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Foreword

It has been said that man is entering a new era of discoveries, the truly first revolution 
since the discovery and harnessing of fire. In a word: biotechnology. This vast and 
growing field of knowledge presents to us, on a daily basis, inventions that only a few 
years ago would have seemed to be taken out of a story by Jules Verne. The correlated 
sciences that surround biotechnology stretch from engineering to computers, from 
biology to nanotechnology. As physicians, we are challenged with new concepts and 
terminology that already are part of our lexicon. It is in this spirit that my fellow 
plastic surgeons, Drs. Illouz and Sterodimas, present to the medical reader the book 
Adipose Stem Cells and Regenerative Medicine.

Dr. Illouz is recognized as a pioneer in liposuction, and it is natural that, with his 
curious mind, he follows his interest in adipose tissues, immersing into the ever-
expanding discipline of cell culture and derivation. The promise of perpetuating and 
renovating whole tissues is leading us into a new era of medical practice, called 
regenerative medicine. Together with Dr. Sterodimas, a younger colleague, recently 
graduated from our school, Dr. Illouz stimulates our intellect, opening new vistas to 
an unknown future.

The authors are to be congratulated for this pioneering publication.

Ivo Pitanguy
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Preface

In the last decades, investments in basic research have yielded extensive knowledge 
about the many and complex processes involved in the development of an organism. 
Since human pluripotent stem cells were first isolated, research on stem cells has 
received much public attention, both because of its extraordinary promise and because 
of relevant legal and ethical issues. Regenerative medicine is classified into cell ther-
apy that does not require a scaffold and tissue engineering that requires a scaffold and 
bioactive substances such as growth factors; though both need adult stem cells. 
Bioengineers, life scientists, and physicians across all specialties are synergistically 
coupling expertise in areas such as cell culture technology, tissue transfer, cell dif-
ferentiation, angiogenesis, computer modeling, and polymer chemistry to use adi-
pose tissue as a base for regenerative medicine.

On November 2008, during a meeting of Yves-Gérard Illouz and Aris Sterodimas 
in Rio de Janeiro, Brazil, the idea to write a book focusing on adipose stem cells and 
their role in regenerative medicine was born. This book is the most up-to-date text on 
regenerative medicine based on adipose stem cells. There are 24 chapters by interna-
tional experts with the newest techniques explained in detail. Bioengineers, life sci-
entists, and physicians from Brazil, Canada, France, Germany, Greece, Indonesia, 
Israel, Italy, Korea, Japan, Switzerland, Turkey, United Arabic Emirates, UK, and 
USA joined forces in order to ensure the reader is provided information both about 
the basic biology of adipose stem cells, and their therapeutic potential. This book 
contains chapters focused on the applications of adipose stem cells on specific fields, 
like cardiology, orthopedic surgery, neurology, urology, otolaryngology, plastic and 
reconstructive surgery, organ transplantation, and dentistry. Also included are chap-
ters on adipose stem cells as therapeutic delivery tools for gene therapy, in the field of 
pharmacology and obesity. The science represented in this book focuses exclusively 
on scientific publications, paying extreme attention to the safety and ethics consider-
ations for developing adipose stem cell-based therapies.

The compilation of this book on the latest advances in the field of adipose stem 
cell research required the participation of many individuals. We wish to sincerely 
thank all the authors for contributing to this book. We would like to acknowledge, in 
particular, the contribution of Mrs. Mahalakshmi and the Springer team for the metic-
ulous type-editing of the chapter in this book and Mrs. Ellen Blasig from Springer-
Verlag for her continuous support since we embarked on this project in January 
2010.

December 2010 Yves-Gérard Illouz  
 Aris Sterodimas
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Cellular and Molecular Aspects  
of Adipose Tissue 1

1.1  Introduction

Adipose tissue is a biological entity that awaits exten-
sive investigation; for a long time, its function was 
believed to be limited to storage of excess energy from 
food intake. Adipose tissue secretes molecules that 
directly interact with the brain, and it also has immu-
nological functions. This tissue shapes the body con-
tours of individuals, which has a sociological impact in 
terms of determining sexual attractiveness. The litera-
ture contains several papers on adipose tissue, but the 
majority of experimental work was performed on ani-
mals. Thus, the results of these studies may not be 
applicable to the human tissue. Adipose tissue is also 
increasingly being recognised in cell transfer–based 
therapies as offering the widest spectrum of applica-
tions for cell-based therapies for treatments while 
being the easiest tissue to access. Adipose tissue exists 
as two types: brown adipose tissue (BAT) and white 
adipose tissue (WAT). These two tissues have different 
functions in the body but are both named adipose tis-
sue because of their intracellular triglyceride deposits 
[16]. BAT is involved in heat generation mechanisms 
of the body. On the other hand, WAT has several func-
tions in the body: it provides thermal insulation; affects 
the image and appearance of the body, which is espe-
cially important in females to determine their sexual 
attractiveness; allows for energy storage; serves as a 
shock absorber on the basis of its anatomical location; 
has endocrine functions; fills body spaces; and helps 
lubricate neighbouring muscles to allow ease in move-
ment. BAT and WAT usually exist in a mixed manner 
without a strict boundary between them [16, 38, 66]. In 
non-obese males and females, adipose tissue weighs 
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around 15% and 22% of total body mass, respectively. 
The anatomical distribution of adipose tissue also dif-
fers between male and females.

Adipose tissue is widely distributed all over the 
body. The amount of adipose tissue within an organ-
ism may increase or decrease according to the calorie 
balance between the body’s energy usage and nutri-
tional intake. When there is excess energy intake, adi-
pose tissue can develop around small vessels in 
undifferentiated cells. At the primary stages of adipo-
genesis, cells do not contain lipid droplets; then, a lipid 
proliferation phase takes place, and as this new tissue 
island develops, lipid begins to accumulate in cells and 
pre-adipocytes differentiate into adipocytes. If an adi-
pocyte loses its lipid mass (e.g., in cases of fasting and 
weight loss), the cell acquires an irregular morphology 
with abundant mitochondria distributed in the entire 
cytoplasm. These lipid-depleted adipocytes (post- 
adipocytes) are surrounded by a dense collagen matrix 
which can cause fibrosis of the adipose tissue [60]. 
Adipose tissue lobules are surrounded by a connective 
tissue composed capsule. Collagen compartmentalisa-
tion goes until each adipocyte is individually sur-
rounded by a collagen scaffold (Fig. 1.1a). Connective 
tissue septa extend (Fig. 1.1b) into the tissue and sub-
divide tissue into several smaller lobes. Adipose tissue 
has two kinds of nerve fibres – innervations from sym-
pathetic and sensory fibres to the adipose tissue. There 
is strong evidence that sympathetic innervations sup-
press the increase in adipocyte cell numbers, which 
suggests that at least some obesity syndromes can be 

attributed to sympathetic insufficiency [33, 89]. At 
least in rat and mouse, it has been proven that para-
sympathetic innervation does not exist in adipose  
tissue [27]. For at least one anatomical site – the 
epididymis – adipose tissue has a direct neuronal path-
way from the brain (i.e., through para-ventricular 
nucleus of the hypothalamus [PVH] neurons) [76]. 
Because of its direct connection to the liver, this path-
way is believed to be involved in controlling the meta-
bolic processes of an organism. PVH has many 
neuronal circuits within other parts of brain, and when 
the possible effects of these connections are consid-
ered, unexpected biological interactions can arise. A 
direct neuronal pathway between the central nervous 
system and BAT is seen in the interscapular region in 
hamsters. Neurons at the medial pre-optic area, PVH, 
ventro-medial hypothalamic nucleus, and supra-chias-
matic and lateral hypothalamic nuclei are connected to 
interscapular BAT by a route passing to the spinal cord, 
brainstem, midbrain, and forebrain [5].

Adipose tissue exhibit different properties accord-
ing to their anatomical localisation. The bulk of the 
tissue is roughly divided into two main localisations – 
subcutaneous and omentum. This bulk mass easily 
expands or shrinks depending on the nourishment 
obtained. Gender difference also affects the adipose 
tissue mass and distribution. On the other hand, in 
certain anatomical locations such as eyeball surround-
ing, palms, and soles of the feet, the adipose tissue 
content is not involved in the metabolic processes of 
the organism, and the size of the tissue does not 

Septa

100 µm50 µm

a b

Fig. 1.1 (a) The collagen component of WAT is abundant in 
collagen type IV surrounding each adipocyte (adipocytes are 
emptied). (b) The connective tissue septum extends into the  

tissue and divides the tissue into several smaller lobes 
(Scanning electron micrograph figures are courtesy of editors 
of International Journal of Solids and Structures [17])
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change even in conditions of severe fasting [38, 66]. 
The smallest adipocytes, which are localised in the 
mesenteric region, lower insulin sensitivity. Adipose 
tissue in the mesenteric region is the most innervated 
site of the body and is the site with the highest blood 
circulation [33].Blood supply to adipose tissue differs 
according to the body mass index (BMI) of the indi-
vidual; the cardiac output to adipose tissue is 3–7% in 
a lean person and 15–30% in a severely obese person. 
This amount of increase in cardiac output may have 
detrimental haemodynamic effects and can result in 
the development of cardiomegaly and congestive 
heart failure [33]. The macrophage percentage in the 
tissue also depends on the BMI: as obesity becomes 
more severe, the number of macrophages also 
increases, which results in fat droplet phagocytosis of 
dead adipocytes [16].

1.2  Cell Biology of Adipose Tissue

1.2.1  WAT Adipocyte Properties

WAT adipocytes contain one large lipid droplet in 
each cell. This droplet does not have a well-defined 
limiting unit, but has a half membrane–like structure 
(monolayer membrane) between the intracellular 
lipid component and the cytoplasm. The cells are 
round or polygonal, ranging between 25 and 200 mm 
in size. Although these cells contain many organ-
elles, it is difficult to recognise them because the 
large lipid droplet pushes the organelles, including 
the nucleus, towards the thin cytoplasm under the 
plasmalemma. During routine histological process-
ing, lipid becomes dissolved, leaving an empty space 
that can be seen as a typical signet-ring shape under 
a light microscope (Fig. 1.2). Abundant pinocytotic 
vesicles exist near the plasma membrane [16, 38, 
66]. Histochemical techniques such as Sudan III or 
Scarlet Red staining are used to reveal adipocytes. 
WAT has a very rich vascular supplement; each sin-
gle adipocyte is especially in contact with a vessel. 
The resident cell population of adipose tissue com-
prises mature adipocytes, pre-adipocytes, post- 
adipocytes, mesenchymal stem cells, endothelial 
cells, pericytes, mast cells, macrophages, fibroblasts, 
circulating blood cells, reticulocytes, and nervous 
system elements. Half of the cell population is made 
up of mature adipocytes [9, 38, 66].

1.2.2  BAT Adipocyte Properties

BAT is classified as adipose tissue because its cells 
contain triglyceride deposits in the cytoplasm. The 
brown colour of this tissue is due to the high cyto-
chrome oxidase content of its mitochondria [12, 38], 
which are abundantly found in the cytoplasm. The ana-
tomical distribution of BAT differs from that of WAT. 
During the first 10 years of human life, BAT can be 
found in almost all sites where WAT is located (e.g., in 
the interscapular area and anterior abdominal wall); 
however, as the years advance, peripherally localised 
BAT disappears while more deeply localised BAT, 
especially around the kidneys, supra-renals, aorta, 
neck, and mediastinum, usually persists until the 8th 
decade of life [34]. A recent study (done on 3,604 
patients) based on 18F-FDG-PET/CT examinations 
showed that the mass and activity of BAT are more 
steadily maintained by women than men. The male 
body loses BAT mass and activity as age progresses. 
This difference is suggested to be due to hormonal dif-
ferences; that is, testosterone inhibits UCP1 mRNA 
expression in a dose-dependent manner [62]. Brown 
adipocytes may be polygonal or ellipsoid in shape, 
with a diameter ranging between 15 and 50 mm [16]. 
Many lipid droplets are widely distributed in the cyto-
plasm and differ in size, which give the adipocytes a 

Fig. 1.2 Adipocytes without their lipid component have a typi-
cal signet-ring shape. In routine tissue processing, xylene and 
alcohol are used to dissolve lipids. Haematoxylin and eosin 
staining; bar represents 25 mm
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multi-ocular appearance [38]. BAT produces heat 
(thermogenesis) that is spread throughout the body 
through blood circulation. The regulation of thermo-
genesis is mainly controlled by the hypothalamus; the 
sympathetic system carries the signals and releases 
nor-epinephrine, which induces fatty acid metabolism 
in the mitochondria of brown adipocytes [12]. Heat 
production is accomplished by the action of a special 
protein in the inner membrane of the mitochondrion, 
uncoupling protein 1 (UCP1). In the literature, the 
same protein is also called ‘thermogenin’. UCP1 is 
strictly limited to BAT adipocytes; thus, the presence 
of this protein in cells can positively identify a tissue as 
BAT [93]. UCP1 is activated in the presence of free 
fatty acids (which are released from triacylglycerols 
through the effect of nor-epinephrine-activated b adren-
ergic receptors) and suppresses ATP generation while 
fat is being oxidised; in this manner, the excess energy 
is released as heat. The mechanism of heat generation 
is still being investigated. UCP1 is a triglyceride car-
rier rather than a proton carrier; free protons are 
pumped out of the mitochondria into the cytoplasm 
where they combine with fatty acids, making the fatty 
acids soluble. These soluble fatty acids return to mito-
chondria and protons are not used for ATP production 
(this is for the uncoupling concept); instead, heat is 
generated from the release of protons. The fatty acid 
thus becomes insoluble again and is carried back to the 
cytoplasm by UCP1 [12]. The residual products of oxi-
dised fat seem to be the suppressors of UCP1 activity 
[57]. BAT has a dense nerve supply from the sympa-
thetic nervous system. When nor-epinephrine is 
secreted from nerves, the interaction of the stimulated 
receptors of BAT determines the fate of heat genera-
tion. If b3-receptors are stimulated, the heat generation 
pathway is activated; however, if a2-receptors are 
stimulated, then heat generation is inhibited. A mecha-
nism to regulate balance seems to exist but is still 

awaiting further research [11, 12]. To completely 
understand the thermoregulation nerve circuit, it may be 
useful to remember that nerve signalisation begins from 
cutaneous (environment-sensitive) and body core ther-
moreceptors, especially fibres conveying information 
from the cutaneous site to the area localised at the rostral 
pole of the hypothalamus, which is the pre-brain part of 
thermoregulation circuit established by BAT [53]. 
Brown adipocytes also have secretion capacity besides 
their heat generation function. Some BAT secretions are 
basement membrane components, autocrines, para-
crines, and endocrine molecules, as listed in Table 1.1.

1.2.3  Extracellular Matrix (ECM)

Adipose tissue harbours extracellular matrix (ECM) 
components; typically, collagen, reticular fibres, elastin, 
nerve fibres, vascular, stroma, and the lymphatic system 
all exist. The ECM of the tissue is extremely important 
for the survival of mature adipocytes, which bear large 
lipid droplets. These lipid droplets can add a greater 
weight load than the living part of the cell; thus, the 
mechanical support of the ECM is required to prevent 
cell disruption [47]. Moreover, the ECM architecture 
seems to deflect the force to other parts of the tissue, thus 
further diminishing the disruption effect [17]. The ECM 
of the tissue can be divided into two parts: the basement 
membrane (Fig. 1.1a) and the region surrounding the adi-
pocytes. Each adipocyte has its own basement membrane 
composed of a network of collagen type IV, laminin, 
heparan sulphate proteoglycan, perlecan, and entactin 
[58, 60]. The main component of the ECM between adi-
pocytes is collagen type VI [35, 47]; a brief focus on this 
protein can help better understand adipose tissue. 
Collagen type VI has interesting properties; this protein 
binds to the basement membrane type IV collagen and 
interacts with proteoglycans and fibronectin. Collagen 

Table 1.1 BAT secretion properties. BAT is more than just heat generation tissue, it has secretion capacity with its rich blood 
 supply, the table prepared from reference [12]

Extracellular matrix components Autocrine Paracrine Endocrine

Collagen IV Adipsin NGF Fatty acids
Laminin FGF-2 VEGF-A Leptin
Heparan sulphate IGF-I VEGF-B Adiponectin
Proteoglycan Prostaglandins E2 VEGF-C T*
Fibronectin Prostaglandins Fa Nitric oxide

Collagen IV Adenosine Angiotensinogen

*3,5,3’-triiodothyronines
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VI maintains the structural integrity of the ECM. The 
3-dimensional (3D) form of this collagen is composed of 
tetramers that are highly branched, flexible basket-like 
fibres that anchor different structures such as blood ves-
sels, nerves, and other collagens with or without base-
ment membranes in the connective tissue. The spatial 
form of this collagen also differs according to tissue 
localisation [19, 39]. This collagen can be secreted from 
fibroblasts, muscle cells [19], macrophages [71], and adi-
pocytes [3, 69], as well as from tumour cells [21]. In cer-
tain cells, collagen VI enhances migration and invasion 
(macrophage-like cells) [21, 48], and aids in cell survival 
[21, 35]; however, these effects also allow tumour cells to 
proliferate in the tissues [21]. This protein enriches the 
cytokines, ligands, and growth factors around it and can 
itself contribute to signalisation of the surrounding cells. 
To understand the importance of collagen VI, muscle 
weakness under conditions of specific collagen VI defi-
ciency [41] can be considered. Understanding the prop-
erties of collagen VI provides insights about the function 
of the ECM in adipose tissue.

Measurements of the toughness (JC) of adipose tis-
sue, as done on porcine models, revealed the value as 
being 4.1 (1.2) kJ m−2. As a comparison, the dermis of 
porcine tissue was found to be approximately four 
times tougher (around 17 kJ m−2). Tissue toughness 
gives an idea about the viscoelastic properties of the 
tissue, which, at least for adipose tissue, can be essen-
tial information for tissue engineering processes such 
as tissue manipulation, tissue transplantation, or aspi-
ration vacuum adjustments. The toughness of adipose 
tissue is mainly contributed by collagen type IV and its 
3D micro-architecture [17].

1.3  Secretions of Adipose Tissue Cells

Besides its fat storage function, adipose tissue also 
functions as an endocrine organ. This tissue contains 
adipocytes, pre-adipocytes, fibroblasts, stromal vascu-
lar cells, and mast cells, which all secrete biological 
molecules. These cells may have similar or different 
secretions between them; that is, one secretion can be 
from a single cell type while another secretion can be 
from 3 to 4 different cells. However, because cells such 
as macrophages and mast cells are constantly migrat-
ing, the cell number constantly varies, thus complicat-
ing the evaluation of the secretion property of adipose 
tissue. In WAT, dynamic cell traffic exists and it is 

affected by several parameters [16]. Adipose tissue 
secretions can be classified according to ECM compo-
nents, fatty acids, paracrines, and hormones (Table 1.2). 
It is a dynamic endocrine organ that releases some 
newly recognised but well-known hormones such as 
leptin, adiponectin, resistin, and cytokines including 
TNFa [1, 74]. Understanding the properties of some of 
these secretions will give an idea about the scope of the 
effects of WAT on the whole body. Leptin is secreted 
from adipocytes and directly affects the brain, espe-
cially the ventro-medial hypothalamus (VMH) region. 
Leptin was discovered in 1949, through The Jackson 
Laboratory’s work on gene mapping on obese mice. 
After recognising the agent, long-term and extensive 
work was carried out in several laboratories, and in 
1994 the peptide with 167 amino acids was identified 
through the expression of a 4.5-kb transcript. Finally, 
the name ‘leptin’ was coined in 1995, from the Greek 
word leptos which means thin. This protein is now 
widely recognised, and research suggests that the effect 
of leptin on the brain is not limited to the VMH region 
[24]. Leptin is mainly removed from circulation 
through renal tubules by metabolic degradation fol-
lowed by glomerular filtration [51]. Its half-life is 
around 30 min; it is commonly secreted during mid-
night hours [92]. Leptin is a circulating protein; by tar-
geting cells in the arcuate nucleus of the hypothalamus 
it affects our feeding behaviour [1]. When BMI 
increases, leptin secretion also increases and the physi-
ological response is to lower food intake. When there is 
tissue damage at the VMH or a resistance mechanism 
in the brain, eating behaviour will not be suppressed 
and the body will continue to gain excess weight. 
Leptin resistance can be at the receptor level or the 
blood–brain barrier level and can be affected by circu-
lating triglycerides. When there is leptin resistance, 
blood levels increase and the protein can have clinical 
effects, for example, increased sympathetic activity, 
increased angiogenic activity, risk of arterial thrombo-
sis due to the platelet leptin receptors, and hyper-lepti-
naemia, which can harm the cardiovascular system by 
inducing hypertension and atherosclerosis [6, 8, 74].

Besides its effects on feeding behaviour, leptin also 
influences other parts of the brain which have regula-
tion properties on thyroid secretion, sympathetic ner-
vous system [81], and GnRH neurons [92]. Leptin 
itself acts as a neuro-protective molecule for some 
neurons, influences the excitability of hippocampal 
neurons, and has neuro-trophic and anti-apoptotic 
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Table 1.2 WAT as a source of paracrine, endocrine and autocrine source. Some molecules have been identified on experimental 
animal models or under cell culture conditions

Extracellular matrix 
components

Autocrine Paracrine Endocrine

Collagen I Glycerol NEFA NEFA
Collagen III NEFA Monoglyceride Leptin
Collagen IV Monoglyceride Eicosanoids Resistin
Collagen VI Eicosanoids Oleoyl-estrone Omentin
Laminin Oleoyl-estrone Prostaglandin E2, I2 Estrogen and Oleoyl-estrone
Heparan sulphate  
Proteoglycan

Prostaglandin E2, I2 Acylation-stimulating protein Androgens

Perlecan Lipoprotein lipase Fasting-induced adipose  
factor

Cortisol, cotisone

Entactin Acylation-stimulating  
protein

Cholesteryl ester transfer  
protein

Adiponectin

Fasting-induced adipose 
factor

Tumor necrosis factor a Visfatin

Cholesteryl ester transfer  
protein

Interleukin-6 Vaspin

Tumor necrosis factor a IL-1b Fasting-induced adipose 
factor

Interleukin-6 IL-8 Retinol binding protein
Complement components IL-10 Interleukin-6
Angiotensinogen IL-18 IL-1b
VEGF IL-17D IL-8
Metalloproteinase inhibitors Transforming growth factor-b IL-10

Matrix metalloproteinases Monocyte chemoattractant  
protein 1

IL-18

Secreted protein acidic  
and rich in Cysteine

Macrophage migration 
inhibiting factor

IL-17D

Collagens Complement components Transforming growth 
factor-b

Haptoglobin Monocyte chemoattractant 
protein 1

Serum amyloid A3 Macrophage migration 
inhibiting factor

Plasminogen activator  
inhibitor-1

Complement components

Angiotensinogen Haptoglobin
Pigment epithelial-derived factor Serum amyloid A3
Adrenomedullin Plasminogen activator 

inhibitor-1
VEGF Pigment epithelial-derived 

factor
Apelin Adrenomedullin
NGF VEGF
Fibroblast growth factors Apelin
Metalloproteinase inhibitors NGF
Matrix metalloproteinases Gelsolina

Secreted protein acidic and rich in 
cysteine

Heparin-binding epidermal 
growth

Collagens Insulin-like growth factor II
Colligin  
YKL-40

NEFA non-esterified fatty acid, VEGF vascular endothelial growth factor, NGF nerve growth factor
aGelsolin is both used intracellularly and secreted extracellularly, the parameters are collected from; [25, 36, 46, 64, 65, 67, 84]
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properties [81]. These properties make leptin a poten-
tial molecule for use in studying brain tissue patholo-
gies [86]. Leptin is also involved in the reproduction 
mechanisms of humans: it triggers puberty, and on the 
basis of the BMI and fasting status of the experimental 
models, it is assumed to be involved in the functions of 
the hypothalamic–gonadotropic axis. Among different 
animal species, there are important differences in lep-
tin interactions, especially at the reproductive level 
[92]. Leptin is mainly secreted from adipocytes, but 
gastrointestinal tissue, skeletal muscle, placenta [1], 
foetal cartilage, and the pituitary gland [92] also secrete 
this protein in small amounts.

In industrialised countries, the percentage of the 
elderly population is increasing, which also increases 
the incidence of health problems such as dementia and 
Alzheimer disease (AD). These two diseases incur 
large social and financial costs to communities [91]. 
Interestingly, leptin has a regulatory effect on the neu-
ron uptake of amyloid-beta (Ab) from circulation; 
there is strong evidence that leptin inhibits glial cho-
lesterol synthesis and uptake, which has an effect on 
Ab production and uptake in neurons [23]. In AD, the 
main pathological sign is deposition of neuro-fibrillary 
tangles in neurons; leptin and insulin decreases hyper-
phosphorylation of tau (a major component of tangles) 
in a dose-dependent manner [29]. A prospective study 
on 785 persons, with an 8.3-year follow up, reported 
that in subjects with high circulating levels of leptin, 
reduced incidence dementia and AD was observed. 
The same study reported that individuals with high cir-
culating levels of leptin had a larger brain parenchyma 
and smaller ventricle volumes than healthy persons 
[42]. Thus, leptin seems to have potential as a thera-
peutic agent for AD and dementia. Additionally, other 
properties of leptin include its role during foetal life, 
interaction with testicular cells [82], effects on endo-
metrial receptivity [2], ability to show seasonal varia-
tion, different blood level–dependent effects depending 
on ethnicity [43], regulatory effects on the immune 
system, and so on.

Omentin is a newly discovered protein suggested to 
regulate insulin action [52, 88]. It is secreted from 
stromal vascular cells, but has not been found to be 
secreted from adipocytes [88]. This adipokine (size 
34 kDa) is produced mainly by visceral adipose tissue 
and in smaller amounts by subcutaneous adipose tissue 
[70, 88]; it has also been identified in human epicardial 
fat [20]. Circulating levels of omentin decreases as the 

organism’s obesity increases [52]. Omentin causes 
arterial vessels to vasodilate through endothelial sig-
nalling as well as through a non-endothelial pathway. 
This adipokine is believed to contribute to the develop-
ment of hypertension in obese people. No specific 
receptor for omentin has yet been identified [87].

Resistin is a dimeric protein (108 amino acids) 
thought to be involved in the insulin resistance seen in 
obese people; its circulating levels increase with obe-
sity [37]. This concept was developed on the basis of 
animal experimentations [63], but the mechanism in 
humans is still unclear. Resistin is mainly secreted 
from circulating monocytes [68] and in lower amounts 
from adipocytes [37].

Non-esterified fatty acids are not only energy 
sources for organisms but also function as signalling 
molecules and substrates for liver synthesis of lipopro-
teins [4].

Adiponectin is one of the main secretion products of 
adipocytes. This multifunctional hormone is composed 
of 244 polypeptides; the 3D form has parts that resem-
ble collagenous helices while other parts have similari-
ties with TNF-a topology [72]. Blood adiponectin 
levels decrease during obesity and increase as weight 
decreases. It has diverse effects on the body; it stimu-
lates the oxidation of fatty acids, suppresses gluconeo-
genesis in the liver, exerts anti-atherogenic effects by 
inhibiting monocyte adhesion to endothelial cells, 
directs macrophages to turn to foam cells and directs 
smooth muscle migration in vessels [1], enhances 
human trophoblastic cells for a successful invasion of 
the uterus by modulating tissue matrix metalloprotei-
nases (MMP) and Tissue Inhibitor of Metalloproteinase 
(TIMP) balance [7], and may help in the biochemical 
evaluation of patients with non-traumatic osteonecrosis 
of femoral head [73] and polycystic ovary syndrome 
[30]. It has two identified receptors (AdipoR1 and 2), 
and these receptors are located in the brain regions 
where the sympathetic system is activated. When intra-
cerebroventricular adiponectin injection was done on 
mice, the animals showed increased thermogenesis [1]. 
The mechanism of adiponectin clearance is still under 
research, and there is a doubt that the kidney has a role 
in this process [79]. Adiponectin is also known by dif-
ferent names such as GBP-28, apM1, AdipoQ, and 
Acrp30 [45]. It has shown potential as a candidate mol-
ecule for obesity treatment.

Mast cells in the adipose tissue contribute to the 
secretion function of the tissue. They secrete similar 
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substances as other cells in the tissue, for example, 
VEGF, HGF, MMP, FGF, TGF-b, TNF-a, NGF, and 
IL-1 [13]. It is also interesting that a deficiency in mast 
cells increases the risk of adipose tissue hyper-lipidae-
mia [32]. Lipids in adipocyte tissue are generally clas-
sified as triacylglycerols, but a detailed analysis further 
distinguishes them (Table 1.3). The lipid composition 
may differ according to the anatomical site of the tis-
sue, and health status and dietary habits of individuals. 
Many biochemical isoforms of these molecules also 
exist [85].

1.4   Stem Cell Concept  
in Adipose Tissue

The basic properties of stem cells are exemplified by 
their high-proliferation, self-renewal, and differentia-
tion capacities. Mammalian stem cells can be derived 
from embryonic or adult tissues, and their properties 
vary according to origin. The main difference lies in 
the differentiation potential – stem cells from adult 
tissues have low plasticity while those from embry-
onic stem cells can give rise to a wider spectrum of 
cells/tissues. WAT stem cells have the highest plas-
ticity potential among all adult tissues [22]. A cell 
population with stem cell properties has been identi-
fied in WAT. After collagenase digestion of WAT, a 
group of different cells was obtained, and this cell 
population is named stromal vascular fraction (SVF) 
cells [28]. Approximately 2% of the SVF cell popu-
lation showed stem cell properties with multi-lineage 
differentiation capacity. It is estimated that 2% of 
WAT cell population contains cells with multilineage 
differentiation properties (to compare with bone mar-
row this is only 0.002%) [28, 83]. Adipose-derived 
stromal cells (ADSC) differentiate into a wide spec-
trum of cell lineages. For current and potential  
clinical applications, the cells can be targeted to 

differentiate into a variety of cells, for example, 
chondrogenic, neurogenic, osteogenic, myogenic, 
cardiogenic, vascular, endocrine, hepatic, or hae-
matopoietic. ADSC has a high potential for cartilage
[31, 44, 90] and skeletal/joint repair for treatment of 
osteoarthritis [59, 44, 69], while ADSC transplanta-
tion can be used as a substitute for liver transplanta-
tion [80]. A wide range of pathologies due to ischemia 
can be cured by utilising the angiogenic capacity of 
ADSC. Studies on acute renal ischemia, limb isch-
emia, and vascular stroke have been done, which 
gave promising results [26, 69]. The list of potential 
applications may still grow as experience advances 
and manipulation techniques are developed.

When SVF is cultured, a group of cells adhered to 
the plastic surface of the culture dish; these cells 
showed stem cell properties. In the literature, different 
groups have given different names to identify this 
same cell population, such as adipose-derived stem/
stromal cells (ASC), adipose-derived adult stem 
(ADAS) cells, adipose-derived adult stromal cells/
ADSCs, adipose stromal cells (ASC), adipose mesen-
chymal stem cells (AdMSC), lipoblast, pericyte, pre-
adipocyte, and processed lipoaspirate (PLA) cells [10, 
22]. Currently, ADSC seems to be gaining wider 
acceptance. It is estimated that 10% of WAT cells are 
ADSCs [14]. When multilineage differentiation is 
aimed for a WAT-derived cell population, cell cultiva-
tion must be properly carried out. After or during cul-
tivation, special stimulants are used for differentiation; 
for example, insulin, dexamethasone, and indometha-
cin are used to obtain adipogenic cells whereas dex-
amethasone, ascorbate, and glycerophosphate are 
added to obtain osteogenic cells [28].

ADSC transplantation has been shown to contribute 
to tissue healing, especially due to cell secretions that 
have angiogenic functions. The most significant ADSC 
secretions that cause angiogenesis are VEGF [75], 
HGF, SDF-1, and TGF-b [55]. The optimal number of 
cells to be transplanted for efficient angiogenesis is 
still under debate [55].The results of ADSC transplan-
tation are affected by several uncontrollable parame-
ters. Because the source of cells is autogenic tissues, 
the age, sex, and life history cannot be changed. Source 
localisation (subcutaneous or visceral), selection of 
surgical operation techniques, and culture media can 
enhance or limit the proliferation and plasticity poten-
tial of ADSCs [40, 69]. If the patient’s body profile is 
suitable a surgeon can collect adipose tissue from the 

Table 1.3 Adipocyte lipid composition. List of some lipid 
composition of adipocytes studied in the mesenteric region

Myristic Myristoleic Margaric
Margaroleic Stearic Oleic
Linoleic a-linolenic Palmitic

Palmitoleic Eicosapentaenoic Docosahexaenoic
Pentadecanoic Pentadecanoic Arachidonic
Palmitic Palmitoleic
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lower abdomen, which contains a higher percentage of 
ADSC than other sites. Higher fibrous connective tis-
sue containing WATs contains higher ADSC content 
[40]. Other factors that can influence results are the 
duration and/or velocity of WAT centrifugation during 
lipoaspirate manipulation, and optimisation of these 
parameters are still under discussion [18]. The results 
are also dependent on the handling or culturing 
medium, and even slight differences in medium com-
position can cause variations in gene expression; for 
example, in a study that compared two different media, 
441 gene expression differences were observed [69].

Some in vivo and in vitro techniques depend on cel-
lular markers for identification of the progressions; the 
use of these markers may help understand the mecha-
nisms of in vivo tissue transplantation treatments. ADSC 
has several cellular markers, as shown in Table 1.4. If 
ADSC transplantation to a new body site is not success-
ful, a necrosis and granulation tissue formation will 
occur, next this the absorption of granulation tissue will 
take place. Moreover, for a successful implantation, tis-
sue remodelling must occur. Both the processes of 
implantation and tissue remodelling are mainly regu-
lated by the secretory functions of ADSC. In cell trans-
plantation or tissue engineering applications, not only 
autocrine, paracrine, and endocrine secretory products 
but also enzymes and their inhibitors are used. If there is 
a balance between the activity of matrix metalloprotei-
nases (MMP) and their inhibitors (TIMPs), then regen-
erative processes like vascularisation and turnover of 

connective tissue elements (e.g., collagen) can occur 
[61]. Although current experimental research is insight-
ful, the mechanisms of transplantation in human tissues 
need to be investigated further through in vivo experi-
ments. Currently, the use of autologous additives such 
as platelet-rich plasma (PRP) and LED light stimulation 
are promising approaches in enhancing the applications 
of ADSCs [56, 59].

In some cases, adipose tissue itself may need to  
be manipulated for cosmetic procedures, mastectomy, 
trauma management, or abnormalities. In such proce-
dures, lipoaspirates from one site are usually trans-
ferred as a graft to the site that needs treatment; 
however, a large volume reduction (around 50%) in 
total adipose tissue is a major complication that may 
result in the need for a second operation. ADSC enrich-
ment approaches (e.g., cell-assisted lipotransfer) [77] 
and tissue engineering techniques are being developed 
to resolve this issue [49].

1.5  Adipose Stem Cells and Tissue 
Engineering

Another emerging concept in stem cell application is 
tissue engineering. Here, clinical treatment is aimed; a 
tissue-like product composed of a combination of cells 
(scaffold), which can be transferred to a living body as 
a tissue component or, if possible, as a whole organ, is 
generated in a controlled microenvironment [28]. For a 
biomaterial to be used in tissue engineering, it must 
have an ideal pore size to permit cell migration; it must 
be loadable with signalling molecules and growth fac-
tors; it should have low immunity, if any; it should be 
suitable for cell cultivation; it must have mechanical 
strength and uniformity; and it must be made up of 
materials suitable for patient comfort [50]. Tissue 
engineering applications have great potential for adi-
pose tissue restoration, congenital defect correction, or 
regenerative treatments [28].

Tissue engineering techniques require cell scaffolds 
which are compatible with the cell population that will 
be transferred and which will not be rejected by the 
recipient tissue. Natural biomaterials such as collagen 
have long been considered to be the most favourable 
material for tissue engineering, while extensive studies 
have been done on collagen micro-beads, gelatin 
sponges, and de-cellularised adipose or placenta matrix 
[15, 83]. Recent studies suggest the use of silk-derived 

Table 1.4 ADSC markers. With the help of ADSC markers cell 
separation and research studies can be made in a more detailed 
style, while some markers are constant some others are reported 
occasionally

Stabile expressed 
surface markers

Non-stabile 
expressed surface 
markers

Other cell markers

CD9 CD10 CD13 
CD29 CD44 
CD49d CD49e 
CD51

CD 34 Stro-1
CD 45 A-smooth muscle 

actin

CD54 CD55 CD 56 Collagen type I
CD59 CD71 CD 61 Collagen type II
CD73 CD90 
CD105 CD117 
CD146 CD166

CD 104 HLA-ABC

CD 106 Osteopontin
Osteonectin
Vimentin



10 T.M. Aktan et al.

materials (e.g., polyglycolic or polylactic acid) for 
their greater strength, slower biodegradation, and 
lower immunity. Silk-derived materials have been 
successfully used in ligament, cartilage, and bone bio-
technological applications, and these materials are 
compatible with ADSCs [49].

Although adipose tissue has wide applications in 
cell or tissue engineering, the potential for undesired 
results also exists. For example, if vascularisation of 
implanted tissue is not sufficient, the transplanted vol-
ume will decrease; thus, factors affecting angiogenesis 
must be carefully considered [28]. Another complica-
tion is that ADSC secretions can suppress local immu-
nity, which can promote tumour cell proliferation and 
migration. Therefore, cancer evaluation must be per-
formed before any treatment and follow-up after sur-
gery may be important; for example, after breast 
surgery, long-term mammography may help screen for 
possible complications [14]. Another interesting com-
plication is based on the capacity of ADSCs to differ-
entiate into epithelial cells. In breastfeeding women 
who had undergone breast augmentation using ADSC, 
the transplanted cells can differentiate into epithelial 
cells that can be excreted in milk; when breastfeeding 
ceases, these cells undergo apoptosis and the breast 
may show a significant volume reduction [54].

1.6  Conclusion

In summary, adipose tissue has a wealth of potential 
applications; however, significant further research is 
still needed to understand in detail its physiological, 
histological, and cell transplantation properties. 
Moreover, manipulation techniques for tissue engi-
neering need to be optimised [78].
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2

2.1 Introduction

If you are looking for volume, take the leaves. If you are 
looking for leaves, flowers and fruits, take the stem and the 
branches. With Stem Cells it is the same.

Plastic surgery is essentially the search for form. And 
form means volume (or its absence). When the volume 
is insufficient, it is necessary to look for alternatives to 
increase it, either by the inclusion of a material in the 
deficient area, or by the transposition of tissue from 
donor sites of the body; when the volume is excessive, 
the removal of a part of it is a viable option. The use of 
such techniques may either last or be abandoned 
depending on the tolerance of an inclusion by the 
human body and/or the cost–benefit relation that the 
surgical methods may offer.

Such mentality is currently applied in plastic sur-
gery, as in many other fields of Medicine: removal of 
excessive tissue and replacement of absent tissue. 
Restoration is a rare option. Some time ago, scientists 
began to seek the real possibility of regenerating the 
human body in its deficient sites, based on a concept in 
which the cure is contained in the body itself. The 
essence of such treatments would fall within the sim-
plicity of putting back what is missing, using the 
patient’s own body as the source.

Certainly, the idea of partially or integrally restoring 
a missing organ dates back to ancient times. After all, it 
was observed that, after a gecko had lost its tail to escape 
a predator, leaving the still-shaking lost organ behind, 
the lizard would surprisingly grow back a new tail in a 
few days after the episode, being identical in functional-
ity, texture, color, and vascular and nerve supply,  bearing 
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self-limited growth and without mutations. Why would 
it not be the same with humans? Millenia have passed, 
and the search for a magical treatment that would per-
mit the restoration of tissues, organs, and their functions 
is still continuing.

The miraculous expression that seems to encom-
pass this almost-divine gift is stem cell. Ultimately, 
what are living creatures, if not the perfect engineering 
originated from the union of only two cells? From a 
tiny code resulting from the mixture of two sources of 
DNA (ovum + spermatozoon = zygote), there will be a 
unique individual, bearing its own characteristics, and 
with a body full of rich details, in the end complete.

2.2  Basic Concepts of Stem Cells

This chapter is not intended to be a thorough source of 
learning about stem cells, but indeed a guide for the 
plastic surgeon to build a notion of this new edge of 
human knowledge, thus instigating the curiosity of 
those who identify with scientific research, and also 
offering the more pragmatic ones a panorama that per-
mits them to deal with these new challenges that have 
entered plastic surgery, therefore enriching it and con-
solidating it as a state-of-the-art medical specialty.

The ability of two gametes to originate the whole 
universe of more than 200 different types of tissues 
present in the human body gives wings to wondering 
how far the power of human intervention in Nature 
may get, as long as man is capable of coordinating the 
pathways to be followed by those cells, which carry 
the potential to develop everything within a species, 
hence justifying their name – totipotent cells. And they 
will maintain this faculty during their first divisions. 
The early blastocyst, when still made up of eight cells, 
is the stage that allows a relatively easy harvest of 
embryonic cells, since they still have loose bonds 
between them, being almost free before compaction 
occurs. Those cells that are in the inner cell mass 
(around 4 or 5 days after fertilization), if harvested and 
cultivated in vitro, will originate the totipotent embry-
onic stem cells. The external layer of the blastocyst 
(trophoblast or trophectoderm), in its turn, will origi-
nate the placenta. With the progression of mitoses, 
cells continue differentiating and, between the fifth 
and eighth weeks, there will be embryonic germinal 
cells, or pluripotent embryonic stem cells. This coin-
cides with the end of the embryonic stage; from that 

phase onward, the concept is considered to be a fetus 
(ninth week until birth).

Totipotent stem cells, as mentioned above, originate 
all fetal tissues (placental cells and body cells); pluri-
potent stem cells may originate all body tissues: ecto-
derm (neurons, skin), mesoderm (muscles, cartilage, 
bones, blood, fat), and endoderm (endocrine glands). 
Stem cells will keep undergoing mitoses and will 
become more and more specific, therefore losing their 
ability to differentiate.

Adult stem cells can be defined as those that are 
extracted after the embryonic stage. Those can be 
divided into mesenchymal stem cells (MSCs) (which 
will originate osteoblasts, chondroblasts, myoblasts, 
adipocytes), hematopoietic stem cells (HSCs) (which 
will originate blood cells), and tissue-specific stem cells 
(also known as precursor cells or unipotent cells, they 
will originate specific tissues, from which they can be 
extracted). Adult stem cells can be called somatic stem 
cells as well; besides the aforementioned unipotent 
cells, some may be oligopotent or multipotent, depend-
ing on how many types of cells may be originated. Such 
cells might be present in all human tissues.

Stem cells show the following features:
They are undifferentiated (i.e., not specialized).• 
They may multiply for long periods of time without • 
differentiating, which can lead to a great population 
of similar cells.
They are able to perform • asymmetric divisions, 
which means that a part of their descendant cells 
will be identical to them; the other part will carry 
the characteristics of specialized cells.
Like every structure in living creatures, stem cells 

also undergo an aging process (senescence). After a 
certain number of mitoses, stem cells may simply halt 
the process of cell division or, as they multiply, they 
lose a small part of the distal portion of the DNA (telom-
ere). When the DNA reaches a size too small to allow 
for the continuation of mitoses, the multiplication of 
cells is stopped. Another point to be considered in cell 
transplantation is apoptosis (programmed cell death): 
will an adult stem cell, once transplanted to another 
organism, follow its original path, or will it be able to 
live longer in its new host? This question emphasizes 
the following issue: for example, if tissues obtained 
from an adult with a hypothetical lifespan of thirty more 
years are transplanted to an 8-year-old child, will this 
define an “expiration date” of the transplant, therefore 
limiting the life expectancy of the host to 38 years?
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2.3  Sources of Stem Cells

Embryonic stem cells are usually obtained from the 
eight-cell blastula stage of mammal embryos. Such 
cells may have their original nucleus replaced by that 
of an adult cell, thus originating the process called 
cloning. This biomolecular engineering maneuver will 
create a new embryo, carrying the characteristics of 
the adult whose nucleus was transplanted.

Due to ethical, religious, and legal controversies, we 
will not present a deeper analysis of the methods used to 
obtain human embryonic stem cells. Another negative 
aspect regarding that type of stem cell is that there are 
studies on murines indicating that these cells display a 
strong tendency of developing tumors (teratomas) after a 
few divisions, owing to their ability of generating multiple 
tissues. The current lack of capacity to control their growth 
would be a predisposing factor for these conditions.

In adult humans, adult stem cells can offer a well-
defined, relatively abundant extraction when harvested 
from bone marrow, peripheral blood, or fat (the three 
most frequent sources).

Bone marrow has been considered the usual source 
of ASTs (adult stem cells), although their harvest is a 
painful procedure, with significant morbidity and 
low yield [5]; it offers, according to several authors, 
from 100 to 1,000 colony-forming units (CFUs) per 
milliliter of extracted material. It has its greatest use 
in hematologic diseases, with well-established results 
in hematopoietic replacement. The basis for the treat-
ment consists in storing bone marrow cells (either 
from the patient themselves or from a compatible 
donor), after selection and exclusion of tumor cells, 
sterilizing the cells and the sick bone marrow of the 
patient, and then reinfusing the hematopoietic stem 
cells (HSCs), which will adequately repopulate the 
bone marrow, without originating teratomas.

In order to harvest stem cells from peripheral blood, 
it is necessary to administrate stimulants (hematopoi-
etic growth factors), with the purpose of releasing 
stem cells into the peripheral blood, which is easily 
collected. After collection, the blood is filtered to con-
centrate the greatest number possible of HSCs to be 

reinfused. There are controversies regarding the best 
treatment option between direct harvest of bone mar-
row stem cells or their obtention from peripheral 
blood. Diseases in more advanced stages seem to bet-
ter respond to peripheral blood stem cell transplant.

Umbilical cord is a source of stem cells that has been 
used for more than 2 decades after the first successful 
transplant in France. It has been known that both placental 
blood contained in the cord and Wharton’s jelly (HUCM – 
human umbilical cord matrix) are stem cell rich [5]. The 
storage of umbilical cord blood in specific blood banks 
has become frequent worldwide. A range of 10,000 sam-
ples can be enough to serve an entire population.

Fat obtained from humans is a rich source of mes-
enchymal stem cells (MSCs, also known as ADSCs – 
adipose-derived stem cells), which, due to their 
plasticity (ability to generate several types of tissues), 
show an extremely promising future as the first option 
for obtaining ASTs [3]. The low-morbidity extraction 
(through liposuction) and the high yield (5,000 CFUs 
per gram of extracted material) make human fat a 
potential weapon for stem cell therapy and engineering 
[7, 14, 15]. The storage of ADSC in tissue banks will 
permit every person to have a technical supply of their 
own stem cells for future use (Table 2.1).

2.4  Stem Cell Culture

Stem cells have well-standardized in vitro culture 
methods [9]. The obtention of stem cells from fat will 
be described, because it is comprehensive and concerns 
plastic surgeons. ASTs exhibit the feature of adhering 
to glass or plastic. That allows one to confirm their suc-
cessful culture only after that process occurs. Once 
human fat is obtained, either through liposuction or 
lipectomy, it is placed in sterile, ice-filled plastic bags 
and sent to the laboratory. The extracted tissue is asep-
tically homogenized and then taken to a Biological 
Exposure Chamber, where the tissue is repeatedly 
washed with PBS (Phosphate Buffered Saline) until all 
visible blood and excessive fluids are eliminated, in 
order to leave fat as clean as possible. The washed fat is 

Table 2.1 Stem-cell yield according to donor sources

Source Umbilical cord Bone marrow Liposuctioned fat Sliced fat

Yield 200–20,000 CFU/mL 100–1,000 UFC/mL 3,600–10,700 UFC/mL 28,000 UFC/g
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placed in a magnetic stirrer for 1 h at 37°C. Afterwards, 
the fat undergoes enzymatic digestion, with the addi-
tion of a solution prepared with DMEM (Dulbecco’s 
Modified Eagle Medium), type A collagenase, Fraction 
V BSA (Bovine Serum Albumin), penicillin, and  
streptomycin. After 1 h, the digestion is interrupted 
with the addition of BFS (Bovine Fetal Serum). The 
resultant material is centrifuged, and the floating frac-
tion is discarded. The portion sitting at the bottom of 
the centrifuged tube (called pellet), which is the one 
containing the so-called stromal vascular fraction 
(SVF), is transferred to culture bottles filled with 
DMEM, BFS, penicillin, and streptomycin. The cells 
are taken to an incubator at 37°C, under 5% CO

2
, where 

they will expand. The liquid content of the bottles is 
changed daily, and the cells are washed with PBS, 
resulting in their adhesion to the plastic bottom of the 
bottles. After washing, the culture medium is replaced. 
Within a few days, cells will proliferate (expansion) 
and adhere to one another (confluence). At this point, 
stem cells will have become undifferentiated mesen-
chymal cells (UMCs). When cells reach the desired 
expansion, they are treated with trypsin-EDTA 
(trypsinization), in order to rupture the intercellular 
junctions. This procedure results in a stem cell suspen-
sion, for clinical use or culture transfer (Fig.  2.1).

Based on studies conducted at the Hospital Santa 
Catarina and at the Laboratory of Medical Investigation 
of the Discipline of Human Structural Topography of 
the Department of Surgery at the University of São 
Paulo Medical School, Stocchero projected a Stem 
Cell Growth Curve based on fat obtained through lipo-
suction of different topographic areas [10], coming to 
the conclusion that, on the day of collection, there are 
an average of 5.3×103 UMCs per gram of extracted 
material, and that such UMCs multiply at an average 
rate of 18.5% per day. In another study conducted at 
the Division of Clinical and Toxicologic Analyses at 
the University of São Paulo School of Pharmaceutical 
Sciences [1] was concluded that fat donor sites located 
in the human torso could offer a 23.6% higher yield 
when compared to limb donor sites (Table 2.2).

2.5  Animal Models

Most laboratory studies are carried out using several 
murine species, owing to their easy obtention, confine-
ment, and follow up. Examples well-known to the 
greater public have involved successful experiments 
on cattle and sheep. An excellent animal model of easy 
care was described as a source of ADSCs at the Second 

Table 2.2 ADSC yield according to donor sites at the moment of harvest, according to author’s projection

Donor 
site

Submental Arm Pre-
axillay

Gynecom 
asta

Abdomen Flank Riding  
breeches

Inner  
tigh

Knee Sliced  
abdominal fat

Yield 3,600  
UFC/mL

3,800  
UFC/mL

7,100  
UFC/mL

5,700  
UFC/mL

5,500  
UFC/mL

5,300  
UFC/mL

5,300  
UFC/mL

4,300  
UFC/mL

7,100  
UFC/mL

28,000 
UFC/mL

Centrifugation and
isolation of the SVF

SVF is placed into
culture bottles

containing DMEM, BFS,
penicilin and
streptomycin

Interruption of
digestion after one
hour, with the addition
of fraction VPBS

Incubation at
37°C under

5% CO2

Fat undergoes enzymatic
digestion with DMEM +

type A collagenase + BSA
+ penicillin + streptomycin

Expansion
and confluence

occur after a
few days

Adipose tissue is aseptically
homogeneized and

repeatedly washed with PBS
inside a Biological Exposure

Chamber

Washed fat is placed
into a magnetic stirrer
for one hour at 37°C

Stem cell
suspension

(final product)

Trypsinization after
desired expansion

is reached

Obtention of human adipose
tissue (either through

liposuction or lipectomy)

Adipose tissue is placed into
sterile, ice-filled plastic bags
which are then sent to the

laboratory

Fig. 2.1 Diagrammatic 
representation of stem cell 

culture
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Laboratory of Medical Investigation of the Department 
of Surgery at the University of São Paulo Medical 
School – the New Zealand white rabbit [12].

2.6  Pitfalls

Stem cells do not carry a GPS navigation device!

Effective use of ASCs in clinical practice still faces 
some obstacles that have been traversed quite rapidly. 
One of the issues to be solved regards the homing (the 
target) of treatments. That means the ability to conduct 
ASCs to their adequate destination. Even though such 
cells seem to display a certain tropism toward their 
expected sites of action, it is fundamental that this is an 
absolutely precise process. It seems perfectly accept-
able that HSCs seek the bone marrow as their main 
target due to their own nature. But when we want 
MSCs to differentiate into a more specific type of tis-
sue (e.g., cardiomyoblasts), it is essential that the site 
of interest be reached.

Nowadays, among the greatest challenges, there is the 
search for an adequate scaffold to create three-dimensional 
structures that can contain stem cells in adequate size and 
shape, allow angiogenesis and innervation and, above all, 
be transplantable from the laboratory to humans.

Difficulties increase when the subject in question is 
the need to replace an organ (which is three-dimen-
sional) starting from two or three imbricate germ lay-
ers. And in case of a limb that must be replaced (a 
situation that is currently not possible to reproduce in 
an animal model), the solution for this issue possibly 
relies on the implantation of a germinal bud in the 
remaining stump to grow back the missing part.

2.7  Pearls

Stem cells suffer from personality disorders! They do not 
know exactly who they are or what they will be!

Cell differentiation will occur by means of adequate 
cell differentiation inductors (triggers), which are 
well-known biomolecules capable of determining what 
tissues MSCs will originate. By linking the develop-
ment of MSCs to growth factors, one would only have 
to wait for the desired amount of cells and then halt 
their proliferation. This would be valid for any tissue-

deficient site. In case of organs constituted by few dif-
ferentiated tissues (e.g., breast), it will be possible to 
place an MSC carrier [4] in the desired place and, with 
the use of a trigger plus the interaction between neigh-
boring cells, there may be an induction to cell differen-
tiation, through microRNA (mRNA), which is a 
messenger displayed by the surrounding tissue cells. 
Therefore, plasticity depends on these factors. It is 
necessary to reach the target. And one can only be sure 
that the relocated stem cells have indeed differentiated 
into the desired cells if one uses cell markers, which 
will replicate along with the already transdifferentiated 
descendent cells [2, 6].

There are situations when stem cells fuse with the 
cells of the target tissue, without the occurrence of true 
differentiation. Although intended results may apparently 
be achieved in this manner, it was not owing to stem cell 
differentiation, but to their fusion to other types of cells. 
The stem cell-drenched carrier may be the best solution, 
since it will permit the development of stem cells directed 
in the site of implantation, using both vascularization and 
innervation available at the receptor site itself.

2.8  Conclusion

Throughout this chapter, whose intention is no more 
than that of giving plastic surgeons an idea about the 
names, practices, and tactics involved in this field of 
medicine which is still not a part of the daily work of 
most who practice plastic surgery, we cited some expec-
tations for the future use of these little wonders that are 
stem cells, in their multiple intriguing features.

It is important to emphasize that the adipocyte in itself 
will not originate anything. When we discuss fat, we 
assume that there is a stroma supporting such tissue. 
MSCs are indeed located within blood vessels and the 
pericytes surrounding them, where stem cells are respon-
sible for the turnover of fat cells, whose replacement is 
currently known to take from 2 to 10 years, depending on 
the body region where they are located. Stem cells work 
to promote angiogenesis when necessary (e.g., when fat 
mass increases), to restore the vascular endothelium, etc.

The fact that such stroma is the great source of 
MSCs can be confirmed by observing that sliced fat 
tissues obtained through lipectomy show a much 
higher stem cell yield when compared to liposuctioned 
fat samples, owing to the increased amount of support-
ing stroma present in the former.
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Extreme care must be taken when referring to the use 
of stem cells in a treatment. What has been used in 
wound in healing and breast reconstruction is the stromal 
vascular fraction, which contains stem cells, sometimes 
enriched with the addition of a cell concentrate that can 
be obtained even inside the operating room, although it 
is not a pure stem cell composition [8, 11, 13].

Based on what is currently known about MSCs, it is 
possible to imagine that, within a relatively short period 
of time, there will be uses for stem cells such as

Excellent-quality skin, cultivated from the patient’s • 
own cells, to cover burnt areas, or to replace unaes-
thetic scars and sequelae of tumor resection.
“Custom-built” replacement bones and cartilage for • 
accident victims and patients who have undergone 
large resections or suffered from degenerative diseases, 
or production of new limbs, in case of agenesis.
Nerve repair after trauma or tumor excision.• 
Insertion of collagen in resorption areas of the face, • 
leading to facial rejuvenation through the laxity of 
folds and rhytids.
Replacement of allogeneic prostheses using the • 
patient’s own tissues. Surely, it will be possible to 
induce growth in hypoplastic breasts, or to offer 
new ones to women who have lost them.
Although this seems to be a divine power, man’s 

dedication to Science is making it closer to all of us. 
From small cells we will get great results (Y.-G. Illouz, 
2003, personal communication).
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Principles of Liposuction 3

3.1  Introduction

Liposuction is a superb contribution by Yves-Gérard 
Illouz for the treatment of localized fat deposits and 
nowadays is one of the most frequently performed sur-
gical procedures all over the world. His first presenta-
tion was done in 1977 and the first publication in 1980 
[19]. Until then correction of those deformities was a 
great challenge, performed only through techniques 
based in panniculus undermining. The results of all the 
previous techniques performed by outstanding plastic 
surgeons used to leave long scars and very often the 
final results were ungraceful. The final scars often 
were irregular due to excessive resection or even due to 
the damaged fascia superficialis. The trochanteric 
regions are the most important areas concerning local-
ized adiposity which bring severe alterations of the 
silhouette especially in women.

All principles of liposuction were very well advo-
cated, presented, and published by Illouz:

He created the cannula, which is the fundamental instru-•	
ment for liposuction that creates tunnels inside the adi-
pose tissue avoiding any undermining or cavities.
He developed a machine that promotes negative •	
pressure in order to aspirate the fat.
He demonstrated that the method is indicated only •	
for treatment of localized fat in all regions of the 
human body.
He described that the cannula should work in deep •	
tissue planes.
He emphasized the use of local infiltration to avoid •	
bleeding.
He taught his methodology worldwide with lectures, •	
surgical demonstrations, and scientific publications.
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3.2  Surgical Principles

Didactically I will present in this chapter the basic 
principles of liposuction that have been already 
described by Illouz and several other authors in scien-
tific journals and in books as well. They are:
Tunnelization

Creation of the cannula•	
Forward and backward movements of the cannula•	
Deep plane movements of the cannula•	
Local infiltration•	
Skin and panniculus retraction•	
Derived procedures stemming from liposuction•	

3.2.1  Tunnelization

The main surgical principle of the liposuction tech-
nique is to create tunnels on subcutaneous layer in 
order to remove fat tissue and to preserve all vascular 
network, arterial and venous, lymphatic and nerve end-
ings. Therefore, the volume of fat tissue is reduced 
without damaging the structures between the muscular 
level and the cutaneous surface (Figs. 3.1 and 3.2).

Since I was taught how to perform liposuction by 
Illouz in 1981, I introduced some procedures which 

have been very useful. Pretunneling is recommended 
when the surgeon inserts the cannula with the purpose 
of reducing the thickness of the panniculus, which 
gives the surgeon adequate judgment of the volume 
that needs to be aspirated. The surgeon works more 
comfortably with less physical effort. The effect of the 
negative pressure of the machine associated with the 
surgeons’ effort to insert the cannula make the sur-
geons’ movement more difficult as I have already 
described several years ago [4, 5]. Pretunneling is an 
excellent step helping to keep an adequate thickness of 
the remaining panniculus on the areolar layer, which is 
located between the fascia superficialis and the cuta-
neous level (Fig. 3.3). In my publications [6, 7], the 
anatomy of the panniculus is described, based on dis-
sections on cadaver, describing the lamellar layer, the 
fascia superficialis, and the areolar layer (Figs. 3.2 
and 3.3). Illouz [23] and Hetter [18] have also described 
the anatomy of the panniculus. The surgeon needs to 
fold the panniculus with one hand and with the other 
hand must introduce the cannula and by gentle move-
ments should perform the liposuction (Fig. 3.1).

The thickness of the remaining panniculus will be 
useful for comparison when the other side will be aspi-
rated [4]. To evaluate the regularity and thickness of 
the panniculus the Illouz’ “holling test” maneuver is 
very useful [20].

Fig. 3.1 Pinching of the 
panniculus can control the 
position and depth of the 
cannula in order to perform 
liposuction on the abdominal 
wall. (a) The cover of our 
book published in Brazil in 
1986 with its illustration 
showing how to pinch the 
abdominal panniculus for 
liposuction. (b) Photo during 
operation showing the 
surgeon’s left hand pinching 
the panniculus and with his 
right hand holding the 
cannula. The tip of the 
cannula passes between the 
surgeon’s fingers
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Fig. 3.2 Blood supply of the abdominal panniculus. (a) Photo 
of a segment of an abdominal panniculus of a cadaver after lipo-
suction performed on the lamelar layer. One can see the areolar 
layer that is well preserved with its normal fat layer. (b) Drawing 
shows the relationship of the vascular network with areolar and 

lamelar layers. The perforating vessels (arrows P) go from the 
muscle to the fascia superficialis where the communicating ves-
sels (arrows C) make a “bridge” in the fascia superficialis, in 
order to provide blood supply (arrows V) to the skin (S) and 
subdermal layer
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Fig. 3.3 Anatomy of abdominal panniculus. (a) Drawing shows 
the relationship of the vascular network with the areolar and 
lamelar layers. The perforating vessels go from the muscle to the 
fascia superficialis where the communicating vessels make a 
“bridge” in order to provide blood supply to the skin and subder-
mal layer. The cannula X is on wrong level, too superficial on the 
lamelar layer. The cannula Y is placed on correct level on the 
areolar layer. (b) Photo of the two segments of the abdominal 
panniculus. On top – a segment of a cadaver without localized 

fat deposits shows that the fascia superficialis is thin and the 
areolar layer presents normal and regular thickness. On bottom – 
a segment of the abdomen, 6 months after liposuction properly 
performed on lamelar layer shows that the fascia superficialis is 
preserved as well as the areolar layer. The arrows (F) indicate 
the fascia superficialis on the drawing, also on the segment  
of the abdomen of a cadaver and on segment of the panniculus 
of the abdomen after liposuction (Photo was kindly given by 
Prof. Callia and Dr. Batuira)
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3.2.2  Cannula

Illouz created and developed a cannula which is the 
key factor for a successful liposuction. When Illouz 
had the genial idea to remove adipose tissue using a 
very simple surgical instrument (cannula) connected 
to a machine with negative pressure, it became possi-
ble to reshape the body contour without long inci-
sions, even without wide undermining and without 
bleeding. Illouz [23] used the cannula for the first 
time, when he attempted treatment of a large lipoma 
located on the posterior surface of the torso in a female 
patient with good result and great aesthetic improve-
ment. Afterwards he treated a case of a secondary lip-
odistrophy on trochanteric regions due to panniculus 
over correction.

The original cannula created by Illouz is illustrated 
in his publications; it has a blunt end that avoids cut-
ting the subcutaneous tissue as well as the vessels. It 
has one suction hole (1–1.5 cm of diameter) close to 
the tip. After he created the first cannula, many plastic 
surgeons developed a series of liposuction cannulas. 
When liposuction is performed with that suction hole 
pointing against the subdermal layer, it may be consid-
ered as an incorrect maneuver or even a technical mis-
take. The opening of the cannula may damage the 
subdermal layer causing irregularities and unfavorable 

retractions of the skin. Vilain [30] has published about 
those deformities secondary to liposuction.

All cannulas must have a guide mark on the handle 
on the opposite side of the opening of the cannula 
where the surgeon should keep his thumb to ensure 
that the opening is always pointing downwards. The 
most frequent unsatisfactory results of liposuction are 
due to excessive fat removal, which damages the areo-
lar layer and fascia superficialis and consequently the 
skin becomes adherent to the muscular level (Figs. 3.4 
and 3.5). In some cases, it is possible to achieve some 
improvement after such deformities by performing 
upper and lower abdominoplasty [8, 12] which is 
briefly described below in this chapter.

3.2.3  Forward and Backward Movements

Since the beginning Illouz demonstrated that the sur-
geon should hold the cannula with one hand and pinch 
the panniculus with the other one in order to introduce 
the instrument with forward and backward movements 
[22]. This concept is so important that in 1986 [13] the 
cover of our book included an image demonstrating 
this maneuver (Fig. 3.3). Unfortunately, surgeons who 
did not practice this maneuver had severe complica-
tions post-operatively (Fig. 3.4). When the surgeon 

Fig. 3.4 Unfavorable result after liposuction on the abdominal 
wall and flanks. (a) Front view, irregularities can be seen on the 
surface with unaesthetic depressions. (b) Lateral view show 
asymmetry with deep depressions. (c) Posterior view, severe 

asymmetry can be seen with unaesthetic depressions on each 
side of the torso. One can see that it was done too much liposuc-
tion with severe damage of the abdominal panniculus on the 
areolar layer and fascia superficialis
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performs the movements of the cannula pinching the 
panniculus with one hand and introducing the cannula 
with the other one, it is possible to evaluate how deep 
the instrument inside the abdominal panniculus is.

The most dangerous region of the human body to 
perform liposuction is the abdominal wall. The can-
nula can perforate the muscular-aponeurotic structures 
when the forward and backward movements are not 
done correctly.

The abdominal wall presents some peculiar ana-
tomical characteristics:

First – Female patients may have anatomical alter-
ations after pregnancies, presenting cutaneous laxity, 

striae, and decreased elasticity. Also, repeated weight 
loss may damage gradually the rectus abdominalis as 
well as the aponeurosis. These structures become very 
thin and as a result it is quite dangerous to perform 
liposuction on these cases. It does not mean that those 
patients cannot undergo liposuction, but the surgeon 
must be cautious before planning surgery. I recom-
mend my patients to do a pre-operative ultrasound 
and tomography of the abdominal wall in order to 
evaluate the anatomy of the muscular-aponeurotic 
structures. Even if those preoperative examinations 
do not present anatomical disturbances, it is advisable 
to perform liposuction with special care especially on 

Fig. 3.5 Unfavorable result after liposuction on the abdominal 
wall. On photos (a) and (c) one can see unaesthetic result after 
liposuction on the abdominal wall. (b, d) Photos after abdomi-
noplasty was performed. The upper abdominal panniculus was 
pulled upwards and the lower abdomen pulled downward after 

tunnelization with cannula. (e) Drawings of the lower and upper 
abdominoplasty method without panniculus undermining or dis-
section. With (f) The arrows show the direction of the traction 
upward and downward with the final scars on suprapubic area 
and submammary folds
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the abdominal medial line where mostly of the hernia-
tions are found.

Second – The absence of bone structures under-
neath the abdominal muscular-aponeurotic structures 
makes the abdominal wall more vulnerable to acciden-
tal perforation during liposuction. Therefore, when 
liposuction is performed on trochanteric regions, on 
medial, anterior, or external aspect of the thigh as 
well as on upper extremities and posterior regions of 
the torso, the muscular-aponeurotic wall and the 
bone structures give enough protection to the pan-
niculus. Performing liposuction on these regions is 
safer.

Third – When there is abdominal flaccidity, the 
internal organs of the abdomen may prolapse [27]. 
This observation is very important because during 
liposuction the intra-cavity organs may be damaged 
with catastrophic consequences.

Fourth – Complications may happen when the inter-
nal organs of the chest are damaged by the cannula 
accidentally. There are reports of accidental damage of 
chest during liposuction, causing pneumotorax and/or 
hemotorax.

Illouz has repeatedly mentioned that liposuction 
seems to be an easy procedure to perform, however, it 
demands extensive training in plastic surgery and thor-
ough knowledge about the body anatomy.

3.2.4  Deep Plane Movements  
of the Cannula

The cannula should be kept deep, close to the muscular 
level and should maintain a significant fat layer under-
neath the skin [6]. Some bad results after liposuction 
can be seen in Figs. 3.4 and 3.5. The amount of remain-
ing fat is more important than the amount of aspirated 
fat [4, 5].

I personally make meticulous demarcation of each 
region to be liposuctioned, 1 day before the operation. 
In this way, the patient can see her/his body in the front 
of a mirror in order to confirm all the demarcations.

Anatomical studies have been performed on female 
and male cadavers of different ages. In my publica-
tions [6, 7], the peculiar organization of the vascular 
network as well as its relationship with the fascia 
superficialis has been described. The anatomy of the 
abdominal wall panniculus after liposuction on a 
cadaver can be seen in Figs. 4.2 and 4.3.

3.2.5  Local Infiltration

Illouz [19] has published that local infiltration is nec-
essary using hypotonic solution in order to reduce 
bleeding and facilitate the forward and backward 
movements of the cannula. Hetter [17] studied the use 
of low concentration of epinephrine in the infiltration 
fluid and the variation of hematocrit during liposuc-
tion. Nowadays, it is recommended to do local infiltra-
tion with normal saline solution adding epinephrine 
(1:1,000,000) and performing liposuction under gen-
eral anesthesia or epidural. The solution I personally 
use is even less concentrated than studied and described 
by Hetter in his book [18], which is 1:435,000. When 
I perform liposuction in small areas, it is possible to 
add lidocaine (0.25%) combined with epinephrine 
(1:1,000,000) in order to perform liposuction. Echy-
moses may be observed after liposuction which disappear 
after 8–12 days. I do not use post-operative drainage 
when I perform liposuction.

The average volume of solution to perform liposuc-
tion is:
 A. Anterior abdomen wall – 300 mL of solution
 B. Each side of the flanks − 200 mL of solution
 C. Sacral region – 200 mL of solution
 D. Each trochanteric region – 200 mL
 E. Each side of medial thigh and knees – 100 mL
 F. Each side of the face and neck – 100 mL
 G. Each side of the upper extremity – 200 mL

It is advisable to not infiltrate more than 1,000 mL 
of the solution on the patient.

It is possible to perform liposuction without any 
infiltration, which is called the “dry” technique as 
described by Fournier [16]. I do not recommend it 
because the risk of hemorrhage during surgery and 
hematoma and seroma formation after surgery is quite 
high.

Blood transfusion used to be done quite often after 
liposuction as has been described by Uebel [28]. 
Nowadays, it is not necessary to be performed as long 
as local infiltration is injected.

3.2.6  Skin and Panniculus Retraction

In young patients, isolated liposuction gives a very 
good result on the face and neck due to skin retraction 
after removal of the excess fat [6, 7]. When patients 
present accumulated adiposity without excess and 
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 flaccidity of the skin, liposuction may be performed 
without cutaneous resection (Fig. 3.6). However, if a 
patient presents accumulated adiposity combined with 
skin flaccidity and less elasticity, liposuction should be 
performed combined with skin resection (full abdomi-
noplasty or lower abdominoplasty or even lower and 
upper abdominoplasty) [5, 9, 12, 13].

The pinching test recommended by Illouz is an 
important step pre-operatively to evaluate the amount 
of fat tissue accumulated in the panniculus. The sur-
geon must examine the entire body contour with the 

patient in a standing position as well as in sitting 
position.

I have in my examination room two large mirrors 
placed vertically one in front of the other and another 
two mirrors located on top of the vertical ones making 
a 45º angle with the ceiling. When I am examining a 
patient I have him/her stand in front of both vertical 
mirrors so he/she can see his/her entire body. I feel that 
this simple arrangement of the mirrors enables the 
patient to identify some irregularities on the body that 
may have not been observed before. When pre- and 

Fig 3.6 Favorable result 
after liposuction on the 
abdominal wall, flanks, and 
buttocks. Photos (a, c) 
Pre-operative views of 
20-year-old girl showing 
abundant accumulated fat on 
abdomen, flanks, buttocks, 
and trochanteric regions. 
Photos (b, d) the final result 
1 year after liposuction
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post-operative photos are taken, those mirrors are very 
useful in order to eliminate the shadow on patients’ back 
side and the patient can see his/her natural body con-
tour. Photographic documentation has been described 
by Hetter [18].

3.2.7  Derived Procedures Stemming  
from Liposuction

Several important procedures have been published follow-
ing Illouzs’ liposuction technique. Lipoplasty, suction 
lipectomy, liposculpture, mega liposuction, ultrasound lip-
oplasty, and finally combined procedures of liposuction 
with conventional panniculus resection are some of them.

Lipoplasty – When liposuction is performed, the 
surgeon creates a new silhouette on the patients’ body 
[21]. Illouz [23] and also Hetter [18] have used this 
term in their books and publications.

Suction lipectomy – This term has been introduced 
by Illouz. The liposuction cannula is a blunt instru-
ment which aspirates the fat.

Liposculpture – is a new expression combining the 
aspiration of fat tissue from one region and transplant-
ing it as fat graft in another in order to achieve improve-
ment in face and body contour. Illouz [22] has written 
a chapter in our book about the reutilization of the fat 
tissue aspirated from one region and grafted to another 
in order to treat body irregularities. Toledo [25] 
described the fat grafting for the correction of irregu-
larities on the face, thighs, and buttocks due to unsatis-
factory results of previous liposuction. Toledos’ 
cannula with the “V” tip to treat the retracted scars and 
to prepare adequate place to embed the fat graft has 
been described. Toledo has also developed a special 
syringe to perform liposculpture [26]. Carpaneda [14] 
has presented outstanding results after fat injection. 
Fournier [15] has presented a wide variety of fat-graft 
techniques for body contouring improvement.

I am convinced that fat grafting is a very useful pro-
cedure to improve body contour. Fat injection com-
bined with face lifting may give excellent results [14]. 
For buttocks augmentation, I perform liposuction of 
the supra-iliac regions as a donor area and then inject 
fat in the intramuscular plane.

I have never though performed fat grating for breast 
augmentation. It may cause concerns on mammary 
pathology during palpation as well as during a mam-
mogram.

“Dry” liposuction – This expression was used ini-
tially by Fournier [16] who performed liposuction 
without local infiltration. Although I personally do not 
use “dry” liposuction, it is a well-popularized tech-
nique among plastic surgeons and it is another way to 
improve body contour.

Mega liposuction – Illouz repeatedly has empha-
sized that liposuction is indicated for removal of local-
ized fat. Mega liposuction is not recommended by 
Illouz. When a patient is overweight, it is mandatory 
for the surgeon to recommend losing weight before 
surgery. If a patient is not motivated to lose weight, the 
plastic surgeon should not indicate liposuction.

It is advisable that the volume of fat aspirated dur-
ing surgery should not be more than 4% or 5% of the 
patient’s weight. For that reason the surgeon must 
evaluate properly the amount of fat that needs to be 
removed. The nurse in the operating theatre should 
inform the surgeon about the volume that is being 
aspirated from each region according to the pre-opera-
tive plan.

Ultrasound lipoplasty – Ultrasound-assisted lip-
oplasty (UAL) was developed by Zocchi [31, 32]. The 
ultrasonic energy is based on the principle of conver-
sion of electrical energy to a mechanical wave. 
Ultrasonic energy produces selective destruction of 
fat tissue. Complications though have been reported 
such as burns of the skin and post-operative seroma 
formation. According to Perez [24] and Van Tetering 
[29], UAL is an effective method of body contouring 
in small and moderate cases of accumulated fat 
deformities.

3.3  Combined Procedures of 
Liposuction with Conventional 
Panniculus Resection

The use of liposuction combined with abdominoplasty 
[5] has been well documented. In that publication, it is 
described that panniculus resection of the abdominal 
wall is done after the liposuction procedure. Obviously, 
in order to perform resection of the excess panniculus 
a wide undermining needs to done according to the 
conventional methods.

In my practice, I used to have complications that 
encouraged me to study the anatomy of the pannicu-
lus again as well as to analyze all aspects looking for 
an adequate method that could lessen the risk of 
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intraoperative and postoperative complications. After 
performing research, I concluded that during tradi-
tional abdominoplasty, there is significant trauma on 
the vascular network of the abdominal panniculus. 
Based on this research [6, 7], I developed a new tech-
nique of abdominoplasty [8, 12] based on the princi-
ple that the perforating vessels of the abdominal wall 
do not need to be cut and consequently the arterial, 
venous, and lymphatic networks are preserved. The 
main principle is to maintain the normal blood supply 
to the panniculus, avoiding major complications dur-
ing and after surgery.

3.3.1  Abdominoplasty Combined with 
Liposuction Without Panniculus 
Undermining: Lipoabdominoplasty

I will describe this procedure in more detail since it 
was the beginning of my personal method to per-
form the combined approach without panniculus 
undermining.

Two areas must be well demarcated before surgery:
 A.  The infraumbilical area to be resected;
 B.  The area to be liposucted.

When lipoabdominoplasty is performed, our prefer-
ence is epidural anesthesia combined with intravenous 
sedation. Local infiltration with saline solution with 
epinephrine (1:1,000,000) is done.

3.3.1.1  Liposuction Procedure
The first step of the operation is to perform liposuc-
tion on:
•	 The	 infraumbilical	area,	where	skin	resection	will	

be done, liposuction is performed on the full thick-
ness of the panniculus. All perforating vessels 
(arteries, veins, and nerves), connective tissue and 
fascia superficialis are preserved.

•	 On	 the	 supraumbilical	 area,	 where	 the	 skin	 will	
not be resected, deep liposuction is done which 
means on lamellar layer, below the fascia superfi-
cialis. Therefore, at the end, the thickness of the 
remaining panniculus will be formed only by the 
areolar layer.
In my previous publications [8, 12], I emphasized 

that the areolar layer must be preserved in order to 
achieve regular thickness of the remaining panniculus, 
giving a harmonious result and smooth balance to the 
body contour.

3.3.1.2  Full-Thickness Skin Resection
When it is necessary, reinforcement of the musculo-
aponeurotic system of the abdominal wall is done by 
plication. The plication may be performed on midline 
and also obliquely on each side of the umbilicus. In 
our anatomical dissections on cadavers, we found that 
the perforating vessels are preserved and go from the 
muscles to the panniculus, from the rectus abdomina-
lis on each side to the remaining panniculus.

3.3.1.3  Pulling the Remaining Abdominal 
Panniculus Flap

The next step of the operation is to pull downward the 
remaining abdominal flap. Demarcation of the umbili-
cus’ new position by the use of my personal surgical 
instrument is then done [3].

3.3.1.4  Transposition of the Umbilicus  
and Suture of the Surgical Wound

After demarcation of the new umbilical area, I employ 
my personal approach [1, 2] in order to create a natural 
umbilicus. A circle is drawn and three incisions are 
marked in order to create three small cutaneous flaps on 
the abdominal flap. Afterward the umbilicus is pulled 
outward and it is sutured in place. I do not use drains.

3.4  Flankplasty and Torsoplasty

Torsoplasty and flankplasty [11] are very useful proce-
dures for the body contour although the resulting scars 
are visible. Patients after massive weight loss present 
with excess skin that folds over itself giving an unaes-
thetic appearance.

Liposuction procedure is performed all over the 
marked areas but in two different levels. In the area 
where cutaneous resection will be done liposuction is 
performed on full thickness of the panniculus. However, 
on the regions where there are localized fat deposits, 
liposuction is performed only on the deep level below 
the fascia superficialis, preserving the areolar layer.

3.5  Aesthetic Plastic Surgery  
of the Axilla

The axilla is a difficult region to perform aesthetic sur-
gery due to its complex anatomy. Patients presenting 
with hyperhydrosis and with flaccidity of the skin are 
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good candidates [9]. The operation may be performed 
under local anesthesia combined with intravenous 
sedation and the demarcation is done 1 day prior to the 
operation.

A subdermal fat “island” flap needs to be created in 
order to give a natural support to the future axillary 
cavity. The first step of the operation is full-thickness 
skin resection of the elliptical area already drawn on 
the center of the axilla from the anterior to the poste-
rior border of the axillary region. In order to create the 
subdermal fat “island” flap two incisions are done on 
each border of the flap. The fascia superficialis is the 
deep limit of those incisions in order to avoid any dam-
age to the axillary structures. The next step of the oper-
ation is a subcutaneous tunnelization on each border of 
cutaneous incisions using a 2 mm cannula. Liposuction 
may be performed when the patient presents localized 
fat deposits on the inner side of the arm and on the 
lateral side of the chest wall.

The anterior border of the subdermal fat “island” 
flap is sutured to the major pectoralis muscle and the 
posterior one is sutured to the latissimus dorsi muscle. 
In order to perform the cutaneous lifting of the lateral 
aspect of the chest and the inner side of the arm, the 
cutaneous flap is pulled upwards and sutured to the 
dermal fat “island” flap.

The number of sweat glands is reduced during 
operation, and the skin flaccidity of the axilla is 
improved since the cutaneous excess is removed with-
out undermining.

3.6  Medial Thigh Lift

The medial thigh may present localized fat deposits, 
cutaneous flaccidity which may cause many problems 
to patients, and the aesthetic correction of such defor-
mities is not a routine procedure. The operation has 
been described as a technical evolution and refine-
ments of old techniques that used to be performed with 
wide undermining of the medial and anterior aspects 
of the thigh [10].

The demarcation prior the operation is a mandatory 
procedure since the patient needs to understand where 
the final scars will be placed. The operation is done 
under local anesthesia combined with intravenous 
sedation. Local infiltration is done in two different 
levels: intradermally on the inguinal fold and deep 
infiltration below the localized fat deposits.

Liposuction if needed is performed in two levels: 
full-thickness liposuction of the panniculus where the 
excess skin will be excised and deep liposuction is 
done, below the fascia superficialis in order to remove 
localized fat deposits. After liposuction is performed, 
the excess of the skin is removed on the inguinal sulcus 
without damage of the vascular network underneath. 
The final scars lie on the inguinal fold.

3.7  Conclusion

Liposuction is an outstanding technique created, 
described, and popularized by Yves-Gérard Illouz. 
Liposuction brings many advantages for the treatment 
of localized fat deposits and a very high rate of satis-
faction to patients. Liposuction is used for the treat-
ment of localized fat in all regions of the human body 
and it is not a method for treatment of obesity.
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Clinical Applications of Liposuction 4

4.1  Introduction

Since the introduction of liposuction for cosmetic 
purposes, the procedure has evolved to include, not 
just the body, but the face and extremities [47, 82, 
83]. Klein described local tumescent anesthesia that 
was the prelude for safer liposuction and increased 
the surgeon’s ability to remove more adipose tissue 
[92–94]. Fournier reported the use of syringe liposuc-
tion that led to less vacuum pressure resulting in less 
bleeding and preservation of fat for fat transfer [51–
53]. Ostad described the safe use of 55 mg/kg of lido-
caine in liposuction [123].

4.2  Modifications in Instruments  
and Techniques for Liposuction

4.2.1  Orthostatic Liposculpture

Orthostatic liposculpture was originated by Fischer in 
order to perform liposuction in the same standing posi-
tion as the markings are made [46]. A table was devel-
oped that would bring the patient to a standing position 
for liposuction and could be reversed if the patient 
became dizzy or faint.

4.2.2  External Ultrasound

External ultrasound may be used immediately before 
liposuction to facilitate the procedure or to speed 
healing on follow-up visits during the postoperative 
period.
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The application of ultrasonic energy to the adipose 
tissue effectively liquefies the fat, releasing a combina-
tion of triglycerides, normal interstitial fluid, and the 
infused tumescent solution. These components form an 
emulsion, which can be removed using vacuum suc-
tion. Because of the predilection of the ultrasonic waves 
for low-density tissue such as fat, there is felt to be a 
selective targeting of the fat cells without affecting the 
intervening connective tissue and neurovascular struc-
tures. The depth of penetration is inversely proportional 
to the frequency used. It is felt that ultrasonic energy 
affects the adipose tissue via several mechanisms: ther-
mally, micromechanically, and through the phenome-
non of cavitation. Internal ultrasonic liposuction 
primarily utilizes the principles of cavitation. The exact 
mechanism by which external ultrasound affects fatty 
tissues is not currently clear; however, it is felt to be a 
micromechanical effect [168].

Because of the problems associated with internal 
ultrasound, the author has worked to develop the con-
cept of external ultrasound [29]. External ultrasonic 
energy may be used preoperatively to produce a more 
favorable result without the side effects and complica-
tions associated with internal ultrasound. External 
ultrasound may also be applied postoperatively to 
reduce swelling and shorten the recovery course.

Any surgeon utilizing ultrasonic energy for any 
purpose should be knowledgeable about its usage and 
side effects as well as possible complications. Also, 
any ancillary personnel should be adequately trained 
and experienced in the use of ultrasonic devices.

In 1989, Gasperoni presented subdermal superficial 
liposuction [57, 58]. The technique consists of suction-
ing the superficial subdermal fat through small gauge 
cannulas (1.8–2.0 mm diameter) and then proceeding 
with the same thin cannulas to aspirate the deeper fat 
as well. The procedure is begun with a thin cannula 
and gradually increased in gauge. The advantages of 
using this technique includes suction of the subdermal 
fat layer making it possible to obtain effective skin 
retraction, the treatment of all the layers of fat is made 
in an even fashion that good results are predictable, it 
is possible to treat patients with slight adiposities as 
well as areas with small thickness of the fat layers such 
as the ankles, and the procedure is similar for patients 
with large adiposities and those with small ones.

When the subdermal fat increases its volume, the 
vertical septae of the subdermal layer are stretched 
pulling the dermis thus giving the skin the so-called 

“cellulite” aspect. Other skin dimples and hollows may 
be due to considerable irregularities of a firm deep fat 
or may be iatrogenic. In these cases and in regions 
where the fat is fibrous and hard, external ultrasound 
(EU) is indicated to soften the fat crushing it with the 
mechanical impact of its waves [29, 73, 97, 146]. EU 
may be applied not only to the superficial fat but also 
to the deep one. This layer should be treated whenever 
the deep fat is fibrous and hard. When external ultra-
sound is used, care should be taken to infiltrate imme-
diately under the dermis to facilitate the propagation of 
EU waves in the superficial layer of fat. When the deep 
fat must be effectively reached by the EU waves, it 
must be infiltrated conspicuously to allow a successful 
cavitation induced by the EU. A thin layer of ultra-
sonic gel is spread on the skin of the areas to be treated 
with ultrasound. The ultrasound is then delivered 
through a 3 MHz probe to treat the superficial fat and 
with a 1 MHz probe to treat the deeper layers. A 2 MHz 
probe may be additionally used when we must be sure 
that all layers are treated.

4.2.3  Low-Level Laser-Assisted 
Liposuction

Laser is defined as Light Amplification by Stimulated 
Emission of Radiation. Neira described the use of the 
low-level laser to assist in liposuction [45, 112, 114–
117]. The laser used for liposuction is an external beam 
cold laser, electric diode with 635 nm wavelength that 
irradiates adipose tissue at 1.2, 2.4, and 3.6 J/cm2 at 2, 
4, and 6 min exposure in each area.

Low-level laser energy has an impact on the adi-
pose cell consisting in opening a transitory pore in the 
cell membrane which permits the fat content to go 
from inside to outside the cell. The cells interstice and 
capillaries remain intact. Partial disruption of the adi-
pose cell has observed. The irradiated cells were re-
cultured and showed that they recover the normal 
anatomy and were alive [113].

4.2.3.1  Nd: YAG (Neodimiun: YAG)
The Nd:YAG laser is a solid laser formed by a 
Granate Aluminum Ytrium crystal (the YAG) con-
taminated with an unusual soil (the Neodimiun) that 
emits an infrared band in 1064 nm [62]. Histological 
studies were performed 30 min after laserlipolysis 
from a piece of tissue resected in a dermolipectomy 



334 Clinical Applications of Liposuction

[136, 139]. It was possible to observe areas with 
necrobiotic  adipose tissue with accumulation of lipo-
phagic macrophages cells forming granulomatous 
lipophagic nodules. Twenty-five days after laserli-
polysis it was possible to observe adipose tissue with 
breakage of the cell walls surrounded by histiocytes 
with foamy cytoplasm. There were also areas with 
scar fibrosis, and the nerve threads were intact. The 
use of the laser causes a destruction of the fat cell 
specifically protecting the nerves, while in a tumes-
cent liposuction the fat cell is evacuated intact. The 
remaining tissue is immediately phagocytosed by the 
macrophages and the immune system while fibrosis 
covers and retracts the empty spaces.

4.2.4  Powered Liposuction

Development of Powered Liposuction Technology
The concept of using mechanical instrumentation 

with liposuction technology is as old as liposuction 
itself. Arpad and Giorgio Fischer introduced the con-
cept of liposuction in combination with instruments 
they developed that they called the cellusuctiotome 
[45]. The Fischers’ early instruments contained blades 
with moving internal components designed to cut fat 
when it was aspirated into the cannula. Later, blunt 
cannulas were developed with side ports and other 
designs that aspirated fat with little blood loss.

Gross used an existing cannula that had an exposed 
internal blade driven by a motorized handpiece, which 
was modified for use in fat removal [67]. His “liposhav-
ing” procedure was an open technique in which the fat 
harvesting unit was used for neck liposuction using sub-
mental incisions. Fat cells could thoroughly be removed 
from the platysma to allow for an even and complete fat 
extraction. This was revived in 2000 by Schaefer using 
an endoscope rather than direct vision [138].

Coleman developed an oscillating blade within a 
cannula that facilitates removal of fat removal [27].

The oscillating cutting cannulas demonstrated 
decreased work on the part of the liposuction surgeon. 
This led to the development of a number of reciprocat-
ing cannula systems. The instruments contained a 
motor, driven either electrically or by air, which moved 
the tip of the liposuction cannula forward and back-
ward. These designs have been found to decrease the 
work of performing liposuction on the part of the sur-
geon and increase the rate of fat removal.

4.2.5  Current Instruments

Flynn clinically assessed available instruments and an 
independent engineering firm measured each instru-
ment [49]. Laboratory measurements such as the degree 
of torque, amount of heat produced, size and weight, 
amount of torque force, and degree of vibration were 
among the measurements taken by the independent 
engineering firm. A concise practical description of 
each instrument was featured. Stroke force was vari-
able with instruments having a range of 9.5–30 lb. The 
noise of the units varied between 60 and 87 dB. Units 
produced variable heat with surface temperature mea-
surements ranging from 77 to 102°F. Build quality and 
reliability varied from instrument to instrument. The 
air-driven devices were clumsy and loud.

4.2.5.1  Power Assisted
Coleman evaluated the efficacy of powered liposuc-
tion. A variety of electrical and air-driven instruments 
were used [28]. All cannulas had 3 mm outside diam-
eter. The amount of fat extracted was measured using a 
mucous specimen trap, widely used by respiratory 
therapists, in series between the cannula aspiration 
hose and the aspirator. They documented that there 
was increased efficiency in fat removal (Fig. 4.1).

4.2.5.2  Ultrasonic-Assisted Liposuction
Scuderi and Zocchi pioneered the application of ultra-
sonic vibration to fat emulsification and removal [140, 
163–165, 167, 168]. The hope and objective of this 
effort was to create both technology and associated 
techniques that consistently produced safer and more 
effective means of aesthetic body contouring when 
compared to liposuction. The benefits of tissue selec-
tivity were expected to produce a method of lipoplasty 
that was more “fat specific” than the existing and well-
known suction cannula. This technology and technique 
were named UAL for Ultrasound-Assisted Lipoplasty. 
The first-generation UAL device was produced by the 
SMEI Company of Italy and utilized smooth, solid 
probes at a frequency of 20 kHz. The solid probes had 
a stepped design with diameters at the tip as small as 
3.0 mm (small probe) and diameters at the base as large 
as 6.0 mm (large probe). The basic technique involved 
good surgical practice and two fundamental rules: the 
essential use of a wet environment produced by infil-
tration of sufficient wetting solution and a constantly 
moving the probe to prevent thermal injury [167].
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Fodor published his experience on 100 patients 
using a contra-lateral study model [50]. His conclu-
sions comparing SAL to UAL found no significant dif-
ferences between SAL and UAL and failed to prove 
the claimed benefits attributed to UAL.

The UAL technique and instruments continued to 
evolve. Originally, application times were long, sig-
nificant complications and were reported, and safety 
was questioned [12, 59, 66, 97, 128, 156]. As applica-
tion times were reduced the complication rate declined. 
The concept of “loss of resistance” became widely 
known as a realistic surgical endpoint. Rapid probe 
movement was introduced as another means to safely 
control the energy presented by the second-generation 
machines [152]. Results ranged from safe and effec-
tive use of UAL to high complication rates and ques-
tionable safety. A number of surgeons continued to use 
the ultrasonic instrumentation safely and effectively 
[61, 95, 106, 132]. Their evolving technique allowed 
them to get effective results without the complications 
noted at the introduction of the technology (Fig. 4.2).

4.2.5.3  VASER (Vibration Amplification  
of Sound Energy at Resonance)

VASER-Assisted Lipoplasty (VAL) is a third-generation 
ultrasound-assisted liposuction. The VASER® system is 

highly selectivity for fatty tissue resulting in decreased 
overall damage to the vessels, nerves, structural tissues, 
and lymph tissue. VASER-assisted lipoplasty uses ultra-
sonic frequency vibrations to emulsify the fatty compo-
nent of the tissue matrix but in a fundamentally different 
manner than earlier versions of ultrasonic instrumenta-
tion for lipoplasty. The VASER system delivers signifi-
cantly less power to the tissues while simultaneously 
increasing fragmentation/emulsion efficiency compared 
to UAL devices and eliminates the simultaneous aspira-
tion feature of UAL devices [24, 89].

4.2.5.4  Water Jet-Assisted Liposuction
Taufig devised a method of water jet-assisted liposuc-
tion that allows a controlled and selective removal of 
fat tissue within the epifascial/subcutaneous area via 
usage of a cannula system [150]. The technique uses 
the energy of the pressurized fluid using a specialized 
cannula in which an infusion tube and nozzle are inte-
grated as well as a suction unit. An infinitely variable 
force pump dispenses the fluid in a controlled manner 
via a nozzle at the top of the cannula system. The can-
nula is attached to a common and well-proven suction 
device for liposuction.

The water jet technique uses an isotonic sodium 
chloride solution with an additive of adrenaline in the 
ratio of 1 mL–3 L of sodium chloride solution that is 

Fig. 4.1 Power-assisted liposuction of neck. (a) Preoperative. (b) Postoperative
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suctioned off almost at the same time as the dissolved 
fat particles [151]. Therefore, no side effects are caused 
by the solution. This avoids a separate fragmentation 
step as with the tumescent technique.

4.2.5.5  External Percussion Massage-
Assisted Liposuction

Shiffman and Mirrafati (Fig. 4.3) reported the use of a 
double-headed percussion massage instrument that is 
used externally on areas that have been infiltrated with 
tumescent anesthesia fluid prior to liposuction causes 
emulsification of the fat and makes removal easier [144]. 
The instrument (selling from $30 to $300) is less expen-
sive than all other instruments and is simple to use.

4.3  Liposuction for Cosmetic Purposes

Liposuction is used for cosmetic purposes on the face 
and neck, chest, back (Fig. 4.4), and abdomen, upper 
and lower extremities, and buttocks and breasts  
[84, 87, 110, 118, 135]. Fat obtained from liposuction 
has been used for fat grafting for the face and hemifa-
cial atrophy [23, 51]. Gasparotti and Toledo described 
superficial liposculpture to smooth out areas that are 
not removed with deep liposuction and also results in 
skin contraction [56, 155].

Fig. 4.2 Ultrasound-assisted breast lift. (a) Preoperative. (b) Postoperative

Fig. 4.3 Percussion-assisted liposuction of arms. (a) Preoperative. 
(b) Postoperative. Arrow shows triceps muscle
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4.3.1  Breast Reduction

The problems of macromastia and gigantomastia actu-
ally have significant medical symptoms (neck and 
upper back pain, grooving of the shoulders from the 
bra straps, inframammary fold irritation and dermati-
tis) that are treatable with breast reduction. The utiliza-
tion of liposuction to reduce breast volume and, at 
times in conjunction with breast lift to relieve ptosis, 
can achieve resolution of the symptoms [2, 7, 17, 30, 
63, 64, 85, 98, 105, 131].

4.3.2  Gynecomastia

Gynecomastia may appear in the adolescent male as 
part of the physiologic and hormonal changes taking 
place, in the elderly male because of hormonal 
changes, from a variety of drug therapies in males 
that are associated with stimulation of the breast tis-
sue, and in a male with a breast tumor that may very 
well be malignant. True gynecomastia consists of 

excessive breast tissue and fat but pseudogynecomas-
tia is the excessive accumulation of fat [11, 25, 99, 
133, 158, 166].

Breast enlargement in the male is often an embar-
rassment to the patient because of the large breasts. 
Surgical removal of the breast for gynecomastia is 
an accepted medical procedure for the abnormal 
enlargement of the breast in males. Liposuction is 
now the preferred method for removal of excess fat 
and breast parenchymal tissue.

4.3.3  Cellulite

This condition involves indentations caused by the 
increased accumulation of fat with restricted expan-
sion by the fibrous attachments of the skin to the under-
lying fascia [100]. Liposuction has been utilized to 
remove the excess fat and relieve the tension that 
causes the indentations because of the fascial attach-
ments and also by transecting some of the fascial 
attachments [96].

Fig. 4.4 Liposuction of back. (a) Preoperative. (b) Postoperative
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4.3.4  Apocrine Gland Disorders

The apocrine or sweat glands may be involved with of 
variety of problems such as excessive sweating that can 
become foul-smelling or infected. Liposuction may be the 
only minimal incision solution to the problem [3, 6, 22, 
65, 76, 102, 103, 122, 124, 126, 127, 141, 149, 157].
 (a) Bromhidrosis: axillary (apocrine) sweat, which 

has become foul-smelling as a result of its bacte-
rial decomposition

 (b) Hyperhidrosis (polyhidrosis): excessive perspiration
 (c) Osmidrosis: Same as bromhidrosis
 (d) Emotional hyperhidrosis: an autosomal dominant 

disorder of the eccrine sweat glands, most often of 
the palms, soles, and axillae, in which emotional 
stimuli (anxiety) and sometimes mental or sensory 
stimuli elicit volar or axillary sweating

 (e) Fox–Fordyce disease: a chronic, usually pruritic 
disease chiefly seen in women, characterized by 
the development of small follicular popular erup-
tions of apocrine gland-bearing areas, especially 
the axillae and pubes, and caused by obstruction 
and rupture of the intraepidermal portion of the 
ducts of the affected apocrine glands, resulting in 
alteration of the regional epidermis, apocrine 
secretory tubule, and adjacent dermis

There have been no reports concerning the treat-
ment of hidradenitis suppurativa with liposuction. 
Hidradenitis suppurativa is a chronic suppurative and 
cicatricial disease of the apocrine gland-bearing areas, 
chiefly the axilla, usually in young women, and ano-
genital region, usually in men. The disorder is caused 
by poral occlusion with secondary bacterial infection 
of apocrine sweat glands. It is characterized by the 
development of tender red abscesses that enlarge and 
eventually break through the skin resulting in purulent 
and seropurulent drainage. Healing occurs with fibro-
sis and recurrences lead to sinus tract formation and 
progressive scarring. This disorder would have to be 
treated by liposuction to remove the apocrine glands in 
its resting phase when there is no apparent infection. 
The earlier in the disease that treatment is instituted, 
the less likely infection will be stirred up. The author is 
presently observing a patient with early hidradenitis 
suppurativa since the infections have responded well 
to antibiotics each time of recurrent symptoms and the 
patient is reticent about surgery. Field described the 
use of axillary liposuction for osmidrosis and hyper-
hidrosis with an aggressive approach that has minor 
scarring but removes more glandular tissue [42].

4.3.5  Hematoma

Hematomas can be liposuctioned through small inci-
sions rather than opening the total wound [5, 34, 107, 
121]. This less invasive method reduces the morbidity 
associated with postoperative hematomas. The aspira-
tion of seromas probably could be performed with the 
liposuction cannula but a simple needle and syringe 
usually suffices. However, in very large seromas, the 
use of liposuction with machine would be easier than 
aspirating 60 cc at a time with a syringe.

4.3.6  Involuted Hemangiomas

Liposuction of hemangiomas should be performed 
when the hemangioma is involuted otherwise there 
may be extensive bleeding. There have been two 
reports of hemangiomas having been removed with 
liposuction [13, 48].

4.3.7  Lipoma and Lipomatosis

A lipoma is a benign, soft, rubbery, encapsulated tumor 
of adipose tissue, usually composed of mature fat cells 
generally occurring in the subcutaeous tissues of the 
trunk, nuchae, or forearms but may occur intramuscu-
lar, intermuscular, intraarticular, intraspinal, intradural, 
epidural. These can become an annoyance to the 
patient because of size and because of the cosmetic 
appearance [4, 14, 21, 26, 31, 33, 36, 38, 40, 68, 70, 
78, 81, 86, 88, 104, 109, 134, 137, 159, 161, 166].
 (a) Lipomatosis dolorosa: Lipomatosis in which lipo-

mas are tender or painful
 (b) Lipomatosis gigantea: Adipose deposits form 

large masses nodular circumscribed lipomatosis: 
formation of multiple circumscribed or encapsu-
lated lipomas that may be symmetrically distrib-
uted (symmetrical lipomatosis) or haphazardly

 (c) Dercum’s disease (adiposis dolorosa, Anders syn-
drome, adiposalgia, adipositas tuberosa simplex, 
fibrolipomatosis dolorosa, neurolipomatosis, lipal-
gia, lipomatosis doloroas): a disease accompanied 
by painful localized fatty swellings and by various 
nerve lesions. Usually seen in women and may 
cause death from pulmonary complications.

 (d) Madelung’s disease, asymmetric adenolipomato-
sis, Launois–Bensaude syndrome, Buschke’s II 
syndrome: Onset is between 35 and 40 years of 
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age, more prevalent in males, with diffuse tume-
faction in the posterior part of the neck [16]. This 
is followed by symmetric accumulation of masses 
in the submandibular region and other lipomas on 
the chest and the rest of the body. Asthenia and 
apathy are usually present. Compression of periph-
eral nerves results in pain. Dyspnea, cough, cyano-
sis, and exophthalmus may develop.

 (e) Madelung’s deformity or Madelung’s neck (annu-
lare colli): Haphazard accumulation of lipomas 
around the neck (Fig. 4.5).

 (f) Bannayan syndrome (Bannayan–Zonana syn-
drome, microcephaly–hamartomas syndrome): A 
familial syndrome characterized by symmetrical 
microcephaly, mild neurological dysfunction, 
postnatal retardation, mesodermal hamartomas, 
discrete lipomas, and hemangiomas [8, 108].

 (g) Proteus syndrome: A sporadic disorder that causes 
postnatal overgrowth of multiple tissues that 
include skin, subcutaneous tissue, connective tis-
sue (including bone), the central nervous system, 
and viscera [15]. Progressive skeletal deformities 
occur with invasive lipomas, and benign and 
malignant tumors.

 (h) Angiolipomas may also be removed with liposuc-
tion. Liposuction is a method to remove the tumor 
with minimal incisions [90].

4.3.8  Liposuction-Assisted Nerve-Sparing 
Hysterectomy

Nerve-sparing hysterectomy can be performed more 
easily with the use of liposuction to remove excess fat 
and better exposing the surrounding structures [75, 
79]. There may be other surgical procedures that can 
be made easier through better exposure from removal 
of fatty tissue accumulation.

4.3.9  Lymphedema

The treatment of persistent obstructive lymphedema 
can be aided with liposuction, especially with the lim-
ited incisions utilized [18–20, 119, 120, 160]. There 
can be uniform removal of the lymphedematous tissue 
with liposuction without the need for major surgery to 
aid in the discomfort of a large extremity. Long-term 
results need to be reported.

4.3.10  Obesity

Obesity is defined as an increase in body weight 
beyond the limitation of skeletal and physical require-
ments [35, 37, 39, 54, 55, 80, 101, 125, 145, 154]. 
Endogenous obesity is excess weight due to metabolic 
(endocrine) abnormalities or genetic defects that affect 
the synthesis of enzymes involved in intermediate 
metabolism. Exogenous obesity is obesity due to 
overeating.

The treatment of endogenous obesity requires res-
olution of any endocrine problem but also may include 
liposuction for improving contour and reducing total 
fat deposits. Exogenous obesity should be treated 
with diet and exercise but if this is not successful, 
liposuction may be performed. This can sometimes 
stimulate the patient to continue with weight loss 
regimens.

Giese has shown that the cardiovascular profile can 
be improved with large-volume liposuction [60]. Large-
volume liposuction has an impact on serum lipids [77]. 
Perez noted that large-volume and small-volume lipo-
suction have been clinically shown to improve insulin 
sensitivity in obese patients thus reducing their risk of 
developing type 2 diabetes [129]. Evidence is presented 
to support the hypothesis that liposuction disrupts the 

Fig. 4.5 Madelung’s neck
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pathway that brings about insulin insensitivity in the 
obese patient. It is proposed that using liposuction in the 
overall treatment of obesity could lead to an improve-
ment in insulin sensitivity and thus greatly improve the 
quality of life of the obese patient.

4.4  Reconstructive Surgery

Liposuction has been used to aid in reconstructive sur-
gery, especially in debulking flaps without injuring the 
blood supply [26, 40, 43, 69, 148]. The author has used 
liposuction to correct dog ears following reconstruc-
tive procedures and there are probably many other 
problems in reconstructive surgery that can be cor-
rected with the use of liposuction.

4.4.1  Silicone Removal

Silicone is almost impossible to remove from the tis-
sues without removing some normal tissue even with a 
siliconomas [26, 162]. The resulting defect may be cos-
metically unacceptable. Attempting to remove silicone 
from a mammary prosthesis pocket is very difficult 
because the silicone is as sticky as gum and clings to 
gloves, skin, and pads. If even small drops of silicone 
accidentally drop to the floor, there is extreme danger 
of slipping by persons in the operating room. Silicone 
can be extracted from tissues with less deformity and 
from the implant pocket with the use of liposuction.

4.4.2  Steroid-Induced Lipodystrophy

A better cosmetic appearance in patients with steroid 
induced lipodystrophy can be achieved with liposuc-
tion of the excessive areas of fat [9, 41, 71, 72, 74, 111, 
130]. The underlying endocrine problem also needs to 
be addressed at the same time.

4.5  Non-cosmetic Applications

There have been single reports of the use of liposuction 
to treat certain problems. Denneny described the oblit-
eration of the frontal sinus with liposuction [32]. Shenoy 
used liposuction to aid in correcting a buried penis 

[142]. Sonenshein and Lepoudre treated a critically ill 
obese patient with massive fat accumulation in the neck 
with the use of liposuction, removing 225 mL of fat, to 
allow visualization of the tracheal stoma in order to 
insert a tracheostomy tube [147]. Ad-El reported the use 
of liposuction to relieve chronic facial swelling follow-
ing multiple bee stings [1]. Apesos and Chami used 
liposuction in the treatment of congenital body asym-
metry and fat necrosis [4]. Illouz reported the use of 
liposuction to treat scar deformity [86]. Field showed 
that liposculpturing can be used to improve submental 
scar revision by removing submental and submandibu-
lar adipose tissue followed by cannula dissection of the 
submental skin flap [44]. Babovic reported the use of 
liposuction in debulking plexiform neurofibromas and 
Thomas showed that the tumescent technique can aid in 
the resection of neurofibromas [10, 143, 153]. Shiffman 
described the use of liposuction to remove infected 
Vicryl sutures in the breast that did not respond com-
pletely to resections of breast and fat tissue. There were 
recurrent infections and granulomas over 4 years from 
the infected Vicryl sutures. The final result with lipo-
suction was clearing of the recurring infections and 
allowed reconstruction of the breasts.

As physicians become aware of the multiple uses of 
liposuction outside the cosmetic surgery field, further dis-
orders will be found that can be amenable to liposuction.

4.6  Conclusions

Liposuction is a procedure that has yet to reach its limi-
tations. Started as a limited incision cosmetic opera-
tion, liposuction has progressed to uses that were not 
even imagined by its founders and many of the early 
surgeons utilizing the procedure. The future of liposuc-
tion in surgery needs physicians who will find innova-
tive uses in areas outside the cosmetic surgery field.
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Principles of Autologous Fat 
Transplantation 5

5.1  Introduction

The first communication about fat transplantation was 
presented by Neuber [18] in 1893, followed by reports 
by Czerny [6], Lexer [15], and Rehn [22]. In 1911, 
Bruning [2] was the first to inject autologous fat into 
the subcutaneous tissue for the purpose of soft-tissue 
augmentation.

In 1950, Peer [19] showed that the survival rate for 
fat grafts could be as high as 50%. In his paper, Peer 
performed a biopsy 13 years after the procedure of fat 
grafting to treat a facial depression, showing normal 
fatty tissue enclosed in a definite connective-tissue 
capsule.

In the 1980s, liposuction improved the technique. 
In 1985, Illouz [13] and Fournier [7] developed an 
easy approach to fat transfer by syringe harvesting, 
called “microlipoinjection” by Fournier. This process 
became possible after the advent of liposuction. Fat 
grafting became the simplest and easiest method 
among the different techniques used to correct the soft 
tissues for facial contour and, if needed, to replace soft 
tissue in body areas.

We started using fat grafting for the face and body 
in 1985, showed our 18-month experience in 218 
patients at the ISAPS Congress in New York City in 
1987, and the article was published in 1988 [17]. Fat 
was aspirated with a liposuction machine and collected 
in a sterile vial. After decanting, it was transferred to 
60-cc catheter tip syringes and injected in different 
parts of the body using a blunt cannula with the same 
caliber as the cannula previously used for aspiration.

Still in the 1980s, Loeb [16], Bircoll [1], Chajchir 
[5], Gonzalez [11], and Pereira [20] were among the 
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surgeons who helped establish the parameters for the 
safe use of fat grafting. In the 1990s, Lewis [14], 
Carraway [4], Guerrerosantos [12], and Pereira [21] 
showed long-term results with the use of fat grafting 
for body contour. In 1994, Carpaneda [3] showed that 
the percentage of absorption of the fat graft was 
inversely proportional to the thickness of the graft.

5.2  Technique

In 1988, the only accepted procedure for volume aug-
mentation was the insertion of silicone implants. We 
showed fat grafting could have major advantages with 
fewer complications. We used fat volumes ranging 
from 5 to 450 cc. The majority of the patients were 
grafted in more than one area and the average age of 
the patients ranged from 24 to 39 years. Fat was 
injected where needed. In Brazil the preferred area for 
augmentation and reshaping was the buttocks (54 
patients – 29% of the cases); followed by trochanteric 
depressions (43 patients – 20.6%); breast augmenta-
tion (21 patients − 10.9%); scar depressions (20 
patients – 9.6%); thigh, calf, and ankle augmentation 
(18 patients – 8.6%); small wrinkles; depressions of 
the face and Romberg’s disease (15 patients – 7.2%); 
the nasolabial fold (13 patients – 6.2%); liposuction 
sequaelae (10 patients – 4.8%); and fingers and hands 
(2 patients – 0.9%).

The preferential donor site (for small areas) was the 
medial part of the knee, then the dorsal region, the lat-
eral thighs, and the abdominal region. We noticed an 
absorption rate ranging from 20% to 50%. Absorp tion 
was more pronounced in the early postoperative months 
and stabilized by the third month. Consequently, when 
possible, we injected 35% more fat than necessary.

Our particular experiences in the first 2 years lead •	
us to believe that we had to
Avoid high negative pressure during suction•	
Use adequate instruments•	
Avoid injecting “collections” or “lakes”•	
Inject in “rod” or “thread” shapes•	
Hypercorrect (35%), if possible•	
Rest the grafted site for a week•	
Prescribe routine antibiotics•	
Perform light massage of the grafted area•	
Use molding adhesive tape (1–2 weeks)•	
We followed up on the 208 cases with a small com-

plication rate: local inflammation signs (4 cases), 

1.9%; injection out of the marked receptor area  
(3 cases), 1.4%; infection (1 case), 0.4%. These patients 
received anti-inflammatory and corticosteroid treat-
ment and the problems were solved satisfactorily.

Although the method did not show perfect results, 
fat grafting had many advantages:
The procedure could be repeated several times.

There were no immunity phenomena.•	
Fat was easily obtained.•	
Artificial materials (silicone, collagen) could be •	
substituted.
It is an autograft.•	
Results were highly satisfactory.•	
The cost factor was very reasonable.•	
Our conclusion was that injected fat grafting 

undoubtedly constituted a major step in repositioning 
the loss of soft tissue, which was very difficult to cor-
rect before. It was also an important element for treat-
ing certain small iatrogenic liposuction defects.

5.3  Liposculpture

In 1989 [23], we published the improvement of the 
technique by using syringe liposculpture to treat 
superficial irregularities, depressions, “cellulite,” and 
liposuction sequaelae to varying degrees depending 
on the problem, with high patient satisfaction. From 
1986, we started using a syringe for facial liposculp-
ture in the sub-mental and nasolabial regions, extract-
ing small quantities of fat from the knee for facial 
injection. From 1986 to 1988, we performed fat graft-
ing for body sculpturing using fat collected in a steril-
ized vial by the liposuction machine. Although at the 
time our results seemed satisfactory, the method of 
obtaining and injecting fat was still complicated and 
time consuming. In February 1988, we stopped using 
the liposuction aspirator; all our body contour surger-
ies were now performed using only the syringe [8] 
(Fig. 5.1).

5.3.1  Syringe Liposculpture

In 1989, we introduced a new technique – superfi-
cial syringe liposculpture [24], to treat patients 
with flaccid skin, superficial irregularities or 
depressions, “cellulite,” and liposuction sequaelae. 
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The technique combined syringe liposculpture [9], 
superficial liposuction [10], and our method of 
treating skin irregularities by breaking the fibrous 
adherences and injecting fat superficially [25].

5.4  Fat Grafting

In 1991, we published our 2-year experience [26] with 
the technique, combining syringe liposuction and fat 
grafting to reshape the face and the body by removing 
localized fat deposits and reinjecting this fat where 
needed. When we did not reinject, we called the tech-
nique reduction liposculpture. Suction of the face was 
usually done to improve the submental and the jowl 
areas. This fat could be reinjected. Fat could also be har-
vested from the medial knee or any other localized fat 
deposit. The syringes were centrifuged for 1 min at 
about 2,000 rpm, the unwanted solution was ejected, 
and the fat was transferred to the new area. We treated 
the glabella, malar region, nasolabial folds, lips, and the 
dorsal part of senile hands. We did not over correct on 
the face. The injection was repeated in the second and 
sixth month postoperative, when necessary. The same 

disposable syringe that harvests the fat was connected to 
a gun to allow precise injection of very small amounts.

For the body, we used 60-cc syringes, connected to 
3, 4, 5, or 6-mm gauge cannula with mercedes, cobra, 
or pyramid tips and 20–35 cm long. We also used a spe-
cial 3-mm-gauge V-tip cannula dissector, 20–35 cm 
long, adapted to the 60-cc syringe, for treating skin 
irregularities, cellulite depressions, or liposuction 
sequaelae, dissecting, suctioning, or injecting fat where 
necessary.

Massaging with the fingers helped break the remain-
ing adhesions. We wash the fat cells very gently with 
Ringer’s solution, transferring them from one syringe 
to another. Fat have no contact with air. The syringes 
are put on a stand to decant.

5.4.1  Fat Grafting of Flanks, Buttocks, 
Thighs, Knees, and Abdomen

Total liposculpture meant suction of the arms, dorsal 
region, flanks, buttocks, thighs, knees, abdomen, and, 
when needed, fat injection into the buttocks, trochant-
eric region, inner thighs, and legs. We usually removed 
2–4 L of fat and immediately reinjected from 500 to 
1,500 cc. This was done in one procedure, but in some 
cases we needed to treat certain areas more than once, 
depending on the defect.

In some cases, we have injected up to 500 cc of fat 
on each side of the buttocks, in the muscle, on the mus-
cle, into the fatty tissue, and subcutaneously, when 
needed. In the inner thigh, we have injected from 100 
to 300 cc and in the calf from 50 to 150 cc. It has always 
been a problem to remove the right amount of fat from 
a patient with flaccid skin. It is generally believed that 
very deep suction should always be done to avoid skin 
irregularities. We disagreed and in September 1988 we 
started treating superficial irregularities.

In 1996, we reported 8-year results with syringe 
liposculpture [27], for the treatment of localized fat 
deposits, to remodel the body and the face using dis-
posable syringes and fine tip cannulas. We started 
working on a combination of syringe liposculpture 
and superficial liposuction to treat the superficial layer 
of fat, resulting in “superficial liposculpture.” Syringe 
liposculpture of the face can be offered as an alterna-
tive to rhytidoplasty and a complement to other 
 techniques to improve the appearance with minimal 
morbidity.

Fig. 5.1 For fat injection (and suction) of the body we use 
Toomey-tip 60-cc syringes and the stands
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In 2006, we guest edited an issue of Clinics in 
Plastic Surgery and published a 20-year revision on fat 
grafting [28], showing the results obtained by plastic 
surgeons internationally. In our hands, liposculpture 
consists of removing adipose tissue with a cannula and 
syringe and cleaning the aspirated material with 
Ringer’s lactate when necessary. All external contact is 
carefully avoided, preventing contamination. The fat 
was harvested in an atraumatic and sterile manner. Fat 
could be centrifuged at 1,500 rpm for 1 min or decanted 
for 10 min, then injected with a blunt-tipped cannula. 
Facial and body volume restoration with the fat 
autograft technique offered the potential for symmet-
ric, long-term results.

Fat grafting was performed in multiple tunnels in the 
deep and superficial planes. Fat absorption was esti-
mated by clinical evaluation and measurements to be 
between 20% and 50% of volume. Fat threads to aug-
ment the face and the body should not be thicker than 
3-mm to allow for neo-vascularization. In the hands we 
do not need to inject threads, but a 2–3-mm thick layer 
of fat in the sub-cutaneous area (Fig. 5.2). A low rate of 
complications (less than 3%) supported the opinion that 
this method was an efficient and safe procedure to cor-
rect or enhance contour deformities. The grafts will grow 
if the patient gains weight and lose circumference when 
the patient reduces weight.

As we had stated in our first publication in 1988, the 
controversy surrounding the longevity of correction in 
autologous fat grafts was related to the adipocyte survival. 

The long-term fat survival rates differs widely depending 
on the harvesting method, means of reinjection, injection 
site, and evaluation methods.

5.4.2  Fat Grafting Survival

Survival of aspirated fat cell grafts depends mainly on 
the anatomic site, the mobility and vascularity of the 
recipient tissue, and underlying causes and diseases, but 
also on harvesting and reinjection methods. The pre-
ferred area for fat injection in the body continues being 
the buttocks. We have created the “Brazilian Buttock 
Technique,” which consists of aspiration of fat from 
the flanks, abdomen, and thighs with injection into the 
buttocks and trochanter areas (Figs. 5.3 and 5.4).

Fat injection of the face became an option for 
younger patients wanting to rejuvenate without having 
to undergo a rhytidoplasty (Fig. 5.5). Fat is aspirated 
from the sub-mental area and, if needed, from other 
areas of the body to achieve the necessary amount for 
grafting in the malar area, nasolabial folds. Fat graft-
ing of the nasojugal area has revolutionized blepharo-
plasty. We remove less fat from the lower eyelids, 
during the blepharoplasty procedure, and inject fat in 
the nasojugal and peri-orbital areas (Fig. 5.6).

Special care should be taken when patients gain 
weight, because the grafted areas can grow in the 
same proportion as the donor area. We have seen 

a b

Fig. 5.2 Fat injection for rejuvenation of the hands (a) and fingers (b)
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 several cases where we have to aspirate fat from the 
grafted area and cases where we have to remove 
grafted fat during a rhytidoplasty. There might be a 
memory from the donor area, as there is in trans-
planted hair (Fig. 5.7).

5.5  Cellulite

Cellulite is considered to be a special type of fat with 
fibrous adherences that pull the skin down like the but-
tons of a mattress. Deep liposuction alone would not 

a b

c d

Fig. 5.3 (a, c) Preoperative 
picture of a 24-year-old 
patient with lipodystrophy of 
the flanks, buttocks, and 
thighs. (b, d) One year 
postoperative after liposculp-
ture of flanks and thighs with 
fat grafting of the buttocks 
(500-cc each side)
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a bFig. 5.4 (a, b) Pre- and 
1-year postoperative of 
liposculpture of the flanks 
and thighs with fat grafting 
of the buttocks. The 
procedure was repeated after 
6 months. The result is 
1 year after the first 
procedure, showing an 
augmentation of 8 cm in the 
hip circumference

a bFig. 5.5 (a, b) Before and 
12 years post-op of facial 
liposculpture, with aspiration 
of fat from the neck and fat 
grafting of the malar, 
nasolabial, and nasojugal 
areas
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solve this problem, and it could sometimes make it 
worse. Superficial liposuction plus severing the fibrous 
adherences, combined with superficial fat injection, 
improved skin irregularities. We could then offer visi-
ble improvement of skin irregularities with the first 
procedure, which could be repeated if necessary. The 
procedure took from 2 to 2.5 h.

First the contour of the body was improved by suc-
tioning from the deeper layers of fat and then, if neces-

sary, we treated the superficial irregularities. Superficial 
syringe liposculpture could treat liposuction sequaelae, 
removing fat where (and if) too much was left and 
injecting it into depressions. These iatrogenic depres-
sions were freed from the deep layer of fat with the 
3-mm-gauge V-tip cannula dissector (Fig. 5.8) and then 
the fat was injected superficially. This dissector does not 
cut laterally, only on inward movements. We do not dis-
sect more than we need to in order to free the depression. 

a b

Fig. 5.6 (a, b) Pre- and 6-month postoperative of fat grafting of the nasojugal areas. No blepharoplasty performed in this case

Fig. 5.7 This patient had been submitted to three sessions of fat 
injection in the malar 6 years before. As she gained weight with 
age her cheeks became too big. During a rhytidoplasty, we could 
see and remove the excess fat that had been injected

Fig. 5.8 The Toledo V-tip cannula. The tips of the V are blunt 
and the inside is sharp. It helps with dissection of the fibrous 
attachments of cellulite, scars, or liposuction sequaelae
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This V-tip device allows us to do  suction or injection. 
We over injected by 30% and the patient should be 
informed of the possibility of repeated treatments.

Cellulite stages 2 and 3 of the Nurnberger and 
Muller classification could also be treated in the same 
manner (Figs. 5.9–5.14), with a visible reduction of 
skin irregularities. Elastic adhesive tape used for 5 days 
and a girdle for a month to control edema and bruising 
and to secure the skin in place until it retracts to its 
normal position.

5.6  Conclusion

Some authorities advocate using newly emerging 
approaches that apply fat tissue engineering principles. 
Adipose tissue stem cells are being used to improve  

a bFig. 5.9 (a, b) Pre- and 
postoperative result of 
superficial liposculpture

Fig. 5.10 Using the Toledo V-tip cannula to release the “cellu-
lite” depressions that were marked in red with the patient stand-
ing. The cannula does not dissect laterally. After the depressions 
are released, fat is injected to fill in the space and avoid 
reattachment
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Fig. 5.11 Pre- and 8-year 
postoperative of superficial 
liposculpture of flanks, lateral 
thighs, and buttocks with 
superficial treatment of the 
“cellulite” depressions

Fig. 5.12 Iatrogenic defect provoked by irregular liposuction of 
the sub-dermal area in the trochanter and subgluteal areas. The 
patient had excess fat in the flanks and abdominoplasty dog ears

the results of fat injection. These approaches are 
sophisticated, complex, and expensive procedures. Fat 
grafting is commonly performed, and poses little dan-
ger to patients. Adipose stem cells were described in 
the literature only 8 years ago and more research must 
be done to determine the safety of their use in humans. 
They can interfere with T-cell proliferation and activa-
tion and they can evade an immune response. It seems 
premature to encourage patients to purchase this tech-
nology. Obviously, the media hype on stem cells is 
widely used by many doctors who now promote that 
they are doing stem cell  injections. To some extent this 
is true, because if one injects fat, consequently one 
injects stem cells with it. However, this is not yet done 
with the level of purity we believe stem cell research 
will be able to produce in the near future. We have 
to consider that even using available technology, fat 
grafting has become in the last 25 years the treatment 
of choice of many plastic surgeons for facial and body 
contour soft-tissue augmentation in reconstructive and 
aesthetic surgery.
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Clinical Applications of Autologous  
Fat Transplantation 6

6.1  Introduction

The German physician Franz Neuber in 1893 used for 
the first time a small piece of upper arm fat to build up 
the face of a patient whose cheek had large pit caused 
by a tubercular inflammation of the bone [24]. With 
the advent of liposuction in the 1980s, it became pos-
sible to aspirate and reinject fat, allowing transplanta-
tion of small volumes for soft-tissue augmentation for 
the correction of contour irregularities [16].

In the last 25 years, several different techniques of 
lipoinjection have been developed to correct various 
problems such as buttocks (augmentation and reshap-
ing), trochanteric depressions, breast augmentation, 
scar depressions, thighs and legs (calf and ankle aug-
mentation), small wrinkles and depressions of the face 
(Romberg’s disease), nasolabial fold, upper outer breast 
quadrant, liposuction sequel [3, 17, 23, 28, 29, 36].

As in every surgical procedure, the success of autolo-
gous fat grafting is dependent upon many factors: the 
techniques and instruments used to harvest the fat tissue, 
the fat processing, the volumes of fat implantation, the 
sites to be implanted, the levels of placement, and even 
the individual patient. Because of this variability and per-
haps because of other factors that are not yet understood, 
the results of fat grafting with some techniques, in some 
patients, and in some areas can be unpredictable. A stan-
dard procedure has not been adopted by all practitioners. 
There is no agreement as to the best way of processing the 
fat to ensure maximal take and viability of the graft [39].

There has been also great disparity in the reported 
results of fat grafting in terms of survivability and long-
term outcomes. Studies evaluating survivability of trans-
planted fat have reported volume retention of between 
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20% and 90%. However, most of these data are based on 
subjective analysis of photographs or anecdotal assess-
ment by the physician’s experience [9, 10, 11, 14, 27].

Facial rejuvenation with autologous fat has the advan-
tage of replacing or augmenting tissue with like tissue 
[32]. Autologous fat transplantation to the face can cor-
rect cosmetic defects that are caused by loss of subcuta-
neous tissue, such as atrophy of the face due to significant 
weight loss, wrinkles, and facial involution due to aging.

Over the last 30 years, there is a constant interest  
in breast augmentation by the use of autologous fat 
transplantation for reconstructive and cosmetic pur-
poses [31]. Illouz presented his technique of autolo-
gous fat transplantation to the breast in 1983 and in 
1987 Bircoll reported his experience using fat removed 
by liposuction and transplanted by transcutaneous 
injection to the breast [2]. A 1987 American Society of 
Plastic and Reconstructive Surgeons position paper 
predicted that fat grafting would compromise breast 
cancer detection and should therefore be prohibited 
[1]. Up to now, adipose tissue injection to the breast or 
mammary lipoaugmentation has been stuck by two 
limiting factors. Firstly, fat injection in and around the 
breast could result in cyst formation, indurations, and 
fat necrosis that could be mistaken as cancerous calci-
fications. Secondly, the degree of reabsorption of the 
injected adipose tissue is unpredictable. Fat grafting 
remains shrouded in the stigma of variable results 
experienced by most plastic surgeons when they first 
graft fat. In 2005, Spear reported that autologous fat 
transplantation is a very safe technique that can improve 
or correct significant contour deformities after breast 
reconstruction, that otherwise would require more 
complicated and riskier procedures to improve [34]. 
There are centers around the world, where autologous 
fat transfer for the breast reconstruction has become a 
routine procedure due to its simplicity, safety, and 
reproducibility [8].

Clinical use of autologous fat grafts for gluteal soft-
tissue augmentation has grown in popularity in the 
plastic surgery community in the past 20 years, despite 
a perceived drawback of unpredictable results [19, 27].

6.2  Surgical Technique of Fat Grafting

1.   Marking of the areas to be liposucted and fat grafted 
are made while the patient is in standing position 
(Fig. 6.1).

2.   Preoperative sedation in the surgical suite is admin-
istered. Anesthesia consists of an epidural block 
and intravenous sedation. The patient is placed in 
supine position.

3.   After the injection of normal saline wetting solution 
containing 1:500,000 of adrenaline by a small bore 
cannula and waiting 15 min, a 60-cc syringe 
attached to a 4 mm blunt cannula is inserted through 
two small incisions in the abdominal area.

4.   Fat is aspirated using the syringe method (Fig. 6.2).

Fig. 6.1 Marking of the areas to be liposucted and fat grafted 
are made while the patient is in standing position

Fig. 6.2 Fat is aspirated using the syringe method
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5.   The fatty tissue aspirated is treated in the following 
manner. With the syringe held vertically with the 
open end down, the fat and fluid are separated. 
Isotonic saline is added to the syringe, the fat and 
saline are separated and the exudate discarded. The 
procedure is repeated until the fat becomes yellow 
in color, free of blood and other contaminants 
(Fig. 6.3).

6.   When facial augmentation is scheduled, fat is 
woven into the deep tissues of the face using a nee-
dle and a fine cannula (17 gauge) attached to a 
1-mL syringe with multiple passes, injecting only a 
tiny amount with each pass as the needle is with-
drawn, to obtain the most reliable clinical outcome 
(Fig. 6.4). The entire face is addressed by filling 
one cosmetic unit at a time.

7.   When gluteal augmentation is scheduled, a deep 
plane to the gluteal muscles is created by the 4 mm 
cannula. Then other planes are created by the same 
cannula in different trajectories, always from the 
deeper aspect to the gluteal surface. The fat is 
inserted into these tunnels beginning at the deep 
layer and working up into the intermediate fat com-
partments. The fat is injected as the cannula is 
 withdrawn. Care should be taken in order to avoid 
injection of more of fat in the superficial fat com-
partment. Separate incisions, if necessary can be 
used in order to treat the whole gluteal region 
(Fig. 6.5).

8.   When breast augmentation by traditional fat graft-
ing is scheduled, the breast is divided in four cos-
metic units. Fat is woven into the subcutaneous 
and intraglandular space of the breast using a 
2.5 mm cannula attached to a 10-mL syringe with 
multiple passes, injecting only a tiny amount with 
each pass as the cannula is withdrawn, in order to 

Fig. 6.3 Washed fat by isotonic saline

Fig. 6.4 Autologous fat grafting to the face

Fig. 6.5 Autologous fat 
grafting to the gluteal area
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obtain the most reliable clinical outcome. The 
entire breast is addressed by filling one cosmetic 
unit at a time.

9.   The patient remains hospitalized for 24 h. Antibiotics, 
analgesics, and anti-inflammatory medications are 
prescribed during the following 7 postoperative 
days.

6.3  Clinical Applications of Autologous 
Fat Graft

6.3.1  Autologous Fat Graft for Facial 
Contour Rejuvenation

This 48-year-old patient who requested facial contour 
rejuvenation by autologous fat transplantation is shown 
in Fig. 6.6a and b. She was treated by a total facial fat 
grafting in the lateral two-thirds of the brow, the naso-
jugal fold, the malar and buccal fat pads, the nasolabial 
fold, the lips, and the perioral region by a total of 
27 mL. The postoperative result is shown 2 years after 
the procedure (Fig. 6.6c, d).

6.3.2  Autologous Fat Graft for Gluteal 
Augmentation

This 21-year-old lady presented complaining of  
having “no buttocks” which made her “unattractive” 
(Fig. 6.7a, b). Autologous gluteal lipograft was 
 performed. The following volumes were placed in two 
sessions: right gluteo intra-muscular 160 mL; left 
 gluteo intra-muscular 150 mL; right gluteo subcutane-
ous space 50 mL; left gluteo subcutaneous space 
60 mL; right subgluteo sulcus 25 mL and left subglu-
teo sulcus 20 mL. Photos taken 1 year after the 
 procedure (Fig. 6.7c, d).

6.4  Autologous Fat Graft as Filler

Autologous fat tissue has been considered as ideal 
filler for soft-tissue augmentation because it is 
 biocompatible, versatile, stable, long-lasting, natural-

appearing, readily available, abundant, inexpensive, 
and can be harvested easily and repeatedly, with mini-
mal trauma to the donor sites. Despite unpredictable 
results, clinical use of autologous fat transfer for soft-
tissue augmentation has increased among plastic sur-
geons. The rising interest in this procedure has 
paralleled the  development and popularity of liposuc-
tion for body contouring. While satisfactory results 
can be achieved in the early postoperative period, 
long-term results may be disappointing for both the 
patient and the surgeon. The most common difficulty 
is the estimation of the resorption rate. Several tech-
niques have been suggested for maximum fat survival 
including atraumatic fat  harvesting technique, cen-
trifugation, graft washing, and addition of growth fac-
tors. However, there is no ideal technique described 
for this purpose. Grafted fat has many attributes of 
ideal filler, but the results, like those of any proce-
dure, are technique dependent. Quantitative evidence 
of clinical fat survivability and predictability of vol-
ume restoration does not exist, yet reports of patient 
satisfaction with this procedure are plenty [19]. Fat 
grafting remains shrouded in the stigma of variable 
results experienced by most plastic surgeons when 
they first graft fat. The need of standardization of 
autologous fat grafting technique needs to be done 
[16]. Although there is no universal agreement on 
what constitutes an ideal methodology, there are some 
proven points that should be taken in to account. No 
statistical differences in adipocyte viability have been 
demonstrated among abdominal fat, thigh fat, flank 
fat, or knee fat donor sites [40]. The donor site can be 
chosen according to the preference of the surgeon and 
the patient. Successful, three-dimensional sculpting 
requires attention to patient preparation, meticulous 
planning, and fastidious photographic evaluation. 
Recent reports have shown that mechanical centrifu-
gation does not appear to enhance immediate fat tis-
sue viability before implantation [33]. An important 
consideration for harvesting and refinement in prepa-
ration for grafting is to respect and maintain the tissue 
architecture of living fat. Any mechanical or chemical 
insult that damages the fragile tissue architecture of 
fat will result in eventual necrosis of the injected fat. 
Recently, it has been reported the preliminary results 
of en bloc fat grafting that has been shown experi-
mentally to have a greater percentage of adipocyte 
survival when compared with blunt cannula delivery 
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techniques. En bloc grafting, however, requires an 
incision for the  harvesting and placement of the fat 
graft with visible scars [13]. Morphometric, as well as 
histopathologic, analyses published recently, revealed 

a statistically significant increase of fat graft survival 
in supramuscular layer (81.95% ± 4.40%) than in 
subcutaneous (41.62% ± 3.29%) and submuscular 
layer (37.31% ± 5.77%). This study demonstrates that 

Fig. 6.6 (a, b) Preoperative photos of a 48-year-old woman requesting facial contour rejuvenation by autologous fat transplantation. 
(c, d) Postoperative photos after facial autologous fat transplantation
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selection of an “appropriate recipient site” should 
enhance ultimate fat-graft survival [18]. Fat is a living 
tissue that must be in close proximity to a nutritional 
and respiratory source to survive. The creation of 
multiple tunnels ensures adequate blood supply of the 
grafted fat. Review of the current literature suggests 
that revascularization may take up to 21 days to reach 
the center of a microfat graft [22]. The fat grafting 
injection should be performed in a retrograde mode, 
in order to avoid intravascular fat injection. Pressure 

should not be applied in the grafted area. Animal 
studies have also documented long-term survival of 
fat grafts up to 5 years, with histologic analysis dem-
onstrating persistent fat survival in biopsy specimens 
[12]. No studies to date though have delineated 
whether the volume augmentation is due to tissue 
fibrosis, adipose survivability and hypertrophy, or 
stem cell proliferation. Further research is needed to 
quantify which, if not all, processes contribute to the 
retained volume.

Fig. 6.7 (a, b) Preoperative 
photos of a 21-year-old 
woman requesting gluteal 
augmentation by autologous 
fat transplantation. (c, d) 
Postoperative photos after 
gluteal augmentation by 
autologous fat 
transplantation
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6.5  Pitfalls in Autologous Fat 
Transplantation

The most common disadvantages observed with 
autologous fat grafting in the face, gluteal area, and 
breast area are edema and echymoses at the donor site 
for 6–10 days and slight bruising at the injected areas 
for 3–5 days [7, 17, 25]. The volume of fat injected in 
secondary procedures is usually considerably less 
than that used at the original procedure. Touch-up 
procedures are usually performed with local anesthe-
sia and have less associated downtime. A waiting 
period of 6 months is generally recommended to 
allow for initial swelling and resorption to subside. 
Autologous fat grafting to the breast is not a simple 
procedure and should be performed by well-trained 
and skilled surgeons. A recent study confirms that 
this procedure is being performed incorrectly by 
untrained and untutored physicians that could result 
in major complications [15, 26]. An extensive litera-
ture review indicated that the major complications 
observed after lipografting of the breast were mainly 
related to technical errors and to the wrong anatomic 
site of harvesting and implantation of the fat [42]. 
The primary complication of breast lipografting is 
the formation of liponecrotic cysts which have char-
acteristically benign appearances in sonography, 
mammography, or MRI [5]. Calcifications in breast 
parenchyma can be also expected after breast fat 
injection and according to a recent study lipofilling 
for breast augmentation should not be performed in 
patients with a family history of breast cancer [4]. 
Fat necrosis, cyst formation, and indurations can be 
seen as in any other surgical manipulation of the 
breast [6, 21]. A spectrum of mammographic findings 
such as parenchymal asymmetrical densities, radiolu-
cent cyst, heterogenicity of the subcutaneous tissues, 
and benign appearing calcifications can be expected 
after autologous fat transplantation to the breast. 
Numerous studies support the idea that  radiologists 
have a high level of confidence in differentiating 
between fat necrosis calcifications after breast sur-
gery and those related to breast cancers [20]. This 
view can be supported by another study that affirms 
that the lipomodeling technique does not affect the 
postoperative follow up of the patients with breast 
cancer and an imaging controlled biopsy is possible 
in case of any doubt [30].

6.6  Stromal Enriched Lipograft (SEL)

Regenerative cell-based strategies such as those 
encompassing the use of stem cells hold tremendous 
promise for augmentation of the soft-tissue space. 
Preclinical studies and early clinical series show that 
adipose-derived stem cells offer the possibility of 
finally fulfilling the key principle of replacing like with 
like as an aesthetic filler, without the drawbacks of 
 current technology [37]. In cell-assisted lipotransfer 
(CAL), autologous adipose-derived stem cells (ADSCs) 
are used in combination with lipoinjection. A stromal 
vascular fraction (SVF) containing ADSCs is freshly 
isolated from half of the aspirated fat and recombined 
with the other half. This process converts relatively 
ADSC-poor aspirated fat to ADSC-rich fat [38]. The 
preliminary results suggest that CAL is effective and 
safe for soft-tissue augmentation and superior to 
 conventional lipoinjection [35]. Another study has 
confirmed that the CAL fat can survive better (35% on 
average) than non-CAL fat, and microvasculature can 
be detected more prominently in CAL fat, especially in 
the outer layers of the fat transfer [38, 40, 41].

6.7  Conclusion

The ideal substance for soft-tissue augmentation still 
eludes physicians, but fat grafting through a blunt 
cannula seems to be the safest of all of the fillers used; 
in the hands of an experienced surgeon, it can provide 
long-lasting, natural-appearing structural changes. In 
the last 30 years, the results of autologous fat trans-
plantation are satisfying and stable on the condition 
that a staged treatment consisting of small quantities 
of adipose tissue fat should be injected in each treat-
ment session. The final expected result should not be 
the aim of a single procedure, in order to prevent 
major complications. With experience, the surgeon 
can predict the amount of volume needed to be grafted 
in order to produce the desired result. Regenerative 
cell-based strategies such as those encompassing the 
use of stem cells hold tremendous promise for aug-
mentation of the soft-tissue space. Preclinical studies 
and early clinical series show that adipose-derived 
stem cells offer the possibility of finally fulfilling the 
key principle of replacing like with like as an  aesthetic 
filler, without the drawbacks of current technology.
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Abbreviations

ASCs Adipose stem/progenitor cells
VECs Vascular endothelial cells
SVF Stromal vascular faction
PDGF Platelet-derived growth factor
EGF Epidermal growth factor
TGF-b Transforming growth factor-b
b-FGF Basic fibroblast growth factor
VEGF Vascular endothelial growth factor
HGF Hepatocyte growth factor
CAL Cell-assisted lipotransfer

7.1  Introduction

Adipose tissue has been considered an organ of energy 
storage, the largest endocrine organ, a soft-tissue filler 
(augmentation by micro-fat grafting), and a cosmeti-
cally unnecessary tissue discarded by liposuction. 
Adipose tissue physiologically turns over very slowly. 
Adipocytes have a life span of 10 years [33]; several 
thousands of adipocytes die and are replaced with new 
adipocytes every second in our body. Adipose progeni-
tor cells responsible for the tissue turnover are fibro-
blast-like cells, which have been referred to as stromal 
vascular cells, adipose stromal cells, or preadipocytes. 
It was found that the cell population contains not only 
monopotent progenitor cells but also multipotent mes-
enchymal cells [51], which are now called adipose 
(-derived) stem cells (ASCs or ADSCs) or adipose-
derived mesenchymal stem cells (AD-MSCs). ASCs 
are regarded as a potent tool for cell-base therapies, 
comparable to bone marrow-derived mesenchymal 
stem cells, because they can be obtained in a large 
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amount through a less invasive approach, liposuction. 
For adipose tissue engineering/regeneration, it is a 
critical point to understand physiological roles and 
functions of ASCs; this population, working together 
with vascular endothelial cells (VECs) and stem/pro-
genitor cells recruited from bone marrow, is a main 
player for adipose tissue engineering, which means 
adipogenesis and angiogenesis.

7.2  Cellular Components  
of Adipose Tissue

Adipose tissue has many cells other than adipocytes, 
though adipocytes constitute more than 90% of adi-
pose tissue volume. Our rough estimation of cellular 
components through flow cytometry and two- and 
three-dimensional histology are as follows: 1 cm3 adi-
pose tissue contains 1 million adipocytes, 1 million 
ASCs, 1 million VECs, and 1 million other cells (adi-
pose-resident macrophages and lymphocytes, peri-
cytes, fibroblasts, etc.) [12, 35]. Every single adipocyte 
has direct contact with a capillary. Adipose tissue has 
a dense network of capillaries, but they run sparsely 
with an interval of 100 mm or more between each other 
because adipocytes are extraordinary large in size such 
as 70–140 mm. ASCs are thought to localize between 
adipocytes (co-localize with capillaries), in the vessel 
walls or in the connective tissue; most of them show 
perivascular localization [3, 9, 41]. Very recently, it 
was discovered in mice that adipocyte progenitor cells 
are present in adipose vasculature [39], but the identity 
between ASCs and vascular pericytes remains to be 
verified. Some studies suggest the existence of a cell 
population localized in the vascular wall (adventitia) 
which can differentiate into vessels [2, 50], and this 
also may be related to ASCs.

Very recently, the existence of another multipotent 
or pluripotent stem cells (multilineage differentiating 
stress enduring cells: muse cells) in human adipose tis-
sue, labeled by SSEA-3, was suggested [18]; they are 
not localized in capillary or vessel walls as known adi-
pose progenitors (ASCs), but in the connective tissue 
near the vessels or between adipocytes very sparsely 
(not published). This finding suggested that there may 
be two types of adipose stem/progenitor cells; multipo-
tent “stem” cells (muse cells) located near (but, outside 
of) larger vessels and adipose “progenitor” cells (cor-
responding to ASCs) located pericapillary (Fig. 7.1).

7.3  Liposuction: Liposuction Aspirates 
and Stromal Vascular Fraction

Liposuction is the most frequently performed cosmetic 
surgery; it was performed approximately 1.6 million 
times worldwide in 2009 (survey of international soci-
ety of aesthetic plastic surgery, http://www.isaps.org/
stats.php). In the surgical procedure, saline with epi-
nephrine (and local anesthesia) is first infiltrated into 
the adipose tissue, which is then aspirated manually or 
with a vacuum machine through a metal cannula with 
a diameter of 2–4 mm. Substantial amount (100 ml to 
several liters) of adipose tissue can be safely suctioned 
with leaving large vascular and neural perforators 
to the skin left intact. The liposuction aspirates has 
two portions; the upper portion (yellow color) is fatty 
 portion containing floating shredded adipose tissue, 
while the infranatant (pink to red color) is fluid portion 
containing infiltrated saline, peripheral blood, and 
 tissue debris sedimented at the bottom [44]. Through 
collagenase digestion of the fatty portion and centrifu-
gations, cellular components other than adipocytes 
are extracted as a cell pellet, which is called stromal 
vascular fraction (SVF) (Fig. 7.2). Adipocytes are 
 disrupted into oil during the process and discarded as 
floating tissue and oil after centrifugation.

ASCs can be clinically used without cell expansion 
if harvested from a large volume of lipoaspirates 
because a sufficient number of cells can be obtained; 
0.1–1 billion nucleate cells can be obtained from 
200 ml of aspirated fat tissue and at least 10% of these 
cells are adipose-derived stromal cells (Fig. 7.2). The 
use of freshly isolated cells likely leads to higher safety 
and efficacy in treatments compared to cells expanded 
by culture; FDA (21 CFR Parts 16, 1,270, and 1,271) 
regards cells cultured even overnight as more-than-
minimally manipulated cells, and cultured ASCs are 
known to show a distinct phenotype to fresh ASCs 
[44]. Some ongoing clinical trials employ freshly 
 isolated SVF, rather than purified or cultured ASCs. 
As the SVF contains other cells such as VECs or 
 macrophages, synergistic effects may be expected.

7.4  Aspirated and Intact Fat Tissue

Aspirated fat tissue (adipose tissue obtained through 
liposuction; the upper portion of liposuction aspirates), 
but not excised (intact) fat tissue, can be used as a 
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material of adipose-tissue grafting (lipoinjection), 
because skin incision is necessary to harvest excised fat 
tissue, which is not acceptable for cosmetic purposes. 
When aspirated, only fragile parts of adipose tissue are 
removed with negative pressure through a small suc-
tion cannula, while honeycomb-like fibrous structures 
(connective tissues, vasculatures, and nerves) remain 
intact in the subcutaneous fatty layer of the donor site 
[48]. We have found aspirated fat tissue contains only a 
half number of ASCs compared to intact fat tissue [20] 
and many adipocytes and capillaries are ruptured and a 
larger number of dead cells are contained in aspirated 
fat tissue [12, 20] (Fig. 7.3). In addition, our recent pre-
liminary assay suggested that multipotent stem cells 
(muse cells) are contained in a much smaller number in 
aspirated adipose tissue than intact tissue. The relative 
deficiency of ASCs in aspirated fat tissue may be due 

to: (1) a substantial portion of ASCs are located around 
large vessels (within tunica adventitia) and left in the 
donor tissue and (2) some ASCs are released into the 
fluid portion of liposuction aspirates [44]. Large-sized 
vessels are located in the fibrous part of the tissue, pres-
ent in intact but not aspirated fat tissue. Thus, aspirated 
fat tissue is regarded as relatively progenitor-poor as 
compared to intact fat tissue [12, 20].

7.5  Cellular Components of SVF

The SVF contains not only adipose tissue-derived cells 
but also peripheral blood-derived cells (leukocytes and 
erythrocytes), because adipose tissue contains some 
circulating blood and liposuction aspirates contain a 
substantial amount of hemorrhage [44]. Most of the 

Master stem cells

Multipotent, undifferentiated
Not used in physiological turnover
Activated upon emergency

Monopotent, committed
Used in physiological turnover
More frequently cycling cells

Lectin (Capillary)
CD34 (ASC)
Hoechst (Nuclei)

Adipocyte

Vessel

Progenitor cells

Fig. 7.1 Master stem cells and progenitor cells residing in adi-
pose tissue. It was established that adipose tissue has progenitor 
cells located perivascularly; they are located in capillaries sup-
porting endothelial cells like pericytes. The identity between the 
progenitor cells and vascular pericytes remains to be verified. 
The adipose progenitor cells work not only in physiological 
turnover but also in incidental remodeling of the tissue such as 
tissue repair after injury. The progenitor cells may be not only 

precursor of adipocytes but also of vascular endothelial cells. 
Recently, another undifferentiated cell population, which may 
be pluripotent stem cells (named, multilineage differentiating 
stress enduring cells; muse cells), was suggested to reside in the 
adipose tissue as well as other tissues. The muse cells may be 
multipotent stem cells contained in a small number in stromal 
vascular fraction obtained from adipose tissue
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contaminated erythrocytes can be disrupted with hypo-
tonic-solution processing. The adipose tissue-derived 
cells are composed of ASCs, VECs, resident mac-
rophages and lymphocytes, and other cells such as vas-
cular pericytes and fibroblasts.

Our study identified freshly isolated ASCs as 
CD31–CD34+CD45–CD90+CD105–CD146– cells, 
but they become CD105+ when plated [44]. VECs 
are identified as CD31+CD34+CD45– cells. Resident 
macrophages are CD14+CD45+CD206+ and can be 
discriminated from circulating monocytes, which are 
CD14+CD45+CD206–. The percentage of periph-
eral blood-derived cells strongly depends on indi-
vidual hemorrhage volume [35]. ASCs can be 
extracted not only from the floating fatty portion but 
also from the fluid portion of liposuction aspirates; 
although the infranatant fluid  portion contains much 

fewer ASCs and many more blood-derived cells [44]. 
In mice, the adipocyte progenitor subpopulation was 
recently identified as Lin–Sca1+CD24+CD29+CD34+ 
cells [30].

Regarding resident hematopoietic cells, many 
remain to be elucidated. We compared CD45+ cells in 
SVF and those in peripheral blood; most of the adi-
pose-resident hematopoietic cells are macrophages 
(CD14+/CD206+) or lymphocytes. Recently, some 
reports suggested that adipose-resident lymphocytes 
are highly associated with adipose dysfunction and 
insulin resistance [27]. On the other hand, there are 
many CD34+ macrophages in human non-obese adi-
pose tissue; they have multipotency including high 
adipogenic capacity and are strongly suggested to be 
involved in adipose-tissue remodeling/repair together 
with ASCs (unpublished data).
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Fig. 7.2 From liposuction to isolation of adipose stem/progenitor 
cells. Fat tissue can be easily harvested in a large volume (>500 ml) 
through liposuction. Liposuction aspirates are composed of two 
parts; floating adipose portion (also called lipoaspirates or aspi-
rated fat tissue) and infranatant fluid portion. Stromal vascular 

fraction (SVF) can be obtained through collagenase digestion of 
the lipoaspirates. SVF contains many blood-derived cells (CD45+) 
and adipose-derived cells (CD45−); the latter is further divided 
into CD31+/CD34+ endothelial cells (ECs), CD31−/CD34+ adi-
pose progenitor cells (ASCs) and CD31−/CD34− other cells
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7.6  Adipose-Derived Stem/Progenitor 
Cells in Adipose-Tissue Repair/
Remodeling

ASCs are thought to be the main proliferating cell pop-
ulation in any types of adipose-tissue remodeling, such 
as developmental growth, hyperplasia in obesity, repair 
processes after injury [37], or tissue expansion induced 
by mechanical forces [16]. These remodeling processes 

are in balance between adipocyte apoptosis/necrosis 
and adipogenesis managed by ASCs; these degenera-
tive and regenerative changes are always accompanied 
by capillary remodeling (Fig. 7.4). Adipose-tissue 
atrophy with age is likely due to a decrease in number 
of ASCs and consequent impaired physiological turn-
over, as is commonly seen in other tissues and organs 
[8, 15].

ASCs have been shown to have angiogenic character-
istics, to release angiogenic factors responding to ischemia 

Aspirated adipose Excised adipose

Fig. 7.3 Comparison of human aspirated and excised (intact) 
fat tissue obtained from a single site of a single patient. 
Macroscopic views (left, top), schematic views (left, middle), 
electron microscopic (right, top, and middle; red scale 
bars = 200 mm, white scale bars = 40 mm), and whole mount 
staining images (bottom; scale bars = 100 mm). The basic struc-
ture of adipose tissue was preserved in the aspirated fat tissue, 

but some adipocytes and capillaries were disrupted. Vascular 
vessels, especially those of large size, were notably less in aspi-
rated fat tissue compared to the excised fat tissue. ASC yield 
from aspirated fat tissue was considerably less (about a half) 
than that from excised fat tissue, suggesting that aspirated adi-
pose tissue is relatively progenitor-poor fat tissue
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[29, 40] or stimulation of growth factors [37], and to 
experimentally differentiate into VECs [7, 20–22]. Thus, 
ASCs are now considered to be bipotent progenitor cells 
for both adipocytes and vascular cells, although the dif-
ferentiation into VECs was not frequently detected in 
in vivo studies [17, 26] and a standard in vitro protocol for 
endothelial differentiation is not yet established. Rather, 
there is a report showing pericytic differentiation likely 
occur more frequently [42].

7.7  Ischemia to Adipose Tissue

Adipose tissue has very high (almost highest) partial 
oxygen tension (pO

2
) among organs. The pO

2
 of adi-

pose tissue is 40–60 mmHg, between that of arterial 
blood (»110 mmHg) and venous blood (»40 mmHg). 

The other organs show lower pO
2
; for example, the 

pO
2
 of brain, spleen, and thymus were reported to 

range from 5 to 20 mmHg [5, 6, 11]. The high pO
2
 of 

adipose tissue likely reflects high density of capillaries 
and low oxygen consumption rate of the tissue. It is 
known that adipose tissue is more vulnerable to isch-
emia than the skin, and necrosis of subcutaneous adi-
pose tissue, known as deep tissue injury, can seriously 
affect the vascularity of overlying skin [4].

It is recently suggested that diabetic adipose tissue is 
relatively ischemic with low-grade chronic inflamma-
tion, which may cause adipose endocrine dysfunction, 
insulin resistance, and metabolic syndrome [28], while 
lipoma tissue were not ischemic probably due to upreg-
ulated angiogenesis [36]. In surgically induced ischemia 
of non-obese mice model, adipose tissue degenerated 
and subsequently remodeled with proliferation of ASCs 

Lectin
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Bodipy
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Atrophy
Aging, Ischmia without recovery
Stem cell deficiency

Developmental growth, Obesity,
Tissue expansion, Lipoma

Expansion

Involvement of
adipose progenitor cells

Fig. 7.4 Balance between cell division and death in adipose tis-
sue. Cells and extracellular matrix in adipose tissue turn over 
with a slow cycle; the average adipocyte life span was recently 
reported to be ~10 years. Adipocytes are being replaced at a 
pace of several thousands per second in our body (60 kg, 20% 
fat). Adipose tissue turnover is on the physiological balance 

between cell growth and apoptosis. In hyperplasia (not hypertro-
phy), adipocyte progenitor cells divide more frequently than 
adipocytes undergo apoptosis. In response to a decrease in pro-
genitor cells such as aging or irradiation, tissue turnover results 
in tissue atrophy. Adipose progenitor cells are involved in 
growth, replacement, or repair processes of adipose tissue
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and ECs [38]; macrophages infiltrated and were involved 
in phagocytosis of dead adipocytes.

Among cellular components of adipose tissue, adi-
pocytes die first under severe ischemia such as 
15 mmHg of pO

2
. When severe ischemia prolongs, 

ECs and blood-derived cells start to die next. In con-
trast, ASCs can stay alive up to 3 days even under 
severe ischemia; rather during the 3 days, they can be 
activated and contributed to the adaptive repairing 
process through adipogenesis and angiogenesis [38] 
(Fig. 7.5).

7.8  Injury to Adipose Tissue

An animal model of ischemia-reperfusion injury (IRI) 
to adipose tissue can simulate acute injury to adipose 
tissue; we examined cellular events during the repair-
ing/remodeling process of injured adipose tissue using 
the mice model [37]. As early as 1 day after IRI, basic 
fibroblast growth factor (bFGF) released into the injured 
adipose tissue and degenerative changes such as adipo-
cyte death were observed. Responding to the injury, 
ASCs proliferated and contributed to the repairing pro-
cess as a predominant proliferating cell population. 
Basic FGF stimulated ASC not only to proliferation but 

also to release hepatocyte growth factor (HGF), a well-
known angiogenic growth factor (Fig. 7.6). Through 
these remodeling processes, the injured adipose tissue 
almost healed at 2 weeks [37].

In clinical injury to adipose tissue, a number of 
soluble factors are sequentially released in the injured 
site. Our study on wound exudates after liposuction 
surgery showed that contained factors in the wound 
exudate are different in each phase of adipose wound 
healing [1]. Basic FGF, PDGF, EGF, and TGFb are 
abundant in the early (coagulation) phase (Day 0–1) of 
wound healing, while VEGF, HGF, IL-8, and MMP-1 
gradually increase up to the late (proliferation) phase 
(Day 5–7). On the other hand, KGF, IL-6, and MMP-8 
peak during the inflammatory phase (Day 2–4).

Based on the results above, we prepared a growth 
factor mixture named adipose injury cocktail (AIC), 
which contains four major growth factors (bFGF, 
PDGF, EGF, and TGFb) in the early phase [13]. AIC 
was experimentally injected into adipose tissue with 
surgically induced ischemia and hypoxic adipose tis-
sue in diabetic mice; AIC promoted angiogenesis and 
improved oxygen tension in both ischemic tissues 
through activating resident ASCs, suggesting that these 
factors may be beneficial in therapeutic use for treat-
ment of ischemic diseases.

< 24h
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Fig. 7.5 Cellular events in ischemic adipose tissue. Severe isch-
emia induces adipocyte death. If it prolongs, vascular endothe-
lial cells also start to die. In contrast, adipose stem/progenitor 
cells can stay alive up to 72 h even under severe conditions; 

 during the 72 h, they are even activated and try to repair the dam-
aged tissue by their regenerative efforts such as proliferation, 
migration, and differentiation, collaborating with infiltrated 
cells
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7.9  Grafting of Aspirated Adipose 
Tissue

Soft-tissue augmentation is performed by grafting 
autologous tissues or artificial materials to correct 
inborn or acquired tissue defects; for example, tissue 
reconstruction after tumor surgery such as mastec-
tomy, or for purely cosmetic purposes such as breast 
augmentation or facial rejuvenation. Non-vascularized 
autologous fat grafting (lipoinjection) is a promising 
option for soft-tissue augmentation because there is no 
associated incisional scarring or complications derived 

from foreign materials. Although many innovative 
efforts and techniques to refine autologous lipoinjec-
tion have been reported, problems such as unpredict-
ability and a low rate of graft survival due to partial 
necrosis remain.

It has not been well documented how adipose grafts 
survive after non-vascularized transplantation (lipoin-
jection) (Fig. 7.6). With lipoinjection, the recipient 
tissue is injured and thus bleeding occurs. The grafted 
non-vascularized adipose tissue is placed under isch-
emia (hypoxia with low nutrition) and is temporarily 
nourished only by diffusion from the surrounding host 
tissue for a few days until direct capillary supply is 

What happens after lipoinjection?
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Fig. 7.6 Cellular and molecular events after adipose-tissue 
grafting. Adipose grafting induces injury in the recipient tissue; 
bleeding from the host tissue activates platelets, which release 
various soluble factors activating sleeping stem/progenitor cells. 
At the same time, transplanted adipose tissue is temporarily 
placed under severe ischemia; basic fibroblast growth factor 
(bFGF) and other factors are released from injured tissue or 
dying cells and stimulates adipose-derived progenitor cells to 
release hepatocyte growth factor (HGF), which promotes angio-
genesis and inhibits fibrogenesis. Tissue injury further induces 

inflammatory cell infiltration and release of inflammatory cytok-
ines. Most of differentiated cells in the graft die, but resident 
stem/progenitor cells are activated or recruited from bone mar-
row of the host. The dead cells are partly replaced with next-
generation cells derived from the stem/progenitor cells after 
successful vascularization. ECM extracellular matrix, PDGF 
platelet derived growth factor, EGF epidermal growth factor, 
TGF-b transforming growth factor-b, SDF-1 stromal derived 
factor-1, S1P sphingosine-1-phosphate, IL interleukin
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formed (Fig. 7.3) [48]. In response to injury, tissue-
bound bFGF, TNF-a and/or transforming growth factor 
(TGF)-b are released from the injured host tissue and 
dying donor tissue [24]. Recently, it was also demon-
strated that epidermal growth factor (EGF) is released 
from apoptotic endothelial cells and activates anti-
apoptotic response in mesenchymal stem cells [32]. In 
response to local bleeding from the host tissue, plate-
let-derived growth factor (PDGF), EGF, and TGF-b 
are released from activated platelets [1]. Inflammatory 
cells such as monocytes and lymphocytes are infil-
trated and inflammatory cytokines such as interleukins 
are secreted. During the repairing process, adipocytes, 
known to be very sensitive to hypoxia, are subject to 
die within 24 h and subsequently endothelial cells start 
to die when the ischemia prolongs; while ASCs are 
likely as resistant to ischemia as bone marrow-derived 
mesenchymal stem cells [38], which can be functional 
up to 72 h under ischemia [25].

Our recent studies showed that almost all adipo-
cytes located deeper than 500 μm from the tissue sur-
face likely die within a short period and some of them 
are replaced with next generation adipocytes [38] 

(Fig. 7.7). Thus, it was suggested that the rate of this 
replacement with next-generation adipocytes deter-
mines the final volume retention of fat grafting. From 
the surface of grafted fat tissue, adipocyte remodeling 
started and progressed slowly toward the center. As 
described before, unlike other differentiated cells, adi-
pose stem/progenitor cells can stay alive up to 72 h 
even under severe conditions such as that after non-
vascularized grafting (ischemia) and rather start to 
proliferate, migrate and differentiate in order to try to 
repair the dying fat tissue. In the case that stem/pro-
genitor cells die due to prolonged severe conditions, 
the area is not properly replaced with new adipocytes 
and rather filled with fibrosis and calcification [10].

Our exchanging fat graft experiment using GFP 
mice and wild-type mice revealed that most of second 
generation adipocytes and vascular structures seen at 
4 weeks were derived from the donor animal, while 
other cells such as endothelial cells, resident hematopoi-
etic cells, and oil-cyst surrounding cells (macrophages) 
are derived from the host animal (Fig. 7.8). Even at 
4 weeks after fat grafting, many adipocytes remained 
dead especially in the central areas, but surprisingly, 
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Fig. 7.7 Summarized schema of adipocyte fate after non-vascu-
larized adipose grafting. Animal experiments of non-vascular-
ized adipose-tissue grafting indicated that almost all adipocytes 
(except for those in the most superficial layers) die within 
2–7 days after adipose-tissue grafting. Some of the dead adipo-
cytes are replaced with new adipocytes of next generation, while 

others are not; in the central area of the graft, even adipose stem/
progenitor cells die and the replacement of new adipocytes fails, 
resulting in scar tissue formation or cyst formation with frequent 
calcifications. The final volume retention after adipose grafting 
is determined by the rate of successful replacement of 
adipocytes



76 K. Yoshimura et al.

the entire volume of grafted fat was sustained because 
dead adipocytes kept their volume as lipid droplets and 
not scavenged by inflammatory cells within a short 
time (Fig. 7.9). This phenomenon has not been detected 
before, because grafted fat did not even temporally 
reduce the size at least macroscopically; the perilipin 
staining, which can label only alive adipocytes enabled 
to clearly discriminate alive and dead adipocytes. 
Thus, we first found that adipose-tissue remodeling 
after non-vascularized grafting was conducted very 
slowly by replacement of new generation donor-
derived adipocytes and finished by 8–12 weeks 
(Fig. 7.7). After finishing the adipose remodeling, 
which means that no more small new adipocytes are 
observed, there are still proliferating cells observed 

depending on the number and amount of oil cysts (non-
yet-scavenged lipid droplets); most of the proliferating 
cells were found to be macrophages (Fig. 7.10). These 
recent findings for non-vascularized fat grafting seem 
to show common cellular events after any type of non-
vascularized tissue grafting including skin graft.

7.10  Supplementation of Adipose 
Progenitor Cells in Micro Fat 
Grafting

As discussed above, aspirated fat tissue has a signifi-
cantly lower progenitor/mature cell ratio [12, 20]. This 
low ASC/adipocyte ratio may be the main reason for 

(Donor)
GFP fat WT mice

(Host) (Donor)
WT fat GFP mice

(Host)

Oil
Cyst

Fig. 7.8 Histology of 
exchanging grafts of adipose 
tissue between GFP and 
wild-type mice. The inguinal 
adipose tissue harvested 
from GFP mice (green) was 
grafted to the subcutis of 
wild-type mice, and vice 
versa. The grafted adipose 
tissue was harvested at 
4 weeks and stained for 
perilipin (alive adipocytes: 
red) and Hoechst (nuclei: 
blue). The histology 
suggested that most alive 
adipocytes, which are 
suggested to be second-
generation adipocytes, are 
derived from the donor 
(graft). On the other hand, 
most of other cells such as 
capillaries and infiltrated 
cells surrounding oil cysts 
are derived from the 
recipient (host)
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3 weeks
Fig. 7.9 Histology of grafted 
adipose tissue at 3 weeks. A 
section of adipose graft at 
3 weeks stained with perilipin 
(alive adipocytes: green) and 
Hoechst (nuclei: blue) 
indicated that many adipocytes 
are dead (perilipin negative), 
which means they are lipid 
droplets (some of the dead 
adipocytes are indicated by 
asterisks). On the other hand, 
small new adipocytes (perilipin 
positive: arrows) are emerging 
to replace the oil droplets. This 
remodeling was progressing 
very slowly; the oil droplets 
stayed for a long time without 
scavenging or absorption and 
thus the adipose graft tissue 
can keep its volume even 
during the remodeling phase. 
This phenomenon cannot be 
detected by H & E staining, 
because it cannot discriminate 
alive adipocytes from dead 
ones

Oil
cyst

Perilipin (alive adipocytes)
Ki67 (proliferating cells)

Fig. 7.10 Histology of grafted adipose 
tissue at 8 weeks. A section of adipose graft 
at 8 weeks stained with perilipin (alive 
adipocytes: green) and Hoechst (nuclei: 
blue) indicated that there are no more small 
new adipocytes (perilipin positive) or dead 
adipocytes (perilipin negative); there remain 
regenerated alive adipocytes and larger oil 
cysts. The oil cysts are surrounded by 
Ki67-positive proliferating cells, which are 
mainly infiltrated macrophages
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long-term atrophy of transplanted adipose tissue, 
because ASCs are supposed to contribute to adipose-
tissue remodeling and subsequent turnover by replac-
ing old adipocytes with next-generation adipocytes 
[48]. Based on the findings and hypothesis, we designed 
a novel therapeutic strategy called cell-assisted lipo-
transfer (CAL) in which progenitor-poor adipose tissue 
was converted to progenitor-enriched one by supple-
menting SVF containing ASCs freshly isolated from 
extra volume of aspirated adipose tissue [20, 46] 
(Fig. 7.11). There are at least three experimental studies 
[19, 20, 23] demonstrating supplementation of adipose 

progenitor cells enhances the volume or weight of sur-
viving adipose tissue. In CAL [20, 43, 46, 47, 49], 
freshly isolated SVF cells are attached to the aspirated 
fat tissue, which acts as a living bioscaffold (Fig. 7.5).

There are four possible roles for ASCs in CAL 
treatment, which were partly confirmed in pre-clinical 
studies [19, 20, 23]. First, ASCs can differentiate into 
adipocytes and contribute to regeneration of adipose 
tissue. Second, ASCs can differentiate into VECs and 
also probably into vascular mural cells [2, 7, 20–22], 
resulting in the promotion of angiogenesis and graft 
survival. Third, ASCs are known to release angiogenic 

Cell-Assisted Lipotransfer (CAL)

Adipose

Adipose

Adipose

Adipose

Fatty
patients

Thin
patients

Centrifuged fat

Centrifuged fat

Centrifuged fat

SVF

SVF

Full-CAL

Mini-CAL

Conventional

Fig. 7.11 Concept of cell-assisted lipotransfer (CAL). The adi-
pose portion (yellow) of liposuction aspirates is centrifuged and 
used as injection material in conventional lipoinjection. In CAL, 
relatively progenitor-poor aspirated fat tissue is converted to 
progenitor-enriched fat tissue by supplementation with the 
stromal vascular fraction (SVF). Freshly isolated (non-cultured) 
SVF cells are attached to the aspirated fat tissue, which acts a 
scaffold in this strategy. The SVF can be obtained from adipose 
and fluid portions of liposuction aspirates. The SVF from the 
adipose portion obtained through collagenase digestion contains 
10–40% of adipose progenitor cells (ASCs) (CD34+ CD31− 
CD45−), some of which have multipotency and can differentiate 
into several lineages in vitro. In mini-CAL, which is used in thin 
patients, only the fluid portion (pink) of the liposuction aspirate 

is used for the isolation of the SVF, while another volume of 
liposuction aspirate is additionally harvested for SVF isolation 
in full-CAL, which is performed in fatty patients. A huge body 
of basic and translational research using adipose-derived stem/
progenitor cells has been conducted and ASCs are currently 
being used in some clinical trials, including treatments for bone 
defects (autologous fresh ASCs) [12], rectovaginal fistula 
(autologous cultured ASCs) [13], graft-versus-host disease 
(non-autologous ASCs) [14], and soft tissue augmentation by 
progenitor-enriched fat tissue grafting (autologous fresh ASCs) 
[15–18]. ASCs have been found to have potential similar to bone 
marrow-derived mesenchymal stem cells and are now of great 
interest as a tool for cell therapies
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growth factors such as hepatocyte growth factor (HGF) 
and stromal cell-derived factor 1 (SDF-1) in response 
to injury, hypoxia, and other conditions [17, 26, 29, 37, 
40] and these factors influence surrounding host tissue. 
The fourth, ASCs survive as undifferentiated ASCs 
and contribute to physiological turnover or incidental 
remodeling in the future [20]. Although adipocyte life 
span is very long (2–10 years) [33, 34], most adipo-
cytes likely die soon after fat grafting and either are 
replaced with new adipocytes derived from ASCs or 
failed in the replacement.

Clinical outcomes over 600 patients have been 
encouraging; average volume retention was superior to 
that of conventional fat grafting, though results were 
relatively variable among patients [43, 46–49]. ASC 
supplementation appeared to minimize adipose atro-
phy after transplantation, because tissue volume reduc-
tion usually seen after 3 months in conventional fat 
grafting was minimal.

In the clinical trial, ectopic fibrogenesis was 
observed in two patients injected with SVF cells as a 
cell suspension separately from fat grafts [45]. In cell-
based therapies using adherent mesenchymal stem 
cells, unfavorable behaviors such as differentiation 
into myofibroblasts have been reported [31]. This pos-
sibility of unexpected behaviors should be taken into 
account even if cells are derived from adult tissue and 
have not been substantially manipulated. It was sug-
gested that ASCs should be adhered to cells, tissue, 
extracellular matrix, or biological scaffold before 
administration to avoid unexpected migration or 
differentiation.

7.11  Stem Cells and Signals  
for Tissue Regeneration

The fate of ASCs, like any other stem cells, is determined 
by microenvironments, which include cell death, ECM 
disruption, bleeding, inflammation, hypoxia, cytokines, 
chemokine, tissue injury, mechanical force, etc. Stem 
cells are usually in a silent state at their niche and pro-
genitor cells are likely the same because adipose tissue is 
slow-cycling. Only upon emergency such as injury, the 
sleeping stem cells are activated and act according to 
commitments from the microenvironment; they may 
reconstruct adipose tissue by differentiating into adipo-
cytes and capillaries, while they may induce fibrosis and/
or calcification under unfavorable conditions.

For therapeutic tissue (re)generation, stem cells and 
signals are two critical requisites. Stem cells are actual 
players for tissue generation, maintenance, and repair, 
while signals (microenvironments) are assignments 
(commitments) to stem cells and stem cells can neither 
be activated nor differentiate without any signals. We 
need to control stem cell fate to avoid unexpected 
behavior of stem cells such as differentiation into 
unwanted direction, regardless that they are resident 
stem cells, recruited stem cells mobilized from bone 
marrow or administered stem cells.

Many efforts have been done to identify specific 
signals useful for (re)generation of each organ, but 
there are few signals established so far for therapeutic 
uses. It was suggested that a dying (apoptotic) cell 
release specific signals to activate stem/progenitor 
cells for providing a new cell to replace the dying cell; 
this is called “compensatory proliferation” [14]. 
Providing a dying cell as a microenvironment, which is 
the target cell type to (re)generate, appears to be safest 
and most reliable way at present to generate tissue, 
because this is the natural way for compensatory 
proliferation.

The balance between the stem cells and signals 
affects the efficiency of the tissue regeneration. In non-
vascularized fat grafting, there are many signals such 
as injury or bleeding, but dying adipocytes seem to be 
crucial signals to induce ASC differentiation into adi-
pogenic lineage; thus dying adipose tissue would be 
the key signal to adipose tissue regeneration after fat 
grafting. If the dying tissue does not contain enough 
stem cells, the tissue regeneration would not be effi-
cient. On the other hand, if only stem cells are trans-
planted, stem cells would not be either activated or 
differentiated sufficiently. So, if the tissue is stem-cell-
deficient in number, it would be reasonable to normal-
ize stem cell density in the tissue by supplementing the 
stem cells.

7.12  Conclusion

Literature regarding ASCs has increased rapidly in 
the last 5 years; ASCs have been used as a potent ther-
apeutic tool and an alternative to bone marrow-derived 
adult stem cells in a variety of translational research. 
A number of clinical trials using freshly isolated or 
cultured ASCs are ongoing in more than ten coun-
tries. Given the physiological functions of ASCs, its 
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homologous use, namely promoting adipogenesis/
angiogenesis, would be the easiest and most promis-
ing way to perform in clinical settings. Identification 
of adipocyte-releasing factors upon apoptosis/necro-
sis would be a breakthrough to step up to the next 
stage for adipose-tissue regeneration. Careful design 
of microenvironment activating ASCs, cell delivery 
protocol to avoid unexpected behavior and induce 
maximal potential of ASCs, and selection of target 
diseases, will be critical to the success of clinical 
applications.
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Storage of Adipose Stem Cells 8

8.1  Introduction

The goal of the alchemists of the sixteenth century was 
the transmutation of common metals into gold and the 
creation of an elixir of life, a remedy that, it was sup-
posed, would cure all diseases and prolong life. The 
dream of transforming a common or less regarded 
material into a very valuable one has been probably 
accomplished by the scientists of the twenty-first cen-
tury with human adipose-derived stem cells or mesen-
chymal stem cells (MSCs).

Stem cells can be stored in bio-banks, intended as 
organized collections of biological samples and their 
related data. They are established in order to contain 
samples with research significance or potential thera-
peutic use [3]. Biological samples stored in bio-banks 
can include organs, tissues, cells of different type, 
body fluids, or recently discovered bioengineered cells. 
Thus, bio-banks represent an important resource for 
identifying the causes and mechanisms of a large num-
ber of diseases. In particular, stem cell bio-banks are 
intended as storage facilities for stem cells of different 
type having a possible future therapeutic application 
[17]. Given the spreading of chronic degenerative dis-
eases and aging demographics, the development of 
efficient approaches for tissue repair is required.  
A vast and growing body of evidence indicates that cell-
based strategies have promising therapeutic potential. 
The goals of stem cell–based medicine are to utilize 
autologous as well as allogeneic natural or bioengi-
neered stem cells to enhance or activate innate healing 
processes in order to supplement repair deficiencies. 
Many stem cell platforms can be stored in bio-banks 
and offer therefore a wide range of potential lineages 
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ranging from pluripotent to oligopotent cytotypes. 
Like bio-banks in general, stem cell bio-banks may be 
operated by public institutions, such as university 
departments, individuals, or private companies. Irres-
pective of the responsible institution, they may get 
funding from public or private sources. Indeed, the 
importance and the role of adipose tissue has been 
greatly revaluated, after the finding that adipose tissue 
is the largest endocrine organ, able to interact with all 
major organs via the production of a wide range of 
hormones and cytokines. Furthermore, many groups 
working independently have shown that adult stem 
cells derived from white adipose tissue can differenti-
ate along multiple pathways raising great hope in 
regenerative medicine as adipose tissue can be an 
abundant source of therapeutic cells. Moreover, human 
MSCs were recently reprogrammed successfully into 
embryonic stem cell-like colonies (induced pluripotent 
stem cell, iPS) faster and more efficiently than adult 
human fibroblasts using the strategy developed by 
Yamanaka and co-workers [25]. These results make 
definitively MSCs as major candidates for tissue-engi-
neering applications.

MSCs cells are also increasingly appreciated in the 
plastic and reconstructive surgical procedures, and in 
tissue-engineering strategies. Currently available 
reconstructive surgery using synthetic materials or 
autologous fat transplants is often unsatisfactory, due 
to the long-term unpredictability of volume mainte-
nance. Transplanted MSCs may overcome the prob-
lems and offer the possibility of fulfilling the key 
principle of replacing like with like. Similar applica-
tions of MSCs are also widely desired for cosmetic 
purposes. So, the use of autologous MSCs clinically 
has been reported across the globe. For example, a 
novel transplantation strategy, termed cell-assisted 
lipo-transfer (CAL), which involves the enrichment of 
MSCs in graft, has been used with promising results 
by Yoshimura and co-workers [29]. In Europe, Rigotti 
and co-workers reported the use of MSCs in 20 patients 
to treat the late side effects of radiotherapy [22].

Due to the increasing importance given to these 
cells it becomes crucial to store MSCs in order to 
use them later in life to repair, substitute, or regener-
ate tissues that could be damaged during the indi-
vidual’s life. There are unfortunately today no such 
bio-banks for adipose tissues that respond to the 
GMP (Good Manufacturing Practices) guidelines 
given by the Authority. In particular, Swissmedic, 

the Swiss authority for medicinal products, has put 
clearly the point of storage into the GMP procedures 
because liquid nitrogen–stored MSCs are effectively 
a drug and by consequence they have to be treated 
exactly as a medicinal product following GMP 
guidelines in order to be used later, when thawed, as 
advanced cell therapy products (ACTPs).

The purpose of this chapter is to show how storage 
of adipose stem cells could be done in the near future 
and what kind of experience has been cumulated in our 
Institute in order to store MSCs safely and usefully for 
later human cell therapies.

8.2  Stem Cell Bio-Banking

Although dramatically successful in some cases, trans-
plant medicine remains an option for a limited number 
of patients mostly because of the shortage of donated 
organs, the epidemic of chronic diseases, and the high 
costs associated with patient transplantation and fol-
low-up. For this reason, alternative solutions to advance 
transplant medicine are strongly needed [19]. Novel 
approaches involving the replacement of the damaged 
tissues with “new” tissues derived from stem cell–
based regeneration are rapidly coming to clinics [20]. 
As they are naturally propagated throughout develop-
ment, stem cells provide the foundation for de novo 
tissue formation. Thus, stem cells are isolated from 
either natural sources or even bioengineered to consti-
tute a large spectrum of progenitor cells with peculiar 
characteristics for different therapeutic repair applica-
tions. In this way, embryonic stem cells, umbilical 
cord–derived stem cells, and adult stem cells, just to 
mention a few, can be really effective. The new frontier 
is then represented by bioengineered stem cells 
obtained by the conversion of somatic donor cells into 
pluripotent progenitors by “therapeutic cloning” and 
nuclear reprogramming (iPS cells) to derive patient-
specific progenitor cells [21]. All these stem cell plat-
forms are currently available for “customized” clinical 
applications. The ability of storing stem cells of differ-
ent types making them available at the right time for 
therapeutic use is nowadays of unquestionable impor-
tance. Thus, stem cell bio-banks are established world-
wide in order to provide high-quality units to transplant 
centers and patients able to receive them. In general, 
stem cell units can be cryopreserved in public and pri-
vate banks.
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Actually, stem cell banks operate under strict guide-
lines. For umbilical cord blood banks, these guidelines 
have been established, released, and continuously reviewed 
by NetCord/FACT (Foundation for the Accreditation 
of Cellular Therapy).

As for existing stem cell bio-banks, adipose-derived 
stem cell bio-banks will follow these guidelines. 
Furthermore, the new legislation operative since July 
2007 in Switzerland states that every ACTP must 
comply with GMP procedures. This implies that 
ACTPs are considered as a matter of fact a drug or a 
medicinal product and must thus be produced follow-
ing these guidelines. In particular, every manipulation 
of cells destined to human therapy has to be accom-
plished in a clean room, a specially designed work 
area, where the laboratories are under a constant con-
trol of a number of parameters like air purity, person-
nel clothing, cleaning procedures, and so on. Bio-banks 
based on adipose-derived stem cells or MSCs will thus 
be considered as GMP facilities or better as cell facto-
ries strictly controlled and authorized by the Country 
Regulatory Offices.

These strict rules represent a high-quality system to 
which a stem cell bank should comply to be accepted as 
a source of transplantable units worldwide. These guide-
lines and pertaining authorities’ inspections guarantee 
standardization of the cellular products derived from a 
donor tissue and comparable quality of the stored units 
for long-term storage and possible subsequent release. 
Clearly, when storing samples in a stem cell bio-bank, 
standard operative procedures must necessarily be 
applied for sample collection, transport, identification, 
processing, storage at the proper temperature, and for 
data collection and processing [17]. In general, what is 
really needed for a stem cell bank to be operative are: 
the implementation of a quality management system to 
make the banking facility function properly in every 
step of its activity; the standardization of procedures, 
and therefore the use of protocols for sample collection, 
transport, processing, testing, and storage and release. 
The standardization will guarantee that all the samples 
will share the same conditions and same quality con-
trols. Then there must be sample traceability, meaning 
proper sample coding and identification; computer man-
agement and paper copies of all applications and the 
processes to which samples and associated data have 
been submitted; employment of qualified personnel 
who will be exclusively dedicated to the different opera-
tions of the bio-bank. Aside from the organizational 

plan and the positive aspects that bio-banks can contrib-
ute, their start-up is not free from difficulties such as a 
big initial investment on new equipment and proper 
instrumentation, hiring qualified personnel, and last but 
not least, organizing space for manipulation and storage 
of samples. This is a huge initial effort. Being aware that 
greater reliability of stem cell bio-banks are essential 
for the success of any transplantation strategy, if a stem 
cell bank adopts the proposed quality standards, this 
should provide clinicians high-quality information and 
properly manipulated and stored units for a safer trans-
plant procedure in therapeutic use.

8.3  Bringing ACTPs to Man: A Strategy

It is widely known that the use of stem cells in cell-
based therapies is increasing worldwide. Despite the 
fact that every country has almost its own rules on this 
issue, cell-based therapies are based on the indivisible 
binomial: clinical research and therapeutic application. 
One goes with the other and vice versa. For this rea-
son, it was most likely a wise choice when it was 
decided in our stem cell bio-bank upon establishment 
that the return of investment obtained by the banking 
activity would then be turned into funding clinical 
research activity, making therefore research self-
funded as in Fig. 8.1 where the working model of 
Swiss Stem Cell Bank is shown. Our private stem cell 
bank was established by a big initial investment’s effort 
in 2005 in Switzerland; a quality management system 
was set up and then the bank ran quite easily and the 

• Core
   business

• Research

• Added
   value

• Growth

Investments

Leadership Consolidation

Evolution

Fig. 8.1 The working model of Swiss Stem Cell Bank. Core 
business funds research which creates an added value and a total 
growth for the bio-banking facility
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income generated by the private storing activity was 
then immediately turned into clinical and applied 
research. Therefore, one of the key modules to have for 
this kind of translation is a research lab connected to 
the banking facility.

This has allowed the starting research on Adipose-
derived MSCs already in 2007, involving the separa-
tion of the stromal vascular fraction (SVF) from 
liposuction samples but also from peri-pericardial adi-
pose tissue coming from operative rooms. The cells 
obtained have been then characterized phenotypic by 
FACS analyses to prove that they are really MSCs and 
they have been cultured for long periods of time in 
flasks to check whether they could grow in culture and 
maintain their original phenotype after many passages 
with a new serum-free culture medium.

All these research projects were necessary to step 
forward from basic research to clinical research where 
patients are involved and as an example, cells must be 
cultivated without animal-derived cell culture media. 
In this regard, we had to develop a serum-free culture 
medium to be able to separate, grow, freeze, and even-
tually thaw cells for clinical use.

The SVF cells are now being investigated for their 
ability to grow on 3D scaffolds for bone and tenocyte 
regeneration.

Thus, the step forward from clinical research to 
clinical application is possible only when particular 
conditions are realized and having set up in collabora-
tion with Cardiocentro Ticino, a clean room producing 
clinical-grade stem cell preparations immediately 
available was strategic for our vision. Actually, ours is 
the only clean room accredited in Switzerland for the 
production of cell therapy products and logistically 
everything is located within the same Institute. Having 
a daily contact between researchers, physicians, and in 
later times engineers, our research projects can move 
easily and directly from applied research to clinics. 
Currently, for example, we are focusing on human 
bone regeneration and cartilage reconstruction and last 
but not least cardiovascular diseases. This is what we 
would call “discovery translation” to clinics. The per-
sonnel composition was also determined not by chance: 
Three groups of people self-connect every day for dis-
cussion. Biologists for the research aspects, physicians 
for clinical ones, and engineers for developments into 
real-world devices, making this group quite heteroge-
neous but unique in its effort to make things clinically 
practical.

8.4  The Cellular Component: 
Mesenchymal Stem Cells (MSCs)

The emergence of regenerative medicine calls for sub-
stantial sources and amounts of stem cells as a first line 
but also for growth factors and biomaterials in driving the 
correct differentiation. A stem cell is defined as a cell that 
can self-renew and differentiate toward multiple tissues. 
Among them bone tissues are the most prominent and 
advanced for cell therapy. Osteoblasts, the precursors of 
osteocytes, can be easily differentiated from MSCs.

Embryonic stem cells isolated from the inner cell 
mass in the blastocyst are totipotent cells and have 
unlimited self-renewal ability [16]. Several experi-
ments in vivo and in vitro have clearly demonstrated 
their ability to differentiate in bone tissues [5, 15]. If 
on the one hand, these cells are very attractive for basic 
research, on the other hand, the predisposition of ani-
mals to develop teratoma raise new concerns on the 
use of these cells in regenerative medicine. Furthermore, 
embryonic stem cells are at the center of a social, ethi-
cal, and political debate. In the last few years, indeed 
we are assisting the development of new strategies 
based on the use of cellular components that could rep-
resent new solutions to the unconformity of the actual 
procedures for bone reconstruction. Whether a particu-
lar cell population will maintain a proliferative capac-
ity or not after isolation from its original tissue is today 
a matter of concern in the scientific community. But 
not only proliferative ability is needed, but also suffi-
cient amount of cells obtained in the isolation proce-
dure keeping the patient on the safe side with easy and 
painless extraction procedures.

For these purposes, researchers are focusing on the 
identification of precursor cell populations in postnatal 
tissues that comply with applications in tissue engineer-
ing. From these efforts, MSCs are coming out as the 
dominant cell population in current translational research 
and in particular in the development of new ACTPs. 
Since adult stem cells reside in adult tissues (adult is 
considered from birth on), they are not concerned with 
ethical or social discussions as embryonic stem cells. 
Furthermore, many new adult tissues have been identi-
fied to hide stem cells within differentiated cells and 
they have been characterized as efficient sources for 
MSCs which include bone marrow, placenta, muscle tis-
sues, adipose tissues, amniotic fluid, skin, cartilage, and 
peripheral blood among others. For this reason, the 
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initial enthusiasm that surrounded MSCs in the first 
years is now flourishing even more in the last 2 years.

Our knowledge of MSCs in stromal tissues arised 40 
years ago. Indeed in 1966, Friedenstein and co-workers 
were the first to describe stromal cells that would be 
identified as MSCs [10]. In this published work, the 
identified cells were defined as having the ability to 
adhere to plastic in cell cultures, to possess a fibroblas-
toid phenotype, and to be able to form colonies. Today, 
MSCs are defined to possess a mesenchymal phenotype 
if they meet the minimal criteria stated by the International 
Society for Cellular Therapy [8]. A picture of MSCs in 
culture is shown in Fig. 8.2, where the adherence to plas-
tic is the main macroscopic characteristic of these cells.

Additionally, it was in this paper that the authors 
hypothesized a potential in the osteogenic differentia-
tion of these MSCs. From this work on, many studies 
have focused on the fine characterization of this prom-
ising population of MSCs, in particular on surface 
antigen expression that better identify these cells.  
A particular positivity was observed for Thy-1 (CD90), 
TGF-beta receptor type III endoglin (CD105), hyaluronic 
acid receptor CD44, integrin alpha-1 subunit CD29, 
CD133, activated leukocite-cell adhesion molecules 
(ALCAM, CD166). In this cell population, common 
hematopoietic markers CD34, CD45, and CD14 are 

Fig. 8.2 MSCs grown at confluence after 7 days in culture at 
100× and 200×. Observe the typical morphologic pattern of 
adherent fibroblast-like cells

CD 105 PE

CD 45 FITC CD 34 PE CD 14 PC5 CD 31 FITC

CD 73 PE CD 44 PE CD 90 PC5

Fig. 8.3 Upper panel shows the presence of antigens on adipose-derived MSCs. Lower panel shows that MSCs are negative for the 
described antigens
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not expressed. In Fig. 8.3 here below antigen expression 
is shown for the principal surface antigens described in 
literature. Positivity is shown for CD105, CD73, CD44, 
and CD90, whereas negativity for CD45, CD34, CD14, 
and CD31 is also shown.

MSCs can thus be obtained from a large number of 
tissues including heart, bone marrow, and adipose tis-
sues among others. In particular, they possess a wide 

spectrum of differentiation including bone tissues, car-
tilage, cardiomyocytes, hepatocytes, and neurons. They 
represent thus a preferential source for use in human 
advanced cell therapies, given the availability of autol-
ogous tissues, in particular adipose tissue, as a source 
of stem cells, their efficacy in the MSCs isolation, and 
their safety if processed in certified structures. Figure 8.4 
shows the adherent cell population derived after cell 
culture of the SVF expanded in vitro and differentiated 
in adipocytes, osteoblasts, and chondrocytes.

8.5  Adipose Tissue as a Source  
of Mesenchymal Stem Cells

Recently adipose tissue has provoked a rise in interest as 
an alternative source, in particular versus bone marrow, 
of MSCs. The mononucleated phase of this tissue, 
named stromal vascular fraction (SVF), was first 
described as a source of adipocyte precursors [14]. 
These cells morphologically are similar to fibroblasts 
and can differentiate into pre-adipocytes and thus gener-
ate in vitro adipose tissue [11]. Despite the proposal of 
other authors that the differentiation of SVF can happen 
only under specific conditions [13], the concept of “adi-
pose-derived stem cell” was introduced for the first time 
in literature in 2001 in Tissue Engineering, where group 
leader Patricia Zuk demonstrated the presence of large 
amounts of MSCs able to differentiate to adipogenic, 
chondrogenic, myogenic, and osteogenic lineages [30]. 
In a further study, the same group reported on the expan-
sion of lipoaspiration-derived MSCs and described the 
expression of surface antigens similar to those reported 
in bone marrow–derived studies. They were indeed pos-
itive for antibodies CD29, CD44, CD71, CD90, and 
CD105 and negative for CD31, CD34, and CD45 [31]. 
Subsequently, Boquest characterized the fresh lipoaspi-
rate-derived MSCs by differentiating CD45 negative, 
CD34 and CD105 positive cells, based on the presence 
of CD31. The same group demonstrated that CD31-
negative cells presented characteristics of MSCs and 
could be expanded in vitro. On the other hand, CD31-
positive cells had endothelial cell-like properties and a 
reduced capacity of in vitro expansion [6]. Pluripotent 
MSCs have been isolated from an adipose tissue sample 
originating from a lipoaspiration [28].

Adipose tissue, as bone marrow tissue, originates 
from the embryonic mesenchima and contains a tissue 
called stroma, that can be easily isolated.

Fig. 8.4 In vitro differentiation of adipose-derived MSCs into 
adipocytes, osteoblasts, and chondrocytes
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Many recent works indicate that MSCs from bone 
marrow, adipose tissue, or cord blood do not show any 
difference in the fibroblastoid morphology, immuno-
phenotype, isolation ability, Colony Forming Unit 
(CFU-F), and differentiation capacity. However, Gimble 
and co-workers [12] suggested that a stem cell useful 
for applications in regenerative medicine should have 
the following characteristics:
 1. Can be found in consistent amounts (millions/bil-

lions of cells)
 2. Can be isolated with relatively noninvasive procedures
 3. Can differentiate in many cell lines in a regular and 

reproducible way
 4. Can be easily transplanted
 5. Can be processed with the actual GMP guidelines 

(Good Manufacturing Practices)
Adipose tissue satisfies all these criteria. Consider 

also that, with the increasing phenomenon of obesity, 
adipose tissue has become abundant and easily acces-
sible and the liposuction technique is a procedure 
that is far less invasive than bone marrow aspiration. 
Generally we can say that this technique produces 
less pain and discomfort in the patient and does not 
represent a pathological condition. Small amounts of 
adipose tissue (100–200 ml) can be easily obtained 
by means of a simple local anesthesia. Furthermore, 
in a single gram of adipose tissue can be found 5,000 
stem cells, namely adipose-derived stem cells 
(ASCs), 500 more abundant than those found in the 
same volume of bone marrow. For this reason, adi-
pose tissue can be considered a rich resource of 
MSCs that can be useful in many different domains 
of application. This cellular population, named SVF, 
can be isolated in big amounts from adipose tissue 
and easily maintained and expanded in culture, show-
ing stable growth and proliferation curves. Figure 8.5 
shows the growth curve of SVF cells as function of 
time in a regular human serum and in our new serum-
free medium.

The processing of adipose tissue is carried out by 
washing initially with sterile PBS the lipoaspirate to 
remove erythrocytes and local anesthetic in excess. 
The fresh tissue is then submitted to enzymatic diges-
tion, a collagenase mixture for 30 min at 37°C to 
release the cellular component from the fibrosis com-
ponent of the tissue. Cells obtained from this process 
can adhere to the plastic and show a fibroblastoid mor-
phology. They can also differentiate to the adipogenic, 
chondrogenic, myogenic, neurogenic, and osteogenic 

cell lines. Following particular conditions of culture, 
these cells show that they are multipotent. Generally, 
they show a duplication time of 2–4 days, following 
the age of the donor, the type of adipose tissue (brown 
or white), and the localization (subcutaneous or vis-
ceral). Furthermore, other conditions have to be taken 
into account, in particular the type of surgery technol-
ogy used, condition of culture, density of plating, and 
the composition of the cell culture medium.

The antigen expression has been widely studied by 
many research groups and, despite different isolation 
techniques, number of cell passages, and culture con-
ditions, the immunophenotypic profiles obtained are 
very similar to those obtained for MSCs from bone 
marrow. Another aspect that has to be considered is 
that MSCs, when in culture, secrete various growth 
factors, like VEGF, HGF, FGF-2, and IGF-1.

The next step in clinical research is now application 
of MSCs to cell therapy in man, where many groups 
are now experimenting or even entering phase I trials 
to transplant scaffolds or matrixes inside which MSCs 
have been cultured and grown. These experiments will 
lead to a number of ACTPs ready to be used in cell 
therapies.

8.6  Storage of Adipose-Derived MSCs

By definition, cryopreservation is the maintenance of 
biological tissues in a living state of suspended ani-
mation at cryogenic temperatures. At a temperature 
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Fig. 8.5 The nucleated cells extracted from the adipose tissue 
(SVF) and put in culture with our serum-free medium need more 
time (roughly a week) to adapt to the new conditions. After this 
period, they grow very well, and after 15 days they reach a den-
sity similar to the one obtained with cells cultured in serum-
containing medium
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of −196°C, that of liquid nitrogen, all chemical reac-
tions, biological processes, and physical intracellular 
and extracellular activities are suspended [4]. At tem-
peratures between 0°C and −25°C, the enzymatic 
activity of cells is only slowed but remains active, 
while below −40°C, there is no more physiochemical 
exchange. For longer preservation times, tempera-
tures must be kept below −130°C. When cells are 
brought from 37°C to −196°C, 95% of intracellular 
water is lost thus increasing intracellular electrolyte 
concentration [7, 23]. Ice formation in the intracellu-
lar spaces can deform and compress cells and even 
destroy them.

Thus, a convenient freezing protocol should take 
into account cellular dehydration, mechanical stress, 
and intracellular crystallization. Freezing speed is 
another important variable in this process, considering 
that when cells are cooled slowly, the flow of water in 
the extracellular space is increased, whereas with higher 
freezing rates, diffusion of water is relatively slow. To 
partially solve this complex problem, cryoprotective 
substances help in protecting the cells during the pro-
cess of cryopreservation. Cryoprotectors protect cellu-
lar proteins from denaturation [2, 26], in particular 
those of the plasma membrane by DMSO, through elec-
trostatic interactions [1]. It is accepted that the presence 
of high concentration of cryoprotectors like DMSO 
considerably reduces nucleation and aggregation of 
crystals that can increase the number of cell deaths in 
the process, whereas the same high concentration may 
induce cellular lesion via direct toxic effects [9]. This 
risk can be limited by reducing the time of exposure of 
cells to cryoprotectors at ambient temperatures.

Only a few studies have examined the role of frozen 
storage of adipose tissue. One of them was described 
as a domestic −18°C storage of adipose tissue for 
2 weeks. Injection of fat tissue in nude mice demon-
strated the survival of this tissue as compared to a con-
trol group of non-frozen tissue [24]. A simple freezing 
technique was used recently by storing fat tissues at 
−196°C in liquid nitrogen for up to 8 days demonstrat-
ing a good maintenance of mitochondrial metabolic 
activity in the frozen grafts [18]. Remarkably, in both 
experiments, fat tissue samples were frozen without 
the addition of a cryoprotective agent. Another study 
reported the use of a cryoprotective agent to better save 
and keep viable tissues after thawing [27]. Nevertheless, 
one has to consider that adipose tissue is the source of 
MSCs and these cells are responsible for the biological 

effect that we attribute to them concerning regenera-
tive medicine. Thus, we could consider to store only 
the adipose-derived stromal vascular fraction (SVF) 
by isolating it from the carrier tissue. Indeed, the vast 
majority of studies report the separation, growth, and 
differentiation of the SVF and all clinical trials to date 
using adipose-derived MSCs have been designed on 
this particular fraction, inside which a large number of 
stem cells have been found. As reported above, the 
adipose-derived MSCs are pluripotent and can thus 
give rise to many target tissues, like bone, tendons, 
cartilages, heart, and nerves, opening the door to real-
world Advanced Therapy Products that, in a first time, 
will be autologous-based but could in the near future 
be engineered to everyone’s need.

One main obstacle related to the application of stan-
dardized protocols with ACTPs is legal, and the 
European and Swiss regulatory instances are develop-
ing new criteria to better control this new and expand-
ing field. In particular, Swissmedic, the regulatory 
body for Switzerland, has clearly put the obstacle at a 
very high quality expectation. Indeed, all processes 
relating adipose-derived SVF have to be completed 
under GMP (Good Manufacturing Practice) guidelines 
practically meaning that transport, separation, and 
freezing of cells have to be performed in a clean room. 
(for more details, see http://www.swissmedic.ch/
produktbereiche/00451/00466/index.html?lang=it). 
Advanced Cell Therapy products will thus need clean 
rooms or cell factories for their practical application in 
patients.

The rationale behind this is that if ACTPs are con-
sidered as drugs, they also have to be produced as 
drugs, and since July 2007, they are indeed to be 
considered as drugs. For storage purposes, this 
implies that the freezing procedure has also to be 
performed in GMP and, as a consequence, the final 
liquid nitrogen storage, has to be qualified in GMP. 
The first consequence is that a cell factory must vali-
date every protocol or product entering the facility 
before being able to process, store, and eventually 
release an ACTP.

To this aim, we designed and validated a protocol to 
extract and freeze SVF stem cells from liposuction 
adipose tissues. During this process, the following 
steps have been evaluated and performed:
 1. SVF characterization
 2. Freezing procedures and storage
 3. Thawing of cells and characterization
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Here below we describe the procedures and results 
of these procedures and the final evaluation of SVF-
derived stem cells for their potential use as ACTPs.
 1. SVF characterization

A sterile syringe containing 50 g of adipose tissue 
coming from the operating room was used as a device to 
collect and transport liposuction samples. Isolation of 
SVF from 3 liposuction samples was immediately per-
formed in sterile conditions by washing 2 times the 
sample in sterile PBS with Calcium and Magnesium. 
Washed adipose tissue was then digested with a colla-
genase cocktail 30 min at 37°C under agitation. PBS 
was then added again to further wash the sample and 
after phase separation (lipophilic and hydrophilic), the 
hydrophilic part of the sample was collected in a sterile 
50-ml tube. The digested sample was centrifuged at 
15°C, 400 g for 5 min and the pellet (SVF) was washed 
again two times with PBS. Stromal vascular fraction 
was re-suspended in 5% human albumin. The following 
parameters were analyzed before freezing the sample:

Number of cells/g of tissue•	
Ability of CFU-F formation (%) expressed as colo-•	
nies number over the total cell counted
Figure 8.6 shows a picture of CFU-F colonies after 

7 days in culture. Cells are then counted by eye and 

number of CFU-F colonies is calculated over the total 
number of cells in the SVF.
 2. Freezing procedures and storage

After counting the fresh SVF, a fixed number of 
cells were frozen (see Table 8.1), by keeping the re-
suspended SVF at 4°C under sterile conditions and 
slowly adding 2.5 mL of DMSO in a 25-ml cryobag 
and put overnight at −80°C. The bag was then trans-
ferred in a vapor liquid nitrogen tank for 2 days.
 3. Thawing and characterization of cells

Cells were thawed by putting immediately the fro-
zen bag at 37°C for 3–5 min, re-suspended, and put in 
culture for further characterization. Alive cells after 
thawing were counted by Trypan Blue exclusion. Since 
the first criteria for identification of mesenchymal stem 
cells is adherence to plastic, cells were then plated on 
Petri dishes. Table 8.1 shows the results of the three 
analyzed samples.

Overall, our experience shows that the SVF can be 
easily frozen following standard conditions for cell 
freezing. The yield after the procedure is comparable 
to other cell freezing procedures and can thus be safely 
used for banking purposes.

Of course, the results of these experiments need fur-
ther investigations and we are actively working on the 

Sample
number

1 50 g 36000 63 1/79

1/29

1/156

171

32

25000

10000

50 g

50 g

2

3

Sample
weight

Number of
cells/g in the

SVF

CFU-F (5000
cells plated)

% of
CFU-F

Fig. 8.6 Picture of a CFU-F plate for colony counting and table for number of cells extracted per gram of tissue and enumeration of 
CFU-F

Table 8.1 Results of the freezing/thawing procedure on three SVF samples

Sample no. No. of cells frozen Alive cells after thawing 
(Trypan blue)

% of cell loss Number of adherent cells 
after thawing

1 670,000 530,000 18 300,000
2 650,000 500,000 24 280,000
3 650,000 500,000 24 300,000
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validation of many other adipose tissue samples, but the 
amount of adipose tissue (50–100 g), the isolation pro-
tocols, and the freezing and thawing protocols estab-
lished in our Institute demonstrate that adipose-derived 
mesenchymal stem cells can be treated as many other 
cell types with respect to these procedures and represent 
a useful source of material to proceed to the next step in 
this domain, expansion for advanced cell therapies.
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Engineered Scaffolds and Matrices: 
Tailored Biomaterials for Adipose  
Stem Cell Engineering

9

9.1  Introduction

Tissue-engineering methods are continually being 
investigated for reconstruction of soft-tissue defects 
[2, 14, 24, 26]. Many patients opting to undergo a soft-
tissue reconstruction procedure are breast cancer 
patients; breast cancer is the second most prevalent 
cancer in the United States [22]. Although the princi-
ples in this chapter may be applied to a range of soft 
and hard tissue applications, the focus for the purpose 
of this discussion will center on breast reconstruction. 
Breast cancer treatments include surgeries (lumpecto-
mies or mastectomies) and/or therapeutic treatments 
(radiation, chemotherapy, immunotherapy, or hor-
mone therapy) [22]. Over 20% of U.S. breast cancer 
mastectomy patients will undergo subsequent breast 
reconstruction [1]. Breast reconstruction procedures 
offer an aesthetic rather than functional breast replace-
ment. Current breast reconstruction options include 
soft-tissue transplant, tissue flaps, and implants. Due 
to the negative side effects associated with these 
reconstruction options, new alternatives must be 
developed.

Adipose tissue is a component of breast tissue that 
is removed during a mastectomy. Stem cells, preadipo-
cytes, and adipocytes have been used as fillers in the 
replacement of excised tissue [13, 24, 26]. Several 
strategies have been investigated to engineer adipose 
tissue using biomaterials or cells [13]. The long-term 
objective is to develop normal, healthy tissue that will 
integrate with native tissue and will not require follow-
up surgery or treatment in the long-term. Toward this 
end, tissue-engineering strategies combining cells and 
biomaterials have also been scrutinized. The traditional 
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tissue-engineering concept is focused on combining 
healthy patient cells on/in a biomaterial scaffold that is 
designed to provide physicochemical and mechanical 
cues to the cells [17]. The scaffold is designed to be 
degradable so that it is absorbed as the cells grow and 
form tissue. Research has focused on seeding cells in a 
laboratory setting and cultivating the cellular scaffolds 
in that setting; this preparatory step is thought as nec-
essary prior to implantation. The realities of the clinic 
suggest that, although this approach may be scientifi-
cally optimal, it is far more logistically appealing from 
a clinical and regulatory perspective, to retrieve cells 
in the operating room, combine them with a material 
on site, and immediately implant the cellular material.

Hence, for a clinically relevant approach to be suc-
cessful, far more emphasis must be placed on design-
ing the implant to be tunable to meet the needs of a 
particular host-tissue environment. Soft tissue is com-
prised of many cell types, including adipocytes, stem 
cells, pre-adipocytes, as well as vascular cells. The 
complex signaling in the cellular microenvironment is 
impossible to replicate in a single cell system; hence, 
traditional tissue-engineering approaches, where one 
specific parenchymal cell type is isolated, likely add 
unnecessary processing and handling challenges and 
do not provide the necessary microenvironmental 
stromal cues to allow normal tissue development. The 
traditional approach has largely presented the biomate-
rial as a relatively independent “scaffold” or housing 
complex for cells, rather than an interactive, dynamic, 
tailorable part of an implant that can be designed to 
drive cellular behaviors.

9.2  Injectable Composite: A Tailorable 
Biomaterials System

Accordingly, one approach is to combine an injectable 
composite system with a mix of cells taken from the 
patient [6]. By definition, a composite consists of mul-
tiple components that can be configured in a wide range 
of manners to meet a wide range of clinical needs. The 
composite system consists of cells loaded on absorb-
able beads distributed in a degradable hydrogel carrier 
that will be injected at the defect sight (Fig. 9.1). 
Assuming the implanted cells are derived from an adi-
pose depot, the implanted cells are a mix of mature and 
immature, undifferentiated cells; hence, the biomate-
rial can be designed to modulate a host of cellular 

behaviors. Preadipocytes are committed to the adipose 
tissue lineage through differentiation, which can be 
induced in laboratory culture using dexamethasone, 
insulin, and 3-isobutyl-1-methylxanthine (IBMX) and 
which can be induced in vivo through cellular signaling 
and/or biomaterial stimulation in the host microenvi-
ronment. Through a series of cellular and nuclear 
events, these inducers cause phenotype changes within 
the cell, producing a mature adipocyte.

Stem cells, preadipocytes, and adipocytes are anchor-
age-dependent cells and must be seeded on mechani-
cally appropriate substrates for cell proliferation and 
differentiation to occur [2, 13]. Hence, a composite 
material containing absorbable beads can provide the 
appropriate environment for mechano transduction by 
anchorage-dependent cells, which the typical soft, gelat-
inous material simply cannot provide. We have shown, 
for example, that mesenchymal stem cells will remain 
viable in collagen gels, but will not differentiate, even in 
the presence of adipocytic inducers, whereas once 
seeded on collagen beads of similar chemistry and in 
culture with adipocyte cocktail, these cells will differen-
tiate, expressing the aP2 gene, indicative of mature fat. 
The composite format allows adjustment to different 
applications (e.g., orthopedic to soft-tissue applications) 

Hydrogel Carrier Cellular Beads

Fig. 9.1 The injectable tissue-engineered composite is modular 
and may be tuned to suit a particular application
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as well as to specific needs of a particular patient. For 
example, a mix of beads may be used to allow loading 
of cells as well as encapsulation of therapies, also to 
allow timed and/or gradual degradation of beads and 
correlated mass loss. Bead chemistry may be selected to 
suit the specific need – e.g., cell affinity, drug release – 
and the ratio of bead chemistries in a given composite 
may be selected to suit the situation.

An injectable composite is a minimally invasive 
solution, and has the added advantage of conforming 
to the geometric variations of a range of defects, where 
no two defects will have exactly the same geometries. 
The viscosity of the delivery carrier may similarly be 
selected to suit the need – long or short-term retention 
in the defect, release of therapeutic, etc. First and fore-
most, however, the carrier plays a very important role 
in delivering the cellular beads from a syringe to a 
defect site. Without the carrier, the beads would be 
compressed upon delivery, and difficult to impossible 
to inject, depending on the particular bead characteris-
tics. A higher viscosity gel is beneficial, for example, 
in maintaining separation between the beads and 
allowing good distribution of cellular components 
upon implantation. One of the major limiting factors in 
soft-tissue engineering is the inability to vascularize an 
implant. Again, an injectable composite provides a 
distinct advantage as small volumes may be injected 
serially over time to allow the development of vascu-
larity. Additionally, vascular enhancing factors may be 
added to the composite, either to the bead or carrier 
component, to enhance development of vascularity. 
The carrier provides paths of least resistance for infil-
trating cells and transport of nutrients and waste so the 
problems of necrosis and avascularity associated with 
bulk, continuous cellular scaffolds are averted. Overall, 
the composite design allows the implant to be tuned 
most appropriately to the particular circumstance; it is 
a  so-called platform technology.

9.3  Using Bead Chemistry and 
Morphology to Drive Cellular 
Behaviors

In a proof-of-concept case study, cellular attachment, 
proliferation, and differentiation were assessed on bio-
materials of varying textures and surface chemistry to 
demonstrate the ability of surface chemistry and topog-
raphy in guiding cellular behavior. The purpose to the 

case study was to highlight the potential of material 
selection and design in a modular composite design 
and not to promote specific materials. Specifically, two 
synthetic materials and one naturally derived material, 
that is, polylactide (PL) beads, gelatin beads, and poly-
styrene flat cell culture surfaces, were examined. 
Polystyrene is a conventional material used in 2-D cell 
culture and thus serves as an excellent control mate-
rial. Polylactide has widely been studied, has tunable 
physiochemical properties, and has been approved for 
specific use in human medicine [18]. Gelatin is com-
monly used as a support structure for cells and to 
expand chondrocytes in vitro [20].

Gelatin and PL beads were prepared, the latter using 
a water–oil emulsion process with subsequent hydro-
lysis in ethanol. Mouse 3T3-L1 preadipocytes were 
seeded at a density of 3 × 105 cells/100 mL of scaffolds, 
for gelatin beads and PL beads, and on polystyrene con-
trol plates. A differentiation medium, including dex-
amethasome, insulin, and IBMX was added on Day 4 
to half of the wells, the other half remained inducer-
free, and all samples were cultured for 18 days.

Scanning electron microscopy (SEM) results show 
the cellular attachment to the PL and gelatin beads 
after 18 days in culture (Fig. 9.2) and highlight the 
very different surface topologies. Differential scan-
ning calorimetry results indicate that the as-received 
polylactide was amorphous. The beads that were 
hydrolyzed and the ones that were maintained in cul-
ture did not have uniform melting temperatures, but 
rather a range of melting temperatures (115–190°C). 
The calculated percent crystallinity for the hydrolyzed 
and cultured scaffolds ranged from 1.24 ± 0.02% to 
2.12 ± 0.06%. Gel-permeation chromatography results 
(Fig. 9.3) indicate that the weight average molecular 
weight of the as-received PL pellet decreased after 
hydrolysis and decreased furthermore after 18 days in 
culture. The results emphasize a larger message, that 
is, that the PL characteristics can be readily modified 
by design, and small changes in crystallinity and/or 
molecular weight can have a pronounced effect on 
 cellular behavior.

Cumulative increases in lactic acid and glucose in 
the medium indicated that the cells were metabolically 
active. The difference in lactic acid measurements 
between Day 2 and Day 18 were significant for cells 
on all scaffolds or surfaces. The difference in glucose 
measurements between Day 2 and Day 18 was also 
significant for the cells on all scaffolds or surfaces.
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Fig. 9.2 SEM image of PL bead surface (left, 400×) and gelatin bead surface (right, 450×) after 18 days in culture

Histology results implied that cells seeded on the 
PL beads did not form a confluent layer around the 
circumference of the beads by Day 4, whereas at this 
time point, the gelatin beads were completely cov-
ered by the cells, which appeared to have grown in 

multiple layers on the beads. By Day 18, the cells 
cultured on PL beads in the absence of differentia-
tion inducers were present on the beads, but appeared 
to be  beginning to detach. The cells cultured on PL 
beads in the differentiation medium did not appear 
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to be attached to the PL beads at this time point. The 
cells seeded on the gelatin beads cultured with or 
without differentiation medium for 18 days remained 
attached to the scaffolds and grew into the porous 
structures. In contrast, live/dead images illustrate that 
both the PL and gelatin beads had nearly 100% cel-
lular coverage by Day 4. The number of cells cultured 
in the absence of differentiation inducers on the PL 
beads, after 18 days, appear to be less than that at Day 
4; there was clearly an increase in the presence of 
dead cells after 18 days of culture. By Day 18, there 
was also an increase in dead cells in the PL samples 
cultured in the differentiation medium. The cells 
cultured on the gelatin beads in both mediums had 
mostly live cells, and there was no evidence of cel-
lular detachment. The differences between histology 
and microscopy results are to be expected given the 
more extensive handling required during histological 
processing [16].

Cells seeded on polystyrene control plates stained 
with Oil Red O [9], indicating lipid was present in these 
cells. By Day 4, minimal lipid was evident (Fig. 9.4), but 
by Day 18, the cells cultured without differentiation 
inducers had approximately 1% lipid surface area cover-
age (Fig. 9.4). By Day 18, the cells cultured in the dif-
ferentiation medium had approximately 18% lipid 
surface area coverage (Fig. 9.4).

Although chemistry effects were not isolated from 
spatial effects (2-D vs. 3-D cultures), the results from 
these and other studies strongly suggest that information 
gleaned from 2-D culture systems may be radically dif-
ferent from results obtained from 3-D systems of similar 
chemistry. Hence, if one is attempting to predict in vivo 
behavior, the in vitro biomaterials system must be 
designed accordingly. The cells cultured on the gelatin 
beads in the differentiation medium produced more 
triglyceride than the other cell populations cultured in 
the differentiation medium [31]. Cells seeded on the 
gelatin beads with differentiation inducers produced 
142.5 ± 16.3 mM triglycerides by Day 18, whereas cells 
seeded on the 2-D surface cultured in the differentiation 
medium produced 39.0 ± 26.5 mM of triglycerides, and 
the cells cultured in the differentiation medium seeded 
on PL beads produced 29.8 ± 20.9 mM of triglycerides. 
The concentration of triglycerides produced by cells 
cultured in the differentiation medium on the gelatin 
scaffolds was significantly different (p < 0.05) from the 
concentrations of triglycerides produced by cells cul-
tured in the differentiation medium seeded on the PL 

microspheres and the 2-D surfaces. These results empha-
size the importance of biomaterial physicochemical 
specifications in defining the cellular path. The lower 

Fig. 9.4 Oil Red O staining. Cells cultured in absence of differ-
entiation inducers on a 2-D surface at Day 4 (top), cells cultured 
for 18 days in absence of differentiation inducer (bottom, left) and 
cells cultured for 18 days in presence of differentiation medium 
(bottom, right), 32× objective
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density of cells on PL beads indicated by histology is 
very likely an artifact of processing. Nonetheless, the 
results point to the fragile interface between the cells 
and the PL beads, a point that is important but not read-
ily apparent via live/dead imaging.

Using a Pico Green® assay, it was determined that 
approximately 300,000 cells were seeded in each well 
containing beads at the beginning of the study, but by 
Day 4, there were less than 150,000 cells per bead type 
indicating that less than 50% of the seeded cells 
attached to the bead surfaces. The results indicate that 
the attached cells increased in number during the 
18 day culture period. Statistical analysis revealed that 
the cell number for the cells seeded on the gelatin 
beads with or without differentiation inducers was sig-
nificantly different (p < 0.05) from the number of cells 
attached to the PL beads in both media.

Reverse transcriptase polymerase chain reaction 
(RT-PCR) was performed to determine at what time-
point cells expressed aP-2 after seeding onto 3-D sub-
strates, and what additional selected preadipocyte and/
or adipocyte genes were expressed in this timeframe. 
The preadipocyte primer selected for use was mouse 
growth arrest and DNA-damage inducible protein 153 
(GADD 153) [11]. The adipocyte primers used were 
mouse peroxisome proliferator activator receptor gamma 
(PPAR-g) [10] and mouse adipocyte-specific fatty-acid-
binding protein 2 (aP-2) [25]. Mouse beta-actin served 
as the control gene. Semi-quantitative results were deter-
mined from band intensity using a Kodak gel imaging 
system. The band intensity of each sample was normal-
ized to the corresponding b-actin band intensity to 
obtain the relative level of gene expression.

RT-PCR results indicate that on Day 10 of culture, 
the cell populations seeded on the PL beads without the 
addition of differentiation inducers expressed b-actin 
and GADD 153. The cells cultured in the differentia-
tion medium on the PL beads expressed GADD 153, 
b-actin, PPAR-g, and aP-2. On Day 18, the cells cul-
tured in the absence of differentiation inducers on the 
PL beads expressed GADD 153, aP-2, and b-actin, 
while at this time point, the cells cultured in the dif-
ferentiation medium expressed b-actin, PPAR-g, and 
aP-2. The cells seeded on the gelatin beads with or 
without differentiation inducers expressed GADD 
153, b-actin, PPAR-g, and aP-2, that is, all the genes 
targeted, by the earlier time point of Day 10. The cells 
cultured on polystyrene without differentiation induc-
ers expressed GADD 153, b-actin, and PPAR-g on 

Day 10, while the cells cultured in the differentiation 
medium on polystyrene expressed all four genes of 
interest by Day 10. On Day 18, the cells cultured on 
polystyrene without differentiation inducers expressed 
GADD 153, b-actin, and PPAR-g but still did not 
express aP-2.

9.4  Driving Cellular Behaviors:  
How and Why?

The objective of this proof-of-concept case study was 
to differentiate and assess the behavior and gene 
expression of preadipocytes cultured on scaffolds of 
differing surface textures and chemistries. The scaf-
folds used were gelatin beads and PL beads and they 
were compared to control scaffolds of polystyrene. As 
expected, the scaffold material and/or surface topogra-
phy influenced cellular attachment and behavior. The 
preadipocytes cultured on the gelatin beads, for exam-
ple, were able to continue proliferating, remain 
attached to the scaffold for the entire culture period, 
produce more triglycerides, and yield more viable cells 
than dead cells as compared to the preadipocytes cul-
tured on the PL beads.

The significant increases between Day 2 and Day 
18 in lactic acid suggest that the cells were metaboli-
cally active, but these measurements alone are not 
able to indicate specific changes in cellular behavior, 
distinguishing differentiation from proliferation. The 
cells on the PL beads and polystyrene, cultured in the 
presence of differentiation medium, did not have a 
significant increase in lactic acid over the course of 
the study. The significant changes in glucose between 
Day 2 and Day 18 suggest that the cells were taking 
in a larger amount of glucose, likely due to cell divi-
sion, as suggested by results from the other assays. 
Indeed, when preadipocytes begin to differentiate, 
these cells accumulate triglycerides [30]. The triglyc-
eride results show that the cells cultured in differen-
tiation medium on the gelatin scaffolds produced a 
significantly greater triglyceride concentration than 
cells cultured in the same medium on PL beads and 
the 2-D surfaces by Day 18. These results indicate 
that the cells on the gelatin beads were in the begin-
ning stages of differentiation.

The Pico Green® results indicate that the cell num-
ber increased during the entire culture period regard-
less of medium. The increase in cell number suggests 
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that even though most cells were differentiating, others 
were still in the proliferation stages, signifying that the 
cell populations were heterogeneous. The results for 
Pico Green® also show a 2.5-fold increase in cell num-
ber on PL beads while the gelatin beads had a 2.2-fold 
increase. Cells attached readily to the gelatin beads 
and were able to differentiate; therefore, less cells 
likely proliferated. The cells on the PL beads bound by 
non-specific attachment and were therefore slower to 
proliferate; the less involved attachment likely allowed 
the extended proliferation phase. Cellular affinity for 
the gelatin beads, as compared with the PL beads stems 
from both the differences in surface texture and sur-
face chemistry. For example, the gelatin beads are 
porous, increasing the surface area for cellular attach-
ment and permitting more cellular attachment per bead 
[20]. Surface roughness has also been reported to 
increase cellular attachment [19, 29]. The PL beads 
initially had a smooth surface, but were hydrolyzed to 
create a rough surface to promote cellular attachment. 
The change in the surface of these beads evidently was 
not significant enough to allow the cells to stop prolif-
erating and start differentiating.

Surface chemistry is another reason for the differ-
ence in cell number on the two scaffolds. Gelatin, 
which is denatured collagen, is a natural biomaterial 
that allows cells to naturally attach to its surface. PL is 
a synthetic biomaterial and does not have functional 
groups on the surface to encourage cell attachment. 
Cells are able to attach to the PL bead surfaces because 
serum added to the medium coats the surface of the 
beads, just as they would be coated in the body. The 
serum in the medium coats the PL surface, and  
the cells attach to the hydrophilic coating rather than to 
the PL hydrophobic surface [5, 12].

The results indicate that the cell population seeded 
on the gelatin beads are producing lipid, have pheno-
type characteristics of mature adipocytes, and are the 
better scaffold choice for supporting cellular prolifera-
tion and differentiation. GADD 153 is a growth arrest 
gene that is expressed during the cell’s exit from pro-
liferation and entry into differentiation. Tang and Lane 
report that GADD 153 is expressed during growth 
arrest in preadipocytes and down-regulated thereafter 
[28]. GADD 153 has been reported as being down-
regulated as preadipocytes enter the differentiation 
cycle [7, 11]. However, Shugart and coworkers suggest 
that cells committed to a particular lineage continue to 
proliferate but at a much slower rate [27]. Darlington 

and coworkers propose similar findings to Shugart 
and coworkers. Darlington and coworkers suggest that 
GADD 153 is suppressed during clonal expansion pre-
ceding differentiation, but that GADD 153 is then ele-
vated on Day 4 of differentiation and remains elevated 
throughout differentiation [8]. Our results suggest that 
GADD 153 is expressed throughout differentiation, 
which support findings by Darlington and coworkers.

9.5  The Biomaterial: An Interactive, 
Dynamic Tissue-Engineering Tool

The results from these types of case studies will serve 
in selecting bead chemistries and morphologies for 
specific clinical applications. The beads tested could 
be of use in the injectable composite system. The 
results suggest that the gelatin beads and perhaps other 
select scaffolds made from natural materials with 
porous structures are optimal for stem cell and/or pre-
adipocyte attachment and differentiation. Both scaf-
fold types tested had varying diameters; the gelatin 
beads are prefabricated with a diameter that can be 
ejected through a 14-gauge needle and the PL scaf-
folds can be constructed with a smaller diameter by 
varying the design parameters. Differentiation of the 
cells on the PL scaffolds could be enhanced by creat-
ing a rougher surface or by introducing pores into the 
scaffold structure, or by absorbing a natural polymer to 
the surface. Alternatively, PL may simply be better 
suited for other functions in the injectable composite, 
such as drug delivery or maintenance of volume, for 
example, avoiding fast biomaterial absorption and sub-
sequent development of scar tissue.

Indeed, although the cells did not remain attached 
to the PL beads for the entire culture period or appear 
to grow to confluence on the scaffolds, the PL beads 
may serve other purposes in the injectable scaffold 
system. The fabrication, storage, cellular response, tis-
sue reaction, and degradation of PL scaffolds has been 
investigated by many researchers and is well documented 
[3, 4,  12, 15, 21, 23]. The degradation of these scaffolds 
can be controlled based on scaffold design parameters. 
That is, the PL beads may be used as drug delivery 
agents or for structural support in the injectable sys-
tem, with gelatin or other beads being used as cell car-
riers. PL scaffolds may be better used in the injectable 
scaffold system as acellular support structures coupled 
with the cellular gelatin microspheres. The gelatin 
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scaffolds show more promise for use in the injectable 
composite system as cellular support devices than the 
PL scaffolds for an 18-day culture period. Cells seeded 
on the gelatin microspheres were more proliferative 
and produced more triglycerides than those seeded on 
the PL microspheres. Both scaffolds can be used in 
combination to form an injectable composite system, 
the PL microspheres serving as a drug delivery vehicle 
or cellular support device, and the gelatin microspheres 
functioning as cellular carriers.

The global purpose of the composite injectable is to 
provide a tailorable cellular polymeric system that may 
be readily adjusted as the need dictates. The injectable 
composite system would allow, for example, breast 
cancer patients the option of reconstructive surgery 
following a lumpectomy.

9.6  Conclusions

The biomaterial is indeed a powerful tool influencing cel-
lular behavior and, if carefully characterized and designed 
in appropriate form, can provide the means for directing 
stem cell proliferation and differentiation for, among other 
applications, adipose-tissue engineering. Future research 
should result in the development of a toolbox of methods 
and techniques to produce the most optimal composite 
features or a specific application. This work should 
include developing methods to tailor absorption, texture, 
and drug delivery capacity for a range of bead chemis-
tries, pinpointing appropriate culture methods, exploring 
co-culture bench top systems, and facilitating the selec-
tion of a range of appropriate hydrogel carriers for the cel-
lular composites in the injectable composite system.
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10.1  Introduction

Human adipose tissue is comprised of three main fat 
deposits – visceral white fat, subcutaneous white fat, 
and brown fat – each with its own unique properties. In 
particular, white adipose tissue is associated with 
energy storage and hormone production, while brown 
adipose tissue is mainly responsible for heat production 
through energy expenditure (thermogenesis) [29]. 
Although many informative studies have been per-
formed on cultured adipocytes, there are still some 
aspects of adipocyte function that require further inves-
tigation. For instance, the regulation of adipose tissue 
metabolism is controlled by activation of the autonomic 
nervous system, delivery of a complex mixture of sub-
strates and hormones to adipose tissue, feedback from 
autocrine and paracrine effectors secreted by adipo-
cytes, and the vascularity of the adipocytes [7]. Humans 
are born with a specific numeric amount of adipocytes 
that multiply and develop until puberty, subsequently 
remaining constant thereafter. Irrespective of exercise 
and/or strict dietary modification, humans cannot 
reduce the number of fat cells. Nonsurgical treatment 
such as aerobic exercise and balanced diet will eventu-
ally decrease adipose cell mass; however, the actual 
number of those cells will remain constant [3]. Adipose 
tissue contains adipose-derived stem cells, which pos-
sess the ability to differentiate into multiple cellular lin-
eages, a property that represents the key to regenerative 
medicine. By definition, stem cells are characterized by 
their ability to undergo multilineage differentiation and 
form terminally differentiated cells. Guilak et al. 
assessed this potential by culturing and ring cloning to 
select cells derived from one progenitor cell. Forty-five 
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clones were expanded through four passages and then 
induced for adipogenesis, osteogenesis, chondrogene-
sis, and neurogenesis using lineage-specific differentia-
tion media. The authors found that 81% of adipose stem 
cell (ASC) clones differentiated into at least one of the 
lineages [9]. An ideal stem cell, one that can potentially 
be used in regenerative medicine, should have the fol-
lowing characteristics: (a) found in large quantities, (b) 
easily collected or harvested, (c) is differentiated into 
multiple cell lineage pathways in a reproducible man-
ner, and (d) can be easily transferred to an autologous 
or even allogeneic host [4]. Tissue-specific stem cells 
originate from specific organs such as: brain, gut, lung, 
liver, bone marrow, and adipose tissue [30]. It is well 
known that these stem cells persist in adults; however 
they represent a rare population “hidden” amongst other 
cell populations [31]. ASC have a broad differentiation 
potential, but their ability to develop is limited com-
pared to embryonic stem cells. They can be isolated 
from either bone marrow or adipose tissue. This popu-
lation was initially thought to differentiate only to their 
tissue of origin; however, it has been shown that ASC 
have the capacity to differentiate into cells of mesoder-
mal, endodermal, and ectodermal origin. Furthermore, 
they cross-lineage barriers and acquire the phenotype 
and biochemical properties of cells that are unique to 
other tissues [2, 10, 17, 20–22]. Adipocytes develop 
from mesenchymal cells through a combination of tran-
scriptional and nontranscriptional events that occur 
throughout human life. Adipocyte differentiation is a 
complex process accompanied by simultaneous changes 
in cell morphology, hormone sensitivity, and gene 
expression [4]. Although, for many years, ASC have 
been described as pre-adipocytes [5, 11], today they are 
appreciated as multipotent cells with a chondrogenic, 
neurogenic, and osteogenic potential [5, 9, 11, 32]. 
Sedentary lifestyle and limited time for exercise have 
contributed to irregularities in body contour and excess 
adipocyte mass that is often resistant to the most strenu-
ous exercise or weight loss efforts. The significant 
accumulation of subcutaneous fat among individuals in 
the United States and indeed world-wide in developed 
nations makes adipose tissue an abundant source of 
ASC. Approximately 400,000 liposuction procedures 
are performed in the United States each year, and these 
procedures yield anywhere from 100 mL to >3 L of adi-
pocyte tissue [14]. Today, most of this lipoaspirate, 
which contains a significant amount of ASC with a 
wide range of therapeutic potential, is discarded.

10.2  Biomolecules and Adipose  
Stem Cells

Biomolecules refer to the biological materials which 
serve as the structural integrity of tissue-engineered 
constructs and regulate their components. The main 
components of biomolecules are the following cellular 
factors: growth, differentiation, angiogenic, pro-inflam-
matory, and gene modulated. The specific factors to be 
used for each tissue-engineered construct can be pro-
vided either exogenously or by local or systemic deliv-
ery. Adipose tissue is a dynamic “player” in endocrine 
physiology and serves as a source of cytokine secre-
tion. In the clinical setting, it has been shown that indi-
viduals with large volumes of adipose tissue are more 
likely to have increased levels of pro-inflammatory 
cytokines such as interleukin (IL) 6, IL-8, and tumor 
necrosis factor alpha (TNF-a). Furthermore, adipose 
tissue expresses hematopoietic growth factor and  
macrophage colony-stimulating factor (M-CSF), 
whose expression can lead to adipose tissue volume 
expansion [15].

ASC are multipotent and can potentially differenti-
ate in various pathways in response to growth factors 
and environmental agents [8]. There is evidence that 
ASC can promote tissue recovery through the delivery 
and localized secretion of cytokines. Recent in vivo 
studies support this hypothesis. Intravenous infusion 
of ASC improved recovery of limb function in mice 
following ischemic injury [19]. The positive effects of 
ASC in ischemia are most likely secondary to their 
ability to secrete angiogenic cytokines, such as hepato-
cyte growth factor (HGF) and vascular endothelial 
growth factor (VEGF).

In this chapter the authors reviewed the endocrine 
function and cytokine profile of ASC, and focused on 
elucidating the basic principles, as well as interactions, 
between adipose stem cells and cytokines, adipokines, 
or biomolecules in general.

10.2.1  Angiogenic Factors

10.2.1.1  Hepatocyte Growth Factor (HGF)
The role of implanting ASC into ischemic cardiac 
 tissue as a means to increase angiogenesis is an 
emerging therapeutic approach [6, 27]. Most of the 
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clinical studies have used bone marrow cells which 
are only available in limited quantities and cannot be 
easily isolated. There are data to support that ASC 
secrete HGF, thus representing a potential source for 
cells to be utilized in cardiovascular cell therapy [15, 
24, 25]. In vitro studies have depicted a link between 
ASC-derived HGF and physiologic or pathologic 
processes. In particular, secretion of HGF by ASC 
has been shown to have a positive effect on tubule 
formation by vascular endothelial cells. This action 
was found to be independent of VEGF [26]. 
Unfortunately, Rahimi et al. showed that HGF 
secreted by ASC promoted the proliferation of mam-
mary tumor epithelial cells [23]. Kilroy et al. reported 

the constitutive and inducible secretion of HGF by 
ASC in vitro. The authors showed that this property 
was dependent on the level of ASC differentiation. In 
particular, the adipocyte-differentiated ASC appear 
to lose their responsiveness to basic fibroblast growth 
factor (b-FGF) and failed to induce HGF expression. 
On the other hand, treatment of undifferentiated ASC 
with either b-FGF or EGF was associated with 
increased levels of HGF release. Finally, it appears 
that the addition of ascorbic acid increased the 
increased HGF secretion by a factor of twofold or 
greater (Fig. 10.1) [15].

In a similar manner, Rehman et al. reported the 
secretion of HGF by human ASC in significant 
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Fig. 10.1 Hepatocyte growth factor (HGF) secretion. The 
secretion of HGF was determined by ELISA on conditioned 
medium from undifferentiated (a, c) and adipocyte-differenti-
ated (b, d) ASC following exposure to epidermal growth factor 
(EGF) (a, b) or basic fibroblast growth factor (bFGF) (c, d) in 

the absence (white bars) or presence (solid bars) of varying con-
centrations of 2-sodium ascorbic acid. The values represent the 
mean (ng/106 cells) ± S.D. of n = 3 ASC donors (Reprinted with 
permission from the publisher from Kilroy et al. [15])
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amounts (12,280 ± 2,944 pg/106 cells). In order to 
assess potential in vivo viability and function, the 
authors transduced ASC, with a GFP-expressing 
adenovirus to facilitate tracking into mice limbs. 
One week after injection, 28 ± 2% of injected  
cells could be identified on serial sections of the 
muscle [25].

10.2.1.2  Vascular Endothelial  
Growth Factor (VEGF)

Vascular endothelial growth factor (VEGF) promotes 
neovascularization during embryonic development, 
subsequent to tissue injury, following exercise, and 
under ischemic conditions, in general. It is part of the 
system that restores the oxygen supply to tissues when 
blood circulation is inadequate. VEGF is a subfamily 
of growth factors, specifically the platelet-derived 
growth factor family of cystine-knot growth factors. They 
are important signaling proteins involved in both vas-
culogenesis (the de novo formation of the embryonic 
circulatory system) and angiogenesis (the growth of 
blood vessels from preexisting vasculature). While 
secretion of VEGF by bone marrow stem cells has 
been documented [16], Rehman et al. [25] showed that 
ASC represent a source of VEGF, as well. The authors 
reported that over a 72-h period in basal medium with 
5% fetal bovine serum and no additional growth fac-
tors under normoxic conditions, ASC secreted signifi-
cant amounts of VEGF (1,203 ± 254 pg/106 cells). 
Interestingly, when ASC were cultured in hypoxic 
conditions, there was a fivefold increase in the secre-
tion of VEGF from 1,203 ± 254 to 5,980 ± 1,066 pg/106 
cells (p = 0.0016, paired t-test, n = 7). The property of 
ASC to react to a stimulus such as hypoxia shows that 
they can adapt to the environment into which they are 
placed (ischemic myocardium), by increasing the pro-
duction of VEGF in response to ischemia and thus, 
induce neovascularization.

10.2.2  Hematopoietic and Pro-
inflammatory Factors

One of the most clinically relevant properties of 
bone marrow-derived mesenchyme is the ability to 
provide long-term hematopoietic support. ASC 

appear to have a similar level of hematopoietic cell 
expansion when compared with bone  marrow-derived 
stroma cells. In order to assess their ability toward 
hematopoietic differentiation, Kilroy et al. [15] used 
purified CD34p Linneg cells to initiate long-term 
culture assays on ASC. After either 3 or 5 weeks, the 
cultures were examined to assess whether clono-
genic myeloid cells (CFC) had been maintained. 
Although hematopoiesis was present in the 3-week 
cultures; by 5 weeks, less clonogenic progenitors 
had been maintained. Those preliminary results sug-
gested that ASC can preserve hematopoiesis in vitro, 
especially in the short-term period. In order to 
directly compare the hematopoiesis potential of 
ASC and marrow-derived cells, the authors subse-
quently established long-term culture assays. Their 
results suggest that marrow-derived stroma cells 
provided more efficient long-term support for primi-
tive progenitors. Although ASC were less efficient 
than marrow cells, they still exhibited some true 
hematopoietic ability. When the authors exposed 
ASC to lipopolysaccharide (LPS), which is an ago-
nist for bone marrow stromal cell cytokine induc-
tion, the level of secreted IL-6 and IL-8 increased. 
More specifically, both IL-6 and IL-8 reached maxi-
mal mean levels of 7,845 and 6,506 pg/mL condi-
tioned medium, respectively, after 24 h of LPS 
exposure. Similarly, the hematopoietic cytokines: 
macrophage colony-stimulating factor (M-CSF) and 
granulocyte–macrophage colony-stimulating factor 
(GM-CSF) reached maximal mean levels of 976 and 
52 pg/mL, respectively, at 24 h. TNF-a however, 
reached its peak mean level of 112 pg/mL after 8 h 
of LPS exposure. IL-7 and the pro-inflammatory 
cytokine IL-11 were low. They displayed a signifi-
cant induction by ELISA, reaching maximal mean 
levels 24 h after LPS exposure of 3.4 and 12.7 pg/mL, 
respectively (Fig. 10.2).

Consistent with the ELISAs, the steady-state levels 
of mRNAs for representative cytokines were elevated 
within 4 h following LPS exposure based on RT-PCR. 
IL-1a, IL1b, and IL-12 protein were not detected in the 
conditioned medium from undifferentiated ASC fol-
lowing LPS exposure. The data produced by this study 
indicate that ASC may have clinical value for the 
patient population undergoing hematopoietic stem cell 
transplantation following high-dose chemotherapy. 
Conclusively, there is potential of co-infusing ASC 
with hematopoietic stem cells as a means to optimize 
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Fig. 10.2 Pro-inflammatory and hematopoietic cytokine secre-
tion. The conditioned medium from undifferentiated ASC was 
assayed for secretion of selected cytokines at varying times fol-
lowing exposure to LPS (100 ng/mL) for periods of 0–24 h; (a) 
IL-6 (solid bar) and IL-8 (clear bar); (b) M-CSF; (c) GM-CSF 
(clear bar) and TNF (solid bar); (d) IL-7 (clear bar) and IL-11 

(solid bar). The values represent the mean (pg/mL) ± S.E.M. of 
n = 6–8 ASC donors. (e) The mRNA levels of selected cytokines 
in ASC from a representative donor were assayed by PCR anal-
ysis following exposure to LPS (100 ng/mL) for 0 or 4 h 
(Reprinted with permission from the publisher from Kilroy 
et al. [15])
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recovery of normal blood cell production and subse-
quently restore immune function.

The possible biomolecules used in adipose tissue 
engineering are shown in Table 10.1.

10.3  Conclusions

The evolving field of producing organs from the basic 
life unit, a cell, can potentially provide a unique solu-
tion to the aforementioned problems. The ability of 
ASC to secrete several biologic factors plus evidence at 
a basic science level lends way to ASC playing a major 
role in tissue engineering and organ regeneration.
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Gene Therapy Used for Adipose Stem 
Cell Engineering 11

11.1  Introduction

Each year, millions of patients suffer from organ fail-
ure or tissue loss. The causes include injury, disease or 
congenital malformation and the resulting morbidity 
is one of the most frequent, devastating, and costly 
problems in health care. Tissue engineering and regen-
erative medicine are evolving interdisciplinary fields 
in medicine that attribute the principles of biology and 
engineering to the development of viable substitutes 
that restore, maintain, or even improve the function of 
human tissues and organs. Tissue engineering has 
grown from an in vitro basic science discipline into a 
clinically oriented specialty in medicine and has pro-
vided researchers with critical new insights.

However, many questions need to be addressed 
and solved. The influence of the local milieu cannot 
be underestimated; different cell types often require 
unique culture environments, making it difficult to 
design a multilayer tissue-engineered construct. When 
embryonic or pluripotent stem cell lines are used, 
their differentiation mechanisms must be under guid-
ance and constant surveillance in order to accomplish 
permanent differentiation. There is much to learn 
regarding the use of growth factors. The appropriate 
dosing or the complex cascades and coordinated 
sequences of their elaborations are not completely 
understood.

Genetic engineering and the use of adult stem cells 
may hold the key to future development of tissue- 
engineered constructs. The identification or perhaps dele-
tion of specific genetic sequences might be able to identify 
and modify genes critical to tissue development.
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11.2  Tissue Engineering: Definition  
and Limitations

Tissue engineering combines the usage of cells cou-
pled with biological or artificial matrices to influence 
and guide the cells during tissue repair or regeneration 
[15]. This guidance may occur by specific bioactive 
molecules, ex vivo gene transfer, or other physical fac-
tors to form neotissues in vitro for future reimplanta-
tion in vivo. The fundamental premise of tissue 
engineering is the regeneration of tissues followed by 
restoration of function of organs through implantation 
of cells or tissues grown outside the body [36]. Tissue 
engineering has evolved from the use of biomaterials 
to repair or replace diseased or damaged tissue toward 
using controlled three-dimensional scaffolds in which 
the cells can be seeded before implantation. This living 
tissue construct should be functionally, structurally, 
and mechanically equal to the tissue it has been 
designed to replace.

11.3  Concepts and Strategies  
of Gene Therapy

The fundamental principal of gene therapy is the trans-
fer of genetic material into individuals for therapeutic 
purposes by altering cellular function or structure at the 
molecular level. The genetic alteration ultimately leads 
to the production of a therapeutic protein that is secreted 
into the surrounding tissue milieu, is expressed on the 
cell surface or acts as a signaling molecule to influence 
cell or tissue behavior. As a result, the techniques of 
gene therapy can be used therapeutically to produce 
proteins to treat and potentially cure acute and chronic 
conditions [35]. There are two general ways that gene 
therapy can be performed: The direct method involves 
transferring the genetic material into the target somatic 
cells in vivo [10]. The indirect technique comprises 
removal of cells from the patient followed by genetic 
modification of the cells ex vivo and return of the cells 
to the patient. Of the two approaches, the in vivo method 
is technically simpler to perform in a clinical setting 
giving it greater potential utility. The ex vivo techniques 
may be more complex, but are relatively safer. To 
choose a suited method, one has to take into account the 
disease to be treated, the gene to be delivered to treat the 
disease, and the vector used to deliver the gene [30].

The deliverance of the genetic information to the 
nucleus leading to production of proteins is called 
transfection and can occur via two techniques 
(Fig. 11.1): Viruses are ideal vehicles to perform the 
task of transfection, but this method yields higher tech-
nical demands and increased risk of virus-associated 
toxicity [35]. These downsides are usually outweighed 
by the viral ability to efficiently infect cells and in the 
process transfer DNA to the host without invoking an 
immune response [25].

Retroviruses are the most widely used tools for 
gene therapy applications. This is due to their inability 
to infect nondividing cells [11, 34]. Adenovirus, her-
pes simplex virus, and adeno-associated virus are can-
didates for direct in vivo or ex vivo delivery [30]. 
Retroviruses are RNA viruses that carry a gene for a 
reverse transcriptase that is able to transcribe the viral 
genetic material into a double-stranded DNA interme-
diate which is then incorporated into the host DNA 
allowing the host cell machinery to produce all the 
necessary viral components. As the viral genome has 
been integrated into the host DNA, any modification 
made will be passed on to all daughter cells that are 
derived from the transfected cell [18, 30].

Currently, the most commonly used retrovirus is 
derived from the murine leukemia virus. The majority 
of clinical trials have utilized vectors based on the 
murine leukemia virus [28, 29]. Murine leukemia virus 
offers a number of characteristics that make it attrac-
tive as a gene therapy vector: It can be considered a 
fairly safe candidate, since Murine leukemia virus is 

Relevant Genes
introduced into Vectors

Vectors

Viral:
Retrovirus
Adenovirus

Herpes

Gene inserted into target tissue
or Stem cell

Non-viral:
Plasmids

Liposomes
Gene gun

Fig. 11.1 Principles of gene therapy and different vectors
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nonpathogenic in humans. Additionally, because it has 
little homology with human retroviruses, the risk of 
recombination between the vector and any resident 
human viruses is low [11].

In contrast to retroviruses, adenovirus does not inte-
grate its genome into the host genome. Instead, the 
adenoviral genome persists within the nucleus as an 
episomal element after infection of the host cell. The 
advantages common to all adenoviral vectors include 
the ease of purification and concentration and the high 
efficiency rate of host cell infection or various cell 
types, dividing or nondividing [30]. These advantages 
make adenoviral vectors a good candidate for direct 
in vivo gene transfer. The advantages of herpes simplex 
virus are its large size, wide spectrum of action, and 
continuous expression of genes [30]. Unfortunately, 
herpes simplex virus also has its limitations, which 
include low infection efficiency, wild-type break-
through, and a large genome size that makes it more 
difficult to manipulate than other viral vectors [23, 
24].

Nonviral vectors can be categorized into three 
groups and comprise variations of incorporation of 
genetic material into the cell. These injections can be 
injections of naked DNA (usually plasmids), lipo-
somes, or particle-mediated gene transfer (“the gene 
gun”). To ameliorate DNA-uptake in the target tissue, 
the genetic material can be placed into liposomes or 
can be coated to micro-projectiles (e.g., gold, tungsten). 
With the gene-gun, these particles are then accelerated 
by either helium pressure or a high-voltage electrical 
discharge thus carrying enough energy to penetrate the 
cell membrane [30]. Nonviral vectors are much cheaper 
and easier to produce in large amounts. These vectors 
have a limited immunogenicity, which allows for poten-
tial redosing and they are considered the safer option, 
as there is no possibility of recombination that would 
result in a competent virus that could potentially cause 
disease [30]. However, the gene transfer rate is signifi-
cantly lower compared to viral vectors [35].

A novel strategy of nonviral gene transfer is to load 
cDNA onto a porous biomaterial scaffold and pack it 
directly into a wound with subsequent transfer of the gene 
into endogenous cells migrating into the site [2, 3, 38]. 
This technique is called gene-activated matrix (GAM) 
and is an extension of research producing biodegradable 
polymers appropriate for tissue engineering [4].

Gene therapy has its limitations in treatment effi-
ciency and safety. While gene therapy may represent a 

“last resort” treatment option for severe disorders such 
as cancer or cystic fibrosis, the risk of side effects may 
be unacceptable in elective reconstructive surgery. In 
addition, integration of viral vectors into the host 
genome carries the risk of insertional mutagenesis [10]. 
Abnormal regulation of cell growth, toxicity from 
chronic overexpression of the growth factor and cytok-
ines and malignancy are all theoretically possible, but 
no cases have been reported yet. However, there is no 
guarantee that integrated DNA sequences will not 
cause mutations or malignancies years later. Most clin-
ical trials of gene therapy are using the ex vivo approach, 
so the virus is not directly introduced into patients and 
cells can be extensively tested before implantation.

Loss of expression of the transferred gene after a 
few weeks is a common and not fully understood phe-
nomenon. However, temporary and self-limiting gene 
expression could be useful in the treatment of muscu-
loskeletal injuries, in which only transient high levels 
of growth factors are needed to promote healing 
response. Present research is also focusing on the 
development of specific inducible DNA sequences that 
are adjacent to the functional genes and are required 
for expression and regulation of gene transcription.

Cellular therapy has become an important strategy 
of regenerative medicine. The cellular component of 
the tissue-engineering paradigm forms the cornerstone 
to the complex task of repairing damaged or diseased 
tissue. A prerequisite for clinical strategies is the need 
for reliable sources of multipotent cells that can be 
obtained with limited morbidity and can be precisely 
influenced, shaped, and integrated into tissue. The 
adult stem cell population may be well suited for this 
task. Ahead lies the challenge to master the creation of 
a defined local milieu with regard to the unique culture 
environments for different cell types.

Genetic engineering may hold the key to identify-
ing and modifying genes critical to cellular development 
and differentiation. Approved therapeutic techniques 
have not made the transition from bench to bedside 
yet. However, a great potential exists for the treatment 
of musculoskeletal injuries in the future. Currently, 
only a few effective therapeutic gene therapy tech-
niques for cartilage reconstruction have been tested in 
human joints [13]. At the experimental level, many 
studies have been performed successfully to prove the 
feasibility of gene delivery into different tissues of the 
musculoskeletal system. Beyond this stage, initial 
experimental studies demonstrated positive effects of 
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transduced genes (especially BMP-2, IGF-1, TGF-
beta) in vitro and in vivo. The main obstacle today 
seems to be the availability of vectors carrying effec-
tive genes, and some concern with the safety of viral 
vectors.

11.4  Stem Cells and Regenerative 
Medicine

The term mesenchymal stem cell (MSC) has first 
been described by Bruder et al. 1994 [5]. Stem cells 
are the “cellular motors” of development and regen-
eration and are defined as being clonogenic, self-
renewing throughout lifetime, and being able to 
differentiate into various cell lineages. Their differen-
tiation pathway is unidirectional, passing through the 
stage of lineage commitment and finally generating 
terminally differentiated cells. Adult stem cell differ-
entiation is traditionally believed to be restricted to 
the tissue in which the stem cells reside [22]. The 
concept of adult stem cells being restricted to their 
own tissue has been challenged over the past 5 years 
by numerous reports that adult stem cells can jump 
lineage barriers and differentiate into cells outside 
their own tissue, a process called stem cell transdif-
ferentiation [22].

The enormous recent interest in multipotential cells 
stems from the need to ensure a sufficient amount of 
tissue-specific cells with limited donor site morbidity. 
As stem cells are multipotent and self-regenerating, 
they carry the unique potential to maintain normal cel-
lular homeostasis in functional tissues for the lifetime 
of the organism. However, the biology and behavior of 
a stem cell is complex and at best poorly understood. 
The process of stem cell tissue engineering can be sim-
plified into a two-stage process. First, the stem cell 
must be differentiated into the lineage-committed cell 
types of which the organ or tissue is composed. Next, 
the stem cells must assemble in a three-dimensional 
architecture dictated by the tissue type to be generated. 
Adding to the complexity, each process is typically 
controlled by distinct regulating factors unique to the 
tissue and the temporal sequence.

The source of stem cells for regenerative medicine 
can be grouped into two major sources: embryonic or 
adult tissues. The multilineage potential of adult stem 
cells, primarily from bone marrow, has been character-
ized extensively [16].

Stem cells are thought to have self-replicating 
potential and the ability to give rise to terminally dif-
ferentiated cells of multiple lineages [19]. The tradi-
tional view of adult stem cell differentiation believed 
that stem cell differentiation progressed in a linear, 
irreversible fashion and restricted their fate to within a 
germ line. Recently, newer ideas suggest that stem cells 
can differentiate in a more graded manner [1, 14, 19]. 
These analyses may be the beginning of a paradigm 
shift. It is possible that stem cells, unlike more commit-
ted precursors, are capable of switching phenotypes at 
a “late” stage of development. This plasticity, coupled 
with the ability of stem cells to cross germ layers, 
offers exciting possibilities and the definition of a stem 
cell may have to be changed. Adding to the paradigm 
shift is the emerging concept that stem cells may be 
found in multiple organs (e.g., muscle, heart, and liver 
[27]) and tissues (skin [37], fat [40]). Recent studies 
suggest that adipose tissue may be another source of 
pluripotent stem cells with multi-germline potential.

11.5  Adipose Stem Cells as a Valuable 
Target for Research

Although bone marrow has been the main source for 
the isolation of multipotent stem cells in the previous 
years and the bone marrow-derived stem cells are well 
characterized and safe in handling, the harvest of bone 
marrow is a highly invasive procedure and the number, 
differentiation potential, and maximal life span of stem 
cells from bone marrow decline with increasing age. 
Therefore, alternative sources from which to isolate 
mesenchymal stem cells are subject to intensive inves-
tigation (Fig. 11.2). Adipose tissue is an alternative 
source that can be obtained by a less invasive method 
and in larger quantities than bone marrow. It has been 
demonstrated that adipose tissue contains stem cells 
similar to bone marrow-derived stem cells, which are 
termed processed lipoaspirate cells [40, 41]. These 
cells can be isolated from cosmetic liposuctions in 
large numbers and grown easily under standard tissue 
culture conditions [40, 41]. Further analysis has been 
performed to confirm the stem cell character of the 
lipoasirate cells. Usually, the results found within the 
lipoaspirate population are compared to expression 
patterns in bone marrow-derived stem cells as they are 
longstanding and well-characterized cell populations. 
The analysis included morphologic characteristics as 
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well as functional parameters. The morphologic analy-
sis included cell-specific proteins and CD markers [6] 
like other MSCs, adipose stem cells expressed CD29, 
CD44, CD71, CD90, CD105/SH2 and SH3. However, 
they were not found to express CD31, CD34, and 
CD45 [32]. Lipoaspirate cells were found to express 
CD13, whereas no expression of CD14, 16, 56, 62e, or 
104 could be revealed [32]. These similarities in 
expression patterns differed in two CD markers as adi-
pose stem cells expressed CD49d and did not express 
CD106. MSCs derived from bone marrow showed the 
inverse expression patterns.

The similarities between the two populations lend 
support to the theory that stem cells can be found 
within adipose tissue. However, there is a possibility 
that lipoaspirate cells might be a clonal variant of cir-
culating MSCs that just reside in the specific tissue.

Functional and proliferative analyses included 
the multilineage differentiation capacity of adipose 
stem cells – this capacity has clearly been proven in 
previous studies: osteogenic, myogenic, chondro-
genic, and neurogenic differentiation have been 
shown [40, 41].

11.6  Gene Therapy and Stem Cells

Recent research tried to combine the advantages of tis-
sue engineering and gene therapy resulting in stem 
cell-based tissue engineering in conjunction with gene 
therapy to enhance tissue regeneration by providing 
the stem cells with an environment of optimal protein 
expression (Fig. 11.3) [17].

Adult mesenchymal stem cells are a promising tar-
get for further research as they mediate the reproduc-
tion and transmission of genetic information to 
subsequent cellular generations. At present, gene 
therapy of embryonal stem cells is not a practicable 
option due to its complex technical nature and ethical 
considerations. Somatic cell gene therapy on the 
other hand offers the advantage that the changed 
genetic information cannot be passed on to the next 
generation and has become a major focus of stem cell 
research. A central issue of practicability in stem cell 
engineering is the specific methodology used to intro-
duce therapeutic genes into the progenitor cells. 
These therapeutic genes are the central factor as they 
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carry the relevant information. The algorithm of gene 
therapy-modulated stem cell engineering encom-
passes identification of candidate genes, isolation of 
these genes, introduction into viral genomes or non-
viral vectors, transfection and introduction into stem 
cells and again controlled expression in the surround-
ing matrix without harmful side effects. As mentioned 
above, retroviral vectors have been used in many set-
tings for the transfer of genes into stem cells.

The potential of genetically modified stem cells 
lies in the correction of genetically caused diseases 
such as muscle dystrophy, hemophilia, or cystic fibro-
sis. On top of that, stem cell-based gene therapy 
approaches are also being investigated to treat 
acquired diseases that do not have a genetic basis. 
These include cancer, diabetes, AIDS, Parkinson’s, or 
Alzheimer’s diseases. However, there are a number of 
risk factors to be taken into account. For example, ret-
roviruses tend to insert into active genes and it has 

been suggested that their use in stem cells and the 
change of phenotype in the host cell may also increase 
the risk of cancer [39].

The prerequisite for efficient gene therapy is deliv-
ery of a therapeutic gene product into the correct bio-
logical context with minimal harmful side effects. The 
implementation of stem cells into this concept is a 
logical deduction as they can pass on the genetic codes 
from one generation to the next. However, the imple-
mentation of stem cells into gene therapy demands 
establishing novel strategies in order to make the 
resulting gene expression predictable and reliable. 
After attainment of this goal, the next step will be 
obtainment of methods for the efficient and safe deliv-
ery of foreign genes into stem cells as an uncontrolled 
production of therapeutic gene products carries emi-
nent risks such as induction of malignancy. The pre-
cise and selective control of therapeutic gene expression 
through differentiating stem cells within a defined tis-
sue environment is a prerequisite in stem cell engi-
neering. This is a complex approach with multiple 
influencing factors which could in future help to con-
trol stem cell differentiation into specific lineages, the 
maintenance of their undifferentiated state for later 
transplantation, moderation of proliferation, or the 
regulation of expression of therapeutic genes. Target 
genes would be regulators of cell cycle, suicide genes, 
cytokines, or growth factors.

Various methodologies have been employed for 
engineering gene delivery and their expression in adult 
stem cells. Stem cells offer the potential to provide cel-
lular therapies, the strategy for gene therapy is expres-
sion of a specific repertoire of genes, thereby modifying 
its own identity to maintain, replace, or rescue a par-
ticular tissue.

Stem cells function as the cellular generators that 
drive the renewal of adult mammalian tissues. They 
continuously proliferate throughout life to produce 
new progenitors that undergo a program of differen-
tiation and maturation to replace older tissue cells. 
The same cell turnover program is thought to provide 
a source of cells for the repair and regeneration of 
adult tissues.

Stem cells derived from bone marrow may serve as 
a potential vehicle for cell and gene specific therapy 
against disease. In addition to bone marrow, other 
potential sources of stem cells for therapy include the 
peripheral blood, CNS, liver, pancreas, muscle, skin 
lung, intestine, heart, and fat [21]. Ideal characteristics 
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of a candidate stem cell source should be easy acces-
sibility, ease of harvest with minimal risk to the patient, 
and sufficient quantity. With these issues in mind, fat 
tissue represents a promising tissue source [31]. 
Adipose-derived stem cells share growth kinetics with 
bone marrow-derived stem cells; additionally, charac-
teristics regarding cell senescence, gene transduction 
efficiency, CD surface marker expression, and gene 
transcription profiles parallel those of bone marrow-
derived stem cells [12].

11.7  Practical Implications and Clinical 
Strategies in the Usage of Adipose 
Stem Cells

Adipose stem cells offer a variable target for further 
experiments in combination with gene therapy for 
several reasons: They are readily harvested in a mini-
mal invasive and technically not very demanding 
fashion. They are easily harvested in sufficient num-
bers. They offer safe and reliable differentiation in 
different cell lines. The implementation of gene ther-
apy methods offers exciting new possibilities in the 
treatment of disease. Stem cells possess the ability to 
differentiate into diverse tissues and, due to their 
inherent ability to home to damaged tissue, they have 
the potential to deliver therapeutic genes to specific 
tissue environments. By using tissue-specific promot-
ers and markers, gene expression can be selectively 
tailored to the needs of damaged areas. Diseases 
where the application of genetically engineered stem 
cells shows promise include those where a protein or 
an entire enzyme is missing or nonfunctional. Another 
setting of disease includes diminished function of a 
protein in a specific tissue matrix. Diseases where 
stem cell-based gene therapy would be most promis-
ing include cancer, neurodegenerative disorders 
(Parkinson’s or Alzheimer’s disease), ischemic heart 
disease, and muscle dystrophies.

Innovative new treatment strategies might change 
the approach to cancer treatment. A recently devel-
oped approach makes use of the ability of stem cells 
to be recruited by tumor vessels and then undergo dif-
ferentiation into endothelial-like cells. Averagely 
one-third of new vascular endothelial cells in tumors 
could be derived from bone marrow progenitors [20] 
and the use of genetically modified progenitor cells 

recruited from the peripheral circulation may repre-
sent a potential vehicle for selective gene therapy of 
tumors [33].

The treatment of Parkinson’s disease has been in 
the focus of research. Treatment approaches have used 
either cell transplantation or gene therapy approaches 
[7]. Limited studies to date have attempted to combine 
the two approaches.

Gene therapy could also offer amelioration of isch-
emic heart disease. Stem cell engineering has been 
used to transfect stem cells with human angiopoietin-1 
and VEGF. The application of these stem cells led to 
decreased infarct size and significantly increased cap-
illary density, as well as improved long-term cardiac 
performance [9].

Muscle dystrophies are chronic diseases character-
ized by progressive muscle wasting. To date no ade-
quate treatment modality exists for these patients. 
MSC and embryonic stem cells have not shown much 
promise in the treatment of dystrophies.

Fanconi anemia is a rare hereditary disease that 
has been the subject of intensive research directed 
toward its treatment by gene therapy. Disease pres-
ents with bone marrow failure and developmental 
anomalies leading to a high incidence of myelodys-
plasia, acute nonlymphocytic leukemia, and solid 
tumors.

The genetic basis for Fanconi anemia lies in 
selective mutations in any one of the characterized 
Fanconi anemia genes and 12 genetic subtypes have 
been described. The Fanconi anemia proteins are 
thought to be functionally linked to the repair of 
DNA interstrand cross-links, which block the pro-
gression of DNA-replication forks [26]. The defec-
tive proteins may be targeted via stem cell-based 
gene therapy.

Successful gene therapy strategies implemented 
into practical use was demonstrated with the exam-
ple of osteogenesis imperfecta. The molecular basis 
of the disease is mutations in the collagen-I-encod-
ing genes. MSCs from the bones of osteogenesis 
imperfecta patients were analyzed and point muta-
tions in the COL1A1 gene could be identified [8]. 
MSCs were successfully infected with an adeno-
associated virus to target and deactivate the mutated 
COLIA1 gene. The corrected MSCs were then trans-
planted into immunodeficient mice and damaged 
cells demonstrated improved stability and collagen 
processing [8].
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11.8  Conclusion

Genetically engineered stem cells represent a 
 promising therapeutic approach. Even with the latest 
methods it is still difficult to transfect stem cells at 
high efficiency and still retains a multipotent pheno-
type. The overall safety of the various gene delivery 
systems is also an important consideration. Clearly, 
many hurdles remain to be addressed before these 
approaches can be widely applied as a common thera-
peutic strategy.
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12.1  Introduction

Up to now, preadipocyte clonal lines from rodents 
have been mainly used to gain insight into cellular and 
molecular mechanisms of adipogenesis [22]. Much 
less is known about the molecular regulation of human 
adipogenesis, partly due to the absence of appropriate 
human cellular models. Primary cultures of preadipo-
cytes derived from stromal-vascular fraction (SVF) of 
adipose tissue, although being able to differentiate 
into adipocytes in vitro, undergo a dramatic decrease 
in their ability to differentiate before growth arrest and 
replicative senescence with serial subculturing, mak-
ing it difficult to investigate effects of compounds in a 
fully reproducible manner. This severe limitation has 
been partly circumvented with cells that are immorta-
lised either genetically or spontaneously [4, 34, 35, 39]. 
Upon differentiation, cells from these human clonal 
cell lines expressed only some of the characteristic 
markers of human adipocytes, and the lipolytic 
responses specific of human adipocytes and secretion 
of adipocytokines have not been reported. Recently, 
we have isolated multipotent stem cells from the SVF 
of infant adipose tissues, cells called human multipo-
tent adipose-derived stem (hMADS) cells [21]. Diverse 
terms, from adipose mesenchymal stem cells to pread-
ipocytes, have been used to name stem cell popula-
tions isolated from adipose tissue. The International 
Fat Applied Technology Society reached a consensus 
to adopt the term “adipose-derived stem cells (ASCs).” 
However, the name hMADS cells has been maintained 
as these cells display additional and specific character-
istics. hMADS cells are isolated from infant adipose 
tissues and hMADS cell lines can be established. Cells 
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exhibit the characteristics of mesenchymal stem cells, 
i.e., the capacity for self-renewal, as cells can be 
expanded in vitro for more than 160 population dou-
blings (i.e., around 30 passages) while maintaining a 
normal diploid karyotype and the potential to undergo 
differentiation into adipocytes, osteoblasts, and chon-
drocytes at the single cell level [21, 37]. When trans-
planted into animal models for muscular dystrophies, 
hMADS cells participate to muscle regeneration 
emphasising their therapeutic potential, as discussed 

latter in this chapter. hMADS cells can be frozen and 
thawed as a usual clonal cell line, making them a very 
convenient tool for in vitro studies. We and others 
have now demonstrated that hMADS cells are appro-
priate to study human white adipocyte differentiation 
[3, 13, 19, 20, 30]. In vitro, hMADS cells enter the 
adipose lineage at a high rate, differentiation yield is 
estimated at more than 80% (Fig. 12.1a), and differen-
tiate into cells that display a unique combination of 
properties similar, if not identical, to those of native 
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Fig. 12.1 Phenotypic characteristics of hMADS cells differen-
tiated into adipocytes. (a) Undifferentiated and differentiated 
(day 14) hMADS cells are stained with Oil Red O for triglycer-
ides. (b) Lipolytic response of hMADS cells differentiated into 
adipocytes. hMADS cells exhibit after differentiation the pano-
ply of lipolytic responses, which are characteristic of human 
adipocytes. After stimulation at an optimal concentration of 

1 mM with an agonist known to be specific for b1-adrenorecep-
tor (dobutamine), or b2-AR (terbutaline), or b3-AR (CL31643) 
[10, 25], the rank order of maximal potency is terbutaline > dob-
utamine > CL316243. (c) Secretion of adipocytokines during 
differentiation of hMADS cells. Secretion of leptin and of adi-
ponectin is shown during differentiation of three different 
hMADS cell lines



12312 Stem Cells from Human Adipose Tissue: A New Tool for Pharmacological Studies and for Clinical Applications

human adipocytes. Within 10 days after induction of 
adipocyte differentiation under serum-free adipogenic 
condition, cells express the major molecular markers, 
key transcription factors and nuclear receptors of 
human white adipocytes. hMADS cells exhibit after 
differentiation the panoply of lipolytic responses, 
which are characteristic of human adipocytes 
(Fig. 12.1b). Interestingly, hMADS cells respond to 
the atrial natriuretic peptides (ANP), a unique charac-
teristic both in vitro and in vivo of adipocytes from 
primates [14]. Moreover, compared to other preadipo-
cyte cell lines so far described, an important feature of 
differentiated hMADS cells is their ability to secrete 
leptin and adiponectin (Fig. 12.1c) within values 
reported for isolated human adipocytes [20].

12.2  hMADS Cells Are Powerful Tools  
for Pharmacological Studies

We would like to emphasise, with the following exam-
ples, the importance for working with human cells for 
pharmacological studies. The development of HIV 
protease inhibitor (PI) antiretroviral therapy has dra-
matically improved the lifespan of HIV-infected 
patients. However, lipodystrophy is a major side effect 
of this therapy: HIV-infected patients treated with PIs 
develop dyslipidemia, systemic insulin resistance and 
it has been shown that PIs interfere directly with adi-
pocyte differentiation. Therefore, it was important to 
investigate the effects of PIs on the development of 
adipose cells. However, we demonstrated that the 
effects of PIs were dependent on the cell models when 
using murine preadipose cell lines [29], indicating the 
need of a human cell model for such studies. Latter, 
using hMADS cells, we demonstrated that HIV drugs 
enter into undifferentiated and differentiated cells and 
that some of them, not all, inhibit adipocyte differen-
tiation with various effects on adipocytokine gene 
expression [31]. Therefore, hMADS cells allowed us 
to propose that PIs participate in insulin resistance 
through a direct effect on adipocyte. The second 
example is related to the Hedgehog pathway and 
osteogenesis. hMADS cells express critical factors for 
bone formation such as bone morphogenetic proteins 
(BMP) and BMP receptors, and they can form func-
tional osteoblast and osteocytes in vitro and in  
vivo after transplantation into nude mice [6]. The abil-
ity of hMADS cells to undergo both adipocyte and 
osteoblast differentiations allowed us to identify 

oxytocin as a critical regulator of bone formation and 
as a potential novel therapeutic molecule against 
osteoporosis [7]. Altogether, these data indicate that 
hMADS cell lines represent also a faithful model for 
investigating human osteogenesis. It has been reported 
that activation of Hedghog pathway promotes osteo-
genesis in murine models. However, we have shown 
that in hMADS cells activation of this pathway inhib-
its osteogenesis [18]. The molecular reasons of this 
inter-species difference is not understood, but these 
data demonstrate the requirement, when it is possible, 
to use human models for drug screenings. Indeed, two 
adipose tissues with different functions coexist in 
humans, i.e. white and brown adipose tissues. White 
adipose tissue (WAT) is mainly involved in energy 
storage and mobilisation. WAT is localised in various 
sites of the body, has an enormous capacity for expan-
sion and excess of fat accumulation is associated with 
metabolic disorders. WAT not only stores lipids, it is 
also a secretory organ. Adipocytes secrete cytokines, 
named adipokines, pro-inflammatory cytokines, and 
many other factors [1]. Brown adipose tissue (BAT) is 
specialised in energy expenditure. It is a key ther-
mogenic organ and brown adipocytes burn fat. In 
humans, brown adipocytes were considered to be 
present in newborn only but within the last 2 years a 
series of papers have reported that active deposits of 
BAT can be active in adult healthy individuals [17, 28, 
33]. These observations open new therapeutic avenues 
to treat obesity. We have reported culture conditions 
to turn hMADSc-white adipocytes into brown adipo-
cytes. Upon chronic exposure to a specific PPARg 
agonist, but not to a PPARb/d or PPARa agonists, 
white adipocytes derived from hMADS cells are able 
to switch to a functional brown phenotype by express-
ing UCP1 protein. This switch is accompanied by an 
increase in oxygen consumption and uncoupling [8], 
opening the opportunity to screen for drugs stimulat-
ing the formation and/or the uncoupling capacity of 
human brown adipocytes.

12.3  hMADS Cells, a New Tool  
for Clinical Applications

In October 2010, 32 clinical trials using adipose 
stem cells are listed in the registry of federally and 
privately supported trials conducted in the United 
States and around the world, as seen on the internet 
site: http://clinicaltrials.gov/. The amount of clinical 
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trials have risen rapidly the last 3 years, and the clin-
ical applications may potentially concern a much 
broader panel of disorders than those targeted by the 
current trials. Among these diseases, muscular dys-
trophies are subjected to intense research investiga-
tions, and we will assess here the potential of human 
stem cells derived from adipose tissue for their use 
in cell-based therapy of myopathies.

12.3.1  Muscular Dystrophies and 
Mesenchymal Stem Cells

Skeletal muscle is a tissue that benefits from a strong 
power of regeneration that allows recovering from 
rather severe injuries. Most if not all of the regenerated 
muscle fibres are generated by the satellite cells, which 
are the muscle progenitor cells. They lay along the 
fibres, under the basal lamina, in a quiescent status and 
are recruited when muscles are subjected to injury. 
Upon different signals generated at the damage site, 
they proliferate and the progeny constitutes the popula-
tion of myoblasts that either fuse with pre-existing 
fibres or fuse together into new multinucleated fibres. 
In the meantime, the satellite cells replenish their origi-
nal niche. A similar process occurs in muscle dystro-
phies to replace the necrotic fibres. This is the case for 
instance for the Duchenne muscular dystrophy (DMD), 
a severe and frequent disease, due to the absence of 
dystrophin because of spontaneous or inherited muta-
tions/deletions in the dystrophin gene. This lethal mus-
cle-wasting disease is the most prevalent hereditary 
muscle disorder which afflicts approximately 1 in every 
3,500 boys. Dystrophin is a subsarcolemmal protein 
that connects cytoskeletal actin to sarcolemma and 
extracellular matrix through a large protein complex. 
After too many necrosis/regeneration cycles, the repair 
potential of satellite cells is exhausted, muscle fibres 
are atrophied and more or less replaced by fibrosis and 
fat. The subsequent loss of function creates severe 
pathological conditions. No treatment capable of stop-
ping the deleterious evolution is yet available, although 
the origin of DMD has been described more than 
20 years ago. Much effort is devoted to develop various 
therapeutic strategies including drug-, gene- and cell-
based therapies. The use of heterologous or autologous 
cells aims at repopulating or inducing regeneration of 
damaged muscles. In this context, identification of any 
cell population that could efficiently regenerate muscle 

has special interest to assess new cell-based therapies. 
Several cellular types are under investigation including 
myoblasts, mesoangioblasts and muscle or blood 
CD133+ cells (for a recent review see [9]). Mesenchymal 
stem cells (MSCs) are also promising candidates 
because of their differentiation potential and their pos-
sibility of extensive multiplication in culture related to 
their capacity for self-renewal.

Before 1995, MSCs were known as multipotential 
progenitors but expression of myogenic properties had 
not been reported. Then, Arnold Caplan’s lab described 
that rat bone marrow-derived MSCs exposed to the 
DNA-demethylating compound 5-azacytidine can dif-
ferentiate into multinucleated myotubes, suggesting 
that these cells are a source of myo-progenitor cells 
[36]. The same group hypothesised that under suitable 
conditions MSCs can be induced to express a myo-
genic phenotype. Such environment might be found in 
regenerating muscles. They injected mouse bone mar-
row MSCs into muscles from mdx mice. Mdx mice are 
a convenient animal model for DMD, since their mus-
cles are essentially composed of dystrophin-negative 
myofibres undergoing cycles of degeneration/regener-
ation, although these mice do not suffer from the severe 
features of myopathy. They provide an excellent natu-
ral model to study muscle regeneration. Significant 
increase of the number of dystrophin-positive myofi-
bres was found, strongly suggesting that implanted 
MSCs differentiate into myogenic cells [23]. These 
results extended the differentiation potential of MSCs 
to the myogenic lineage and raised new important 
questions including the physiological relevance of the 
myogenic capacity of these cells. A new field of inves-
tigation was opened on the evaluation of MSC poten-
tial for muscle repair.

12.3.2  In Vivo Myogenic Potential  
of Adipose-Derived Stem Cells

As in other areas of research, MSCs from adipose tis-
sue were also considered for myogenic differentiation, 
after the pioneer work using bone marrow MSCs. The 
myogenic potential of adipose-derived stem cells 
(ASCs) has been investigated since the early 2000s.

Several studies reported an engraftment of ASCs in 
animal recipient’s muscles. Bacou and collaborators 
were the first to investigate the potential of cells from 
the adipose SVF, which represents the non-
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differentiated adipocyte cell population. Autologous 
cells freshly harvested and labelled with LacZ were 
transferred into rabbit muscles. They were found to 
contribute to 10% of fibres of regenerating muscles, 
which had been injured before cell transfer [2]. Two 
months after cell transfer, muscles were heavier and 
developed an increased maximal force. Thus, this 
group established that a myogenic potential is sup-
ported by at least a fraction of adipose SVF. Similarly, 
mouse uncultured ADSCs injected into mdx mouse 
muscles or mouse non-dystrophic muscles, which had 
been damaged by femoral artery removal, were respec-
tively found in up to 10% and 20% of recipient’s mus-
cle fibres [5]. However, it is interesting to note that 
only a few muscle fibres derived from mouse donor’s 
cells were found in mdx mice injected with ASCs after 
in vitro expansion [38]. Finally, human ASCs were 
also found incorporated in regenerating mouse muscle 
fibres. hMADS cells were found to contribute to regen-
erating muscles from mdx and pre-injured immunode-
ficient mice (Fig. 12.2) [21]. hMADS cell-derived 
myofibres were detected by labelling mouse muscle 
sections with human-specific antibodies. More human-
specific muscle markers could be amplified by RT-PCR 
experiments from RNA extracted from mouse muscle 
injected with hMADS cells. Similar results have been 
reported with ASCs prepared from liposuction proce-
dures engrafted in muscles of SJL mouse, a murine 
model for limb girdle muscular dystrophy type 2B 
[32]. Therefore, ASCs transplanted in a regenerating 
muscle environment exhibit a significant potential to 
differentiate into skeletal muscle fibres.

12.3.3  In Vitro Myogenic Potential  
of Adipose-Derived Stem Cell

To study further the myogenic commitment of ASCs, 
many experiments have been conducted in cell culture 
dishes.

12.3.4  Autonomous Myogenic Potential

ASC autonomous myogenic differentiation has been 
investigated by several groups, and the general point of 
view is that the myogenic differentiation is very lim-
ited in culture, without any muscle-like environment. 
As reference, the full differentiation of myoblasts is 
obtained under appropriate culture conditions includ-
ing the withdrawal of serum and the presence of insu-
lin, after the cells have reached sub-confluency. Then 
the myoblasts stop proliferating and express myogenic 
determination factors (MyoD, Myf5) followed by other 
myogenic regulatory factors (myogenin, MRF4). They 
start to fuse into elongated and multinucleated myo-
tubes, which will express most of the muscle terminal 
markers. Myotubes is the most differentiated stage 
obtained in culture; fully organised myofibres need 
innervation that exists in vivo. From all the reports 
devoted at the myogenic differentiation of ASCs, it 
emerges that, although ASCs can express early and 
even late muscle markers under myogenic culture con-
ditions, fusion into myotubes is rarely observed. This 
has been published for human ASCs isolated from 
lipoaspirates as well as from excised adipose tissues 

wild-type mdx mdx + hMADS cells

Fig. 12.2 Contribution of hMADS cells to muscle regeneration. 
Expression of dystrophin, detected with an anti-dystrophin anti-
body revealed with a fluorescent second antibody (green) is 
shown on cryostat transversal sections of Tibialis anterior mus-
cles of wild-type, mdx and hMADS cells-injected mdx mice. 

Approximately 500,000 hMADS cells were injected in the mus-
cles of mdx mice, which undergo continuous degeneration/
regeneration cycles consequently to the genetic lack of dystro-
phin. Partial restoration of dystrophin was observed 2 weeks 
after hMADS cells engraftment
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[16, 40, 41]. hMADS cell myotubes were found at a 
very low frequency (<0.1% of total plated cells) and 
only with cells from a few donors, even after multiple 
experiments to optimise culture conditions. Similar 
observations were reported in mouse with ADSCs pre-
pared from subcutaneous or inguinal fat pads [5]. Thus, 
the yield of ASC myogenic differentiation is far less 
than found for adipogenic or osteogenic differentia-
tion. This raises the question of a low myogenic poten-
tial shared by all the ASCs population or a myogenic 
potential restricted to a minor subset of cells, respon-
sible for the in vivo muscle-regenerating capacities.

12.3.5  Myogenic Potential of Adipose-
Derived Stem Cells Cultured with 
Myoblasts

The very low autonomous myogenic potential of ASCs 
but their capacity to contribute to regenerating myofi-
bres in vivo points out the importance of muscle envi-
ronment to achieve complete myogenic differentiation. 
In vitro this question has been addressed through co-
cultures of ASCs with myoblasts or culture media con-
ditioned by myoblasts or myotubes. Human or mouse 
ASCs traced with GFP were mixed with C2C12 murine 
myoblasts [15] or mouse primary myoblasts [5] and cul-
tured under myogenic differentiation conditions. GFP-
positive myotubes were detected in both experiments 
and the human GFP-positive myotubes expressed human 
nestin, known to be significantly expressed in muscle 
cells. This indicated that ASCs can fuse with muscle 
cells to form myotubes. In addition, Di Rocco and col-
laborators found that differentiating myogenic cells are 
a source of soluble factors involved in ASC myogenic 
differentiation. The co-culture experiments indicated 
that ASCs share with muscle cells the capacity to fuse 
into myotubes and then to express muscle proteins. 
However, the yield was always very low, at the best in a 
1% range of ASCs integrated into myotubes. Moreover, 
it is difficult to conclude that the co-culture with muscle 
cells quantitatively increases the level of myogenic dif-
ferentiation of ASCs alone. The accuracy of the mea-
surements of very low percentages has to be considered 
and it cannot be ruled out that a fraction of ASCs might 
undergo non-significant fusion with myoblast cells. A 
few non-myogenic cells, physically in contact with sev-
eral muscle cells, may have been enrolled in the massive 
wave of fusion of differentiating muscle cells.

12.3.6  Genetic Modification of  
Adipose-Derived Stem Cells

The above data show that the muscle repair potential of 
ASCs should be improved for clinical application per-
spectives. Two directions can be followed for this pur-
pose. It can be tried to identify more myogenic 
sub-populations of adipose SVF cells, for instance by 
cell cloning, with the hypothesis that the myogenic 
potential is not evenly shared by all SVF cells. To date 
this hypothesis has not been confirmed. In addition, 
difficulties can arise if candidate sub-populations rep-
resent a very small percentage of cells, especially if 
these cells should be used without in vitro expansion as 
mentioned in some studies. A solution may be found in 
harvesting very large quantities of adipose tissue, 
which may be possible only in certain circumstances. 
Another alternative is the genetic modification of 
ASCs’ total population to confer them a higher myo-
genic potential. We used the hMADS cells and postu-
lated that overexpression of a key myogenic gene such 
as MyoD, which is a myogenesis master gene, may sig-
nificantly increase their endogenous myogenic poten-
tial [26]. hMADS cells expressing MyoD were obtained 
by transduction with a recombinant MyoD lentiviral 
vector, encoding mouse MyoD under the control of 
phosphoglycerate kinase (PGK) promoter [12]. These 
cells undergone spectacular modifications and will be 
designated hereafter as MyoD-hMADS cells.

12.3.7  In Vitro Myogenic Differentiation 
Potential of MyoD-hMADS Cells

MyoD-hMADS cells cultured under myogenic condi-
tions formed multinuclear myotubes and expressed 
early and late differentiation myogenic markers to the 
same extent than genuine myoblasts, unlike wild-type 
or LacZ-hMADS cells transduced with a PGK-
nlsLacZ lentiviral vector and used as a negative con-
trol (Fig. 12.3).

In co-culture experiments, they largely fused with 
DMD myoblasts to form DMD-hMADS cell hybrid 
myotubes, exhibiting a restoration of expression of 
dystrophin, which is the DMD-lacking protein. This 
capacity of fusion with myoblasts is a basic feature of 
muscle cells and was therefore acquired by MyoD-
hMADS cells. The presence of dystrophin necessarily 
indicated that the MyoD-hMADS cell genome was 
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desmin

nestin

myosin

dystrophin

Fig. 12.3 In vitro myogenic differentiation of hMADS cells 
forced by MyoD expression. Unlike wild-type hMADS cells, 
MyoD-hMADS cells fuse very efficiently into myotubes when 
cultured under myogenic conditions. Muscle proteins desmin, 

nestin, myosin and dystrophin were detected with specific anti-
bodies revealed with a fluorescent second antibody (red). Nuclei 
were counterstained with Hoechst 34580 dye (blue) to detect 
multinucleated myotubes. Bar = 20 mm
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expressed in hybrid myotubes and consequently, this 
showed that the cellular fusion of DMD myoblasts 
with modified hMADS cells did not disturb the myo-
genic differentiation programme. This is a prerequisite 
for potential clinical use since the muscle repair can be 
expected to occur through fusion with host’s myo-
blasts. An important issue with multipotent cells is the 
risk of differentiation into undesirable lineages. 
Moreover, several muscle dystrophies present intra-
muscular fibro-adipose invasion, which creates an adi-
pogenic environment caused by the many factors 
secreted by fat cells. It was therefore decisive to inves-
tigate the adipogenic differentiation potential of 
MyoD-hMADS cells. Wild-type or LacZ-hMADS 
cells readily enter adipogenic differentiation when they 
are submitted to adipogenic differentiation conditions 

at confluency. This strong adipogenic potential of 
hMADS cells was clearly inhibited by the forced 
expression of MyoD. Together, these results showed 
that MyoD-hMADS cells have a promising in vitro 
myogenic potential that could be further exploited for 
dystrophic muscle repair.

12.3.8  In Vivo Contribution of MyoD-
hMADS Cells to Muscle Repair

The impact of MyoD expression in hMADS cells on 
muscle repair was assessed by MyoD-hMADS cell 
transfer into regenerating muscles of Rag2−/− gC−/− 
immunodeficient mice, in comparison with wild-type 
and LacZ-hMADS cells. Muscle regeneration was 
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Fig. 12.4 hMADS cell-derived nuclei in mouse muscles. 500,000 
hMADS cells were injected in the Tibialis anterior muscles of 
Rag2−/− gamma C−/− immunodeficient mice. The muscles were 
injured by cold lesion at the time of cell injection to promote mus-
cle regeneration. One month later, muscles were taken and trans-

versal cryo-sections were stained with a human-specific anti-lamin 
A/C (red), as nucleus membrane marker, and with a mouse and 
human anti-laminin (green), as basal lamina marker. Nuclei were 
counterstained with DAPI dye (blue). hMADS cell-derived nuclei 
were found in all muscle compartments
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routinely induced by cold lesion of the easily accessi-
ble Tibialis anterior muscles of the hind limbs. Four 
weeks later, the presence of hMADS cell-derived 
nuclei were examined with a human-specific anti-
lamin A/C antibody. Positive nuclei were found either 
within the muscle fibres or scattered between fibres, 
sometimes gathered in clusters, or in satellite cell posi-
tion, showing that hMADS cells survived in the mouse 
muscles in different locations (Fig. 12.4). Much more 
MyoD-hMADS cell-derived nuclei than wild-type or 
LacZ-hMADS cell-derived nuclei were found inte-
grated in muscle fibres. Serial muscle sections showed 

that human nuclei were always detected among mouse 
nuclei within the same fibre, indicating that hMADS 
cells fused with mouse regenerating fibres, as could be 
expected from the in vitro results.

Then, the presence of hMADS cells-derived fibres 
was studied through the expression of human-specific 
muscle markers. Human spectrin, which is expressed 
at the sarcolemma of muscle fibres, was clearly 
detected at the membrane of many fibres that were 
always located in regenerated regions displaying 
human lamin A/C-positive nuclei (Fig. 12.5). The 
presence of hMADS cell-derived muscle fibres was 

Fig. 12.5 In vivo muscle 
repair: detection in mouse 
muscles of muscle fibres 
derived from MyoD-hMADS 
cells. Approximately 500,000 
MyoD-hMADS cells were 
injected in the cryo-injured 
Tibialis anterior muscle of 
immunodeficient Rag2−/− 
gC−/− mice. Contribution of 
injected cells to muscle 
regeneration was studied 1 
month later on cryostat 
transversal sections with a 
human-specific anti-spectrin 
antibody. Spectrin is a 
sub-membrane protein 
expressed in muscle fibres. 
The figure represents 
assembled views of a muscle 
area with a high content in 
muscle fibres derived from 
MyoD-hMADS cells
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confirmed by the expression of several other human 
muscle markers, such as delta-sarcoglycan and dystro-
phin at the membrane fibres, or by RT-PCR-specific 
amplifications (Fig. 12.6). The extent of human spec-
trin labelling was used to quantify the in vivo effect of 
modification of hMADS cells by MyoD. The total 
number of human spectrin-positive fibres was found to 
be about five times higher with MyoD-hMADS cells 
than with wild-type or LacZ-hMADS cells (Fig. 12.7). 
Of note, no tumours or other adverse side effects were 
observed within the duration of the experiments.

In summary, MyoD forced expression in hMADS 
cells enhances their engraftment in regenerating mus-
cles and their contribution to muscle repair. In 

addition, it blocks the natural adipogenic potential of 
hMADS cells. The efficiency of this strategy has to be 
compared in animal models of dystrophic muscles 
with the most efficient cells used in this field, namely 
the vessel-derived mesoangioblasts [24] and the 
peripheral blood AC133+ cells [27].

12.4  Conclusions

ASCs are abundant and easily expandable adult stem 
cells which exhibit a myogenic differentiation poten-
tial lower than the adipogenic, osteogenic, or chondro-
genic potential.

However, since they are very efficiently trans-
duced with lentiviral vectors, they can be geneti-
cally modified with key myogenic genes. MyoD has 
been used but other genes such as Pax3 should be 
tested [11]. Genetically modified ASCs meet sev-
eral requirements to be used as tools for cell-based 
therapy of muscle dystrophies. They can be har-
vested without major difficulty and trauma for the 
patients, they are easily expandable to obtain large 
quantities compatible with muscle therapy in 
humans. However, the genetic modification with 
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Fig. 12.6 In vivo muscle repair: detection in mouse muscles of 
human muscle markers derived from MyoD-hMADS cells. 
Approximately 500,000 MyoD-hMADS cells were injected in 
the cryo-injured Tibialis anterior muscle of immunodeficient 
Rag2−/− gC−/− mice. Cryostat sections not used for immuno-
fluorescence studies were pooled and submitted to RNA extrac-
tion for RT-PCR analyses. Thirty cycles were used for PCR 
human-specific amplifications. Equilibrium of cDNA quantities 
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Fig. 12.7 Effect of MyoD expression in hMADS cells on 
mouse muscle repair. Approximately 500,000 wild-type or 
MyoD-hMADS cells were injected into the cryo-injured 
Tibialis anterior muscles of immunodeficient Rag2−/− gC−/− 
mice. One month later, human spectrin-positive fibres were 
counted on transversal cryostat sections after immunolabelling. 
For each mouse, 10 sections were counted, and the histograms 
represent the means ± SEM obtained from 18 muscles injected 
with wild-type hMADS cells and 6 muscles injected with 
MyoD-hMADS cells
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myogenic factors should be adapted to allow rapid 
proliferation of the cells, since the expression of 
MyoD, for instance, leads to cell cycle withdrawal. 
This can be done by using an inducible promoter 
driving the transforming myogenic factors. Such 
promoters are available and could be pharmacologi-
cally induced only after the needed amount of cells 
are obtained. Finally, the level of contribution to 
regeneration of recipient’s muscles remains to be 
assessed in dystrophic animal models to compare 
the efficiency of MyoD-hMADS cells with other 
cell-based therapies.
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Role of Adipose Stem Cells Therapy  
in Obesity 13

13.1  Introduction

Rates of obesity have risen dramatically in recent 
decades and are expected to rise even more as a result 
of changing lifestyles and demography. More western-
style diets, less exercise mean that corpulence is taking 
hold in adults as well as children, in developed and 
underdeveloped countries. As a consequence, meta-
bolic diseases most prominently diabetes, hyperlipidemia, 
cardiovascular and kidney diseases are increasing dra-
matically in all nations, at all ages with a great risk of 
blindness, stroke, and amputations. This global epi-
demic of obesity and secondary sequelae can severely 
impact the quality of life of those who are afflicted and 
represent a public health issue.

Cell replacement therapy is one of many research 
avenues being pursued as potential treatment strategy 
for these conditions. With the increase interest in adi-
pose-derived stem cells (ADSCs), researchers have 
begun to ask if a new treatment approach is on the 
horizon – can stem cells that are derived from adult 
adipose tissue be used to treat obesity?

13.2  Adipose Tissue: An Endocrine 
Organ

Humans and other mammals have three main adipose 
tissue depots: visceral white adipose tissue (WAT), 
subcutaneous white adipose tissue and brown adi-
pose tissue (BAT); each of which possesses unique 
cell-autonomous properties. White fat cells are the 
“conventional” form of fat that persist in adulthood, 
particularly in humans. They are cells full of lipid 
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droplets that accumulate under the skin and around 
internal organs. Brown fat cells are cells containing 
small lipid droplets tucked between tiny energy fac-
tories called mitochondria. In rodents, brown fat cells 
are found throughout the body and are present during 
the entire life cycle. In humans, they are principally 
found in the neck area of newborns, helping their tiny 
bodies generate heat, also throughout infancy. Brown 
fat cells largely disappear by adulthood, but their 
precursors still remain in the body, lodged in white-
fat depots. Depending on its localization, white adi-
pose tissue (WAT) presents different metabolic and 
functional properties [33]. Visceral adipose tissue 
can induce detrimental metabolic effects in contrast 
to subcutaneous white adipose tissue and brown adi-
pose tissue (BAT) that appear to be metabolically 
protective and have the potential to benefit metabo-
lism by improving glucose homeostasis and increas-
ing energy consumption [46].

Because of its simple macroscopic appearance, adi-
pose tissue has long been considered an organ of stor-
age, lipid synthesis, and lipid breakdown. The concept 
of adipose tissue as an endocrine organ is recent as the 
adipocyte is no longer considered a passive bystander, 
because it actively secretes many members of the 
cytokine family, such as leptin, tumor necrosis factor 
(TNF)-alpha, and interleukin-6 (IL6), among other 
cytokine signals, which influence peripheral fuel stor-
age, mobilization, combustion, as well as energy 
homeostasis [18]. The properties of adipocytes in dif-
ferent adipose tissue depots could represent an intrin-
sic heterogeneity of adipocytes that might be regulated 
by fundamental developmental genes [3, 20].

Like bone marrow, adipose tissue is derived from 
embryonic mesoderm and generates a stromal frac-
tion composed of preadipocytes, smooth muscle 
cells, endothelial cells, macrophages, and fibroblasts 
[9]. The preadipocytes progressively accumulate lip-
ids and acquire the characteristics of mature adipo-
cytes, exhibiting a high turnover rate, indicating that 
fat cell number is tightly regulated and constant in 
adulthood in both lean and obese individuals [39]. 
Because these mature adipocytes are terminally dif-
ferentiated cells, they are considered incapable of 
division, therefore the apparent increase in adipocyte 
number is thought to originate from adipogenesis, 
the proliferation or differentiation of adipocyte pro-
genitor cells [6].

13.3  Role of Adipose Tissue as a 
Secretory Organ in Obesity

The plasticity of adipose tissue is reflected by its 
remarkable ability to expand or to reduce in size 
throughout the adult lifespan. There is growing evi-
dence of a causal link between what happens in adipose 
tissue and obesity [53]. Obesity apparently results from 
chronic energy surplus and excess lipid storage in WAT 
[49]. In this condition, adipocytes hypertrophy and lose 
their functionality [1]. This creates a dysequilibrium 
between lipogenesis and lipolysis, impaired transcrip-
tional regulation of key factors that control adipogene-
sis, and a lack of sensitivity to external signals, as well 
as failure in the signal transduction process [48].

In vitro hypoxic adipocytes secrete inflammatory 
molecules such as tumor necrosis factor (TNF) a, inter-
leukin (IL) 1, IL6, macrophage inflammatory protein 
(MIP), and plasminogen activator inhibitor-1 [52]. 
These chemokines presumably clear out necrotic cells 
and the macrophages cause inflammation of tissues, 
rendering adipose cells to become resistant to the effects 
of insulin, causing diverse metabolic diseases [31, 50].

Recently, Bone Morphogenic Proteins (BMP) has 
been reported to play a role in adipoctyte differentia-
tion, providing instructive signals for adipose cell  
fate determination and regulating adipocyte function. 
Adenoviral-mediated expression of BMP7 in mice 
results in a significant increase in brown rather than 
white fat mass and leads to an increase in energy 
expenditure and a reduction in weight gain. These data 
reveal the important role of BMP7 in promoting brown 
adipocyte differentiation and thermogenesis in vivo 
and in vitro, and provide a potential new therapeutic 
approach for the treatment of obesity [38].

Additionally, apart from imbalance between food 
intake and caloric utilization, the development of obe-
sity also depends on the balance between WAT, which 
is the primary site of energy storage, and BAT, which 
is specialized for energy expenditure [21]. Excess 
accumulation of WAT causes obesity, while BAT 
by the expression of the tissue-specific uncoupling 
protein 1 (UCP1) affects whole-body metabolism and 
may alter insulin sensitivity and modify susceptibility 
to weight gain [29, 51]. UCP1 is an inner mitochon-
drial membrane protein, unique marker for BAT, which 
short circuits the proton electrochemical gradient, so 
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that oxygen consumption is no longer coupled to 
 adenosine triphosphate synthesis, generating heat as a 
consequence [15].

BAT is therefore, primarily thermogenic, efficiently 
burning lipids and converting nutrients into heat through 
the abundant number of mitochondria that surrounds it; 
however, it is almost inexistent in adult humans. Over 
the past years, several independent research teams used 
a combination of positron-emission tomography and 
computed tomography (PET/CT) imaging, immuno-
histochemistry, and gene and protein expression assays 
to prove conclusively that adult humans do have func-
tional BAT [12]. Substantial depots were identified in a 
region extending from the anterior neck to the thorax, 
in greater quantity in women, with a female to male 
ratio greater than 2:1. The probability of the detection 
of BAT was inversely correlated with years of age, and 
body-mass index especially in older people, suggesting 
a potential role of BAT in adult human metabolism 
[13]. Estimates suggest that if 50 g of maximally stimu-
lated BAT were present, it could account for up to 20% 
of daily energy expenditure in adult human [35]. 
Although very scarce in adult humans, the thermogenic 
capacity of even small amounts of BAT makes it an 
attractive therapeutic target for inducing weight loss 
through energy expenditure.

13.4  Role of Adipose Stem Cells  
in Obesity

Adipose tissue contains adipose-derived stem cells 
(ADSCs) among other cells, which possess the ability 
to differentiate into multiple lineages such as adipo-
cytes, osteocytes, and chondrocytes, a property of 
value for the repair and replacement of various cell 
types. These adipose precursor cells are a heteroge-
neous cells population, consisting of fibroblast-like 
multipotential stem cells [32]. They reside in a special-
ized environment called a niche, that controls many 
aspects of their behavior – quiescence, proliferation, 
and differentiation [27]. This location is well suited to 
receive environmental stimuli such as nutritional cues 
that can trigger the cells to leave their niche and mature 
into fat cells. Therefore, niche identification and char-
acterization are significant and dynamic areas of stem 
cell biology, with many recent revelations. It is also 
important to underscore that to be defined as a niche, 

the microenvironment must provide regulatory inputs 
to the resident stem cell beyond simply representing a 
physical location. Immunohistochemical methods, 
combined with GFP marking, showed that adipose 
stem cells are found in the wall of blood vessels that 
supply adipose tissue depots but are absent from blood 
vessels that supply other tissues [43, 24].

The identification of the vasculature as an adipose 
stem cell niche also supports earlier studies indicating 
that adipocytes form in intimate juxtaposition with 
blood vessels and that adipogenesis and angiogenesis 
are tightly orchestrated. Human adipose tissue-derived 
stem cells can differentiate into endothelial cells and 
improve postnatal neovascularization. As a matter of 
fact, activated adipocytes produce multiple angiogenic 
factors including leptin, angiopoietins, HGF, GM-CSF, 
VEGF, FGF-2, TGF-b, which either alone or collec-
tively stimulate neovascularization during fat mass 
expansion [7].

Adipocyte hyperplasia is associated with obesity 
and arises due to adipogenic differentiation of resident 
multipotent stem cells in the vascular stroma of adi-
pose tissue and remote stem cells of other organs [34]. 
There also seems to be a positive balance of adipocyte 
turnover involving proliferation ADSCs and several 
transcriptional differences from adipose tissue enlarge-
ment in obesity [42]. These findings raise an interest-
ing theory, in which expansion of fat mass seems to be 
dependent on angiogenesis, and suppression of angio-
genesis might provide a novel therapeutic approach for 
the prevention and treatment of obesity [4].

13.5  Adipose Stem Cells Use as a 
Treatment Strategy for Obesity

Current pharmacotherapeutic options for treating obe-
sity and related metabolic disorders remain limited and 
most of the time ineffective. Many options are being 
investigated in order to define potential targets and 
approaches for the treatment of these conditions [8].

13.5.1  Adipogenesis and Angiogenesis

Preadipocytes as previously mentioned, secrete high lev-
els of a number of angiogenic factors that stimulate angio-
genesis in adipose tissue. Recruitment of inflammatory 



136 Y.-G. Illouz et al.

cells, macrophages which increases with obesity also sig-
nificantly contributes to adipose neovascularization which 
supports the notion that adipose tissue development 
requires continuous remodeling, maturation, and pattern-
ing of the vasculature. Also, this plasticity of the adipose 
vasculature may represent the outcome of a net balance 
between angiogenic factors and inhibitors, which deter-
mine growth or regression of adipose tissue. Coordinative 
communications between adipokines and other angio-
genic factors are particularly important to understand the 
relationship of global control of adipose tissue expansion 
and local angiogenic responses. For example, high levels 
of serum leptin restrict fat mass expansion via endocrine 
stimulation of the central negative feedback loop, and 
paradoxically, leptin might promote adipogenesis through 
paracrine stimulation of angiogenesis. Inversely, high lev-
els of serum adiponectin might restrain adipose tissue 
growth via inhibition of angiogenesis locally.

These observations have led scientists to believe that 
one of the therapeutic interventions of obesity might be 
achieved by targeting the vasculature [5]. There is a high 
probability that many of the angiogenic factors expressed 
in the adipose tissue might function as survival factors 
for the vasculature. For example, both VEGF and IGFs 
are important survival angiogenic factors for endothelial 
cells, and withdrawal of these factors may lead to 
endothelial cell apoptosis. Thus, it is possible that anti-
angiogenic agents might block the functions of these 
survival factors, leading to regression of preexisting adi-
pose vasculature and shrinkage of the fat mass. 
Furthermore, known angiogenesis inhibitors and endog-
enous protein inhibitors such as angiostatin and endosta-
tin have been implicated in weight reduction as well as 
adipose tissue loss in mice. Some studies have shown 
that the angiogenesis inhibitor-treated adipose tissue 
undergoes remarkable vascular remodeling and contains 
an increased number of apoptotic cells and a decreased 
number of proliferating endothelial cells. These inhibi-
tors have also shown the advantage of normalizing insu-
lin sensitivity, preventing the development of type II 
diabetes in addition to body weight gain [36].

13.5.2  Brown Adipose Tissue and Its 
Beneficial Metabolic Effects

Because brown fat cells burn calories through adaptive 
thermogenesis, scientists think that finding ways to 
encourage the development of brown fat might be good 

for treating obesity. Therefore, researchers are actively 
investigating potential sources of new precursor cells 
that could give rise to mature brown cells, including 
different types of stem cells that could be candidates 
for use in this treatment. ADSCs isolated from the SVF 
by a series of processing methods following liposuc-
tion [10, 11] are now being explored as a possible tool 
to promote the beneficial metabolic effects of subcuta-
neous WAT and BAT. They are able, upon exposure to 
a specific PPARgamma or PPARalpha agonist, to 
switch to a brown phenotype by expressing both UCP1 
and CIDEA mRNA [14]. A recent study in mouse 
models, showed that cyclooxygenase (COX)-2, a rate-
limiting enzyme in prostaglandin (PG) synthesis, is a 
downstream effector of beta-adrenergic signaling in 
WAT and is required for the induction of BAT in WAT 
depots. PG shifted the differentiation of defined 
ADSCs toward a brown adipocyte phenotype. Over-
expression of COX-2 in WAT induced de novo BAT 
recruitment in WAT, increasing systemic energy expen-
diture and protecting mice against high-fat diet-induced 
obesity. Thus, COX-2 appears integral to de novo BAT 
recruitment, which suggests that the PG pathway regu-
lates systemic energy homeostasis [49].

In another study, using DNA chips to analyze how 
precursor cells give rise to mature brown fat cells, a 
strong genetic pattern was identified. Apparently, 
reducing the level of necdin, a protein which has been 
found to be over-expressed in obesity, is essential for 
precursor cells to give rise to brown fat cells. 
Researchers have also found that a transcription factor 
called CREB is involved in this reduction. “As we 
learn more about the genesis of brown fat cells and the 
genes governing them, we may be able to target those 
genes with drugs or other agents to create powerful 
tools to fight obesity” [47].

Therefore, transplantation of adipose tissue is being 
explored as a possible tool to promote the beneficial 
metabolic effects of BAT as well as ADSCs. When adi-
pose tissue is transplanted between lean and obese 
mice, the cells in the grafts grow or shrink to those of 
the host, in size and fatty acid composition [2]. Thus, 
the transplants seem to respond similarly to normal adi-
pose tissue pads, and the host environment is important 
in determining some aspects of adipose tissue cell fate 
[16]. In other terms, subcutaneous WAT could be har-
vested, collected, and molded to a brown-like, energy 
burning, adipocyte fat, that could be used to cure obe-
sity and metabolic dysfunctions. Young adipose-derived 
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stromal cells demonstrated significantly higher levels 
of VEGF production, proliferation, and tubulogenesis 
than those derived from aged, streptozotocin-induced, 
and db/db mice in both normoxia and hypoxia. Although 
aged and diabetic adipose-derived stromal cells retained 
the ability to up-regulate VEGF secretion, prolifera-
tion, and tubulogenesis in response to hypoxia, the 
response was blunted compared with young controls. 
ADSCs from elderly donors can lose their capacity to 
differentiate; optimal ADSCs should preferably be 
obtained from young, healthy donors and have a nor-
mal karyotype and a high potential for proliferation and 
differentiation in vivo [37].

Ultimately, the clinical applicability of adipose tis-
sue transplantation for the treatment of obesity and 
metabolic disorders resides in the achievable level of 
safety, reliability, and efficacy compared with other 
treatments, and also the patients’ conception and 
acceptance of the procedure [46, 54].

13.5.3  Induced Pluripotent Stem Cells

Some studies have proposed to induce pluripotent 
stem cells that are identical to natural pluripotent stem 
cells but have a forced expression of certain genes 
(cloning) in order to obtain a greater quantity of cells 
for treatment strategy of obesity. The study showed 
that ADSCs were the most amenable to reprogram-
ming, and were a more clinically relevant cell type for 
this use; and that fat tissue is easily accessed, grown 
easily and rapidly in cultures [44]. Ex vivo engineer-
ing of SVF could involve the overexpression of bene-
ficial adipokines, such as adiponectin and leptin, or 
involve the promotion of a beneficial brown cell fate. 
A recent report shows that, upon ex vivo engineering, 
human ADSCs are able to switch to a brown pheno-
type by expressing UCP1 after reprogramming by 
forced expression of UCP1, by retinoic acid and 
BMP7 treatment delivered intracellularly [30]. This 
switch is accompanied by an increase in oxygen con-
sumption and uncoupling [25]. Furthermore, the 
expression of UCP1 protein is associated to stimula-
tion of respiration by beta-AR agonists, including 
beta3-AR agonist, making ADSCs an invaluable cell 
model to screen for drugs stimulating the formation 
and/or the uncoupling capacity of human brown adi-
pocytes that could help dissipate excess caloric intake 
of individuals [14].

An in vivo experiment has shown that implanted 
murine preadipocytes induced vigorous angiogenesis 
and formed fat pads in a mouse dorsal skin-fold chamber. 
The newly formed vessels subsequently remodeled into 
a mature vascular network, whereas the preadipocytes 
differentiated into adipocytes as confirmed by increased 
aP2 expression. Adipocyte differentiation into fat tissue 
formation was inhibited by transfection of preadipocytes 
with a peroxisome proliferator-activated receptor g dom-
inant-negative construct. Also, inhibition of angiogenesis 
by vascular endothelial growth factor receptor-2 
(VEGFR2) blocking antibody, not only reduced angio-
genesis and tissue growth but also inhibited preadipocyte 
differentiation suggesting that blockade of VEGF signal-
ing can inhibit in vivo adipose tissue formation [19].

13.6  Future Research on Obesity

Obesity is a complex metabolic disorder influenced by 
a mixture of genetic and environmental factors, includ-
ing control of appetite and energy expenditure, avail-
ability and nutritional content of food, and development 
of adipocyte cell mass [20]. It occurs with different 
degrees of fat accumulation in different depots, and is 
commonly associated with type II diabetes mellitus, 
hypertension, coronary heart disease, dyslipidemia, 
gallbladder disease, hepatic steatosis, sleep apnea, 
stroke, endometrial disorder, and cancer. Interestingly, 
most of these obesity-related disorders are closely asso-
ciated with vascular dysfunctions. Adipose tissue is 
highly vascularized, and each adipocyte is nourished by 
an extensive capillary network. Recently, angiogenesis 
research has become one of the most important areas in 
biomedical research. Both genetic and high-calorie 
diet-induced obesity seems to require the switch of an 
angiogenic phenotype in adipose tissues to support adi-
pogenesis. The fast expansion of this research field 
demands development of rigorous, reliable, stable, con-
venient, and clinically relevant assay systems for dis-
ease diagnosis, prognosis, therapeutic evaluation, and 
drug discovery [26]. These findings have paved avenues 
for possible therapeutic intervention of obesity and obe-
sity-associated disorders by targeting the vascular com-
partment and its numerous factors as described above.

Leptin is one of the known adipocyte-derived hor-
mone that regulates food intake and energy homeostasis. 
It is considered a potent angiogenic factor as endothelial 
cells express the functional long form of leptin receptor 
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(OB-Rb). The vasodilation function of leptin may be 
essential to comply with the demand of growing adipose 
tissues for an elevated blood flow rate. Growing adipose 
tissue contains fenestrated capillaries that are essential 
for vascular permeability [17]. Under hypoxia, the 
expression ratios of angiogenic factors in adipose tissue 
might be altered because expression levels of VEGF and 
leptin are elevated by low oxygen. Thus, hypoxia prob-
ably plays a critical and additional role in controlling the 
balance between vessel growth and remodeling [28].

Gene therapy has also been shown to reduce body 
weight after injection of different kinds of genetic 
material into mice brains. DNA delivery and success-
ful tissue transfection was observed in the areas of the 
body where ultrasound was applied after intravascular 
administration of microbubbles and plasmid DNA 
[45]. These microbubbles appeared to enhance ultra-
sound energy deposition in tissues and served as cavi-
tation nuclei, increasing intracellular drug delivery 
[22]. Another method of interest, is the nonviral trans-
fer of nucleic acids (DNA and siRNA) into human 
ADSCs, exhibiting the potential of targeted modifica-
tion of stem cells [23]. Delivery of these reprogrammed 
ADSCs can be done by direct injection in the subcuta-
neous tissue, which makes it more accessible and easy 
to use [40, 41]. Novel uses of growth factors, regula-
tors of differentiation, and scaffolds should also be 
explored, in order to better purify, modulate, expand, 
maintain brown adipose tissue which could lead to 
treatment of obesity.

13.7  Conclusion

Some stem cell and antiaging centers are already 
advertising and offering patients who are undergoing 
esthetic procedures and present certain degenerative 
diseases, an opportunity to improve their health through 
cellular therapy, correcting their medical conditions 
from the source by regenerating the tissues and organs 
that are causing the ailments.

Since we are using autologous stem cells, this ther-
apy has no risk of tissue rejection, and no secondary 
effects would be ideal for the treatment of obesity. 
Animal and in vitro studies already support the notion 
of transplantation of reprogrammed and genetically 
engineered ADSCs, and as researchers learn more 
about the mechanisms that govern stem cell program-
ming, differentiation, and renewal, their ability to 

identify, isolate, and culture candidate stem cells will 
continue to improve. However, long-term studies are 
needed to assess the efficacy and safety of stem cell 
therapy to treat obesity. Additionally, the data for anti-
angiogenic agents offers an exciting new therapeutic 
option for the prevention and treatment of obesity. As 
more antiangiogenic agents become available for 
experimental and clinical applications, they provide an 
outstanding opportunity to test this possibility in the 
near future.
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Stem Cell Based Cardioregeneration 
and Adipose Tissue

14.1  Introduction

Stem cells are promising novel therapeutics candidates 
for organ regeneration, and have engendered a level of 
excitement within the medical and surgical community 
not seen since solid organ transplantation. Stem cells 
were initially hypothesized to reside within the con-
fines of the bone marrow by Cohnheim in the nine-
teenth  century [31]. They were not formally discovered 
until McCulloch and Till identified colony-forming 
cells from the bone marrow, as described in a series of 
papers in the 1960s. These investigators coined the 
term “stem cell” in 1969 to describe clonal hematopoi-
etic cells [12, 151]. This work defined the stem cell 
phenotype as plastic, demonstrating the capacity for 
transdifferentiation into a phenotype outside of the 
original cellular lineage, and clonal, i.e., maintaining 
an aptitude for self-renewal [51, 149, 151].

Introduced into clinical practice with the advent of 
bone marrow transplantation, the first example of stem 
cell-based regenerative therapy was seen with the resto-
ration of hematopoietic content for individuals suffer-
ing from hematologic disorders. The first attempt to 
utilize this resource to reverse myocardial damage was 
made in 1992 [85]. With the discovery of human embry-
onic stem cells in 1998 the notion of using stem cells 
as potential therapeutics for solid organ disease gained 
appeal [125, 141]. Cardiovascular medicine, and car-
diac surgery in particular, embraced this novel platform, 
to soon thereafter implement multiple pre-clinical and 
clinical trials intended to identify a feasible and safe 
approach for cell-based heart repair.
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The advent of stem cell therapy thus has changed 
the focus of medical practice from palliative towards 
curative solutions [100]. Application of regenerative 
paradigms provides an approach to reverse the injury 
caused by ischemic and non-ischemic damage to the 
myocardium [10]. Today, both safety and feasibility 
of cell therapy have been established in over 3,000 
patients following initial clinical trial testing, mostly 
through use of adult bone marrow stem cells derived 
and delivered in an unmodified state. Though this 
experience has provided significant advance in the 
delivery of recruited stem cells, fundamental clinical 
evaluation of stem cells has yet to identify an ideal 
cell source, mode of large-scale expansion, human-
ized culture, optimization of packaging, or a mode of 
action [28, 104]. The multiplicity of cell phenotypes 
transplanted to assess myocardial benefit has resulted 
in sub-optimal benefit and consequently impeded 
early adoption of this technology within the general 
practice of cardiology and cardiac surgery. To this 
end, definitive characterization of the cellular pheno-
type and its mode of action in the heart have been 
identified as a critical next step towards achieving 
success in regeneration [17, 42].

Human mesenchymal stem cells (hMSC) have been 
increasingly considered with their favorable regenera-
tive potential and immunotolerant profiles [14]. The 
current gold standard for the derivation of this stem 
cell resource is the bone marrow [8]. However, transla-
tion of hMSC into clinical practice has been hampered 
by protracted in vitro culture durations and the zoonotic 
condition underlying cell processing. To this end, 
alternative tissue sources for hMSC derivation have 
been evaluated to expedite large-scale cell culture. 
Adipose tissue has recently been described as a favor-
able tissue alternative to bone marrow, giving rise to a 
significantly higher number of hMSC that in culture 
conditions appear to maintain a higher proliferative 
capacity.

The intent of this chapter is highlight different stem 
cell approaches, provide a rationale behind the use of 
specific stem cell technologies, assess stem cell utility 
based on current clinical trials, and discuss the current 
and projected use of adipose-derived stem cells for 
myocardial regeneration.

14.2  The Stem Cell Paradigm

14.2.1 Overview of Heart Disease

Congestive heart disease is the largest source of repeat 
hospitalization and mortality in the developed world 
[17, 64, 65]. Affecting more than 5 million Americans 
and nearly 20 million individuals world-wide, 550,000 
annual cases of heart failure occur in the United States 
alone, with individuals suffering from a 5-year mortal-
ity of over 50% accounting for the greater than 50,000 
deaths per year [76]. Overall, the cost of cardiovascu-
lar disease in the United States was 80 billion dollars 
in 2008, translating into greater than 160 billion  
dollars in productivity. By 2023, cost of cardiovascular 
disease is projected to exceed 150 billion dollars, 
impacting a major socio-economic burden on society 
[68, 76, 139].

Acute measures to revascularize the myocardium 
have dramatically blunted mortality from myocardial 
infarction [123], but in turn have resulted in an  epidemic 
increase in the number of patients suffering from heart 
failure. Current heart failure management works to 
blunt disease progression though symptomatic pallia-
tion. However, this approach lacks the capacity to 
 prevent organ failure [24]. Reaching the precipice of 
morbidity, patients are offered costly measures such as 
left ventricular assist devices or organ transplantation. 
But, as only a limited number of patients can access 
such therapies, development and implementation of 
regenerative approaches are needed.

14.2.2  Stem Cell Plasticity

The stem cell paradigm challenges the preeminent 
view that the myocardium is incapable of repair [21, 
63]. This notion was challenged with evaluation of 
female hearts transplanted into male recipients, identi-
fying exogenous (y-chromosome positive) stem cells 
from the recipient with capacity to home and inte-
grate within the transplanted myocardium [108]. This 
hypothesis was furthermore validated through quantifi-
cation of myocardial C-14 content, in radiation exposed 
individuals demonstrating cardiomyocyte turnover at a 
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rate of ~1% per year at age 20 to 0.4% per year at age 
75. As such, the myocardium is estimated on average 
to have 45% of its content regenerated by age 50 [22].

Stem cell plasticity provides an opportunity to 
boost the reparative capacity of the myocardium 
[43, 134]. Efforts to implement this new approach 
have been based on recruitment and delivery of 
adult stem cells [104]. Yet, clinical studies show 
limited benefit due to significant variability in out-
come departing from the repair efficacy seen in 
pre-clinical studies [1, 41, 44, 116].

Stem cell therapies were initially hypothesized to 
directly replace lost or non-viable myocardium with 
newly generated myocytes from transplanted cells. 
After a decade of evaluation, it is increasingly evi-
dent that this intuitively logical premise is too sim-
plistic to account for the complexity that is germane 
to myocardial regeneration [28, 138]. Infarction 
results in loss of approximately 40 g of human myo-
cardium, with each gram containing approximately 
20 million cardiomyocytes. Injury of greater than 
70 g typically results in cardiogenic shock [27, 60,  
96, 104, 147]. Regeneration requires restoration of at 
least 5 g of functional myocardial tissue [142]. When 
broadly evaluated, a small but detectable positive 
functional and perfusion advantage is noted with all 
forms of cell therapy, underscoring the potential for 
myocardial repair [54, 60, 96].

14.2.3  Direct Versus Indirect  
Repair Mechanism

Accordingly, novel iterations of the regenerative para-
digm move beyond a hypothesis where transplanted stem 
cells act as new building blocks to rebuild the failing 
organ, to one that alters the myocardial molecular land-
scape to engender a healing microenvironment. In this 
way, paracrine signaling within the heart modulates 
inflammation, ischemia tolerance, endogenous repair, 
and inotropy, to promote a condition favorable for repair. 
Regenerative models have thus been amended to include 
the concept of indirect regeneration where enriched 
endogenous capacity for neoangiogenesis, cytoprotection 
of vulnerable myocardium, and activation of reparative 

resident cardiac stem cells collectively provide the 
 putative basis for stem cell benefit (Fig. 14.1) [21, 43, 48, 
56, 69, 104].

14.3  Cell-Based Myocardial 
Regeneration

A multitude of cellular phenotypes has been consid-
ered for use in the damaged heart. Pre-clinical benefit 
of cell transplantation has been documented irrespec-
tive of cellular origin, surface marker profile, pheno-
type, or capacity for differentiation. However, this 
repair efficacy is not translated into clinical practice. 
Here, hurdles impeding widespread translation, 
approaches for up-scaled manufacture and transplanta-
tion along with a brief overview of pre-clinical and 
clinical experience with non-adipose tissue-derived 
cytotypes will be provided.

14.3.1  Hurdles in Translation

Pre-clinical studies indicate a “universal” functional 
benefit following stem cell delivery, irrespective of the 
diverse repertoire utilized [96]. Indeed, indirect trophic 
mechanisms were hypothesized, after benefit was 
noted within 72 h of administration, absent any evi-
dence of persistent engraftment. Initial pre-clinical 
trial testing focuses on feasibility of large-scale pheno-
type derivation and safety in vivo. Optimization of 
these steps prior to evaluation of efficacy and clinical 
trial testing is essential to maintain the integrity of 
potency during translation. Subtle changes occurring 
during large-scale culture, cryostorage, transport, and 
cell handing at the time of transplantation has a pro-
found impact on the ultimate reparative potency of 
stem cells as exemplified in the REPAIR-AMI versus 
ASTAMI trials [121].

14.3.1.1  Up-Scaling Stem Cell Culture
Large-scale stem cell production to yield a biologic 
capable of withstanding regulatory scrutiny requires 
humanization of the culture condition and good manu-
facturing practice (GMP) compliance. Historically stem 
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cell culture has relied on fetal bovine serum [33]. This 
standard has in large part been applied to cells produced 
for clinical trials, as the overall risk of zoonoses is 
thought to be small. However, greater scrutiny has been 
called for to ensure creation of pathogen-free master 
cell banks, elimination of culture variability, and avoid-
ance of immune response to bovine protein following 
repeat therapy [29, 30, 45, 57, 62, 81, 97, 122, 133, 
144]. Testing and commercialization of humanized 
substitutes has thus become a point of emphasis paving 
the way for expedited translation [23, 83, 115, 124].

14.3.1.2  Quality Control
Despite use of stem cell in numerous clinical studies, 
there continues to be lack of consensus with regard to 
tissue source and harvest, derivation, culture conditions 
along with packaging and transport [54]. In addition, 
no fixed standard linking cellular phenotype to a spe-
cific mode of reparative action has been established, 
resulting in heterogeneous quality control requirements 
in the release of stem cells for transplantation [42, 
43, 150]. Conversely, with the implementation of bone 

marrow transplantation, vaccination and antibody-based 
therapeutics within medical practice, guidelines regu-
lating development and delivery of biologics provide 
significant direction and oversight to ensure GMP com-
pliance in the manufacture of clinical-grade stem cells 
[99]. Thus, regardless of phenotype, the manufacture, 
composition, and release of all post-Phase-II biologics 
delivered must conform to a high degree of quality as 
determined by full traceability, sterility, homogeneity, 
and purity [39, 132].

14.3.1.3  Modes of Delivery
One essential, but often overlooked, element in cell-
based therapy is mode of delivery. Regardless of the 
mode of action, efficient stem cell engraftment within 
injured myocardium is required to achieve therapeutic 
benefit. This remains an elusive component of transla-
tion as no clinically viable method currently exists to 
track cell survival and homing within the heart following 
transplantation [105]. Currently, stem cells are delivered 
via four routes: peripheral intravenous injection (IV); 
intracoronary catheter-based delivery; catheter-based 
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Fig. 14.1 Regenerative models have thus been amended to 
include the concept of indirect regeneration where enriched 
endogenous capacity for neoangiogenesis, cytoprotection of 
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cardiac stem cells collectively provide the putative basis for 
stem cell benefit
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endocardial transplantation; and epicardial injection 
during cardiothoracic surgery (Fig. 14.2) [9].

Intravenous delivery provides the smallest degree 
of myocardial homing; however, if the mode of action 
solely relies upon paracrine secretion into the circula-
tion, this approach would be an attractive option due 
to its broad clinical applicability. Pre-clinical studies 
provide proof-of-concept for this approach by demon-
strating that, despite the pulmonary homing of IV-injected 
stem cells, the cardioprotective influence of this phe-
notype was preserved, in the context of myocardial 
infarction, due to the bioavailablity of secreted anti-
inflammatory proteins [73]. Intracoronary catheter-
based delivery has been utilized in multiple clinical 
trials [6, 25, 40, 67, 117]. Though limited to facilities 
with significant catheter-based skill, this approach 
provides an option for concentrated delivery to the 
site of myocardial injury [66]. Infusion of stem cells 
through the coronary venous system (coronary sinus) 
has also been tested, though anatomic variability lim-
its capacity for specific targeting [105, 129, 130, 140]. 
Percutaneous transendocardial transplantation is uti-
lized in sub-acute and chronic infarction, to overcome 
the limited influx of homing and chemokine signaling 
typically observed during the acute phase of injury [4, 
35, 153]. This approach is limited to centers of excel-
lence capable of coupling intervention with techniques 
such as voltage mapping, computed tomography (CT), 
magnetic resonance imaging (MRI) or echocardiogra-
phy to guide site-specific cell delivery [102, 127]. 
Epicardial cell transplantation is limited to individuals 

that have a primary indication for cardiac surgery. No 
approach to date has been singled out as the best tech-
nique. Yet, some approaches are more applicable to 
specific clinical scenarios or mode of action, cellular 
resource and patient population and will likely dictate 
the method of delivery.

14.4  Non-adipose Adult-Derived  
Stem Cells

14.4.1  Myoblasts

Myoblasts are a skeletal muscle-derived source with 
capacity for clonogenic propagation. These progeni-
tors were the first to be tested in the clinical setting 
for myocardial repair [85, 90]. This phenotype is 
thought to provide therapeutic benefit by reserving or 
aborting the remodeling process through structural 
support of the post-infarction myocardial scar region 
[52, 126]. Indeed, a study by Dib and colleagues 
demonstrated this principle by tracking transplanted 
cells in hearts explanted from patients undergoing 
transplantation [37]. Although initially promising, 
the arrhythmogenic outcome noted in an initial 
patients, taken together with a limited evidence for 
long-term functional benefit, prompted a decline in 
enthusiasm for this approach [91]. However, genetic 
and catheter-based modifications are currently under-
way to improve the overall impact of this cell-based 
approach [38, 58, 89].

Modes of stem cell delivery

Acute delivery

Intravenous

a

Intracoronary Endocardial
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Fig. 14.2 Stem cells are delivered via four routes: peripheral intravenous injection (IV); intracoronary catheter-based delivery; 
catheter-based endocardial transplantation; and epicardial injection during cardiothoracic surgery



146 A. Behfar and A. Terzic

14.4.2  Bone Marrow-Derived Cells

14.4.2.1  Hematopoietic Stem Cells 
(Lin−CD34+/−CD45+/−c−kit+)

Defined as c-kit+, the hematopoietic stem cell pheno-
type entered the psyche of clinical cardiologists in 
2001 when it was found efficacious in regenerating the 
injured murine myocardium [103]. Current available 
evidence, points to the clinical impact of c-kit+ bone 
marrow stem cells as including reduction of infarct 
size and improvement in ejection fraction via myocar-
dial engraftment (±fusion) along with paracrine altera-
tion of the myocardial microenvironment to provide 
cytoprotection during acute injury [43, 103]. In the 
acute setting, unsorted bone marrow mononuclear cells 
(BMMNC) consisting of endothelial progenitors, 
hematopoietic stem cells, monocytes, and stromal stem 
cells are typically utilized. A limited number of studies 
characterize identity prior to transplantation including 
TOPCARE-AMI and REPAIR-AMI [117–119, 135]. 
Here bone marrow stem cells were harvested using 
autologous serum and sorted for a CD34/CD45 posi-
tive state favoring a hematopoietic lineage. In addition, 
a study by Bartunek and colleagues utilized CD133 to 
isolated therapeutic stem cells but found that benefit 
came at the price of increased in-stent stenosis [6]. 
Overall, recent meta-analyses identify more than 80 
studies evaluating cellular efficacy in repair of myo-
cardial infarction. Though divergent outcomes are 
reported, the majority of studies show a marginal 
degree of ejection fraction and scar size benefit [1, 6, 
53, 67, 70, 71, 78, 86, 87, 117, 119]. Thus far, studies 
have demonstrated a favorable safety profile with fea-
sibility demonstrated for stem cell derivation and 
delivery [19, 119]. Specific studies such as the ASTAMI 
study revealed no benefit in the short term [80] and 
BOOST revealed that although post-infarction benefit 
is observed, it is lost upon long-term follow-up [93]. 
Cellular preparation and storage may account for such 
inter-trial discrepancy [121]. In particular, BOOST’s 
utilization of undefined BMMNC in contrast to a well-
defined CD34/45 positive population in REPAIR-AMI 
may have created a discrepancy in outcome. Overall 
the benefit of unfractionated or refined BMMNC in 
the treatment of acute myocardial infarction has 
been modest at best, with an ejection fraction benefit 
of 3.6 ± 1.8%, infarct size decrease of −5.5 ± 3.6%, 
and left ventricular end systolic volume decrease of 
−4.8 ± 3.4 mL. As there is little evidence to indicate 

long-term engraftment following intravascular  delivery 
the mechanisms of benefit, likely paracrine, need to be 
better understood in order fully detail the molecular 
cornerstones of stem cell repair [1, 116].

14.4.3  Mesenchymal Stem Cells (KDR−CD14−,
34−,45−;CD90+,105+,133+,271+)

Patient-derived mesenchymal stem cells (hMSC) have 
a significant propensity for myocardial transdifferen-
tiation both in vitro and in vivo [13, 16, 60, 77], with a 
mechanism of benefit hypothesized to be both cellular 
and paracrine in nature [15, 54, 56]. In the acute set-
ting hMSC demonstrate paracrine signaling to reduce 
apoptosis [36, 56, 73, 113]. In the chronic setting, 
 benefit of hMSC is documented through demonstra-
tion of myocardial implantation with neovasculogene-
sis and de novo cardiogenesis [18, 60, 109]. Recently, 
Hare and colleagues demonstrated safety and benefit 
of  allogenic hMSC therapy in patients with sub-acute 
anterior myocardial infarction [61]. At 12 months 
 follow-up, hMSC-treated patients demonstrated a 
5.2 ± 1.9% ejection fraction improvement compared to 
1.8 ± 1.5% in placebo-treated counterparts. With ease 
of ex vivo propagation and immunoprivilege, this cell 
phenotype will be increasingly considered for allo-
genic and autologous use.

14.4.4  Endothelial Progenitor Cells 
(CD45−CD31−CD34+CD144−KDR+)

Endothelial progenitors (EPC) have the capacity to 
clonally divide, form vascular networks in vitro, and 
participate in repair through neovasculogenesis [4, 74, 
75, 110, 143, 153]. EPC mobilization in myocardial 
infarction was first described in 2001 [128]. The 
molecular signaling prompting cellular exodus from 
the bone marrow has been cataloged to include factors 
such as erythropoietin (EPO), vascular endothelial 
growth  factor (VEGF), GCSF, and SDF-1 [35, 36, 46, 
53, 128]. Few studies have assessed EPC role in 
 myocardial infarction, the largest is the circulating 
progenitor cell (CPC, KDR+/CD31+/CD105+) arm of 
TOPCARE-AMI [117]. Though a combination of 
BMMNC and EPC was utilized, significant benefit 
was documented. The majority of studies focus on 
 cellular mobilization instead direct transplantation. 
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The HEBE-III trial documented the safety of erythro-
poietin following coronary reperfusion, though no 
benefit was observed [20]. GCSF at the time of reper-
fusion also has not provided a therapeutic yield [46]. 
While delivery of EPC may be useful in the neorevas-
cularization of patients with intractable angina [79, 
148], use of mobilizing agents at the time of myocar-
dial infarction does not appear to provide benefit. Lack 
of factor-based mobilization efficacy may be due to an 
already upregulated endogenous response exhausting 
bone marrow stores, insufficient exogenous induction, 
or patient morbidity [41, 101, 112].

14.4.5  Resident Cardiac Stem Cells

The discovery of adult cardiac stem cells and their ex 
vivo capacity for expansion [21, 92], has created inter-
est in the heart as a potential stem cell source. In adult 
hearts Sca-1 (murine) and c-Kit (human) positive pop-
ulations have demonstrated the capacity to undergo 
myocardial transdifferentiation, while Islet-1 (Isl-1) 
positive cells have been identified only in embryonic 
and neonatal hearts as having ex vivo capacity for car-
diogenesis [106, 114]. The most promising therapeutic 
is the c-kit positive population [21, 92], readily iso-
lated patient heart specimens demonstrating clonal ex 
vivo proliferation [11, 131], significant myocardial 
homing capacity and potential for regeneration in pre-
clinical models. Clinical evaluation of this cytotype is 
currently underway in the CADUCEUS (CArdiosphere-
Derived aUtologous Stem CElls to reverse ventricUlar 
dySfunction) and SCIPO (Myocardial Regeneration 
Using Cardiac Stem Cells) trials [34, 69, 137, 145].

14.5  Adult-Derived Adipose Stem Cells

Adipose tissue-derived stem cells (ATSCs) have 
become the focus of many recent investigations due to 
practicality of their use. Derivation of stem cell from 
tissues such as heart, skeletal muscle, or bone marrow 
comes with the cost of painful and time-consuming 
procedures. This is in contrast to the isolation of adult 
stem cells from adipose tissue. In most patients, this 
resource is readily accessible via minimally invasive 
excision or microlipoaspiration procedures. In addition, 
adipose tissue has been shown to harbor significantly 

higher stem cell density [33, 49] compared to other 
 tissues, resulting in enhanced yield despite smaller 
quantities of patient tissue [5, 50].

In the myocardium, several recent studies demon-
strate the benefit of ATSCs to include direct contribu-
tion to neovasculogenesis and de novo cardiogenesis, 
in addition to indirect paracrine action for cardiopro-
tection, neoangiogenesis, and neuron spindle formation 
[3, 11, 136]. Furthermore, in pre-clinical evaluation, 
treatment with ATSCs corresponded with a diminished 
propensity for arrhythmogenic risk without any evi-
dence for uncontrolled growth, systemic complications, 
or tumorigenic change [5]. This section will compre-
hensively review the pre-clinical and translational work 
done to definitively evaluate the role of ATSCs in myo-
cardial regeneration.

14.5.1  Cell Phenotypes Isolated  
from Adipose Tissue

Mononuclear cells are typically isolated from adipose 
tissue using collagenase-based digestion approaches 
[55], through recently commercialized tools [120]. 
Mononuclear cells freshly isolated from adipose tissue 
are typically heterogeneous [49] containing adipose 
tissue-derived mesenchymal stem cells (AT-hMSC; 
CD34−/45−;CD44+/CD90+/105+) [33], endothelial cells 
(CD34+/c-kit+) [94], and hematopoietic stem cells 
(CD11b+/34+/45+) [32]. In addition, smooth muscle 
cells (likely from disrupted microvascular walls) are 
also detected [156, 157]. Each stem cell population 
detected within adipose tissue has shown, in vitro, the 
capacity to undergo lineage-specific differentiation. 
Endothelial cells, when cultured on matrigel demon-
strate the capacity to form capillary-like networks 
within a VEGF-rich medium. AT-hMSC following 
culture in either FBS or human pooled platelet lysate 
(PL) have the capacity for over 100 population dou-
blings and demonstrate the capacity to uniformly 
maintain the hMSC surface marker expression profile 
[33, 154]. When placed in an induction medium, 
these multipotent stem cells demonstrate the capacity 
to differentiate into adipocytes, osteobalsts, chondro-
cytes, and cardioblasts [33, 47, 59, 157]. Furthermore, 
AT-hMSC have demonstrated the capacity to form tis-
sue from all three germinal layer with the capacity, 
both in vitro and in vivo, for hepato-, neuro-, and car-
diogenesis [1, 107, 136, 155].
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14.5.2  Pre-clinical Evaluation of ATSC  
in Myocardial Infarction

Following discovery of ATSC, a number of studies 
were undertaken to evaluate the benefit of this cellular 
resource on the myocardium. Multiple groups have 
specifically studied the role of ATSC in pig and rodent 
models of acute myocardial infarction. Here, stem cells 
are delivered following ligation of the left anterior 
descending artery and demonstrated a cardioprotective 
influence preserving ejection fraction and reducing end 
systolic volumes [2, 26, 146]. In chronic heart disease 
the experience is less robust. The majority of studies 
have focused on either pig, rodent, or rabbit models of 
sub-acute myocardial infarction with delivery of 
AT-hMSC (derived either from brown or white fat) 
directly into the peri-infarction region of the myocar-
dium with an overall improvement in myocardial pump 
function and remodeling [26, 95, 120, 146, 152].

14.5.3  Mechanism of ATSC Benefit  
in the Myocardium

With the potential for therapeutic benefit, tracking the 
fate of transplanted ATSCs within the myocardium has 
been implemented in order to elucidate their role and 
function in myocardial restoration. Several hypotheses 
have been proposed to explain the beneficial effect of 
ATSC in heart disease. Currently, ATSC influence is 
thought to be multifactorial and based on recent evidence 
includes direct differentiation into new cardiomyocytes 
along with direct participation of ATSC in neovasculo-
genesis [33, 94, 107]. Indirect mechanisms of benefit 
have also been suggested with secretion of pro-regenera-
tive factors such as vascular endothelial growth factor 
(VEGF), hepatocyte growth factor (HGF), and Insulin-
like Growth Factor (IGF) into the myocardial microenvi-
ronment serving an inductive role upon endogenous 
cardiac stem cells [98, 113]. Secretion of heat shock pro-
teins and anti-oxidants has also been documented with 
AT-hMSC indicating a cardioprotective role at the time 
of acute injury [82]. Histological studies have been uti-
lized to directly probe for the ultimate location and phe-
notype of implanted cells. However, these works are 
limited to evaluation and quantify cell survival or  
homing within the myocardium without an evaluation of 
cell fate. Typically, the studies focus on detection of 

human-specific markers within the recipient model’s 
myocardium. Tool utilized to this end include use of 
human-specific surface markers, genome, or genetic 
manipulation of transplanted stem cells to allow whole 
animal stem cell tracking and detection [5, 26, 88].

14.5.4  Clinical Translation

With pre-clinical studies signaling a beneficial effect 
on the myocardium, in 2007 two clinical studies were 
initiated to assess the benefit of ATSC in patients. These 
trials have as code names “AdiPOse-derived Stem 
ceLLs in the treatment of patients with st-elevation 
myOcardial infarction” (APOLLO) and “a randomized 
clinical trial of adiPose-deRived stEm and regenerative 
Cells In the treatment of patients with non-revaSculariz-
able ischEmic myocardium” (PRECISE). Both are pro-
spective Phase I placebo-controlled, double-blinded 
studies designed to assess safety and feasibility of this 
approach. In regards to safety, major adverse cardiac 
and cerebral events (MACCE) will be assessed, while 
for feasibility the capacity to ascertain myocardial pump 
function improvement will be monitored. As docu-
mented in clinicaltrials.gov, the APOLLO study as of 
2010 has completed the recruiting phase and is actively 
treating patients. Inclusion criteria for this study 
includes age >20 and <80 years, both genders, and an 
ability to undergo liposuction. Key pathological inclu-
sion criteria is acute myocardial infarction for a mini-
mum of 2 and maximum of 12 h requiring percutaneous 
coronary intervention and unresponsive to nitroglyc-
erin, along with successful revascularization of the 
culprit lesion, area of hypo- or akinesis (as determined 
by ventriculogram) corresponding to the culprit lesion 
resulting in an LVEF of >30% and <50%. The 
APOLLO trial utilizes a mechanical device to process 
and generate the potentially therapeutic stem cells.

The PRECISE trial prospectively assesses the ben-
efit on ATSC in individuals 20–75 years of age with 
coronary artery disease that is not amenable to revas-
cularization. These individuals must demonstrate 
hemodynamic stability, ability to undergo liposuction, 
and have the capacity to walk on a treadmill. Currently, 
the study is ongoing but not actively recruiting. In 
addition to these pilot studies, larger studies will be 
required to demonstrate the long-term efficacy of 
ATSC therapy [7].
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14.6  Future Directions

With the aging of population worldwide, the cardiovas-
cular disease epidemic will remain a major cause of 
morbidity and mortality. Though advances in molecu-
lar diagnostics allow for early detection and preven-
tion, the treatment of heart disease remains largely 
palliative in nature. Cell-based therapeutics provide an 
approach to utilize adult stem cells to rectify the distor-
tion of pump function following myocardial injury [16, 
134]. Both pre-clinical and clinical studies demonstrate 
a favorable trend, yet it still remains uncertain whether 
implanted somatic tissue-derived stem cells retain the 
capacity to reliably engage in regeneration. This in par-
ticular appears to be true of bone marrow-derived stem 
cells, recruited from patients suffering from heart dis-
ease. Transplantation of this resource has resulted in 
significant interpatient variability in efficacy culminat-
ing in a marginal degree of ejection fraction benefit [1, 
116]. Adipose tissue-derived stem cells may provide a 
potential solution to this issue as these stem cells reside 
in a typically insulated microenvironment when com-
pared to bone marrow [154]. However, change of tis-
sue resource may not be sufficient to ensure regenerative 
outcome. To this end, preemptive differentiation of 
adult tissue-derived stem cells may be required. This 
approach has been demonstrated with direct injection 
of adult stem cells into blastocysts providing natural 
ectopic cues to guide lineage specification [77]. In 
addition, modification of the DNA using factors such 
as 5-azacytidine has also been attempted [72]. Though 
effective, these approaches provide a limited cellular 
yield that is non-viable for translation. Alternatively, 
harnessing embryonic cues to guide cardiogenesis in 
a recombinant fashion would provide a platform by 
which to scale-up lineage specification of adult stem 
cells [15, 16, 18]. Recombinant approaches to cardio-
genically prime stem cells prior to transplantation have 
been demonstrated as efficacious in ensuring increased 
beneficial outcome [18].

Adipose tissue-derived stem cells obtained from 
healthy donors have been shown to demonstrate bene-
ficial outcome following implantation into disease 
myocardium. However, as was seen with bone marrow, 
subpopulations of adipose-derived stem cells are not 
likely to be innately primed for cardiogenesis at the 
time of transplantation. Thus, utilization of this novel 
cellular resource paired with cardioinductive lineage 

specification, may provide a powerful therapeutic 
 platform for the repair of injured myocardium [84]. 
Furthermore, as the cellular yield of adipose tissue is 
heterogeneous, a careful understanding of each cell’s 
role in repair must be determined such that an opti-
mized mixture of cells, pre-specified or not, is designed 
to provide maximal benefit upon transplantation. To 
this end, a standardized method to isolate and expand 
the desired cell phenotype from adipose tissue is first 
required with assessment of cell functionality. Next, a 
preemptive fate commitment is needed to ensure maxi-
mized cellular efficacy. Finally, combination of cell 
phenotypes to identify stem cell combination with the 
highest level of regenerative efficacy for acute, sub-
acute, and chronic myocardial infarction repair needs 
to be determined [17].

14.7  Conclusions

Adipose tissue has demonstrated significant capacity 
to improve myocardial function with engrafted stem 
cells demonstrating the capacity for contribution both 
via direct differentiation and indirect regenerative 
paracrine signaling in the host myocardial microenvi-
ronment. Thus, this tissue resource holds great prom-
ise in providing the raw stem cell material to generate 
therapeutic products in the treatment of cardiovascu-
lar disease. However, due to the heterogenous nature 
of derived stem cells, further evaluation is needed to 
delineate the mechanism of stem cell benefit within 
the myocardium and implement next generation 
approaches such as linage specification and combina-
torial stem cell therapy.
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15.1  Introduction

Adult adipose stem cells (ASCs) would have several 
advantages over multipotent bone marrow stromal cells 
(BMSCs) if their capacity for differentiation could be 
made comparable to that of BMSCs. For many years, 
bone marrow was considered the major source of adult 
stem cells for tissue engineering applications. However, 
it was recently noted that adipose tissue contains more 
adult stem cells than the bone marrow. According to 
previous reports, the BMSC frequency in bone marrow 
is between 1 in 25,000 and 1 in 100,000 mononuclear 
cells, while ASCs in adipose tissue represent approxi-
mately 2% of total lipoaspirate cells [43]. Additionally, 
adipose tissue is more broadly distributed in the body, 
and its presence just beneath the skin (subcutaneous 
fat) and in the abdomen (abdominal fat) renders it eas-
ily accessible. Therefore, ASCs are an attractive, read-
ily available type of adult stem cell that has become 
increasingly popular for use in mesenchymal tissue 
repair as well as other therapeutic applications.

Adipose tissue comprises several different cell types 
whose populations differ according to harvesting and 
cell culture methods. ASCs can be harvested using a 
simple procedure: the harvested adipose tissue is 
digested using enzymes, filtered through a strainer, and 
collected by centrifugation. The spin-down pellet, which 
is called the stromal vascular fraction (SVF), contains 
ASCs as well as a variety of other cells, including adipo-
cytes, pericytes, fibroblasts, vascular smooth muscle 
cells, endothelial (progenitor) cells, immune cells, and 
hematopoietic stem cells [24]. The SVF can be used 
directly as a source of stem cells or expanded by cultur-
ing through many passages for other investigations.
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Typical ASCs possess characteristics that are simi-
lar to BMSCs [17], including (a) adherence to plastic; 
(b) multipotent differentiation potential to osteoblasts, 
adipocytes, and chondroblasts; and (c) expression of 
specific surface antigens such as CD34−, CD45−, 
CD73+,CD90+, and CD105+. Recently, Crisan et al. 
(2008) suggested that some mesenchymal stem cells 
(MSCs) from fat tissue are perivascular cells that 
are associated with blood vessel walls expressing 
CD140b+(PDGFR-b), CD146+, and NG2+ [11]; these 
cells have multipotent differentiation potential similar 
to that of traditional BMSCs. Since adipose tissue 
includes many vascular structures, this finding may 
provide a reason why stem cells are more abundant in 
fat tissue than in bone marrow. Furthermore, numerous 
reports have suggested that ASCs have the ability to 
differentiate not only to cells of mesodermal lineages 
but also to neuronal and glial cells in vitro and in vivo 
[9, 31, 36, 43, 45, 96, 97, 100]. These reports imply 
that ASCs also harbor a subset of adult stem cells that 
can be transdifferentiated to neuroectodermal cells or a 
small number of neural crest stem cell (NCSC) types, 
which migrate during embryonic development and 
persist in the adipose tissue.

15.2  Accessible Alternative Sources  
for Neural Stem Cells

Adult neural stem/progenitor cells in the brain are 
localized in the subventricular zone of the lateral ven-
tricle and the subgranular zone within the dentate gyrus 
of the hippocampus [16, 48]. In the spinal cord, adult 
neural stem/progenitor cells have been reported to be 
quiescent and located in the ependymal layer or in the 
subependymal zone of the central canal [34, 74, 86]. 
However, these neural progenitor cells are deeply 
localized in brain or spinal cord and, thus, are not easily 
accessible for autogenic cell therapeutics. Allogeneic 
fetal midbrain tissues have been used for the treatment 
of Parkinson’s disease [21] or Huntington’s disease  
[4, 66], and these fetal tissues have been found to allevi-
ate the symptoms of such patients. However, ethical 
questions regarding the use of tissue derived from 
aborted human fetuses as well as issues of tissue avail-
ability, limited safety, and quality control have histori-
cally been raised. Moreover, transplantation of allogeneic 
fetal tissue or neural stem cells carries the risk of disease 
transmission to the recipient and immune rejection of 
the donor cells.

Embryonic stem (ES) cells and induced pluripotent 
stem (iPS) cells have similar characteristics of pluripo-
tent differentiation potential and can give rise to all 
three germinal cell layers of the body in vitro and in vivo. 
These ES and iPS cells are therefore alternative cell 
sources for treating neural disease. According to previ-
ous reports, oligodendrocyte progenitor cells and pro-
genitors of motor neurons can be induced from mice 
and human ES cells, and these cells participate in the 
functional repair of spinal cord injuries [14, 25, 40, 53, 
64]. Nevertheless, ethical issues involving the use of ES 
cells, as well as problems related to tumorigenesis, will 
need to be overcome for future application in regenera-
tive medicine. In 2006, Yamanaka and his team first 
documented that the Klf4, Sox2, Oct4, and c-Myc genes 
transformed somatic cells back into a pluripotent-like 
state [14]. Since then, numerous papers have reported 
on iPS cell generation [1, 19, 28, 42, 49, 58, 65, 75, 76, 
78, 87, 99] and their subsequent application in tissue 
regeneration and disease treatment. Further, several 
papers have reported that dopaminergic neurons gener-
ated from iPS cells alleviated some deficits in an animal 
model of Parkinson disease [75, 87]. However, similar 
to ES cells, iPS cells are also involved in tumor forma-
tion. Therefore, clinical applications of genetically 
altered iPS cells in patients with neurological diseases 
will also need long-term investigation.

In recent years, numerous papers have reported that 
mesenchymal stem cells (MSCs) from bone marrow 
can be used to treat neurological disorders or diseases. 
Some reports have stated that murine MSCs differenti-
ate to astrocytes, giving rise to neuronal phenotypes 
after transplantation into mouse brain [3, 6, 46, 56]. 
Other studies using a variety of protocols have attempted 
to differentiate MSCs to neural cells. According to the 
reagents and culture methods used, protocols can be 
divided into four categories: methods using chemical 
compounds [13, 35, 51, 60, 91], methods using growth 
factors [30, 32, 71, 80], neural sphere culture methods 
[7, 12, 26, 77, 88, 89], and combination methods [27, 
73]. Among these methods, those using chemical com-
pounds have been invalidated by other researchers who 
proved that after treatment with chemical reagents, 
neuron-like morphological changes were caused by 
cellular toxicity and a rapid disruption of the actin 
cytoskeleton [54, 62]. Although all other methods 
resulted in cells that exhibited neural cell phenotypes 
after induction in vitro, direct evidence is lacking as to 
whether these cells can functionally behave like neu-
ronal or glial cells in vivo. A smaller number of reports 
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has demonstrated that transplanted cells differentiate to 
neural cells in vitro, but their numbers were insufficient 
to influence tissue repair [57].

Recent investigations of neurogenesis-promoting 
functions of MSCs in central nervous system (CNS) 
injury models have focused mainly on other character-
istics of MSCs; i.e., their secretion of neurotrophic fac-
tors such as glial cell-derived neurotrophic factor 
(GDNF), brain-derived neurotrophic factor (BDNF), 
nerve growth factor (NGF), and other factors such as 
Angiopoietin-1 and vascular endothelial growth factor 
[10, 63, 95, 98]. Additionally, MSCs have also been 
shown to have an immunomodulating function in vivo 
[22, 38]. Through the actions of these secreted trophic 
factors and this immunomodulating function, MSCs 
stimulate angiogenesis and neural stem cell migration 
to the injury site, enhancing neural cell survival and 
differentiation, eventually improving neural function 
in CNS injury or disease.

15.3  NCSCs of Adipose Tissue Origin

NCSCs are pluripotent stem cells [50, 84] that arise 
during embryonic development; they are shed off and 
migrate from the neural tube through dorsolateral and 
ventral pathways to surrounding tissue. Under diverse 
environments, NCSCs can differentiate to several dif-
ferent cell types, including pigment cells (melanocytes), 
neurons and glial cells of the peripheral nervous system 
(PNS), and some classes of endocrine cells. In head and 
neck development, NCSCs also yield mesodermal cells, 
including connective tissue cells, vascular smooth mus-
cle cells, tendons, dermis, odontoblasts, cartilages, and 
bone [18, 50]. Therefore, in the body, mesenchymal 
cells do not solely originate from the mesoderm. Billon 
et al. (2007) reported that the neuroectoderm/neural 
crest is a source of adipocytes in mouse embryonic 
stem cell-derived cultures [5]. In addition, using Cre-
lox fate mapping in Sox10-Cre transgenic mice, the 
authors demonstrated that a subset of adipocytes origi-
nate from neural crest cells during normal development 
[5]. Furthermore, clonally cultured quail pigment cells 
were shown to differentiate into glia, myofibroblasts, 
and multipotent neural crest-like precursor cells when 
treated with endothelin-3 [68]. Based on these reports, 
there is some possibility for terminally differentiated 
adipocytes or adipocyte precursor cells to dedifferenti-
ate into NCSC-like cells and progress to neural cells 
under neural-inducing conditions.

Nagoshi et al. (2008) and Morikawa et al. (2009) 
support the idea that some BMSCs originate from neu-
ral crest cells [59, 61]. Using adult transgenic mice 
encoding neural crest-specific P0-Cre/Floxed-EGFP 
and Wnt1-Cre/Floxed-EGFP transgenic mice, EGFP-
positive BMSCs were isolated from bone marrow, and 
it was found that these cells could form spheres. 
Moreover, these spheroid-forming cells expressed 
NCSC genes and were able to differentiate into neu-
rons, glial cells, and myofibroblasts. These results sug-
gest that a subset of BMSCs originates from NCSCs 
[59, 61]. Furthermore, a series of articles demonstrated 
that rodent and human skin dermis comprise spheroid-
forming cells – termed skin-derived precursors (SKPs) – 
that have multiple potentialities to differentiate to 
mesenchymal lineages and neuroectodermal lineage 
cells, including neurons, glia, smooth muscle cells, 
and adipocytes. SKPs are considered to be NCSC-like 
cells that persist in the dermis [20, 33, 55, 83, 90]. 
These NCSCs from different tissue origins all have 
common features: they form spheroids in serum-free 
media composed of N2 or B27 supplements, bFGF, 
and EGF; they consecutively self-renew in this culture 
condition for many passages; and they have multipo-
tent differentiation capabilities. Recently, Chi et al. 
(2010) found that skin subcutaneous fat tissue also 
contains spheroid-forming cells and that these cells 
effectively differentiate into Schwann cells (SCs), 
osteocytes, and adipocytes under specific culture con-
ditions. Moreover, in a comparative study using neo-
nate and postnatal rats, the spheroids derived from 
either subcutaneous fat tissue or skin dermis both 
strongly expressed neural crest markers of Sox2, Twist, 
slug, nestin, and Sox 9 (Chi G and Son Y, unpublished 
data). Taken together, it is very likely that as in the skin 
dermis, NCSCs also reside in subcutaneous fat tissue.

15.4  Neural Induction of ASCs

Traditional ASCs are considered to be mesenchymal 
stem cells with multipotent differentiation capacity and 
similar cell surface antigen expression patterns [96, 
100]. This kind of ASC is isolated from adipose tissue 
after enzymatic digestion followed by a series of mono-
layer cultures in 10% fetal bovine serum (FBS) – or 
fetal calf serum-containing basal medium. Therefore, 
after cell dissociation from adipose tissue, methods for 
induction of ASCs to neural-like cells are similar to the 
protocols used for induction of BMSCs to neural cells. 
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During the time period 2000–2004, the estimation of 
neural differentiation relied mainly on changes to a 
neuron-like cell morphology and expression of some 
immature neuron cell markers such as nestin, NeuN, 
and neuron-specific enolase (NSE). However, these cells 
did not reach the state of expression observed in mature 
neuron markers such as microtubule-associated pro-
tein-2 (MAP2), glial acidic fibrillary protein (GFAP), 
and galactocerebroside (GalC) [45]. In addition, there 
was no proof that the induced neuron-like cells revealed 
electrophysiologic or synaptic functions. Considering 
other studies in which undifferentiated ASCs were 
found to express markers characteristic of neural cells, 
such as NSE and NeuN [2], these induction methods 
could not be confirmed to result in successful neural 
differentiation. However, these data provide some evi-
dence that a population of cells with early neuronal pro-
genitor qualities or pluripotent stem cells resides in 
adipose tissue [2, 45, 69, 70, 81, 94, 100]. Several 
reports have suggested that ASCs comprise a heteroge-
neous population and that some subpopulation cells 
were diminished more quickly through serial passages 
in monolayer culture than others. These lost cell popu-
lations may have the ability to differentiate to multiple 
lineages; i.e., osteogenic, adipogenic, chondrogenic, 
and neural [23, 100].

To improve neural induction from adipose tissue 
in vitro, an initial selection method needs to be devel-
oped to enrich the subpopulation of these neuronal 
progenitor-like cells from adipose tissue and new 
 combinations of inducing agents also need to be devel-
oped. As an example, by adopting spheroid cultures at 
very early passages of Rhesus monkey ASC mono-
layer cultures in serum-free medium containing B27, 
bFGF, and EGF and through subsequent induction of 
neurogenesis in neurobasal medium containing only 
B27, Kang et al. (2004) obtained a markedly higher 
neurogenic potential with ASCs than with bone  marrow 
MSCs. Additionally, the differentiated cells expressed 
MAP2ab and GFAP. Although the authors did not 
study the electrical activity of the differentiated neu-
rons, this study implies that ASCs and BMSCs retain 
some differences in neural differentiation potential and 
that ASC culture methods may be very important for 
enhancing neural-inducing potential [36]. Furthermore, 
by using combined monolayer and spheroid methods, 
Kang et al. induced rat ASCs to oligodendrocyte pre-
cursor cells. Then, when those were intravenously 
injected in a spinal cord injury model, approximately 

30–35% of cells migrated to and survived at the lesion 
site, differentiating to neurons and oligodendrocytes 
[37]. Jiang et al. (2008) reported that after simply cul-
turing in conventional DMEM media containing 1% 
FBS, 100 ng/mL bFGF, and 10 m/mL forskolin for 
7 days, human ASCs expressed immature and mature 
neural and glial markers such as nestin, Tuj1, MAP2, 
GFAP, and CNPase. Moreover, these induced cells dis-
played electrophysiological characteristic of voltage-
dependent tetrodotoxin-sensitive sodium currents, 
outward potassium currents, and prominent negative 
resting membrane potentials under whole-cell patch 
clamp recordings [29]. This is an exciting result; how-
ever, to demonstrate functional equivalence with neu-
ronal cells, a physical connection via a synapse to other 
endogenous neuronal cells and synaptic transmission 
of an electrical signal must be exhibited in an in vivo 
environment.

15.5  Induction of ASCs

Presently, numerous investigations using ASCs for 
neuron differentiation are underway but significant 
progress has not yet been made in this field. Nevertheless, 
approaches to the differentiation of bone marrow MSCs 
[8, 15, 39, 82] and ASCs into SCs have become a recent 
research topic, and several relevant articles have been 
published [9, 31, 43, 44, 67, 79, 92, 97]. During the 
induction process, most studies used ASCs obtained 
after several passages of monolayer culture utilizing a 
reagent combination of 10% FBS, retinoic acid, for-
skolin, bFGF, and heregulin beta-1 (or GGF-2) or 1% 
FBS, N2 supplement, forskolin, and heregulin beta-1 
[97] (Fig. 15.1). Other studies performed spheroid 
culture from the primary culture stage and these 
spheroid-forming cells were separated and induced to 
SCs using the above-mentioned inducing agents [9, 
97]. After induction, the cells displayed typical char-
acteristics of SC morphology and expressed SC mark-
ers such as S100, GFAP, and p75. However, similar to 
the studies mentioned above, most studies have con-
fined themselves to observing morphological changes 
and detecting the expression of a limited number of 
genes. According to reports, p75 is also expressed as 
a marker for ASC [93] and an S100 gene is already 
expressed in preinduced ASCs as well as postinduced 
cells [9]. Thus, more specific and comprehensive 
markers denoting induced SCs need to be adopted, 



15915 Adipose Stem Cell Engineering: Characterization and Current Application in Neurological Tissue Repair

depending on the origin and stages of differentiation. 
For example, Sox10 is only expressed in NCSCs but is 
downregulated after neural differentiation while 
remaining persistent in SCs and melanocytes [27, 47]. 
Therefore, Sox10 is a useful marker by which to iden-
tify induced SCs if the ASCs are truly differentiated to 
SC-like cells. More comprehensive sets of markers for 
SCs and glial cells, such as Sox10, p75, S100, Krox-
20, L1, PLP/DM20, PMP22, ErbB2, PDGFr-aa, O4, 
A2B5, P0, and MBP, should be evaluated in compari-
son with ASCs, spheroids, and naïve SCs [9]. Radtke 
et al. (2009) reported that induced SCs stimulated dor-
sal root ganglion neurons after co-culture [67]. This is 
not surprising, given the data that ASCs and induced 
SCs all strongly expressed NGF, BDNF, CTNF, and 
GDNF genes.

15.6  Application of Induced SCs  
to Spinal Cord Injury and Brain 
Ischemic Stroke

The key trait of naïve SCs is the formation of the 
myelin sheath on axons, especially in vivo. Similar to 
neural induction of ASCs, most data presently avail-
able on induced SCs are limited to in vitro assess-

ments; therefore, it is premature to assess their 
equivalence to naïve SCs in myelin sheath formation 
on nerve axons in vivo. More convincing data docu-
menting myelin sheath formation in vivo and the tech-
nological advancement of ASC usage for treating 
neural tissue damage was recently reported by Chi 
et al. [9]. Unlike commonly used culture methods, 
spheroids, whose potential might be gradually dimin-
ished during traditional monolayer culture of ASCs, 
were selected out at the first stage of primary culture 
of adipose tissue. By expanding the spheroid-forming 
cells in monolayer culture and then reforming the 
spheroids, slower cell growth in the spheroid culture 
was overcome and SC-like cells were more efficiently 
induced (Fig. 15.1). This is one step further toward 
cell engineering of ASCs. By selecting the spheroid-
forming cells at the first step of cell isolation, sub-
population cells expressing mRNAs of NGF, BDNF, 
CNTF, GDNF, p75, S100, PMP22, PLP/DM20, ErbB2 
PDFGr-aa, and NES were enriched. Then, by further 
inducing the cells to SCs, SC-specific transcription 
factors, such as Krox-20 and L1, were expressed. 
Thus, induced SCs expressed NGF, BDNF, CNTF, 
GDNF, p75, S100, PMP22, PLP/DM20, ErbB2 
PDFGr-aa, NES, Krox-20, and L1 genes identically to 
naïve SCs.

Spheroid1st Spheroid2nd
Monolayer

Step 1

Step 1: N2 supplement, bFGF, EGF, DEME/F12 (1:1)

Step 3: N2 supplement, bFGF, EGF, DMEM/F12 (1:1)
Step 4: Forskolin, bFGF, Neurigulin-β1, PDGFraa, 10% FBS, DMEM/F12 (1:1)

Step 2: 10% FBS DMEM/F12 (1:1)

Step 2 Step 3

Step 4

Schwann cell induction

Fig. 15.1 Schematic diagram of Schwann cell induction from 
subcutaneous fat tissue. The cells immediately after dissociation 
from subcutaneous fat tissue were cultured in serum-free spher-
oid culture condition (step 1). After 10-day spheroid culture, the 
cells were dissociated into single cells and cultured in mono-

layer on the adherent surface with 10% FBS, DMEM/F12 
medium up to passage five (step 2). The cells were induced to 
form the spheroid for 10 days (step 3) and induced to differenti-
ate to Schwann cells (step 4)
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The induced SCs were engrafted to spinal cord 
injury lesions where they formed a PNS-type myelin 
sheath on CNS axons. PNS-type myelin sheath forma-
tion in repaired tissue was confirmed by transplanta-
tion of both induced PKH26-labeled SCs and induced 
EGFP-expressing SCs generated from EGFP-transgenic 
rats. In addition to direct participation as myelin sheath-
forming SCs in repaired tissue, the induced SCs also 
expressed several neurotrophic factors, such as NGF, 
BDNF, CNTF, GDNF, as did naïve SCs. This may sug-
gest an additional role for induced SC in stimulation of 
the endogenous healing response. Thus, spheroid-
forming cells from subcutaneous fat tissue demon-
strated rapid and efficient induction into SCs. Such 
cells show therapeutic promise for repair of damage to 
the CNS and PNS even though these data show a short-
coming in that not all the induced cells participated in 
myelin sheath formation at the lesion site.

Besides trying to induce ASCs to neural cells and 
SCs in vitro, other groups using normal ASCs directly 
performed in vivo experiments in ischemic stroke rat 
models [41, 52, 85] and sciatic nerve injury models 
[72]. In the stroke models, ASCs attenuated inflamma-
tion [41, 52], reduced neuron apoptosis [41, 85], 
reduced oxidative stress [52], and enhanced angiogen-
esis and neurogenesis [52]. Interestingly, grafted ASCs 
did not express neuronal or glial markers but did express 
endothelial markers [41, 52]. In the sciatic nerve injury 
model, nerve regeneration was promoted, but the trans-
planted cells did not differentiate into SCs.

The differentiation of ASCs to neurons was not com-
pletely successful. However, SC differentiation of ASCs 
in vitro and in vivo as well as the beneficial roles of ASCs 
in reduction of inflammation and apoptosis and enhance-
ment of angiogenesis and nerve regeneration promises 
future therapeutic alternatives to naïve neural and glial 
cells for treatment of neural disease or disorders.

15.7  Conclusion

ASCs are readily available adult stem cells, which 
have become increasingly popular for the use in neu-
ral tissue repair in addition to our expectation for 
mesenchymal tissue repair. Even though the critical 
issues like the possibility of neural transdifferentia-
tion of ASCs or selective expansion of residual 

 neural crest cells in the SVF by selective culture 
condition still remain to be further resolved, induc-
tion methods and characterization of induced neural 
cells and Schwann cells have more systematically 
progressed during the last decades. Recent several 
reports in the spinal cord injury and ischemic stroke 
animal models strongly support that transplanted 
ASCs or their induced SCs have beneficial effects 
on nerve regeneration, remyelination, and control of 
inflammatory response in the injured tissue. 
However, more extensive and step by step analysis 
of the ASC fate or induced SCs and neural cells 
need to be done in a variety of neural defect and 
disease models before therapeutic attempts to be 
made.
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16.1  Introduction

Standard approaches to soft-tissue reconstruction include 
autologous tissue flaps, autologous fat transplantation, 
and alloplastic implants. All of these approaches have 
disadvantages, including donor-site morbidity; implant 
migration, and foreign body reaction. Autologous fat 
transplantation, with a minimally invasive cannula har-
vest, has lower donor-site morbidity than tissue flaps do, 
but there is an unpredictable degree of resorption of the 
transplanted fat over time [20, 49, 65]. There is a major 
clinical need for strategies that adequately reconstruct 
the soft tissue defects after deep burns, tumor resection, 
or trauma. Human adipose tissue is an ideal source of 
autologous cells that is both plentiful and easily obtain-
able in large quantities through the simple surgical pro-
cedure of liposuction. Autologous fat transplantation is 
frequently used for a variety of cosmetic and recon-
structive indications not limited to posttraumatic defects 
of the face and body, evolutional disorders such as 
hemifacial atrophy, sequelae of radiation therapy, and 
many esthetic uses such as lip and facial augmentation 
and wrinkle therapy [15, 19, 22, 39, 44, 50, 53, 54, 65]. 
In the past 20 years, the advancements in techniques 
and instrumentation have produced results that make fat 
grafting a viable option for soft tissue augmentation [21, 
51, 52]. Fat is a living tissue that must be in close prox-
imity to a nutritional and respiratory source to survive. 
Successful, three-dimensional sculpting requires metic-
ulous planning, and optimizing the harvesting, storage, 
and transplantation of adipose tissue. There is though an 
unpredictable degree of resorption of the transplanted 
fat and repeated treatment sessions are usually needed 
in order to achieve the final result [11, 26].

A. Sterodimas 
Plastic and Reconstructive Surgery Department, IASO General 
Hospital, 264 Mesogeion Avenue, Athens, Greece 
e-mail: aris@sterodimas.com; www.sterodimas.com

Aris Sterodimas 

Contents

16.1  Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

16.2 Harvesting of ADSCs for Tissue  
Engineering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

16.3  Isolation and Expansion of ADSCs. . . . . . . . . . 166

16.4  Current Human Applications  
of Adipose-Derived Stem Cells . . . . . . . . . . . . . 167

16.4.1  Stromal Enriched Lipograft Cases . . . . . . . . . . . . 169

16.5  Current Animal Applications  
of Adipose-Derived Stem Cells . . . . . . . . . . . . . 169

16.6  Adipose-Derived Stem Cells and Future  
Applications on Tissue Engineering . . . . . . . . . 173

16.7  Conclusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177



166 A. Sterodimas

Regenerative medicine is classified into cell therapy 
that does not require a scaffold and tissue engineering 
that requires a scaffold and bioactive substances such 
as growth factors, though both need adult stem cells. 
Recently, the role of adult stem cells in adipose tissue 
has gained much interest [64]. The isolation of a popu-
lation of progenitor cells from adipose tissue was first 
described in 1964 by Rodbell, whose work was done in 
rodents [56]. In 1977, Van and Roncari reported that 
adipose tissue of adult rats contains cells with the 
potential to proliferate and acquire morphological char-
acteristics similar to those of adipocytes [72]. After the 
introduction of liposuction, adipose tissue harvesting 
has become easier [18]. Since then, this tissue has been 
gaining an increased importance as a stem cell source 
for a wide range of potential applications in tissue engi-
neering and regenerative medicine strategies, mainly 
due to its wide availability and easy access. [76].

Lipoaspirate, an otherwise disposable byproduct of 
cosmetic surgery, has been shown to contain a puta-
tive population of stem cells, termed adipose-derived 
stem cells (ADSCs) that share many similarities to 
marrow stromal cells (MSCs) from bone marrow [67]. 
ADSCs reside within the stromal-vascular fraction 
(SVF) in fat tissue which is thought to harbor cells 
that display extensive proliferative capacity and mul-
tilineage potential [14]. Recently, approaches based 
on “ADSCs enriched lipograft” have been published 
[40, 62, 66, 73].

16.2 Harvesting of ADSCs  
for Tissue Engineering

Adipose-derived stem cells isolated from harvested fat 
are able to better withstand the mechanical trauma from 
the suction cannula and may allow for improved cell 
survival and generation of new fat tissue after transfer 
to another anatomic site [57]. There is evidence that the 
ability of adipose precursor cells to grow and differenti-
ate varies among fat depots and changes with age [60]. 
A significant difference in the apoptotic susceptibility 
of ADSCs has been noted, with the superficial abdomi-
nal depot (above Scarpa’s layer) significantly more 
resistant to apoptosis when compared with the other 
subcutaneous depots. Younger patients have an 
increased induction of differentiation of adipose cells in 
all depots, whereas the older patients only in the arm 
and thigh subcutaneous depots [60]. These observations 
have been confirmed by another study and the abdomen 

seems to be preferable to the hip/thigh region for har-
vesting adipose tissue for ADSCs culture [24]. Human 
ADSCs not only function as progenitor cells for in vivo 
adipogenesis, but also induce de novo adipogenesis and 
are deemed more advantageous as a cell source than 
mature adipocytes because they are easily cultured, eas-
ily expanded, and easily obtained [34].

16.3  Isolation and Expansion of ADSCs

Current methods for isolating ADSCs rely on a collage-
nase digestion followed by centrifugal separation to iso-
late the stromal/vascular cells from primary adipocytes. 
Centrifugation plays a beneficial role in concentrating 
SVF and ADSCs although excessive centrifugation can 
destroy adipocytes and ADSCs. In a previous study, it 
was found that centrifugation of aspirated fat at 1,200 × 
g decreases the fat volume by 30%, damaging 12% of 
the adipocytes and 0% of the ADSCs [33]. This has 
been confirmed by a recent study stating that cell sur-
vival rates are significantly lower when centrifugation 
forces of 1,200 × g are used for more than 5 min and 
of 3,000 × g when used for more than 1 min [66]. The 
actual recommendation is 1,200 × g as an optimized 
centrifugal force among the tested centrifugal forces 
for obtaining good short- and long-term results in adi-
pose transplantation. A recent study has showed that 
the ADSCs concentration is significantly higher in 
lipoaspirate that has been washed by saline compared 
to the decanted and centrifuged lipoaspirate samples. 
However, the pellet collected at the bottom of the cen-
trifuged lipoaspirate sample showed the highest con-
centration of ADSCs [9]. Isolated ADSCs are typically 
expanded in monolayer on standard tissue culture 
plastic with a basal medium containing 10% fetal 
bovine serum [12, 67]. In an effort to eliminate the use 
of animal products in human adipose stem cell cul-
tures, a very low human serum expansion medium and 
a completely serum-free medium have been recently 
presented. These newly developed culture conditions 
provide a unique environment within which the study 
of ADSCs without the interference of animal serum 
can be done. They also allow rapid expansion of autol-
ogous ADSCs in culture for use in human clinical tri-
als [47]. Platelet-rich plasma can additionally enhance 
the proliferation of human ADSCs. Preliminary results 
support the clinical application of platelet-rich plasma 
for cell-based, soft-tissue engineering and wound heal-
ing [25]. A standard expansion method has not been 
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yet established and new expansion methods accelerat-
ing proliferation of ADSCs while preserving their 
multipotent differentiation capacities are needed in 
order to proceed to clinical applications [37]. To avoid 
the potential risks of animal-derived products such as 
viral transmission and immunologic reactions, the 
necessity of human-derived products in the manipula-
tion of cells for cell-based therapies must be investi-
gated and clarified [32].

16.4  Current Human Applications  
of Adipose-Derived Stem Cells

Soft tissue repair is theoretically the simplest applica-
tion for adipose-derived cell therapies since the iso-
lated cells presumably do not need to display any 
transdifferentiation potential. The current human clini-
cal studies of ADSCs are given in Table 16.1.

A recent report showed ADSCs capability to pro-
vide not only cellular elements, but also numerous 
cytokines [45]. Autologous ADSCs show great prom-
ise for applications in repair of skin, rejuvenation of 
aging skin, and aging-related skin lesions [23].  
A recent study reported the combination of platelet 
rich plasma and autologous adipose stem cells in order 
to regenerate tissue and achieve epithelialization of 
the wound, with a significant healing-time reduction. 
Furthermore, the minimally invasive technique was 
well accepted by patients, with a noteworthy improve-
ment of the quality of life along with cost reduction 
due to the fewer number of medications [7]. The 
 clinical effectiveness of adipose-derived adult stem 
cells-lipoaspirate transplantation in the treatment of 
radiation side effects has been also investigated. 
Clinical outcomes have led to a systematic improve-
ment or remission of symptoms in all evaluated 
patients, possibly due to restoration of tissue vascular-
ization and organ function [30, 55]. ADSCs, together 

Table 16.1 The current human clinical studies of adipose-derived stem cells

Technique Delivery of 
ADSCs

Purpose Type of study Follow up Patients Institution Results 
published

Lipodystrophy 
(AADSCTPL)

Autologous 
ADSCs

Transplantation 
in patients with 
lipodystrophy

Phase I 
interventional 
single group

1 year 10 Irmandade 
Santa Casa de 
Misericordia de 
Porto Alegre, 
Brazil

N/A

Cell-assisted 
lipotransfer 
strategy (CAL)

Autologous 
ADSCs rich 
lipoaspirate 
transplantation

Cosmetic and 
functional results 
of facial 
remodeling

Phase III 
interventional 
single group

9–13 months 6 University of 
Tokyo, Japan

[74]

Stromal-
Enriched 
Lipograft (SEL)

Transplantation 
of stromal 
vascular fraction 
rich lipograft

Cosmetic results 
of facial 
remodeling

Phase III 
randomized 
single group

3 years 20 IASO General 
Hospital, 
Athens, Greece

[62]

Cell-assisted 
lipotransfer 
strategy (CAL)

ADSCs rich 
lipoaspirate 
transplantation

Cosmetic and 
functional results 
of reconstructive 
breast surgery

Phase III 
interventional 
single group

6–42 months 400 University of 
Tokyo, Japan

[73]

Stromal 
Enriched 
Lipograft (SEL)

Transplantation 
of stromal 
vascular fraction 
rich lipoaspirate

Cosmetic results 
of gluteal 
remodeling

Phase III 
randomized 
single group

3 years 50 IASO General 
Hospital, 
Athens, Greece

In Press

Lumpectomy 
(RESTORE-2)

ADRC-
enhanced 
autologous fat 
transplant

Reconstruct 
breast deformi-
ties after 
lumpectomy

Phase IV 
nonrandomized

1 year 70 Jules Bordet 
Institute, 
Brussels, 
Belgium

N/A

Adipocell Drug: Adipocell 
autologous 
cultured 
adipocytes 
(ANTG-adip)

Cosmetic result 
of depressed scar

Phase II/III 
Open label 
uncontrolled 
single group

12 weeks 36 Samsung 
Medical Center, 
Seoul, Korea

N/A
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healing
promoter

cosmetic or reconstructive
filler

flap viability
enhancement

ADSCs

Fig. 16.1 A schematic 
representation of ADSCs 
applications in plastic and 
reconstructive surgery

with angiogenic and mitogenic factor of basic fibro-
blast growth factor and an artificial dermis, have been 
recently applied over excised irradiated skin defect 
and have been tested for differentiation and local stim-
ulation effects in the radiation-exposed wounds. All 
the patients were uneventfully treated with minimal 
morbidities [2]. Recently, adipose stem cells have 
proved to selectively induce neovascularization and 
increase the viability of random pattern skin flaps. 
This mechanism might be both due to the direct dif-
ferentiation of ADSCs into endothelial cells and the 
indirect effect of angiogenic growth factors released 
from ADSCs [35, 59, 71]. A microvascular custom-
made ectopic bone flap has been created using ADSCs, 
beta-tricalcium phosphate and bone morphogenetic 
protein-2. The mature flap-bone structure was then 
transplanted in order to reconstruct the patients’ defect 
caused after hemimaxillectomy [41]. Preclinical stud-
ies and early clinical series have also shown that 
ADSCs combined with scaffolds could possibly be 
used as fillers in plastic and reconstructive surgery 
[42]. Hyaluronic acid-based (HA) preadipocyte-
seeded scaffolds have been evaluated for their adipo-
conductive potential and efficacy in humans. 
Preadipocytes were isolated from lipoaspirate mate-
rial and seeded on HA scaffolds. After 8 weeks of 
implantation, all void spaces within the scaffolds were 

filled with cells with pronounced matrix deposition. 
This study proves that HA scaffolds are stable cell 
carriers and have the potential to generate volume-
retaining tissue [68]. A schematic representation of 
ADSCs applications in plastic and reconstructive sur-
gery is shown in Fig. 16.1. ADSCs have been approved 
and employed in clinical trials for restoring soft tissue 
defects. In adipose stem cell enriched lipograft, autol-
ogous ADSCs are used in combination with lipoinjec-
tion. A stromal vascular fraction (SVF) containing 
ADSCs is freshly isolated from two thirds of the aspi-
rated fat and recombined with the other one third. This 
process converts relatively ADSC-poor aspirated fat to 
ADSC-rich fat (Fig. 16.2). Stromal enriched lipograft 
(SEL) has been used to treat body tissue defects caused 
by trauma or tumor removal [62]. ADSC-enriched 
lipograft has been used to treat craniofacial lipodystro-
phic and cosmetic defects with a high degree of suc-
cess [62, 66, 67, 74]. Breast reconstruction and 
augmentation trials have enrolled the greatest number 
of patients for ADSC-assisted lipotransfer. Breast 
enhancement with artificial implants is one of the most 
frequently performed cosmetic surgeries but is associ-
ated with complications, such as capsular contracture, 
which lead to implant removal or replacement. 
Autologous transplantation of progenitor-supple-
mented adipose tissue has been performed [73, 75].



16916 Adipose Stem Cell Engineering: Clinical Applications in Plastic and Reconstructive Surgery  

16.4.1  Stromal Enriched Lipograft Cases

Case 1
A 57-year-old woman asked for rejuvenation of her 

face (Fig. 16.3a, b). She underwent a traditional round 
face lifting and they were transplanted 13 ml of stromal 
enriched lipograft. Postoperative photos after 2 years 
are shown (Fig. 16.3c, d).
Case 2

A 40-year-old woman asked for gluteal augmenta-
tion.(Fig. 16.4a, b). She underwent stromal enriched 
lipograft and received a total of 485 ml of graft in 
bilateral buttocks. After 2 years, the postoperative 
result is shown (Fig. 16.4c, d).
Case 3

A 32-year-old woman requested breast augmenta-
tion (Fig. 16.5a, b). She underwent stromal enriched 
lipograft and received 192 mL of graft on right breast 

and 177 mL on the left breast. After 1 year, the postop-
erative result is shown (Fig. 16.5c, d).
Case 4

A 65-year-old woman asked for body contour treat-
ment of her left shoulder depression caused by trauma 
(Fig. 16.6a). She underwent stromal enriched lipograft 
and received 14 mL of graft. After 1 year, she was 
evaluated and her postoperative result is shown 
(Fig. 16.6b).

16.5  Current Animal Applications 
of Adipose-Derived Stem Cells

The current animal studies of ADSCs are given in 
Table 16.2.

A stimulus, such as appropriate growth factors 
 [epidermal growth factor (EGF), transforming growth 

Stromal Vascular
Fraction (SVF)

centrifugation

colagenase
digestion

superchanged
fat graft

pure fat
saline

purification

Fig. 16.2 In adipose stem cell enriched lipograft, autologous 
ADSCs are used in combination with lipoinjection. A stromal 
vascular fraction (SVF) containing ADSCs is freshly isolated 

from two thirds of the aspirated fat and recombined with the 
other one third. This process converts relatively ADSC-poor 
aspirated fat to ADSC-rich fat
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Fig. 16.3 (a, b) Preoperative photos of a 57-year-old woman requesting rejuvenation of her face. (c, d) Postoperative photos of a 
57-year-old woman after undergoing traditional round face lifting and transplantation of 13 mL of stromal enriched lipograft
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Fig. 16.4 (a, b) Preoperative 
photos of a 40-year-old 
woman asking for gluteal 
augmentation. (c, d) 
Postoperative photos of a 
40-year-old woman after 
undergoing stromal enriched 
lipograft of 485 mL in the 
buttocks

factor-b (TGF-b), and platelet-derived growth factor 
(PDGF)], applied in vivo induces the migration of 
preadipocytes to the implant site. The cells subse-
quently proliferate and differentiate to form adipose 
tissue depot [27]. This de novo adiopogenesis has been 
demonstrated using subcutaneous injections consist-
ing of Matrigel (a collagen-based gel derived from the 
basement membrane of a murine tumor) with basic 
fibroblast growth factor (bFGF) [31]. Within the 
implantation period, a visible fat pad was formed at the 
injection site, likely attributable to preadipocyte and 
endothelial cell migration to the injection site. The 
highly vascularized tissue of the omentum fragmented 
and combined with preadipocyte cells such that 

implantation in vivo results in a tissue mass consisting 
of high triacylglycerol content [38]. The omentum is 
highly vascularized and filled with adipose tissue, both 
ideal characteristics for engineering adipose tissue. 
Results following implantation indicated that the 
omentum implanted with preadipocytes had the ability 
to form a tissue mass with high triacylglycerol content, 
indicative of fat.

Injectable microcarrier beads combined with a 
hydrogel delivery medium to form a minimally inva-
sive implant that will stimulate regeneration of host 
adipose cells and fill a soft-tissue void upon injection 
in vivo [6]. The system is comprised of cells seeded 
on biodegradable beads of an injectable size; these 
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a b

Fig. 16.6 (a) Preoperative photo of a 65-year-old woman asking for body contour treatment of her left shoulder depression. (b) 
Postoperative photo of a 65-year-old woman after undergoing stromal enriched lipograft of 14 mL

Fig. 16.5 (a, b) Preoperative photos of a 32-year-old woman requesting breast augmentation. (c, d) Postoperative photos of a 32-year-
old woman after undergoing stromal enriched lipograft by receiving 192 mL of graft on right breast and 177 mL on the left breast

cellular constructs are then mixed with a hydrogel 
delivery medium, resulting in a composite that may be 
injected into a patient through a syringe at the defect 
site. Burg and coworkers have suggested the concur-
rent use of absorbable tissue expanders as temporary 

“space fillers” to allow the injection of composite cel-
lular systems and thus facilitate the serial development 
of breast tissue in large defects.

Recently, preadipocyte cells cultured on absorb-
able polymeric scaffolds and implanted in vivo such 
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that simultaneous cellular proliferation and scaffold 
resorption results in mature adipose tissue [4, 16, 48]. 
The concept is that the scaffold would then be 
implanted into the patient in order to fill the defect site. 
Scaffolds for adipose tissue engineering have typically 
been designed for restoration of tissue volume, as 
opposed to the restoration of tissue function. As a 
result, the scaffolds would ideally restore the esthetic 
function of the tissue by imparting a soft, smooth feel 
closely resembling that of natural tissue. Additionally, 
the surface topography of the pores within a scaffold 
may be altered to influence cellular behavior. Pore size 
and shape have been shown to effect cellular attach-
ment by providing formed binding sites that cells may 
grow into. In the case of adipose tissue engineering, 
when seeding preadipocyte cells on porous scaffolds, 
the pores would ideally be large enough so as not to 
inhibit the proliferation and differentiation of preadi-
pocytes. As preadipocytes mature, they significantly 
increase in size due to an increase in cell number and 
an increase in volume associated with lipid formation 
[10]. Adequate sizing of pores is essential in scaffold 
design for adipose tissue engineering.

In a recent study a novel, three-dimensional cell-
copolymer construct resembling a human ear has been 

reported [61]. Schematic representation of auricular 
tissue engineering. (Fig. 16.7) The ADSCs are differ-
entiated and cultured with the appropriate growth fac-
tors.(Fig. 16.8) The manufacture of 3D ear mold by 
rapid prototyping is shown in Fig. 16.9a. Adipose 
derived stem cells were obtained from inguinal fat 
pads of rabbits, were differentiated and expanded 
in vitro, and seeded onto 3D biodegradable alginate 
and silk polymer ear-shaped scaffolds (Fig. 16.9b). 
After implantation in the back of immunocompetent 
rabbits for 6 months, the cell/scaffold construct inte-
grated is shown (Fig. 16.9c, d). This study demon-
strates for the first time that it is possible to engineer an 
ear cartilage construct that resembles the human ear 
not only in shape but also in size and flexibility in a 
“real test” model.

16.6  Adipose-Derived Stem Cells  
and Future Applications  
on Tissue Engineering

Adipose tissue is believed to constitute an ideal source 
of uncultured stromal stem cells. The potential of 
using autologous adult stem cells derived from fat 

Table 16.2 The current animal studies of adipose-derived stem cells

Study Scaffold used Animal 
recipient

Result observed Institution Results 
published

Craniomaxillofacial 
tissue defect

Autologous ADSCs, 
bone morphogenetic 
protein-2, and 
periosteum

Pig Revitalization of large-
volume allograft mandible 
bone

Cincinnati 
Children’s Hospital 
Medical Center, 
Cincinnati, Ohio, 
USA

[59]

Subcutaneous tissue 
defect

ADSCs transduced 
with vascular 
endothelial growth 
factor

Mice Enhancement of the 
survival and quality of fat 
tissue

Southern Medical 
University, 
Guangzhou, China

[36]

Cartilage tissue 
engineering

ADSCs in silk-alginate 
Ear scaffold

Rabbit Ear cartilage formation and 
volume maintenance

IASO General 
Hospital, Athens 
Greece

[61]

De novo adipogenesis Laboratory made tissue 
engineered adipose 
tissue flap

Mice Long-term Adipose fat 
volume maintenance

University of 
Melbourne, 
Melbourne, 
Australia

[13]

Injectable cell 
delivery vehicle for 
tissue defect

ADSCs cultured on 
porous collagenous 
microbeads

Lab Ex vivo construction of 
injectable ADSCs seeded 
microbeads

University of 
Pittsburgh, 
Pittsburgh, PA 
15261, USA

[57]

Full thickness wound 
defects

ADSCs and platelet-
rich plasma therapy

Pig Improvement of wound 
healing

Indiana University 
School of 
Medicine, Indiana, 
USA

[3]
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tissue is quickly becoming a clinical reality [62, 66, 67]. 
The ADSCs are isolated by enzymatic digestion, fil-
tration, and centrifugation of the stromal vascular frac-
tion that contains the adipose stem cells along with 
nonadherent cells. The SVF can be used directly as a 
source of stem cells. This process converts ADSCs-
poor aspirated fat to ADSCs-rich fat. The number of 
functional ADSCs is likely to be important for tissue 
repair and remodeling and ADSCs differentiate into 

vascular endothelial cells which contribute to neoan-
giogenesis in the acute phase of fat transplantation. 
The presence of ADSCs has clinical implications for 
autologous fat transfer because ADSCs may contrib-
ute to neoangiogenesis in the acute phase by acting as 
endothelial progenitor cells or angiogenic-factor-
releasing cells [17, 43]. Adipose-derived stem cells 
secrete angiogenic factors such as vascular endothelial 
growth factor and hepatocyte growth factor [5, 29]. 
ADSCs produce many antiapoptotic growth factors, 
and their secretion is significantly enhanced by 
hypoxia. In a recent study, hypoxia-treated ADSCs 
stimulated angiogenesis as well as maturation of the 
newly formed blood vessels in vivo [58]. ADSCs 
unregulated also their proneovascular activity in 
response to hypoxia, and may harbor the capacity to 
ischemic tissue and function cooperatively with exist-
ing vasculature to promote angiogenesis [69]. ADSCs 
can affect long-term survival of transplanted adipose 
by acting as preadipocytes [8]. The preliminary results 
suggest that adipose stem cell-enriched lipogaft is 
effective and safe for soft tissue augmentation and 
superior to conventional lipoinjection [62].

A recent study has demonstrated no statistical dif-
ferences in adipocyte viability among abdominal fat, 
thigh fat, flank fat, or knee fat donor sites [70]. The 

STEM CELLS

MESENCHYMAL−
ADIPOSE DERIVED

MESENCHYMAL−
CHONDROCYTE STEM

CELLS + ALGINATE

SILK

GROWTH FACTORS
TGF-beta3 & BMP-2

CHONDROGENIC MEDIUM
(DMEM, 1% FBS, 1%

PENICILLIN/STREPTOMYCIN,
ASCORBATE-2−PHOSPHATE

& TGF-b2)

Fig. 16.7 Schematic 
representation of auricular 
tissue engineering

Fig. 16.8 ADSCs are differentiated in adipocytes and cultured 
with the appropriate growth factors after 14 days (EM ×10)



17516 Adipose Stem Cell Engineering: Clinical Applications in Plastic and Reconstructive Surgery  

abdomen though seems to be preferable to the hip/
thigh region for harvesting adipose tissue when con-
sidering SVF cells for stem-cell-based therapies in 
one-step surgical procedures [24, 46].

In a recently published study, human preadipocytes 
were isolated from subcutaneous adipose tissue of 
patients and treated with bupivacaine, mepivacaine, 
ropivacaine, articaine/epinephrine, and lidocaine for 

Fig. 16.9 (a) The manufacture of 3D ear mold by rapid proto-
typing. (b) Adipose-derived stem cells were obtained from 
inguinal fat pads of rabbits, were differentiated and expanded 
in vitro and seeded onto 3D biodegradable alginate and silk 

polymer ear-shaped scaffolds. (c) Ear scaffold implanted in the 
back of immunocompetent rabbit. (d) After implantation in the 
back of immunocompetent rabbits for 6 weeks, the cell/scaffold 
construct integrated is shown
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30 min. Viability was determined directly after treat-
ment and during the following cultivation. While the 
immediate effects of mepivacaine and ropivacaine 
were only moderate, treatment with articaine/epi-
nephrine and lidocaine strongly impaired preadipo-
cyte viability. During long-term cultivation, articaine/
epinephrine-treated cell viability markedly decreased, 
while other local anesthetics had no impact. Despite 
normal phenotypical appearance of cells treated with 
bupivacaine, mepivacaine, ropivacaine, and lido-
caine, all local anesthetics markedly impaired adipo-
cyte differentiation as determined by adiponectin 
expression [28].

The time needed in order to process the collected 
fat for SVF extraction is around 80–90 min. This is a 
limitation when compared to the time taken in order to 
perform the fat grafting to the face. The amount of 
donor fat available is also an important limiting factor. 
This is particularly important when the “ADSCs 
enriched lipograft” is chosen as treatment plan. In this 
study, the amount of lipoaspirated fat needed in order 
to perform the “ADSCs enriched lipograft” is almost 
double when compared to the lipoaspirated fat needed 
for the autologous fat transplantation in each treatment 
session. When though more than one treatment ses-
sions of the autologous fat transplantation is needed, 
the total amount of lipoaspirated fat is comparable to 
the amount of lipoaspirated fat in “ADSCs enriched 
lipograft.” There is an additional cost when the 
“ADSCs enriched lipograft” is performed. The cost of 
consumables needed for the preparation of “ADSCs 
enriched lipograft,” the presence of tissue engineers, 
and the extra cost for operating theater use are factors 
that increase the final price of this surgical procedure.

Tissue engineering using ADSCs in animals con-
tinues to be a challenging problem. Long-term main-
tenance of the shape and dimension of the produced 
tissue engineered scaffolds remains a challenge. The 
choice of appropriate scaffolds to promote stem cell 
adhesion, proliferation, and differentiation is essential 
for successful tissue engineering (Fig. 16.10). Recent 
advances in nanotechnology may allow the develop-
ment of nanostructured scaffolds with a cellular envi-
ronment that maximally enhances not only cell 
expansion but also the neovascularization that is cru-
cial for long-term maintenance of cell volume [1]. 
Bypassing ex vivo cell manipulation, the cell homing 
technique could eliminate the donor site morbidity 
and rejection, reducing the regulation issue in clinical 

translation. Biomaterials are used to guide the organi-
zation, growth, and differentiation of cells in the pro-
cess of forming functional tissue and can provide both 
physical and chemical cues [63]. They need though to 
be tissue inductive in order to promote the prolifera-
tion of cells and tissue conductive in order to guide the 
migration of the cells. Biomolecules contribute in the 
structural integrity of tissue-engineered constructs 
and, at the same time, regulate their components. 
Growth factors, differentiation factors, angiogenic 
factors, and gene-modulated factors are the main com-
ponents of the biomolecules and need to be strategi-
cally integrated in to the future tissue engineered 
constructs.

16.7  Conclusion

ADSCs have a great potential for use in tissue repair 
and regeneration in the field of plastic and recon-
structive surgery. The stromal enriched lipograft has 
already been used in clinical practice and the results 
have proved superior to traditional autologous fat 

stem cells
primary undifferentiated progenitors

pluripotent or multipotent cells

environment
growth factors

citokines

scaffolds
volume continent
shape guidance

Fig. 16.10 Adipose Tissue Engineering: ADSCs have a great 
potential for use in tissue repair and regeneration in the field of 
plastic and reconstructive surgery. The choice of appropriate 
scaffolds to promote stem cell adhesion, proliferation, and dif-
ferentiation is essential for successful tissue engineering. 
Biomaterials are used to guide the organization, growth, and dif-
ferentiation of cells in the process of forming functional tissue 
and can provide both physical and chemical cues
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grafting. Although the current animal and clinical 
applied strategies for adipose tissue engineering have 
advanced in the last years, complete understanding 
of the mechanisms of interactions among adipose 
stem cells, growth factors, and biomaterials in tissue 
engineering is needed in order to advance the end 
goal of developing “off the-shelf” tissue engineering 
products. The enthusiasm over what unquestionably 
represents a markedly innovative technique with 
huge therapeutic potential must be balanced though 
against stringent standards of scientific and clinical 
investigation.
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Orthopedic Use of Adipose-Derived 
Stem Cells 17

17.1  Introduction

The musculoskeletal system is the largest system 
within the human body. The system includes: bone, 
cartilage, ligaments, tendons, and muscle [108]. It 
incorporates the axial and core parts of the body. In 
essence, the musculoskeletal system has two main 
tasks: it is in charge of motion, making sure that we 
can get from point A to point B smoothly and pain-
lessly, and it protects internal vital organs. This system 
undergoes tremendous stress, with over three million 
steps taken per year [10], and withstands forces which 
can reach up to 10 times the body’s weight [95]. The 
musculoskeletal system is designed to allow one to run 
an ultramarathon, jump from a cliff (as long as there is 
water below), and swim across the British Chanel 
without injuring any vital organ and without jeopardiz-
ing one’s health.

However, there are limits to this system, and differ-
ent components of the system have different thresholds 
and different healing and regeneration capacities. For 
example, when a bone is bent, the fine configuration of 
the bone fails and a fracture occurs. Bone has great 
healing capacities, about which we will elaborate later 
in the chapter, leading, in most cases, to new bone for-
mation and replacement of the damaged bone with the 
same structure and characteristics as prior to the injury 
[69]. Cartilage, tendon, and ligaments are not so for-
giving, although they will mostly heal following an 
acute injury. However, the injury is greater than a criti-
cal dimension, i.e., partial thickness injuries, scar tis-
sue will replace the native tissue, with diminished 
functionality as compared with the native tissue [23, 
40]. Even in bone, the most forgiving tissue of the 
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musculoskeletal system, when a critical size fracture 
[11] occurs or when a nonunion [69] is established, the 
system cannot heal itself and intervention is required.

The musculoskeletal system comprises specialized 
cells such as abundant extracellular matrix and pro-
genitor cells, which are the reserve for future regenera-
tion of the system. The system is dynamic with 
extracellular tissue constantly being deposited and 
absorbed [17]. With age, this turnover becomes less 
efficient marked by a decreasing number of progenitor 
cells, microvascular changes, and increased absorption 
and degeneration of extracellular proteins [16]. This 
process, along with other comorbidities, leads to osteo-
porosis [90], slower healing of fractures [42], osteoar-
thritis [32] and tendon failure, for example, rotator cuff 
tears of the shoulder [72].

Since the musculoskeletal system is required for 
every motion we take, these challenges have lead the 
scientific community to develop regeneration path-
ways for different components of the system.

At the base of this system, as in most other biologi-
cal system, is the cell, a functional unit that is in charge 
of generating the extracellular components which 
together with other cooperators build the specialized 
tissue [79]. Although fat, bone, cartilage, and muscle 
seem very different, they are all generated from a sin-
gle precursor: the mesenchymal stem cell (MSC) [79]. 
This multipotent cell, when placed in the right atmo-
sphere or having received the appropriate signal, can 
convert to any one of the mesenchymal tissues. For 
many years, it has been known that MSCs are located 
in greater numbers in bone marrow [53] and when sig-
naled proceed into the peripheral blood, homing in on 
the site of need and repairing the tissues as required 
[20]. When in the marrow, they are found in low con-
centrations of 1–2 cells per million, but increase in 
number when a fracture occurs [8]. For over 30 years, 
MSCs (as bone marrow aspirates) were added to non-
unions in a nonpurified manner in an attempt to try to 
heal the fracture [22]. However, only years later with 
the development of different molecular assays [77], 
did exact isolation and characterization of MSCs 
occur. MSCs, using special probing signals roam the 
blood, settle in the fracture site, differentiate into bone 
cells, and start constructing the callus [29]. The num-
ber of stem cells differs from person to person and 
their number is negatively affected by increased age, 
female sex, diseases, different medications, and envi-
ronmental factors. In particular, smoking reduces the 

number of stem cells [86]. These problems have led 
scientists to look for other sources for outer-skeletal 
MSCs [57, 86].

In today’s world, there is a surplus of a specific tis-
sue: fat [78]. With over half of the adult population 
overweight, looking at a positive product from fat is 
natural, especially since the rate of liposuctions is 
growing at a steady rate [5]. Since the start of the 
twenty-first century, it was demonstrated that there is 
an abundance of stem cells in fat tissue and that adi-
pose-derived stem cells possess multiple differentia-
tion capacities [38]. Additionally, adipose tissue is 
probably the most abundant and accessible source of 
adult stem cells in the adult human body. There are 
300-fold more stem cells in fat tissue than in bone 
marrow aspirates [31]. Fat- and bone-derived MSCs 
are similar but are not identical [2]. There are differ-
ences between stem cells harvested from subcutaneous 
fat (these cells are the most similar to bone-derived 
stem cells) and stem cells harvested from visceral fat 
[45]. Brown fat, the fat abundant in early childhood, 
harbors very little stem cells while white fat, the fat 
which we tug around as we age, has large numbers of 
stem cells [80].

The entire scope of differences and similarities 
between the two types of cells is beyond the scope of 
this chapter; however, the general consensus is that 
freshly isolated stem cells from both bone marrow and 
adipose tissue are positive for multiple cellular mark-
ers: CD10, CD13, CD29, CD44, CD49e, CD90, 
CD105, CD166, and human leukocyte antigen (HLA)-
ABC and negative for CD31, CD45, and HLA-DR 
[65]. These cells in the proper medium can be con-
verted into cartilage, disc, and bone [38]. We will elab-
orate on each in the upcoming sections of this 
chapter.

17.2  The Use of Adipose-Derived Stem 
Cells for Bone Regeneration

When a fracture occurs, there is not only damage to the 
calcium-phosphate crystal structure of the bone but 
also to its organic matrix: the blood vessels and soft 
tissues surrounding the fracture. The energy that 
caused the fracture and the parts of bone which shifted 
propagate into the surrounding tissues, damaging 
blood vessels, fascia, muscles, and other connective 
tissue around the fracture [94]. As a consequence, a set 
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of signals is triggered. These signals, local and sys-
temic, are mediated by neuronal impulses [74], the 
hematoma at the site of the fracture [29], and trauma 
caused to the tissues surrounding the fracture. These 
signals which interact and are interchangeable can be 
classified into two categories: Inflammatory signals 
[36] (i.e., IL-1, IL-6, and TNF-a) and bone building 
and regenerating signals [82] (BMP growth factors and 
WNTs). These signals are in charge of the migration of 
phagocytotic cells to the area of the fracture, removing 
the necrotic tissue. Additionally, these signals trigger 
the ingrowth of new blood vessels at the site of the 
fracture, providing nutrients and recruiting cells lead-
ing to the proliferation of bone builder cells (osteopro-
genitor cells), and ending with the formation of the 
new bone [82]. The process of cell recruitment differ-
entiation is termed osteoinduction, while the entire cell 
activity to produce new bone is termed osteogenesis. 
One must have a scaffold on which the new bone will 
regenerate and this is termed osteoconduction [28]. 
This scaffold needs to be stable, with both ends of the 
fracture at close proximity; otherwise, the fracture will 
not heal.

Osteoprogenitor cells are needed to replace and cre-
ate new bone tissue to replace the damaged bone. 
These cells can come via the periosteum at the fracture 
site via chemotaxis or through blood vessels entering 
the hematoma [29]. Specific mechanical and biologi-
cal stimulates, i.e., osteoinduction, cause the MSCs to 
differentiate into osteoblasts, the bone forming cell. 
However, this migration does not suffice the needs for 
healing in all fractures. For example, in large or sig-
nificant defects which in experimental studies are 
named “critical size bone defects,” defined as fractures 
with a bone loss that is larger than twice the diameter 
of the bone, the natural migration of osteoprogenitor 
cells is not sufficient for healing [69]. In addition, as 
mentioned above, in elderly and diseased people the 
natural migration might not be enough for simple frac-
tures to heal [13]. Thus, in these cases external aug-
mentation is needed to assist the healing process. The 
optimal augmentation is a combination of a matrix as a 
scaffold for bone formation, cells which will build the 
bone and inductive growth factors, i.e., the combina-
tion of osteoinduction, osteoconduction, and osteogen-
esis. The gold standard for this augmentation is the use 
of bone graft taken most commonly from the iliac crest 
and placed in the fracture site. However, there is mor-
bidity with such harvesting and only a limited amount 

of bone that can be harvested [6], therefore meriting a 
search for other sources of cells which will create 
bone, and developing artificial scaffolds on which 
these cells will create bone [17].

Adipose-derived stem cells have been shown to cre-
ate bone tissue, both in vitro [79] and in animal models 
[46]. Cells need to grow for 2–4 weeks of culture, with 
the use of the same culture medium and environment 
as used for osteogenic differentiation of bone marrow 
harvested MSCs. When the culture medium is supple-
mented with dexamethasone and b-glycerolphosphate, 
the adipose-derived cells express gene characteristics 
of osteoblast cells, for example, BMP-2, BMP4, and 
PTH receptor 1 [51]. After several weeks these cells 
form a mineralized matrix. The addition of BMP-2 
[26] and growth and differentiation factor 5 (GDF-5) 
[88] to the medium has been shown to increase the 
osteogenic potential of the cells. These cells can be 
tested for osteogenic traits by a selection of markers on 
their surface, by the creation of mineralized tissue (as 
tested by histological tests), or by the secretion of alka-
line phosphatase [109]. When comparing the adipose-
derived stem cells to bone marrow-derived cells, there 
are conflicting reports, some showing that the cells are 
equally potent, and others showing that adipose-
derived MSCs are inferior to BM-derived MSCs in 
production of bone [51, 57, 64]. However, each study 
uses a different protocol, with slightly different medi-
ums, so a final conclusion cannot be assessed.

In vivo, cells cannot be placed without a carrier, and 
therefore the scaffold is of critical importance to plac-
ing the cells at the fracture site and can provide addi-
tional signals via factors imbedded into the scaffold 
which increase transformation into bone producing 
cells: osteoblasts [44]. There are two experimental 
types of in vivo models to evaluate the potential of any 
substitute to induce bone formation: an orthotopic 
model in which the challenge is to repair the bone or 
fracture and a heterotopic one in which bone formation 
is induced at other tissues such as in subcutaneous tis-
sue. In a rat femoral fracture model (orthotopic model), 
the placement of human adipose tissue-derived MSCs 
in the bone defect with only a collagen–ceramic carrier 
without additional genetic intervention did not bring 
about fracture healing [76], suggesting that more stim-
uli is needed to drive the cells into the bone linage. 
Adipose tissue-derived stem cells are different from 
bone marrow-derived stem cells where the default set-
ting is to create bone. Hattori et al. [44] showed that 
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when he cultured adipose-derived stem cells in a osteo-
genic medium for 2 weeks and then subcutaneously 
implanted them in mice (heterotopic model) and in 
atelocollagen honeycomb-shaped scaffolds with a 
membrane seal, the cells created bone that was equiva-
lent to bone created by bone marrow-derived stem 
cells [44]. Yoon et al. [107] also showed that when 
adipose-derived stem cells are precultured in an osteo-
genic medium for 14 days, bone formation in vivo 
(when implanted in a critical size defect in a poly lac-
tic-co-glycolic acid scaffold) is increased [107].

A different approach for the use of adipose-derived 
stem cells in bone formation from adipose cells is the 
manipulation of cells to produce osteogenic propaga-
tors via gene therapy pathways. In a study which 
manipulated adipose-derived stem cells to produce 
BMP-2, the fractures healed in 11 of 12 animals by 
8 weeks after cell implantation [76]. The bone which 
was created was strong and was equivalent to the native 
bone of the rat. Unfortunately, the doses of BMP-2 
produced by the stem cells in this study were high and 
are beyond the rage permitted in clinical use. In addi-
tion, in a clinical setting a more controlled release of 
BMP-2 will be needed. Genetic modification of cells is 
problematic and several safety issues need to be worked 
out (i.e., ruling out carcinogenic potential) prior to 
clinical use of these cell types.

There is very little clinical data regarding experi-
ments in humans with bone defects and adipose-
derived stem cells [20]. In a case report, a 7-year-old 
girl was successfully treated with adipose-derived stem 
cells for a bone defect in her calvaria [66]. In a second 
case report, that of a 68-year-old male who had lost 
part of the hard palate of the mouth following removal 
of a cyst resulting in an inability to chew or drink 
effectively. To address this defect, the surgical team 
harvested 200 g autologous subcutaneous adipose tis-
sue, isolated and culture expanded the ASCs in autolo-
gous serum and then seeded them in the presence of 
bone morphogenetic protein 2 (BMP-2 onto a b-trical-
cium phosphate scaffold fashioned into the shape of 
the defect). The construct was implanted into the 
patient’s rectus abdominis muscle and was radiograph-
ically followed for evidence of mineralization over an 
8-month period. At that time, the construct was resected 
and transplanted to the maxillofacial defect, where its 
intact epigastric artery blood supply was reanastomo-
sed to the facial artery. The patient recovered full oral 
function and remained without complication [39, 71].

Since a two-stage procedure (with ex vivo prolifer-
ation of stem cells) has increased costs and morbidity, 
a one-stage method to induce osteogenesis was devel-
oped by Helder et al. [45].Within 100 min, adipose-
derived stem cells can be harvested and returned to a 
surgery site within a osteoinductive scaffold [45]. This 
method was tested in a sheep spinal fusion model and 
was shown to be successful in creating bone. It would 
be interesting to see if this methodology is as success-
ful in the axial skeleton as well.

There are still several steps that need to be worked 
out prior to the common use of adipose-derived stem 
cells in a wide based clinical setting. Ex vivo prolifera-
tion of cells presents many questions as the methyla-
tion patterns of these cells change when they are 
removed from their native atmosphere [106]. In addi-
tion, industrial “clean room” levels must be kept in 
order to prevent cell contamination. Furthermore, tests 
to prevent malignant transformation of the cells must 
be conducted before these cells can be introduced into 
the clinical setting. Finally, it will be necessary to work 
out accessory inputs which are needed to trigger cells 
need in order to create bone.

In conclusion, adipose-derived stem cells can be 
pushed ex vivo and in vivo into an osteogenic pathway. 
The amount of bone generated may not be as abundant 
as the bone created by bone marrow-derived stem cells; 
however, the amount of bone appears to be enough in 
order to overcome bone defects in both small and large 
mammals. In addition, the fact that adipose-derived 
stem cells show increased vascularity, with an increased 
trend towards angiogenesis [83], when compared with 
bone marrow-derived MSCs, might assist in tackling 
one of the major problems of large bone defects: how 
to bring blood vessels to the newly implanted graft 
[60]. Once safety and efficacy tests are preformed, adi-
pose deriving kits will most probably find their way 
into the orthopedic armamentarium.

17.3  The Use of Adipose-Derived Stem 
Cells for Chondrogenesis

Cartilage is a tissue with a small number of cells known 
as chondrocytes, which are responsible for maintain-
ing a large extracellular matrix. In normal human car-
tilage, a chondrocyte with a cell diameter of 13 mm 
controls averaging 104,040–160,707 mm [3] of matrix. 
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The remaining mass is broadly made up of water (60–
85%) and two categories of molecules: collagenous 
and noncollagenous [91].

The main function of cartilage is to produce a low 
friction surface capable of withstanding load, thus 
enabling motion while protecting the underlying bone 
[21]. Articular cartilage is highly specialized. It is avas-
cular, aneural, and alymphatic and, at maturity, of low 
metabolic activity [21]. This results in tissue which is 
highly suited to its task, but with limited capacity for 
repair. In cartilage tissue there is a finely regulated bal-
ance of degradation and synthesis, which even if mildly 
disrupted can lead to major long-term problems. It has 
been demonstrated that early in the process of tissue 
damage there is a rapid loss of glycosaminoglycans from 
the tissue [93]. Thus, most large defects fail to heal, 
leading to a long-term prognosis of osteoarthritis [33]. 
Current treatment options for cartilage injuries include 
joint lavage, tissue debridement, microfracture of the 
subchondral bone to induce regeneration, or transplanta-
tion of autologous or allogeneic osteochondral grafts 
[3]. Success rates with these treatments vary greatly. 
While some of these approaches show promise, many 
lead to the formation of fibrous tissue, apoptosis, and 
further cartilage degeneration. As a result many articular 
cartilage tissue-engineering techniques have been devel-
oped attempting to create cartilage ex vivo that can be 
implanted in vivo and regenerate the damaged joint.

However, ex vivo regeneration of cartilage is prob-
lematic. Problems not only include trying to recreate 
the complex architecture of hyaline cartilage with the 
correct ratios and correct structural arrangement of 
each matrix component, but also achieving successful 
integration of the newly formed tissue into the defect 
following implementation. This requires both carti-
lage–cartilage and cartilage–bone integration [58].

Newly developed ex vivo cartilage composite 
requires chondrocytes and extracellular matrix. The 
cells can be adult chondrocytes harvested from a dif-
ferent site of the patient’s cartilage [14], at a cost of 
loss of additional cartilage from the donor site, or can 
be MSCs which underwent modification and differen-
tiated into chondrocytes [67]. Various combinations of 
growth factors, primarily TGF-b, FGF-2, PDGF-BB, 
bone morphogenetic proteins (BMPs), IGF-1, and 
insulin formulations have also been applied to promote 
chondrocyte differentiation [52].

Growth factors are not the only factor to be taken 
into account when regenerating cartilage, the structure 

in which the cells are placed plays an important role as 
well. Chondrocytes placed in a monolayer might 
undergo dedifferentiation [15], however, when placed 
into a suitable three dimensional (3D) structure and 
properly cultured, these cells apparently revert back to 
normal chondrocytes [104].

Three-dimensional scaffold materials must be bio-
compatible and accommodate cell adhesion, prolifera-
tion, and matrix synthesis. Many materials have been 
used both in vivo and in vitro scaffolds for cartilage 
regeneration. These include hydrogels, sponge-like 
scaffolds, and hybrid systems incorporating a hydrogel 
and a stiffer macroporous sponge [91, 100]. The scaf-
fold needs a mechanical stiffness capable of withstand-
ing repeated compression and shear while at the same 
time maintaining the chondrocytic phenotype and 
retaining a greater proportion of newly synthesized 
matrix products.

Adipose-derived stem cells have been shown to 
convert into chondrocytes when in the proper medium 
(with addition of TGFb, ascorbate-2-phosphate, dex-
amethasone, and FGF-2) [30]. As with bone tissue, 
in vitro studies have tested the quality of the matrix 
produced by these adipose-derived chondrocytes and 
the results are not in agreement with several studies 
showing that there are no differences between the two 
types of cells and others showing that bone marrow-
derived stem cells result in superior matrix production 
[63, 103]. There are differences between bone mar-
row-derived stem cells and adipose-derived cells in the 
effect of the different BMPs regarding induction of 
chondrogenesis, with only BMP-6 inducing chondro-
genesis in adipose-derived stem cells and only a very 
weak effect seen from BMP-7 [89]. Adipose-derived 
stem cells have been shown to create cartilage in pellet 
culture and in various in vitro [51] three-dimensional 
scaffolds. However, the delivery of these agents 
together with MSCs into cartilaginous lesions in vivo 
has not yet resulted in sustained regeneration of articu-
lar cartilage [43, 63]. This is not a problem specific to 
adipose-derived stem cells, but rather a general prob-
lem faced when trying to regenerate cartilage. As in 
bone regeneration, there should be an optimal com-
posite of cells both inductive and conductive environ-
ment. In addition, there are two major problems when 
passing from in vitro to in vivo. The first is how to stop 
the cartilage from becoming hypertrophic [73] (in 
nonprofessional terms: how to turn off the cartilage 
proliferation), a step seen in chondrogenic ossification 
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in fractures as the next step in bone creation. The sec-
ond problem is the integration of cartilage into the 
defect site. Since cartilage is avascular it receives its 
nutrition from adjacent subchondral bone and from 
synovial fluid. If the lesion is not fresh and the sub-
chondral bone is obliterated, a method to create a com-
posite graft of bone and cartilage needs to be created, 
thereby allowing integration into the healthy subchon-
dral bone [58].

When taking all that has been done so far into 
account, none of the cartilage regeneration work has 
taken on the major problem of cartilage degeneration–
osteoarthritis. Osteoarthritis is the most common form 
of cartilage degradation, involving general degenera-
tion of the articular cartilage [62]. The greatest risk 
factors for osteoarthritis include aging, obesity, joint 
trauma, and mutations in cartilage-specific matrix pro-
teins [41]. Current estimates of treatment costs, both 
indirect and direct, of osteoarthritis in the United States 
are greater than $65 billion annually [81]. Joints with 
large defects and end-stage degeneration are far beyond 
the reach of present accomplishments in chondrogen-
esis. Early intervention in younger people with smaller 
defects might decrease the rate of end-stage joint 
degeneration seen in older populations. The role of 
adipose-derived stem cell is far from being applicable 
as a clinical solution for these challenging tissue engi-
neering problems.

17.4  Spinal Applications of Adipose-
Derived Stem Cells

The spine is a complex structure composed of bony 
vertebrae, intra-vertebral discs, multiple ligaments, 
and muscles both protecting the spinal cord and pro-
viding a solid axis for energy transfer from the lower 
limbs and pelvis to the thorax and upper limbs. A thor-
ough background on spinal anatomy and pathology is 
beyond the scope of this chapter. This chapter will 
focus on degenerative processes of the spine.

Low back pain is one of the most common prob-
lems in medicine. It is the second most common rea-
son for physician visits [19]. Nine out of ten adults 
experience back pain at some point in their life and 
five out of ten working adults have back pain every 
year [59]. After mechanical pain, caused by strain, 
lumbar spine degeneration is the next most common 
cause of low back pain and it is a target of diagnostic 

and surgical intervention [98]. This degeneration is 
mediated by degeneration of the intra-vertebral discs 
causing pathological movements between spinal seg-
ments, resulting in pain and, at times, narrowing of the 
spinal canal, compressing nerves, and causing lower 
limb claudication [35].

In contrast to other musculoskeletal systems, the 
intervertebral disc exhibits degenerative changes in the 
late second or early third decade. There is disc degen-
eration in at least one lumbar level in 35% of subjects 
between 20 and 39 years of age and close to every per-
son 60–80 years of age has disc degeneration [9]. It is 
quite difficult to differentiate the normal aging process 
from pathological degeneration in patients showing 
symptoms.

An intervertebral disc consists of three components: 
an inner gelatinous nucleus pulposus, an outer annulus 
fibrosus (AF), and cartilage end plates located superi-
orly and inferiorly [50].

The outer annulus fibrosus, is abundant in type I 
collagen and elastin, resisting tensile pressures. The 
nucleus pulposus consists of a proteoglycan and water 
gel loosely held together by irregular networks of fine 
type II collagen and elastin fibers [50]. The interverte-
bral disc is mainly avascular deriving its nutrition from 
vessels in the subchondral bone adjacent to the hyaline 
cartilage of the end plate. The disc has different cells 
maintaining the unique structure of each of the ele-
ments of the disc. Chondrocyte-like cells, present in 
the nucleus pulposus (NP cells), produce proteoglycan 
and collagen, which is the basic skeletal structure of a 
disc. Annulus fibrosus cells are more fibroblast like in 
nature producing collagen and elastin and maintaining 
AF structure [4].

In the normal disc, the extracellular proteins are 
responsible for retaining water within the matrix 
resulting in a high viscoelastic tissue with water 
retained within the nucleus pulposus, inflating the 
collagen framework. The disc is avascular, and the 
cells in the center of an adult lumbar disc are approxi-
mately 8 mm away from the nearest blood supply, 
depending on a complicated pathway extending from 
a capillary network that penetrates the subchondral 
plate. The nutrients diffuse from these capillaries 
across the cartilaginous end plates and through the 
dense disc matrix to the cells. Over the years, this net-
work becomes occluded and transport is hampered 
causing ischemia of the disc, cell death, and disc 
degeneration [1].
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In this processes, the strongly hydrophilic chon-
droitin-4-sulfate and chondroitin-6-sulfate decrease in 
number and keratin sulfate increase in number. This 
process leads to decreased water within the discs, 
decreasing the height of the intervertebral disc, as well 
as the resistance of the disc to axial loading [1].

In addition, the loss of disc height alters the facet 
joint mechanics resulting in the formation of osteo-
phytes at the disc margins. Coincidentally, a decrease 
in intervertebral height causes buckling of the ligament 
flavum and facet overriding. Degenerative changes 
occur in a parallel manner in all three components, 
which may cause narrowing of the neuroforaminal and 
spinal canals [4].

The decrease in cell numbers in the AF leads to 
decreased production of collagen type I, leading to cir-
cumferential annular tears progressing to radial tears. 
Herniation can occur when nuclear materials protrude 
or extrude into the perineural space through these 
radial tears [105].

The common treatment of such a condition is 
devised of physical therapy, pain management, and if 
all else fails, surgery, to decompress the neural ele-
ments and fuse the two vertebrae. However, there is 
known long-term detrimental effects on the juxta-
fusion segments in the form of accelerated degenera-
tion [12]. In past decades, nonfusion strategies have 
been attempted aimed at preserving the stability and 
mobility of the spinal segment, while relieving the 
clinical symptoms of the neural compression [12].

There are two general approaches to motion preser-
vation in degenerative discs: replacement and regen-
eration. Disc replacement is based on a bimodular 
implant attached to each side of the vertebrae from 
which the disc was removed. However, the results of 
these implants, at first promising, are hampered by 
secondary spontaneous fusion between vertebra and 
loss of motion. In addition, degeneration of these 
implants is an ongoing question requiring further long-
term studies [75].

Regeneration or repair of the disc using growth fac-
tors, gene therapy, and cell therapy are actively being 
researched [4]. Most of the attention is focused on the 
nucleus pulposus and how to rejuvenate the disc 
through increasing cell numbers, thus restoring matrix 
production [85]. The major limitation of this approach 
is that the nucleus pulposus is the sole degenerative 
part of the disc. The problems in the annulus and the 
bony end plates are equally important. If the blood 

supply to the disc is not rejuvenated, any cells implanted 
will die out prior to regenerating the disc [87].

The source of cells for disc regeneration is a rele-
vant question as well. There is little known about the 
molecular profile of the AF and nucleus pulposus cells. 
It has therefore not been determined if stem cells will 
be able to convert to AF or NP cells [47, 85]. 
Co-culturing MSCs with disc cells appears to speed up 
the conversion to a chondrogenic/discogenic pheno-
type [56].

There have been only a few studies testing the effect 
of implantation of adipose-derived stem cells within 
disc tissue in vitro and in vivo in animal models. 
Adipose-derived stem cells were shown to differenti-
ate into a nucleus pulposus-like phenotype when 
exposed to environmental factors similar to disc [71]. 
In a canine trial of adipose-derived regenerative cell 
transplantation, adipose-derived cells were transplanted 
under fluoroscopic guidance directly into a surgically 
damaged disc [34, 84]. Three interventions were used 
in this study: adipose-derived cells placed in hyaluronic 
acid (HA) carrier, HA alone, or no intervention, all 
deliveries were guided by fluoroscopy. Statistical dif-
ferences were found between the control and each 
intervention. No significant difference could be shown 
between HA alone and no intervention. These results 
suggest that cells harvested from adipose tissue might 
offer a reliable source of regenerative potential capable 
of bio-restitution [34]; however, no control of adipose-
derived stem cells injected alone was provided. In 
addition, the long-term outcome of these discs was not 
determined.

When spinal fusion is needed, adipose-derived stem 
cells were shown to propagate bone fusion, as with 
axial bone [68]. These principles were described ear-
lier in the bone subchapter.

17.5  The Use of Adipose-Derived Stem 
Cells for Tendon and Ligament 
Regeneration

Ligaments and tendons are important structures 
designed to transmit forces and facilitate joint articula-
tion, providing motion and stability in the musculosk-
eletal system. As such, these tissues are frequently 
injured during sports and work related activities. The 
healing responses following injuries to different liga-
ments and the consequences of the healing can vary 
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greatly. For example, the anterior cruciate ligament of 
knee has limited healing capabilities as compared with 
other fully disrupted ligaments [102].

There have been many approaches to fully disrupted 
ligaments, including: direct repair; autograft; and 
allograft, and synthetic grafts aimed at replacing the 
damaged tissue [102].

The use of stem cells as a natural source for cellular 
replacement in the damaged matrix has been tried and 
MSCs were identified that when implanted in the injured 
rat’s MCL, differentiated into fibroblasts [101]. Further, 
when MSCs are seeded in an Achilles’ tendon with a 
critical gap tendon injury, the MSCs assisted in healing 
particularly as collagen fibers appeared to be better 
aligned than those in the controls [55]. In vivo studies 
testing an intra-articular injection of MSCs in a rat model 
with partially transacted ACL showed healing [18]. Few 
studies have been performed concerning adipose-derived 
stem cells, but in vitro and small animal in vivo studies 
show similar results, thus indicating that the ADSC can 
be utilized for tendon regeneration as well [97].

17.6  Turning Fat into Muscle

Skeletal muscle cells under normal conditions remain 
at a constant number, proliferating under strain and 
increasing fibers, synapses, and improving oxygen 
consumption as a result of mechanical stimuli. The 
ability of adult skeletal muscle to generate new fibers 
resides in a reserve population of mononucleotide pre-
cursors termed satellite cells [92]. They reside in 
grooves or depressions between the basal lamina and 
sarcolemma of mature fibers and make up 2–10% of 
sublaminar muscle nuclei, depending on the type of 
fibers with which they associate. In response to envi-
ronmental cues such as injury, satellite cells are acti-
vated and proliferate and convert into myoblasts (with 
signals as MyoD and HGF) [37, 99]. These cells fuse to 
each other to form new myotomes or become incorpo-
rated into preexisting muscle fibers. The regeneration 
capacity of satellite cells is limited with the cells under-
going senescence after several divisions [92]. In addi-
tion, in certain muscular diseases this cell population is 
not suitable to regenerate the muscle since the cells are 
also diseased, e.g., Duchene muscular dystrophy.

In vitro work has shown that MSCs can turn into 
myoblasts [61]. There have been several trials to incor-
porate different bone marrow-derived stem cells and 

embryonic stem cells into muscle, specifically in 
degenerative muscle diseases; however, the frequency 
of stem cell incorporation into skeletal muscle was low 
and could not reverse the amelioration of the dystro-
phic phenotype [70].

Fat and muscle are interlinked. When a muscle is 
denervated, the fatty content of the muscle increases 
[27, 96], indicating either that there are fat fibers in the 
muscle or that muscle progenitor cells convert to fat 
cells under specific conditions [7]. Adipose-derived 
stem cells seem to have several subpopulations which 
react in a different manner when converted to muscle 
cell [25]. One subpopulation was stimulated in vitro 
towards muscle cells when cultured with muscle cells 
in the same cultures and a second group could be 
directly converted to muscle cells even without contact 
to muscle fibers. Studies have shown that when mus-
cles are injured, they set off signals which convert 
adipose-derived stem cells into muscle tissue [54].

Most of the work being done with stem cells and 
muscle fibers is directed towards cardiac muscle, hop-
ing to assist in regeneration of damaged heart tissue 
following an ischemic insult [48]. Trials have been 
directed at direct regeneration of muscle or regenera-
tion of blood vessels and increasing oxygen supply to 
cardiac muscle, thus increasing endogenous healing of 
this tissue [49].

There is very limited work in vivo with adipose-
derived stem cells and skeletal muscle regeneration 
and then it is only in small animals [24]. There is still 
a long way to go before adipose-derived stem cells can 
be converted to skeletal muscle in the clinical setting.

17.7  Conclusions

Adipose-derived stem cells have immense potential in 
orthopedic practice. Firstly, in many degenerative dis-
eases the patients are obese, and harvesting fat to 
regenerate their arthritic joints, spine, tendons, or mus-
cles seems like “killing two birds with one stone.”

Secondly, adipose-derived stem cells are pro vascu-
lar, regenerating blood vessels at an increased rate as 
compared with bone marrow-derived stem cells. This 
property is advantageous in the healing of critical size 
bone defects and disc degeneration.

And lastly, the increased number of stem cells in fat 
tissue, when compared to bone marrow, will require 
less harvesting and will achieve the same result.
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Although promising, the clinical work is still very 
limited, mainly focusing on bone and small defect car-
tilage regeneration. There is still much to do before 
this will become a common clinical solution to every-
day orthopedic problems.
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18.1  Introduction

Adipose-derived stem cells (ADSC) originate from the 
stromal vascular fraction (SVF) of adipose tissue. 
Freshly isolated SVF cells are a heterogeneous mixture 
of endothelial cells, smooth muscle cells, pericytes, 
fibroblasts, mast cells, and preadipocytes [82]. Culturing 
of these cells under standard conditions eventually 
(within the first few passages) results in the appearance 
of a relatively homogenous population of mesodermal 
or mesenchymal cells [118]. However, many factors can 
influence the cellular composition of an ADSC culture, 
for example, species, age, tissue depot (e.g., subcutane-
ous vs. omentum), isolation procedure, culture condi-
tion, passage number, and cell storage. Additionally, the 
choice of experimental methods and reagents may also 
affect the outcome of any given study concerning 
ADSC’s expression profile, differentiation potential, 
and therapeutic efficacy. Thus, it is not surprising that 
conflicting evidence and inconsistencies exist in the lit-
erature. For detailed information on the characterization 
of ADSC, the readers are advised to consult recent 
review articles such as these 2010 contributions [41, 46, 
63, 117]. In this chapter, we will only consider some 
contrasting viewpoints relating to the clinical applica-
tion of ADSC. Note that, depending on the situation, 
“ADSC” is used as a singular or a plural. Other abbre-
viations follow the same rule.

18.1.1  Vascular Versus Fat Stem Cells

At least a dozen different names have been given to the 
same cell type isolated from the SVF of adipose tissue. 
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One of such names, adipose tissue-derived stem cells 
(ADSC), was most commonly used in the early stage of 
this research field. However, in a 2007 review article 
Gimble et al. [40] advocated the use of “adipose-
derived stem cells” (ASC), citing the adoption of this 
term by the International Fat Applied Technology 
Society. While “adipose-derived stem cells” is an 
improvement from “adipose tissue-derived stem cells,” 
the abbreviation “ASC” has already been used for 
“adult stem cells” and thus may further confuse layper-
sons or even dedicated researchers. For example, in a 
recently submitted manuscript to Stem Cells and 
Development the authors cited a study on ASC (for 
adult stem cells) to support their viewpoints on ASC 
(for adipose-derived stem cells). Regardless, it is sur-
prising that, despite its well-known connection with the 
vasculature, ADSC has never been given a name that 
would hint at such a connection. Even more troubling 
is that the two frequently and casually used terms “adi-
pose stem cells” and “fat stem cells” almost always 
register in the mind of a layperson as something evil 
and whose mission is to make us fat and fatter. Only 
when explained that these cells actually come from 
blood vessels then the layperson becomes receptive to 
the idea of using ADSC as a therapeutic agent. However, 
strictly speaking, definitive proof that ADSC are vascu-
lar cells is still lacking, and the identity of ADSC within 
adipose tissue is a subject of ongoing debate. Still, there 
appears to be a consensus among ADSC researchers as 
far as its vascular origin is concerned; therefore, a name 
like “adipose vascular stem cells (AVSC)” would seem 
more fitting than any of the existing ones.

18.1.2  ADSC Versus BMSC

The vascular connection appears to apply to other types 
of mesenchymal stem cells (MSC) as well, including 
bone marrow stem cells (BMSC) [2, 9, 20, 22, 92]. 
However, due to the lack of a definitive MSC marker, 
the exact location and the cellular identity of MSC 
remain elusive. Nevertheless, the generally accepted 
perivascular localization implies a close relationship 
between MSC and blood vessels, and thus, in terms of 
availability as a therapeutic cell source, the more abun-
dant the blood vessels are within a donor tissue site, the 
higher yield of MSC can be expected of that tissue site. 
When MSC yield is sufficiently high, it provides the 
option of transplanting the freshly isolated cells into 

patients without the need of cell culturing – a process 
that can be problematic due to the introduction of unde-
sirable animal products and the possibility of microbial 
contamination, cell type alteration, and human errors.

The adipose tissue is endowed with an abundance of 
blood vessels, with each adipocyte surrounded by an 
extensive capillary network [21]. Furthermore, a recent 
study shows that the MSC frequency correlates with 
blood vessel density in the adipose tissue [23]. While 
reinforcing the concept of a vascular connection for 
MSC, this study also suggests that, being highly vascu-
lar, the adipose tissue could be an ideal source for har-
vesting large numbers of MSC. Indeed, it has been 
shown that, while the number of BMSC in bone mar-
row is approximately 1 in 25,000 to 1 in 100,000 nucle-
ated cells, the average frequency of ADSC in processed 
lipoaspirate is approximately 2% of nucleated cells 
[95]. Thus, the yield of ADSC from 1 g of fat is approx-
imately 5,000 cells, whereas the yield of BMSC is 100–
1,000 cells per milliliter of morrow. Furthermore, while 
bone marrow can only be obtained in limited quantity, 
the adipose tissue is usually obtainable in abundance, 
especially in our increasingly obese society. The safety 
of the tissue isolation procedure is another advantage of 
ADSC over BMSC, as it has been shown that between 
1994 and 2000 there were zero deaths on 66,570 lipo-
suction procedures and a serious adverse event rate of 
only 0.068% [48]. Thus, while ADSC and BMSC are 
virtually identical in their therapeutic potential, the dif-
ference in their applicability is obvious.

18.1.3  Stromal Vascular Fraction Versus 
Adherent Cells

The isolation of ADSC consists of mincing adipose 
tissue, washing with saline to remove blood cells, 
incubation with collagenase to separate cells, and cen-
trifugation at 1,200 g to obtain a pelleted SVF, which 
contains pericytes, endothelial cells, preadipocytes, 
ADSC, and other cells (see below). Alternatively, SVF 
can be obtained from aspirated adipose tissue although 
such preparations have a much lower ADSC count [27, 
90]. Plating of SVF cells in plastic culture dishes per-
mits the selection of adherent cells, which are mostly 
ADSC. For clinical application, the adherent cells, i.e., 
ADSC, are more homogeneous than SVF cells and 
thus may better conform to regulatory requirement. 
However, SVF has been shown to contain T regulatory 
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cells [34] and hematopoietic stem cells [47] that may 
offer additional therapeutic benefits [53]. Moreover, 
by skipping the additional culturing procedure, the 
preparation of SVF cells is less likely to be contami-
nated. More importantly, when used in the SVF form, 
ADSC is the only stem cell type that can be isolated 
and autologously injected back to the patients on a 
same-day basis [104, 109]. Thus, for autologous appli-
cation, SVF cells are preferred to ADSC.

18.1.4  Adventitial Cells Versus Pericytes

Although it has been well documented that CD34 
expression in ADSC decreases gradually during cul-
ture, CD34 remains the most trusted marker when it 
comes to finding ADSC in tissue [62, 63, 96, 115]. In 
the arteries, arterioles, veins, and venules, CD34 is 
localized to the tunica intima and tunica adventitia; 
thus, the cross section of these CD34-stained blood 
vessels has the appearance of two concentric circles 
(endothelium and adventitia) sandwiching the unstained 
smooth muscle layer (Fig. 18.1). In the tunica intima, 
CD34 staining is easily distinguishable from that of 
CD31 because CD34 staining was homogeneous and 
contiguous while that of CD31 was discrete and more 
intense at intercellular junctions (Fig. 18.1). In the 
tunica adventitia, which is devoid of CD31 expression 
(Fig. 18.1), CD34 is expressed most likely in cells that 
have been proposed to be progenitor/stem cells [49, 97, 
103, 111]. Together, these data suggest that the CD34+ 

cells in the adventitia (or the “vasculogenic zone”) of 
blood vessels in the adipose tissue are the de facto 
ADSC.

There has been increasing interest in the possibility 
that MSC, including ADSC, are pericytes [2, 22, 86, 99]. 
In particular, Traktuev et al. [99] reported that ADSC 
could be defined by co-expression of CD34, CD140b 
(pericyte marker), and SMA (marker for both smooth 
muscle and pericyte). However, we have shown that in 
human adipose tissue neither CD140b nor SMA was 
co-expressed with CD34 [62], and these findings have 
been confirmed by two later studies [96, 115]. In addi-
tion, Suga et al. [96] showed that expression of peri-
cyte markers was higher in CD34- than in CD34+ 
ADSC. Thus, because ADSC are known to lose CD34 
expression during culture, it is possible that studies in 
favor of equating ADSC with pericytes were looking 
at cells whose CD34 expression was on the decline and 
whose pericyte marker expression on the rise as a result 
of adaptation to an artificial cell culture environment.

In their native tissue, CD34+ ADSC do not express 
pericyte marker CD140b or SMA. This conclusion, 
however, does not exclude the possibility that ADSC 
are pericytes because neither CD140b nor SMA can 
fully define pericytes [6]. In addition, it remains pos-
sible that there may exist a population of CD34- ADSC 
in adipose tissue. Still, it should be pointed out that 
equating ADSC with pericytes does not help improv-
ing our understanding of ADSC because the identity of 
pericytes is not any better defined than that of ADSC. 
In fact, in a recent review Corselli et al. [18] cautioned 

Fig. 18.1 Immunofluorescence localization of vascular and 
stem cell markers in arteries of adipose tissue. Human adipose 
tissues were immunostained for the indicated markers; a small 

artery (~75 mm in diameter) from each stained specimen was 
chosen for display. DAPI stain (blue) indicates cell nuclei. Note 
the lack of CD31 (or CD34) and SMA co-localization
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that pericytes have only been referred to in the strictest 
etymologic sense as periendothelial cells; that is, “the 
term pericyte has been used in its anatomic literal 
sense, without any functional connotation.”

So, if ADSC reside in the adventitia, then how about 
capillaries, which do not have adventitia. In our 2008 
paper [62], we showed that capillaries in adipose tissue 

contained three cell types: CD31+CD34+CD140b-SMA-
endothelial cells, CD31-CD34-CD140b+SMA+ pericytes, 
and CD31-CD34+CD140b-SMA-ADSC (Fig. 18.2). 
And, despite their localization to a very thin wall of the 
capillary, these three cell types are arranged with the 
endothelial being innermost, pericytes in the middle, and 
ADSC outermost (Fig. 18.2). Thus, similar to the situation 

Fig. 18.2 Immunofluorescence localization of vascular and 
stem cell markers in capillaries of adipose tissue. Human adi-
pose tissues were immunostained for the indicated markers; a 
capillary from each stained specimen was chosen for display. 
DAPI stain (blue) indicates cell nuclei. Materials in the lumen 

are blood clots (lower left panel). Note the lack of CD31 (or 
CD34) and SMA co-localization. CD34 and CD140b were not 
co-localized either. The putative endothelial cell, pericyte, and 
ADSC are indicated in the lower right panel
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with larger blood vessels, ADSC reside in the capillaries 
in a location that is equivalent to the adventitia. In this 
sense, capillary-bound ADSC are still adventitial cells.

18.1.5  Paracrine Action Versus 
Differentiation

While the original hypothesis underlying stem cell 
therapy was based on functional recovery as a conse-
quence of stem cell differentiation, it is now clear that 
mechanisms other than cell differentiation are just as 
important if not more so. In particular, trophic and/or 
immunomodulatory factors secreted by stem cells have 
been shown to mediate functional improvements in 
several preclinical studies [85]. In the field of ADSC 
research, suppression of hepatocyte growth factor syn-
thesis has been shown to markedly reduce the ability 
of ADSC to promote ischemic tissue revascularization 
[12]. Downregulation of cytokine (granulocyte chemot-
actic protein-2 or monocyte chemoattractant protein-1) 
or growth factor (VEGF) also reduced the proangio-
genic action of ADSC [16]. Recently, we have also 
shown that both ADSC and lysates of ADSC were able 
to promote neuroregeneration [1]. Furthermore, we 
have found that ADSC secrete CXCL5 cytokine and 
which has neurotrophic properties [113]. In several 
other studies, functional improvements with little evi-
dence of stem cell differentiation in the target tissue 
have also been interpreted as possible paracrine actions 
of ADSC although the specific secretory factors have 
yet to be identified. For example, Banas et al. [5] have 
demonstrated the therapeutic effects of ADSC on liver 
injury and identified several growth factors that were 
secreted by ADSC at high levels; however, no connec-
tion between these two lines of observation has been 
established.

18.1.6  Immunosuppression Versus 
Proinflammation

The above-mentioned paracrine actions are mostly 
concerned with their trophic effects. However, in a 
broader sense, paracrine actions also include their 
immunomodulatory effects. In fact, many studies have 
demonstrated immunomodulation as a key mechanism 
through which MSC exert therapeutic efficacy [39]. 
Still, while immunomodulation is generally equated 

with immunosuppression, it can also mean the oppo-
site, i.e., proinflammation. In fact, a recent study con-
tends that BMSC can be primed into either an 
immunosuppressive or a proinflammatory phenotype, 
depending on the downstream Toll-like receptor sig-
naling [101]. While it remains to be seen how wide-
spread this dual phenotype is among different MSC, it 
is clear that all reported ADSC’s immunomodulatory 
effects are related to the immunosuppressive pheno-
type [53]. These include therapeutic effects on multiple 
sclerosis [87], rheumatoid arthritis [45], colitis [42], 
allergic rhinitis [17], and asthma [15, 81]. In addition, 
ADSC’s immunomodulatory property has also been 
exploited as an effective method to attenuate graft-
versus-host reaction [30, 105], and several studies have 
also demonstrated the feasibility of using ADSC for 
xenotransplantation [3, 17, 24, 42–45, 56, 77, 83].

18.1.7  Procancer Versus Anticancer

There are three different mechanisms through which 
cell-based therapy with ADSC and other types of MSC 
can possibly increase cancer risks. First, an ADSC 
preparation may contain cancer cells that preexisted in 
the donor site. This possibility was reported in our 
2009 paper in which an angiosarcoma-like cell line 
was discovered among several human ADSC isolates 
[78]. Second, ADSC may become cancerous during 
culture. This possibility was reported in a 2005 paper 
in which ADSC was found to spontaneously transform 
into tumor cells after 4–5 months of culturing [89]. 
However, since it is highly unlikely that ADSC will be 
cultured for such an extended period before being used 
for therapy, the clinical relevance of this study is mini-
mal. More importantly, this paper has been retracted 
on August 15, 2010 by five of the seven authors because 
the tumor cell line in question was found to be a result 
of contamination by HT1080 fibrosarcoma cell line 
[37]. Finally, the third possible mechanism is that 
ADSC transplantation may promote the progression of 
a preexisting cancer in the patient; for example, can-
cers of the brain [110], lung [55, 110], breast [73, 100, 
116], prostate [65, 84], and other tissues [113]. 
However, it should be pointed out that all of these stud-
ies acquired their evidence by co-transplanting ADSC 
and a human cancer cell line (or metastatic pleural 
effusion cells [116]) in an immunocompromised ani-
mal. Up to this date, there has been no direct evidence 
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that ADSC transplantation increases the progression 
of a preexisting cancer in humans or animals.

On the anticancer side, several studies have demon-
strated the utilization of ADSC for cancer therapy. 
However, the majority of these studies simply utilize 
ADSC as a vehicle, such as carrying a prodrug or gene 
to the tumor site. Truly studying ADSC’s potential as 
an anticancer agent is found in two studies. One, 
Cousin et al. [19] reported that ADSC provoked pan-
creatic cancer cell death both in vitro and in vivo. 
Second, Lee et al. [59] found that ADSC migrated 
toward brainstem glioma and caused reduction of 
tumor size, possibly through apoptosis. However, sim-
ilar to the situation with the above-mentioned procan-
cer studies, these two anticancer studies also relied on 
co-transplanting ADSC and the human cancer cell line 
in an immunocompromised animal. Thus, their clini-
cal translation is also uncertain.

18.1.8  Local Versus Systemic 
Administration

In most published preclinical and clinical trials of stem 
cell therapy, the treatment cells were administered 
locally to the target organ or tissue. However, numerous 
studies have shown that MSC are capable of homing to 
sites of inflammation following tissue injury when 
injected intravenously. Thus, increasingly the intrave-
nous route has been investigated for the treatment of 
both systemic and locally confined diseases. In ADSC 
field, feasibility of intravenous injection has been dem-
onstrated in animal models of hindlimb ischemia [70], 
stroke [57], muscular dystrophy [66], rheumatoid 
arthritis [43], myocardial injury [58], liver injury [61], 
acute kidney injury [60], overactive bladder [52], and 
stress urinary incontinence [64]. Furthermore, case 
studies with intravenously injected ADSC for graft-
versus host disease, refractory pure red cell aplasia, 
refractory chronic autoimmune thrombocytopenic pur-
pura, rheumatoid arthritis, and multiple sclerosis have 
also shown promises [29, 31–33, 53, 87].

18.2 ADSC Application in Urology

The urinary system encompasses the kidneys and the 
lower urinary tract (LUT). While the kidneys filter 
blood and produce urine, the LUT is concerned with 

the temporary storage and the eventual elimination of 
urine. Thus, as far as this urine storage/elimination 
function is concerned, the LUT is defined as compris-
ing the ureters, urinary bladder, and urethra. However, 
in men the urethra is anatomically a component of the 
prostate and the penis; therefore, both of these two 
reproductive organs are often considered part of the 
LUT and their diseases are traditionally studied within 
the urology discipline. The prostate, whose diseases 
are most often concerned with enlargement and can-
cer, is not a target for regenerative stem cell therapy; 
thus it will not be discussed further in this chapter. On 
the other hand, another male-specific organ, the testes, 
is also traditionally studied within the urology disci-
pline, and it will be included for discussion in this 
chapter. Thus, in this chapter, with the exception of the 
prostate, all urinary (kidneys, ureters, bladder, and ure-
thra) and male reproductive (penis and testes) organs 
are included for discussion.

18.2.1  Kidneys

Acute and chronic kidney disease is a major health 
problem worldwide with an overall mortality rate of 
50–80% [14]. Current treatments are met with an acute 
shortage of compatible organs and limited adaptability 
of dialysis techniques. As such, alternative treatments 
such as stem cell-based therapy are currently being 
investigated. However, due to its anatomic complexity, 
the kidney has proven to be a very difficult organ for 
such applications [107]. In ADSC field, the first study 
on possible kidney cell differentiation was reported in 
2005 by Brzoska et al. [10]. These authors showed that 
all-trans retinoic acid was able to induce cytokera-
tin-18 expression and nearly abolished vimentin expres-
sion in human ADSC. FACS analysis indicated that 
more than 80% of ADSC underwent such an epithelial 
differentiation. In 2009, the same group of authors 
reported a different strategy to derive kidney epithelial 
cells from ADSC [4]. By culturing human ADSC in 
conditioned media of human proximal tubular epithe-
lial cells, the authors observed morphological changes 
toward an epithelial-like monolayer and phosphoryla-
tion of extracellular signal-regulated kinase 1 and 2. 
They also detected cytokeratin-18 expression and 
reduced expression of alpha-smooth muscle actin, 
CD49a and CD90. More recently, Li et al. [60] investi-
gated possible renal epithelial differentiation of ADSC 
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in vivo. These authors transplanted human ADSC into 
the kidney of an ischemia–reperfusion mouse model. 
The results showed that ADSC differentiated toward 
renal tubular epithelium at an early stage of renal inju-
ries, and the differentiated donor cells replaced the 
vacant space left over by the dead cells. Moreover, the 
differentiated donor cells appeared to contribute to 
promoting host cell proliferation as well. Thus, both 
cell differentiation and paracrine actions appeared to 
play a role in ADSC’s ability to repair injured kidney.

18.2.2  Ureters

Partial ureterectomy is the most common treatment in 
patients with ureter cancer. When the length of the dis-
sected ureter is large, especially proximally, ureteral 
replacement is required to avoid urinary diversion. In 
2006, Matsunuma et al. [69] reported an attempt to con-
struct tissue-engineered ureters by using decellularized 
ureteral matrix seeded with cultured bladder uroepithe-
lial cells (UEC). After transplantation of the seeded 
matrix into the subcutaneous space of nude mice or the 
omentum of nude rats, the seeded UEC began showing 
vacuolar degeneration in 3 days and gradually disap-
peared thereafter. Co-seeding the matrix with bone 
marrow-derived mononuclear cells (BM-MNC) before 
transplantation increased the survival of UEC, which 
was accompanied with increased microvessel density in 
the transplanted tissue. However, the increased number 
of capillaries was not due to differentiation of BM-MNC. 
Thus, it appears that BM-MNC enhanced neovascular-
ization through paracrine actions. In 2010, Shen et al. 
[91] published a very similar study except that the 
decellularized ureteral matrix was replaced with a scaf-
fold made of polycaprolactone-lecithin electrospun 
fibers and the UEC were obtained from rabbits instead 
of dogs. One significant difference is that the co-seeded 
cells were BMSC instead of BM-MNC, but the out-
comes were the same, i.e., BMSC enhanced neovascu-
larization without evidence of differentiation. In regard 
to ADSC, there has been no report of its application for 
the treatment of ureteral diseases.

18.2.3  Bladder

Stem cell research has been conducted in two situa-
tions relating to the bladder. One is the need to replace 

the entire or part of the bladder or to increase the exist-
ing bladder’s size. The other is treatment of detrusor 
overactivity (DO) or overactive bladder (OAB), which 
is defined as urgency and often associated with fre-
quency, nocturia, and urinary incontinence. Many risk 
factors are associated with DO/OAB; one of which is 
hyperlipidemia. In a rat model of hyperlipidemia-asso-
ciated DO/OAB, we have recently shown that ADSC 
was able to reduce DO/OAB as demonstrated by con-
scious cystometry, and administration of ADSC through 
intra-bladder injection or tail vein injection was equally 
effective [52]. Moreover, functional improvement was 
accompanied with tissue improvement, as treated sub-
jects showed enhanced vascular and nerve contents 
compared to control.

Bladder restoration or augmentation requires tissue 
engineering to recreate the native bladder milieu. 
Currently, the favored approach involves seeding a 
scaffold, usually an acellular matrix, with autologous 
bladder smooth muscle and epithelial cells. However, a 
significant drawback of this approach is the risk of 
reintroducing the pathologic condition (e.g., cancer) to 
the engineered tissue. For this and several other rea-
sons, stem cells are considered ideal alternatives to the 
use of autologous bladder cells. To this end, differen-
tiation of ADSC into smooth muscle cells in the blad-
der has been reported [88], and remarkably, in vitro 
urothelial differentiation of ADSC has also been dem-
onstrated [67]. The importance of the latter study is 
two-fold. First, similar to the situation with kidney 
tubular cells, the bladder epithelial cells are structur-
ally and functionally highly specialized cells; there-
fore, their transdifferentiation from other cell types is 
itself a remarkable feat. Second, ADSC are of mesen-
chymal lineage; therefore, their differentiation into 
epithelial cells is expectedly more difficult than dif-
ferentiation into smooth muscle cells. In any event, 
this recent study showed that ADSC were able to 
express certain urothelial markers when co-cultured 
with preexisting urothelial cells. Interestingly, this 
probable urothelial differentiation of ADSC required 
direct cell–cell contact with the preexisting urothelial 
cells. Thus, it appears that conventional strategies such 
as growth factors and gene transfer will not be able to 
direct the differentiation of ADSC and perhaps other 
stem cells into functional urothelial cells.

Using ADSC for the purpose of bladder augmenta-
tion has been demonstrated in two recent studies. In 
one study [54], human ADSC were cultured in smooth 
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muscle inductive media and seeded into 85:15 poly-
lactic-glycolic acid bladder dome composites that were 
cast using an electropulled microfiber luminal surface 
combined with an outer porous sponge. The seeded 
and unseeded composites were then grafted in nude 
rats that underwent partial cystectomy. A third group 
of control animals had their partially cystectomized 
bladders sutured without grafting. The results showed 
that bladder capacity and compliance were maintained 
in the ADSC-seeded group throughout the 12-week 
course of monitoring. In contrast, these functional 
parameters deteriorated gradually with time in the 
unseeded group. However, control animals that received 
no grafts regained their baseline bladder capacities by 
week 12, thus demonstrating a long-term limitation of 
this model.

In another study [114], rabbit ADSC were seeded 
onto bladder acellular matrices that were prepared 
from allogenic rabbits. The seeded and unseeded matri-
ces were then grafted in rabbits that underwent partial 
cystectomy. The results showed that at 24 weeks post-
grafting in the ADSC-seeded group, the reconstructed 
bladders reached a mean volume of 94.68 ± 3.31% of 
the precystectomy bladder capacity. On the other hand, 
in the unseeded group, the reconstructed bladders 
reached a mean volume of 69.33 ± 5.05% of the pre-
cystectomy bladder capacity. Immunohistochemical 
examination demonstrated regeneration of epithelial, 
smooth muscle, and nerve tissues in the seeded group. 
In contrast, the unseeded group displayed multilayered 
urothelium without evidence of organized muscle or 
nerve tissue.

From the above discussion, it can be concluded that 
ADSC has the potential to differentiate into bladder 
cells (smooth muscle and epithelium) and can be 
seeded onto scaffolds to improve the scaffold’s success 
rate for bladder augmentation. ADSC can also improve 
urinary continence possibly through paracrine actions 
that promote tissue regeneration.

18.2.4  Urethra

The urethra is the most studied urological organ as far 
as stem cell therapy is concerned. This is perhaps due 
to the assumption that restoration of the urethral mus-
culature alone would be sufficient to correct the most 
frequently encountered urethral problem, sphincter 
deficiency, which manifests symptomatically as stress 

urinary incontinence (SUI). While primarily a female 
concern – because of pregnancy and parturition-asso-
ciated injuries to the urethra, SUI can also occur in 
men due to prostate surgeries. Initial cell-based experi-
mental therapy for SUI involved the injection of autol-
ogous skeletal myoblasts into the vicinity of the 
urethral sphincter [108]. It then progressed to substi-
tuting myoblasts with skeletal muscle stem cells 
(SkMSC), and eventually several clinical trials with 
SKMSC were conducted, resulting in three publica-
tions from an Austrian group [71, 72, 94] and one from 
an American team [13]. Although clinical outcomes of 
these studies are generally favorable, a clear disadvan-
tage of SkMSC is the requirement for complicated iso-
lation procedure (several preplating and selection 
steps) and long-term culturing (more than 7 weeks), as 
skeletal muscle cannot be practically obtained in quan-
tity from the patient and SkMSC exist in a small frac-
tion relative to the tissue mass. Application of other 
types of SC, including BMSC, may also face the same 
problem if they are to be employed autologously. The 
only exception is ADSC because, in our increasingly 
obese society, adipose tissue is often considered dis-
pensable, and the commonly performed liposuction 
procedure is capable of safely isolating large quantities 
of adipose tissue. Furthermore, it has been shown that 
ADSC can be isolated and injected back into the same 
patients for successful breast augmentation in approxi-
mately 4 h [109]; therefore, it is reasonable to expect 
that ADSC can be used to treat the much smaller ure-
thra on a same-day basis – and without the need for 
culturing. Thus, as a first step toward this goal, we 
recently demonstrated the efficacy of ADSC in pre-
venting SUI in an animal model [64]. We showed that 
tail vein injection of ADSC was equally effective as 
intra-urethral injection, thus pointing to the possibility 
of using the convenient intravenous route for adminis-
tering ADSC clinically. We also showed that ADSC 
treatment restored not only the cellular (SMC) but also 
the extracellular (elastin) component in the experimen-
tally injured rat urethra. Thus, it appears that ADSC 
has the potential to prevent SUI by correcting the 
underlying cellular and extracellular defects in the 
injured urethral sphincter.

Shortly after the above-mentioned publication of 
ours, two additional ADSC-SUI-related publications 
appeared. In one study, Fu et al. [35] used 5-azacyti-
dine to induce ADSC to differentiate into myoblasts, 
which were then injected into the urethra of SUI rats. 
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At 1 and 3 months postinjection, both maximal bladder 
capacity and leak point pressure of the treated animals 
increased significantly when compared to control ani-
mals. Increased thickness of inferior muscularis in ure-
thral mucosa and a greater number of large longitudinal 
muscle bundles were observed. In another study, 
Yamamoto et al. [104] performed periurethral injec-
tion of ADSC to treat two patients who developed SUI 
after radical prostatectomy. The results show that uri-
nary incontinence improved 2 weeks after ADSC 
injection and continued to improve for up to 12 weeks. 
Ultrasonography detected the presence of injected 
“adipose tissue” (direct quote from the article) and a 
gradual increase in the blood flow to the injected area 
during the entire 12-week follow-up period. In addi-
tion, magnetic resonance imaging indicated a bulking 
effect at the injection site that persisted throughout the 
entire 12-week course. No significant adverse event 
was noted during the liposuction or ADSC injection 
procedure. No severe side effects such as pelvic pain, 
inflammation, or de novo urgency were observed after 
the treatment. Thus, periurethral injection of autolo-
gous ADSC appears to be a safe and feasible treatment 
modality for SUI.

18.2.5  Penis

Phosphodiesterase type-5 (PDE5) inhibitors are cur-
rently the first-line treatment of choice for men with 
erectile dysfunction (ED). However, PDE5 inhibitors 
are strictly contraindicated in men taking nitrate ther-
apy and are known to cause a variety of adverse side 
effects that may reduce their suitability for some 
patients. More importantly, PDE5 inhibitors are less 
effective in treating certain types of ED including those 
associated with diabetes, hyperlipidemia, and surgery-
induced cavernous nerve injuries. As such, alternative 
treatments, particularly those that can treat the under-
lying disease process of ED, would be preferable to 
current interventions. In this regard, one of the strate-
gies currently being evaluated is stem cell therapy. In 
2003, Deng et al. [25] showed that BMSC transduced 
with endothelial nitric oxide synthase (eNOS) were 
able to improve erectile function in aged rats. In 2004, 
Bochinski et al. [8] showed that ESC transduced with 
brain-derived neurotrophic factor improved erectile 
function in a rat model of postprostatectomy ED. In 
2007, Bivalacqua et al. [7] demonstrated that BMSC 

alone or transduced with eNOS were able to reverse 
age-associated ED. Also in 2007, Song et al. [93] 
showed that immortalized human BMSC (by v-myc 
transfection) transplanted into rat corpus cavernosum 
could differentiate into endothelial cells and SMC. In 
2008, Nolazco et al. [80] indicated that intracavernous 
injection of SkMSC could restore cavernous SMC and 
erectile function in aged rats. In 2009, Fall et al. [28] 
reported that intracavernous injection of BMSC 
improved erectile function in a rat model of postpros-
tatectomy ED.

We first reported the therapeutic potential of ADSC 
for ED in 2009 [79]. Specifically, we showed that 
in vitro endothelial differentiation of ADSC was medi-
ated by FGF2 and ADSC injected into rat penis 
appeared to have differentiated into endothelial cells. 
Since the cavernous endothelium plays a key role in 
penile erection and is often damaged in disease pro-
cesses such as diabetes and hyperlipidemia, it is impor-
tant that we provide further evidence that ADSC can 
restore endothelial function in the erectile tissue. To 
this end, we recently demonstrated the efficacy of 
ADSC to treat diabetes and hyperlipidemia-associated 
ED, respectively [36, 51]. In both studies, functional 
improvements were accompanied with restoration of 
the crucial endothelial and neural components in the 
penis, suggesting the curative prospect of ADSC treat-
ment. In another study of postprostatectomy ED, 
ADSC was also effective in restoring the damaged 
nerves and improving erectile function [1]. In a recently 
submitted manuscript, we also described the applica-
tion of ADSC for the construction of a nerve graft. 
Specifically, we prepared a decellularized adipose-
derived matrix and seeded it with ADSC. We then used 
this seeded matrix to bridge the ends of transected cav-
ernous nerves in rats. The results show that ADSC 
seeding encouraged axonal growth into the matrix, and 
which was accompanied by an improvement of erec-
tile function. Thus, it appears that ADSC has the 
potential to treat various forms of ED.

18.2.6  Testes

The testes are both a reproductive and an endocrine 
organ. Specifically, they produce sperms for reproduc-
tion and secrete male sex hormones for regulating a 
wide array of developmental processes and physiolog-
ical functions. Spermatogenesis, which is nurtured by 
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Sertoli cells within in the seminiferous tubules, requires 
the production of androgens from Leydig cells in the 
interstitia between tubules. Thus, defects in any of the 
three cell types (germ, Sertoli, and Leydig) can con-
tribute to male infertility, and which can possibly be 
corrected by stem cell transplantation. In addition, 
because Leydig cells are capable of testosterone pro-
duction, their derivation from stem cells may permit the 
treatment of male hypogonadism, which is currently 
treated by life-long testosterone supplementation.

In 2003, Toyooka et al. [98] showed that ESC 
could form male germ cells in vitro. Specifically they 
showed that the differentiation of ESC into male germ 
cells depended on embryoid body formation and was 
greatly enhanced by the inductive effects of bone 
morphogenic protein 4-producing cells. They further 
showed that the induced germ cells could participate 
in spermatogenesis when transplanted into reconsti-
tuted testicular tubules, demonstrating that ESC can 
produce functional germ cells in vitro. In 2004, 
another paper by Geijsen et al. [38] showed that ESC-
derived embryoid bodies supported maturation of pri-
mordial germ cells into haploid male gametes, which, 
when injected into oocytes, restored the somatic dip-
loid chromosome complement and developed into 
blastocysts. Also in 2004, Nayernia et al. [74] reported 
the in vitro generation of a germ cell line (SSC1) 
from the pluripotent teratocarcinoma cells and showed 
that the SSC1 cell line formed mature seminiferous 
tubule structures and supported spermatogenesis after 
transplantation into recipient testes. In 2006, West 
et al. [102] published a detailed protocol for the 
in vitro generation of germ cells from murine ESC. 
Most significantly, Nayernia et al. [76] demonstrated 
for the first time that ESC-derived germ cells were 
able to generate offspring mice. Finally, in 2009 
Bucay et al. [11] showed that human ESC could dif-
ferentiate into not only primordial germ cells but also 
Sertoli cells.

The above-mentioned studies are all related to ESC, 
which are expected to be able to differentiate into all 
cell types except the fertilized eggs; thus, their demon-
stration of germ cell differentiation is not completely a 
surprise. On the other hand, the work by Nayernia 
et al. [75] in 2006 was indeed remarkable: Differentiation 
of male germ cells from BMSC! And, while the study 
was done with murine BMSC, 1 year later another 
study using human BMSC was published [26], and this 
was followed in 2009 by another study also using 

human BMSC [50]. Thus, it appears that ASCs, at least 
MSC from bone marrow, can transdifferentiate into 
male germ cells.

In regard to Leydig cell differentiation, Yazawa 
et al. [106] demonstrated in 2006 that, when trans-
planted into immature rat testes, BMSC were able to 
engraft and differentiate into steroidogenic cells that 
were indistinguishable from Leydig cells. In 2007, Lue 
et al. [68] showed that BMSC transplanted into the tes-
tis of a busulfan-treated infertility mouse model dif-
ferentiated into germ cells, Sertoli cells, and Leydig 
cells. Thus, it appears that BMSC transplantation rep-
resents a promising avenue for the treatment of male 
infertility and testosterone deficiency. Whether ADSC 
can be used for the same purposes remains to be seen.

18.3  Conclusions

The adipose tissue is one of the rare tissues that can be 
partially removed from a living person without causing 
harm. Its superficial location makes it more accessible 
than most other tissues, for example, bone marrow. In 
addition, the removal of adipose tissue is an interven-
tion desired by many patients. Thus, being abundantly 
residing in an abundant, convenient, and dispensable 
tissue source, ADSC is the most ideal type of MSC for 
the application as a cell-based regenerative medicine. 
Due to their abundance, ADSC can be administered to 
patients either as freshly isolated SVF cells or as the 
more homogeneous cultured, adherent cells. When 
applied as SVF cells, both the isolation and transplan-
tation of cells can be done on a same-day basis, mak-
ing ADSC the only MSC type that can be autologously 
applied in such a fashion.

Similar to other types of MSC, ADSC are closely 
associated with blood vessels and may in fact be VSC. 
Due to the vasculature’s dynamic capacity for growth 
and multipotent nature for diversification, VSC in tis-
sues are individually at various stages and on different 
paths of differentiation. Therefore, when isolated and 
put in culture, these cells are expected to be heteroge-
neous in marker expression, renewal capacity, and dif-
ferentiation potential. Although this heterogeneity of 
VSC does impose difficulties and cause confusions in 
basic science studies, its impact on the development of 
VSC as a therapeutic cell source has not been as appar-
ent, as many preclinical and clinical trials have reported 
favorable outcomes.
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Despite the growing appreciation of MSC’s vascu-
lar origin, it remains unsettled where exactly MSC are 
located in the blood vessels. In regard to ADSC’s local-
ization, there appear to be two possible sites, namely, 
the intima where pericytes may reside and the adventi-
tia where adventitial progenitor cells reside. The peri-
cyte connection is mainly based on studies with 
cultured ADSC that may express both CD34 (ADSC 
marker) and CD140b (pericyte marker). However, in 
adipose tissue these two markers are mutually exclu-
sively expressed. Therefore, while it cannot be ruled 
out that CD34-CD140b+ cells (pericytes) may possess 
stem cell properties, these cells cannot be ADSC, 
which are classified as CD34+. However, since both 
SVF cells and freshly cultured ADSC do contain a 
mixture of CD34+ and CD34- cells and both CD34+ 
and CD34- cells are multipotent [96], it is possible that 
both pericytes and adventitial progenitor cells contrib-
ute to what constitutes an experimentally obtainable 
ADSC culture.

In addition to their differentiation capacity, ADSC 
secrete many trophic factors and immunosuppressive 
molecules. Thus, their therapeutic capacity is likely 
the result of these properties alone or in combination. 
For renal diseases, transplantation of human ADSC 
into the kidney of an ischemia–reperfusion mouse 
model showed that ADSC differentiated toward renal 
tubular epithelium at an early stage of renal injuries. 
Moreover, the differentiated donor cells appeared to 
contribute to promoting host cell proliferation as well. 
Thus, both cell differentiation and paracrine actions 
appeared to play a role in ADSC’s ability to repair 
injured kidney. For ureteral diseases, two studies have 
demonstrated the angiogenic potential of bone mar-
row-derived cells to increase the survival of urothelial 
cells seeded on decellularized or synthetic ureteral 
grafts. No ADSC study has been reported in this 
regard.

Using ADSC for the purpose of bladder augmenta-
tion has been demonstrated in two recent studies with 
encouraging results. Transplantation of ADSC into the 
bladder or through intravenous injection has also 
shown promises in treating hyperlipidemia-associated 
overactive bladder. Similarly, transplantation of ADSC 
into the urethra or through intravenous injection has 
also shown effectiveness in preventing birth trauma-
induced SUI. A small-scale clinical trial on the use of 
ADSC to treat postprostatectomy SUI has also obtained 
favorable outcomes. Intracavernous injection of ADSC 

has also demonstrated efficacy in treating various types 
of ED, including hyperlipidemia-associated, diabetic, 
and cavernous nerve injury. Finally, while ESC and 
BMSC have been shown to differentiate into male 
germ cells, Sertoli cells, and Leydig cells, no similar 
studies in ADSC field have been reported.

Despite these encouraging advances, the applica-
tion of ADSC for treating urological diseases is still in 
its infancy and is expected to have go through many 
growing-up difficulties. For example, since most of 
ADSC treatment studies have been done in preclinical 
settings, it is quite possible that some of them may not 
translate into clinical successes due to the fact that a 
particular animal model is often designed to mimic a 
specific human disease entity. These animals are other-
wise perfectly healthy, which of course is in sharp con-
trast to clinical situations where patients who would 
benefit most from regenerative interventions often 
have comorbidity and are taking multiple medications. 
Still, urologists in various countries where governmen-
tal regulations are more relaxed than in the USA have 
obtained interesting clinical results with the applica-
tion of ADSC (personal communications). Thus, the 
prognosis for ADSC application in urology is cau-
tiously optimistic.
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19.1  Introduction

Adipose-derived stem cells (ASCs) provide plentiful 
possibilities for clinical application in Otolaryngology – 
Head and Neck Surgery, because of their abundant 
quantity in the body, their ability to self-renew with 
high proliferative capacity and their capabilities of 
multilineage differentiation [7]. ASCs act in a para-
crine manner in injured tissue, stimulating the environ-
ment through secreted cytokines and growth factors. 
They can be delivered into the body directly, with fab-
ricated scaffolds, or they can be regenerated in the 
body for organ replacement. Subsequently, diverse 
therapeutic applications are possible for plastic sur-
gery, tissue repair and revascularization of ischemic 
tissues.

19.2  Isolation of Adipose-Derived  
Stem Cells

ASCs have gained therapeutic prominence as an acces-
sible and abundant cell source able to differentiate to 
multiple lineages for tissue regeneration [4]. Many 
factors can influence the viability and yield of ASCs in 
fat depots, such as type of adipose tissue, surgical pro-
cedure, harvested anatomical region and culturing 
conditions (i.e. media, cell density, polystyrene dish). 
Previous studies comparing resection and two com-
mon methods of liposuction found that samples 
obtained from tumescent liposuction presented a 
greater yield of ASC and doubling time compared to 
ultrasound-assisted or resection [26, 35]. Further stud-
ies have investigated the yield and functionality of 
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ASC harvested from different fat depots using the 
tumescent liposuction procedure. Results demon-
strated that a richer source of ASCs can be obtained 
from the abdomen when compared to the thigh; how-
ever, the thigh can still yield more ASCs than bone 
marrow stem cells (BM MSC) [12].

In adipose tissue a special cell population termed 
stromal vascular fraction (SVF) exists. SVF consists 
of undefined stem cells as well as immune, endothe-
lial (blood vessel lining), progenitor (undifferentiated 
or premature precursor cells), and stromal (connec-
tive tissue) cells. Standard methods for harvesting 
stem cells from SVF involve treatment with collage-
nase for enzymatic digestion, centrifuge cycles and 
filtering to remove debris [39]. Three criteria have 
been defined to characterize human mesenchymal 
stem cells (MSC) – adherence to plastic, specific sur-
face antigen expression and multipotent differentia-
tion [3]. Homogeneous populations of ASCs can be 
expanded on tissue culture flasks and characterized 
by surface markers (CD29, CD44, CD73, CD90, and 
CD105) through flow cytometry [3, 5].

Fundamental challenges exist with current strate-
gies for cell culture expansion and storage, focusing 
attention toward developing good manufacturing prac-
tices for future clinical applications. Current in vitro 
culturing methods call for a cocktail of cytokines and 
growth factors from variable species to support prolif-
eration and differentiation of stem cells. The potential 
risks of infection that these supplements and media 
might have in a patient threaten the possibility of trans-
plant rejection. Autologous human serum with platelet-
factor rich supernatant has been suggested for clinical 
use as a potential substitute for fetal calf serum (FCS) 
[15]. Prolonged in vitro culturing has also been found 
to significantly alter the phenotype of ASCs, causing 
the formation of tumors in immunodeficient mice [33]. 
Cryopreservation techniques are being investigated to 
improve the long-term storage of freshly isolated or 
frozen ASCs within their fat depots. Such outcomes 
could possibly provide greater populations of viable 
ASCs for in vitro expansion and later patient use.

19.2.1  BM MSC Versus ASC

A major challenge for cell therapy and tissue engineer-
ing has been finding a suitable cell source that can ful-
fill the function of replacing or remodeling specific 

tissues. BM MSCs and ASCs are viable candidates 
because of their capacity for multilineage differentia-
tion, immune suppression and angiogenic phenotypes. 
BM MSCs have been studied extensively in vitro and 
in vivo as a source for regenerating bone, cartilage, 
muscle tissue, and hematopoietic cells. However, pro-
cedures for harvesting BM MSCs generate limited 
amounts of cells and as donors age the time needed for 
in vitro growth lengthens. Adipose tissues have suffi-
cient amounts of stem cells that can be derived from a 
single sample and harvested with minimally invasive 
procedures [37]. In addition, comparative studies have 
shown that ASCs exhibit similar surface markers and 
upregulate over 25 similar genes as BM MSCs and 
umbilical cord blood stem cells [37]. Recent studies by 
Hanson et al. have found that ASCs, BM MSCs and 
vocal fold fibroblasts (VFF) exhibit similar surface 
markers and capacity for multiple lineage differentia-
tion (Fig. 19.1). Results indicate that MSCs are resident 
in the vocal fold lamina propria [6]. Lastly, previous 
in vitro and in vivo studies have shown that ASCs have 
similar immunosuppressive qualities with mismatched 
allogeneic tissue as BM MSCs, preventing the inci-
dence of graft versus host disease [30, 38].

Single surgical procedures for the removal, isola-
tion, differentiation, and injection of autologous stem 
cells back into the patient hold several challenges. 
ASCs provide a significant advantage to BM MSCs in 
that tissues harvested from the abdomen have been 
shown to yield enough ASCs for immediate use with 
cell-based therapies [12]. However, isolation of ASCs 
from SVF can be time consuming, entailing in vitro 
culturing or magnetic separation using flow cytometry. 
Successful single surgical procedures have been con-
ducted with SVF and biomaterial scaffolds to differentiate 
the cells [8]. There is debate over the immunogenicity 
of SVF because studies have shown that they can elicit 
a T cell-proliferative response [22]. Further inve-
stigation is needed comparing the therapeutic differ-
ences of isolated ASCs to SVF.

19.2.2  Multilineage Differentiation

The clinical potential for ASCs is abundant and their 
capacity to differentiate into multiple lineages dem-
onstrates the impact they can provide to regenerative 
therapies in Otolaryngology – Head and Neck 
Surgery. Isolated human adipocytic progenitor cells 
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Fig. 19.1 Differentiation potential of ASC. Representative micro-
scopic image views of the differentiation of human vocal fold 
fibroblasts (hVFF) cell lines p59, p21, T59, and T21 compared to 
bone marrow (BM)- and adipose tissue (AT)-derived mesenchy-
mal stem cells into adipogenic (left column), osteogenic (middle 

column), and chondrogenic lineages (right column). Oil red O 
staining shows lipid vacuoles stained red, alizarin red S staining 
shows deposits of calcium crystals stained orange to brown, and 
safranin O staining shows cartilage-specific glycosaminoglycans. 
(Reprinted from Hanson et al. [6] with permission from Elsevier)
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from lipoaspiration exhibit fibroblastic morphology 
and can differentiate into lineages of fat (adipo-
cytes), cartilage (chondrocytes) and bone (osteo-
cytes) (Fig. 19.1). They express transcriptional 
phenotypes for genes involved with tissue develop-
ment, homeostasis, and repair, including the follow-
ing cell surface receptors: CD105, STRO-1 and 
CD166 markers identifying capacity for multilin-
eage differentiation; CD117 a marker for pluripo-
tency; CD29 marker supporting angiogenesis; CD44 
a marker for cell adhesion and migration; CD49e a 
marker for cell adhesion [5, 13, 29].

19.2.2.1  Adipocytes
ASCs can differentiate into adipocytes in vitro and 
be used as a filler to help contour facial regions or 
deficits in the vocal folds [25]. Although the use of 
ASCs can render many resemblances with current 
clinical applications with autologous fat grafts there 
are several differences that may affect the reliability 
and effectiveness of current approaches. The perfor-
mance of fat grafts is highly variable, possible due to 
inconsistent methods of isolating fat, fat absorption 
or limited vascularization [24, 25]. In addition, 
because adipose tissue is a heterogeneous cell popu-
lation, it is unknown how many ASCs are in the har-
vested tissue or the ratio of ASCs to matrix that 
would be needed for successful transplant. ASCs can 
be differentiated into mature adipocytes in vitro with 
insulin, IBMX, dexamethasone and indomethacine 
[37]. Characteristics of differentiated cells are simi-
lar to fat cells, expressing triglycerides for lipolysis, 
energy storage, and leptin, a fat specific protein [2]. 
In addition, studies have shown no apparent effects 
with donor age or body mass index with the differen-
tiation or function of ASCs [2].

19.2.2.2  Chondrocytes
Injuries to cartilage caused by blunt trauma, prolonged 
inflammation, joint immobilization or surgical disrup-
tions, can damage the matrix without gross tissue disrup-
tion. Cartilage tissue supports areas of the ear, nose and 
throat and consists of a matrix of collagen type II, proteo-
glycans and chondrocytes. The lack of lymphatic or blood 
vessels in the cartilage tissue prevents cells from migrat-
ing to the site of the injury to induce synthetic activity.

Currently, the only standard method approved by 
the FDA for cartilage reconstruction surgery involves 
in vitro expansion of autologous chondrocytes har-
vested from a patient’s ribs, nose or ear. This technique 
has significant disadvantages due to the limited avail-
ability of tissue and morbidity to the region.

ASCs are an easily assessable strategy for replacing 
cells that are missing within functional tissues. Their 
proliferation and differentiation into chondrocytes in  
vitro requires the addition transforming growth factor 
(TGF-beta) and bone morphogenetic protein (BMP-6) to 
standard culture conditions to improve the expression 
of collagen II and cartilage specific glycoproteins [9]. 
Studies have focused on establishing specific cell mark-
ers for isolating homogeneous populations of ASCs, 
improving the effectiveness of differentiation. A recent 
study with ASCs reported a specific marker for isolating 
a homogeneous population of CD105+ cells with stron-
ger chondrogenic potential in vitro [11]. The presence 
of CD105, a cell membrane glycoprotein, on ASCs pro-
vides a receptor complex for TGF-beta which enhances 
their growth, migration and differentiation.

19.2.2.3  Osteocytes
Defects to bony regions in the face or skull can be 
associated with inadequate wound healing due to the 
ingrowth of surrounding connective tissue and limited 

T21

Fig. 19.1 (continued)
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supply of growth factors and proteins to the defect. 
Bony portions of nose and face are composed of a 
matrix of collagen type I, glycoproteins and proteogly-
cans. After the creation of a wound the reformation of 
bone requires a balance of osteoinduction and osteo-
conduction development, initiated by the migration of 
fibroblasts, chonodrocytes and osteocytes into the defi-
cit. Recruited immature cells secrete fibrous proteins 
to fill the voided region. During the final stages of 
healing cartilage drives endochondral ossification, 
mineralizing the extracellular matrix (ECM).

Reconstruction of bone using cell seeded scaffolds 
require materials that can osseointegrate anchoring bio-
materials with internal stability that influence further in 
growth on the surface of bone. Several methods have 
been suggested for osteogenic differentiation of ASCs. 
Previous studies have demonstrated that insulin-like 
growth factor (IGF) and platelet-derived growth factor 
(PDGF) as key signaling pathways for enhancing osteo-
genic differentiation of human ASCs in vitro [18]. 
Osteogenesis of ASCs can exhibit osteoblast phenotypes, 
ALP and osteocalcin, as well as increased calcium depo-
sition, indicating the ability to mineralize ECM [19].

19.3  Tissue Engineering

Current tissue engineering strategies to replace and 
remodel tissue functions of the head and neck include 
cell delivery with adipocytes, chondrocytes, and osteo-
cytes, cell seeded biomaterial scaffolds, organ trans-
plantation and gene therapy advances utilizing ASCs 
in head and neck cancer management.

19.3.1  Cellular Delivery

ASCs injected into an injured tissue can deliver natural 
growth factors and cytokines, promoting the regenera-
tion of tissue. Their capacity to modulate the local 
environment and stimulate wound healing has made 
them a viable alternative approach for treatment of 
vocal fold scar and inflammation. Previous studies 
have shown that fibroblasts derived from a wounded or 
scarred tissue have phenotypic differences compared 
to normal fibroblasts [31]. Kumai et al. have suggested 
ASC delivery as a means of modulating the cellular 
environment in an injured vocal fold. To test this inter-
action, they co-cultured autologous ASCs with scar 

VFF from ferrets and results showed a decrease in col-
lagen, minimal effects in hyaluronic acid (HA) and 
increases in proliferation [16]. This indicates that 
ASCs interaction with scar VFF could prevent stiffen-
ing in the vocal fold due to increased collagen produc-
tion and maintain the viscoelastic properties through 
production of HA. To identify the ASC signal involved 
in changing the ECM composition, a further study was 
conducted analyzing ASCs secretion of hepatocyte 
growth factor (HGF) [17], a known inhibitor of fibrosis 
in the vocal folds [14]. Results indicated that ASCs 
increase their expression of HGF by 2.5-folds in co-
culture with scar VFF. In addition, when HGF was 
inhibited in ASCs scar VFF expression of collagen did 
not decrease and HA had minimal effects. Results 
from these studies indicate that ASCs can help modu-
late collagen production in scar VFF by increasing 
their production of HGF, thereby, suggesting the use of 
ASCs as a model of cell delivery to help stabilize the 
level of HGF in the vocal folds. This method may pro-
vide a greater treatment advantage than HGF alone.

19.3.2  Biomaterial Scaffolds

The application of cell-scaffold tissue engineering 
approaches could revolutionize the management of a 
variety of disorders and diseases encountered by spe-
cialists in the ear, nose, larynx and airway. Biomaterial 
scaffolds can be designed to model diverse mechanical 
and chemical microenvironments, advancing our under-
standing of the pathophysiology of the head and neck 
anatomy. The inclusion of ASCs into a biomaterial scaf-
fold can support remodeling of the ECM and contribute 
to long-term viability. The implementation also implies 
a greater potential for clinical application, because ASCs 
can be easily obtained for autonomous transplant.

Scaffold biomaterials can be composed of natural or 
synthetic-derived ECMs with advantages dependent on 
the structure and function needed to replicate the tissue 
of interest. There have been several FDA approved natu-
ral ECMs used in bone grafts to provide structural sup-
port and biological signaling. Synthetic materials are 
also commonly used because they inhibit the host 
response and their components have greater uniformity.

Tissue-engineered approaches for the repair and 
remodel of the vocal folds need to account for the unique 
physiologic components of this tissue. Researchers 
suggest that fabricated scaffolds for the repair of the 
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vocal fold lamina propria should have the following 
criteria: viscoelastic properties similar to vocal fold 
tissue – biomechanical stability accounting for appro-
priate vibrational stress [32]. In a study by Park et al., 
comparisons between five biomaterial scaffolds – 
 collagen, HA, fibrin, cogel of fibrin–collagen, and 
cogel of fibrin–HA – were made for proliferation, dif-
ferentiation, and ECM gene expression of ASCs [28]. 
Results concluded higher growth rates and elastin pro-
duction in fibrin-based hydrogels compared to colla-
gen and HA. Expression of CD44 and CD105 was the 
highest in HA gels, indicating inhibition for differen-
tiation. Gels containing collagen had increased decorin 
expression. The data suggest that fibrin and collagen 
scaffolds can promote differentiation of ASCs to elon-
gated fibroblast-like morphology.

Another novel strategy for treatment of severe vocal 
fold scarring involves excising scar layers of the epithe-
lial and lamina propria, and then restoring the segment 
with a Fibrin-ASC construct [21]. This in vitro design is 
a multifaceted approach, differentiating epithelial cells 
with EGF and an air interface on the surface and mes-
enchymal lineages in the deeper portions of the fibrin 
gel. A follow-up study assessed the vibratory properties 
of this model using a forced transducer. Differences in 
collagen concentration between the layers, which were 
similar to human vocal fold lamina propria were 
reported [20]. The present studies are in there infancy; 
however, it suggests a novel method of fabricating mul-
tiple layers for potential organ transplant.

19.3.3  Organ Transplant

Complications can occur with the complete or partial 
replacement of an organ, resulting in tissue rejection. 
The use of ASCs has not been approved by the FDA 
for clinical applications in the USA; however, studies 
with human ASCs are currently being conducted with 
individual cases in various countries.

Airway disorders can occur from acquired and con-
genital anomalies due to the development of infection, 
cancer, autoimmune deficiencies or trauma. Invasive 
tracheal malignancies or stenosis can obstruct a 
patient’s airway, requiring immediate surgical inter-
vention. Previous studies using tissue-engineered 
models for trachea reconstruction have demonstrated 
problems associated with host rejection or slow epithe-
lial proliferation. Omori et al. performed the first 

successful in situ trachea transplant in 2003 with a 
tissue-engineered scaffold composed of marlex mesh 
tube covered by a collagen sponge (Fig. 19.2). Slow 
rate of epithelial regeneration on the surface of the 
scaffold created an environment at risk for infection 
[27]. In an attempt to accelerate growth, researchers 
investigated the use of autologous ASCs embedded in 
scaffolds in trachea defected rats (Fig. 19.3) [36]. 
Increased proliferation and migration of subepithelial 
cells by Day 7 was reported compared to scaffolds 
without ASCs. Neovascularization was also observed 
around the implanted ASCs, indicating enhanced 
angiogenesis. The use of ASCs embedded in the scaf-
fold increased the rate of epithelialization on the sur-
face, improving the functionality of this method for 
clinical applications.

Cleft of the palate is a malformation to the soft and 
hard tissues that make up the maxilla and palate, affect-
ing a patient’s speech. Palatal bone reconstruction of 
the alveolar portion of the palate can improve normal 
function and prevent the development of further deficits 
to the nasopharynx and maxilla. The current gold stan-
dard for reconstruction of the maxilla uses autologous 
cancellous bone grafts to stabilize the defect, which 
require numerous procedures to correct the growing 
alveolar portion of the mandible. Advance ments in 
 tissue engineering scaffolds combined with ASCs can 
provide an alternative strategy for repair. Adipose  tissue 
is commonly used to fill large deficits with buccal fat 
pad grafts, providing a vascular supply and filling space 
between the cavities. This demonstrates their potential 
use in bone allografts vascu larization, preventing a host 
response. The reconstruction of the large bony deficit 
has several mechanical challenges due to high strain 
and stress of this area. Further in vitro studies are 
needed to find a strong enough biomaterial with capa-
bilities of growth.

Large head and neck tumor resections can leave 
devastating cosmetic and functional impairments, alte-
ring a patient’s airway and swallow. Extensive surgical 
reconstruction may be needed to restore deformities 
that occur in the face, nose, mouth and throat. Current 
microvascular techniques harvest tissues from other 
areas of the body to fill deficits; however, these meth-
ods are invasive and risk the transfer of infection, lead-
ing to rejection. ASCs embedded in a scaffold has been 
utilized for partial maxilla regeneration in a case study 
for a patient with a hemimaxillectomy from a large 
recurrent keratocyst [23]. The craniofacial bone defect 
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was reconstructed without animal-derived reagents, using 
three surgical procedures (Fig. 19.4). The first surgery 
harvested autologous ASCs for in vitro expansion in 
basal media with 15% autologous serum. Cells were 
then cultured in rhBMP for osteogenesis and seeded in 
a betaTCP scaffold. This was then implanted in a pre-
formed titanium cage with ASCs in betaTCP for 
in vivo culturing in the left rectus abdominis muscle to 
form the bony structure. Lastly, bone neotissue was 
implanted in the maxillary defect with anastomosis of 
the facial artery and vein. Radiological outcomes pre-
sented a mature maxillary bone after 4 months at which 
time temporary acrylic bridges were placed (Fig. 19.5). 
ASCs were able to function in low vascularized areas 
of the body, relying on endogenous signaling to form 
the ectopic bone in vivo.

19.3.4  Gene Therapy

Virally transduced genes can be used for long-term deliv-
ery to patients with a single genetic deficiency [34]. 
ASCs can provide an effective platform to deliver spe-
cific agents toward a target tumor. Properties that support 
the use of ASCs as delivery approaches for cancer ther-
apy include the following: less invasive harvesting with 
high proliferation rate in vitro, high migration in vivo, 
low immunogenicity, no neurotoxicity or tumorigenicity 
and able to genetically modify the expression of proteins 
[10]. In head and neck cancer patients solid tumors are 
targeted, increasing the visibility of the tumor cells to the 
immune system in order to modify effector cells [34]. 
OncoVex is an oncolytic virus that generates granulo-
cyte–macrophage colony-stimulating factor (GM-CSF) 

Fig. 19.2 Artificial material. (a) Marlex mesh tube with spiral 
ring. (b) Marlex mesh tube with spiral ring coated with collagen 
sponge. (c) Artificial material trimmed to size of defect. (d) 

Injection of autologous blood into collagen sponge. (Reprinted 
from Omori et al. [27] with permission from Annals Publishing 
Company)

a b

c d



216 S.N. King and S. Thibeault

Fig. 19.4 Second and third procedures. (a) The titanium cage 
filled with beta-tricalcium phosphate and adipose stem cells, 
before insertion in the prepared rectus abdominis muscle pouch. 
(b) The bony regenerate in the rectus abdominis muscle. Skeletal 
scintigraphy was performed to confirm bone activity. (c) The 
rectus abdominis free-flap raised, muscle pouch and titanium 

cage opened. Note bleeding from the bone. The tissue- 
engineered bone was clinically confirmed to be rigid. (d) 
Histological section of the biopsy from the tissue-engineered 
bone showing normal mature bone structures. (Reprinted from 
Mesimäki et al. [23] with permission from John Wiley and 
Sons)
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Polypropylene mesh

Fig. 19.3 Fabrication of bioengineered scaffold and implanta-
tion into rat trachea defects. (a) Artificial graft was made from 
collagen sponge scaffold with polypropylene mesh. (b) 
Bioengineered scaffold consisted of artificial graft stratified with 
collagen gel including autologous adipose-derived stem cells 
(ASCs) labeled with monomeric yellow fluorescent protein 

(mYFP). (c) Control scaffold consisted of artificial graft strati-
fied with collagen gel. (d) Trachéal defects, approximately 
3.0 mm wide by 6.0 mm long, were formed, and two types of 
scaffolds were implanted. (Reprinted from Suzuki et al. [36] 
with permission from Annals Publishing Company)
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a b

c

Fig. 19.5 Two months postoperatively. (a) The rectus abdomi-
nis muscle has atrophied nearly totally and epithelialized almost 
completely. Only a small area in the molar region was non- 
epithelialized. Note the well-formed buccal sulcus. Axial (b) 

and 3D CT scans (c) show the shape and normal bone density of 
the new maxilla. (Reprinted from Mesimäki et al. [23] with per-
mission from John Wiley and Sons)

Fig. 19.4 (continued)
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in tumor cells to kill and activate the immune response 
[1]. The current approach also includes chemoradiation 
and is in phase III clinical trials, studying patients with 
squamous cell carcinoma of the head and neck.

19.4  Conclusions

The advantages that adipose stem cell therapy provide 
to the treatment regimen of patients with head and 
neck disorders, does not come without controversy. 
Many of the current research breakthroughs introduced 
in this chapter have not been tested on humans and 
there is limited understanding about their long-term 
effects. No current standards have been derived for lin-
eage differentiation and it is unknown if isolation or 
expansion procedures can present other medical issues. 
Further research is necessary to address the safety and 
effectiveness of using adipose-derived stem cells 
before the use of these unique cells can become a stan-
dard of care in clinical practice.
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Adipose Stem Cell Technologies  
for Tissue Regeneration in Dentistry 20

20.1  Introduction

Although human body has a remarkable capacity of 
regeneration, some tissues have less capability to heal 
or to face the needs of regeneration. By definition, a 
stem cell is characterized by the ability of self-renew-
ing and the capability to differentiate along multiple 
lineage pathways.

Embryonic stem cells are responsible for tissue 
development during histogenesis and they are theoreti-
cally able to differentiate into any type of tissue. 
However, some limitations are still on their use in 
practice including cell regulations and ethical consid-
erations. In contrast, postnatal adult stem cells are 
immunocompatible and no ethical issues are related to 
their use. Cells obtained from bone marrow, adipose 
tissue, myocardial tissue, dermis, fibroblasts, peri-
odontal ligament (PDL), and pulp are the representa-
tive of this type of adult stem cells. They generally 
show adipogenic, osteogenic, chondrogenic, myogenic 
and neurogenic potential differentiation in vitro when 
stimulate by suitable differentiation factors.

Based on these considerations, many technologies, 
including applications of stem cells alone or in combi-
nation with biomaterials, have been developed for 
regenerative medicine.

Cell therapies may be theoretically applied in all fields 
of regenerative medicine, including dentistry. In fact, car-
ies, trauma, erosion and periodontal disease are patholo-
gies characterized by the damage and loss of dental tissues 
and sometimes loss of the whole tooth. These groups of 
diseases are very common and affect millions of people 
worldwide in both developing and industrialized countries, 
representing the 10% of total public healthcare budget.
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Restorations of damaged tooth tissues and substitu-
tion of missing teeth with artificial prostheses repre-
sent the traditional therapeutic solutions. Interest in 
dental-tissue regeneration applications continues to 
increase as clinically relevant methods alternative to 
traditional treatments with a potential high impact on 
socio-economical environment.

In this chapter the potential role of adipose tissue, 
dental pulp, periodontal ligament, and deciduous teeth 
as source for adult stem cells isolation will be dis-
cussed. Mesenchymal stem cells (MSCs) so obtained 
may be applied alone or in combination with suitable 
scaffolds to obtain regeneration of oral tissue.

20.2  Stem Cell from Different Sources

20.2.1  Stem Cells from Adipose Tissue

Tissue engineering is now contributing to new devel-
opments in several clinic fields and MSCs derived 
from tissues such as adipose tissue, dental pulp, or 
PDL may provide a novel opportunity to replace, repair 
and promote the regeneration of diseased or damaged 
tissues.

Several studies have shown that adipose-derived 
stem cells (hASCs) are able to differentiate in vitro 
into bone, cartilage, fat, muscle, endothelial, and neu-
ron-like cells [4, 11, 14, 15, 26, 41]. Moreover, hASCs 
can be easily isolated from lipoaspirated tissue or with 
minimally invasive procedure of liposuction; with a 
few millimeters of raw tissue it is possible to isolate a 
significant number of hASCs [10]. Furthermore, some 
data from different laboratories confirm that indepen-
dently from the age of donor, hASCs proliferate quite 
constantly over an extended period of time while show-
ing clonogenic properties [3, 9, 19].

An interesting field of research is in hASCs pheno-
type profile characterization. Backsh has defined a 
phenotype characterized by a CD45-, CD14-, and 
CD34-profile [1], while Sengenes and De Girolamo 
have shown a very interesting population of hACSs 
expressing CD34 [3, 31]. Actually, further studies on 
the characterization of CD34+ hASCs sub-populations 
are in progress to evaluate if these cells are directed 
toward a prominent osteospecificity in vitro, likely 
permitting more rapid and efficient future applications 
[38]. hASCs have shown the ability to differentiate 
toward chondrocytes and adipocyte-like cells; in 2007, 

De Girolamo et al. [3] have demonstrate that the 
enhancement of sulfate glycosaminoglycans deposi-
tion was caused only by the chondrogenic differentia-
tion process of differentiate samples of hASCs. These 
data suggest the potential involvement of hASCs as 
adjunctive tool in maxillofacial surgery for the treat-
ment of bone defects and regeneration of cartilage in 
temporomandibular joint disease.

Another important consideration is that hASCs are 
also involved in the revascularization of new formed 
tissue. Rigotti et al. [30] have damaged a tissue with 
radiotherapy. Afterward, the same tissue has been 
treated with hASCs derived from lipoaspirate trans-
plant and they have obtained signs of neovasculariza-
tion of the target tissue which initially exhibited 
microvascular alterations similar to several chronic 
ischemic diseases.

Table 20.1 reports some of differentiation factors 
useful to address osteo-, condro-, and adipogenic phe-
notypes. In vitro differentiation is checked by staining 
(Fig. 20.1). In contrast, in vivo differentiation is 
induced by signals from the surrounding environment 
and, in this view, the scaffolds used to delivery cells 
acquire more importance in respect with the supple-
mentation of differentiation factors.

The use of scaffolds represents an important clini-
cal strategy while some data have reported a spontane-
ous differentiation into osteoblast-like cells of hACSs 
seeded in hydroxyapatite or titanium scaffolds 
(Fig. 20.2). These cells have shown a calcified extra-
cellular matrix deposition after 3 weeks of cultures 

Table 20.1 Media, serum supplementation and differentiating 
factors to obtain adipogenic, osteogenic and condrogenic differ-
entiation of human adipose-derived stem cells

Adipogenic

 Induction DMEM + 10% FBS 1 mM dexamethasone, 10 mg/
mL insulin, 500 mM IBMX (3-isobutyl-1-methyl-xanthine), 
200 mM indomethacin

 Maintenance DMEM 10% FBS 10 mg/mL insulin
Osteogenic
 DMEM + 10% FBS, 10 nM dexamethasone, 10 mM 
glicerol-2-phosphate, 150 mM l-ascorbic acid-2-phosphate, 
10 nM cholecalciferol
Chondrogenic
 DMEM + 1% FBS 100 nM dexamethasone, 110 mg/L 
sodium pyruvate, 150 mM l-ascorbic acid-2-phosphate, 1X 
ITS, 10 ng/mL TGF-b11

Source: Adapted from De Girolamo et al. [3]



22320 Adipose Stem Cell Technologies for Tissue Regeneration in Dentistry 

compared to the same cells cultured in polystyrene. 
The effect is emphasized in case of supplementation 
with differentiating factors (Fig. 20.3). Thus, loading 
undifferentiated hASCs directly on scaffolds could 
shorten the time between the adipose tissue removal 
and the use of differentiated cells, allowing faster clini-
cal applications. However, it remains to investigate if 
the employment of metabolic activity can be related 
with the chemical features of the scaffolds or more to 
the 3D structure which may allow the hASCs to acti-
vate specific intracellular pathways that cause extra-
celluar matrix deposition. That is why in the future it 
will be important to test different materials suitable for 
scaffolds and understand the behavior of hASCs and 
eventually study interactions with additional osteo-
genic stimulants or other growth factors.

20.2.2  Stem Cells from Dental Pulp, 
Human Exfoliated Deciduous Teeth

Several studies have demonstrated the presence of pro-
genitor cells in dental pulp, defined as dental pulp stem 
cells (DPSCs), and their ability to activate upon injury 
undergoing proliferation and odontoblast differentia-
tion to provide for dental repair [13, 33, 35]. A hierar-
chy of progenitor cells have been postulated in dental 
pulp with diverse differentiations potential; DPSCs 

niches are localized specially in the perivascular area 
of pulp from where cells can migrate to the injury site 
[33, 35]. Dental pulp stem cells exhibited a high prolif-
erative rate in vitro, but actually some studies have 
shown also a good proliferative and regenerative activ-
ity in vivo of DPSCs when used alone or combined 
with medical scaffolds or proper biochemical stimuli 
[40]. About this theme, an important consideration is 
that adult DPSCs may express embryonic stem cell 
specific antigens: SSEA-4 and OCT-4 expression has 
been detected in dental pulp stem cell. Gronthos et al. 
have shown that STRO-1 + cells extracted from dental 
pulp of adult rat can differentiate toward adipogenic, 
neurogenic, myogenic and chondrogenic lineages in vitro. 
In vivo, Gronthos has demonstrated that DPSCs trans-
planted in conjunction with HA/TPC powder into 
immunocompromised mice can generate a pulp/den-
tine-like collagenous structure [13]. El-Backly et al. 
[8] have observed the presence of an osteo-dentin-like 
structure after 2 weeks from the subcutaneous implan-
tation of DPSCs grafted with poly (lactic-co-glycolic 
acid) polymeric porous scaffolds in rabbits.

Another interesting class of dental stem cells is rep-
resented by stem cells isolated from dental pulp of 
human exfoliated deciduous teeth, also known as 
SHED. Cordeiro et al. seeded SHED onto dentine 
slices and implanted them subcutaneously in immuno-
deficient mice. After 14–28 days they observed a new 

Fig. 20.1 Common staining to check differentiation of stem cells
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Fig. 20.2 Scanning electron microscopic graphs of adipose-
derived stem cells seeded onto sandblasted and acid-etched tita-
nium surfaces in differentiation toward osteogenic lineages. The 

cells appear spreaded and with polygonal features. These aspects 
may be observed with both secondary (left) and backscattered 
(right) electrons detection
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dental pulp-like tissue with great similarity with 
physiological pulp. Moreover, SHED seeded on tooth 
scaffolds were capable of differentiating into odonto-
blast-like cells and showed characteristic of dentin-
secreting odontoblast [2]. SHED have shown the 
ability to improve the new formed tissue organization, 
microvascular network and oxygen and nutrient influx. 
Recent evidences suggest that DPSCs cultures also 
contain multipotent neural crest stem cells demon-
strated by their ability to differentiate into a number of 
neural crest-derived cell lineages including melano-
cytes [34]. Moreover, a sub-population of DPSCs 
which expressed Nanog, Oct-4 and Rex-1 was grafted 
into hippocampus of immune suppressed mice: stem 
cells from dental pulp were able to stimulate prolifera-
tion of endogenous neural cells and resulted in the 
recruitment of pre-existing neural progenitor cells and 
mature neurons to the site of the graft [16].

20.3  Stem Cells from Periodontal 
Ligament and Precursors Cells (PCs) 
from Human Dental Follicle

Periodontal ligament (PDL) is a connective tissue that 
connects the root cementum to alveolar bone. Its main 
function is to maintain the root into the alveolar socket 
under function.

Even PDL contains progenitor cells that can migrate 
and differentiate into cementoblasts and osteoblasts in 
response to lesions [12]. This had lead to suppose that 
stem cell population could exist in PDL. A first demon-
stration of this fact was provided by the identification 
of expression of stemness marker such as STRO-1 and 
CD146. Furthermore, these cells harvested from PDL 

had the potential to differentiate into oil red O-positive 
lipid laden fat cells and to form alizarin red positive 
nodules and an array of cementoblastic/osteoblastic 
markers (such as alkaline phosphatase and bone sialo-
protein) if influenced with osteogenic medium [32].

Recently, these cells are indicated as periodontal 
ligament stem cells (PDLSCs). The use of PDLSCs 
seems to be very interesting both if used as single stem 
cells or specially if combined with carrier. PDLSCs 
have shown the capacity to differentiate into cemento-
blasts if transplanted subcutaneously into the dorsal 
surfaces of immunocompromised mice when hydroxy-
apatite tricalcium phosphate (HA/TCP) was used as a 
carrier [12]. Seo et al. [32] have shown the similarity 
between collagen fibers connecting to the cementum-
like tissues and Sharpey’s fibers, suggesting the poten-
tial to regenerate PDL attachment.

More recently, Li et al. performed a similar experi-
ment in vivo: they have implanted autologous PDLSCs 
using HA/TCP as carrier in miniature pigs with cre-
ated periodontal defects obtaining bone, cementum 
and PDLs [21].

Also precursor cells (PCs) from human dental fol-
licles of wisdom teeth could represent an important 
source for periodontal regeneration. In fact, these cells 
are able to reproduce in vitro a membranous structure 
that could be compared with PDL; however, these 
encouraging data from in vitro experiments are not 
supported by in vivo results. Morsczeck et al. [27] have 
tried to implant PCs into immunocompromised mice 
using hydroxyapatite as scaffold but no sign of cemen-
tum or bone was found in histological sections of 
transplants.

Recently, some authors such as Mizuno and 
Kawaguchi have shown that not only dental-derived 

Primary
Stem cells

CONTROL
MEDIUM

OSTEOGENIC
MEDIUM

Fig. 20.3 Adipose-derived stem cells seeded onto titanium scaffolds and cultivated with basal (control) and osteogenic media. After 
3 weeks in cultures, mineralized nodules stained by calcein (green fluorescence) were detected
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stem cells could be used to obtain periodontal regenera-
tion [18, 22, 24, 25] but also in this application they may 
represent an advantage in respect with ASCs, even if in 
a recent study has been demonstrated that isolated ASCs 
together with platelet-rich plasma obtained from inbred 
rats were able to regenerate alveolar bone, cementum 
and a PDL-like tissue in rats with created periodontal 
tissue defect after 8 weeks [36] similar to what obtained 
with MSCs derived from bone marrow mixed with ate-
locollagen obtained from extracellular matrix [18].

20.4  Regeneration Strategies in 
Dentistry: Tooth and Tissue 
Regeneration

Humans are genetically programmed to replace their 
teeth once during childhood. The transition from 
deciduous teeth to adult permanent teeth is a dynamic 
process that combines the resorption of the roots of 
deciduous teeth and the eruption of the permanent 
teeth. When adult teeth are lost there are no ways to 
generate new teeth or to repair them. A clinical 
approach able to regenerate teeth could represent a 
new clinical way. However, even if it is possible to 
think about strategies based on direct transplantation 
or on biomaterials acting as template into the defected 
tissue in order to obtain regeneration, teeth structure 
complexity represent a strong limit for regenerative 
therapy. In fact, teeth are composed of both hard tissue 
(dentin, enamel, cementum, alveolar bone) and soft 
tissue (dental pulp, PDL, gingival) and so tooth devel-
opment is regulated by the interactions between dental 
epithelium and dental mesenchyme. For this reason, it 
is necessary to consider two families of stem cells: epi-
thelial (EpSC) and mesenchymal stem cells (MSCs). 
Therefore, a stem cell-based strategy for regeneration 
needs to be considered as a coupled strategy which 
involves both EpSCs and MSCs. In 2004, Ozahama 
et al. have combined in vitro a “novel” mesenchyme 
with an embryonic oral epithelium. This artificial and 
composite tissue has been implanted into adult renal 
capsules the formation of tooth and bone structures 
was observed as the results [29]. Again in 2004 Duailibi 
et al. have coupled cells isolated from rat tooth buds 
with scaffolds composed of polyglycolide/poly-l-lac-
tide (PGA/PLLA): they have obtained the formation of 
an ectopic bioengineered tooth with pulp, dentine, and 
enamel tissues even with anomalous arrangement [6]. 

A tooth structure was recently obtained by Nakao et al. 
using a new approach based on the formation of a bio-
engineered tooth in mice mandible composed of mes-
enchymal and epithelial cells seeded into adjacent 
regions within a collagen gel drop. With this method, 
they have obtained a tooth structure composed of 
enamel, dentine, root, dental pulp, bone, and even 
blood vessels and nerve fibers [28]. Encouraging 
results have been obtained also by Duailibi in 2008 
with a strategy based on tooth bud cells implanted into 
the jaw of adult rats for 12 weeks [7]. In a recent study, 
Yamada et al. [37] have underlined the potential role of 
bone marrow as a source of stem cells able to differen-
tiate in ameloblast-like cells. However, it is actually 
still considered DPSCs as the cells with the major abil-
ity to regenerate a complete tooth structure.

The regeneration of PDL is an ambitious aim in 
periodontology and implantology because these cells 
are capable to differentiate into periodontal structure 
and promote the formation of both cementum-like 
mineralized tissue and bone. Actually, it is possible to 
confirm that MSCs are present in the PDLs and prob-
ably represent the most important source for regenera-
tive therapy. However, it is important to underline that 
most of the studies have suggested the use of a mix of 
stem cells. Some cells may act as a motor which is 
able to guide stem cells toward a precise differentia-
tion, whereas other cells represent the fuel for genera-
tion of new tissues. A first evidence of this idea has 
been proved by Inanç et al. [17] who co-cultured 
embryonic stem cells with human PDL fibroblastic 
cells for 21 days and after this period stem cells were 
able to differentiate toward the PDL fibroblastic 
 progenitors. Yang et al. have performed two experi-
ments, the first one in vitro and the second in vivo, 
with monodispersed human PDLSCs. Firstly, in vitro 
they have conditioned cells with ascorbic acid and 
selective medium in the presence of extracellular 
matrix. In this way they obtained cells with several 
phenotypic characteristics of cementoblast lineage 
such as upregulated activity of alkaline phosphatase, 
accelerated mineralization and the expression of bone 
sialoprotein and osteocalcin genes. Secondly, they 
transplanted these PDLSCs pellets into immunocom-
promised mice obtaining a regular aligned cementum/
PDL-like complex [39].

Dentine seems to have a very important role on 
MSC differentiation toward periodontal tissues. Li et al. 
[20] have shown that PDL cells together with dentine 
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implanted in nude mice are able to form PDL and root 
cementum with physiological architecture. These data 
prove that in the future the whole tooth could be engi-
neered but, at the moment, it seems more realistic to 
consider only the regeneration of a single component 
of the tooth.

Cordeiro et al. [2] have demonstrated that both 
DPSCs and SHED are able to generate pulp and den-
tine under the induction by proper biochemical stimuli. 
Particularly, it is very interesting that SHED grafted 
onto dentine slices and implanted in immunocompro-
mised mice are able to form a tissue with features very 
similar to those observed in physiological pulp. That is 
the proof that the morphogenetic signaling has been 
provided directly and only by the signals of the native 
dentine matrix confirming the signaling role of dentine 
previously described. Another important feature of 
DPSCs is that they are able to induce the vascular-
ization of the new formed tissues. As previously 
 discussed, El Backly et al. [8] have obtained an osteo-
dentine new formed tissue after subcutaneous implan-
tation of DPSCs grafted with poly polymeric porous 
scaffolds in rabbit that was characterized by typical 
tubular features.

20.5  Other Potential Applications

Recent data have demonstrated that MSCs have 
potent immune regulation capacity in vitro, enhanc-
ing their therapeutic appeal in the management of 
many immunological diseases such as acute graft-
versus-host  disease [20]. Consequently their use is 
also suggested for the treatment of some immuno-
logical disease in oral cavity such as oral lichen 
planus [5]. This effect observed also in other applica-
tions such as the treatment of rheumatoid arthritis 
[23] and opens new perspectives of application of 
stem cells in oral medicine.

20.6  Conclusions

The therapeutic potential of adult stem cells for regen-
erative purposes in dentistry is well accepted but fur-
ther studies are necessary. A better understanding of 
molecular events that control tissue development, 
repair and regeneration is necessary. Interdisciplinary 
approaches combining cell biology and biomaterials 

are needed in order to develop dental engineered 
 tissues which represent a great opportunity for future 
dental treatment strategies.
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21.1  Introduction

Regenerative medicine and tissue engineering both 
harness the potency of human cells to repair, regener-
ate, and even recreate tissues and organs with the goal 
of restoring their architecture and functionality. 
Mesenchymal cell populations are particularly well 
endowed for such purposes since they harbor subpopu-
lations of multipotent cells and secrete many important 
bioactive molecules stimulating repair. Various con-
nective tissues and stroma have now been used as 
sources of multipotent stem cells including bone mar-
row [17, 47, 80, 82], dermis [37, 98], umbilical cord 
Wharton’s jelly [87, 105], and adipose tissue [110]. 
Subcutaneous lipoaspirated adipose tissue has recently 
become the focus of much attention given its abun-
dancy, its accessibility through minimally invasive 
procedures, and its rather high stem cell content. The 
use of adipose-derived stem/stromal cells (ASCs) has 
rapidly expanded over the last years and their potential 
for regenerative therapies is described in an increasing 
number of studies (reviewed in [70, 93]).

The potential of ASCs is already investigated in a 
few clinical trials including fistula’s repair (Spain, 
Germany, United Kingdom) [31] and cardiovascular 
repair with trials such as the PRECISE study for chronic 
myocardial ischemia (Spain) and the APOLLO trial for 
treatment of heart attacks (Netherlands, Spain) (www.
clinicaltrials.gov). The secretion of potent growth fac-
tors from ASCs is associated with increased angiogenic 
activity that would stimulate endogenous repair mecha-
nisms [16, 60, 68, 84]. Infused ASCs can be recruited 
at the site of damage, or stimulate the recruitment of 
endogenous stem cells, while specific cues from the 
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microenvironment might promote their differentiation 
into the appropriate lineage. These proposed mecha-
nisms of action, consistently supported by the work of 
many investigators, are discussed in [35, 43].

While cell therapy strategies might be relatively 
straightforward and could ultimately be used as point of 
care services, substantial tissue loss requires an alterna-
tive to injectable delivery of therapeutic cells. Solid 
graftable tissues or substitutes are then necessary to 
repair more extended tissue damage. Substitutes can be 
engineered from natural or synthetic biomaterials. 
When enriched with progenitor cells, they become tis-
sue equivalents of autologous or allogenic origin. Living 
biological substitutes might be the best option for the 
treatment of larger defects. ASCs are currently used for 
the engineering of substitutes that will ultimately be uti-
lized in diversified fields of reconstructive surgery such 
as urology [46, 109], ophthalmology [4], orthopedics 
[40, 83, 101], to name a few. Still, to date, clinical appli-
cations of tissues engineered from ASCs are scarce 
[66, 94]. Autologous bone reconstruction using ASCs 
and a composite scaffold comprising beta tricalcium 
phosphate granules enriched with recombinant human 
BMP-2 has been one of the first application described in 
human [66]. The patient acted as its own “bioreactor,” 
promoting the maturation of an ectopic bone flap previ-
ously created in vitro according to Good Manufacturing 
Practices (GMP) standards using autologous ASCs.

It is evident that the development of tissue-engi-
neered substitutes that will both contribute to increase 
our knowledge of biological processes and be appli-
cable in the clinical realm is of the utmost importance. 
We will next describe recent advances supporting the 
potential benefits of using ASCs to achieve adipose 
and skin regeneration through in vitro engineering of 
living substitutes.

21.2  ASCs for Adipose Tissue 
Reconstruction and 
Transplantation

21.2.1  Engineering Adipose Tissue In Vitro: 
Strategies to Achieve Volume 
Enhancement

Soft-tissue loss can be caused by trauma, tumor resec-
tion, extensive deep burns, as well as congenital or 
acquired anomalies. Despite great recent improvements, 

most of the current fat autograft techniques do not pro-
vide reproducible or satisfactory long-term results [76]. 
This is due in part to the fragility of adipose tissue and 
the disruption of vascularization due to the injection 
technique [12, 86], reviewed in [91]. Therefore, the 
demand for soft tissue substitutes in reconstructive and 
plastic surgery is continually increasing.

Different approaches have been used to reconstruct 
adipose tissue in vitro. Modeling such a specialized 
connective tissue represents a real challenge. Adipose 
substitutes should be easy to manipulate, soft and flex-
ible in order to avoid discomfort once implanted. 
Human stem cells remain at the forefront of tissue 
engineering since they represent a valuable source of 
cells for in vitro reconstruction. ASCs have been com-
bined with a variety of natural or synthetic materials in 
order to favor cell attachment, proliferation, and adipo-
genic differentiation within these biomaterials. For 
example, electrospun silk, hydrogels, as well as colla-
gen beads, gels, or sponges have all been optimized to 
support and promote adipose tissue reconstruction 
(reviewed in [9, 33, 38]).

These various substitutes represent highly special-
ized tridimensional (3D) models for in vitro experi-
mentation in addition to their expected use as tissue 
fillers. As such, in vivo evaluation of the constructs is 
necessary. Apart from volume retention imparted by 
lipid-filled adipocytes, the development of cysts or 
fibrosis has to be monitored. Moreover, vasculariza-
tion of the grafted tissue is usually an excellent pre-
dictor of tissue survival and functionality. Different 
animal models can help establish the biocompatibil-
ity and performance of the various adipose substi-
tutes, as reviewed by Dr Patrick [77]. However, 
long-term volume retention studies as well as assess-
ment of the substitute’s functionality are not routinely 
reported yet. They will likely become part of stan-
dardized criteria for assessment and comparison of 
diverse substitutes as the field of adipose tissue engi-
neering matures.

Table 21.1 relates the most recent models devel-
oped for adipose tissue engineering using human 
ASCs. Interestingly, among these new strategies, a 
trend is seen towards the use of scaffolding elements 
of more natural origin such as decellularized placen-
tal membrane [29] or even processed human adipose 
tissue itself [21, 28, 104, 108]. One model is based 
on the self-assembly approach of tissue engineering. 
It results in the production of highly physiological 
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living substitutes since it mimics the natural extra-
cellular matrix (ECM) environment surrounding 
ASCs. The next section will describe this approach 
in more detail.

21.2.2  The Self-Assembly Approach  
or Cell Sheet Technology in Tissue 
Engineering

We have recently reconstructed both connective and 
adipose tissues composed entirely of cultured human 
ASCs and their secreted endogenous ECM compo-
nents. This was achieved by a methodology adapted 
from the self-assembly approach of tissue engineering 
[55, 104]. This strategy relies on the stimulation of 
mesenchymal cells with ascorbic acid (vitamin C) and 
serum during their culture, resulting in the formation 
of manipulatable cell sheets that can be assembled into 
thicker multilayer tissues. The self-assembly approach 

has been intensively developed by our research group 
LOEX from Université Laval in Québec City, Canada 
[6]. Smooth-muscle cells, dermal fibroblasts, and kera-
tocytes (corneal stromal cells) have been used for the 
reconstruction of either tissue-engineered blood ves-
sels [54], skin [59, 67], cornea [18], or urological 
structures [14].

My team uses human ASCs as a cell source for tis-
sue reconstruction. These cells feature a high capacity 
for ECM production and organization, leading to the 
formation of dense reconstructed connective tissues 
[102, 104]. These can be used as stromal compart-
ments onto which epithelial cell types such as kerati-
nocytes can be seeded, resulting in reconstructed skin 
with features very similar to native human skin or to 
skin reconstructed using dermal fibroblasts, as will be 
described in the next section [99]. More importantly, 
we have been able to adapt our approach and to utilize 
ASCs not only as matrix-secreting cells, but also as 
progenitors to generate in vitro differentiated adipo-
cytes. This was possible by including an adipogenic 
differentiation step concomitant with ECM deposition 
stimulated by ascorbic acid. Therefore, multilayered 
human adipose tissues have been produced in vitro. 
They feature adipocytes embedded into endogenous 
ECM and globally, their structural characteristics are 
reminiscent of native adult human tissue [104]. Impor-
tantly, these substitutes are functional, as defined by 
their capacity to initiate de novo synthesis and accu-
mulation of triglycerides, to secrete a variety of adi-
pokines (leptin, VEGF, angiopoietin-1, etc.) and to 
mediate beta-adrenergic stimulated lipolysis in vitro 
[104]. These reconstructed adipose tissues are stable 
and functional for many weeks in culture. They repre-
sent useful tools for in vitro assays detailing metabolic 
function or modulation of adipose tissue secretory 
function.

Despite the lack of synthetic or exogenous biomate-
rials, the abundant matrix secretion and deposition 
resulting from ascorbic acid supplementation facili-
tates handling of these tissues. They can be manipu-
lated with forceps and sutured (Fig. 21.1A). Results 
from a pilot study evaluating the characteristics of adi-
pose tissues reconstructed using the self-assembly 
approach after subcutaneous grafting onto the back 
muscle of athymic mice are promising (Fig. 21.1). 
Histological appearance of the grafts as seen on tissue 
cross-sections stained with Masson’s trichrome reveals 
that the adipose substitutes comprise many adipocytes 

Table 21.1 Tissue engineering for adipose tissue reconstruc-
tion using human ASCs

Tissue engineering approach Year Authors

3D porous silk fibroin 
scaffolds

2010 Choi et al. [22]

Hybrid hydrogel scaffold 
composed of poloxamer 407 
(PO) and the self-assembling 
oligopeptide EFK8

2010 Wang et al. [106]

Hybrid implant comprising a 
cellular layer (ASCs in 
alginate) encapsulating an 
acellular core (poly(ethylene)
glycol-diacrylate)

2010 Moioli et al. [71]

Decellularized adipose tissue 
(DAT)

2010 Flynn [28]

3D aqueous-derived silk 
scaffolds

2009 Kang et al. [48]

Type I collagen scaffolds for 
in vivo adipogenesis

2009 Tsuji et al. [100]

Matrix based on small intestinal 
submucosa particles cultured 
with preadipocytes in a stirred 
bioreactor (spinner flask)

2008 Marra et al. [63]

Human placental decellular-
ized matrix (PDM) and PDM 
combined with cross-linked 
hyaluronan (XLHA) scaffolds

2007 Flynn et al. [29]

Comparison of silk fibroin, 
collagen and poly-lactic acid 
(PLA)-based scaffolds

2007 Mauney et al. 
[64]



232 B. Labbé et al.

(blank spaces) as well as an abundant ECM (in blue) 
(Fig. 21.1B, C). These substitutes performed well 
in vivo, as shown by the presence of capillaries detected 
as soon as 7 days after grafting (Fig. 21.1C, arrow). 
Short-term results highlighted the ability of these sub-
stitutes to maintain a high number of adipocytes within 
the graft over a 14-day period. Work is in progress to 
establish their behavior at longer time points following 
implantation using imaging techniques that will facili-
tate precise measurements and determination of vol-
ume retention.

21.3  ASCs for the Production of Human 
Skin Substitutes and Their 
Transplantation

21.3.1  Classical and New Cell Sources  
for Skin Reconstruction

Subcutaneous fat which is also named hypodermis 
represents the third and deepest layer of skin, a most 
needed tissue in reconstructive surgery. Skin tissue 
engineering is indeed a very active research area and 
many groups have contributed key developments to 
this field [7, 10, 11, 15, 39, 53, 62, 78, 97, 107]. First, 
cultured epidermal sheets were produced and revolu-
tionized patient treatment. They allowed rapid recon-
stitution of the skin’s barrier function [5, 19, 30]. 
However, regions grafted uniquely with this thin epi-
dermal layer can display a lack of elasticity and reduced 
tensile strength, these properties being mostly associ-
ated with the underlying stroma. Since bilayered skin 
substitutes comprising both an epidermis and a dermis 
have been developed, the importance of the dermal 
compartment for tissue regeneration has become 
apparent. In general, the addition of autologous fibro-
blasts into these matrices was associated with improved 
wound healing of contracted scars and burns [23, 56]. 
Over the last decade, a wide variety of dermal matrices 
and engineering strategies have been developed to 
properly sustain keratinocyte growth and differentiation 
(reviewed in [8, 44, 61, 75, 90]). But while keratino-
cytes can be quickly amplified in vitro from a small 
biopsy (1–4 cm2), the extent of skin loss may limit the 
availability of donor sites from which autologous der-
mal fibroblasts can be harvested and amplified in 

Fig. 21.1 Aspect of reconstructed adipose tissues after subcuta-
neous grafting onto athymic mice. (A) Macroscopic aspect of 
reconstructed adipose tissues 3 days after grafting (unit = mm). 
(B) Histological appearance of an adipose tissue graft excised 
with the underlying muscle 3 days after grafting. Many round 
adipocytes (blank spaces) are apparent. (C) Capillaries (arrow) 
can be detected on histological cross-sections of excised adipose 
tissues 7 days after grafting. Adipocytes are also well preserved. 
m murine muscle, Bars = 100 mm
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culture. This is one of the reasons why fibroblasts from 
different origins (skin, buccal, or vaginal mucosa) [65] 
as well as alternate sources of fibroblast-like mesen-
chymal cells have been evaluated in the past for skin 
regeneration, ranging from eschar tissue [103], bone 
marrow stromal cells [3, 42, 79], and adipose-derived 
cells or preadipocytes [3, 27, 45, 49, 103].

The concept of using adipose tissue as a source of 
mesenchymal cells for skin reconstruction is very 
attractive due to its abundancy, accessibility, and ease 
of extraction. It has been reported that human [27, 45, 
99] and rodent [3] adipose-derived stromal cells can 
adequately support epidermal growth in vitro. One 
study reported that when type I collagen gels were 
populated with human ASCs instead of dermal fibro-
blasts, epidermal regeneration was achieved with slight 
differences. For example, a delayed deposition of type 
IV collagen was seen, as well as an increased alpha 
smooth muscle actin (aSMA) expression, leading to 
greater gel contraction [27]. It is not obvious from this 
small number of studies whether tangible benefits are 
in fact associated with the use of ASCs instead of der-
mal fibroblasts for skin tissue engineering. However, it 
is evident that these abundant cells have the potential 
to complement dermal fibroblast cultures. Side-by-
side comparison of both cell types for each preferred 
tissue-engineering strategy will be important since dif-
ferences in cell extraction, expansion, as well as the 
type of dermal matrices used can greatly impact on cell 
behavior. Data from our lab using ASCs for human 
skin reconstruction using the self-assembly approach 
are supportive of a future role for these cells in the 
development of new skin substitutes.

21.3.2  Skin Reconstruction with Human 
ASCs and the Self-Assembly 
Approach

We have used the self-assembly approach of tissue 
engineering to produce and compare skin substitutes 
reconstructed using human dermal fibroblasts or 
lipoaspirated ASCs. Human keratinocytes were seeded 
on three different types of stromal compartments con-
sisting of cells and human ECM produced from either 
dermal fibroblasts (Fig. 21.2A, D, G), ASCs 
(Fig. 21.2B, E, H), or the same ASC population 
induced towards adipogenic differentiation in vitro 

(Fig. 21.2C, F, I) [99]. The bilayered skin substitutes 
thus formed were further cultured at the air–liquid 
interface to promote cell differentiation [57]. For these 
three types of reconstructed skin, the newly formed 
epidermis was reminiscent of normal human skin, 
already featuring a multilayered, stratified epidermis 
after 14 days of culture at the air–liquid interface 
(Fig. 21.2A–C). A stratum corneum layer had also 
formed, featuring terminally differentiated corneocytes 
essential to the skin’s barrier function. For skin recon-
structed using a stroma made of ASCs induced towards 
adipogenic differentiation, adipocytes can be seen on 
histological cross-sections of paraffin-embedded biop-
sies (Fig. 21.2C, arrows). They appear as blank spaces 
since adipocytes are filled with lipids that were 
extracted during processing and coloration.

We verified whether the type of stromal compart-
ment influences the formation and differentiation of 
the epidermis. For this purpose, we assessed the 
expression of specific proteins commonly used as cell 
differentiation markers, namely keratin (K)14, K10, 
and transglutaminase, indicative of the basal, supra-
basal, and granular epidermal layers, respectively [99]. 
Immunolabelings for these molecules as well as for 
filaggrin (Fig. 21.2D–F), another important enzyme 
expressed in the granular layer of native human skin, 
revealed an appropriate epidermal localization.

The epidermis for all three types of reconstructed 
skin also revealed that Ki67 expression was restricted 
to the basal layer, where proliferating cells are expected 
to be found. This, combined with K10 expression 
restricted to the suprabasal layers, suggest a tight reca-
pitulation of the normal differentiation process [99]. 
Within the reconstituted epidermis, K19-expressing 
epithelial stem cells were also observed. They were 
present in their expected location in the basal layer of 
the substitutes where they could ensure the long-term 
renewal of the epithelium [58, 99]. These results high-
light two important notions. First, it establishes that 
the self-assembly method can recreate the complex 
interactions between stromal cells, epithelial cells, and 
the diversified extracellular components composing 
the stroma, because when skin substitutes featuring a 
dermis made of bovine type I collagen gel were ana-
lyzed [32], the K19-expressing stem cells were not 
retained in the basal layer but migrated upwards to be 
later lost by shedding. Second, these results established 
a comparable efficiency for dermal fibroblast and 
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Fig. 21.2 Comparative analysis of human skin substitutes pro-
duced using different types of mesenchymal cells. (A–C) 
Histological appearance after Masson’s trichrome staining,  
(D–F) Filaggrin expression and (G–I) type IV collagen detec-
tion on tissue cross-sections for the three types of substitutes. 
Skin was reconstructed using either (A, D, G) dermal fibroblasts, 

(B, E, H) ASCs or (C, F, I) the same ASC population induced 
towards adipogenic differentiation and featuring mature adipo-
cytes within the stroma (arrows). For (B) and (C), keratinocytes 
as well as ASCs were from the same donor (age 33 year-old). 
(A–C) Bars = 100 mm, (D–I) 200×, e epidermis, d dermis
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ASC-derived stromas in their capacity to retain epider-
mal basal and stem cells at their appropriate location.

This preservation of stem cell retention is likely due 
to the well-defined dermo-epidermal junction featured 
by all three types of skin substitutes, ensuring adequate 
anchorage of the epidermis to the stromal compartment. 

As seen for skin reconstructed using dermal fibroblasts, 
type IV collagen (Fig. 21.2G–I), laminin-5, as well as 
type VII collagen [99] are strongly expressed in substi-
tutes produced using ASCs, as detected by specific 
immunolabelings. Analysis of the tissue ultrastructure 
by transmission electron microscopy confirmed the pres-
ence of a well-defined basement membrane comprising 
hemi-desmosomal structures [99]. These are the hall-
marks confirming a strong cohesion between the epider-
mis and dermis. This, in combination with the dense 
expression of structural collagens in the stroma, indicates 
that the reconstructed skin possesses the structural ele-
ments necessary to provide excellent mechanical proper-
ties to the substitutes. This was observed not only for 
skin reconstructed using a stroma produced from dermal 
fibroblasts and noninduced ASCs, but also for the substi-
tutes produced by seeding keratinocytes directly onto an 
adipocyte-containing stroma. It indicates that differenti-
ated adipocytes did not negatively influence the struc-
tural organization of the skin substitutes.

Comparison between skin substitutes reconstructed 
in vitro using dermal fibroblasts or ASCs and then 
grafted on the back of athymic mice revealed a very 
nice morphology 21 days after grating ([99] and 
Fig. 21.3A, B). The epidermal compartment was usu-
ally thicker for substitutes reconstructed using ASCs 
(Fig. 21.3B vs. A). Cuboidal basal keratinocytes were 
apparent for both types of reconstructed skin as well as 
numerous suprabasal layers and the presence of a stra-
tum corneum (Fig. 21.3A, B). A subset of grafted skin 
was followed up to 85 days after grafting (Fig. 21.3C–
F). At that time, the thickness of the epidermal compart-
ment was quite similar between skin substitutes 
produced using dermal fibroblasts (Fig. 21.3C) or ASCs 
(Fig. 21.3D). Blood vessels are visible in the stromal 
compartments (Fig. 21.3C, D, arrows), indicating tissue 
integration. The grafted skin looked healthy macro-
scopically and immunolabeling for type IV collagen 
revealed a continuous dermo-epidermal junction as well 
as the presence of tubular structures corresponding to 
capillaries (Fig. 21.3E, F), supporting a good survival, 
integration, and remodeling of the reconstructed skin.

These findings suggest that ASCs could comple-
ment or even be utilized in place of dermal fibroblasts 
for in vitro skin reconstruction using the self-assem-
bly method. Our cell sheet technology allows the 
reconstruction of various kinds of stroma by combin-
ing individual adipose or connective sheets, produced 
using ASCs or dermal fibroblasts. A number of 

Fig. 21.2 (continued)
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Fig. 21.3 Transplantation of reconstructed human skin. (A, B) 
Twenty-one days after being grafted onto athymic mice, skin 
substitutes produced using (A) dermal fibroblasts or (B) ASCs 
were harvested for analysis. A thick epidermal compartment 
was present, especially when ASCs were used for reconstruc-
tion. (C–F) The skin substitutes were also analyzed after 85 days 

in vivo. (C, D) Histological analysis revealed a compact epider-
mis firmly anchored to its underlying dermis enriched in capil-
laries (arrows). (E, F) Immunodetection of type IV collagen 
established its presence in basement membranes, both at the 
dermo-epidermal junction and surrounding capillaries. 
Bars = 100 mm, (E, F) 200×, e epidermis



23721 Adipose Stem Cells, Tissue Engineering, and Solid Organ Transplantation and Regeneration 

combinations were tested by layering and mixing 
sheets produced from dermal fibroblasts, from unin-
duced ASCs (connective sheet) or adipogenic-induced 
adipose sheets. We described above the production of 
bilayered skin substitutes, containing or not functional 
adipocytes. In the next section, the production of a 
trilayered skin featuring a hypodermis in addition to 
the dermis and epidermis will be detailed.

21.3.3  Reconstruction of a More Complete 
Trilayered Skin

The potential of ASCs to differentiate into adipocytes 
was further exploited using our reconstruction method. 
An adipose layer was added underneath the bilayered 
skin previously described, in order to produce a more 
complete skin substitute [99]. The hypodermis, the 
skin’s deepest layer, was therefore created both for 
bilayered skin comprising a dermis made from dermal 
fibroblasts, or a stroma made from ASCs.

Once again, our findings revealed that each type of 
skin substitute displayed a well-organized stratified 
squamous epithelia as visualized after 14 or 21 days of 
culture at the air–liquid interface, irrespective of the 
stromal compartment used. Figure 21.4A presents a his-
tological view of a trilayered skin composed of kerati-
nocytes that were seeded onto a multilayer stromal 
compartment formed by the superposition of three cell 
sheets: two dermal sheets produced from fibroblasts 
were layered onto an adipose sheet featuring round adi-
pocytes (Fig. 21.4A). Appropriate expression of several 
markers used to assess keratinocyte proliferation and 
differentiation was established. Immunolabeling for the 
detection of K14 (Fig. 21.4B) and the enzyme transglu-
taminase (Fig. 21.4C) established their expression at the 
expected epidermal localization. The components of the 
dermo-epidermal junction such as laminin-1 [99] and 
collagen IV (Fig. 21.4D) were also strongly expressed. 
Interestingly, the more intense type IV collagen staining 
seen in the hypodermal compartment is in accordance 
with the formation of a basement membrane around 
adipocytes [41]. The presence of adipocytes within the 
new skin substitute did not seem to abrogate nor pro-
mote epidermal proliferation or stratification differently 
than dermal fibroblasts, or from the ASCs from which 
they originated. The impact of keratinocytes on the 
underlying adipocytes will certainly reveal interesting 
relationships between these two cell types.

Very few teams have investigated and successfully 
reconstructed adipocyte-containing skin substitutes [95, 
96]. The first model described was elaborated from 
freshly isolated rat adipocytes that were embedded into 
a bovine type I collagen gel on top of which keratino-
cytes were cultured [96]. While keratinocyte prolifera-
tion and differentiation was supported, fat cells displayed 
an inhibitory effect on dermal fibroblasts and basement 
membrane formation was not reported. Our model dif-
fers by using in vitro differentiated human adipocytes. 
Also, in contrast to collagen gels in which exogenous 
collagen is added, the collagen is produced and orga-
nized by the cells themselves in the self-assembly 
approach. Such a self-assembled stromal compartment 
adequately supported the formation of a well-organized 
epidermis and basement membrane, but also provides 
remarkable mechanical properties to the substitute, 
before and after grafting to animals [81, 99].

A different strategy has recently been described in 
order to generate skin comprising an adipose layer. The 
authors favored a direct in vivo approach: they produced 
and cultured their substitutes for 1 week in vitro before 
assessing the outcome and adipogenic differentiation 
after 6 weeks in vivo [72]. Initially, they seeded ASCs 
on one side of a collagen sponge and then seeded der-
mal fibroblasts and keratinocytes on the opposite side. 
After 1 week of culture, the sponges were implanted on 
the backs of severe combined immunodeficient mice 
(scid), in presence or not of basic FGF. Six weeks after 
implantation, the specimens were harvested and the 
presence of bFGF seemed to favor the formation of adi-
pose tissue as well as capillary development.

The mutual influences taking place between kerati-
nocytes and adipose cells have not been extensively 
investigated yet since adipose tissue used to be consid-
ered mostly as a passive lipid-storage site. This view 
has changed and it is now recognized that adipose tis-
sue is in fact an important paracrine organ. Many of 
the adipokines secreted by adipocytes have the poten-
tial to impact on the proliferation or differentiation of 
keratinocytes. For example, in conventional monolayer 
culture, leptin has been shown to promote keratinocyte 
proliferation and migration [92]. The effects of adipo-
cytes on the proliferation and differentiation of rat 
skin-derived organoid hair follicle cells have been 
reported in the past using collagen gel matrices to sus-
tain the coculture [69]. In this system, adipocytes 
seemed to inhibit the outgrowth of keratinocytes from 
the isolated organoid hair follicles when they were 
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placed in direct contact with each other. The authors 
noticed that epidermal and hair follicle differentiation 
seemed to be favored over epithelial proliferation, but 
only when adipocytes were closely apposed to the 
organoids and not when they were spatially separated.

Taken together, the development of these different 
types of new skin substitutes should help uncover the 
involvement of adipocytes in skin homeostasis and 
healing. The production of complete skin substitutes 
featuring in vitro differentiated adipocytes, either in 
direct contact with keratinocytes or recreating the 
hypodermal compartment located under the dermis 
therefore represents a clever approach to study in 
details and under controlled conditions the reciprocal 

influences between adipocytes and keratinocytes. In 
the future, these trilayered skin substitutes comprising 
a hypodermis could also be useful for the treatment of 
defects extending deep into the connective tissue. Their 
potential for regenerative medicine still remains to be 
determined.

21.4  ASCs as Vehicles for the 
Stimulation of Skin Wound Repair

While skin reconstruction using ASCs is still at its 
beginning, one cannot ignore the increasing variety of 
cell therapy strategies that are being investigated in an 

Fig. 21.4 Creation of a new human skin substitute comprising 
an epidermis, a dermis, and a hypodermis in vitro. (A) 
Histological appearance of a trilayer skin substitute engineered 
using keratinocytes, dermal fibroblasts, as well as ASCs that 
were induced to differentiate into adipocytes for the production 
of the hypodermal compartment. (B) K14 expression as well as 

(C) transglutaminase detection confirmed adequate epidermal 
regeneration. (D) Immunolabeling for type IV collagen revealed 
its strong expression at the dermo-epidermal junction as well as 
in the hypodermis. Bar = 100 mm, (B–D) 200×, e epidermis, d 
dermis, h hypodermis
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attempt to improve cutaneous wound healing. 
Different modes of delivery for ASCs have been 
described, ranging from cell suspensions injected 
intravenously or in the underlying muscle, to direct 
cell transplantation into wounds [20, 26]. Local appli-
cation techniques include topical administration [50], 
the use of platelet-rich plasma gel (PRP) [13, 20], col-
lagen matrix [73, 74], silk-chitosan scaffolds [1], 
 collagen–elastin matrices [25], and naturally formed 
cellular aggregates [2]. The ability of ASCs to medi-
ate repair of full-thickness wounds has also been 
tested using various models based on db/db mice [2, 
74], mitomycin-C treated wounds in rats [73], or rat 
irradiated skin [26].

Of course, the delivery mode of these cells is impor-
tant and can affect their capacity to mediate tissue 
repair. For local cell transplantation, a scaffold or 
matrix able to sustain ASCs proliferation and survival 
in the wounds is favorable. A study comparing ASCs 
delivered as 3D multicellular aggregates to cell sus-
pensions directly applied into the wounds indicated 
that cell aggregates (spheres) promoted faster wound 
closure [2]. Those 3D spheres are enriched in ECM 
components produced naturally after ascorbic acid 
stimulation. The combination of cells, matrix, and 
endogenously produced growth factors secreted in 
higher amounts by the 3D spheres than by cells 
expanded in monolayer likely explain the increased 
healing.

Few studies have compared the regenerative 
potential of ASCs to dermal fibroblasts [25] or to 
bone-marrow derived mesenchymal cells [26]. 
However, most of the wound healing studies reported 
the benefits of using ASCs compared to an acellular 
matrix or to the delivery vehicle alone. The pro-
posed mechanisms of action that would be respon-
sible for this favorable wound repair by ASCs 
transplantation include enhanced reepithelializa-
tion, improved dermal regeneration, and increased 
vascularization of the wound. This is not surprising 
considering the important biological effects medi-
ated by the factors secreted by ASCs that likely 
account for a large part of their healing properties 
(reviewed in [51]). More detailed characterization 
of ASCs and their secretome in comparison to other 
mesenchymal cell types will pinpoint their role and 
future involvement as therapies for in vivo skin 
repair and regeneration.

21.5  Conclusions

The discovery of adult multipotent stem cells within 
the stroma of adipose tissue opened the door to a wide 
range of possibilities in regenerative medicine. 
Growing autologous tissue from the patient’s own stem 
cells in order to repair damaged tissue and restore tis-
sue function is becoming a reality. A clear advantage 
of using ASCs in regenerative medicine and tissue 
engineering resides in the possibility to harvest a great 
amount of subcutaneous adipose tissue. This is usually 
performed by a lipoaspiration procedure associated 
with reduced morbidity at donor sites in comparison 
with the harvesting of dermis, for example. Our previ-
ous findings compared cell yields obtained for ASCs 
and dermal fibroblasts. At the time of extraction, 1 g of 
dermis contained more cells than 1 g of adipose tissue. 
However, the average proliferation of fibroblasts and 
ASCs was not significantly different when passaged 
once or twice under the same culture conditions [99]. 
This translates into the possibility of culturing and 
expanding more ASCs because a significant amount of 
adipose tissue can be harvested in the first place. This 
would reduce the period required for cell expansion 
in vitro before tissue reconstruction.

The skin substitutes presented here can be engi-
neered in an autologous fashion from a single donor site 
such as a lipectomy biopsy. However, considering that 
in our hands, ASCs from lipoaspirated fat perform bet-
ter than ASCs from excised fat [104], the preferred pro-
cedure would include the harvesting of a stamp-size 
piece of skin (1–4 cm2) combined with a small volume 
of lipoaspirated subcutaneous fat (approximately 100 g). 
This type of autologous reconstruction would then take 
advantage of the properties of two important mesenchy-
mal cell types. It would likely benefit patients requiring 
skin reconstruction by accelerating the production of 
complete skin substitutes.

In general, the quality of various tissues engineered 
in vitro depends on the quality of the cells as well as 
the method of production including the type of ECM 
components involved. Each type of engineering strat-
egy should investigate the preservation of stem cells 
under their culture conditions because the long-term 
survival of the tissue/organ after transplantation 
depends on their presence for homeostasis mainte-
nance. This is particularly true for organs in constant 
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renewal such as skin (epidermis). In that respect, we 
have shown that the self-assembly method of tissue 
engineering recreates a 3D environment conducive to 
stem cell preservation [58, 59, 99].

New substitutes designed to provide even superior 
gain of function will certainly be developed in the 
future. For example, skin featuring a capillary network 
in vitro has been reconstructed using the self-assembly 
approach [34, 85] and could be used as skin flaps to 
promote vascularization. Further enhancement of skin 
substitutes by the addition of other cell types such as 
melanocytes [88, 89] or neuronal cells [36] has also 
been described and could help to reestablish skin’s 
pigmentation and innervation, respectively. It will be 
interesting, considering their plasticity, to see if the use 
of ASCs for similar endeavors will benefit the develop-
ment of new and improved tissues.

The substitutes described above are produced with 
the aim of being used as autologous substitutes for per-
manent replacement and regeneration of soft tissues. 
In addition, these tissue-engineered substitutes repre-
sent valuable tools for in vitro assays evaluating the 
toxicity or biological effects imparted by specific mol-
ecules [24]. The ability to produce tissue-engineered 
skin or adipose tissue in large numbers under con-
trolled conditions will likely contribute to a better 
characterization of cell–cell and cell–matrix interac-
tions that are so important to our understanding of tis-
sue function. This chapter focused on the production 
of manipulatable adipose tissues and skin substitutes 
using ASCs as the primary mesenchymal cell source. 
However, ASC-based tissue engineering strategies are 
being developed and investigated for many other types 
of applications that also necessitate transplantation of 
solid tissues/organs. As mentioned previously, ASCs 
are studied for the reconstruction and regeneration of 
trachea [52], cornea [4], tendon [101], musculo-skele-
tal [40, 83], as well as urological tissues [46, 109]. It 
will therefore be very exciting to see the extent of ASC 
contributions in the field of regenerative medicine in 
the coming years.
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Industrial Approaches to Adipose Stem 
Cells Engineering 22

22.1  Introduction

Although stem cells engineering represents a promis-
ing workhorse of future health care, nowadays its value 
is far from being relevant from a commercial point of 
view. Few companies currently base their income 
purely on the utilization of stem cells for regenerative 
medicine or on the sale of equipment in the biomedical 
field of regenerative cells. Many industries dealing 
with adipose tissue-derived stem cells (ATDSC) have 
the main part of their profit deriving from other tradi-
tional sectors of biomedical products, such as pharma-
cological production, commercialization of laboratory 
consumables and medical instruments. Currently, the 
lack of compelling evidence makes cells processing 
and engineering one of the most volatile sectors in the 
financial market of health and biomedical production. 
In addition, very little national funding is devoted to 
research in ATDSC engineering, which makes devel-
oping slow and mainly supported by commercial fund-
ing. Although stem cells industry has recently dedicated 
many efforts to embryonic stem cells, there has been 
little advance in translating these results into the clinical 
area due to the persistence of ethical, immunogenic, and 
tumorigenic issues. Concomitantly, potential advan-
tages have been associated with the use of adult stem 
cells derived from bone marrow, blood and more 
recently from adipose tissue. Fat tissue is a virtually 
unlimited and cheap source of regenerative cells. 
Adipose stem cells can be harvested and injected with 
or without in vitro processing in the same patient and 
therefore represent an autologous potential therapeutic 
strategy for many diseases, which overpasses the prob-
lem of allologous tissue reactions.
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Pioneer attempts of fat harvest and autotransplanta-
tion for reconstructive plastic surgery are well described 
in the literature and date back to the nineteenth century 
[3, 12]. Similar attempts are also described in the field 
of cardiac surgery. For example, omental flap has been 
used for reconstructive surgery following sternal 
wound infection/dehiscence. Furthermore, cardio-
omentopexy had been demonstrated as a surgical tech-
nique for myocardial revascularization for ischemic 
heart disease induced by autologous tissue [2, 14, 18], 
before the era of direct coronary artery bypass graft-
ing. Industrial involvement into ATDSC harvesting 
technology and engineering relates to all phases: from 
harvesting to delivery through the several more and 
less complicated types of fat processing and stem cells 
extraction, banking, culture, differentiations and clini-
cal applications. We will explore in this chapter the 
technology currently available for ATDSC processing 
and delivery and discuss potential future development 
of this relatively new discipline. Of note, only demon-
strative examples are given from the industrial world, 
with apologies to those industries that are not cited.

22.2  Technologies of Fat Processing

Once the lipoaspirate, an otherwise disposable by-
product of aesthetic surgery, has been obtained, ATDSC 
can be extracted with specific ways of fat processing, 
including enzymatic digestion, filtration and centrifu-
gation of the stromal-vascular fraction, where adipose-
derived stem cells reside. However, autologous fat 
transplantation has been carried out for at least one 
century with minimal or no pretransfer fat processing, 
until the 1990s, when centrifugation was diffused by 
the American dermatologist Sydney Coleman.

22.2.1  Simple Techniques  
of Fat Processing

Simple techniques of fat processing preceding cen-
trifugation had included filtration, lavage, separa-
tion with a decanter and oil absorption with blotting 
paper. Sydney Coleman confirmed that adipose tis-
sue could be transferred satisfactorily if a strict 
protocol for preparation and injection of fat was 
respected.

22.2.1.1  Centrifugation
Centrifugation was discovered to concentrate adipo-
cytes, separating them from adipo-toxic substances, 
such as lipids, proteases, lipases, and blood cells. 
Centrifugal forces vary by two parameters: revolutions 
per minute (rpm) and radius of centrifugation, although 
usually only the first parameter of the two is men-
tioned, being the second considered a standard feature 
of centrifuges. A more accurate measurement unit for 
this scope is the gravity acceleration (g), which is 
9.8 m/s2. Centrifugation separates the harvested fat 
into three layers:
1. An upper part of oil containing tryglycerides and 

chylomicrons deriving from cell lysis
2. A middle layer containing the purified fat
3. A lower layer with blood residues, serum and infil-

tration fluid
The recommendation for the choice of the centri-

fuge is a machine with a central rotor and sleeves that 
can be steam sterilized, in order to reduce the risk of 
contamination. Coleman designed several cannulas for 
harvest and several cannulas for injection, which differ 
significantly. Coleman’s cannulas along with lipotrans-
fer-specific equipment, all designed by Coleman himself, 
are commercialized by Byron Medical Inc, Tucson, 
Arizona. The rate of centrifugation proposed by the 
pioneer of fat processing is 3,000 rpm for 3 min [4]. 
This corresponds to 1,207 or 1,811 g, depending on 
either a 12- or an 18-cm radius of gyration, respec-
tively. On the ground of possible cellular damage 
because of the centrifugal forces, many studies have 
been done investigating the effects of these forces on 
survival of adipocytes and adipose-derived stem cells 
[20, 24].

A recent study has shown that cell survival percent-
ages are significantly lower when centrifugation rates 
of 1,200 g are used for longer than 5 min and 3,000 g 
for longer than 1 min [13].

The current recommendation is 1,200 g for 5 min as 
an optimal centrifugal force among all the tested forces 
for achieving valid results in fat transplantation, both 
in the short and long term.

22.2.1.2  Frozen Storage
Another technology of fat processing, which was intro-
duced in 2001 by Shoshani and coworkers [21], is fro-
zen storage for repeated procedures. Human adipose 
tissue extracted with lipoaspiration was preserved in a 
domestic refrigerator for 2 weeks at –18 °C. The fat 



24722 Industrial Approaches to Adipose Stem Cells Engineering

was then thawed and injected into nude mice. Fat-
injected mice with freshly harvested fat and with 
defrosted fat were compared and no significant differ-
ences were found between the two groups, in terms of 
fat graft weight and volume.

For the specific purpose of harvesting stem cells 
from the lipoaspirate, the fat is divided into two parts. 
The first portion is washed thoroughly with sterile 
phosphate-buffered saline (PBS) to remove red blood 
cells and contaminating debris and then treated with 
0.075% collagenase (type I, commercialized, among 
the various companies, also by Sigma-Aldrich, St. 
Louis, Missouri) in PBS at 37 °C for 30 min with gen-
tle agitation. The enzyme is then inactivated with an 
equal volume of 10% bovine serum and the infrana-
tant is centrifugated at 1,200 g for 5 min. The cellular 
pellet is then resuspended in 10% fetal bovine serum 
and passed through a 100-micrometer filter, in order to 
remove debris [23]. The second part of the lipoaspi-
rate is centrifugated for 5 min at 1,200 g. The stromal 
vascular fraction obtained with the above mentioned 
fat processing can be expanded in culture or used 
directly as a source of stem cells for autotransfer. If 
adipose stem cells need to be expanded in culture, 
they are plated on gelatin-coated dishes (30,000 cells/
cm2) and cultured in an atmosphere of 5% carbon 
dioxide and humid air at 37 °C. The culture medium 
consists of 0.5 mM isobutyl-methylxanthine, 1 mM 

dexamethasone, 10 mM insulin, 200 mM indomethacin 
and 1% antibiotic/antimycotic. After 1 week, attached 
cells are trypsinized and cultured in the same medium, 
which has to be replaced every 3rd day.

22.2.1.3  Photomodulation
A recently commercialized modality of adipose stem 
cell processing, proposed by ISCI (International Stem 
Cell Institute, USA) and by Adistem Ltd (biotechnol-
ogy company born in Hong Kong) is the Adilight1® a 
LED device which, according to the company, activates 
adipose stem cells by means of photomodulation 
(Fig. 22.1). Along with this product, Adistem also pro-
duces kits for extraction of stem cells from different 
volumes of lipoaspirated fat, for both clinical or research 
and laboratory utilization. The rationale for the use of 
this photoactivation would be the fact that large num-
bers of adipose stem cells lie dormant within the adi-
pose tissue and therefore they need activation to become 
fully functional. Adistem also commercializes AdiStem 
PRP Kit®, a system that allows the extraction of growth 
factors (GFs) from the patient’s platelets. These plate-
let-derived regenerative factors are then utilized to acti-
vate the adipose-derived cells harvested from the same 
patient. Adistem has also started a different type of fat 
processing for stem cells harvesting. This consists of 
the use of lecithin-liposomal factors instead of enzymes, 
which should make the extraction quicker.

A small amount of
fat − 200cc is taken
form your waste area.

Stem Cells are
separated from
fat cells.

Your Stem Cells
are activated with
AdiLight-1.

Your activated
Stem Cells are returned
to you through an IV

1 2

Use Your Fat Stem Cells for Treatment

Harvest Separate Activate Treat

3 4

Fig. 22.1 Adistem™ technology for intravenous treatment
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22.2.2  Future Directions  
with ATDSC Processing

Available techniques for processing of ATDSCs have 
the potential limitation of poor cell selection within a 
given population of cells. This might lead to poor 
understanding of the mechanistic insights leading to 
the observed tissue repair. This limitation could be 
addressed in the future with the development of 
ATDSC sorting and selection either with immuno or 
functional assays in vitro.

22.3  Technologies of Fat and Adipose 
Stem Cells Delivery

The importance of mode of delivery for the success of 
stem cell therapy is becoming very obvious as new evi-
dence become available. This concept applies also to 
ATDSC.

In the 1980s, Illouz [8–11] and Fournier [5, 6] 
invented a simple approach to fat transfer, after syringe 
harvesting, called by Fournier “microlipoinjection” 
[5]. This is based on injection of small drops of fat 
through 5–10 mL syringes, while withdrawing the 
needle. Some years later Coleman introduced a per-
sonally designed equipment for fat injection, consist-
ing of small syringes with blunt cannulas, either curved 
or straight, much smaller than the cannulas utilized for 
aspiration. Cytori’s CellbrushTM is a recent innovative 
device intended for use on autologous fat delivery. 
This allows the surgeon, with a brush of thumb, to 
exactly control the amount of fat droplets injected into 
the area, with no need to look at the syringe at any 
time. In case of cell-enriched lipotransfer, consisting 
of fresh or cultured adipose stem cells, the cells are 
gently mixed with the processed lipoaspirate and after 
the 15 min needed for cell adherence to the centrifuged 
fat, the cell-enriched lipograft can be transplanted [23]. 
An injection syringe system delivers the cell-supple-
mented fat with an 18-gauge needle. Diffuse spreading 
of the complex lipograft is obtained by creating mul-
tiple planes in several directions, always from the 
depth to the more superficial aspects. The fat graft 
should be injected as the cannula is withdrawn and 
care should be taken in order not to inject excessive fat. 
An alternative modality of delivering the freshly cul-
tured or isolated stromal vascular fraction is by 

resuspending it in saline and then diffusely infiltrating 
the lipografted area [23].

22.4  Integrated Systems

The diffusion and establishment of fat transfer as an 
effective cosmetic and reconstructive technique, as well 
as the results in the medical research, validating the util-
ity of this procedure, have stimulated the industrial world 
to commercialize sophisticated products for fat transfer. 
The most recent devices tend to integrate all or some of 
the three phases of harvesting, processing and injecting, 
in addition to the preliminary stage of infiltration, in a 
single or few complex systems. This has relevantly 
diminished the efforts and the labour of the surgeon dur-
ing the procedure, although the preparation of the equip-
ment may sometimes be arduous with these new complex 
devices. In addition, the cost of the machinery and of the 
consumables may be significant and biotechnology tech-
nicians may be required in the operation room. The most 
advanced integrated systems offered by the market allow 
a sophisticated fat-processing consisting of isolation and 
concentration of adipose-derived stem cells. In addition, 

Fig. 22.2 Cytori’s Celution®
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these evolved integrated systems incorporate in a single 
or few equipments the stages of infiltration, harvest and 
injection of processed lipoaspirate along with adipose 
stem cells, what has been called cell-assisted lipotrans-
fer. An example of complete and sophisticated integrated 
system for cell-enriched lipotransfer is Celution® 800/
CRS System, the device commercialized by Cytori 
(Fig. 22.2). The Celution® System is a bedside com-
pletely automated device that isolates autologous adi-
pose tissue-derived regenerative cells within about an 
hour, beside the patient. It consists of a closed system 
with disposables, allowing the clinician to produce a 
high yield cell suspension of stem and regenerative cells 
at the bedside for immediate use and this rapid process-
ing can be directly included within the same procedure. 
The process starts with the harvest of adipose tissue by 
liposuction. During the fully automated isolation by the 
Celution® System, the adipose tissue is enzymatically 
digested and concentrated into a cell suspension. In the 
following stage, all lipid-laden adipocytes and debris are 
removed from the therapeutic ADRCs, which will con-
tain a mixture of adult mesenchymal-like stem cells, 
endothelial progenitor cells and other adipose tissue 
stromal cells. At this stage the cell isolate is ready for 
delivery to the patient.

For extraction, processing and delivery of purified 
adipose tissue, without isolation of the regenerative 
component, Cytori has produced its Puregraft™ 250 
(Fig. 22.3). It consists of an outer bag with a 

combination of inner membranes allowing gentle 
washing, removal of debris and tumescent fluid, and 
overall purification of the graft.

Tissue Genesis is also a company dealing with adi-
pose-derived stem cells, offering its Tissue Genesis 
Cell Isolation System, including a harvest set, a cell-
processing unit which works at the bedside and a deliv-
ery set.

Another example of integrated system for autolo-
gous fat transfer is the Lipokit® with Lee’s 50 mL 
syringes, produced by the Korean Medi-Khan. With 
Lipokit several phases are offered within a single 
machine, called fat-processing unit (FPU): tumescent 
injection, liposuction, centrifugal harvest of pure adi-
pose tissue with exclusion of oils and impurities and 
fat transfer under a closed-loop environment with 
nearly no exposure to contamination sources or sur-
rounding air during the whole surgical procedure. For 
both the harvest and the transfer, the surgeon can use 
the same Lee’s 50 mL autologous fat transfer syringes, 
which are equipped with a weight-mesh piston. This 
device can squeeze fat aspirates separating impurities 
and free oils from pure adipocytes during Lipokit cen-
trifugation. The surgeon obtains low or high air pres-
sure and vacuum power using foot pedal switches. 
Low or high air pressures are for infiltration and fat 
transfer and vacuum power for liposuction. For fat 
injection, the surgeon can either use syringes, even the 
50 mL Lee’s syringes themselves, or utilize the 

Fig. 22.3 Cytori’s Puregraft™
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infusion pump for large quantities of adipose transfer. 
The high energy centrifugation (3,500 rpm for 
8–10 min) and the recommended use of the big 50 mL 
syringes for injection are the two distinguishing pecu-
liarities of the Lipokit system.

Medi-Khan has also launched on the market the 
Maxstem® device, which allows, with many analogies 
with the Cytori’s Celution, the extraction of adipose 
stem cells in real time at patient’s bed, in approximately 
1 h and 20 min. It consists of a specific incubator and 
relative consumables and is commercialized as capable 
of isolating millions of stem cells/cc. After fat harvest-
ing with Lipokit, an optimal concentration of enzyme/
collagenizer solution is prepared, using a special adi-
pose stem cells isolation syringe. The same volumes of 
lipoaspirate and enzyme-processed solution are mixed 
and then incubated in the MaxStem incubator, within 
rotatory motion and slope container for some certain 
minutes. The next stage is centrifugation at an optimized 
g force for 3–4 min. The suspension is then washed and 
centrifugated three more times, at desired g force and 
finally adipose regenerative cells are obtained at the bot-
tom part of an adipose stem cells isolation syringe.

As a further possibility for stem cells delivery, 
Medi-Khan also commercializes a device for micron-
ized autologous fat gel, an injectable fat filler. This 
represents an interesting autologous alternative to 
expensive artificial synthetic fillers. Injection is per-
formed with a 26–30 gauge needle and is useful for the 
fine and elaborate injection areas.

For a gentle extraction of adipocytes, preadipocytes, 
and stem cells, the German Humanmed has produced 
Body-Jet (Fig. 22.4). Body-Jet Liposuction is a device 
delivering pulses of saline to gently dislodge fat for 
easier aspiration [25], with less vascular and nerve 
damage. This product is born from technological devel-
opment of previous systems for waterjet-assisted treat-
ment in various applications (e.g. helix hydro-jet). The 
aspirated fat is filtered, washed and collected inside a 
canister (LipoCollector/FillerCollector), from which it 
can be retrieved relatively easily with 50 mL syringes. 
With the syringe connector, smaller syringes are pre-
pared for injection, with no need for centrifugation. 
The company recommends Bodyjet as a valid device 
for fat harvest and injection in breast augmentation and 
defines this surgical application BEAULI (Breast 
Augmentation Lipotransfer). According to Humanmed 
AG, this waterjet approach eliminates the necessity for 
the brute movement of an aspiration cannula which is 

necessary with traditional liposuction. Compared to 
traditional lipoaspiration, smaller volumes of tumes-
cent fluids are injected into the body. With Body-Jet, the 
amount of fluid maintained at any given time within  
the body is therefore probably reduced, which enables 
the surgeon to inject less anaesthesia and perform a 
better anatomical assessment. According to publica-
tions, Body-Jet Liposuction is often performed in less 
time than traditional liposuction and patients experi-
ence less discomfort, swelling and bruising and shorter 
recovery due to the gentle water spray technology [1, 
15, 16]. A recent study by C. Herold and coworkers [7] 
describes the results of fat harvesting by water-assisted 
liposuction (WAL) and subsequent autologous fat 
transfer. By means of MRI scan, autologous breast 
lipotransfer was evaluated in terms of breast volume, 

Fig. 22.4 Humanmed’s Bodyjet
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preoperatively and postoperatively. A mean volume 
augmentation of 147 ± 18 mL was performed and 
72 ± 11% of the transplanted adipose tissue persisted in 
the area of injection after 6 months. According to pre-
liminary results of a study which is being conducted 
with WAL, there is no reduction in the amount of adi-
pose stem cells in the lipoaspirate.

Another valid industrial device for relatively small-
medium amounts of fat transfer is the LipiVage™ 
(Fig. 22.5), produced by the American company 
Genesis Biosystems. This innovative tool is a special 
syringe connected to an aspirator. Fat cells collect in 
the harvester, a sterile filtration chamber inside the 
device. Once inside, the lipoaspirate is gently lavaged 
and concentrated by the low vacuum and filter. 
Unwanted fluids pass through the lipoaspirate and fil-
ter, and are discarded into an attached waste canister. 
The resulting processed lipoaspirate consists of con-
centrated fat tissue, immediately ready for autologous 
transfer. As initially the Lipivage device was created 
for lipotransfer into the face and hands, a bigger sys-
tem called High volume Lipivage has been created, for 
aspiration, processing and injection of larger quantities 
of fat tissue for body contouring.

22.5  Industrial Applications  
of Adipose-Derived Stem Cells

Over the last years there has been a growing interest 
from the industry on the use of ATDSC for tissue repair. 
A comparative summary of the industrial approaches 
to adipose stem cells engineering is reported in 

Table 22.1. The initiating industrial entity dealing with 
extraction, processing, delivery and research on adi-
pose adult stem cells has been Cytori Therapeutics, 
especially since obtaining the CE Mark for its product 
Celution® in 2006. The Korean Medi-Khan is also 
investing relevantly in technology for autologous adi-
pose tissue engineering. The two enterprises, along 
with Tissue Genesis, are currently leading in the field 
of adipose stem cells harvesting, banking, processing, 
engineering and experimenting. Medi-Khan is also 
producing human scaffolds through the process of fro-
zen drying, for future adipose tissue medical engineer-
ing. For clinical use, the adipose stem cells isolation 
process can be done in any certified laboratory under 
Good Manufacturing Practice (GMP) conditions. The 
described commercial devices can perform the isola-
tion of stem cells in a closed automated system in the 
operation room are still being evaluated by the FDA. 
The FDA has rules pertaining to the marketing of cells 
that have been more than “minimally manipulated,” 
such as those digested with enzymes. Cytori’s PureGraft 
System for pure fat grafting has just been FDA approved 
for use in the USA in 2010.

Clinical trials involving adipose regenerative cells 
selected with the technologies described above have 
been being conducted in Asia and Europe in the last 
few years with encouraging results. Lipoaspirate has 
been shown to be an optimal source for real-time cell 
therapy utilizing a patient’s own cells, as initially 
described in April 2001 by a research group from the 
University of California at Los Angeles. Cytori was 
founded in 1997 as Macropore and in 2005 the name 
changed to Cytori which derives from “cyto” for “cell” 
and “ori” for “originate.” Initially, Macropore pro-
duced and commercialized bioresorbable plates and 
screws. Between  2000 and 2002, Macropore manage-
ment started considering alternative opportunities in 
regenerative medicine and discovered a common 
vision with a young company, StemSource, which had 
been founded by Dr Marc Hedrick. Dr Hedrick is cur-
rently Cytori’s president and the new mission of and 
the focus of the company is based on his research work 
with adipose tissue and stem cells. In 2002, Macropore 
sold the rights for full commercialization of the origi-
nal craniofacial and other products, which allowed it to 
acquire StemSource and fund development of the 
Celution System and its clinical application in terms of 
stem cells therapies. In 2005, Cytori signed a joint ven-
ture with Olympus Corporation worth up to $55 

Fig. 22.5 Lipivage by Genesis Biosystems
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Table 22.1 Comparison of products and research areas in the industrial approaches to adipose stem cells engineering

Company Country Products for ADSC 
isolation

Products for fat grafting Research on ADSC/other 
products

Cytori USA, but mainly 
operates in Europe 
and Japan

Celution® closed system for 
extraction of Vascular 
Stromal Fraction (VSF)  
in 1 h

PureGraft™ 250/Celbrush™: 
equipment for fat grafting, 
based on filtration, fat 
washing and controlled 
microinjection

Research on breast 
reconstruction, acute and 
chronic heart failure. Many 
other preclinical studies

Medikan Korea Maxstem® : bedside closed 
system for extraction of 
VSF in 1 h and 20 min

Lipokit: single machine for 
fat extraction, processing 
through high energy 
centrifugation and delivery

Filler-Geller, adipose-
derived scaffolds

Tissue genesis USA Cell isolation system: 
bedside closed system for 
extraction of VSF in 1 h

Research on peripheral 
vascular disease, pelvic 
disorders. ADSC-coated 
vascular graft

Adistem/ISCI Hong Kong, Mexico, 
USA

Use of lecithin-liposomal 
mixture for extraction. 
Adilight-1®: LED for ADSC 
photoactivation. Kits for 
stem cells isolation from 
lipoaspirate.

Parkinson’s, rheumatoid 
arthritis, Alzheimer’s, 
myocardial ischemia, lupus, 
multiple sclerosis, stroke, 
diabetes type 1 and type 2, 
COPD, spinal cord injuries, 
and autoimmune diseases

Humanmed Germany Body-Jet: single machine 
for waterjet-based fat 
extraction, processing 
through lavage and delivery

Study on preservation of 
ADSC in the waterjet 
lipoaspirate

Genesis 
Biosystems

USA Lipivage™: vacuum system 
for extraction, filtration, 
lavage and reinjection of fat

Cellerix Spain Inflammatory bowel disease/
Ontaril®: ADSC-based drug

RNL BIO Korea Adipose stem cell therapy 
for osteoarthritis and 
autoimmune disease 

Medistem USA Multiple sclerosis, weight 
loss

Invitrogen USA Laboratory products for 
extraction, culturing, and 
differentiation of adipose 
stem cells

million in order to develop the next generation Celution 
System. Cytori started selling the Celution System in 
2008 in cosmetic and reconstructive surgery institu-
tions and practices. During 2008 and early 2009, the 
industry worked closely with some Celution utilizers 
in order to optimize the instrumentation, delivery tools 
and Celution System yield and processing time, so that 
it would be more suitable for the plastic surgery mar-
ket. The product has received a CE Mark, for process-
ing and re-injection of a patient’s own cells during the 
same surgical procedure. FDA approval is in process. 
According to studies conducted by Cytori and other 

independent researchers [17, 26–28], the transplant 
weight of fat persisting after 6 months over the skull of 
nude mice normalized to a fat-only group is 250% with 
a fresh cells-enriched lipograft and 150% with cul-
tured-enriched lipograft. The company also sells a sys-
tem for adipose cell banking, which allows the 
preservation of fat tissue harvested in a single proce-
dure, for multiple delivery sessions. Cytori, among the 
few other companies extracting adipose stem and 
regenerative cells, has a wide range of clinical and aca-
demic centres in Asia and Europe where studies on 
adipose stem cells are conducted. Cytori is now 
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working with physicians to secure reimbursement in 
Europe for breast reconstruction following partial 
mastectomy and the RESTORE-2 study supports this 
effort. Preliminary results of this clinical research are 
encouraging, according to the investigators. More 
recently, the use of ATDSC for cardiovascular repair is 
gaining increasing interest particularly following the 
conduction of clinical studies by researchers of the 
Tulane University in collaboration with Cytori. These 
two studies (Apollo and Precise) focus on patients with 
myocardial infarction and assess the safety and effi-
cacy of ATDSC processed with Cytori technology. In 
May 2010, based on the outcomes of the Apollo heart 
attack clinical trial, Cytori announced that adipose 
stem cells may improve heart vascularity and function 
when injected into a myocardial infarction and that 
they now plan a European Multicenter Pivotal Trial. It 
is reported that the trial showed a 47% reduction in the 
infarct size, as compared with the control group, along 
with an improvement in perfusion within the left ven-
tricle. If confirmed this would be a major finding as 
infarct size is reported as predictor of poor clinical out-
come. Similarly, data from the Precise trial on 27 
patients with chronic heart attack suggest that the use 
of ATDSC is associated with a reduction in the extent 
of infarct size and a significant improvement in maxi-
mum oxygen consumption and patients’ aerobic capac-
ity. The research by Cytori and Tulane is the first to 
prove the possibility of using autologous, uncultured 
cells as a therapy for ischaemic cardiac disease. With a 
lower degree of advancement, Cytori is also conduct-
ing studies with adipose stem cells in spinal disc repair 
and wound healing. Independent investigators are 
being funded by several academic hospitals in Japan 
for studies on radiation injury, facial wasting, skin 
graft, cardiomyopathy, urinary incontinence, renal 
failure, liver disease, Crohn’s disease, and calvarial 
repair. In many other areas, preclinical studies are cur-
rently being conducted and Cytori is obtaining revenue 
from the sale of devices and consumables used in these 
researches.

This research therefore suggests ATDSC as a fur-
ther potential source of stem cell for myocardial 
repair and further studies are warranted to confirm 
these preliminary findings. Cytori has also announced 
the conduction of other clinical studies in the areas of 
wound healing. Concomitantly, independent investi-
gators are being funded by several academic hospi-
tals to assess the impact of ATDSC on other clinical 

conditions including radiation injury, facial wasting, 
skin graft, cardiomyopathy, urinary incontinence, 
renal failure, liver disease, Crohn’s disease, and cal-
varial repair.

AdiStem is also contributing to research in adipose 
stem cells engineering in the fields of type II diabetes, 
breast reconstruction postlumpectomy, healing of dia-
betic ulcers and hair regrowth in baldness. Future 
research areas on which this industry is investigating 
include osteoarthritis, emphysema, stroke, heart fail-
ure and early stage Parkinson’s disease. Adistem does 
not use any enzymes (such as collagenase) to digest 
the fat (or lipoaspirate), but rather a lecithin liposomal 
mixture (based on phosphatidyl choline) to emulsify 
the lipid containing cells (adipocytes) and then remove 
all non-lipid containing cells (stromal/stem cells). 
According to the company, this process allows for a 
quicker and more efficient extraction of the stromal 
cells. Furthermore, Adistem technology also includes 
the use of low level light frequencies to turn dormant 
stem cells into their active phase (S0 to S1). It is wor-
thy noting that in collaboration with Adistem, the 
International Stem Cell Institute (ISCI) is currently 
planning clinical studies with lipoaspirate-derived 
regenerative cells for many indications, such as 
Parkinson’s disease, rheumatoid arthritis, Alzheimer’s 
disease, myocardial ischemia, systemic lupus erythe-
matosus, multiple sclerosis, stroke, type 1 and type 2 
diabetes mellitus, chronic obstructive pulmonary dis-
ease and spinal cord injuries.

Ontaril® (Cx401), produced by Cellerix (Madrid, 
Spain) is a medication obtained from adipose stem 
cells. It represents the first drug based on adipose regen-
erative cells, to be studied in a clinical trial. Preliminary 
results of ongoing prospective studies on Ontaril have 
shown ability to induce healing and regulate the 
immune system as well as anti-inflammatory proper-
ties. Ontaril is an injectable suspension containing 
regenerative cells. These are isolated from the patient’s 
lipoaspirate and subsequently expanded. Ontaril is 
being evaluated in several clinical trials for two 
indications:

Treatment of complex perianal fistulas with cryp-•	
toglandular origin (patients without inflammatory 
bowel disease).
Treatment of complex perianal fistulas complicat-•	
ing Crohn’s disease.
Traditional therapies for complex fistulas in Crohn’s 

disease have low success rates and are expensive. 
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Surgery is often indicated for perianal fistulas without 
inflammatory disease, but the risk of faecal inconti-
nence is high. Ontaril has been termed an Orphan Drug 
by the European Medicines Agency.

Invitrogen (USA) is a supplier of products for labo-
ratory-based research and has recently commercialized 
STEMPRO®, defined as a Human Adipose-Derived 
Stem Cell Kit. This consists of adipose stem cells 
derived from a donor of human lipoaspirate and ready 
for culture and expansion with a specific medium.

Medistem Inc. has recently announced [19] encour-
aging preliminary results on three patients with multi-
ple sclerosis who were treated with their own 
adipose-derived stem cells. This treatment was based 
on the rationale that the stromal vascular fraction of 
adipose tissue exhibits immunomodulation properties, 
in addition to regenerative activities. Another possible 
application of adipose stem cells which has been pro-
posed by Medistem is obesity, based on the clinical 
findings that various stem cell populations, in particu-
lar obtained from liposuction mononuclear cells, are 
able to induce weight loss in subsets of patients.

RNL BIO CO. LTD is a Korean company in the 
area of embryonic and adult stem cell research. Many 
are the diseases target of studies and clinical trials by 
RNL, such as myocardial infarction, osteoarthritis, 
spinal cord injury, limb ischaemia, as well as cosmetic 
procedures. This company also offers a service of 
banking for adipose stem cells.

22.6 Conclusion

In the current global industrial scenario, adipose-
derived stem cells remain a promising biotechnologi-
cal weapon in plastic reconstructive and aesthetic 
surgery, while they are being tested as a further source 
of stem cells for tissue repair in other clinical areas 
[22] including cardiovascular.

Although this cell type and related technology is 
emerging, it does not have at the present a dominant 
position in the developing market due to limited inter-
est over the years by scientists, biomedical industry 
and non-commercial funding bodies. Recently, this 
trend appears changing and the renewed interest in 
ATDSC might lead to the development of refined 
technologies. Fat regenerative cells have potential 
practical advantages when compared with other 
sources of adult stem cells. Their abundance, ease of 

harvest and processing, coupled with easy culturing 
in vitro might gradually make this cell type replace 
other more common sources of adult stem cells includ-
ing bone marrow. This has led to a major interest by 
industry, triggering a large body of experimental and 
clinical work. Cytori and its Celution technology are 
leading the effort in developing the infrastructure for 
the advancement and utilization of adipose-derived 
therapies.
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Future Research in Adipose Stem Cell 
Engineering 23

23.1  Introduction

Adipose stem cells have a bright prospect in regenera-
tive medicine especially for tissue engineering. The 
term tissue engineering actually refers to regeneration 
of tissue/organ using three components, i.e., cell, scaf-
fold and growth factors, though the three components 
are not always simultaneously used. Therefore, in a 
broader sense, tissue engineering may use only cells, 
scaffold, or growth factors [25]. In this chapter, the cell 
for adipose stem cell engineering refers to adipose tis-
sue-derived stem cells. Compared to bone marrow 
stem cells, adipose tissue-derived stem cells have many 
advantages as adipose tissue is easier to get in larger 
volumes and at lower risks [35], and the most impor-
tant for patient, the procedure to get adipose tissue is 
less painful compared to bone marrow puncture.

Recently, researches in tissue/organ engineering are 
accumulating. For adipose stem cell engineering, stud-
ies on various adipose tissue-derived stem cells have 
been conducted [9, 28, 35, 39, 46], and various bioma-
terials [11, 45] and methods for tissue/organ engineer-
ing using various kinds of cells have been studied [6, 7, 
12, 18, 19, 26, 27, 43, 49].

However, problems to good manufacturing prac-
tice arose, as researches in adipose tissue-derived 
stem cells used various protocols or modifications of 
the protocols that lead to nonstandardized products. 
To use adipose tissue-derived stem cells for regenera-
tive medicine, it is very important to follow good 
manufacturing practices in processing the adipose 
tissue to yield the desired stem cells in sufficient 
amount without using any animal-derived materials 
in the process [45].
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Adipose tissue-derived stem cells are actually com-
posed of myriads of stem cells that originated from a 
mixed population of activated pericytes at various 
stages of differentiation [10, 35]. Studies showed that 
adipose tissue-derived stem cells were not homoge-
nous [54]. Moreover, some attempts to propagate cer-
tain adipose tissue-derived stem cells by serial passages 
met some problems as most culturing method lead to 
spontaneous differentiation [28, 35, 39, 46] and senes-
cence [9].

Therefore this chapter highlights the advances in 
adipose tissue-derived stem cell researches, and focuses 
on prospective researches that are needed to overcome 
the hurdles in adipose stem cell engineering.

Various studies isolated adipose tissue-derived stem 
cells from the stromal vascular fraction (SFV) or alter-
natively called processed lipoaspirate (PLA) and the 
stem cells that grew after culture were composed of 
various kinds of stem cells that can be identified from 
their surface markers. These stem cells are supposed to 
come from the perivascular niches, and therefore the 
term vascular stem cells is actually more appropriate 
compared to adipose stem cells for adipose tissue-
derived stem cells [35]. In identifying the stem cells, 
different studies used different set of markers and 
therefore got different results, even when using the 
same markers (Table 23.1). Moreover, some of these 
cells may express two or three markers [3, 10, 35]. 
These various kinds of adipose tissue-derived stem 
cells that attach on plastic when they are grown in cul-
ture are collectively called as adipose tissue-derived 
mesenchymal stem cells (AT-MSCs) [35].

23.2  Adipose Tissue-Derived 
Mesenchymal Stem Cells

Adipose tissue-derived mesenchymal stem cells showed 
similar properties to the previously characterized bone 
marrow-derived mesenchymal stem cells (BM-MSCs) 
[35]. The AT-MSCs bear similar CD markers to BM- 
MSCs, and in vitro can be stimulated to differentiate 
into cells of the mesodermal lineage such as osteo-
genic, chondrogenic, adipogenic and myogenic (skel-
etal muscle) cells, and even into neuronal protein 
expressing neuron-like cells [66]. Another studies 
showed that AT-MSCs under proper condition differ-
entiated into endothelium and showed angiogenic 
capacity [47], and into functional cardiomyocyte-like 

cells that expressed specific cardiac markers and 
showed appropriate physiological response to adrener-
gic and cholinergic agonist [46]. In addition to their 
differentiation potential, AT-MSCs have a potential to 
prevent graft versus host disease (GvHD) [63].

Minimal criteria for BM-MSCs and other tissue 
MSCs according to the International Society for Cellular 
Therapy (ISCT) are adherence to plastic under standard 
culture condition, expression of specific surface markers, 

Table 23.1 Adipose tissue stem cell identification using vari-
ous markers [3, 35, 39]

Surface markers Percentage of surface 
marker bearing stem cell

CD13 [3, 39] 5.6 ± 3.9 [3], SVF: 37.0 ± 0.2 
[39], P0: 79.5 ± 9.79 [39]

CD14 [3] 10.9 ± 9.6 [3]
CD15 [3] 2.0 ± 1.7 [3]
CD29 [39] SVF: 47.7 ± 13.3 [39], P0: 

71.1 ± 30.3 [39]
CD31 (endothelial marker) [3, 
35, 39]

1.8 ± 1.5 [3], NA [35], SVF: 
21.8 ±10.8 [39], P0: 
24.4 ±17.4 [39]

CD34 (hematopoietic and 
endothelial marker) [3, 35, 39]

6.9 ± 3.0 [3] , 22.5 [35], 
SVF: 60.0 ± 11.5 [39], P0: 
59.2 ± 25.4 [39]

CD44 [39] SVF: 63.8 ± 14.5 [39], P0: 
84.1 ± 8.2 [39],

CD45 [3] 9.0 ± 6.9 [3]
CD73 [3, 39] 1.6 ± 1.5 [3] , SVF: 

25.0 ± 6.2 [39], P0: 
74.7 ± 10.2 [39]

CD90 [3, 39] 29.2 ± 20.8 [3] , SVF: 
54.8 ± 10.9 [39], P0: 
76.6 ± 9.6 [39]

CD105 [3, 39] 24.1 ± 22.1 [3] , SVF: 
4.9 ± 3.5 [39], P0: 
42.6 ± 17.7 [39]

CD133 [3] 1.2 ± 1.5 [3]
CD140b (pericyte marker) [35] NA [35]
SSEA1 (stem cell marker) [35] 25.7 [35]
OCT4 (embryonic stem cell 
marker) [35]

1.94 [35]

Wnt5a (niche marker) [35] NA [35]
Telomerase (stem cell marker) 
[35]

1.03 [35]

a-SMA (smooth muscle actin) 
[35]

NA [35]

STRO-1(stem cell marker) [35] 14.90 [35]

Astori et al, 2007[3] Studied crude SVF, Lin et al, 2008 [35] 
studied freshly isolated SVF that were attached to plastic, 
Mitchel et al, 2006 [39] studied SVF and P0
SVF stromal vascular fraction, P0 primary culture, NA not 
applicable
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i.e., CD73, CD90, and CD105, and lack the expression 
of CD34, CD45, CD11b or CD14, CD19 or CD79a, and 
HLA class II, and differentiation capacity into osteo-
blasts, chondroblasts, and adipocytes under standard dif-
ferentiating conditions [16]. However, some studies 
showed that some cells in the primary culture and early 
passages of AT-MSCs expressed CD34, a fact that 
opposed the minimal criteria, though the CD34 cells 
decreased upon further passages [35, 39], indicating dif-
ferentiation into other kind of stem cells or into matura-
tion. Further, in suitable culture condition, CD34+ and 
CD34– AT-MSCs can differentiate into one another [35, 
47]. Several studies showed that serial passages of 
AT-MSCs lead to spontaneous differentiation [35, 39, 
46] and senescence that begin within early passages, 
which is indicated by loss of proliferation capacity and 
change in morphology [28].

Further, all of the surface markers proposed by 
ISCT are also found on fibroblast that also lacks the 
expression of CD34, CD45, and CD14 [22, 61], and 
fibroblast is claimed to be able to differentiate into 
osteoblastic, chondrogenic, and adipogenic cells [22], 
and even into hepatocyte-like cell [37]. The same as 
MSCs, fibroblast also has immunosuppression prop-
erty [22]. However, another study showed that fibro-
blasts have no osteogenic and adipogenic differentiation 
potential [61].

Considering the various kinds of stem cells that are 
labeled as AT-MSCs, questions about their identity 
arise when they are to be used in adipose stem cell 
engineering such as:

Are AT-MSCs real stem cells, each with multipo-•	
tential capacities, or are the various differentiation 
potentials due to accumulated potentials of the vari-
ous AT-MSCs as a whole? Is fibroblast one of the 
AT-MSCs?
If the multipotential capacities are accumulated •	
potentials of the various AT-MSCs, does one type 
of AT-MSC have only one or more than one differ-
entiation capacity? How are the differentiation 
potentials of the various AT-MSCs?
In using AT-MSCs for adipose stem cell engineer-•	
ing, which should be chosen, whole AT-MSCs or 
enriched fraction of the variable individual stem 
cells?
Which fraction of the variable AT-MSCs has the •	
potential to prevent GvHD?
What is the underlying mechanism of the potential •	
to prevent GvHD?

Which pathways are switch on or off, when the •	
AT-MSCs differentiate into a certain kind of cells? 
And thus which substances are involved in the 
differentiation?
As they differentiate into other cells upon passage, •	
are the CD34-bearing AT-MSCs less differentiated 
compared to the other AT-MSCs?

23.3  Prospective Studies on AT-MSC

Considering the questions above, future researches 
should address the identity of the various stem cells 
that are present in AT-MSCs, the potentials of these 
various stem cells and the involved factors including 
factors that may play a role in the stemness of these 
cells, efforts to preserve stemness, and the hierarchy of 
these various stem cells. All these knowledge is invalu-
able to decide which of the various AT-MSCs and 
which treatment designs are to be used in certain adi-
pose stem cell engineering.

23.3.1  Identity of AT-MSCs

To date, little is known about the identity of the various 
kinds of stem cells that are present in the so-called 
AT-MSCs. Our own experience showed that culture of 
adipose tissue-derived stromal vascular fraction 
yielded plastic adherent cells with various morpholo-
gies (Figs. 23.1 and 23.2). Therefore vast studies 
should be conducted to get more information, and to 
identify the suitable markers. The first step is to get 
enriched fractions of all kinds of these stem cells, 
either using flow cytometry equipment or antibody-
linked magnetic beads, or both. A study isolated CD34 
stem cells from the stromal vascular fraction of adi-
pose tissue, which is the source of AT-MSCs, and 
showed that CD34 might be co-expressed with CD45 
and CD133 [3]. In case there is co-expression, the frac-
tion involved should be further fractionated. A prob-
lem may arise as fractionation may yield a minimal 
amount of cell in the fractions, but this can be over-
come by new developed methods that can analyze a 
single cell [58].

Further, to reveal their identity, each fraction should 
be analyzed in many aspects, such as the gene expres-
sion, protein expression, or miRNA profile. Gene 
expression profile can be analyzed using either PCR 
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array or microarray; protein expression can be ana-
lyzed using ELIZA array or proteomic analysis either 
using the supernatant to reveal the cell secretions or 
using the cell lysate; and miRNA profile that reflects 
posttranslational regulation can be analyzed using 
microRNA PCR array or microarray [2, 50–52]. 
Further, epigenetic regulation of gene expression may 
be analyzed by analyzing methylation of the genome. 
The results of the analyses above may reveal the genes 

that are on and off in each fraction, which allow us to 
deduce the function, and may reveal the cell secretions 
that may be useful in certain co-culturing.

23.3.2  Potentials of AT-MSCs

In a certain adipose stem cell engineering choosing the 
appropriate kind of stem cell might be important. There 
are possibilities that the various differentiation poten-
tials of AT-MSCs are due to accumulation of the poten-
tials of myriads of stem cells that are present in the 
AT-MSCs; a certain fraction may have only one or two 
kinds of potential, while another fraction may have a 
broader potential. This supposition is supported by a 
study that showed a successful induction of AT-MSC 
using smooth muscle cell induction medium to make a 
proportion of the AT-MSCs to express smooth muscle 
cell-specific a actin (ASMA) and end-stage smooth 
muscle differentiation marker, the myoglobin heavy 
chain (MHC). The MHC is only present in cells with 
contractile ability. As seen in fluorescent staining, not 
all, but only part of the induced AT-MSCs expressed 
ASMA and MHC [48]. Therefore, studies to reveal the 
differentiation potentials of each fraction are highly 
required as a base in choosing the appropriate fraction 
to be used in certain tissue/organ engineering.

Another concern is to reveal whether the differen-
tiation potential of a fraction needs the presence of 
another fraction, or the presence of AT-MSCs as a 
whole. A study in the Cold Spring Harbor Laboratory 
(CHSL) on bone marrow showed that nestin-express-
ing BM-MSCs, which outnumbered the hematopoietic 
stem cells (HSCs) by 10:1, were either found in clus-
ters around the HSCs or in direct contact with HSCs to 
form a supporting niche for the HSCs. The MSCs are 
supposed to provide molecular signaling that might 
control HSCs maintenance, homing, and function in 
the bone marrow [14].

Studies showed that a proportion of AT-MSCs may 
spontaneously differentiate [28, 35, 39, 46], and 
therefore lost their stemness. Another study on 
BM-MSCs showed that long-term culture and serial 
passages reduced differentiation potential and caused 
morphological changes that are typical to cellular 
aging due to telomere shortening. Senescence is sup-
posed to begin from the moment of in vitro culturing 
[9]. A study on bone marrow showed that a popula-
tion of very small embryonic stem cell-like cells that 

50µ

Fig. 23.2 Plastic adherent cells from culture of adipose tissue-
derived stromal vascular fraction using DMEM-based medium 
with the addition of leukemia inhibitory factor, passage 3 (hema-
toxylin and eosin stained, and photographed using Nikon 
Diaphot inverted microscope and Nikon E 8400 digital camera, 
magnification 200×)

50µ

Fig. 23.1 Plastic adherent cells from culture of adipose tissue-
derived stromal vascular fraction using DMEM-F12-based 
medium, passage 3 (hematoxylin and eosin stained, and photo-
graphed using Nikon Diaphot inverted microscope and Nikon E 
8400 digital camera, magnification 200×)
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expressed stage-specific embryonic antigen (SSEA), 
Oct4 and Nanog was present in addition to hematopoi-
etic stem cells and BM-MSCs [31]. Oct4 and Nanog 
are transcription factors and together with SSEA are 
early developmental markers that are the characteris-
tics for embryonic stem cells, and indeed these cells 
were shown to be pluripotent as are embryonic stem 
cells [31]. Further, another study on adipose tissue 
revealed that a small proportion of AT-MSCs 
expressed Oct4 and SSEA-1 [35].

It is very interesting to know whether Oct4- and 
SSEA-1-bearing AT-MSCs also have the property of 
embryonic stem cells as their counterpart in bone mar-
row, the very small embryonic stem cell-like cells, and 
whether they are development remnants of embryonic 
stem cells from the inner cell mass of an embryo, and 
how they remain undifferentiated, while others are dif-
ferentiated. In addition, questions arise whether the 
various differentiation potentials of AT-MSCs are attrib-
uted to this population, and further, whether they spon-
taneously differentiate and enter senescence in culture.

To answer these questions, explorative studies are 
needed. Further, the various analyses as above are also 
needed to reveal what happen when the various 
AT-MSCs differentiate, either spontaneously or induced, 
and when they enter senescence. The results of those 
analyses may reveal novel mechanisms and pathways 
that are involved in differentiation, aging, stemness, 
and pluripotency in addition to that have been pub-
lished before. Knowledge about the mechanisms and 
pathways that govern differentiation, aging, stemness, 
and pluripotency may be invaluable to allow us to 
engineer the fate of the cell to be used in adipose stem 
cell engineering.

One of the various potentials of AT-MSCs that is 
very important in adipose stem cell engineering is the 
immunosuppressive and anti-inflammatory potential 
[63]. Studies on BM-MSCs and AT-MSCs suggested 
that immunosuppressive and anti-inflammatory prop-
erties are due to the ability of MSCs to suppress lym-
phocyte’s alloreactivity due to a shift from pro- 
inflammatory (TNF-a, IFN-g, and IL-12) to anti- 
inflammatory (IL-4, IL-10) cytokine production at the 
site of injury, and secretion of other soluble factors 
(IL-6, vascular endothelial growth factor, nitric oxide, 
and IFN-g-induced indoleamine 2,3-dioxygenase) by 
MSCs in the presence of T cell, which suppress B and 
T cell as well as NK cell proliferation, suppress dif-
ferentiation and maturation of the antigen-presenting 

dendritic cells, and suppress monocyte differentiation 
into antigen-presenting cells [33, 44, 63].

Further, a proportion of MSCs express MHC class I 
molecules, which prevent NK cell-mediated lysis and 
promote tolerance. Moreover, most MSCs do not 
express MHC class II molecules on their cell surface, 
though intracellular MHC class II is present. Both 
MHCs expression can be induced by IFN-g, and 
inflammation degree is supposed to play a role in MHC 
class II expression. However, when MSCs have differ-
entiated, MHC class II can no longer be induced. 
Whether re-expression of MHC class II occurs, when 
the differentiated allogeneic MSCs are transplanted 
into an incompatible host is unclear. In human, low 
number of allogeneic MSCs can stimulate immune 
response by increasing IgG and IFN-g production, 
while excess MSCs suppress immune response. 
Therefore, studies on the regulation of MHC class II in 
AT-MSCs need to be conducted, if allogeneic AT-MSCs 
are to be used [44].

The question is whether immunosuppressive and 
anti-inflammatory potentials are due to AT-MSCs as a 
whole, or only due to a certain kind of AT-MSCs, as 
MHC class I molecules are only present in a propor-
tion of MSCs. The same question may be raised on the 
immunostimulatory potential of allogeneic AT-MSCs. 
Therefore, studies to reveal the AT-MSCs that are 
responsible for immunosuppression and anti-inflam-
mation as well as those responsible for immune rejec-
tion and their complete mechanisms are very important. 
If only a fraction is responsible for immunosuppres-
sion or immunostimulation property, the fraction with 
desirable property can be enriched, and that with unde-
sirable property can be depleted.

23.3.3  Preserving the Stemness of AT-MSCs

In adipose stem cell engineering different approaches 
can be used, as using unexpanded whole AT-MSCs (in 
the form of freshly isolated SVF/PLA), expanded 
AT-MSCs (cultured SVF/PLA), fractionated AT-MSCs 
or AT-MSC-derived differentiated cells (induction of 
SVF/PLA, cultured SVF/PLA, or fractionated AT- 
MSCs to a certain kind of cells, such as chondrocytes 
for cartilage engineering, osteocytes for bone engi-
neering, etc.).

When undifferentiated cells are to be used, whether 
fractionated, expanded, or unexpanded, the cells should 
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be able to retain their stemness, especially when they 
are not directly used after processing; thus they should 
be kept in culture or cryopreserved. Therefore studies 
on preserving the stemness of the various AT-MSCs in 
culture and after cryopreservation are very important, 
and once again, knowledge of the mechanisms and 
pathways that are involved in stemness is invaluable in 
designing the studies.

23.3.4  Hierarchy of AT-MSCs

An intriguing question is whether the various AT-MSCs 
follow a certain hierarchy of differentiation [59]. For 
instance, whether CD34-bearing AT-MSCs have the 
potential to differentiate into cells of hematopoietic 
lineage and endothelium as their counterpart the CD34-
bearing BM-MSCs, and whether they may transdiffer-
entiate into other lineages. Another interesting issue is 
whether CD133-bearing cells are upstream in the hier-
archy compared to CD34-bearing cells, and then at the 
downstream are the non-CD34-bearing cells. In vivo, 
AT-MSCs may follow a certain differentiation hierar-
chy. However, studies showed that in vitro, AT-MSCs 
may transdifferentiate even into neuron-like cells when 
properly induced [66]. Knowledge of in vivo and 
in vitro differentiation hierarchy (if any) may be valu-
able when undifferentiated cells are to be used, i.e., by 
choosing the AT-MSCS at the nearest upstream hierar-
chy to the cell needed, so that they will readily differ-
entiate into the desired type of cells.

23.4  Formulas for Effective and  
Efficient Isolation, Expansion,  
and Differentiation

Adipose tissue is readily available and can be obtained 
by liposuction or excision. In general, after thoroughly 
washing and mincing of excised samples, the method to 
isolate AT-MSCs composed of enzymatic digestion of 
extra-cellular matrix by collagenase, and stem cell 
retrieval from the infranatant of the digest. However, 
after that, there are various minor differences in the 
methods, such as the speed in centrifugation, with or 
without the use of lysis buffer and/or different mesh fil-
ters. Further, there are differences in the culture medium 
and conditions for primary culture, expansion, and dif-
ferentiation, which yield variable results [3, 39, 47, 66].

Successful stem cell expansion and differentiation 
depends on the type of stem cell, culture condition, 
culture vessel and medium [45]. Therefore, studies to 
find standardized formulas for effective and efficient 
isolation, expansion, and differentiation of the various 
AT-MSCs regarding culture condition, culture vessel 
and medium are very important.

23.4.1  Culture Condition

Culture condition includes pH, oxygen and carbon 
dioxide percentage, and temperature. Most cultures 
are done at pH 7.4, 20% oxygen, 5% carbon dioxide 
and 37°C. However, different cell type or different cul-
ture aim may require different condition. A study 
showed that pH 7.1 favored the expansion of mega-
karyocyte progenitors [64]. Oxygen demand may vary 
for different cell lineages [45], and 40% oxygen 
retained embryonic stem cell state in mouse embry-
onic stem cell as shown by Oct-4 expression and alkaline 
phosphatase activity [32]. Further, lower temperature 
may reduce oxidative damage and maintain viability 
and population doubling time in MSCs, as extended 
expansion in usual condition lead to reduced viability 
due to oxidative damage [45]. Another important issue 
is the sterility of culture. Therefore handling and the 
materials used in culture should ensure that the culture 
is not contaminated, either by microorganism or other 
unimportant materials.

The knowledge from the studies above can be 
considered in designing prospective studies to estab-
lish an optimized standard culture condition for the 
isolation, expansion, and differentiation of every 
AT-MSCs to produce the required number of long-
term viable desired cells for successful adipose stem 
cell engineering.

23.4.2  Culture Vessel

The cells in the body interact with each other, espe-
cially with adjacent cells and extracellular matrix. 
Adherence to the extracellular matrix is mediated by 
transmembrane proteins called integrins. Integrins 
may act as cell surface receptors that upon binding 
with certain extracellular matrix protein will activate 
certain intracellular signaling pathway, which control 
certain gene expressions, cytoskeletal organization, 
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cell morphology, and in vitro differentiation in the 
involved stem cell. In murine embryonic stem cell 
culture, coating the culture vessel with certain extra-
cellular matrix proteins such as laminin and fibronec-
tin cannot stop spontaneous differentiation into 
primitive ectoderm, even in the presence of leukemia 
inhibiting factor (LIF). However, coating the culture 
vessel surface with type I and IV collagen, gelatin or 
poly-d-lysine can force the cells to remain undifferen-
tiated. For MSCs, coated culture vessel facilitate cell 
adherence, and best adhering function is achieved by 
coating with fibronectin, followed by collagen I, col-
lagen IV, vitronectin, and laminin-1 [45], but vitronec-
tin and collagen I perform better for osteogenic 
differentiation [53]. Recently, a number of commer-
cial matrices can be used for culture vessel coating, 
such as Matrigel and Cartrigel, but their animal ori-
gins make them unsuitable for human adipose stem 
cell engineering [11].

Therefore extracellular matrix proteins, whether 
they are secreted by the cell itself or provided in the 
culture system, either in the medium or by coating the 
culture vessel surface may play a role in cell adhesion, 
proliferation, and differentiation. Thus, developing 
various human-derived substitutes for matrices and 
extracellular matrix proteins, and designing future 
studies on coated culture vessels that are needed by 
each AT-MSC are of great importance to improve the 
ability to keep the stem cells in undifferentiated state, 
or to increase differentiation efficiency toward the 
desired cells when required.

23.4.3  Medium

Most complete medium formula for culture contains 
serum and additives. Fetal bovine serum (FBS) seems 
to be essential for cell culture, but some batches are not 
safe when the cultured cells are to be used in regenera-
tive medicine. Animal-derived serum may contain 
xenoproteins that may cause rejection, and may con-
tain transmissible infectious agents. Contamination with 
certain xenoproteins that contain N-glycolylneuraminic 
acid (Neu5Gc) may be reduced by transferring the cul-
ture into human serum-containing medium. However, 
certain xenoproteins may be internalized by MSCs, 
and sialic acid-containing xenoprotein may be incor-
porated to the cell surface of the cultured cells [8]. 
Therefore it is of great importance to develop substitute 

to FBS, though good manufacturing practice-compli-
ant FBS batches are available. Therefore studies to 
compare the efficiency and efficacy of various avail-
able FBS substitutes, as well as development of new 
substitutes should be conducted. In addition, studies 
on the possible use of additives to increase growth, 
direct differentiation, and prevent senescence are of 
great importance.

23.4.3.1  Human Serum, Plasma, and Platelet-
Derived Factors as FBS Substitute

Several studies substituted FBS with human serum, 
plasma, or platelet-derived factors. The platelet-derived 
factors can be obtained from concentrated buffy coat-
derived platelet-rich plasma that contains at least 109 
platelets/mL. The platelets are either fragmented by 
repeated freeze–thaw cycles or activated by thrombin to 
release the platelet’s alpha granules content. The plate-
let-derived factors consist of platelet-derived growth 
factors (PDGFs), basic fibroblast growth factor (bFGF), 
epidermal growth factor (EGF), transforming growth 
factor b1(TGF-b1), and insulin-like growth factor (IGF) 
[8, 29]. Though in some studies the use of platelet-
derived growth factors as FBS substitute showed prom-
ising results, their effects on various stem cell cultures 
were variable depending on the type of stem cells, 
platelet growth factor content, mode of preparation, 
methods of growth factor release, and leukocyte con-
tamination. Further, comparison of pooled human 
serum, blood type AB human serum and various proto-
cols to release the platelet-derived factors showed that 
both AB human serum and thrombin-activated platelet 
release of platelet-derived factors were superior for the 
adhesion and expansion of AT-MSCs compared to FBS. 
Studies on BM-MSCs showed that allogeneic AB 
human serum was not superior to FBS and reduced 
growth due to senescence was observed. Thus necessi-
tates the use of autologous human substitute [8].

Therefore, efficacy and efficiency studies in using 
serum or platelet-rich plasma either autologous or allo-
geneic from blood type AB individuals for the isola-
tion, expansion, and differentiation of the various 
AT-MSCs need to be conducted.

23.4.3.2  Studies to Develop  
New FBS Substitutes

Studies showed that whole growth factors from plate-
lets were able to replace FBS for AT-MSC as well as 
BM-MSC cultures [8, 29, 55]. A study on BM-MSCs 
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showed that a combination of TGF-b, PDGF, and b 
FGF was required to grow BM-MSCs in a serum-free 
medium, and could maintain the growth for up to five 
passages [41]. Therefore, it is interesting to test whether 
individual growth factors or in combinations may also 
work for the various AT-MSC isolation, expansion, 
and differentiation. Further, studies on the various 
growth factor effects on the various AT-MSCs should 
also include the activated pathways to reveal the inter-
mediate substances that are produced by the cultured 
cells. These substances in turn may be tested again for 
their efficacy and efficiency as additives in various 
AT-MSCs isolation, propagation, and differentiation.

23.4.3.3  Studies on Potential Additives
Various additives were used to enhance MSC prolifer-
ation and/or differentiation. A study used dexametha-
sone on human cord blood-derived MSC [30], while 
another study used lithium chloride on BM-MSCs, 
which stimulated Wnt signaling to increase prolifera-
tion. Low levels of Wnt signaling lead to increased 
proliferation, while high Wnt levels lead to osteogenic 
differentiation [15]. Recently, a dipeptide, the Glutamax 
is available as a more stable alternative to l-glutamime, 
and was claimed to support cell growth better than 
l-glutamine [57]. Further, various additives were used 
in the differentiation of AT-MSCs into chondrocytes, 
osteocytes, lipocytes, etc. [46, 47, 66].

A study showed that senescence in vascular endothe-
lial cells were mediated by integrin b4 that was supposed 
to suppress the expression of Ca2+-independent phos-
phatidylcholine-specific phospholipase C (PC-PLC), 
increase the level of p53, and reactive oxygen species 
(ROS) [36]. Moreover, ROS from cellular origin are 
involved in redox signaling, cell damage and senescence. 
Addition of selenite (100 nM) in BM-MSC culture 
increased superoxide dismutase 1 (SOD 1) expression 
and reduced ROS accumulation [17].

Therefore, search for potential additives in the 
various AT-MSC cultures should take advantage of 
the knowledge of previous studies on other cell cul-
tures. Testing various substances with antioxidant 
property may find new additives that are suitable for 
certain AT-MSC culture. As different AT-MSC may 
require different additives for isolation, expansion 
and differentiation, testing should be done on the 
whole as well as the various AT-MSC fractions. 
Further, studies on various signaling biomolecules 
that are involved in various signaling pathways that 

are active in embryonic stem cells and in early 
embryogenesis may reveal their potential as additives 
to maintain self-renewal and confer pluripotency to 
AT-MSC, as well as to direct differentiation into vari-
ous desirable lineages.

23.5  Methods in Adipose Stem Cell 
Engineering

Many studies on tissue/organ engineering have been 
published. A study reported successful urinary bladder 
engineering using urothelial and muscle cells that were 
grown in culture, which were seeded on a collagen, or 
a composite of collagen and polyglycolic acid scaf-
fold. Urinary bladder is a simple organ that consists of 
three layers, and the study engineered the mucosa and 
muscular layer, while the third layer, the serosa was 
constructed using an omental wrap [4].

A study even has succeeded to engineer a complex 
organ, the kidney. The study showed that embryo-derived 
cloned renal cells that were seeded onto a biodegradable 
scaffold ex vivo and implanted into the subcutaneous 
space succeeded to form functional renal tissue, in terms 
of excreting urine-like fluid. Histological examination of 
the renal tissue showed extensive vascularization and 
glomeruli- and tubule-like structures, with clear continu-
ity between the glomeruli and tubules [24].

To be successful, tissue/organ engineering should 
involve timely regulated proliferation and differentia-
tion on an appropriate surface of three-dimensional 
scaffold [45]. To achieve these goals, appropriate scaf-
fold and means to supply nutrients and deliver sub-
stances, as well as means to provide mechanical stimuli 
when appropriate to direct timely proliferation and dif-
ferentiation are highly required. Therefore, further 
studies in these fields should be conducted.

23.5.1  Scaffold

Preparing three-dimensional scaffolds for tissue/organ 
engineering should consider many factors, i.e., the 
material, material porosity and pore size, mechanical 
property, stability and degradability, bioactivity, hydro-
phobicity, biocompatibility, toxicity, and immunoge-
nicity [45]. Therefore, this section addressed those 
factors, and prospective studies in the use and develop-
ment of various scaffolds.
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23.5.1.1  Material
To date, various scaffolds can be obtained from either 
natural biomaterials that lack mechanical strength or 
modified synthetic biomaterials that are mechanically 
strong with desired bioactive properties to facilitate 
cellular growth, differentiation, and tissue/organogen-
esis. Natural biomaterials that can be used to produce 
scaffolds are either proteins such as collagen, fibrin 
and silk, or polysaccharides such as agarose, alginate, 
hyaluronan, and chitosan, while synthetic biomaterials 
are polymer-, peptide-, or ceramic-based biomaterials 
[62]. These scaffolds can be engineered into a certain 
desirable shape with suitable micro-architecture (desir-
able porosity and pore size). Various studies developed 
and used various scaffolds such as porous collagen, 
cellulose porous microspheres, alginate hydrogels, 
porous gelatin microspheres (CultiSpher G), porous 
biomatrix (Cellfoam), tantalum-coated porous bioma-
terial (TCPB), polyester nonwoven fabric porous disk 
carriers (Fibra-cel), nylon filtration screen, nonwoven 
polyethylene terephthalate (PET), and porous polyvi-
nyl format (PVF) [45].

23.5.1.2  Porosity and Pore Size
As cell growth needs nutrients, the scaffold should 
contain a network of interconnected pores and chan-
nels to facilitate penetration of nutrients and metabo-
lites and to allow penetration of cells and the formation 
of cellular associations. Pore size has an impact on 
cellular adhesion, viability, formation, and distribu-
tion of extracellular matrix by a certain cell type. 
Further, it is supposed that pore size can be used to 
prevent or to support the growth of certain cells. For 
bone tissue engineering, the recommended pore size is 
between 100 and 500 mm, and for fibroblast, larger 
than 500 mm [45].

23.5.1.3  Mechanical Property
The various tissues in our body have different mechan-
ical property, for instance, loose connective tissue is 
soft, cartilage is viscoelastic and bone is hard and 
rigid. Therefore, in tissue engineering, scaffold choice 
should be appropriate with the natural property of the 
tissue to be engineered. For instance, polyglycolic acid 
(PGA) yarns that are woven into an orthotropic porous 
textile have similar mechanical properties to a native 
articular cartilage [40]. Therefore, it is a suitable scaf-
fold material for articular cartilage engineering. 
Moreover, a certain material’s mechanical property, 

such as stiffness of agarose gels can be set by regulat-
ing the cross-linking densities, to get various degrees 
of stiffness, and indeed, human MSCs cultured on aga-
rose gels differentiated into neuronal, muscle, or bone 
lineages when the stiffness approximated that of brain, 
muscle, and bone, respectively [11]. Further, various 
uses of scaffold need various mechanical properties; 
for instance, when a scaffold needs to be sutured to fix 
it in a certain location, it needs high tearing strength; 
when it is used to support a tubular system and should 
be able to avoid stricture, so it needs a property to 
endure compression [25].

23.5.1.4  Bioactivity
Bioactivity of scaffold material is essential for proper 
tissue/organ engineering. Many synthetic polymers 
with hydrophobicity and low surface energy lack cell 
recognition signals. Thus are not suitable for tissue/
organ engineering [65]. Bioinert synthetic polymers 
can be made biofunctional by combining them with 
certain bioactive fibers, extracellular matrix (gly-
cosaminoglycans, proteoglycans, and glycoproteins), 
proteins, peptides or soluble bioactive molecules such 
as cytokines, chemokines, growth factors or hormones 
to provide beneficial effect on cell adhesion, growth, 
and differentiation [11, 13, 38, 45]. In the future, 
development of various bioactive scaffolds that are 
suitable for various tissue/organ engineering is very 
prospective.

23.5.1.5  Stability and Degradability
When biodegradable scaffold is needed, various bio-
materials are recently known as biodegradable, such as 
alginate hydrogels that have controllable biodegrad-
ability [45], or a combination of alginate with gelatin 
[5, 45]. However, certain biodegradable scaffold may 
induce inflammation due to the acidity of the degraded 
product as in the case of poly (l-lactic-co-glycolic 
acid) [45, 60]. Therefore, studies on the stability and 
degradation rate of the various biodegradable materi-
als are very important in designing smart scaffold with 
delivery properties.

23.5.1.6  Biocompatibility
The material of a scaffold used in tissue/organ engineer-
ing should be biocompatible in term that it is nontoxic, 
does not cause cytotoxicity, or irritation to the surround-
ing tissue, has no/low immunogenicity, and can integrate 
well into the host tissue [11, 45]. However, when immu-
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norejection problems arise, immunomodulatory mole-
cules may be incorporated into the material [11].

As the site of the damaged tissue/organ to be 
repaired often troubled by inflammation and increased 
immunological surveillance, a good scaffold biomate-
rial should be able to protect the cells that are incorpo-
rated into the scaffold from host immune system [11].

23.5.1.7  Prospective Studies in the Use and 
Development of Scaffolds

Recently, various techniques are available to pro-
duce various scaffolds with various properties [45]. 
Therefore, in the future, development of various 
materials with various porosities, mechanical prop-
erties, and bioactivities, which are biocompatible for 
human, and studies on their effective and efficient 
application as scaffold for various tissue/organ engi-
neering are of great importance.

In nature, the extracellular matrix has surface fea-
tures such as pores, pits, grooves and ridges, and surface 
chemical properties, which are important for cell 
growth, movement, and orientation. Therefore, devel-
opment of scaffolds for the various tissue/organ engi-
neering is suggested to mimic the natural features of the 
extracellular matrix of the tissue/organ to be engineered, 
for instance, differentiation into osteoblastic phenotype 
was favored by 150-nm micro-grooved patterned sur-
face coated by fibrinogen or calcium phosphate. Further, 
various micro- and nano-scale patterning techniques, 
such as various soft lithography, photolithography, elec-
tron-beam lithography, Langmuir–Blodgett lithography, 
hot embossing imprint lithography, nano-imprinting, 
three-dimensional (3D) printing, electrospinning, layer-
by-layer microfluidic patterning, ion milling, reactive 
ion etching, and chemical or physical vapor deposition, 
and electrochemical deposition are recently available  
to create scaffolds with certain surface feature and  
coating [11].

Therefore, further studies using these micro- and 
nanoscale patterning technologies are needed to tailor 
various scaffolds with certain mechanical property, 
porosity, surface pattern, and coating that mimics the 
natural extracellular matrix and microenvironment of 
the various AT-MSCs, which allow them to be undif-
ferentiated or differentiated into the desired type of 
cell. In addition, studies on the use of these scaffolds in 
various tissue/organ engineering need to be conducted 
to find the most effective and efficient technique for 
adipose stem cell engineering.

23.5.2  Mechanical Stimulation

Mechanical stimulation induces changes in the extra-
cellular matrix that are transmitted to the cell surface 
via deformation at the integrin-binding sites and cause 
mechanobiological responses. These responses depend 
on the type of mechanical stimulus, cell type, and 
stimulation site. Various mechanical stimulations such 
as shear stress, stretching, cyclic strain, and physiolog-
ical deformational loading were successfully applied 
to induce differentiation into various kinds of cell. 
Various devices and bioreactors to provide controlled 
mechanical stimulation have been used in various stud-
ies [45]. Therefore, studies on the level and type of 
mechanical stimulation needed by the various AT- 
MSCs to remain undifferentiated or to be differenti-
ated and incorporated in a certain tissue or organ are of 
great importance.

23.5.3  Means of Timely Delivery of 
Bioactive Factors and Cells

Complex tissues and organs contain not only many 
kinds of cells that form a network and cooperate 
with each other, but also blood vessels and innerva-
tions. Therefore, complex tissue/organ engineering 
needs to take these facts and the natural develop-
ment of the tissue/organ into account. Besides care-
ful selection of stem cells or progenitors to be used, 
construction of a suitable smart scaffold, which is 
able to timely deliver the growth factors, signaling 
molecules, and other bioactive factors that play a 
crucial role in the development, vascularization and 
innervation of a certain tissue/organ is of great 
importance.

Scaffold material-based nanoparticle and micro-
sphere technology enables regulated release of bioac-
tive factors or cells that are encapsulated in scaffold 
material nanoparticles, by choosing scaffold material 
with a certain degradation rate. The various bioactive 
factor or cell containing nanoparticles can then be 
dispersed into the scaffold bulk. Smart biomaterials 
that may respond to temperature, pH, electrical sig-
nals or metabolites [11] may be used to control the 
timely release of the needed bioactive factors and 
various AT-MSCs or progenitors, which lead to timely 
regulated proliferation and differentiation. To provide 
vascularization and innervation, AT-MSC-derived 
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endothelial progenitors, angiogenic factors, and nerve 
growth factors can be encapsulated in smart biomate-
rials that enable timely and subsequent release when 
required. Therefore future studies in developing vari-
ous smart nanoparticles and microspheres that enable 
timely release of various bioactive factors and cells, 
followed by testing their functional use in various tis-
sue/organ engineering will be very exciting.

Another means is by using growth factor or bioac-
tive material encoding gene that is transferred into a 
certain type of cells either using a vector or plasmid 
[25]. Therefore future studies are highly needed to 
construct vectors and plasmid that can be controlled to 
be timely “on or off,” thus to deliver the growth factors 
or bioactive materials subsequently, and only as long 
as they are needed.

23.6  Future Animal and Clinical Studies 
in Adipose Stem Cell Engineering

Designing future studies should take some consider-
ations into account, such as the approach to be used, 
the type, structure, and natural development of the tis-
sue/organ to be engineered, type of cell, scaffold 
requirement, integration into surrounding tissue, effi-
cacy, and safety of the animal or clinical study.

23.6.1  Approach

Tissue/organ engineering in a broader sense may use 
various approaches. The very simple mode is by inject-
ing cells into peripheral circulation, and expecting the 
cells to home to the tissues/organs to be repaired [6], or 
delivering the cells into the blood vessel near the site 
of injury/damage using smart catheters [56] or exactly 
to the site of injury/damage by injection or surgery [1]. 
Another approach is by implanting/injecting a scaffold 
that is seeded by cells and/or bioactive materials and 
the tissue/organ will develop in vivo [19, 21, 25] or by 
tissue/organ engineering ex vivo and then implant the 
engineered tissue/organ into the animal/patient [25].

In designing future studies, the approach plays a 
role in determining whether animal studies should be 
done. In an animal study, the used animal should 
mimic the clinical situation of the tissue/organ to be 
engineered as close as possible [25]. When the 

approach has been proven safe and effective in ani-
mals, or do not pose a great risk to the patient, clinical 
studies can begin.

For complex tissue/organs, ex vivo tissue/organ 
engineering may be suitable, as nutrient supply as well 
as growth and bioactive factors can be provided as 
required and suitable mechanical stimulation can be 
given, while for in vivo tissue/organ engineering, 
implanting scaffold construct needs good vascular sup-
ply on the site of implantation, and smart scaffold 
material to timely deliver the required growth and bio-
active factors.

23.6.2  Type and Structure of Tissue/Organ

The type, structure, site, and surrounding condition of 
the damaged tissue/organ to be repaired by tissue/
organ engineering play a role in the selection of the 
approach. Organs of low complexity such as heart or 
liver, which consist of one type of parenchymal cells 
and are only partly damaged do not need tissue/organ 
engineering, and may benefit from a simple approach 
by injecting a certain stem cells or progenitors into 
peripheral blood or the nearest supplying arteries, like 
have been done by many studies in regenerative medi-
cine. However, questions arise concerning whether the 
stem cells really differentiate into the desired cells, or 
only provide the needed bioactive and growth factors 
and thus suitable microenvironment for resident stem 
cells to differentiate into the desired cells, or just 
develop new blood vessels and thus provide nutrient 
and oxygen supply to repair the damage. Further, for 
this type of approach, knowledge of homing mecha-
nisms of the involved cells is an advantage. Therefore, 
study on homing mechanism of various kinds of cells 
into various organs is an exciting area to explore.

However, when a very complicated organ with vari-
ous functional structures and cells such as the kidney is 
to be engineered, organ engineering should consider 
careful cell type selection, use of smart scaffold that 
can timely deliver various needed bioactive factors, 
careful design of the scaffold to mimic the natural 
organ architecture and mechanical property, and that 
allow blood vessels to grow to form the glomerulus 
and kidney vasculature, and later enable innervations 
to grow in the scaffold when the organ is implanted, so 
that the engineered organ can integrate and function 
well in the host.
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23.6.3  Natural Development

Natural development of the tissue/organ to be engi-
neered should be taken into account to get a success in 
an animal/clinical study. Therefore, knowledge of tis-
sue/organ development cues in embryo such as the 
type of cells involved, cell–cell interactions, extracel-
lular matrix, growth factors and bioactive factors, the 
“on and off” signaling pathways, and microenviron-
ment that play a role in every stage of development of 
the tissue/organ is very important.

In designing future animal/clinical studies, subse-
quent timely delivery of growth and bioactive factors 
as in natural bio-environment, which may cause the 
“on or off” condition of certain signaling pathways 
should be carefully managed. This condition may 
lead to proliferation, differentiation, and extracellular 
matrix and bioactive factors secretion that may mimic 
the microenvironment as in natural development and 
finally benefit the development of the tissue/organ to 
be engineered.

23.6.4  Type of Cell

In adipose stem cell engineering, the selection of 
appropriate cell type from the various AT-MSCs, 
whether the AT-MSCs as a whole, certain enriched 
fraction, partly differentiated to progenitors, or fully 
differentiated into a mature type of cell should be 
decided. Studies on the identity and potentials of the 
various AT-MSCs may help in the decision. In the 
future, testing the various AT-MSCs in various tissue/
organ engineering in animal studies is very attractive 
as a prerequisite for clinical studies.

Adipose tissue contains only 5,000 stem cells per 
gram [35], while the need for tissue/organ engineering 
is millions of stem cells, for instance, an animal study 
on adult male Sprague–Dawley rats with brain infarct 
due to acute ischemic stroke used 2.0 × 106 AT-MSCs 
[34], and a clinical trial on patients with complex peri-
anal fistulas used 20–40 million AT-MSCs [20]. 
Therefore, the isolated stem cells should be expanded 
in vitro to get sufficient cells.

Various approaches can be used to expand the stem 
cells whether differentiated or undifferentiated, such 
as using conventional culture flask and medium, to 
large-scale expansion using various scaffolds [11] and 
bioreactors [8, 45]. For the purpose of expansion, 

various studies on the expansion of the various 
AT-MSCs, whether differentiated or undifferentiated, 
using various approaches are highly important to get a 
standardized protocol for each kind of the various 
AT-MSCs or their induced differentiation into various 
lineages without senescence. In addition, when undif-
ferentiated AT-MSCs are needed, the protocol should 
ensure to prevent spontaneous differentiation and 
senescence, or determine the highest passage possible 
with acceptable spontaneous differentiation and 
senescence.

23.6.5  Scaffold

When a scaffold is needed, proper selection of scaf-
fold material to tailor smart scaffold that mimics the 
natural structure and extracellular matrix property of 
the tissue/organ to be engineered is of great impor-
tance. Therefore, studies using various smart scaf-
fold materials to construct natural macroscopic and 
microscopic architecture that is suitable for certain 
tissue/organ engineering are very prospective. In 
constructing the smart scaffold, it is also interesting 
to combine several smart biomaterials to achieve the 
properties and architecture of the natural extracellu-
lar matrix and timely delivery of various factors that 
happen in natural development of the tissue/organ to 
be engineered.

The overall macroscopic shape of a scaffold may 
interfere with nutrient supply. A thin scaffold of less 
than 100 mm may get enough nutrients from diffusion 
of the surrounding environment, but thicker scaffold of 
more than 100 mm needs to develop a capillary net-
work inside the scaffold, and therefore should contain 
large interconnected pores. Vascular endothelial growth 
factor may be used to promote vascularization. Further, 
some scaffold materials such as porous polyvinyl alco-
hol or polyacrylate that contains traces of methacrylic 
acid can induce vascularization without the use of 
growth factors [45]. Studies on vasculogenesis in 
embryo revealed the role of various growth and bioac-
tive factors [23]. Therefore, in the future, studies on 
developing capillary network and blood vessels in a 
large scaffold using various smart materials of various 
properties that can timely deliver the needed growth 
factors, and AT-MSC-derived endothelial and smooth 
muscle progenitors is of great importance for the sur-
vival of the construct.
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23.6.6  Safety, Integration,  
and Efficacy

In tissue/organ engineering, animal studies and clini-
cal trials using BM-MSCs and other kinds of cells are 
accumulating, and some good results in safety and effi-
cacy were reported [25]. Therefore, it is of great impor-
tance that animal studies and clinical trials in adipose 
tissue engineering investigate the integration of the 
engineered tissue/organ, and short- and long-term 
safety and efficacy of the whole procedure.

23.6.6.1  Safety
Safety issues address the safety of the procedure 
including the absence of rejection problems. In 
designing a study, various issues that have been men-
tioned in previous sections should be taken into 
account. However, when the scaffold material turns 
out to be suitable for various issues, but immunoge-
nicity, and/or allogeneic AT-MSCs are used, studies 
to overcome host immune response are very impor-
tant. When nonimmunogenic scaffold is used, the 
cells may be incorporated in nanoparticles of the scaf-
fold material. However, when the suitable scaffold 
material chosen is immunogenic, several pretreat-
ments to protect the engineered tissue/organ are avail-
able, such as coating with polyethylene glycol, 
alginate, polysulfone, or heparin. A drawback to some 
of these approaches is a decrease in nutrient and oxy-
gen diffusion [42]. Therefore, studies to develop 
methods of coating to evade host immune surveillance 
without decrease in nutrient and oxygen supply are of 
great importance.

Another approach is to protect the scaffold’s or 
cell’s immunogenic surface by attaching regulators of 
complement activation (RCA) such as: factor H, 
N-terminal short consensus repeats 1–5 of factor H 
that is alternatively called as decay accelerating factor, 
APT070 (a modified fragment of human complement 
receptor 1), or CR2 (CD21) through a linker such as 
Pluronic® that will attach to surfaces while retaining 
the surface activity. All of these approaches protect the 
implant from host innate immune response, either by 
preventing cascade system activation or binding the 
regulators of innate immune response, such as the 
RCA. Studies to find other mode of native immuno-
genic evasions are accumulating such as using pep-
tides, which are part of streptococcal M protein that 
bind C4b-binding protein (a member of the RCA). In 

this approach, the peptides will capture RCA from 
plasma and thus provide autologous complement acti-
vation control [42]. However, most of these approaches 
have not been translated into animal or clinical studies, 
and future researches need to be conducted to prove 
whether they can really help to evade host innate 
immune response in animal studies and clinical trials 
of adipose stem cell engineering.

Though AT-MSCs themselves have immunosup-
pression potentials, cautions should be taken when 
using allogeneic AT-MSCs. Therefore, in the future, 
animal studies need to be conducted to prove whether 
allogeneic AT-MSCs are really safe in adipose stem 
cell engineering.

Moreover, as stem cells have various potentials, and 
even application of stem cells on a certain site cannot 
guarantee that they will stay on site and do not wander 
to unexpected sites, long-term safety studies are needed 
to monitor the possible side effects.

23.6.6.2  Integration and Efficacy
Clinical trials in tissue/organ engineering using AT- 
MSCs are just beginning. Some are recruiting par-
ticipants [6, 12, 19, 49], one is ongoing but does not 
recruit more participants [7], one is not yet recruit-
ing [18], two are suspended [26, 27], and one is 
completed [43]. A tissue engineering clinical trial 
on enterocutaneous fistulas due to Crohn’s disease, 
using fibrin glue as scaffold material and expanded 
whole AT-MSCs or unexpanded cells of the stromal 
vascular fraction showed that tissue integration and 
functional efficacy was higher in the expanded cells 
receiving group [21]. Another clinical trial on com-
plex perianal fistulas, using fibrin glue and AT-MSCs 
implants showed promising results, but there was a 
17.6% recurrence rate after 1 year [20].

Therefore, in designing an animal study or a clini-
cal trial, long-term efficacy should be considered, and 
long-term follow-up is needed to monitor recurrence. 
It is important to know whether the engineered tissue/
organ will last for the whole life, or the treatment 
should be repeated after a certain time. Further, in vivo 
tissue/organ engineering or implanted ex vivo tissue/
organ engineering product should be able to integrate 
with the surrounding tissue of the host to attain func-
tional efficacy, and to survive.

Therefore, in the future, animal and clinical studies 
on adipose stem cell engineering should be based on 
successful animal/clinical studies on tissue/organ 
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engineering using BM-MSCs or embryonic stem cell 
lines, and should include safety and efficacy studies.

23.7  Conclusion

Adipose stem cell engineering is very promising, but 
many studies are needed to reveal the identity of 
AT-MSCs, and the pathways that are involved in their 
differentiation, stemness, and senescence. That knowl-
edge is useful in designing studies to overcome the 
problems concerning their expansion and differentia-
tion. In addition, studies on various scaffolds and bio-
active materials to tailor smart scaffold that are suitable 
for adipose stem cell engineering should be stress on 
their potential to engineer tissues/organs that can inte-
grate with the surroundings and be functionally effec-
tive and safe.
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Recent years have seen an almost unprecedented 
excitement about medical research. It was well caught 
by Aristotle 2500 years ago in the opening line of his 
Metaphysics, when he wrote that “all men by nature 
desire to know,” and broadened by Francis Bacon in 
the sixteenth century to encompass the power of sci-
ence to improve the human condition.

The early practice of medicine relied largely on pal-
liative management of pain and distress. As science 
has been evolved, pharmaceuticals to change the 
body’s physiology, vaccines to prevent communicable 
diseases, surgery to remove diseased parts, have largely 
remained the standard medical therapies.

Until very recently, most scientists and clinicians 
believed that damaged or diseased human tissue could 
only be replaced by donor transplants or with totally 
artificial parts. Tissue engineering promises a more 
advanced approach in which organs or tissues can be 
repaired, replaced, or regenerated for more targeted 
solutions. This approach also responds to clinical 
needs that cannot be met by organ donation alone. As 
with all research, our ability even to contemplate the 
possibilities offered by tissue engineering-derived 
therapies is a result of many years of research. This 
science of tissue engineering dates to the mid-1970s, 

and many papers have been published in the literature. 
The development of new research tools, new knowl-
edge about pathways of cell differentiation are open-
ing new ways in cell transplantation therapy for human 
diseases.

Liposuction was devised as a means of removing fat 
from the body for cosmetic purposes safely and using 
small incisions (Chaps. 3 and 4). The procedure has 
been improved over the years, making liposuction the 
most common performed aesthetic procedure world-
wide. Autologous fat tissue has been considered as an 
ideal filler for soft tissue augmentation because it is 
biocompatible, versatile, natural-appearing, readily 
available, abundant, inexpensive, and can be harvested 
easily and repeatedly, with minimal trauma to the 
donor sites (Chap. 5). In the last 25 years, several dif-
ferent techniques of lipoinjection have been developed 
to correct various problems such as buttocks, trochan-
teric depressions, breast augmentation, scar depres-
sions, thighs and legs, small wrinkles and depressions 
of the face, nasolabial fold, upper outer breast quad-
rant, liposuction sequel (Chap. 6). A large volume of 
adipose tissue can be easily harvested through liposuc-
tion. Mesenchymal adherent stem/progenitor cells, 
similar to those from bone marrow, can be extracted 
from liposuction aspirates with a high efficiency and 
thus adipose tissue is now regarded as a potential 
source of adult stem/progenitor cells for regenerative 
medicine. Many features of adipose stem/progenitor 
cells, such as physiological functions and localization, 
have been clarified in the past decade (Chap. 7). The 
stromal enriched lipograft has already been used in 
clinical practice and the results have proved superior to 
traditional autologous fat grafting (Chap. 16).
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Bioengineers, life scientists, reconstructive sur-
geons and physicians across all specialties are syner-
gistically coupling expertise in areas such as cell 
culture technology, tissue transfer, cell differentiation, 
angiogenesis, computer modeling, and polymer chem-
istry to use adipose tissue as a base for tissue regenera-
tion and augmentation. Tissue engineering principles 
are shown in Fig. 24.1. Adipose tissue is just like a new 
continent waiting for exploration. It is not a “lazy,” 
only fat storing region; it is a dynamic hard working 
tissue (Chap. 1). It is like a treasure offering the widest 
treatment potential and also being the most abundant, 
fertile, easily accessible tissue for “cell therapists.” 
With the support of basic and clinical studies, adipose 
tissue seems to be rising as a distinguishing tissue. 
Adipose-derived stem cells (ADSCs) are becoming the 
cells of choice for an increasing number of clinical tri-
als and they promise to be in the next decade the pref-
erential cell type used in cell therapies. There is a 
growing body of experimental evidence from both 
in vitro and in vivo studies demonstrating the multipo-
tentiality of ADSCs from adipose tissue isolated from 
humans and other species. Employing stem cell-inclu-
sive tissue engineering methods as a means to generate 
adipose tissue may offer patients a new reconstructive 

option using their own healthy cells and may offer a 
clinically feasible “just-in-time” solution (Chap. 9). 
The properties of an ideal biomaterial for tissue engi-
neering are shown in Fig. 24.2.

Adipose tissue is a dynamic “player” in endocrine 
physiology and serves as a source of cytokine secre-
tion (Chap. 10). The ability of ADSCs to secrete sev-
eral biologic factors plus evidence at a basic science 
level lends way to ADSCs playing a major role in tis-
sue engineering and organ regeneration. Therapeutic 
interventions of obesity might be achieved by: target-
ing vasculature through angiogenesis inhibitors lead-
ing to regression of preexisting adipose vasculature 
and shrinkage of fat mass; isolation and transplanta-
tion of a homogenous adipose stem cell population 
giving rise to mature brown cells; inducing pluripotent 
stem cells in vitro that could involve the overexpres-
sion of adipokines or the promotion of a beneficial 
brown cell fate (Chap. 13).

ADSCs contain angiogenic and vasculogenic cytok-
ines with regenerative properties, and there has been 
considerable interest in testing the impact of ADSCs 
on acute disorders. Transient ischemic injury underlies 
the pathophysiology of myocardial infarction, stroke, 
renal ischemia, obstruction of the small intestine, and 
related conditions associated with trauma to the brain, 
spinal cord, and extremities. In the myocardium, sev-
eral recent studies demonstrate the benefit of ADSCs 
to include direct contribution to neovasculogenesis and 
de novo cardiogenesis, in addition to indirect paracrine 
action for cardioprotection, neoangiogenesis, and neu-
ron spindle formation. Furthermore, treatment with 
ADSCs has demonstrated a diminished propensity for 
arrhythmogenic risk without any evidence for uncon-
trolled growth, systemic complications, or tumorigenic 
change (Chap. 14). Engrafted adipose stem cells also 
improve the myocardial function with the capacity for 
contribution both via direct differentiation and indirect 
regenerative paracrine signaling in the host myocardial 
microenvironment. Although the differentiation of 
ADSCs to neuron did not achieve remarkable success, 
Schwann cell differentiation of ADSCs in vitro and 
in vivo and beneficial roles of ADSCs in the reduction 
of inflammation and apoptosis enhanced angiogenesis, 
and nerve regeneration promise future alternatives to 
naïve neural and glial cells for neural disease or disor-
der treatments (Chap. 15). Theoretically, acute dis-
eases present situations where rapid intervention can 
most efficiently prevent the development of long-term 
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pathologies. In contrast, chronic diseases may be less 
amenable to cell-based therapies. Preclinical animal 
models suggest that ADSCs can be used to treat type 1 
diabetes mellitus, chronic heart failure, and neurode-
generative diseases due to inborn errors of metabolism. 
Since these chronic diseases account for the majority 
of healthcare costs in most national economies, there is 
interest in using ADSCs for their treatment. There is 
particular interest in the use of ADSCs and adipose 
transplantation therapy for lipodystrophy and associ-
ated metabolic disorders such as diabetes. After pre-
clinical animal model data supporting the safety and 
efficacy of these approaches, it has been possible to 
test ADSCs in important human conditions. A positive 
outcome in a single disease alone could have substan-
tial economic and public health benefits.

The use of adipose stem cells for tissue-engineering 
applications brings numerous concerns to address, 
including standardization of methods for tissue prepa-
ration, cell isolation, cell culture and nutrient support, 
and vascularization (Chaps. 2 and 8). The methods for 
harvesting the tissue may have an effect on the ability 
of the cells to proliferate and differentiate during 

in vitro culture. ADSCs differentiate into epithelial-
like cells when transplanted into kidneys and their 
epithelial-like and smooth muscle differentiations in 
the bladder have been reported. Treatment of stress 
urinary incontinence by injecting ADSCs into the ure-
thra has been demonstrated in animal models and 
human patients. Improvement of erectile function in 
animal models of different types of erectile dysfunc-
tion has been also reported (Chap. 18). Tissue engi-
neering strategies can combine cell delivery with 
appropriate scaffold biomaterials that can mimic the 
unique physiological and biomechanical properties of 
ear, nose, and throat. The potential role of mesenchy-
mal stem cells derived from adipose tissue as a source 
of stem cells for oral tissues regeneration has been also 
reported (Chaps. 19 and 20). ADSCs with the proper 
triggering can be converted to osteoblasts, chondro-
cytes, tenocytes, and myoblasts (Chap. 17). Advances 
in tissue engineering for the production of solid tis-
sues/organs using ADSCs as building blocks have 
been reported (Chap. 21).

Genetic engineering and the use of adult stem 
cells may hold the key to future development of 
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tissue-engineered constructs. The identification or 
perhaps deletion of specific genetic sequences might 
be able to identify and modify genes critical to tissue 
development. The overall safety of the various gene 
delivery systems is also an important consideration 
(Chap. 11).

Potential applications of adipose-derived stem cells 
in medicine in the field of muscular dystrophy cell-based 
therapy have been discussed (Chap. 12). ADSCs harbor 
a limited autonomous myogenic differentiation potential 
and this capacity can be increased by genetic modifica-
tion. ADSCs modified with a master gene of embryonic 
myogenesis have been shown in vitro and in vivo to be 
as myogenic as genuine myoblasts (Chap. 12).

Innovative research and new technologies derived 
from such research almost always raise ethical and 
policy concerns. In biomedical research, these issues 
include the ethical conduct of basic and clinical 
research as well as the equitable distribution of new 
therapies. Guidelines or policies for the use of human 
biological materials have been issued at many levels, 
from internal review boards to the National Bioethics 
Advisory Commission. Existing policies cover all 
aspects of research, from the use of cell lines in labo-
ratories, to human subject protections, that will surface 
in the consideration of stem cell research. It is essential 
that there be a public that is educated and informed 
about the ethical and policy issues raised by stem cell 
research and its applications. Informed public discus-
sion of these issues should be based on an understand-
ing of the science associated with stem cell research, 
and it should involve a broad cross-section of society. 
The policy issues raised by stem cell research are not 
unique, but this research has received a significant 
amount of public attention and there is much to gain by 
open reflection on the implications of this sensitive 
area of research (Fig. 24.3).

Over the last decade, the potential advantages of 
using adult adipose tissue-derived stem cells have 
become clear to the industrial sector (Chap. 22). 
Further research is necessary to investigate on safety, 
efficacy, and ideal applications of adipose-derived 
stem cells. This might lead to major investment and 
funding from the industrial sector with interest in adi-
pose stem cells processing and engineering for tissue 
repair. The application of ADSCs in the field of regen-
erative medicine has made progressive advances 
including recent clinical applications. The clinical 

investigators who have published their findings have 
always addressed the important regulatory questions 
before advancing from animal models to clinical set-
ting. International standardization of ADSCs would 
significantly advance clinical translation. The next 
steps will include documenting the reproducibility of 
the current preclinical and clinical findings, and con-
trolled testing of the safety and efficacy of ADSCs in a 
range of human conditions (Chap. 23). Although the 
current animal applied strategies for adipose tissue 
engineering have advanced in the last years, complete 
understanding of the mechanisms of interactions 
among adipose stem cells, growth factors, and bioma-
terials in tissue engineering is needed in order to 
advance the end goal of developing “off-the-shelf” tis-
sue engineering products (Chap. 16).

The enthusiasm over what unquestionably represents 
a markedly innovative technique with huge therapeutic 
potential must be balanced though against stringent 
standards of scientific and clinical investigation.
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