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ABSTRACT
Three-dimensional in vitro models are a new alternative to the classical approaches that can
help to bridge the gap between traditional cell culture and live tissue. Besides, using human cells in a
three-dimensional system has at least two important advantages comparing to animal models: (a)
represents the same species; (b) offer the possibility for measurements of several cell physiology
parameters. Adipose-derived stem cells are multipotent for mesodermical lineages, which mean
that it is possible to build functional bone, cartilage, fat, and even to explore developmental
toxicity, disease progression and drug discovery and development. As a mesenchymal stem cell
source, adipose-derived stem cells are able to form cell aggregates also known as spheroids,
with multidifferentiation capacity and superior tissue quality. The association between spheroid
culture system and mesenchymal stem cell as cell source is a promising approach due to (a) the
undifferentiated phenotype and the self-renewal capacity of stem cells, (b) better understanding
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of the mechanisms ruling the differentiation fate, (c) improving more realistic engineering
constructs to guide stem cells to a specific lineage, (d) more accuracy of outcomes predicting
the target of drug discovery, (e) low costs. With the constantly improvement protocols for stem
cell differentiation and hurdles regard ethical/medical harvesting somatic cells directly from the
patient for its use in clinical testing, the application of adult mesenchymal stem cells make it more
favorable for use in drug testing. Furthermore, obesity disorder could be modeled by making use
of obese patient-derived adipose stem cells cultured as spheroids, as a system with remarkably
potential to be similar to the disease development in vivo.

Keywords: Three-dimensional cell culture; Adipose-derived stem cells; Spheroids; Drug
discovery and development; Obesity model
INTRODUCTION

Although the in vitro culture of mammalian cells in flat, rigid polystyrene dishes - where cells
grow as monolayers in two-dimensions - contributed for advances in cell biology, physiology
and cancer biology, tissues and organs are clearly organized in a complex three-dimensional
system. Two-dimensional cell culture systems do not completely replicate all of the mechanical
and biochemical aspects of the in vivo organization, which can jeopardize cell function [1]. One
of the main differences between two-dimensional cell culture systems and the environment that
cell experience in vivo is the interaction with an unusual substrate, and the lack of cell-cell and
cell-extracellular matrix interactions, that could regulate normal cell function [2]. Because of this,
many drugs that have positive effects on two-dimensional cultured cells do not show beneficial
outcomes when tested in vivo. When considering the emerging area of tissue engineering, that
aims to build tissues and organs from stem cells cultured in vitro, two-dimensional systems could
not attend the demand to mimic tissue or organ function. Therefore, there is a clear need for
in vitro models that faithfully replicate the tissue environment and three-dimensional culture
systems. Three-dimensional in vitro models are a new alternative to the classical approaches
that can help to bridge the gap between traditional cell culture and live tissue [1]. The prompt
application of tissue engineering constructs is in fact the field of drug discovery and development.
CELL CULTURE SYSTEMS FOR DRUG DISCOVERY AND DEVELOPMENT

The release of the book “Principles of Human Experimental Technique” by William Russel and
Rex Burch in 1959 have introduced the first action of the insurgent movement for experimental
animals protection, representing a symbol in debate about use of animals for toxicity assays.
From this point, 3R´s principle for use of animals is established (Reduction, Refinement and
Replacement). In fact, alternative methods can be defined as such method used for reduce, refine
or replace the use of animals in biomedical research, industrial assays or education. Animal-tested
cosmetics were banned from European Community since 2009, and in 2013 even the imported
cosmetics ingredients tested in animals were banned too [3,4]. Currently, the replacement of
animal tests for in vitro or cell culture tests is mandatory for cosmetics area. The most common
established in vitro tests contains a keratinocyte and an epithelial cell layer as a skin construct [5,6].
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Besides the current ban of animal tests on cosmetic area, the ethical, cost, and time consuming
of animal tests, make appropriate cell culture systems indispensable in drug discovery and
development. Although tissues and organs are made of three-dimensional structure, the most
applied methodology for drug discovery and development in vitro still remains on monolayer
cell culture. Regardless of the important results generated by this method, cells grown in twodimensional feature poorly mimetic a real life tissue. They main differ in morphology, cytoskeleton
remodeling, cell core and flattening as the interactions between cell-cell and cell-matrix, which
probably could lead to possible changes in gene expression profile and pursuant to protein
synthesis [7].

The need for physiologic relevant cell culture systems is especially noted in drug screening.
According to Tufts Center for the study of drug development [8] the cost to lead a drug to the
market is approximately U1 billion and the cost to bring a compound to phase I on clinical trial
could reach U$100 million. A potential drug in clinical trial phase I, has only 8% chances to be
launched in the market [9]. The cost is even higher when there is need to withdraw the drug of the
market. For example, the antibiotic trovafloxacin is one of a multiple examples of drugs that was
removed for causing severe hepatotoxicity [10] costing U$8.5 billion in lawsuits for Pfizer [11].
Beyond the high costs and the gap of a more realist in vitro model for human conditions, animal
tests remains the physiological system applied to assess toxicity and drug likeness. In an early
study [12], it was found that combining the toxicity in rodents and non-rodents, through of testing
150 compounds from 12 large pharmaceutical companies, the predictive accuracy was only 50%
of human hepatotoxicity. Furthermore, it is worth notice that probably several compounds that
could have been safe in humans were discarded for its toxicity results in animals.

An important advantage of using three-dimensional cell culture is that the gene expression in
this model is much closer to the clinical expression profile than when observed in two-dimensional
models, enhancing the viability and maturity of platforms in three-dimensional systems for
therapies test with greater clinical efficacy [13]. Besides, the IC50 for a class of drugs tested in
three-dimensional cell culture is 100 times bigger than the IC50 for the same lineage of cells in
monolayer cell culture (two-dimensions). Moreover, it is possible to obtain an increase of 7 to 25
times the economy of reagents compared to traditional two-dimensional cell culture systems on
a large scale [14]. Therefore, three-dimensional cell culture becomes a very interesting model for
drug development, improving the accuracy of the drug discovery once it is capable of reassembly
the original tissue composition as engineering predictive in vitro models in addition to contribute

to the reduction of animal testing and costs [15].

Finally, three-dimensional cell culture system using human cells has at least two important
advantages comparing to animal models: (a) represents the same species; (b) offer the possibility
for measurements of several cell physiology parameters. Although it is known that the mechanisms
of toxicity often differs between species, animal testing remain considered gold standard [16].
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Regarding human cell source, stem cells are the best choice for three-dimensional in vitro assays,
since they have intrinsic capacity to differentiate into multiple cell types. Developmental toxicity,
cytotoxicity and cell functional assays are three categories that stem cell toxicological screenings
are classified [17]. Developmental toxicity evaluates if the tested drug has a possible negative
effect on stem cell stemness. Immunopheno typing through flow cytometry to assess possible
abnormalities on surface markers could be an example of screening to detect developmental
toxicity [18]. Cytotoxicity assays explore viability levels after the compound exposure on the
stem cells. Several studies have described the use of mesenchymal stem cells for evaluation
of cytotoxicity after short and long time incubation with many types of nanoparticles such as
silver, gold and titanium dioxide, as a linkage between cytotoxicity and the increased risk of
developmental toxicity that exposure may cause in humans [19-21]. The functional assay is
performed after stem cells differentiation in vitro, aiming to verify if the compound tested has any
potential toxicological effects on these differentiated cells. The use of high throughput screenings
could be an answerable test system [22].
Despite of stem cell-based toxicological assays be a major promise for drug testing, some
questions still need to be resolved, such as standardization among the laboratories regarding
stem cell differentiation protocols, a deeper study of stem cells responsiveness as well the
exposure time of them to the compound that has been tested. Studies for ensuring the genotypic
and phenotype stability of stem cells used in these tests over time such as validating the efficacy of
pharmacokinetics and pharmacodynamics on human stem cells also need to be taken in concern
[23].
Due this lack between early toxicity assays, ethical concerns and high costs, the threedimensional cell culture system is an effective approach that bridges the gap between monolayer
cell culture and animals testing, being an approach more reliable to predict in vivo human drug
responsiveness [15], especially when using unique cells, such as cells isolated from patient
biopsies. However, it is clear that to reduce, refine or replace (Principle of 3R’s) is necessary
to scientifically demonstrate the relevance and reliability of the alternative method. Despite of
several advantages that three-dimensional systems using stem cells represents, there is still a
need for characterization, improvement and standardize the protocols to maximize the use of this
approach.
HUMAN ADULT STEM CELLS SOURCES FOR THREE-DIMENSIONAL CELL CULTURE SYSTEMS

In 2007, researchers showed that although the development process is considered
irreversible, by introducing genes encoding specific transcription factors in already differentiated
adult cells, they could return to pluripotent stage [24]. These are the induced pluripotent stem
cells. The emergence of induced pluripotent stem cells brought new possibilities to deepen the
understanding of stem cell biology and even reshape it, allowing the creation of disease models,
understanding the basic biology with regard to the development and differentiation, identifying
novel therapeutic targets and testing new therapies [25]. However, several obstacles have been
identified since the beginning of nuclear reprogramming featuring induced pluripotent stem cells:
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time consumption for maintenance of pluripotency, coming variability among different tissues
and the most importantly, cells epigenetic memory [23].
Cells from different tissues show different susceptibilities to reprogramming, they may
require more or less reprogramming factors for pluripotency. There are two main methods for
obtaining induced pluripotent stem cells, which are the somatic cell nuclear transfer - an already
differentiated enucleated cell receives an undifferentiated cell nucleus and passes to express
its characteristics; and reprogramming by inserting transcription factors that induce an entire
lineage to a specific destination [26]. There are evidences found by a comparison of the two main
methods, that induced pluripotent stem cells have an epigenetic memory, characterized by a
residual DNA methylation in low passage cultures which can limit the progress of differentiation
[27].

Despite the new doors opened by the induced pluripotent stem cells to the understanding of
cell biology and study of models of disease and drug screening, large controversies still surround
their use. The major question is about how far the epigenetic memory, the genetic background
and the characteristics that may arise during the reprogramming can influence cell fate [28] and
consequently the results obtained in these studies. Given this uncertainties, adult stem cells,
despite its more restricted differentiation spectrum capacity, provides a safer alternative and can
reproduce more faithful the events that occurs in vivo.

In general, adult stem cells play an important role in maintaining homeostasis and integrity of
adult tissues. They can be obtained from various tissues (in some are more abundant than others)
and remain quiescent until the tissue suffers damage, being recruited to restore the integrity of the
tissue. Among these, we highlight the mesenchymal stem cells that are a fraction of tissue stromal
cells, multipotent for mesodermal lineages (osteocytes, adipocytes and chondrocytes) [29]
besides having the ability to secrete factors that promote tissue remodeling, low immunogenicity
and immunosuppressive [30].

Mesenchymal stem cells were first described in bone marrow [31]. However, they reside
virtually in all adult tissues [32]. An important source of mesenchymal stem cells for use in
tissue repair and regeneration are adipose-derived stem cells. This cell is a convenient choice
for regenerative cell therapy due to easy access from patients with a minimally invasive method
[33,34]. Adipose-derived stem cells are multipotent for mesodermical lineages, which means that
it is possible to build functional bone, cartilage, fat, and even to explore developmental toxicity,
disease progression and drug discovery and development.
As a mesenchymal stem cell source, adipose-derived stem cells are able to form cell aggregates
with multidifferentiation capacity and superior tissue quality [35]. These stem cell aggregates also
known as spheroids are formed mainly driven by adhesion molecules forces, as will be describe
in more detail ahead. Moreover, spheroid-derived adipose stem cells secrete [36] and expressed
higher levels of markers of angiogenic growth factors, such as Hepatocyte Growth Factor (HGF)
and Vascular Endothelial Growth Factor (VEGF), as well as pluripotency markers [37].
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Considering mesodermal lineages, it was reported that the three-dimensional
microenvironment found in spheroids displayed mature adipocyte with better morphologies as
compared with monolayer cultures after adipogenic differentiation [38]. Besides, this system is
also able to enhance chondrogenic differentiation due to reduction oxygen tension and mimicry
of the chondrogenic niche spatial in vivo [39]. Adipose-derived stem cells spheroids are also able
to increase differentiation potential and enhance matrix mineralization [40].

MESENCHYMAL STEM CELLS SPHEROIDS AS TOOLS FOR DRUG DISCOVERY AND
DEVELOPMENT
In the past two decades, in vitro cell culture systems have progressed from monolayer (twodimensional model) to three-dimensional systems. Three-dimensional systems include cells
seeded into three-dimensional scaffolds, the classical approach of tissue engineering [41,42], cells
dispersed into extracellular matrixes, for example hydrogels [43-45] and spheroids [46-48].

In the absence of a substrate to attach, mono-dispersed cells tends to aggregate and undergo
a process called self-assembly, forming structures with a spherical shape, so-called spheroids
[49]. Spheroids can be considered as a functional tissue, whereas cells recapitulate native tissue
properties. Native tissue formation is driven by both assembling process and self-organization,
which are fundamental mechanisms of in vivo development and generally occurs spontaneously.
Cells in spheroids are immersed within a three-dimensional extracellular matrix network,
produced and secreted by them, constituting a complex microenvironment that provides physical
support, cell growth and the ability to construct tissue-like formations containing multiple cell
layers [45].
In the regenerative medicine field, spheroids could also represent an innovative strategy to
delivery cells in cell therapy protocols. In fact, aggregation of human mesenchymal stem cell into
spheroids has demonstrated to be able to improve their therapeutic potential [50]. The ultimate
goal in tissue engineering is replicate tissue-like properties to mimic the aspects of embryogenesis,
morphogenesis, and organogenesis. For example, during embriogenesis, mesenchymal stem
cells assemble into compact cellular aggregates, starting chondro-osteo differentiation. This
condensation phenomenon is driven by mechanical forces and adhesion molecules [51]. Selfassembly of mesenchymal lineage in vitro resembles this initial stage.

The use of classic biodegradable solid scaffold-based approaches as a temporal templatelike instructive support for cell attachment and morphogenesis represent a paradigm in tissue
engineering [52,53]. However, this approach involves the mechanisms of biocompatibility and
biodegradability [54]: in vitro cell seeding on a solid biocompatible and biodegradable scaffold
with sequential, relatively slow, complete scaffold biodegradation and tissue morphogenesis
leads to laborious, expensive, time consuming and commercially unsuccessful tissue engineering
technology. This also limits process automation and large-scale industrial biofabrication of
constructs, which are crucial for application for drug screening strategies, besides introducing
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artificial components into the cell culture. Another limitation to the approach of using threedimensional scaffolds is that they often represent a two-dimensional substrate, where the
nature of cell interaction is two-dimensional [47]. Thus, the search for alternatives is becoming a
technological imperative and spheroids could represent a scaffold-free promising strategy.

A variant of cell culture technologies for spheroids fabrication that can be scaled-up is based
on micro-molded resections in nonadhesive hydrogels. Using this technology, up to 256 spheroids
can be fabricated in a single well of a 12-wells plate, with a standardized shape and size [55].
Automation of this process is also possible and supports the development of a high-throughput
drug screening platform based on spheroids.
Aggregation of mesenchymal stem cells into spheroids not only improves differentiation
efficiency, but also enhances anti-inflammatory properties due to paracrine secretion of trophic
factors [56]. Furthermore, this aggregation can be a procedure to increase their immune
modulatory and pro-angiogenic properties as well as homing to injury sites [57].

The three-dimensional microenvironment of spheroids plays a critical role in translating
in vitro culture mesenchymal stem cells to clinical applications due to ability to preserve their
primitive stemnessproperties. Spheroids enhance mesenchymal stem cell biophysical and
biochemical interaction that improve extrinsic and intrinsic cellular signals and has an influence
in their biologic function [58]. This microenvironment enhances mesenchymal stem cell in vitro
differentiation potential to adipogenic, chondrogenic and osteogenic lineages. The preservation
of differentiation potentials in the three-dimensional cultures may be due to their natural cellextracellular matrix interactions, which may play crucial regulatory roles in mesenchymal stem
cell three-dimensional expansion [59].
At last, the association between spheroid culture system and mesenchymal stem cell as cell
source is a promising approach due to (a) the undifferentiated phenotype and the self-renewal
capacity of stem cells, (b) better understanding of the mechanisms ruling the differentiation
fate, (c) improving more realistic engineering constructs to guide stem cells to a specific lineage,
(d) more accuracy of outcomes predicting the target of drug discovery, (e) low costs. With the
constantly improvement protocols for stem cell differentiation [17] and hurdles regard ethical/
medical harvesting somatic cells directly from the patient for its use in clinical testing, the
application of adult mesenchymal stem cells make it more favorable for use in drug testing.
ADIPOSE-DERIVED STEM CELL SPHEROIDS: IMPLICATION IN OBESITY COMPREHENSION
AND ANTI-OBESITY DRUGS DISCOVERY.

Adipose tissue is a complex organ that regulates and coordinates energy homeostasis. Its disruption

leads to the development of many diseases, including obesity, which is now considered a global

epidemic. Besides, obesity is a major risk factor for other diseases as type II diabetes, hypertension

and dyslipidemia [60]. Pharmaceutical and biotechnology industries have focused on the search of
compounds that could treat obesity, but none of the compounds developed is efficient [61]. As a
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result, there is a sense of urgency to the complex mechanisms that underlie obesity and potential
treatments at the cellular level, as well as systems that could serve as a platform from anti-obesity
drug testing.

At tissue level, obesity development is characterized by adipocyte hypertrophy, hyperplasia,
an intense angiogenic activity and macrophage infiltration, leading to a low-chronic inflammation
[62-67]. Planning strategies to treat and prevent obesity and other metabolic diseases associates
to adipose tissue dysfunction requires the elucidation of the molecular pathways that regulates
adipocyte development, metabolism and the cross-talk between adipocytes and other cell types of

the scenario, like endothelial cells and macrophages. Employment of cellular models has provided
many evidences. However, most in vitro models of adipose tissue function involve culturing cells
as monolayers, which fail to mimic the three-dimensional complexity found in vivo, due to lack of
complex cell-cell interaction and cellular signaling.

The study of adipocyte development involves a deeper understanding of adipogenesis. This
begins with adipose stem cells, that entry the adipogenic differentiation pathway and generates
pre-adipocytes, through a highly controlled molecular mechanism [68]. Indeed, adipocyte biology
and development is being extensively studied through multiple cellular models and most of our
knowledge about adipogenesis was obtained from studies of cell lines committed to the adipogenic
lineage, including the preadipocytes 3T3-L1, derived from mouse embryos [69].
Three-dimensional culture systems were developed associating extracellular matrix and
polymers with 3T3-L1 preadipocytes to study adipogenic differentiation in a more physiological
context [70-72]. However, the use of scaffolds for adipose tissue in vitro engineering for drug
testing could limit its application in a pharmaceutical industry compatible scale and add costs to
the process. Thus, spheroids that mimic adipose tissue physiology could be fabricated in large
scale and could also represent a less expensive technology than those based on scaffolds for
microtissue engineering. Recently, a three-dimensional in vitro model of 3T3-L1 cultured on an
elastin-like polypeptide-polyethyleneimine-coated surface for spheroid organization showed to
be a promise for investigation of cellular responses to a pro-inflammatory stimulus [73].
However, a specific substance can show distinct effects on adipogenesis depending on
cellular origin and context, maybe due to different physiological characteristics between species.
While growth hormone promotes differentiation in murine preadipocyte cell lines, it inhibits
differentiation of rat and human primary preadipocytes [74-76]. Therefore, the use of human

cells could provide more reliable results when considering translating in vitro outcomes to the
clinics. Cultivation of induced pluripotent stem cells could represent an alternative model for
studying adipogenesis, but the disadvantages mentioned before in this chapter significantly limit
its use. Human adult mesenchymal stem cells are multipotent for mesodermal lineages, which
includes the differentiation capacity to the adipogenic lineage.
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Among mesenchymal stem cell sources, human adipose-derived stem cells would be the best
option when consider mimicking adipose tissue physiology in vitro, due to their intrinsic capacity
to derive adipose tissue resident stromal cells like pre-adipocytes, adipocytes and endothelial
cells [77]. Therefore, analysis of the differentiation process and mechanisms that regulate stem
cell function could support the potential manipulation of these cells in regulating the obesity
scenario. An important issue in differentiating stem cells is to recreate their native niche. The
niche is the microenvironment composed of extracellular matrix components, soluble factors
and neighboring cells [78], capable of regulating how stem cells participate in organogenesis,
homeostasis and tissue repair [79]. Cell niche is three-dimensional in native tissues, so threedimensional cell culture systems are crucial for adipose stem cell niche recapitulation in vitro.

The use of adult adipose-derived stem cells in three-dimensional spheroids culture models for
recreating the adipose organ in vitro is mandatory, since they are the initiators of adipogenesis,
influencing the adipocyte development, and may be key players in tissue homeostasis disruption
in obesity [80]. It has been recently shown that obesity limits the differentiation capacity of
adipose-derived stem cells and alters its secretory behavior, tending to a pro-inflammatory [8184]. Ex-obese patients, who lost weigh after bariactric-surgery, also showed adipose-derived
stem cells alterations, which seemed to have an adipogenic and inflammatory memory [81, 85].
Hence, obesity disorder could be modeled by making use of obese patient-derived adipose stem
cells cultured as spheroids, as a system with remarkably potential to be similar to the disease
development in vivo. In addition, spheroids formed by adipose stem cells from ex-obese patients
could serve as a platform for (a) studying weigh regain mechanisms associated to adipose tissue
that could serve as pharmacological targets and (b) for anti-weigh regain drugs development.
Furthermore, exposure to pollutants has being linked to obesity development and it was
hypothesized that they could interact with internal biological mechanisms, modifying glucose and
lipid metabolism, acting as endocrine disruptors [86-90]. It has been recently shown that they can
modulate adipogenesis of human adipose stem cells cultured as monolayers [91]. Considering
the above mentioned about differences in cellular behavior in two- and three-dimensional cell
culture systems, assessment of toxicological effects of pollutants in adipose cells cultured in
three-dimensional systems could represent a new area for obesity comprehension and treatment.
CONCLUDING REMARKS

Building tissues and organs in vitro from three-dimensional cell culture systems suitable
for regeneration repair and damaged tissue substitution is the main goal of the expanding area
of tissue engineering. Currently, three-dimensional spheroids cell culture technique is being
considered a valuable tool for drug discovery and development because of its higher complexity
than monolayers, focusing on physiology and pathology development in vitro studies (Figure
1). However, mature tissue phenotype in spheroids is mandatory for reliable results. Adipose
tissue is a very attractive source for adult stem cells harvesting with applicability in manifold
studies such developmental studies, nanotoxicological assays as on the bioengineering field. As
a whole, three-dimensional spheroids formed from adipose cells represent a new arena that has
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the potential for mimic the biology of adipose tissue and the mechanisms by which this tissue is
involved in obesity development. Besides, the three-dimensional spheroid adipogenic platform
could serve as a fundamental tool for in vitro assay development for the influence of endocrine
disruptors in adipogenesis and for anti-obesity drug discovery.

Figure 1: Main steps of tissue engineering for regeneration and drug discovery and
development. One of the main contributions of three-dimensional systems is to promote the cellcell and cell-extracellular matrix interactions, responsible for normal cell physiology. Besides,
this tissue microenvironment is also able to improve chondrogenic, adipogenic and osteogenic
differentiation, making them interesting for tissue engineering approaches that can support
regeneration and drug discovery and development. The main steps of tissue engineering are:
(A) Cells isolation from the patient and culture in monolayer for expansion (two-dimensional
system); (B) Cell culture in spheroids (three-dimensional system); (C) Spheroids induction
of differentiation in order to generate a mature tissue in vitro for: (D) Repair or even for
replacement of a damaged tissue or organ, and tissue modeling to (E) Understand the basic
biology of human physiology, as well as (F) Human disease physiology, like obesity; (G) Use of
physio- and pathological models as a basis for drug discovery and development, which could
attend patient drug treatment.2D: two-dimensions; 3D: three-dimensions.
Adult Stem Cells: Recent Advances | www.smgebooks.com

10

Copyright  Baptista LS.This book chapter is open access distributed under the Creative Commons Attribution 4.0
International License, which allows users to download, copy and build upon published articles even for commercial
purposes, as long as the author and publisher are properly credited.

References
1. Pampaloni F, Reynaud EG, Stelzer EH. The third dimension bridges the gap between cell culture and live tissue. Nat Rev Mol Cell
Biol. 2007; 8: 839-845.
2. Kleinman HK, Philp D, Hoffman MP. Role of the extracellular matrix in morphogenesis. Curr Opin Biotechnol. 2003; 14: 526-532.
3. Laquieze L, Lorencini M, Granjeiro MJ. Alternative methods to animal testing and cosmetic safety: an update on regulations and
ethical considerations in brazil. Applied in vitro toxicology. Ahead of print 2015.
4. Semlin L, Schäfer-Korting M, Borelli C, Korting HC. In vitro models for human skin disease. Drug Discov Today. 2011; 16: 132-139.
5. Sorrell JM, Caplan AI. Fibroblast heterogeneity: more than skin deep. J Cell Sci. 2004; 117: 667-675.
6. Ponec M. Skin constructs for replacement of skin tissues for in vitro testing. Adv Drug Deliv Rev. 2002; 54: 19-30.
7. Knight E, Przyborski S. Advances in 3D cell culture technologies enabling tissue-like structures to be created in vitro. J Anat. 2014.
8. DiMasi JA, Hansen RW, Grabowski HG. The price of innovation: new estimates of drug development costs. J Health Econ. 2003;
22: 151-185.
9. http://www.fda.gov/oc/initiatives/criticalpath/whitepaper.html.
10. Tsaioun K, Bottlaender M, Mabondzo A; Alzheimer’s Drug Discovery Foundation. ADDME--Avoiding Drug Development Mistakes
Early: central nervous system drug discovery perspective. BMC Neurol. 2009; 9: 1.
11. Stephens J. Panel faults Pfizer in ‘96 clinical trial in Nigeria. Washington Post. 2006.
12. Olson H, Betton G, Robinson D, Thomas K, Monro A. Concordance of the toxicity of pharmaceuticals in humans and in animals.
Regul Toxicol Pharmacol. 2000; 32: 56-67.
13. Friedrich J, Seidel C, Ebner R, Kunz-Schughart LA. Spheroid-based drug screen: considerations and practical approach. Nat
Protoc. 2009; 4: 309-324.
14. Montanez-Sauri SI, Beebe DJ, Sung KE. Microscale screening systems for 3D cellular microenvironments: platforms, advances,
and challenges. Cell Mol Life Sci. 2015; 72: 237-249.
15. Ranga A, Gjorevski N, Lutolf MP. Drug discovery through stem cell-based organoid models. Adv Drug Deliv Rev. 2014; 69-70:
19-28.
16. Yamada KM, Cukierman E. Modeling tissue morphogenesis and cancer in 3D. Cell. 2007; 130: 601-610.
17. Mori H, Hara M. Cultured stem cells as tools for toxicological assays. J Biosci Bioeng. 2013; 116: 647-652.
18. Walmsley GG, Atashroo DA, Maan ZN, Hu MS. High-Throughput Screening of Surface Marker Expression on Undifferentiated and
Differentiated Human Adipose-Derived Stromal Cells. Tissue Eng Part A. 2015; 21: 2281-2291.
19. Sengstock C, Diendorf J, Epple M, Schildhauer TA, Köller M. Effect of silver nanoparticles on human mesenchymal stem cell
differentiation. Beilstein J Nanotechnol. 2014; 5: 2058-2069.
20. Yi C, Liu D, Fong CC, Zhang J, Yang M. Gold nanoparticles promote osteogenic differentiation of mesenchymal stem cells through
p38 MAPK pathway. ACS Nano. 2010; 4: 6439-6448.
21. Hou Y, Cai K, Li J, Chen X, Lai M. Effects of titanium nanoparticles on adhesion, migration, proliferation, and differentiation of
mesenchymal stem cells. Int J Nanomedicine. 2013; 8: 3619-3630.
22. Kunz-Schughart LA, Freyer JP, Hofstaedter F, Ebner R. The use of 3-D cultures for high-throughput screening: the multicellular
spheroid model. J Biomol Screen. 2004; 9: 273-285.
23. Suter-Dick L, Alves PM, Blaauboer BJ, Bremm KD. Stem cell-derived systems in toxicology assessment. Stem Cells Dev. 2015;
24: 1284-1296.
24. Yamanaka S. Strategies and new developments in the generation of patient-specific pluripotent stem cells. Cell Stem Cell. 2007;
1: 39-49.
25. Cao J, Li X, Lu X, Zhang C, Yu H, Zhao T, et al. Cells derived from iPSC can be immunogenic - yes or no? Protein cell. 2014; 5:1-3.
26. Yamanaka S. Induced pluripotent stem cells: past, present, and future. Cell Stem Cell. 2012; 10: 678-684.
27. Kim K, Doi A, Wen B, Ng K, Zhao R. Epigenetic memory in induced pluripotent stem cells. Nature. 2010; 467: 285-290.
28. Ohnuki M, Takahashi K. Present and future challenges of induced pluripotent stem cells. Philos Trans R Soc Lond B Biol Sci.
2015; 370.
29. Zambon JP, Magalhaes RS, Ko I, Ross CL, Orlando G. Kidney regeneration: Where we are and future perspectives. World J
Nephrol. 2014; 3: 24-30.

Adult Stem Cells: Recent Advances | www.smgebooks.com

11

Copyright  Baptista LS.This book chapter is open access distributed under the Creative Commons Attribution 4.0
International License, which allows users to download, copy and build upon published articles even for commercial
purposes, as long as the author and publisher are properly credited.

30. Castro-Manrreza ME, Mayani H, Monroy-García A, Flores-Figueroa E, Chávez-Rueda K, et al. (2014) Human mesenchymal
stromal cells from adult and neonatal sources: a comparative in vitro analysis of their immunosuppressive properties against T
cells. Stem Cells Dev 23: 1217-1232.
31. Friedenstein AJ, Petrakova KV, Kurolesova AI, Frolova GP. Heterotopic of bone marrow. Analysis of precursor cells for osteogenic
and hematopoietic tissues. Transplantation. 1968; 6: 230-247.
32. da Silva Meirelles L, Chagastelles PC, Nardi NB. Mesenchymal stem cells reside in virtually all post-natal organs and tissues. J
Cell Sci. 2006; 119: 2204-2213.
33. Zuk PA, Zhu M, Mizuno H, Huang J, Futrell JW. Multilineage cells from human adipose tissue: implications for cell-based therapies.
Tissue Eng. 2001; 7: 211-228.
34. Baptista LS, do Amaral RJ, Carias RB, Aniceto M, Claudio-da-Silva C. An alternative method for the isolation of mesenchymal
stromal cells derived from lipoaspirate samples. Cytotherapy. 2009; 11: 706-715.
35. Pittenger MF, Mosca JD, McIntosh KR. Human mesenchymal stem cells: progenitor cells for cartilage, bone, fat and stroma. Curr
Top Microbiol Immunol. 2000; 251: 3-11.
36. Nakagami H, Morishita R, Maeda K, Kikuchi Y, Ogihara T. Adipose tissue-derived stromal cells as a novel option for regenerative
cell therapy. J Atheroscler Thromb. 2006; 13: 77-81.
37. Cheng NC, Chen SY, Li JR, Young TH. Short-term spheroid formation enhances the regenerative capacity of adipose-derived stem
cells by promoting stemness, angiogenesis, and chemotaxis. Stem Cells Transl Med. 2013; 2: 584-594.
38. Gerlach JC, Lin YC, Brayfield CA, Minteer DM, Li H. Adipogenesis of human adipose-derived stem cells within three-dimensional
hollow fiber-based bioreactors. Tissue Eng Part C Methods. 2012; 18: 54-61.
39. Munir S, Foldager CB, Lind M, Zachar V, Søballe K. Hypoxia enhances chondrogenic differentiation of human adipose tissuederived stromal cells in scaffold-free and scaffold systems. Cell Tissue Res. 2014; 355: 89-102.
40. Shen FH, Werner BC, Liang H, Shang H, Yang N. Implications of adipose-derived stromal cells in a 3D culture system for osteogenic
differentiation: an in vitro and in vivo investigation. Spine J. 2013; 13: 32-43.
41. Mironov V, Boland T, Trusk T, Forgacs G, Markwald RR. Organ printing: computer-aided jet-based 3D tissue engineering. Trends
Biotechnol. 2003; 21: 157-161.
42. Haycock JW. 3D cell culture: a review of current approaches and techniques. Methods Mol Biol. 2011; 695: 1-15.
43. Lee KY, Mooney DJ. Hydrogels for tissue engineering. Chem Rev. 2001; 101: 1869-1879.
44. Luo Y, Shoichet MS. A photolabile hydrogel for guided three-dimensional cell growth and migration. Nat Mater. 2004; 3: 249-253.
45. Tibbitt MW, Anseth KS. Hydrogels as extracellular matrix mimics for 3D cell culture. Biotechnol Bioeng. 2009; 103: 655-663.
46. Lin RZ, Chang HY. Recent advances in three-dimensional multicellular spheroid culture for biomedical research. Biotechnol J.
2008; 3: 1172-1184.
47. Mironov V, Visconti RP, Kasyanov V, Forgacs G, Drake CJ. Organ printing: tissue spheroids as building blocks. Biomaterials. 2009;
30: 2164-2174.
48. Mironov V, Kasyanov V, Markwald RR. Organ printing: from bioprinter to organ biofabrication line. Curr Opin Biotechnol. 2011;
22: 667-673.
49. Achilli TM, Meyer J, Morgan JR. Advances in the formation, use and understanding of multi-cellular spheroids. Expert Opin Biol
Ther. 2012; 12: 1347-1360.
50. Saleh FA, Whyte M, Genever PG. Effects of endothelial cells on human mesenchymal stem cell activity in a three-dimensional in
vitro model. Eur Cell Mater. 2011; 22: 242-257.
51. Bobick BE, Chen FH, Le AM, Tuan RS. Regulation of the chondrogenic phenotype in culture. Birth Defects Res C Embryo Today.
2009; 87: 351-371.
52. Vacanti JP, Morse MA, Saltzman WM, Domb AJ, Perez-Atayde A. Selective cell transplantation using bioabsorbable artificial
polymers as matrices. J Pediatr Surg. 1988; 23: 3-9.
53. Hutmacher DW. Scaffold design and fabrication technologies for engineering tissues--state of the art and future perspectives. J
Biomater Sci Polym Ed. 2001; 12: 107-124.
54. Williams DF. On the mechanisms of biocompatibility. Biomaterials. 2008; 29: 2941-2953.
55. Napolitano AP, Chai P, Dean DM, Morgan JR. Dynamics of the self-assembly of complex cellular aggregates on micromolded
nonadhesive hydrogels. Tissue Eng. 2007; 13: 2087-2094.

Adult Stem Cells: Recent Advances | www.smgebooks.com

12

Copyright  Baptista LS.This book chapter is open access distributed under the Creative Commons Attribution 4.0
International License, which allows users to download, copy and build upon published articles even for commercial
purposes, as long as the author and publisher are properly credited.

56. Bartosh TJ, Ylöstalo JH, Mohammadipoor A, Bazhanov N, Coble K. Aggregation of human mesenchymal stromal cells (MSCs) into
3D spheroids enhances their antiinflammatory properties. Proc Natl Acad Sci U S A. 2010; 107: 13724-13729.
57. Uccelli A, Moretta L, Pistoia V. Mesenchymal stem cells in health and disease. Nat Rev Immunol. 2008; 8: 726-736.
58. Kabiri M, Kul B, Lott WB, Futrega K, Ghanavi P. 3D mesenchymal stem/stromal cell osteogenesis and autocrine signalling.
Biochem Biophys Res Commun. 2012; 419: 142-147.
59. Matsubara T, Tsutsumi S, Pan H, Hiraoka H, Oda R. A new technique to expand human mesenchymal stem cells using basement
membrane extracellular matrix. Biochem Biophys Res Commun. 2004; 313: 503-508.
60. Wilson PW, D’Agostino RB, Parise H, Sullivan L, Meigs JB. Metabolic syndrome as a precursor of cardiovascular disease and type
2 diabetes mellitus. Circulation. 2005; 112: 3066-3072.
61. Iughetti L, China M, Berri R, Predieri B. Pharmacological treatment of obesity in children and adolescents: present and future. J
Obes. 2011; 2011: 928165.
62. de Ferranti S, Mozaffarian D. The perfect storm: obesity, adipocyte dysfunction, and metabolic consequences. Clin Chem. 2008;
54: 945-955.
63. Rupnick MA, Panigrahy D, Zhang CY, Dallabrida SM, Lowell BB. Adipose tissue mass can be regulated through the vasculature.
Proc Natl Acad Sci U S A. 2002; 99: 10730-10735.
64. Liu L, Meydani M. Angiogenesis inhibitors may regulate adiposity. Nutr Rev. 2003; 61: 384-387.
65. Lijnen HR. Angiogenesis and obesity. Cardiovasc Res. 2008; 78: 286-293.
66. Xu H, Barnes GT, Yang Q, Tan G, Yang D. Chronic inflammation in fat plays a crucial role in the development of obesity-related
insulin resistance. J Clin Invest. 2003; 112: 1821-1830.
67. Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL. Obesity is associated with macrophage accumulation in adipose
tissue. J Clin Invest. 2003; 112: 1796-1808.
68. Ntambi JM, Young-Cheul K. Adipocyte differentiation and gene expression. J Nutr. 2000; 130: 3122S-3126S.
69. Cristancho AG, Lazar MA. Forming functional fat: a growing understanding of adipocyte differentiation. Nat Rev Mol Cell Biol. 2011;
12: 722-734.
70. Fischbach C, Seufert J, Staiger H, Hacker M, Neubauer M. Three-dimensional in vitro model of adipogenesis: comparison of
culture conditions. Tissue Eng. 2004; 10: 215-229.
71. Sonoda E, Aoki S, Uchihashi K, Soejima H, Kanaji S. A new organotypic culture of adipose tissue fragments maintains viable
mature adipocytes for a long term, together with development of immature adipocytes and mesenchymal stem cell-like cells.
Endocrinology. 2008; 149: 4794-4798.
72. Toda S, Uchihashi K, Aoki S, Sonoda E, Yamasaki F. Adipose tissue-organotypic culture system as a promising model for studying
adipose tissue biology and regeneration. Organogenesis. 2009; 5: 50-56.
73. Turner PA, Tang Y, Weiss SJ, Janorkar AV. Three-dimensional spheroid cell model of in vitro adipocyte inflammation. Tissue Eng
Part A. 2015; 21: 1837-1847.
74. Guller S, Sonenberg M, Wu KY, Szabo P, Corin RE. Growth hormone-dependent events in the adipose differentiation of 3T3F442A fibroblasts: modulation of macromolecular synthesis. Endocrinology. 1989; 125: 2360-2367.
75. Corin RE, Guller S, Wu KY, Sonenberg M. Growth hormone and adipose differentiation: growth hormone-induced antimitogenic
state in 3T3-F442A preadipose cells. Proc Natl Acad Sci U S A. 1990; 87: 7507-7511.
76. Wabitsch M, Heinze E, Hauner H, Shymko RM, Teller WM. Biological effects of human growth hormone in rat adipocyte precursor
cells and newly differentiated adipocytes in primary culture. Metabolism. 1996; 45: 34-42.
77. Planat-Benard V, Silvestre JS, Cousin B, André M, Nibbelink M. Plasticity of human adipose lineage cells toward endothelial cells:
physiological and therapeutic perspectives. Circulation. 2004; 109: 656-663.
78. Mitsiadis TA, Barrandon O, Rochat A, Barrandon Y, De Bari C. Stem cell niches in mammals. Exp Cell Res. 2007; 313: 3377-3385.
79. Scadden DT. The stem-cell niche as an entity of action. Nature. 2006; 441: 1075-1079.
80. Baptista LS, Silva KR, Borojevic R. Obesity and weight loss could alter the properties of adipose stem cells? World J Stem Cells.
2015; 7: 165-173.
81. Silva KR, Liechocki S, Carneiro JR. Stromal-vascular fraction content and adipose stem cell behavior are altered in morbid obese
and post bariatric surgery ex-obese women. Stem Cell Res Ther. 2015; 6: 72.

Adult Stem Cells: Recent Advances | www.smgebooks.com

13

Copyright  Baptista LS.This book chapter is open access distributed under the Creative Commons Attribution 4.0
International License, which allows users to download, copy and build upon published articles even for commercial
purposes, as long as the author and publisher are properly credited.

82. Oñate B, Vilahur G, Camino-López S, Díez-Caballero A, Ballesta-López C. Stem cells isolated from adipose tissue of obese
patients show changes in their transcriptomic profile that indicate loss in stemcellness and increased commitment to an adipocytelike phenotype. BMC Genomics. 2013; 14: 625.
83. Kilroy GE, Foster SJ, Wu X, Ruiz J, Sherwood S. Cytokine profile of human adipose-derived stem cells: expression of angiogenic,
hematopoietic, and pro-inflammatory factors. J Cell Physiol. 2007; 212: 702-709.
84. Monteiro R, Calhau C, Azevedo I. Comment on: Tchoukalova Y, Koutsari C, Jensen M (2007) Committed subcutaneous
preadipocytes are reduced in human obesity. Diabetologia 50:151-157. Diabetologia. 2007; 50: 1569.
85. Baptista LS, da Silva KR, da Pedrosa CS, Claudio-da-Silva C, Carneiro JR. Adipose tissue of control and ex-obese patients exhibit
differences in blood vessel content and resident mesenchymal stem cell population. Obes Surg. 2009; 19: 1304-1312.
86. Baillie-Hamilton PF. Chemical toxins: a hypothesis to explain the global obesity epidemic. J Altern Complement Med. 2002; 8:
185-192.
87. Casals-Casas C, Desvergne B. Endocrine disruptors: from endocrine to metabolic disruption. Annu Rev Physiol. 2011; 73: 135162.
88. Thayer KA, Heindel JJ, Bucher JR, Gallo MA. Role of environmental chemicals in diabetes and obesity: a National Toxicology
Program workshop review. Environ Health Perspect. 2012; 120: 779-789.
89. Ibrahim MM, Fjære E, Lock EJ, Naville D, Amlund H. Chronic consumption of farmed salmon containing persistent organic
pollutants causes insulin resistance and obesity in mice. PLoS One. 2011; 6: e25170.
90. Miyawaki J, Sakayama K, Kato H, Yamamoto H, Masuno H. Perinatal and postnatal exposure to bisphenol a increases adipose
tissue mass and serum cholesterol level in mice. J Atheroscler Thromb. 2007; 14: 245-252.
91. Ohlstein JF, Strong AL, McLachlan JA, Gimble JM, Burow ME. Bisphenol A enhances adipogenic differentiation of human adipose
stromal/stem cells. J Mol Endocrinol. 2014; 53: 345-353.

Adult Stem Cells: Recent Advances | www.smgebooks.com

14

Copyright  Baptista LS.This book chapter is open access distributed under the Creative Commons Attribution 4.0
International License, which allows users to download, copy and build upon published articles even for commercial
purposes, as long as the author and publisher are properly credited.

