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Orthopaedic tissues, such as bone, cartilage, intervertebral disc
and tendon, contain cells that are difficult to culture and
stimulate in vitro for repair of damaged tissue. Stem cells have
the ability to self-renew and differentiate into many tissue types.
Recent progress in stem cell research has led to an enthusiastic
effort to utilize stem cells for orthopaedic tissue regeneration.
Due to ease of harvest and abundance, adipose-derived
mesenchymal cells (ASC) are an attractive, readily available
adult stem cell that has become increasingly popular for use in
many stem cell applications. Recent progress has been made in
characterizing ASC and looking mechanistically at gene ex-
pression and cellular pathways involved in differentiation. This
review focuses on (i) the characterization of ASC through
expression of appropriate surface markers; (ii) modulation of in
vitro differentiation of ASC through different scaffolds, growth
factors, and media; and (iii) the use of ASC in orthopaedic tissue
repair. Strategies for repair involve the use of differentiated or
undifferentiated, fresh or passaged ASC, in conjunction with
appropriate choice of media, growth factors and scaffolds.
Recent in vivo studies utilizing ASC are discussed giving results
on defect repair and potential for clinical orthopaedic tissue
regeneration. Exp Biol Med 234:1–9, 2009
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Introduction

Stem cells are characterized by the ability to differ-
entiate into many lineage-specific cell types. Despite the
pluripotency of embryonic fetal stem cells, ethical, regu-
latory and availability concerns have driven the search for
adult multipotent mesenchymal stem cells (MSC) for use in
tissue repair and regeneration.

For many years, bone marrow derived stem cells
(BSC) were considered the major source of stem cells for
tissue engineering applications. However, a recent study
in mice showed that MSC reside in virtually all organs
and tissues (1). Due to ease of harvest and abundance,
adipose-derived mesenchymal cells (ASC) are an attrac-
tive, readily available adult stem cell that has become
increasingly popular for use in many applications in
orthopaedics (Table 1). ASC are readily harvested from
adipose-tissue derived from subcutaneous surgery; stem
cells are then isolated using enzymatic digestion, filtration
and centrifugation of the stromal vascular fraction (SVF)
that contains the stem cells along with non-adherent cells
such as red blood cells. The SVF can be used directly as a
source of stem cells or expanded in culture through many
passages.

Although comparison between BSC and ASC is not a
focus of this review, some examples are cited wherein ASC
act in a way similar to the more extensively studied BSC.
Both BSC and ASC derive from embryonic mesoderm and
contain a stromal cell population that includes stem cells.
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Proliferation rates and similar gene expression pathways for
BSC and ASC are found for osteogenic-, chondrogenic-, or
lipogenic-like differentiation (2–4).

Here we discuss (i) current characterization of ASC
through expression of appropriate surface markers; (ii)
modulation of in vitro differentiation of ASC through
different scaffolds, growth factors, and media; and (iii) the
use of ASC in orthopaedic tissue repair.

Characterization of ASC. Adipose tissue is a highly
complex mixture consisting of adipocytes, fibroblasts,
vascular smooth muscle cells, endothelial cells, and immune
cells as well as stem cells. Three criteria have been proposed
to define MSC (5): a) adherence to plastic; b) multipotent
differentiation potential to osteoblasts, adipocytes and
chondroblasts; and c) specific surface antigen expression.

Surface antigen expression has been used extensively in
immunology. Typical categories of surface marker proteins
expressed in MSC are: adhesion molecules such as integrins
(CD29, CD49e), receptor molecules such as hyaluronate
(CD44), cadherins (CD144), surface enzymes (CD73),
extracellular matrix proteins (CD90, CD105), intercellular
adhesion molecules (CD54), vascular adhesion molecules
(CD106), complement regulatory proteins, and histocom-
patibility antigens (6, 7). MSC should characteristically
show positive localization of CD105, CD73 and CD90, but
no localization of haematopoietic markers CD45, CD34,
CD14 or CD11b, CD79a, CD19, or HLA-DR (5). However,
CD90, CD34, CD 106, CD105, and Stro-1 are variably
expressed in both human and animal ASC, especially in
fresh or early passage cells (Table 2) (8–12). Comparison of
initial fresh SVF and passaged and expanded ASC shows
that the SVF contains stem cell markers CD166, CD44,
CD29, CD73, CD90 and CD105. Expression of these
markers increases significantly with increasing passage
number, reaching 98% by P4 (passage 4). The SVF also
expresses CD11, CD14, CD45 and CD34 (haematopoietic
stem cell markers), which then decrease or are lost with
increasing passage number, suggesting that adherence to
plastic and subsequent expansion will select for a relatively

homogeneous cell population compared with the SVF (11).
Even with these differences in phenotype, tissue repair using
freshly isolated SVF is possible (9).

It is important to note that no clear discrimination in
surface markers between ASC, BSC and fibroblasts is
currently available (13). ASC and BSC were shown to have
very similar marker expression (14) (Table 2). Although
some functional similarities between adult human fibro-
blasts and mesenchymal stem cells exist, such as character-
istic surface markers and some differentiation ability (13),
extensive characterization shows many functional differ-
ences (15, 16).

Characterization of marker expression for animal-
derived MSC is challenging because commercial markers
may not be available for a particular species, and not all
human or murine antibodies cross-react with other species.

Effect of Media on ASC. Media used for tissue
culture have an important impact on growth and differ-
entiation of ASC. ASC are often plated and expanded in
classical culture media containing balanced salt solutions
such as minimal essential media (MEM), Dulbecco’s
Modified Eagle’s Medium (DMEM), RPMI-1640 (devel-
oped at Roswell Park Memorial Institute), Basal Medium
Eagle (BME), Dulbecco’s Modified Eagle’s Medium/Ham’s
Nutrient Mixture F-12 (DMEM:F-12) with added serum
(usually 10–20% fetal bovine serum). Serum concentrations
can affect the proliferation of ASC. For example, increasing
serum concentrations from 10% to 15% increases prolifer-
ation of MSC (17). This is not surprising since serum
contains many cytokines and growth factors such as platelet
derived growth factor (PDGF) and epidermal growth factor
(EGF). Concerns have arisen about the possibilities of
disease transmission through serum and supplements added
to media leading to the creation of serum free media
formulations. Formulations such as reduced serum media,
containing nutrients to lower serum requirements; serum
free media containing added proteins (18); protein free
media; and chemically defined media comprising solely of
defined low molecular weight constituents are now

Table 1. Use of ASC for Orthopaedic Tissue Repaira

Differentiation Induction factors Scaffold carrier References

Chondrocytes TGFb, dexamethasone and
ascorbate

PEG ! chondroitin sulphate;
agarose; alginate; gelatin

(70), (29, 36–38)

Osteocytes 1,25(OH)2D3, b-glycerophosphate,
ascorbic acid, BMP-2,
dexamethasone, valproic acid

Apatite-coated PLGA scaffold;
collagen-ceramic; calcium
phosphate ceramic granules;
collagenous microbeads;
calcium phosphate hydrogel;
chitosan-alginate gel (27, 28, 30, 47, 56, 71, 72)

Intervertebrate disc cells TGFb, co-culture with disc cells Collagen scaffolds (60–62)
Tendon/ligament cells ND ND

a TGFb, transforming growth factor beta; BMP-2, bone morphogenic protein-2; PEG, polyethylene glycol; PLGA, poly(lactic-co-glycolic) acid;
ND, no data.
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available. In order to test the effect of individual growth
factors, a serum-free media has traditionally been used to
test growth and differentiation of ASC (19). Transforming
growth factor beta (TGFb) and fibroblast growth factor-2
(FGF-2) was found to enhance growth but not differ-
entiation of ASC. Epidermal growth factor (EGF) was
shown to be an anti-differentiation factor. Enhanced
proliferation of ASC was seen with a commercial growth
medium when compared with DMEM. Only FGF-2
significantly promoted proliferation of ASC; the prolifer-
ative effect of FGF-2 alone was less than that seen with
media only; thus it is possible that synergism among the
other supplement factors may exist (17). Further work is
needed to fully characterize these important factors which
influence ASC growth and differentiation.

Specific osteogenic, chondrogenic or adipogenic media,
containing various tailored differentiating supplements such
as growth factors, are commercially available for differ-
entiation of ASC into osteogenic, chondrogenic and
adipogenic-like lineages respectively. These are recommen-
ded for characterization of the multipotent potential of
various stem cell extractions using the specific media

required. Considerable similarities between the differentia-
tion potential of BSC and ASC were seen (20) (Figs. 1, 2).
Non-differentiating commercial medium is also available to
maintain an undifferentiated phenotype, or to enhance
proliferation. Chondrogenic differentiation is usually ac-
complished by high density plating or micromass pellet
formation (Fig. 1A, B) with TGFb, dexamethasone and
ascorbate supplemented media (21). The use of other growth
factors such as BMP-6 has been investigated (22, 23).
Osteogenic induction of ASC occurs after 3–4 weeks of
tissue culture in an osteogenic media (Fig. 1C) containing
dexamethasone, b-glycerophosphate, L-glutamine and as-
corbate (24, 25).

Effect of Scaffolds on ASC. The field of tissue
engineering involving ASC is rapidly advancing. Tissue
engineering involves cell transplantation, materials science
and engineering efforts directed toward development of
biological replacement tissues. The source of donor cells
may be a different species (heterologous), the same species
but a different individual (allogenic), or the same individual
(autologous).

Most mammalian cells are anchorage dependant and

Table 2. CD Marker List of ASC, BSC Mouse ASC or BSC and SVFa

Surface
marker

ASC (8, 9, 11,
13–15, 73–75)

BSC (10, 14,
15, 74, 75)

ASC or
BSC (10)

Adipose-derived
SVF (11, 74)

Fibroblasts
(13, 15)

Human Human Mouse Human Human

Positive marker CD13 ! ! !/" ! !
CD29 ! ! ! ! !
CD44 ! !/" !/" ! !
CD49e ! ! !
CD54 ! !
CD55 ! ! !
CD63 ! ! !
CD73 ! ! ! !
CD90 ! !/" !/" ! !
CD105 ! ! ! !/" !
CD106 " !/" ! !/"
CD144 ! ! !
CD146 ! ! !
CD166 ! ! !/" !
HLA ABC ! ! !
MHC1

Negative Markers CD11b " " !/"
CD14 " !/" "
CD19 " " "
CD31 !/" " " ! "
CD34 !/" !/" !/" ! "
CD45 " " " "
CD79a
HLA-DR " ! "
Stro-1 !/" !/" "
CD3 " "
CD117 " " " !
CD62L " "
CD95L " "

a !, positive in all cited references;!/", both positive and negative references found. The minimum requisite suggested by Dominici et al. (5) is
shown in bold.
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need an appropriate scaffold for gene-expression appropri-
ate for the tissue of interest. Many different scaffolds exist,
both as support for cells and to promote and maintain
lineage differentiation. An ideal scaffold facilitates cell
attachment, growth and differentiation, and ultimately,
tissue formation and organization. Scaffolds are optimized

for a permanent support for new cells and tissue, or may
serve as a temporary resorbable cell delivery system.

Collagen is a readily available scaffold easily purified
from tissue. Collagen implants are biodegradable through
digestion by collagenase and the MMPs. The matrix of a
collagen sponge slowly dissolves or is resorbed to allow the

Figure 1. Osteogenic and chondrogenic differentiation of human ASC. A and B: High density cultures showed formation of a chondrogenic
phenotype when cultured in micromass; pink ECM staining marks proteoglycans (A,395; B,3240). C: ASC treated with osteogenic media for
three weeks stained with Alizarin red. Red staining marks mineralized matrix produced by osteoblasts. D: Monolayer ASC in culture with non-
differentiating media show no bone formation (C and D,3105).

Figure 2. Lipogenic, chondrogenic and osteogenic differentiation of human ASC and BSC. Histochemical staining of adipocytes (oil red O),
chondrocytes (Alcian Blue), and osteocytes (Alizarin red). BSCs and ASCs were induced into adipogenesis for 14 days, chondrogenesis under
pellet culture for 21 days, and osteogenesis for 14 days. Reproduced by permission from Liu TM, Martina M, et al. Stem Cells 25:750–760,
2007.
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integration of the added cells and their matrix into the
surrounding tissue. Scaffolds also allow for co-culture of
two different cell types. The co-culture environment permits
cell communication that may promote differentiation of the
stem cell to the cell of interest, and exposure to secreted cell
products. Varying scaffold density will affect the available
size of the interstitial space where cells attach and
proliferate. A 3-dimensional (3D) matrix with an open,
porous structure (100-1000 lm) allows space both for cells
to attach for nutrients and waste to permeate, and also room
for extracellular matrix (ECM) accumulation (26). Collag-
enous microbeads have been used as a scaffold for binding
ASC; bound cells were shown to proliferate and differ-
entiate to an adipogenic or osteogenic phenotype (27).
Scaffolds may also be coated with specific ECM compo-
nents optimized for individual tissue types. Distinct ECM
proteins (such as collagen types I or II) deposit from serum
onto matrices and differentially mediate adhesion.

Other scaffolds, such as alginate, have been used as an
injectable cell delivery vehicle. An injectable scaffold can
form-fit to fill the desired shape, may be augmented with
relevant growth factors, and does not require open surgery
for placement (27). ASC mixed with an injectable scaffold,
composed of biphasic calcium phosphate granules in
suspension with a self setting hydrogel consisting of Si-
hydroxy-methylcellulose (HIBS), and injected subcutane-
ously was able to produce woven bone in 4 weeks (28).
Hydrogels that mimic native tissue such as cartilage in
viscoelasticity and water retention have been widely used.
The hydrogel polyethylene glycol (PEG) in combination
with chondroitin sulphate has been injected with BSC for
chondrogenic differentiation (29).

Polyesters of naturally occurring alpha-hydroxy acids,
such as poly glycolic acid (PGA), polylactic acid (PLA),
polyethylene glycol diacrylate (PEDGA), and poly(lactic-
co-glycolic acid) (PLGA), are widely used in tissue
engineering. These polymers can be coated with apatite to
enhance MSC attachment and osteogenic differentiation
(30). The degradation rate of these polymers can be varied
from weeks to years by altering crystallinity, molecular
weight and copolymer ratio. Although largely considered
safe in humans, the ester bonds gradually hydrolyze over
time potentially forming harmful acidic by-products which
may damage tissue (31). Nondegradable scaffolds, such as
fluoropolymers, overcome problems of degradation but are
typically inert materials that do not favor cell attachment.
ASC bound to fluoropolymers were shown to bind better to
polymers with a larger pore size, although overall cell
binding was low (32).

Current in-depth molecular knowledge of how ASC
interact with various scaffolds is limited. Cell adhesion to
the ECM is mediated by integrins that form a direct physical
linkage between the ECM and the cytoskeleton. Knowing
which integrins are commonly expressed by individual ASC
allows predictions of preferred scaffolds. For example, type-

I collagen receptors have been shown to act in adherence of
BSC to PLGA scaffolds (33).

The Use of ASC in Orthopaedics

Chondrogenic Differentiation. In Vitro. The
chondrogenic potential of human ASC grown in 3D culture
has been evaluated by seeding into high density micromass
(34, 35), agarose, alginate or gelatin 3D scaffolds (36–38),
or by growth factor exposure. Culturing conditions
commonly use TGFb, dexamethasone and ascorbate
supplemented media. FGF-2 has been shown to promote
proliferation and chondrogenesis of ASC in micromass
culture (39). Successful differentiation is marked by
expression of typical gene and chondrogenic extracellular
matrix proteins such as sox-9, collagen type II, aggrecan,
biglycan, decorin, chondroitin sulphate, and cartilage
oligomeric matrix protein.

TGFb and the BMPs are involved in initiation and
maintenance of the chondrogenic and osteogenic phenotype
through induction of osteogenic or chondrogenic differ-
entiation. This induction is mediated through receptor
binding. TGFb and bone morphogenic proteins (BMPs)
belong to the TGFb superfamily that signals through
activation of the Smad proteins and major mitogen-activated
protein kinase (MAPK) cascades. The final differentiation
state is dependant on the BMP isoform, concentration of the
BMP, and origin of the stem cells (40). BMP-2 induces
chondrogenesis in micromass culture of ASC, as charac-
terized by collagen II expression and GAG production (41).
BMP2 induced both osteogenic and chondrogenic pheno-
types when added separately to ASC cultured in alginate
beads (42). However, when TGFb and BMP-2 were
combined, the osteogenic phenotype was inhibited. A
possible explanation for this cell behavior is that BMP2
induces the transcription factor Nkx3.2 which downregulates
the osteogenesis gene Runx2; MSCs then undergo chon-
drogenic, not osteogenic, differentiation (42).

BMP-7 and BMP-6 induced a chondrogenic phenotype
with ASC in micromass or alginate bead culture respectively
(23, 40), while BMP-2 induced an osteogenic phenotype
(40). Another study showed that BMP-6 induced TGFb-
receptor-1 expression in micromass cultures, and combined
application of TGFb and BMP-6 increased the chondro-
genic potential of ASC (22). Material properties of a
micromass culture system using ASC showed dynamic and
static elastic modulus results similar to those of chondro-
cytes in an early chondrogenic differentiation process (43).

Several investigators have compared chondrogenesis
efficacy between ASC and BSC (41). It has been suggested
that ASC may have a lower chondrogenic differentiation
potential than BSC (35), or that there may be little
differences (44). Other studies show advantages of ASC.
For example, compared with bone marrow aspiration, ASC
are easy to expand in culture, and a large number of cells are
available from a small amount of readily obtained tissue
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(45). Furthermore, ASC show a low senescence rate even
when harvested from an adult, and do not cause an immune
rejection response (46, 47).

In Vivo. Use of ASC in the healing of cartilage defects
has recently been investigated. ASC were grown in high
density culture in a growth medium containing FGF-2,
growth hormone and TGFb, and placed in a fibrin glue
scaffold inserted into the defects. Histologic analysis
supported formation of a hyaline cartilage phenotype (45).

Osteogenic Differentiation. In Vitro. Osteogenic
induction of ASC in culture occurs after 3–4 weeks in an
osteogenic media containing dexamethasone, b-glycero-
phosphate, L-glutamine and ascorbate (16). Induction
produces calcium phosphate mineralized extracellular
matrix, osteocalcin, alkaline phosphatase, osteopontin,
collagen type I, and expression of osteogenic transcription
factor genes such as Runx2 and OSX (Osterix) (24, 25, 48).
Stains such as alizarin red and von Kossa will indicate
positive production of mineralized matrix in vitro (Fig. 1C).
Induction of osteogenesis by MSC is enhanced by adding
FGF2 to the culture media before exposure to osteogenic or
chondrogenic inducing conditions (49). Once stem cells
become differentiated, osteoblasts produce the extracellular
matrix proteins indicative of the osteoblast phenotype.

Osteogenesis can be stimulated by members of the
TGFb superfamily, such as the bone morphogenic proteins
BMPs. Transcriptional mechanisms of osteogenesis involve
Runx2 which acts as a central mediator executing signals
from the BMP and Wnt pathways to promote phenotype
commitment and osteogenesis (50). Binding of BMP-2,"4,
and"6, results in the activation of R-Smad with cell-specific
transcription factors such as Runx2 with the formation of
Runx2-Smad complexes that regulate target genes (42).
Runx2 is a DNA-binding protein that acts as a scaffold for
regulatory factors involved in skeletal gene expression
essential for osteoblastic differentiation and skeletal mor-
phogenesis.

In Vivo. Various ASC bone tissue engineering strat-
egies have been reported. Initial studies involved subcuta-
neous in vivo formation of osteoid or bone tissue from ASC.
Cells are typically seeded into scaffolds with or without
prior in vitro osteo-induction, implanted subcutaneously for
several weeks, followed by characterization of cell differ-
entiation and bone matrix formation. In an early study using
hydroxyapatite/tricalcium phosphate scaffolds, osteoid for-
mation was present in 80% of SCID mice subcutaneous
implants loaded with ASC, but absent in cell-free implants
(51). In similar studies, both BSC and ASC loaded into
atelocollagen scaffolds (52), and a tricalcium phosphate
scaffold (53), were shown to differentiate into osteoblasts in
vivo. Osteoinduced ASC mixed with the injectable scaffold
induced the formation of vascularized and mineralized
woven bone with osteoblasts, osteocytes and osteoclasts
(28).

Recent work has shown the future utility of ASC in
spine fusion. Recently successful spine fusion took place

when ASC transduced with a BMP-2 expressing vector and
loaded into a collagen type-I scaffold was implanted in rats.
In contrast, when ASC was pre-treated with osteoinductive
media containing BMP-2, spinal fusion was minimal (54).

In more complex animal models involving repair of
bone defects, early work shows great promise in the repair
of critical-sized defects where enough bone is lost to
preclude normal biological healing. Some debate exists over
whether in vitro osteoinduction of ASC is necessary prior to
in vivo implantation of the ASC. In vitro stimulation is time
consuming and expensive, while on the other hand
unstimulated ASC placed directly in vivo may exhibit a
slower or absent osteoinductive response.

Osteoinduced ASC gave favorable results when
compared with uninduced ASC in several studies. Osteoin-
duced ASC loaded onto gelatin foam scaffolds exhibited
greater rabbit calvarial defect healing than did non-induced
ASC (55). Femoral bone defects were healed by ASC
genetically modified to overexpress BMP-2 and loaded onto
a collagen-ceramic scaffold. The defects were also healed by
ASC loaded onto a scaffold impregnated with rhBMP-2;
uninduced ASC, however, did not heal the defects (47).
Similarly, ASC genetically modified by BMP-2 produced a
significant increase of newly formed bone in a canine ulna
bone defect using porous tricalcium phosphate ceramic
granules as scaffold (56). Osteoinduced ASC layered over
PLGA were implanted into rat calvarial defects. More
robust bone tissue was obtained from the osteoinduced ASC
than in controls (57). However, uninduced ASC or BSC
grown on an apatite-coated PLGA scaffold were also
effective in repair of critical-sized mouse calvarial defects.
Significant intramembranous bone formation was present by
two weeks (30). A ‘‘best of both worlds’’ approach
involving rapid in vitro osteoinduction prior to in vivo
implantation of ASC has been suggested (58). Recently,
ASC mixed with platelet-rich plasma has been shown to
induce periodontal ligament-like and alveolar bone regen-
eration in rats (59).

Intervertebrate Disc Differentiation. In Vitro.
Repair of degenerated intervertebrate disc (IVD) using
MSC is of great interest due to the high incidence of low
back pain. The IVD phenotype is not as well characterized
as either cartilage or bone, and consequently less informa-
tion exists about differentiation into the disc phenotype.
Potential exists for harvested autologous ASC, either with or
without growth factor pre-stimulation or matrix attachment,
injection into IVD tissue for repair (60). When ASC and
nucleus pulposus (NP) cells were grown in micromass under
co-culture conditions where the micromasses were separated
by a permeable membrane allowing soluble factor diffusion,
aggrecan and collagen II expression were upregulated (61)
Culture of ASC in type II collagen hydrogels, co-cultured
with micromass nucleus pulposus (NP) cells, caused
upregulation of collagen type II and aggrecan gene
expression. This suggests that soluble factors released by
NP cells could direct ASC to an NP-type lineage (62). The
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feasibility of a stem cell therapy for disc repair was
suggested by a recent parallel in vitro in vivo study. The in
vitro study showing increased ECM production after BSC
and disc cells were co-cultured, while in vivo data showed
persistence of BSC in rabbit disc for at least 24 weeks after
implantation (63).

In Vivo. While no papers using ASC show disc repair,
several recent papers using BSC report exciting findings.
When BSC combined with a hyaluronic acid-derived
scaffold were injected into pig IVD, discs had a central
NP-like region similar to the normal structure (64). BSC,
transplanted to degenerative discs in rabbits, proliferated
and differentiated into cells expressing some of the major
extracellular components of disc (65).

Tendons and Ligaments. ASC use in tendon and
ligament repair is limited to date. Treatment of acute
collagenase-induced tendon lesions in horses with autolo-
gous SF resulted in improved tendon morphology. Increased
gene expression of cartilage oligomeric matrix protein
(COMP) was seen. COMP binds to multiple collagen fibrils,
possibly improving collagen fibril formation and organiza-
tion (66).

Plasmids containing BMP-8 and an active variant of
Smad8 have been transfected into a mesenchymal stem cell
line and used to repair a rat tendon defect; the resulting
tissue showed orientated collagen bundles (67). BSC, both
with and without transfection with platelet derived growth
factor, enhanced cellular infiltration and collagen deposition
into an anterior cruciate ligament repair in rabbits (68).

Currently, no papers using ASC involve ligament
repair. BSC was used to fabricate anterior cruciate ligament
constructs in a collagen type I hydrogel attached to bone
cylinders. After 10 days the construct was exposed to cyclic
stretching. Elongated fibroblastic cells were produced along
with collagen types I and III, fibronectin and elastin (69).
These, and other MSC studies, suggest the potential of ASC
in tendon and ligament repair.

Conclusions

Enormous advances in stem cell biology are anticipated
to yield great benefit for the future treatment of orthopaedic
tissue repair. Although a relative newcomer to the field,
ASC have proven to be a useful source of stem cells in bone
and cartilage repair. Exciting potential exists for IVD,
tendon and ligament repair achieved by use of ASC.
Additional research is needed to find cell markers specific
for ASC characterization, and also for identification of
markers that characterize each stage of differentiation.
Optimization of cell growth, in vitro differentiation and
appropriate choice of scaffolds will offer reproducible and
successful surgical outcomes for orthopaedic tissue repair.
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14. Yañez R, Lamana ML, Garcı́a-Castro J, Colmenero I, Ramı́rez M,

Bueren JA. Adipose tissue-derived mesenchymal stem cells have in

vivo immunosuppressive properties applicable for the control of the

graft-versus-host disease. Stem Cells 24:2582–2591, 2006.

15. Wagner W, Wein F, Seckinger A, Frankhauser M, Wirkner U, Krause

U, Blake J, Schwager C, Eckstein V, Ansorge W, Ho AD. Comparative

characteristics of mesenchymal stem cells from human bone marrow,

adipose tissue, and umbilical cord blood. Exp Hematol 33:1402–1416,

2005.

16. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca

JD, Moorman MA, Simonetti DW, Craig S, Marshak DR. Multilineage

potential of adult human mesenchymal stem cells. Science 284:143–

147, 1999.

17. Suga H, Shigeura T, Inoue K, Kato H, Aoi N, Murase S, Sato K, Gonda

K, Koshima I, Yoshimura K. Rapid expansion of human adipose-

derived stromal cells preserving multipotency. Cytotherapy 9:738–745,

2007.

18. Lian Q, Lye E, Suan Yeo K, Khia Way Tan E, Salto-Tellez M, Liu TM,

Palanisamy N, El Oakley RM, Lee EH, Lim B, Lim SK. Derivation of

clinically compliant MSCs from CD105!, CD24- differentiated human

ESCs. Stem Cells 25:425–436, 2007.

19. Vassaux G, Négrel R, Ailhaud G, Gaillard D. Proliferation and

ADIPOSE-DERIVED STEM CELLS IN ORTHOPAEDICS 7

peter
강조



differentiation of rat adipose precursor cells in chemically defined

medium: differential action of anti-adipogenic agents. J Cell Physiol

161:249–256, 1994.

20. Liu TM, Martina M, Hutmacher DW, Hui JH, Lee EH, Lim B.

Identification of common pathways mediating differentiation of bone

marrow- and adipose tissue-derived human mesenchymal stem cells

into three mesenchymal lineages. Stem Cells 25:750–760, 2007.

21. Heng BC, Cao T, Lee EH. Directing stem cell differentiation into the

chondrogenic lineage in vitro. Stem Cells 22:1152–1167, 2004.

22. Hennig T, Lorenz H, Thiel A, Goetzke K, Dickhut A, Geiger F, Richter

W. Reduced chondrogenic potential of adipose tissue derived stromal

cells correlates with an altered TGFbeta receptor and BMP profile and

is overcome by BMP-6. J Cell Physiol 211:682–691, 2007.

23. Estes BT, Wu AW, Guilak F. Potent induction of chondrocytic

differentiation of human adipose-derived adult stem cells by bone

morphogenetic protein 6. Arth Rheum 54:1222–1232, 2006.

24. 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. Molecular Biology of the

Cell 13:4279–4295, 2002.

25. Halvorsen YD, Franklin D, Bond AL, Hitt DC, Auchter C, Boskey AL,

Paschalis EP, Wilkison WO, Gimble JM. Extracellular matrix

mineralization and osteoblast gene expression by human adipose

tissue-derived stromal cells. Tissue Eng 7:729–741, 2001.

26. Zoldan J, Levenberg S. Engineering three-dimensional tissue structures

using stem cells. Methods Enzymol 420:381–391, 2006.

27. Rubin JP, Bennett JM, Doctor JS, Tebbets BM, Marra KG.

Collagenous microbeads as a scaffold for tissue engineering with

adipose-derived stem cells. Plast Reconstr Surg 120:414–424, 2007.

28. Elabd C, Chiellini C, Massoudi A, Cochet O, Zaragosi LE, Trojani C,

Michiels JF, Weiss P, Carle G, Rochet N, Dechesne CA, Ailhaud G,

Dani C, Amri EZ. Human adipose tissue-derived multipotent stem cells

differentiate in vitro and in vivo into osteocyte-like cells. Biochem

Biophys Res Commun 361:342–348, 2007.

29. Varghese S, Hwang NS, Canver AC, Theprungsirikul P, Lin DW,

Elisseeff J. Chondroitin sulfate based niches for chondrogenic differ-

entiation of mesenchymal stem cells. Matrix Biol 27:12–21, 2008.

30. Cowan CM, Shi Y, Aalami OO, Chou Y, Mari C, Thomas R, Quarto N,

Contag CH, Wu B, Longaker MT. Adipose-derived adult stromal cells

heal critical-size mouse calvarial defects. Nat Biotechnol 22:560–567,

2004.

31. Holder WD Jr, Gruber HE, Moore AL, Culberson CR, Anderson W,

Burg KJ, Mooney DJ. Cellular ingrowth and thickness changes in poly-

L-lactide and polyglycolide matrices implanted subcutaneously in the

rat. J Biomed Mater Res 41:412–421, 1998.

32. Clavijo-Alvarez JA, Rubin JP, Bennett J, Nguyen VT, Dudas J,

Underwood C, Marra KG. A novel perfluoroelastomer seeded with

adipose-derived stem cells for soft-tissue repair. Plast Reconstr Surg

118:1132–1144, 2006.

33. Chastain SR, Kundu AK, Dhar S, Calvert JW, Putnam AJ. Adhesion of

mesenchymal stem cells to polymer scaffolds occurs via distinct ECM

ligands and controls their osteogenic differentiation. J Biomed Mat Res

Part A 78A:73–85, 2006.

34. Huang JI, Beanes SR, Zhu M, Lorenz HP, Hedrick MH, Benhaim P.

Rat extramedullary adipose tissue as a source of osteochondrogenic

progenitor cells. Plast Reconstr Surg 109:1033–1041, 2002.

35. Huang JI, Kazmi N, Durbhakula MM, Hering TM, Yoo JU, Johnstone

B. Chondrogenic potential of progenitor cells derived from human bone

marrow and adipose tissue: a patient-matched comparison. J Orthop

Res 23:1383–1389, 2005.

36. Lin Y, Luo E, Chen X, Liu L, Qiao J, Yan Z, Li Z, Tang W, Zheng X,

Tian W. Molecular and cellular characterization during chondrogenic

differentiation of adipose tissue-derived stromal cells in vitro and

cartilage formation in vivo. J Cell Mol Med 9:929–939, 2005.

37. Mehlhorn AT, Niemeyer P, Kaiser S, Finkenzeller G, Stark GB,

Sudkamp NP, Schmal H. Differential expression pattern of extracellular

matrix molecules during chondrogenesis of mesenchymal stem cells

from bone marrow and adipose tissue. Tissue Eng 12:2853–2862, 2006.

38. Awad HA, Wickham MQ, Leddy HA, Gimble JM, Guilak F.

Chondrogenic differentiation of adipose-derived adult stem cells in

agarose, alginate, and gelatin scaffolds. Biomaterials 25:3211–3222,

2004.

39. Chiou M, Xu Y, Longaker MT. Mitogenic and chondrogenic effects of

fibroblast growth factor-2 in adipose-derived mesenchymal cells.

Biochem Biophys Res Commun 343:644–652, 2006.

40. Knippenberg M, Helder MN, Zandieh DB, Wuisman PI, Klein-Nulend

J. Osteogenesis versus chondrogenesis by BMP-2 and BMP-7 in

adipose stem cells. Biochem Biophys Res Commun 342:902–908,

2006.

41. Wei Y, Hu Y, Lv R, Li D. Regulation of adipose-derived adult stem

cells differentiating into chondrocytes with the use of rhBMP-2.

Cytotherapy 8:570–579, 2006.

42. Lian JB, Stein GS, Javed A, van Wijnen AJ, Stein JL, Montecino M,

Hassan MQ, Gaur T, Lengner CJ, Young DW. Networks and hubs for

the transcriptional control of osteoblastogenesis. Rev Endocr Metab

Disord 7:1–16, 2006.

43. Xu Y, Balooch G, Chiou M, Bekerman E, Ritchie RO, Longaker MT.

Analysis of the material properties of early chondrogenic differentiated

adipose-derived stromal cells (ASC) using an in vitro three-dimensional

micromass culture system. Biochem Biophys Res Commun 359:311–

316, 2007.

44. Solchaga LA, Penick K, Porter JD, Goldberg VM, Caplan AI, Welter

JF. FGF-2 enhances the mitotic and chondrogenic potentials of human

adult bone marrow-derived mesenchymal stem cells. J Cell Physiol

203:398–409, 2005.

45. Dragoo JL, Carlson G, McCormick F, Khan-Farooqi H, Zhu M, Zuk

PA, Benhaim P. Healing full-thickness cartilage defects using adipose-

derived stem cells. Tissue Eng 13:1615–1621, 2007.

46. Puissant B, Barreau C, Bourin P, Clavel C, Corre J, Bousquet C,

Taureau C, Cousin B, Abbal M, Laharrague P, Penicaud L, Casteilla L,

Blancher A. Immunomodulatory effect of human adipose tissue-dreived

adult stem cells: comparison with bone marrow mesenchymal stem

cells. Br J Haematol 129:118–129, 2005.

47. Peterson B, Zhang J, Iglesias R, Kabo M, Hedrick M, Benhaim P,

Lieberman JR. Healing of critically sized femoral defects, using

genetically modified mesenchymal stem cells from human adipose

tissue. Tissue Eng 11:120–129, 2005.

48. Zuk PA, Zhu M, Mizuno H, Huang J, Futrell JW, Katz AJ, Benhaim P,

Lorenz HP, Hedrick MH. Multilineage cells from human adipose

tissue: implications for cell-based therapies. Tissue Eng 7:211–228,

2001.

49. Ito T, Sawada R, Fujiwara Y, Tsuchiya T. FGF-2 increases osteogenic

and chondrogenic differentiation potentials of human mesenchymal

stem cells by inactivation of TGF-b signaling. Cytotechnol 56:1–7,

2008.

50. Boland GM, Perkins G, Hall DJ, Tuan RS. Wnt 3a promotes

proliferation and suppresses osteogenic differentiation of adult human

mesenchymal stem cells. J Cell Biochem 93:1210–1230, 2004.

51. Hicok KC, Du Laney TV, Zhou YS, Halvorsen YDC, Hitt DC, Cooper

LF, Gimble JM. Human adipose-derived adult stem cells produce

osteoid in vivo. Tissue Eng 10:371–380, 2004.

52. Hattori H, Sato M, Masuoka K, Ishihara M, Kikuchi T, Matsui T,

Takase B, Ishizuka T, Kikuchi M, Fujikawa K, Ishihara M. Osteogenic

potential of human adipose tissue-derived stromal cells as an alternative

stem cell source. Cells Tissues Organs 178:2–12, 2004.

53. Hattori H, Masuoka K, Sato M, Ishihara M, Asazuma T, Takase B,

Kikuchi M, Nemoto K, Ishihara M. Bone formation using human

adipose tissue-derived stromal cells and a biodegradable scaffold. J

Biomed Mater Res B Appl Biomater 76:230–239, 2006.

54. Hsu WK, Wang JC, Liu NQ, Krenek L, Zuk PA, Hedrick MH,

8 TAPP ET AL



Benhaim P, Lieberman JR. Stem cells from human fat as cellular

delivery vehicles in an athymic rat posterolateral spine fusion model. J

Bone Joint Surg Am 90:1043–1052, 2008.

55. Dudas JR, Marra KG, Cooper GM, Penascino VM, Mooney MP, Jiang

S, Rubin JP, Losee JE. The osteogenic potential of adipose-derived

stem cells for the repair of rabbit calvarial defects. Ann Plast Surg 56:

543–548, 2006.

56. Li H, Dai K, Tang T, Zhang X, Yan M, Lou J. Bone regeneration by

implantation of adipose-derived stromal cells expressing BMP-2.

Biochem Biophys Res Commun 356:836–842, 2007.

57. Yoon E, Dhar S, Chun DE, Gharibjanian NA, Evans GR. 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, 2007.

58. Helder MN, Knippenberg M, Klein-Nulend J, Wuisman PI. Stem cells

from adipose tissue allow challenging new concepts for regenerative

medicine. Tissue Eng 13:1799–1808, 2007.

59. Tobita M, Uysal AC, Ogawa R, Hyakusoku H, Mizuno H. Periodontal

tissue regeneration with adipose-derived stem cells. Tissue Eng Part A

14:945–953, 2008.

60. Tapp H, Deepe R, Ingram JA, Hanley ENJ, Norton HJ, Gruber HE.

Induction of a disc-like phenotype in adipose derived mesenchymal

stem cells:Effects of TGF-beta3 and three-dimensional culture. Cervical

Spine Research Society Annual Meeting 2007; 61–3 (abstr).

61. Lu ZF, Zandieh DB, Wuisman PI, Bank RA, Helder MN. Differ-

entiation of adipose stem cells by nucleus pulposus cells: configuration

effect. Biochem Biophys Res Commun 359:991–996, 2007.

62. Lu ZF, Zandieh Doulabi B., Wuisman PI, Bank RA, Helder MN.

Influence of collagen type II and nucleus pulposus cells on aggregation

and differentiation of adipose tissue-derived stem cells. J Cell Mol Med

10.1111/j.1582–4934.00278.x: 2008.

63. Sobajima S, Vadala G, Shimer A, Kim JS, Gilbertson LG, Kang JD.

Feasibility of a stem cell therapy for intervertebral disc degeneration.

The Spine Journal Dec 12. [Epub ahead of print]: 2008.

64. Revell PA, Damien E, Di Silvio L, Gurav N, Longinotti C, Ambrosio

L. Tissue engineered intervertebral disc repair in the pig using

injectable polymers. J Mater Sci Mater Med 2:303–308, 2007.

65. Sakai D, Mochida J, Iwashina T, Watanabe T, Nakai T, Ando K, Hotta

T. Differentiation of mesenchymal stem cells transplanted to a rabbit

degenerative disc model. Spine 30:2379–2387, 2005.

66. Richardson LE, Dudhia J, Clegg PD, Smith R. Stem cells in veterinary

medicine—attempts at regenerating equine tendon after injury. Trends

Biotechnol 25:409–416, 2007.

67. Hoffmann A, Pelled G, Turgeman G, Eberle P, Zilberman Y, Shinar H,

Keinan-Adamsky K, Winkel A, Shahab S, Navon G, Gross G, Gazit D.
Neotendon formation induced by manipulation of the Smad8 signalling

pathway in mesenchymal stem cells. J Clin Invest 116:940–952, 2006.

68. Li F, Jia H, Yu C. ACL reconstruction in a rabbit model using

irradiated Achilles allograft seeded with mesenchymal stem cells or

PDGF-B gene-transfected mesenchymal stem cells. Knee Surg Sports

Traumatol Arthrosc 15:1219–1227, 2007.
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