Journal of Cellular Biochemistry 110:564-572 (2010)

Cellular Models for Understanding Adipogenesis,
Adipose Dysfunction, and Obesity

Andrea Armani,"? Caterina Mammi,'?> Vincenzo Marzolla,"* Matilde Calanchini,
Antonella Antelmi, ' Giuseppe M.C. Rosano,'> Andrea Fabbri,> and Massimiliano Capriol’z*
! Centre for Clinical and Basic Research, IRCCS San Raffaele Pisana, Rome, Italy

?Department of Internal Medicine, Endocrinology Unit, S. Eugenio & CTO A. Alesini Hospitals, University Tor Vergata,
Rome, Italy

?San Raffaele Sulmona, I’Aquila, Italy

ABSTRACT

White adipose tissue (WAT) is no longer considered a depot for energy storage in the form of triglycerides, but is a secretory organ that releases
factors, known as adipokines, capable of regulating several physiological processes. Alteration of WAT function with subsequent
dysfunctional expression and secretion of adipokines plays a key role in the pathogenesis of obesity, diabetes, and other metabolic diseases.
For this reason, a deeper understanding of the molecular mechanisms regulating adipocyte function is deemed necessary for planning
strategies to treat and prevent obesity and its metabolic complications. This review examines cell culture models currently available for
studying adipocyte biology. We focus on advantages, disadvantages and main differences between established preadipocyte cell lines and
primary preadipocyte cultures. We revise protocols used to promote adipocyte differentiation and mature adipocytes dedifferentiation into
preadipocytes. Finally, we briefly describe co-cultures of adipocytes with other cell types and three-dimensional adipocyte culture systems.
These models allow investigation of cell-cell interactions with the cross-talk physiologically occurring between adipocytes and other cell

types residing within or outside adipose tissue. J. Cell. Biochem. 110: 564-572, 2010. © 2010 Wiley-Liss, Inc.
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T he study of adipocyte development has become an area of
intense research in recent years. Adipocyte differentiation has
many implications for human diseases. The primary health concerns
related to adipocyte development derive from extreme aberration in
fat cell number. The largest class of health problems is caused by
obesity, due in part to an overabundance of fat cells. The growing
obesity epidemic is becoming a serious public health problem all
over the world and the coexistence of obesity, type Il diabetes,
dislipidemia and hypertension, known as metabolic syndrome,
determines an increased risk for the development of cardiovascular
disease [Wilson et al., 2005].

In mammals, two distinct types of fat exist, white adipose tissue
(WAT) and brown adipose tissue (BAT). WAT is the predominant
type and serves as a storage depot of lipids, whereas BAT generates
heat through mitochondrial uncoupling of lipid oxidation. WAT is a
remarkable endocrine organ secreting a number of hormones,

known as adipokines, involved in the regulation of metabolic
functions. Dysfunctional secretion of adipokines, together with a
dysregulated disposal of glucose and lipids, is a pivotal pathogenetic
factor in the development of several metabolic disorders [Rosen
and Spiegelman, 2006; Lefterova and Lazar, 2009]. Disorders in
adipocyte development and function has also been linked to some
types of cancers and immune dysfunction [Spiegelman et al., 1993].
The molecular link to cancer has not been strongly established but is
believed to be related to an increase in free radical damage of DNA
caused by an increase in fatty acid metabolism.

A thorough understanding of the differentiation process could
importantly support the potential manipulation of adipocyte cell
number in order to control certain diseases. Indeed, a detailed study
of differentiation, expansion and endocrine function of adipocytes
is necessary for planning therapies against obesity and its metabolic
complications.
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Adipose tissue represents a peculiar endocrine organ, characterized
by a discontinuous distribution throughout the body, with several
subcutaneous and visceral depots under a coordinated, but
still largely unknown, neuro-hormonal control. Moreover, it is
characterized by a marked cellular heterogeneity: among its cellular
components we can find adipocytes, preadipocytes, fibroblasts,
endothelial cells and multipotent stem cells, able to differentiate
into several cell types (Fig. 1). Overall, fat tissue consists of
approximately one third of mature adipocytes. The remaining two
thirds are a combination of small blood vessels, nerve tissue,
fibroblasts and preadipocytes in various stages of development.
Preadipocytes have the ability to proliferate and differentiate into
mature adipocytes, conferring adipose tissue a constant functional
plasticity, which determines its ability to expand throughout the
entire lifespan [Sethi and Vidal-Puig, 2007].

In addition, adipose tissue releases adipokines into the blood-
stream, whose primary role is the integration of multiple functions,
such as energy balance, food intake and appetite, immunity, insulin
sensitivity, blood pressure, and reproduction [Caprio et al., 2001].
Dysfunctional secretion of adipokines and free fatty acids contribute
to the development of an inflammatory state that is believed to
underlie the insulin-resistant state of obesity [Wellen and
Hotamisligil, 2005]. Importantly, these alterations are linked to
the specific site of deposit, with visceral fat accumulation being
the main responsible for dysfunctional adipose tissue, metabolic
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Fig. 1. Adipose tissue contains multiple cell types including mature adipo-
cytes, pradipocytes, endothelial cells, macrophages, fibroblasts, and adipose-
derived stem cells (ADSC), capable to differentiate toward the osteogenic,
adipogenic, myogenic, chondrogenic, and neurogenic lineages in vitro. Pre-
adipocytes can proliferate and differentiate into adipocytes. Macrophages are
recruited into adipose tissue and, together with endothelial cells and mature
adipocytes, contribute to the pro-inflammatory state observed in obesity.

complications and increased cardiovascular risk, even in normal
weight individuals [Berg and Scherer, 2005; Wildman et al., 2008].

Primary preadipocytes can be isolated and cultured from fat
tissue explants. In particular culture conditions, they are able to
proliferate, undergo adipose conversion and acquire the phenotype
of mature adipocytes, whose main functions (i.e., adipokine
secretion, lipolysis, etc.) can be induced and investigated in vitro
[Hauner et al., 1989; Reyne et al., 1989; Litthauer and Serrero, 1992;
Kirkland et al., 1994]. However, the use of primary culture suffers
major drawbacks, due to technical difficulties to isolate preadipo-
cytes from other fibroblast-like cells. Also, large amounts of fat
tissue are required because preadipocytes constitute only a small
percentage of total fat tissue. In addition, primary cultures have a
limited life span.

Adipogenesis is a multi-step process involving a cascade of
transcription factors and cell-cycle proteins regulating gene
expression and leading to adipocyte development. Several coacti-
vators and negative regulators of this network have been elucidated
in the recent years [Lefterova and Lazar, 2009].

Many review articles focused on the complex network of
transcription factors and pathways regulating adipogenesis have
been already published [Farmer, 2006; Rosen and MacDougald,
2006]. Thus, here we just briefly resume the most important factors
involved in adipocyte development.

Peroxisome proliferator-activated receptor-gamma (PPARvy) and
CCAAT/enhancer-binding proteins alfa (C/EBPa) are two crucial
molecules for driving the transcriptional cascade that leads to
adipocyte differentiation and have been extensively studied. All the
studies performed on PPAR+y gain and loss of function models
confirmed that PPARvy is both necessary and sufficient for
fat formation [Farmer, 2006]. Ectopic expression of C/EBPa in
fibroblasts can induce adipogenesis only in the presence of PPARy
[Freytag et al., 1994]. Accordingly, PPARYy ectopic expression can
induce adipogenesis in mouse embryonic fibroblasts (MEFs) lacking
C/EBPqa, but C/EBPa can not rescue adipogenesis, if PPARy is
not expressed, indicating that PPARvy is a master regulator of
adipogenesis [Rosen et al., 2002].

C/EBPB and C/EBPS are two different members of the C/EBP
family expressed in earlier phases of adipogenesis. Several studies
suggest that C/EBPB and C/EBP3 cooperate inducing expression of
C/EBPa, PPARY and other genes involved in terminal differentiation
[Lefterova and Lazar, 2009]. Their expression coincide with the
latest phases of mitotic clonal expansion of preadipocytes, where
cells re-enter the cell cycle and undergo several rounds of
supplementary cell divisions [Ntambi and Young-Cheul, 2000].
These events depend on a complex coordinated cascade of cell cycle
proteins, such as members of E2F and retinoblastoma protein (RB)
[Puigserver et al., 1998; Fajas et al., 2002a,b], and are necessary for
terminal adipocyte differentiation of murine preadipocytes. The
mitosis is believed necessary to unwind DNA, allowing transcription
factors access to regulatory response elements present in genes
involved in adipogenesis [Cornelius et al., 1994].
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The Wnt/beta-catenin pathway represents a signaling cascade
which negatively regulates adipocyte differentiation [Ross et al.,
2000; Moldes et al., 2003]. Such pathway has been shown to play an
important role in the morphogenesis of other organs [Clevers, 2006]
such as intestine, hematopoietic system, and bone. Importantly,
Wnt/beta-catenin mediate the inhibitory effects of androgens on
adipose conversion of 3T3-L1 cells [Singh et al., 2006]. Members of
the Kruppel-like factor (KLF) family are also importantly implicated
in adipogenesis and can modulate either positively or negatively
adipocyte differentiation depending on the specific protein involved
[Banerjee et al., 2003; Mori et al., 2005; Lefterova and Lazar, 2009].
For instance, KLF4 transactivates CEBPf3 promoter initiating the
adipogenic program [Birsoy et al., 2008]. KLF6 represses DLK1
which is a well established inhibitor of adipogenesis, therefore
promoting adipose conversion [Li et al., 2005]. Differently KLF2 can
repress PPARy2 promoter activity, inhibiting adipogenesis when
overexpressed in 3T3L1 cells [Banerjee et al., 2003; Wu et al., 2005].

A large part of knowledge on the molecular pathways governing
adipocyte development has been clarified thanks to available
cellular models of preadipocytes. Two different kinds of cell lines are
currently available: (1) preadipocyte cell lines, already committed to
the adipocyte lineage, and (2) multipotent stem cell lines, able to
commit to different lineages including adipose, bone and muscle
lineage.

3T3-F442A and 3T3-L1 cells, isolated from the Swiss 3T3 cell line,
derived from disaggregated 17- to 19- day-old Swiss 3T3 mouse
embryos, are the most frequently used preadipocyte lines [Green and
Meuth, 1974; Green and Kehinde, 1976]. Importantly, clonal cells
lines are homogenous in terms of cellular population, and their
cell types are all at the same differentiation stage. This allows a
homogeneous response to treatments. In addition, these cells can
be passaged indefinitely, which provides a consistent source of
preadipocytes for study. For all these reasons clonal cell models are
an interesting and complementary tool to animal models for the
study of relevant biological questions. 3T3-F442A are generally
regarded as a model with a more advanced commitment in the
adipose differentiation process than 3T3-L1; for this reason they do
not require early exposure to glucocorticoids to differentiate
[Gregoire et al., 1998].

During proliferation, all preadipose cell models show a similar
morphology to fibroblasts. Induction of differentiation triggers deep
phenotipical changes of preadipocytes that become spherical and
filled with lipid droplets, displaying many morphological and
biochemical characteristics of adipocytes differentiated in vivo.

Ob17 cells, derived from adipose precursors present in epididymal
fat pads of genetically obese (ob/ob) adult mice are employed less
frequently [Negrel et al., 1978]. With respect to 3T3-F442A and
3T3-L1 cells, adult derivation of Ob17 cells represents a later
preadipocyte stage. The derivation from an obese animal could also
confer properties different from those of embryonic origin.

When implanted in nude mice, 3T3-F442A and Ob17 pre-
adipocytes produce fat pads histologically identical to those of
the host adipose tissue [Green and Kehinde, 1979; Vannier et al.,
1985].

C3H10T1/2 cells, established in 1973 from 14- to 17-day-old C3H
mouse embryos, are mesenchimal stem cells which, following
treatment with 5-azacytidine, can be differentiate into cells showing
morphology and biochemical features of muscle, bone, cartilage and
adipose tissue [Taylor and Jones, 1979; Konieczny and Emerson,
1984]. Unlike 3T3-L1 cells, pluripotent C3H10T1/2 stem cells do not
differentiate into adipocytes in the presence of adipose differentia-
tion inducers.

Interestingly, treatment of proliferating C3H10T1/2 cells with
bone morphogenetic protein 4 (BMP-4) induces commitment to
adipocyte lineage cells which can differentiate into adipocytes when
exposed to adipocyte differentiation inducers. This process of
commitment is also functional in vivo, in fact C3H10T1/2 cells
treated with BMP-4 in culture and implanted into athymic mice
form adipose tissue indistinguishable from the adipose tissue of the
host animal [Tang et al., 2004].

Most available models of murine preadipocyte (3T3-L1 at a
greater extent, 3T3-F442A, and Ob17), once they reach confluence
and growth arrest, upon opportune hormonal induction, re-enter
cell cycle and undergo several rounds of post-confluent mitosis,
known as mitotic clonal expansion (MCE). This is a fundamental
requirement for terminal adipocyte differentiation. In fact, blocking
the entry of 3T3-L1 cells into S phase at the time of MCE completely
inhibits the adipose conversion program [Tang et al., 2003]. Also,
inhibition of DNA synthesis in 3T3-F442A cells prevents formation
of fat cells [Kuri-Harcuch and Marsch-Moreno, 1983]. However,
confluent 3T3-F442A cells shifted to suspension culture maintain
their ability to differentiate, suggesting that growth arrest but not
confluency is required for adipocyte formation [Pairault and Green,
1979]. Similarly, C3H10T1/2 cells treated with BMP-4 that triggers
commitment to adipose lineage undergo MCE in the presence of
differentiation inducers [Tang et al., 2004].

Although extensive studies clarified the molecular pathways
leading preadipocytes to differentiate into mature adipocytes, there
is yet little knowledge about the initial processes and factors
determining commitment of pluripotent stem cells towards the
adipocyte lineage.

An alternative cell model for studying adipose commitment is
represented by pluripotent embryonic stem (ES) cells. ES cells derive
from the inner cell mass of 3.5 days old mouse blastocysts. ES cells
in vitro can remain in a undifferentiated state or are able to
differentiate into various lineages. ES cells cannot differentiate into
adipocytes in the presence of adipogenic inducers. However,
pretreatment of ES cells-derived embryoid bodies with retinoic
acid (RA) allows commitment to adipose lineage and gives rise to
adipocytes following induction with standard adipogenic hormones
[Dani et al., 1997].

Fat cell precursors from adult WAT of various species, including
humans, can be isolated and differentiated in vitro into mature
adipocytes (Fig. 2). Despite the relative disadvantages of primary
preadipocyte cultures, as discussed in the previous section, they may
better reflect the context of adipose function in vivo, representing a
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Fig. 2. Preadipocytes residing in the stromal vascular fraction of adipose tissue can be easily separated from mature adipocytes by centrifugation, followed by selective
purification through appropriate culture techniques or flow cytometric cell sorting. Under opportune culture conditions, preadipocytes are capable of proliferating and
differentiating in vitro. Mature adipocytes, through the ceiling culture method, can dedifferentiate into proliferating fibroblast-like cells. Such cells, known as DFAT cells, are

able to differentiate again into adipocytes as well as to different cell types.

suitable cellular system to confirm data deriving from preadipocyte
lines.

In addition, primary preadipocytes do not undergo continuous
passages, hence they keep a diploid status, better reflecting the
context in vivo. Interestingly, proliferation and differentiation of
primary preadipocytes is clearly influenced by the anatomic site of
the depots as well the age of the donor. In particular, aging reduces
replicative ability of primary preadipocytes in cell culture [Djian
et al., 1983].

However, established preadipocyte lines and primary cultures
require different hormonal signals for differentiation and show
a distinct responsiveness to hormones and factors regulating
differentiation and metabolism. The discrepancies are mainly
explained by the fact that primary preadipocytes derive from a
cellular context where different cell types may affect differentiation
ability and hormonal responsiveness.

The problem of cellular heterogeneity of the stromal vascular
fraction (SVF), containing preadipocytes, endothelial cells, fibro-
blasts, monocytes, red blood cells, etc., can be overcome by selective
culture techniques. Using an appropriate culture medium, not
containing fetal bovine serum, but only specific factors selectively
promoting adipogenesis [Hauner et al., 1989], will allow only
preadipocyte to proceed towards the differentiation program.
However, cellular composition of the SVF has been clarified by
flow cytometric analysis. Expression of different patterns of clusters
of differentiation (CD) represents a ‘“hallmark” which enables to
identify diverse cell types. For instance, cells corresponding to
the adipose-derived stromal cells are defined by the following

phenotype: CD31~, CD34", CD45~, CD90*, CD105~, CD146 ", and
represent 70-90% of the total CD45  adipose cells [Sengenes et al.,
2005]. SVF also includes endothelial cells, defined as CD34"/CD31"
cells, and machrophages, which express CD14 and CD31. Cells
capable of differentiating into adipocytes are included in the CD34 ™"/
CD31" cell fraction and do not express the mesenchimal stem cell
marker CD105 [Sengenes et al., 2005]. For this reason, adipose-
committed preadipocytes express a specific pattern of cell surface
markers, allowing selective purification by immune-magnetic beads
or by flow cytometric cell sorting.

The availability of adipose clonal cell lines and primary
preadipocytes has allowed researchers to investigate the adipogenic
or antiadipogenic potential of hormones, growth factors and various
pharmacological compounds.

Confluent 3T3-L1 preadipocytes can be differentiated synchro-
nously by a defined adipogenic cocktail. Maximal differentiation is
achieved upon early hormonal induction for 48 h with a combina-
tion of insulin, glucocorticoids, and methylisobutylxanthine (MIX),
which elevates intracellular cAMP levels, in the presence of fetal
bovine serum. Dexamethasone (dxm), a synthetic glucocorticoid
agonist, is traditionally used to stimulate the glucocorticoid receptor
(GR), but a recent report demonstrated the prevalent involvement of
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mineralocorticoid receptor (MR) in glucocorticoid-induced adipo-
genesis, since preadipocytes actively express MR during differ-
entiation and glucocorticoids can bind to both GR and MR [Caprio
et al., 2007]. After the first 48 h, insulin alone is required to continue
the differentiation program. Interestingly, dxm is a powerful
inductor of adipogenesis at early stages of differentiation, but
displays antiadipogenic effects when added at later stages of adipose
maturation, indicating that the effects of hormones are strictly time-
dependent [Caprio et al., 2007].

Efficient maturation of 3T3-L1 cells has been also obtained by
replacing IBMX and dxm with the non-steroidal antiinflammatory
drug indomethacin during the first 2 days of differentiation
[Norman et al., 2003]. In these conditions 3T3-L1 cells express and
secrete higher levels of leptin, undergoing cell differentiation even
more rapidly and completely than in the presence of dxm; such
effect cannot be ascribed to inhibition of cyclo-oxygenase [Knight
et al., 1987]. These data demonstrate that preadipocyte are able to
undergo adipose conversion through different signals, also in the
absence of active corticosteroids, leading to the activation of
convergent or independent molecular pathways.

Differentiation of 3T3-F442A preadipocytes does not require
early induction with glucocorticoids, since their commitment
in adipogenesis is more advanced compared to 3T3-L1 cells. It is
worthy to note that treatment of 3T3-442A cells with dxm represses
adipogenesis, confirming what observed in 3T3-L1 cells exposed to
glucocorticoid at a later stage of adipose conversion. Interestingly,
MR activation is able to induce adipogenesis also in this cellular
model [Caprio et al., 2007].

Adipogenesis can be influenced in a positive or negative way by
many hormones, cytokines and growth factors. It is well known that
insulin-like growth factor-1 (IGF-1), thyroid hormones, glucocorti-
coids, mineralocorticoids, PPARy agonists promote differentiation,
whereas androgens, estrogens and pro-inflammatory cytokines
display an inhibitory effect. In particular, TNF-a has been shown to
decrease the amount of intracytoplasmatic lipids also in mature
adipocytes, conferring them the phenotype of preadipocytes,
through a marked reduction of CEBPa and PPARy expression
[Torti et al., 1985, 1989; Xing et al., 1997].

Sometimes the effect of a specific substance depend upon the
cellular context and origin. For example, growth hormone (GH)
promotes differentiation in murine preadipose cell lines but inhibits
differentiation of rat, porcine and human primary preadipocytes
[Guller et al., 1989; Hausman and Martin, 1989; Corin et al., 1990;
Wabitsch et al., 1995, 1996]. Other factors display different effects
depending on the differentiation stage of cells. Interestingly,
retinoic acid (RA) is able to influence the process of adipocyte
formation in two distinct stages of the differentiation program. In
addition to its role in the commitment of ES cells to adipose lineage,
already discussed in a previous section, it can also influence
terminal differentiation of preadipocytes to mature adipocytes, in
both primary and clonal cells [Gregoire et al., 1998].

In general, the differentiation cocktail employed for primary
preadipocytes is devoid of serum, but contains specific adipogenic
factors (i.e., T3, insulin, glucocorticoids, IBMX, troglitazone) which
allow selective culture and differentiation of preadipocytes.
Interestingly, human primary preadipocytes do not require a

significant degree of cell proliferation in vitro to enter the
differentiation process, in fact they keep the ability to differentiate
even when plated in serum-deprived condition. In line with this,
blockade of cell mitosis by cytosine arabinoside does not interfere
with adipocyte development [Entenmann and Hauner, 1996],
suggesting that primary preadipose cells may have already
undergone a critical level of cell division in vivo, necessary to
enter terminal differentiation in vitro [Entenmann and Hauner,
1996; Boone et al., 2000]. In this context, allowing proliferation of
primary preadipocyte in serum free medium may be useful to
remove interferences with serum components during the differ-
entiation phase and investigate, in a simplified culture setting, the
effect of distinct compounds capable of modulating adipogenesis.

Recently, several authors showed that mature adipocytes derived
from fat tissue retain the ability to de-differentiate in vitro into
fibroblast-like cells. The culture technique developed to de-
differentiate adipocytes is known as ceiling culture [Sugihara
et al., 1986, 1987; Yagi et al., 2004; Fernyhough et al., 2008;
Matsumoto et al., 2008; Nobusue et al., 2008]. In this protocol,
floating unilocular mature adipocytes adhere to the top inner
surface of a culture flask filled completely with medium. After about
7 days of culture, the adipocytes change morphology, spread and
show fibroblast like shape with no lipid droplets. These cells, known
as dedifferentiated fat (DFAT) cells, retain remarkable proliferative
ability and are able to differentiate again into mature adipocytes
both in vitro and in vivo (Fig. 2). Human DFAT cells from human
subcutaneous adipocytes do not express adipocyte markers such as
LPL, leptin, GLUT4 and C/EBPa, showing low levels of PPARy, C/
EBPB and C/EBPJ transcripts. Interestingly, these cells express
RUNX2 and SOX9, critical factors for osteogenesis and condrogen-
esis respectively, and are able to undergo osteogenic and
chondrogenic differentiation in vitro in the presence of appropriate
culture conditions. Moreover, they are able to form osteoid matrix
when implanted in nude mice, after osteogenic induction in vitro
[Matsumoto et al., 2008].

The ability of DFAT cells to proliferate and differentiate into
multiple mesenchimal lineages confers to these cells the character-
istics of adult stem cells. Kano et al. obtained DFAT cells from green
fluorescent protein (GFP) transgenic mice. When implanted, these
cells, which were easily traced, formed adipose tissue, differentiating
not only into mature adipocytes but also into vascular endothelial
cells [Nobusue et al., 2008]. These experiments suggest that DFAT
cells represent a useful model for studying adipogenesis also in vivo.

The process of reversal of mature adipocytes to fibroblast-like
cells in vitro might intriguingly occur also in vivo, raising the
possibility of new unexplored sources of stem cells in adipose
depots. Further investigations are required to understand whether
different fat depots have a different potential of producing DFAT
cells in vitro.

Adipose tissue has been shown to represent a source of
multipotent stem cells, known as adipose-derived stem cells
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(ADSCs), able to self-renew and differentiate along multiple lineages
in vitro and in vivo [Nakagami et al., 2006; Schaffler and Buchler,
2007]. ADSCs show a cell surface antigen profile similar to that
observed on mesenchymal stem cells (MSCs) in adult bone marrow,
but are more simple to purify, given that their source is easily
available.

MSCs and ADSCs are characterized by an heterogeneous
populations, that contains also differentiated cells, contaminating
the stem cells preparation. Removal of the contaminating
differentiated cells requires several passages. Flow cytometer
analysis show that DFAT cells are more homogeneous than ADSCs,
representing an interesting cell source for cell engineering and
regenerative medicine applications [Matsumoto et al., 2008]. Thanks
to the adipose differentiation potential of DFAT cells, they represent
a valuable cell system to study adipocyte development and
metabolism, which could potentially replace conventional primary
preadipocyte cultures. Table I summarize all adipose cell lines above
discussed, including also DFAT cells.

Adipose tissue is a source of molecules that are secreted into the
blood stream and modulate the function of other organs and tissues.
Conversely, it receives signals from distant, different tissues,
influencing its metabolism. Co-cultures of adipocytes and other
cell types (i.e., endothelial cells, macrophages, muscle cells) have
shed light on the complexity of the cross-talk occurring between
adipose tissue and other organs [Turtzo et al., 2001; Aoki et al.,
2003; Wang et al., 2006; Lumeng et al., 2007; Vu et al., 2007]. In
fact, in the last years particular culture methods have been set up,
which allow to culture separately two different cell types, thanks to
specific devices with separated chambers and permeable barriers
that permit secreted factors in the medium to pass between the two
cultures, without any direct cell-cell contact. These systems have
clarified several important interactions occurring between different
tissues and cell types, as we briefly discuss in this section.

In adipocytes, cathecolamines interacting with P-adrenergic
receptors are able to trigger lipolysis. Cathecolamines are released
from sympathetic neurons that innervate WAT; co-cultures of 3T3-
L1 adipocytes with primary sympathetic neurons isolated from
newborn rats allow investigation of the interactions between the two
cell types [Turtzo et al., 2001]. In such co-culture system, both
adipocytes and neurons show appropriate morphology and cell-type
specific markers. Moreover, leptin secretion and lipolysis induced
by B-agonists are downregulated; such effects are mediated by
the increased production of NPY by the sympathetic neurons,
demonstrating a functional cross-talk between these cells and
adipocytes [Turtzo et al., 2001].

Obesity and insulin resistance are highly correlated. In obesity, an
increase of macrophages infiltration in visceral adipose tissue has
been observed [Weisberg et al., 2003]. These cells represent an
important local source of cytokines such as TNF-a and plasminogen
activator inhibitor (PAI-1), together with C-reactive protein (CRP)
and IL-6. Different systems of co-culturing macrophages and
adipocytes have shown that macrophages-specific factors, as well as
direct cell-cell contact, are able to induce an inflammatory response
and insulin resistance in adipocytes [Lumeng et al., 2007].

Co-culture of primary hepatocytes and 3T3-L1 cells developed by
Wang et al. [2006] has provided evidence that insulin resistance in
the liver is mediated by adipokines such as IL-6 and TNF-a secreted
by the adipose cells.

In diabetic and obese individuals, circulating levels of adipo-
nectin secreted by adipose tissue are reduced [Havel, 2004; Bastard
et al., 2006]. Glucose uptake of mature myocytes is increased when
these cells are co-cultured with primary adipocytes, and such effect
has been shown to be mediated by adiponectin deriving form
co-cultured fat cells [Vu et al., 2007]. Accordingly, co-cultures of
muscle cells and primary adipocytes from diabetic rats, expressing
reduced levels of adiponectin, have shown a lower degree of glucose
uptake in muscle cells, compared to co-cultures set up with
adipocytes from normal rats [Vu et al., 2007].

Interestingly, it is known that skeletal muscle can influence
adipose tissue formation by secretion/expression of interleukin-15
(IL-15) [Quinn et al., 2009], whose expression is abundant in muscle.

TABLE I. All Preadipose Cell Lines Discussed in This Review Are Summarized Here

Cell lines Cell type Derivation Characteristics References
3T3-L1 Preadipose cells 17- to 19-day disaggregated  Most frequently used cellular model Green and Meuth [1974]
Swiss mouse embryos of murine preadipocyte
3T3-F442A Preadipose cells As above Similar to 3T3-L1 cells, but more Green and Kehinde [1976]
committed in the adipose
differentiation process
Ob17 Preadipose cells Epididimal fat pads of obese Low fatty acid biosynthesis and Negrel et al. [1978]
(0b/ob) adult mice different responsivity to adipogenic
and lipolytic stimuli
C3H10T1/2 Stem cells 14- to 17-day old C3H mouse Suitable for studies on the Taylor and Jones [1979], Konieczny and
embryos commitment of stem cells toward Emerson [1984], Tang et al. [2004]
adipocyte lineage
ES cells Stem cells 3.5 days old mouse blastocyst As above Dani et al., 1997

DFAT cells® Pluripotent cells Mature adipocyte from WAT of
various species, including

human

Capability to proliferate and
differentiate into adipocytes and
other cell types

Matsumoto et al., 2008; Nobusue et al. [2008],
Sugihara et al. [1986], Fernyhough et al. [2008]

“DFAT cells do not represent a conventional established preadipocyte cell line but show fibroblast-like morphology and retain the ability to proliferate and differentiate
into mature adipocyte as well as other cell types in vitro and in vivo. Thus, DFAT cells show differentiating potential similar to stem cells.
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In line with this, the same authors have shown that skeletal muscle
overexpression of IL-15 in vivo is associated to body fat reduction in
transgenic mice [Quinn et al., 2009].

Adipose tissue contains in its context several different cell types
including endothelial cells, which might modulate differentiation
and function of adipocytes. Adipocyte-endothelial cell interaction is
known to be involved in the homeostasis and maintenance of
adipose mass. In fact, direct co-culture of endothelial cells and
mature adipocytes has been shown to trigger an increase in
proliferation of dedifferentiated cells deriving from mature
adipocytes, due to direct cell contact [Aoki et al., 2003], with
subsequent possible involvement in the enlargement of adipose
tissue mass.

In addition to conventional two-dimensional cultures, three-
dimensional adipocyte cultures developed with extracellular
matrix and polymer scaffolds as cell carrier [Sugihara et al.,
1988; Fischbach et al., 2004; Sonoda et al., 2008; Toda et al., 2009]
represent a more physiological model for the study of adipose tissue,
mimicking at a higher level the context in vivo.

Sugihara et al. [1988] developed a three-dimensional system in
which unilocular fat cells were embedded in collagen gel. The
authors showed that fat cells keep specific functional properties
together with dedifferentiation ability in these conditions [Sugihara
et al.,, 1988]. A more detailed study on adipogenesis in a three-
dimensional model has been subsequently set up [Fischbach et al.,
2004], where the authors have generated constructs of 3T3-L1
preadipocytes and polymer scaffolds made from poliglycol acid.
Induction of adipose differentiation has been obtained with an
appropriate hormonal cocktail and adipogenesis analyzed in
conditions of dynamic cultivation in an orbital shaker and in
stirred bioreactors. Differentiation of the constructs has also
been carried out in static conditions. Interestingly, differentiation
occurring under dynamic conditions was characterized by a
more physiological tissue architecture, with higher production of
triglycerides and enhanced expression of adipocyte specific genes,
allowing investigation in a more physiological context [Fischbach
et al., 2004].

Finally, a recent method for studying regenerative processes in
the context of adipose tissue has been recently developed [Sonoda et
al., 2008]. This protocol requires mincing of adipose tissue and
generates tissue fragments which are embedded in a three-
dimensional collagen gel. Such culture system, known as adipose
tissue-organotypic culture, enables to maintain viable mature
adipocytes and proliferating preadipocytes as well as mesenchimal
stem cells for 4 weeks in culture. Interestingly, in this peculiar
cellular system, preadipocytes and mesenchimal stem cells localize
at the peripheral zone of the fragment, whereas mature adipocytes
reside in the central zone. Such distinct localization of proliferating
cells allows an easier study of active regeneration zones in the
tissue fragment, making possible a detailed investigation of
regenerative processes occurring within adipose tissue [Sonoda
et al., 2008].

Several studies have shown that altered adipokines production plays
a major role in the development of metabolic diseases such as
obesity and diabetes. A detailed knowledge of the molecular
pathways regulating adipocyte development and metabolism is a
critical requirement for developing strategies to treat the above
mentioned metabolic diseases. Employment of cellular models has
provided a growing body of evidence that may elucidate the
contribution of adipose tissue to energy homeostasis. In particular,
three-dimensional adipocytes cultures and co-cultures of adipocytes
with other cell types are crucial tools for understanding the multiple
metabolic connections between fat and other tissues. The goal of
these studies is to get more insights in factors and pathways that may
be the target of new pharmacological interventions against obesity
and diabetes.
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