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ABSTRACT

Adipose-derived stem cells (ASCs) are the mesenchymal stem cell (MSC) population found in the stromal-
vascular fraction (SVF) of fat tissue. White adipose tissue (WAT), with well-established roles in lipid
storage and adipokine secretion, is advantageous over bone marrow as the source of MSCs due to relative
abundance and ease of isolation of the tissue. ASCs reside perivascularly within WAT and physiologically
undergo adipogenesis to support WAT expansion in response to increased energy intake. Apart from
adipogenesis, ASCs can be induced in vitro to differentiate into osteoblasts, chondroblasts, myocytes,
neurons and other cell types. ASCs can also be reprogrammed to induced pluripotent stem (iPS) cells
more efficiently than other cell types. ASCs are immunoprivileged cells and secrete immunomodula-
tory, angiogenic, anti-apoptotic and haematopoietic factors that facilitate tissue repair. The multi-lineage
differentiation capacity, unique immunobiological properties and secretome of ASCs offer tremendous

Regenerative therapies

therapeutic potentials in regenerative medicine.

© 2013 Published by Elsevier Ltd.

Cell facts

e As much as 1% of adipose cells from WAT are ASCs with
MSC properties.

e Like MSCs from other sources, ASCs are immunoprivileged
and known to migrate to sites of injury upon systemic admin-
istration.

e The paracrine secretion of cytokines by ASCs promotes
tissue regeneration and is of therapeutic importance in
regenerative medicine.

1. Introduction

Adipose-derived stem cell (ASC) is the standard nomenclature
proposed by the International Fat Applied Technology Society for
the plastic-adherent, proliferative, multipotent cell population iso-
lated from adipose tissue (Gimble et al., 2007). Other names and
abbreviations used prior to the consensus include adipose-derived
adult stem (ADAS) cells, adipose-derived stromal cells (ADSCs), adi-
pose mesenchymal stem cells (AdMSCs), lipoblast and processed
lipoaspirate cells (PLAs) (Gimble et al., 2007, Cawthorn et al.,
2012a). A typical protocol of ASC isolation involves collagenase
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digestion of isolated WAT, followed by centrifugation to separate
floating adipocytes and ASC-containing SVF in the pellet fraction
(Rodbell, 1964; Halvorsen et al., 2000; Zuk et al., 2001).

ASCs are fibroblastic in morphology and possess the properties
of MSCs traditionally isolated from the bone marrow (Halvorsen
etal., 2000; Zuk et al., 2001). According to the International Society
for Cellular Therapy, MSCs are defined as being (i) plastic-adherent
in the standard cell culture condition, (ii) multipotent, i.e., able to
differentiate into osteoblasts, adipocytes and chondrocytes in vitro
and (iii) positive for CD73,CD90 and CD105, and negative for CD11b
or CD14, CD19 or CD79«, CD34, CD45 and HLA-DR in their cell
surface immunophenotype (Dominici et al., 2006).

Currently, there are no definitive markers for ASCs. Despite the
similarity between ASCs and bone marrow-derived MSCs (BMSCs),
there have been reports that showed differential expression of cell
surface markers between ASCs and BMSCs. For example in humans,
BMSCs lack expression of CD49d that is present in ASCs, while ASCs
lack expression of CD49f, CD104, CD106 that are present in BMSCs
(Lindroos et al., 2011; Pachén-Peiia et al., 2011; Cawthorn et al.,
2012a). However, these are not always consistent across reports
and may be in part affected by donor heterogeneity, methods and
quality of ASC isolation, antibody sources, sensitivity of detection
methods and cell culture conditions that include differences in
media composition, oxygen supply, cell confluency and passage
number (Lindroos et al., 2011; Baer and Geiger, 2012).

The discovery of ASCs has resulted in increasing appreciation of
WAT as a valuable source of adult stem cells with MSC potency for
use in regenerative medicine due to several advantages. ASCs are
abundantly present in WAT where they constitute as much as 1% of
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Fig. 1. Cell types in adipose tissue. A subpopulation of adipose cells is ASCs
that possesses the properties of MSCs and can commit to become pre-adipocytes
and subsequently differentiate into mature adipocytes. Other cell types include
haematopoietic cells (e.g., erythrocytes, monocytes and macrophages), endothelial
cells and smooth muscle cells.

human adipose cells when compared to only 0.001-0.002% BMSCs
in bone marrow (Fraser et al., 2006). ASCs can also be harvested by
a minimally invasive procedure involving liposuction from subcu-
taneous depots.

2. Cell origin and adipogenesis

Several lines of evidence suggest a perivascular location and ori-
gin of ASCs within WAT (Lin et al., 2010; Zimmerlin et al., 2010;
Cawthorn et al., 2012a). The perivascular niche (local environ-
ment) is important in determining ASC fate, function, maintenance
and phenotype (Baer and Geiger, 2012). WAT stores excess energy
in the form of lipids in its major cell type, adipocytes, that also
secrete metabolic hormones collectively known as adipokines.
The two main depots of WAT in humans are (1) subcutaneous
depots in the buttocks, thighs and abdomen and (2) visceral/intra-
abdominal depots around the omentum, intestines and perirenal
areas (Gimble et al., 2007). The subcutaneous fat depot physiologi-
cally stores excess lipids and thus prevents their deposition into
other organs, whereas excess visceral fat accumulation leads to
pathological metabolic profiles due to its lipolytic nature (Després
and Lemieux, 2006). Apart from adipocytes and multipotent ASCs,
other cell types present in WAT include the committed adipocyte
precursor cell (pre-adipocyte), haematopoietic cell types (e.g.,
erythrocyte, monocyte and macrophage), endothelial cell and
smooth muscle cell (Fig. 1).

ASCs undergo adipogenesis, i.e., differentiation into mature
adipocytes, to maintain adipocyte cell numbers by replacing dead
cells under a normal metabolic state and to increase adipocyte
number enabling hyperplastic WAT expansion when there is
increased energy intake (Cawthorn et al., 2012a). The adipogenic
capability of ASCs depends on their WAT depot origin and donor
characteristics such as age, sex and metabolic status (Katz and
Mericli, 2011; Cawthorn et al., 2012b). For example, ASCs from
subcutaneous fat differentiate better into mature adipocytes than
those from visceral fat by the standard in vitro adipogenesis pro-
tocol (Macotela et al., 2012). Adipogenesis occurs in two stages,
namely (1) commitment of ASCs to unipotent pre-adipocytes
and (2) terminal differentiation of pre-adipocytes into mature
adipocytes (Fig. 2).

The mechanism underlying commitment of multipotent ASCs
to the adipocyte lineage and identity of the pre-adipocyte are
still unclear. Bone morphogenic proteins (BMPs), Wnt, transfor-
ming growth factor (3 (TGF@), insulin-like growth factor 1 (IGF1),

interleukin 17 (IL-17), fibroblast growth factor 1 (FGF1), FGF2 and
activin are among the signaling molecules that have been reported
to promote pre-adipocyte commitment (Lowe et al., 2011, Tang
and Lane, 2012). It was recently demonstrated that pre-treatment
with BMP2 and BMP4 enhanced the adipogenic capability of mouse
Lin~ (CD31~ CD45~ Ter119-) Scal* CD34" cells sorted from vis-
ceral SVF to the level comparable to those from the subcutaneous
counterparts (Macotela et al., 2012).

No consensus has been reached regarding molecular mark-
ers of the pre-adipocyte. One of the first few markers suggested
for pre-adipocytes is CD34. Several studies demonstrated that
CD31~ CD34" SVF cells from humans and mice differentiate bet-
ter than CD31~ CD34~ cells in vitro, suggesting the correlation of
CD34 expression with pre-adipocyte commitment (Cawthorn etal.,
2012a). Friedman's group demonstrated that Lin- CD24* CD29*
CD34* Sca-1* CD105~ CD117~ SVF subpopulation are capable of
in vivo WAT reconstitution in lipodystrophic mice, indicating that
these additional surface markers define pre-adipocytes (Rodeheffer
et al., 2008). Another group showed that, like ASCs, pre-adipocytes
reside in the adipose vasculature in mice and express pericyte
markers and proteins such as CD1403 (PDGFRp), chondroitin sul-
fate proteoglycan (NG2) and alpha-smooth muscle actin (a-SMA)
(Tang et al., 2008). Zinc-finger protein-423 (Zfp423) has been pro-
posed to be a functional determinant of pre-adipocyte commitment
as Zfp423 was found highly expressed among most adipogenic
mouse cell lines like 3T3-L1 by comprehensive transcription factor
profiling (Gupta et al., 2010). Ectopic Zfp423 expression potenti-
ates non-adipogenic cell lines to undergo adipogenesis, while its
deficiency markedly diminishes adipogenic capability in vitro and
in vivo.

The subsequent events that mediate terminal differentiation
into adipocytes are relatively well studied with availability of
3T3-L1 as the pre-adipocyte cell model. Essentially, the process
involves a cascade of transcriptional events mediated by per-
oxisome proliferator-activated receptor vy (PPARYy), members of
CCAAT/enhancer binding proteins (C/EBPs) and other transcrip-
tion factors (Lowe et al., 2011; Tontonoz and Spiegelman, 2008).
PPARvy is the master regulator in this regard as all pathways that
promote adipogenesis converge to activate PPARYy, which in turn
upregulates adipogenic genes such as adipocyte fatty acid binding
protein (aP2), leptin, adiponectin, CD36 and glucose transporter
type 4 (GLUT4) (Tontonoz and Spiegelman, 2008).

3. Functions and therapeutic potentials

ASCs can also undergo osteogenesis, chondrogenesis and dif-
ferentiation into other cells with a mesodermal origin, such as
myocytes (cardiomyocytes, smooth muscle and skeletal muscle
cells) and tendocytes, upon in vitro induction. In addition, ASCs
are also known to differentiate into pancreatic endocrine cells,
neurons, epithelia and endothelia in vitro (Lindroos et al., 2011;
Baer and Geiger, 2012). The capacity for multi-lineage differen-
tiation allows conversion of ASCs to specialized cells of interest
(e.g. insulin-secreting cells and hepatocytes), which would be
useful for tissue and cell replacement therapy (Lindroos et al.,
2011).

Alternatively, undifferentiated ASCs can be administered either
via the systemic circulation or directly to the site of intended tissue
regeneration for subsequent in vivo differentiation into appropri-
ate cell types. Systemically administered ASCs by default tend to
be retrieved in organs such as liver, lungs, heart, and brain (Katz
and Mericli, 2011). ASCs express some of the chemokine receptors
and ligands and may be directed to sites of injury and inflamma-
tion in a mechanism similar to the transendothelial migration and
diapedesis of leukocytes (Katz and Mericli, 2011).
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Fig. 2. Adipogenesis of ASC. Expression of representative cell surface markers (top) and genes (bottom) in the ASC, pre-adipocyte and mature adipocyte is shown.

Apart from the obvious application of ASCs as precursors of dif-
ferentiated cells for cell replacement, the unique immunobiology
and secretome of ASCs are increasingly appreciated for their ther-
apeutic potential (Fig. 3). Like MSCs from other sources, ASCs are
immunoprivileged due to lack of expression of class Il major his-
tocompatibilty complex (MHC-II) and co-stimulatory molecules on
the cell surface (Lindroos et al., 2011). This potentially allows allo-
geneic transplantation of ASCs into immunocompetent recipients
with minimal immune reactions in the host, as exemplified by an
in vivo study using a rat spinal fusion model (McIntosh et al., 2009).
In addition, ASCs are also immunomodulatory and can promote tis-
sue repair through immunosuppressive effects exerted via direct
cell-to-cell interaction or secreted factors such as prostaglandin E2
(PGE2), leukemia inhibitory factor (LIF) and kynurenine (Salgado
etal,, 2010; Cawthorn et al., 2012b). The immunosuppressive prop-
erty can be exploited to prevent and treat acute graft-versus-host
disease (GVHD) in allogeneic stem cell transplantation, autoim-
mune diseases and inflammatory diseases such as Crohn’s disease,
sepsis and rheumatoid arthritis (Lindroos et al., 2011; Cawthorn
et al.,, 2012b).

Besides immunosuppressive molecules, ASCs also secrete an
array of soluble factors that promote tissue regeneration at the
injury site via a paracrine mechanism. The secretome includes
angiogenic factors [e.g., vascular endothelial growth factor (VEGF)],
anti-apoptotic factors [e.g.,, insulin-like growth factor-1 (IGF-
1)], hematopoietic factors [e.g., colony stimulating factors and
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interleukins] and hepatocyte growth factor (HGF) that is
hematopoietic, angiogenic and promotes mammary epithelial duct
formation (Kilroy et al., 2007; Salgado et al., 2010; Baer and Geiger,
2012). It is gaining appreciation that the therapeutic effects of
ASC therapy in vivo are largely attributed to the paracrine and
immunomodulatory effects of ASCs rather than the cell replace-
ment per se (Katz and Mericli, 2011).

ASCs are also ideal for reprogramming into induced pluripotent
stem (iPS) cells. The reprogramming efficiencies of ASCs are sub-
stantially higher than those reported for fibroblasts from humans
(up to 100-fold) and mice (~5-fold) (Sugii et al., 2010). Remarkably,
the process can be performed without the requirement for feeder
cells (Sugii etal., 2010, 2011). This is possible because ASCs intrinsi-
cally secrete a high level of self-renewal supporting factors such as
FGF2, LIF, fibronectin and vitronectin, and thus can serve as feeders
for both autologous and heterologous pluripotent stem cells (Sugii
et al., 2010).

4. Associated pathologies

Gene mutations in PPARYy, AGPAT2, seipin/BCSL2, and lamin A
result in inherited lipodystrophy, a condition characterized by sub-
stantial reduction in fat development (Virtue and Vidal-Puig, 2010;
Garg,2011).Itis plausible that the disease arises from defects in adi-
pogenesis, but it is not certain which, if any, properties of ASCs are
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Fig. 3. Biological properties and therapeutic potentials of ASC. The right half summarizes secretome of the ASC, and the left half summarizes multi-lineage differentiation

capacity and immunobiology of the ASC.
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affected in lipodystrophic patients. On the other extreme, adipo-
genesis capacity is over-saturated and hypertrophy of adipocytes
occurs in obesity (Slawik and Vidal-Puig, 2007). The inability to
properly store excess lipids in both lipodystrophy and obesity leads
to lipid spillover into non-adipose tissues, causing lipotoxicity and
subsequent metabolic complications such as insulin resistance,
type 2 diabetes, steatotic liver disease and heart failure (Slawik and
Vidal-Puig, 2007). Involvement of ASCs in the impaired adipose tis-
sue expandability is only beginning to be explored. It was reported
that the number of mature adipocytes is set during childhood and
stays constant throughout adulthood regardless of fat mass changes
in human (Spalding et al., 2008), but it is yet not clear how ASCs and
progenitor cells contribute to this process.

Dysregulation of ASC adipogenesis can lead to ectopic adipose
tissue formation as in the case of lipoma. This benign adipose neo-
plasm may be a result of positive balance in adipocyte turnover
due to accelerated adipogenesis without enhanced apoptosis (Suga
et al, 2009). Infantile hemangioma, the most common benign
tumor of infancy, is characterized by an initial phase of endothelial
cell and MSC proliferation, and gradual replacement by fat-like tis-
sue during the next involuting phase (Boscolo and Bischoff, 2009).
It would be of interest to determine if hemangioma-derived MSCs
show characteristics and origin similar to ASCs. On the other hand,
formation of ectopic bone in the subcutaneous adipose depots
is observed in progressive osseous heteroplasia. Osteoblasts and
chondrocytes are present in addition to adipocytes in this rare
congenital disease associated with mutations in GNAS1 gene that
encodes the o subunit of the G protein Gs (Gimble et al., 2007). The
phenotype of this genetic disorder thus points to the multipotent
differentiation capacities of ASCs in vivo. Collectively, further stud-
ies on etiology of these human diseases should help understand the
identity and nature of ASCs.

Acknowledgments

We would like to apologize those authors whose important
work could not be cited in this mini-review due to the limitation of
reference number. We thank Dr. W. Han and members of Labora-
tory of Metabolic Medicine for helping our research activities. S.S.
is supported by an intramural funding from Biomedical Research
Council of Agency for Science, Technology and Research (A*STAR).

References

Baer PC, Geiger H. Adipose-derived mesenchymal stromal/stem cells: tissue
localization, characterization, and heterogeneity. Stem Cells International
2012;2012:812693.

Boscolo E, Bischoff ]J. Vasculogenesis in infantile hemangioma. Angiogenesis
2009;12:197-207.

Cawthorn WP, Scheller EL, MacDougald OA. Adipose tissue stem cells meet
preadipocyte commitment: going back to the future. Journal of Lipid Research
2012a;53:227-46.

Cawthorn WP, Scheller EL, MacDougald OA. Adipose tissue stem cells: the great WAT
hope. Trends in Endocrinology and Metabolism 2012b;23:270-7.

Després JP, Lemieux I. Abdominal obesity and metabolic syndrome. Nature
2006;444:881-7.

Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause D, et al.
Minimal criteria for defining multipotent mesenchymal stromal cells. The

International Society for Cellular Therapy position statement. Cytotherapy
2006;8:315-7.

Fraser JK, Wulur I, Alfonso Z, Hedrick MH. Fat tissue: an underappreciated source of
stem cells for biotechnology. Trends in Biotechnology 2006;24:150-4.

Garg A. Clinical review#: lipodystrophies: genetic and acquired body fat disorders.
Journal of Clinical Endocrinology and Metabolism 2011;96:3313-25.

Gimble JM, Katz AJ, Bunnell BA. Adipose-derived stem cells for regenerative
medicine. Circulation Research 2007;100:1249-60.

GuptaRK, Arany Z, Seale P, Mepani R], Ye L, Conroe HM, et al. Transcriptional control
of preadipocyte determination by Zfp423. Nature 2010;464:619-23.

Halvorsen YC, Wilkison WO, Gimble JM. Adipose-derived stromal cells—their utility
and potential in bone formation. International Journal of Obesity and Related
Metabolic Disorders 2000;24(Suppl. 4):S41-4.

Katz A, Mericli A. Stem cells derived from fat. In: Atala A, Lanza R, Thomson ], Nerem
R, editors. Principles of regenerative medicine; 2011. p. 365-81.

Kilroy GE, Foster SJ, Wu X, Ruiz |, Sherwood S, Heifetz A, et al. Cytokine profile
of human adipose-derived stem cells: expression of angiogenic, hematopoi-
etic and pro-inflammatory factors. Journal of Cellular Physiology 2007;212:
702-9.

Lin CS, Xin ZC, Deng CH, Ning H, Lin G, Lue TF. Defining adipose tissue-derived stem
cells in tissue and in culture. Histology and Histopathology 2010;25:807-15.

Lindroos B, Suuronen R, Miettinen S. The potential of adipose stem cells in regener-
ative medicine. Stem Cell Reviews 2011;7:269-91.

Lowe CE, O'Rahilly S, Rochford JJ. Adipogenesis at a glance. Journal of Cell Science
2011;124:2681-6.

Macotela Y, Emanuelli B, Mori MA, Gesta S, Schulz TJ, Tseng YH, et al. Intrinsic dif-
ferences in adipocyte precursor cells from different white fat depots. Diabetes
2012;61:1691-9.

McIntosh KR, Lopez M], Borneman N, Spencer ND, Anderson PA, Gimble JM.
Immunogenicity of allogeneic adipose-derived stem cells in a rat spinal fusion
model. Tissue Engineering Part A 2009;15:2677-86.

Pachén-Pefia G, Yu G, Tucker A, Wu X, Vendrell J, Bunnell BA, et al. Stromal stem
cells from adipose tissue and bone marrow of age-matched female donors
display distinct immunophenotypic profiles. Journal of Cellular Physiology
2011;226:843-51.

Rodbell M. Metabolism of isolated fat cells. I. Effects of hormones on glucose
metabolism and lipolysis. Journal of Biological Chemistry 1964;239:375-80.
Rodeheffer MS, Birsoy K, Friedman JM. Identification of white adipocyte progenitor

cells in vivo. Cell 2008;135:240-9.

Salgado AJ, Reis RL, Sousa NJ, Gimble JM. Adipose tissue derived stem cells secre-
tome: soluble factors and their roles in regenerative medicine. Current Stem Cell
Research & Therapy 2010;5:103-10.

Slawik M, Vidal-Puig AJ. Adipose tissue expandability and the metabolic syndrome.
Genes & Nutrition 2007;2:41-5.

Spalding KL, Arner E, Westermark PO, Bernard S, Buchholz BA, Bergmann O, et al.
Dynamics of fat cell turnover in humans. Nature 2008;453:783-7.

Suga H, Eto H, Inoue K, Aoi N, Kato H, Araki ], et al. Cellular and molecular fea-
tures of lipoma tissue: comparison with normal adipose tissue. British Journal
of Dermatology 2009;161:819-25.

Sugii S, Kida Y, Berggren WT, Evans RM. Feeder-dependent and feeder-independent
iPS cell derivation from human and mouse adipose stem cells. Nature Protocols
2011;6:346-58.

Sugii S, Kida Y, Kawamura T, Suzuki ], Vassena R, Yin YQ, et al. Human and
mouse adipose-derived cells support feeder-independent induction of pluripo-
tent stem cells. Proceedings of the National Academy of Sciences of the United
States of America 2010;107:3558-63.

Tang QQ, Lane MD. Adipogenesis: from stem cell to adipocyte. Annual Review of
Biochemistry 2012;81:715-36.

Tang W, Zeve D, Suh M, Bosnakovski D, Kyba M, Hammer RE, et al. White fat
progenitor cells reside in the adipose vasculature. Science 2008;322:583-6.
Tontonoz P, Spiegelman BM. Fat and beyond: the diverse biology of PPARgamma.

Annual Review of Biochemistry 2008;77:289-312.

Virtue S, Vidal-Puig A. Adipose tissue expandability, lipotoxicity and the
metabolic syndrome—an allostatic perspective. Biochimica et Biophysica Acta
2010;1801:338-49.

Zimmerlin L, Donnenberg VS, Pfeifer ME, Meyer EM, Péault B, Rubin ]JP, et al.
Stromal vascular progenitors in adult human adipose tissue. Cytometry A
2010;77:22-30.

Zuk PA, Zhu M, Mizuno H, Huang ], Futrell JW, Katz A]J, et al. Multilineage cells from
human adipose tissue: implications for cell-based therapies. Tissue Engineering
2001;7:211-28.

http://dx.doi.org/10.1016/j.biocel.2013.02.013

Please cite this article in press as: Ong WK, Sugii S. Adipose-derived stem cells: Fatty potentials for therapy. Int ] Biochem Cell Biol (2013),

Q2

266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336


dx.doi.org/10.1016/j.biocel.2013.02.013

	Adipose-derived stem cells: Fatty potentials for therapy
	1 Introduction
	2 Cell origin and adipogenesis
	3 Functions and therapeutic potentials
	4 Associated pathologies
	Acknowledgments
	References


