdar MK, Keane-Moore M, Buyaner D, Hardy WB, Moorman
MA, McIntosh KR, Mosca JD (2003) Characterization and
functionality of cell surface molecules on human mesenchymal
stem cells. J Biomed Sci 10:228-241

Matsumoto D, Sato K, Gonda K, Takaki Y, Shigeura T, Sato T, Aiba-
Kojima E, lizuka F, Inoue K, Suga H, Yoshimura K (2006) Cell-
assisted lipotransfer: supportive use of human adipose-derived
cells for soft tissue augmentation with lipoinjection. Tissue Eng
12:3375-3382

Mesiméki K, Lindroos B, Térnwall J, Mauno J, Lindqvist C, Kontio
R, Miettinen S, Suuronen R (2009) Novel maxillary reconstruc-
tion with ectopic bone formation by GMP adipose stem cells. Int
J Oral Maxillofac Surg 38:201-209

Noth U, Osyczka AM, Tuli R, Hickok NJ, Danielson KG, Tuan RS
(2002) Multilineage mesenchymal differentiation potential of
human trabecular bone-derived cells. J Orthop Res 20:1060—
1069

Peptan IA, Hong L, Mao JJ (2006) Comparison of osteogenic
potentials of visceral and subcutaneous adipose-derived cells of
rabbits. Plast Reconstr Surg 117:1462-1470

Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca
JD, Moorman MA, Simonetti DW, Craig S, Marshak DR (1999)
Multilineage potential of adult human mesenchymal stem cells.
Science 284:143-147

Qu CQ, Zhang GH, Zhang LJ, Yang GS (2007) Osteogenic and
adipogenic potential of porcine adipose mesenchymal stem cells.
In Vitro Cell Dev Biol Anim 43:95-100

Quarto R, Mastrogiacomo M, Cancedda R, Kutepov SM, Mukhachev
V, Lavroukov A, Kon E, Marcacci M (2001) Repair of large bone
defects with the use of autologous bone marrow stromal cells. N
Engl J Med 344:385-386

Rigotti G, Marchi A, Gali¢ M, Baroni G, Benati D, Krampera M,
Pasini A, Sbarbati A (2007) Clinical treatment of radiotherapy
tissue damage by lipoaspirate transplant: a healing process



Cell Tissue Res (2009) 338:401-411

411

mediated by adipose-derived adult stem cells. Plast Reconstr
Surg 119:1409-1422

Smietana MJ, Syed-Picard FN, Ma J, Kostrominova T, Arruda EM,
Larkin LM (2009) The effect of implantation on scaffoldless
three-dimensional engineered bone constructs. In Vitro Cell Dev
Biol Anim 45:512-522

Tholpady SS, Katz AJ, Ogle RC (2003) Mesenchymal stem cells from
rat visceral fat exhibit multipotential differentiation in vitro. Anat
Rec 272:398-402

Tobita M, Uysal AC, Ogawa R, Hyakusoku H, Mizuno H (2008)
Periodontal tissue regeneration with adipose-derived stem cells.
Tissue Eng 14:945-953

Torres FC, Rodrigues CJ, Stocchero IN, Ferreira MC (2007) Stem
cells from the fat tissue of rabbits: an easy-to-find experimental
source. Aesthetic Plast Surg 31:574-578

Vidal MA, Kilroy GE, Lopez MJ, Johnson JR, Moore RM, Gimble
JM (2007) Characterization of equine adipose tissue-derived
stromal cells: adipogenic and osteogenic capacity and compari-
son with bone marrow-derived mesenchymal stromal cells. Vet
Surg 36:613-622

Wu X, Peters JM, Gonzalez FJ, Prasad HS, Rohrer MD, Gimble JM
(2000) Frequency of stromal lineage colony forming units in
bone marrow of peroxisome proliferator-activated receptor-alpha-
null mice. Bone 26:21-26

Yoon E, Dhar S, Chun DE, Gharibjanian NA, Evans GR (2007) In
vivo osteogenic potential of human adipose-derived stem cells/
poly lactide-co-glycolic acid constructs for bone regeneration in a
rat critical-sized calvarial defect model. Tissue Eng 13:619-627

Yoshimura H, Muneta T, Nimura A, Yokoyama A, Koga H, Sekiya I
(2007) Comparison of rat mesenchymal stem cells derived from
bone marrow, synovium, periosteum, adipose tissue, and muscle.
Cell Tissue Res 327:449-462

Yoshimura K, Sato K, Aoi N, Kurita M, Inoue K, Suga H, Eto H, Kato
H, Hirohi T, Harii K (2008a) Cell-assisted lipotransfer for facial
lipoatrophy: efficacy of clinical use of adipose-derived stem cells.
Dermatol Surg 34:1178-1185

Yoshimura K, Sato K, Aoi N, Kurita M, Hirohi T, Harii K (2008b)
Cell-assisted lipotransfer for cosmetic breast augmentation:
supportive use of adipose-derived stem/stromal cells. Aesthetic
Plast Surg 32:48-55

Zuk PA, Zhu M, Mizuno H, Huang J, Futrell JW, Katz AJ, Benhaim P,
Lorenz HP, Hedrick MH (2001) Multilineage cells from human
adipose tissue: implications for cell-based therapies. Tissue Eng
7:211-228

Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JI, Mizuno H,
Alfonso ZC, Fraser JK, Benhaim P, Hedrick MH (2002) Human
adipose tissue is a source of multipotent stem cells. Mol Biol Cell
13:4279-4295

@ Springer



	Isolation, characterization and osteogenic differentiation of adipose-derived stem cells: from small to large animal models
	Abstract
	Introduction
	Materials and methods
	Harvesting of adipose tissue and isolation and culture of ASCs
	MTT cell proliferation assay
	Fibroblast-colony-forming unit assay
	Osteogenic differentiation and evaluation of differentiation markers
	ALP activity
	Calcified extracellular matrix deposition
	Expression of bone-specific proteins
	ASCs-scaffold constructs
	Statistical analysis

	Results
	Isolation and characterization of undifferentiated ASCs
	Osteogenic differentiation of ASCs
	Interaction of ASCs and HA scaffold

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


