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Abstract: This is a review of the growing scientific interest in the
developmental plasticity and therapeutic potential of stromal cells isolated from
adipose tissue. Adipose-derived stem/stromal cells (ASCs) are multipotent
somatic stem cells that are abundant in fat tissue. It has been shown that ASCs
can differentiate into several lineages, including adipose cells, chondrocytes,
osteoblasts, neuronal cells, endothelial cells, and cardiomyocytes. At the same
time, adipose tissue can be harvested by a minimally invasive procedure, which
makes it a promising source of adult stem cells. Therefore, it is believed that
ASCs may become an alternative to the currently available adult stem cells
(e.g. bone marrow stromal cells) for potential use in regenerative medicine. In
this review, we present the basic information about the field of adipose-derived
stem cells and their potential use in various applications.
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INTRODUCTION

Regenerative medicine supports the natural healing processes in the
reconstruction of tissues and organs by creating conditions in which the
damaged or missing tissue can fully rebuild. The developed strategies include
the transplantation of stem cells, the manipulation of the patient’s own cells, and
the use of scaffold materials that trigger biological signals in order to accelerate
the regenerative processes. The successful application of innovative therapies
has been confirmed in clinical trials and experiments assessing the healing of
broken bones, severe burns, blindness, deafness, and heart, blood vessel, nerve
and muscle damage, and in the treatment of many other diseases [1]. However,
the availability of stem cells remains a challenge for scientists and clinicians.
Ideally, stem cells for regenerative medical applications should be found in
abundant quantities, harvestable in a minimally invasive procedure, then safely
and effectively transplanted to either an autologus or allogenic host.

Stem cells are characterized by their ability to produce self-renewing progenitor
cells that can generate one or more specialized cell types. Historically, stem cells
are subdivided into two groups: embryonic stem cells (ES) and postnatal stem
cells (i.e. hematopoietic stem cells as the prototypical example, umbilical cord
blood cells, and adult somatic stem cells) [2]. Tumorigenicity and ethical
considerations have impeded the widespread use of embryonic stem cells in
clinical applications. Adult stem cells have aroused a much greater interest.
Every cell in the body ages and has a specific half-life. Changes in the body over
time are due to the normal cell turnover. Such sequential replacement of cells in
tissues and organs suggested the existence of progenitor cells that replace
mature, older differentiated cells of complex tissues and organs. These
progenitor cells are referred to as adult stem cells. It has long been believed that
tissue-specific progenitor cells can only differentiate into native tissue cell types.
Recent studies have challenged this view. Many experiments have revealed that
adult stem cells may retain the potential to transdifferentiate from one phenotype
to another, either in vitro or after transplantation in vivo [3, 4].

Until the year 2000, the focus of publications in the field of adult stem cells was
limited to the hematopoietic stem cells (HSCs), bone marrow mesenchymal stem
cells (BM-MSCs) and muscle satellite cells. Perivascular cells, principally
pericytes, have been identified in multiple human organs, including the skeletal
muscles, pancreas, adipose tissue and placenta. Perivascular cells from a variety
of tissues exhibit a phenotype that is strikingly similar to that of MSCs derived
from bone marrow, and they have multilineage mesodermal potential. Thus,
blood vessel walls harbor a reserve of progenitor cells that may be integral to the
origin of the elusive mesenchymal stem cells and other related adult stem cells
[5]. The scope of current research includes the search for new sources of stem
cells (dental pulp, hair follicles, amniotic fluid), and the investigation of their
biology and potential therapeutic applications [6].
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STEM CELLS FROM ADIPOSE TISSUE

The existence of stem cells within adipose tissue was reported for the first time
in 2001 [7]. Adipose tissue is a type of connective tissue which is found under
the skin (subcutaneous fat), around internal organs (visceral fat), in bone marrow
(yellow bone marrow) and in breast tissue. In humans, it comprises one of the
largest tissue types (at least 4% of adult human body mass), and it is central to
the regulation of energy balance. Adipose tissue is found in two different forms:
white adipose tissue (WAT) and brown adipose tissue (BAT). WAT is the
primary site of triglyceride storage, while BAT is specialized for energy
expenditure and can counteract obesity [8]. In addition, adipose tissue acts as an
endocrine organ that secretes numerous polypeptides, hormones such as leptin,
resistin, and cytokines like Tumor Necrosis Factor o (TNFa) [9]. Furthermore,
adipose tissue is probably one of the richest sources of adult stem cells in the
human body, and thus it holds great promise for use in tissue repair and
regeneration.

Adipose tissue is derived from the mesenchyme, and may be an alternative and
minimally-invasive source of mesenchymal stem cells for regenerative medicine.
These cells can be isolated from cosmetic liposuctions in large numbers,
approximately ~1x10°200 ml fat [10]. Liposuction yields from 100 to 3000 ml
of fat tissue [11]. This material is routinely discarded. The increasing number of
obesity cases and plastic surgeries performed to remove fat tissue also results in
a greater availability of the material for research into the use of isolated adipose
stem cells for therapeutic applications in regenerative medicine. Thus, ASCs
meet the important criteria for stem cells in regenerative medicinal applications:
adipose-derived stem/stromal cells (ASCs) can be isolated (i) in significant
numbers from fat tissue, (ii) without associated pain for the patient, and (iii)
more easily than other types of multipotent mesenchymal stem cells (MSCs),
such as bone marrow, placenta, amniotic fluid, and umbilical cord cells. Thus,
adipose tissue could be an abundant, practical and appealing source of donor
tissue for autologous cell replacement.

A variety of names have been used to describe the multipotent, plastic-adherent
cell population isolated from adipose tissue. They are often described as
processed lipoaspirate cells (PLA), preadipocytes, or adipose stem cells [12].
A fraction of stem cells, isolated by an enzymatic digestion of adipose tissue
with collagenase [13] corresponds to the stromal-vascular cell fraction (SVF).
The adipose stromal-vascular cell fraction is a heterogeneous mixture containing
endothelial cells, preadipocytes, fibroblasts, vascular cells, macrophages, and
numerous mesenchymal stem cells. These multipotent mesenchymal stem cells
can give rise to several cell lineages. The International Fat Applied Technology
Society recommend the term, “adipose-derived stem/stromal cells” (ASCs or
ADSCs) [14] to refer to them.

Mesenchymal stromal/stem cell characterization is based on the expression of
cell-specific proteins and CD markers. In 2006, the Mesenchymal and Tissue
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Stem Cell Committee of the International Society for Cellular Therapy proposed
a minimal set of four criteria for the identification of human mesenchymal stem
cells [15], namely: (i) they have to be plastic-adherent when maintained under
standard culture conditions; (ii) they must have the ability for osteogenic,
adipogenic, and chondrogenic differentiation; (iii) they must express CD73,
CD90, CD105; and (iv) they must lack the expression of hematopoietic linage
markers (CD14, CD11b, CD34, CD45, CD19, CD79).

The key characteristics of ASCs as stem/stromal cells include: the ability to
adhere to plastic to form fibroblast-like colonies; an extensive proliferative
capacity; and the ability to express several common cell-surface antigens [16].
They also possess the capacity to differentiate into several mesodermal lineages,
including bone, muscle, cartilage and epithelium, as well as neural progenitors
[17]. Many similarities between adipose-derived and other mesenchymal stem
cells (i.e. bone marrow derived MSCs, umbilical cord blood cells) have been
found. They concern both the morphology and the immunity phenotype, as well
as the multipotency of the MSCs [18-21, 21, 22]. The initial adherent cells grow
into spindle-shaped or stellate cells after the second passage, adopting
a fibroblast-like shape. Intracellular lipid droplets have not been noted from the
adipocytes. Such a morphology of ASCs was also observed in our laboratory

(Fig. 1).

Fig. 1. Morphology of human ASCs cultured in vitro.

Microarray analysis and Real-Time PCR showed that BM-MSCs and ASCs
exhibit a virtually identical transcriptional profile for stem-related genes [23, 24].
Therefore, it is believed that not only bone marrow, but also adipose tissue might
be a suitable source of MSCs. Given that the percentage of MSCs in bone
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marrow is quite low and decreases with age [25], adipose tissue may become
a valuable source of multipotential cells to be used in cell replacement therapy in
the future [26, 27].

Genomic studies have provided a more detailed understanding of multipotent
stem cells, because the differentiation of stem cells is expected to result in
significant changes in gene expression. ASCs express the mesenchymal cell-
specific markers and molecular markers typical for the embryonic stem cell
phenotype: OCT4, Nanog, and Sox2 [28]. Evaluations of the expression of these
genes are used as markers to assess the state of the differentiated cells. The
expression of most of them is low in hematopoietic mesenchymal cells. Many of
these pluripotency-associated genes have several pseudogenes (genomic DNA
sequences similar to normal genes, and regarded as defunct relatives of
functional genes), so the results of Real-Time PCR analysis should be verified
by protein level analysis [29]. Further studies on the role of the regulatory
factors in the differentiation of ASC cultured in vitro and in vivo are expected to
explain the molecular mechanisms and highlight some of the transcription
pathways involved in the lineage-specific differentiation of these stem cells.

THE DIFFERENTIATION POTENTIAL OF ADIPOSE-DERIVED
STEM/STROMAL CELLS

As mentioned above, two functionally different types of fat are found in humans:
WAT and BAT. Stem cells isolated from each type differ in number and
differentiation potential. Generally, adult stem cells from WAT exhibit a higher
differentiation potential, are more abundant, and grow faster than cells isolated
from BAT [30, 31]. There are differences in the ASC population, even when the
cells are isolated from different anatomical regions of the same type of adipose
tissue [32, 33]. Thus, ASCs are a heterogeneous group of progenitor cells, but
this does not affect their great potential for the stem cell field, in particular for
tissue engineering. Recent research showed that unsorted ASCs are an
efficacious source of multipotent cells, and have the ability to differentiate into
several different cell types [34-36].

ASCs are capable of secreting a large number of cytokines and growth factors
that support angiogenesis, tissue remodeling, and antiapoptotic events, such as:
VEGF, HGF, 11-6, 11-7, TNFa, M-CSF, and TGF-B1 [37]. Cytokines and growth
factors produced by cultured cells (other than those added externally to the
culture) might affect cell differentiation, and might control and manage the
neighboring cells.

The formation and regeneration of every tissue is associated with a cascade of
signals involving a sequential activation of successive genes in response to
growth factors and transcription regulators. Optimal culture conditions and
proper stimulation can induce the in vitro differentiation of multipotent cells into
a desirable cell phenotype. The mechanisms that drive the ASCs into the
specialized lineage are not clear, and experimental work is required to provide
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an understanding of the role and interaction of many factors and signal cascades
in the process of cell differentiation and maturation. The proper lineage-specific
differentiation is directly related to the expression of key transcription factors of
mature tissue. The direction of the cell specialization is estimated on the basis of
their type, i.e. the process of bone cell differentiation can be monitored based on
the expression of two key transcription factors in osteoblastogenesis: Runx2 and
Osterix [38].

Adipogenic differentiation

Adipose tissue transplantation was primarily used for human reconstructive
surgery. It is obvious that ASCs have an exceptional potential for differentiation
into mature adipocytes [39-41], which is very promising in developing improved
techniques to repair soft tissue defects, especially after oncological surgery,
e.g. breast reconstruction after a mastectomy [42]. This type of differentiation
occurs in vitro under the influence of insulin, isobutylmethylxanthine,
dexamethasone, rosiglitazone, and indomethacin. The adipocytes obtained by
stimulation of ASCs have a specific lipid vacuole in the morphology of the cell,
and express several genes and proteins involved in lipid biosynthesis,
metabolism and accumulation, including leptin, peroxisome-proliferating activated
receptor v (PPARy), glucose transporter type 4 (GLUT4), and glycerol-3-
phosphate dehydrogenase (GPDH). Genetic and biochemical analysis confirmed
the adipose differentiation of ASCs, as described in the first paper in the field of
human adipose-derived stem cells, by Zuk et al. [7, 43]. In that study, ASCs
obtained from many donors were cultured with appropriate medium
supplementation, and they differentiated into not only adipogenic lineages, but
also osteogenic, chondrogenic, and myogenic lineages. Thus, ASCs represent
a promising strategy for skeletal tissue regeneration.

Osteogenic differentiation

Under osteogenic conditions (medium supplemented with dexamethasone,
B-glycerophosphate and vitamin D;), ASCs are observed to express genes and
proteins associated with the osteoblast phenotype, including alkaline
phosphatase, type I collagen, osteopontin, osteonectin, and Runx2 [40, 41, 44].
When a medium is supplemented with BMP2, the most osteogenic protein from
the group of bone morphogenetic proteins, or there is an enhanced expression of
BMP2 in progenitor cells, osteogenic differentiation is stimulated. It was
demonstrated in vitro and in vivo that ASCs could be induced to efficiently
differentiate  into  osteoblasts by the transfection of osteogenic
lineage-determining genes, i.e. BMP2 and Runx2 [45]. ASCs undergoing
osteogenic stimulation are able to adhere to scaffolds, migrate, proliferate, and
differentiate in order to restore the function of bone tissue in vivo [46-48]. This
kind of scaffold/cell construct can be effective to regenerate damaged bone tissue
lost through disease or accident, or absent due to malformation [36, 47, 49-51].
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Chondrogenic differentiation

Several in vitro studies have shown the chondrogenic differentiation of ASCs
using a medium growth factor supplemented with insulin growth factor (IGF),
bone morphogenetic proteins (BMPs), and transforming growth factor-f3
(TGF-B) [52-55]. The chondrogenic differentiation potential of ASCs was
confirmed by their ability to generate cartilage in a variety of experimental
models. ASCs seeded into polyglycolic acid (PGA) scaffolds under in vitro
cultured dynamic conditions exhibited chondrogenic characteristics and
synthesized cartilage extracellular matrix components within a 2-week period
[56]. Interestingly, Betre and colleagues demonstrated that ASCs on elastin-like
polypeptide material can grow and express the chondrogenic phenotype without
the supplemental factors that cause chondrogenic differentiation [57]. The great
potential of ASCs in cartilage tissue engineering was also demonstrated in
studies in vivo, i.e. during the implantation of stem cells isolated from human
adipose tissue in animal models, such as nude mice [58].

Myogenic differentiation

ASCs possess the capacity to differentiate and display a myogenic phenotype
in vitro [7, 59]. The main factors activating the expression of genes relevant to
myogenesis in vitro (heavy chain of myosin, myogenic determination factor 1 —
MyoD1) are dexamethasone and hydrocortisone in the medium. The expression
of these genes is characteristic for satellite cells during embryogenesis.
Terminally differentiated myoblasts can form multinucleated myotubules, and
have the ability to shrink and diastole under the influence of atropine. In vivo
studies showed that the implantation of ASCs in X-linked muscular dystrophy
mice restored the dystrophin expression in the muscles of mice [60]. These
results are particularly promising in the context of human Duchenne muscular
dystrophy, a genetic disease characterized by progressive muscle degeneration
and weakness.

Numerous studies have demonstrated that ASCs retain the differentiation
potential towards the cardiomyogenic lineage in the presence of interleukine (IL-3
and IL-6) in the medium. Cardiomyocyte-like cells generated by the
differentiation of ASCs exhibit phenotypes resembling native heart myocytes.
What is more, experimental studies indicate that an adequate induction of
cardiomyogenic ASC differentiation can be achieved and improved by
incubating the stem cells with exogenous nucleosides [61]. Stem cells from
adipose tissue might become a preferable cell source for repairing damaged
cardiovascular tissues, such as in the ischemia or infracted heart.

Endothelial differentiation

The regenerated tissues need to contain vascular systems to allow both the tissue
and the differentiated cells to survive. Thus, vascularization of regenerated
tissues is an important field of research. It has been reported that human ASCs
have the potential for endothelial differentiation [27, 34, 62-66] and can
participate in blood vessel formation. ASCs are a possible cell source for vessel
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regeneration, as they are able to secrete a number of proangiogenic factors, like
vascular endothelial growth factor (VEGF) and platelet-derived growth factor
(PDGF) [67, 68]. A particularly interesting target tissue for reconstructive
surgery in the context of vascularization seem to be grafts vascularized in a one-
step procedure. The first promising studies aiming to develop an osteogenic and
vasculogenic construct using human adipose stromal-vascular cell fractions were
performed by Martin et al. from Basel University Hospital [66, 69]. They
demonstrated that human ASCs under perfusion flow in a three-dimensional
environment are able to form bone tissue and blood vessels after implantation in
nude mice. What is more, the blood vessels formed by human ASCs were
functionally connected to the mouse vascular network and contained mouse
erythrocytes.

Neuronal differentiation

Many studies have confirmed the neurogenic potential of ASCs. The original
Zuk et al. article from 2002 suggests that ASCs might possess the ability to form
neuronal cells. Adipose tissue-derived stem cells that differentiate into putative
neurogenic cells, exhibit a neuronal-like morphology and express several
proteins consistent with the neuronal phenotype (Neuron Specific Enolase —
NSE; Neuron Specific Nuclear Protein — NeuN) in a medium containing valproic
acid, insuline, hydroxyanisole, epidermal growth factor (EGF) and fibroblast
growth factor (FGF) [43].

The latest experiments confirm the ability of ASCs to differentiate into cells of
epidermal lineage [70, 71]. The ideal situation would thus be to receive
a vascularized and innervated tissue for autologous transplantation.
Theoretically, ASCs may provide an efficient and convenient autologous source
of cells for advanced tissue engineering for clinical therapies.

As the number of patients with diabetes is increasing, insulin-producing cells
derived from mesenchymal stem cells provide an attractive alternative treatment
for patients who have lost their own cells responsible for this process. ASCs are
able to adopt a pancreatic endocrine phenotype ex vivo (induction of the insulin,
glucagon, and somatostatin genes) in response to defined culture conditions
(high glucose concentration, nicotinamide, hepatocyte growth factor, activin-A,
pentagastrin) without genetic modification. Thus, ASCs could be used as
a model to develop stem cell-based therapies for diabetes mellitus [35, 72, 73].
Few studies have reported an epithelial differentiation of ASCs.
A tissue-engineered airway construct with a three-dimensional structure of fibrin
and ASCs was created as a prototype vocal fold replacement. The expression of
the early cytokeratin in combination with a decreased vimentin expression is
considered the first step toward epithelial differentiation. Long ef al. showed that
under optimized conditions, ASCs express epithelial marker proteins and
complete their epithelialization after implantation [59, 74].

The transplantation of hepatocytes might become easier, more efficient and safer
than whole organ transplantation in treating patients suffering from final-stage
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liver dysfunction. The differentiation of ASCs into hepatocyte-like cells has also
been investigated [76]. Thus, the generation of hepatocytes derived from ASCs
holds considerable promise for future clinical applications. Human ASCs were
transplanted into the livers of immunodeficient mice with or without prior
hepatocyte differentiation in vitro, and it was observed that the pre-
differentiation of ASCs in vitro promotes the hepatic integration in vivo [77].

Tab. 1. Studies into the use of Adipose Stem Cells — selected applications.

Application Model Reference

Adipogenic differentiation Human ASCs in vitro [19]

Human ASCs in athymic nude rats [39]
Chondrogenic differentiation Human ASCs in vitro [56, 57,91, 92]

Human ASCs in SCID mice [54]
Osteogenic differentiation Human ASCs in vitro [93-96]

Human ASCs in nude mice [97]

Human ASCs in SCID mice [19, 98]

Human ASCs in athymic mice [45]

Human ASCs in rats [75]

Rat ASCs in SD rats [40]
Myogenic differantiation Human ASCs in vitro [60, 99-101]

Human ASCs in mdx mice [102]

Human ASCs in nude mice [34]
Cardiomyogenic differentiation Human ASCs in vitro [103, 104]

Rat ASCs in rats [105]
Neuronal differentiation Human ASCs in vitro [43, 106]

Canine ASCs in dogs with spinal cord injuries [107]

Rat ASCs in rats [70]
Osteogenic constructs with intrinsic ~ Human ASCs in nude mice [66, 69]
vascularization
Epithelial differentiation Human ASCS in vitro [59, 74]
Kidney differentiation Human ASCs in C57BL/6 mice [108]
Pancreatic differentiation Human ASCs in vitro [72, 73]
Hepatocyte differentiation Human ASCs in Pfp/Rag2 knockout mice [77]

Human ASCs in Ccl4 mice [76]
Periodontal tissue regeneration Rat ASCs in rats [109]

The proposed uses for ASCs in tissue engineering and regenerative medicine are
collected in Tab. 1. Among them, the Choi group showed the model of
regeneration of the intervertebral disc in rats by implanting ASCs. Intervertebral
disc degeneration (IVD), one of the causes of lower back pain, is an irreversible
process for which no restorative treatments are currently available. The etiology
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remains unknown, but the condition can be described clinically as a loss of
proper stability and mobility. Human ASCs were transplanted into damaged disc
segments in rats, and were found to restore the degenerated intervertebral disc [75].
Based on the promising results of animal model studies, certain clinical trials
have also been initiated [78]. There is a growing number of preclinical studies
examining the potential of ASCs. The ongoing human clinical trials are
summarized in Tab. 2.

Tab. 2. Ongoing ASCs human clinical trials (based on www.clinicaltrials.gov).

Condition Title Design

Complex Perianal Fistulas Efficacy and Safety of Adipose Stem Cells to Treat Phase III
Complex Perianal Fistulas Not Associated to
Crohn’s Disease (FATT1)

Type 1 Diabetes Mellitus Safety and Efficacy of Autologous Adipose- Phase I/II
Derived Stem Cell Transplantation in Patients With
Type 1 Diabetes

Lipodystrophy Autologous Adipose-Derived Stem Cell Phase [
Transplantation in Patients With Lipodystrophy
Chronic Critical Limb Intraarterial Infusion of Autologous Mesenchymal Phase I/I1
Ischemia Stem Cells From Adipose Tissue in Diabetic
Patients With Chronic Critical Limb Ischemia
Crohn Disease Treatment of Fistulous Crohn’s Disease by Implant Phase I/II

of Autologous Mesenchymal Stem Cells Derived
From Adipose Tissue

Autoimmune Diseases Autologous Mesenchymal Stem Cells From Phase /11
Immune System Diseases Adipose Tissue in Patients With Secondary
Demyelinating Diseases Progressive Multiple Sclerosis

Nervous System Diseases
Demyelinating Autoimmune
Diseases, CNS

Autoimmune Diseases of the
Nervous System

Type 2 Diabetes Mellitus Safety and Efficacy of Autologous Adipose- Phase I/I1
Derived Stem Cell Transplantation in Type 2
Diabetics
Rectovaginal Fistula Allogenic Stem Cells Derived From Lipoaspirates  Phase I/1
Crohn Disease for the Treatment of Recto-Vaginal Fistulas
Associated to Crohn's Disease (ALOREVA)
Fecal Incontinence Safety Study of Autologous Cultured Adipose - Phase I
Derived Stem Cells for the Fecal Incontinence
Crohn’s Fistula Safety and Efficacy Study of Autologous Cultured Phase I
Adipose -Derived Stem Cells for the Crohn's
Fistula
Myocardial Infarction Randomized Clinical Trial of Adipose-Derived Phase [
Coronary Arteriosclerosis Stem Cells in the Treatment of Pts With ST-
Cardiovascular Disease Elevation Myocardial Infarction
Coronary Disease
Complex Perianal Fistula Long-term Safety and Efficacy of Adipose-derived Phase II

Stem Cells to Treat Complex Perianal Fistulas in
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Condition Title Design

Patients Participating in the FATT-1 Randomized
Controlled Trial

Crohn’s Fistula Safety and Efficacy Study of Autologous Cultured Phase II
Adipose -Derived Stem Cells for the Crohn's
Fistula

Ischemic Heart Disease A Randomized Clinical Trial of Adipose-Derived  Phase I

Coronary Arteriosclerosis
Cardiovascular Disease
Coronary Disease
Coronary Artery Disease
Leukemia

Hodgkin's Lymphoma
Non-Hodgkin's Lymphoma
Myelodysplastic Syndrome
Anal Fistula

Liver Cirrhosis

Breast Neoplasms
Carcinoma, Ductal, Breast
Mammoplasty
Mastectomy, Segmental,
Lumpectomy, Breast
Reconstruction,

Liver Cirrhosis

Changes in Bone Mineral
Content

Changes in Bone Marrow
Adipose Tissue

Aging

Depressed Scar

Diabetic Wounds
Venous Stasis Wounds

Stem Cells in Treatment of Non Revascularizable
Ischemic Myocardium

Abdominal Obesity and Cardiovascular Risk
Factors in Women Who Survived Cancer or a
Related Illness Following Total Body Irradiation
and Stem Cell Transplant

Autologous Stem Cells Derived From
Lipoaspirates for the Non-Surgical Treatment of
Complex Perianal Fistula

Liver Regeneration Therapy Using Autologous
Adipose Tissue Derived Stromal Cells

Study of Autologous Fat Enhanced w/
Regenerative Cells Transplanted to Reconstruct
Breast Deformities After Lumpectomy

Liver Regeneration Therapy by Intrahepatic
Arterial Administration of Autologous Adipose
Tissue Derived Stromal Cells

Tissue Partitioning in Early Childhood

Age-Related Changes in Proliferation and
Differentiation Capacity of Human Preadipocytes
From Periorbital Fat

Safety and Efficacy of Autologous Cultured
Adipocytes in Patient With Depressed Scar

The Role of Lipoaspirate Injection in the
Treatment of Diabetic Lower Extremity Wounds
and Venous Stasis Ulcers

No available
information

Phase 11

No available
information
Phase IV

No available
information

No available
information

Phase 1

Phase II/111

No available
information

PERSPECTIVES

Today, the ability of ASCs to form multiple cell types of all three germ layers
(muscle and bone of mesodermal lineage; hepatocytes and pancreatic islets of
endodermal lineage; and neurons, oligodendrocytes and functional Schwann
cells of epidermal lineage) suggests that ASCs may be pluripotent rather than
multipotent stem cells [1, 72, 79-82]. This enormous plasticity of ASCs

distinguishes these cells from other thus far characterized stem cells.
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ASCs have another important advantage over the cell population isolated from
postnatal tissue. A breakthrough study has demonstrated the possibility to
efficiently reprogram cells to pluripotency. Induced pluripotent stem (iPS) cells
are a type of pluripotent stem cell artificially derived from non-pluripotent cells,
typically adult somatic cells, by inducing the expression of transcription factors
characteristic for undifferentiated embryonic stem cells: Oct4, Sox2, Nanog, and
c-MYC [83-85]. In the area of reprogramming somatic cells to a pluripotent
state, ASCs might be more useful than other type of cells. Impressively, Sun and
his collaborators generated human iPS cells from ASCs in a shorter period and
with higher efficiency than in comparable studies targeting adult human
fibroblasts [86].

Additionally, mature cells, obtained from ASCs and cells reprogrammed from
ASCs, may be used for drug discoveries in disease models. Their potential use in
toxicology models might reduce the need for experimental animals. ASCs may
offer an efficient tool for cell-based gene therapy approaches, as they may prove
to be a good carrier of genes which are important in the healing process. That is
because ASCs can easily and efficiently (above 60%) be transducted with
vectors, e.g. an encoding proapoptotic ligand (i.e. tumor necrosis factor-related
apoptosis-inducing ligand — TRAIL) that induces apoptosis in tumor cells but
not normal tissue [87, 88].

Other engineering manipulations on ASCs may unfold the true potential of these
stem cells. These achievements may bring new opportunities to explore
innovative therapeutic models or targets in regenerative personalized medicine.
Future study into the conditions necessary to optimize the differentiation of
ASCs into deficit cells may unlock the therapeutic potential of ASCs in
regenerative medicine.

The relative abundance and impressive plasticity of human ASCs have raised
high enthusiasm over their therapeutic potential. However, recent studies
indicate that ASCs are capable of secreting various tumor-promoting factors
including IL-6 [89, 90]. Promotion of angiogenesis and vasculogenesis by the
ASCs is also discussed in the context of an increased risk of malignant
transformation. In addition, the spontaneous conversion of ASC after prolonged
incubation in vitro also poses a safety hazard in cell transplantation.

Another disadvantage of ASCs is their not completely homogeneous cell
population. There is no single phenotype or even a unique antigen to define
adipose stem cells. ASC samples isolated from different individuals but also
from different anatomical regions of the same patient display significant
differences in the inducibility of various secreted factors. The cell population
may vary according to age and health.

Many issues must be explored before the safe application of these cells in the
clinical setting. However, with appropriate validation of cell types and optimal
performance, and further characterization, ASCs should yield a demonstrable
benefit in cell therapy.
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SUMMARY

ASCs hold great promise for use in tissue repair and regeneration. Among the
stem cell-based therapeutic modalities, the use of ASCs seems to be especially
valuable in the clinical perspective due to their ready availability, pro-
angiogenesis and anti-apoptotic factor secretion, immunomodulatory effects, and
the capacity for multi-lineage differentiation. The procedure for isolating ASCs
is relatively simple, fast and safe. It is easy to obtain a large quantity of ASCs as
a starting population for further usage, e.g. in tissue engineering or
reprogramming. ASCs may be isolated from patients at any age, and the
proposed uses of these cells in tissue regeneration are truly impressive, making
ASCs one of the most popular adult stem cells currently explored. The biology
and potential therapeutic applications of adult stem cells is in the scope of
current research interest. The successful use of all types of stem cells in
regeneration therapy may be achieved only after we learn about their extensive
characteristics in detail.

Acknowledgments. We wish to thank Dr. Malgorzata Lewandowska-Szumiel
for her valuable comments on the text. This work was supported by project no.
N N302157037 from the Polish funds for scientific research in 2009-2012.

REFERENCES

1. Zuk, P.A. The adipose-derived stem cell: Looking back and looking ahead.
Mol. Biol. Cell 21 (2010) 1783-1787.

2. Dazzi, F., Ramasamy, R., Glennie, S., Jones, S.P. and Roberts, I. The role of
mesenchymal stem cells in haemopoiesis. Blood Rev. 20 (2006) 161-171.

3. Clarke, D.L., Johansson, C.B., Wilbertz, J., Veress, B., Nilsson, E.,
Karlstrom, H., Lendahl, U. and Frisen, J. Generalized potential of adult
neural stem cells. Science 288 (2000) 1660-1663.

4. Ng, AM., Saim, A.B., Tan, K.K., Tan, G.H., Mokhtar, S.A., Rose, .M.,
Othman, F. and Idrus, R.B. Comparison of bioengineered human bone
construct from four sources of osteogenic cells. J. Orthop. Sci. 10 (2005)
192-199.

5. Crisan, M., Yap, S., Casteilla, L., Chen, C., Corselli, M., Park, T.S. and
Peault, B. A perivascular origin for mesenchymal stem cells in multiple
human organs. Cell Stem Cell 3 (2008) 301-313.

6. Huang, G.T., Gronthos, S. and Shi, S. Mesenchymal stem cells derived from
dental tissues vs. Those from other sources: Their biology and role in
regenerative medicine. J. Dent. Res. 88 (2009) 792-806.

7. Zuk, P.A., Zhu, M., Mizuno, H., Huang, J., Futrell, J.W., Katz, A.J.,
Benhaim, P., Lorenz, H.P. and Hedrick, M.H. Multilineage cells from
human adipose tissue: Implications for cell-based therapies. Tissue Eng. 7
(2001) 211-228.



CELLULAR & MOLECULAR BIOLOGY LETTERS 249

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Gesta, S., Tseng, Y.H. and Kahn, C.R. Developmental origin of fat:
Tracking obesity to its source. Cell 131 (2007) 242-256.

Kershaw, E.E. and Flier, J.S. Adipose tissue as an endocrine organ. J. Clin.
Endocrinol. Metab. 89 (2004) 2548-2556.

Zhu, Y., Liu, T., Song, K., Fan, X., Ma, X. and Cui, Z. Adipose-derived
stem cell: A better stem cell than bmsc. Cell Biochem. Funct. 26 (2008)
664-675.

Katz, A.J., Llull, R., Hedrick, M.H. and Futrell, J.W. Emerging approaches
to the tissue engineering of fat. Clin. Plast Surg. 26 (1999) 587-603.
Schaffler, A. and Buchler, C. Concise review: Adipose tissue-derived
stromal cells--basic and clinical implications for novel cell-based therapies.
Stem Cells 25 (2007) 818-827.

Williams, S.K. ,McKenney, S. and Jarrell, B.E. Collagenase lot selection and
purification for adipose tissue digestion. Cell Transplant. 4 (1995) 281-289.
Nakagami, H., Morishita, R., Maeda, K., Kikuchi, Y., Ogihara, T. and
Kaneda, Y. Adipose tissue-derived stromal cells as a novel option for
regenerative cell therapy. J. Atheroscler. Thromb. 13 (2006) 77-81.
Dominici, M., Le Blanc, K., Mueller, 1., Slaper-Cortenbach, 1., Marini, F.,
Krause, D., Deans, R., Keating, A., Prockop, D. and Horwitz, E. Minimal
criteria for defining multipotent mesenchymal stromal cells. The
international society for cellular therapy position statement. Cytotherapy 8
(2006) 315-317.

Gronthos, S., Franklin, D.M., Leddy, H.A., Robey, P.G., Storms, R.W. and
Gimble, J.M. Surface protein characterization of human adipose tissue-
derived stromal cells. J. Cell Physiol. 189 (2001) 54-63.

Dawn, B. and Bolli, R. Adult bone marrow-derived cells: Regenerative
potential, plasticity, and tissue commitment. Basic Res. Cardiol. 100 (2005)
494-503.

De Ugarte, D.A., Alfonso, Z., Zuk, P.A., Elbarbary, A., Zhu, M., Ashjian, P.,
Benhaim, P., Hedrick, M.H. and Fraser, J.K. Differential expression of stem
cell mobilization-associated molecules on multi-lineage cells from adipose
tissue and bone marrow. Immunol. Lett. 89 (2003) 267-270.

Wagner, W., Wein, F., Seckinger, A., Frankhauser, M., Wirkner, U., Krause,
U., Blake, J., Schwager, C., Eckstein, V., Ansorge, W. and Ho, A.D.
Comparative characteristics of mesenchymal stem cells from human bone
marrow, adipose tissue, and umbilical cord blood. Exp. Hematol. 33 (2005)
1402-1416.

Kern, S., Eichler, H., Stoeve, J., Kluter, H. and Bieback, K. Comparative
analysis of mesenchymal stem cells from bone marrow, umbilical cord
blood, or adipose tissue. Stem Cells 24 (2006) 1294-1301.

Romanov, Y.A., Darevskaya, A.N., Merzlikina, N.V. and Buravkova, L.B.
Mesenchymal stem cells from human bone marrow and adipose tissue:
Isolation, characterization, and differentiation potentialities. Bull. Exp. Biol.
Med. 140 (2005) 138-143.



250 Vol. 16. No. 2. 2011 CELL. MOL. BIOL. LETT.

22. Puissant, B., Barreau, C., Bourin, P., Clavel, C., Corre, J., Bousquet, C.,
Taureau, C., Cousin, B., Abbal, M., Laharrague, P., Penicaud, L., Casteilla,
L. and Blancher, A. Immunomodulatory effect of human adipose tissue-
derived adult stem cells: Comparison with bone marrow mesenchymal stem
cells. Br. J. Haematol. 129 (2005) 118-129.

23. Peroni, D., Scambi, 1., Pasini, A., Lisi, V., Bifari, F., Krampera, M., Rigotti, G.,
Sbarbati, A. and Galie, M. Stem molecular signature of adipose-derived
stromal cells. Exp. Cell Res. 314 (2008) 603-615.

24. Egusa, H., lida, K., Kobayashi, M., Lin, T.Y., Zhu, M., Zuk, P.A., Wang,
C.J., Thakor, D.K., Hedrick, M.H. and Nishimura, I. Downregulation of
extracellular matrix-related gene clusters during osteogenic differentiation of
human bone marrow- and adipose tissue-derived stromal cells. Tissue Eng.
13 (2007) 2589-2600.

25. Stolzing, A., Jones, E., McGonagle, D. and Scutt, A. Age-related changes in
human bone marrow-derived mesenchymal stem cells: Consequences for
cell therapies. Mech. Ageing Dev. 129 (2008) 163-173.

26. Taha, M.F. and Hedayati, V. Isolation, identification and multipotential
differentiation of mouse adipose tissue-derived stem cells. Tissue Cell 42
(2010) 211-216.

27. Froehlich, H., Gulati, R., Boilson, B., Witt, T., Harbuzariu, A., Kleppe, L.,
Dietz, A.B., Lerman, A. and Simari, R.D. Carotid repair using autologous
adipose-derived endothelial cells. Stroke 40 (2009) 1886-1891.

28. Rodda, D.J., Chew, J.L., Lim, L.H., Loh, Y.H., Wang, B., Ng, H.H. and
Robson, P. Transcriptional regulation of nanog by oct4 and sox2. J. Biol.
Chem. 280 (2005) 24731-24737.

29. Liedtke, S., Enczmann, J., Waclawczyk, S., Wernet, P. and Kogler, G. Oct4
and its pseudogenes confuse stem cell research. Cell Stem Cell 1 (2007)
364-360.

30. Prunet-Marcassus, B., Cousin, B., Caton, D., Andre, M., Penicaud, L. and
Casteilla, L. From heterogeneity to plasticity in adipose tissues: Site-specific
differences. Exp. Cell Res. 312 (2006) 727-736.

31. Avram, A.S., Avram, M.M. and James, W.D. Subcutaneous fat in normal
and diseased states: 2. Anatomy and physiology of white and brown adipose
tissue. J. Am. Acad. Dermatol. 53 (2005) 671-683.

32. Fraser, J.K., Wulur, 1., Alfonso, Z., Zhu, M. and Wheeler, E.S. Differences
in stem and progenitor cell yield in different subcutaneous adipose tissue
depots. Cytotherapy 9 (2007) 459-467.

33. Festy, F., Hoareau, L., Bes-Houtmann, S., Pequin, A.M., Gonthier, M.P.,
Munstun, A., Hoarau, J.J., Cesari, M. and Roche, R. Surface protein
expression between human adipose tissue-derived stromal cells and mature
adipocytes. Histochem. Cell Biol. 124 (2005) 113-121.

34. Kang, Y., Park, C., Kim, D., Seong, C.M., Kwon, K. and Choi, C. Unsorted
human adipose tissue-derived stem cells promote angiogenesis and



CELLULAR & MOLECULAR BIOLOGY LETTERS 251

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

myogenesis in murine ischemic hindlimb model. Microvasc. Res. 80 (2010)
310-316.

Kajiyama, H., Hamazaki, T.S., Tokuhara, M., Masui, S., Okabayashi, K.,
Ohnuma, K., Yabe, S., Yasuda, K., Ishiura, S., Okochi, H. and Asashima, M.
Pdx1-transfected adipose tissue-derived stem cells differentiate into insulin-
producing cells in vivo and reduce hyperglycemia in diabetic mice. Int. J.
Dev. Biol. 54 (2010) 699-705.

Levi, B., James, A.W., Nelson, E.R., Vistnes, D., Wu, B., Lee, M., Gupta, A.
and Longaker, M.T. Human adipose derived stromal cells heal critical size
mouse calvarial defects. PLoS One 5 (2010) e11177.

Kilroy, G.E., Foster, S.J., Wu, X., Ruiz, J., Sherwood, S., Heifetz, A.,
Ludlow, J.W. and Gimble, J.M. Cytokine profile of human Adipose-derived
Stem Cells: expression of angiogenic, hematopoietic, and pro-inflammatory
factors. Cell. Physiol. 212 (2007) 702-709.

Witkowska-Zimny, M., Wrobel, E. and Przybylski, J. The most importat
trascriptional factors of osteoblastogeesis. Adv. Cell Biol. 2 (2010) 17-28.
Mauney, J.R., Nguyen, T., Gillen, K., Kirker-Head, C., Gimble, J.M. and
Kaplan, D.L. Engineering adipose-like tissue in vitro and in vivo utilizing
human bone marrow and adipose-derived mesenchymal stem cells with silk
fibroin 3d scaffolds. Biomaterials 28 (2007) 5280-5290.

Zhao, Y., Lin, H., Zhang, J., Chen, B., Sun, W., Wang, X., Zhao, W., Xiao,
Z. and Dai, J. Crosslinked three-dimensional demineralized bone matrix for
the adipose-derived stromal cell proliferation and differentiation. Tissue
Eng. Part A 15 (2009) 13-21.

Hong, L., Colpan, A., Peptan, I.A., Daw, J., George, A. and Evans, C.A.
17-beta estradiol enhances osteogenic and adipogenic differentiation of
human adipose-derived stromal cells. Tissue Eng. 13 (2007) 1197-1203.
Brayfield, C., Marra, K. and Rubin, J.P. Adipose stem cells for soft tissue
regeneration. Handchir. Mikrochir. Plast. Chir. 42 (2010) 124-128.

Zuk, P.A., Zhu, M., Ashjian, P., De Ugarte, D.A., Huang, J.I., Mizuno, H.,
Alfonso, Z.C., Fraser, J.K., Benhaim, P. and Hedrick, M.H. Human adipose
tissue is a source of multipotent stem cells. Mol. Biol. Cell 13 (2002) 4279-4295.
Lee, J.H., Rhie, J.W., Oh, D.Y. and Ahn, S.T. Osteogenic differentiation of
human adipose tissue-derived stromal cells (hascs) in a porous three-
dimensional scaffold. Biochem. Biophys. Res. Commun. 370 (2008) 456-460.
Lee, S.J., Kang, S.W., Do, H.J., Han, 1., Shin, D.A., Kim, J.H. and Lee, S.H.
Enhancement of bone regeneration by gene delivery of bmp2/runx2
bicistronic vector into adipose-derived stromal cells. Biomaterials 31
(2010) 5652-5659.

Jeon, O., Rhie, J.W., Kwon, I.LK., Kim, J.H., Kim, B.S. and Lee, S.H. In vivo
bone formation following transplantation of human adipose-derived stromal
cells that are not differentiated osteogenically. Tissue Eng. Part A 14
(2008) 1285-1294.



252 Vol. 16. No. 2. 2011 CELL. MOL. BIOL. LETT.

47. Lin, Y., Wang, T., Wu, L., Jing, W., Chen, X., Li, Z., Liu, L., Tang, W.,
Zheng, X. and Tian, W. Ectopic and in situ bone formation of adipose
tissue-derived stromal cells in biphasic calcium phosphate nanocomposite.

J. Biomed. Mater Res. A 81 (2007) 900-910.

48. Li, X., Yao, J., Wu, L., Jing, W., Tang, W., Lin, Y., Tian, W. and Liu, L.
Osteogenic induction of adipose-derived stromal cells: Not a requirement for
bone formation in vivo. Artif. Organs 34 (2009) 46-54.

49. Gastaldi, G., Asti, A., Scaffino, M.F., Visai, L., Saino, E., Cometa, A.M. and
Benazzo, F. Human adipose-derived stem cells (hASCs) proliferate and
differentiate in osteoblast-like cells on trabecular titanium scaffolds.
J. Biomed. Mater Res. 94A (2010) 790-799.

50. Cowan, C.M., Shi, Y.Y., Aalami, O.0O., Chou, Y.F., Mari, C., Thomas, R.,
Quarto, N., Contag, C.H., Wu, B. and Longaker, M.T. Adipose-derived adult
stromal cells heal critical-size mouse calvarial defects. Nat. Biotechnol. 22
(2004) 560-567.

51. Shen, F.H., Zeng, Q., Lv, Q., Choi, L., Balian, G., Li, X .and Laurencin, C.T.
Osteogenic differentiation of adipose-derived stromal cells treated with
GDF-5 cultured on a novel three-dimensional sintered microsphere matrix.
Spine J. 6 (2006) 615-623.

52. Hennig, T., Lorenz, H., Thiel, A., Goetzke, K., Dickhut, A., Geiger, F. and
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 (2007) 682-691.

53. Kim, H.J. and Im, G.I. Chondrogenic differentiation of adipose tissue-
derived mesenchymal stem cells: Greater doses of growth factor are
necessary. J. Orthop. Res. 27 (2009) 612-619.

54. Kim, B.S., Kang, K.S. and Kang, S.K. Soluble factors from ascs effectively
direct control of chondrogenic fate. Cell Prolif. 43 (2010) 249-261.

55. Awad, H.A., Halvorsen, Y.D., Gimble, J M. and Guilak, F. Effects of
transforming growth factor betal and dexamethasone on the growth and
chondrogenic differentiation of adipose-derived stromal cells. Tissue Eng. 9
(2003) 1301-1312.

56. Mahmoudifar, N. and Doran, P.M. Chondrogenic differentiation of human
adipose-derived stem cells in polyglycolic acid mesh scaffolds under
dynamic culture conditions. Biomaterials 31 (2010) 3858-3867.

57. Betre, H., Ong, S.R., Guilak, F., Chilkoti, A., Fermor, B. and Setton, L.A.
Chondrocytic differentiation of human adipose-derived adult stem cells in
elastin-like polypeptide. Biomaterials 27 (2006) 91-99.

58. Jin, X., Sun, Y., Zhang, K., Wang, J., Shi, T., Ju, X .and Lou, S. Ectopic
neocartilage formation from predifferentiated human adipose derived stem
cells induced by adenoviral-mediated transfer of hTGF beta2. Biomaterials
28 (2007) 2994-3003.



CELLULAR & MOLECULAR BIOLOGY LETTERS 253

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Brzoska, M., Geiger, H., Gauer, S. and Baer, P. Epithelial differentiation of
human adipose tissue-derived adult stem cells. Biochem. Biophys. Res.
Commun. 330 (2005) 142-150.

Rodriguez, L.V., Alfonso, Z., Zhang, R., Leung, J., Wu, B. and Ignarro, L.J.
Clonogenic multipotent stem cells in human adipose tissue differentiate into
functional smooth muscle cells. Proc. Natl. Acad. Sci. USA 103 (2006)
12167-12172.

Rodriguez-Serrano, F., Alvarez, P., Caba, O., Picon, M., Marchal, J.A.,
Peran, M., Prados, J., Melguizo, C., Rama, A.R., Boulaiz, H. and Aranega,
A. Promotion of human adipose-derived stem cell proliferation mediated by
exogenous nucleosides. Cell Biol. Int. 34 (2010) 917-924.

Madonna, R. and De Caterina, R. In vitro neovasculogenic potential of
resident adipose tissue precursors. Am. J. Physiol. Cell Physiol. 295 (2008)
C1271-1280.

Heydarkhan-Hagvall, S., Schenke-Layland, K., Yang, J.Q.,Heydarkhan, S.,
Xu, Y., Zuk, P.A., MacLellan, W.R. and Beygui, R.E. Human adipose stem
cells: A potential cell source for cardiovascular tissue engineering. Cells
Tissues Organs 187 (2008) 263-274.

Planat-Benard, V., Silvestre, J.S., Cousin, B., Andre, M., Nibbelink, M.,
Tamarat, R., Clergue, M., Manneville, C., Saillan-Barreau, C., Duriez, M.,
Tedgui, A., Levy, B., Penicaud, L. and Casteilla, L. Plasticity of human
adipose lineage cells toward endothelial cells: Physiological and therapeutic
perspectives. Circulation 109 (2004) 656-663.

Verseijden, F., Posthumus-van Sluijs, S.J., Pavljasevic, P., Hofer, S.0O., van
Osch, G.J. and Farrell, E. Adult human bone marrow- and adipose tissue-
derived stromal cells support the formation of prevascular-like structures
from endothelial cells in vitro. Tissue Eng. Part A 16 (2010) 101-114.
Scherberich, A., Galli, R., Jaquiery, C., Farhadi, J. and Martin, I. Three-
dimensional perfusion culture of human adipose tissue-derived endothelial
and osteoblastic progenitors generates osteogenic constructs with intrinsic
vascularization capacity. Stem Cells 25 (2007) 1823-1829.

Nakagami, H., Maeda, K., Morishita, R., Iguchi, S., Nishikawa, T., Takami, Y.,
Kikuchi, Y., Saito, Y., Tamai, K., Ogihara, T. and Kaneda, Y. Novel
autologous cell therapy in ischemic limb disease through growth factor
secretion by cultured adipose tissue-derived stromal cells. Arterioscler.
Thromb. Vasc. Biol. 25 (2005) 2542-2547.

Rehman, J., Traktuev, D., Li, J., Merfeld-Clauss, S., Temm-Grove, C.J.,
Bovenkerk, J.E., Pell, C.L., Johnstone, B.H., Considine, R.V. and March, K.L.
Secretion of angiogenic and antiapoptotic factors by human adipose stromal
cells. Circulation 109 (2004) 1292-1298.

Muller, A.M., Mehrkens, A., Schafer, D.J., Jaquiery, C., Guven, S.,
Lehmicke, M., Martinetti, R., Farhadi, 1., Jakob, M., Scherberich, A. and
Martin, I. Towards an intraoperative engineering of osteogenic and



254 Vol. 16. No. 2. 2011 CELL. MOL. BIOL. LETT.

vasculogenic grafts from the stromal vascular fraction of human adipose
tissue. Eur. Cell Mater. 19 (2010) 127-135.

70. Nakada, A., Fukuda, S., Ichihara, S., Sato, T., Itoi, S., Inada, Y., Endo, K.
and Nakamura, T. Regeneration of central nervous tissue using a collagen
scaffold and adipose-derived stromal cells. Cells Tissues Organs 190
(2009) 326-335.

71. Erba, P., Terenghi, G. and Kingham, P.J. Neural differentiation and
therapeutic potential of adipose tissue derived stem cells. Curr. Stem Cell
Res. Ther. 5 (2009) 153-160.

72. Okura, H., Komoda, H., Fumimoto, Y., Lee, C.M., Nishida, T., Sawa, Y.
and Matsuyama, A. Transdifferentiation of human adipose tissue-derived
stromal cells into insulin-producing clusters. J. Artif. Organs 12 (2009)
123-130.

73. Timper, K., Seboek, D., Eberhardt, M., Linscheid, P., Christ-Crain, M.,
Keller, U., Muller, B. and Zulewski, H. Human adipose tissue-derived
mesenchymal stem cells differentiate into insulin, somatostatin, and
glucagon expressing cells. Biochem. Biophys. Res. Commun. 341 (2006)
1135-1140.

74. Long, J.L., Zuk, P., Berke, G.S. and Chhetri, D.K. Epithelial differentiation
of adipose-derived stem cells for laryngeal tissue engineering.
Laryngoscope 120 (2010) 125-131.

75. Jeong, J.H., Lee, J.H., Jin, E.S., Min, J.K., Jeon, S.R. and Choi, K.H.
Regeneration of intervertebral discs in a rat disc degeneration model by
implanted adipose-tissue-derived stromal cells. Acta Neurochir. (Wien)
152 (2010) 1771-1777.

76. Banas, A., Teratani, T., Yamamoto, Y., Tokuhara, M., Takeshita, F., Quinn,
G., Okochi, H. and Ochiya, T. Adipose tissue-derived mesenchymal stem
cells as a source of human hepatocytes. Hepatology 46 (2007) 219-228.

77. Aurich, H., Sgodda, M., Kaltwasser, P., Vetter, M., Weise, A., Liehr, T.,
Brulport, M., Hengstler, J.G., Dollinger, M.M., Fleig, W.E. and Christ, B.
Hepatocyte differentiation of mesenchymal stem cells from human adipose
tissue in vitro promotes hepatic integration in vivo. Gut 58 (2009) 570-581.

78. Hong, S.J., Traktuev, D.O. and March, K.L. Therapeutic potential of
adipose-derived stem cells in vascular growth and tissue repair. Curr. Opin.
Organ Transplant. 15 (2010) 86-91.

79. Goudenege, S., Pisani, D.F., Wdziekonski, B., Di Santo, J.P., Bagnis, C.,
Dani, C. and Dechesne, C.A. Enhancement of myogenic and muscle repair
capacities of human adipose-derived stem cells with forced expression of
myod. Mol. Ther. 17 (2009) 1064-1072.

80. Kang, S.K., Putnam, L.A., Ylostalo, J., Popescu, I.R., Dufour, J., Belousov,
A. and Bunnell, B.A. Neurogenesis of rhesus adipose stromal cells. J. Cell
Sci. 117 (2004) 4289-4299.

81. Kingham, P.J., Kalbermatten, D.F., Mahay, D., Armstrong, S.J., Wiberg, M.
and Terenghi, G. Adipose-derived stem cells differentiate into a schwann



CELLULAR & MOLECULAR BIOLOGY LETTERS 255

82.

83.

&4.

85.

86.

87.

88.

9.

90.

91.

92.

93.

cell phenotype and promote neurite outgrowth in vitro. Exp. Neurol. 207
(2007) 267-274.

Safford, K.M., Safford, S.D., Gimble, J.M., Shetty, A.K. and Rice, H.E.
Characterization of neuronal/glial differentiation of murine adipose-derived
adult stromal cells. Exp. Neurol. 187 (2004) 319-328.

Park, I.H., Zhao, R., West, J.A., Yabuuchi, A., Huo, H., Ince, T.A., Lerou,
P.H., Lensch, M.W. and Daley, G.Q. Reprogramming of human somatic
cells to pluripotency with defined factors. Nature 451 (2008) 141-146.
Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K.
and Yamanaka, S. Induction of pluripotent stem cells from adult human
fibroblasts by defined factors. Cell 131 (2007) 861-872.

Yu, J., Vodyanik, M.A., Smuga-Otto, K., Antosiewicz-Bourget, J., Frane,
J.L., Tian, S., Nie, J., Jonsdottir, G.A., Ruotti, V., Stewart, R., Slukvin, II
and Thomson, J.A. Induced pluripotent stem cell lines derived from human
somatic cells. Science 318 (2007) 1917-1920.

Sun, N., Panetta, N.J., Gupta, D.M., Wilson, K.D., Lee, A., Jia, F., Hu, S.,
Cherry, A.M., Robbins, R.C., Longaker, M.T. and Wu, J.C. Feeder-free
derivation of induced pluripotent stem cells from adult human adipose stem
cells. Proc. Natl. Acad. Sci. USA 106 (2009) 15720-15725.

Grisendi, G., Bussolari, R., Cafarelli, L., Petak, I., Rasini, V., Veronesi, E.,
De Santis, G., Spano, C., Tagliazzucchi, M., Barti-Juhasz, H., Scarabelli, L.,
Bambi, F., Frassoldati, A., Rossi, G., Casali, C., Morandi, U., Horwitz,
EM., Paolucci, P., Conte, P. and Dominici, M. Adipose-derived
mesenchymal stem cells as stable source of tumor necrosis factor-related
apoptosis-inducing ligand delivery for cancer therapy. Cancer Res. 70
(2010) 3718-3729.

Liu, H., Chu, Y. and Lou, G. Fiber-modified adenovirus can mediate human
adipose tissue-derived mesenchymal stem cell-based anti-angiogenic gene
therapy. Biotechnol. Lett. 32 (2010) 1181-1188.

Ghosh, S., Dean, A., Walter, M., Bao, Y., Hu, Y., Ruan, J. and Li, R. Cell
density-dependent transcriptional activation of endocrine-related genes in
human adipose tissue-derived stem cells. Exp. Cell Res. 316 (2010) 2087-2098.
Walter, M., Liang, S., Ghosh, S., Hornsbz, P.J., and Li, R. Interleukin 6
secreted from adipose stromal cells promotes migration and invasion of
breast cancer cells. Oncogene 28 (2009) 2745-2755.

Awad, H.A., Wickham, M.Q., Leddy, H.A., Gimble, J.M. and Guilak, F.
Chondrogenic differentiation of adipose-derived adult stem cells in agarose,
alginate, and gelatin scaffolds. Biomaterials 25 (2004) 3211-3222.

Cheng, N.C., Estes, B.T., Awad, H.A. and Guilak, F. Chondrogenic
differentiation of adipose-derived adult stem cells by a porous scaffold
derived from native articular cartilage extracellular matrix. Tissue Eng.
Part A 15 (2009) 231-241.

Haimi, S., Suuriniemi, N., Haaparanta, A.M., Ella, V., Lindroos, B.,
Huhtala, H., Raty, S., Kuokkanen, H., Sandor, G.K., Kellomaki, M.,



256 Vol. 16. No. 2. 2011 CELL. MOL. BIOL. LETT.

Miettinen, S. and Suuronen, R. Growth and osteogenic differentiation of
adipose stem cells on pla/bioactive glass and pla/beta-tcp scaffolds. Tissue
Eng. Part A 15 (2009) 1473-1480.

94. Marino, G., Rosso, F., Cafiero, G., Tortora, C., Moraci, M., Barbarisi, M.
and Barbarisi, A. Beta-tricalcium phosphate 3d scaffold promote alone
osteogenic differentiation of human adipose stem cells: In vitro study.
J. Mater. Sci. Mater. Med. 21 353-363.

95. McCullen, S.D., Zhu, Y., Bernacki, S.H., Narayan, R.J., Pourdeyhimi, B.,
Gorga, R.E. and Loboa, E.G. Electrospun composite poly(l-lactic
acid)/tricalcium phosphate scaffolds induce proliferation and osteogenic
differentiation of human adipose-derived stem cells. Biomed. Mater. 4
(2009) 035002.

96. Park, 1.S., Han, M., Rhie, J.W., Kim, S.H., Jung, Y. and Kim, [.LH. The
correlation between human adipose-derived stem cells differentiation and
cell adhesion mechanism. Biomaterials 30 (2009) 6835-6843.

97. Muller, A.M., Davenport, M., Verrier, S., Droeser, R., Alini, M., Bocelli-
Tyndall, C., Schaefer, D.J., Martin, 1. and Scherberich, A. Platelet lysate as
a serum substitute for 2d static and 3d perfusion culture of stromal vascular
fraction cells from human adipose tissue. Tissue Eng. Part A 15 (2009)
869-875.

98. Hicok, K.C., Du Laney, T.V., Zhou, Y.S., Halvorsen, Y.D., Hitt, D.C.,
Cooper, L.F. and Gimble, J.M. Human adipose-derived adult stem cells
produce osteoid in vivo. Tissue Eng. 10 (2004) 371-380.

99. Lee, J.H. and Kemp, D.M. Human adipose-derived stem cells display
myogenic potential and perturbed function in hypoxic conditions. Biochem.
Biophys. Res. Commun. 341 (2006) 882-888.

100.Vieira, N.M., Brandalise, V., Zucconi, E., Jazedje, T., Secco, M., Nunes,
V.A., Strauss, B.E., Vainzof, M. and Zatz, M. Human multipotent adipose-
derived stem cells restore dystrophin expression of duchenne skeletal-
muscle cells in vitro. Biol. Cell 100 (2008) 231-241.

101.Mizuno, H., Zuk, P.A., Zhu, M., Lorenz, H.P., Benhaim, P. and Hedrick,
M.H. Myogenic differentiation by human processed lipoaspirate cells. Plast.
Reconstr. Surg. 109 (2002) 199-2009.

102.Rodriguez, A.M., Pisani, D., Dechesne, C.A., Turc-Carel, C., Kurzenne,
J.Y., Wdziekonski, B., Villageois, A., Bagnis, C., Breittmayer, J.P., Groux,
H., Ailhaud, G. and Dani, C. Transplantation of a multipotent cell
population from human adipose tissue induces dystrophin expression in the
immunocompetent mdx mouse. J. Exp. Med. 201 (2005) 1397-1405.

103.Lee, W.C., Sepulveda, J.L., Rubin, J.P. and Marra, K.G. Cardiomyogenic
differentiation potential of human adipose precursor cells. Int. J. Cardiol.
133 (2009) 399-401.

104.Planat-Benard, V., Menard, C., Andre, M., Puceat, M., Perez, A., Garcia-
Verdugo, J.M., Penicaud, L. and Casteilla, L. Spontaneous cardiomyocyte
differentiation from adipose tissue stroma cells. Circ. Res. 94 (2004) 223-229.



CELLULAR & MOLECULAR BIOLOGY LETTERS 257

105.Jumabay, M., Matsumoto, T., Yokoyama, S., Kano, K., Kusumi, Y.,
Masuko, T., Mitsumata, M., Saito, S., Hirayama, A., Mugishima, H. and
Fukuda, N. Dedifferentiated fat cells convert to cardiomyocyte phenotype
and repair infarcted cardiac tissue in rats. J. Mol. Cell. Cardiol. 47 (2009)
565-575.

106.Ashjian, P.H., Elbarbary, A.S., Edmonds, B., De Ugarte, D.,Zhu, M.,
Zuk, P.A., Lorenz, H.P., Benhaim, P. and Hedrick, M.H, In vitro
differentiation of human processed lipoaspirate cells into early neural
progenitors. Plast. Reconstr. Surg. 111 (2003) 1922-1931.

107.Ryu, H.H., Lim, J.H., Byeon, Y.E., Park, J.R., Seo, M.S., Lee, Y.W.,
Kim, W.H., Kang, K.S. and Kweon, O.K. Functional recovery and neural
differentiation after transplantation of allogenic adipose-derived stem cells
in a canine model of acute spinal cord injury. J. Vet. Sci. 10 (2009) 273-284.

108.Li, K., Han, Q., Yan, X., Liao, L. and Zhao, R.C. Not a process of simple
vicariousness, the differentiation of human adipose-derived mesenchymal
stem cells to renal tubular epithelial cells plays an important role in acute
kidney injury repairing. Stem Cells Dev. 19 (2010) 1267-1275.

109.Tobita, M., Uysal, A.C., Ogawa, R., Hyakusoku, H. and Mizuno, H.
Periodontal tissue regeneration with adipose-derived stem cells. Tissue Eng.
Part A 14 (2008) 945-953.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
    /POL ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


