
INTRODUCTION

Cartilage, a widely dispersed connective tissue found
in the maxillofacial region (the nose, ears and various
joints) can be affected by various conditions, including
congenital morphological anomalies such as cleft lip
and palate, joint trauma, or post-surgery trauma after
tumor removal. Damage to cartilage tissue has a dele-
terious effect on facial morphology and can make it
difficult for the patient to resume daily activities, which
may significantly decrease the patient’s quality of
life.1 In such situations, treatment generally involves
transplantation of autologous cartilage or implantation
of polymer biomaterials such as silicon or hyaluronic

acid.1 However, these materials have certain disad-
vantages such as a lack of durability, increased risk
of infection, and the requirement of invasive ap-
proaches to remove tissue from donor sites.1 Tissue
engineering strategies are expected to replace injured
articular cartilage tissues with tissue grown in vitro.
Recently, mature adipocytes, which are the most
abundant cell type in adipose tissues, have been con-
sidered good candidates for tissue engineering be-
cause of their multilineage potential.2, 3

These types of cells, which are termed adipose
stem cells (ASCs), have been investigated for their
capacity to differentiate into three linages : meso-
derm, ectoderm, and endoderm.4 In general, acquisi-

Chondrocyte differentiation of human buccal fat pad-derived dedifferentiated fat cells and

adipose stem cells using an atelocollagen sponge

Akihiro Nishio1, Hirohito Kubo2, Naotaka Kishimoto3, Yoshiya Hashimoto4 and Kenji Kakudo2

Graduate School of Dentistry (Second Department of Oral and Maxillofacial Surgery), 1Second Department of Oral and Maxillofacial
Surgery, 2Department of Anesthesiology and 3Department of Biomaterials, Osaka Dental University, 8-1 Kuzuhahanazono-cho,
Hirakata-shi, Osaka 573-1121, Japan

We evaluated the chondrocyte differentiation potential of dedifferentiated fat cells (DFATs)
and adipose stem cells (ASCs) from the human buccal fat pad (BFP). We isolated the cells
from two patients who underwent oral and maxillofacial surgery. Chondrocyte differentiation
was evaluated based on gene and protein expression analysis in addition to histological
analysis of DFATs and ASCs seeded in an atelocollagen sponge and cultured for up to 21
days. The gene expression levels of chondrocyte differentiation markers such as aggrecan,
collagen type 2, and SOX9 were higher in DFATs than in ASCs cultured for 14 and 21 days,
whereas protein expression levels were higher in DFATs at all time points tested. Addition-
ally, the levels of the embryonic stem cell markers Nanog, SOX2, and OCT4 were higher in
DFATs than in ASCs at 72 h. The extracellular matrix of both the cultured ASCs and DFATs
was Alcian blue-positive, indicating production of sulfated glycosaminoglycans, and was
aggrecan-positive.

The chondrocyte differentiation ability of human DFATs was higher than that of ASCs. Iso-
lation of DFATs from the BFP offers an aesthetic advantage, as the BFP can be obtained from
the oral cavity without surface scarring. Therefore, we propose that BFP-derived DFATs are
an ideal cell source for cartilage tissue engineering. This study provides evidence that
DFATs from the BFP are an ideal cell source for cartilage tissue engineering. (J Osaka Dent
Univ 2015 ; 49 : 185−196)

Key words : Dedifferentiated fat cells ; Adipose stem cells ; Ceiling culture ; Buccal fat
pad ; Chondrocyte differentiation ; Cartilage tissue engineering

J Osaka Dent Univ 2015 (October) ; 49 (2) : 185−196.



tion of ASCs from adipose tissue is more cost-
effective and less invasive than that from other tis-
sues.5 Moreover, ASCs can be cultured easily and for
longer periods than bone marrow stromal cells
(BMSCs).5 Using an in vitro dedifferentiation strategy
known as ceiling culture,6, 7 mature adipocytes iso-
lated from fat tissue can be dedifferentiated into
fibroblast-like cells that have been termed dedifferen-
tiated fat cells (DFATs). Furthermore, a recent study8

from our lab demonstrated that the osteoblastic differ-
entiation ability of DFATs is higher than that of human
MSCs. Another study from our group evaluated the
osteoblastic differentiation abilities of DFATs and
ASCs from the buccal fat pad (BFP) and demon-
strated that the osteoblastic differentiation potential of
DFATs is greater than that of ASCs.9

In the present study, we obtained fat cells from the
BFP of two male adult patients. Matsumoto et al. dem-
onstrated that DFATs can be obtained from donors re-
gardless of their age ;6 they successfully prepared
DFATs from donors between 4 and 81 years of age,
although lower proliferative activity was observed in
cells from donors over 70 years of age. The multiline-
age differentiation potential of DFATs was also con-
firmed in most donors examined except for those of
very high age, such as 77 and 81 years. Their obser-
vations suggested that DFATs can be used for autolo-
gous transplantation in patients of various ages.

The chemical composition and structural character-
istics of three-dimensional (3D) scaffolds affect cell
behavior, ultimately determining the performance of
tissue-engineered constructs.10 Atelocollagen has
been widely applied clinically in various forms such as
gels or sponges because it shows good biodegrad-
ability, biocompatibility, and absorbability.11−13 For ex-
ample, collagen sponges are considered a useful 3D
scaffold matrix for several types of tissues. The pur-
pose of this study was to compare the chondrocyte
differentiation capacity of BFP-derived DFATs and
ASCs cultured in an atelocollagen sponge for tissue
engineering.

MATERIALS AND METHODS

Collagen scaffold preparation
A porous collagen sponge was produced as de-

scribed previously. Briefly, an atelocollagen (KOKEN,
Tokyo, Japan) gel was freeze-dried, cross-linked,
sterilized with formaldehyde, and γ -ray (10 kGy)-
treated to produce a porous collagen sponge with a
diameter of 5 mm and thickness of 3 mm (AteloCell
atelocollagen sponge MIGHTY ; KOKEN). The pore
size was designed to be 30−200 mm, and the pores
were inter-connected.

Isolation and culture of DFATs and ASCs
Human BFP was obtained from two male patients
who underwent oral and maxillofacial surgery at
Osaka Dental University Hospital. The patients were
healthy and had no systemic disease. All procedures
were approved by the ethics committee of Osaka
Dental University (Approval No. 110714). We isolated
DFATs using the ceiling culture method as described
in our previous report.9 Briefly, approximately 1 g of
BFP was minced into small pieces and then dissoci-
ated using a 0.1% (w/v) collagenase solution (collage-
nase type Ι ; Wako Pure Chemical, Osaka, Japan) at
37°C for 1 h with gentle agitation. The cell suspension
was filtered through 150-μm and 250-μm nylon
meshes to allow the cells to pass through while ex-
cluding unwanted stromal cells and tissue. Floating
mature adipocytes in the top layer were collected and
centrifuged at 135×g for 3 min. Isolated mature adi-
pocytes were seeded in a 25−cm2 culture flask (Sumi-
lon ; Sumitomo Bakelite, Tokyo, Japan) that was
completely filled with Dulbecco’s modified Eagle me-
dium (DMEM ; Nacalai Tesque, Kyoto, Japan) sup-
plemented with 20% (v/v) fetal bovine serum (FBS ;
Life Technologies, Carlsbad, CA, USA) and an antibi-
otic/antimycotic mixed stock solution consisting of
10,000 U/mL penicillin, 10,000 μg/mL streptomycin,
and 25 μg/mL amphotericin B (Nacalai Tesque).

The cells were then incubated at 37°C under 5%
CO2. The flask was positioned with the adhesive cul-
ture surface facing upward, such that floating adipo-
cytes containing lipid droplets attached to the inner
ceiling surface of the flask. This method is referred to
as ceiling culture. After 7 d, the medium was removed
and the flask was inverted. A small volume of fresh
medium (sufficient to barely cover the bottom of the
flask) was added. The medium was then changed
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twice a week. At confluence, the cells were passaged
and used for experiments. We isolated ASCs accord-
ing to the method of Zuk et al.14 ASCs were obtained
by expansion of adherent cells derived from pellets of
collagenase-digested BFP by centrifugation. The me-
dium used for DFATs culture was also applied to
ASCs culture. The culture medium for both cell types
was replaced twice a week. At confluence, the cells
were passaged and used for experiments.

Chondrocyte differentiation in the scaffold
A 100-μL cell suspension was seeded in the atelocol-
lagen sponge. ASCs and DFATs from passage 3
were seeded at a density of 5×105 cells/scaffold in a
96-well plate, cultured in DMEM, and then mixed with
an equal volume of 2% atelocollagen gel on ice. After
the cells attached to the scaffolds, the scaffolds were
moved to a 24-well plate. ASCs and DFATs within the
scaffold were cultured in DMEM for 72 h to investigate
embryonic stem cell marker expression. Chondrocyte
differentiation was induced by culturing ASCs and
DFATs within the scaffold for 1, 2 and 3 weeks in
chondrocyte differentiation medium (CDM ; DMEM
containing 1% FBS, 50 mM L-ascorbic acid-2-pho-

sphate (Sigma-Aldrich), 40 mg/mL proline (Sigma-
Aldrich), 100 mg/mL pyruvate (Sigma-Aldrich), and 10
ng/mL transforming growth factor (TGF)-β 3 (R & D
Systems, Minneapolis, MN, USA), and 1×ITS). The
medium was changed every 4 days.

RNA analysis
An entire scaffold was crushed in a mixer mill and cen-
trifuged using a QIAshredder (Qiagen, Hilden, Ger-
many). Total RNA was isolated from the cell-seeded
matrix by using a total RNA extraction kit (Qiagen).
Single-stranded cDNA was synthesized from mRNA
using a High-Capacity RNA-to-cDNA Master Mix (Ap-
plied Biosystems, Foster City, CA, USA). The real-
time polymerase chain reaction (RT-PCR) was con-
ducted using a Universal Probe Library Set, Human
(Roche Diagnostics, Mannheim, Germany) and a
FastStart Universal Probe Master Mix (Roche Diag-
nostics) using the two-stage program parameters on
a Step One Plus PCR system (Applied Biosystems).
The PCR conditions were as follows : 10 min at 95
°C, followed by 45 cycles of 15 s at 95°C and 60 s at
60°C. The primers used for PCR are listed in Table 1.

Table 1 Sequences of the primers used for RT-PCR

Primer Genebank No. Probe No.
Forward/
Backward

Sequence

ACAN BC150624 22
F 5’-TCACGTGTAAAAAGGGCACA-’3

B 5’-CTTCTTCTGCCCGAAGGTC-’3

COL2A1 NM_001844 9
F 5’-GTGAACCTGGTGTCTCTGGTC-’3

B 5’-TTTCCAGGTTTTCCAGCTTC-’3

SOX9 Z46629 61
F 5’-GTACCCGCACTTGCACAAC-’3

B 5’-TCTCGCTCTCGTTCAGAAGTC-’3

NANOG NM_024865 69
F 5’-GAGATGCCTCACACGGAGAC-’3

B 5’-AGGGCTGTCCTGAATAAGCA-’3

Oct4 NM_002701 60
F 5’-CTTCGCAAGCCCTCATTTC-’3

B 5’-GAGAAGGCGAAATCCGAAG-’3

SOX2 NM_003106 65
F 5’-GGGGGAATGGACCTTGTATAG-’3

B 5’-GCAAAGCTCCTACCGTACCA-’3

GAPDH
(control)

NM_002046 60
F 5’-AGCCACATCGCTCAGACAC-’3

B 5’-GCCCAATACGACCAAATCC-’3
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Histological analysis
Collagen sponges that had been cultured with ASCs
and DFATs in CDM were washed with PBS, fixed with
4% paraformaldehyde in phosphate buffer (Wako
Pure Chemical, Osaka, Japan), dehydrated in alco-
hol, embedded in paraffin, and cut into 5-μm thick
sections. Each specimen was stained with hemato-
xylin-eosin (HE) and Alcian blue at pH 2.5 (Wako) for
detection of mucopolysaccharides and glycosamino-
glycans.

The presence of aggrecan was detected by immu-
nohistochemical staining using 5-μm sections. Brief-
ly, paraffin sections were deparaffinized followed by
hydration in gradient ethanol solutions. Endogenous
peroxidases were then inactivated by incubation with
3% hydrogen peroxide for 5 min. Antigen retrieval was
performed by chondroitinase ABC processing for 60
min at 37°C. Sections were then incubated at room
temperature for 50 min with a monoclonal antibody di-
rected against aggrecan at 1 : 100 (ab 3778 ; Ab-
cam, Boston, MA, USA), followed by incubation with
Histofine Simple Stain Rat MAX-PO (MULTI) (Nichirei
No. 714191, Nichirei Biosciences, Tokyo, Japan) for
30 min at room temperature. Color development was
performed using diaminobenzidine tetrahydrochloride
(DAB). Finally, cell nuclei were stained with hematox-
ylin.

Western blot analysis
Western blot analysis was performed using an atelo-

collagen sponge where ASCs and DFATs were cul-
tured for 1, 2 or 3 weeks. Cell lysates were obtained
using a cocktail including Bolt LDS sample buffer and
Bolt Sample Reducing Agent following the protocol
supplied by Life Technologies. PNGase F (Biolabs,
Ipswich, MA, USA) was added to the proteins and in-
cubated at 37°C for 1 h. The proteins were separated
by SDS-PAGE and transferred onto PVDF mem-
branes using the iBlot Dry Blotting system. The iBind
western system was used to perform hands-free
blocking, antibody binding, and washes. Signals were
detected using SuperSignal West Pico chemilumines-
cent substrate. An anti-aggrecan (ab 3778 ; Abcam)
antibody was used as the primary antibody, whereas
a goat anti-mouse IgG (Thermo Fisher Scientific,
Waltham, MA, USA) was used as the secondary anti-
body. A mouse anti-GAPDH antibody at 1 : 100 (MBL
International, Woburn, MA, USA) was used as a con-
trol for equal loading.

Statistical analysis
All experiments were conducted in quadruplicate.
Data are expressed as the mean and standard devia-
tion. Statistical analyses were conducted for DFATs
and ASCs cultured in the same medium to compare
the pluripotency and chondrocyte differentiation abili-
ties of both cell types. Intergroup comparisons were
performed using the Mann-Whitney U-test. Differ-
ences were considered significant at p＜0.05.

Fig. 1 Morphology of ASCs and DFATs from the buccal fat pad 3 d after dissemination of the stromal-vascular
fraction and the beginning of ceiling culture, respectively. The red arrow indicates the reduction of lipid droplets,
whereas the blue arrow indicates a cytoplasmic extension (Bar＝100 μm).
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RESULTS

Loss of adipocyte morphology after ceiling cul-
ture
Both ASCs and DFATs showed fibroblastic and

spindle-shaped cell morphology during early pas-
sages in adherent cell culture. In particular, DFATs
showed characteristic attributes in ceiling culture with
a reduction of lipid droplets and cytoplasmic exten-
sions (Fig. 1).

Fig. 2 Hematoxylin and eosin-stained sections after cell seeding showing ASCs and DFATs in the upper, mid-
dle, and the lower layers of construct.

Vol. 49, No. 2 Chondrocyte differentiation of human BFP-derived DFATs and ASCs using atelocollagen sponge 189



Aggrecan

SOX9

Collagen type 2

HE staining
Microscopic examination of the HE-stained layers of
the scaffold (lower, middle and upper) one week after
seeding revealed that the cells in the 3D construct
were evenly embedded in the collagen scaffold, with
no cell leakage and collagen breakage after cell seed-
ing (Fig. 2).

Chondrocyte differentiation and embryonic stem
cell marker expression
Expression of chondrocyte differentiation markers
such as aggrecan, collagen type 2, and Sox 9, was
higher in DFATs than in ASCs at 14 and 21 d of culture
(p＜0.05, Fig. 3). The levels of the embryonic stem
cell markers Nanog, SOX2, and OCT4 were 6-, 29-,
and 1140-fold higher, respectively, in DFATs than in

ASCs at 72 h of culture (p＜0.05, Fig. 4).

Western blot analysis
Figure 6 shows the western blot results for aggrecan
expression in ASCs and DFATs cultured for 1, 2 or 3
weeks. Aggrecan levels were approximately 1.5-,
2.4-, and 1.3-fold higher in DFATs than in ASCs at 1,
2 and 3 weeks, respectively (Fig. 5).

Alcian blue staining
Following 3D culture for 7, 14 and 21 days, Alcian blue
staining revealed deposition of a glycosaminoglycan-
rich matrix surrounding ASCs and DFATs (Fig. 6).
Both ASCs and DFATs showed high amounts of self-
produced matrix, and the strength of staining did not
differ between ASCs and DFATs.

Fig. 3 Chondrocyte differentiation of ASCs and DFATs after 7, 14 and 21 d of culture. Gene expression of aggre-
can, collagen type 2, and SOX9 are normalized against that of GAPDH as an internal control (*p＜0.05).
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Immunohistochemical staining of aggrecan
Figure 7 shows the results of immunohistochemical
staining for aggrecan in ASCs and DFATs cultured for
7, 14 or 21 days. Increased aggrecan expression was
observed for both ASCs and DFATs, confirming an in-
crease in protein synthesis. Aggrecan antibody posi-
tivity was observed in the extracellular matrix for both
ASCs and DFATs. However, similar to the results of
Alcian blue staining, the strength of the staining did
not differ between ASCs and DFATs.

DISCUSSION

Two general types of stem cells are potentially useful
for tissue engineering applications : embryonic stem
cells (ESCs) and autologous stem cells. Although
ESCs have been successfully converted in vitro into
various tissues or organs because of their pluripoten-
tiality, the practical use of ESCs is limited because of

potential problems of ethics, immunorejection, and tu-
morigenesis. In contrast, autologous stem cells are
immunocompatible and have no associated ethical is-
sues. For engineering of mesodermally derived tis-
sues, autologous stem cells have been obtained from
bone marrow and adipose tissue. However, differenti-
ated cells frequently contaminate the stem cell popu-
lations.14, 15 Therefore, several passages are usually
needed to eliminate such contamination.14, 16

In contrast, DFATs contain almost no other cell
types even at the first passage. This property of
DFATs may lead to higher safety and efficacy for clini-
cal cell therapies.6 Mature adipocytes, which are the
source of DFATs dedifferentiated into fibroblast-like
cells by an in vitro dedifferentiation strategy known as
ceiling culture, are the most abundant cell type in adi-
pose tissue.6 DFATs also have recently been shown
to differentiate into multiple mesodermal linages.6 The

Fig. 4 Gene expression of the embryonic stem cell markers Nanog, Sox2 and Oct4 after 72 h normalized against
that of GAPDH as an internal control (*p＜0.05).

Vol. 49, No. 2 Chondrocyte differentiation of human BFP-derived DFATs and ASCs using atelocollagen sponge 191



characteristics of the ASCs and DFATs used in this
study were demonstrated using FACS analysis, and
both cell types were positive for representative stem
cell markers at the cell surface (i.e., CD 90 and CD
105), but negative for CD 34, CD 11 b, and CD 45.9

Matsumoto et al. demonstrated that the expression
profiles of surface antigens were essentially the same
for DFATs and ASCs.6

Atelocollagen has been conventionally applied
clinically in various forms such as gels or sponges as

it shows good biocompatibility and absorbability.12

However, in vitro experiments have revealed that the
mechanical strength of the atelocollagen hydrogel is
insufficient,18 even after biological enhancement of
matrix production by chondrocytes within the hydro-
gel. Akamine et al. reported that following seeding of
human synovial cells onto the same atelocollagen
sponge used in this study, neither cell leakage nor tis-
sue destruction of the 3D construct occurred after
loading at 40 kPa.19 In this study, HE staining revealed
uniform seeding and growth of DFATs and ASCs cul-
tured within the atelocollagen sponge for one week.

Addition of chondrocyte supplements such as L-
ascorbic acid-2-phosphate and transforming growth
factor to DFATs cultures can induce chondrogene-
sis. Real-time RT-PCR analysis showed that the cul-
tured DFATs expressed the chondrocyte markers Sox
9, aggrecan, and collagen type 2, suggesting that
DFATs retain the properties of chondrocyte lineage-
committed progenitor cells. Matsumoto et al. demon-
strated that monolayer cultures of DFATs expressed
the chondrocyte markers Sox 9 and aggrecan on day
21 ;6 however, the expression ratio of these genes at
this time point was lower than that on day 14. In con-
trast, in this study, expression of chondrocyte-specific
markers remained high in the atelocollagen sponge-
cultured DFATs on day 21. DFATs may present differ-
ent functional phenotypes depending on the physical
environment within a 3D structure. Alcian blue stain-
ing was used to visualize the presence of sulfated
glycosaminoglycans and collagen within the con-
structs.20 Aggrecan is essential for the normal func-
tioning of articular cartilage and intervertebral discs,
where it allows the tissues to withstand compressive
loading.21 These histological findings showing produc-
tion of aggrecan, sulfated glycosaminoglycans, and
collagen indicate the formation of a functional extra-
cellular matrix. Quantitative analysis using western
blotting showed that aggrecan expression of DFATs
cultured in the atelocollagen sponge was higher than
that of similarly cultured ASCs. These results suggest
that this carrier is a suitable scaffold for DFATs and
will be useful as a 3D chondrocyte tissue engineering
scaffold.

ASCs and DFATs are an attractive cell source for

Fig. 5 Expression of aggrecan following chondrocyte differen-
tiation of ASCs and DFATs after 7, 14 and 21 d of culture by west-
ern blot analysis. Chondrocyte differentiation of ASCs is shown at
7 d (a), 14 d (c) and 21 d (e), while differentiation of DFATs is
shown at 7 d (b), 14 d (d), and 21 d (f). The expression of aggre-
can was normalized against that of GAPDH as an internal con-
trol.
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regenerative medicine because of their high prolifera-
tion rate and multilineage differentiation capacity. In
this study, the chondrogenic differentiation capacity
of DFATs was superior to that of ASCs. We speculate
that differential expression patterns of embryonic
stem cell markers contribute to this property. Embry-
onic stem cell markers form a regulatory circuit that in-
volves the transcription factors OCT4, SOX2 and

Nanog,22 and is responsible for stem cell self-renewal
and differentiation. In the present study, the expres-
sion of OCT4, SOX2, and Nanog in the cultured
DFATs was dramatically higher than that in the
ASCs. Gao et al. reported that whereas DFATs ex-
pressed some ESC markers and were a candidate
source of stem cells such as ASCs, the expression
level of embryonic stem cell markers in DFATs was

Fig. 6 Alcian blue-stained sections of ASCs and DFATs after culture for 7, 14 and 21 d.
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slightly lower than that in ASCs.22 This discrepancy
between studies may have resulted from differences
between monolayer and 3D cultures. Biomaterials
can provide a 3D culture environment to mimic the
physiological microenvironment and guide differentia-

tion of stem cell populations.23−25 Therefore, we specu-
late that in 3D culture, spontaneous reprogramming
may occur in DFATs, whereas it may not occur in
ASCs.

The present study revealed that the chondrocyte

Fig. 7 Immunohistochemical staining for aggrecan expression of ASCs and DFATs after culture for 7, 14 and 21
d in chondrocyte differentiation medium.
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differentiation ability of DFATs is higher than that of
ASCs. This study also histologically revealed that un-
der the 3D culture conditions provided by the atelocol-
lagen sponge, DFATs differentiate into chondrocytes
as early as day 7 of culture to form cultured cartilage
in vitro. Therefore, the combined use of DFATs and
an atelocollagen sponge may be an attractive option
for cartilage tissue engineering. DFATs combined
with an atelocollagen sponge may thus be useful for
maxillofacial reconstruction. Further in vivo studies of
cartilage tissue engineering are necessary.

Our previous study was the first to describe DFATs
isolated from BFP, which offer the advantage of being
easily accessible.9 Harvesting of BFP cells is a simple
procedure that requires a minimal incision with local
anesthesia and results in minimal donor site morbid-
ity. In the present study, DFATs isolated from the BFP
were uniformly seeded and cultured in an atelocolla-
gen sponge and differentiated in vitro to yield cartilage
tissue. The shape and pore size of the collagen scaf-
folds enabled them to be used for high-density cell
culture and also to allow diffusion of the newly formed
extracellular matrix to provide a better environment for
cell-cell and cell-matrix communication, and help
regulate chondrocyte differentiation. In addition, the
chondrocyte differentiation ability of DFATs from the
BFP was greater than that of ASCs. Overall, these
studies provide evidence that DFATs from the BFP
are an ideal cell source for cartilage tissue engineer-
ing.

We thank Dr. Yuichi Ohnishi and Tomoko Fujii, Second De-
partment of Oral and Maxillofacial Surgery, Osaka Dental
University, for their cooperation in collecting the BFP. We also
thank Dr. Yoshitomo Honda from the Central Institute of Den-
tal Research, Osaka Dental University, for his valuable ad-
vice. This work was supported by JSPS KAKENHI Grant No.
26463033.

Conflict of interest statement
The authors declare that they have no conflict of interest.

REFERENCE

1. Hoshi K, Fujihara Y, Asawa Y, Nishizawa S, Kanazawa S,
Sakamoto T, Watanabe M, Ogasawara T, Saijo H, Mori Y. Re-
cent trends in cartilage regenerative medicine and its applica-
tion to oral and maxillofacial surgery. Oral Science Interna-
tional 2013 ; 10 : 15−19.

2. Nathan S, De SD, Thambyah A, Fen C, Goh J, Lee EH. Cell-

based therapy in the repair of osteochondral defects : A
novel use for adipose tissue. Tissue Eng 2003 ; 9 : 733−744.

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

4. Locke M, Windsor J, Dunbar P. Human adipose-derived stem
cells : isolation, characterization and applications in surgery.
ANZ J Surg 2009 ; 79 : 235−244.

5. Zhu Y, Liu T, Song K, Fan X, Ma X, Cui Z. Adipose-derived
stem cell : a better stem cell than BMSC. Cell Biochem Funct
2008 ; 26 : 664−675.

6. Matsumoto T, Kano K, Kondo D, Fukuda N, Iribe Y, Tanaka
N, Matsubara Y, Sakuma T, Satomi A, Otaki M, Ryu J,
Mugishima H. Mature adipocyte-derived dedifferentiated fat
cells exhibit multilineage potential. J Cell Physiol 2008 ; 215 :
210−222.

7. Yagi K, Kondo D, Okazaki Y, Kano K. A novel preadipocyte cell
line established from mouse adult mature adipocytes. Bio-
chem Biophys Res Commun 2004 ; 321 : 967−974.

8. Sakamoto F, Hashimoto Y, Kishimoto N, Honda Y, Matsumoto
N. The utility of human dedifferentiated fat cells in bone tissue
engineering in vitro. Cytotechnology 2015 ; 67 : 75−84.

9. Kishimoto N, Momota Y, Hashimoto Y, Tatsumi S, Ando K,
Omasa T, Kotani J. The osteoblastic differentiation ability of
human dedifferentiated fat cells is higher than that of adipose
stem cells from the buccal fat pad. Clin Oral Investig 2014 ;
18 : 1893−1901.

10. Athanasiou KA, Shah AR, Hernandez RJ, LeBaron RG. Basic
science of articular cartilage repair. Clin Sports Med 2001 ;
20 : 223−247.

11. Arima Y, Uemura N, Hashimoto Y, Baba S, Matsumoto N.
Evaluation of bone regeneration by porous alpha-tricalcium
phosphate/atelocollagen sponge composite in rat calvarial
defects. Orthodontic Waves 2013 ; 72 : 23−29.

12. Matsuno T, Nakamura T, Kuremoto K, Notazawa S, Nakahara
T, Hashimoto Y, Satoh T, Shimizu Y. Development of beta-
tricalcium phosphate/collagen sponge composite for bone re-
generation. Dent Mater J 2006 ; 25 : 138−144.

13. Yamamoto Y, Nakamura T, Shimizu Y, Matsumoto K, Taki-
moto Y, Kiyotani T, Sekine T, Ueda H, Liu Y, Tamura N. Intra-
thoracic esophageal replacement in the dog with the use of
an artificial esophagus composed of a collagen sponge with a
double-layered silicone tube. J Thorac Cardiovasc Surg
1999 ; 118 : 276−286.

14. Zuk PA, Zhu M, Mizuno H, Huang J, Futrell JW, Katz AJ, Ben-
haim P, Lorenz HP, Hedrick MH. Multilineage cells from hu-
man adipose tissue : implications for cell-based therapies.
Tissue Eng 2001 ; 7 : 211−228.

15. Clark BR, Keating A. Biology of bone marrow stroma. Ann NY
Acad Sci, 1995 ; 770 : 70−78.

16. Colter DC, Class R, DiGirolamo CM, Prockop DJ. Rapid ex-
pansion of recycling stem cells in cultures of plastic-adherent
cells from human bone marrow. Proc Natl Acad Sci USA
2000 ; 97 : 3213−3218.

17. Digirolamo CM, Stokes D, Colter D, Phinney DG, Class R,
Prockop DJ. Propagation and senescence of human marrow
stromal cells in culture : A simple colony-forming assay identi-
fies samples with the greatest potential to propagate and differ-
entiate. Br J Haematol 1999 ; 107 : 275−281.

18. Yamaoka H, Tanaka Y, Nishizawa S, Asawa Y, Takato T,
Hoshi K. The application of atelocollagen gel in combination
with porous scaffolds for cartilage tissue engineering and its

Vol. 49, No. 2 Chondrocyte differentiation of human BFP-derived DFATs and ASCs using atelocollagen sponge 195



suitable conditions. Journal of Biomedical Materials Research
－Part A 2010 ; 93 : 123−132.

19. Akamine Y, Kakudo K, Kondo M, Ota K, Muroi Y, Yoshikawa
H, Nakata K. Prolonged matrix metalloproteinase-3 high
expression after cyclic compressive load on human synovial
cells in three-dimensional cultured tissue. Int J Oral Maxillofac
Surg 2012 ; 41 : 874−881.

20. Saha S, Kirkham J, Wood D, Curran S, Yang XB. Informing fu-
ture cartilage repair strategies : a comparative study of three
different human cell types for cartilage tissue engineering.
Cell Tissue Res 2013 ; 352 : 495−507.

21. Roughley PJ, Mort JS. Analysis of aggrecan catabolism by
immunoblotting and immunohistochemistry. Methods Mol
Biol 2012 ; 836 : 219−237.

22. Gao Q, Zhao L, Song Z, Yang G. Expression pattern of embry-
onic stem cell markers in DFAT cells and ADSCs. Mol Biol Rep
2012 ; 39 : 5791−5804.

23. Shakesheff KM, Cannizzaro SM, Langer R. Creating biomi-
metic micro-environments with synthetic polymer-peptide hy-
brid molecules. J Biomater Sci Polym Ed 1998 ; 9 : 507−
518.

24. Dawson E, Mapili G, Erickson K, Taqvi S, Roy K. Biomaterials
for stem cell differentiation. Adv Drug Del Rev 2008 ; 60 : 215
−228.

25. Bozza A, Coates EE, Incitti T, Ferlin KM, Messina A, Menna
E, Bozzi Y, Fisher JP, Casarosa S. Neural differentiation of plu-
ripotent cells in 3D alginate-based cultures. Biomaterials
2014 ; 35 : 4636−4645.

196 A. Nishio et al. Journal of Osaka Dental University , October 2015


