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Foreword

Created in 1983, the French Association of Study and Research on Obesity
(AFERO) will soon be 30 years old. Since the 3rd ‘‘European Congress on
Obesity’’ (ECO) in Nice in 1991 until the 19th ECO in Lyon in 2012, what a lot of
road gone through! Twenty years later, our ‘‘musketeers at that time’’, Gérard
Ailhaud, Bernard Guy-Grand, Max Lafontan, and Daniel Ricquier knew how to
find the relief team and to pass on their expertise and their enthusiasm!

The French school of obesity has robust traditions. It always wanted to weave
narrow links between researchers and clinicians, between basic research and
clinical research. The presidents followed one another, by respecting at best this
duality, Jacques Le Magnen (1983–1986), Stelio Nicolaïdis (1987–1990), Gérard
Ailhaud (1991–1994), Bernard Guy-Grand (1995–1998), Max Lafontan
(1999–2002), Martine Laville (2003–2006), Yannick Le Marchand Brustel
(2007–2010), and Olivier Ziegler (since 2011).

We already had the journal Obesity (Springer) and an excellent textbook on ‘‘The
Medicine and Surgery for Obesity’’ (A. Basdevant, on 2011), which is the second
version of the textbook Medicine for Obesity, (A. Basdevant and B. Guy-Grand, on
2004), and proposes a global medical approach, by opening interdisciplinary per-
spectives, from biology to human and social sciences. But we missed a reference
publication on the adipose tissue. We warmly thank Jean-Philippe Bastard and
Bruno Fève for having taken up the challenge to design and coordinate this work,
under the aegis of the AFERO both in French and in English.

The objective of this joint publication is to propose to the reader the analysis
and the synthesis of a large number of experimental or clinical facts, keys,
hypotheses, or leads for a better understanding of the multiple facets of this
‘‘organ’s pathology with systemic impact’’ that is obesity. New functions and new
concepts were described leading to new physiopathological paradigms, which are
going to develop the clinical practices.

The medicine for obesity has to be a medicine based on the proofs. The
clinical reasoning and the care of the patients must be supported by a scientific
quality evidence-based approach. The plan for Obesity (2010–2013, piloted by
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A. Basdevant) concerns the multiple determinants or the consequences of obesity
but it also gives the possibility of reforming in-depth the French health system
(notion of network of care, gradation of the levels of alternative…). It is thus
crucial that obesity is understood as a progressive chronic disease, the
therapeutic indications of which vary according to the natural history, the
co-morbidities, and the benefit/risk balance of various treatments. Research
showed us the key role of the adipose tissue in the ‘‘dialogue between organs’’,
which in certain circumstances, can lead to the development of the metabolic
and cardiovascular diseases but also to cancer. Millions of persons are
concerned.

This didactic work gathers a large number of researchers and clinicians, among
whom the educational qualities and the scientific relevance will help the reader to
better understand the physiology and pathophysiology of adipose tissue. We
gratefully thank them for the contribution to the success of this essential approach
to the quality of care.

Olivier Ziegler
Service de Diabétologie
Maladies Métaboliques

Nutrition CHRU de Nancy-Hôpital Brabois Adultes
Université de Lorraine

Vandoeuvre-Les-Nancy
France
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Foreword

Obesity is affecting more than 100 million citizens across Europe and is recog-
nized as a major cause of morbidity, disability, and premature death. Importantly,
it is recognized that obesity disproportionately affects socioeconomically disad-
vantaged populations and is a heavy burden not only on individuals but also on
health care systems. A major concern in the development of obesity research is
that data provided by basic and clinical investigators will be found relevant for
policy makers and ultimately will have an impact at societal level.

It is one of the aims of the European Association for the Study of Obesity
(EASO) to promote research into obesity and to facilitate contacts between indi-
viduals and organizations across Europe, to help tackle the epidemic of obesity in
our region. EASO, founded in 1986, is an umbrella organization for national
associations for the study of obesity that now exist in almost all European coun-
tries. EASO organizes every year, in collaboration with the national obesity
association of the host country, the European Congress on Obesity (ECO). In 2012,
the ECO will be held in Lyon, France.

At the occasion of the 2012 edition of ECO, J.-P. Bastard and B. Fève have
assembled the contributions of an impressive group of French researchers to
provide an overview of current knowledge on the physiology and pathophysiology
of adipose tissue. France has been one of the leading country in obesity research
for the last 30 years with a wide array of expertise in various aspects ranging from
basic to more applied research. Both editors have to be commended for this timely
initiative demonstrating the strength and dynamism of this obesity research
community. The various chapters of this book provide both an introductory
material to the field and an account of cutting edge research. This book will be a
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guide for readers in their discovery of one of the most fascinating tissues of the
body, which has profound effects on health. It also helps organizations like EASO
in disseminating findings from European obesity research to the largest possible
audience.

Jean-Michel Oppert
Department of Nutrition

Pitié-Salpêtrière Hospital (AP-HP)
Human Nutrition Research Centre Ile-de-France (CRNH IdF)

Institute of Cardiometabolism and Nutrition (ICAN)
University Pierre et Marie Curie

Paris, France
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Chapter 1
Development of Adipose Cells

Tala Mohsen-Kanson, Brigitte Wdziekonski, Phi Villageois,
Anne-Laure Hafner, Nadège Lay, Pauline Martin,
Laure-Emmanuelle Zaragosi, Nathalie Billon, Magali Plaisant,
Pascal Peraldi, Annie Ladoux and Christian Dani

Introduction

Adipogenesis is generally described as a two-step process. The first step comprises
the generation of adipocyte progenitors from pluripotent and multipotent mesen-
chymal stem cells (MSC). The second step involves the terminal differentiation of
these progenitors into mature functional adipocytes. The differentiation of adi-
pocyte progenitors into adipocytes has been extensively studied in vitro (Farmer
2006; Rosen et al. 2000) and will not be reviewed in this chapter. In contrast to
terminal differentiation process, the molecular mechanisms controlling self-
renewal of adipocyte progenitors remain largely unknown. In addition, the
developmental origin of human fat cell progenitors has not yet been elucidated.
We will present in this chapter data demonstrating that mouse adipocytes originate
from both neuroectoderm and mesoderm, and will present factors regulating
proliferation and differentiation of human adipose-derived stem cells (ASCs).
Figure 1.1 indicates the different points addressed in this chapter.

The increase in adipose mass in normal development and in obesity is the result
of an increase in size and number of adipocytes. As mature adipocytes do not
divide in vivo, regeneration of adipocytes and the increase in adipocyte number
depend on the self-renewal capacity of a pool of adipocyte progenitors which
remains present during adult life (Hauner et al. 1989; Spalding et al. 2008). It is
established that adipocyte progenitors are located in the stromal vascular fraction
(SVF) of adipose tissue (AT). However, the SVF is a heterogeneous mixture of
cells, and recently Zuk et al. (2002) reported for the first time that subpopulations
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of adipocyte progenitors in the SVF of human display mesenchymal stem cell
features. Characterization of factors controlling self-renewal of human ASCs is at
its infancy, partly due to the absence of appropriate cellular models. Identification
of these factors is of fundamental importance, and could ultimately be translated
into clinical interventions. The first challenge to identify regulators of ASC self-
renewal has been to isolate human ASCs and to establish culture conditions to
expand them. Recently, culture conditions have been set up allowing isolation and
maintenance of human ASCs lines derived from the SVF of infant fats. These stem
cells were termed human multipotent adipose-derived stem (hMADS) cells
(Rodriguez et al. 2005). They exhibit the characteristics of MSC, i.e., the capacity
to self-renew and to differentiate into several cell types at the clonal level. Cells
can be expanded ex vivo for more than 160 population doublings (i.e., around 30
passages) while maintaining a normal diploid karyotype. Expanded hMADS cells
are then able to differentiate under serum-free adipogenic condition into cells that
exhibit characteristics of human fat cells. More recently, hMADs cells have been
described as a faithful model to study human fat cell metabolism (Poitou et al.
2009; Bezaire et al. 2009). These data indicate that expanded hMADS cells enter
the adipose lineage at a high rate and differentiate into cells that display a unique
combination of properties similar, if not identical, to those of native human adi-
pocytes. Thus, they provide a unique model to analyze human AT physiopathology.
In this regard, they were further used to assess the molecular mechanisms
underlying drug-induced at disorders such as lipodystrophy observed in HIV-
infected patients receiving HAART therapy (Djedaini et al. 2009; Vernochet et al.
2005). After ex vivo expansion, hMADS cells maintain the ability to undergo
differentiation into adipocytes, osteoblasts, and chondrocytes at the single cell
level (Rodriguez et al. 2005; Zaragosi et al. 2006) without any loss of their
therapeutic potential. When transplanted with a scaffold, hMADS cells are able to
form ectopic bone in mouse (Elabd et al. 2007). Moreover, transplantation of

Fig. 1.1 Development of adipocytes. The first step consists in the generation of adipocytes
progenitors from pluripotent stem cells. The second step is the terminal differentiation of
adipocyte progenitors in mature adipocytes. In this chapter, we will address the developmental
origins of adipocyte progenitors and factors regulating their self-renewal
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hMADS cells into mdx mouse, an animal model for Duchenne muscular dystro-
phy, results in substantial expression of human dystrophin on a long-term basis and
engraftment takes place in non-immunocompromised animals (Rodriguez et al.
2005). Altogether, hMADS cells appear to be a powerful cellular model to
investigate human ASC self-renewal and differentiation.

FGF2 and Activin A are Secreted Factors Regulating
Proliferation and Differentiation of hMADS Cells

During long-term ex vivo expansion, hMADS cells evolve from a spindle-shaped
to a flat morphology. This morphological change is accompanied by a change in
cell proliferation rate (at passage 15 the doubling time is around 2 days, and
becomes 4 days at passage 20) and by a loss of differentiation potential. Inter-
estingly, Zaragosi et al. reported that the increase in doubling time was concom-
itant to a decrease of fibroblast growth factor (FGF) 2 secretion by undifferentiated
hMADS cells (Zaragosi et al. 2006). As cells also express FGF type 1 receptor, the
high-affinity receptor for FGF2, it has been proposed that the FGF pathway plays
an autocrine/paracrine role in ASC self-renewal. In support to this hypothesis, the
addition of exogenous FGF2 was able to sustain proliferation and adipogenic
potential over passages. Indeed, treatment of FGF2-expressing hMADS cells with
PD173074, a specific FGF receptor inhibitor, strictly during the proliferation stage,
dramatically decreases their differentiation potential, indicating that the FGF
pathway is required for the maintenance of both proliferation and differentiation
potential. It is interesting to note that epidermal growth factor (EGF), platelet-
derived growth factor (PDGF), or FGF10 was not able to mimic FGF2 effects.
Activation of extracellular signal-regulated kinase (ERK) 1/2 pathway is required
to mediate FGF2 effects on hMADS cell proliferation. However, inhibition of
mitogen-activated protein kinase (MEK)1 reduced the clonogenic potential of

Fig. 1.2 FGF2 autocrine/paracrine loop regulating proliferation and differentiation of hMADS
Cells. FGF2 secreted by undifferentiated hMADS cells promotes proliferation, via the ERK/2
pathway and maintains their adipogenic potential via an ERK1/2 independent pathway
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hMADS cells but did not affect their differentiation potential, indicating that the
ERK1/2 signaling pathway is partly involved in FGF2-mediated self-renewal
(Fig. 1.2). FGF1 has also been reported to stimulate proliferation of human adi-
pose progenitors and subsequently to increase their capacity to undergo differen-
tiation (Widberg et al. 2009). The role of FGF pathway in the maintenance of ASC
pool in AT remains to be investigated, but recently it has been proposed that FGFs
could play a role in expansion of AT in obese patients (Mejhert et al. 2010).

Activin A, a member of the transforming growth factor (TGF)b family, is also
secreted by undifferentiated hMADS cells and human ASCs isolated from various
fat depots of donors of different ages. Its expression dramatically decreases as ASCs
undergo differentiation into adipocytes. Activin A is not only a marker of undif-
ferentiated cells but also plays a functional role in differentiation and proliferation.
Sustained activation of activin A pathway promotes hMADS cell prolifera-
tion and impairs adipocyte differentiation, whereas its inhibition decreases
proliferation and promotes differentiation. These effects are mediated via CCAAT/
enhancer-binding protein (C/EBP)b and Smad2 pathways in an autocrine/paracrine
manner (Zaragosi et al. 2010) (Fig. 1.3). Therefore, it has been proposed a model in
which FGF2 and activin A regulate ASC proliferation and differentiation. The bone
morphogenetic protein (BMP4), which is like activin A, a member of TGF b super-
family, regulates ASC proliferation in an autocrine and dose-dependent manner
while maintaining their multipotent property (Vicente Lopez et al. 2010). Therefore,
there is an emerging role of TGFb pathway in self-renewal and differentiation of
ASCs, as recently reviewed by Zamani and Brown (2011).

Fig. 1.3 Activin A is a critical regulator of human adipocyte progenitor proliferation and
differentiation. Activin A secreted by undifferentiated hMADS cells promotes proliferation, via
the Smad pathway, and inhibits adipogenic differentiation via Smad 2 pathway and C/EBPb
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Proliferation and Differentiation of Human ASCs
are Regulated by Macrophage-Secreted Factors

Investigating FGF2 and activin A gene expression in the obesity context revealed
new regulators of ASC proliferation and differentiation. Obesity is associated with
the presence of a higher number of hypertrophic adipocytes, with new macro-
phages being recruited into AT (Weisberg et al. 2003; Xu et al. 2003), and with an
increased proportion of ASCs exhibiting proliferative potential (Maumus et al.
2008). This latter observation strongly suggests an important contribution of obese
microenvironment is inducing ASC self-renewal. Interestingly, macrophages
isolated from obese AT secrete factors that both inhibit differentiation of ASCs and
stimulate expression of activin A and FGF2 genes in hMADS cells (Zaragosi et al.
2010). These observations fit well with a model proposing that macrophages play a
key role in self renewal of ASCs in part through activin A and FGF2 pathways.
Macrophage-secreted factors involved in the regulation of hMADS cell self-
renewal are unknown so far. However, TNF-a could be one of them because it
mimics the effects of macrophage-conditioned medium on ASC proliferation and
differentiation. In addition, TNF-a stimulates expression of FGF2 and of activin A
(Wdziekonski, unpublished data). Given the roles of tumor necrosis factor (TNF)a
in non-adipose cells, it remains to be determined that chronic exposure of human
adipocyte progenitors to TNF-a does not alter their adipogenic potential. Besides
TNF-a, other macrophage factors, such as inflammatory cytokines or Wnt mole-
cules (Christodoulides et al. 2009; Bilkovski et al. 2011) are likely to be involved
in proliferation and differentiation of human ASCs. These observations suggest
that macrophages constitute determinant niche components for ASC self-renewal.
However, in addition to its stimulating effect on expression of pro-inflammatory
cytokines in macrophages, activin A is positioned as a profibrotic factor in AT of
obese patients (Keophiphath et al. 2009). Therefore, a question that should be
addressed is related to the phenotype of adipocyte progenitors under conditions
leading to increase production of activin A. Over-activity of activin A may turn
adipocyte progenitors into myofibroblasts, which are a source of fibrosis
observed in obese at (Divoux et al. 2010). This possibility remains to be analyzed
in detail. (Fig. 1.4).

Hedgehog Pathway

Hedgehog (Hh) pathway affects self-renewal and differentiation of ASCs. Indeed,
Hh signaling decreases during adipocyte differentiation of hMADS cells. More-
over, its activation inhibits adipocyte maturation, producing ill-differentiated
adipocytes that are insulin resistant (Fontaine et al. 2008). Interestingly, there is a
basal level of Hh signaling in undifferentiated cells that appears necessary for the
maintenance of hMADS cell proliferation and clonogenic capacity, probably
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through regulation of pRB phosphorylation and cyclin A expression (Plaisant et al.
2011). However, in contrast to the FGF pathway, inhibition of Hh signaling during
proliferation did not alter the differentiation potential of hMADS cells.

MicroRNAs

MicroRNAs (miRNAs) also emerged as important players in adipogenesis (see for
recent review (McGregor and Choi 2011)) and in ASC self-renewal and differ-
entiation. Drosha and dicer are RNase III-family nucleases which are essential for
miRNA biogenesis. Knockdown of both these enzymes using RNA interference,
severely compromises hMADS cell proliferation and differentiation (Zaragosi and
Dani, unpublished data). This observation is in agreement with the impairment of
ASC survival consequent to disruption of the miRNA processing machinery
reported recently by Sun Kim et al. (2011). Deep sequencing of small RNAs
expressed in undifferentiated and differentiating hMADS cells has revealed an
upregulation on the miR-30 family during adipogenic differentiation and a
downregulation of this miRNA family during osteogenesis. Functional analysis
indicates that inhibition of the miR-30 family blocks adipogenesis while pro-
moting osteogenesis. Then, it has been additionally shown that Runx2 targeting is,
at least in part, responsible for miR-30 positive effects on adipocyte differentiation
(Zaragosi et al. 2011). In this context, it is interesting to remember that the

Fig. 1.4 Regulation of adipocyte progenitor proliferation and differentiation by macrophage-
secreted factors. Macrophages secrete factors that promote proliferation of adipocyte progenitors
and inhibit their differentiation, likely through increased expression of activin A and FGF2. The
phenotype of adipocyte progenitors under an increased activity of activin A remains to be
determined
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transcription factor Runx2 is expressed in undifferentiated hMADS cells and that it
represents the major regulator of osteogenesis. Altogether, these data support a
model in which miR-30 regulates the fate of hMADS cells via modulation of runt-
related transcription factor 2 (Runx2).

Developmental Origins of Adipocyte Progenitors

Although there have been attempts to characterize the distinct cellular intermedi-
ates between ASCs and mature adipocytes, such studies have been hampered by the
lack of specific cell-surface markers to identify and prospectively isolate these cells
in vivo. Some knowledge about mesenchymal cell fate decisions has been derived
from studies on the immortalized mouse stromal cell line, C3H10T1/2, or mesen-
chymal precursor populations isolated from adult tissues. However, these cellular
systems are not informative of the developmental origin of MSCs and adipocytes.
Instead, the embryo might constitute a more suitable source of cells to address this
issue. In particular, embryonic stem cells (ESCs) have provided an invaluable tool
to model the earliest steps of mammalian development in vitro. Adipocyte pro-
genitors are generally described to be derived from MSCs, which themselves are
thought to arise from mesoderm. It is worth noting that during development of
higher vertebrates, the mesoderm is not the only germ layer source of mesenchymal
cells. In the head, for instance, the facial bones have been shown to derive from
the neural crest (NC). The NC is a vertebrate cell population that arises from
the neuroectoderm. After neural tube closure, NC cells undergo an epithelium-
mesenchyme transition and migrate to diverse regions in the developing embryo,
where they differentiate into various cell types. In the head and neck, the NC also
yields mesenchymal precursors differentiating into connective tissue cells
(reviewed in Dupin et al. (2006)). In vitro adipogenesis of mouse ESCs provided a
powerful model to investigate the earliest steps of adipocyte development and
revealed the surprising conclusions regarding the ontogeny of such cells in the NC.

Adipocyte Development in Mouse Embryonic Stem Cells

Mouse ESCs are proliferating, pluripotent stem cells that have been isolated from
the epiblast of blastocyst-stage mouse embryos. They can be propagated indefi-
nitely at the undifferentiated state in vitro. Furthermore, when transplanted into a
mouse blastocyst, mESCs integrate into the embryo and contribute to all cell
lineages, including germ cells (Smith et al. 1992). When aggregated to form
embryoid bodies (EBs) in vitro, they undergo differentiation into ectodermal,
mesodermal, and endodermal derivatives (Keller 1995). Directed differentiation of
mESCs toward the adipocyte lineage has been accomplished (Dani et al. 1997),
and showed that functional adipocytes could be obtained when mESCs were
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exposed to appropriate extracellular cues. In this system, the generation of adi-
pocytes is dependent on an early and transient exposure of ESC-derived embryoid
bodies to retinoic acid (RA) and a subsequent treatment with conventional adi-
pogenic factors (e.g., insulin, triiodothyronine, and rosiglitazone). Both lipogenic
and lipolytic activities, as well as high levels of expression of adipocyte-specific
genes, could be detected in mESC-derived adipocytes. Remarkably, the sequence
of expression of key transcription factors which are known to govern preadipocyte
differentiation, such as members of the C/EBP and the peroxisome proliferator-
activated receptor (PPAR) families was closely conserved during mESC adipo-
genesis. Thus, this model has provided a powerful system to address the different
steps of adipocyte development (Wdziekonski et al. 2003, 2006; Billon et al. 2010;
Schulz et al. 2009; Carnevalli et al. 2010; Tong et al. 2000; Takashima et al. 2007).
In a first attempt to unravel the events underlying the formation of mesenchymal
derivatives in RA-treated ES cells, Kawaguchi et al. examined the expression of
various mesodermal and mesenchymal markers in early EBs. Surprisingly, they
noticed that treatment with RA resulted in a sharp reduction in several mesodermal
markers, as well as in the suppression of cardiomyocyte formation, suggesting that
RA reduces overall mesoderm formation in ESCs (Kawaguchi et al. 2005). Since
at high concentrations, RA was shown to promote neural differentiation of ESCs
and since some mesenchymal tissues are known to be generated by the NC, which
itself derives from neuroectoderm, these authors then analyzed the expression of
various NC markers in ES cells. They showed that Sry-related high-mobility group
(HMG) box (sox)9, sox10, Forkhead box D3 (foxD3), and runx2, which all play an
important role in NC formation and/or mesenchymal condensation, were upreg-
ulated upon RA-treatment. Together, these data suggest that neuroectoderm/NC is
the major source of adipocytes in RA-treated ESCs (Fig. 1.5a).

Fig. 1.5 Developmental origins of adipocytes. a Retinoic acid, which is required for
commitment of mouse embryonic stem cells towards the adipogenic lineage, induces neural-
crest associated gene expression and inhibits mesoderm derived cell types. b Neural crest isolated
from quail embryos displays adipogenic potential. c Lineage tracing in mouse revealed two
origins for adipocytes depending of their localisation

10 T. Mohsen-Kanson et al.



Study of Adipocyte Precursor Developmental Origins
in Quail and Mouse Embryos

To better understand adipocyte lineage specification from the NC, our laboratory
checked whether adipocytes could be obtained from NC cells isolated from a
normal developing embryo. We used primary cultures of quail NC cells, since they
have been instrumental in establishing the developmental potentialities of the NC.
NC cells were isolated from both the cephalic and thoracic level and maintained in
culture media permissive for adipocyte differentiation (Billon et al. 2007). This
analysis revealed that typical mature adipocytes could readily be produced from
cephalic NC cells, and, to a lesser extent, from truncal NC cells (Li et al. 2010).
Therefore, quail NC cells from both the cephalic and the thoracic level exhibit an
adipogenic potential in vitro (Fig. 1.5b). Finally, we have used a lineage tracing
approach in mouse to address the origin of the adipocyte lineage in vivo and to
provide direct evidence for the contribution of the neural crest. We have inves-
tigated whether subsets of adipocytes originate from the NC using Sox10-cre/yfp
transgenic mice to map NC derivatives in vivo because to date, Sox10 is consid-
ered as the best bona fide NC marker. Indeed, Sox10 is strongly and specifically
expressed in the NC from early embryonic development, and is not expressed in
mesoderm. This study reveals adipocytes derived from NC in cephalic adipose
depots, between the salivary gland and the ear area. In contrast, no NC-derived
adipocytes can be detected in truncal adipose depots, including subcutaneous,
perirenal, periepididymal, and interscapular tissues (Fig. 1.5c). These data there-
fore provide new information about the ontogeny of the adipocyte lineage and
demonstrate that during normal development, a subset of adipocytes in the face
originates from NC, and not from mesoderm (Billon et al. 2007). The role of RA in
the early steps of adipocyte development remains to be demonstrated in vivo in
mouse models. Interestingly, RA has recently been shown to be required for
differentiation of cephalic NC cells into adipocytes in developing zebrafish
embryos (Li et al. 2010), which is a reminiscence of the role of RA in mESC
adipogenesis.

Cellular Origins and Tissue Localization of Adipocyte
Progenitors

Recently, laboratories of Graff and of Friedman performed critical experiments to
identify and localize adipocyte progenitors in mouse AT. Rodeheffer and col-
leagues used FACS analysis to isolate various cellular subpopulations from SVF
and tested their adipogenic potential both in vitro and in vivo after transplantation
in lipoatrophic A-Zip mice. By this approach, the authors identified mouse adi-
pocyte progenitors in the SVF of AT as lin2 /CD34+/CD29+/sca-1+/CD24+ cells
(Rodeheffer et al. 2008). Whether adipocyte progenitors originated from NC or
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from mesoderm display the same immunophenotype remains to be determined. By
a different approach based on the expression of PPARc in SVF of AT, Tang and
colleagues isolated undifferentiated cells able to undergo adipogenesis in vitro and
in vivo in nude mice. These cells express markers of preadipocytes but not those of
mature adipocytes, indicating that PPARc can also be used to trace adipocyte
progenitors. Interestingly, these cells are CD452/Ter1192/CD34+/sca1+ indicating
that they are similar, if not identical, to cells isolated by Friedman’s laboratory.
Thanks to the expression of a reporter gene under the control of PPARc promoter,
adipocyte progenitors have been localized in the mural cell compartment of AT
vasculature in mice (Tang et al. 2008). The immunophenotype of human adipocyte
progenitors has not yet been fully characterized, although they have been shown to
reside in the CD34+/CD31- subpopulation of stromal vascular cells of AT
(Sengenes et al. 2005).

Do Adipocyte Progenitors of Different Developmental Origins
Differ in Their Biological Properties?

Therefore, there are several lines of evidence showing two developmental origins
of adipocytes: a subset of adipocytes in the cephalic region derives from the NC,
whereas adipocytes in the trunk region originate likely from mesoderm. It is well
established that adipocyte progenitors isolated from different depots display dif-
ferent features in terms of proliferation, differentiation, and gene expression pro-
files (Tchkonia et al. 2007). In addition, adipocytes derived from these adipocyte
progenitors have different functional properties and have different contribution to
metabolic diseases (Gesta et al. 2006; Montague et al. 1998). The cellular and
molecular mechanisms underlying these fat depot-dependent differences are
unknown today. However, several observations suggest that developmental
mechanisms contribute to functional regional variations. Therefore, studies on the
origins of adipocyte progenitors in mouse models open at least two questions: Are
adipocytes derived from different developmental origins or cellular sources
functionally different? What are the developmental origins of adipocyte progeni-
tors in humans?

Human ES cells would be a powerful cellular model for investigating the earliest
steps of human adipose cell development. Xiong and colleagues have reported that
human ES cells have the potential to generate adipocytes (Xiong et al. 2005).
However, human ES cells are difficult to work with in France because of ethical
concerns and administrative regulations. A major discovery in the field of stem cells
has been published by the end of 2007. Yamanaka‘s team demonstrated that ectopic
expression of only a few defined transcription factors can reprogram human somatic
cells to create pluripotent stem cells, resembling if not identical to human ES cells
(Takahashi et al. 2007). Importantly, human-induced Pluripotent Stem (iPS) cells
represent a valuable alternative to the use of embryonic cells, with no need to

12 T. Mohsen-Kanson et al.



destroy embryos, thus avoiding ethical concerns. In addition, patient-specific iPS
cells can be generated, providing a powerful new tool to investigate adipocyte
differentiation and further design and anticipate results from translational medicine
including drug screening in inherited diseases. Recently, Taura and colleagues have
reported that human iPS cells have an adipogenic potential comparable to human
ES cells (Taura et al. 2009). More recently, we have generated iPS cells by
reprogramming hMADS cells and established a culture system in order to derive
adipocytes. As shown in Fig. 1.6, iPS cell-derived embryoid bodies contained cells
of endoderm, ectoderm, and mesoderm origins and several days later cells filled
with lipid droplets appear in the culture dishes. Mesenchymal stem cells, derived
from differentiating hiPS cells, display an adipogenic phenotype when maintained
in appropriate conditions (Mohsen-Kanson and Dani, unpublished data). Therefore,
iPS cells appear as a promising cell model to investigate the earliest steps of human
adipocyte development and to study adipocyte properties according to their
developmental origins.

Conclusion

The information on AT development and the generation of adipocytes that arose
from different embryonic and adult stem cell models revealed unsuspected find-
ings. The better comprehension of the pathways important for adipocyte precursor
cell expansion and differentiation opens perspectives on the possibilities to target

Fig. 1.6 Development of human iPS cells into adipocytes. Human iPS cells are induced to form
embryoid bodies containing cells of the three germ layers. Human iPS-derived mesenchymal
stem cells (MSCs) undergo adipocyte differentiation when maintained in appropriate conditions
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them and to impact on the accumulation of AT and pathological signals that limit
adipose expansion occurring in obese patients. Besides adipocytes derived from
mesoderm, those arising from ectoderm also open the debate on their respective
physiological roles. Do they exhibit equivalent potentials in AT remodelling? Do
they display similar functions regarding lipid storage and metabolic regulations?
These new models and the use of iPS cells will rush to knowledge in adipocyte
development and will thus contribute to propose adapted therapeutic alternatives to
both obese and lipodystrophic patients.
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Chapter 2
Emerging Roles of Cell Cycle Regulators
in Adipocyte Metabolism

Carine Chavey, Sylviane Lagarrigue, Jean-Sébastien Annicotte
and Lluis Fajas

Introduction

Cells can adapt their growth and metabolism to their needs and the extracellular
signals they receive. Some stimuli, such as stress or nutrients, are not only
proliferative but also metabolic signals, suggesting a close crosstalk between these
two biological processes. Indeed, the response to a metabolic signal can require the
activation of transcription factors and of signaling molecules that result in the
inhibition of cell cycle progression and ultimately cell proliferation.

The cell cycle is a finely tuned process (Fig. 2.1) the progression of which is
orchestrated by holoenzymes that are composed of regulatory subunits (i.e., cyclins)
and catalytic subunits, i.e., cyclin-dependent kinases (Cdks). Cdks, which belong to the
family of the serine/threonine kinases, are activated by phosphorylation and dephos-
phorylation events and interact with specific cyclins to form heterodimers (Malumbres
and Barbacid 2005). The cyclin D-Cdk4 and cyclin D-Cdk6 complexes act during the
G1 phase, whereas the cyclin E-Cdk2 complex regulates the G1/S transition. The main
substrates of the cyclin-Cdk complexes are proteins of the retinoblastoma (known also
as «pocket protein») family (i.e., pRb, p107 and p130) that regulate the G1/S transition
of the cell cycle. Phosphorylation of retinoblastoma proteins by cyclin-Cdk complexes
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abolishes their repressive effect on the E2F/DP transcription factors, thus allowing the
transcription of genes required for cell cycle progression.

Indeed, E2F factors (E2F1-8) regulate the expression of genes involved in cell
cycle progression, apoptosis, and DNA synthesis. The association of E2F proteins
with proteins of the retinoblastoma family represses transcription following the
recruitment of histone deacetylases (HDAC) (Brehm et al. 1998; Magnaghi-Jaulin
et al. 1998) and of lysine/arginine methyl-transferases (Fabbrizio et al. 2002) and
consequently the cell cycle is blocked in the G0/G1 phase.

Besides their established role in the control of cell proliferation and cell death,
these cell cycle players are also key regulators of cell metabolism and of lipid and
glucose homeostasis.

Cell Cycle Regulators in Adipose Tissue Physiology

Adipocyte Differentiation

Adipocytes are the main component of adipose tissue (AT). The elucidation of the
molecular mechanisms underlying adipocyte differentiation is essential for
understanding the physiology of AT.

Fig. 2.1 The cell cycle machinery. During the G1/S transition, the Cdk4-cyclin D complex is activated
by proliferative stimuli and then it phosphorylates pRb, p107, and p130. This phosphorylation allows the
dissociation of the repressive complex constituted by the ‘‘pocket’’ proteins and E2F transcription
factors. Once liberated, E2F factors can transactivate genes that promote cell cycle progression
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Proliferation and differentiation are two extremely interconnected biological
processes. During the development of the AT, adipocyte differentiation (adipogen-
esis) includes a proliferative step followed by a phase of differentiation, in which all
the specific adipocyte markers are induced (Fajas 2003). Adipogenesis thus requires
a very intimate crosstalk between cell cycle regulation and metabolic control.

The pre-adipocytic 3T3-L1 cell line is an experimental model used to identify
molecular mechanisms involved in adipogenesis. In response to a hormonal cocktail,
growth-arrested 3T3-L1 pre-adipocytes will re-enter the cell cycle (Fig. 2.2). This
phase is called clonal expansion and cannot be dissociated from terminal differen-
tiation. Indeed, blocking the phase of clonal expansion with DNA synthesis inhibi-
tors fully arrests adipocyte differentiation (Richon et al. 1997). It has been shown that
the Cdk-cyclin-E2F-Rb signaling cascade plays a major role during adipocyte dif-
ferentiation. E2F1 is strongly upregulated during the first phases of adipogenesis,
followed by the expression of its target genes, such as cyclin D1 and cyclin E (Richon
et al. 1997). Moreover, E2F1 regulates adipocyte differentiation also by modulating
the expression of peroxisome proliferator-activated receptor (PPAR)c, the main
transcription factor of adipogenesis (Fajas et al. 2002). However, other members of
the E2F family seem to be involved in the negative regulation of adipogenesis. For
instance, E2F4 inhibits the expression of PPARc during terminal adipocyte differ-
entiation (Fajas et al. 2002; Landsberg et al. 2003).

The retinoblastoma proteins (pRb, p107, and p130) regulate the activity of E2F
transcription factors and play an important role during adipocyte differentiation as
well. However, the findings are contradictory. pRb acts positively on terminal
adipocyte differentiation by binding directly to the transcription factor CCAAT/

Fig. 2.2 Participation of cell cycle regulators in adipocyte differentiation. During the phase of
clonal expansion, the Cdk4-pRb-E2F1 signaling pathway regulates the expression of genes
involved in cell cycle entry. During the phase of terminal differentiation, the cell cycle regulators
can influence the adipocyte biology by regulating directly the expression/activity of the key
adipocyte transcription factors C/EBPa and PPARc
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enhancer binding protein (C/EBP)b and facilitating its transactivation (Chen et al.
1996). Conversely, during cell cycle arrest in the G1 phase, pRb negatively
regulates E2F1. Moreover, pRb can also act negatively during adipogenesis by
forming a complex with PPARc and HDAC3 on the promoter of target genes and
thus blocking their induction (Fajas et al. 2002).

The cyclin-Cdk complexes, which regulate the activity of E2F factors by
phosphorylating retinoblastoma proteins, also participate in the fine-tuning of
adipogenesis. Cdk4 is an important regulator of adipocyte differentiation. We have
shown that inactivation of Cdk4 blocks adipocyte differentiation, whereas the
Cdk4 mutant R24C, which cannot be inhibited by p16INK4a, increases the adipo-
genic potential of 3T3-L1 cells (Abella et al. 2005). Cdk4 directly regulates
PPARc by activating the transcription of its target genes through their direct
phosphorylation.

Cdk7 and Cdk9 also are involved in adipocyte differentiation. Differently from
other Cdks that act directly on cell cycle progression, these two kinases regulate
transcription via phosphorylation of the RNA polymerase during the cell cycle.
Cdk9 favors the transcription of PPARc-target genes by direct interaction with and
phosphorylation of PPARc (Iankova et al. 2006). Conversely, Cdk7 phosphory-
lates PPARc to inhibit its transcriptional activity (Helenius et al. 2009).

To carry out their activity, Cdks are associated with cyclins, which are the reg-
ulatory subunits of the Cdk/cyclin complexes. Cyclin D1 and D3 modulates adipo-
genesis in opposite ways. Both cyclins interact with PPARc but, different from cyclin
D3, cyclin D1 negatively regulates adipogenesis by recruiting HDACs on the pro-
moter of PPARc-target genes (Fu et al. 2005; Sarruf et al. 2005). On the other hand,
cyclin G2, like cyclin D3, acts as a cofactor of PPARc, thus favoring its transcrip-
tional activity and consequently also adipocyte differentiation (Aguilar et al. 2010).

During the cell cycle, Cdk activity is also finely regulated by their physiological
inhibitors, the CDKIs (CIP, KIP, and INK4). It is thus not surprising to see that
CDKIs modulate adipocyte differentiation as well. The expression of p21/CIP and
p27/KIP1 during adipocyte differentiation is very controversial. Nevertheless, dis-
ruption of p21 activity in a 3T3-L1 cell model (p21 knockdown by RNA interference)
or in p21-/- MEFs (primary mouse embryonic fibroblasts) inhibits adipocyte dif-
ferentiation, thus making p21 a pro-adipogenic factor (Inoue et al. 2008).

Overall, the studies carried out using the 3T3-L1 cell line show that many
regulators of the cell cycle play a crucial role also in the process of adipocyte
differentiation, either by modulating the cell cycle during the clonal expansion
phase, or by regulating key adipogenic transcription factors.

Adipocyte Biology

Many works have described the key role of cell cycle players during adipogenesis,
whereas very few studies have focused on the involvement of these regulators
in adipocyte biology. We have reported that some cell cycle regulators are
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expressed in mature adipocytes, suggesting a role in the biology of adipocytes.
Cdks could control the activity of enzymes required for the adipocyte functions,
such as lipolysis or lipid synthesis. Indeed, we have shown that, in adipocytes,
Cdk4 regulates glucose transport upon stimulation by insulin. Inhibition of Cdk4
by a pharmacological inhibitor blocks the glucose transporter and decreases the
expression of genes involved in the signaling cascades of insulin and of the
glucose transporter GLUT4 as well as of lipogenic genes, such as fatty acid
synthase (FAS) and phosphoenol pyruvate carboxy kinase (PEPCK) (Abella et al.
2005). Similarly, Cdk5 plays a major role in glucose transport. Silencing of Cdk5
by siRNA or its pharmacological inhibition impairs the transport of glucose
stimulated by insulin. Indeed, following its insulin-dependent activation, Cdk5
phosphorylates the protein E-Syt1, a partner of the GLUT4 transporter, thus
favoring the transport of glucose (Lalioti et al. 2009; Muruais et al. 2009).

Moreover, in yeast, Kohlwein’s group has shown that Cdk1 phosphorylates the
lipase tgl4, which is an ortholog of adipose triglyceride lipase (ATGL), the key
enzyme of lipolysis (Kurat et al. 2009). These results suggest that Cdks might also
control lipolysis.

Although data on the involvement of the cell cycle regulators in the physiology
of adipocytes are scarce, it seems that these factors could act directly on the
biological functions of adipocytes, such as lipolysis and glucose transport.

Cell Cycle Regulators and AT Physiopathology

As cell cycle regulators are now considered novel major players in the control of
lipid and glucose metabolism, they could also be involved in the development of
associated pathologies, such as obesity, diabetes, and cancer.

Obesity and Type 2 Diabetes

Obesity is a major health problem. It is characterized by adipose mass accumu-
lation resulting in an increase of the size and number of adipocytes. During weight
gain, adipocytes become bigger (hypertrophy) and accumulate lipids. Since
adipocytes cannot indefinitely accumulate lipids, they will then recruit adipocyte
precursors to form new mature adipocytes. This process is called hyperplasia.

Type 2 diabetes is the most frequent complication of obesity. This pathology is
characterized by fasting hyperglycemia due to the association of insulin resistance
with destruction of pancreatic beta cells that produce insulin.

In the mouse, specific genetic ablation of cell cycle regulators in the AT has
allowed demonstrating their importance in the physiopathology of AT, particularly
during the development of hyperplasia (Table 2.1).
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Genetic ablation of cyclin D3 in the mouse protects these animals against
obesity induced by a lipid-rich diet (Sarruf et al. 2005). Their adipocytes are
smaller and express very low levels of adipocyte markers, such as aP2 and PPARc,
in comparison to wild-type controls. The presence of smaller adipocytes improves
the general metabolism of these mice. Indeed, cyclin D3-/- mice are more glucose-
tolerant and more sensitive to insulin in comparison to wild-type mice.

Since Cdks carry out the catalytic activity of the Cdk-cyclin complexes, it is not
surprising that genetic ablation of cyclins or Cdks leads to similar phenotypes. In
Cdk4-/- mice the adipose mass is reduced (Abella et al. 2005). Conversely, trans-
genic mice that express Cdk4R24C, the active mutant of Cdk4 (R24C), have
increased body weight (Rane et al. 1999). These effects on the physiology of the AT
are due, in part, to the direct effects of Cdk4 on PPARc during adipocyte differen-
tiation and also to the effects of Cdk4 on insulin secretion from the pancreas.

The metabolic phenotype of Cdk5-/- mice is unfortunately not available, but
Cdk5 seems to play a primordial role in insulin resistance. Indeed, Nohara’s group
has shown that the effects of tumor necrosis factor (TNF)a on insulin resistance,
particularly on glucose transport, are mediated through activation of Cdk5 (Nohara
et al. 2011). Recently, a new anti-diabetic compound (SR1664) has been descri-
bed. SR1664 binds to PPARc, blocks its phosphorylation by Cdk5, and thus
improves the biological parameters of diabetic mice (Choi et al. 2010; Choi et al.
2011). This compound has a powerful anti-diabetic activity without modifying the
bone mass and without weight gain, the two main secondary effects of thiazo-
lidinediones (TZD). Altogether these findings suggest that PPARc phosphorylation
by Cdk5 might be a major event in the development of type 2 diabetes.

The members (pRb, p107, p130) of the «pocket protein» family are key
regulators of the physiology of AT. Deletion of pRb specifically in the adult AT
leads to resistance to weight gain in animals fed on a lipid-rich diet, thanks to an
increase of energy expenditure (Dali-Youcef et al. 2007). In these mice, both white
and brown adipocytes have higher mitochondrial activity and the white AT shows
morphological characteristics that are typical of the brown AT. In vitro, pRb -/-
MEFs differentiate into adipose cells that have the phenotype of brown adipocytes
and are characterized by the expression of PPAR gamma coactivator-1 (PGC-1),
a major regulator of mitochondrial biogenesis, and of enzymes of the mitochon-
drial respiratory chain (Hansen et al. 2004). pRb thus regulates differentiation into

Table 2.1 Adipose tissue phenotype of cell cycle regulators knockout mice

Gene Metabolic phenotype References

Cyclin D3 Resistance to high fat diet, small adipocytes (Sarruf et al. 2005)
Cdk4 Decrease body weight and adipose tissue mass (Abella et al. 2005;

Rane et al. 1999)
pRb Resistance to high fat diet, switch from white

to brown adipocyte
(Dali-Youcef et al. 2007)

P107 Decrease adipose tissue mass (Scime et al. 2005)
P21 Increase adipose tissue mass by hyperplasia (Naaz et al. 2004)
P27 Increase adipose tissue mass by hyperplasia (Naaz et al. 2004)
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the white or brown adipocyte lineage. A similar phenotype has been reported in
p107-/- mice which shows a strong reduction of the adipose mass and an increased
number of mitochondria (Scime et al. 2005).

P21 and p27 are important regulators of adipogenesis. Loss of expression of
these Cdk inhibitors induces hyperplasia of the AT. The p21-/-, p27-/-, and p21-/-
p27-/- mice develop obesity characterized by a larger number of adipocytes
(Naaz et al. 2004). These observations are however controversial because two
other studies have shown that p21 -/- mice are protected against obesity induced by
lipid-rich diet (Inoue et al. 2008) and that p27-/- mice do not have an AT
phenotype (Lin et al. 2003).

Altogether, these in vivo studies using mice in which cell cycle regulators have
been genetically ablated demonstrate that these factors play a crucial role in the
physiopathology of the AT.

Cancer

The activity of the Cdk-pRb-E2F signaling pathway is often altered in many
human cancers, such as glioblastoma as well as lung, ovary, breast, and colon
cancers (Chen et al. 2009). Few studies have investigated the involvement of this
pathway in tumors of the AT.

Liposarcomas are tumors derived from the primitive cells that have differen-
tiated into adipocytes. The term ‘‘liposarcoma’’ covers a huge variety of neoplastic
processes, mainly benign lesions and also more aggressive, malignant lesions with
a high rate of relapse and/or metastases. In comparison to other cancer types, these
soft tissue sarcomas are relatively rare.

Only deregulation of the Cdk4 gene, among the many cell cycle regulators, has been
described in these cancers (Helias-Rodzewicz et al. 2009; Chung et al. 2009). Differ-
entiated and dedifferentiated liposarcomas are characterized by amplification of a
region in chromosome 12 that carries the Cdk4 gene. This amplification can in some
cases lead to overexpression of Cdk4 in tumor cells in comparison to mature adipocytes.
Moreover, a study has demonstrated that loss of Cdk4 copies by chemical treatment in
liposarcomas was correlated with an increase of adipocyte differentiation (Helias-
Rodzewicz et al. 2009). These data, obtained in cancer cells, are reminiscent of those
from studies on Cdk4 in the 3T3-L1 adipocyte cell line (Abella et al. 2005).

Conclusion

The role of the Cdk-cyclin-pRb-E2F signaling pathway in proliferation, cell cycle
regulation, apoptosis, and cancer has been much studied. This review describes the
involvement of this signaling pathway in the physiology and physiopathology of
the AT as well. These cell cycle regulators act directly on key regulators of adipocytes,
such as PPARc and C/EBP.
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However, their function is not limited to the AT. Indeed, activation of the Cdk-
Cyclin-pRb-E2F signaling pathway has also been reported in other metabolic, non-
proliferative tissues, such as pancreas and muscle. Moreover, an increasing
number of studies have described the activity of these factors in glucose and
energy homeostasis (Annicotte et al. 2009; Blanchet et al. 2011).
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Chapter 3
Angiogenesis in Adipose Tissue

Anne Bouloumié and Jean Galitzky

Introduction

The primary role of adipose tissue (AT) is energy storage. Besides its critical role
in energy homeostasis, AT is well recognized as an endocrine organ. Both the
metabolic and secretory functions of AT focus attention upon the interactions
existing between the blood compartment and the adipocytes and thereby the
importance of the AT vasculature. In humans, the fat mass possesses a unique
ability to grow and to develop throughout the life. The adipocyte changes its size
dynamically according to the amount of lipid stored. Once hypertrophy is maxi-
mal, de novo adipocytes arise from the differentiation of adipocyte progenitor cells
(i.e. adipogenesis) (Bjorntorp and Sjostrom 1972). Even if the number of adipo-
cytes is considered to remain constant in adulthood, adipogenesis is essential for
adipocyte turnover and maintenance of AT (Spalding et al. 2008). This AT
plasticity requires constant vessel growth, regression, and remodeling. The present
review describe the AT vasculature and its role in the control of AT metabolic and
secretory activities in relation to AT blood flow. The potential mechanisms
involved in the remodeling of the AT vascular system are exposed. Finally, the
physiological and pathological consequences of the remodeling of AT vasculature
are discussed.
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The Adipose Tissue Vascular Network

Two main circulatory systems coexist in AT: the blood and the lymphatic vas-
culature. Both systems have distinct roles and are composed of distinct endothelial
cell types.

The Lymphatic System

In the case of the AT lymphatic vasculature, few data are available, although the
lymphatic system through its key role in lipid transport and inflammation is cer-
tainly a major player in the control of AT functions [for review, (Chakraborty et al.
2011)]. Lymph vessels appear to be mostly located in the interstitial space exterior
to the fat lobules (Ryan 1995). It should be noted that the markers commonly used
to identify human lymphatic endothelial cells include the plasma membrane sur-
face markers CD206 (or mannose receptor) and Lymphatic Vessel Endothelial
Receptor (LYVE-1) which are also expressed by human AT macrophages
(Bourlier et al. 2008). Delineation of new specific markers is required to clearly
identify AT lymphatic endothelial cells.

The role of the lymphatic system in AT development has been pinpointed by
approaches using genetically modified mice. Indeed, in mice heterozygote for
the master gene controlling lymphangiogenesis Prospero homeobox protein 1
(PROX-1 +/- mice), the abnormal lymphatic system is associated with an increase
in subcutaneous AT (Harvey et al. 2005). A pro-adipogenic impact of lymph
components on adipogenesis has been suspected (Harvey et al. 2005). However,
the link between defects in the lymphatic system and AT development remains to
be clearly established.

The role of the lymphatic system in AT secretory activity has been recently
shown by the determination of the concentration and secretion of several adipokines
[monocyte chemoattractant protein 1 (MCP-1), leptin, interleukin (IL)-6, IL-1beta,
IL-8, tumor necrosis factor (TNF) alpha and adiponectin] in the afferent peripheral
lymph and venous plasma from healthy men (Miller et al. 2011). Apart adiponectin,
all studied adipokines exhibit higher concentrations in lymph than in plasma. When
estimating the relative proportions of adipokines to be leaving the tissue via lymph
and capillaries, leptin and MCP1 showed equally partitioning between both the
lymphatic and blood system whereas IL-6 as well as IL-1beta were predominantly
transported via the lymphatic route and IL-8 via the capillaries. Interestingly, the
secretion of TNF alpha could not be demonstrated in human AT by arterio–venous
differences measurements, but was found to be exclusively present in the lymph
(Miller et al. 2011). A close anatomic relationship exists between AT and lymph
nodes (Pond 2005). The lymph system might thus represent a ‘‘new’’ route of
signaling between AT and immune cells from lymph node, that might be involved in
the inflammation that takes place in AT with obesity.
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The Blood System

The white AT is considered as a bradytrophic tissue, i.e., low metabolic rate and
blood flow (by comparison human liver, heart or brain have blood flow that are
30–50-fold higher than subcutaneous AT from lean healthy subjects). In response
to feeding, the adipose tissue blood flow (ATBF) increases in healthy individuals
(Bulow et al. 1987). Concomitantly, the AT microvascular volume increases
through the recruitment of capillaries as recently demonstrated using contrast-
enhanced ultrasound imaging (Tobin et al. 2010). Such a process increases the
surface of exposure of the lipoprotein lipase (LPL), located at the luminal side of
the AT capillaries, to the circulating lipoproteins, and thus promotes lipid uptake
and storage in AT. Recently, the glycosylphosphatidylinositol-anchored high
density lipoprotein binding protein 1 (GPIHBP1), has been described as specifi-
cally expressed by the endothelial cells of tissues expressing LPL [for review:
(Beigneux 2010)]. GPIHBP1 plays the role of a LPL shuttle to the luminal side of
the endothelium. The dimerization of GPIHBP1 at the endothelial luminal side
allows the binding of VLDL to GPIHBP1, in the vicinity of the LPL, facilitating
triglyceride hydrolysis. Once hydrolyzed, non-esterified fatty acids (NEFA) are
transferred, through the endothelial cell layer, to the adipocytes via a yet
unidentified process. The transendothelial passage of hormones and adipokines in
the AT is also unclear but plays certainly a major role in the hormonal control of
the adipocyte metabolic activity but also in the AT secretory activity. The presence
of fenestrated capillaries that may facilitate the transfer and secretion of adipokines
has been shown in murine AT (Cao et al. 2001).

In humans, AT blood endothelial cells are characterized by the coexpression of
both CD34 and CD31 cell surface markers and both have been used to isolate the
endothelial cells from human AT. However, the use of CD31 alone to identify and
to isolate the AT endothelial cells cannot be considered to be reliable since AT
immune cells also express CD31. The same remark applies for the use of CD34
alone since CD34 is also expressed by the AT progenitor cells defined as CD34+/
CD31- (Miranville et al. 2004). Depletion of leukocytes from the AT stroma-
vascular fraction (SVF), using for example CD45, is therefore necessary to obtain
reliable AT endothelial cell preparations with the CD31 marker. The endothelial
cells isolated from murine AT using such an approach and grafted into syngenic
mice (Koh et al. 2011) or the implantation of AT microvessels in immunodeficient
mice (Nunes et al. 2010) induce in the host a rapid formation of a vascular network
through the reassembly of endothelial cells at the site of implantation. Three main
dynamic events were involved in the formation of new blood vessels in the
recipients: angiogenesis followed by the formation of immature vessel network
and finally the maturation of the functional neovessels (Nunes et al. 2010). This
vascular remodeling capacity was also observed for human AT vessels. Indeed,
capillary branches emerge from human AT explants embedded in Matrigel
(Gealekman et al. 2011), or from graft from human AT on the chicken
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chorioallantoic membrane. In this last model, the new vessels formed around and
inside grafts were of both avian and human origin (Ledoux et al. 2008).

In the case of the architectural organization of the blood vascular network of the
AT, few data are available. Concerning the coverage of the AT vessels in mice,
pericytes were found to be mainly associated with the arterial vessels but remained
less associated with the capillaries (Xue et al. 2008). In human AT, some pro-
genitor cells are at perivascular location and predominantly near capillaries
(Maumus et al. 2011). It has been suggested that they shared similar characteristics
to pericytes (Traktuev et al. 2008). However, other study including ours showed no
overlap in the expression of several cell markers between the both cell types
(Maumus et al. 2011). Additional data are required to characterize the blood AT
vascular network organization.

Angiogenic Factors Produced in Adipose Tissue

Angiogenesis is a complex process that requires a well-balanced production of
factors impacting extracellular matrix remodeling, endothelial cell function
(including permeability and vasodilation), endothelial cell proliferation and
migration as well as the recruitment of mural cells. Several of these factors have
been shown to be produced in AT. They include vascular endothelial growth factor
(VEGF), monobutyrin, angiopoietin 1, hepatocyte growth factor (HGF), angio-
poietin like factor 4 (angptl4), apelin, and fibroblast growth factors (FGFs) as well
as matrix metalloproteases (MMPs). AT also produces angiogenic inhibitors
required to control the end of the angiogenic process and to prevent further neo-
vascularization. The list includes angiopoietin 2, thrombospondins, Secreted
Protein Acidic and Rich in Cysteine (SPARC), osteopontin, resistin, interferon
(IFN) gamma, tissue inhibitors of metalloproteases (TIMPs), and plasminogen
activator inhibitor (PAI)-1 [for review, (Cao 2010; Christiaens and Lijnen 2010)].

Most of the pro-angiogenic factors have been described to be up-regulated
during adipogenesis. Interestingly, several pro-angiogenic factors have been
identified in the microvesicles produced by preadipocytes, suggesting that such
microvesicles might represent a reservoir of angiogenic factors in AT (Aoki et al.
2010). A splice variant of the VEGF receptor, the soluble fms-like tyrosine kinase
1 (sFlt-1) has been identified in the conditioned media from human AT explants.
This production is inversely correlated with body mass index (Herse et al. 2011).
Since sFlt1 showed anti-angiogenic properties, increased adiposity appears to be
associated in AT with decreased anti-angiogenic and increased pro-angiogenic
capacities. In agreement with this concept, leptin, the secretion of which is
increased in human obesity, possesses pro-angiogenic activity (Bouloumie et al.
1998). Both adipocytes and SVF cells are source of numerous factors involved in
angiogenesis and vessel remodeling. Among the SVF cells, macrophages that
accumulate with increased adiposity in the subcutaneous AT of healthy lean to
overweight women exhibit pro-angiogenic activity. Indeed secretory products
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originating from human subcutaneous AT macrophages stimulated the migration
and organization of human AT endothelial cells CD34+/CD31+ when embedded in
Matrigel. Such angiogenic macrophages were characterized by the expression of
LYVE-1 marker and their specific production of MMP-9 (Bourlier et al. 2008).
Most cells located in the AT are also a reservoir of angiogenic factors and their
degranulation is associated with strong stimulation of angiogenesis in the murine
AT (Liu et al. 2009). The well-known condition linked to increased production of
angiogenic factors is hypoxia. Culture of differentiated murine preadipocytes
under low oxygen tension led to the up-regulation of the expression of VEGF,
leptin and MMP-2 and -9 (Lolmede et al. 2003). Such an effect of low oxygen
tension has also been reported in human mature subcutaneous adipocytes, at least
for VEGF expression (Villaret et al. 2010). Sympathetic activation has been
demonstrated to stimulate angiogenesis in murine AT via the up-regulation of
VEGF, such as during cold adaptation (Xue et al. 2009) or stress involving the
neuropeptide Y (NPY)/NPY2R pathway (Kuo et al. 2007).

Role of Angiogenesis in the Adipose Tissue Development

In species with fetal development of AT, the appearance of vascular structures
precedes that of the fat cells (Crandall et al. 1997). In species with postnatal
development of AT, as in rodents, the appearance of adipocytes in the epididymal
depot is observed once vascularization is effective (Han et al. 2011). The post-natal
angiogenesis in epididymal AT involves the VEGFA/VEGFR2 signaling pathway
and the pro-angiogenic LYVE-1 ? macrophages (Han et al. 2011). In adult mice,
a dense vascular network is formed by angiogenesis in the end portion of epi-
didymal AT and the newly formed vascular structures were associated with de
novo formation of adipocytes (Cho et al. 2007). In human, a study based on the
utilization of flow cytometry analyses of the SVF showed that the percentage of
AT CD34+/CD31+ endothelial cells remained constant whatever the body mass
index of adult healthy lean to overweight women (Miranville et al. 2004). Such a
result demonstrates that there is an increase in endothelial cell number concomi-
tant with an increase in the AT from lean to overweight women. Therefore,
angiogenesis also occurs in healthy adult human AT.

The close relationship between angiogenesis and adipogenesis observed during
AT development is further supported by grafting of murine preadipocyte cell line
into immunodeficient mice which demonstrated that adipogenesis requires angi-
ogenesis (Neels et al. 2004). Similarly, pharmacological-mediated stimulation of
adipogenesis in mice with the peroxisome proliferator-activated (PPAR) gamma
agonist rosiglitazone was associated with AT angiogenesis via increased VEGFA,
VEGFB, and Angptl4 expression (Gealekman et al. 2008). The mechanisms
underlying the link between angiogenesis and adipogenesis are still to be clearly
defined. Some progenitor cells are in close interaction with endothelial cells within
AT (Maumus et al. 2011). Secretions of AT endothelial cells affect not only
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directly the proliferation of AT progenitor cells (Hutley et al. 2001; Maumus et al.
2008) but also their adipogenic potential (Rajashekhar et al. 2008) as well as their
migratory capacity (Sengenes et al. 2007a).Similarly, human AT progenitor cells
themselves express angiogenic potentials as demonstrated by their promotion of
the neovascularization of ischemic tissues after injection into athymic mice (Mi-
ranville et al. 2004; Planat-Benard et al. 2004). However, a more complete
characterization of the exact nature of AT progenitor cells is necessary to reach
any clear conclusions about the contribution of AT progenitor cells to vessel
remodeling.

Angiogenesis and Obesity

Obese, insulin resistant, and type 2 diabetic subjects exhibit decreased fasting
ATBF and alteration in the post-prandial increase of ATBF in subcutaneous AT
(Karpe et al. 2002).

Reduced blood flow might lead to insufficient oxygen supply. Hypoxic area
have been clearly described in the AT of obese mice in several models of murine
obesity (genetically- or diet-induced obesity), [for review (Wood et al. 2009)] and
associated with angiogenesis (Cho et al. 2007). However, in human, the data are
still controversial. In overweight/obese human subjects, the partial oxygen tension
(Po2) in abdominal subcutaneous AT was found to be lower compared to lean
subjects (Pasarica et al. 2009) though overlapping values were reported between
both groups of subjects. Another approach using the continuous monitoring of Po2

by microdialysis showed that the post-prandial increase in ATBF was associated
with a concomitant increase in AT Po2 in lean men, but these responses were
blunted in obese insulin resistant men (Goossens et al. 2011). Surprisingly, despite
a lower fasting ATBF in obese men compared with lean ones, fasting AT Po2 was
higher in obese men. These unexpected findings were explained by a lower con-
sumption of oxygen in the obese AT compared with the lean AT (Goossens et al.
2011). This study suggests that adipocytes might adapt their consumption of
oxygen according to its supply. To conclude, the presence of hypoxic areas con-
secutive to reduced blood flow within human obese subcutaneous AT remains to
be clearly established.

Reduced blood flow might be due to severe structural and functional abnor-
malities of the microcirculation and/or a rarefaction of the vascular bed (i.e.,
insufficient angiogenesis). Type 2 diabetic overweight patients have a defective
increase in the AT microvascular volume after a glucose load (Tobin et al. 2011).
Moreover, blunted answer of the vasculature of obese to the autonomic cardio-
vascular control has been reported (Funada et al. 2011). An impaired endothelial
transfer of insulin in AT from obese subjects with postprandial hyperglycemia has
been suspected. Indeed, higher circulating insulin levels were needed to attain
similar AT interstitial insulin levels than in lean subjects (Sandqvist et al. 2011).
These observations suggest that the AT microcirculation exhibit functional
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abnormalities in obese patients. Controversial results have been reported con-
cerning the potential rarefaction in capillary density in the subcutaneous AT from
obese patients. Indeed, some studied reported decreased capillary density in sub-
cutaneous AT in overweight/obese patients compared with lean ones as well as in
morbid obese compared with overweight/obese (Gealekman et al. 2011; Pasarica
et al. 2009), whereas others did not find any differences (Goossens et al. 2011).
These results might be related to distinct cohort characteristics including the
degree of obesity, the history of obesity, the age as well as the gender ratio and the
presence or not of obesity-associated pathologies. The experimental approaches to
estimate capillary density might also yield to inconsistent results. Indeed, capil-
laries are identified through the use of a single endothelial cell surface marker on
histological sections of ATs and the number of positive signals is normalized per
adipocyte or per surface. However, such approaches cannot produce reproducible
quantification due to the large volume of adipocytes compared with capillaries.
Indeed, depending on the studies, the maximum AT capillary densities ranged
from 0.5 to 1.89 per adipocyte or from 35 to 300 capillaries/mm2. Three-dimen-
sional approaches of imaging using co-labeling of endothelial cells are needed to
reliably assess the capillary density per volume of AT. Our approaches using flow
cytometry analyses to quantify the number of endothelial cells CD34+/CD31+ per
gram of AT did not show differences in endothelial cell number between subcu-
taneous AT from lean and obese subjects (Villaret et al. 2010). Large-scale
transcriptomic analyses performed on AT from lean, overweight, obese, or obese
with metabolic syndrome women showed that angiogenesis-related pathway was
specifically enriched in AT from obese with metabolic syndrome compared with
lean women (Klimcakova et al. 2010). Therefore, it appears that changes in the
function of the microcirculation rather than insufficient angiogenesis might be
responsible for the ATBF alterations observed in the subcutaneous AT of obese
subjects. However, additional data are required to clearly support this hypothesis
and to determine the mechanisms involved in the alterations of the AT endothelial
cells with obesity.

Angiogenesis and Subcutaneous/Visceral Adipose Tissues

Increased visceral fat mass is closely linked with an increased risk in developing
obesity-associated pathologies. The visceral AT is considered to have higher
metabolic rate than the subcutaneous AT (see Chap. 23). However, conflicting
results have been reported concerning potential differences in the fasting and post-
prandial blood flow in both AT locations. Concerning the secretory activity,
secretome analyses of human subcutaneous and visceral AT and cells showed
secretory capacity higher in visceral compared with subcutaneous AT with half of
the products involved in angiogenesis (Hocking et al. 2011). Similarly, tran-
scriptomic analyses showed specific enrichment in angiogenic-related pathway in
the visceral compared with subcutaneous AT (Klimcakova et al. 2010). These
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observations suggest that the visceral AT constitutes a more marked proangiogenic
environment compared with subcutaneous AT. However, when considering the
angiogenic potential, the use of ‘‘in vitro’’ models leads to inconsistent results.
Indeed, both depots stimulated angiogenesis in the same extent once grafted on the
chick chorioallantoic membrane (Ledoux et al. 2008) but, in the model of AT
explants embedded in Matrigel, higher capillary branch formation was observed
for subcutaneous compared with visceral AT (Gealekman et al. 2011). Both
approaches may not completely reflect angiogenic process occurring ‘‘in vivo’’.
Using three-dimensional imaging approaches associated with flow cytometry
analyses, we showed that visceral AT is more highly vascularized than subcuta-
neous AT from morbidly obese subjects (Villaret et al. 2010). In addition, visceral
AT had a higher number of macrophages (Duffaut et al. 2009) and visceral adi-
pocytes expressed more VEGF (Villaret et al. 2010), observations in agreement
with the higher proangiogenic environment of visceral compared to subcutaneous
AT. Visceral AT endothelial cells exhibited a pro-inflammatory and pro-angio-
genic phenotype as well as markers for premature aging (or senescence) (Villaret
et al. 2010). It is thus tempting to speculate that the strong pro-angiogenic pressure
of visceral AT may lead to accelerated aging of endothelial cells leading to
inflammation and endothelial cell dysfunction. In agreement with such an
hypothesis, it was recently shown that endothelial cells cultured in the presence of
obese AT secretomes and particularly the visceral secretome, showed increased
proliferation, altered cell morphology and pro-inflammatory phenotype (Hanzu
et al. 2011). Therefore, although angiogenesis is a physiological mechanism
necessary to maintain the AT homeostasis during growth, it may become patho-
logical under too strong pro-angiogenic microenvironment leading to endothelial
cell senescence and to endothelial dysfunction.

Angiogenesis and Brown Adipose Tissue

Few data are available concerning the brown AT (BAT) vascular network, its
regulation as well as its specific functions. In mice, VEGFB has been reported to
stimulate NEFA transendothelial transport via its binding to VEGFR1 and neu-
ropilin 1 with a concomitant increase in endothelial fatty acid transport protein
(FATP) 3 and FATP4 expression (Hagberg et al. 2010). This specific effect
observed in BAT (Hagberg et al. 2010), was not found in the white AT, a result
showing that the endothelial cells from white and brown AT possess distinct
characteristics. Brown adipocytes rely on oxygen to produce heat. Therefore,
adequate perfusion is required for an optimal metabolic rate. Angiogenesis in BAT
is enhanced after cold exposure (Xue et al. 2009), though it should be noted that
angiogenesis is also reported in white AT under such a condition. Interestingly, the
processes involved the BAT angiogenesis are independent of hypoxia but
dependent on the VEGF/VEGFR2 pathway through the increase in the sympa-
thetic nervous system-mediated stimulation of VEGF expression (Xue et al. 2009).
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Anti-Angiogenic Therapy

Several approaches have been carried out in mice models of obesity (genetically-
and diet-induced) using angiogenesis inhibitor treatment [for review, (Cao et al.
2001)]. Administration of endogenous angiogenesis inhibitors including angio-
statin and endostatin reduce body weight in obese mice. Treatments with angio-
genesis inhibitors such as TNP-470 and VEGFR2-specific inhibitors as well as
MMP inhibitors prevent obesity. It must be noted however that TNP-470 has non-
vascular effects including neurotoxicity and may affect food intake. Therefore,
additional studies are necessary to understand how the antiangiogenic agents
reduce body weight and to delineate their adverse effects.

Conclusion

Although many studies have clearly shown the importance of ATBF in the
physiology of AT, the organization, and the cells composing the vascular bed of
the AT have been long neglected. However, recently there has been increasing
interest in the topic. The endothelial cells play a central role in AT lipid storage
process as anchoring surface of the lipolytic platform and NEFA transfer to adi-
pocytes. They also play a role in AT humoral responsiveness and secretory
function as well as in AT/immune cell interactions [for review (Sengenes et al.
2007b)]. The modulation of AT endothelial cells remodeling and functions appears
to be highly regulated by the microenvironment of the fat mass and as a conse-
quence impact directly on the development and function of the AT. However, to
clearly define and identify potential therapeutic strategies aimed to target AT
vascular network function and/or extension, a better characterization of the
endothelial cells of AT [depending on the AT location (subcutaneous and visceral)
and function (white and brown)] and of the mechanisms involved in the control of
vascular remodeling and function is necessary.
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Chapter 4
Prospects for Using Adipose Tissue
in Regenerative Medicine

Louis Casteilla, Valérie Planat-Benard, Patrick Laharrague,
Béatrice Cousin and Anne Lorsignol

Introduction

The traditionally widespread image of adipose tissues is the image associated with
the roles attributed to them in obesity and in metabolic diseases. In parallel with
this negative image, and in a more specialized field, there is a positive image tied
to their old use in plastic and reconstructive surgery. Indeed, these tissues have
long been used by doctors to reconstruct volumes following various deformations.

Much more recently, the identification and characterization of subpopulations
of immature cells have drawn the attention of many investigators and is opening
up broad prospects for regenerative medicine, especially since this tissue can be
obtained in large quantities through liposuction.

Adipose Tissues as Filler and ‘‘Volumizing’’ Tissues

Long ago, the pragmatic approach to the problems of tissue reconstruction led
surgeons to use adipose tissue as a filler tissue, with some success. Unfortunately,
one of the often-debated recurring problems of this technique was: ‘‘how long the
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reconstituted volume was maintained?’’ A decisive step was taken toward graft
maintenance when Professor Colleman chose to sample and re-inject adipose
tissues in the form of small samples (Mojallal and Foyatier 2004). This technique
was so successful that it has become the current standard technique. Following
anesthesia, usually local anesthesia, the adipose tissue is removed using cannulas,
with the consequence of fragmenting the tissue sample in the form of small
‘‘noodles.’’ These are then re-injected into the patient, after the excess liquid is
removed through a brief centrifuging. The size of the cannulas, the centrifuging
speeds, and sampling systems vary widely and are the subject of significant
economic issues. It is worth noting that the development of these practices took
place independent of the very small number of experimental or preclinical studies
(Mojallal et al. 2009). It is only very recently that the use of tissue imaging tools
has enabled the objective evaluation of the effects and protocols in humans.

The Various Cellular Fractions of Adipose Tissue

Following the work conducted by the group led by Zuk et al. (2002), the conception
of what had been previously referred to as preadipocytes was profoundly changed.
Described in the 1960s, a simple protocol was used from a sample of adipose tissue
to purify a fraction of immature cells that were named preadipocytes (Gimble et al.
2007). In this protocol, the fat tissue is finely cut up and incubated with proteolytic
enzymes in order to dissociate the extracellular matrix. Through centrifuging, it is
then possible to separate the stroma-vascular fraction (SVF) from the fraction of
mature adipocytes which, filled with lipids, float in the solution. This SVF is
strongly heterogeneous, an element that we will come back to later. In a second
step, the SVF is cultured in a plastic Petri dish in order to select an adherent cell
population. The addition of a cocktail of differentiating agents induces the differ-
entiation of these cells into adipocytes, later demonstrating the existence of adi-
pocyte-precursor cells, or preadipocytes. These cells are found in all adipose
tissues, regardless of the patient’s age (Ailhaud et al. 1992).

How a Preadipocyte Becomes a Multipotent Cell
with Regenerative Potentiality

Zuk et al. (2002) were the first to show that these preadipocytes were, in fact,
multipotent because they were able to differentiate not only into adipocytes, but
also into osteoblasts and chondrocytes. Preadipocytes were then re-christened
adipose-derived stem cells (or ASCs), and then adipose-derived stromal cells
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(Zuk et al. 2002; Gimble et al. 2007). In fact, since their capacity for self-renewal
(one of the two criteria for determining the status of stem cell) has not been
definitively established, in accordance with the International Society for Cellular
Therapy (Phinney and Prockop 2007), it currently appears preferable to use the
term ‘‘stromal’’ instead of ‘‘stem.’’ Another difficulty resides in the fact that the
term ASC is also used in the literature for the raw SVF. This fraction is strongly
heterogeneous and contains several cellular subpopulations, including native
ASCs, endothelial cells, and hematopoietic cells, which represent a large portion
of the fraction (Prunet-Marcassus et al. 2006). From our point of view, the term
ASC should be restricted to purified, multipotent stromal cells.

Nature and Properties of ASCs

The protocol of selection by adhesion, as well as their mutipotency, resulted in a
parallel being drawn between ASCs and other stromal cells, mesenchymal stem
cells (MSCs). These MSCs were first described as immature mesenchymal cells of
the adult bone marrow, also capable of differentiating into osteoblasts, chondro-
cytes, and adipocytes (Pittenger et al. 1999). Identification at the clonal scale using
the CFU-F technique (for Colony-Forming-Unit Fibroblast) shows that the
frequency of MSCs is low, 0.01–0.0001 % of the nucleated cells in adult bone
marrow. In 2005, the International Society for Cellular Therapy established a
minimum definition of MSCs based on three criteria: adhesion to plastic, a phe-
notype matching surface antigens (CD73+, CD90+, CD105+, CD45-, CD34-,
CD14 or CD11b-, CD79- or CD19-, HLA-DR-), and the capacity, described
earlier, to give rise to adipocytes, osteoblasts, and chondrocytes, in vitro (Horwitz
et al. 2005). In fact, it is also necessary to add to this definition the capacity of
MSCs to maintain viability and the immaturity of other cells, such as hemato-
poietic stem cells, as well as their ability to modulate the immune response and the
inflammatory reaction (Charbord 2010).

While very similar, ASCs and MSCs are not identical. Indeed, ASCs express
the surface protein CD34, at least initially during culturing (Maumus et al. 2010),
their frequency is much greater (100–500 times more) and it is possible to define,
under identical cultural conditions, specific genomic and proteomic signatures
(Noel et al. 2008). Furthermore, the differentiation protocols indicate schemati-
cally that MSCs are more easily oriented toward an osteoblastic and chondrogenic
phenotype, whereas ASCs are more oriented toward an adipose phenotype (Noel
et al. 2008). Another functional characteristic initially associated with MSCs, the
ability to support hematopoiesis, also appears true for ASCs, although they appear
to be less effective over the long term (Corre et al. 2006; De Toni et al. 2011). This
unexpected property of adipose tissue could have very significant consequences, as
will be discussed later.
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The tissue location of ASCs remains a controversial subject. An initial series of
experiments suggested that ASCs are pericytes, as was proposed for MSCs (Crisan
et al. 2008; Traktuev et al. 2008). Our own work, in collaboration with Anne
Bouloumié’s group has arrived at different conclusions (Maumus et al. 2010): the
immunohistological analysis in fact revealed a dual location of native ASCs: a
portion in the perivascular position without being pericytary, but a majority
dispersed in the stroma and not expressing, in vivo, pericytary markers. In fact,
these markers appear during the culturing process. However, one may conclude
that there are multiple populations of ASCs with varying degrees of immaturity.
This idea would be in line with the work performed in mice by Friedman’s and
Graff’s groups. The most immature population that contains true adipocyte pre-
cursors, and therefore ASCs, appears to be derived from cells present in the
vascular wall, and is identified by surface markers (Lin-, CD29+, CD34+, Sca-1+,
CD24+) (Rodeheffer et al. 2008; Tang et al. 2008).

SVF and Regeneration

The possibility of obtaining this fraction extemporaneously at the ‘‘patient’s
bedside’’ presents a considerable advantage, through the flexibility of use and its
quickness of implementation (see Table 4.1). Another advantage comes from the
synergistic effects existing between the various cellular populations of this frac-
tion, as we will illustrate later. These advantages are offset, however, by the
heterogeneity of this fraction and the inability, in the brief time allotted, to
establish quality controls to truly evaluate what is injected, since the cellular
composition can vary considerably depending on the patient (effects of age, sex,
metabolic status, etc.).

The first successful in vivo regeneration experiment was performed in mice, in
the context of hematopoietic reconstitution (Cousin et al. 2003). Spectacularly, the
injection of the SVF proved as effective as a bone marrow graft. This regeneration
could be due to a population of hematopoietic stem cells present in the adipose
tissue and reconstituting the destroyed hematopoietic compartment, and also to a
stimulating effect of ASCs on endogenous hematopoiesis of irradiated mice.

In humans, the first study described the use of this cellular fraction to treat a
massive bone defect in the cranium (Lendeckel et al. 2004). Three months after the
application of the raw SVF mixed with a glue composed of fibrin, a boney
neoformation and almost complete reconstitution of the cranial vault were
observed. Unfortunately, no other publications followed this report.

Other trials are studying the effect of this SVF to treat acute myocardial
infarction. Although it is necessary to wait for the full results to come out, an
absence of improvement is probable, as was observed in similar protocols using
mononuclear bone marrow cells (and not MSCs) (Menasche 2009).
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ASCs and Regeneration

Zuk’s studies on ASC mutipotency were published when the scientific community
was fascinated with adult stem cells and their possible plasticity. At the same time,
we showed, simultaneously with A. Bouloumié’s group, that ASCs could regen-
erate a deficient vascular network in vivo (Planat-Benard et al. 2004a; Miranville
et al. 2004). These results attracted even more attention since adipose tissue is
abundant, easy to sample, and in a few cultures it is possible to obtain large
quantities of ASCs. This quickness of obtainment, compared to MSCs derived
from bone marrow, limits the risks of senescence and/or chromosomal abnor-
malities induced during culturing. As with MSCs derived from bone marrow, the
analysis of works published shows that the benefits observed after the injection of
ASCs can be explained in three non-exclusive ways (Charbord and Casteilla
2011):

• Direct participation of ASCs, through their differentiation potential, in
neoformed tissues.

• Intense paracrine activities of ASCs that may have pleiotropic effects on the
survival of endogenous cells, formation of neovessels, control of inflammation,
etc.

• When differentiated cells from the injured tissue are multinucleated (e.g., skel-
etal muscle cells) regeneration may be due to fusion mechanisms.

Concerning the first explanation, apart from the traditional mesenchymal
phenotype (adipocyte, osteoblast, chondrocytes), no studies have clearly demon-
strated complete and functional differentiation toward other cell types. But usually
the phenotype is established only by a few differentiation markers, and sometimes
a partial functional analysis, which raises the question of the underlying cellular
mechanisms.

For the second explanation centered on paracrine activity, we may note that
adipose tissue is considered to be a true endocrine tissue, a property that will be
developed in another chapter of this book. Given the complexity of effects, it is
reasonable to suggest that these paracrine effects are due to a combination of many
more or less redundant molecules. This multitude of factors may explain the
contradictions between the various studies on the molecules involved (Gimble
et al. 2007).

While many studies have been produced in the osteoarticular and cardiovas-
cular fields, the most clinically successful studies are in the area of modulating the
immune system and inflammation (therefore relying on paracrine properties). Most
clinical trials with ASCs deal with the complications of fistulas that are or are not
associated with Crohn’s disease, which correspond to tissue degeneration after an
uncontrolled inflammatory process. All these trials appear to indicate that ASCs
are very effective for treating inflammation and improving the healing process
(Constantin et al. 2009; Gonzalez et al. 2009; Garcia-Olmo et al. 2009). It should
be noted that a test to use allogenic ASCs in this field is currently planned.
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The results of this trial and the possibility of using ASCs sampled before hand
from healthy donors could considerably open up the field of using ASCs in
regenerative medicine.

ASCs, like MSCs from bone marrow, possess characteristic immunomodulating
properties (Le Blanc and Ringden 2007; Puissant et al. 2005; Yanez et al. 2006)
evaluated at the clinical level. The results of these trials with ASCs are awaited
with confidence, considering the positive effects of MSCs (Le Blanc and Ringden
2007).

As for the capacities of ASCs to reconstitute a differentiated cell population,
there is currently little published data. One remarkable result was obtained with the
maxillary reconstruction in a patient through the implantation of ASCs committed
to osteogenic differentiation using a pretreatment with the growth factor BMP2
combined with calcium phosphate (Mesimaki et al. 2009). The feasibility and
efficacy of such treatments may not be proven, however, until after genuine phase I
and II studies. Astonishingly, there are no clinical studies published to date
regarding the use of ASCs to reconstitute adipose tissues, while it is a significant
clinical issue both for mammary reconstruction as well as for lipodystrophy.

Since the initial studies described earlier regarding the angiogenic potential of
ASCs for limb ischemia, the confirmed potential in myocardial infarction, and the
healing process associated with radiation or not (Planat-Benard et al. 2004a;
Ebrahimian et al. 2009; Mazo et al. 2008), only two trials, one using intramuscular
administration, the other using intravenous administration, examine the effect of
ASCs on critical hind limb ischemia.

These angiogenic properties, as well as the release of trophic factors or
immunomodulation, can also be taken advantage of in order to facilitate the
successful engraftment of whole tissues (including adipose tissue itself, as is
starting to be done for mammary reconstruction) and also of exogenous cells, such
as embryonic cells differentiated into cardiomyocytes (Bel et al. 2010).

Finally, we cannot talk about cell therapy without discussing the adverse effects
and safety of these treatments. Two obstacles may arise: an undesirable differ-
entiation process and a possible interaction between ASCs and resident cancer
cells. Regarding the first point, only one study has reported cysts and microcal-
cifications after mammary reconstruction using lipoaspirates associated with the
raw SVF (Yoshimura et al. 2008). To the best of our knowledge, no undesirable
differentiation has ever been reported, such events are rare, or have not been
sufficiently evaluated.

The immunosuppressive effects associated with the angiogenic properties raise
the question of a possible interaction between ASCs and cancer cells. This question
is crucial, given the positive correlation existing between obesity and cancer
(Roberts et al. 2010). Contradictory studies have been published in this domain.
Schematically, a positive effect of ASCs on tumor growth is observed when cells are
co-injected with cancer cells or transplanted at the start of the tumoral process
(Zimmerlin et al. 2011). On the other hand, a negative effect can be observed when
ASCs are implanted in a pre-existing tumor (Cousin et al. 2009). Thus, we can
suggest that, depending on the partner cell, a dynamic interaction may take place
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between ASCs and other cell types to maintain the appropriate development of the
tissue through a balance between proliferation and differentiation.

Other Immature Cells in Adipose Tissues

As has been stated several times in this chapter, the SVF is a heterogeneous
fraction of which a significant number of the cells are poorly characterized.
Analyses by flow cytometry reveal that 20–50 % of the cells of this fraction are
hematopoietic cells. Except hematopoietic organs, no other tissue presents such a
high proportion of hematopoietic cells (Fig. 4.1). An even more remarkable result
is that approximately 1 % of these cells present an antigenic signature charac-
teristic of hematopoietic stem cells. Furthermore, these cells are functional
because they are able to participate, at least partially, in hematopoietic recon-
struction following irradiation. However, this hematopoietic activity is special,
above all, because it enables the reconstitution of non-hematopoietic organs
(Poglio et al. 2010).

Another remarkable result is that we were able to show in mice a rare popu-
lation capable of ‘‘spontaneously’’ differentiating into functional cardiomyocytes,
the injection of which into an infarction zone of the heart will limit remodeling of
the ventricle and provide a functional benefit (Planat-Benard et al. 2004b; Leobon
et al. 2009). Unfortunately, the equivalent cells have not been identified in
humans, at this point.

Be that as it may, the two types of results just cited well show that adipose
tissue has not yet revealed all its secrets.

Fig. 4.1 Proportion of hematopoietic cells in stroma fractions of different tissues (bone marrow,
anginal white adipose tissue, muscle)
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Conclusions or Contributions of Cellular Therapy
to a Better Understanding of the Biology and Physiopathology
of Adipose Tissues

The growing interest of plastic surgeons and the scientific and medical community
in regeneration is attracting a growing number of teams previously focused on
other domains of research and competency. While this relative lack of expertise in
the domain sometimes poses problems for interpreting results, it leads to new
questions and approaches, forcing the reconsideration of the entire biology of
adipose tissues.

Thus has been revealed the astonishing complexity of the stromal fraction of
adipose tissue, the presence of immature cells of multiple types, and with con-
siderable potentialities, still to be definitively characterized, and vascular and
hematopoietic compartments.

Furthermore, the abundance of several types of immature cells raises the
question of adipose tissue as a physiological reservoir of cells that can be recruited
in the event of an injury or tissue degeneration. This is particularly true for
hematopoietic activity, since adipose tissue houses hematopoietic stem cells as
well as stromal cells capable of maintaining this population, as is observed in bone
marrow.

Adipose tissue, formerly decried for its involvement in metabolic diseases, has
acquired an entirely different status that of a reservoir of useful regenerative cells.
Even if other tissues possess similar properties, the odds are that the choice will be
made to use adipose tissue and its cells, given the practical and ethical advantages
of its use. There are already banks of frozen adipose tissues around the world, just
like cord blood is frozen for later use.
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Chapter 5
Brown Adipose Tissue: Function
and Development

Daniel Ricquier

Introduction

Brown adipose tissue (BAT) fulfils the criteria of an organ through its specific
anatomical localisation, its functional organisation as well as its specific physio-
logical role. BAT is mainly made of particular adipose cells, the brown adipocytes,
which are able to rapidly oxidise fatty acids and produce heat in response to
specific physiological situations. A total of 50 years after the discovery of the
thermogenic function of BAT, and 35 years after the elucidation of the thermo-
genic mechanism, its activity as a powerful fat burner non observable in white
adipocytes, makes this tissue still of interest since potential applications to treat
metabolic diseases are expected. Recently, a close and unknown proximity
between brown adipocytes and myocytes was discovered. In addition, recent data
obtained through the use of modern medical imagery revaluates the importance of
BAT in human adults.

BAT is Distributed in Specific Depots in Mammals

Due to fatty aspect and its brownish colour, BAT is easily observable. It is present
in most mammals but its abundance varies according to the age of individuals.
Whereas BAT is abundant during the whole life in rodents, it is particularly
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present in newborn rabbits as well as in a number of newborns of large-sized
mammals (lamb, veal). The idea commonly accepted was that BAT was absent in
adults of large-sized mammals, such as in the human species. Following reports
describing brown adipocytes without quantitation in human adults around 1980,
recent observations based on PET-Scan radiography of patients revaluate the
importance of BAT in adults.

Anatomy of BAT Depots

BAT depots were well identified and characterised in rodents. They are localised
in interscapular, peri-aortic, pericardiac, perirenal, axillary regions and between
neck muscles. All BAT depots are innervated and vascularised. In interscapular
BAT, each lobe is innervated by six sympathetic nerves including five intercostal
nerves coming from cervical and thoracic ganglia. Actually, every brown adipo-
cyte is directly innervated by fibres acting though noradrenaline release. This
mediator plays an essential role in activation of brown adipocytes and in resulting
thermogenesis. Several types of receptors including the ß3-adrenergic receptors
participate in the activation of the thermogenic cells. It is important to recall that
the innervation of brown adipocytes is under the control of the ventro-median part
of the hypothalamus. BAT depots are highly vascularised and they present
numerous arterio-venous anastomoses. Following exposure of a rat to the cold, the
blood flow through BAT depots increases by a factor of ten within a few minutes,
allowing the warmed blood to be sent to important regions such as the brain, heart
and kidneys (Nicholls and Locke 1984; Himms-Hagen and Ricquier 1998; Cannon
and Nedergaard 2004). In rodents and in humans, in addition to main BAT depots,
a few islets of brown adipocytes, or eventually disseminated brown adipocytes are
observable in white fat depots (Cousin et al. 1992; Cinti 2011).

Morphology of Brown Adipocytes

The most abundant and characteristic cells in BAT depots are brown adipocytes,
the cells responsible for heat production. In addition to these cells, BAT depots
contain interstitial cells, pericytes, endothelial cells and mastocytes. Brown adi-
pocytes represent 50 % of the total cells present in BAT depots. Brown adipocytes
contain many triglyceride droplets and perform lipogenesis and lipolysis, allowing
these cells to be classified as adipocytes. However, the abundance of mitochondria
in brown adipocytes is a striking feature, not observed in classical adipocytes. In
addition to their high number, these mitochondria present a highly abundant inner
membrane forming cristae. Therefore, the simple observation of brown adipocytes
using electron microscopy indicates that such cells exhibit a very high oxidative
respiration and substrate oxidation capacity, obviously linked to their elevated
thermogenics capacity.
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Physiological Data

Thermogenesis

Before presenting the thermogenic activity of BAT, it may be useful to briefly
recall what is thermogenesis. Obligatory thermogenesis or resting thermogenesis at
thermoneutrality and without exercise corresponds to the resting metabolic rate
and to a series of metabolic reactions releasing heat in such a way that it permits
body temperature to be close to 37 �C. In particular conditions such as exposure to
a cold environment (for a non-hibernating mammal), the body temperature
requires regulatory or adaptive thermogenesis, i.e. a supplement of thermogenesis.
Only metabolic reactions, acceleration of metabolic pathways or futile cycles can
generate thermogenesis. Indirect calorimetry was used to demonstrate that
thermogenesis is linked to oxygen consumption and therefore to the velocity of
cellular respiration operating in mitochondria. Skeletal muscles contain many
mitochondria and are potential actors of adaptive thermogenesis, but their con-
tribution, except for a role in shivering thermogenesis, was not really
demonstrated.

A Thermogenic Organ at Birth, Upon Exposure to the Cold,
or During Arousal from Hibernation

BAT is only present in mammals which are homeothermic. Homeotherms can
dissipate heat in case of exposure to elevated temperatures and generate heat
in situations presenting a risk of decrease of body temperature (cold environment,
birth). Another interesting example is given by hibernators. These animals
perfectly adapt to difficult situations (cold ambiance, reduced light, limited food
supply) by a marked reduction of their energetic needs and metabolism leading to
a decreased body temperature. However, hibernating animals require a thermo-
genic mechanism allowing them to arouse from hibernation.

A feature shared by different mammals is the necessity of the availability of a
thermogenic system in three situations as different as chronic exposure to the cold,
birth or arousal from hibernation. Several elegant and independent studies
performed around 1962–1965 demonstrated that heat was produced by BAT
depots in each of these three situations. These conclusions were confirmed by
spectacular measurements of blood flow through BAT depots of rats either
exposed to the cold or receiving catecholamines. The best demonstration of the
thermogenic activity of BAT is its rapid activation upon exposure to the cold
followed by its immediate inhibition as soon as the rat returns to an elevated
ambient temperature (Nicholls and Locke 1984; Himms-Hagen and Ricquier 1998;
Cannon and Nedergaard 2004).
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An Organ for Diet-Induced Thermogenesis?

Obligatory thermogenesis is observed following food intake and implicating food
ingestion, digestion, absorption and storage of nutrients. Although it was strongly
debated, several studies led researchers to propose BAT as an actor of diet-induced
thermogenesis (Rothwell and Stock 1979). This proposal was reinforced by the
observation of body weight enlargement and fat gain in transgenic mice expressing
a toxin targeted at BAT and destroying BAT (Lowell et al. 1993). However, the
absence of fat gain in mice with non-thermogenic BAT contradicted the data
(Enerbäck et al. 1997).

Quantitation of BAT Activity

The marked oxidative capacity of brown adipocytes was calculated knowing their
oxygen consumption and rate of fatty acid oxidation, and also by directly quan-
titating heat produced either by brown fat pad (Seydoux and Girardier 1977),
isolated brown adipocytes (Nedergaard et al. 1977) or respiring isolated BAT
mitochondria (Ricquier et al. 1979). The energetic power of BAT is estimated at
300–500 watts per kilogram of tissue. Such numbers indicate that a small amount
such as 50–100 g of rodent-type BAT would very significantly contribute to
energetic expense, in such a way that the absence of BAT or its reduced activity
would theoretically explain hypothermia and fattening over time.

Thermogenic Mechanism: Biochemical Aspects
and Physiological Integration

Heat production by cells or organisms is associated to oxygen consumption and is
correlated to the rate of oxidation of carbonated substrates. An oxidation reaction
such as palmitate oxidation is written as follows:

C16H3202 þ 23 O2 þ 131 ADP! 16 CO2 þ 16 H2O þ 131 ATP þHeat

Such a formula indicates that although oxidation reactions facilitate energy
conservation as ATP, a part of energy is dissipated as heat. Such an energy loss
reduces available ATP but may be useful for a physiological maintenance of the
necessary body temperature (Nicholls 2006).
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Respiration Uncoupling

The largest part of ATP synthesised by cells comes from mitochondrial respiration
‘‘fed’’ with reduced NADH and FADH2 of which the reoxidation is coupled to
oxygen reduction to water and ADP phosphorylation as ATP. When researchers
observed the high number of mitochondria in brown adipocytes, the first
conclusion was that these cells were producing a large number of ATP molecules
subsequently hydrolysed by an ATP-ase generating heat. In fact, this hypothesis
was never confirmed and was invalidated in 1967 when, independently, Smith and
Lindberg observed a spontaneous respiration uncoupling, i.e. a rapid respiration
not limited by the ability of mitochondria to respire according to their ability to
phosphorylate ADP. In other words, the BAT mitochondria able to rapidly oxidise
coenzymes do not make ATP and dissipate oxidation energy as heat. This
uncoupling or loose coupling of respiration to ATP synthesis explains heat
production by brown adipocytes and suggests that BAT mitochondria do contain a
respiration uncoupler. The search for this component led to the discovery of the
brown fat uncoupling protein referred to as UCP (Nicholls and Locke 1984). This
UCP was renamed as UCP1 when UCP2 was identified (Fleury et al. 1997). What
researchers were looking for was not only the understanding of a mechanism of a
respiration uncoupling but also a mechanism physiologically regulated since
induction of thermogenesis has to occur in response to heat requirement by
organisms in specific conditions such as exposure to the cold. When there is no
extra-heat requirement, brown adipocytes have to be quiescent and their
mitochondria should not present respiration uncoupling, otherwise energy will be
wasted and body temperature increased. Conversely, when heat production is
required, brown adipocytes have to be stimulated and must express their ability to
uncouple respiration.

UCP1 and Elucidation of the Thermogenic Mechanism

The spontaneous uncoupling of respiration of BAT mitochondria stimulated
research on this mechanism and led to observations of an activation of uncoupling
by fatty acids and an inhibition of uncoupling by certain nucleotides. The mech-
anism itself was elucidated by David Nicholls, a bioenergeticist inspired by the
chimio-osmotic theory proposed by Peter Mitchell. This theory, a matter of dispute
between bioenergeticists and mitochondriologists around 1970, proposed that an
electro-chemical proton gradient and a circuit gradient through a membrane were
controlling ADP phosphorylation. Mitchell proposed this mechanism for respiring
mitochondria and also for chloroplasts exposed to light. His theory was first
confirmed for chloroplast and then for mitochondria. Interestingly, Nicholls’s work
on BAT mitochondria substantially contributed to the validation of Mitchell’s
work (Nicholls and Locke 1984). According to Mitchell, complexes I, III and IV of
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respiratory chain function as proton pumps and generate a proton gradi-
ent � DlH+ of which energy, the proton motive force, consumed by endothermic
ATP-synthase is used to phosphorylate ADP. Therefore, when respiratory chains
are active, the proton gradient is high and slows down respiration and ATP
synthesis. Conversely, in case or re-entry of protons from the intermembrane space
to the mitochondrial matrix non operating through the proton channel of the ATP-
synthase and not coupled to a mechanism requiring energy supply, the proton
gradient collapses, respiratory chains are strongly activated and oxidation energy
is dissipated as heat since ADP phosphorylation consuming energy is shunted
(Fig. 5.1). The reason that respiratory chains are activated is that in such a
situation, the fall of � DlH+ lowers the membrane potential which activates
proton pumps inhibited when the membrane potential is elevated. It provokes
thermogenesis since oxidation energy is no more consumed by ATP-synthase.
Actually, such a situation is observed when respiring mitochondria are exposed to
a chemical uncoupler such as 2,4-dinitrophenol or FCCP. Interested in Peter
Mitchell’s discovery, David Nicholls assayed the proton conductance of the inner
membrane of brown adipocyte mitochondria and, interestingly, observed that it
was unusually high suggesting the presence of a specific proton transporter acting
as mimicking a chemical uncoupler. Following the finding of Rafael who observed
that purine nucleotides (ATP, ADP, GTP, GDP) can inhibit the uncoupling
mechanism in brown fat mitochondria, Nicholls verified that these nucleotides
inhibit the high proton conductance of the inner membrane and understood that the
nucleotides bind the proton pathway. The next step was the labelling of the binding
site of nucleotides using azido-ATP and the identification of a 32-kD membranous
protein (Heaton et al. 1978). This protein was previously described in 1976 by
Ricquier and Kader who reported that a 32-kD membranous protein was present in
brown adipocyte mitochondria but non existing in liver and that it was markedly
and uniquely induced in brown adipocyte mitochondria upon exposure of rats to
the cold; moreover, the level of this protein was decreased when cold-exposed
animals returned to 24 �C (Ricquier and Kader 1976). Therefore, UCP1 is a
physiologically important protein dedicated to metabolic thermogenesis and also is
a membranous protein validating the Mitchell’s chimio-osmotic theory (Fig. 5.2).

Ucp1-/- Mice

The full demonstration of the thermogenic activity of UCP1 came from transgenic
mice made null for Ucp1 using homologous recombination by Leslie Kozak and
his colleagues, such mice being unable to maintain their body temperature at 37 �C
in a cold environment (Enerbäck et al. 1997). These Ucp1-/- mice present a
reduced metabolism in the cold but are not obese or fatty. However, the animals
accumulate lipids when they are living at 30 �C, the thermic neutrality temperature
of mice (Feldmann et al. 2009). While BAT is essentially an organ dedicated to the
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fight against the fall of body temperature, a major and tightly controlled biological
parameter, these data are in favour of a potential contribution of BAT to energy
balance and body weight control.

UCP1, the Protein and the Gene

UCP1 has never been detected in significant amounts in cells other than brown
adipocytes where it amounts to 1–4 % of total protein and 2–8 % of mitochondrial
proteins. The primary structure of the protein was elucidated from its purification
and sequencing (Aquila et al. 1985) and was also predicted from the sequence of
cloned cDNA (Bouillaud et al. 1985; Bouillaud et al. 1986). Two major conclu-
sions were made: (i) UCP1 shares a high level of identity with the mitochondrial
ADP/ATP carrier (also referred to as the Adenine Nucleotide Translocator),
(ii) UCP1 has a triplicated structure in such a way that every third (N-terminal,
central, C-terminal), a hundred amino-acids long, can be partially aligned on the
two other thirds. In fact, UCP1 sequence was the second identified sequence of the
mitochondrial membranous metabolic carriers including the nucleotide exchanger,

Fig. 5.1 The mitochondrial proton circuit in the inner membrane of mitochondria. In any type of
mitochondria, complexes I, III and IV of respiratory chain build up an electrochemical proton
gradient of which the energy is used by the ATP-synthase to phosphorylate ADP. This is achieved
via proton circuit through the membrane linking exergonic respiration to endergonic ADP
phosphorylation. This proton circuit explains the coupling between coenzyme reoxidation
(respiration) and ATP synthesis. In the unique case of brown adipocyte mitochondria, the
respiration rate is very high and not limited by ADP availability or the capacity of
phosphorylation of ADP, since UCP1 a unique and additional component, shunts the proton
re-entry through the ATP-synthase. When UCP1 is active, its lowers the membrane potential and
the proton gradient which activate the respiratory chain of which oxidation energy, non consumed
to phosphorylate ADP is dissipated as heat (figure kindly provided by Dr Frédéric Bouillaud,
Institut Cochin)
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the phosphate carrier, the citrate carrier, the oxoglutarate carrier and the
acylcarnitine transporter. The genes encoding all these carriers derive from the
same ancestor encoding a protein containing 100 amino acids. The human UCP1
gene was located on the long arm of chromosome 4 in q31 (Cassard et al. 1990).
At the level of the UCP1 gene, in rodents as well as in man, a short region of 90
nucleotides localised a few kb upstream of the transcription start, controls both the
transcriptional activation by catecholamines and cAMP, and the specificity of
transcription in brown adipocytes (Cassard-Doulcier et al. 1993; Alvarez et al.
1995; Cassard-Doulcier et al. 1998; Rim and Kozak 2002).

Fig. 5.2 Brown adipocyte
morphology and
mitochondrial localisation of
UCP1. Brown adipocytes
contain triglyceride droplets
and many mitochondria with
cristae (upper panel) in which
UCP1 can be detected using
antibodies prepared by the
author (this figure was kindly
given by Dr Saverio Cinti,
University of Ancona)
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Physiological, Adrenergic and Hormonal Regulation
of Thermogenesis

Since BAT thermogenesis has to be activated only when necessary to protect body
temperature in cold or to sharply rewarm awaking hibernators, its thermogenic
activity is strongly controlled. The main system controlling activation of brown
adipocytes is the sympathetic nervous system acting though sympathetic fibres
which directly innervate individual adipocytes. Noradrenaline released by the
sympathetic ends bind several subtypes of adrenergic receptors which activates a
cascade implicating PKA and the activation of a hormone-sensitive lipase. This
activation increases the level of free fatty acids in the cell which finally activate
UCP1, overtaking the inhibition of the protein by nucleotides. Activated UCP1
translocates protons from the intermembrane space to the matrix bypassing the
ATP-synthase unable to phosphorylate ADP. Simultaneously, the membrane
potential is acutely decreased which activates the respiratory chain and oxidation
energy, not used for ATP synthesis, is dissipated as heat. In addition to their
control by the sympathetic nervous system, brown adipocytes are also dependent
on thyroid hormones. Brown adipocytes contain a very active type II—deiodi-
ninase elevating T3 level which participates in the positive control of the tran-
scription of the UCP1 gene (Silva and Rabelo 1998).

Brown Adipocytes: Origin, Development, Plasticity

Precursors

Similar to white adipocytes, myocytes and chondrocytes, brown adipocytes are
derived from mesodermic precursors. For a long time, it was assumed that,
distinctly from pre-myocytes or pre-chondrocytes, other fibroblastic precursors
were engaged in the adipocyte lineage, being able, according to the depot where
they are, to develop either as white or brown adipocytes. The main idea was that
the brown or white precursors were committed as adipocytes and unable to enter
the myocyte or the chondrocyte pathway. Interestingly, this view, largely accepted,
was questioned by Jan Nedergaard, Barbara Cannon and other Swedish researchers
when they revealed a proximity, probably underestimated, between pre-brown
adipocytes and pre-myocytes; their data suggested that the brown adipocytes were
derived from precursors also able to differentiate as myocytes (Timmons et al.
2007; Walden et al. 2012). This proposal was confirmed by Seale et al. (2007).
Other researchers, Saverio Cinti in particular, considering that a white fat depot is
not entirely white and that a brown fat depot is not purely brown, described a
marked plasticity of brown and white adipose tissues, proposing the existence of
an interconvertibility between the two types of adipocytes (Cinti 2011). Moreover,
Jean-Paul Giacobino and his colleagues were able to measure differences between
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brown adipocytes differentiated from brown fat depot fibroblasts and brown
adipocytes differentiated from fibroblasts isolated from a white fat depot (Lehr
et al. 2009). They proposed that there exist at least two types of brown adipocytes
having distinct cell lineage.

PPARc, PGC-1a, FOXC2, Rb, PRDM16

The major role of PPARc in the differentiation processes of both white and brown
adipocytes was demonstrated by Spiegelman (Puigserver et al. 1998). The same
laboratory reported the key role played by PGC-1 in brown adipocyte maturation.
PGC-1 is a transcriptional co-activator interacting with several transcription
factors such as PPARc, RXR, T3R. It is more abundant in brown adipocytes than
in white adipocytes and when it is overexpressed in pre-adipocytes, it induces the
brown adipocyte phenotype by inducing mitochondria and UCP1, as observed in
murine cells (Puigserver et al. 1998) and in human cells (Tiraby et al. 2003). Other
transcriptional regulators such as FOCX2 and the retinoblasma protein Rb
participate in the brown adipocyte phenotype. However, these two proteins are
unable to determine per se the differentiation as brown adipocyte. Looking for
transcriptional regulators present in brown adipocytes and absent or weakly
present in white adipocytes, Seale and Spiegelman identified PRDM16 as a major
actor in the determination of brown adipocytes (Seale et al. 2007, 2008).

PRDM16 Controls the Determination of Brown Adipocytes

PRDM16 is 15-fold more abundant in brown adipocytes than in white adipocytes
(Seale et al. 2007, 2008). It is highly expressed in established brown adipocyte cell
lines and is induced during differentiation of brown adipocytes in culture. In
3T3-F442A preadipocytes and in immortalised pre-brown adipocytes, PRDM16
induces 200-fold UCP1 and also strongly induces PGC-1a. Conversely, PRDM16
suppression in brown adipocytes provokes the disappearance of their functional
characteristics. However, PRDM16 activates the ‘‘brown programme’’ upstream of
adipocyte differentiation and is unable to transform mature white adipocytes into
brown adipocytes. Presently, PRDM16 is considered as a major actor in the
differentiation of brown adipocytes and the establishment of their unique oxidative
and thermogenic activity (Fig. 5.3).
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Pre-brown Adipocytes and Myoblasts

Simultaneous to the discovery of the role of PRDM16 in brown adipocyte
differentiation, Stockholm researchers calculated an overlapping between gene
signatures of pre-brown adipocytes and pre-myocytes, suggesting differentiation
steps common to brown adipocytes and myocytes, both types of cells sharing
abundant mitochondria and a marked oxidative capacity (Timmons et al. 2007;
Walden et al. 2012). To further understand the mechanisms of determination of
brown adipocytes, it was therefore logical to identify steps common to these cells
and myocytes rather than events common to brown and white adipocytes. The
discovery of the essential role of the zinc finger protein PRDM16 in brown adi-
pocyte determination and inhibition of white adipocyte genes confirmed the
Swedish observation since Seale et al. (2007, 2008) demonstrated that PRDM16 is
controlling the switch between brown fat and muscle. These authors demonstrated
that brown adipocytes, instead of the white adipocytes, derive from precursors
expressing myf5, a gene implicated in muscular lineage. PRDM16 controls
mechanisms guiding precursors towards myoblasts or brown adipocytes. The loss
of PRDM16 in brown adipocyte precursors switches down the brown adipocyte
phenotype and provokes the emergence of the myocyte characters when PRDM
induction in myoblasts transform them into brown adipocytes (Seale et al. 2008).
Therefore, PRDM16 dictates a brown adipocyte future to precursors expressing
myoblast markers and not engaged in the white adipocyte lineage. The close
proximity between differentiating brown adipocytes and myocytes was also
noticed by Crisan et al. (2008) when they demonstrated that skeletal muscles are a
reservoir of stem cells able to differentiate as typical brown adipocytes.

Fig. 5.3 Differentiation of brown adipocytes. Mesodermic cells expressing Myf5 ? , following
expression or not of transcriptional factors or co-activators of transcription will, or not, express
the zinc finger protein PRDM16. Expression of PRDM16 unequivocally orientates cells towards
the brown adipocyte lineage and not towards the myocyte lineage (28, 32). PRDM16 synthesis is
itself under the control of Plac8, which also controls expression of C/EBPß that also acts in
favour of the differentiation of cells into brown adipocytes (Seale et al. 2008) (This figure was
modified from a document kindly given by Dr E. Ravussin, University of Louisiana)
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Brown Adipocytes of Brown or White Fat Depots

Comparing the in vitro differentiation of brown adipocytes coming from a brown
fat depot to the differentiation of brown adipocytes originating from a white fat
depot, Giacobino and his colleagues made interesting observations and concluded
in favour of a distinct origin for the two types of brown adipocytes (Lehr et al.
2009). Importantly, the conclusion was that there is not a unique series of
molecular events and steps leading to brown adipocyte appearance. In addition to
the existence of specific brown and white adipocytes, morphological analysis
incited Saverio Cinti to propose a possibility of interconversion for certain
adipocytes able to differentiate in the two directions (Cinti 2011). Therefore, a
certain plasticity may exist for a proportion of adipocytes. These observations and
others led to the proposal of the existence of « brite cells » .

Human BAT

BAT in Human Newborn

For obvious reasons, most studies of BAT were achieved using cells and tissue
taken from rodents. Whereas typical BAT was observed in human newborns, its
presence in adults is more difficult to demonstrate and it was accepted that BAT is
non important in human adults, in spite of ancient descriptions of UCP1-
expressing brown adipocytes. This conclusion was in agreement with the fact that
non-shivering thermogenesis is high in babies but is decreasing with age.

Adult Human BAT: Ancient and Recent Data

The generally accepted conclusion of the non presence of BAT in adult man was
probably an overstatement since several studies made around 1980, more or less
forgotten since, demonstrated the presence of typical brown adipocytes containing
UCP1 in fat samples taken from adults undergoing surgery (Ricquier et al. 1982;
Bouillaud et al. 1983; Lean et al. 1986). In a few studies, the analysis comprised
functional test of isolated mitochondria revealing an uncoupled respiration
sensitive to GDP (Ricquier et al. 1982; Bouillaud et al. 1983). A reason why these
descriptions of brown adipocytes were neglected is probably related to the
impossibility to quantitate brown fat depots in human adults and to estimate the
contribution of the tissue to whole body oxygen consumption. Typical brown
adipocytes were observed in perirenal biopsies obtained from patients bearing
pheochromocytoma and undergoing surgery (Fig. 5.4). In addition, systematic
analysis of perirenal fat biopsies obtained from various patients revealed the
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presence of UCP1 or its RNA, indicating that functional brown adipocytes were
often present in adult man (Garruti and Ricquier 1992). The question of BAT in
adult man resurged in 2009 from data obtained for years by nuclear medicine
practitioners in many countries. Looking for tumour metastasis, radiologists assay
glucose uptake by cancerous cells using PET-Scan and they became familiar with
spots showing BAT depots in infants as well as in human adults [for review
(Ravussin and Galgani 2011)]. Simultaneously, UCP1 immunodetection in cells
located between neck muscles of adults confirmed the abundance of brown
adipocytes (Zingaretti et al. 2009). These recent data changed the view of many
researchers who presently claim that BAT is physiologically important in man and
may contribute to body temperature regulation, fatty acid oxidation and to
the control of body fat content, and even to resistance to obesity. These recent data
re-open the question of the pharmacological induction of UCP1 and brown
adipocytes in man to counteract fat enlargement. Recent attempts to induce brown
adipocytes in man using ß3-adrenoceptor agonists failed, whereas studies in dogs
were promising (Champigny et al. 1991). Taking into consideration this ‘‘redis-
covery of brown fat in man’’ and the progresses in molecular mechanisms
controlling brown fat differentiation such as PRDM16 and Plac8 just recently
(Jimenez-Preitner et al. 2011), human BAT is re-entering a new period of interest.

Conclusion and Prospectives

After a large interest around 1970–1980, the research on BAT declined before
coming again onto the stage. The four reasons for that are: (i) the identification of
new factors controlling brown adipocyte differentiation, (ii) the discovery of the
switch between pre-myocytes and pre-brown adipocytes and of stem cells of

Fig. 5.4 Human brown adipocytes. Left-hand side panel brown and white adipocytes in the
perirenal region of a patient operated for a pheochromocytoma. Right-hand side panel detection
of UCP1 in the mitochondria isolated from these cells using either azido-ATP photo-labelling or
detection with anti-UCP1 antibodies (Ricquier et al. 1982)
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brown adipocytes in human muscles, (iii) the visualisation of active brown
adipocytes in adult man and (iv) the concept of cells able to interconvert between
brown and white adipocytes. The very recent identification by Bernard Thorens’s
team of Plac8 as a factor controlling brown adipocyte differentiation largely
upstream of PRDM16 is an important progress toward the complete elucidation of
signalisation pathways governing brown adipocyte differentiation (Jimenez-
Preitner et al. 2011). Besides the fundamental mechanisms involved, this sum of
very recent data leads to a re-evaluation of these particular cells uniquely able to
burn fatty acids. It is reasonable to conceive applications based on brown adipo-
cyte activation/induction helpful to the treatment of metabolic pathologies.
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Chapter 6
Histology of Adipose Tissue

Joan Tordjman

Introduction

Adipose tissue (AT) is a connective tissue. It is classified as loose connective
tissues and is composed of fat cells, or adipocytes, separated by a thin layer of
extracellular matrix comprising a backbone of fiber, such as collagen fibers, and
numerous vessels. There are two types of AT: White and brown. In this chapter,
we will describe the physiological white AT and its histological changes during a
disease directly related to the tissue, obesity, and its deleterious consequences that
contribute to metabolic complications associated with this disease.

Histology of Normal Adipose Tissue

Depots of Adipose Tissue

In mammals, AT is composed of distinct non-contiguous deposits that have different
structural and functional characteristics. In humans, white AT is one of the largest
organs, which can reach 45 kg or more in obese subjects. In addition to the dermal
layer of fat, the main deposits are distributed between the subcutaneous and intra-
peritoneal or visceral area. The distribution of body fat is variable from one indi-
vidual to another, according to sex, age, and in response to certain diseases.
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The increase in visceral fat mass is associated with an increased risk of cardiovas-
cular disease and type 2 diabetes. Conversely, increasing the mass of the subcuta-
neous AT is associated with a lower risk for these comorbidities. The expansion of
the ‘‘safe’’ deposit would avoid the harmful effects of storage lipids in tissues not
specialized. This hypothesis was tested in a mouse model in which glucose and lipid
homeostasis has been improved by genetic manipulation causing overdevelopment
of subcutaneous AT (Kim et al. 2007). This property is intrinsic to the tissue, as
suggested by the improvement of glucose homeostasis induced by transplantation of
subcutaneous AT in the visceral region in mice (Tran et al. 2008).

Adipocytes

The AT is a tissue organized into lobules separated by septa of loose connective
tissue (Fig. 6.1a). These lobules are formed mainly by adipocytes. Adipocytes are
specialized cells of AT in the synthesis, storage, and mobilization of triglycerides.
Storage of triglycerides requires a particular structure, the lipid droplet, which,
through its membrane consisting of a monolayer of phospholipids, allows the
accumulation of hydrophobic molecules in the cytoplasm. Unlike the lipid droplets
of hepatocytes or macrophages, which diameter does not exceed 2 lm, the
diameter of the droplet of the adipocyte may vary in proportions from 10 to
150 lm. This droplet occupies almost the entire cell cytoplasm, the nucleus
rejected at the periphery of the cell (Fig. 6.1b). Several proteins, including per-
ilipin, are associated with this structure. Their role in the integrity of the droplet,
the modification of its membrane, and the control of their size are largely studied.
The secretion of several proteins depends on the adipocyte size. This implies the
existence of a mechanism for detecting stock-specific adipocyte lipid which
molecular players remain to be identified. Each adipocyte has a basement mem-
brane through which it comes into contact with endothelial cells, each adipocyte is
in contact with at least one capillary (Fig. 6.1c).

Other Adipose Tissue Cells

The non-adipocyte cell fraction is composed of stromal and endothelial cells,
fibroblasts, and preadipocytes, and also cells of the innate immune system,
primarily macrophages, and cells of the adaptive immune system, mainly T cells at
the interface of the two systems, NK cells (Henegar et al. 2008), and mast cells
(Liu et al. 2009) are also present in the murine and human AT. In humans, there
are between 5 and 10 per 100 adipocytes macrophages, which represent about
15 % of stromal cells in normal AT (Aron-Wisnewsky et al. 2009; Duffaut et al.
2009). Macrophages are cells whose phenotype changes depending on the tissue
microenvironment. Macrophages of ‘‘classically activated’’ M1-type are
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stimulated by interferon-c and TNF-a and produce proinflammatory cytokines
such as IL-6 and IL-1. M2-type macrophages, ‘‘alternatively activated’’, are
induced by IL-4 and IL-13 and, via the production of factors such as IL-10 and
TGF-b, have an anti-inflammatory characteristic (see Chap. 20). These two types
of macrophages are found in equivalent amount in the AT (Aron-Wisnewsky et al.
2009). They are located in the parenchyma fat between the adipocytes and near
blood vessels (Fig. 6.1d). T cells, which are between 6 and 10 % of this fraction,
are less common, whereas B cells are virtually undetectable (Aron-Wisnewsky
et al. 2009; Duffaut et al. 2009; Feuerer et al. 2009).

Extracellular Matrix

During its development, the AT is the seat of a dynamic remodeling of the ele-
ments of the extracellular matrix (ECM). ECM is mainly composed of collagen

Fig. 6.1 Histology of normal adipose tissue. Biopsies of subcutaneous adipose tissue were
obtained from control subjects. a and b staining with hematoxylin/eosin c biopsies were treated
with an antibody specific of vessel Von Willerbrand Factor. The dashed arrows show the
capillaries close to the adipocytes d biopsies were treated with an antibody specific for
CD68 ? macrophages. The arrows indicate the labeled macrophages in the adipose parenchyma.
A adipocytes, n nucleus
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fibers, including collagen I and III. Picrosirius red staining is used to visualize the
total collagen on sections of AT. Collagen fibers are found in a thin bundles
crossing the subcutaneous AT or surrounding the lobules. These structures are
particularly visible in the visceral AT as they are of smaller sizes (Fig. 6.2a, b). In
a non-pathologic tissue, there is a balance between synthesis and degradation of
the ECM, degradation is necessary for the increased size of adipocytes.

Histopathology of Adipose Tissue During Obesity

Macrophages Accumulation in Adipose Tissue
and Pathophysiological Consequences

One of the major cellular abnormalities characteristic of AT in obesity is the
increased number of macrophages, which can reach 15–30 per 100 adipocytes. The
macrophage content is not altered in muscle or liver in obese mice, indicating that
AT is the main target of this accumulation. The macrophage infiltration of AT is
only partially reversible with weight loss induced by gastric surgery (Aron-
Wisnewsky et al. 2009; Cancello et al. 2005). Macrophages in AT are typically
organized in a ring around an adipocyte, or crown-like structure, showing signs of
cell death such as negativity to perilipin staining (Cancello et al. 2005; Cinti et al.
2005). This organization is specific to AT and more common in obese visceral AT
(Fig. 6.3a, b and d). These observations suggest that macrophages play classical
role of phagocytosis by surrounding the fat cells with their cytoplasmic processes

Fig. 6.2 Microscopic aspects of fibrosis deposition in adipose tissue of obese and control subjects.
Surgical biopsies of subcutaneous and visceral adipose tissues of control (a and b) and obese
(c, d and e) subjects were labeled with picrosirius red (marker for collagen) to reveal fibrotic areas.
T bundles, the arrows indicate the pericellular fibrosis present only in obese subjects
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(Fig. 6.3c), and elimination of metabolically deficient adipocytes in the AT of
obese, especially those who have reached a critical size causing cell death.
In mice, macrophages recruited into AT in response to the diet induction of obesity
are characteristically M1 proinflammatory and will preferentially accumulate
around the necrotic adipocytes (Lumeng et al. 2007; Nishimura et al. 2009). In
massively obese patients, M1 macrophages are more numerous than in controls
and more abundant in visceral AT (Aron-Wisnewsky et al. 2009). Other studies
report an increase in mixed M1/M2 macrophage phenotype in the non-adipocyte
fraction of obese AT or overweight (Bourlier et al. 2008; Zeyda et al. 2007). After
weight loss, the number of M1 macrophages decreases for the benefit of anti-
inflammatory M2 macrophages (Aron-Wisnewsky et al. 2009). No experimental
data makes it possible to unambiguously determine if the macrophage phenotypes

Fig. 6.3 Microscopic aspects of macrophages in the tissue of an obese subject. a, b, and
d surgical biopsies of subcutaneous and visceral adipose tissue were treated with an antibody
specific for CD68 ? macrophages. The arrows indicate macrophages arranged in a crown-like
structure, and the dashed arrows indicate macrophages located at the intersection of adipocytes in
the parenchyma. c ultrathin sections of subcutaneous adipose tissue observed in transmission
electron microscope (918200). A Adipocyte; M macrophage; V vessel; CP cytoplasmic
processes
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in situ change or if new macrophages are recruited in response to changes in fat
mass, the two phenomena being able to coexist. Following the discovery of the
accumulation of macrophages in AT, the question of their role in metabolic
complications and cardiovascular disease of obesity has rapidly risen. Pioneering
work in mice showed that macrophage infiltration precedes hyperinsulinemia
induced by a high fat diet, suggesting a cause and effect link. The modulation of
the number of macrophages in AT by genetic manipulation in mouse models
largely confirmed the causal relationship, reducing the number of macrophages
consistently associated with improved glucose homeostasis and vice versa (Kanda
et al. 2006). However, in morbid obesity, the number of macrophages is not
correlated with parameters of insulin sensitivity (Cancello et al. 2005). Although
widely believed, a link to increased cardiovascular risk has not been established in
humans. However, a clinical study in a large population of morbidly obese subjects
showed that the severity of liver histopathology (steatosis and fibro-inflammation)
is related to the extent of macrophage accumulation in visceral AT (Tordjman
et al. 2009) (Fig. 6.4). In addition to these systemic effects, the presence of

Fig. 6.4 Potential role of inflammation and fibrosis in adipose tissue in obesity-related
comorbidities. Insulin resistance (IR) is a factor involved in the relationship between adipose
tissue macrophages and liver diseases. The relative contribution of visceral fat versus
subcutaneous is different depending on comorbidities. Adipocyte fibrosis is inversely correlated
with the loss of fat mass after bariatric surgery and could therefore be considered as a factor
predictive of diagnosis and weight loss. The dotted arrow indicates the lack of clinical and
experimental evidence
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macrophages locally alters the biology of adipocytes. Adipocytes cultured in the
presence of conditioned media of macrophages secrete pro-inflammatory factors
and become resistant to insulin (Suganami et al. 2005). In addition, fatty acids
released by adipocytes that rendered insensitive to the anti-lipolytic effect of
insulin activate macrophages to a M1 phenotype via a paracrine loop between the
two deleterious cell types. Another recognized effect of macrophages is the inhi-
bition of differentiation of preadipocytes, which become proliferative (Bourlier
et al. 2008; Lacasa et al. 2007). In addition, certain types of macrophages isolated
from human AT exert a pro-angiogenic effect in vitro, which could contribute to
the tissue
neo-vascularization during weight gain (Bourlier et al. 2008). Studies are still
needed to clarify the full spectrum of consequences of macrophages infiltration on
the metabolic functions and expansion of AT in obesity.

Modification of Extracellular Matrix, Fibrosis
and Pathophysiological Consequences

In obesity, a deregulation of the extracellular matrix amount was observed, namely
a decrease in its degradation in favor of its synthesis. Excessive rigidity induced
experimentally by the deletion of a matrix protease in mice limits the growth of
normal tissue which has reduced size of adipocytes. In obese mice, deregulation of
various types of extracellular matrix proteins has been described, with an accu-
mulation of collagen type VI (Khan et al. 2009). Unexpectedly, the deletion of the
collagen gene improved the metabolic parameters despite the increase in body fat.
Raising a mechanical stress, this manipulation led to the hypertrophy of adipo-
cytes, thereby reducing the adverse metabolic impact of ectopic lipid deposition in
the liver or muscles. Factors and cellular and molecular mechanisms involved in
normal and pathological remodeling of the extracellular matrix of AT are poorly
identified. Hypoxia and inflammatory factors stimulate the expression of proteases
(cathepsins, metalloproteases) and other factors such as plasminogen activator
inhibitor (PAI-1) in AT, which may contribute to alterations of the extracellular
matrix in obesity. Associated with chronic inflammation, remodeling of the
extracellular matrix can lead to abnormal accumulation of matrix elements that
characterize fibrosis. Fibrotic deposits were detected in human AT, more abundant
in obese subjects (Fig. 6.2c, d) than the control (Fig. 6.2a, b) (Henegar et al. 2008;
Divoux et al. 2010). Fibrosis is organized in dense clusters and bundles traversing
the parenchyma and is composed of type I and III collagens. In obese subjects,
there are also pericellular fibrosis surrounding adipocytes and composed of type VI
collagen (Fig. 6.2e). Several cell types are identifiable in the fibrotic bundles,
including macrophages, mast cells, fibroblast cells, and preadipocytes, whereas
lymphocytes are very rare (Divoux et al. 2010; Keophiphath et al. 2010). The
culture of human preadipocytes in the presence of conditioned medium of
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macrophages gives them a pro-fibrotic phenotype (Keophiphath et al. 2009),
suggesting their involvement in fibrosis, without excluding the role of other cell
types (fibroblasts, mast cells). In a group of massively obese subjects who
underwent gastric surgery, the amount of fibrosis measured in the subcutaneous
AT before surgery is negatively associated with the loss of body fat mass at 3, 6,
and 12 months post surgery. The presence of excess fibrosis may alter the
remodeling of AT and limit the loss of fat mass (Divoux et al. 2010). Following
these observations, studies are needed to elucidate the pathophysiological signif-
icance of AT fibrosis in human obesity and, in particular, its predictive role in
weight loss (Fig. 6.4).

Conclusion

In obesity, white AT is the target of a major structural reorganization and cell whose
components are probably not all identified. Cell types and signals involved are mul-
tiple and complex, creating a local microenvironment that promotes pro-inflammatory
macrophage recruitment and formation of fibrosis. Although only partially reversible,
these changes persist after weight loss. The identification of potentially protective
mechanisms, such as the neutralization of certain types of immune cells, could open
new therapeutic perspectives to contain the inflammation in AT.
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Chapter 7
Glucose Transport in White Adipocyte

Mireille Cormont and Vincent Kaddai

Introduction

Glucose is transported through the plasma membrane of adipocyte in a facilitative
manner. It is transported as function of the glucose gradient between the
extracellular medium and the cytosol and without energy requirement. Glucose
transport in adipose tissue is highly stimulated by insulin in vivo and in primary
adipocyte or adipocyte cell lines. It is known since 1980 and before the cloning of
molecules responsible for glucose transport activity that this is due to the redis-
tribution of glucose transport activity from an intracellular compartment to the
plasma membrane (Suzuki and Kono 1980; Cushman and Wardzala 1980). This
control by insulin is perturbed in fasted condition, obesity, and type 2 diabetes.
Adipocytes are hyperresponsive to insulin for glucose transport following
refeeding after fasting or after a regimen with caloric restriction, and at the
beginning of obesity development. Glucose transport in adipocyte is thus
controlled both acutely and in long term.
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Physiopathological Control of Adipocyte Glucose Transport

Concerning its acute control and besides insulin, several molecules stimulate or
inhibit glucose transport in cultured or isolated adipocyte. The counterregulatory
hormones such as glucagon, adrenaline, cortisol, and growth hormone are released
during hypoglycemia and under other stress conditions. These hormones have
insulin antagonist effects in insulin sensitive tissues, including the adipose tissue.
Glucagon, growth hormone, and cortisol inhibit insulin-induced glucose transport
in cultured adipocytes. Stimulation of b adrenergic receptors induces by itself
glucose transport but counteracts insulin-induced glucose transport. Most of these
results have been obtained in white adipose tissue in vivo or in isolated adipocytes
and the described effects on glucose transport were related to circulating cate-
cholamines but not to local sympathetic innervation of the white adipose tissue.
The effect of these insulin counterregulatory hormones in adipose cells certainly
contributes to their full action on glucose homeostasis.

Orexin A, known to modulate food intake, energy expenditure, and body weight
was recently found to acutely stimulate glucose uptake in adipocytes. It also
induces lipid accumulation and adiponectin secretion, and thus could act as an
insulin sensitizer (Skrypski et al. 2011). The adipokine adiponectin that possesses
insulin-sensitizing properties on liver and muscle also stimulates glucose uptake in
isolated adipocyte at least in its globular form (Wu et al. 2003).

Adenosine through the activation of its specific A1 receptors enhances the
effect of insulin on glucose transport in rodent and human adipocytes (Heseltine
et al. 1995). Adenosine is produced by adipocytes and would play an autocrine role
on adipocyte metabolism. In accordance with this hypothesis, transgenic mice that
specifically overexpress the A1 adenosine receptor in adipocyte are protected from
obesity-related insulin resistance (Dong et al. 2001). Also, a selective partial A1
adenosine receptor agonist improves insulin sensitivity in obese animals deter-
mined in hyperinsulinemic euglycemic clamp studies (Dhalla et al. 2007).
Furthermore, insulin sensitivity is significantly impaired in mice with a general
knockout of the A1 adenosine receptor, due to reduced glucose uptake in muscle
and adipocyte. However, the knockout mice are significantly heavier than wild
type mice because of an increased fat mass (Faulhaber-Walter et al. 2011). Thus,
the impairment of insulin sensitivity could be the consequence of the increase in
body weight rather than a direct effect of the loss of adenosine signaling. The
adenosine A2B receptor also increases insulin resistance in diabetes not by directly
targeting adipocyte glucose transport but rather by mediating inflammation (Figler
et al. 2011).

Numerous natural or chemical compounds are able to induce glucose transport.
Some of them act on the insulin signaling pathway, and thus will not be efficient in
insulin resistant situations. Others act on glucose transporters expression, whereas
only few act as acute inducers of glucose transport by recruiting glucose trans-
porters at the plasma membrane without a requirement for molecules of insulin
signaling. The nitric oxide-donating derivative of acetylsalicylic acid stimulates
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glucose transport and glucose transporters translocation in adipocytes. Its effect is
additive to low concentration of insulin and involved S-nitrosylation (Kaddai et al.
2008).

Numerous stresses within the adipose tissue from obese subjects, inflammation,
hypoxia, reticulum stress, contribute to glucose transport defects of the adipose
tissue. These long-term changes essentially involve alterations of glucose trans-
porter genes expression in the adipocyte. They also inhibit insulin signaling
pathway and inflammation could also perturb the mechanisms involved in the
processes leading to the intracellular sequestration of the glucose transporters
(Regazzetti et al. 2009; Hoehn et al. 2008; Kaddai et al. 2009).

The Adipocyte Glucose Transporters

Membrane transporters belonging to the Major Facilitator Superfamily are
required for adipocyte glucose transport. They are part of the Glut protein family
that comprises 14 members (for review (Thorens and Mueckler 2009)). Gluts are
proteins of around 500 amino acids and are predicted to possess 12 transmem-
brane-spanning a helices and a single N-linked oligosaccharide. The most studied
glucose transporters expressed by adipocytes are Glut4 encoded by the gene slc2a4
(solute carrier family 2, facilitated glucose transporter member 4). But adipocytes
also express to lower extend Glut1 (encoded by the gene slc2a1) and other Glut,
like Glut12 (slc2a12) that presents functional similarity with Glut4 (Purcell et al.
2011).

Glut4

Glut4 is expressed in white and brown adipocytes, skeletal and smooth muscles,
and the heart (Thorens and Mueckler 2009). It is also expressed in less classical
insulin-sensitive cells like podocytes (Lewko et al. 2005) and some discrete
neurons in several brain regions (Kobayashi et al. 1996). Glut4 expression is
turned on at late stage of adipocyte differentiation. In white adipocyte, its
expression is under hormonal and nutritional control and it is widely affected in
pathological conditions like obesity and type 2 diabetes (Graham and Kahn 2007).
Changes in Glut4 expression are largely parallel to perturbations in adipocyte
glucose transport and principally occur at the transcriptional level. The capacity of
insulin to acutely control glucose transport in adipocyte, like in muscle cells, is
mainly due to the redistribution of the glucose transporter Glut4 from intracellular
compartment to the plasma membrane. This is the results of interplay between a
complex intracellular trafficking of the glucose transporters and insulin signaling
(Rowland et al. 2011). The current knowledge of these processes will be discussed
in a following section.
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Glut1

Glut1 is the ubiquitously expressed glucose transporter first cloned from an
hepatoma DNA library (Thorens and Mueckler 2009). It is expressed at low level
in primary adipocytes. The adipocyte cell lines frequently used in laboratories to
study adipocyte glucose transport expressed larger amount of Glut1. The down
regulation of Glut4 expression has a bigger impact on adipocyte glucose transport
in isolated mice adipocyte than in 3T3-L1 adipocyte (Liao et al. 2006; Abel et al.
2001). Thus, by using adipocyte cell lines, the major role of Glut4 for adipocyte
glucose transport is under evaluated.

Glut12

Glut12 was cloned in 2012 from breast cancer cells for its homology to Glut4. It is
expressed in adipose tissue, skeletal muscle, heart, small intestine, and prostate.
Thus it has a restricted tissue expression, but interestingly with overlapping into
insulin-sensitive tissues. Transgenic mice expressing Glut12 under ubiquitous
promoter have improved whole-body insulin sensitivity. It is the result of an
increased glucose clearance rate in insulin-sensitive tissues under insulin stimu-
lated, but not basal conditions (Purcell et al. 2011). The exact contribution of
Glut12 in adipocyte glucose transport is currently unknown. No study is available
concerning its expression control, but like Glut4 its subcellular distribution is
controlled by insulin in fat and skeletal muscle (Purcell et al. 2011).

Other Glut

Another Glut, Glut5, is found in adipose tissue but it is not a glucose transporter.
Glut5 is present at the surface of adipocyte and transports fructose (Hajduch et al.
1998). HMIT, Glut3, and Glut8 have been detected at the mRNA levels in adipose
tissues. Their expression in adipocyte at the protein level is not demonstrated.
Furthermore, HMIT is an H +/myo-inositol symporter (Thorens and Mueckler
2009).

Role of Adipocyte Glucose Transport

An important role of adipocyte glucose transport has been discovered thanks to the
development of mice that do not express Glut4 in the adipose tissue. Although it is
accepted that the principal consumer of glucose in fed conditions are muscles,
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mice without Glut4 in the adipose tissue surprisingly develop adipocyte and
systemic insulin resistance and are glucose intolerant (Abel et al. 2001). On the
contrary, overexpression of Glut4 in the adipose tissue prevents insulin resistance
and glucose intolerance of mice that do not express Glut4 in the muscle (Carvalho
et al. 2005). Taken together, these studies prove that adipocyte glucose transport is
required for glucose homeostasis at least in mice. They also lead to the hypothesis
that adipocyte glucose transport is linked to its endocrine function in order to
mediate insulin resistance in other peripheral tissues. Serum retinol binding protein
4 secretion is increased in adipocytes without Glut4 and contributes to induce
gluconeogenesis in liver and to inhibit insulin signaling in liver (Yang et al. 2005).

The Mechanisms of the Metabolic and Hormonal
Control of Adipocyte Glucose Transport in Normal
and Pathological Situations

This chapter will essentially concern glucose transport due to the glucose trans-
porter Glut4 that is, as state above, the most important in adipocytes and also the
most studied.

Control of Glut4 Gene Expression

Transcriptional Activation of Glut4 Gene Expression

The regions of the Glut4 promoter necessary for a specific expression in adipocyte
have been characterized by functional analysis of the human Glut4 promoter in
transgenic mice. A promoter of 900 base pairs upstream the transcription initiation
site is required to obtain the correct pattern of Glut4 expression, comprising the
adipocytes. Within this sequence a binding site for a transcription factor of the
MEF2 family is required (Fig. 7.1a). But, the expression level of adipocyte MEF2
(the isoform MEF2A) is unchanged during adipocyte differentiation, thus sug-
gesting that additional events are required for MEF2A-dependent transcriptional
activation. The Krüppel-like factor KLF15 transactivates the murine Glut4 pro-
moter, binds to it close to the MEF2A binding site, and this effect requires an intact
MEF2 binding site. Furthermore, KLF15 interacts with MEF2A and its expression
is turned on during adipocyte differentiation. Taken together, this suggests that
MF2A and KLF15 cooperate to allow Glut4 gene transcription (Im et al. 2007).

The high expression of Glut4 mRNA is specifically lost in adipose tissue, but
not in muscle, when 165 base pairs are deleted at the 50 end of the 900 base pairs
promoter. Within this region, some domains are conserved across species, but the
functional sequences within them are not fully characterized. There is an element

7 Glucose Transport in White Adipocyte 83



responsible for insulin-mediated down-regulation of Glut4, but this could not
explain the importance of this region for adipocyte specific expression. The Glut4
enhancer factor (GEF) binds to a domain called domain I within this region of the
Glut4 promoter. Binding of MEF2A to its binding site increases GEF binding to
domain I and GEF forms a complex with MEF2A. More importantly, expression
of GEF increases the MEF2A-dependent transcriptional activation of the Glut4
promoter. Thus MEF2A and GEF cooperate to increase Glut4 mRNA expression
in adipocyte, but it remains unclear whether GEF is the factor responsible for the
role of domain I to trigger adipocyte specific Glut4 expression. Indeed, GEF is also
expressed in muscle in which it also cooperates with MEF2A to increase Glut4
mRNA expression (Sparling et al. 2008). HDAC5, a known co-repressor of
MEF2A, is expressed in adipocytes and its nuclear amount is decreased during
adipocyte differentiation. Because it is able to inhibit MEF2A- and GEF-dependent
Glut4 gene transcription, this could contribute to the induction of Glut4 expression
during adipocyte differentiation. However, the mechanism involved in the
decrease of its nuclear amount is unknown (Sparling et al. 2008).

Fig. 7.1 Control of Glut4 gene expression. a Transcriptional activation; b Transcriptional
inhibition. Proteins written in red have an increased expression during adipocyte differentiation.
In green, the inhibitory pathways and the transcriptional repressors. The dashed lines represent
hypothetic pathways
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Additional elements within the Glut4 promoter contribute to Glut4 expression
in adipocyte. A LXR responsive element is present in the mouse and human
promoter, which binds LXRa/RXRa. Activation of LXR by specific agonists
increases adipocyte Glut4 expression in wild type mice but not in LXRa and b
double knockout and Glut4 expression is decreased in LXRa -/- mice (Im et al.
2007). CCAAT/enhancer binding protein (C/EBP-a) and sterol response element
binding protein-1-c (SREBP-1c) bind the Glut4 promoter and activates Glut4
transcription in in vitro experiments. Their role in the control of Glut4 expression
in vivo have not been investigated and still remains unclear. Indeed, SREBP-1c is
activated by insulin but insulin inhibits Glut4 gene transcription (cf. ‘‘Transcrip-
tional Inhibition of Glut4 Gene Expression’’).

Transcriptional Inhibition of Glut4 Gene Expression

Generally, Glut4 gene expression is down regulated in states of insulin deficiency
(type 1 diabetes and chronic fasting) and increased in animals chronically treated
with insulin (Im et al. 2007). In cultured cells, and by contrast with the in vivo
data, insulin decreases Glut4 mRNA expression (Im et al. 2007). Thus, the insulin
effect on Glut4 gene expression in vivo perhaps results of an indirect effect of the
hormone. The inhibitory effect of insulin on Glut4 gene transcription involved an
insulin responsive element (IRE) in the 5’ region of the Glut4 promoter. Insulin
signaling would activate transcriptional repressors including O/E gene family
members and NF-1 resulting in the inhibition of Glut4 gene expression (Fig. 7.1b).

The expression of Glut4 is decreased in adipocyte from obese and diabetic
subjects. Several stresses that developed within the adipose tissue could result in
an inhibition of the expression of Glut4 mRNA in cultured adipocytes. Proin-
flammtory cytokines produced by macrophages inhibit adipocyte Glut4 mRNA
expression when the two cell types are co-cultured (Lumeng et al. 2006). Several
cytokines probably inhibit the expression of Glut4 mRNA, TNFa being the most
studied. NF-jB is an obligatory mediator of TNFa effect on Glut4 expression
(Ruan et al. 2002). But NF-jB binding sites are not found within the Glut4
promoter, thus favoring an indirect role requiring other molecular events. One of
them could be related to the capacity of TNFa to inhibit adipocyte differentiation
in an early step. In accordance, the effect of TNFa on Glut4 expression is
counteracted by PPARc agonist, PPARc being a master transcription factor for
adipocyte differentiation. Although in vivo treatment with PPARc agonist
increases Glut4 expression in adipose tissue because of its ability to induce
adipocyte differentiation, the PPARc response elements identified in the Glut4
promoter are involved in the down regulation of Glut4 expression (Koumanov
et al. 2005). In accordance, we observed that treatment of mature adipocytes or
human adipose tissue explants with the PPARc agonist rosiglitazone inhibits Glut4
mRNA and protein expression (personal communication). It is not excluded that
TNFa signaling interferes with the activity and/or expression of other transcription
factors involved in adipocyte Glut4 expression such as C/EBPa (Fig. 7.1a).
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Oxidative stress inhibits Glut4 mRNA and protein expression. It impairs
nuclear proteins binding to the insulin responsive element and to the C/EBPa
binding element of the Glut4 promoter. In a reporter gene assay, the inhibitory
effect of oxidative stress is partly dependent on the Glut4 promoter region con-
taining the C/EBP biding site (Pessler-Cohen et al. 2006). Activation of the
endoplasmic reticulum (ER) stress in cultured adipocytes decreases Glut4
expression at the level of gene transcription. ER stress increases the expression of
an inhibitor of the activity and expression of C/EBPa, CHOP10.

Glut4 gene expression is also inhibited when cAMP level increases in adipo-
cytes. The binding of NF-1 to IRE appears to be involved in this effect. In the
insulin resistant state catecholamine effects on cAMP signaling in adipocytes is
potentiated by chronic elevation of insulin. This leads to an increase in active
phosphorylated CREB (cAMP-responsive transcription factor) that induces the
expression of the transcriptional repressor ATF3. Forskoline that increases cAMP
levels inhibits Glut4 gene transcription an effect that is blocked when ATF3
expression or CREB activity are inhibited. Furthermore, inhibition of CREB
activity increases Glut4 gene expression, whereas ATF3 overexpression inhibited
it (Qi et al. 2009). A Chip assay shows recovery of Glut4 promoter from immu-
noprecipitates of ATF3 that is further increases by forskoline treatment (Qi et al.
2009). The region of ATF3 binding and the partner(s) of ATF3 involved in the
repression of Glut4 gene transcription are presently unknown.

Post Transcriptional Control of Glut4 Gene Expression

In some situations, the expression level of Glut4 is also controlled by acting on the
stability of the mRNA and of the protein. TNFa inhibits Glut4 gene transcription
and also inhibits the stability of Glut4 mRNA. The mechanism involved is not
entirely defined, but would involved protein binding in the 3’untranslated region
and inhibition of the translation (Long and Pekala 1996). The half-life of the Glut4
transporter is decreased by threefold by a chronic treatment with insulin. Hyper-
insulinemia could, thus, induce the degradation of the protein Glut4. This could
results from a more efficient targeting of the glucose transporter Glut4 toward the
lysosomes where they could be degraded.

Ubc9, a SUMO conjugating enzyme, binds Glut4 and controls its degradation.
However, this is independent of its enzymatic activity and will be related to its
potential to disrupt Glut4 trafficking toward lysosomal degradation (Bogan and
Kandror 2010). It is, however, unknown whether Ubc9 expression/function is
altered in insulin resistance to explain changes in the half-life of Glut4.
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Control of the Intracellular Localization of Glut4

Insulin-induced glucose transport is mainly due to the redistribution of Glut4 from
intracellular compartments to the plasma membrane. In nonstimulated adipocyte,
Glut4 is sequestered into the cell in small insulin-responsive vesicles. Intracellular
Glut4-containing vesicles are, however, not static but continuously recycle
between several intracellular organelles in a way that they are mainly excluded
from the plasma membrane. Insulin stimulates the translocation of these vesicles to
the cell surface, inserting Glut4 within the plasma membrane to enhance glucose
transport. Multiple insulin signaling pathways have been implicated in the control
of Glut4 localization. Signaling pathways intersect with Glut4 trafficking routes at
distinct steps. In other words, insulin signaling is going to act on molecules that
control Glut4 intracellular trafficking steps. The most studied pathways concern
signaling through Akt2 to AS160/TBC1D4, a Rab-GTPase activating protein that
controls Glut4 localization in adipocyte, a pathway involving atypical protein
kinase C isoforms, and one that involves the Rho-family GTPase, TC10a. These
pathways are reviewed elsewhere (Rubin and Bogan 2009).

The Intracellular Glut4 Containing Compartments

To understand the intracellular Glut4 trafficking routes, it has been necessary to
characterize the intracellular compartments that contain Glut4. By using various
technical approaches (i.e. subcellular fractionation, endosomes ablation, electronic,
and immunofluorescence microscopy), it is now established that Glut4 is present in
early endosomes (EE), in endosomal recycling compartment (ERC), and in a
specific subdomain of the trans Golgi network (TGN). However, the main locali-
zation of Glut4 in basal condition is in highly sensitive tubulovesicular compart-
ments from which Glut1 and the endosomal markers, such as transferrin receptors
and cellubrevin, are excluded. This compartment is often called IRVs for insulin
responsive vesicles. IRVs are enriched in Glut4, IRAP (insulin-responsive ami-
nopeptidase), sortilin, LRP1 (low density lipoprotein receptor-related protein), and
VAMP2 (vesicle-associated membrane protein) [for review (Bogan and Kandror
2010; Kaddai et al. 2008b)]. Intracellular compartments that contain the small
GTPase Rab4b are more overlapped with Glut4 than with transferrin receptor.
Although not specific to the IRV, Rab4b is thus a small GTPase of this specialized
compartment needed for Glut4 intracellular retention (Kaddai et al. 2009b).

The Glut4 Trafficking Routes in Basal and Insulin Conditions

In basal condition, Glut4 is in equilibrium between IRV and other organelles
located in the perinuclear region, probably the TGN and/or the ERC (Rowland
et al. 2011; Bogan and Kandror 2010). Intracellular Glut4 has nearly no access to
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the plasma membrane in basal condition (Fig. 7.2). Newly synthetized Glut4,
together with the other IRV-specific proteins, are sorted at the level of the TGN
directly into the IRVs. Interestingly, Glut4, IRAP, sortilin, and LRP1 can interact
with each other through their luminal domain bringing these proteins together, and
thus facilitating their sorting into the IRVs. Indeed, an experimental decrease in
the expression of one of these proteins perturbed the sorting of the others into
IRVs. The signaling sequences on Glut4 as well as proteins involved in this
process are reviewed in (Bogan and Kandror 2010). Briefly, it involves the for-
mation of clathrin coats on donor membrane through clathrin adaptors ACAP1 that
binds Glut4, and GGA that binds sortilin. The recruitment of ACAP1 and GGA on
donor membranes could possibly involve the small GTPase Arf6. The other way
for Glut4 to enter in the IRVs is after insulin withdrawal, when Glut4 is inter-
nalized from the plasma membrane and directed back to the IRVs. From the
plasma membrane Glut4 is internalized in peripheral early endosomes, then in a
compartment enriched in Rabip4 an effector of Rab4 to eventually reach a peri-
nuclear compartment labeled with markers of a subdomain of the TGN (Syntaxin6/
16). It is not clearly established whether Glut4 sorting toward TGN requires
trafficking through ERC or occurs directly from early endosomes (Fig. 7.2). Glut4
targeting toward perinuclear compartments is perturbed when a form of Rabip4
unable to bind Rab4 is overexpressed (Mari et al. 2006). In human adipocyte, this
trafficking step requires the clathrin heavy chain CHC22, a form of clathrin that is

Fig. 7.2 Glut4 cycles in absence and in presence of insulin. Green arrows are for trafficking
steps in basal condition. Brown arrows are for trafficking steps occurring in presence of insulin.
The steps that are not definitively demonstrated are shown with dashed lines. PM plasma
membrane; EE early endosomes; ERC endosomal recycling compartment; IRVs insulin
responsive vesicles; TGN trans Golgi network; ER endoplasmic reticulum
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not expressed in mice (Bogan and Kandror 2010). CHC22 functions in an endo-
somal sorting step for several cargoes not only in insulin sensitive tissues.

In absence of insulin, IRVs are retained very efficiently within adipocytes. The
mechanisms involved in this retention process are not entirely known but certainly
require a complex intracellular trafficking between TGN and IRVs. It is also not
excluded that some class of endosomes could play a role in this intracellular
retention process. Indeed in absence of the endosomal small GTPase Rab4b, Glut4
amount is decreased in endosomes while it increases in IRVs as well as at the
plasma membrane (Kaddai et al. 2009b). A trafficking route between endosomes
and nonendosomal containing compartment, thus, exists in absence of insulin.
Each time a trafficking step of this intracellular retention process will be experi-
mentally affected, Glut4 will be targeted toward the plasma membrane. Several
different situations have, however, been observed. Glut4 vesicles could fuse with
the plasma membrane but Glut4 will transport or not glucose. Either, vesicles
could accumulate close to the plasma membrane primed for a following stimu-
lation by insulin. Depending on the intracellular trafficking step affected, the nature
of the Glut4 containing vesicles directed toward the plasma membrane would,
thus, not have the same requirement for fusion with the plasma membrane. We
will not review here all the trafficking proteins identified that play a role in Glut4
intracellular retention but only those that appear more interesting because they are
targeted by insulin, Rabip4, Gapex-5, and TUG.

Before going more in depth on the role of these proteins regarding to insulin
action, we need to know what happens on the Glut4 intracellular trafficking route
in presence of insulin (Fig. 7.2). It is known for a long time that insulin recruits to
the plasma membrane about half of the intracellular Glut4, but it is now estab-
lished that it recruits nearly all the IRVs (Bogan and Kandror 2010). This indicates
that insulin drives the mobilization of the IRVs and then their fusion with the
plasma membrane. In the continuous presence of insulin, Glut4 is still internalized
from the plasma membrane and one of the open questions is whether Glut4 then
recycles by the classical endosomal routes (involving the early and the recycling
endosomes) or whether it also traffics through the IRVs like in basal condition.
A recent publication reported that the size of the IRVs that fuse with the plasma
membrane just after insulin stimulation compared to those that fuse next are not
the same. The later one is similar to the size of endosomes that contains TfR
(transferrin receptor) and that fuse with the plasma membrane, suggesting that
there is a switch in vesicular traffic between two distinct circuits (Xu et al. 2011).
The fusion process was here analyzed by total internal reflection fluorescence
microscopy (TIRFM) by using a Vamp2-pHfluorin fusion protein as an IRVs
markers. But it remains unclear whether Glut4 is always colocalized with Vamp2.

Rabip4 is an effector of the small GTPase Rab4a, the two playing a role in
Glut4 intracellular trafficking (Kaddai et al. 2008b). Rabip4 is an endosomal
protein and is not detected in the IRVs. Interestingly, insulin induces its translo-
cation to the plasma membrane. The overexpression of a mutated form of Rabip4
unable to bind Rab4 triggers the translocation of Glut4 to the plasma membrane in
absence of insulin. Uncoupling of Rab4 and Rabip4 could, thus, contribute to
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Glut4 translocation. Insulin-induced delocalization of Rabip4 could, thus, be a way
to uncouple it from endosomal Rab4. Further investigations will be necessary to
understand the mechanisms involved in insulin-induced Rabip4 delocalization and
its role in Glut4 trafficking.

Gapex-5 is a GTP-exchange factor for the Rab5 family members. In insulin-
treated adipocyte Gapex-5 is recruited to the plasma membrane far away from its
intracellular target Rab22b. In absence of insulin, Gapex-5 will maintain Rab22b
activated to favor intracellular trafficking between early endosomes and TGN,
contributing to the intracellular retention machinery. In presence of insulin,
Rab22b will be maintained in its inactive form due to the delocalization of Gapex-
5. Accordingly, either Gapex-5 or active Rab22b overexpression inhibits insulin-
induced Glut4 translocation to the plasma membrane. However, Rab22b down
regulation by siRNA does not increase basal plasma membrane Glut4. Although
the absence of a Rab protein is not necessary mimicked by the Rab inactive form,
further investigations are necessary to define the requirement of Gapex-5 on
Rab22b for intracellular Glut4 retention (Kaddai et al. 2008b).

TUG (Tether containing a UBX domain, for Glut4) was identified in a func-
tional screen for regulators of Glut4 trafficking. TUG is a binding partner for
nonendosomal Glut4 (Bogan and Kandror 2010), but is ubiquitously expressed and
thus is not specific of the Glut4 trafficking pathway. TUG interacts with the
N-Terminus of Glut4, which is required for Glut4 targeting to the IRVs. On TUG,
the regions involved in Glut4 binding are its N-terminal and central regions. The
C-terminal part of TUG is essential to retain Glut4 intracellularly possibly because
it interacts with TGN anchoring protein(s). Overexpression of this region disrupts
intracellular retention of Glut4 by competing with the entire TUG/Glut4 complex.
Down regulation of TUG by siRNA redistributes Glut4 to the plasma membrane
and increases glucose uptake in absence of insulin, whereas TUG overexpression
causes Glut4 to accumulate in nonendosomal vesicles. Insulin stimulates the
dissociation of Glut4 from TUG in adipocytes. The signaling pathway and the
mechanisms involved in insulin-induced dissociation of the complex are unknown,
but certainly represent key events to further recruit IRVs at the plasma membrane.

Thus, the cycle of Glut4 intracellular trafficking provides an efficient way to
retain Glut4 inside the adipocytes and insulin possibly acts at different steps to
brake this cycle in order to efficiently target Glut4 at the plasma membrane.

Glut4 Containing Vesicles Fusion with the Plasma Membrane
Principal Site of Insulin Action

Fusion of Glut4 containing vesicles with the plasma membrane could be broken
down in multiple steps: (1) transport of IRVs along microtubules and cortical
actin; (2) tethering of the vesicles with the plasma membrane; (3) fusion of the
vesicles with the plasma membrane; (4) dispersal of Glut4 from the site of fusion
(Rowland et al. 2011; Bryant and Gould 2011) (Fig. 7.3). All these steps could be
followed since the development of TIRF microscopy and the establishment of an
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elegant cell-free system that recapitulates the final steps of Glut4 translocation
(Koumanov et al. 2005). It has been possible to analyze what are the steps affected
by insulin. Prior fusion, the docking step is more efficient in presence of insulin,
but the post-docking step that prepares Glut4-vesicles for fusion is the major
insulin-stimulated step. The dispersion of Glut4 after fusion is also widely affected
by insulin. Two types of Glut4-containing vesicles could fuse with the plasma
membranes: the IRVs rapidly recruited after insulin treatment and the vesicles that
recycle between the plasma membrane and endosomes in the continuous presence
of insulin. The molecular mechanisms are not necessary the same but this question
has not been at this day carefully addressed. But in accordance, the insulin-induced
increase in the rate of Glut4 vesicle fusion with the plasma membrane was found
to be transient with a peak during 2–3 min after insulin treatment and then it
declines to levels comparable to basal situations.

Glut4 vesicles are associated with both the microtubule and actin cytoskeleton.
The kinesin KIF3 has been involved in insulin-induced Glut4 translocation and
insulin increases KIF3 association with microtubules. Actin also plays a role in

Fig. 7.3 Schematic representation of molecular events of insulin-induced Glut4 translocation.
IRVs are transported on microtubules, captured by cortical actin, tethered at the plasma
membrane then fused with it. The Glut4 diffuses at the plasma membrane prior to its endocytosis.
The proteins targeted by insulin are indicated
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insulin-induced Glut4 translocation in adipocytes. Insulin rapidly remodels cortical
actin cytoskeleton. Cortical actin cytoskeleton is not required for the recruitment
of Glut4 vesicles beneath the plasma membrane but for their fusion with the
plasma membrane. The molecular motor Myo1c that drives vesicles movement
along F-actin is required for insulin-induced Glut4 translocation and is
phosphorylated in response to insulin. All together, these observations indicate that
the cytoskeleton is targeted by insulin to promote Glut4 translocation to the plasma
membrane, but the exact role of these cytoskeleton changes for Glut4 vesicles
targeting, tethering, or fusion is not known. It could promote Glut4 vesicles release
from its internal location by guiding vesicles on cytoskeleton elements, by
positioning Glut4 vesicles near the plasma membrane, by aiding them to dock and
fuse with the plasma membrane, or also perhaps by positioning signaling
intermediates.

Glut4 vesicles tethering involved the organization of the exocyst complex at the
interface of the IRVs and the plasma membrane. The formation of the exocyst
complex requires the activation of the small GTPase RalA present at the surface of
IRVs. Insulin could trigger the activation of RalA via the phosphorylation of a
RalA GAP activity.

The IRVs fusion event is mediated by the action of the tSNAREs Syntaxin4 and
SNAP23 and the vSNARE VAMP2 in concert with the inhibitory regulatory
molecules Munc18c. From in vitro studies using liposomes, it is thought that
interaction between vSNAREs and their cognate tSNARE is sufficient for vesicle
fusion. Munc18c is a binding partner of syntaxin4 that blocks the interaction with
VAMP2 and thus the fusion process. Munc18c is phosphorylated on tyrosine
residue 521 by the insulin receptor and this phosphorylation abrogates its binding
to syntaxin 4 (Aran et al. 2011). Tyrosine phosphorylation of Munc18c is required
for insulin induced-Glut4 translocation (Jewell et al. 2011). Munc18c is also
phosphorylated on residue 219 in response to insulin. Munc18c binds to Doc2b
when phosphorylated on this site and Doc2b is essential for Glut4 vesicles
translocation (Rowland et al. 2011). Doc2b is a SNARE-related protein without a
transmembrane region that is recruited to the plasma membrane in response to
insulin where it interacts with syntaxin 4 in order to increase the fusion step. Thus,
its interaction with phosphorylated Munc18c could be part of the mechanism that
induces the binding switch from an inhibitor to an activator of v/tSNARE-medi-
ated fusion. Another partner of Syntaxin4, Synip, is phosphorylated by insulin-
activated PKB. Its role in Glut4 vesicles fusion is still controversial (Rowland et al.
2011).

Molecular coordination of tethering and fusion process is known to be
controlled at least in yeast by tomosyn-like molecule, a common partner of the
exocyst complex and the v/tSNARE complex. A Tomosyn was shown to form a
complex with the tSNAREs Syntaxin 4/SNAP23 in adipocyte and to play a role in
Glut4 translocation. But it is unknown whether it also binds an exocyst subunits
and whether this is controlled by insulin.

A previously uncharacterized protein named CDP138 was recently discovered
to play a role in insulin-stimulated insertion of Glut4 into the plasma membrane.
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CDP138 is a C2 domain-containing protein, phosporylated in response to insulin
by PKB, and thus it could link insulin signaling to Glut4 vesicle fusion to the
plasma membrane. The C2 domain is capable to bind Ca++ and a mutant deleted
for this domain blocks insulin-induced Glut4 vesicle insertion into the plasma
membrane. This confirms previous results suggesting that Ca++ plays a role in
insulin-induced glucose transport (Xie et al. 2011).

Numerous studies from yeast to mammals indicate that the tethering/fusion of
exocytic vesicles are controlled by Rab GTPases. Exocytosis in yeast requires the
Rab GTPase sec4p that is needed to organize the tethering exocyst complex and to
link it to the SNARE fusion machinery through its interaction with a tomosin-like
molecule (Novick et al. 2006). The Munc-like inhibitor of the plasma membrane
v/tSNARE complex also binds active sec4p and this is required for polarized
secretion (Weber-Boyvat et al. 2011). Thus, in this model one Rab protein is
involved in exocytosis and binds, once activated, a subunit of the exocyst, a
common partner of the exocyst and SNARE complexes, and the Munc-like
inhibitor of SNARE-induced fusion.

Is there such a Rab protein in IRVs fusion with the plasma membrane in
adipocytes? A candidate is Rab10. Rab10 is supposed to be maintained inactive in
basal condition by the action of the Rab GTPase activating protein (GAP) AS160
(also known as TBC1D4). Insulin triggers the phosphorylation of AS160 on
several residues most importantly Ser-588 and Thr-642 and it is accepted that this
will lead to inactivation of its GAP activity, although the mechanism is unknown
(Rowland et al. 2011; Bryant and Gould 2011). Indeed, overexpression of a
nonphosphorylated form of AS160 inhibits insulin-induced Glut4 translocation but
only when its GAP domain is functional. Inactivation of the GAP activity would
yield to activation of one or several Rab. Rab10 is an in vitro target of the GAP
domain of AS160. Furthermore, down regulation of AS160 increases Glut4 at the
plasma membrane, an effect lost when Rab10 is also depleted. Thus, in presence of
AS160, Rab10 is inactivated and Glut4 can traffic through its intracellular reten-
tion cycle. In absence of AS160, active Rab10 is increased and could drive Glut4
targeting to the plasma membrane thus releasing Glut4 vesicles from their intra-
cellular location. In accordance, overexpression of active Rab10 partially mimics
insulin action and the GEF for Rab10 Dennd4C is also required (Sano et al. 2011).
All these observations clearly point to AS160 inactivation/Rab10 activation as
being an important point of intersection of signaling and trafficking. The use of the
form of AS160 mutated on its phosphorylation site in total internal reflection
fluorescence microscopy indicates that it blocks Glut4 tethering and indirectly the
downstream fusion, but does not affected Glut4 arrival in the evanescent field.
Down regulation of AS160 in adipocytes causes incorporation of Glut4 to the
plasma membrane but to lower extent than insulin like overexpression of active
Rab10. It also causes Glut4 to accumulate in compartments that are primed for
fusion. Such experiments with constitutive active Rab10 are at this time not
available. Further, works are required to determine whether active Rab10 controls
the same molecular mechanisms as sec4p in yeast by identifying its effectors in
adipocytes. It remains also to be determined whether inactivation of the GAP
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activity by insulin affects the first burst of IRVs fusion or the second round of
fusion. This will be technically difficult until the establishment of tools allowing
for rapid and transient activation/inactivation of the studied proteins. Whatever it
is clear that activation of Rab10 by insulin is not the only event controlled by
insulin in order to induce Glut4 vesicles tethering and fusion. This is evidence by
the numerous insulin-induced phosporylated targets among the proteins of the
tethering/fusion machinery as described above (Fig. 7.3).

Effects on Glut4 Trafficking of Insulin-Mimetic Agents
and Insulin Counterregulatory Hormones

The effect of insulin-mimetic agents on Glut4 trafficking has not been extensively
explored. Often, these agents act on insulin signaling. Thus we could assume that
they will trigger the same mechanisms as insulin. Sometimes they act through
activation of the AMP kinase pathway and this pathway has not been extensively
studied regarding Glut4 trafficking in adipocytes. Concerning the nitric oxide-
donating derivative of acetylsalicylic acid, we assume that it recruits to the plasma
membrane the endosomal transporters because it recruits as efficiently Glut4 and
Glut1, but the step of trafficking it affects remains unknown (Kaddai et al. 2008a).

The inhibitory effect b adrenergic on insulin-induced glucose transport involved
a blockade of Glut4 function at the plasma membrane. The amount of Glut4 at the
plasma membrane is not changed by b adrenergic, but its accessibility to extra-
cellular specific photolabeling reagents is decreased. b-adrenergic would, thus,
render Glut4 occluded for participation on glucose transport and this involves
changes in local pH.

Glut4 Trafficking in Insulin Resistance

We will not describe here in details the mechanisms that induce the inhibition of
insulin signaling and that participate in defects of insulin-induced Glut4 translo-
cation in adipocytes. An important deregulated signaling molecule in mice models
of insulin resistance and in human is IRS1 (Gual et al. 2003). However, a partial
loss of IRS1 is not sufficient to mimic defect in insulin-induced glucose transport.
In accordance, it has recently been established by studying various in vitro and in
vivo insulin resistant models that the most deleterious defects in insulin action
occur independently of IRS1 (Hoehn et al. 2008). The decrease in Glut4 expres-
sion described previously in this review contributes to insulin-induced glucose
transport occurring in adipocytes from insulin-resistant subjects. In addition,
perturbations of Glut4 trafficking were suggested to play a role. Indeed, it is clearly
demonstrated in cultured adipocyte and in genetically modified mice that altera-
tions in intracellular Glut4 trafficking could result in altered insulin-induced Glut4
recruitment from inside the cell to the plasma membrane.
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Glut4 Localization in Insulin-Resistant Adipocytes

The group of Garvey was the first to demonstrate that the subcellular distribution of
Glut4 is not similar in adipose tissues from control and insulin-resistant patients. It
used subcellular fractionation of adipocytes to demonstrate that Glut4 is located in
compartments with different sedimentation properties in insulin-resistant adipo-
cytes from patients with type 2 diabetes or gestational diabetes compared to control
adipocytes (Garvey et al. 1993; Maianu et al. 2001). The dynamic of Glut4
compartments was analyzed in 3T3-L1 rendered insulin resistant by using
endothelin 1. The results confirm the existence of different trafficking parameters in
basal adipocytes. In this experimental insulin resistance, a significant increase in the
event rate of Glut4 appearance in the TIRF zone is observed regardless insulin
stimulation, whereas many few Glut4 remains in the TIRF zone (Fujita et al. 2010).

Defect of Proteins Involved in Glucose Trafficking in Adipocyte
Insulin Resistance Development

The identification of the molecular mechanisms involved in the deregulation of
Glut4 trafficking in insulin resistant adipocyte is just beginning and only few data
are available. Either mutations in or deregulated expression of proteins involved in
Glut4 trafficking have been described.

Rab4a and b that play a role in Glut4 trafficking have their mRNA expression
decreased in the adipose tissue from insulin-resistant obese db/db mice and
morbidly obese patients compared to their controls. Rab4a (mRNA and protein) is
decreased in the adipose tissue from murine models of obesity with insulin
resistance but not in morbidly obese patients (Kaddai et al. 2009b). Interestingly,
Rab4a amount is increased in the phase of obesity installation in obese Zucker rats,
when adipocytes are hyperesponsive to insulin (Kaddai et al. 2008b). The mech-
anisms involved in the deregulation of Rab4 s expression are unknown but could
be related to adipogenic differentiation stage, because their expression is increased
during adipocyte differentiation.

We described that sortilin, a major protein of the IRVs involved in Glut4 sorting
to the IRVs in adipocyte is down regulated in the adipose tissue of db/db mice and
in morbidly obese diabetic patients. Sortilin expression in adipose tissue is
strongly correlated with TNFa expression. Interestingly, TNFa inhibits the
expression of sortilin at the mRNA and protein level in culture adipocytes from
mouse and human origin. Furthermore, injection of TNFa to mice also induces the
down regulation of adipose tissue sortilin mRNA expression. Chronic inflamma-
tion within the adipose tissue of obese subjects could, thus, contribute to insulin
resistance by modulating proteins that control Glut4 trafficking in addition to
inhibit insulin signaling (Kaddai et al. 2009a). AS160 mRNA and protein
expression is strongly affected by TNFa in cultured adipocytes and it is decreased
in the adipose tissue from db/db obese diabetic mice and from mice injected with
TNFa [(Hoehn et al. 2008) and nonpublished observation].

7 Glucose Transport in White Adipocyte 95



AS160 mutations have also been described in relation to insulin resistance.
A human truncated variant of AS160 leads to insulin resistance and post-prandial
hyperinsulinemia in a family with acanthosis nigricans. The effect of this trun-
cation is to perturb insulin-induced Glut4 recruitment at the plasma membrane in
insulin target cells. Furthermore, families with AS160 variants have been
identified and these mutations may contribute to varying degree of insulin
resistance (Dash et al. 2010).

It appears evident that current studies will, in the next future, provide other
mechanisms to explain where and how Glut4 trafficking is altered in insulin
resistant adipocytes.

Conclusion

Glucose transport by adipocyte plays an important role in glucose homeostasis.
A global view of the mechanisms allowing for the integration of insulin signaling
and Glut4 trafficking is still not available because of the complexity of both the
insulin signaling pathway and of Glut4 trafficking. We discover even today direct
substrates of the insulin receptor (like Munc18c) and also numerous substrates of
PKB, the main pathway for insulin-induced glucose transport. A current objective
for better understanding insulin action on glucose transport is to succeed in the
identification of each trafficking step controlled by each of the insulin-activated
intermediaries identified. It will be important to set up more powerful technique of
imaging (high resolution and multiple colors TIRF microscopy) to characterize the
protein complexes involved in the tethering and fusion of the IRVs. This step is
particularly important because it is the most activated by insulin. Another
objective will be to characterize the molecular mechanisms that lead to defects in
Glut4 expression and trafficking in insulin resistant adipocyte. This will certainly
help us to find novel putative targets for therapeutic intervention in patients with
insulin resistance and type 2 diabetes.
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Chapter 8
Mechanism of Storage and Synthesis
of Fatty Acids and Triglycerides
in White Adipocytes

Fabienne Foufelle and Pascal Ferré

Introduction

In adipose tissue, fatty acids are stored as triglycerides formed from a backbone of
glycerol on which three fatty acids are esterified. In a lean young adult human, the weight
of triglycerides stored represents about 10–20 kilograms i.e. 90,000–180,000 kcal. This
energy can be released as fatty acids in case of energy shortage for the needs of oxidative
organs, such as skeletal muscles (red fibers), heart, kidney cortex, and liver. The brain
does not use fatty acids, but their metabolites, ketone bodies, produced by the liver. Fat
storage allows to survive up to 60–70 days of starvation in humans as recorded in some
extreme situations. In case of obesity, the survival period can be extended to 90–100 days
(3 months). This capacity of fasting for long periods was probably a condition for the
survival of our species and unfortunately is still important in countries facing famine
periods.

The origin of the fatty acids stored as triglycerides in adipocytes is for an
important part the diet. Triglycerides contained in the diet are delivered as
chylomicrons into the circulation after their intestinal hydrolysis and re-synthesis
in the enterocytes. Fatty acids in adipocytes can also originate from the de novo
synthesis of fatty acids from glucose in the liver (lipogenesis) delivered as ‘‘Very
Low density Lipoproteins’’ (VLDL) in the circulation. Finally, fatty acids can
originate from lipogenesis in the adipocyte itself. Whatever their origin, exogenous
or endogenous, free fatty acids must be activated into acyl-CoAs in adipocytes and
esterified to finally reach the lipid droplet.
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In this review, we will address the process of fatty acids delivery to the
adipocytes from lipoproteins (chylomicrons and VLDL) and the specific role of
lipoprotein lipase, the uptake of fatty acids by the adipocyte and their activation,
their de novo synthesis and finally their esterification into triglycerides.

Fatty Acids Coming From Lipoproteins

Triglyceride-Rich Lipoproteins

Triglycerides are highly hydrophobic and thus not soluble in the plasma in which
they would coalesce and form large oily droplets if delivered as such. Thus, in the
post-prandial state triglycerides originating from the diet are delivered by
enterocytes as particles called chylomicrons (CM) in the lymphatic ducts. They
will thereafter enter into the blood. CM are very large spherical particles
(75–450 nm) (Hussain 2000) with a core of triglycerides and cholesterol esters
surrounded by a monolayer membrane of phospholipids, free cholesterol, and
apolipoproteins with the main one being apoB48. In the blood, chylomicrons
exchange proteins with High-Density Lipoproteins (HDL) and acquire apolipo-
protein C-II (ApoC2), and apolipoprotein E (ApoE). Triglycerides produced by the
liver are delivered into the blood as Very Low Density Lipoproteins (VLDL).
VLDL have a structure similar to that of chylomicrons except that the main
apolipoprotein is ApoB100 and that their size is smaller (30–80 nm). They are also
enriched in ApoC2 and ApoE by protein exchange from HDL.

Lipoprotein Lipase

Chylomicrons and VLDL (abbreviated as TRL for Triglyceride-Rich Lipopro-
teins) are too large to cross the endothelium of blood vessels surrounding adipo-
cytes. Since triglycerides cannot enter into adipocytes as such and must be
hydrolyzed into fatty acids, an enzyme, lipoprotein lipase (LPL) is synthesized by
the adipocytes and exported to the luminal side of the capillary endothelium
(Fig. 8.1). LPL then hydrolyzes triglycerides contained in the TRL into fatty acids
and 2-monoacylglycerol.

LPL is a member of the triglyceride lipase family with pancreatic lipase and
hepatic lipase. It is synthesized by parenchymal cells of several tissues including
adipose tissue, skeletal muscle, heart, and lactating mammary gland. The LPL
mRNA is translated in the rough endoplasmic reticulum. LPL undergoes a series
of post-translational modifications including dimerization and N-glycosylation.
The oligosaccharide chains are further rearranged and modified in the various
Golgi compartments (Braun and Severson 1992).

102 F. Foufelle and P. Ferré



The mature LPL is then addressed to the parenchymal cell surface where it
binds to heparan sulfate proteoglycans (HSPG). The glycosaminoglycan (heparan
sulfate) part of HSPG is a highly negatively charged molecule which can interact
with positively charged proteins such as LPL. Finally LPL is translocated by a still
unclear mechanism to the luminal surface of capillary endothelium where it binds
to HSPG (Fig. 8.1). A novel protein has been involved in the localization of LPL
at the luminal side of endothelial cells. This protein called glycosylphosphat-
idylinositol-anchored high density lipoprotein binding protein 1 (GPIHBP1) could
serve as a scaffolding platform allowing the interaction between LPL and TRL
(Dallinga-Thie et al. 2007). TRL can then interact with LPL and HSPG and/or
GPIHBP1 (Fig. 8.1).

Fig. 8.1 Lipoprotein lipase and the hydrolysis of lipoprotein triglycerides. Lipoprotein lipase
(LPL) is synthesized in the rough endoplasmic reticulum and further modified in the Golgi
apparatus where it dimerizes. It is secreted and temporarily stored on heparin sulfate proteoglycan
(HSPG) on the adipocyte cell membrane. It is then exported to the endothelial vascular cell
membrane where it binds to HSPG. The protein glycosylphosphatidylinositol-anchored high
density lipoprotein binding protein 1 (GPIHBP1) could serve as a platform allowing the
interaction between LPL and TRL. The apoprotein ApoC2 on mature lipoproteins is an obligatory
activator of LPL
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Regulation of LPL in Adipose Tissue

At a transcriptional level, LPL gene promoter is activated in adipose tissue by
transcription factors, Sterol regulatory element binding protein (SREBP) 1 and 2
(see the paragraph on lipogenesis for further details on SREBP-1), and Peroxisome
Proliferator-Activated Receptor (PPAR) c (Schoonjans et al. 1996; Schoonjans
et al. 2000). At a post-translational level, a membrane-bound protein of the
endoplasmic reticulum called Lipase Maturation Factor 1 (LMF1), is necessary for
the maturation of catalytically active LPL (Peterfy et al. 2007). Once bound to the
endothelial wall, LPL activity can still be regulated through association with
proteins. ApoC2, which is present on the surface of mature CM and VLDL is an
essential cofactor/activator of LPL (Connelly et al. 1987). In addition, two secreted
proteins of the angiopoietin-like (Angptl) family, Angptl3, and Angptl4 have been
shown to inhibit LPL activity. Angptl4 binds to the active LPL dimer and favors
the dissociation into less active monomers (Sukonina et al. 2006). The inhibitory
mechanism for Angptl3 is less clear.

Interestingly, the expression of Angptl4 is under nutritional control. Under
fasting conditions, transcription of Angptl4 in adipose tissue is increased (it was
previously named FIAF for fasting-induced adipose factor).

LPL activity is increased in adipose tissue in the fed state and decreased during
fasting whereas the converse is observed in muscles and heart. In adipose tissue,
insulin increases LPL mRNA (probably through a stabilization mechanism), LPL
activity, and secretion. In contrast, catecholamines decrease LPL transcription and
activity.

In summary, during prandial states LPL is actively hydrolyzing triglycerides
from TRL in adipose tissues and insulin has an important role in these activations.
In contrast in post-absorptive or fasting periods, LPL activity is decreased due to the
decreased insulin/increased catecholamine and Angptl4 concentrations. At the
same time LPL activity in oxidative tissues (skeletal muscles, heart) is increased.
LPL has thus a major role in the tissue partitioning of fat fuels according to the
nutritional state. The reader can find further details on LPL in the following reviews
(Fielding and Frayn 1998; Wang and Eckel 2009; Preiss-Landl et al. 2002).

Fatty Acid Transport in Adipose Tissue

Once liberated from lipoproteins, fatty acids and 2-monoacylglycerols must enter
into adipocytes. Although fatty acids are lipophilic and could theoretically pas-
sively diffuse through the plasma membrane, it has been shown that this process
would be too slow due to the fact that free fatty acid concentrations are extremely
low in the presence of albumin. It is now well established that a protein-mediated
saturable uptake of fatty acids exists in adipose tissue and a number of proteins
have been involved in this process, including fatty acid transport proteins (FATP),
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the human scavenger receptor CD36 (or rodent fatty acid translocase), and plasma
membrane fatty acid binding protein (FABPpm).

FATPs are a family of six transport proteins (Kazantzis and Stahl 2011; Gimeno
2007). They are integral membrane proteins with an extracellular/luminal
N-terminal and a cytosolic C-terminal domain and their expression varies
according to the tissue with FATP1 being the most expressed in adipose tissue.
Interestingly, FATP1 translocates from an intracellular location to the plasma
membrane in response to insulin concomitantly with an increased inwards flux of
fatty acids (Wu et al. 2006). FATP1 deletion in mice confirms its potential role as a
major fatty acid transporter in adipose tissue. FATP3 and 4 could be the members
expressed in the endothelial capillary cells, allowing the transfer of fatty acids
across the capillary to the peri-adipocyte space. The mechanism involved in the
transfer by FATPs is not entirely clear since in contrast with transporters of
hydrophilic molecules such as the glucose transporter family, their structure is not
compatible with a transmembrane channel. Since FATP show 20–40 % sequence
identity with long-chain acyl-CoA synthetase, it has been also suggested that they
could facilitate fatty acid uptake by transforming incoming fatty acids into their
CoA derivative. Indeed a long-chain fatty acyl-CoA synthetase activity was found
associated with partially purified FATP1.

The scavenger receptor CD36 is present on many mammalian cell types, such
as macrophages, myocytes, hepatocytes, adipocytes, enterocytes, and endothelial
cells (Hajri and Abumrad 2002; Silverstein and Febbraio 2009). It is an integral
membrane protein with an heavily glycosylated extracellular domain, two trans-
membrane domains and two short intracellular domains. Scavenger receptors were
initially involved in the recognition and elimination of foreign organisms. CD36
recognizes specific lipid and lipoprotein components of pathogens or of endoge-
nous structures (e.g. oxidized lipoproteins). It has pleiotropic effects depending
upon the cells in which it is expressed, such as inhibition of angiogenesis in
endothelial cells, promotion of endocytosis in macrophages, and activation of
platelets. CD36 is a marker of preadipocyte differentiation into adipocytes. In
mature adipocytes as well as in muscle cells, CD36 facilitates fatty acid transport
by a mechanism which remains elusive. In CD36 null mice, fatty acid uptake is
reduced by 60 % in adipocytes (Coburn et al. 2000).

FABPpm is expressed in numerous tissues, adipose tissue, endothelial cells,
liver, heart, skeletal muscles, and intestine (Hajri and Abumrad 2002). In contrast
with FATPs and CD36, FABPpm is not a transmembrane protein but is associated
to the plasma membrane. Paradoxically, it is undistinguishable from mitochondrial
aspartate aminotransferase and this has raised questions concerning the identity
and real role of FABPpm. Some experiments nevertheless tend to confirm the
reality of FABPpm involvement in fatty acid transport. An antibody against
FABPpm partially inhibits fatty acid uptake in adipocytes. Expression of FABPpm
in Xenopus laevis oocytes and in fibroblasts induces an increase in fatty acid
uptake. Like CD36, FABPpm expression is increased during adipocyte
differentiation.
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In summary, a number of fatty acid transporters have been described in adi-
pocytes, which can account for the high transport activity although their respective
importance and the mechanisms involved are not yet clear.

Intracellular Fatty Acid Transport

Intracellular fatty acids are transported in the cytoplasm to various compartments
by specific proteins called cytoplasmic fatty acid-binding proteins (FABPs).
FABPs are a family of small proteins (14–15 Kd) that bind lipophilic ligands such
as saturated and unsaturated long-chain fatty acids or eicosanoids with high affinity
inside an hydrophobic pocket formed by two orthogonal five-stranded b-sheets
(Furuhashi and Hotamisligil 2008; Storch and McDermott 2009). The preferential
expression of specific forms of FABPs has been described in various tissues, such
as intestine, liver, adipose tissue, brain heart, skin, etc. In adipocytes, the major
FABP expressed is FABP4 (or A-FABP), which is also expressed in macrophages
and dendritic cells. It is also known as adipocyte P2 (aP2) for its similarity with
peripheral myelin protein 2. A-FABP expression is considerably increased during
adipocyte differentiation (Hunt et al. 1986). In the mature adipocyte its expression
is enhanced by fatty acids (Amri et al. 1991). It is one of the most abundant
cytoplasmic protein. Mice deleted for FABP4 do not show obvious phenotypes but
this can be due to the compensatory expression of another FABP (FABP5) which
is normally a minor form in adipocytes. It is interesting to note that although the
primary structure of FABP4 does not show any nuclear localization signal (NLS),
a signal can be found when considering the 3D structure which would be rear-
ranged in the presence of specific ligands. This would allow the transfer of these
ligands in the nucleus allowing for instance the activation of nuclear receptors
such as PPARs (Furuhashi and Hotamisligil 2008). In addition, a physical asso-
ciation has been found between FABP4 and hormone sensitive lipase possibly
allowing FABP4 to rapidly remove and channel fatty acids liberated from tri-
glycerides by the action of the lipase (Furuhashi and Hotamisligil 2008).

De Novo Synthesis of Fatty Acids in the Adipocyte:
The Lipogenic Pathway

In rodents, lipogenesis (de novo synthesis of fatty acids) is one of the major
metabolic pathway leading to triglyceride accumulation in adipose tissue. Lipo-
genesis metabolizes an excess of glucose into fatty acids which are then esterified
in triglycerides and stored in the lipid droplet of the adipocytes (Fig. 8.2). In
rodents, lipogenesis is particularly active in the liver and in white adipose tissue
and its activity is highly dependent on the nutritional status of the animal. The
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lipogenic activity is low in adipose tissue of fasted rodents or in rodents fed a high
fat diet (Ballard 1972). Conversely, lipogenesis is very active in the adipose tissue
of animals fed a diet enriched in carbohydrates. Regulation of the lipogenic
activity involves both short-term (changes of enzymes activity) and long-term
mechanisms (modification of the transcription rate).

Short-Term Control of Lipogenic Activity

As underlined before, glucose is the main lipogenic substrate in rodents and
humans. The entry of glucose into the adipocyte is thus the first regulated step in
the short-term control of lipogenesis. In adipose tissue and skeletal muscle, glu-
cose enters into the cell by the GLUT4 glucose transporter which has the partic-
ularity to re-localize from an intracellular compartment to the plasma membrane in
response to insulin (see chap. 7). In adipocytes, a major role of insulin will be
therefore to increase glucose transport by inducing the translocation of GLUT4 to
the plasma membrane.

The activity of the lipogenic enzymes can also be modified by phosphorylation/
dephosphorylation events allowing acute control of the lipogenic flux. Hormones

Fig. 8.2 Scheme of adipocyte lipogenesis. In the presence of insulin, the glucose transporter
GLUT4 migrates at the cell membrane. Glucose transport is stimulated and glucose enters into
the adipocyte. After phosphorylation into glucose-6-phosphate, it enters glycolysis to produce
pyruvate. Pyruvate is transported inside the mitochondria where it is converted to acetyl-CoA by
pyruvate dehydrogenase. Acetyl-CoA leaves the mitochondria by a shuttle system. It is then
transformed into the cytoplasm in malonyl-CoA by acetyl-CoA carboxylase. Malonyl-CoA is the
substrate for fatty acid synthase that produces fatty acids
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of which concentrations are modified by the nutritional status (insulin, catechol-
amines) play a key role in this process.

The pyruvate dehydrogenase (PDH) complex and acetyl CoA carboxylase
(ACC) are two important lipogenic enzymes. PDH catalyzes the oxidative
decarboxylation of pyruvate to acetyl-CoA. PDH complex is mainly controlled by
phosphorylation/dephosphorylation mechanisms. Phosphorylation of the E1 sub-
unit of the PDH complex is catalyzed by PDH kinases (PDKs), leading to its
inactivation (Peters 2003). There are four different isoforms of PDK (PDK1-4).
PDK 4 is the major isoform expressed in white adipose tissue. PDK4 expression is
activated in adipose tissue by fasting, ß adrenergic hormones, and exercise (Wan
et al. 2010). Conversely, insulin activates PDH by dephosphorylating multiple
sites in the E1 subunit. Insulin acts by stimulating a phosphatase activity rather
than by inhibiting PDK4 (Denton and Brownsey 1983). ACC, which catalyzes the
carboxylation of acetyl-CoA to malonyl-CoA is phosphorylated on many serine
residues by at least seven different protein kinases (Kim 1997). Several hormones
of which concentrations change with nutritional status (insulin and beta adrenergic
hormones) can lead to ACC phosphorylation in isolated adipocytes. However, the
consequences of these phosphorylations on the in vivo activity of ACC and on the
lipogenic activity are not always clear. More recently, the AMP-activated protein
kinase (AMPK) has emerged as a major protein controlling ACC activity in dif-
ferent tissues. ACC has been the first AMPK substrate identified (Winder et al.
1997). AMPK is considered as the sensor of intracellular levels of energy. In stress
conditions, such as fasting or exercise, AMPK phosphorylates ACC leading to its
inactivation (Kahn et al. 2005). This mechanism allows to inhibit the lipogenic
pathway, which consumes energy, and to activate ß oxidation that produces energy
(the product of the reaction catalyzed by ACC, malonyl-CoA is an inhibitor of the
fatty acid oxidation).

Transcriptional Control of Lipogenesis

An important regulation of the lipogenic pathway occurs at the level of tran-
scription. This transcriptional mechanism is very important since some enzymes of
the pathway are controlled exclusively at a transcriptional level, such as fatty acid
synthase (FAS) for example. It has been clearly shown that a high carbohydrate
diet increases the transcription of genes encoding enzymes of lipogenic and
esterification pathways, such as ACC, FAS, DGAT, or GPAT (Foufelle and Ferre
2002). Studies in vitro in different models, white adipose tissue explants, adipo-
cytes in primary culture, or 3T3-L1 cells, have shown that insulin and glucose are
the main drivers of the expression of enzymes of lipogenesis (Foufelle et al. 1992;
Moustaid et al. 1994). Glucose and insulin act synergistically to stimulate the
expression of lipogenic enzymes and their simultaneous presence is essential for
the maximal induction of the expression of these enzymes. The effects of insulin
are transmitted by the transcription factor SREBP-1c and the effects of glucose by
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the transcription factor ChREBP (Carbohydrate Responsive Element Binding
Protein) (Foufelle and Ferre 2002; Postic et al. 2007). Although most of the work
on the molecular control of lipogenesis has been performed in hepatocytes, these
transcription factors also appear to play an important role in the control of lipo-
genesis in the adipose tissue. SREBP-1c is a transcription factor of the b-HLH/LZ
(basic Helix-Loop helix/leucine zipper) family, which is produced by an alterna-
tive splicing of the SREBP-1 gene. In rodents, adipose tissue is the second tissue
after the liver in terms of SREBP-1c expression (Shimomura et al. 1997). SREBP-
1c was first identified as a key factor in adipocyte differentiation (SREBP-1c is
also called ADD1 for Adipocyte Differentiation and Determination) (Tontonoz
et al. 1993). The expression of a dominant negative form of SREBP-1c in 3T3-L1
preadipocytes significantly reduces adipogenesis (Kim and Spiegelman 1996).
Conversely, the presence of a constitutively active form of SREBP-1c leads to
NIH-3T3 preadipocytes differentiation as long as they are cultured under condi-
tions permissive for differentiation (presence of a PPARc ligand) (Kim and
Spiegelman 1996). Finally, it was shown that ADD1/SREBP-1c has an important
role in adipocyte differentiation by producing an endogenous ligand for PPARc
(Kim et al. 1998a). As in the liver, SREBP-1c expression is induced in adipose
tissue by refeeding mice with a carbohydrate-enriched diet or by insulin treatment
in 3T3-L1 and in primary cultured adipocytes (Kim et al. 1998b). The expression
of a dominant negative form of SREBP-1c precludes the stimulatory effect of
insulin on the expression of lipogenic genes demonstrating that in vitro SREBP-1c
is absolutely necessary for the control of adipocyte lipogenesis (Le Lay et al.
2002). The role of SREBP-1c in the in vivo control of adipocyte lipogenesis is
more controversial. Several groups have reported that the expression of SREBP-1c
does not vary according to the expression of lipogenic enzymes in adipose tissue of
rats fasted or fed ad libitum (Letexier et al. 2003; Bertile and Raclot 2004).
Experiments of genetic manipulations of SREBP-1c in adipose tissue have also
produced some surprising results. Indeed, while the invalidation of the SREBP-1
gene (this gene encodes two isoforms, SREBP-1c and SREBP-1a) strongly
decreases hepatic lipogenesis, lipogenic enzyme expression is not affected in
adipose tissue, which has a normal weight (Shimano et al. 1997; Sekiya et al.
2007). Overexpression of SREBP-1c in adipocytes using an aP2 promoter leads to
a phenotype completely unexpected since this mouse develops a severe lipodys-
trophy (Shimomura et al. 1998). This phenotype is due partly to a problem of
adipocyte differentiation with an increase in preadipocyte markers (PREF1) and a
decrease in mature adipocyte markers such as C/EBPa and PPARc. Interpretation
of the role of SREBP-1c is further complicated since the overexpression of
SREBP-1a, (which activates the same spectrum of genes that SREBP-1c) leads to
the expected phenotype i.e. adipocyte hypertrophy due to activation of adipocyte
lipogenesis (Horton et al. 2003). In conclusion, while the role of SREBP-1c in the
molecular control of hepatic lipogenesis and in adipocyte differentiation is well
established, its role in the control of adipocyte lipogenesis appears controversial.
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The transcription factor ChREBP acts in synergy with SREBP-1c to control
lipogenic enzyme expression (Postic et al. 2007). ChREBP is a transcription factor
of the b-HLH/LZ family of which transcriptional activity is induced by high
glucose concentrations (Yamashita et al. 2001). In the liver, it has been shown that
glucose increases ChREBP mRNA expression, its nuclear translocation and
binding to promoters of its target genes. Only a few studies have addressed the role
of ChREBP in the control of lipogenesis in the adipose tissue. ChREBP is
expressed in white adipose tissue in rodents and its expression is stimulated by
refeeding mice with carbohydrates. In 3T3-L1 adipocytes, ChREBP expression is
increased by glucose and insulin and inhibited by fatty acids (He et al. 2004).
Global invalidation of ChREBP leads to a decrease in hepatic lipogenesis (Iizuka
et al. 2004). These mice also present smaller adipose tissue fat pads but it is
unclear whether this is due directly to a reduced adipose tissue lipogenesis or
indirectly to a reduced hepatic lipogenesis. Interestingly, crossing ChREBP-/-
mice with ob/ob mice causes a reduction in the size of fat depots in knockout mice
compared with ob/ob mice (Iizuka et al. 2006).

Lipogenesis in Human Adipose Tissue

The contribution of de novo synthesis of fatty acids in the accumulation of
triglycerides in human adipocytes is very controversial. It was previously estab-
lished that lipogenesis is nearly absent in human adipose tissue (Shrago et al. 1969;
Patel et al. 1975; Galton 1968). More sophisticated measures using radioactive
tracers have shown that there is indeed a lipogenic capacity in human white
adipose tissue but much lower than in the liver (Diraison et al. 2003). Since
lipogenesis is induced by carbohydrate-rich diets, several groups have studied how
the lipogenic flux changes in the liver and adipose tissue of individuals eating such
a diet for a few days. The results are contradictory. Indeed, some studies show that
de novo lipogenesis is more active in liver than in adipose tissue and that its
activity is not stimulated by a high carbohydrate diet in the latter (Diraison et al.
2003). Other studies show instead that over-eating carbohydrates in healthy
individuals leads to an activation of the whole body lipogenesis and that this
increase can only be explained by an increased lipogenesis in adipose tissue
(Acheson et al. 1988; Aarsland et al. 1997). The results on the expression of
lipogenic enzymes are also controversial as Minehira et al. (2004) reported an
increased expression of SREBP-1c and FAS in adipose tissue of subjects fed a
high-carbohydrate diet (Minehira et al. 2003) while two other studies have shown
that the expression of these two genes is not affected (Letexier et al. 2003; Diraison
et al. 2002). However, it is important to underline that human adipocytes express
all enzymes and transcription factors required for de novo synthesis of fatty acids.
Indeed, human preadipocytes are able to differentiate into mature adipocytes in the
absence of any exogenous source of fatty acids in the culture medium (Hauner
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et al. 2001). In this cell culture model, the expression of SREBP-1c and of lipo-
genic enzymes is induced in the presence of insulin and glucose.

It is also important to point out that the de novo synthesis of fatty acids is much
lower in adipose tissue of obese individuals compared to healthy subjects
suggesting that lipogenesis contributes weakly to triglycerides accumulation in
obesity (Diraison et al. 2002; Minehira et al. 2004). The group of K. Frayn has
shown that within the same fat depot of a healthy subject, the expression of
lipogenic enzymes as well as end-products of lipogenesis (palmitic acid, stearic
acid) are inversely correlated with adipocyte size (Roberts et al. 2009). These
authors suggest that small adipocytes use de novo lipogenesis to begin the process
of lipid accumulation, with pathways for uptake of extracellular fatty acids
becoming more important as the cells develop. In support of this hypothesis, it has
indeed been shown that the lipogenic capacity of human fetal preadipocytes was
very high (Dunlop and Court 1978).

In conclusion, the role of lipogenesis in the storage of triglycerides in human
adipocytes is still debated although as underlined above, the human adipocyte
possesses all the enzymes necessary for de novo synthesis of fatty acids.

Fatty Acid Activation into Acyl-CoA

In order to be metabolized either for triglyceride synthesis, phospholipid remod-
eling or oxidation, fatty acids must be transformed into acyl-CoA. In addition to
the FATP family (see above), another family of fatty acid activating enzymes,
acyl-CoA synthetase (ACS) has been characterized (Ellis et al. 2010). Five
different isoforms of ACS were identified which are expressed differentially
according to the tissue considered. They can activate fatty acids with chain lengths
from 12 to 20 carbons and their structure predicts that they are membrane proteins.
In adipocytes, ACS1 is the major ACS isoform. It has been localized in various
subcellular compartments, plasma membranes, lipid droplets, microsomes, mito-
chondrial membranes, and even GLUT4 containing vesicles (Soupene and
Kuypers 2008). ACS1 expression is dramatically increased during adipocyte dif-
ferentiation and is a target of PPARc (Tontonoz et al. 1995). Invalidation of ACS1
in the adipocyte cell line 3T3-L1 did not affect long chain fatty acid uptake,
triglyceride concentration, and lipid droplet size but enhances the lipolytic rate
suggesting that an important role of ACS1 could be to re-esterify fatty acids arising
from lipolysis (Lobo et al. 2009). The authors of this study thus suggested that
FATP could be the major fatty acid synthetase for fatty acids coming from the
plasma. This remains to be confirmed in adipocytes from adipose tissue.
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Triglyceride Synthesis

Once activated into acyl-CoA, fatty acids can be stored in the form of triglycer-
ides. Two synthetic pathways are used in cells to synthesize triglycerides
(Fig. 8.3). The first one uses monoacylglycerol as a starting point. It begins with
the acylation of monoacylglycerol with an acyl-CoA by a monoacylglycerol
transferase. This pathway is predominant in enterocytes. It must be underlined that
LPL produces monoacylglycerol molecules which can be transported inside adi-
pocytes and are usually converted there into glycerol and fatty acids by a mono-
acylglycerol lipase (Fredrikson et al. 1986). Thus, the main biosynthetic route in
adipocytes involves as a starting point glycerol-3-phosphate and was first descri-
bed by E. Kennedy and colleagues in the 1950s. This pathway starts with the
esterification of a first acyl-CoA on a molecule of glycerol-3-phosphate to form
lysophosphatidic acid, then of a second acyl-CoA to form phosphatidic acid.
Phosphatidic acid is dephosphorylated to form a diacylglycerol and the third acyl-
CoA is then added to yield a triglyceride (Fig. 8.3). We will review successively
the enzymes involved as well as the pathways allowing the production of glycerol-
3-phosphate. This topic cannot be fully detailed due to the huge amount of data
generated on this pathway and we have tried to be as synthetic as possible. It must
be pointed out that in addition to their role as intermediates in the synthesis of
triglycerides, lysophosphatidic acid, phosphatidic acid, and diacylglycerol have
cellular functions as structural molecules, second messenger or precursor of
glycerophospholipids, such as phosphatidylinositol, phosphatidylcholine, phos-
phatidylserine, cardiolipin, phosphatidylethanolamine which are all important
components of cellular membranes. This aspect will not be developed here.

Glycerol-3-phosphate Acyltransferase

The first step in triglyceride synthesis is catalyzed by Glycerol-3-phosphate
acyltransferases (GPAT) and is the acylation of sn-glycerol-3-phosphate (sn for
stereospecific numbering due to the presence of the chiral carbon 2) to form
lysophosphatidic acid or 1-acyl-sn-glycerol-3-phosphate. Four isoforms of GPAT
have been cloned. GPAT1 and 2 are localized at the outer mitochondrial mem-
brane whereas GPAT3 and 4 are localized in the endoplasmic reticulum (Takeuchi
and Reue 2009; Wendel et al. 2009). The four isoforms have putative trans-
membrane domain and the transmembrane structure has been confirmed for the
GPAT1 isoform. Their respective importance in adipose tissue triglyceride
synthesis is not clear. The highest expression of GPTA1 is observed in liver and
adipose tissue. However, in the latter it does not represent more than 10 % of total
GPAT activity. Although localized on the outer mitochondrial membrane it could
nevertheless contribute to triglyceride synthesis as shown in the liver. GPTA1 has
a preference for saturated fatty acids. GPAT1 mRNA increases 10-fold during
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adipose tissue differentiation and its expression is upregulated by insulin probably
through the activation of the transcription factor SREBP-1c (Takeuchi and Reue
2009). The mitochondrial isoform GPAT2 is poorly expressed in adipose tissue.

GPAT3 is localized to the endoplasmic reticulum and is highly expressed in
rodent adipose tissue but to a lower level in human adipose tissue. It has a broad
substrate specificity for long-chain fatty acyl-CoAs since it accommodates satu-
rated and unsaturated fatty acids. Its expression increases 60-fold during the
differentiation of 3T3-L1 cells into adipocytes. It is also increased in the adipose
tissue of ob/ob mice by a PPAR c ligand (thiazolidinedione). Interestingly, a
decreased expression of GPAT3 in 3T3-L1 adipocyte using siRNA induces a large
decrease in the incorporation of fatty acids into lysophosphatidic acid (Takeuchi
and Reue 2009). GPAT4 is also localized to the endoplasmic reticulum but its
quantitative role in triglyceride synthesis is questionable in adipose tissue.

In summary, GPAT3 and to a lower extent GPAT1 could represent the main
enzymes involved in the synthesis of lysophosphatidic acid.

1-acylglycerol-3-phosphate O-acyltransferase

1-acylglycerol-3-phosphate O-acyltransferase (AGPAT) adds an acyl-CoA to the
sn-2 position of 1-acylglycerol-3-phosphate and converts lysophosphatidic acid
into phosphatidic acid. Two main isoforms have been described and characterized

Fig. 8.3 Triglyceride synthesis pathway in adipocytes. In adipocytes, the glycerol-3-phosphate
pathway is predominant over the monoacylglycerol pathway whereas it is the converse in
enterocytes. The most relevant isoforms of the different enzymes are indicated. It is underlined
that intermediates of the pathway are precursors of other lipid species or can serve as second
cellular messenger. AGPAT, 1-acylglycerol-3-phosphate O-acyltransferase; DAG, diacylglyc-
erol; DGAT, diacylglycerol acyl transferase; GPAT, Glycerol-3-phosphate acyltransferase;
MGAT, monoacylglycerol transferase; LIPIN, lipin or phosphatidic acid phosphatase; LPA,
lysophosphatidic acid; PA, phosphatidic acid
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(AGPAT1 and 2) although a number of other isoforms exist but probably with
lower specificity for lysophosphatidic acid (Takeuchi and Reue 2009). AGPAT1
and 2 are transmembrane proteins localized in the endoplasmic reticulum.
AGPAT1 is expressed in most tissues including adipose tissue and its overex-
pression in 3T3-L1 adipocytes increases oleate incorporation into phosphatidic
acid.

AGPAT2 is clearly involved in triglyceride synthesis in human adipose tissue.
Mutations in its gene are responsible for one type of the Berardinelli-Seip
congenital generalized lipodystrophy characterized by an absence of adipose tissue
present from birth or occurring in early infancy, an hypertriglyceridemia, an
hepatic steatosis and a severe insulin resistance (Agarwal et al. 2002; Magre et al.
2003). Interestingly, mechanic adipose tissues (e.g. retro-orbital, periarticular) are
not affected suggesting that other AGPAT isoforms can be involved in these
specialized adipose tissues (Simha and Garg 2003). A model of AGPAT2
knockout mice has been developed which confirms the findings in humans. One
obvious question is the reason why an hepatic steatosis (accumulation of
triglycerides) is nevertheless present despite the fact that residual hepatic AGPAT
activity is only 10 % in AGPAT2 knockout mice. In fact in AGPAT2 knockout
mice there is a huge induction of monoacylglycerol acyl transferase 1 activity
suggesting that a monoacylglycerol pathway similar to that present in intestine
could compensate for the AGPAT2 deficiency (Cortes et al. 2009).

Phosphatidate Phosphohydrolase (Phosphatidic
Acid Phosphatase)

The next step is then the Mg2+-dependent dephosphorylation of phosphatidic acid
(PA) to form diacylglycerols. The phosphatidic acid phosphatase activity is
achieved by a family of proteins called lipins with three isoforms (Takeuchi and
Reue 2009). Lipins are cytoplasmic proteins and they need to translocate to the
endoplasmic reticulum since their substrate, phosphatidic acid is an insoluble lipid
found in membranes. In adipose tissue, lipin 1 is the most important isoform. An
alternative splicing leads to three proteins with only two possessing a phosphatase
activity. Lipin 1 alpha can be found in the nucleus whereas lipin 1 beta is cyto-
plasmic. The role of lipin 1 in triglyceride synthesis was demonstrated in rodents
since its gene was initially identified as responsible for the BALB/cByJ-fld mouse
phenotype (fatty liver dystrophy) leading to a severe lipodystrophy and fatty liver
(Peterfy et al. 2001) (in the liver the phosphatidic acid phosphatase activity is only
partially reduced due probably to the presence of lipin 2). Conversely, specific
overexpression of lipin 1 in the adipose tissue in mice leads to a marked increase in
triglyceride storage (Phan and Reue 2005). In humans, mutations affecting both
lipin 1 and 2 have been described. They are not concomitant with lipodystrophy
but with rhabdomyolysis (muscle disease) for the former (Zeharia et al. 2008) and
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an inflammatory disorder, the Majeed syndrome, for the latter (Al-Mosawi et al.
2007). In fact, it has been suggested that an accumulation of phosphatidic acid
(the substrate of lipins) could be responsible for the phenotypes due to its
numerous roles in cell signaling pathways.

Lipin 1 mRNA is strongly induced during 3T3–L1 adipocyte differentiation
(Peterfy et al. 2001). It is also regulated positively by glucocorticoids in adipocytes
and negatively by proinflammatory cytokines. Translocation of lipin 1 from the
cytosol to its site of action is stimulated in hepatocytes by fatty acids (specially
unsaturated fatty acids) by an unknown mechanism (Gomez-Munoz et al. 1992).
Paradoxically insulin has the reverse effect possibly through an mTOR-mediated
phosphorylation (see also below) but this needs to be confirmed. The exact
mechanism for the translocation of lipin 1 in adipocytes thus remains to be
elucidated. The role of Lipin 3 which is expressed at low levels in visceral tissues
is probably minor in adipose tissue.

As mentioned above, lipin 1 is also found in the nucleus and a role for lipins as
co-activators/repressors of transcription factors has been described. Lipin 1
increases the transcriptional activity of PPARc 2 via a direct physical interaction
(Finck et al. 2006). A decreased expression of lipin using siRNA impedes the
differentiation of 3T3–L1 preadipocytes (Koh et al. 2008). A recent paper
(Peterson et al. 2011) suggests that when phosphorylated in an mTOR-dependent
way, lipin 1 is excluded from the nucleus. This favors the expression of lipogenic
enzymes since lipin 1 represses SREBP1c transcriptional activity.

Diacylglycerol Acyltransferase

In the final reaction of the pathway, a diacylglycerol and a fatty acyl-CoA
molecule are condensed at the sn-3 position to form a triglyceride. This reaction
catalyzed by a diacylglycerol acyl transferase (DGAT) is common to both
monoacylglycerol and glycerol-3-phosphate pathways. A DGAT activity is found
essentially in the endoplasmic reticulum. The most common view is that the
triglycerides synthesized are released in the membrane lipid bilayer where they
will participate in the formation of lipid droplets (see chap. 9).

Two non-homologous genes have been described, DGAT1 and DGAT2
(Yu and Ginsberg 2004; Yen et al. 2008). DGAT1 protein possesses several
putative transmembrane domain and works as a tetramer. DGAT 2 has one or two
transmembrane domains with an active site on the cytoplasmic side of the endo-
plasmic reticulum (ER) membrane. DGAT1 and 2 proteins are highly expressed in
adipose tissue both in humans and rodents as well as in other tissues with a high
rate of triglyceride synthesis, such as liver, intestine, and lactating mammary
gland. DGAT1 and 2, although both at the ER membrane have different locations
in the cell. It has been suggested (but not fully demonstrated) that DGAT2 acts on
products of the lipogenic pathway, whereas DGAT1 would rather esterify exog-
enous fatty acids (Yen et al. 2008). In addition, it has been suggested from

8 Mechanism of Storage and Synthesis of Fatty Acids and Triglycerides 115

http://dx.doi.org/10.1007/978-2-8178-0343-2_9


competition assays that DGAT 2 has a substrate preference for monounsaturated
substrate when compared to saturated ones, whereas it is not the case for DGAT1
(Yen et al. 2008).

DGAT1 and 2 mRNA strongly increase during 3T3-L1 preadipocyte differen-
tiation and DGAT1 expression is increased in adipocytes by a PPARc agonist.
In addition, insulin regulates positively DGAT1 expression in 3T3-L1 adipocytes
and glucose increases the expression of both DGAT1 and 2 in the same model
(Yen et al. 2008). Finally, acylation stimulating protein (ASP) a protein produced
by adipocytes, released upon activation of the complement pathway by interaction
of complement factor C3 with factor B and adipsin, increases the DGAT activity in
adipose tissue (Yasruel et al. 1991; Saleh et al. 2011).

To our knowledge, there is no adipose tissue-specific deletion of DGATs.
Increasing the expression of DGAT1 specifically in adipose tissue in mice using an
aP2 promoter leads to higher fat pad weights and larger adipocytes.

In summary, enzymes involved in triglyceride synthesis have for most of them
several isoforms with slightly different biochemical properties, expression, regula-
tion, and localization (tissue and subcellular). This is probably the consequence of
the fact that they act on a large number of different substrates (the different fatty acids
found in triglycerides) and that the Kennedy pathway also feeds other important
biochemical routes such as phospholipid synthesis and lipid second messenger
production (diacylglycerol and lysophosphatidic acid for instance) (Fig. 8.3).

Availability of Glycerol-3-phosphate

Since there is a negligible glycerol kinase activity in adipose tissue, it was
accepted that in adipocytes glycerol-3-phosphate comes from glucose metabolized
in glycolysis through the reduction of the glycolytic intermediate dihydroxyace-
tone phosphate. However, an alternative pathway has emerged from the initial
finding that some enzymes of the liver gluconeogenic pathway, namely pyruvate
carboxylase and phosphoenolpyruvate carboxykinase (PEPCK) were also present
in adipose tissue (Ballard et al. 1967) and that pyruvate could be incorporated into
glycerol-3-phosphate. This pathway, which utilizes the first steps of gluconeo-
genesis was named glyceroneogenesis. In addition to liver cells, PEPCK was
found expressed in all cells with a high fatty acid esterification activity, such as
adipocytes, enterocytes, and lactating mammary gland. Glyceroneogenesis was
initially seen as allowing to provide glycerol-3-phosphate in fasting conditions
since part of the fatty acids released by the lipolytic process are re-esterified at a
time (fasting) when glucose availability and transport into the adipocytes are low
(Nye et al. 2008). It was later demonstrated that even when mice are fed with a
high carbohydrate diet, about 30 % of glycerol-3-phosphate arises from glycero-
neogenesis, a percentage which rises to 70 % when mice are fed with a high fat
diet (Bederman et al. 2009). The PEPCK promoter contains a response element for
PPAR gamma and is activated by thiazolidinediones in adipose tissue (Tontonoz
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et al. 1995; Hallakou et al. 1997). Finally, overexpression of PEPCK in mouse
adipose tissue induces an increase in fatty acid esterification, adipocyte size, and
fat mass (Franckhauser et al. 2002).

Conclusion

Lipid storage in adipocytes is essential for energy homeostasis and has probably
played a major role in the survival of our species. As described in this chapter, it
involves complex mechanisms, which for some of them are also implicated in
other metabolic pathways.

It is tempting to pharmacologically target one or several steps of triglyceride
synthesis to modulate fat accretion in the context of the increasing prevalence of
obesity. However, since the adipocyte is the only cell really specialized in fat
storage this may have dramatic consequences by forwarding fatty acids toward
other tissues and triggering lipotoxicity (as seen for instance in lipoatrophic
disorders linked to DGAT mutation). In addition, this may strongly affect the
concentration of metabolic lipid intermediates themselves involved in side
pathways including cell signaling. This is perfectly illustrated, as described above,
by mutations in lipins which induce rhabdomyolysis or inflammatory syndrome.
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Chapter 9
Adipocyte Lipid Droplet Physiology

Isabelle Dugail and Soizic Le Lay

Introduction

The management of energy is a crucial issue for cells, and the intermittent storage is
a fruitful strategy to survive short periods of nutritional scarcity. In this regard, all
eukaryotic cells, from yeasts to mammalians, have the ability to accumulate fat and
built up lipid droplets when faced with lipid load. Those lipid droplets are filled
with neutral lipids, which are the best molecules for energy storage, as totally
hydrophobic structures with a fatty acid backbone containing a large number of
carbons to be oxidized in mitochondria for ATP production. By analogy with
glycogen granules, which also constitute a form of energy storage from glucose,
lipid droplets were long considered as inert intracytoplasmic deposits. However, in
the last years, our knowledge on the biology of intracellular lipid droplets improved
dramatically, and it became apparent that lipid droplets could no longer be con-
sidered as simple reservoir of lipids, buffering and sequestering neutral lipids from
aqueous compartments but dynamic intracellular organelles. Several recent reviews
provide extensive updated information on this subject (Farese and Walther 2009;
Murphy et al. 2009; Thiele and Spandl 2008; Goodman 2008). During evolution,
the widespread ability to form lipid droplets evolved toward the emergence of a
specialized cell type, the adipocyte, whose function is entirely devoted to the
management, and packaging of lipid stores. In adipocytes, a striking feature is the
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over importance of the lipid droplet that becomes the most prominent intracellular
organelle, occupying a central cell position, and filling almost all the cytoplasm.
This makes the adipocyte lipid droplet a prototype for the study of lipid storage
organelles, and this chapter will review how the study of adipocytes contributed to
increased knowledge on the general process of lipid storage. In addition, we will
also focus on distinctive properties of adipocyte lipid droplets, and especially their
unique ability to efficiently sequester fatty acids, that emerged as an important
parameter to limit the spilling out of lipids outside of adipose tissue. In this regard,
adipose tissue lipid storage is now at the center of the stage, with the burst of
epidemic obesity and related metabolic diseases. In this perspective, consequences
of increased filling of lipid droplets in adipocyte biology need to be fully estimated.
In particular, the question of whether metabolic complications of obesity, leading to
low grade obesity-associated inflammatory response, type 2 diabetes and cardio-
vascular diseases are related to a failure of adipocyte to expand their lipid droplets,
or a breakdown of the lipid droplet barrier leading to the spillover of fatty acids with
lipotoxic effects in peripheral tissues has to be investigated.

Birth and Death of a Lipid Droplet

Lipid Droplet Organelle: A Protein-Decorated Phospholipid
Monolayer Surrounding a Neutral Lipid Core

The development of the electron microscopy as a tool to examine intracellular
structural organization with extraordinary resolution has revealed extreme
compartmentalization of intracellular space, and defined cell organelles as
membrane-limited structures. In this regard, intracytoplasmic lipid deposits did not
meet the criteria required for organelle definition, as they do not appear to be
surrounded by clear membrane structures resembling electron dense double
leaflets. At the best, close apposition with other organelles such as endoplasmic
reticulum (ER) or mitochondria has been frequently observed, which could not
suffice to decipher on their organelle nature. However, from a physical point of
view, it can be hardly conceivable that neutral (nonpolar) lipids could float freely
in the cytoplasm, without a protein shell or a polar lipid interface.

In 2002, observation of an hemi-phospholipid membrane at the lipid droplet
surface by the use of cry-oelectron microscopy at liquid-helium temperature on
isolated lipid droplet preparations (without any treatment with stain or fixative)
clearly establishes the unique organelle status of lipid droplets. Under these
conditions, the lipid droplet surface could be seen as an electron dense thin line
(2,5 nm of thickness) closely resembling one of the two parallel leaflets seen at the
surface of a vesicle (Tauchi-Sato et al. 2002). Analysis of fatty acids composition
of lipid droplets from hepatoma cells (HepG2) pointed out an original lipid
composition differing from those of the ER and plasma membranes with a unique
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phospholipids arrangement and specific enrichment with free cholesterol. Mass
spectrometry analysis also revealed that phosphatidylcholine (PC) is the major
phospholipid of the lipid droplet surface, characteristics which are conserved over
species ranking from yeast to mammalian cells (Grillitsch et al. 2011; Blouin et al.
2010). This membrane-like structure delimits the lipid droplet core where
triacylglycerols are the predominant lipid ester in adipocytes (Fig. 9.1).

Identification of specific proteins selectively decorating the phospholipid
monolayer illustrates the unique structure of this membrane organelle (Fig. 9.1).
Most abundant lipid droplet-associated proteins constitute the PAT (Perilipin-
ADRP-TIP47) family, renamed perilipin family (Kimmel et al. 2010). Perilipin1,
as the founding member, was identified in 1991 (Greenberg et al. 1991) in
adipocyte fat cakes, and served to define a larger family by sequence homology,
conserved from drosophila to humans. Interestingly, the conserved PAT domain is
not required for lipid droplet targeting, but all perilipin proteins identified so far by
sequence homology have been shown in morphological studies to interact with
lipid droplets. Perilipin proteins are generally believed to operate as shells on lipid
droplets, with packaging properties that protect the neutral lipid core from
hydrolysis by cytoplasmic lipases (Bickel et al. 2009).

Finally, proteomic studies on adipocytes lipid droplets, (Brasaemle et al. 2004)
but also isolated from other cell types (for review (Zehmer et al. 2009)], have
defined a larger than expected panel of proteins in the lipid droplet proteome.
Indeed, proteins that associate to the lipid droplet surface are not restricted to the
perilipin family, or even only related to lipid metabolism. Indeed, a large variety of

Fig. 9.1 Lipid droplet structure. Lipid droplet surface is a phospholipid monolayer where
diverse proteins are inserted. This envelope has a specific lipid composition with phosphatidyl-
choline (PC) being the major phospholipid and presents a specific enrichment in free cholesterol.
This lipid droplet membrane surrounds the neutral lipid droplet core where triacylglycerol and
cholesterol esters are stored
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signaling molecules (caveolins, PKC, and Ras), membrane trafficking proteins
(Arf1, Rab, and Rho proteins), cytoskeleton proteins (actin, filamin A, and myosin
heavy chain), enzymes (alcohol dehydrogenase, DGAT), chaperones, and proteins
associated with cellular organelles have been repeatedly described in independent
proteomic analyses using different cell types as lipid droplet sources. It is likely
that the list of lipid droplet-associated protein will further increase since new mass
spectrometry technologies (such iTraq) are emerging; they will allow direct
identification of proteins skipping the electrophoretic separation step. Although the
precise function of many of these new lipid droplet proteins has not yet been
clearly defined, this observation underlines the dynamic aspect of lipid droplets
and the importance of communications with other intracellular compartments
through specific interactions (Murphy et al. 2009).

Lipid Droplet Importance in Adipocyte Organization
and Relation to Other Organelles

Due to their large unilocular lipid droplet, adipocytes present a unique morphology
where the cytoplasm is under represented. Such an anatomy makes the lipid
droplet stuck in the cell, with limited movements. Whereas nonadipocyte lipid
droplets (within 1 lm of diameter) have been shown to move along microtubules
(Welte 2009), adipocytes lipid droplets are enwrapped in a vimentin meshwork
(Franke et al. 1987) which might guarantee the structural integrity of this big
organelle.

Large lipid droplets in adipocytes are in close vicinity with the plasma
membrane and electron microscopy images often show a less than 200 nm
cytoplasmic space to the plasma membrane. Thus, privileged connections might
exist favoring lipid storage. Especially, abundant caveolae 50–100 nm invagin-
ations, specific subclasses of lipid rafts, could be viewed as portal entry for lipids
(Parton et al. 2002). Several receptors involved in fatty acid uptake, like CD36 or
FATP4, are enriched in caveolar membranes [for review (Pilch and Liu 2011)].
Moreover, by analogy with neutral lipid synthesis in bacteria, it has been suggested
that triglycerides might be synthesized within these structures that were shown to
contain DGAT (Ost et al. 2005), subsequently contributing to the unilocular
neutral lipid pool by an unknown mechanism. In addition to the obvious link
between lipid droplets and ER (see above), adipocyte lipid droplet connection with
other organelles is also suggested by morphological studies. Mitochondria are
often closely apposed to lipid storage compartment, but no specific protein
complex indicative of the presence of contact points, like those linking ER to
mitochondria referred as MAM (mitochondria-associated membrane) has been
described so far.
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Lipid Droplet Biogenesis

Although no direct observation of nascent lipid droplet has ever been made, many
evidence suggest that lipid droplets would emerge from the ER membrane.
Electron micrographs clearly show a close opposition between ER membrane and
the lipid droplet, most of the time adipocyte lipid droplet being enwrapped in ER
membranes (Blanchette-Mackie et al. 1995). The image of the egg (lipid droplet)
laying on its egg cup (ER enwrapping membrane) has even been proposed
following freeze-fracture views of lipid droplet/ER membrane association
(Robenek et al. 2006). Such close apposition is likely to favor a transfer of lipids to
growing lipid droplets, considering the presence of lipid ester synthesizing
enzymes in the ER.

Assuming that droplets emerge from the ER, the obvious question is: how can a
membrane bilayer give rise to a phospholipid monolayer? The prevailing model
hypothesizes that lipid esters will accumulate between the two leaflets of the ER
and when reaching a critical size, the nascent lipid droplet would be pinched off
from the outer leaflet of the ER membrane to become an independent organelle
[for review see (Murphy and Vance 1999; Martin and Parton 2006)] (Fig. 9.2).
However, this model has been questioned by the fact that transmembrane proteins
(like class I MHC molecule) or ER proteins with their amino-terminal domain
luminally exposed (Calnexin or BiP) have been identified on lipid droplets surface.
This lead Ploegh H. to propose an alternative model speculating that lipid droplets
can form from both leaflets of the ER membrane by excision of a ‘‘bicelle’’
(Ploegh 2007). Therefore, the excised lipid droplet would, then, be surrounded by
cytoplasmic and luminal leaflets of the ER membranes leaving a transient hole in
the ER phospholipid monolayer. Such an excision mechanism is compatible with
the escape of viruses (like polyoma or simian virus) on large assembled particles.
This model also allows the creation of a « wrinkled » surface which would
explain the presence of integral proteins on the lipid droplet surface (Fig. 9.2).
However, this questioned about the consequences of transient pores formed in the
ER, which could alter the local redox environment and the targeting of newly
formed lipid droplets toward cytoplasm rather than the ER lumen.

So far, no direct evidence has allowed favoring one of these models. Moreover,
observations of membranous structures and/or hydrophilic proteins (like caveolins)
within the lipid esters core by freeze-fracture electron microscopy (Robenek et al.
2004) still questioned the lipid droplet biogenesis process.

Death of a Lipid Droplet by Autophagy: Lipophagy

To establish the dynamics within the stable population of adipocytes in adults,
Peter Arner’s team developed a method that is based on the incorporation of 14C
from nuclear bomb tests into genomic DNA and adipocyte lipids. By this means,
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it has been calculated that a human adipocyte can live for about 10 years (Spalding
et al. 2008), and that during this lifespan, its triglycerides are renewed six times
(Arner et al. 2011). Moreover, obesity neither changes the adipocyte half live, nor
cell death rate in adipose tissues. Thus, increasing lipid droplet size does not
promote apoptosis in adipocytes.

What are the main pathways leading to lipid droplet fat mobilization? It has
been recognized for a long time that cytoplasmic lipases, that can be activated by
fasting conditions, are the main players in this process called lipolysis. Basically,
our knowledge on fat mobilization is now quite extensive, due to the discovery of
perilipins acting as lipases anchoring proteins on lipid droplets, and of new lipases
such as ATGL (Zimmermann et al. 2004). The detailed description of the lipolysis
process is extensively discussed in Chap. 10.

Although the importance of the use of cytoplasmic lipases for lipid droplet
degradation is not questionable, another lipid droplet degradation process has been
recently described and referred to lipophagy (Singh et al. 2009a). It is well-known
that autophagy is a key mechanism to recycle damaged organelles within cells by
sequestering cargos in autophagosomes for delivery to lysosomes. Similarly,
lipophagy uses the autophagic machinery to degrade lipid droplet organelles in
which lipids are hydrolyzed by lysosomal lipases. On the basis of lipid accumu-
lation phenotype in mice with liver-specific invalidation of key autophagic genes
(atg5, atg7), this process was first demonstrated to regulate lipid metabolism in
fasting hepatocytes, which comprise abundant lipid droplets and have low cyto-
plasmic lipase activities (Singh et al. 2009a). Similar tissue-specific invalidation
approaches failed to demonstrate active lipophagy in adipose tissue, since it
compromised white adipocyte differentiation and led to brown-like fat cells (Singh
et al. 2009b; Zhang et al. 2009; Baerga et al. 2009). Noteworthy, simultaneous
knockout of the two main adipocyte lipases HSL and ATGL can abrogate more

Fig. 9.2 Models of lipid-droplet biogenesis from the endoplasmic Reticulum. Newly synthesized
neutral lipids accumulate between the two leaflets of the ER. Nascent lipid droplet may emerge by
budding from the outer leaflet of the ER (model 1) or by excision of the entire lipid lens (model 2)
leaving a transient hole in the ER membrane
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than 90 % of lipolytic activity in fat, making it unlikely that lipophagy plays a
major role in lipid mobilization from adipocytes (Schweiger et al. 2006). However,
it cannot be excluded that lipophagy might be a substitute to impaired lipolysis.
Indeed, caveolin null mice are unable to mobilize fatty acids upon adrenergic
stimulation exhibit active autophagy in adipocytes (Le Lay et al. 2010).
Additionally, lipophagy has also been shown to be active in cholesterol ester-
loaded macrophages, and promote cholesterol efflux (Ouimet et al. 2011).
Therefore, increasing evidence is suggesting that lipid mobilization by autophagy
might play an important physiological role in different cell types, still requiring
further investigations.

Lipid Droplets as Intracellular Organelles
with Changing Sizes

Lipid Droplet Filling With Neutral Lipids

Fatty acids to be stored in lipid droplets generally derive from extracellular sources
in most cell types, except in the liver and adipose tissue of rodents, which exhibit a
noticeable ability for de novo lipogenesis from glucose precursors. Thus, the
extraction of fatty acids from the blood stream, where they are incorporated in
lipoproteins, is a major determinant for cellular utilization and potential ending in
the lipid droplet storage compartment. Free fatty acids uptake after triglyceride
rich lipoprotein hydrolysis by endothelium-associated lipoprotein lipase in the
vessel walls is a critical step, that can also participate in the channeling of fatty
acids to particular cell types such as adipocytes or muscles. Alternatively, some
fatty acids can also be provided by endocytosis of lipoprotein particles such as
LDL (Low Density Lipoprotein) in cells that expose endocytic lipoprotein
receptors on their surface. Processes controlling fatty acid availability are tightly
regulated by nutritional conditions and hormones, whereas those regulating fatty
acids entry by specific transport are much less clearly elucidated. Subsequently,
intracellular fatty acids need to be activated (by addition of a coenzymeA group)
for subsequent cell utilization. Potential storage is related to their stepwise
esterification onto a glycerol backbone to form triacylglycerol. Noteworthy,
whereas fatty acids that are to be used for oxydation are diverted from this
metabolic route at early steps after activation, the metabolic fate of fatty acids
which will be stored as triacylglycerols or which will be used for membrane
phospholipid synthesis follows first a common pathway which diverges only at its
very last step from diacylglycerols to triacylglycerols or phospholipid synthesis.
Thus, energy storage and glycerol-based phospholipid synthesis are tightly linked.
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Coupling Lipid Storage and Phospholipid Synthesis
for Lipid Droplet Expansion

Lipid droplets provide an interesting example of rapid and reversible changes in
organelle size. During storage and lipid droplet expansion, massive amounts of
neutral lipids are deposited in the lipid droplet core and phospholipids have to be
added on their surface to maintain organelle structure. Although it has been
suggested that lipid droplet growth might occur by fusion, this event is not fre-
quently observed in living cells. Moreover, the fusion of two lipid droplets to give
rise to a larger one would not increase the absolute amount of neutral lipid since
the core volume of the resulting one would be equal to the sum of the unfused
droplets (Ohsaki et al. 2009), but would rather result in an excess of surface
phospholipids and extra monolayer by volume/surface ratios.

The current view on lipid droplet growth rather suggests that it occurs through
neutral lipid accretion, which implies a coupling with phospholipid surface
addition. In agreement, DGAT2, the triacylglycerol forming enzyme has been
shown to localize not only in ER but also to lipid droplets (Kuerschner et al. 2008).
Moreover, the presence of phospholipid remodeling enzymes has been demon-
strated on lipid droplets (Moessinger et al. 2011), and a recently published study
(Krahmer et al. 2011) provides a fascinating explanation of the way how
expanding lipid droplets accommodate more neutral lipids and consequently
increase their phospholipid surface. According to this work, increasing the core
volume of the lipid droplet disrupts surface phospholipid (mainly PC) organization
thus leading to surface exposure of core lipids. This serves as a signal for the
recruitment of a protein, CTP: phosphocholine cytidylyltransferase (CCT) onto
lipid droplets, an event that causes the activation of the enzyme which catalyzes
the rate limiting step in PC biosynthesis. As a result, more PC is produced when
lipid droplets expand, which can serve to maintain organelle homeostasis for lipid
packaging. Although this model was established in nonadipose cells, it provides a
view in which lipid droplet storage function tightly connects with lipid metabolism
and intracellular membrane maintenance. Such a lipid droplet-centered conception
of the overall cell organization might be of particular importance in adipocyte
biology with respect to alterations that follow excessive lipid deposition in obesity
and metabolic diseases.

Lipid Droplet Fusion and Fragmentation

Neutral lipids particles have a natural propensity to coalesce in a hydrophilic envi-
ronment. However, this process is rarely observed in living cells, even when
sophisticated imaging techniques are used (Murphy et al. 2010). This suggests that
some mechanisms exist to prevent lipid droplet coalescence in cells. Surfactant
properties of surface phospholipids and particularly PC might operate to counteract
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this process. This was shown in vitro on reconstituted lipid droplets with neutral
lipids mixed to different phospholipid ratios study (Krahmer et al. 2011). In vivo,
a lipid droplet morphology-based screen identified CCT1, a key enzyme in PC
biosynthesis as a key regulator of lipid droplet fusion, since invalidation of this
enzyme induced giant lipid droplets (Guo et al. 2008). One chapter (Boström et al.
2007) described lipid droplet fusion involving SNARE proteins, indicating a process
similar to vesicular fusion but this still remains controversial.

A noticeable exception to this scheme is the unilocular adipocyte lipid droplet
found in adipose tissue. Even in vitro models of differentiated adipocytes (like
3T3-L1) exhibit multiple lipid droplets never leading to a unique vacuole. Such
morphological differences have been so far attributed to the importance of a 3-D
environment, since the importance of stiffness exerted by the extracellular matrix
(ECM) in adipose tissue is of crucial importance for tissue-specific gene expres-
sion and morphology (Chun et al. 2006). Another possibility, considering the data
from Krahmer et al., could be insufficient PC to triglyceride ratios that would favor
unilocular lipid droplet (Krahmer et al. 2011).

Unlike fusion, lipid droplet fragmentation is well recognized to occur under
conditions favoring lipid mobilization (Marcinkiewicz et al. 2006). It is believed
that such a process would favor the access of lipases to their substrates by
increasing lipid droplet surface. It has been particularly described during lipolysis
in adipocytes suggesting a connection with cAMP signaling pathway. However,
the precise mechanism underlying this fragmentation process remains to be
elucidated.

Specificity of Adipocyte Lipid Droplets and Relevance
to Obesity-Associated Disorders

The Lipotoxic Hypothesis in the Pathogenesis
of Metabolic Diseases

Obesity is defined as the result of excessive adipose tissue lipid storage, and
represents a well-known risk factor for the development of type 2 diabetes mellitus
and cardiovascular diseases. Importantly, considerable differences exist between
obese individuals regarding concomitant lipid accumulation in nonadipose tissues.
In other words, some obese subjects maintain excessive lipid deposition within
their adipose tissue, whereas others also develop ectopic fat deposition within
nonadipose tissues, generally liver, muscle, or pancreas. In the recent years,
ectopic lipid accumulation was proposed as a possible link between obesity and its
metabolic complications (van Herpen and Schrauwen-Hinderling 2008). In this
respect, many deleterious metabolic effects have been documented since lipids
species such as free (nonesterified) fatty acids, ceramides, or diacylglycerols are
produced as intermediates in lipid synthesis. These molecules directly impede the
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transduction of the insulin signal, and are therefore potential causing factors for
peripheral insulin resistance. Moreover, lipid accumulation can alter insulin pro-
duction in pancreatic islets associated with the development of overt diabetes, or
produce cardiac dysfunction. Similarly, lipid overloading of macrophages from
cholesterol-rich lipoproteins drives the accumulation of spumous cells in the artery
wall, a key pathogenic event in atherosclerosis. Thus, an emerging paradigm in
metabolic disease points toward selective outcomes depending on the site where
the excess of fat is accumulated, with a protective role of fat deposition in the
specialized highly expandable adipose tissue, but detrimental effects of lipid
accretion in other sites.

Adipocyte-Specific Lipid Droplet-Associated Proteins
with Direct Functional Links to Metabolic Syndrome

Central to lipotoxic hypothesis is the notion that it is not equivalent to store fatty
acids within adipocyte or ectopic lipid droplets. A possible explanation for this
might be that intrinsic differences exist in lipid droplet composition between these
two situations. Accordingly, at least three classes of lipid droplet-associated
proteins are known to be present as specific isoforms in adipocytes and are not
found in other cells that ectopically accumulate lipids. These abundant adipocyte
proteins (perilipin1, FSP27 and caveolin-1) are described in further detail below
with particular attention to their role in lipid droplet biology. Noteworthy, their
essential role is underlined by the fact that their invalidation by gene targeting in
mice (Razani et al. 2002; Nishino et al. 2008; Tansey et al. 2001) severely impair
adipocyte lipid storage and produce lean animals that cannot expand their adipose
tissue properly. Moreover, patients with nonfunctional perilipin1 (Gandotra et al.
2011), caveolin-1 (Kim et al. 2008) or FSP27 (Rubio-Cabezas et al. 2009)
mutations develop severe lipodystrophic syndromes, and quasi absence of adipose
tissue, despite unaltered preadipocyte differentiation potential.

Perilipin1 in the Shielding of Lipid Droplets and the Control
of Fatty Acid Release

Perilipin1 is the best-characterized member in the PAT family, renamed perilipin
family (Kimmel et al. 2010). In relation to its adipose-specific expression and its
close association to the lipid droplet surface, it is now recognized as a central
regulator of lipid metabolism (Brasaemle 2007). Indeed, the absence of perilipin
expression in adipocytes severely impairs lipid mobilization by increasing fatty
acid release under basal unstimulated conditions (Tansey et al. 2001). Conversely,
ectopic expression of perilipin in cultured fibroblasts (in which it is not endoge-
nously expressed) increases cell triacylglycerol content by slowing the rate of
triacylglycerol breakdown (Brasaemle et al. 2000). Thus, it appears that perilipin
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can protect lipid droplets from accelerated degradation by cytoplasmic lipases.
Interestingly, in nonadipose cells that do not express perilipin, endogenous lipid
droplets are coated by ADRP (renamed perilipin2), another PAT family member
with ubiquitous expression (Brasaemle et al. 1997). So, in perilipin null adipo-
cytes, ADRP is likely to become the main lipid droplet coating protein (Tansey
et al. 2001). Changes observed between ADRP and perilipin coated lipid droplets
clearly indicate that ADRP cannot entirely substitute the perilipin function to limit
basal fatty acid release from lipid droplets. This difference might be important
when considering lipotoxic effects of lipid accumulation in nonadipose tissues,
since wrapping lipid droplets with ADRP instead of perilipin would be less effi-
cient at preventing free fatty acid spill over. In this regard, the expression profile of
the different members of the PAT family is intertwined and rather complex and
little is known of the factors that govern PAT protein-specific expression in dif-
ferent cell types. As a salient feature, perilipin expression is controlled by
PPARgamma, a master gene of adipocyte differentiation (Dalen et al. 2004). In
agreement, perilipin protein has been detected in steatotic human hepatocytes,
where PPARgamma expression is turned on (Straub et al. 2008). Whether perilipin
expression in some steatotic conditions protects liver cells from lipotoxic effects or
is linked to hepatic insulin resistance is not clear. An interesting possibility might
be that a gradual ability of PAT protein to protect cells from lipotoxicity exists
from the most efficient perilipin to less active ADRP and TIP 47 (perilipin3). In
agreement, a recent study shows that down regulation of ADRP and TIP47 by
siRNA in AML12 liver cells that do not express perilipin, induced insulin
signaling defects (Bell et al. 2008).

The role of perilipin is not limited to a protective scaffold against lipases. Upon
stimulation of lipolysis by catecholamines, perilipin is heavily phosphorylated by
protein kinase A (Greenberg et al. 1991), a feature that is not shared by other PAT
family members. Perilipin phosphorylation, through conformational changes,
facilitates maximal lipolytic activity of hormone sensitive lipase and adipose
triglyceride lipase (Brasaemle 2007). This suggests a model in which perilipin
serves as a dynamic scaffold to coordinate the access of enzymes to the lipid
droplet in a manner that is responsive to the metabolic status of the adipocyte. In
agreement, perilipin null mice exhibit exacerbated fatty acid release in the basal
state underlining the importance of the shielding function of perilipin, and blunted
stimulated lipolysis indicating its requirement for maximal lipolytic activity. As a
result of these defects, perilipin null mice display a metabolic lean phenotype
despite normal food intake, due to aberrant adipose tissue lipolysis (Tansey et al.
2001). Most interestingly, perilipin null mice are prone to develop glucose intol-
erance and peripheral insulin resistance (Tansey et al. 2004), which fits well with
the idea that sequestration of lipids into adipose tissue is a critical process in the
control of glucose homeostasis. In humans, little information is available on the
regulation of adipose tissue perilipin. Apart from the recent report of perilipin1
mutation in lipodystrophic patients (Gandotra et al. 2011), a study reported the
association of a minor allele in the perilipin gene with higher risk of metabolic
syndrome in a population of obese children and adolescents (Deram et al. 2008).

9 Adipocyte Lipid Droplet Physiology 133



Fsp27 and the Unilocular Adipocyte Morphology

Fsp27 was originally identified in 1992 as a 27 kD fat specific rodent protein in a screen
for adipocyte differentiation-dependent transcripts (Danesch et al. 1992). It remained
completely unexplored until 2003–2004 when its expression was reported in the stea-
totic mouse liver due to PPAR gamma overexpression (Matsusue et al. 2008). Con-
comitantly, its human homolog CIDE3, was cloned as a member of the � cell-death-
inducing-DNA-fragmentation-factor (DFF45)-like-effector � family that could
induce cell apoptosis in 293 cells (Liang et al. 2003). In these early reports, indirect
evidence suggests that fsp27/CIDE3 could be localized on intracytoplasmic lipid
droplets, since a GFP-CIDE3 was distributed on � cytosolic corpuscules � and fsp27
was identified as a member of the 3T3-L1 adipocyte lipid droplet proteome (Brasaemle
et al. 2004). Direct morphological evidences in confocal microscopy are now available
that fsp27, expressed as a GFP fusion can decorate the surface of lipid droplets with nice
rings in 3T3-L1 adipocytes (Nishino et al. 2008; Keller et al. 2008) or colocalize with
Nile red positive structures in 293 cells (Puri et al. 2007). Furthermore, short regions of
20–30 amino acids, with partial homologies to mouse perilipin (20–40 %) were found in
the fsp27 sequence (Puri et al. 2008), identifying fsp27 as a bona fide lipid droplet-
associated protein. Most interestingly, several recent studies provide new insights in the
function of fsp27 and suggest an important role in metabolic diseases. First, ectopic
fsp27 overexpression can stimulate triacylglycerol accumulation in several cell types,
likely resulting from down-regulated fatty acid oxidation (Nishino et al. 2008; Keller
et al. 2008; Puri et al. 2007) Second, the silencing of fsp27 expression by siRNA in
cultured adipocytes revealed an unexpected role as a determinant of intracellular lipid
droplet morphology. Indeed, cultured fat cells with fsp27 knockdown remarkably
accumulated smaller and more lipid droplets than controls (Nishino et al. 2008). Lipid
packaging in fragmented small lipid droplets was also visible in the adipose tissue of
Fsp27 KO mice, in which the white adipocytes filled with multiple small lipid droplets
instead of the unique large unilocular lipid droplet usually found in white fat cells
(Nishino et al. 2008). Thus, specific fsp27 expression in white adipose tissue contributes
to the formation of supersized unilocular lipid droplet, a unique feature for lipid accu-
mulation in this tissue. Importantly, fragmentation of lipid droplets in adipocytes lacking
fsp27 was shown to be associated with significant metabolic changes (Nishino et al.
2008). Such a fragmentation process is thought to increase the lipid interface with the
cytoplasm, and thus might facilitate lipolysis by favoring access of lipases to their
substrates. In agreement, fsp27-deficient mice mobilize more fatty acids than controls
upon activation of lipolysis, and are consequently leaner. Whether adipocyte lipid
droplet fragmentation represents a primary function for fsp27 is presently unknown.

Caveolin-1: Adipocyte Specific Structural Scaffolds on Expanding
Lipid Droplet Surface

Caveolin proteins are primarily known as the scaffolding units that coat plasma-
lemnal caveolae (Rothberg et al. 1992). Caveolin-1 is particularly abundant in
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adipocytes, which contain numerous caveolae in their surface (Parton et al. 2002).
Adipocyte caveolin-1 can localize to lipid droplets upon lipid loading of adipo-
cytes (Le Lay et al. 2006) or other cell types (Fujimoto et al. 2001; Ostermeyer
et al. 2001; Pol et al. 2001). In fat cells, caveolin association to lipid droplets is a
regulated process related to caveolar endocytosis, that can be induced by exoge-
nous addition of cholesterol or fatty acids (Le Lay et al. 2006) or lipid droplet
maturation during adipocyte differentiation (Blouin et al. 2008). However, no
experimental evidence exists that caveolin-1 can transport lipids to lipid droplets,
and the current view is that they might participate in the maintenance of adipocyte
lipid droplets as structural scaffolds. Because cholesterol staining of the lipid
droplet shell by filipin is lost in caveolin-1 null adipocytes, caveolin-1 appears to
be involved in surface free cholesterol regulation onto lipid droplets (Le Lay et al.
2009). In addition, detailed analysis of lipid droplet composition in caveolin
deficient lipid droplets indicated normal triacylglycerol composition but revealed
alterations in surface phospholipid composition (Blouin et al. 2010). Moreover, the
presence of a fluorescent caveolin construct on the surface of individual lipid
droplets formed in fibroblasts in response to a fatty acid load has been shown to
favor their expansion. Although it is not known precisely what caveolin exactly
does at the lipid droplet surface, they are likely to participate in the remodeling of
the adipocyte lipid droplet surface, and to facilitate the efficient packing of fatty
acids that characterize adipocyte lipid storage.

Concluding Remarks: Other Emerging Views
on Lipid Droplet Biology

To conclude, we would like to stress that this chapter mainly focused on adipocyte
lipid droplet, which led to neglect some novel aspects of lipid droplet biology that
may appear of less importance in a metabolic context. In particular, the newly
discovered role of lipid droplets as a refuge for proteins to escape degradation was
not developed here but is reviewed elsewhere (Walther and Farese 2009). Simi-
larly, increasing evidence is provided that lipid droplets may be associated with
virus assembly (Miyanari et al. 2007; Boulant et al. 2008). Finally, due to their
lipophilic properties, pollutants of the environment accumulate in lipid droplets
within the adipose tissue (Kim et al. 2011) and Bourez et al. (2012) questioning
about protective or deleterious role of lipid droplet storage regarding toxicity of
these compounds. These novel data altogether participate in the drawing of a broad
landscape in which lipid droplets no longer appear as inert storage deposits.
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Chapter 10
Adipose Tissue Lipolysis

Dominique Langin and Etienne Mouisel

Introduction

White adipose tissue (WAT) is the major body energy repository in mammals.
WAT exerts a buffering activity for energy imbalance at the cellular and whole-
organism levels, storing energy in the form of triacylglycerol (TAG) in period of
excess energy intake and releasing it in the form of non-esterified fatty acids
(NEFA) for other organs during fasting. As such, the pathways controlling fat
accumulation (cellular FA uptake, de novo lipogenesis, and esterification into
TAG) and mobilization (lipolysis) in adipocytes are tightly and co-ordinately
regulated. While TAG synthesis occurs in various tissues, such as the liver for very
low density lipoprotein production, lipolysis for the release of FA as energy
provider for other tissues is unique to adipocytes. The understanding of the cellular
and molecular factors regulating these metabolic processes is in constant evolu-
tion, and recent discoveries have dramatically altered the view of TAG lipolysis
and highlighted the importance of additional molecular actors regulating this
process. Elucidating their mode of action may lead to novel therapeutic targets for
the treatment and prevention of obesity and related metabolic disorders.
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Hormonal Control of Lipolysis

Catecholamines (the neurotransmitter, noradrenaline, and the hormone, adrena-
line), natriuretic peptides, and insulin are considered to represent the major reg-
ulators of lipolysis in humans (Fig. 10.1). However, the physiological significance
of a number of other lipolytic and antilipolytic agents, especially paracrine and
autocrine factors, remains to be elucidated. Sympathetic and sensory nerve fibers
were shown to innervate adipose tissue (AT) and to modulate lipolysis (Bartness
et al. 2010). In addition, parasympathetic innervation was also postulated but this
remains a highly debated question. Lipolytic and antilipolytic molecules activate
receptors present at the surface of the fat cell. However, their action can be
indirect. Notably, it has recently been shown that insulin known to directly activate
fat cell insulin receptors exerts part of its antilipolytic action through hypothalamic
control of the sympathetic nervous system (Scherer et al. 2011).

Fig. 10.1 Control of human adipocyte lipolysis. Binding of catecholamines to Gs protein-
coupled b1/2-adrenoceptors stimulate cAMP production by adenylyl cyclase (AC) and activate
protein kinase A (PKA). Conversely, stimulation of Gi protein-coupled receptors reduces cyclic
AMP (cAMP) and PKA-activation. Insulin favors cAMP degradation through activation of
phosphatidylinositol-3 phosphate kinase (PI3-K), and protein kinase B (PKB), and stimulation of
phosphodiesterase 3B (PDE-3B) activity. Natriuretic peptides promote cGMP accumulation and
protein kinase G (PKG) activation. PKA and PKG phosphorylate hormone-sensitive lipase (HSL)
and perilipin A (PLINA). Adipose triglyceride lipase (ATGL) and its cofactor ABHD5 and
monoglyceride lipase (MGL) are also participating in the hydrolysis of triglycerides. A new
pathway shown by blue arrows involving the glucose transporter GLUT4, glycolysis-mediated
lactate production, and the Gi protein-coupled lactate receptor, GPR81, has been proposed in
insulin-induced antilipolytic effect
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G Protein-Coupled Receptors and Adenylyl Cyclase
Regulation

Activation or inhibition of adenylyl cyclase activity via receptors from the seven
transmembrane domain G protein-coupled receptor family controls the formation
of cyclic AMP (cAMP) from ATP. An increase in intracellular cyclic AMP
enhances lipolysis while inhibition of lipolysis is associated with the lowering of
cyclic AMP levels.

Receptors Coupled to Gs Protein

There are three beta-adrenergic receptor subtypes (beta-AR) (beta1-AR, beta2-AR,
and beta3-AR), each of which is coupled to the G-alpha subunit of the Gs protein.
Their stimulation increases intracellular cAMP levels in fat cells of various species
although considerable species-specific differences exist (Lafontan and Berlan 1993).
Strikingly, catecholamines at high concentrations stimulate lipolysis in white
adipocytes of mice without beta-ARs (Tavernier et al. 2005). However, the nature of
this putative receptor is still unknown. While beta1-AR and beta2-AR are expressed
in many body tissues, the beta3-AR is predominantly found in white and brown
adipocytes in rodents. In human white fat cells, both beta1- and beta2-ARs are known
to stimulate lipolysis in vitro and in vivo (Langin 2006). The physiological role of
the beta3-AR in human WAT remains questionable, but, importantly, this receptor
does not contribute to catecholamine-induced lipolysis in human subcutaneous
adipocytes (Langin 2006). The recent (re)discovery of BAT in human adults will
undoubtedly stimulate new investigation on beta3-AR in human brown adipocytes
(Lönnqvist et al. 1993). Molecules other than cathecholamines exert potent lipolytic
effects through Gs protein-coupled receptors in rodent fat cells. However, they are
ineffective or weak activators of lipolysis in human fat cells.

Receptors Coupled to Gi Proteins

Surprisingly, the number of molecules and receptors involved in inhibition of
lipolysis through Gi-protein-coupled receptors is very large. Ligands include
neuropeptides, paracrine factors, and autacoid agents (adenosine, prostaglandins
and their metabolites, and other small molecules such as short-chain FA, beta-
hydroxybutyrate, and lactate) originating from the adipocytes themselves, and also
from preadipocytes, endothelial cells, macrophages, and sympathetic nerve ter-
minals. Catecholamines have a special status since they are able to stimulate both
beta-ARs and a major antilipolytic pathway involving alpha2-ARs. In fact,
adrenaline and noradrenaline stimulate and/or inhibit adenylyl cyclase and
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lipolysis depending on their relative affinity for the beta1/2- and alpha2-ARs and the
relative number of beta1/2- and alpha2-ARs expressed in the fat cell (Lafontan and
Berlan 1995).

The in vivo relevance of other Gi protein-coupled receptors is more elusive. It
is however recognized that agonists leading to activation of Gi protein-coupled
receptors of the adipocytes will limit NEFA release and represent putative anti-
hyperlipidemic drugs. The best example is provided by nicotinic acid (niacin), an
old lipid-lowering drug, which acts through GPR109a (Ahmed et al. 2009). The
natural ligand for this receptor may be the ketone body, beta-hydroxybutyrate,
which concentration increases during fasting. GPR81 which shows high expression
in AT mediates the antilipolytic action of lactate. Evidence has recently been
provided that lactate is involved in the inhibitory effect of insulin on lipolysis
(Ahmed et al. 2010). Insulin stimulates glucose uptake by fat cells. Glucose is then
metabolized by the glycolytic pathway into lactate which is released in significant
amounts by adipocytes. In an autocrine or paracrine loop, the metabolite limits
TAG hydrolysis by activating GPR81 (Fig. 10.1). The relevance of this pathway in
human physiology has not been demonstrated yet (Langin 2010). Finally, GPR43
in rodent adipocytes leads to inhibition of lipolysis and suppression of plasma FA
(Ge et al. 2008). GPR43 belongs to a subfamily of related GPCRs, including
GPR40 and GPR41 that have been identified as receptors with specificity for FA.
Short-chain FA activate GPR41 and GPR43 while medium-chain FA activate
GPR40 (Hirasawa et al. 2008).

Neuropeptide Y (NPY) and peptide YY (PYY) though the NPY-Y1 receptor
subtype inhibits adenylyl cyclase activity, cAMP production and lipolysis in
human fat cells (Lafontan and Langin 2009). Secretion of NPY by neurons is
dramatically up-regulated by the presence of adipocytes in co-culture and appears
to be mediated by an adipocyte-derived soluble factor (Turtzo et al. 2001).
Dipeptidyl peptidase IV through hydrolysis of NPY (1–36) into NPY (3–36)
diminishes the activation of NPY-Y1. Therefore, dipeptidyl peptidase IV inhibi-
tors augment the antilipolytic effect of NPY in human AT (Kos et al. 2009).
Further studies are required to show the impact of dipeptidyl peptidase IV
inhibitors on NPY effects in WAT in type 2 diabetic patients treated with these
drugs.

Despite rapid turnover, adenosine and prostaglandins are found in substantial
amounts in the vicinity of adipocytes. Binding of adenosine to a small fraction of
the large population of adipocyte A1-adenosine receptors is sufficient to cause a
marked antilipolytic effect (Lafontan and Langin 2009). The most relevant pros-
taglandin for the control of lipolysis is prostaglandin E2 (PGE2) produced by an
adipocyte phospholipase A2. PGE2 acts through the EP3 receptor. Genetic ablation
of the enzyme results in blunted WAT PGE2 levels and increased lipolysis
(Jaworski et al. 2009).
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Natriuretic Peptide Pathway

For a long time, it has been considered that cAMP constituted the only second
messenger involved in the control of AT lipolysis. However, the discovery of a
new hormonal lipolytic pathway in human fat cells challenged that view (Lafontan
et al. 2005). Atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP)
stimulate human fat cell lipolysis through type A natriuretic peptide receptors
(Fig. 10.1). These receptors possess guanylyl cyclase activity. Cyclic GMP-
dependent activation of protein kinase G leads to phosphorylation of perilipin and
hormone-sensitive lipase (HSL) as does activation of protein kinase A by cAMP.

Tyrosine-Kinase Receptors and Signaling Pathways

A critical point in the understanding of AT lipolysis is the potent antilipolytic effect
of insulin (Fig. 10.1). Failure to suppress NEFA in response to the ingestion of a meal
and the subsequent rise in insulinemia leads to abnormal elevations of plasma NEFA.
The resistance of adipocytes to the antilipolytic effect of insulin is an important
element of AT biology which could be at the origin of metabolic risks. In human
adipocytes, insulin inhibits fat cell glycerol and FA release. Insulin controls cyclic
AMP levels and lipolysis through the activation of cyclic nucleotide phosphodies-
terase 3B (PDE3B). The importance of PDE3B in the regulation of lipolysis and of
insulin-induced antilipolysis was confirmed in PDE3B-null mice (Choi et al. 2006).
Insulin activates PDE3B and initiates PDE3B-dependent degradation of cAMP to
5’AMP, leading to a decrease in cAMP, an inactivation of protein kinase A and a
subsequent reduced phosphorylation of HSL and perilipins, thus inhibiting lipolysis.
The activation cascade leading to PDE3B activation is rather complex and some
points remain unclear. When insulin binds to its receptor, the receptor is activated by
phosphorylation on tyrosine residues, which causes tyrosine phosphorylation on
intracellular substrates such as insulin receptor substrates and, binding and activation
of phosphatidyl inositol kinase-3. This step is followed by protein kinase B (Akt)
phosphorylation and activation, and PDE3B activation.

Other Lipolytic Pathways

Growth hormone-dependent stimulation of lipolysis probably represents a physi-
ological adaptation to stress (e.g., during fasting and exercise) (Moller and Jor-
gensen 2009). In human adipocytes, the effect is delayed when compared to that of
catecholamines and the exact mechanism of action is not fully established (La-
fontan and Langin 2009). The transducing pathways are suspected to involve those
used by catecholamines (cAMP- and protein kinase A-dependent pathways).
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Interleukin 6 which is produced by AT could also stimulate lipolysis. However, its
exact physiological role in vivo in humans is not clear. Conversely, multiple
impacts of tumor necrosis factor alpha on fat cells have been identified (Langin
and Arner 2006). Tumor necrosis factor alpha pathways interact with lipase
expression, perilipin expression and phosphorylation, insulin effects and Gi-
dependent inhibitory signaling pathways. In vivo data in humans suggest that, in
conditions associated with low grade inflammation, tumor necrosis factor alpha
could play a role in lipolysis (Plomgaard et al. 2008). Finally, zinc-alpha2-gly-
coprotein is an abundant circulating protein that enhances the lipolytic effect of
catecholamines on fat cells. Besides inflammatory cytokines, zinc-alpha2-glyco-
protein may be involved in the enhanced WAT lipolysis observed in cancer
cachexia (Bing 2011).

Lipases and Triacylglycerol Hydrolysis

During lipolysis, intracellular TAG is sequentially hydrolyzed into diacylglycerol
(DAG), monoacylglycerol (MAG), and glycerol, releasing one molecule of FA at
each step. Three major lipases are involved: adipose triglyceride lipase (ATGL),
hormone-sensitive lipase (HSL), and monoacylglycerol lipase (MGL). Since the
discovery of ATGL in 2004, and because both ATGL and HSL possess TAG
hydrolase activity, the relative contribution of these two lipases to adipose TAG
hydrolysis in vivo has been assessed in numerous mouse and human models. Other
lipases may play a minor role (Lafontan and Langin 2009; Girousse and Langin
2011). NEFA and glycerol efflux from the fat cells is followed by transport of
these metabolites in the bloodstream to other tissues (mainly liver for glycerol, and
skeletal muscle, liver and heart for NEFA). Some of the NEFA that are formed
during lipolysis do not leave the fat cell and can be re-esterified into intracellular
TAG. The glycerol formed during lipolysis is not re-utilized to a major extent by
white fat cells because they contain minimal amounts of the enzyme glycerol
kinase necessary for its metabolism. However, expression of the enzyme can be
stimulated thereby allowing a futile cycle of lipolysis and reesterification as
observed in brown adipose tissue (BAT) (Ribet et al. 2010; Mazzucotelli et al.
2007).

The mature white adipocyte comprises a large lipid droplet occupying the major
part of the cell. Lipid droplets are considered as dynamic organelles that are
critical for the management of cellular lipid stores and lipolytic processes (Bras-
aemle 2007). Lipolysis requires soluble cytosol lipases (i.e., ATGL and HSL) that
can access the highly hydrophobic TAG substrates coated by proteins surrounding
the lipid droplet. Moreover, glycerol and the hydrophobic NEFA released by
lipolysis must be removed from the fat cell. During lipolysis, adipocyte lipid
droplets undergo an important structural reorganization involving lipid-droplet
associated proteins (e.g., perilipin), lipases (e.g., ATGL and HSL), and cofactors
(e.g., CGI-58/ABHD5, a coactivator of ATGL) (Fig. 10.1).
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Lipases

Hormone-Sensitive Lipase

Adipocyte HSL is composed of an N-terminal domain and a C-terminal catalytic
domain that is identical in all known HSL isoforms (Lafontan and Langin 2009).
This catalytic domain contains the active site, including residues of the catalytic
triad (Ser, Asp, His), as well as a regulatory module with all the known phos-
phorylation sites of HSL. The N-terminal domain interacts with FABP4 as men-
tioned below. In vitro, HSL catalyzes the hydrolysis of TAG into DAG and DAG
into MAG. The relative acylglycerol hydrolase activity of HSL in vitro is tenfold
greater against DAG than TAG and MAG. HSL shows a preference for activity
against FA in the sn-1 and sn-3 positions. The enzyme is also responsible for the
hydrolysis of cholesterol and retinyl esters.

Unlike other known mammalian TAG lipases, HSL is regulated by reversible
phosphorylation of Serine residues, being induced by protein kinase A and protein
kinase G-mediated phosphorylations and inhibited by AMP-activated protein
kinase-induced phosphorylation (Bezaire and Langin 2009; Kolditz and Langin
2010; Krintel et al. 2008). An important step in lipolysis activation is the trans-
location of HSL from a cytosolic compartment to the surface of the lipid droplet.
Moreover, protein kinase A-induced phosphorylation promotes an increase in the
hydrophobic surface area of HSL (Krintel et al. 2009).

HSL disruption results in blunted stimulated lipolysis. However, when fed a
high fat diet, HSL-null mice failed to become obese (Girousse and Langin 2011).
Growth curves indicated that HSL-null mice gain as much weight as the wild-type
mice during the early stages of the diet but suddenly stop putting on more weight
suggesting a limitation in WAT expandability. HSL-null mice were also resistant
to genetic-induced obesity when they were bred on the ob/ob background.
Reduced weight gain in HSL-null mice is not a result of reduced food intake. Fat
absorption was also reported to be unchanged in HSL-null mice whereas energy
expenditure was significantly increased (Strom et al. 2008). WAT shows metabolic
brown adipocyte-like features. Reduced fat deposition could also result from
impaired adipogenesis and/or adipocyte maturation due to a defect in production
of PPARgamma ligands (Shen et al. 2011). DAG accumulation, retinoic acid
metabolites and local inflammation can also interfere with adipocyte differentia-
tion (Zimmermann et al. 2009; Strom et al. 2009). HSL-null mice is indeed an
unusual model of pronounced WAT inflammation not associated with obesity.

Adipose Triglyceride Lipase

ATGL belongs to a family of proteins containing a patatin-like domain; it is a lipid
hydrolase with an unusual folded topology that differs from classical lipases.
ATGL enzymology, gene, and protein structure have recently been reviewed
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(Zechner et al. 2009). The patatin domain harbors the active site of the enzyme.
Structural domains of human ATGL have been described. The C-terminal protein
region is essential for localization to the lipid droplet. However, the C-terminal
region suppresses enzyme activity and interferes with ABHD5 interaction and
enzyme activation (Schweiger et al. 2008). Two phosphorylation sites have been
localized in the C-terminal region. The functional role of such sites is unknown.
ATGL exhibits tenfold higher substrate specificity for TAG than DAG. Extensive
studies in of ATGL- and HSL-deficient mice provided strong support for desig-
nating ATGL as the major TAG lipase in WAT, and assigned the primary function
of HSL as a DAG lipase in vivo (Zechner et al. 2009; Zimmermann et al. 2004).
The pivotal role of ATGL in both basal and stimulated lipolysis has been dem-
onstrated in mouse and human fat cells (Ahmadian et al. 2009; Bezaire et al.
2009). In human fat cells, translocation of ATGL from the cytosol to smaller lipid
droplets increases its colocalization with HSL under stimulated conditions
(Bezaire et al. 2009).

ATGL-null mice show blunted fat cell lipolysis. ATGL-deficient mice rapidly
become obese (Haemmerle et al. 2006). The major phenotypic consequence of
ATGL disruption is massive TAG accumulation in adipose and non-adipose
organs. Supra-physiological TAG accumulation in cardiac muscle leads to lethal
impairment of cardiac function but can be completely prevented in ATGL-null
mice with specific rescue in the heart (Haemmerle et al. 2006; Schoiswohl et al.
2010). Global energy metabolism is characterized by an inability to mobilize
enough FA as fuel as exemplified by defective thermoregulation, reduced energy
expenditure during fasting, and impaired exercise-stimulated lipolysis (Huijsman
et al. 2009). Adipose-specific ablation of ATGL in mice converts BAT to a WAT-
like tissue. The mice exhibit severely impaired thermogenesis revealing the
requirement of ATGL-catalyzed lipolysis for maintaining a brown fat phenotype
(Ahmadian et al. 2011).

Monoglyceride Lipase

MGL belongs to the serine hydrolase superfamily with a catalytic triad composed
of the active site Serine, and Aspartic acid and a Histidine. The enzyme is required
in the final hydrolysis of the 2-monoacylglycerols produced by HSL. It hydrolyses
the 1(3) and 2-esters bonds of MAG at equal rates and is without in vitro catalytic
activity against DAG, TAG, or cholesteryl esters. Due to its abundance in WAT, it
was thought not to be limiting. However, ex vivo stimulated lipolysis is decreased
in MGL-null mice (Taschler et al. 2011). In this mouse model, MAG hydrolase
activity is not abolished due to partial compensation by HSL.
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Lipid Droplet-Associated Proteins and Lipid Binding Proteins

Fatty Acid-Binding Protein-4

FABP4 is a cytosolic lipid-binding protein highly expressed in adipocytes that is
involved in FA intracellular trafficking. It acts as a molecular chaperone, facili-
tating FA uptake and lipolysis (Furuhashi and Hotamisligil 2008). FABP4-null
mice have decreased lipolytic capacity (Scheja et al. 1999; Coe et al. 1999).
FABP4 and HSL form a physical complex when HSL is phosphorylated and
FABP4 is bound to a FA. This complex translocates to lipid droplets upon protein
kinase A activation (Smith et al. 2007). Interestingly, FABP4 inhibitors have been
proposed in the treatment for type 2 diabetes and atherosclerosis (Furuhashi et al.
2008). In line with data from knock out mice, this class of compounds inhibits
lipolysis in vitro (Lan et al. 2011).

ABHD5/CGI-58

ABHD5 (alpha/beta-hydrolase domain-containing protein 5) also known as CGI-
58 (Comparative Gene Identification 58) has been shown to specifically activate
ATGL (Lass et al. 2006). ABHD5 binds to lipid droplets by interacting with
perilipin in non-stimulated adipocytes. With increases in intracellular cyclic AMP
levels, ABHD5 dissociates from perilipin and interacts with ATGL and activates
TAG hydrolysis (Miyoshi et al. 2007; Granneman et al. 2007; Yamaguchi et al.
2007). ABHD5 null mice die soon after birth due to impaired development of the
skin permeability barrier (Radner et al. 2010). TAG hydrolase activity and lipol-
ysis measured in mouse embryonic fibroblasts were markedly reduced in the
absence of ABHD5 leading to increased TAG accumulation. Ectopic TAG accu-
mulation in several tissues is reminiscent of neutral lipid storage disease or
Chanarin Dorfman syndrome, a rare genetic disease caused by ABHD5 mutations.

G0/G1 Switch Gene 2

G0/G1 switch gene 2 (G0S2) encodes a protein first described in human mono-
nuclear cells as possibly involved in cell cycle regulation. G0S2 is expressed at
high levels in WAT and BAT and to a lesser extent in liver, skeletal muscle, and
heart. In adipocytes, G0S2 colocalizes with ATGL on lipid droplet and plays an
important role in lipolysis inhibiting ATGL activity (Yang et al. 2010). G0S2
binds directly to ATGL and dose dependently inhibits its TAG hydrolase activity
regardless of the presence of ABHD5. G0S2 could 1) affect substrate accessibility
to ATGL, 2) alter ATGL conformation, or 3) divert ATGL primary TAG hydro-
lase function to an acyl transferase activity. The role of G0S2 at the lipid droplet
and its competition with ABHD5 require further study.
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Perilipins

The perilipin family is proteins covering the lipid droplets in adipocytes and other
cell types that regulate the coordination of lipid storage and utilization (Brasaemle
et al. 2009; Ducharme and Bickel 2008). Perilipin A, the most important perilipin
isoform in adipocytes, possesses highly hydrophobic domains which allow tar-
geting and anchoring to lipid droplets. It is also the most highly phosphorylated
protein following stimulation by lipolytic hormones. Perilipin ablation causes a
dramatic attenuation of hormone-stimulated lipolysis while increased rates of
lipolysis are observed under unstimulated conditions (Girousse and Langin 2011).
The reduction of basal lipolysis may be due to the sequestration of ABHD5 by
perilipin. Phosphorylation of perilipin on Serine residues rapidly releases ABHD5
from perilipin, allowing interaction with ATGL and stimulation of lipolysis
(Granneman et al. 2009). However, the precise mechanisms of these interactions
remain to be described. It has recently been shown that another member of the
perilipin family, OXPAT (oxidative tissues-enriched PAT protein), which is
expressed in BAT, interacts both with ATGL and ABHD5 whereas perilipin only
binds to ABHD5 (Granneman et al. 2011). The balance between perilipin and
OXPAT could control the channeling of FA in the fat cell toward esterification,
oxidation, or lipolysis.

Caveolin-1

Caveolin-1 is abundant in adipocytes where it is an important component of the fat
cell plasma membrane and is also localized to the lipid droplet (Pilch et al. 2007).
Caveolin-1 null mice exhibit attenuated lipolytic activity. The phosphorylation of
perilipin was dramatically reduced in these mice, suggesting a role for caveolin-1
in this process (Cohen et al. 2004). Highlighting their roles in lipid droplets,
inactivating mutations of perilipin and caveolin-1 have been reported in patients
with lipodystrophy (Vigouroux et al. 2011).

Cide-Domain-Containing Proteins

Members of the cell death-inducing DNA fragmentation factor-alpha-like effector
(CIDE) gene family have been shown to regulate lipid metabolism. CIDEA is a
protein that regulates lipolysis in human adipocytes through cross-talk involving
tumor necrosis factor alpha which negatively regulates transcription of this gene
(Nordstrom et al. 2005). Depletion of CIDEA by RNA interference in human
adipocytes leads to increased lipolysis. CIDEA, known to be a mitochondrial
protein in brown adipocytes, co-localizes with perilipin around lipid droplets in
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white fat cells (Puri et al. 2008; Zhou et al. 2003). Another CIDE protein, CIDEC
(FSP27, fat-specific protein 27) is expressed in adipocytes. Small interfering RNA-
mediated knockdown of CIDEC resulted in an increased basal release of NEFA,
and decreased responsiveness to adrenergic stimulation of lipolysis (Magnusson
et al. 2008). Accordingly, CIDEC null mice show increased basal lipolysis
(Nishino et al. 2008; Toh et al. 2008).

Dysregulation of Lipolysis in Obesity

The dynamics of lipid turnover is an essential process determining the develop-
ment of obesity and its complications. Recently, the age of lipids was determined
in human subcutaneous WAT (Arner et al. 2011). The incorporation of atmo-
spheric 14C into WAT lipid was used to estimate lipid age which reflects the
irreversible removal of lipids from fat stores consisting in lipolysis followed by
fatty acid oxidation and/or ectopic deposition. From lipid age and total fat mass,
the authors calculated the net lipid storage, which represents the amount of lipid
stored in WAT each year and reflects fat incorporation from exogenous sources
(e.g., derived from food) and endogenous synthesis (e.g., de novo synthesis of fatty
acids from glucose) subtracted from the irreversible removal of lipids. Obesity is
characterized by both increased lipid storage and decreased lipid removal
(Fig. 10.2). Increased capacity to store fat with low net mobilization leads to
expansion of fat mass and may also be viewed as a way to do a safe deposit of
lipids into a harmless compartment (Langin 2011). Indeed, according to the WAT
expandability hypothesis, as long as an individual has the capacity to store fat in
WAT, there is no ectopic deposition of lipids and resulting metabolic complica-
tions (Virtue and Vidal-Puig 2008). However, when the storage capacity is
overcome (McQuaid et al. 2011), ectopic deposition of lipids in liver and skeletal
muscle may favor the development of insulin resistance through lipotoxic mech-
anisms (Samuel et al. 2010). This is exemplified in familial combined hyperlip-
idemia, a hereditary lipid disorder predisposing to premature coronary heart
disease. In that condition, both triglyceride storage and lipid removal rates were
low (Arner et al. 2011). This defect induces a routing of fatty acids to the liver
where fatty acid overflow contributes to the mixed dyslipidemia characteristic of
this condition. Similarly, lipodystrophic patients who have a defect of triglyceride
storage in adipose tissue resulting in lipid accumulation elsewhere in the body
develop severe insulin resistance (Langin 2011).

Against conventional wisdom, fasting plasma NEFA concentration is largely
unrelated to body fat mass (Karpe et al. 2011). In the fasting state, plasma NEFA
arise almost entirely from hydrolysis of TAG within the adipocyte. In the obese
state, the lack of increase in plasma NEFA is partly explained by a decrease in
subcutaneous WAT NEFA production; the majority of NEFA originates from this
depot. Impairment in the catecholamine-induced lipolysis in subcutaneous WAT is
a common feature of obese subjects (Lafontan and Langin 2009; Kolditz and
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Langin 2010). This lipolytic resistance has been related to alteration in the lipo-
lytic cascade at multiple levels. Defects in expression of HSL, ATGL, beta-AR,
perilipin, or the regulatory subunit of protein kinase A have been described in
obese subjects. In addition to changes in the stimulatory system, lipolytic resis-
tance to catecholamines may involve increased antilipolytic responsiveness of the
alpha2-ARs. The release of NEFA from WAT is determined not only by lipolysis
but also by WAT blood flow which facilitates the removal of NEFA and glycerol.
WAT blood flow is decreased in obesity and is one of the components contributing
to decreased NEFA delivery in obese individuals (McQuaid et al. 2011).

Conclusions

The last decade has been marked by the discovery of a number of mechanisms able
to clarify the control of lipid mobilization. Lipases and lipolytic and antilipolytic
receptor dysfunction may play a noticeable role in the development of obesity
complications.

The impact of altered sympathetic nervous system on its target cells could lead
to the development of obesity (Bartness and Song 2007). The reduced efficiency of
beta-AR-dependent lipolysis and/or enhanced alpha2–AR-mediated antilipolysis
could both impair lipolysis and lead to catecholamine-resistance and promote the

Fig. 10.2 Lipid turnover in adipose tissue of non-obese, obese with and without metabolic
complications individuals. Increased lipid storage and decreased lipid removal favors the
expansion of fat mass in obesity. If the capacity of storage is exceeded, there is ectopic lipid
deposition in other organs which favors metabolic complications leading to diabetes and
cardiovascular diseases
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development and/or stabilization of obesity. In addition, loss of efficiency of the
ANP-dependent lipolytic pathway could also be another element that could explain
altered lipid mobilization (Lafontan et al. 2008). The reduced lipolysis commonly
reported in the subcutaneous WAT of obese subjects could also be viewed as an
adaptive mechanism limiting an excess rate of lipolysis. This could lead not only
to a protection against lipotoxicity in non-adipose organs but also to the mitigation
of WAT inflammation.

Knowledge of the lipolytic pathways has fostered the identification of new targets
for lipolysis modulators (Langin 2006). The recent (re)discovery of BAT in human
adults may reactivate research on beta3-AR agonists as candidates to activate
thermogenesis (Langin 2010). However, the modest clinical results obtained with
this class of drugs must be kept in mind. As HSL and ATGL are involved in TAG
hydrolysis, selective inhibitors targeting this step are likely promising drugs (Wang
and Fotsch 2006), although the distribution of these enzymes in other tissues than
AT could be a limitation. Drug discovery efforts are now focusing on therapeutics
directed toward targeting antilipolytic pathways (Lukasova et al. 2011). In addition
to the nicotinic acid receptor, other Gi protein-coupled receptors with antilipolytic
activity might also be targeted, such as alpha2-ARs, the A1-adenosine and
EP3-receptors, and metabolite-activated Gi protein-coupled receptors (Lafontan and
Langin 2009). ANP has a potent lipolytic effect in abdominal subcutaneous WAT of
healthy and obese subjects. Therefore, ANP antagonists could be potential antilip-
olytic compounds for the treatment of dyslipidemia and NEFA-related insulin
resistance. The question remains largely open in the absence of suitable pharma-
cological compounds. Unfortunately, the field is also facing major limitations since
the efficacy of ANP antagonists cannot be assessed in rodent adipocytes, which are
devoid of natriuretic peptide receptor A. To conclude, with the accumulating
knowledge of the lipolytic pathways, continued efforts in this area will hopefully
lead to new chemical entities for the treatment of obesity-related problems such as
insulin resistance, dyslipidemia, and cardiovascular risk.
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Chapter 11
The Adipose Tissue: Storage, Source,
and Target of Pollutants

Robert Barouki and Karine Clément

Introduction

While the adipose tissue (AT) was initially considered as a relatively passive storage
tissue with mostly physical and energetic functions, recent studies have shown that this
tissue carries other regulatory, endocrine, and metabolic functions. This tissue is also
clearly implicated in a number of diseases, including obesity, metabolic, and systemic
diseases. Thus, more attention was given to the AT in the recent literature. In the
present review, we wish to describe and discuss another as yet poorly described
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function of the AT, i.e., its toxicological function. This comprises several distinct roles:
a protective function toward certain toxicants, a possibly deleterious endogenous
source of toxicants, and a target of toxicant effects. Evidence for this newly described
function is certainly not as solid as that of the other functions. Nevertheless, this
concept has elicited recent work and discussion and has gained support lately.

Common Mechanisms of Metabolic Detoxification

Detoxification primarily consists in the metabolism and transport of xenobiotics
which are small exogenous molecules such as medical drugs, pollutants,
contaminants, and certain food constituents. Detoxification mechanisms are best
understood in the context of general cellular defense mechanisms. Indeed, an
important fraction of the genetic program and of cellular protein content is devoted to
adaptation to stressful conditions within the framework of cellular stress signaling.
For example, oxidative, hypoxic, osmotic, heat, conformational, and mechanical
stress help cells adapt to a variety of chemical, biological, and physical stressors
(Goldberg 2003; Morel and Barouki 1999; Morel et al. 2000; Semenza 2001).
Exposure to xenobiotics leads to a significant shift of normal cellular conditions
leading to an adaptive mechanism called ‘‘xenobiotic stress’’. While all stress
pathways are adaptive in nature, they can also lead to some toxicity in the long run.
This concept also applies to xenobiotic stress, since, in some cases, detoxification
pathways can generate toxic metabolites. In addition, the xenobiotic stress concept
accounts for the inducibility of the detoxification pathways, a common property of
adaptive mechanisms. One should bear in mind that stress is by essence an adaptive
response mechanism rather than an insult. Xenobiotics are chemically heteroge-
neous. Detoxification mechanisms are best understood for hydrophobic xenobiotics.
In fact, this is the case of many xenobiotics and this property explains at least part of
their toxicity. Indeed, hydrophobic chemicals can interact with certain proteins and
incorporate into membranes thereby altering their fluidity, their structure, and the
function of resident proteins. Furthermore, hydrophobic xenobiotics tend to localize
in adipose tissue and to persist in the organism in the absence of an adequate
metabolizing system. Thus, one of the main functions of the detoxification system is
to detect hydrophobic xenobiotics and to increase their hydrophilicity in order to
eliminate them through bile and urine. Different protein players contribute to this
function: intracellular receptors detect these xenobiotics and induce metabolic
enzymes and transporters, cytochromes P450 add a reactive chemical function to
these hydrophobic molecules, thereby allowing phase two enzymes such as trans-
ferases to add highly hydrophilic groups, and finally transporters allow these mol-
ecules to cross membranes (Barouki 2010). Remarkably, certain aromatic
halogenated xenobiotics are excellent inducers of the metabolic system but are not
themselves metabolized. Indeed, they bind to cytochrome P450 efficiently, but are
extremely poor substrates of these enzymes. These xenobiotics, also called persistent
organic pollutants (POP), are stored in the adipose tissue (Fig. 11.1).
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Evidence of a Protective Function of the Adipose Tissue

POPs cannot be metabolized by the metabolizing system and therefore tends to
accumulate in ecosystems and in living organisms. These compounds are envi-
ronmentally persistent and tend to accumulate along the food chain. The best
studied are the POPs that were listed in the stockholm convention to limit their
production and dissemination because of their possible long-term toxicity (Pelle-
tier et al. 2003). POPs include certain organochlorine pesticides, dioxins, furans,
polychlorobiphenyls, and polybrominated flame retardants. They do not readily
undergo degradation by xenobiotic metabolizing enzymes (XMEs) most probably
because they are halogenated. However, they do bind often with high affinity to
certain xenobiotic receptors, as well as to certain XMEs such as CYP1A2 without
undergoing catalytic transformation. The latter binding plays a significant role in
their distribution as will be discussed below. Because of their hydrophobicity,
POPs tend to distribute into fat mass such as the AT and milk. The AT is therefore
a compartment which contains high amount of POPs, particularly in organisms
that are at the top of the food chain. Such a bioaccumulation also leads to the age-
dependent increase in POP content (Hue et al. 2007).

POPs are taken up by the adipocytes and probably localize within the lipid
droplets. However, their precise location and their actual effects at the subcellular
level are poorly understood. It is nevertheless believed that their accumulation
within the AT decreases their availability for other cells and tissues thereby lim-
iting their toxicity. Experimental evidence supports such a protective function for

Fig. 11.1 Fate of persistent and non-persistent xenobiotics. Most xenobiotics are metabolized
primarily by the liver and are thus detoxified. The detoxification system tends to render
hydrophobic xenobiotics more hydrophilic which leads to their elimination in urine. Several
halogenated xenobiotics are not metabolized and therefore tend to bind to liver proteins and to
adipose mass. They can thus persist for years in the body and constitute a putative long-term
threat
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the AT. Indeed, studies carried in the 1980s and the 1990s showed that there was
an inverse correlation between toxicity of POPs and fat mass of different animal
species. Authors compared the 30 days toxicity of TCDD (2,3,7,8-TetraChloro-
DibenzoDioxin) in approximately 20 terrestrial animal species and found a posi-
tive correlation between the BMI of these species and the LD50 (the dose that
leads to 50 % death in the animal population) of dioxin (Geyer et al. 1997). They
concluded that the species with the highest fat mass tended to display better
resistance to dioxin in this particular acute exposure test. These conclusions were
in line with studies showing that resistance of aquatic species to dioxin was also
related to their fat mass content leading to the paradoxical notion of ‘‘survival of
the fattest’’ (Lassiter and Hallam 1990). However, these observations should not
be taken as evidence suggesting that the BMI is the only factor discriminating
sensitive and resistant species. There is indeed strong evidence for a major con-
tribution of the genetically determined arylhydrocarbon receptor affinity for
dioxin.

It should be stressed that this protective function of the AT was revealed in
acute or subacute exposure tests. These high dose treatments may allow the dif-
fusion of the pollutants in all organism tissues unless an efficient filter or a buffer
system captures them and thereby decreases exposure of the most sensitive tissues.
This kinetic protective system does not only include the AT. Indeed, it has been
established that proteins such as the dioxin-inducible liver CYP1A2 can bind this
pollutant particularly during acute or subacute exposures and play an important
role in its toxicokinetics (DeVito et al. 1998). It is now believed that POPs are first
primarily captured by the liver-inducible protein compartment and then are
redistributed to the AT. Obviously, these kinetic distribution mechanisms depend
heavily on the treatment dose (Emond et al. 2006). In conclusion, organisms are
protected against POP toxicity by a complex toxicokinetic system involving an
inducible liver protein compartment and an AT compartment.

The Adipose Tissue as a Source of Endogenous Exposure

As mentioned earlier, POPs and other lipophilic contaminants distribute according
to their affinity for proteins and lipids and are stored primarily in the liver and the
AT. They are also found in blood from which they can contaminate other tissues.
Blood POP content can be either related to their release from storage tissues or to
recently absorbed pollutants. Several observations in both human and animals
suggest that the release of pollutants from the AT is an important source of blood
POPs.

In human, most of the evidence has been gathered from studies on drastic
weight loss in obese individuals. Such a weight loss can be achieved through diet
and bariatric surgery and could lead to a decrease of up to 30 kg of fat mass.
Several independent studies have shown that there was an increase in blood POPs
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following fat mass loss elicited by either diet alone or diet coupled with bariatric
surgery (Hue et al. 2006; Kim et al. 2011). If increased blood POP levels during
weight loss are related to their release from AT, one would expect changes in POP
content of this tissue. This has been addressed by Kim et al. (2011) who deter-
mined POP concentrations in both blood and AT and who also assessed the total
amount of fat in the studied individuals. The data indicate that POP concentration
in AT (expressed per gram lipid) increases with weight loss. While this may seem
paradoxical, it is not particularly surprising since the total amount of fat mass
decreases considerably thereby leading to an increased concentration of pollutants.
It is also believed that released POPs can be taken up readily by the remaining fat.
In line with these suggestions, we observed that POP concentrations in the AT of
obese individuals is lower that that of lean individuals. However, the total amount
of fat-stored POPs is two- to threefold higher in obese individuals as compared to
lean controls. Furthermore, this total amount tends to decrease by 15 % following
weight loss at least for certain POPs. This observation suggests that there is indeed
some degree of POP release from AT during weight loss and that this release leads
to a moderate decrease in total POP content.

Indirect evidence for POP release from fat storage tissue in human is provided
by breastfeeding studies. Several POPs and other contaminants are found in breast
milk because of its high lipid content. Because of the equilibrium between lipoid-
associated POPs in AT, blood, and milk, it is likely that a significant part of breast
milk POPs originates from the AT storage compartment, in addition to newly
absorbed contaminants. In agreement with this model, it was observed that the
half-life of dioxin in human is considerably reduced by breastfeeding. Conse-
quently, the amount of POPs in breast milk reflects the POP body burden in an
individual. In this context, it is interesting to note that the POP content in breast
milk decreases continuously during the nursing period and is lower in the fol-
lowing nursing periods, in agreement with the decreased burden. Other studies also
noted a decrease in breast milk POP content in multiparous mothers as compared
to primiparous mothers. Taken together, the studies on breast milk contamination
indicate that the pollutants stored in the AT can be released and eventually dis-
tributed to other fluids or tissues according to their lipid content (Iida et al. 1999).
As a consequence, the AT is not only a sink for POPs but a real reservoir and an
internal source of low grade contamination of other tissues.

Experimental evidence also suggests redistribution of POPs from their storage
sites in the AT. Indeed, a study shows that in rodents pretreated with radiolabeled
hexachlorobenzene, weight loss leads to a time-dependent increase in the brain
content of this compound (Jandacek et al. 2005). Thus, decreased AT fat leads to a
redirection of certain POPs toward sensitive and lipid-rich tissues. The study
shows that weight loss alters the distribution of lipophilic pollutants, thus leading
to enhanced localization in the brain with possible toxic outcome.

Observational studies were also carried out in northern elephant seals. These
animals accumulate a large amount of fat in order to cope with extended fasting.
Their fat is contaminated with PCBs. During the fasting period which could last
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several weeks, they lose a large amount of fat. Debier et al. have shown that fasting
was accompanied by an increase in serum concentration of PCB which is likely
due to their release from fat depots (Debier et al. 2006). Interestingly, the con-
centration of PCBs also increased in some of these depots (blubbers) because of
the decreased fat content; however, different fat territories did not undergo similar
changes, suggesting differences in the kinetics of POP exchange and release. It is
suggested that the release of POPs during fasting may lead to toxic effects.

A critical issue is whether the release of POPs from AT observed during weight
loss could lead to toxic outcomes in other organs and tissues. Indirect evidence
was obtained in humans from several studies of weight loss triggered by either diet
or diet associated with bariatric surgery. We have shown that the dynamic increase
in serum POPs following drastic weight loss correlated with a delayed and reduced
improvement of blood lipid parameters and liver toxicity biomarkers (Kim et al.
2011). Correlations between blood POP concentrations and other clinical param-
eters, in particular muscle parameters, were also observed by the group of
Tremblay who conducted seminal studies in this field (Imbeault et al. 2002).

In conclusion, a number of human and animal studies suggest that the AT
behaves as a toxicokinetic buffer for lipophilic pollutants. It is a privileged storage
compartment for these pollutants. However, this is a dynamic situation and release
from the AT occurs at a low basal level which can be magnified during weight
loss. There is indirect evidence suggesting that released POPs are not inert and can
exert some toxic effects. More direct evidence for this point is needed.

The Adipose Tissue as a Target of Pollutants

Several epidemiological studies carried out following industrial exposure of
workers or accidental contamination by POPs indicated a relationship between
serum concentration of certain POPs and markers of diabetes or of a prediabetic
state. Such a correlation was also found in a large scale study carried in the general
population (Lee et al. 2007). Because of the implication of the AT in metabolic
diseases, it was hypothesized that this tissue could be a target of POPs and indeed,
several effects were found. Thus, in addition to its function in the storage and
release of POPs, the AT was shown to be altered by these compounds. Its vul-
nerability may be due to its ability to accumulate POPs; however, this pollutant
localization remains unknown as well as the possible effects of pollutants on the
structure and function of lipid droplets. Most of the studies were in vitro or ex
vivo, but recently the effect of POPs on the AT of rodents was also assessed. Three
main effects have been established by several labs including ours. POPs were
shown to display anti-insulin effects in cellular models of adipocytes. For example,
dioxin repressed the glucose transporter Glut4 expression and lipoprotein lipase in
3T3-F442a cells (Kern et al. 2002). This anti-insulin effect is not general and
consistent for all genes. Indeed, while dioxin was found to antagonize insulin
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action on certain genes such as the IGFBP1 (insulin-like growth factor binding
protein 1) gene in hepatocytes (Marchand et al. 2005), it displayed a different
effect on other genes such as the liver PEPCK (phosphoenolpyruvate carboxyki-
nase) gene, since it tended to inhibit gluconeogenesis in this tissue, similar to
insulin (Stahl et al. 1993).

POPs have been shown to induce proinflammatory genes in rodent adipose cells
(Kern et al. 2002). We found similar effects in human adipocytes (Kim et al.
2012). Importantly, in mice treated with dioxin, not only the gene expression of
proinflammatory genes was increased, but also invasion of this tissue by macro-
phages and lymphocytes was observed (Kim et al. 2012). Finally, dioxin was
shown to inhibit the differentiation of adipocyte precursor cells in certain model
systems and to antagonize the effects of PPARc; however the actual mechanisms
remain elusive (Remillard and Bunce 2002).

In conclusion, preadipocytes and adipocytes are targeted by POPs which appear
to disrupt certain signaling and differentiation pathways and to induce
inflammation.

Conclusion and Hypothesis

The AT appears to play critical roles in the kinetics of POPs and in their patho-
genic effects. It has a major role, together with the liver protein compartment in
storing POPs and in preventing their distribution into more sensitive tissues.
However, the AT storing capacity is constitutive and not inducible. This kinetic
system acts as a buffer during acute or subacute exposure conditions. However, it
translates an acute exposure into a long-term, low grade internal exposure
(Fig. 11.2). It thus transforms an immediate threat into a latent chronic threat. This
buffer system perfectly illustrates a previously developed hypothesis (Barouki and
Morel 2001) which proposes that chronic toxicity of xenobiotics is in fact favored
by the protective systems that are triggered upon repeated exposure to these
compounds. In addition to these functions, the AT constitutes a target of POP
toxicity. Indeed, the main toxic effect triggered by these compounds is inflam-
mation which is a well-known risk factor for metabolic diseases. These observa-
tions support the contribution of POPs to metabolic diseases and suggest that AT
alteration could at least partially mediate these effects.

Important points

• The AT plays an important role in the toxicokinetics of persistent organic
pollutants.

• This tissue may have a protective function in case of acute or subacute exposure:
it can take up these pollutants and thereby prevent their localization in other
more sensitive tissues.
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• In the long run, the AT constitutes an endogenous source of chronic low grade
exposure. This is revealed in case of weight loss.

• The AT is also a target of toxicants which alter signaling pathways, differen-
tiation programs and induce inflammation.
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Part III
Endocrine Functions of Adipocyte



Chapter 12
Chatting Between the Brain
and White Adipose Tissues

Luc Pénicaud and Anne Lorsignol

Introduction

Factors of neural origin play an important role in the control of energy homeo-
stasis. Indeed, central and autonomic nervous systems are involved in the regu-
lation of whole-body energy by regulating its different components: intake,
expenditure, and storage. The metabolic or secretory activity of various tissues or
organ is indeed under the control of the autonomic nervous system. This is the case
for the liver, the pancreas, and the adrenal glands but there are data showing that
this is true for muscles as well. The metabolic and secretory capacities of adipose
tissues are also deeply controlled by autonomic nervous system.

In most mammals, two types of adipose tissue, white and brown, are present.
Both are able to store energy in the form of triacylglycerols and to hydrolyze them
into free fatty acids and glycerol. While white adipose tissue (WAT) provides
lipids as substrates for other tissues such as muscles, brown adipose tissue uses
fatty acids for heat production. Over a period of time, white fat mass reflects the
balance between energy expenditure and energy intake. Remarkably, body fat
mass remains relatively constant in adult suggesting that food intake and energy
expenditure are linked. This has been supported by numerous studies that
demonstrated the interdependency of these parameters and thus a feedback loop
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between the brain and adipose tissues with the involvement of the autonomic
nervous system on one side and that of sensory fibers and metabolites or hormonal
signals on the other (Fig. 12.1). This review will focus on WAT.

Efferent Innervation of White Adipose Tissue

A number of observations have clearly shown that WAT is innervated by sym-
pathetic endings of the autonomic nervous system. The catecholaminergic fibers
have initially been reported as closely associated with the blood vessels leading to
implication of sympathetic nervous system (SNS) in WAT blood flow (Norman
et al. 1988; Himms-Hagen 1990; Ballantyne and Raffery 1974; Slavin and Ballard
1978) (Fig. 12.2). While data questioned this in the late 1980s (Rebuffé-Scrive
1991), it was in the 1990s that Bartness and its group demonstrated direct
neuroanatomical evidence for innervation of white adipocytes (Youngstrom and

Fig. 12.1 The feedback loop between the brain and WAT
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Bartness 1995). Although sparse, these sympathetic endings were of the ‘‘en
passant’’ type thus allowing multiple sites of norepinephrine release. Using single
neuron retrograde tracer and viral transsynaptic tracing methodologies, the sym-
pathetic outflow from brain to WAT has been identified. Collectively, it appears
that WAT receives input from central nervous system (CNS) cell groups that are
part of the general SNS outflow from brain (hypothalamic nuclei, brainstem
regions, intermediolateral cell groups of the spinal cord) (Bamshad et al. 1998;
Bowers et al. 2004). More recently, Stanley et al. (2010) have elegantly demon-
strated that most of neurons involved in the sympathetic input to WAT pads also
projected to the liver, another key metabolically organ thus allowing a coordinated
control of peripheral metabolism Stanley et al. (2010).

The main and classically investigated neurotransmitter of SNS is norepineph-
rine (NE) although these nerves contain and release other neurotransmitters among

Fig. 12.2 White adipose tissue afferent innervation (Personal unpublished data). a Catecholam-
inergic innervation (red) of the vasculature (green) was observed to encapsulate the arteries and
arterioles (arrows). b Nervous fibers (green) were also observed along capillaries (red). c,
d Isolated sympathetic fibers (red) were also visualized surrounding (arrows) adipocytes
(asterisks)
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which is neuropeptide Y, as well as NE (Potter 1988; Giordano et al. 1996); these
latter control lipolysis by activating different receptors subtypes present on
adipocytes (Potter 1988; Giordano et al. 1996; Castan et al. 1992, 1994; Serradeil-
Le Gal et al. 2000; Bradley et al. 2005; Lee et al. 2005). Adipose cells express
different noradrenergic receptor subtypes (Lafontan and Berlan 1993). In WAT it
has been demonstrated that the lipolytic activity of adipocytes depends on a
balance between lipolysis-promoting ß-adrenergic receptor and lipolysis-inhibiting
a2-adrenergic receptor (Grujic et al. 1997; Lafontan and Berlan 1995). Depending
on this balance an increased sympathetic tone can lead to an increase or a decrease
in lipolysis.

Most organs or tissues are innervated by both SNS and parasympathetic
nervous system (PNS). For a long time it was thought that WATs did not receive
parasympathetic nerves. Recent neuroanatomical studies in rats have reported
parasympathetic innervation of WAT. A physiological role of such input was
proposed since vagotomy was shown to reduce the insulin-dependent glucose and
free fatty acid uptakes (Kreier et al. 2002). Such role of PNS can also be sustained
by the demonstration of the presence of functional nicotinic receptor on white
adipocytes as well as an increased insulin sensitivity of these cells under nicotine
stimulation (Liu et al. 2004). However, the PNS innervation of WAT is highly
controversial and remains a subject of debate (Berthoud et al. 2006; Giordano et al.
2006; Kreier and Buijs 2007).

Although adipose tissue is used as a general term, the fat pads are quite different
in regard to their origin, anatomical characteristics, and functions so that one
should rather speak about WATs. Indeed, both autonomic innervation (fibers
density or sub-location) and the number and affinity of neurotransmitter receptors
of fat depots are heterogeneous. First a relatively separated sympathetic innerva-
tion of inguinal and epididymal pads exists, since there are no overlapping patterns
of labeled postganglionic cells within the sympathetic chain innervating these two
deposits using fluorescent tracers (Youngstrom and Bartness 1995). In addition to
this peripheral viscerotropic separation of sympathetic nerves, viscerotropy could
also occur centrally, within spinal cord or brain (Bamshad et al. 1998; Kreier et al.
2002, 2006; Brito et al. 2007). Moreover, this heterogeneity of innervation may
change according to nutritional status (Giordano et al. 2005). Second, taking NE
turnover as an index of SNS activity, specific pattern has been delineated which
might also depend of the stimulus considered (Brito et al. 2008; Bartnes et al.
2010). Altogether, these last data indicate a higher lipolysis in intra-abdominal fat
pads as compared to subcutaneous one. Third, this is reinforced by the distribution
of the different subclasses of receptors that depends on species, sex, and fat depot.
Thus, in women, for example, it has been demonstrated that the number of a2 and
ß1, ß2-adrenoceptors varies between omental, abdominal, and femoral adipose
tissues and as a consequence the lipolytic response to epinephrine or NE (Lafontan
and Berlan 1995; Mauriège et al. 1987, 1988; Pénicaud et al. 2000).
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Effects of the Autonomic Nervous System on White Adipose
Tissue Metabolism

The two main metabolic pathways of white adipocytes are on one hand the
synthesis and accumulation of triglycerides and on the other their degradation into
free fatty acid and glycerol (Wang et al. 2008). The increase in lipid store in
adipocytes is performed by two ways. First by the direct uptake of triglycerides
associated with lipoproteins coming from the circulation and which are hydrolyzed
by lipoprotein lipase in non-esterified free fatty acids. These fatty acids are then
transported into and in the cells by a family of fatty acid-binding protein (FABP,
FAT, FATP, aP2,….). Second by the lipogenic pathways, i.e., the de novo
synthesis from glucose. The last one is transported into the cell mainly via the
insulin-sensitive glucose transporter isoform Glut 4. The glucose allows the
synthesis of pyruvate and glycerol-3-phosphate, substrates, which will lead to the
synthesis of triglycerides. Indeed, pyruvate will be utilized for the formation of
acetyl-CoA and then its transformation into malonyl CoA under the control of
acetyl-CoA carboxylase. The last step catalyzed by fatty acid synthase, a multi-
enzyme complex, leads to the formation of long-chain fatty acids. These anabolic
pathways are mainly under the control of insulin.

It is now recognized that lipolytic pathways are mainly under the dependency of
three main players: adipose triglyceride lipase, hormone sensitive lipase, and
perilipin A (Wang et al. 2008). In white adipocyte, both free fatty acids and
glycerol are released into the adjacent blood vessels to provide fuel for other
tissues. As already mentioned above catecholamines and particularly NE are the
main hormones involved in the control of lipolysis. However, one has to underline
that, the antilipolytic effect of insulin is predominant and thus catecholamines
exert their effect when insulin level is low. From what is said above it is easy to
conclude that the SNS is the main driver for adipose tissues lipolysis.

Apart from its well-known effect on lipolysis, SNS plays a role in regulating the
anabolic pathways (Lafontan and Berlan 1993, 1995). Thus, it has been shown that
stimulation of sympathetic nerves has no main effect on glucose uptake, utiliza-
tion, and lipogenesis in WAT (Shimazu et al. 1991, 1999; Cousin et al. 1993).
Whereas, as already mentioned, there are evidences that PNS innervation increases
insulin sensitivity in WAT (Kreier et al. 2002).

Effects of the Autonomic Nervous System on White Adipose
Tissue Secretion

Over the last 20 years the notion has emerged that WAT is not only involved in the
storage and release of energy but could also be part of other physiological func-
tions due to its capabilities in synthesis and secretion of numerous factors such as
leptin, adiponectin, and many proteins involved in inflammation and immunity
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(Halberg et al. 2008; Pénicaud et al. 2002). So that adipose tissue is now
considered as a true endocrine organ.

The synthesis and secretion of some of these compounds are under the control
of numerous factors among which the SNS via catecholamines plays a role. Leptin
control has probably been the most studied. There are numerous evidences that
stimulation of ß-adrenoceptor decreases the release of leptin. In human adipose
tissue this occurs through a posttranslational mechanism, most likely secretion per
se. In contrast, in rat adipose tissue, isoproterenol does not affect basal leptin
secretion but has a short-term action to antagonize the insulin-stimulated leptin
biosynthesis (Cammisotto and Bukowiecki 2002; Ricci et al. 2005). Also, an
elegant study demonstrates a decrease leptin secretion when 3T3L1 adipocytes (a
well-characterized white adipose cell line) are cultured in the presence of primary
sympathetic neurons (Turtzo et al. 2001). It has then been proposed that cate-
cholamines may mediate short-term decrease in plasma leptin that occurs within
hours of fasting and cold exposure (Lee and Fried 2009).

Adiponectin is also negatively regulated by ß-adrenoceptor (Fu et al. 2007). By
contrast the secretion of cytokines such as TNFa and IL6 is increased under
ß-adrenergic stimulation (Mohamed-Ali et al. 2000; Vicennati et al. 2002).
Overall, these data suggest that upregulation of proinflammatory cytokines and
downregulation of adiponectin by ß-adrenoceptor activation may contribute to the
pathogenesis of catecholamine-induced insulin resistance.

Effects of the Autonomic Nervous System on WAT Growth:
Adipose Cells Proliferation, Differentiation and Angiogenesis

Fat mass is the result of two processes, i.e., the regulation of the size and the number
of adipocytes. We have shown that the autonomic nervous system is indeed
involved in the first one by regulating energy stores and degradation. There are also
numerous evidence showing that the SNS is involved in the control of proliferation
and differentiation and to a lesser extend in white adipocytes apoptosis.

Sympathetic activation would inhibit the development of WAT (Pénicaud et al.
2000; Cousin et al. 1996). Norepinephrine inhibits proliferation of adipocyte
precursor cells in vitro and can be blocked by propranolol, a general ß-adreno-
ceptor antagonist (Jones et al. 1992). In vivo surgical or pharmacological (using
6OH-DA treatment) denervation of WAT triggers significant increase in the
number of white preadipocytes and adipocytes both in rats and Siberian hamsters
(Bowers et al. 2004; Cousin et al. 1993; Foster and Bartness 2006). We have been
the first to demonstrate that 1 week after denervation of one retroperitoneal fat
pad, DNA content was largely increased without change in the number of mature
white adipocytes. Furthermore, the amount of A2COL6, an early marker of white
adipocyte differentiation was enhanced in the denervated pad. One month later, the
number of mature adipocytes was significantly increased in the denervated pad

176 L. Pénicaud and A. Lorsignol



(Cousin et al. 1993). According to the pad which has been denervated, the results
were not always the same, reinforcing the idea of WAT pads heterogeneity
principally depending on the innervation. A recent study using transgenic mice
having a massive reduction of innervation due to the lack of Nscl-2, a neuronal-
specific transcription factor, came in support of such observation (Ruschke et al.
2009). These mice present an increase in preadipocytes number and a bimodal
distribution of the size of adipocytes indicating an increase in the number of small
adipocytes. Moreover, recent data demonstrate that increase in sympathetic drive
to WAT pads may induce emergence of brown (or brown-like) adipocytes within
WAT depots, an effect likely due to b3 receptors activation (Cao et al. 2011; Chao
et al. 2011; Jimenez et al. 2003; Barbatelli et al. 2010). Altogether, these data
agree with the major role of SNS in energy homeostasis, i.e., energy expenditure
stimulation. Nevertheless, one must keep in mind that sympathetic efferent fibers
synthesize and release other neurotransmitters such as NPY. Indeed, recent data
demonstrated that sympathetic NPY release stimulates fat angiogenesis, prolifer-
ation and differentiation of new adipocytes, resulting in adipose tissue growth
(Kuo et al. 2007; Ruohonen et al. 2008). These effects, which are mediated through
Y1 and/or Y2 receptor subtypes can thus antagonize or minimize NE effects (Kuo
et al. 2007; Yang et al. 2008). This duality would have to be analyzed in future
studies on SNS outflow.

Although the importance of apoptosis in the biology of adipose tissues is still a
controversial issue, there are different reports describing such process in white
adipocytes. To our knowledge there is no direct demonstration of a role of the SNS
in regulating the rate of apoptosis in adipose tissues; however, several observations
are in support of such role. In brown adipocytes, it has been demonstrated that the
proapoptotic effect of TNFa is abrogated by NE and that this neurotransmitter
protects these cells from apoptosis (Nisoli et al. 1997; Navarro et al. 1998).
Nothing is known concerning such effects on white adipose cells. Nevertheless,
leptin is indeed known to induce a reduction in fat pads weight, this effect being
observed under both peripheral and central injection. Furthermore, it has been
reported that adipocyte apoptosis occurs after intracerebroventricular administra-
tion of leptin in rats (Qian et al. 1998; Hamrick et al. 2007; Gullicksen et al. 2003).
On the other hand it is well demonstrated that leptin induces an increased SNS
activity (Haque et al. 1999; Scarpace and Matheny 1998). From these data, it can
be proposed that the signal that promotes apoptosis under leptin CNS activation is
probably NE or another co-secreted neurotransmitter.

Altogether, these results demonstrate that in vivo SNS innervation acts as
modulator of fat cell development.
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From Adipose Tissues to the Brain

Circulating Signals

Energy balance is the result of ingestive behavior, energy expenditure, and energy
storage in adipose tissue. To explain the precise overall regulation of these
parameters it has been hypothetized, at first by Kennedy in the fifties, that signals
generated in proportion to body fat stores will act in the brain to modulate food
intake and/or energy expenditure (Kennedy 1953). Among these signals, the first
to be proposed was insulin; since it was demonstrated that the pancreatic hormone
increases proportional to body fat mass and acts in the CNS to reduce food intake
(Wood et al. 1979; Porte et al. 2005). In 1994, Friedman and his colleagues
identified and cloned the ob gene (Zhang et al. 1994; Campfield et al. 1996). They
showed that it was predominantly expressed in adipose tissue and encodes a
secreted peptide of 167 amino acids named leptin. Soon after, the receptor was
cloned (Tartaglia et al. 1995). Several splices variants of this receptor have been
identified. While the short form is expressed in various peripheral tissues, the long
form (ob-Rb) is highly expressed in specific sites within the CNS (Elmquist et al.
1998). As expected, administration of leptin reduced food intake and body weight
in ob/ob mice but did not in db/db mice (Halaas et al. 1995; Pelleymounter et al.
1995). Such an effect was also observed in other animal models of obesity as well
as in humans. Thus, human obesity resulting from the lack of hormone can be
reversed upon leptin treatment (Montague et al. 1997; Farooqi et al. 1999). Leptin
is secreted in direct proportion to the amount of stored body fat (Considine et al.
1996). As a consequence, plasma leptin concentration increases while body fat
rises whereas fasting and leanness lead to decreased leptin secretion.

Since the discovery of leptin other factors synthesized and released by adipo-
cytes have been characterized and are grouped under the term adipokines. Among
them, adiponectin, nesfatin, visfatin, as well as cytokines such as IL6, TNFa have
been shown to be involved in energy homeostasis partly via their action in the
brain (Schulz et al. 2010). Adiponectin is the most abundant protein secreted by
WAT (Kadowaki and Yamauchi 2005). The protein is found in the CSF (Kubota
et al. 2007; Kusminski et al. 2007). Its receptors are present in neurons of the
hypothalamus known to control food intake and energy expenditure (Kubota et al.
2007; Guillod-Maximin et al. 2009). Adiponectin injected icv increases energy
expenditure and reduces food intake (Kubota et al. 2007; Qi et al. 2004; Coope
et al. 2008). Nesfatin (NEFA/nucleobinding2-encoded satiety- and fat-influencing
protein) is an adipokine having strong anorectic effect by acting in the brain areas
involved in energy homeostasis (different nuclei of the hypothalamus and brain-
stem) (Oh-I et al. 2006; Shimizu et al. 2009). It mainly interacts with the mela-
nocortin system. It is synthesized by different tissues among which WAT is also
present in the CNS (Oh-I et al. 2006). However, there is currently a lack of data to
sustain nesfatin as a true signaling molecule since little is known on the control of
its secretion by adipose cells and its transport through the blood–brain barrier.
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Visfatin is mainly synthesized by visceral fat although its expression is not
restricted to WAT (Fukuhara et al. 2005). It has an orexigenic effect at least in
chicken and a positive correlation exists between plasma visfatin level and body
fat mass and body weight in human (Cline et al. 2008; Hallschmid et al. 2009).
Once again additional data are needed to definitely sustain a role of visfatin on
body energy homeostasis via its action on the brain. TNFa and IL6 are secreted by
adipose tissues but the main source is not the adipocyte itself but rather macro-
phages (Galic et al. 2010). Their release is proportional to the amount of fat and
their anorectic effect has been demonstrated since many years (Galic et al. 2010;
Buchanan and Johnson 2007; Langhans 2007; Dantzer et al. 1998).

Last, one also has to stress the role of nutrients of which the concentration
might depend on the metabolic activity of adipose tissues such as glucose and
particularly free fatty acids. Indeed both of these metabolites have been shown to
play an important role as signals, reflecting energy homeostasis, to some part of the
brain (Jordan et al. 2010; Lam 2010; Pénicaud et al. 2006; Wang et al. 2006).
Glucose and lipids are detected by specialized fuel-sensing neurons that are
incorporated in specific hypothalamic neuronal circuits. Hence, circulating nutri-
ents cooperate with hormones (insulin) and adipokines (mainly leptin) to regulate
the activity of distinct neuronal populations that control food intake, energy
expenditure, and glucose homeostasis.

Sensory innervation

Apart from these circulating signals acting directly in the hypothalamus and other
areas, adipose tissues sensory nerves may be part of this system. Indeed sensory
innervation of WAT has been demonstrated by various facts. The identification of
substance P and calcitonin gene-related peptide, markers of sensory neurons was a
first demonstration (Giordano et al. 1996). Then a direct neuroanatomical
demonstration was given by use of anterograde tracer (Fishman and Dark 1987).
Finally, the sensory projection to different brain areas was studied by Bartness’s
and Kreier’s groups. (Liu et al. 2004; Song et al. 2009; Shi et al. 2005). As stated
by these authors, ‘‘labelling cells were found at all levels of the neuroaxis
including both the nodose ganglia (visceral afferents) as well as the dorsal horn of
the spinal cord (nociceptive and/or proprioceptive afferents) and in almost all the
autonomic outputs areas in the brainstem and midbrain’’.

Although one does not know what (leptin, lipid molecules such as glycerol, free
fatty acids, prostaglandins) these nerves ‘‘sense’’, data are in support of their role in
informing the brain on lipid stores. First, when selective bilateral destruction of
sensory fibers innervating epididymal fat pad was performed in hamster by injecting
capsaicin; the weight of the other WAT pads (retroperitoneal and inguinal) was
increased in a degree that approximated the lipid deficit if the pads had been removed
by lipectomy (Shi and Bartness 2005). Second, leptin microinjection in WAT pad
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significantly increased electrical activity of sensory afferents emanating from the
pad and elicited increase in sympathetic efferents in the contralateral pad suggestive
of a reflex arc (Niijima 1998, 1999; Song et al. 2010).

Conclusions

This chapter underlines the progress made over the last years in delineating the
crosstalk between WATs and the brain. Indeed data have clarified the neuroana-
tomical innervation of the different fat pads, the central localization of this
innervation and its projections, the demonstration of sensory and parasympathetic
innervation, and the brain’s effects of adipokines. This represents a new field that
merits further attention since they are, at least concerning the innervation by
parasympathetic system, a matter of debate. The role of the autonomic nervous
system in the control of adipose tissues functions has also received strong attention
and led to new concept in regard not only to their metabolic and secretory activity
but also to their development and plasticity even in the adults. Considering this last
point, more data are needed to strongly sustain the influence of the SNS on
apoptosis and also in the proliferation and differentiation of new adipose cells. To
determine whether nervous control could play a role in the fate of the different
progenitors (stem cells, multipotent cells), which have been demonstrated to be
present in adipose tissues (Prunet-Marcassus et al. 2006; Crisan et al. 2008; Elabd
et al. 2009; Casteilla and Dani 2006) and of which the role, the differentiation
potential, and their regulation remain to be fully understood, appears crucial for a
better view of adipose tissue biology and physiology.

Altogether this neural feedback loop between adipose tissues and the brain
plays a crucial role in numerous physiological phenomenon, in particular the
regulation of energy homeostasis and body fat mass and also reproduction and
immune function. As it has been shown, it could be altered in numerous metabolic
pathologies such as obesity, type II diabetes, and their complications. Thus, the
comprehension of the biology and physiopathology of adipose tissues represents
an important area of research with putative clinical implications.

Summary

Over the last decades, numerous papers have been published demonstrating the
importance of the relationships between the brain and WATs in regard to body
weight and metabolism regulation. Indeed the brain, mainly via the SNS, controls
body fat mass both by regulating adipocytes metabolism (lipolysis and lipogene-
sis), secretory activity (leptin and other adipokines) as well as development. In turn
fat mass will send informations to some brain areas via sensory nerves as well as
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via changes in metabolic and hormonal signals. Altogether these data are in
support of a feedback loop between WATs and the brain. This crosstalk plays a
major role in the regulation of energy homeostasis and has been shown to be
altered according to physiological and pathological states.
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Chapter 13
Adiponectin: An Adipokine with Multiple
Faces

Jean-Philippe Bastard, Camille Vatier and Bruno Fève

Introduction

Adipose tissue (AT) is now recognized as a secretory organ capable of synthe-
sizing a wide variety of factors called adipokines (molecules synthesized and
secreted by AT acting locally in an autocrine–paracrine way, or in an endocrine
manner), which some are able to modulate insulin sensitivity and energy balance
(Bastard et al. 2006; Antuna-Puente et al. 2008). These adipokines have pleio-
tropic physiological effects. It is now clear that they participate to the genesis of
numerous metabolic disorders and their complications such as diabetes and
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cardiovascular diseases. AT is a heterogeneous tissue composed of adipocytes and
multiple other cell types including preadipocytes, fibroblasts, endothelial,
macrophagic cells, and the other cells of the immune system constituting the
stroma vascular fraction (SVF). Some adipokines are mainly produced by adipo-
cytes, whereas others are preferentially secreted by SVF cells, and in particular by
macrophages. In this chapter, we shall present the properties of an adipokine
mainly produced by adipocytes: adiponectin.

Discovery, Structural Data, Receptors, Regulation,
and Metabolism of Adiponectin

Initially, the group of Lodish brought into light a new protein of 30-kDa secreted by
the adipocyte, adipocyte complement-related protein of 30-kDa (Acrp30). Acrp30
was exclusively expressed in adipocytes and its mRNA levels were increased by a
factor 100 during adipocyte differentiation (Scherer et al. 1995). At the same time
as this discovery, Maeda et al. (1996) cloned the cDNA of a new AT factor related
to collagen, which expression level was particularly high. For this purpose, it was
named adiposity most abundant transcript gene 1 (apM1). By using a technique of
differential display, the group of Spiegelman identified the cDNA of a new mole-
cule of AT, and called it adipoQ. The peculiarity of this adipoQ was that its
expression, which was very high, was also specific of AT but reduced in obesity (Hu
et al. 1996). Finally, Nakano et al. (1996) described a new protein, gelatin-binding
protein 28 (GBP 28), purified from human plasma. Thus, initially described
between 1995 and 1996 under various names (A crp30 and adipoQ) for mouse
(Scherer et al. 1995; Hu et al. 1996) and in human (GBP28 and ApM1) (Maeda et al.
1996; Nakano et al. 1996) by different and independent teams, this particular
adipokine is now recognized as adiponectin. The circulating concentrations of
adiponectin, which represent 0.01 % of plasma proteins, are around 5–30 mg/L in
physiological conditions while those of leptin, for example, are only around 2–
8 lg/L. As for leptin, there is a sex ratio for adiponectin levels with lower serum
contents in men than in women. Hormonal regulation of adiponectin was suggested
since testosterone inhibits synthesis and secretion of this adipokine in both rodent
and human (Wang et al. 2008). The adiponectin gene consisted of three exons and
two introns, and extends over 16 kb. Only two exons are translated into a protein of
244 amino acids in human. It consists of four domains with a signal sequence in the
amino-terminal domain, followed by a variable region without specificity, a col-
lagen domain, and a carboxy-terminal globular domain. Its mass is 30 kDa in mice
and 28 kDa in human. The major part of the biological activity of adiponectin is
attributable to the C-terminal domain. Further to its secretion, the monomer of
adiponectin undergoes important translational modifications such as hydroxylation
and glycation on specific proline and lysine residues. These translational modifi-
cations may play a crucial role in the formation of adiponectin oligomers and are
essential for the inhibition of hepatic neoglucogenesis and for binding the ligand to
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its membrane receptors (Wang et al. 2008). The secretion of adiponectin oligomers
is controlled in the endoplasmic reticulum by chaperone proteins such as ERp44,
which prevents the release of adiponectin oligomers, or Ero1-La, which on the
contrary facilitates the release of high molecular mass complexes trapped by ERp44
(Wang et al. 2008). The assembly of the globular parts by hydrophobic interactions
allows trimer formation while the interactions in the collagen domain level
(disulfides bridges) allow hexamer formation and the high molecular mass forms
(2–6 trimers). Thus, adiponectin can be found in the circulation under various
molecular forms (Fig. 13.1), including low molecular weight corresponding to
trimers, medium molecular weight corresponding to hexamers (assembly of two
trimers) and high molecular weight (HMW), which corresponds to an assembly of
three hexamers (Wang et al. 2008). HMW adiponectin is the main circulating form
([80 %) and would be the most active form of adiponectin (Wang et al. 2008).
However, the physiological roles and the determinants that drive these various
circulating forms of adiponectin are not still clearly clarified. Concerning the
clearance and the degradation of adiponectin, its half-life would be of the order of
1 h and a half in human, while it would be shorter in mice. However, these data
remain to be confirmed (Hoffstedt et al. 2004; Halberg et al. 2009). The liver would
be involved in a major way in the clearance of adiponectin in mice (Halberg et al.
2009). This is in agreement with observations in cirrhotic patients, which report an
increased circulating adiponectin concentration in these patients (Tietge et al.
2004). Nevertheless, a renal excretion is also suggested because adiponectin is
found in urine, in particular in patients with renal damage (von Eynatten et al.
2009). Remarkably, adiponectinemia is increased, in adults (Stenvinkel et al. 2004;
Beige et al. 2009) and in children with renal failure (Möller et al. 2012). Moreover,
a decrease of adiponectinemia is observed in these patients after renal transplan-
tation (Cui et al. 2011). Thus, the clearance of adiponectin is likely mainly hepatic,
but a significant renal component must be also considered.

Two isoforms of adiponectin receptor (AdipoR1 and R2) have been cloned
(Yamauchi et al. 2003). AdipoR1 expression is ubiquitous but higher in skeletal
muscle. It displays a higher affinity for the globular form of adiponectin. AdipoR2
is predominantly expressed in the liver and possesses a higher affinity for the

Fig. 13.1 Polymerization of adiponectin. LMW low molecular weight, MMW medium molecular
weight, HMW high molecular weight
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complete form of adiponectin (Yamauchi et al. 2003; Kadowaki et al. 2006).
Invalidation of these receptors demonstrates their importance in the transmission
of adiponectin signal (Yamauchi et al. 2007). Besides these two isoforms, the
T-cadherin receptor expressed in endothelial and smooth muscle cells was also
identified as a potential receptor of adiponectin (Hug et al. 2004).

Adiponectin has several physiological specificities as compared other adipo-
kines. Although initially considered as an adipokine produced and secreted mainly
by AT and in particular adipocytes (Bastard et al. 2006; Antuna-Puente et al.
2008), it was recently shown that other cell types as cardiomyocytes, skeletal
muscle cells, osteoblasts, endothelial cells, or even pituitary cells could produce
adiponectin.

Circulating concentrations of adiponectin are decreased in insulin resistant
obese subjects, in type 2 diabetic patients or in patients with metabolic syndrome,
and there is an inverse relationship between adiponectinemia and body mass index
(BMI) in particular with the visceral AT (Arita et al. 1999; Staiger et al. 2003).
A recently formulated hypothesis suggests that in a context of insulin resistance,
the increased insulin plasma levels could inhibit the production of adiponectin
(Cook and Semple 2010). Indeed, insulin can inhibit adipocyte adiponectin pro-
duction and this property would not be altered in the case of ‘‘common’’ insulin
resistance (Cook and Semple 2010). Nevertheless, it is only a hypothesis and
numerous works are currently in progress to better understand the biological
effects of adiponectin and its regulation. On the other hand, other studies per-
formed in animal models showed that injection of recombinant adiponectin in
insulin resistant obese or lipoatrophic mice dramatically improves their metabolic
disturbances, in particular at the lipid metabolism level (Yamauchi et al. 2001).

Adiponectin, Insulin Sensitivity, and Insulin Resistance

The mechanism of action of adiponectin is still a source of important investiga-
tions. Nevertheless, although the signaling pathways of adiponectin receptors are
not completely clarified, several molecules were shown to mediate its intracellular
signaling and mechanism of action. The biological effects of adiponectin could
partly involve the stimulation of fatty acids oxidation in both skeletal muscles and
liver, the stimulation of glucose transport in muscle and a decrease of hepatic
gluconeogenesis via the activation of AMP-activated protein kinase (AMPK)
(Tomas et al. 2002; Yamauchi et al. 2002). Furthermore, recent data suggest that
the signal transduction of adiponectin would imply an adaptor protein called
APPL1 (adaptor protein, phospho-tyrosine interaction, PH domain, and leucine
zipper containing 1), since the modulation of its expression into the muscle is
associated with adiponectin capacities to stimulate AMPK activity (Mao et al.
2006). On the other hand, APPL2 isoform was reported to have a negative effect
on adiponectin signaling (Wang et al. 2009). One of the roles of AMPK is to
modulate cell concentrations of malonyl-CoA by inhibiting acetyl-CoA

190 J.-P. Bastard et al.



carboxylase that is the limiting enzyme of acetyl-CoA transformation into malo-
nyl-CoA, and by stimulating malonyl-CoA decarboxylase, which occurs in the
degradation of malonyl-CoA. This reduces the concentration of malonyl-CoA,
leading to a decrease of lipogenesis and an increase of the mitochondrial carnitine-
palmitoyl transferase-1 (CPT1) activity with a subsequent induction of fatty acid
mitochondrial entry of and beta-oxidation that improves, in fine, insulin sensitivity.
Furthermore, the increase in skeletal muscle lipid oxidation could be strengthened
by the stimulation by adiponectin of Peroxisome proliferator-activated receptor-a
(PPAR-a) activity (Yamauchi et al. 2001).

In agreement with these pathophysiological data, numerous studies reported an
inverse relationship between insulin resistance and the circulating concentrations of
adiponectin in several pathologies with a high cardiovascular risk such as obesity,
metabolic syndrome, and type 2 diabetes (Bastard et al. 2006; Antuna-Puente et al.
2008). However, this association between adiponectin and insulin sensitivity seems
less evident when considering studies in patients with severe insulin resistance or in
patients with genetic lipodystrophies (Cook and Semple 2010). Thus, patients with
mutations in the insulin receptor gene or with anti-insulin receptor antibodies, (type
B insulin resistance) leading to a loss of function of the receptor, exhibit very high
plasma levels, higher to those found in noninsulin resistant controls (Cook and
Semple 2010; Semple et al. 2006, 2008; Antuna-Puente et al. 2010). Although the
pathophysiological mechanism is not clarified, it is likely that the complete absence
of insulin signaling pathway activation is involved in this major increase in cir-
culating adiponectin levels. Indeed, in the context of type B insulin resistance, the
circulating concentrations of adiponectin decrease in parallel with the reduction of
anti-insulin receptor antibodies (Semple et al. 2008). Moreover, this is associated
with the clinical improvement of the insulin resistance syndrome (Semple et al.
2008). Although the regulation of adiponectin secretion is not fully understood, this
suggests that adiponectin measurement could help diagnosis in patients affected by
extreme insulin resistance for searching mutations of the insulin receptor gene or
the presence of anti-insulin receptor antibodies.

Studies carried out in patients affected by genetic lipodystrophies show that the
concentrations of adiponectin, as those of leptin, were low according to the loss of
fat mass (Semple et al. 2006; Antuna-Puente et al. 2010). Nevertheless, a pecu-
liarity is present in patients presenting a generalized congenital lipoatrophy
(Berardinelli-Seip syndrome) because, according to the involved gene, adiponec-
tinemia is either not measurable or at values similar to those found in HIV
lipoatrophic patients (Antuna-Puente et al. 2010). Indeed, adiponectin is unde-
tectable in patients carrying a mutation of the gene coding for the enzyme
1-acylglycerol-3-phosphate-O-acyltransferase 2 (AGPAT2) involved in the
metabolism of triglycerides. On the contrary, adiponectinemia is about 3 mg/L in
patients with a mutation in the gene coding for seipin, which function is not still
clearly clarified (Antuna-Puente et al. 2010). Once again, although the involved
mechanisms are not identified, plasma adiponectin measurement allows to direct
the genetic diagnosis to the genes of interest in patients with congenital general-
ized lipodystrophy.
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Anti-Inflammatory and Anti-Atherogenic Effects
of Adiponectin

Besides its insulin sensitizing effects, adiponectin also displays a vascular pro-
tective effect by acting at early steps in the process of atherogenesis through
inhibiting the expression of adhesion molecules on the vascular endothelial cells,
the transformation of macrophages into foam cells, and the proliferation of smooth
muscle cells (Ouchi et al. 1999, 2001; Arita et al. 2002). Adiponectin also has anti-
inflammatory properties that could modulate metabolic functions. Thus, several
experiments support a role of adiponectin to regulate macrophage recruitment at
the inflammatory site level. This could act via a modulation of reactive oxygen
species production (Ouedraogo et al. 2006). In agreement with this hypothesis,
there is a negative correlation between circulating concentrations of the oxidized
low-density lipoprotein and those of adiponectin in type 2 diabetic patients or in
subjects with a coronary disease (Lautamaki et al. 2007).

Numerous anti-inflammatory properties of adiponectin may depend on anti-
Tumor necrosis factor-a (TNF-a) effects. This may contribute to its protective role
in atherosclerosis and also to its insulin sensitive properties. Adiponectin can
decrease the inflammatory response induced by TNF-a. Accordingly, in vitro
studies show that adiponectin treatment induces a loss of macrophage activity and
reduces macrophage production of TNF-a (Ouedraogo et al. 2006). Other in vitro
experiments indicate that adiponectin counteracts the effects of hyperglycaemia
and proinflammatory cytokines on endothelial cells, thus reducing the risk of
atherosclerosis development (Goldstein et al. 2009). Thus, it was shown that
adiponectin knockout mice were more prone to develop microvascular inflam-
mation and cardiovascular disorders, in agreement with numerous epidemiological
studies showing a higher cardiovascular risk in subjects with a low adiponectin-
emia (Ouedraogo et al. 2007). Furthermore, treatment with globular adiponectin
improves the endothelial microinflammatory status in adiponectin deficient mice,
suggesting a potential therapeutic role for this molecule (Ouedraogo et al. 2007).
On the other hand, the proinflammatory cytokines TNF-a and interleukin-6
decrease adiponectin expression in human adipocytes (Lautamaki et al. 2007).
Hence, it was reported that the neutralization of TNF-a increased adiponectinemia
in patients affected by rheumatoid arthritis (Komai et al. 2007). Nevertheless, the
inter-relationship between TNF-a and adiponectin is not fully clarified in
inflammatory diseases and requires further studies.

Adiponectin and Renal Pathology

The presence of increased albuminuria, which is associated with obesity, high
blood pressure and diabetes, is a risk factor of cardiovascular and renal diseases.
Recently, adiponectin was involved in the pathophysiology of increased
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albuminuria. Thus, a negative correlation between adiponectinemia and albu-
minuria was shown in obese patients (Komaba et al. 2006; Lenghel et al. 2012).
Furthermore, experiments in adiponectin-deficient mice demonstrate that increased
albuminuria is associated with renal cell disorders characterized by a fusion of
podocyte feet (Sharma et al. 2008). Cell culture studies of podocytes indicate that
adiponectin, via the activation of AMPK, reduces the permeability of podocytes to
albumin and podocyte’s dysfunction (Sharma et al. 2008). These effects are
associated with a lower oxidative stress that is related to a decrease of the NADPH
oxidase NOX4 expression in podocytes (Sharma et al. 2008). Interestingly,
following a treatment by adiponectin, a normalization of albuminuria was
observed in association with improvement regression of the podocyte feet fusion.
This suggests that in this animal model, adiponectin could have a major protective
role in the pathophysiology of albuminuria (Sharma et al. 2008). However, the
links between albuminuria and adiponectinemia remain to confirm in human.
Indeed, it was reported that a treatment by thiazolidinediones, which increases the
circulating concentrations of adiponectin, improves microalbuminuria in diabetic
patients and suggest a beneficial role of adiponectin in renal pathophysiology
(Pistrosch et al. 2005; Miyazaki et al. 2007). However, other studies underline that
adiponectinemia is higher in patients with renal disorders exhibiting an increased
cardiovascular risk, and that high adiponectin values are predictive of a higher risk
of mortality (Stenvinkel 2011). For example, the MDRD study indicates that each
one mg/L increase in adiponectin plasma levels is associated with a 6 % increase
of cardiovascular mortality risk (Menon et al. 2006). Another study carried out in
type 1 diabetic patients showed that high adiponectin plasma concentrations are
associated with a higher risk of renal failure development and also of mortality
(Jorsal et al. 2008). Although these results appear paradoxical considering the
anti-atherogenic and anti-inflammatory properties of adiponectin, the increase of
adiponectin in patients with chronic kidney disease could be the resultant of
several associated mechanisms. For certain authors, the high rates of adiponectin
are likely owed to a reduction of its renal clearance (Tentolouris et al. 2004;
Komura et al. 2010). Alternatively, they could correspond to an adaptive response
of the organism to counteract the development of vascular complications associ-
ated with chronic kidney disease. Finally, renal failure-associated hyperadipo-
nectinemia may be due to an increase of energy expenditure, and in this context
would reflect a higher risk of mortality. A recent study showed that when the
patients with wasting syndrome were removed from the statistical analysis, the
increase of adiponectinemia loses its predictive value of risk mortality in patients
with renal dialysis (Ohashi et al. 2008). Collectively, these data illustrate the
complexity of adiponectin regulation in human pathology and the difficulty for
interpreting an adiponectin plasma values in term of patient’s risk–profit, partic-
ularly in the case of chronic kidney disease.
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Adiponectin and Cancer

Obesity is associated with a higher risk and a poorer prognosis of several cancers,
but the mechanisms that underlie the links between obesity and tumor progression
still remain unresolved. Besides oxidative stress, steroid hormones or insulin
growth factor-1 (IGF-1), there are numerous clinical and experimental data
suggesting that adipokines, or rather a disorder of the adipokine profile, could
participate in tumor progression in a context of energy imbalance.

Low circulating concentrations of adiponectin are associated with a higher risk
of breast cancer in postmenopausal women, independently of BMI, leptin, or
IGF-1 concentrations (Körner et al. 2007; Wang et al. 2006). This suggests that
adiponectin could play a role in the etiology of breast cancer, in particular in an
environment devoid of oestrogens.

Likewise, low adiponectin plasma values are associated with the risk of
endometrial cancer. Women with high BMI and a low adiponectinemia have a
6.5 times increased risk of developing an endometrial cancer (Dal Maso et al.
2004; Cust et al. 2007). This is independent from variations of IGF-1, leptin, and
from the other classical risk factors for this type of cancer.

The risk of colorectal cancer is also negatively correlated with adiponectinemia
in human (Wei et al. 2005; Guadagni et al. 2009), and always independently from
BMI. Interestingly, colon cancers express high levels of adiponectin receptors,
AdipoR1 and AdipoR2. Adiponectin gene variants could also influence the risk of
colorectal cancer (Kaklamani et al. 2008).

Adiponectinemia is negatively correlated to the risk of prostate cancer
(Michalakis et al. 2007), and the plasma values of this adipokine are lower in
individuals affected by a prostatic adenocarcinoma as compared to patients suf-
fering from a benign prostatic hypertrophy (Goktas et al. 2005). Adiponectinemia
is negatively correlated to the histological rank and to the stage of the prostate
cancer development.

Adiponectinemia is also lower in the context of gastric cancer, and is inversely
related to both the tumor size and its invasivity (Ishikawa et al. 2005). The same
observation is true for renal cancer (Spyridopoulos et al. 2007), but in this last
case, the significance of the difference with healthy subjects disappears after
adjustment to visceral AT, suggesting that adiponectin could relieve the effects of
abdominal obesity.

Finally, disturbances of circulating adiponectin levels were also observed with
leukemias, lymphomas, or myeloproliferative diseases (Avcu et al. 2006; Petridou
et al. 2006).

Adiponectin could influence the evolution of these cancers by means of its
insulin sensitive properties. However, numerous experimental works suggest that
this adipokine could act directly on tumor cells, which express AdipoR1 and
AdipoR2 receptors (Lang and Ratke 2009; Barb et al. 2007). Otherwise, adipo-
nectin inhibits tumor growth in vivo in murine models, in particular in breast
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carcinogenesis (Wang et al. 2006), and perhaps partially via the control of tumor
angiogenesis (Bråkenhielm et al. 2004). In vitro data on tumor cell lines are much
more debated. In particular, on mammary, colic, or prostatic cancerous carcinoma
cell lines, some authors observed a reduction of proliferation, whereas others
noticed an increased proliferation (Lang and Ratke 2009; Barb et al. 2007). These
controversial results could be due to differences in experimental conditions, in
particular to the presence or the absence of serum in the culture medium. On the
other hand, several works suggest that adiponectin could favor the migratory
behavior of tumor cells, hereby promoting their capacity to metastasize (Chiu et al.
2009).

Some studies suggest that the anti-proliferative and anti-apoptotic effects of
adiponectin could be relieved by the activation of AMPK. Indeed, AMPK regu-
lates two major proteins involved in the control of growth stunting and apoptosis:
p53 and p21 (Luo et al. 2005). Thus, adiponectin is capable of reducing mitogenic
potential by inhibiting the mitogen-activated protein kinase (MAP-kinase) path-
way in breast cancer cells (Dieudonne et al. 2006). The N-terminal c-Jun kinase
(JNK) and signal transducer and activator of transcription 3 (STAT-3) pathways
also mediate the effects of adiponectin on the control of tumor cells’ proliferation
(Lang and Ratke 2009).

Finally, it was also suggested that adiponectin could exert its anti-proliferative
effects by reducing the bioavailability of growth factors. Thus, through a specific
binding with platelet-derived growth factor-BB (PDGF-BB), heparin-binding
epidermal growth factor (HB-EGF), and basic fibroblast growth factor (bFGF),
adiponectin is capable to prevent the interaction of these growth factors with their
specific membrane receptors, and therefore their mitogen action (Wang et al.
2005).

Adiponectin in Other Physiological and Pathological Contexts

Adiponectin is involved in other pathologies such as lung and bone diseases. Thus,
adiponectinemia is negatively associated with bone mineral density in general
population and seems to mediate a limiting effect on bone mass (Lenchik et al.
2003; Peng et al. 2008. Also, it was shown that high adiponectin plasma levels
were associated with a decrease in bone mineral density in dialysed patients (Ealey
et al. 2008). These data suggest that this adipokine could be involved in the
regulation of bone mass.

Considering lung diseases, adiponectin was studied in asthma and chronic
obstructive pulmonary diseases (Okuno et al. 2011), but its mechanisms of action
in these conditions are poorly defined (Sood 2010). Several mouse models of these
lung diseases indicate that adiponectin behaves as an anti-inflammatory agent,
which is in balance with leptin as a ‘‘pro-inflammatory’’ adipokine (Sood 2010;
Shore 2008). The studies performed in human are more controversial. Neverthe-
less, low circulating concentrations of adiponectin in addition to raised leptinemia
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would be predictive for the development of asthma independently to the degree of
obesity in targeted populations such as premenopausal women (Sood et al. 2008).
By contrast, inverse variations of these adipokines both would be associated with
chronic obstructive pulmonary disease (Shore 2008). In the latter case, the degree
of obesity would be involved. Nevertheless, the role of adiponectin in the path-
ophysiology of lung disease is far to be established.

Finally, a recent review of the literature was focussed in the influence of dietary
variations on the circulating concentrations of adiponectin in human (Silva et al.
2011). The daily consumption of fish or a complementation in omega 3 fatty acids
is effective to increase adiponectinemia from 14 to 60 %. Weight loss induced by a
hypocaloric diet associated with a physical activity also increased adiponectinemia
from 18 to 48 %. In addition, two studies associating a complementation in dietary
fiber to a diet program increased plasma levels of adiponectin from 60 to 115 %.
Although low values of adiponectinemia are associated with several cardiovas-
cular risk factors such as obesity, metabolic syndrome, and type 2 diabetes, the
magnitude in the increase of adiponectinemia required to protect against these
diseases is not known. In a more general manner, it is not currently established if
the effects of these dietary interventions on the circulating concentrations of
adiponectin have a clinical relevance.

Conclusion

The discovery of adipokines such as leptin, apelin, or adiponectin led us to revisit
numerous metabolic, physiological, and physiopathological pathways. The func-
tional duality of adiponectin including both beneficial or «malefic» effects shows all
the complexity of its integration in a simple physiological model. Indeed, the role

Fig. 13.2 Pleitropic functions of adiponectin
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played by adiponectin in insulin resistance is very different when you consider
insulin resistance of the metabolic syndrome, or that of the rare but severe insulin
resistance syndromes, which alters either the insulin receptor functionality or AT
development and triglyceride synthesis and storage. In the same way, adiponectin
seems to protect against the occurrence and the progression of several types of
cancer, but it also seems to promote the metastatic process. Likewise, the duality
concerning the predictive power of adiponectin on cardiovascular complications is
variable according to the renal function level of the subjects and can be very different
in nondiabetic obese subjects or in patients with renal failure with wasting syndrome.

In spite of the still insufficient knowledge of the mechanisms of action and the
physiological roles of adiponectin, several experimental, epidemiological, and
clinical findings let us hope that the insulin sensitizing, anti-inflammatory, anti-
atherogenic properties, and anti-proliferative effects of adiponectin (Fig. 13.2)
could be of major interest for the development of new therapeutic opportunities.
Nevertheless, human studies are still necessary to assess whether the modulation of
circulating adiponectin levels has a real clinical relevance.
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Chapter 14
Apelin Metabolic Functions

Isabelle Castan-laurell, Cédric Dray, Claude Knauf
and Philippe Valet

Apelin

In 1998, Tatemoto and coworkers purified from bovine stomach extracts a protein
that binds to the «orphan» APJ receptor (Tatemoto et al. 1998). The identified
gene encodes a 77-amino acid polypeptide that includes a secretory signal
sequence. The ligand of the orphan receptor APJ consisted in the C terminal part of
this polypeptide and was called ‘‘apelin’’, for APJ Endogenous Ligand (Tatemoto
et al. 1998). The APJ receptor is a G-protein-coupled receptor (GPCR) identified
in 1993 in humans, displaying a close sequence homology to the angiotensin II
receptor type 1 (O’Dowd et al. 1993). However, the receptor displayed no specific
binding for angiotensin II. The APJ encoding gene was mapped to chromosome 11
and later sublocalized to the locus 11q12. Its transcripts were first detected in the
brain but APJ is expressed in a wide range of tissues (Medhurst et al. 2003).

The human apelin gene has been localized on chromosome Xq25-q26.1 (Lee
et al. 2000). Apelin gene is expressed in many peripheral tissues as well as in
different brain areas particularly in the hypothalamus (Lee et al. 2000). So far,
three active forms of apelin, consisting of 13, 17, or 36 amino acids and the
pyroglutamated apelin-13 (Pyr(1)-apelin-13) have been identified. They originate
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from a common 77-amino-acid pre-propeptide precursor (preproapelin) consisting
in a dimer stabilized by disulfide bridges linking cysteine residues (Lee et al.
2005). The human, bovine, and rat preproapelin sequencing have revealed a high
sequence homology among the three species and a perfect identity for the last 23
C-terminal amino acids (Fig. 14.1) (Tatemoto et al. 1998; Lee et al. 2000). The
predominant molecular forms of endogenous hypothalamic and plasma apelin in
rats were found to be apelin-36, apelin-17, and apelin-13 (Kawamata et al. 2001;
De Mota et al. 2004). Pyr(1)-apelin-13 was found to be the predominant isoform in
human cardiac tissue (Maguire et al. 2009).

Apelin Regulation in Obesity and Type 2 Diabetes

In Adipose Tissue

Apelin has been detected in adipose tissue by Tatemoto et al. (2001) and, later on,
the work of Boucher et al. (2005) has demonstrated that apelin was not only
produced but also secreted by adipocytes. Apelin has been then considered as a
new adipokine. It has been shown that apelin expression increased during adipo-
genesis (Boucher et al. 2005; Hung et al. 2011) and recently, that the blockade of
the renin-angiotensin system further augmented the apelin expression and secre-
tion in 3T3-L1 adipocytes (Hung et al. 2011).

One of the main regulators of apelin production in adipocytes is insulin. There
is a close relationship between apelin and insulin both in vivo and in vitro
(Boucher et al. 2005). The expression of apelin in adipocytes is increased in
various mouse models of obesity associated with hyperinsulinemia. During fasting
and after re-feeding in mice, the pattern of apelin expression in adipocytes par-
allels the plasma levels of insulin. In cultured 3T3F442A adipocytes as well as in
human isolated adipocytes, insulin treatment results in an increased expression and
secretion of apelin (Boucher et al. 2005).

Other factors positively regulate apelin expression in adipocytes or adipose
tissue (Fig. 14.2). Inflammatory factors such as TNFa (Daviaud et al. 2006) and
lipopolysaccharide (Geurts et al. 2011) increase apelin expression but the physi-
ological relevance of this upregulation of apelin has not yet been fully elucidated.
In addition, hypoxia in adipose tissue can contribute to obesity. Different studies
have shown that hypoxia induced apelin expression and secretion in both human

Fig. 14.1 Sequence alignment of mammalian apelin-36. Amino acids that differ from the human
sequence are highlighted in red
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and murine adipocytes (Geigr et al. 2011; Glassford et al. 2007; Kunduzova et al.
2008). Moreover, it has been demonstrated that induction of apelin under hypoxic
conditions is mediated by a direct HIF-1 binding to the apelin gene. Since apelin is
involved in angiogenesis, which is essential for adipose tissue expansion, apelin
has been proposed to contribute to the development of new vasculature in
expanding fat depot (Glassford et al. 2007; Kunduzova et al. 2008).

Overexpression of peroxisome proliferator-activated receptor gamma (PPARc)
coactivator-1a (PGC1a), a key regulator of cellular energy homeostasis in oxi-
dative tissues, also induces apelin expression and secretion in human adipocytes
(Mazzucotelli et al. 2008). Eicosapentaenoic acid, a polyunsaturated fatty acid
from the omega-3 family, has been shown to increase both apelin gene expression
and secretion in 3T3-L1 adipocytes (Lorente-Cebrian et al. 2010) and also in vivo
in rat adipose tissue (Perez-Echarri et al. 2009). Curiously, negative modulators of
apelin expression in adipocyte are not numerous and only glucocorticoids (dexa-
methasone) were described to decrease apelin mRNA levels in 3T3-L1 cells (Wei
et al. 2005).

In Hypothalamus

Apelin mRNAs are present in different nuclei of the hypothalamus including the
paraventricular, arcuate, and supraoptic nuclei involved in the control of behav-
ioral, endocrine processes and energy homeostasis (Reaux et al. 2001). Apelin-
positive nerve fibers in the hypothalamus imply the existence of apelinergic
neurons and thus a dual action of apelin as a circulating peptide and a neuro-
transmitter. So far, it is not known whether peripheral plasma apelin can reach the
hypothalamus and could modulate apelin levels in the hypothalamus. However

Fig. 14.2 Main factors and situations involved in apelin regulation in adipose tissue. ACE
angiotensin-converting enzyme, AT1R and AT2R angiotensin type 1 and type 2 receptor,
respectively, EPA eicosapentaenoic acid
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hypothalamic apelin levels were found to be higher in HFD-fed C57Bl6/J and db/
db mice (Reaux-Le Goazigo et al. 2011).

The role of central apelin in regulating feeding behavior has been mainly
studied in rats by different groups but remains a matter of debate (for review,
(Castan-Laurell et al. 2011)). Intracerebroventricular (icv) apelin injection has
been shown to either stimulate or inhibit food intake depending of the nutritional
status and whether apelin was injected during the feeding or fasting period. Clarke
et al. showed that icv apelin injection decreased food and water intake and
respiratory exchange ratio in control rats, but had no effect in high-fat fed rats
(Clarke et al. 2009). Reaux-Le Goazigo et al. have recently demonstrated that
apelin-immunoreactive neuronal cell bodies were distributed throughout the ro-
strocaudal extent of the Arc in rats and that apelin was weakly co-localized with
NPY (an orexigenic peptide) but strongly co-localized with POMC known to
decrease food intake (Reaux-Le Goazigo et al. 2011). Thus, increased hypotha-
lamic apelin levels might be associated with reduced food intake and limited
weight gain. However, with obesity, the beneficial effect of apelin is probably
counteracted by the downregulation of apelin receptor by apelin itself as described
by Clarke et al. in HFD-fed rats (Clarke et al. 2009).

In mice, only one study has been realized showing that icv apelin-13 infusion
into the third ventricle during 10 days increased food intake (on day 3–7), adi-
posity, the locomotor activity especially during the nocturnal period (feeding
period) and the body temperature only during the period of activity (Valle et al.
2008). Complementary investigations are necessary to delineate the role of the
apelin/APJ system in mice feeding behavior and especially during obesity.

In Plasma

The first report of plasma apelin concentrations in humans was shown in obese and
hyperinsulinemic subjects (Boucher et al. 2005) where plasma apelin levels are
increased. Different groups also found increased plasma apelin levels in morbidly
obese subject with or without type 2 diabetes or in patients without a severe
obesity but exhibiting an impaired glucose tolerance or type 2 diabetes (for review,
(Castan-Laurell et al. 2011)). However, reduced plasma apelin levels were
described in obese subjects with untreated type 2 diabetes, compared to non-
diabetic subjects (Erdem et al. 2008). These results could be consistent with the
fact that 14 weeks of anti-diabetic treatment (rosiglitazone and metformin) pro-
mote an increase of plasma apelin levels and an improvement of the glycemic
profile (Kadoglou et al. 2010). In women with gestational diabetes, no significant
differences in plasma apelin levels were observed compared to women with nor-
mal glucose tolerance (Telejko et al. 2010), whereas in gestational diabetic lac-
tating women, there was a trend to lower apelin concentrations in serum compared
to lactating healthy women (Aydin 2010).
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Plasma apelin concentrations were also measured in obese children. In pubertal
obese children, apelin as well as adiponectin levels were lower when compared to
non-obese children (Tapan et al. 2010). However, when comparing plasma apelin
concentration in obese girls (between 14- and 18-year old) and in girls with either
anorexia nervosa or with no otherwise specified eating disorders, apelin concen-
trations were significantly higher in obese compared to healthy control but lower in
patients with both eating disorders compared to healthy control (Ziora et al. 2010).
Recently, no difference in apelin levels and no significant correlations were found
between apelin and weight status, body fat, insulin resistance, and cardiovascular
risk factors associated with obesity between 80 obese and 40 lean children (Rei-
nehr et al. 2011). In children with type 1 diabetes, plasma apelin levels were
increased compared to non-diabetic subjects (Meral et al. 2010) suggesting that the
lack of insulin is this situation has no impact on apelin levels.

Changes in apelin levels after weight loss or bariatric surgery in obese indi-
viduals were also investigated. Diet-induced weight loss decreases apelin levels in
moderately obese women (Castan-Laurell et al. 2008) but not significantly in
patients with the metabolic syndrome (Heinonen et al. 2009) or in obese children
(Reinehr et al. 2011). Bariatric surgery resulted in a significant decrease in apelin
levels only in morbidly obese patients exhibiting impaired fasting glucose or type
2 diabetes before surgery (Soriguer et al. 2009).

All together, these studies underline that obesity, per se, is probably not the
main determinant of increased plasma apelin concentrations since circulating
apelin levels are not necessarily correlated to the body mass index in all the
published studies (Telejko et al. 2010; Aydin 2010; Reinehr et al. 2011; Soriguer
et al. 2009). However, plasma apelin or changes in plasma apelin concentrations
were found to correlate significantly with serum triglycerides, glucose (Soriguer
et al. 2009), TNFa (Heinonen et al. 2009), Homeostasis Assessment Model of
Insulin Resistance (HOMA-IR) (Castan-Laurell et al. 2008; Ercin et al. 2010) and
HbA1c (Dray et al. 2010) suggesting also a link between apelin and the metabolic
syndrome or type 2 diabetes.

Finally, genetic studies described a strong association between apelin gene
polymorphisms and plasma levels of fasting glucose in the Chinese Han population
(exhibiting type II diabetes) (Zhang et al. 2009) and recently with obesity in
Chinese women (Liao et al. 2011).

Apelin Effects on Energy Metabolism

Glucose Metabolism

Intravenous apelin administration at low concentration (200 pmol/kg) decreased
blood glucose in normoponderal mice and improved glucose tolerance (Dray et al.
2008). Furthermore, during a hyperinsulinemic-euglycemic clamp, when the

14 Apelin Metabolic Functions 205



hepatic glucose production is totally blunted, apelin increases glucose utilization
throughout the whole organism mainly due to a rise in glucose uptake by skeletal
muscles and adipose tissues.

In isolated skeletal muscle (soleus), apelin stimulates glucose transport and its
effect is additive to that of insulin (Dray et al. 2008). The associated signaling
pathway involved is dependent on AMP-activated protein kinase (AMPK) and
endothelium NO synthase (eNOS) activation. AMPK is a key enzyme in energy
metabolism, activated during ATP depletion in cells. It is involved in various
metabolic processes stimulating the production of energy such as glucose trans-
port. We demonstrated by both in vivo and in vitro experiments that AMPK was
phosphorylated by apelin in soleus muscle and involved in apelin-stimulated
glucose transport (Dray et al. 2008). More recently, in cultured C2C12 myotubes,
apelin-induced glucose uptake was also shown to be dependent on AMPK acti-
vation (Yue et al. 2010). In addition, like insulin, apelin phosphorylates Akt and its
activation is necessary for glucose transport both ex vivo in mouse soleus muscle
and in C2C12 myotubes. Moreover, the activation of Akt is AMPK-dependent
(Dray et al. 2008; Yue et al. 2010).

The role of central apelin on glucose metabolism has been recently studied in
our group. Acute icv apelin has differential effect depending on the injected dose
and the nutritional status (Duparc et al. 2011). Acute low-dose of icv apelin
injection decreased peripheral-fed glycemia, and increased glucose and insulin
tolerance in mice via a NO-dependent signaling pathway. However, acute high-
dose of icv apelin injection in chow-fed and HFD mice increased fasted hyper-
glycemia. Thus, a rise in hypothalamic apelin levels, as described by Reaux-Le
Goazigo et al. (Reaux-Le Goazigo et al. 2011), could be involved in the transition
from normal to diabetic status. Both the abolished circadian plasma apelin regu-
lation observed in HFD-treated mice and the chronic icv apelin treatment in
normal mice triggering insulin intolerance are consistent with this hypothesis
(Duparc et al. 2011).

Peripheral injection of apelin in obese and insulin-resistant mice has different
consequences. Glucose tolerance is significantly improved in these mice receiving
iv apelin bolus before an oral glucose tolerance test. In addition, the loss of insulin
sensitivity observed during a hyperinsulinemic-euglycemic clamp in insulin-
resistant mice was improved with an apelin perfusion during the clamp (Dray et al.
2008). Thus, peripheral apelin acute treatment remains efficient in obese insulin-
resistant mice and improves the altered glucose metabolism especially by
increasing glucose uptake in skeletal muscle.

Moreover, in insulin-resistant 3T3-L1 adipocytes (due to TNFa pretreatment),
insulin-stimulated glucose uptake was reduced by 47 % whereas apelin treatment
promoted an increased glucose uptake through the PI3 K/Akt pathway and
improved insulin-stimulated glucose uptake (Zhu et al. 2011). Apelin was also
shown to stimulate glucose transport in an AMPK-dependent manner in human
adipose tissue (Attané et al. 2011).

Although plasma apelin levels are elevated in obese insulin-resistant mice,
exogenous apelin is still efficient and thus apelin resistance is unexpected.
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Recently, chronic apelin treatment in insulin-resistant young db/db mice was
shown to improve insulin sensitivity (Yue et al. 2010). The role of apelin in
glucose homeostasis was also confirmed by the phenotype of apelin null mice
exhibiting hyperinsulinemia and insulin resistance. The loss of insulin sensitivity
in apelin-/- mice was exacerbated by a high fat/high sucrose diet (Yue et al. 2010).

Lipid Metabolism

The first study that reported a role of apelin on lipid metabolism was related to
chronic peripheral administration of apelin (during 2 weeks) in mice (Higuchi
et al. 2007). Daily ip apelin injection in chow-fed mice was shown to decrease the
triglycerides content in adipose tissue and the weight of different fat depots and
also plasma triglycerides (Higuchi et al. 2007). The apelin treatment did not affect
average food intake but increased rectal temperature and O2 consumption. An
increased expression of mitochondrial uncoupling protein 1 (UCP1) was observed
in brown adipose tissue (BAT) (Higuchi et al. 2007). All together, the authors
suggest that apelin increases energy expenditure through UCP1 activation.

Chronic apelin treatment also decreased adiposity in obese mice (Higuchi et al.
2007) and similar results were obtained in mice overexpressing apelin (apelin-Tg
mice) fed a HFD (Yamamoto et al. 2011). Apelin-Tg mice exhibited a resistance
against diet-induced obesity, increased oxygen consumption, and body tempera-
ture without modification of food intake (Yamamoto et al. 2011). Inversely, ape-
lin-/- mice have increased abdominal adiposity and increased circulating FFA
levels (Yue et al. 2011). After reintroduction of apelin (apelin infusion during
2 weeks) in apelin-/- mice, adiposity and fatty acids and also glycerol levels were
decreased, suggesting a role of apelin in lipolysis regulation. In both isolated
adipocytes and 3T3-L1 differentiated adipocytes, apelin was shown to inhibit
isoproterenol- (b-adrenergic agonist) induced lipolysis through a pathway
involving Gq, Gi, and AMPK (Yue et al. 2011). However, in human adipose tissue
explants or human isolated adipocytes, apelin had no effect on basal or isoprote-
renol-stimulated lipolysis (Attané et al. 2011).

In addition to changes in adipose tissue metabolism, skeletal muscles have also
been studied as a target of apelin. Increased UCP3 expression in skeletal muscle
has been observed in different rodent models treated with apelin or overexpressing
apelin (Higuchi et al. 2007; Yamamoto et al. 2011; Frier et al. 2009). This increase
was associated with mitochondrial biogenesis. Accordingly, enzyme activities of
b- hydroxyacyl CoA dehydrogenase (involved in the mitochondrial oxidative
capacities), citrate synthase (involved in the citric acid cycle) and cytochrome C
oxidase (involved in the respiratory chain) were increased in response to apelin
treatment in rat triceps (Frier et al. 2009). However, the rise in mitochondrial
markers was dependent on increased PGC-1b expression (Frier et al. 2009) but
independent of PGC-1a, identified as a key player in the regulation of mito-
chondrial biogenesis. In apelin-Tg mice fed with HFD, increased mitochondrial
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DNA was found in skeletal muscles without variation of PGC-1a expression
(Yamamoto et al. 2011). Interestingly, diet-induced obesity resistance of apelin-Tg
mice was correlated with vascular formation in skeletal muscle due to increased
angiopoietin-1 and its receptor Tie 2 (Yamamoto et al. 2011).

Very recently, our group has also clearly demonstrated that chronic apelin
treatment during 4 weeks, in obese and insulin-resistant mice, increases mito-
chondrial biogenesis and that the adverse alterations of mitochondria ultra-struc-
ture in muscle (reduced electron density of the matrix and loss of cristae) were
decreased in both intramyofibrillar and subsarcolemmal mitochondria of soleus
muscle of apelin-treated mice (Attané et al. 2012). Moreover, these effects were
shown to be dependent on AMPK activation and increased PGC1a expression. We
also pointed out that this higher mitochondrial biogenesis in muscle was associated
to increased complete fatty acid oxidation (FAO) and mitochondrial respiratory
capacity. Indeed, previous studies by using different mouse models have under-
lined the effect of apelin on adiposity and beneficial aspects in terms of increased
oxygen consumption (Higuchi et al. 2007; Yamamoto et al. 2011) but the outcome
of lipids was not clearly demonstrated. Our data show that the main whole-body
substrates oxidized in vivo, measured by indirect calorimetry, were lipids in
apelin-treated obese and insulin-resistant mice. Moreover, in skeletal muscles,
apelin treatment increases the complete and not the incomplete FAO. The influx
of lipid in mitochondria was associated with decreased acylcarnitines levels

Fig. 14.3 Schematic representation of the different metabolic apelin effects in response to
chronic apelin treatment in obese and insulin-resistant mice. RER respiratory exchange ratio, TG
triglycerides
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suggesting a tighter coupling between FAO and the tricarboxylic acid cycle. The
overall improvement of insulin sensitivity observed at the end of the 4 weeks of
apelin treatment appears to be the end point of increased FAO and mitochondrial
biogenesis in muscle and decreased total adiposity (Attané et al. 2012) (Fig. 14.3).

Conclusion

Apelin exerts a wide range of effects and the newly described effects on energy
metabolism, especially the fact that apelin treatment increases insulin sensitivity in
obese and insulin-resistant mice, adds a new dimension, and enhances the bene-
ficial role of apelin in obesity-associated type II diabetes. APJ thus represents an
interesting target for pharmacological agent design. Different agonist and antag-
onist have been recently developed (for review see Castan-Laurell et al. 2011) and
their use will help not only to better delineate the roles of the apelin/APJ system
but also to avoid the issues of apelin bioavailability that deserves a better char-
acterization. The apelin/APJ system, as a promising therapeutic target in obesity-
associated diseases, now needs the input of preclinical studies and thus to be
assessed in vivo in humans.
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Chapter 15
Up-to-Date on Novel ‘‘Adipocrines’’

Christian Carpéné and Jean-Sébastien Saulnier-Blache

Introduction

Alongside its function of storage and mobilization of fat, adipose tissue secretes
numerous bioactive molecules (peptides, glycoproteins, fatty acids and their
derivatives, phospholipids) that have been designed as ‘‘adipokines’’ and that are
now strongly suspected to be involved in the regulation of energy balance and the
etiology of pathologies associated with obesity (diabetes, hypertension, athero-
sclerosis, etc).

In our opinion, the use of the term ‘‘adipokine’’ should be debated. It comes from
the contraction of adipocytokines, in which ‘‘-cyto’’ (cell) and ‘‘-kine’’ (movement)
give cytokine, corresponding to a class of small molecules secreted by immune cells
(lymphocytes, macrophages, glial cells, etc) and acting at distance. Cytokines have a
messenger function, they are generally scarce in blood under normal conditions and
their concentration increases sharply in traumatic conditions or during infection.
Given these definitions, few adipokines may be considered as cytokines. Never-
theless, as for cytokines, the biological activities of ‘‘adipokines’’ are generally
mediated by specific receptors to exert local (paracrine, autocrine) and/or systemic
(endocrine) actions. ‘‘Adipokines’’ were initially considered as molecules exclu-
sively secreted by adipose tissue (AT). This concept is obsolete because almost all
the adipokines, except leptin and adiponectin, are also produced by other organs.
Thus, for a given adipokine, it is crucial to examine the specific contribution of AT as
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a source of the circulating levels. When AT substantially participates in the systemic
biological activities of the candidate, we propose to replace the term ‘‘adipokine’’ by
‘‘adipocrine’’. We propose to use the term adipocrine only when AT (especially
when extended in obesity) represents a substantial origin of the circulating levels of
the considered molecule in the organism. This should replace the current nomen-
clature of adipokine which encompasses all the soluble molecules expressed/pro-
duced in adipose tissue, without taking into account whether such adipose-derived
production is minor or plays a relevant role in the paracrine and endocrine influences
of the secreted molecule.

Obviously, a complete survey of the novel adipokines not treated in the
preceding chapters would have encompassed a lot of molecules since it has been
estimated that AT physiologically releases more than one thousand products.
When considering only peptides and proteins, the partners of ADAPT, an FP7
European project (Adipokines as Drug Targets to Combat Adverse Effects of
Excess Adipose Tissue; coordinator: J. Eckel; website: http://www.adapt-eu.net/
25.html), have detected more than 350 candidates in the conditioned media of
differentiated human preadipocytes owing to an adipocyte secretome analysis. In
the present review, we chose to focus attention on few recently proposed
‘‘adipocrines’’, which are still the subject of ongoing investigations, and that we
considered original in their regulation and action: visfatin, autotaxin, PEDF,
RBP4, resistin, chemerin.

Visfatin

The term ‘‘Visfatin’’ was first used in 2005 to characterize a protein secreted by
visceral fat (Fukuhara et al. 2005). At this moment, the novel roles attributed to
this protein were linked to obesity and insulin action. In fact, visfatin is identical to
pre-B cell colony-enhancing factor (PBEF1), a protein already found in lymphoid
and various other tissues (e.g., liver, placenta) (Samal et al. 1994), and known to
modulate the production of inflammatory cytokines and chemokines by immune
cells and their precursors. In man, Pbef1 gene is encoding a 491-residue long
protein (Ognjanovic et al. 2001), which can be found as an extracellular product of
52-kDa, although lacking a signal sequence for secretion. The pioneering studies
of the group of Shimomura indicated in 2005 that visfatin was able to reproduce
insulin action in muscle or adipose cells. Then, in 2007, a novel insight was
brought on PEBF1/visfatin by showing its identity with nicotinamide phosphori-
bosyltransferase (NAMPT), an enzyme participating in the synthesis of the
coenzyme nicotinamide adenine dinucleotide (NAD) (Revollo et al. 2007). At this
time, PEBF1/visfatin/NAMPT was shown to be secreted by cultured adipocytes
(Revollo et al. 2007). Nowadays, PEBF1/visfatin/NAMPT is recognized as a
multifunctional protein sharing at least three properties: (1) enzyme involved in
NAD synthesis, (2) secreted adipokine, (3) pro-inflammatory cytokine. These three
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aspects will be evaluated after briefly stating on another proposed action of
visfatin, which has been controversial for a long while: its direct insulin-mim-
icking action.

No Direct Insulin-Like Properties for Visfatin

It has been claimed that visfatin was able to activate the insulin receptor, and to
stimulate glucose uptake in adipose and muscle cells (Fukuhara et al. 2005).
Thereafter, only two reports confirmed that visfatin promotes glucose transport
while various studies were unable to reproduce such promising effects of the
adipokine, even in models that are highly responsive to insulin regarding glucose
uptake activation: 3T3 L1 cells, cultured human preadipocytes (Revollo et al.
2007), mature adipocytes (Wanecq et al. 2009), or skeletal muscles (Harasim et al.
2011). Moreover, Shimomura and co-workers published a retraction of their pre-
vious findings on the insulin-like properties of visfatin (Fukuhara et al. 2007).
Therefore, visfatin cannot be considered as beneficial adipokine on the sole basis
of its putative insulin-mimicking effects in target tissues, albeit elusively quoted in
various reviews dedicated to adipokines.

Visfatin as a NAD Biosynthetic Enzyme

Owing to its capacity to catalyze nicotinamide mononucleotide (NMN) formation
from nicotinamide and 5-phosphoribosyl 1-pyrophosphate (PRPP), NAMPT/visf-
atin is a major component of NAD biosynthesis, together with nicotinamide/nic-
otinic acid mononucleotide adenylyltransferase, which converts NMN to NAD.
Indeed, the multifunctional protein PEBF1/visfatin/NAMPT regulates the activity
of NAD-consuming enzymes such as ADP ribosyl-transferases and sirtuins, known
to be activated by calorie restriction and to influence a variety of biological effects,
including metabolic regulation, inflammation, cancer, and aging.

The NAMPT-mediated NAD biosynthesis is useful for pancreatic b-cell func-
tion: it facilitates insulin secretion, and may participate in the hypoglycemic effect
of injected visfatin (Revollo et al. 2007). Additionally, the in vivo administration of
the NAMPT product NMN restores the impaired islet function in Nampt(±) mice
and in mice fed a deleterious fructose-rich diet (Caton et al. 2011). It has been
proposed that cells that do not express enough endogenous intracellular NAMPT
would depend on systemic NMN supply by extracellular NAMPT (noted hereafter
as eNAMPT/visfatin) for their own NAD biosynthesis. Such systemic-dependent
NAD synthesis has been called ‘‘NAD World’’ and has been applied to pancreatic
endocrine cells. It also implies sirtuin activities and is altered in complications such
as type 2 diabetes. However, major concerns have been recently raised regarding
the relevance of eNAMPT/visfatin action in the extracellular space. First, kinetic

15 Up-to-Date on Novel ‘‘Adipocrines’’ 215



studies show that NAMPT readily catalyzes the NMN formation from its substrates
nicotinamide and PRPP only when ATP is present at millimolar levels. Second, the
low concentrations of nicotinamide in plasma, together with the almost absence of
circulating PRPP and ATP, suggest that eNAMPT/visfatin does not participate in
NMN formation in blood. Accordingly, there is almost no NMN circulating in the
plasma, indicating that this NAMPT product cannot accumulate upon activity of the
adipokine (Hara et al. 2011). Thus, the systemic NAD synthesis is probably not
regulated by circulating eNAMPT/visfatin.

The endocrine actions of visfatin involved in obesity, inflammation, and
glucose handling are therefore far from being deciphered, in spite of the findings
obtained by studying NAMPT activity/NAD supply in cell models or lysates.
However, alternate mechanisms could explain the endocrine actions of the
adipokine since eNAMPT/visfatin promotes the induction of nitric oxide synthase
(iNOS) (Romacho et al. 2009) and the translocation of several subunits of NADPH
oxidase (Malam et al. 2011), i.e., enzymes that are involved in immune responses
and in adipocyte responses to hormonal activation.

eNAMPT/Visfatin as an Adipocrine Molecule

Various clinical studies have confirmed the link between circulating visfatin and
body mass index (BMI) (Friebe et al. 2011) as originally proposed (Fukuhara et al.
2005). They have also demonstrated a positive correlation between visfatin mRNA
abundance in omental AT and BMI or insulin resistance. The circulating
eNAMPT/visfatin not only increases with obesity, but it also decreases in inter-
vention studies lowering the body weight or treating the metabolic syndrome of
obese patients, such as treatments with orlistat, rosiglitazone, statins, or after
exercise training. However, eNAMPT/visfatin was not decreased after metformin
treatment, low-calorie diet, or even after gastric surgery of obese patients. The
existence of tight relationship between obesity and eNAMPT/visfatin levels is
therefore still under debate (Stofkova 2010). We propose at least two major
sources for such controversy:

• First, the plasma visfatin values vary a lot between clinical studies (from 1 to
more than 20 ng/mL) and methodological causes may be as important as indi-
vidual variations in such dispersion. Leucocytes themselves are rich in NAMPT
activity. The relative proportions of the extracellular cytokine/adipokine
(circulating under the form of a dimeric protein) and of the intracellular enzyme
of white blood cells are not well established. Blood levels may vary in function
of changes in these proportions, and actually, circulating eNAMPT/visfatin is
strongly correlated with leukocyte counts (Friebe et al. 2011), reinforcing the
visfatin role in inflammation and underlining a neglected source of variation.

• The second cause is that chronic inflammation (e.g., liver or kidney diseases),
insulin resistance (e.g., gestational diabetes), immune diseases (e.g., rheumatoid
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arthritis), polycystic ovary syndrome, cancer (breast, colorectal, or gastric), or
cardiovascular diseases increase the circulating eNAMPT/visfatin values,
independently from the obesity state of patients. This relies with the primary
definition of PEBF1 as an immunomodulator.

Finally, it must be noted that models of genetic- or diet-induced obese rats (obese
Zucker or cafeteria diet-fed) are clearly hyperleptinemic and hyperinsulinemic, but
exhibit unchanged eNAMPT/visfatin serum levels and even reduced visfatin mRNA
levels in WAT when compared to lean control (Mercader et al. 2008).

Regulation of Visfatin Production and Pharmacology

The reported regulators of eNAMPT/visfatin production are dexamethasone and
glucose restriction, which upregulate gene expression in cultured adipocytes.
Strikingly, tumor necrosis factor-alpha (TNFa) downregulates (Sommer et al.
2008) or is without influence (Lorente-Cebrián et al. 2009) on visfatin gene
expression. Such findings do not easily deal with the in vivo increase in eNAMPT/
visfatin in inflammatory states. On the opposite, the reduced release of visfatin by
adipocytes upon insulin or GLP-1 treatment fits with the acute decrease of serum
visfatin found in volunteers subjected to oral glucose tolerance test (Friebe et al.
2011). However, an increase of the adipokine production has been observed when
volunteers are subjected to slow i.v. infusions of glucose (Haider et al. 2006) or
after rosiglitazone treatment. Accordingly, macrophages, including those residing
in AT, express visfatin in a manner positively regulated by PPARc (Mayi et al.
2010) and repressed by LXR. Recent demonstrations performed in liver cells
showed that Nampt gene expression is enhanced by FoxO transcription factors
implicated in lipid metabolism, and by palmitate. At present, there is no doubt that
the multifunctional protein eNAMPT/visfatin can be synthesized in other tissues
than AT, therefore confirming by the high levels of NAMPT already found in
skeletal muscles, placenta, cartilage, liver, heart (Revollo et al. 2007), and also in
cancer cells and white blood cells (Friebe et al. 2011). Finally, the pharmacology
of visfatin is emerging, the most representative of the NAMPT inhibitors, FK866
(also called APO866 or WK175), has been evidenced to inhibit tumor growth and
leads to the development of other NAMPT inhibitors as candidates for novel
treatments in oncology. Thus, the pharmacology of eNAMPT/visfatin is targeting
other therapies than the mitigation of obesity.

Autotaxin

Autotaxin (ATX) is an enzyme secreted as a glycosylated protein of approximately
120 kDa containing several domains, including a catalytic site responsible for
lysophospholipase D activity that generates lysophosphatidic acid (LPA),
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a phospholipid growth factor acting through specific receptors coupled with G
proteins (LPA1R to LPA6R) (Okudaira et al. 2010). ATX was originally identified
as a promigratory factor present in the conditioned medium of melanocytes in
culture (Stracke et al. 1992). Since then it was found in many organs in animals
and humans, especially in brain, lymph nodes, and AT. ATX is also present in the
blood where it contributes mainly to circulating levels of LPA (van Meeteren et al.
2006).

ATX is abundantly secreted by AT where it is 2–3 times more expressed in the
adipocytes than in the stromal-vascular cells (Ferry et al. 2003). In culture, ATX
secretion is greatly increased during the adipogenesis process and is accompanied
by a strong accumulation of LPA in the extracellular medium (Ferry et al. 2003).
The expression of adipocyte ATX increases in obese individuals (mouse, human,
rat), in correlation with the insulin resistance state rather than with their fat mass
(Boucher et al. 2005).

The general knockout of ATX in mice is lethal as the result of an impaired
neurogenesis and vasculogenesis of the embryo (van Meeteren et al. 2006). In
contrast, specific invalidation of ATX in adipocytes (FATX-KO mice) are viable
but exhibit a 40 % reduction in their plasma concentration of LPA (Dusaulcy et al.
2011). This demonstrates the important contribution of AT in the circulating level
of this lipid mediator. Moreover, FATX-KO mice fed with a high fat diet exhibit
higher fatness than wild mice with no change in food intake. This strongly sug-
gests that, in the wild mice, ATX exerts an inhibitory effect on the expansion of fat
mass. Adipocytes from high fat fed FATX-KO mice are larger but are similar in
number (Dusaulcy et al. 2011) suggesting a hypertrophic rather than hyperplasic
fattening. While adipocyte hyperplasia involves an increase in adipogenesis, adi-
pocyte hypertrophy reflects a better ability of adipocytes to store triglycerides
(lipogenesis), a metabolic event that is tightly dependent on insulin sensitivity.
Interestingly, FATX-KO mice exhibit a better glucose tolerance and a stronger
expression of the transcription factor PPARc2 as well as of several of its target
genes (adiponectin, FABP4, leptin, glut-1) when compared to wild-type (Dusaulcy
et al. 2011). Consequently, AT from FATX-KO mice shows an apparent
improvement of its sensitivity to insulin. Hence, the negative effect of ATX on fat
mass expansion could at least in part be mediated by inhibition of AT sensitivity to
insulin. Further experiments should now be conducted to validate this hypothesis
in vivo.

LPA being the main mediator generated by ATX, its involvement in the neg-
ative regulation of fat mass is strongly suspected. The majority of LPA receptors in
AT are belonging to the LPA1R subtype (Simon et al. 2005). The general
knockout of LPA1R in mice (LPA1R-KO) increases postnatal mortality due to an
alteration of the suckling behavior by the off-springs (Contos et al. 2000).
Surviving animals (about 50 %) fed a normal diet have a reduced overall body
development but exhibit a higher fat mass (Simon et al. 2005). As it was observed
in FATX-KO mice, LPA1R-KO mice possess larger adipocytes (personal results)
suggesting an hypertrophic fattening. On the other hand, LPA1R-KO mice have
increased adipocyte expression of leptin and GLUT-4, and increased levels of
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plasma leptin (Dusaulcy et al. 2009). Over-fattening of LPA1R-KO mice is also
observed after treatment with aurothioglucose (Jean Philippe Pradère Thesis,
University Paul Sabatier, Toulouse 2007). In contrast, no over-fattening was
observed when LPA1R-KO mice are fed a high fat diet. This has been attributed to
a strong reduction of food intake likely related to the action of LPA on the satiety
center (Dusaulcy et al. 2009). Nevertheless, the phenotype of LPA1R-KO mice
partly corroborates the hypothesis that LPA (via LPA1R) would be involved in the
inhibitory effect of ATX on body fat expansion. However, the cellular mechanisms
responsible for that inhibitory effect still remain unclear. In culture, the LPA
increases the proliferation of preadipocytes and inhibits their differentiation into
adipocytes (Simon et al. 2005). But those effects unlikely explain in vivo obser-
vations since the obesity of both FATX-KO-KO and LPA1R is hypertrophic rather
than hyperplasic. Preliminary results obtained in the team show that the LPA could
partially oppose the stimulation of glucose transport induced by insulin in adi-
pocytes in culture (unpublished results). This suggests that LPA may exert an
inhibitory effect on insulin sensitivity of adipocytes and therefore reduce adipocyte
hypertrophy. Hence, in vivo insulin sensitivity of FATX-KO and LPA1R mice AT
should now be evaluated more precisely.

Pigment Epithelium-Derived Factor

Pigment epithelium-derived factor (PEDF) is a 50 kDa glycoprotein belonging to the
serpin superfamily but does not possess anti-protease activity. PEDF was originally
identified as a neurotrophic factor present in conditioned media prepared from
epithelial cells pigment retina (Becerra et al. 1995). PEDF is expressed in many
organs especially eyes, liver, and AT, and is also present in abundance in plasma. The
PEDF is a multifunctional protein exerting antiagiogenic, antitumorigenic, antiox-
idant, and anti-inflammatory effects. Some of these biological responses are medi-
ated via the binding of PEDF to extracellular matrix proteins (non receptor integrin to
laminin, collagen, heparin, hyaluronan) (Rychli et al. 2009).

The expression of PEDF in AT is predominant in adipocytes. In cultured human
preadipocytes, the expression and secretion of PEDF increase transiently during
adipogenesis. In contrast, in murine preadipocyte line 3T3-L1, expression of PEDF
decreases rapidly during adipogenesis (Kratchmarova et al. 2002)). Mass spec-
trometry identified PEDF as one the of the most abundant proteins secreted by the
mouse and human adipocytes (Zvonic et al. 2007). In humans, circulating levels of
PEDF are closely linked with visceral obesity and with the level of insulin
resistance (Nakamura et al. 2009). Conversely, weight loss resulting from caloric
restriction or bariatric surgery results in decreased expression adipocyte and of
circulating levels of PEDF (Sabater et al. 2010).

The expression of PEDF in adipocytes increases significantly in genetic and
nutritional obese mice. This increase is associated with increased plasma levels of
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PEDF (Crowe et al. 2009). Mice invalidated for PEDF are valid and fertile, but
their body fat was not analyzed. However, administration of PEDF in normal mice
causes insulin resistance in skeletal muscle and liver, and neutralization of PEDF
in obese mice increases insulin resistance (Crowe et al. 2009).

In vivo administration of PEDF is often associated with a pro-inflammatory
reaction, the formation of ectopic fat deposition (mainly in liver and muscle) and
the increase in adipocytes lipolysis (Chung et al. 2008). Interestingly, the effects of
PEDF on lipid metabolism and insulin resistance are abolished in mice invalidated
for ATGL (adipocyte triacylglycerol lipase also named phospholipase-linked
plasma membrane protein) (Borg et al. 2011). Moreover, two hybrid experiments
in yeast revealed the existence of a direct binding of PEDF to ATGL leading to an
increase in PLA2 activity of the enzyme (Notari et al. 2006). This activation could
be responsible for the generation of fatty acids or other lipid mediators that could
mediate the biological effects of PEDF. However, there is a controversy over the
fact that ATGL may actually represent a membrane receptor for PEDF. In addi-
tion, PEDF may also bind to the transcription factor PPARa (Chung et al. 2008)
that plays an important role in lipid metabolism. However, these studies show the
existence of a close relationship between PEDF and lipid metabolism, which may
account for the involvement of this secreted factor in obesity and its involvement
in the etiology of insulin resistance.

Retinol Binding Protein-4

The Retinol Binding Protein-4 (RBP4) is a liver protein of 21 kDa belonging to the
lipocalin family. It enables the transport of small hydrophobic molecules in the
blood from the liver to peripheral organs, in particular retinol (vitamin A).
Circulating levels of RBP4 are positively correlated with the level of retinol
(Zanotti and Berni 2004). AT is the second largest producer of RBP4 where it is
predominantly expressed in adipocytes (Tsutsumi et al. 1992). In culture, its
expression increases during the process of adipogenesis (Zovich et al. 1992).
Adipocyte expression of RBP4 is correlated to changes in plasma RBP4 (Yang
et al. 2005). Serum levels of RBP4 are increased in several animal models of
obesity and insulin resistance. For example, RBP4 is highly expressed in AT of
adipose-GLUT4 (-/-) mice that develops a strong insulin resistance in muscle and
liver (Abel et al. 2001). Conversely, the overexpression of GLUT4 in AT reduces
RBP4 expression (Yang et al. 2005). Pharmacological normalization of insulin
resistance with rosiglitazone reduces the expression of RBP4 serum levels and
adipocyte, but does not affect hepatic expression of the protein. Transgenic
overexpression of RBP4 or injection of recombinant RBP4 in normal mice causes
overall insulin resistance (Yang et al. 2005). Increased serum RBP4 induces the
expression of gluconeogenic enzymes (phosphoenolpyruvate carboxykinase) in
muscle and impairs its insulin sensitivity (Yang et al. 2005). Mice invalidated for
RBP4 have an increased sensitivity to insulin. Finally, fenretinide, a synthetic
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retinoid that increases urine excretion of RBP4 and normalizes its serum
concentration, improves insulin resistance and glucose tolerance in obese mice
(Yang et al. 2005). In humans, serum RBP4 increases and is positively correlated
with BMI and visceral AT in diabetic and non-diabetic obese patients (Yang et al.
2005). Weight reduction following a diet, exercise, or surgery reduces circulating
levels of RBP4 as well as its expression in visceral AT. Moreover, in these sub-
jects, the serum RBP4 is closely correlated with the degree of insulin resistance
and this is independent of obesity (Graham et al. 2006). Serum RBP4 can also be
correlated with indices of atherosclerosis and could negatively impact on the
secretory function of pancreatic B cells (Janke et al. 2006). The expression of
adipocyte RBP4 was higher in women than in men (Kos et al. 2011). This is partly
attributed to estrogen and leptin, but could also be related to iron metabolism
whose depletion reduces circulating RBP4 and increases insulin sensitivity
(Fernandez-Real et al. 2008)). In peripheral tissues, RBP4 acts directly via cell
surface receptors STRA6 (Stimulated by Retinoic Acid gene homolog 6) or
indirectly through the action of retinoic acid receptor (Sivaprasadarao and Findlay
1988). The negative effects of RBP4 on insulin sensitivity is mediated, at least in
part, by inhibition of IRS1 (insulin receptor substrate 1) phosphorylation, a key
step in the signaling pathway of insulin (Ost et al. 2007).

In conclusion, RBP4 appears as an adipocrine associated with adiposity and
insulin resistance. This was shown in animals and in a number of clinical studies.
However, other clinical studies do not lead to the same conclusions, likely because
of confounding parameters such as the status of retinol and iron patients.

Resistin

Resistin was identified in 2001 by two independent studies showing that this
protein constitutes a potential link between obesity, inflammation, and insulin
resistance (Steppan et al. 2001). Resistin is a protein of 12.5 kDa, which is able to
counteract the stimulatory effects of insulin on glucose uptake in adipocytes
(Steppan et al. 2001). Resistin also impairs the inhibition of glucose output in liver.
Although resistin was first proposed to play a role in glucose homeostasis, it is also
implicated in the regulation of innate immune response. Indeed, resistin is found in
blood under a low molecular weight form (trimer) that appears to be biologically
active, and also under a hexameric form. The latter appears to be a consequence of
the richness in cysteine residues (approx 10 %), facilitating the formation of
disulfide bonds (Patel et al. 2004) in resistin and other similar proteins from the
same family, namely the ‘‘Found in inflammatory zone family’’ (FIZZ).
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Resistin and Insulin Action

Resistin administration to laboratory rodents results in an impaired glucose tol-
erance and insulin action, mainly by impairing the insulin action on glucose
metabolism. However, the exact mechanism of actions of resistin is not totally
defined while various cellular targets involved in other processes have been
reported. Among the mechanisms suspected to antagonize insulin action, the
inhibition of AMPK by resistin could be the most important. The induction of
suppressor of cytokine signaling (SOCS3) is also another major step allowing
resistin to disturb proper insulin signaling. Based on these observations, resistin
can be considered as a ‘‘deleterious’’ adipokine, exhibiting an influence totally
opposed to the ‘‘beneficial’’ adipose-derived factors facilitating insulin action
(such as adiponectin, apelin, omentin, chemerin, etc).

The actions reported so far for resistin are in agreement with an overall counter-
regulatory function, aiming to reduce insulin influence when the pressure exerted
by the pancreatic hormone is too high. Triggering resistance to insulin also appears
an evident issue when considering several regulations of resistin expression in the
adipose depots of animal models; decreased with fasting (and low insulin tonus)
and increased with refeeding (or insulin treatment), or in the case of nutritional or
genetic obesities.

Resistin and Inflammation

In humans, resistin has been reported to be not only expressed in adipocytes but
also in monocytes, macrophages, and other immune cells circulating in blood and
in other fluids (saliva, synovial, amniotic, or seminal fluid) or present in tissues
such as placenta. In man, serum resistin increases with various chronic inflam-
mations (liver diseases, arthritis, etc.), and in turn resistin increases the expression
of IL-6 and TNFa in human peripheral blood mononuclear cells. Moreover,
resistin expression is increased in such cells, once they are activated by LPS
(lipopolysaccharide) or TNFa. The link between resistin and inflammation is
therefore obvious, but the relative proportion of AT in the generation of resistin in
inflammatory diseases is far from being stated.

A case of well-documented increase of resistin is that of pregnancy. The levels
found in amniotic fluid from obese pregnant women are not more elevated than in
normal weight pregnant women. Initial observations had suggested that resistin
was increasing together with other insulin counter-regulatory factors at the
moment of gestational diabetes mellitus, leading to insulin resistance, glucose
intolerance, hyperglycemia, and fat deposition in late pregnancy. Nevertheless, it
is currently proposed that, more than the AT enlargement, it is the increase of
amniotic fluid white blood cell count that is involved in the increase of resistin in
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the amniotic fluid, transducing a local inflammation or infection, irrespective of
the obesity state (Mazaki-Tovi et al. 2011).

Although resistin level increases in few obese conditions, it should be con-
sidered as an inflammatory marker rather than a mere indicator of AT accretion.
Currently, it is proposed that increases in circulating resistin may have accom-
panied the AT low-grade inflammation and the systemic inflammation found in
obese patients. Since there are numerous confounding factors that can elevate
resistin, it should be consider as an inflammatory marker able to increase in
chronic inflammatory diseases, irrespective of the obesity status. As far as we
know the pharmacology of inhibiting resistin has not brought relevant anti-
inflammatory approach to limit the links between obesity, AT low-grade inflam-
mation, and insulin resistance. Nevertheless, the recent characterization of a
cleaved form of decorin as the receptor for resistin especially expressed in adipose
stromal cells leads to reconsider resistin as an adipokine having paracrine effects
(Daquinag et al. 2011). The increased resistin expression in adipocytes from
overdeveloped fat depots entering in inflammation process is therefore proposed to
act on surrounding stroma cells or on committed preadipocytes to inhibit adipocyte
differentiation or to maintain lipid droplets in a state of minimal size through
activated lipolysis. In fact, the resistin generated in—or reaching—AT probably
exerts actions distinct from those observed in other anatomical locations, owing to
the presence on adipose progenitors a special form of deglycanated decorin
(lacking 14 amino acids relative to the decorin commonly found in other tissues)
that is the only isoform able to bind resistin. Moreover, as the pioneering definition
resistin receptor has also screened a small peptide that specifically interacts with
cells from the stroma vascular fraction of AT (Daquinag et al. 2011), the resistin
pharmacology will shortly expand in a way that may be valuable to limit AT
development.

Chemerin

Chemerin was recognized in 2003 as a chemo-attractant protein acting on immune
cells and prompting their movement to the site of inflammation. Product of the
gene RARRES2 located on human chromosome 7, chemerin is secreted as a
precursor of low biological activity, which upon proteolysis gives a soluble protein
of 14–18 kDa that acts as a selective agonist of its own receptor, a G protein-
coupled receptor named chemokine-like receptor 1 (CCMKLR1, or ChemR23).
Later, when chemerin was found to be expressed in human AT, together with its
receptor, it was classified as an adipokine, owing to its known role in inflammation
and because of its increasing expression and secretion during adipocyte differen-
tiation (Bozaoglu et al. 2007; Roh et al. 2007).

The suspected role of macrophages and lymphocytes in linking chronic
inflammation of expanding adipose tissues and insulin resistance prompted various
research teams to investigate whether chemerin may be pivotal in the pathogenesis
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of obesity or metabolic syndrome. In fact, studies of mice deficient for chemerin
recently revealed that chemerin plays an important role in glucose homeostasis,
mainly by regulating insulin secretion by pancreatic islets rather than by directly
influencing glucose utilization and lipid storage in adipose depots (Takahashi et al.
2011). Moreover, there is no change in fatness of the mice lacking chemerin, while
in agreement with the recognized chemo-attractant properties of chemerin, the
mice exhibit reduced macrophage accumulation in AT. However, this lesser grade
of inflammation did not prevent the chemerin-deficient mouse to be glucose
intolerant and did not help the insulin inhibition of hepatic glucose production.

Another concern raised by the unchanged adiposity of the chemerin-deficient
mice is that it limits the relevance of the previously reported potentiation of
insulin-stimulated glucose uptake and enhancement of insulin signaling by
chemerin, performed on 3T3-L1 adipocytes (Takahashi et al. 2008).

Alternatively, chemerin invalidation results in an altered insulin secretion by
pancreatic islets subjected to glucose challenge. Such unexpected observation
relies with a notable expression of chemerin and its receptor in b-cells and with its
role in maintaining the expression of MafA, a transcriptional factor crucial for B
cell function (Takahashi et al. 2011). In spite of such evident interaction between
chemerin and glucose homeostasis in the murine model, no change in the circu-
lating chemerin was found when comparing control and type 2 diabetic patients,
while there was a positive association with BMI (Bozaoglu et al. 2007).

The changes of plasma chemerin with obesity remain controversial, especially
if one considers the increase of both chemerin and its receptor in AT of mice fed a
high-fat diet (Borg et al. 2011) and in other models of diabetes (Bozaoglu et al.
2007) while serum chemerin concentration is decreased in db/db mice (Takahashi
et al. 2008).

It remains to establish, for chemerin (as well as for many other adipokine
candidates), the relative proportion of AT as a source of the signaling molecule.
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Part IV
Pathology of Adipose Tissue



Chapter 16
Obesity: An Evolving Process

Arnaud Basdevant and Judith Aron-Wisnewsky

Introduction

The World Health Organization report published in 1998, ‘‘Obesity: preventing
and managing the global epidemic’’, marks the emergence of obesity in the field of
modern medicine (World Health Organization 1998). Although in recent years,
physiopathological, clinical, and medico-economic data have led to the consid-
eration of obesity as an authentic pathological situation, in any case pathogenic or
even an authentic disease, the position of obesity in medical nosography still
remains controversial.

The chronic and evolving nature of obesity raises a key question: why, during
the evolution of the disease, does it become increasingly difficult to lose weight? In
other words, why do most people manage to control their size, alternating short-
term phases of gaining and losing weight, whereas others move into a process of
chronic aggravation and find it very difficult to reverse this trend. The different
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chapters in this treaty concerning the ‘‘Physiology and physiopathology of adipose
tissue’’ help to elucidate this question, each in its own way. Here, we propose to
describe this evolution from a clinical point of view.

The Emergence of Obesity in the Field of Medicine

Although Hippocrates noted that obesity is linked to a ‘‘greater risk of sudden
death’’ and Galen provided the first reasoned description of ‘‘polysarkia’’, it was
the positivistic approach to the pathological condition as a degradation of a perfect
state (on which the norm can be based) which gave the idea of ‘‘ideal weight’’ and
hence obesity (Papavramidou et al. 2004). This idea of standard weight appeared
in the early nineteenth century, particularly based on the work by Adolphe
Quetelet. This Belgian scientist was in charge of analyzing the anthropometric
characteristics of military conscripts and he defined ‘‘ideal weight’’ on the basis of
a now-famous formula called body mass index, designed to express corpulence as
a function of height (BMI is the ratio of weight in kg to height in m2). This
quantitative approach of the disease reached its height in the 1950–1960s, with the
definition of risk factors and thresholds which insurance companies used to define
new premiums. They identified smoking, hypercholesterolemia, high blood pres-
sure, diabetes… and ideal weight, thus obesity. It was the Metropolitan Life
Insurance Company which used body mass index thresholds (BMI) pragmatically,
leading to higher premiums: obesity was defined as a BMI above 30 kg/m2 and
severe obesity as a BMI above 40 kg/m2. The medico-economic perspective is at
the very core of the medical definition of obesity (World Health Organization
1998; Wang et al. 2011; Gortmaker et al. 2011).

Obesity was initially marginalized among cardiovascular risk factors because of
its low prevalence, and hence, relatively small contribution to morbimortality,
compared with hypertension, smoking, or diabetes. The lack of medication and
physiopathological basis also contributed to a certain lack of medical interest, all
the more so in that the problem was, for a long time, confined to the United States.
From the 1980s, epidemiology changed radically and the increase in prevalence
reached the United Kingdom and the rest of Europe. Then from 1990 to 2000, it
expanded to all countries, in particular emerging countries such as Brazil, Mexico,
and China. The WHO estimates the prevalence of obesity in 7 % of the world’s
population, i.e., 400 million people and this figure should reach 12 % by 2020 if
current evolutionary trends continue. It also seems that the medical and economic
impact of obesity is becoming a concern, linked to the part played by obesity in
chronic diseases, particularly type 2 diabetes, hypertension, and cardiovascular
disease. More recently, a link has been made between obesity and certain cancers.
There is also an important psychological and social impact (discrimination, no
luck). These different consequences on health and well-being generate direct and
indirect costs which are significant for individuals and the health system. The
report published by the WHO had a considerable effect and marked the entry of

232 A. Basdevant and J. Aron-Wisnewsky



obesity into the field of modern medicine. Obesity is no longer confined to the
consumer society, it is becoming a public health and medico-economic issue. Most
importantly, medical and scientific credibility in the field have been reinforced by
concomitant progress in biomedical and fundamental research into adipose tissue
structure and function. Also, the role of environmental factors has been
acknowledged (Kopelman 2000; Swinburn et al. 2011).

From Weight Gain to Obesity: An Evolving Process

Obesity is an evolving situation involving several phases (Fig. 16.1). It starts with
a preclinical phase during which the person does not have any excess body fat
according to standard clinical criteria. This phase, which goes from the intrauterine
period to the first evidence of weight deviation, is silent, or almost apart from
evocative signs such as the earliness of weight rebound. Following this preclinical
phase is the initial period of weight gain and constitution of excess weight with
still no pathological consequences. If the weight gain process continues and
worsens over time, according to variable kinetics, it reaches a stage of defined
obesity. The next phase is stabilization, where weight reaches a plateau. At this
point, if there is no early intervention or if weight gain determinant persists, the
disease becomes entrenched over time. During these phases of initiation, main-
tenance, and chronicity of the excess weight, there may be effects resulting from
attempts to lose weight, either medically, surgically or by other methods. In a large
number of cases, these attempts to lose weight, when successful, lead to further
aggravation and progressively fail. This phase is described as recurrence, resis-
tance to treatment, and eventually weight fluctuation. Although, this description of
obesity evolution certainly appears schematic, it has the benefit of distinguishing
phases marked by widely different physiopathology and medical issues.

Obesity can therefore be seen as an evolving chronic situation which results in the
failure of systems regulating the level of energy reserves in adipose tissue. The
accumulation of intra-adipose cell energy may, at first, be thought of as pathological
inflation of an organ, the adipose tissue. This situation results from the interaction of
many biological, behavioral, economic, social, and environmental determinants, the
respective contributions of which vary according to the person concerned.

Fig. 16.1 Natural history
of obesity
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Evolution of the Energy Balance

The evolution of energy balance during the various phases of obesity has been
remarkably well described by Sorensen (Sørensen 2009). In weight stable indi-
viduals, adipose reserves do not vary significantly, and energy intake (EI: energy
intake) is balanced against expenditure (EE: energy expended); i.e., EI = EE.
Constitution of excessive body fat reflects an imbalance between energy intake and
expenditure: this is an unavoidable condition for constituting inflated energy
reserves in the form of triglycerides in adipose tissue. During this phase of weight
gain, EI [ EE. The cost of energy storage must be taken into account when
converting ingested energy into stored energy. According to Sorensen, to reflect
this dynamic process, the equation becomes: dES/dt = EI-(EE ? EC), where EE
corresponds to the resting metabolism (REE resting energy expenditure), corrected
by a coefficient taking into account the contribution of activity (CAP) to energy
expenditure: EE = REE 9 CAP. Expenditure linked to metabolism and thermo-
regulation is added to this. Therefore, what is stored is less than what has been
consumed in excess. It is difficult to define the exact cost of weight gain, because
the evolution of body composition during weight gain, i.e., the proportion of ‘‘fat’’
to ‘‘lean’’ mass, is highly variable between individuals (Sørensen 2009). There is a
key element which needs to be taken into account: any increase in body fat is
accompanied by a simultaneous increase in lean mass (i.e., water, muscle, and
different body components), and hence energy expenditure. Indeed, the REE lar-
gely depends on lean mass; therefore, the more a person grows fat, the greater the
lean mass and energy expenditure. In other words, a person who gains weight
gradually increases his energy expenditure: an obese person whose weight is stable
therefore expends more energy than before he gained weight. During a weight
stable period, an obese person is in a state of energy balance where intakes equal
expenditures. The only difference is that the intakes and expenditures are greater
than those of the non-obese period.

Now let us consider the phase of caloric restriction in an obese person. Since
the energy expenditure is higher than during a non-obese situation, proposing to an
obese person a so-called ‘‘normal’’ calorie intake, (i.e., the intake of a non-obese
person), represents a drastic calorie restriction diet (Sørensen 2009).

Clinical research faces some major issues. First, it is virtually impossible to
evaluate the deviations in energy balance that occur in real life. Studies on obese
patients are generally done once the excess weight is confirmed, so there is almost
never a prospective analysis of the initial period of weight gain. Second, the tools
available to evaluate energy expenditure (calorimetry) are not able to measure
energy expenditure and intake under real-life conditions with sufficient accuracy
(Sørensen 2009). Therefore, it has to be said that owing to the lack of accurate
tools, we cannot know what is the primary cause of obesity in a given individual:
increased intake or reduced expenditure?

As Sorensen emphasizes, even if we could know whether there is a loss of
equilibrium in a person’s energy balance, we would not have the means of
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confirming that this is the primary event. Indeed, if it is correct to state that this
energy imbalance contributes to the inflation of fat reserves, another hypothesis
can also be proposed; the primary anomaly may be a modification in storage
capacity. In other words, the initial phenomenon could be an increase in storage
capacity through an increase in the number of cells or their capacity for lipo-
genesis, or a decrease in lipolysis or a combination of both (Sørensen 2009; Hall
et al. 2011). Everything would happen as if the increase in intake was secondary to
the ‘‘filling’’ of increased primary storage capacity (linked, for example, to adipose
cells hyperplasia). In a way, the energy balance would then be at the level of the
demand for storage capacity (‘‘offer creates demand’’). An increase in storage
capacity could therefore be a central physiopathological mechanism in some cases
of obesity.

We therefore face a difficult question: what is the primum movens of obesity? Is
it an initial energy imbalance, a storage capacity anomaly, or both?

Evolution of Adipose Tissue

The cellular mechanisms involved in the inflation of fat mass are described in the
first section of this book. Here, we approach this subject from a clinical angle.
Adipose tissue is extremely plastic. Its volume may be multiplied by 5–10 in obese
subjects. Physiologically, its development involves two periods of acceleration,
one after birth, the other between the age of 9 and 13. Throughout life, it is capable
of developing according to energy needs, hormonal situation, and temperature
conditions. The increase in fat mass results from both an increase in the size of
adipocytes (hypertrophy) and/or their number (hyperplasia). The relationship
between body mass index and adipocyte volume follows a curve fit line, showing
that the increase in volume is progressive according to the degree of corpulence,
but soon reaches a plateau which also points out the role played by hyperplasia,
particularly in cases of extreme obesity.

Hypertrophy due to the accumulation of triglycerides results from the imbal-
ance between lipogenesis/lipolysis (see Chaps. 8, 9, 10) (Laharrague and Casteilla
2010; Arner et al. 2011; Langin 2011). The question of a primary anomaly in
lipogenetic capacity in human obesity has been a question of debate for a long
time. The activity of lipoprotein lipase has been found to be increased in many
studies of obese subjects, but it is difficult to know whether this is a primary effect
or consequence of weight gain. There are also close relations between lipolysis and
cell size. Indeed the largest cells release more free fatty acid. This point is
important in understanding certain physiopathological aspects. Hypertrophic
obesities may have greater metabolic consequences than other types (Arner et al.
2011).

The number of adipocytes may increase in significant proportions. The increase
in number is due to adipogenesis (see Chap. 1), i.e., the recruitment of a new
adipocyte from a precursor (Arner et al. 2011). Many nutritional and non-nutritional
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factors can generate inappropriate adipogenesis, thus contributing to certain forms
of obesity. This is the case of certain pollutants, endocrine disturbers, hormonal and
nerve factors, and certain viruses (Hong et al. 2011; Pasarica et al. 2008). Penicaud
et al. showed that denerving adipose tissue depots could lead to an increased number
of adipocytes. The reduction in sympathetic tonus could promote the development of
adipose tissue. These ideas are vital, when you study the physiopathology of certain
human obesities, linked to stress with no evidence of changes in energy intake. A
reduction in sympathetic tonus could contribute first to adipocyte recruitment, then
lead to obesity (Penicaud et al. 2000; Woods and D’Alesio 2008; Kuo et al. 2007).

According to the so-called ‘‘critical size’’ hypothesis, differentiated adipose
cells are loaded with triglycerides until they reach a critical size, beyond which
they ‘‘recruit’’ a new pre-adipocyte. This is how more adipocytes can be produced,
leading to hyperplasia. In case of prolonged positive energy balance, the number of
adipose cells may continue to increase. This hypothesis is supported by overeating
experiments; the initial response is an increase in size, then an increase in number.
On the other hand, once differentiated, the cells do not return to the precursor
stage. They remain available for more storage. Weight loss is linked to a reduction
in the size of adipocytes, not the number which remains high. Hyperplasia seems
not or only slightly reversible. This could partly explain a certain degree of
resistance to weight loss noted in some people or why people put on more weight
after a weight loss intervention. Cell size cannot be maintained below a certain
value without triggering all the mechanisms for reconstituting fat mass; the min-
imum level of fat mass which can be reached is limited by the number of adi-
pocytes. If this number is high, either constitutionally or following the recruitment
of new cells during weight gain, it is difficult to reduce the volume of fat mass
beyond a certain threshold (unless there is permanent dietary restriction).

Therefore, there are three potential components in the development of obesity
to be considered: (1) energy intake, meaning dietary habits; (2) expenditure, thus
the capacity for burning (oxidizing) energy nutrients; (3) the storage capacity
related to the balance of lipogenesis/lipolysis on the one hand and adipocyte
recruitment on the other.

However, the quantitative development of fat mass is neither the only cause of
obesity nor its consequences. Indeed, fat distribution is a very important clinical
factor. White adipose tissue is distributed in various subcutaneous, visceral, and
ectopic depots. They have different characteristics and can evolve according to
physiological or pathological situations. This inter-site variability is doubtlessly
linked to differences in the expression of differentiation factors, levels of precur-
sors, and the development of vascularization and innervation. One depot may
undergo hyperplastic development while another is hypertrophic. Visceral depots
are more vascularized and innervated by sympathetic fibers than subcutaneous.
There is an inverse relationship between the development of sympathetic inner-
vation and the capacity for developing hyperplasia. The differential effects of sex
hormones are another factor of regional variation. The role of drugs (hormones or
other) has also been suspected. These structural and developmental differences
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have metabolic consequences. For example, femoral lipid reserves are less easy to
mobilize than abdominal adipocytes; the visceral tissue (omental) is particularly
sensitive to glucocorticoids; breast adipose tissue physiology is radically different
from that of other depots. It is therefore not surprising that, depending on the
predominant topography of adipose inflation, the consequences on health and
capacities for weight loss vary greatly (Unger and Scherer 2010).

These considerations have major consequences from a clinical point of view;
obesity phenotyping must take into account the topography of adipose tissue
depots and, an emerging question appears: could ectopic adipose depots with no
notable consequences on weight be toxic even in the absence of obesity?

An interesting hypothesis is proposed by RH Unger to understand the difference
between generalized obesity and localized adiposity as observed in metabolic
syndrome (Unger and Scherer 2010). In common obesity, it can be considered that
adipose tissue inflation continues in response to chronic energy imbalance, with
insulin promoting storage as long as the tissues remain insulin-sensitive (and it
remains the case long enough in morbid obesity). The increase in fat mass is linked
to an increase in leptin, which is known to have antilipotoxic effects on peripheral
tissues (leptin promotes lipid oxidation in none-adipocytic cells), so that excess in
lipids accumulate in adipose tissues. In other words, the energy surplus moves
toward general storage in adipose tissue. The metabolic disorders in this situation
may develop with delay. Indeed, as long as adipocyte expansion involves small,
well-vascularized cells which are not very inflammatory and free of fibrosis, the
tissue can continue to grow. The process can therefore lead to morbid obesity. We
speak of metabolically ‘‘healthy obesity’’ to indicate that lipid storage in adipose
tissue can be well tolerated for as long as there is no inflammation or fibrosis.
Furthermore, if experimental transgenic operations are done on animal models,
adipogenesis can be increased (by overexpressing adiponectin for example)
morbid obesity has been obtained without metabolic disorder. Similarly, if the
constitution of fibrosis is prevented in experimental models, insulin-sensitivity
persists whereas experimental models with excess of collagen lead to metabolic
disturbances. Therefore, adipose tissue must reach the stage of hypertrophy and
fibro-inflammatory alterations and leptin-resistance before the global expansion of
fat mass becomes metabolically toxic.

The situation of metabolic syndrome linked to visceral lipid depots is different.
If general expansion of adipose tissue is prevented in an obesogenic situation (high
fat diet for example), metabolic disorders quickly appear. The hypothesis is that
lipid accumulation in ectopic storage sites is metabolically deleterious. Leptin
resistance appears to play an important part in reducing peripheral lipid oxidation,
thus leading to lipotoxicity and pathological metabolic consequences. For exam-
ple, ectopic fat depots lead to a loss of b-cell function and muscle alteration,
particularly cardiac. The distribution of lipid depots also plays an important part in
the development of metabolic syndrome, as is also seen in congenital lipodys-
trophies which are linked to the characteristics of metabolic syndrome very early
on.
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Organ Pathology with Systemic Impact

The inflation of fat mass is not only linked to an increase in the number and/or size of
adipose cells, but also to a deep reorganization of its structure (see Chap. 20). As
obesity develops, a real organ pathology develops which eventually evolves on its
own. Thus, the behavioral and environmental factors, which cause obesity on a
background of genetic or epigenetic predisposition, eventually induce an organic
pathology (Mutch and Clément 2006). This is the model of chronic diseases linked to
lifestyle, which are initially reversible if the behavioral and environmental deter-
minants are controlled, but tend to become chronic and develop a certain degree of
resistance over time. Then, this organ pathology causes systemic diseases since
adipose tissue produces products such as adipokines (see Chaps. 11, 12, 13, 14, 15,
16 and 20), hormones, and different substances stored in adipose tissue (pollutants
and others), which will act remotely from the adipose tissue to generate tissue or
systemic functional damage, which is at the origin of these complications. Some of
these secretions are involved in obesity-related disease. Systemic inflammation, to
which adipose tissue and a high calorie diet both contribute, has multiple conse-
quences (Keophiphath et al. 2009; Hotamisligil 2006; Horvath 2005; Lacasa et al.
2007). It is involved in the development of insulin resistance, as suggested by the
relationship between high levels of inflammation biomarkers such as CRP, TNF, and
IL6, and parameters such as insulin or HOMA-R. The expression of TNF in adipose
tissue is increased in obese subjects and decreased after weight loss. Inflammation
could also explain the gradual loss of hypothalamic sensitivity to signals emitted by
adipose tissue, such as leptin, to inform the central nervous system on the status of
energy reserves.

Production of PAI-1 (plasminogen activator inhibitor-1) contributes to a pre-
disposition to thrombosis. This is how hepatic and vascular complications, and
asthma associated with obesity can be accounted for by ‘‘low grade’’ inflammation
(Hotamisligil 2006). One of the most intriguing new findings in the physiopa-
thology of obesity is the revelation of local effects of adipose tissue production. A
recently documented example concerns visceral adipose tissue and pericardial
adipose tissue. We know that the regional distribution of adipose tissue is a major
determinant of its metabolic consequences. The abundance of visceral tissue, also
called abdominal obesity, is linked to a higher risk to develop type 2 diabetes and
cardiovascular disease. There are also relationships between hepatic pathology
(fibrosis and inflammation) and the degree of inflammation of visceral adipose
tissue. Recent work in particular indicates that pericardial adipose tissue can
contribute both mechanically and biologically to coronary anomalies, independent
of other risk factors including abdominal adiposity. The hypothesis is that peri-
cardial fat releases inflammatory substances (cytokines) and free fatty acids locally
that may play a role in coronary alterations. It is known that this pericardial
adipose tissue is more inflammatory in obese than in non-obese subjects (Lacasa
et al. 2007; Clément et al. 2009).
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To summarize, this cellular heterogeneity of obesities leads to the proposition
for the future, definitions of composite phenotypes taking into account BMI,
distribution of adipose tissue, ectopic fat depots, cellularity, cell volume, and the
degree of inflammation, among others.

Failure of the System Regulating Energy Reserves

A person’s body composition is remarkably stable physiologically, in the short and
medium terms in any case, apart from minor fluctuations. We speak of ‘‘weight
regulation’’, ponderostat, a concept which merits a more accurate definition
because we must speak rather of the regulation of body compartments, including
energy and hydraulic reserves as well as lean mass. The inflation of fat mass
reflects the system’s inability to regulate energy reserves under biological,
behavioral, or environmental pressure (Morton et al. 2006).

The system which regulates energy reserves, and more generally, body com-
position, is generally very efficient: an increase in energy expenditure tends to be
compensated by an increase in dietary intake. The value regulated, i.e., the level of
energy reserves and hence fat mass, may change during the course of a lifetime
under the influence of aging, hormonal events (e.g., pregnancy), and other factors,
but overall body weight remains stable. These aspects are treated in Chap. 12.

Weight gain—and maintenance—reflects a failure of this regulatory system
and, in any case, a change in its set point. The question is therefore to know why
the counter-regulation system is deficient. Genetic, epigenetic factors, iatrogenic
(drugs), nutritional (high-fat diets), metabolic, inflammatory, and lesional (hypo-
thalamic tumors) alterations can modify the incorporation of messages providing
information on the state of energy reserves and explain the regulatory system’s
inability (mainly hypothalamic) to maintain the stability of energy reserves
(Morton et al. 2006).

Digestive Tract

The role of the digestive tract in obesity has long been underestimated for a long
time. Experimental work and clinical research have revealed the role played by
digestive hormones, in particular Ghrelin and glucagon-like peptide 1 (GLP1) on
controlling food intake (Murphy and Bloom 2006). Intestinal neoglucogenesis
could play a decisive part, not only in dietary intake, but also in the metabolic
anomalies of obesity (Murphy and Bloom 2006). More recently, a focus has been
made on gut microbiota which has different digestive, metabolic, and immune
effects. Indeed, if you restore the gut microflora of a germ free mouse, she will
develop weight gain, obesity, and insulin resistance, although she has the same
amount of food intake, suggesting that gut microbiota induces greater metabolic
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efficacy. Colonization of flora by that of an obese animal leads to weight gain in a
non-obese animal. The microbiota contains a multitude of fermentation enzymes
which can increase the digestion of complex glucides. Also, gut microbiota
suppress the epithelial expression of Fiaf (fasting-induced adipocyte factor) which
is a circulating inhibitor of the lipoprotein lipase, an enzyme involved in tri-
glyceride storage. The absence of microbiota in germ free mice is linked to an
increase in AMP-activated protein kinase (AMPK) in the liver and muscles.
In humans, it has been suggested that obesity is associated with an increase in the
firmicutes/bacteroidetes ratio and that this ratio is reduced with weight loss. Since
these initial results, this has not been confirmed in all clinical studies, but has lead
to more detailed study of bacterial populations using larger scale methods (Troy
et al. 2008; Turnbaugh and Gordon 2009; Burcelin et al. 2009; Tilg et al. 2009;
Turnbaugh et al. 2008).

The evolution of gut microbiota during the development of obesity is currently
a major topic.

Thus, the physiopathology of energy reserves is not limited to the question of
balance between input and output but must take into account cellular and ana-
tomical storage capacity, the evolution of structure and function of adipose tissue,
and the whole energy balance regulatory system.

Determinants of Obesity Over Time

Figure 16.2 summarizes the different determinants of obesity over time, in three
main sections: (a) biological determinants: genetic, epigenetic, metabolic, hor-
monal, pharmacological, or others; (b) the behavioral determinants eventually
linked to psychological or social factors; (c) environmental factors in the broadest
sense. This distinction is artificial, because behavioral and environmental factors
may lead to biological anomalies that are more or less reversible and reciprocally,
biological anomalies can generate behavioral disorders.

Fig. 16.2 Determinants of
obesity over time
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From one extreme to the other, there are purely genetic forms of obesity,
determined by rare mutations (e.g., mutation of the leptin gene or its receptor) or
purely behavioral or environmental forms. Between these two extremes all situ-
ations may arise, but the rule is that there are complex interactions between
environmental, behavioral, and biological factors.

Conclusion

Human obesity evolves in several phases of constitution (dynamic), maintenance
(static), and resistance to weight loss. The constitution phase gives evidence of a
positive energy balance no matter what the causes (excess of intake and/or
reduction in energy expenditure). The phase of maintaining obesity results in a
new energy balance and modifications to storage capacities.

Each of these phases has a corresponding physiopathological process and
different etiological factors. The decisive elements in weight gain are often
different from those that allow the overweight situation to persist and not regress
easily.

These different factors of etiopathogenic interest should be distinguished.
Anatomical, metabolic, neuroendocrine, psychological, and social factors inter-
vene each in turn, some of which may be both genetically determined and/or
acquired under environmental pressure and that of the obesity itself.

The whole clinical problem will be to try and recognize which factors and
mechanisms predominate for each patient and which are accessible to treatment.
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Chapter 17
Obesity Phenotypes: Measures to Assess
Adipose Tissue Mass in Humans

Jean-Michel Oppert

Introduction

Obesity is a chronic disease characterized by the fact it is multifactorial in origin
and heterogeneous both in terms of determinants and phenotypes (WHO World
Health Organization 2000). According to the World Health Organization, obesity
is defined as ‘‘a condition of abnormal or excessive fat accumulation in adipose
tissue, to the extent that health may be impaired’’ (WHO World Health Organi-
zation 2000). Body fat content and its relation to ill health are therefore central to
the definition and understanding of obesity phenotypes.

Numerous obesity-related phenotypes can be identified (Table 17.1, (Oppert
et al. 2008)). They can be divided into primary obesity phenotypes directly related
to body composition and body fat amount, secondary obesity phenotypes related to
the energy-balance effectors of body fat content (energy intake and energy
expenditure) and multiple other obesity-related phenotypes related to adipose
tissue morphology, metabolism, and secretory products as well as to the delete-
rious health consequences of increased adipose mass (obesity co-morbidities)
including possible consequences of obesity treatments. In this chapter, we will
focus on major body fat phenotypes that can be defined in adults and we will
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briefly describe the most important methods available for their assessment. More
details can be found in recent reviews or statements on the topic (Oppert et al.
2008; Cornier et al. 2011).

Body Mass Index

BMI Cutoffs

There is an international consensus to use the Body Mass Index (BMI), defined as
the ratio of weight (in kg) over height squared (in m2), to assess weight status and
define obesity (Table 17.2, (WHO World Health Organization 2000)). In adults of
both genders, obesity is currently defined as a BMI C 30 kg/m2. The use of the
BMI is based on two main reasons. First, on a group basis, the BMI was shown to
be reasonably correlated with body fat content (r around 0.70–0.80) (Willett 1998).

Table 17.1 Overview of obesity-related phenotypes

Domain Phenotype

Primary phenotypes
Body fat/body

composition
Overall corpulence (Body mass index, BMI)
Total body fat
Body fat distribution,
Specific fat depots (abdominal visceral fat, hepatic fat, epicardial fat…)
Fat-free mass relative to fat mass (sarcopenic obesity)
Dynamics of weight and body composition changes over time

Secondary phenotypes
Energy expenditure

(EE)
Total (24-h) EE and components (resting EE, physical activity EE)
Respiratory quotient (RQ), nutrient oxidation (lipid vs. carbohydrate)
Physical activity level (PAL = TEE/REE)
Non-exercise activity thermogenesis (NEAT)

Physical activity ‘‘Dose’’ (frequency, intensity, duration), type
Sedentary behavior (sitting time)

Food intake Energy intake, macronutrient intake
Eating patterns (meal frequency, snacking)
Eating disorders

Other obesity-related phenotypes
Adipose tissue secretory products (adipokines)
Inflammatory markers
Hormones and markers modified by increased adipose tissue mass

(e.g., insulin, insulin sensitivity)
Structure and morphology of adipose tissue
Obesity co-morbidities: metabolic and endocrine disorders;

cardiovascular disease and HTA; respiratory disturbances; joint
diseases; cancers; depression; and mood disorders

Adapted from (Oppert et al. 2008)
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Second, in a number of studies, a J- or U-shaped relationship was demonstrated
between BMI and relative risk of mortality (all causes or cardiovascular). For
example, in the Prospective Studies Collaboration, the progressive excess
mortality above an apparent optimum BMI of about 22.5–25 kg/m2 was so that, at
30–35 kg/m2 median survival was reduced by 2–4 years and at 40–45 kg/m2 it was
reduced by 8–10 years (i.e comparable with the effects of smoking) (Prospective
Studies Collaboration et al. 2009). Based on this type of relationship, current BMI
cutoffs were defined, as shown in Table 17.2.

In subjects of Asian origin, lower cutoffs have been proposed (overweight:
C23 kg/m2, obesity: C25 kg/m2) because a substantial proportion of Asian people
was found at high risk of type 2 diabetes and cardiovascular disease at BMIs lower
than 25 kg/m2 (WHO Expert Consultation 2004). It is also important to emphasize
the difference between the definitions of adult and childhood obesity. In adults,
obesity is defined as a risk factor for morbidity and mortality, as noted above. In
children, obesity is defined on a population distribution basis and/or the risk of
being obese at age of 18 years, by using growth curves that describe, by sex, the
evolution of BMI according to age (Cole et al. 2000).

Limitations of BMI

There are a number of limitations to the use of the BMI as a measure of obesity
that need to be carefully considered (Prentice and Jebb 2001). At individual level,
the BMI does not give precise indications about body composition, i.e., it does not
distinguish between weight associated with lean or fat tissue. Commonly used
BMI cutoff values to diagnose obesity have been shown to have high specificity,
but low sensitivity to identify adiposity, as they apparently fail to identify half of
the people with excess percent body fat (Okorodudu et al. 2010). BMI cutoffs do
not allow to capture changes in body fat that may occur according to age, gender,
ethnic groups, or with exercise training. That a given BMI may not correspond to
the same degree of fatness across populations, is one justification for the different
BMI thresholds in subjects of Asian origin mentioned above, as these individuals
have a higher body fat percentage compared to Caucasians at an identical BMI
(WHO Expert Consultation 2004). Thus, BMI can indeed be considered as the
most useful although crude population-level indicator of obesity (WHO World

Table 17.2 Classification of
weight status in adults
according to the World
Health Organization

Classification BMI (kg/m2)

Underweight \18.5
Normal range 18.5–24.9
Overweight 25.0–29.9
Obese 30.0–39.9
Morbidly obese C40.0

Source (WHO World Health Organization 2000)
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Health Organization 2000). However, it clearly does not account for the wide
variation in obesity phenotypes between individuals and populations.

Weight History

Given the natural history of obesity, some body weight values represent important
phenotypes when they occur at critical time periods for body weight gain or
change (Dietz 1994). This means that there will be special interest in body weight
at birth, at puberty, at age of 20 years (a time when individuals are thought to
remember about their weight), during pregnancy (e.g., amount of weight retained
after pregnancy) as well as the age when the adiposity rebound took place in
children. Other phenotypes of interest include maximal weight during lifetime,
minimal weight at adulthood, magnitude of weight change with indication of
whether it corresponds to voluntary or involuntary weight loss. Maximum weight
loss after bariatric surgery is often noted to analyze the trend in weight regain that
occurs after some years of follow-up.

Total Body Fat

As the definition of obesity specifically refers to accumulation of fat, body fat
content is to be considered as the primary phenotype. However, to assess accu-
rately body fat remains difficult and expensive in the clinical setting and/or in large
populations (Cornier et al. 2011; Snijder et al. 2006). Moreover, in contrast to
BMI, there are no established reference data for body fat in adults or children
(Prentice and Jebb 2001). Importantly, health risks specifically associated with
variations in body compartments (fat, lean, or fat-free mass) still remain to be
better defined (Baumgartner et al. 1995). It is usually assumed that increased risk
of morbidity and mortality associated with lower BMI is explained by decreased
fat-free mass whereas increased risk associated with higher BMI is related to
increased fat mass. However, there is clearly a need for more research describing
mortality as a function of increasing fat mass and decreasing lean mass (Heitmann
et al. 2000; Oppert et al. 2002). Table 17.3 lists the main methods that can be used
for measuring body composition and that we briefly describe below [for a recent
review on body composition assessment see (Lee and Gallagher 2008)].

Anthropometry and Bio-Impedance

Anthropometric methods and bioelectrical impedance analysis (BIA) appear the
most simple methods to use. Skinfold thicknesses measured at various locations
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(e.g., tricipital, bicipital, subscapular, and suprailiac skinfolds) may be used to
assess total fat using various equations. The sum of such skinfolds is also
considered as an indicator of total subcutaneous fat. However, the inter-observer
variability is high when recording skinfolds and in some obese subjects skinfolds
may be too large to be measured. With BIA, the impedance (or resistance) of the
body to a low intensity alternate current measured between specific locations at the
extremities (arms, legs) is used to determine body water content. Assuming it has a
constant hydration, fat-free mass is derived using specific equations and fat mass is
calculated as body weight minus fat-free mass. The method is easy to perform,
relatively cheap, repeatable, has a high precision (reproducibility) but rather
moderate accuracy (validity compared to reference), especially during weight
change in obese subjects (Verdich et al. 2011). New devices may, however, have
improved properties even in severely obese patients (Linares et al. 2011).

Densitometry and DXA

Hydrostatic weighing (or hydrodensitometry), a method based on water
displacement to assess total body density, was considered until recently as the
reference method against which others were validated. Once body volume is
determined with the subject submerged in water (using Archimedes’ principle),
density (ratio of body mass to volume) is calculated and fat mass is derived using
conversion equations. Fat-free mass is calculated as body weight minus fat mass.
Precision and accuracy are high, however there are practical limitations because

Table 17.3 Methods for estimation of total and regional body fat

Method Precision Measures total fat Measures regional fat

Anthropometry
Height, weight, BMI High Yes No
Circumferences, ratios Moderate No Yes
Skinfolds Low Yes Yes
Impedancemetry
Bio-electrical impedance (BIA) High Yes No
Absorptiometry
Dual-energy absorptiometry (DXA) High Yes Yes
Densitometry
Underwater weighing High Yes No
Air-displacement plethysmography High Yes No
Imaging techniques
Computed tomography (CT) High No Yes
Magnetic resonance imaging (MRI) High Yes Yes
Others
Isotope dilution (e.g., deuterium) High Yes No
K isotope (40K) High Yes No

Adapted from (Oppert et al. 2008)
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subjects have to climb in a water tank and then to sit still under water for several
seconds. The more recent air displacement method (plethysmography) seems a
promising alternative, but would need validation in severe obese individuals. Dual-
energy X-ray absorptiometry (DXA) is a three-compartment method that uses the
differential attenuation of two low-energy X-ray beams to determine fat mass, lean
body mass, and bone mineral content. DXA is increasingly considered as the gold
standard in body composition studies. The method gives rise to only minimal
radiation, provides information about whole-body as well as regional body
composition, has a high accuracy though decreasing with increasing body weight
and width. Many devices now accept subjects weighing up to 200 kg but there are
limitations in the field-of-view due to increased body dimensions in most severely
obese subjects. Regular cross-calibration, using the same phantom, is needed,
especially in multicenter studies. Other methods using isotopes such as dilution
methods or 40K counting are performed only in few research centers in limited
numbers of subjects.

Body Fat Distribution and Abdominal Obesity

Waist, Hip, and Waist–Hip Ratio

The concept of body fat distribution refers to the anatomic location of body fat.
Since the pioneering work performed more than 60 years ago by the French
physician Jean Vague in Marseille (Vague 1956), it is known that preferential
accumulation of fat in the upper part of the body, that is at the level of trunk or
abdomen, is associated with increased risk for cardiovascular and metabolic
disease.

Table 17.3 indicates among the main body composition methods those that also
allow to measure regional fat. Based on the work by Swedish investigators on
cohorts of men and women from Göteborg, and published during the mid-1980s,
the ratio of waist to hip circumference, or waist–hip ratio (WHR) has been
extensively used in the epidemiologic literature as indicator of body fat distribu-
tion (Larsson et al. 1984). Waist circumference is measured, at the end of a gentle
expiration, as the circumference midway between lower ribs and iliac crests on the
midaxillary line; hip circumference is measured as the largest circumference at the
trochanter level, in standing position (WHO World Health Organization 2000). An
increase in WHR is interpreted as reflecting body fat accumulation in the region of
the trunk and abdomen as opposed to the extremities (limbs). Other measures
of body fat distribution have been used, though less frequently, such as the ratio of
iliac to thigh circumference (e.g., in the Paris Prospective Study, (Ducimetiere and
Richard 1989)) or the ratio of trunk (e.g., subscapular) to extremity (e.g., triceps)
skinfolds (e.g., in the Framingham study, (Kannel et al. 1991)).
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Results of numerous prospective studies consistently indicate that an increased
WHR is associated with increased risk of cardiovascular disease, especially cor-
onary heart disease, independent of the overall level of corpulence as assessed by
the BMI (Bjorntorp 1993; Kissebah and Krakower 1994). Results from large-scale
international studies such as Interheart, a case–control study on myocardial
infarction that included 27,000 subjects in 52 countries, documented an odds ratio
of 2.52 [95 % CI 2.31–2.74] when comparing the highest with the lowest WHR
quintile, the latter considered as reference (Yusuf et al. 2005). The relation was
consistent in men and women and persisted after adjustement for BMI and other
risk factors. Interestingly, in that study, these relations were much stronger than
that between BMI and myocardial infarction.

If the fact that the WHR is a strong risk marker for cardiovascular disease cannot
be disputed, the biological significance of the WHR, what it means in terms of main
body compartments, is not that straightforward. Indeed, as a ratio, the WHR can be
elevated due to an increase in the numerator (waist circumference) and/or a
decrease in the denominator (hip circumference). For waist circumference, it is
likely that it reflects abdominal fat (without the possibility to distinguish between
the subcutaneous and visceral compartments, see below). For hip circumference,
bone and muscular elements at this level are likely to contribute in addition to fat.
Independent of BMI and waist circumference, there is some evidence that enlarged
hip circumferences as a marker of peripheral adiposity may confer protection
toward risk of cardiovascular disease and mortality (Yusuf et al. 2005; Heitmann
et al. 2004). Reports using DXA to assess regional body composition indicate that
in contrast to and independently of total trunk fat mass, leg fat mass displays
favorable associations with cardio-metabolic risk markers related to glucose tol-
erance (Snijder et al. 2004) or fatty liver disease (Perlemuter et al. 2008).

Although interest in the WHR as indicator of increased cardiovascular risk in
epidemiological studies remains high (Yusuf et al. 2005), the WHR is not widely
used in the clinical setting. One reason is that it is relatively cumbersome to
measure two circumferences and compute their ratio, another is that there is no
established cutoffs to denote increased values for this indicator.

Abdominal Visceral Fat

The development of imaging techniques (computed tomography, CT, and magnetic
resonance imaging, MRI) applied to body fat assessment has led to emphasize the
importance of the intra-abdominal fat compartment, or abdominal visceral fat, as
opposed to abdominal subcutaneous fat (Cornier et al. 2011; Després and Lemieux
2006; van der Kooy and Seidell 1993). A large number of cross-sectional studies
have documented stronger associations of abdominal visceral fat, compared to
abdominal subcutaneous fat, with cardio-metabolic risk factors or cardiovascular
events (Cornier et al. 2011; Bjorntorp 1993; Després and Lemieux 2006). There are
much less prospective studies that have reported positive associations of abdominal
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visceral fat with cardiovascular endpoints such as incidence of coronary events,
independently of other adipose tissue compartments (Nicklas et al. 2004). In
addition, an important point when documenting relationships of abdominal visceral
fat with health outcomes would be to take into account the total amount of fat mass
which appears not to be the rule (Seidell and Bouchard 1997).

Anthropometric Indicators of Abdominal Visceral Fat

Measurement of abdominal visceral fat through imaging techniques represents the
assessment of a specific adipose tissue depot, a notion which has to be differen-
tiated from assessment of adipose tissue distribution through anthropometry. Also
note that DXA allows assesment of regional body composition, e.g., fat mass in the
trunk or abdominal region, but cannot differentiate between visceral and subcu-
taneous adiposity. For epidemiological and clinical studies, an important research
question is to better define which easily obtained anthropometric indicator is best
related to abdominal visceral fat content in order to identify subjects at increased
cardiovascular and metabolic risk. Investigators in Quebec have shown that waist
circumference (WC) alone showed stronger correlations with CT-assessed
abdominal visceral fat than WHR in adult men and women (Pouliot et al. 1994). It
has therefore been suggested that WC may represent a better indicator for
assessing intrabdominal fat. In addition, WC is easy to assess and was shown to be
independent of height (Han et al. 1995). Cutoffs for increased WC proposed by
Lean et al. (Lean et al. 1995) have been endorsed by several organizations and
major consensus conferences (WHO World Health Organization 2000; Executive
Summary of The Third Report of The National Cholesterol Education Program
(NCEP) 2001). These WC cutoffs were defined as those that would best identify
subjects with increased BMI and/or increased WHR (Lean et al. 1995). Two WC
levels were identified, separately for men and women: level 1 (increased risk) is
C80 cm in women and 94 cm in men, level 2 (substantially increased risk) is
C88 cm in women and 102 cm in men. Based on the relationships of WC with
CT-measured abdominal visceral fat other cutoffs have been proposed (100 cm
before and 90 cm after age 40, in both genders) (Lemieux et al. 1996).

Although WC appears better correlated to abdominal visceral fat than WHR, it
has to be mentioned that WC is also correlated with abdominal subcutaneous fat
(Pouliot et al. 1994). Therefore, WC is an important and useful anthropometric
measure which is mainly an indicator of abdominal fatness. For clinical use, WC is
of particular interest in subjects with a BMI between 25 and 35 kg/m2. When BMI
is over 35 kg/m2, most subjects will have a WC over the cutoffs defined above.

Other anthropometric measures might be at least as well or better correlated
with abdominal visceral fat that WC. One of these is the sagittal diameter, which
corresponds to abdominal height (van der Kooy and Seidell 1993). For anatomic
reasons, abdominal height might better reflect intrabdominal fat content than a
circumference such as waist. Data from the Paris Prospective Study showed
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positive associations of this indicator with death from cardiac origin (Oppert et al.
2002). However, measurement of this indicator is not standardized yet and there
are no published cutoffs to define values associated with increased health risks.

Ectopic Fat Depots in the Liver and Heart

The development of imaging techniques has not only benefitted the study of
abdominal vsiceral fat but also the assessment of individual differences in liver fat
content and epicardial fat and their relationship with ill health, especially
cardiometabolic risk. Proton magnetic resonance spectroscopy (MRS) appears as a
non-invasive method of choice to asses the intrahepatic triglyceride content
(Szczepaniak et al. 2005). Measures of epicardial adipose tissue thickness, mass,
and volume has mainly relied up to now on echography but assessment based on
multidetector computed tomography (MDCT) or cardiac magnetic resonance
imaging (MRI) allows a more precise although more expensive and cumbersome
measurement (Iacobellis et al. 2011).

Conclusion

There is a need in human studies on adipose tissue to rely on more precise
measures of total and regional body fat. From a clinical standpoint, the body
composition perspective on patient evaluation and follow-up should not be
overlooked. A major goal of the management of obese patients is indeed to
decrease body fat mass while maintaining fat-free mass (Ciangura et al. 2010). Fat-
free mass loss, or insufficiency, is a major concern with aging populations and the
increasing occurence of ‘sarcopenic obesity’ (Stenholm et al. 2008). Altogether,
this means that there is a strong need for easy to use but accurate methods to be
developed, evaluated, and disseminated to better assess body fat content and
repartition both in the research and clinical settings.

References

Baumgartner RN, Heymsfield SB, Roche AF (1995) Human body composition and the
epidemiology of chronic disease. Obes Res 3:73–95

Bjorntorp P (1993) Visceral obesity: a ‘‘civilization syndrome’’. Obes Res 1:206–222
Ciangura C, Bouillot JL, Lloret-Linares C et al (2010) Dynamics of change in total and regional

body composition after gastric bypass in obese patients. Obesity (Silver Spring) 18:760–765
Cole TJ, Bellizzi MC, Flegal KM et al (2000) Establishing a standard definition for child

overweight and obesity worldwide: international survey. BMJ 320:1240–1243
Cornier MA, Després JP, Davis N et al (2011) Assessing adiposity: a scientific statement from the

American heart association. Circulation 124:1996–2019

17 Obesity Phenotypes 251



Després JP, Lemieux I (2006) Abdominal obesity and metabolic syndrome. Nature 444:881–887
Dietz WH (1994) Critical periods in childhood for the development of obesity. Am J Clin Nutr

59:955–959
Ducimetiere P, Richard JL (1989) The relationship between subsets of anthropometric upper

versus lower body measurements and coronary heart disease risk in middle-aged men. The
Paris Prospective Study. I. Int J Obes 13:111–121

Executive Summary of The Third Report of The National Cholesterol Education Program
(NCEP) (2001) Expert Panel On Detection, Evaluation, And Treatment Of High Blood
Cholesterol In Adults (Adult Treatment Panel III) JAMA 285:2486–2497

Han TS, van Leer EM, Seidell JC et al (1995) Waist circumference action levels in the
identification of cardiovascular risk factors: prevalence study in a random sample. BMJ
311:1401–1405

Heitmann BL, Erikson H, Ellsinger BM et al (2000) Mortality associated with body fat, fat-free
mass and body mass index among 60-year-old Swedish men-a 22-year follow-up. The study
of men born in 1913. Int J Obes 24:33–37

Heitmann BL, Frederiksen P, Lissner L (2004) Hip circumference and cardiovascular morbidity
and mortality in men and women. Obes Res 12:482–487

Iacobellis G, Malavazos AE, Corsi MM (2011) Epicardial fat: From the biomolecular aspects to
the clinical practice. Int J Biochem Cell Biol 43:1651–1654

Kannel WB, Cupples LA, Ramaswami R et al (1991) Regional obesity and risk of cardiovascular
disease; the Framingham Study. J Clin Epidemiol 44:183–190

Kissebah AH, Krakower GR (1994) Regional adiposity and morbidity. Physiol Rev 74:761–811
Larsson B, Svardsudd K, Welin L et al (1984) Abdominal adipose tissue distribution, obesity, and

risk of cardiovascular disease and death: 13 year follow up of participants in the study of men
born in 1913. BMJ 288:1401–1404

Lean ME, Han TS, Morrison CE (1995) Waist circumference as a measure for indicating need for
weight management. BMJ 311:158–161

Lee SY, Gallagher D (2008) Assessment methods in human body composition. Curr Opin Clin
Nutr Metab Care 11:566–572

Lemieux S, Prud’homme D, Bouchard C et al (1996) A single threshold value of waist girth
identifies normal-weight and overweight subjects with excess visceral adipose tissue. Am J
Clin Nutr 64:685–693

Linares CL, Ciangura C, Bouillot JL et al (2011) Validity of leg-to-leg bioelectrical impedance
analysis to estimate body fat in obesity. Obes Surg 21:917–923

Nicklas BJ, Penninx BW, Cesari M et al (2004) Association of visceral adipose tissue with
incident myocardial infarction in older men and women: the Health, Aging and Body
Composition study. Am J Epidemiol 160:741–749

Okorodudu DO, Jumean MF, Montori VM et al (2010) Diagnostic performance of body mass
index to identify obesity as defined by body adiposity: a systematic review and meta-analysis.
Int J Obes (Lond) 34:791–799

Oppert JM, Charles AM, Thibult N et al (2002) Anthropometric estimates of muscle and fat mass
in relation to cardiac and cancer mortality in men : the Paris Prospective Study. Am J Clin
Nutr 75:1107–1113

Oppert JM, Laville M, Basdevant A (2008) Human phenotypes. In: Clément K, Sorensen TIA
(eds) Obesity. Genomics and postgenomics. Informa Healthcare, New York, pp 1–18

Perlemuter G, Naveau S, Belle-Croix F et al (2008) Independent and opposite associations of
trunk fat and leg fat with liver enzyme levels. Liver Int 28:1381–1388

Pouliot MC, Despres JP, Lemieux S et al (1994) Waist circumference and abdominal sagittal
diameter: best simple anthropometric indexes of abdominal visceral adipose tissue
accumulation and related cardiovascular risk in men and women. Am J Cardiol 73:460–468

Prentice AM, Jebb SA (2001) Beyond body mass index. Obes Rev 2:141–147
Prospective Studies Collaboration, Whitlock G, Lewington S, Sherliker P et al (2009) Body-mass

index and cause-specific mortality in 900 000 adults: collaborative analyses of 57 prospective
studies. Lancet 373:1083–1096

252 J.-M. Oppert



Seidell JC, Bouchard C (1997) Visceral fat in relation to health: is it a major culprit or simply an
innocent bystander? Int J Obes Relat Metab Disord 21:626–631

Snijder MB, Dekker JM, Visser M et al (2004) Trunk fat and leg fat have independent and
opposite associations with fasting and postload glucose levels: the Hoorn study. Diabetes Care
27:372–377

Snijder MB, van Dam RM, Visser M et al (2006) What aspects of body fat are particularly
hazardous and how do we measure them? Int J Epidemiol 35:83–92

Stenholm S, Harris TB, Rantanen T et al (2008) Sarcopenic obesity: definition, cause and
consequences. Curr Opin Clin Nutr Metab Care 11:693–700

Szczepaniak LS, Nurenberg P, Leonard D et al (2005) Magnetic resonance spectroscopy to
measure hepatic triglyceride content: prevalence of hepatic steatosis in the general population.
Am J Physiol Endocrinol Metab 288:E462–E468

Vague J (1956) The degree of masculine differentiation of obesities, a factor determining
predisposition to diabetes, atherosclerosis, gout, and uric calculous disease. Am J Clin Nutr
4:20–34

van der Kooy K, Seidell JC (1993) Techniques for the measurement of visceral fat: a practical
guide. Int J Obes Relat Metab Disord 17:187–196

Verdich C, Barbe P, Petersen M et al (2011) Changes in body composition during weight loss in
obese subjects in the NUGENOB study: comparison of bioelectrical impedance vs. dual-
energy X-ray absorptiometry. Diabetes Metab 37:222–229

WHO Expert Consultation (2004) Appropriate body-mass index for Asian populations and its
implications for policy and intervention strategies. Lancet 363:157–163

WHO World Health Organization (2000) Obesity: preventing and managing the global epidemic.
Report of a WHO Consultation on Obesity. WHO Technical Report Series n� 894, Geneva

Willett WC (1998). Anthropometric measures and body composition. In: Willett W (ed)
Nutritional epidemiology, 2nd edn. Oxford University Press, Oxford, pp 244–272

Yusuf S, Hawken S, Ounpuu S et al (2005) Obesity and the risk of myocardial infarction in
27,000 participants from 52 countries: a case-control study. Lancet 366:1640–1649

17 Obesity Phenotypes 253



Chapter 18
Animal Models of Obesity

Michèle Guerre-Millo

Introduction

Animal models have provided and still provide major contribution to our under-
standing of the physiological and genetic bases of obesity. Notwithstanding the
usefulness of specific models such as dogs, pigs, and nonhuman primates, I will
focus this chapter on laboratory rodents, mostly mice and rats. Indeed, these
species represent the bulk of animals used for research due to their rapid and high
reproduction rate, well-established breeding and caging conditions, and large
availability of molecular tools for the genome cartography and various types of
transgenic modification. Most rodent models of obesity have been investigated
since the early 1950s, but it is only after an extending period of time that the
mechanisms underlying their phenotype started to be identified. Despite the
tremendous progress brought by the development of molecular biology, not all the
components of obesity phenotypes have been deciphered and new animal models
are still needed to unravel the complexity of energy balance regulation. Here, I will
review various types of rodent models for obesity (Table 18.1), which each
provides information related to specific aspects of human obesity.
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Rodent Models of Diet-Induced Obesity

Exploring the effects of the diet on the regulation of body weight was the driving
force for the development of early rodent models of obesity. In this paradigm,
mice or rats are fed calorically dense high-fat, high-fat/high-sugar, or cafeteria-
type diets. Current commercial diets include 30, 45, or 60 % of calories from fat,
while the control isocaloric diet contains around 10 % of calories from fat.
Although rodents tend to reduce their food intake when fed a high-fat diet, they
ingest more calories from fat, leading to increased adiposity and eventually obesity
(Fig. 18.1). Not only the amount, but also the type of dietary fats can be changed
to investigate responses to specific diets (Burcelin et al. 2002; Hariri and Thibault

Fig. 18.1 Examples of rodents’ models. a Nutritional obesity in rat; b Obese Zucker fa/fa rat;
c Agouti mouse, obese and yellow; d Obese Lep/Lep mouse (right) and two non mutated control
mice (left)

Table 18.1 Different types of rodent models of obesity

Diet-induced obesity (High-fat diet)
Hypothalamic obesity (stereotaxic lesions)
Genetic obesity

Polygenic obesity (QTL)
Monogenic obesity (mutations agouti, fat, tubby, Lep, and LepR)

Obesity induced by mutagenesis or genetic manipulation (transgenic and knockout models)
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2010). As in humans, genetic resistance or predisposition to obesity exists in
rodents, with some strains gaining little weight on high fat compared to normal
chow, whereas others rapidly progress to obesity. Studies comparing obesity-prone
and obesity-resistant strains have been instrumental to identify the mechanisms
and metabolic consequences of high-fat feeding (Surwit et al. 1995; Levin et al.
2004; Fearnside et al. 2008; Madsen et al. 2010).

Nowadays, rodent models are still frequently used in kinetic studies investi-
gating systemic and organ-specific alterations associated with diet-induced obesity.
One pathogenic component is leptin resistance, which develops gradually as evi-
denced by a progressive rise of circulating concentrations, but it is still debated
whether it is secondary or causal to the diet-induced obesity (Scarpace and Zhang
2009). Insulin resistance is initially an adaptive response to high-fat diet that
reduces hepatic glucose production and switches substrate utilization toward lipids,
but becomes deleterious in the long run leading to type 2 diabetes. Diet-induced
obese rodents represent valuable models for this life-threatening complication of
human obesity. Importantly, these models have been crucial for the discovery of
immune cells accumulation in the adipose tissue and its link to metabolic
co-morbidities (see Chap. 20). The reversibility of high-fat diet-induced obesity has
been addressed in obese rodents submitted to food restriction (Levin and
Dunn-Meynell 2000; Kosteli et al. 2010) or to gastric bypass (Troy et al. 2008) after
a period of high-fat feeding. In genetically modified mice, variations in the nature
and amplitude of diet-induced responses are routinely checked to detect whether a
specific gene is implicated or not in the regulation of body weight and obesity
co-morbidities. Another area of research developed, to explore the still elusive
mechanisms of early programming and epigenetic events, relies on diet-induced
obese rodents (Ainge et al. 2011). Indeed, high-fat diet consumption during preg-
nancy and/or lactation, prepubertal high-fat feeding, as well as manipulation of
milk intake by varying litter size, influence body weight, body fat content, and
adipose tissue inflammation in adult offsprings (Guo and Jen 1995; Leibowitz et al.
2007; Boullu-Ciocca et al. 2008; Patterson et al. 2010). Finally, it is now estab-
lished that gut bacteria interact with high-fat diet to promote obesity and insulin
resistance (Cani et al. 2008; Ding et al. 2010), extending the use of diet in rodents to
explore the complex relationship between energy balance and microbiota.

Rodent Models of Hypothalamic Obesity

A second model of obesity developed in the 1950s is the rat ‘‘VMH’’ (King 2006)
that was produced by stereotaxic lesions of the ventro-medial hypothalamus
(VMH). Rats with VMH lesions eat two to three times more food than normal,
overeating starting almost immediately after the lesion. The weight gain that
follows is rapid and quite dramatic as it is not uncommon to observe weight gains
averaging 10 g per day, resulting in a doubling of body weight within 1 month.
Eventually, daily food intake decreases and body weight usually stabilizes.
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A similar morbid obese phenotype can be obtained by goldthioglucose injection in
mice or rats (Marshall et al. 1955). Gold being toxic to neurons, it is linked to
glucose by sulpfur (thio) to destroy the cells that take up glucose. When gold-
thioglucose is injected, there is an extensive damage in the VMH, which is enri-
ched in glucose-responsive neurons. It is noteworthy that VMH lesion-induced
hyperphagia and obesity have been reported in nonrodent species, including
rabbits, cats, dogs, and monkeys [see Refs. in (King 2006)]. In humans, obesity is a
severe sequel to tumors in the hypothalamic region or their surgical treatment
(Pinkney et al. 2002).

Rodent Models of Genetic Obesity

Models of Polygenic Obesity

There are numerous evidences for a genetic influence on human obesity (see Chap. 24).
In this field, both mice and rats provide highly relevant models for deciphering the
genetic basis of obesity. Numerous genome-wide searches for obesity genes have been
performed in rodents characterized by distinct body fat content or proneness to high-fat
feeding. The experimental approach consists in correlation analyses between pheno-
typic traits related to obesity and the genotype using chromosomal markers that differ
between groups of rodents under study. The chromosomal loci that statistically asso-
ciate with the variation in the phenotypic character of interest have been named
quantitative trait loci (QTL). Studies in two-strain backcrosses, F2 intercrosses, and
recombinant inbred lines have led to the identification of hundreds of QTL influencing
body weight, illustrating the polygenic nature of energy balance regulation (Brockmann
and Bevova 2002; Rankinen et al. 2006). Unfortunately, identification of QTL at the
gene level has proved mostly elusive. The dramatic improvement in genomic and
bioinformatic resources holds promise to accelerate obesity gene discovery. Alternative
rodent models, including heterogenous stocks of mice created from a limited number of
founders (Churchill et al. 2004; Valdar et al. 2006) and new ways to exploit data, such
as in silico mapping (Liu et al. 2007), the creation of genetic maps for gene expression
(eQTL) (Schadt et al. 2005), or the application of systems biology to obesity genetics
(Pomp et al. 2008) are expected to improved the identification of genes influencing
energy balance and fat deposition.

Models of Monogenic Obesity

Genetic analysis of rodent models of monogenic obesity has been more successful,
leading to the identification of five genes that, when mutated, result in obesity
(Table 18.2). This significant progress has been achieved by applying the method
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of positional cloning in spontaneously obese mice detected in large breeding
colonies. Most of the naturally occurring mutations being recessive, selective
crosses were crucial to keep them in the progeny, thereby allowing identification
of the mutated gene often decades after the discovery of the affected mice.
Mutations in the same genes or members of their molecular pathways have been
found (expect for the tubby mutation) in a very limited number of obese humans,
but with remarkably similar phenotypes in humans and rodents (Clement 2006). In
the case of leptin, identification of the mouse gene in 1994 was followed by the
successful treatment of a leptin-deficient child only 5 years later (Farooqi et al.
1999). Leptin treatment was then successfully applied to 13 identified patients with
leptin deficiency, reflecting a major therapeutic breakthrough based on experi-
mental researches in obese mice started 50 years earlier (Table 18.3). Addition-
ally, the study of the five mouse obesity genes has markedly increased our
understanding of the mechanisms involved in energy regulation.

The Agouti Mutations

Several mutant alleles have been identified at the mouse ‘‘agouti’’ locus, given
their easily detectable effect on coat color. Two of them, lethal yellow (Ay) and

Table 18.2 Rodent models of monogenic obesity

Mutation Chromosome Type Mutated gene, function Phenotype

Mouse
Ay, Avy 2 Gain of

function,
dominant

Agouti, inhibition of a-MSH food
intake reducing effect via
MC4-R

Late-onset obesity,
yellow fur

Fat 8 Loss of
function,
recessive

Carboxypeptidase E, hormones,
and neuropeptides maturation

Late-onset obesity,
diabetes,
infertility

Tubby 7 Loss of
function,
recessive

Tub, unknown function Late-onset obesity,
blindness,
deafness

Lep 6 Loss of
function,
recessive

Leptin, control of food intake Early-onset obesity
diabetesa,
infertility

LepR 4 Loss of
function,
recessive

Leptin receptor Early-onset obesity,
diabetes,
infertility

Rat
fa 5 Loss of

function,
recessive

Leptin receptor Early-onset obesity
infertility
(females)

fak 5 Loss of
function,
recessive

Leptin receptor Early-onset obesity
diabetes,
infertility

a Depends on the genetic background
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viable yellow (Avy), induce a phenotype of late-onset obesity and yellow fur in
heterozygote mutants (Fig. 18.1). The mouse agouti gene was cloned indepen-
dently by two groups in 1992 (Bultman et al. 1992; Miller et al. 1993). This
breakthrough allowed showing that agouti transcripts, normally expressed exclu-
sively in the skin of neonatal mice, were actually detectable in virtually all tissues
in the obese yellow mutants. The structure of the Ay allele, where a 170-kb deletion
brings the coding region of the agouti gene under the control of a ubiquitous
promoter, accounts for this ectopic expression (Michaud et al. 1994). The double
phenotype of the obese yellow mice has been attributed to a competitive antag-
onism between the agouti protein and the a-melanocyte stimulating hormone
(a-MSH) on two melanocortin receptors, MC1-R, expressed in the skin, and MC4-
R, in the hypothalamus [see Refs. in (Barsh et al. 1999; Moussa and Claycombe
1999)]. In the skin, agouti binding on MC1-R switches the production of black
eumelanin pigment to yellow pheomelanin. In the hypothalamus, the protein
inhibits the negative control of food intake exerted by MC4-R, leading to hyper-
phagia and obesity. An endogenous agouti-related protein (AGRP) was cloned
subsequently and showed to act similarly to agouti as a potent antagonist for
MC4-R. Deciphering the central mechanism of action of the agouti protein has led
to the identification of a previously unknown pathway in the control of food intake,
which comprises anorexigenic (a-MSH) and orexigenic (AGRP) components
acting through MC4-R. The yellow obese mouse model is at the basis of the
discovery of MC4-R mutations in humans (see Chap. 24), opening a whole area of
pharmacological research targeting this receptor.

The Fat Mutation

In 1995, a single base mutation was found in the gene coding for the enzyme
carboxypeptidase E (CPE) in the obese fat/fat mouse (Naggert et al. 1995). This
was associated with loss of CPE activity, leading to hyperproinsulinemia, which is
one of the earliest phenotypic characteristics caused by the fat mutation. Multiple
defects in other peptide hormones or neuropeptides processing have been reported
in CPE deleted mice (Cawley et al. 2010), but a causal relationship with the late-

Table 18.3 Leptin: from gene to therapeutic

1950 Description of monogenic obesity phenotypes in rodents (ob/ob and db/db
mice)

1960 Hypothesis of a circulating satiety factor (parabiosis experiments)
1994

(December)
Cloning the leptin gene

1995 (July) Successful treatment of ob/ob mice by recombinant leptin
1995

(December)
Cloning the leptin receptor gene

1997–1998 Discovery of rare mutations in the genes of leptin and its receptor in humans
1999–present Successful treatment of 13 leptin deficient patients
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onset obesity observed in this model still remains unclear. Mice genetic manip-
ulation yielding to an increased CPE expression specifically in proopiomelano-
cortin (POMC) neurons, shed light to this question (Plum et al. 2009). Indeed, this
manipulation induces a reduction in food intake associated with alterations in the
neuropeptide profile in the mediobasal hypothalamus, including increased amount
of a-MSH, a product of CPE-dependent processing of POMC. These observations
suggest that the obese phenotype of fat/fat mice relies, at least in part, on defect in
POMC processing in hypothalamic neurons that alleviates the negative control of
food intake by the a-MSH/MC4-R signaling pathway discovered in the agouti
mouse model.

The Tubby Mutation

The mutated gene responsible for the tubby obesity was identified in 1996 (Kleyn
et al. 1996; Noben-Trauth et al. 1996). The naturally occurring single base
mutation in the tub gene abolishes a splice donor site, resulting in the replacement
of 44-carboxy-terminal amino acids of the tub protein with 24 intron-encoded
amino acids. The unusual phenotype of the tubby mouse combines vision and
auditory deficits and late-onset obesity. The mutant mice begin to diverge in
weight at about 12 weeks of age, and ultimately reach twice the weight of their
wild-type littermates. It is now established that Tub is the founding member of the
tub-like proteins family, composed of Tub and TULP1-3. These proteins are
highly conserved among various vertebrate genomes and expressed primarily in
nervous tissues. Unfortunately, little is known about their biochemical functions.
Structure–function analyses and cell-based experiments have raised the possibility
that Tub might function as heterotrimeric-G-protein-responsive intracellular
signaling factor (Carroll et al. 2004). Although widespread tub gene expression in
the hypothalamus suggests a potential control of food intake, the way Tub
influences energy balance is far from being understood.

The Lep and LepR Mutations

As previously mentioned, the leptin gene was cloned in 1994 and two distinct
mutations were identified in Lep/Lep mice, previously referred as ob/ob mice
(Zhang et al. 1994). In the original strain, a single base mutation creates a
premature stop codon, while the second is the result of the insertion of a retroviral-
like transposon in the first intron of the gene leading to the absence of transcripts
(Moon and Friedman 1997). Given the same phenotype in both strains, it was
concluded that the single base mutation in the leptin gene was a loss-of-function
mutation. Lep/Lep mice are visually obese at weaning demonstrating early onset
obesity, and they can end up weighing more than 100 g, which is four times the
weight of their littermate controls (Fig. 18.1). In this model, uncontrollable
hyperphagia and reduced energy expenditure are constant characteristics, whereas
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the presence of type 2 diabetes is strain dependent. The absence of functional
leptin is responsible for this extreme phenotype, as unambiguously demonstrated
by the immediate and drastic reduction of food intake following recombinant
leptin administration in Lep/Lep mice (Pelleymounter et al. 1995; Campfield et al.
1995; Halaas et al. 1995). These striking data helped to establish that leptin was,
indeed, the unidentified circulating satiety factor proposed in 1973 on the basis of
pioneer parabiotic experiments between wild type and Lep/Lep mice (reviewed in
(Coleman 2010). Following the cloning of the leptin gene, a wealth of information
became available, leading to the concept that leptin is an adipocyte secreted
hormone that acts in the hypothalamus to regulate food intake in relation with the
energy status. As a cytokine-like protein, leptin also exerts pleiotropic effects in a
large variety of tissues and cell types, and is implicated in functions such as
reproduction and immunity, besides energy homeostasis.

Cloning of the leptin receptor gene by virtue of leptin binding (Tartaglia et al.
1995) was followed by the demonstration that this gene is mutated in several
strains of db/db mice, now referred as LepR/LepR mice (Lee et al. 1996, 1997;
Chen et al. 1996; Li et al. 1998) and in two rats models of obesity, the fa/fa Zucker
rat (Phillips et al. 1996) (Fig. 18.1) and the fak/fak Koletsky rat (Takaya et al.
1996). All mutations preclude leptin signaling, although through distinct mecha-
nisms, including by creating truncated receptors that lack both the transmembrane
and the intracellular domain required for leptin signaling. In all cases, the absence
of functional leptin receptor results in massive early onset obesity as observed in
leptin-deficient mice. The primary difference between the two models is that leptin
receptor-deficient rodents have dramatic elevations in circulating leptin concen-
trations, reflecting their resistance to the hormone. Of note, leptin-resistant Zucker
rats are able to reduce their food intake in response to a systemic load of calorie
from glucose (Gilbert et al. 2003) or when placed in condition of hypobaric
hypoxia (Simler et al. 2006), indicating that leptin independent anorexigenic
pathways remain functional in this model.

Artificially Generated Mice Models of Obesity

Chemical Mutagenesis in Mice

To circumvent the arbitrary nature of spontaneous mutational events in critical
obesity genes, attempts have been made to accelerate the process by increasing the
mutation rate artificially. This can be performed by treating mice with mutagenic
chemicals, such as ethylnitrosourea (Justice 2000). So far, a few mutant pheno-
types differing in body weight or obesity-related traits have been selected. The
confirmation of the mutation and its chromosomal localization requires time-
consuming backcrossing to show that there is a single gene involved. Moreover,
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the final isolation of the mutated gene remains difficult. Currently, the obese mice
issued from chemical mutagenesis are in the process of being crossed, but no gene
has been yet identified using this strategy.

Transgenic Mouse Models

The 2005 update of the obesity gene map cited more than 200 genes that, when
mutated or expressed as transgenes in mice, result in phenotypes that affect body
weight and adiposity (Rankinen et al. 2006). These models support roles for a large
array of genes and pathways in the regulation of energy homeostasis. Their
phenotypic description is beyond the scope of this chapter, but it is interesting to
note that two situations are informative: (1) when a gene targeted for a different
purpose is unexpectedly found to influence body weight gain and (2) when a gene
hypothesized to play a role in energy balance is targeted to confirm its implication.
Examples of the latter case are worth mentioning. Following identification of the
tubby mutation, it was unclear whether the Tub mutant protein retained any
biological activity. A tub knockout was generated that recapitulated the full
spectrum of the tubby mouse phenotype, thereby establishing the loss of function
of the spontaneous mutant protein (Stubdal et al. 2000). Similarly, the generation
of transgenic mice expressing the agouti gene from a ubiquitous promoter con-
firmed that the yellow and obese phenotype of agouti mice was directly related to
ectopic expression of the protein (Klebig et al. 1995; Perry et al. 1995). Most
importantly, after the demonstration that agouti antagonized a-MSH binding on
MC4-R in reconstituted cell systems, the targeted deletion of this receptor in mice
revealed its major role to inhibit food intake (Huszar et al. 1997). This knockout
model provided crucial information to establish the molecular basis of the obese
phenotype of agouti mice and, as a follow up, to promote the systematic screen for
mutation in MC4-R in obese subjects.

Conclusion

Clearly, there is no perfect animal model of human obesity. Nevertheless, the use
of rodent models to study the genetic, physiological, epigenetic, and environ-
mental bases of obesity has provided an enormous amount of scientific knowledge,
opening new avenues for urgent need of therapeutic targets in obesity. Although
reduction in the use of animal models is ethically desirable, it is unlikely that in
silico or cell-based experiments will overtake the use of live animals to explore the
complexity and multifactorial nature of energy balance regulation in the near
future. Moreover, rodent models of obesity represent necessary tools for testing
innovatory interventions, such as treatment with chemical chaperone that reduces
reticulum endoplasmic stress and improves leptin sensitivity in high-fat fed mice
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(Ozcan et al. 2009) or transplantation of hypothalamic neurons that partly restore
leptin signaling in db/db mice (Czupryn et al. 2011). Finally, new technical
approaches, to obtain genetically engineered rodents more rapidly and at lower
cost than before (Dow and Lowe 2012), are likely to provide new models in the
field of obesity, increasing the chance of finding effective treatment strategies to
curb the expanding progression of the disease worldwide.
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Chapter 19
Contribution of ‘‘Omics’’ Approaches
to Understand the Pathophysiology
of Obesity

Nathalie Viguerie

Introduction

In the past 15 years, tremendous efforts have been made in the refinement of high-
throughput ‘‘omics’’ technologies for the discovery of drug targets and molecular
signatures associated with pathological states, disease subsets, or different
responses to therapies. Before individual genome becomes one of the standards of
medical investigation, the potential power of personalized medicine using
molecular markers now appears more realistic since this approach is now close to
in the cancer field (Auffray et al. 2011).

Such an approach needs the discovery of novel biomarkers which might be
helped by defining new phenotyping classification using blood or tissue bio-
markers (Curry 2008). Each molecular tissue biomarker (protein/peptide, lipid,
RNA…) is likely to provide different information depending upon the
consideration.

Significant progress has led to the generation of several new ‘‘omics’’ research
fields: transcriptomics, proteomics, metabolomics, lipidomics, interactomics, etc.
In contrast to traditional procedures, all experimental ‘‘omics’’ approaches can be
considered to share three major features. First, ‘‘omics’’ are high-throughput, data-
driven, holistic, and top-down methodologies. Second is the attempt to understand
the cell or tissue metabolism as an integrated system. The last feature is that these
high-throughput approaches generate large amounts of data and the analysis of
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these data often requires significant computational efforts and always specific
statistical approaches.

To date, transcript profiling remains the most powerful method to compre-
hensively explore minute amounts of tissue or cells.

This chapter reviews some of the prominent data and concepts arising from the
most commonly used experimental ‘‘omics’’ approaches to understand the phys-
iopathology of obesity. Because of the difficulties to transpose concepts that arose
from rodent studies to human physiopathology, especially regarding metabolism,
we mainly focus on studies using human models and two tissues easily accessible
using noninvasive sampling, blood, and adipose tissue (AT). Recent applications
of the integrated ‘‘omics’’ for exploring metabolic and regulatory mechanisms are
presented and advances in computational and statistical methodologies associated
with integrated ‘‘omics’’ analyses are discussed.

Transcriptomics

Microarray-based transcriptome analysis may be considered as a mature genome-
wide profiling technology. Consequently, it is widely used and applications of
transcriptomics appear unlimited when applied to either cell culture systems,
animal models, or clinical research. The various mRNA profiling platforms have
the potential to easily identify specific transcript changes that respond to a given
pharmacological treatment, nutritional, or exercise training challenge in a well-
defined experimental setting. This does not mean that the changes in mRNA level
can be taken as a causal marker, but rather can be used as a pattern of expressed
mRNAs that changes in a characteristic and reproducible way. Since the tech-
nology has the feature of screening process covering thousands of potentially
affected indicators of the metabolic status simultaneously it also reveals quite often
totally unexpected findings.

Adipose Tissue

Understanding the biology of AT and its alteration in situation of obesity and
insulin resistance is a major area of research. Despite many groups having pio-
neered AT as an active endocrine organ, there is limited knowledge of whether
metabolic and energy signaling pathways as well as secretory factors may repre-
sent druggable targets. Gene expression profiling has shown promising potential
for identifying undiscovered aspects of the metabolic and secretory aspects of
various tissues including AT.

As a complement to genetics, microarrays have many applications in under-
standing pathologic AT. First, transcriptomic profiles of various stages of adipo-
genesis. Second, transcriptomic differences between different fat depots, AT from
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lean compared to obese individuals, glucose intolerance, versus diabetes or brown
versus white AT. Third, effect of weight loss through dieting or surgery, cytokines,
adipokines, hormones, environmental toxins, and drugs on transcriptomic profiles,
and finally, influence of adipokines on transcriptomic profiles in skeletal muscle,
liver, pancreatic b cells, etc.

Adipose Cells Differentiation

There are multiple advantages of using a microarray screening process to gain
novel mechanistic insights into adipogenesis. First, novel characterized candidate
genes could be identified based on their expression profiles and confirmed by
further functional studies. Second, not yet characterized genes with modulated
expression profile can be detected. Third, pangenomic screening allows a global
view on biological processes and molecular networks during adipogenesis.

In mammals, adipogenesis includes distinct stages. After proliferation and
determination phases, the cells reach confluence and then differentiation occurs.
A re-entry into the cell cycle of growth-arrested cells at confluence involves
several rounds of proliferation, referred to as mitotic clonal expansion. Growth
arrest and induction of the transcription factors CCAAT-enhancer-binding protein
(C/EBP) a and peroxisome proliferator-activated receptor (PPAR) c mark the end
of the mitotic clonal expansion phase and entry into terminal differentiation with
transcriptional activation of genes defining the mature adipocyte phenotype.

In humans, studies have used primary preadipocyte and adipocyte cells, mes-
enchymal stem cells from bone marrow and AT, or the cellular model human
multipotent AT-derived stem cells (hMADS), as in mice studies focused on pri-
mary immortalized embryonic fibroblasts and derived cell lines like the 3T3-L1
and 3T3-F442A. Most mouse cells undergo one or two rounds of clonal expansion
during adipocyte differentiation. This event could not be observed in human adi-
pocyte differentiation. Differences between rodent and human models were
underscored in the expression profiles of genes known to be involved in the cell
cycle with a sharp increase in 3T3-L1 cells at 24 h (Hackl et al. 2005) and only
marginal changes in gene expression during hMADs adipocytes differentiation
(Scheideler et al. 2008).

Preadipocytes remain in an undifferentiated state due to autocrine Wnt sig-
naling, which blocks adipogenic conversion. Adipogenesis starts by inducing
members of the nuclear receptor family of transcription factors, including the key
regulators C/EBPs (b, d, and a), PPARc and their coactivators.

To identify additional factors capable of influencing adipocyte differentiation,
expression profiling using microarrays has been used with different cell models
and provided many genes potentially involved in the regulation of adipogenesis.
The whole differentiation process was assessed using 3T3-L1 cells gene profiling
to discover novel molecular players and also to obtain a global view on biological
processes and molecular networks during adipogenesis.
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In the early 2000s one of the first transcriptional programs associated with
adipocyte differentiation in vitro and in vivo identified a panel of transcription
factors that were expressed at higher level in AT, compared to mature adipocytes
differentiated from 3T3-L1 preadipocytes (Soukas et al. 2001). Among these genes
the zinc finger-containing transcription factor Krox20 also known as early growth
response 2 (Egr2) (Soukas et al. 2001) is activated very early after induction and
stimulates adipogenesis partially through and in cooperation with C/EBPb.

Several members of the Krüppel-like zinc finger transcription factor family are
known to be implicated in adipogenesis (Mori et al. 2005). On the basis of 3T3-L1
cells gene profiling, KLF9 appeared modulated during adipocyte differentiation
(Henegar et al. 2008) and KLF4 was found as an immediate early regulator of
adipogenesis by inducing C/EBPb (Birsoy et al. 2008). The role of early B-cell
factor EBF1, a helix-loop-helix transcription factor, was studied in adipocytes
using Affymetrix microarrays to compare the adipogenic differentiation pathways
of NIH-3T3 cells induced to undergo in vitro differentiation by ectopic expression
of EBF1 or PPARc2 (Akerblad et al. 2005). It was shown that the initial activation
of genes associated with adipocyte development is independent of commitment to
the adipogenic pathway and that EBF-1 and PPARc2 induce adipocyte differen-
tiation with comparable kinetics and efficiency. The xanthine oxidoreductase was
also identified as a partner of PPAR c and regulator of adipogenesis through
PPARc activity blockade (Cheung et al. 2007). Inhibition of its enzymatic activity
or silencing blocks fat accumulation.

The effect of transcriptional coregulators has also been investigated using
microarrays. As an example, the role of the corepressor RIP140 in adipogenesis
and adipocyte function was studied using comparison of gene expression profiles
from undifferentiated cells and adipocytes lacking and expressing RIP140 to
identify derepressed and repressed genes that contribute to adipocyte function
(Christian et al. 2005). Either ablation of RIP140 or depletion by silencing RNA in
adipocytes altered expression of several clusters of genes involved in many met-
abolic pathways indicating that RIP140 is a global regulator of genes that control
mitochondrial pathways and energy balance.

Besides the effects of Wnt signaling in maintaining preadipocytes in an undif-
ferentiated state, a broader role of another nuclear hormone receptor involved in
adipogenesis, NR1H3 (LXRa), was suggested in the regulation of adipocytes
metabolism from a timed series microarray experiments of 3T3-L1 cells over-
expressing Wnt1 (Ross et al. 2002). Using hMADS cells, LXRa was also shown to
be transcriptionally activated in the adipocyte lineage among 65 candidate genes
involved in the process of adipocyte/osteoblast commitment (Scheideler et al. 2008).

Comprehensive transcriptome analyses of 3T3-L1 cells also pointed out the role
of lipid metabolism enzymes such as ELOVL6 involved in fatty acid elongation
and the adipose triglyceride lipase ATGL which catalyzes the initial step in tri-
glyceride hydrolysis (Hackl et al. 2005).

This also considerably extended upon previous microarray analyses of gene
expression in fat cells as the analyses revealed the potential role of miRNAs in fat
cell differentiation, since prediction of potential target genes for miRNAs was
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significant in 70 % of the genes with a unique 30-UTR that were differentially
expressed during adipocyte differentiation (Hackl et al. 2005). Some miRNAs
have been proposed to be associated with adipogenesis using miRNA microarrays.
Nakanishi and colleagues showed the upregulation of miR-335 in obesity (Nak-
anishi et al. 2009). The miR-335 levels were correlated with expression levels of
adipocyte differentiation markers such as PPARc, adipocyte-specific fatty acid-
binding protein 4 (FABP4), and fatty acid synthase (FAS) in 3T3-L1 adipocytes.
Several miRNAs, including let-7, were also shown upregulated during 3T3-L1
differentiation (Sun et al. 2009). Evidence was provided that let-7 contributes to
adipogenesis by governing the transition from clonal expansion to terminal dif-
ferentiation in part by targeting the transcription factor HMGA2 (Sun et al. 2009).
These findings provide the first evidence that the regulated expressions of miRNAs
might contribute to the pathophysiology of obesity.

Adipose Tissue Investigations

Adipose Tissue from Lean and Obese Subjects

In the past decade, a series of studies of the AT transcriptome reported the
inflammatory status of adipose depots in rodent as well as human obesity.
Weisberg and colleagues investigated the AT gene profiles correlated to adiposity
by studying perigonadal depots from mice in which adiposity varied according to
sex, diet, and obesity-related mutations. Among the top 100 genes with expression
correlated to body mass, one-third encoded macrophage-related proteins
(Weisberg et al. 2003). The moderate and chronic inflammatory status of AT from
obese individuals was confirmed in humans with the first extensive analysis of
inflammation-related genes in different clinically relevant conditions (Cancello
et al. 2005, 2004). The separation of adipocytes from stromal vascular fraction
revealed increased expression of inflammation-related genes in stromal vascular
cells (Nair et al. 2005). Attempts have been made to characterize the immune
cells’ status in obesity. The AT macrophages secrete paracrine signals through a
vast panel of pro-inflammatory cytokines. Increasing adiposity results in a shift in
the inflammatory profile of AT macrophages as a whole from an alternatively
activated M2 state to one in which classically activated M1 proinflammatory
signals that impair insulin signaling in adipocytes predominate. In rodents, a novel
alternatively activated and putatively beneficial macrophage population was
shown in high fat diet-induced obesity with a typical chemokine and chemokine
receptor pattern that revealed a complex network of attraction mechanisms (Zeyda
et al. 2010). However, the precise phenotype of the immune cells infiltrating AT in
humans remains unclear. Therefore, there is a crucial need for a precise molecular
characterization of human AT immune cells upon the different obesity stages
where gene profiling might be helpful for the development of therapeutic strategies
to prevent obesity-related metabolic and cardiovascular complications.
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Along with the immune cells accumulation in AT from obese individuals,
evidence for fibrosis recently emerged as a novel component of obesity-related AT
dysregulation. Microarray analyses identified an extracellular matrix remodeling
signature in rodent models (O’Hara et al. 2009) and humans (Henegar et al. 2008).
The modifications and occurrence of new adipose extracellular matrix components
lead to an abnormal tissue fibrosis. Microarray analyses pertaining to studying the
effect of macrophages conditioned medium on adipocytes showed that human
preadipocytes exposed to molecules secreted by activated macrophages exhibited
profound extracellular matrix remodeling (Keophiphath et al. 2009).

Despite the pathophysiological links between AT fibrosis and obesity-related
complications have not yet been established, recent data suggests local tissue
adaptations to fibrosis that could occur in an attempt to eliminate AT fibrosis and
restore impaired adipogenesis and metabolic functions of hypertrophied AT.

Anatomical Localization

Due to its anatomical localization the accumulation of visceral AT (VAT) is
related to the development of metabolic syndrome and increases the risk of
co-morbidities such as type 2 diabetes (T2D) and cardiovascular diseases (CVD).
It is not yet understood why visceral depot is more harmful than subcutaneous fat.
Both depots show biological differences but all these differences may not explain
the development of obesity complications. Coordinated depot-specific differences
in expression of multiple genes involved in embryonic development and pattern
specification has been shown in mice and in human subcutaneous AT (SAT)
compared to VAT suggesting that genetically programmed developmental differ-
ences in adipocytes and their precursors in different depots play an important role
in obesity, body fat distribution, and potential functional differences between
visceral and subcutaneous AT (Gesta et al. 2006).

The macrophage content also is depot dependent. Omental AT of obese humans
contains more macrophages than SAT. Omental fat macrophage infiltration
correlates to fasting glucose, insulin, and hepatic fibro inflammatory lesions in
obese individuals (Cancello et al. 2006). The relationships between obesity and
metabolic syndrome and the expression of macrophage-specific markers were
investigated in paired AT depot (subcutaneous and visceral) biopsies from women
with a wide range of fat mass and metabolic complications (Klimcakova et al.
2010). Despite confirmation of differences between the two depots, an unexpected
finding was that genes associated with obesity and metabolic complications were
similar in subcutaneous and visceral fat. Both depots exhibited a coordinate
decrease in expression of fat cell metabolic genes and an increase in expression of
immune response genes with body mass index (BMI) and metabolic syndrome.
This indicates that gene expression profiles from subcutaneous fat are as dis-
criminating as those from visceral fat with respect to obesity and metabolic
complications. It also suggests that impairment of fat cell metabolism may favor an
inflammatory response in AT.
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Weight Management

In obese individuals, weight loss is associated with improved insulin sensitivity
and a reduction in obesity-related comorbidities.

As described above AT gene profiling has generated new insight into excess
fat-related complications. Weight loss in obese subjects either through low calorie
diet (Clement et al. 2004; Capel et al. 2009) or bariatric surgery (Cancello et al.
2005) decreased expression of inflammatory factors and increased expression of
anti-inflammatory molecules, accompanied with decreased macrophage number
and improved metabolic profile (Cancello et al. 2005; Clement et al. 2004; Capel
et al. 2009). These data suggest that anti-inflammatory reagents or blockade of
macrophage infiltration into AT may be beneficial for improving systemic insulin
resistance in obese patients. Diet-induced weight loss in obese individuals also
decreases the expression of genes associated with fatty acid metabolism (Capel
et al. 2009) such as stearoyl-CoA desaturase-1 (SCD1) (Dahlman et al. 2005) and
increased cell-death-inducing DFFA-like effector A (CIDEA), a key player in fat
cell lipid droplet metabolism (Dahlman et al. 2005). The macronutrient content of
the hypocaloric diet is of no or little importance for changes in gene expression in
human AT (Dahlman et al. 2005; Capel et al. 2008). Although reduced caloric
intake and increased physical activity favor a reduction in body fat mass and
improve metabolic parameters, one of the greatest difficulties for obesity man-
agement is weight maintenance after successful weight loss. Understanding the
molecular basis of weight maintenance following weight loss is an under-studied
area of human physiology. Few studies focused on weight stabilization. Capel and
colleagues found that the caloric restriction and weight maintenance phases of a
weight management program were characterized by distinct patterns in SAT gene
expression (Capel et al. 2009). The genes related to metabolism and adipose cells
were downregulated during caloric restriction and mostly upregulated during
weight stabilization. In contrast, macrophage genes involved in inflammatory
pathways were unchanged or upregulated during caloric restriction, and down-
regulated during weight stabilization. Marquez-Quinones and colleagues reported
a study to identify differences in human SAT gene expression that may associate
with weight regain and/or weight maintenance after the end of a low calorie diet
(LCD)-induced weight loss program (Marquez-Quinones et al. 2010). Cellular
growth and proliferation, cell death, cellular function, and maintenance were the
main biological processes represented in SAT from subjects who regained weight.
Mitochondrial oxidative phosphorylation was the major pattern associated with
continued weight loss. This suggests that although cell proliferation may be det-
rimental, a greater mitochondrial energy gene expression may be beneficial for
weight control.

These studies have begun to elucidate the AT gene expression networks
underlying the physiological benefits reported with weight loss and weight
maintenance.

Attempts have also been made to generate hypotheses that can potentially explain
the role of AT in controlling weight changes during and after an LCD induced.
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The AT gene expression profiles in slimmed individuals who regained weight after
LCD compared to those who maintained the weight lost in response to LCD have
been related to metabolic network analyses (Mutch et al. 2011). This study dem-
onstrated that SAT from subjects predisposed to weight maintenance overexpress
mitochondrial oxidative phosphorylation while those prone to weight regain over-
express cell growth and proliferation and apoptotic pathways.

Altogether, these studies reinforce that genetic and/or metabolic factors may
help explain the interindividual variability in weight maintenance.

Peripheral Blood Cells

Peripheral blood is an easy biomaterial as an accessible biofluid that is easily
sampled in the clinical routine. The continuous interaction between blood cells and
body tissues raise the possibility that subtle changes occurring in the context of a
disease may trigger specific changes in gene expression in blood cells that reflect
the initiating stimulus. Circulating leukocytes may therefore contain informative
transcriptional profiles as a first line of sentinels for disease of interest.

The first cross-sectional study in peripheral blood mononuclear cells within the
diabetes field showed up regulation of JNK pathway genes and downregulation of
mitochondrial oxidative phosphorylation pathway in T2D individuals (Takamura
et al. 2007). The miR-126 was also shown downregulated in plasma circulating
vesicles from T2D subjects (Zampetaki et al. 2010).

It can be argued that biopsy samples from AT, muscle, liver, or b-cells would
be much more suitable than peripheral blood for transcriptomic studies to identify
novel biomarkers of obesity-related complications. Data from deCODE Genetics
are in line with this argument because they indicate that both the number of genes
associated with BMI and the extent of correlation with BMI are considerably
larger in AT than in peripheral blood (Emilsson et al. 2008). However, the scarcity
of prospective studies and of studies that rigorously compare transcript signatures
from different tissues with respect to their predictive value for T2D and CVD
means that it is premature to come to any conclusion about the utility of gene
expression studies in blood. Further studies are needed to address these issues.

Proteomics

As complementary to the gene profiling approach, large-scale proteomic studies
serve as useful resource for fundamental biomedical research.

A comprehensive linear ion trap mass spectrometry (MS) analysis of 3T3-L1
cells’ subcellular fractions (nuclei, mitochondria, membrane, and cytosol) identi-
fied up to 3000 proteins (Adachi et al. 2007). Compared to previous human cell
lines and drosophila lipid droplet proteomic studies, a large proportion of the
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insulin signaling pathway and the ribosomal and proteasome complexes were
comprehensively covered. Potentially secreted proteins were identified, indicating
the secretory function of adipocytes.

The global approach of coupling microarray data with bioinformatics analysis
(Mutch et al. 2009) has proved to be fruitful in gaining insights into adipocyte
secretory potencies.

Transcriptomic studies of the glucose transporter GLUT4 -/- mice has identified
the retinol binding protein 4 (RBP4) as new adipocyte-derived hormones
suggested to link obesity with its comorbidities, especially insulin resistance, T2D,
and certain components of the metabolic syndrome (Yang et al. 2005). To reach
the objective of novel adipokine discovery, large-scale proteomic studies of adi-
pocyte secretome may serve as a natural and useful resource for fundamental
biomedical research.

Adipogenesis

By contrast to numerous transcriptomic studies designed to decipher the adipo-
genesis process, a few papers relate the use of proteomic approach, most of them
being performed in 3T3-L1 cells.

Protein profiling during adipogenesis was performed with gel-based approaches
using two-dimensional gel electrophoreses for separation and MS for protein
identification as well as a liquid chromatography coupled with tandem MS (Adachi
et al. 2007). The gel-based studies used either mouse 3T3-L1 models (Rahman
et al. 2008) or human mesenchymal stem cells (Jeong et al. 2007) and reported up
to 2000 protein species, whereas a non gel-based study (Adachi et al. 2007)
identified approximately 3300 proteins. By comparing microarray data with the
proteomic data, one-third could be mapped to the identified proteome. In another
gel-based study using human subcutaneous adipose-derived stem cells as an in
vitro model of adipogenesis, 170 individual proteins were detected, especially
multiple novel serine protease inhibitors (serpins) (Zvonic et al. 2007).

Comparison of these data with reported secretomes showed varying molecular
species reflecting the methodological and technical differences in proteomic
studies.

The first large-scale quantitative proteomic study to analyze the changes in the
secretome during the course of adipogenesis in humans (Zhong et al. 2010) used
iTRAQ-based quantitative proteomics. Most of the 420 proteins identified showed
differential expression during the course of differentiation with 40 % of the protein
sequences containing signal peptides and 35 % with localization to extracellular
compartment including numerous proteins whose dynamic expression had not
been previously documented in the differentiation of human adipocytes (Zhong
et al. 2010).
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Secretion

The various bioactive molecules secreted by the AT are likely to play pivotal roles
in the pathophysiology of obesity and its associated disorders. Many factors,
including signaling metabolites, adipocytokines, and hormones have been pro-
posed as a link to obesity-related complications such as metabolic syndrome, T2D,
and CVD. Most of them are so far unknown. A recent challenge is therefore to
identify novel or existing adipokines as drug targets that could be used to reverse
adverse reactions related to excess fat.

A growing number of studies addressed this issue and profiled the adipocyte
secretome.

The very first analyses dealt with gel electrophoresis combined with MS
approaches to profile the secreted proteins from 3T3-L1 cells during adipocyte
differentiation. Up to 41 proteins were for the first time identified as novel adi-
pocyte secreted factors from 3T3-L1 adipocytes, including the pigment epithe-
lium-derived factor (SERPINF1) secreted in preadipocytes, hippocampal
cholinergic neurostimulating peptide (PEBP1), neutrophil gelatinase-associated
lipocalin (LCN2), and haptoglobin (HP) in mature adipocytes in addition to a
number of previously reported secreted factors such as adipsin or adiponectin
(Wang et al. 2011). The secretion profiles indicated a dynamic environment
including an active remodeling extracellular matrix and several factors involved in
growth regulation (Wang et al. 2004).

A shotgun approach of secretome from primary human adipocytes differentiated
in culture has led to the characterization of 44 novel adipokines including com-
plement factor H (CFH), alphaB-crystallin (CRYAB), cartilage intermediate-layer
protein (CILP), and heme oxygenase-1 (HMOX1) (Lehr et al. 2011). Using the same
model and technology the incretin activating enzyme, dipeptidyl peptidase-4
(DPP4), was identified as a factor released by adipocytes with effects on skeletal
muscle insulin signaling and smooth muscle cells proliferation, therefore providing
a novel link between obesity and metabolic syndrome (Lamers et al. 2011).

Factors secreted by the stromal vascular fraction contribute to the secretome
and modulate adipokine secretion by adipocytes. Therefore, Celis and colleagues
utilized gel-based technology, MS, immunoblotting and antibody-array to identify
extracellular and intracellular signaling molecules of interstitial fluid of fresh
mammary AT samples and adipose cells from high-risk breast cancer patients
(Celis et al. 2005). About 360 proteins were identified, including numerous sig-
naling molecules, hormones, cytokines, and growth factors that are involved in a
variety of biological processes, such as signal transduction and cell communica-
tion, energy metabolism, protein metabolism, cell growth and/or maintenance,
immune response, transport, regulation of nucleic acid metabolism, and apoptosis.
Among these proteins, the fatty acid binding protein FABP4 secretion was also
shown using 3T3-L1 cells and demonstrated as positively correlated to BMI and
metabolic syndrome (Xu et al. 2006).
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Alvarez-Llamas and colleagues aimed at the characterization of the human
VAT secretome rather than the adipocyte secretome (Alvarez-Llamas et al. 2007).
Among 259 proteins 70 were considered secreted by AT and 40 % is involved in
the modulation of the extracellular matrix.

A quantitative comparison of the VAT and SAT explants focused on isolated
preadipocytes and endothelial cells and compared their secretomes to those from
whole AT (Hocking et al. 2011). Although there were no discrete depot-specific
differences in the secretomes from whole tissue, preadipocytes or endothelial cells,
VAT exhibited an overall higher level of protein secretion than SAT. More pro-
teins were secreted in greater abundance from VAT compared with SAT explants,
preadipocytes, and endothelial cells. Almost 50 % of the VAT secretome was
composed of factors with a role in angiogenesis suggesting that this depot may
represent a more readily expandable tissue depot (Hocking et al. 2011).

Studies reported the composition of exosome-like vesicles (ELVs) released
from AT, the vesicles by which adipocytes are supposed to perform part of their
endocrine function with the secretion of adipokines. To address secretion of the
adipocyte-derived microvesicles, namely adiposome, 3T3-L1 adipocytes were
used (Aoki et al. 2007). Proteomic analysis revealed that 3T3-L1 ELVs contain
some matrix metalloproteinases (MMP-2 and MMP-9) that colocalize with a novel
angiogenic secreted protein, milk fat globule-epidermal growth factor 8 (MFG-
E8), which is upregulated upon hypertrophy.

More recently, ELVs were proposed as a mode of communication between ATs
and macrophages (Deng et al. 2009). ELVs released from mice AT were purified
and labeled with green fluorescent dye, then injected into ob/ob or control mice fed
a high-fat diet. Deng and colleagues found that AT ELVs are taken up by
peripheral blood monocytes and stimulate the differentiation of the monocytes into
activated macrophages. These exosomes are capable of a potent stimulatory effect
which could mediate both the obesity-associated inflammatory responses and the
development of insulin resistance. This finding suggests that the adiposome could
play a role in activation of macrophages and subsequent development of insulin
resistance.

The secreted proteins and vesicles identified consistently from different models
of adipocytes and AT by different proteomics platforms better represent the
characteristics of adipose secretome. Like transcriptomics, the use of proteomics
has significantly enhanced our understanding of the proteins and pathways
involved in the pathophysiology of obesity. Unfortunately, proteomic profiling of
human AT is hindered by some of the similar shortcomings, as was seen with
transcriptomics. Most prominent is the technology itself, as it is biased toward
abundant proteins, that is, signal transduction molecules cannot be identified easily
without extensive protein fractionation. Extensive validation of candidate proteins
revealed by proteomics by an independent method, such as western blotting,
remains of importance because proteins can be identified incorrectly due to a
currently incomplete database.

19 Contribution of ‘‘Omics’’ Approaches 277



Metabolomics

Despite a growing number of publications metabolomics is still in its infancy.
Here, we provide a brief overview of studies that evaluated the clinical utility of
results from serum or plasma samples.

Mutch and colleagues analyzed the metabolite profiles in the serum of morbidly
obese individuals who underwent gastric surgery (Mutch et al. 2009). To identify
metabolites associated with surrogates of steady-state insulin sensitivity the
patients were subdivided into obese and T2D. The nervonic acid was negatively
correlated with insulin resistance index. These results provided a new knowledge
regarding the global alterations in serum metabolite profiles post bariatric surgery
(Mutch et al. 2009). Nuclear magnetic resonance and MS have been used to define
metabolic profiles that distinguish between patients with T2D or CVD and
controls. Serum or plasma concentrations of sugars and sugar metabolites
(e.g., glucose, mannose, deoxyhexose, and 1,5-anhydroglucitol), ketone bodies
(a-hydroxybutyrate), lipids (e.g., phosphatidyl-cholines and nonesterified fatty
acids), and branched-chain amino acids were found to be associated with insulin
resistance or T2D (Suhre et al. 2010). In the first prospective metabolomics study,
branched-chain and aromatic amino acids showed significant associations with
incident T2D in the Framingham Offspring Study (Wang et al. 2011).

Additional studies with prospective designs, larger study samples, more
advanced methods of metabolite quantification, and more sophisticated data pro-
cessing and analysis strategies are needed to evaluate whether metabolite mea-
surements would have a relevant impact on disease prediction and patient
management.

Connecting Various ‘‘Omics’’

While high-throughput ‘‘omics’’ approaches to analyze molecules at different
cellular levels are rapidly becoming available, it is also becoming clear that any
single ‘‘omics’’ approach may not be sufficient to characterize the complexity of
biological systems.

Integrating data from various ‘‘omics’’ technologies may enable to draw a
broader picture of a cell’s behavior and of the impact of treatments or environ-
mental signals. This will ultimately lead to systems biology, an emerging inter-
disciplinary study field that focuses on the complex interactions in biological
systems. One goal of systems biology is to understand how genome-encoded parts
interact to produce quantitative phenotypes. Systems biology has the power to
transform the way biology and medicine have been viewed classically by way of
dealing with biological entities on the systemic level rather than focusing on a
system which is simplistically reduced to a small number of parts. However, the
integration of diverse ‘‘omics’’ data sets posess major challenges to researchers (in
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particular bioinformaticians) and computational infrastructures. It also demands
standards that make data sets from different sources (labs, platforms, technologies)
reliable and comparable for integration on a broad scale. In this context it will be
inevitable to apply mathematical modeling in order to interpret the flood of data.

All the aforementioned fields are under constant development, inevitably
spawning major breakthroughs that make systems biology and its applications
more and more palpable. As an example, next-generation sequencing technologies,
also known as high-throughput sequencing or third-generation sequencing are
about to shift ‘‘omics’’ strategies that rely on hybridization on microarrays to
sequencing of RNA. In the case of transcriptomics several recent publications
proved the utility of the RNA Seq technology to assess mRNA levels in different
applications, highlighting its advantages over array-based methods, namely: higher
signal-to-background-ratio, lower detection limit, unbiased measurements,
unambiguous assignment of measured sequences, and quantitative linearity over a
broader range. If throughput and quality increase and prices decrease as predicted,
these sequencing technologies might become more widespread and, owing to their
technical advantages over hybridization-based approaches might become the gold
standard in measuring RNA specimen on a genome-wide scale.

In summary, ‘‘omics’’ technologies generated a plethora of data and provided
novel mechanistic insights into adipogenesis and AT biology which can be
exploited for developing novel drugs to prevent or cure obesity and/or related
comorbidites. It also became evident that we are only at the beginning of drawing
the complete picture of the complex cellular process of all the AT cells and that
further integrative ‘‘omics’’ approaches will be necessary to elucidate the molec-
ular network controlling the cell fate.
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Chapter 20
Adipose Tissue Inflammation in Obesity

Christine Poitou, Elise Dalmas and Karine Clément

Introduction

Epidemiological studies show a concurrent increase of prevalence of obesity and
associated conditions such as type 2 diabetes, cardiovascular diseases, liver
damages, inflammatory joint diseases, asthma, and certain types of cancer. More
and more data suggest that the inflammation associated to obesity would have led
to the development of these pathological conditions. We will see what are the
possible origins of this inflammation in obese people, especially the important role
of adipose tissue and by which mechanisms the inflammation can have conse-
quences in terms of comorbidities.

C. Poitou (&) � E. Dalmas � K. Clément
Institut des maladies cardiométaboliques et de la nutrition (IHU ICAN), Paris, France
e-mail: christine.poitou-bernert@psl.aphp.fr

K. Clément
e-mail: karine.clement@psl.aphp.fr

C. Poitou � E. Dalmas � K. Clément
Nutriomique U872 équipe 7, Centre de recherche des Cordeliers, INSERM, UPMC,
15, rue de l’école de médecine, 75006 Paris, France

C. Poitou � K. Clément
Centre de Recherche en Nutrition Humaine Ile-de-France (CRNH IdF), Paris, France

C. Poitou � K. Clément
Assistance Publique Hôpitaux de Paris, Service de Nutrition, Bâtiment Benjamin Delessert,
Hôpital Pitié-Salpêtrière, 91 boulevard de L’hôpital, 75013 Paris, France

J.-P. Bastard and B. Fève (eds.), Physiology and Physiopathology of Adipose Tissue,
DOI: 10.1007/978-2-8178-0343-2_20, � Springer-Verlag France 2013

283



‘‘Low-Grade’’ Systemic Inflammation and Obesity

Obesity is now considered as a chronic inflammatory state developing insidiously,
commonly called low-grade inflammation. This concept is based on the fact that
obese people present a moderate but chronic increase of the circulating rates of the
inflammation’s mediators, such as acute-phase proteins, pro-inflammatory cyto-
kines, and adhesion molecules (Poitou et al. 2011; Dalmas et al. 2011). The
number of molecules helping to characterise the low-grade inflammation has never
stopped increasing since several years and are listed in Table 20.1.

The relative contribution from different tissues (liver, lymphoid, circulating
immuno-inflammatory cells, subcutaneous and visceral adipose tissue, potentially
muscle) in the production of circulating inflammatory molecules is hard to
determine in human obesity, and especially during the various phases of its
development. The liver is highly involved in low-grade inflammation by the
increased synthesis of acute-phase molecules (CRP, SAA, orosomucoid, ferritin,
etc…). The hepatic expression of pro-inflammatory cytokines such as IL-6,
TNF-a, and IL-1b is increased with obesity probably by two complementary
mechanisms. First, the steatosis, which is defined by an accumulation of lipids in
the liver while putting on weight, can have a local inducing effect within the liver
tissue of inflammatory reaction. Second, the pro-inflammatory cytokines and the
fatty acids coming from adipose tissue via the portal circulation can also be
involved. The circulating monocytes are also characterised by an inflammatory
profile (Ghanim et al. 2004). If the liver and the circulating immuno-inflammatory
cells clearly participate in low-grade inflammation in obese people, the adipose
tissue has a major role when releasing secretory substances, thus modulating the
inflammation of the parenchymal liver and participating also in the plasmatic
increase of inflammatory factors.

Adipose Tissue Inflammation

The Origins of the Adipose Tissue Inflammation
During Obesity

Many factors are evoked, but it is still complicated to clearly establish the events
underlying the adipose tissue inflammation. Adipocytes are themselves capable to
produce numerous pro- and anti-inflammatory biomolecules. The increase of the
adipocytes’ size, which characterises obesity, modifies their secretory profile and
induces a pro-inflammatory status, without the involved signals being clearly
defined. The characteristic distribution of macrophages as a crown around
adipocytes presenting signs of cell death (Cinti et al. 2005) (cf Chap. 6) suggests
the intervention of specific attracting factors. In adipose tissue, exogenous signals
such as fatty acids or bacterial lipopolysaccharides (LPS) induce an inflammatory
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response through the activation of the TLR4 (toll like receptor 4) and the asso-
ciated intracellular signal pathways, mainly the NFKB pathway (Shi et al. 2006).
Locally, the inflammatory adipocytes, which lipolytic activity is important, release
fatty acids, which stimulate the TLR4/NFK B pathway in the macrophages, thus
participating in the deleterious paracrine loop between both cell types (Suganami
et al. 2009). In this context, the TLR4 inhibition by factors such as ATF3,

Table 20.1 Systemic modifications of inflammatory molecules in obesity and weight loss

Name Obesity Weight loss

Acute-phase protein
Haptoglobin * +
Serum amyloide A * +
C Raectiv protein (CRP) * +
Fibrinogen * +
Orosomucoïd * +
Cytokines/Chemokines
Interleukin 6 (IL6) * +
Interleukin 8 (IL8) * +
Interleukine 9 (IL9) * +
Interleukin 18 (IL18) * +
Interleukin 10 (IL10) * +
Interleukin 1ra (IL1Ra) * +
Tumour necrosis factor (TNFa) * + or ??
Monocyte chemoattractant protein MCP1 * +
Monocyte chemoattractant protein MCP4 * +
Macrophage migration inhibitory factor MIF * ?
Macrophage inflammatory protein MIP1b * +
Interferonc-inducible-protein 10 IP10 * + or?
EOTAXIN * +
RANTES * +
Monokine induced by IFNc MIG * +
Other adipokines
Leptin * +
Visfatin * +
Resistin + * or ?
Adiponectin + *
Omentin + ?
Adhesion molecules/extracellular matrix prothrombotic
Matrix metalloproteinase 9 (MMP9) * +
ICAM * +
VCAM * +
HGF * ?
Plasminogen activator inhibitor PA-1 * +
Cathepsin S * +
VEGF * +
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transcription factor from the ATF/CREB family, or CTRP-3 (C1q/TNF [tumour
necrosis factor]- related protein-3), member of the C1q/TNF family, could rep-
resent a therapeutic target to control adipose tissue inflammation (Suganami et al.
2009; Kopp et al. 2010). Among other factors, tissue hypoxia, classic cause of the
macrophages’ attraction in some tumours and in the atheromatous plaque, could
also participate in triggering the adipose tissue inflammation in obese people (Ye
2009). The endoplasmic reticulum stress and the oxidative stress could also be able
to intervene in the local inflammation.

The Cellular Actors

The Macrophages

In 2003, two American teams described an accumulation of macrophages in the
adipose tissue of obese mice and in human, linked in this latter to the increase of
the body mass index (Xu et al. 2003; Weisberg et al. 2003). The macrophages’
infiltration in adipose tissue is only partly reversible with the weight loss induced
by gastric surgery (Cancello et al. 2005; Aron-Wisnewsky et al. 2009). The
macrophages in the adipose tissue are typically laid out as a crown around an
adipocyte presenting call death signs such as the negativity of perilipin (Cinti et al.
2005; Cancello et al. 2005). This setting is specific to obese adipose tissue and
more frequent in visceral adipose tissue (cf Chap. 6). These observations suggest
that the macrophages play their ‘‘classic’’ role of phagocytosis and of eliminating
the metabolically deficient adipocytes in obese subjects, especially those having
reached a critical size provoking cell death.

If the increase of the number of macrophages is a major characteristic of the
adipose tissue during obesity, what about their phenotype? The injection of a
specific marker for monocytes in the mouse helped showing that obesity (Diet
Induced Obesity (DIO) model) induces the recruitment of M1 macrophages, which
are those setting up as a crown around adipocytes13. These macrophages are
loaded with lipid droplets, which testify of their lipids’ phagocytosis activity (Cinti
et al. 2005; Xu et al. 2003). When there is no obesity, the ‘‘resident’’ macrophages
are also detected in adipose tissue. They present a type M2 phenotype and their
number is not or only a little modified in obesity (Lumeng et al. 2007; Fujisaka
et al. 2009). A kinetic study in DIO model suggest a more complex situation: the
accumulation of type M1 macrophages continues until 16 weeks of diet and then
decreases in the advantage of type M2 macrophages, but we cannot know whether
this is recruitment or a repolarisation of the in situ M1 macrophages (Strissel et al.
2007). Besides, a third population with an intermediary M1/M2 phenotype has
been identified in the adipose tissue of DIO mice; it could form a group of cells
undergoing repolarisation (Shaul et al. 2010). In human adipose tissue, macro-
phages are essentially of mixed phenotype intermediary between M1 and M2
polarisation states (Zeyda et al. 2007; Bourlier et al. 2008). In a population of
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massively obese people, we observed an increase of the number of positive cells
for the CD40 marker and a steady number of cells expressing type M2 markers
(CD206 [mannose receptor] and CD163 [member of the scavenger receptors
family]) compared to healthy controls, suggesting that obesity promotes the
accumulation of type M1 macrophages (Aron-Wisnewsky et al. 2009). A more
precise characterisation shows that, as for the mouse, the macrophages laid out into
a crown around adipocytes present a type M1 phenotype, whereas the interstitial
macrophages have a polarised-M2 phenotype (Wentworth et al. 2010; Spencer
et al. 2010). In human, however, it is impossible to distinguish the recruited
macrophages from the resident macrophages. The lipids activating the TLR4/NFK
B pathway (Ichioka et al. 2011) or the accumulation of lipids in the macrophages
themselves (Prieur et al. 2011) favours the M1 polarisation in the adipose tissue of
DIO mice. Surprisingly enough, the increase of the triglycerides’ storage capacity
in the macrophages via the overexpression of the diglyceride acyltransferase 1
(DGAT1) makes them resistant to an M1 activation (Koliwad et al. 2010). This
phenotype can be explained by the fact that the triglycerides would be less
pro-inflammatory than some other lipid species in macrophages. All these works
on mice and humans reveal the complexity and the progressive aspect of the
phenotype of adipose tissue macrophages in obesity (Fig. 20.1), a situation
probably associated to functional aspects which should be clarified.

The Other Actors in Adipose Tissue Inflammation

Other cells from the innate and adaptive immunity are involved in the development
of adipose tissue inflammation. The early and transitory infiltration of neutrophils

Fig. 20.1 Progress of the pathological change of adipose tissue during the obesity
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suggests that an ‘‘acute’’ inflammation precedes the macrophages appearance in this
model (Elgazar-Carmon et al. 2008). NKT cells (natural killer T), capable of
recognising glycolipidic antigens, colonise also the adipose tissue in the first phases
of obesity, a step which seems necessary to the macrophage infiltration (Ohmura
et al. 2010). In a mouse model (KitW-sh/W-sh mouse), the absence of mast cells
reduces the accumulation of macrophages in adipose tissue. How do these cells
highly involved in allergy participate in the inflammatory process of adipose tissue
remains to be clarified (Liu et al. 2009). Lymphocytes, especially T lymphocytes,
have also been detected in adipose tissue in mice and humans. Kinetic studies in DIO
model reveal that T lymphocytes precede the macrophages in the adipose tissue
(Kintscher et al. 2008; Nishimura et al. 2009). Moreover, CD4+ T lymphocytes
isolated from DIO mice’s adipose tissue express a limited TCR repertoire, sug-
gesting that they can recognise one—or several—antigens from fat origin (Winer
et al. 2009). We distinguish several mobilisation profiles of T lymphocytes in adi-
pose tissue in obesity: the number of cytotoxic T cells (CD8+) increases whereas the
number of Th2 (CD4+ GATA3+) and Treg (Foxp3+) anti-inflammatory T cells
decreases (Nishimura et al. 2009; Winer et al. 2009; Feuerer et al. 2009). The
physiopathological importance of these changes is shown by the fact that the
CD8+ T cells’ inactivation (Nishimura et al. 2009) or the induction of Th2 or Treg
lymphocytes (Winer et al. 2009; Feuerer et al. 2009) decreases the inflammation in
DIO mice (Duffaut et al. 2009). In humans, a study shows the increase of CD8+ T
cells and CD4+ lymphocytes in adipose tissue with the degree of adiposity (Duffaut
et al. 2009). All these observations suggest there is a complex set of influence
between the various cellular actors of the innate (neutrophiles, mast cells) or
adaptive immunity, or at the interface of both systems (NKT). These different
protagonists seem to act sequentially or altogether to favour in fine the accumulation
of macrophages in the adipose tissue thanks to mechanisms not well known yet. A
major stake in these studies is the identification of the factor(s) capable of triggering
an immune response in the adipose tissue during the development phases of human
obesity.

Mechanisms of the Macrophage Infiltration

Studies on bone marrow transplant in mice clearly showed that the circulating
monocytes are the precursors of the majority of macrophages in adipose tissue
(Weisberg et al. 2003), which was confirmed by marking experiments of in vivo
monocytes (Lumeng et al. 2007). Several subpopulations of monocytes have been
described in mice and humans. Their future depends on their phenotype, on one
hand; and on the microenvironment in which they are going to differentiate into
macrophages, on the other hand. In mice, the Gr1 ? Ly-6Chigh monocytes,
comparable to human CD14+CD16- classic monocytes, would be the precursors of
pro-inflammatory macrophages of adipose tissue (Tsou et al. 2007; Westcott et al.
2009). In humans, early studies revealed that mononuclear circulating cells express

288 C. Poitou et al.



a pro-inflammatory status in obese people (Ghanim et al. 2004). More recently,
clinical studies indicate that the frequency of a subpopulation of CD14dimCD16+
monocytes recently identified is increased in some obese people (Poitou et al.
2011; Rogacev et al. 2010) and deceases with weight loss (Poitou et al. 2011). This
subpopulation of monocytes could preferentially participate in the accumulation of
macrophages in adipose tissue.

Another question concerns the cellular and molecular mechanisms involved in
the recruitment of monocytes. Several chemoattractant molecules can intervene,
and a major role of the MCP-1/CCR2 system (monocyte chemotactic protein 1 and
its receptor CCR2) in the macrophages accumulation in adipose tissue was
suggested by studies on mice (Kanda et al. 2006; Weisberg et al. 2006; Inouye
et al. 2007). Other chemokines, such as CXCL14 (Nara et al. 2007) or osteopontin
(Nomiyama et al. 2007), have been described in mice. Adipocytes themselves
produce soluble factors which increase the monocyte diapedesis and stimulate the
production of adhesion proteins, which PECAM-1 (platelet endothelial cell
adhesion molecule) and ICAM-1 (intercellular adhesion molecule) are expressed
on endothelial cells (Curat et al. 2004). A work of our team shows that CCL5
cytokine (alias RANTES [regulated upon activation, normal T cell expressed and
secreted]) could contribute to this process (Keophiphath et al. 2010). As a matter
of fact, the endothelial cells are more inflammatory in the visceral adipose tissue
than in the superficial adipose tissue, which could favour the recruitment of
monocytes in deep tissues (Villaret et al. 2010). It is clear that other studies are
necessary to define the full spectrum of the factors involved in monocytes
diapedesis and in endothelial activation in adipose tissue during obesity.

The Consequences of Adipose Tissue Inflammation

Local Action on the Adipose Tissue’s Structure and Functions

The presence of macrophages modifies locally the biology of adipocytes. These cells
cultivated in environments conditioned with macrophages release pro-inflammatory
factors and become insulin-resistant (Suganami et al. 2005). Moreover, the fatty
acids released by the adipocytes made insensitive to the anti-lipolytic effect of
insulin activate the macrophages towards an M1 phenotype via a deleterious
paracrin loop between both cellular types. Another recognised effect of the mac-
rophages is the inhibition of the pre-adipocytes’ differentiation which become
proliferative (Bourlier et al. 2008; Lacasa et al. 2007). Besides, some types of
macrophages isolated from human adipose tissue have a pro-angiogenic effect in
vitro, which could participate in the neovascularisation of the tissue during the
weight gain (Bourlier et al. 2008).

The presence of macrophages could contribute to containing the adipocytes’
hypertrophy. This eventuality is evoked to give account of the phenotype of
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deficient mice for the CCR2 gene, which encodes for the MCP1 receptor: they
present a reduction of the number of macrophages associated to an increase of
adipocytes’ diameter (Lumeng et al. 2007; Weisberg et al. 2006). It shall be noted
that adipocytes being the only cells of the body capable of storing efficiently and
without damaging the excessive caloric intake as triglycerides, limiting their
expansion can be more noxious than beneficial if favouring the ectopic layers in
other non-specialised organs such as the liver.

Finally, the macrophages are considered as major regulator of fibrosis in various
tissues where they play pro- or antifibrotic roles according to their phenotype. In
vitro, the conditioned environment of M1 macrophages activated by the LPS or
isolated from the adipose tissue of obese people provides a profibrotic phenotype
to human pre-adipocytes (Keophiphath et al. 2009). These observations suggest a
rather profibrotic role of the adipose tissue’s macrophages in obese people. Besides
in vivo fibrotic layers were detected in human adipose tissue, which were more
abundant in obese people than in controls (Henegar et al. 2008; Divoux et al.
2010). What are the consequences of fibrosis in adipose tissue? In our study on
obese people, we observed that the lower the quantity of fibrosis, the more the
obese patients lost fat in response to gastric surgery. The presence of excessive
fibrosis could modify the adipose tissue’s reshaping and potentially the metabolic
adaptations that intervene over fast and drastic weight loss induced in this model
(Divoux et al. 2010). Clarifying the cellular and molecular actors of fibrosis and its
local or systemic consequences is a new challenge in the field of obesity.

Systemic Consequences

If it is suggested that immuno-inflammatory abnormalities present in obese people
link obesity to cardiometabolic diseases (Lumeng and Saltiel 2011), asthma
(Beuther et al. 2006), osteoarticular affections (Richette et al. 2011) or to the
cognitive functions and the mood modifications (Capuron et al. 2011), the direct
relations between adipose tissue inflammation and obesity complications are not
all clearly established. In the mouse model, the abundance of macrophages can be
modified in the adipose tissue by pharmacological means or via targeted genetic
manipulations, which helped highlighting the importance of these cells in the
induction of an insulin resistance. In humans, however, this relation remains
controversial. Some studies report an opposite relationship between sensitivity to
insulin and the expression of macrophages’ markers in adipose tissue, especially in
visceral adipose tissue (Harman-Boehm et al. 2007). The increased presence of
macrophages in crown shape has also been associated to the modification of the
sensitivity to insulin (Apovian et al. 2008). On the contrary, our works do not
allow us to establish a link between the abundance of macrophages and the blood
parameters of the glucose homoeostasis in very obese people (Tordjman et al.
2009). Moreover, we observed that an overfeeding induces insulin resistance
without changes in macrophages detected in adipose tissue of non-obese subjects
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(Tam et al. 2010). Associating abundance of a minor fraction of macrophages with
a mixed phenotype and insulin resistance has been reported, suggesting that an
accurate analysis of phenotypes could help distinguishing the types of macro-
phages more deleterious than others (Wentworth et al. 2010). Although highly
suspected, a link between the macrophage accumulation and the increased
cardiovascular diseases could not be established in humans. However, our clinical
studies on a large population of massively obese people revealed that the
seriousness of the hepatic histopathology (steatosis and inflammatory fibrosis) is
related to the size of the macrophage accumulation in visceral adipose tissue,
regardless of the glucose status (Tordjman et al. 2009).

Effect of Weight Loss on the Inflammation

Many studies indicate that the decrease of feed ration and sometimes the increase
of physical activity are factors reducing the overall systemic inflammation. Thus,
when losing weight, we observe a reduction of many molecules due to the
inflammation and of adhesion molecules (Table 20.1) and an increase of adipo-
nectin. We recently showed variations on a large scale of cytokines/chemokines in
relation to the variations of caloric restriction and carbohydrate intakes after
gastric surgery (Dalmas et al. 2011). The state of the inflammatory cells is mod-
ified by the weight variations (Poitou et al. 2011; Ghanim et al. 2004).

In the adipose tissue itself, we established a modification of the inflammatory
genes’ expression during a moderate weight reduction, due to a hypocaloric diet.
The reduction of the inflammatory genes’ expression in adipose tissue (Clement
et al. 2004) is confirmed during a bigger weight reduction induced by surgery and
is associated to a significant decrease of the macrophage infiltration (Cancello
et al. 2005), which phenotype is modified (increase of the IL-10 expression).

However, a kinetic study on DIO mice’s weight loss shows that, contrary to the
initial hypothesis, a major accumulation of macrophages has been observed in
adipose tissue during the early phases of caloric restriction, when the adipocyte
lipolysis is stimulated (Kosteli et al. 2010). These macrophages act as phagocytes for
lipids without triggering any inflammation, and participate in restoring locally the
lipid homoeostasis. However, this observation remains to be reproduced in humans.

Conclusion

In obesity, adipose white tissue is the target of a major cellular and structural
modification, which components are probably not all identified yet. Cell types and
the signals involved are numerous and complex, creating locally a pro-inflam-
matory microenvironment, which favours macrophage recruitment and fibrosis
formation. Although partly reversible, these changes remain after weight loss. The
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identification of the potential protective mechanisms, such as the immune
neutralisation of some types of lymphocytes, could open onto new therapeutic
perspectives aiming at containing the inflammation in adipose tissue. The
discovery of this chronic inflammation also opens onto perspectives for research of
the physiopathological mechanisms, which could explain the development of
complications associated to obesity, their progression, and their preservation.
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Chapter 21
Impact of Proinflammatory Cytokines
on Adipocyte Insulin Signaling

Jean-François Tanti, Jennifer Jager and Yannick Le
Marchand-Brustel

Introduction

During obesity, the metabolic inflammation which occurs in adipose tissue leads to
the production of inflammatory cytokines (cf. Chap. 20) activating various sig-
naling pathways, which interfere with insulin signaling and metabolic effects
within adipocytes. This insulin resistance will contribute to adipose tissue dys-
functions and to the systemic insulin resistance which occurs during obesity and
type 2 diabetes. In this chapter, we will describe the main molecular mechanisms,
which are used by the inflammatory cytokines to decrease insulin signaling. We
will also discuss how the blockade of these mechanisms could ameliorate insulin
sensitivity.
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Insulin Signaling

Insulin increases triglycerides synthesis and inhibits lipolysis in adipocytes. It also
controls glucose transport by inducing the translocation of the glucose transporters
Glut 4 from an intracellular compartment to the plasma membrane (cf. Chap. 7).
Insulin effects are transmitted through a heterotetrameric receptor which includes
two extracellular a-subunits and two b-transmembrane-subunits, linked by
disulfide bound (Fig. 21.1). Insulin binding to the a-subunits induces their
conformation change, leading to an increase in the tyrosine kinase activity of the
b-subunits (Taniguchi et al. 2006). The b-subunits autophosphorylate on tyrosine
residues Tyr1146, Tyr1150, and Tyr1151 located in the kinase domain, enhancing
the kinase activity of the receptor. The phosphorylation of Tyr960 which is located
in the NPXY motif within the juxtamembrane region is crucial for the binding of
various insulin receptor substrates (Taniguchi et al. 2006).

The activated insulin receptor phosphorylates various substrates allowing the
activation of two main signaling pathways. The Ras/mitogen-activated protein

Fig. 21.1 Schematic representation of the insulin receptor. The insulin receptor is a heterotet-
rameric receptor which includes two extracellular a-subunits that bind insulin and two
b-transmembrane-subunits that possess a tyrosine kinase activity. In the juxtamembrane region,
the phosphorylation of the tyrosine960 allows the binding of the PTB (PhospoTyrosine Binding)
domain of the insulin receptors substrate (IRS). In the kinase domain, the phosphorylation of the
tyrosines1146/1150/1151, located in the activation loop allows the modulation of the tyrosine kinase
activity. In the C-terminus, the phosphorylation of the tyrosines1316/1322 is important for the
autophosphorylation of the receptor and could allow the binding of PI3 K. Y: tyrosine; K: lysine
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kinases (MAPK) ERK pathway is involved in the control of gene expression and
cell growth and differentiation of various cell types including adipocytes. This
signaling pathway is activated through the binding of the adaptor protein Shc to
insulin receptors. Shc is then phosphorylated on tyrosine residues, and interacts
with the SH2 (Src Homology -2) domain of the Grb2 protein. Grb2 then activates
Sos (Son of Sevenless), a Ras GDP/GTP exchange factor thus allowing the acti-
vation of Ras and of the signaling cascade leading to the activation of the MAPK
ERK (Fig. 21.2). The phosphatidylinositol 3-kinase (PI3 K) and Akt (also named
PKB) are implicated in the metabolic effects of insulin and interacts with the Ras/
MAPK pathway to control growth and differentiation. The IRS (Insulin receptor
substrates) proteins are the insulin receptor substrates which, allow the insulin
metabolic effects through the activation the PI3 K-Akt pathway (Taniguchi et al.
2006). The six IRS proteins are coded by six different genes. While IRS-1 and
IRS-2 are ubiquitous, IRS-3 is the most abundant IRS protein in murine adipose
tissue, but does not appear to be expressed in humans. IRS-4 is expressed in brain,
thymus, and kidneys. More recently, IRS-5 has been identified, expressed in liver
and kidney, as well as IRS-6 which is mostly expressed in skeletal muscles (White
2002). IRS-1 and -2 play a major role in the regulation of glucose homeostasis by
insulin and their functions are altered in insulin resistant states (Taniguchi et al.
2006). They contain, in their N-terminal portion, a PH (pleckstrin homology)
domain which recognizes the membrane phospholipids. This PH domain would
allow the anchorage of the IRS proteins to the plasma membrane, in close prox-
imity of insulin receptors. The PH domain is followed by a PTB (phosphotyrosine
Binding) domain, which recognizes the phosphorylated tyrosine residues of the
insulin receptor, and more specifically the NPXpY960 in the juxtamembrane
domain. The PH and PTB domains, thus, allow a specific interaction of IRS with
the insulin receptor and are necessary for their efficient phosphorylation. Further,
IRS-2 contains a KRLB (kinase regulatory loop binding) domain, which interacts
with the loop of the catalytic domain of the insulin receptor. In its C-terminal
region, IRS proteins contain numerous tyrosine, serine, and threonine residues,
which are potential phosphorylation sites. The phosphorylated tyrosine residues
are binding sites for various proteins containing SH2 domains, among them is
PI3 K. The binding of PI3 K with IRS 1/2 increases its lipid kinase activity
leading to the phosphorylation of the phosphatidylinositol 4.5 phosphates (PIP2) at
the position 3 of the inositol ring. The generated phosphatidylinositol 3.4.5
phosphates (PIP3) are intracellular second messengers which activate Akt and the
atypical protein kinases f and k through the activation of the PDK-1 protein
(Taniguchi et al. 2006). (Fig. 21.2)

We will now describe the molecular mechanisms, which are used by inflam-
matory cytokines to diminish insulin signaling. These cytokines activate different
signaling pathways which mainly interfere with IRS and Akt function, leading to a
decrease in insulin metabolic effects in adipocytes.
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The Nitrosylation of the Proteins of the Insulin
Signaling Pathway

Nitric oxide (NO) produced by the NO synthases is implicated in numerous
physiological processes but is also involved in various pathological processes such
as insulin resistance. Obesity is indeed associated with an increase in the activity
of the inducible NO synthase (iNOS) in tissues which are insulin sensitive, in
humans and rodents. Inflammatory cytokines, as well as other actors in insulin
resistance, are involved in this increased expression. The large amounts of NO,
which are produced are responsible for the nitrosylation of proteins of the insulin
signaling pathway such as the insulin receptor, IRS-1 and Akt (Fig. 21.3), leading
to IRS-1 degradation and to a decrease in Akt activity (de Luca and Olefsky 2008).
In adipose tissue of obese patients or mice, the increase in the S-nitrosylation of
insulin receptor, Akt and phosphodiesterase-3B (PDE3B) leads to a decrease in the
insulin anti-lipolytic effect (Ovadia et al. 2011). The important role of the increase

Fig. 21.2 Signaling pathways activated by insulin. The insulin receptor activates two main
signaling pathways. The MAP kinase ERK pathway is involved in the control of gene expression
and cell growth and differentiation. The PI3 K/Akt pathway is involved in the metabolic effect of
insulin. The activation of this pathway requires the tyrosine phosphorylation of IRS-1 and -2 by
the insulin receptor. In adipocytes, the PI3 K/Akt pathway is involved in insulin-induced glucose
transport, lipogenesis, protein synthesis and anti-lipolysis
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in iNOS activity has been pointed out by the report that mice in which Nos2, the
gene coding for iNOS, has been invalidated are protected against insulin resistance
linked to obesity (de Luca and Olefsky 2008).

The SOCS proteins: negative regulators of insulin signaling,
which are induced by inflammatory cytokines

The SOCS proteins (Suppressor of cytokine signaling) also named JAB (Janus
family kinase-binding proteins) or SSI (signal transducer and activator of tran-
scription induced Stat inhibitor) have been identified as negative regulators of
cytokines action. The SOCS family includes eight members (SOCS1-7 and CIS),
which possess a SH2 domain, and a SOCS-box domain, which controls the

Fig. 21.3 Main proteins involved in the inhibition of the insulin signaling induced by the
inflammatory cytokines. Inflammatory cytokines activate a network of signaling pathway that
interferes with the activation of the insulin signaling pathway. The main proteins involved in this
effect are: the tyrosine phosphatases PTP1B (protein tyrosine phosphatase-1B) that dephospho-
rylates the insulin receptor and/or the IRS; the inhibitory proteins SOCS1 and SOCS3
(Suppressor of Cytokine Signaling) that interact with the insulin receptor and the IRS; the serine/
threonine kinases (JNK, ERK, IKKb, mTOR, S6K1) that phosphorylate the serine sites on the
IRS; the NO synthase that increases NO production leading to the nitrosylation of the insulin
receptor, IRS1/2 or Akt; the lipid phosphatase PTEN (phosphatase and tensin homolog) that
dephosphorylates the PIP3 leading to an inhibition of Akt activation
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degradation of interacting proteins. SOCS1 and SOCS3 also contain in their
N-terminal extremity a KIR (kinase inhibitory region), which allows to inhibit the
kinase activity of other proteins such as the insulin receptor (Lebrun and Van Ob-
berghen 2008). SOCS proteins are induced by various cytokines and are involved in
a negative feedback pathway, thus allowing the fine tuning of the length and
amplitude of their signal. At the molecular level, the SOCS proteins interact with the
tyrosine kinases JAK (Janus activated kinases) or directly with the receptor of some
cytokines, thus blocking the tyrosine phosphorylation of the transcription factors
STAT (Polak et al. 2008). However, SOCS can also negatively regulate the signaling
pathway induced by other hormones such as insulin. Further, insulin can induce the
expression of some members of this family, such as SOCS3 (Lebrun and Van
Obberghen 2008). Many cell studies have allowed the understanding of the mech-
anisms used by the SOCS to inhibit insulin signaling.

Molecular Mechanisms of the SOCS Induced Inhibition
of Insulin Signaling

Among the various members of the SOCS family, SOCS1 and SOCS3 have been
implicated in the negative regulation of insulin signaling (Fig. 21.3). Their
expression, and more specifically that of SOCS3, is increased in adipose tissue and
liver of obese mice (Lebrun and Van Obberghen 2008), as well as in adipose tissue
and muscles of obese and/or diabetic patients (Rieusset et al. 2004). In adipose
tissue, TNF-a largely contributes to the increase in SOCS3 (Lebrun and Van Ob-
berghen 2008). At the molecular level, the SH2 domain of SOCS3 interacts with the
phosphorylated Tyr960 of insulin receptor, thus preventing the binding of IRS1 and
2 to the receptor and inhibiting insulin signaling (Lebrun and Van Obberghen 2008).
SOCS1 preferentially inhibits the interaction of IRS2 with the insulin receptor
through its interaction with the kinase domain of insulin receptor necessary for the
binding of the KRLB domain of IRS-2 (Lebrun and Van Obberghen 2008). SOCS1
can also inhibit the tyrosine kinase activity of insulin receptor. SOCS1 and SOCS3
also directly interact with the tyrosine phosphorylated IRS-1 and IRS-2. They can
then recruit ubiquitin ligases through their SOCS-box domain leading to an
increased ubiquitination and degradation of IRS proteins by the proteasome (Lebrun
and Van Obberghen 2008).

The important role of SOCS3 in the negative regulation of insulin signaling in
adipocytes has been pointed out using adipocytes differentiated from SOCS3-/-

mouse embryo fibroblasts. When SOCS3 is absent, insulin-stimulated tyrosine
phosphorylation of IRS-1 and IRS-2 and glucose transport are increased. Further,
SOCS3 absence limits the inhibiting effect of TNF-a on insulin signaling through a
partial prevention of the degradation of IRS.

This series of cellular studies demonstrates that SOCSs are important negative
regulators of insulin signaling. To further evaluate their importance in the devel-
opment of insulin resistance in vivo, many models of genetically modified mice have
been used.
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Role of SOCS in the Development of Insulin Resistance:
Lessons from Animal Models

The importance of SOCS3 in the regulation of adipocyte insulin signaling has been
confirmed in vivo by the characterization of mice with specific overexpression of
SOCS3 in adipocytes. These mice develop adipose tissue insulin resistance due to
a decreased expression and tyrosine phosphorylation of IRS in adipocytes
(Shi et al. 2006). Other genetically modified mice are allowed to evaluate the
importance of SOCS in other tissues in relation with the development of insulin
resistance. The SOCS3+/- mice are partially resistant to a high fat diet (HFD)
induced obesity and are more sensitive to leptin (Howard et al. 2004). This
phenotype could result from an effect of SOCS3 in the central nervous system
(SNC), since a specific invalidation of SOCS3 in SNC leads to the same phenotype
(Mori et al. 2004). Hepatocyte overexpression of SOCS3 decreases IRS tyrosine
phosphorylation and leads to glucose intolerance, systemic insulin resistance, and
liver steatosis. Steatosis is due to STAT3 inhibition, which leads to an increased
expression of SREBP-1c. Conversely, hepatic knockout of SOCS3 in obese
diabetic mice slightly ameliorates their insulin sensitivity and normalizes SREBP-
1c expression, hepatic steatosis and hypertriglyceridemia (Ueki et al. 2005). These
results suggest that the inflammatory state in obese subjects could participate to the
increased hepatic fatty acid synthesis through an increased expression of SOCS,
which would lead to decrease the STAT3 inhibitory effect on SREBP1c expres-
sion. Another study confirms that SOCS3 is involved in liver insulin resistance but
more inflammatory mediators are produced by the liver with aging leading to a
systemic insulin resistance (Torisu et al. 2007). The role of muscle SOCS3 in the
development of insulin resistance appears limited, but it is important for muscle
integrity and locomotor activity (Lebrun et al. 2009).

The evaluation of SOCS1 contribution to the development of insulin resistance
in vivo is less established. Indeed, SOCS1-/- mice die rapidly due to a massive
inflammation. However, these mice are hypoglycemic and adipocyte differentia-
tion of their embryo fibroblasts is increased (Lebrun and Van Obberghen 2008).
These observations indirectly suggest that insulin signaling could be increased
when SOCS1 is absent. However, a recent study using SOCS1-/- mice crossed
with RAG2-/- mice, to prevent massive inflammation, demonstrates that the lack
of SOCS1 is not sufficient to protect mice from HFD-induced insulin resistance
(Emanuelli et al. 2008a). It has also been demonstrated that SOCS1 knockout in
macrophages and T cells increases the inflammatory response induced by LPS or
fatty acids. This is associated with glucose intolerance and hyperinsulinemia due
to a decrease in liver insulin sensitivity (Sachithanandan et al. 2011). SOCS1 in
immune cells could be protective through a limitation of metabolic inflammation
in liver and perhaps adipose tissue. Conversely, SOCS1 could have a deleterious
role in hepatocytes since its overexpression or knockout leads to a phenotype
similar to that observed with SOCS3 (Ueki et al. 2005).
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The Serine Phosphorylation of IRS Proteins:
A Mechanism of the Negative Regulation of
Insulin Signaling by Inflammatory Cytokines

Inflammatory cytokines activate numerous serine/threonine kinases in adipose
tissue, which induce a decrease in insulin signaling through the serine phosphor-
ylation of IRS-1 and IRS-2 proteins (Tanti and Jager 2009). IRS proteins contain a
large number of phosphorylation sites, including tyrosine but also serine residues.
In a pioneer work, we have demonstrated that IRS-1 serine phosphorylation is a
molecular mechanism leading to a decrease in its tyrosine phosphorylation (Tanti
et al. 1994). In normal conditions, insulin increases IRS-1 serine phosphorylation,
which acts as a negative feedback on its own signaling pathway (Tanti and Jager
2009). In pathophysiologic conditions, such as obesity and diabetes, this mecha-
nism is abnormally used by inflammatory cytokines and by various factors
involved in insulin resistance, leading to desensitization of insulin signaling (Tanti
and Jager 2009).

The recent development of mass spectrometry approaches has allowed to obtain
a complete mapping of the phosphorylated IRS-1 serine residues, and to under-
stand how this serine phosphorylation controls the tyrosine phosphorylation in
response to insulin and how this process is abnormally activated in insulin resis-
tance (Langlais et al. 2011). It is now clearly demonstrated that insulin induces a
time-controlled and organized IRS-1 phosphorylation of numerous sites allowing a
very precise control of the length of hormone action. The mechanism of IRS-1
serine phosphorylation is extremely complex, since a phosphorylation of one site
can induces either positive or negative effects or both (Tanti and Jager 2009).
According to the presently accepted scheme, insulin induces first the Akt phos-
phorylation of ‘‘positive’’ sites, which could prevent the phosphorylation of
inhibitory sites or the association of IRS-1 with tyrosine phosphatases. Thus, this
positive IRS-1 serine phosphorylation would allow a proper IRS-1 tyrosine
phosphorylation in response to insulin, and thus the optimal cellular effects of the
hormone (Tanti and Jager 2009). The phosphorylation of inhibitory serine residues
(Fig. 21.4) is then occurring later and stops insulin signaling. Inhibitory sites are
located in a cluster within or in close proximity of the IRS-1 PTB domain. Ser307

(in mouse) or Ser312 (in human) has been the most extensively studied serine
residue. Its phosphorylation inhibits the interaction between IRS-1 and the insulin
receptor leading to a conformation change of the PTB domain of IRS-1. It also
favors IRS-1 degradation by the proteasome. Inhibitory sites, which are located in
the C-terminal region (such as Ser612 and Ser632) negatively regulate the IRS-1
interaction with PI3-kinase (Tanti and Jager 2009). Therefore, in physiological
conditions, global insulin-induced IRS-1 phosphorylation on serine residues
results from a finely controlled equilibrium between positive and inhibitory sites.
During obesity and diabetes, inhibitory sites are phosphorylated in an uncontrolled
manner in response to inflammatory cytokines, and also to other factors involved
in insulin resistance, leading to desensitization of insulin signaling (Tanti and
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Jager 2009). The implication of this abnormal IRS-1 serine phosphorylation in the
development of insulin resistance has been recently confirmed by the use of
genetically modified mice. Indeed, mice, which overexpress in muscles an IRS-1
protein deleted of three important regulatory sites (Ser302/307/612) are partially
protected against a HFD-induced insulin resistance (Morino et al. 2008). An
increase in IRS-1 serine phosphorylation is now considered as a signature of an
insulin resistant state in humans and animals. Although most published studies
concerns IRS-1, IRS-2 is also phosphorylated on serine residues, which have been
recently identified (Tanti and Jager 2009).

There are numerous kinases which are activated by the inflammatory cytokines
and which are implicated in IRS-1 serine phosphorylation (Fig. 21.4). Some of
them, such as mTOR or p70S6 kinase, are also involved in insulin-induced IRS-1
serine phosphorylation, but most of them are different. The MAP kinases ERK and
JNK, as well as IKKb, play a major role in this process (Tanti and Jager 2009).

We will now describe the role of these kinases in the development of insulin
resistance and discuss the possibility of targeting these kinases as new therapeutic
approaches of the metabolic disorders linked to obesity.

Fig. 21.4 - Main serine phosphorylation sites on IRS-1 involved in the desensitization of the
insulin signaling. In physiological conditions, global insulin-induced IRS-1 phosphorylation on
serine residues results from a finely controlled equilibrium between positive (not shown in the
figure) and inhibitory sites. This process allows a fine tuning of the tyrosine phosphorylation of
IRS-1 leading to an optimal propagation of the insulin signal. In insulin resistant state, the
inhibitory sites are phosphorylated in an uncontrolled manner in response to inflammatory
cytokines and to other mediators of the insulin resistance. The consequence is a desensitization of
the insulin signaling. The main kinases involved in the phosphorylation of the inhibitory sites are
represented. PH: Plekstrin Homology domain; PTB: PhosphoTyrosine Binding domain
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Implication of the Inflammatory Signaling Pathway
IKKb/NF-jB in Insulin Resistance

Cellular Studies

The IKKb kinase plays a central role in the activation of the NF-jB transcription
factor by various inflammatory stimuli. IKKb activity is increased in adipose
tissue of obese patients (Bashan et al. 2007). The inhibition of IKKb in adipocytes
or other insulin sensitive cells prevents the deleterious effects of inflammatory
cytokines on insulin signaling (Donath and Shoelson 2011). At the molecular
level, IKKb interferes with insulin signaling through an increase in IRS-1 serine
phosphorylation induced by inflammatory cytokines, such as TNF-a (Figs. 21.3
and 21.4). The phosphorylation of a cluster of sites inside the PTB domain,
including Ser307, is involved in the IKKb-induced decreased interaction between
the insulin receptor and IRS-1 (Tanti and Jager 2009). Although some studies have
demonstrated a direct phosphorylation of IRS-1 by IKKb, other studies have
shown that IKKb could also act indirectly, through the activation of other serine/
threonine kinases. The activation of IKKb would indeed be involved in insulin
resistance induced by TNF-a via the deregulation of the TSC1/TSC2/mTOR
complex (Lee et al. 2008). The IKKb kinase allows for mTOR activation through
the phosphorylation of TSC-1, leading to the activation of S6 Kinase-1 (S6K1)
(Fig. 21.3). S6K1 and mTOR play a role in the IRS-1 phosphorylation of Ser307

and Ser636/639 (Tanti and Jager 2009). Interestingly, S6K1-/- mice are protected
against obesity and insulin resistance, as a consequence of increased energy
expenditure and decreased S6K1-induced serine phosphorylation of IRS-1 (Pende
et al. 2000). Further, the adipocyte knockout of raptor, a protein involved in the
activation of the mTOR/S6K1 pathway mimics the phenotype of S6K1-/- mice
(Polak et al. 2008). These results demonstrate the importance of the activation of
the mTOR/S6K1 pathway in adipocyte in the control of insulin sensitivity and
energy homeostasis.

Another recently described mechanism linking IKKb activation and the decrease
in IRS-1 tyrosine phosphorylation is the increased expression, via NFjB, of the
PTB1B tyrosine phosphatase, which dephosphorylates the IRS-1 tyrosine residues
(Fig. 21.3). This mechanism has been described in adipose tissue and other meta-
bolic tissues in response to inflammatory cytokines (Zabolotny et al. 2008).

Implication of IKKb in Insulin Resistance In Vivo:
Lessons from Animal Models

The importance of the IKKb/NFjB pathway in the development of insulin resis-
tance in vivo has been pointed out by the use of various models of mice with a
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global or a tissue specific invalidation of the protein. The IKKb+/- mice are
partially protected against HFD-induced insulin resistance (Arkan et al. 2005).
Liver IKKb knockout prevents the development of insulin resistance and liver
inflammation, and partially protects the mice against the development of a
systemic insulin resistance (Arkan et al. 2005). Conversely, the liver overex-
pression of a constitutively active IKKb induces liver inflammation and insulin
resistance (Cai et al. 2005). By contrast, muscle knockout of IKKb does not
prevent obesity associated insulin resistance, suggesting that this pathway is not
important in muscle. The IKKb/NFjB signaling pathway plays a central role in the
production of inflammatory cytokines by myeloid cells and the specific IKKb
knockout in these cells prevents HFD-induced insulin resistance (Arkan et al.
2005). The hypothalamic activation of the IKKb/NFjB signaling pathway is also
implicated in the resistance to insulin and to leptin during obesity (Zhang et al.
2008). All those studies demonstrate that the abnormal activation of the IKKb/
NFjB signaling pathway during obesity results in an increase of the production of
inflammatory cytokines, which act either locally, or systematically, to induce
insulin resistance (Donath and Shoelson 2011).

IKKe, another protein kinase with sequence homology with IKKb, is induced
by inflammatory stimuli. Its expression has recently been shown to be increased in
adipocyte, liver, and adipose tissue macrophages of HFD obese mice. IKKe-/-

mice are protected against HFD-induced obesity, through an increase in energy
expenditure. Further, they display a decreased liver and adipose tissue inflam-
mation, no steatosis and are protected against insulin resistance (Chiang et al.
2009).

In conclusion, the activation of the IKKb/NFjB pathway is a central mecha-
nism linking metabolic inflammation with the development of insulin resistance.
A pharmacological targeting of this pathway could thus be useful in the treatment
of insulin resistance and type 2 diabetes.

Is the Pharmacological Targeting of the IKKb/NFjB
Pathway a Novel Approach in the Treatment of Insulin
Resistance?

Studies from the late nineteenth century and the early twentieth century reported
that aspirin was able to decrease the hyperglycemia in diabetic patients (Goldfine
et al. 2011). More recently, Shoelson et al. have shown that high dosages of aspirin
and salicylate inhibit IKKb and ameliorate insulin sensitivity in mice, either
genetically obese, or rendered insulin resistant by a lipid infusion. Further, aspirin
(7 g/day/2 weeks) given to a small group of diabetic patients ameliorates most of
their metabolic parameters (29). However, such high doses preclude its use in
clinic. By contrast, a non-acetylated dimer of salicylic acid (salsalate) induces less
secondary effects such as bleedings of stomach injury. Proof of concept studies and
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clinical trials suggest that salsalate ameliorates glucose tolerance through a better
insulin signaling and sensitivity, and/or via an increased insulin secretion
(Goldfine et al. 2011). These encouraging observations suggest that the inhibition
of the IKKb/NFjB signaling pathway could be a novel therapeutic approach in
diabetes and insulin resistance. However, since IKKb/NFjB pathway is a central
regulator of immunity, secondary unwanted effects could appear with chronic
treatment.

Implication of MAP Kinases in the Alterations
of Insulin Signaling and in the Development
of Insulin Resistance

The Mitogen-Activated Protein kinases (MAP kinases) represent a large family of
protein kinases, which are activated by various stimuli including inflammatory
cytokines. Five groups of MAP kinases have been characterized in mammal cells:
the Extracellular signal-Regulated Kinases 1 and 2 (ERK1 and ERK2, or p44 and
p42); the c-jun amino-terminal kinases 1, 2, and 3 (JNK1, 2 and 3), also named
Stress-Activated Protein kinases 1, 2 and 3 (SAPK1, 2 and 3); the p38 MAPK a, b,
c, and d; ERK5; and the orphan MAP kinases ERK 3, 4, 6, 7 and 8. MAP kinases
activation requires a cascade of phosphorylations which starts with the activation
of a MAP kinase kinase kinase (MAP3 K, MAPKKK or MEKK). Once activated,
the MAP3 K phosphorylates the MAP kinase kinase (MAP2 K, MAPKK, or
MEK) on serine and/or threonine residues, located in their activation loop, leading
to their activation. The MAP2 K then activates the MAPK through a double
phosphorylation on threonine and tyrosine residues located in their activation loop
(TXY motif). The activated MAPKs phosphorylate numerous substrates with
serine or threonine residues close to a proline residue (Keshet and Seger 2010).

The total activity of JNK, ERK, and p38 MAPK is increased in adipose tissue,
liver and muscles of obese patients or mice, an indication of the role of these
pathways in insulin resistance (Tanti and Jager 2009). A large series of cellular
studies have allowed the understanding of the molecular mechanisms linking MAP
kinases activation to the desensitization of insulin signaling and the development
of insulin resistance.

MAP Kinases and the Decrease in Insulin Signaling:
Cellular Studies

MAP kinases play an important role in the abnormal serine phosphorylation of IRS
proteins, leading to a decrease in insulin signaling (Figs. 21.3 and 21.4). JNK
phosphorylates Ser307 of IRS-1 in adipocytes in response to inflammatory cytokines.
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This increased in Ser307 phosphorylation is absent in JNK1-/- mice, submitted to
HFD (Hirosumi et al. 2002). This observation strongly supports a major role of JNK,
and more specifically of JNK1, in the phosphorylation of this site during obesity.
However, some studies suggest that it is the phosphorylation of a cluster of sites
including Ser307, which allows the negative control of the interaction between IRS1
and the insulin receptor (Tanti and Jager 2009). IRS-2 is also phosphorylated by JNK
on Thr348 and Ser488. The phosphorylation of Ser488 permits the phosphorylation of
Ser484 by GSK3b. These phosphorylations decrease the insulin signaling. These
various sites are near the PTB domain of IRS-2, an indication that their phosphor-
ylation could inhibit the interaction between IRS-2 and the insulin receptor (Tanti
and Jager 2009). The ERK kinases phosphorylate Ser612 and Ser632 in mice (Ser616

and Ser636 in humans), which would decrease the interaction between IRS-1 and the
PI3 K and would thus diminish the metabolic effects of insulin (Tanti and Jager
2009) (Figs. 21.3 and 21.4). Interestingly, basal ERK activity and IRS1-Ser636

phosphorylation is abnormally increased in primary muscle cells from type 2 dia-
betic patients (Bouzakri et al. 2003). Although the ERK kinases preferentially
phosphorylate Ser612 and Ser632, they are also able to phosphorylate Ser307 in
response to TNF-a in 3T3-L1 adipocytes. Further, we have shown that the activation
of the ERK pathway by the inflammatory cytokines in adipocytes also induces a
decrease in the transcription of IRS-1 mRNA, leading to a decrease in insulin
signaling and glucose transport (Jager et al. 2007). The pharmacological inhibition
of p38MAPK also prevents the serine phosphorylation of IRS-1 induced by TNF-a.
However, no study has been able to demonstrate a direct phosphorylation of IRS1 by
p38MAPK. The p38MAPK could indirectly participate in the increased IRS-1 serine
phosphorylation via IKKb activation (Fig. 21.3) or through the transactivation of
other receptors (Tanti and Jager 2009). Another mechanism to explain the
p38MAPK inhibition of insulin signaling is the increased expression of the PTEN
lipid phosphatase (Fig. 21.3), which decreases the Akt activation in response of
insulin via a reduction of the PIP3 level (Liu et al. 2007).

The use of various genetically modified mice has highlighted the important role
of the JNK or ERK pathways in the development of obesity and insulin resistance
in vivo.

Implication of MAPK Kinases in the Development
of Insulin Resistance In Vivo: Lessons from Animal Models

Consequences of JNK Invalidation on the Development
of Insulin Resistance

Among the various JNK isoforms, the role of JNK1 in insulin resistance has been
pointed out by genetic invalidation in mice. Jnk1-/- mice presents a lower body
weight and adipose tissue mass than their wild-type counterparts, either on a
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normal or a HFD diet. This phenotype could be explained by a small increase in
their energy expenditure. Insulin sensitivity of Jnk1-/- mice subjected to HFD is
improved, probably through a decrease in the phosphorylation of IRS-1-Ser307

(Hirosumi et al. 2002). The mice, invalidated for JIP-1, a scaffold protein involved
in the activation of JNK, are phenotypically very similar to the Jnk-/- mice
(Jaeschke et al. 2004). Interestingly, a mutation of a human JIP-1 homolog has
been found in some patients with rare genetic Type 2 diabetes. This mutation
results in an increased activity of JNK. These results suggest that modifications of
JNK activity could be involved in the development of Type 2 diabetes in humans
(Waeber et al. 2000). Different from Jnk1-/- mice, Jnk2-/- mice are not protected
against
HFD-induced obesity and insulin resistance (Hirosumi et al. 2002). This could be
due to the fact that JNK1 is the predominant isoform expressed in liver, adipose
tissue and skeletal muscle, and could compensate for the lack of the JNK2 isoform.
In agreement with this hypothesis, genetic ablation of Jnk2 in Jnk1+/- mice induces
a decrease in the body weight gain and insulin resistance under HFD (Tanti and
Jager 2009). JNK2 could thus participate in the development of insulin resistance,
although less extensively.

The observations that inflammatory parameters are decreased in Jnk1-/- mice
and that JNK are implicated in the inflammatory response of adipose tissue
macrophages suggest that JNK activity in myeloid cells could regulate the
development of insulin resistance. Two studies using bone marrow transfer
between wild-type and Jnk1-/- mice have shown that activation of JNK1 in
myeloid cells plays an important role in HFD-induced inflammation. However, the
conclusions of these two studies differ concerning the implication of JNK1 in
myeloid cells for the insulin resistance development (Solinas et al. 2007; Vallerie
et al. 2008). Vallerie et al. suggest that JNK1 activation in non-hematopoietic
compartments is an important event in the development of insulin resistance. This
hypothesis has been confirmed by studying mice with specific knockout of JNK1
in various tissues. Two studies have demonstrated that JNK1 invalidation in adi-
pose tissue decreases its inflammation and ameliorates liver insulin sensitivity.
However, they report contradictory results concerning the systemic insulin resis-
tance (Zhang et al. 2011; Sabio and Davis 2010). The liver beneficial effect could
be due to a decrease in IL-6 production by adipose tissue with a decreased SOCS3
expression in liver (Sabio and Davis 2010). Only IL-6 has been identified so far as
being regulated by JNK1 in adipose tissue. However, in drosophila, JNK pathway
activation by various stress control the lipocalin production by the fat body, an
equivalent of liver and adipose tissue. This allows for a control of growth and
metabolism in stress conditions via the regulation of insulin signaling (Hull-
Thompson et al. 2009). Lipocalin family members are implicated in insulin
resistance in humans, and a deregulation of JNK activity in adipose tissue could be
responsible for their abnormal production. The sustained activation of JNK activity
in adipose tissue could thus lead to abnormalities in the production of some
adipokines leading to liver insulin resistance. Muscle specific knockout of JNK1
reduces muscle insulin resistance, likely through a decrease in IRS serine
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phosphorylation, but has small effect on systemic insulin resistance (Sabio and
Davis 2010). By contrast, JNK1 appears to have a protective role in liver, since
mice with a liver specific JNK1 knockout develops glucose intolerance, insulin
resistance and liver steatosis. This is due to an increased expression of PGC-1b and
of genes involved in hepatic lipogenesis and in lipoproteins secretion. On a similar
fashion, a decreased JNK2 activity does not correct hepatic steatosis and even
worsens hepatic lesions due to an elevated apoptosis (Sabio and Davis 2010). If
these observations are also true in humans, a therapeutic strategy aiming at
decreasing JNK hepatic activity could worsen hepatic steatosis and cardiovascular
risks via an increased triglycerides secretion. However, it should be noted that one
study describes a beneficial effect of hepatic inhibition of JNK on insulin sensi-
tivity and steatosis (Nakatani et al. 2004).

Recent studies demonstrate that JNK1 invalidation in the central nervous
system is sufficient to suppress HFD-induced obesity. This could be due to
increased energy expenditure through the activation of the hypothalamo-pituitary-
thyroid axis. These studies favor an unexpected role of the JNK1 signaling in
hypothalamus and pituitary gland in the control of metabolic and endocrine
homeostasis (Sabio and Davis 2010).

Consequences of ERK’s Invalidation on the Development of
Insulin Resistance

Our team has demonstrated that erk1-/- mice are resistant to HFD-induced obesity,
because of a decrease in adipogenesis and an increase in postprandial energy
expenditure. The lack of obesity is accompanied by a better glucose and insulin
tolerance compared to wild-type mice (Bost et al. 2005). Conversely, mice with a
genetic invalidation of p62, an inhibitor of the ERK signaling pathway, become
obese and severely insulin resistant. This phenotype disappears when those mice
are crossed with erk1-/- mice, demonstrating the role of ERK1 in this phenotype
(Lee et al. 2010). These two studies show the implication of ERK in obesity
development, but they do not allow to firmly conclude about the role of ERK in
insulin resistance per se, since the correction of insulin resistance could be the
consequence of the prevention of obesity. However, a direct implication of ERK in
the development of insulin resistance is suggested by two other studies. First, the
hepatic overexpression of MKP-4, a phosphatase involved in ERK and JNK inhi-
bition, in obese mice leads to a decrease in the phosphorylation of ERK and JNK,
and to the improvement of insulin signaling and glucose tolerance without modi-
fying the weight of the mice (Emanuelli et al. 2008b). However, since MKP-4
inhibits both JNK and ERK, it is not possible to definitely conclude for a role of
ERK in insulin resistance in vivo. A more direct proof of ERK involvement in
insulin resistance, independently of obesity, has been obtained with our studies, in
which ERK1 has been invalidated in the genetically obese (ob/ob) mice. Those
erk1-/-/ob/ob mice are as obese as ob/ob mice, but are more insulin sensitive and
present a decrease in the adipose tissue inflammation (Jager et al. 2011).
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These series of cellular and in vivo studies suggest that ERK or JNK inhibition
could ameliorate insulin sensitivity. However, the direct targeting of these proteins
could have a series of drawbacks since they are involved in numerous biological
processes. A possible alternative choice would be to target the proteins which
control ERK or JNK activity, specifically in response to inflammatory stress which
develop during obesity. With this hypothesis in mind, we have recently identified
Tpl2, a MAP kinase kinase kinase as a protein controlling ERK activity specifi-
cally in response to inflammatory cytokines in adipocytes. Tpl2 inhibition reduces
TNF-a induced IRS-1 serine phosphorylation in adipocytes and decreases the
lipolytic activity of these cytokines (Jager et al. 2010). A recent study showed that
Tpl2-/- mice are protected against HFD-induced insulin resistance and adipose
tissue inflammation (Perfield et al. 2011). Several studies in the domain of
immunity indicate that Tpl2 is involved in inflammatory cytokines production by
myeloid cells (Gantke et al. 2011). Targeting this protein could thus be beneficial
to decrease the production of inflammatory mediators in adipose tissue immune
cells and to inhibit their deleterious effects in adipocytes.

This series of studies suggest that the MAP kinases signaling pathways could be
interesting targets for the treatment of insulin resistance and type 2 diabetes. Until
now, only pharmacological JNK inhibitors have been tested in insulin resistance
and type 2 diabetes.

Effect of Pharmacological Targeting of the JNK Pathway
in Insulin Resistance

The first generation of competitive inhibitors of ATP directed against JNK
displays protective effects against insulin resistance and ameliorates insulin
secretion of obese mice. However, their specificity is limited, and it is difficult to
insure that all the observed effects are the only consequence of JNK inhibition
(Yang and Trevillyan 2008). More specific inhibitors have been obtained, and one
of them prevents HFD-induced weight gain and insulin resistance. Further studies
are required to confirm that the observed effects actually result from JNK
inhibition. Other JNK inhibitors have also been developed, following the obser-
vation that peptides, which interact with the scaffold proteins JIP-1 could very
selectively block JNK activation. One of those inhibitors prevents TNF-a delete-
rious effects in liver and ameliorates insulin sensitivity in db/db mice (Yang and
Trevillyan 2008). All these results suggest that JNK inhibitors could be interesting
therapeutic agents in insulin resistance and type 2 diabetes. However, as
mentioned above, the implication of the JNK pathway in numerous physiologic
processes could be an obstacle in their therapeutic use. Thus, to specifically inhibit
one of the JNK isoform or some JNK signalosomes could be a better strategy in the
future.
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Conclusion

In adipose tissue of obese mice and patients, inflammatory cytokines activate a
network of signaling pathway that targets key component of the insulin signaling
pathway (Fig. 21.3). Several kinases including IKKb, JNK, ERK, mTOR, and
S6 K are activated by inflammatory cytokines and phosphorylated IRS proteins on
several serine residues in an uncontrolled manner. Studies of genetically modified
mice have uncovered an important role of these kinases in the control of insulin
sensitivity and whole-body metabolism. These kinases are thus potential drug
targets to fight insulin resistance and some studies suggest that therapy targeting
the IKKb/NF-jB or the JNK pathway may evolve into future diabetes medication.
However, these kinases are involved in the control of several biologic processes
and this can be problematic for the development of safe drugs for the treatment of
a chronic disease. Identification of upstream regulators or downstream substrates
of these kinases activated specifically in response to metabolic or inflammatory
stresses could be a strategy to circumvent this problem. Future studies should tell
us whether the targeting of the proteins belonging to the inflammatory network
activated in obese adipose tissue may evolve into the development of new ther-
apeutic agents against insulin resistance and diabetes.
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Chapter 22
Adaptive Changes in Human Adipose
Tissue During Weight Gain

Maud Alligier, Emmanuel Disse, Hubert Vidal and Martine Laville

Introduction

Weight gain refers to the gradual development of adipose tissue (AT), which may
ultimately leads to obesity if too excessive and prolonged. The expansion of AT
was long thought to be a passive phenomenon by which adipocytes store excess
energy in the form of triglycerides. Currently, AT is regarded as a complex and
heterogeneous endocrine organ whose role is not limited to storage. Recent studies
of AT development during weight gain have revealed complex multiple mecha-
nisms, both structural and functional, which accompany AT expansion (Strissel
et al. 2007). These mechanisms correspond to the adaptation of AT to the nutri-
tional stress created by positive energy balance.

However, the lipid storage function of adipocytes and the resulting AT
expansion are vitally important processes, not only for controlling energy
homeostasis, but also because any impairment of these processes could expose
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other organs, such as the liver, muscles, pancreas, and heart to toxicity related to
ectopic depots of lipids (i.e. lipotoxicity) (Lionetti et al. 2009; Tan and Vidal-Puig
2008; Virtue and Vidal-Puig 2010).

Overfeeding: A Model to Study Adipose Tissue
Expandability

To identify the factors involved in AT development, along with their respective
roles, scientists rapidly used experimental overfeeding in both animals and man.
Thanks to this model, which perturbs energy balance, it was possible to study
adaptations leading to excess AT development and its metabolic effects. This
approach made it possible to study the early phases of excess AT formation that
lead to obesity. Animal overfeeding experiments are often extreme. In contrast,
because of methodological and ethical considerations, they are conducted only
rarely in man and are usually of short duration and moderate intensity. It is
important to note, however, that extrapolating the results of animal studies to man
must be done carefully.

Most overfeeding studies in healthy volunteers have reported weight gain
related to increased lean and fat body mass (Bouchard et al. 1990; Samocha-Bonet
et al. 2010) with an accumulation of body fat in omental and subcutaneous AT
(Bouchard et al. 1990; Tchoukalova et al. 2010). Some studies have also reported
the induction of excess lipid deposition in the hepatic parenchyma (Samocha-
Bonet et al. 2010) and metabolic reorientation toward storing triglycerides in
muscle (Meugnier et al. 2007). Most human studies have also revealed an
impairment of insulin sensitivity, as measured by hyperinsulinemic-euglycemic
clamp or HOMA index (Samocha-Bonet et al. 2010; Forbes et al. 1989; Tam et al.
2010; Bisschop et al. 2001; Alligier et al. 2011). Overfeeding is also generally
associated with an increase in circulating inflammatory markers (CRP, MCP1) and
in leptin (Tam et al. 2010; Alligier et al. 2011).

Decreased plasma free fatty acid levels are often seen with overfeeding
(Bisschop et al. 2001), probably due to lipolysis inhibition associated with reduced
lipid oxidation, as measured by indirect calorimetry (Samocha-Bonet et al. 2010;
Brons et al. 2009; Ngo Sock et al. 2010). As for the AT itself, several overfeeding
studies, in both animals and man, have showed very early induction of the met-
abolic pathways involved in the lipid storage process (Alligier et al. 2011; Franck
et al. 2011; Shea et al. 2009; Grant 2011). Among the most highly regulated genes
are those encoding enzymes involved in the re-esterification pathways that
transform fatty acids into triglycerides, particularly diacylglycerol acyltransferase
(DGAT2), together with fatty acid conversion enzymes such as elongase and
desaturase, which promote fatty acid storage. These studies have showed that the
induction of lipid storage processes is a key early event in the response of sub-
cutaneous AT to overfeeding (Alligier et al. 2011).
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Adipose Tissue Expandability: Hyperplasia
and Hypertrophy

AT grows by two distinct mechanisms: hypertrophy and hyperplasia. It is logical
that in response to an excess uptake, lipids should be stored initially within
existing adipocytes, thus increasing cell size: this is known as hypertrophy.
When adipocytes can no longer expand, new cells are formed from precursors:
this is known as hyperplasia. Hyperplasia during weight gain has been well
documented in animals on high energy diets (Faust et al. 1978). However, in
man, adipocyte hyperplasia is a matter of debate. According to Arner et al.
(Spalding et al. 2008), the number of adipocytes is determined during childhood
and adolescence and remains stable throughout adult life. Hence, any weight
gain or obesity in adults is accompanied by an increase in the size of existing
adipocytes, rather than by their proliferation (Spalding et al. 2008). This
hypothesis is supported by the results of human overfeeding studies which
generally reveal no hyperplasia, but rather hypertrophy (Salans et al. 1971).
However, the moderate weight gains occurring during these experiments may be
insufficient to trigger recruitment of new adipocytes. Of note however, a recent
study by Jensen et al. (Tchoukalova et al. 2010) has demonstrated the mobili-
zation of new cells in the subcutaneous AT of the lower part of the body in
healthy volunteers overfed for 8 weeks.

Since the AT of obese subjects is composed essentially of enlarged adipocytes, it
might be thought that there would be no, or only little, recruitment of new adipo-
cytes during AT expansion, particularly in obese subjects with metabolic compli-
cations (Arner and Spalding 2010). The signal for triggering adipocyte recruitment
has not yet been clearly identified, but enlarged adipocytes could secrete growth
factors that promote pre-adipocyte proliferation and differentiation (Marques et al.
1998). It is known that the adipocytes of obese subjects are dysfunctional, partic-
ularly with regard to secretory functions (Skurk et al. 2007). Unlike small adipo-
cytes, enlarged adipocytes secrete more pro-inflammatory molecules, such as IL6
and TNFa, which contribute to adipocyte dysfunction and the low-grade inflam-
mation seen in obese subjects. A possible pathway for regulating new adipocyte
recruitment in AT could be Wnt signaling. MacDougald’s team was the first to
demonstrate that in vitro inhibition of the Wnt canonical pathway stimulated
adipocyte differentiation (Ross et al. 2000). During a recent human overfeeding
trial, we found evidence of a modification in the expression of several genes
involved in regulating the Wnt signaling pathway in AT, without an increase in the
number of adipocytes (Alligier M et al. 2011). Currently, despite the availability of
data from man (Alligier et al. 2011; Christodoulides et al. 2006a, b), the exact
contribution of the Wnt signaling pathway in vivo during AT development remains
to be clarified.
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Obesity: Critical Expandability of Adipose Tissue?

AT is the tissue with the greatest potential to change size and was long thought to
have no limit to its expansion in a person with a chronic excess energy intake. It
seems this is true for some people, and in that case, the development of AT, even
when great, is not associated with classic metabolic impairment related to obesity,
such as insulin resistance. These subjects are metabolically healthy and could
account for 10–25 % of the obese population (Bluher 2010). For the remainder,
there is a limit to tissue expandability contributing to defective lipid storage, which
could favor ectopic fat depots and lipotoxicity (Lionetti et al. 2009; Tan and Vidal-
Puig 2008; Virtue and Vidal-Puig 2010). This hypothesis, proposed by Vidal-Puig
et al, remains to be tested in man (Fig. 22.1).

According to this hypothesis, under chronic positive energy balance, the
adipocyte storage capacity reaches its limit and the tissue is unable to recruit new
adipocytes to meet the excess of lipids. A limited expansion results in numerous
enlarged adipocytes responsible for two factors contributing to the metabolic
anomalies associated with weight gain:

• Impairment of lipid storage capacity: enlarged adipocytes store less lipid,
resulting in release of lipids into the circulation (referred to in the literature as
spill-over) (Fielding 2011). In this case, other organs, such as the liver, muscle
or the pancreas, are submitted to prolonged lipid exposure that lead to ectopic
depots.

Fig. 22.1 Hypothesis of the limit of expandability of AT
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• Modified pro-inflammatory adipokine and/or cytokine secretion: secretions from
adipocytes and other AT cells such as immune cells could be modified in the
event of adipocyte hypertrophy. The wide range of action of these molecules on
both glucose and lipid metabolism could maintain or exacerbate adipocyte
dysfunction and the associated metabolic anomalies.

The underlying causes of defective AT expansion are not yet known, but studies
suggest that, under certain conditions, the adipocyte environment is not suited to
harmonious tissue expansion. During weight gain, AT is remodeled (Alligier et al.
2011), a process that, in the face of any defect, could limit expansion. Remodeling
involves angiogenesis, changes of the extracellular matrix and infiltration with
inflammatory cells (Fig. 22.2) (Sun et al. 2011; Lee et al. 2010; Rutkowski et al.
2009).

Hypoxia and Angiogenesis

Enlarged adipocytes can reach impressive sizes ([100 lm) exceeding the maxi-
mum oxygen diffusion distance and creating areas of hypoxia. This hypoxia could
explain the death of enlarged adipocytes and also limits lipid storage and stimu-
lates the infiltration of immune cells.

AT development during weight gain requires a constant input of oxygen and
nutrients. The tissue’s vascular network must adapt to meet these needs. The
relationship between the vascular network and AT development has been well

Fig. 22.2 Mechanisms associated with AT expansion limit (Adapted from ref (Sun et al. 2011))
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documented in vivo in rodents (Cao 2007). By using angiogenesis inhibitors,
researchers have demonstrated weight loss and reversibility of obesity-related
disease (Rupnick et al. 2002; Brakenhielm et al. 2004). Adipogenesis and angio-
genesis are closely related mechanisms with the ability to stimulate each other.

However, recent in vivo data from mice expressing the HIF1a transcription
factor (Halberg et al. 2009) show that the hypoxia signal cannot induce the
complete angiogenic sequence, even though the AT of these mice appears to
develop normally. In this model, HIF1a appears to be associated with the induction
of several genes associated with tissue remodeling and with the extracellular
matrix, leading to fibrosis (Halberg et al. 2009). This suggests that hypoxia could
be the cause of the fibrotic areas found in the AT of obese subjects (Divoux et al.
2011).

Extracellular Matrix

The extracellular matrix forms an environment for AT cells. It is not an inert
milieu and many interactions take place there. It undergoes constant remodeling
via complex systems of synthesis and degradation (Mariman and Wang 2010).
These modifications could impair AT function.

Each adipocyte is surrounded by a thin layer of extracellular matrix, known as
the basal lamina, which is composed principally of type IV collagen. It has been
suggested that the basal lamina may play a role in cell survival (Mariman and
Wang 2010). Adipocytes can grow very large, and the mechanical forces exerted
by increasing lipid droplets could weaken the cell membrane.

It has been shown in several animal models, and in man, that weight gain is
accompanied by remodeling of the extracellular matrix (Strissel et al. 2007;
Alligier M et al. 2011; Pasarica et al. 2009). One study focussed more specifically
on type VI collagen (Pasarica et al. 2009). It revealed the presence of type VI
collagen in human AT and reported that this collagen type was correlated to the
body mass index (BMI) and fat mass. Moreover, subjects with the highest
expression of type VI collagen were those with the largest omental AT and highest
inflammatory marker level, suggesting that the accumulation of type VI collagen
in subcutaneous AT may have deleterious effect in man (Pasarica et al. 2009).

Until now, few studies have been conducted on the role of the extracellular
matrix in human AT. Prof K. Clément has pioneered research on this topic
(Divoux and Clement 2011), and her team has demonstrated fibrosis in subcuta-
neous and omental AT of obese subjects (Henegar et al. 2008). Histology has
revealed different types of depots: large collagen fibers diffused throughout the
tissue and others more localized: depots surrounding adipocytes (Divoux et al.
2011). A comparison of the AT transcriptome of lean and obese subjects revealed
marked differences in the genes related to the extracellular matrix, whose
expression was strongly correlated to BMI and to several inflammatory markers
(Henegar et al. 2008). In this study, it was also reported that weight loss was

322 M. Alligier et al.



accompanied by the modified expression of over 200 genes related to the extra-
cellular matrix and its remodeling. There was also a negative correlation between
the amount of subcutaneous AT fibrosis and weight loss after bariatric surgery
(Divoux et al. 2011).

In responding to nutritional input changes, AT may modify the synthesis of
extracellular matrix components that participate in fibrosis. Fibrosis may affect
adipocyte function and lead to cell stress. Although the extracellular matrix
enables adipocytes to maintain their integrity in the face of lipid droplet pressure,
depots of excess matrix would cause rigidity in the peri-adipocyte environment.
The extracellular matrix would then exert compression force on the adipocyte,
resulting in mechanical stress. This stress could be responsible, at least in part, for
the defective development of AT during positive energy balance. Several in vitro
and in vivo models have validated these hypotheses. Subjecting 3T3-L1 pre-adi-
pocyte cultures to mechanical stretching limited adipocyte differentiation and
reduced the expression of PPARc2, the nuclear receptor essential for differentia-
tion (Tanabe et al. 2004). The matrix could impose a mechanical stress on pre-
adipocytes, thus reducing the development and storage capacity of AT. In vivo,
obese collagen VIa3-null mice present greatly enlarged adipocytes, which seem to
grow with uninhibited expansion (Khan et al. 2009). Despite major hypertrophy of
adipocytes, these animals present no impairment of lipid or carbohydrate metab-
olism. On the contrary, their sensitivity to insulin is increased in comparison to
non-mutated obese mice. Adipocytes appeared to have become ‘‘hyper-active’’
with regard to storage, thus avoiding ectopic fat depots. According to the authors,
collagen VIa3, when present, could induce a mechanical stress on adipocytes,
stimulating signaling pathways specific to cell stress and contributing to inflam-
mation and insulin resistance of adipocytes (Khan et al. 2009).

As well as type VI collagen, which has been studied because of its specificity of
expression in AT, there are other proteins involved in the synthesis and degra-
dation of extracellular matrix, which may be involved in AT biology. SPARC
(secreted protein, acidic, and rich in cysteine) is a protein capable of regulating the
synthesis of extracellular matrix components and SPARC-null mice are resistant to
weight gain when submitted to a high-fat diet (Bradshaw et al. 2003). It has also
been noted that obese subjects have higher plasma concentrations of MMP2 and
MMP9 (matrix metalloproteinase) than lean subjects (Derosa et al. 2008). Other
associations with matrix synthesis and degradation have been found, such as
plasma concentrations of TIMP-1 (tissue inhibitor of metalloproteinases-1) which
are positively correlated to human adiposity (Kralisch et al. 2007).

Reports in the literature suggest that remodeling of the peri-adipocyte envi-
ronment during weight gain, which increases in obesity, might reduce the elasticity
of AT, thus inhibiting expandability and reducing lipid storage capacity.
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Infiltration by Inflammatory Cells

Another factor confirming the distressed state of enlarged adipocytes is the pres-
ence of macrophages arranged in characteristic crown-like structures around the
adipocytes of obese subjects. These macrophages infiltrated into the AT of obese
subjects seem to eliminate dead adipocytes (Weisberg et al. 2003). A study in a
transgenic mice model of lipoatrophy confirmed that massive death of adipocytes
was accompanied by rapid macrophage accumulation (Pajvani et al. 2005).
However, once active in AT, macrophages stimulate, via their secretions, the
recruitment of new inflammatory cells, resulting in their accumulation (Lumeng
et al. 2007). The presence of large numbers of immune cells in the AT of obese
subjects is associated with the main metabolic anomalies found in obesity, and
with systemic inflammation (Cancello et al. 2006).

Interestingly, however, human overfeeding studies have not revealed macro-
phage infiltration of AT during moderate weight gain (Tam et al. 2010; Alligier
et al. 2011), or any change in the numbers of other immune cell types. Since these
studies concern the early phases of AT development, it would appear that infil-
tration by immune cells, particularly macrophages, is of relatively late-onset
process during weight gain and probably not a causal or initiating factor of fat
mass development (Alligier et al. 2011).

Conclusion

Episodes of positive energy balance are periods of nutritional stress which require
the body to adapt. AT plays a major role in this adaption, since it manages energy
reserves. The adaptive response of AT is primarily the storage of excess energy in
the form of lipids, and it results in AT expansion. The tissue remodeling that
accompanies this expansion is a highly coordinated and finely regulated process
that aims to create a suitable environment for the development of adipocytes.
However, during obesity, these mechanisms may reach their limit and, in the event
of excessive input, AT expansion may be insufficient. This may result from a
defective recruitment of new adipocytes and be associated with an accumulation of
enlarged adipocytes producing pro-inflammatory cytokines that promote the
infiltration of AT with immune cells. Another important factor seems to be the
extracellular matrix and the architecture of AT which could play a decisive role in
tissue plasticity and remodeling. It is necessary to understand the different phases
of these adaptive processes and any impairment occurring during pathological
situations if we are to propose new preventive and curative strategies for obesity in
the near future.
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Chapter 23
Differences Between Subcutaneous
and Visceral Adipose Tissues

Max Lafontan

Introduction

Humans have wide variability in the distribution of body fat, which has important
implications for metabolic health. Obese individuals with an upper body fat
distribution have increased health complications. Obesity plays a causative role in
the pathogenesis of a cluster of several abnormalities including insulin resistance,
type 2 diabetes, dyslipidemia, hypertension, and cardiovascular disease, which
lead to increased morbidity and mortality risk. However, all obese subjects are not
equal in terms of the metabolic and cardiovascular risks in that striking differences
exist between individuals with upper body fat and those with lower body fat
distribution (Votruba and Jensen 2007). A number of epidemiologic reports have
focused attention on the major role of body fat distribution in the appearance of
metabolic abnormalities. As opposed to the extent of subcutaneous adipose tissue
(scAT), the increase in visceral adipose tissue (vAT) (i.e., visceral obesity), which
is easily measured by the expansion of waist circumference, is associated with
increased metabolic disturbances and cardiovascular diseases (CVD). These
epidemiological observations have raised a number of questions that will be
discussed in this chapter. Why do obese individuals with upper body fat distri-
bution have more health complications compared with obese individuals with
lower body fat distribution? Why does the accumulation of vAT exert stronger
deleterious effects than scAT accumulation? Is vAT expansion a causal factor or
only a marker of an altered metabolic status? Are visceral adipocytes and the other
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cells of the stroma-vascular fraction (SVF) of adipose tissue involved in the
initiation of the metabolic disturbances observed in visceral obesity? Is the role of
visceral fat correctly evaluated or overestimated due to its modest extent compared
with total fat mass and scAT expansion in obese patients? Some results obtained
with animal models that have positively contributed to the improved understanding
of the results of clinical investigations will be briefly evoked.

Heterogeneity of Adipose Tissue Distribution: The Major
Contribution of Imaging Techniques

The measurement of the thickness of fat layers and of body fat distribution rapidly
improved in the mid 1970s due to computed tomography (CT), followed soon
thereafter by magnetic resonance imaging (MRI). The complete reconstruction in
vivo of the anatomy of all the major body compartments and tissues became
possible, thus providing major new research opportunities for the evaluation of fat
mass and various fat depots (Heymsfield 2008). scAT is composed of two distinct
anatomical layers where deep and superficial layers are separated by the fascia
superficialis (Scarpa’s facia). Subcutaneous fat depots represent 80 % of the total
fat mass in normal weight subjects. Intra-peritoneal adipose tissue, defined as vAT,
is mainly composed of the omental and mesenteric fat depots. vAT only represents
10–20 % of the total fat mass in lean and obese subjects respectively and 5–10 %
in women. For an equivalent body mass index (BMI) or equivalent fat mass, vAT
accumulation is higher in men than women (after correction for the differences in
total adiposity). An individual with a normal BMI but with an increased vAT is at
higher risk of developing metabolic disturbances than an obese person with less
vAT. The extent of vAT is associated with the prevalence of CVD. New imaging
methods have brought to attention neglected fat depots such as intra-thoracic,
pericardiac, perivascular, intramuscular, and fat lying around lymph nodes
(i.e., perinodal adipose tissue). This tissue may not only provide a specific lipid
resource but also fatty acids, dendritic cells, and soluble mediators that modulate
local immunity (Knight 2008). Attention has been particularly focused on the
expansion of pericardial adipose tissues. These fat depots include epicardiac fat
(localized more or less deeply in pericardium) and pericardial fat (around the
pericardium surface). Only pericardial fat was associated with prevalent
myocardial infarction after adjusting for conventional measures of adiposity.
Nevertheless, the correlations between vAT expansion and CVD risk are stronger
than those for pericardial fat.
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Morphological Characteristics, Adipogenic and Angiogenic
Differences Between Fat Depots

Both sex and site differences in regional fat storage have been described. Gender-
related and depot-specific differences exist in the expansion of the adipose tissue
mass. The increase in fat cell size (hypertrophy of adipocytes), the replication of
fat cell precursors, and the processes of preadipocytes differentiation (fat cell
hyperplasia) are regulated in a tissue-specific manner (Votruba and Jensen 2007).
Morphologically, visceral adipocytes are smaller than subcutaneous adipocytes in
normal weight individuals, both in men and women, but these depot-specific
differences decrease in obese women in parallel with an increase in BMI. Omental,
but not subcutaneous, adipocyte hypertrophy is associated with an altered lipid
profile (Veilleux et al. 2011). Recent studies, on gene expression profiling and
miRNA identification have revealed that the expression profile of miRNAs
(i.e., known to modulate stem cells and adipocyte differentiation) in vAT and
scAT, suggest a common development in both depots although 16 different
miRNAs exhibited depot-specific differences. In human adipose tissue, differences
in the expression profile of developmental genes (among them: Shox2, En1,
Tbx15, Hoxa5, Hoxc8, and Hoxc9) have been reported between vAT and scAT
(Gesta et al. 2006; Yamamoto et al. 2010). In addition to mature adipocytes, the
visceral and subcutaneous fat stroma vascular fraction (SVF) contains a hetero-
geneous population of cells (i.e., macrophages, lymphocytes, preadipocytes,
microvascular endothelial cells (EC)…etc.), the activity of which could interfere
with development and metabolic functions inside the fat depots. Macrophage
density is higher in vAT than in scAT (Curat et al. 2004; Cancello et al. 2006),
particularly in obese patients. Factors involved in the control of adipose tissue
cellularity have been explored in both fat depots. Differences have been reported in
the dynamics of progenitor expansion and in the level of commitment/filling of
differentiating preadipocytes. In vitro studies have revealed that replication
capacities of fat cell precursors are lower in vAT than in scAT. A difference was
also found in the proliferation of fat cell precursors in the adipose tissue of obese
individuals of both sexes. In the case of differentiation, the proportion of early
differentiated adipocytes in the subcutaneous adipose tissue SVF of women was
greater than in men, especially in the femoral depot. Nevertheless, in vitro adi-
pogenesis, as assessed by the expression of peroxisome proliferator-activated
receptor gamma (PPARc), was not increased in femoral (lower body) preadipo-
cytes cultured from women compared with men. However, baseline PPARc2 and
C/EBPa mRNA were higher in abdominal (upper body) than femoral subcutaneous
preadipocytes, consistent with the ability of abdominal subcutaneous adipocytes to
attain a larger size. Preadipocytes undergoing differentiation are more numerous in
the scAT of women than men, and the differentiation of femoral adipocytes (i.e.,
lower body fat) is reduced compared with that of abdominal adipocytes (i.e., upper
body fat). Moreover, femoral preadipocytes are more resistant to the pro-apoptotic
effect of TNF-a than those in abdominal scAT. The turnover and utilization of the
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preadipocyte pool may be reduced in lower versus the upper body fat in women
(Tchoukalova et al. 2010). The apparent number of preadipocytes in the abdominal
scAT that can undergo differentiation is reduced in obesity with enlarged fat cells.

Several hormones are involved in the control of progenitor replication. The
gender-specific differences in body fat distribution suggest that sex steroids play an
important role in regulating body fat distribution. Estradiol enhances the prolif-
eration of omental and subcutaneous fat cell precursors in both sexes, but the effect
is greater in the adipose tissue of women. Both estrone and dehydrotestosterone
(i.e., an androgen) had no significant gender- or site-specific effect on the rate of
proliferation. In conclusion, estradiol may act as an important local factor influ-
encing the proliferation of preadipocytes that may affect the fat cell number in a
depot- and gender-specific manner in human abdominal scAT and omental adipose
tissue (Anderson et al. 2001). With age, the replication of fat cell precursors
declines in subcutaneous but not in omental depots while the differentiation of
preadipocytes does not differ in either depot. These observations could explain the
preferential expansion of vAT observed with aging, particularly if the proliferative
and repletion capacities of scAT are saturated.

Is it possible to explain such depot-specific differences? The proportion of
various cell types in the SVF is variable according to the anatomical location of the
adipose tissue. These cells secrete cytokines and growth factors that will interfere
with the proliferation, differentiation, and metabolism of fat cell precursors. Thus,
important limitations exist in using in vitro results to interpret biological events
occurring in the various fat depots in vivo. During in vitro studies, survival of the
various cell types of the SVF largely depends upon cell culture conditions and
co-cultures are difficult. A recent study has shown that fat cell progenitors are
included in a cell subpopulation of the SVF identified by specific plasma
membrane markers (i.e., CD34 +/CD31-). These cells differ from adult mesen-
chymal cells and from hematopoietic stem cells (Sengenes et al. 2005). These
adipose-derived stromal cells were found to be scattered in adipose tissue stroma,
and although some of them were lying along vessels, they did not express markers
of pericytes. Their spontaneous commitment toward an adipocyte lineage was
enhanced in adipose tissue from obese individuals (Maumus et al. 2011).

Close relationships exist between adipocytes and the vascular bed. Adipose
tissue has long been known for its pro-angiogenic potencies and has been used by
surgeons for plastic surgery. Recent studies have clearly established that adipo-
genesis depends on the formation of new vessels in the adipose tissue. The
coupling of adipogenesis and angiogenesis is essential for the terminal differen-
tiation of adipocytes. Living tissue imaging techniques have provided evidence for
the dynamic interactions existing between differentiating adipocytes, stromal cells,
and angiogenesis (Nishimura et al. 2007). Mature adipocyte secretions, such as
vascular endothelial growth factor (VEGF-A or VEGF), leptin, and apelin, are
considered to be the major factors for the control of angiogenesis inside adipose
tissue. Investigations on obese rodent models have shown that chronic anti-
angiogenic treatments reduced fat mass development. In humans, according to a
recent study focused on the role of angiogenesis in the expandability of human
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adipose tissue depots, scAT was shown to possess a greater angiogenic capacity
than vAT, even after normalization for its higher initial capillary density. The
capillary density of scAT and its angiogenic capacity decreased with morbid
obesity. The angiogenic capacity of scAT, but not vAT, correlated negatively with
insulin sensitivity. It was concluded that impairment of angiogenesis in scAT may
contribute to the pathogenesis of metabolic diseases (Gealekman et al. 2011).
A study defining the properties of EC, isolated from scAT and vAT biopsied in
parallel from obese subjects, has produced different conclusions. vAT EC were
markedly more angiogenic and pro-inflammatory than scAT cells. This phenotype
may be related to premature EC senescence. vAT EC may contribute to hypoxia
and inflammation in vAT (Villaret et al. 2010). This research field is just beginning
in human adipose tissue biology; it is a neglected area in the exploration of fat
mass development according to the anatomical location and one, which requires
deeper investigation.

Triglyceride Synthesis: Differences Between Lipoprotein
Lipase and Glucose and Fatty Acid Uptake Between
Visceral and Subcutaneous Adipose Tissue

At sexual maturity, both sex and site differences in regional fat storage have been
described. Females have more body fat, a greater proportion of fat in their lower
body, and much less visceral fat than do lean males of the same BMI. Regional
differences in triglyceride storage capacity and lipolysis could be the causes of
regional fat accumulation. Triglyceride accumulation could be related to various
regulatory steps such as uptake of triglyceride precursors (i.e., glucose and fatty
acids), efficiency of triglyceride synthesis pathways, and the magnitude of lipolytic
responses to hormonal factors.

Triglyceride synthesis in adipocytes plays a major role in the turnover and
maintenance of the size of fat depots. Triglyceride synthesis involves glucose
uptake on one hand, and on the other hand, uptake of nonesterified fatty acids
(NEFAs), after their release from circulating triglycerides by adipose tissue lipo-
protein lipase (LPL) located in the capillary lumen. In women, LPL activity is
lower in vAT when compared with various scAT depots (i.e., abdominal, gluteal,
and femoral); these differences decrease after the menopause. Site-specific
differences in LPL activity are less evident in men although LPL activity is pos-
itively correlated with fat cell size in both sexes. Translocation/activation of LPL
from the adipocyte to the capillary lumen seems important in the induction of
differential fat storage. Recent studies have revealed striking differences in NEFA
uptake after a meal according to gender and fat depots. Greater thigh adipose tissue
in women is associated with greater efficiency of fat storage after a meal under
conditions of energy balance, whereas the opposite is seen with vAT (Votruba
et al. 2007). Insulin and glucocorticoids are major regulators of biosynthetic
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processes in the adipocyte. Insulin stimulates LPL activity, glucose, and NEFA
uptake and triglyceride synthesis; its effects on LPL activity are greater in scAT
than in vAT. Higher LPL activities were found in the lower body subcutaneous
sites with enlarged fat cells in women (Fried and Kral 1987). Fat cell enlargement
is associated with insulin resistance in nondiabetic individuals independently of
BMI. Glucocorticoids increase LPL expression in vAT but are without noticeable
effect in scAT.

In the case of glucose uptake by adipocytes, the basal uptake level and insulin-
stimulated glucose transport are higher in omental than in subcutaneous adipo-
cytes. Round ligament adipose cells showed a significantly greater responsiveness
to insulin when compared with subcutaneous and omental adipocytes. Insulin-
stimulated glucose uptake is doubled in omental adipocytes compared with
subcutaneous adipocytes removed from the same patient. The expression level of
mRNA of the glucose transporter GLUT-4 is higher in mature adipocytes of vAT
than in scAT (i.e., four times higher than in scAT). Similar differences between
vAT versus scAT were described for the expression of proteins involved in insulin
signaling. Insulin receptor phosphorylation was more intense and rapid and the
insulin receptor protein content was higher in omental than in subcutaneous
adipose tissue. Insulin-induced phosphorylation of the Akt enzyme also occurred
to a greater extent and earlier in omental than in subcutaneous fat (Laviola et al.
2006). In vitro results have been supported by in vivo measurement of [18F]-2-
fluoro-2-deoxy-D-glucose uptake using positron emission tomography (PET).
Insulin-stimulated glucose uptake per kilogram of fat is higher in vAT than in
scAT (Virtanen et al. 2002). The increased uptake of glucose observed in omental
adipocytes could facilitate triglyceride synthesis and counteract the increased
lipolytic responsiveness observed in these cells (Fig. 23.1). Based on the increased
lipolytic responsiveness (discussed later) and the effects of insulin on glucose
uptake, triglyceride turnover is higher in vAT than in scAT.

In addition to glucose utilization, NEFA uptake and the activity of Acyl-CoA
synthases also contribute to the triglyceride synthesis in adipocytes. Older studies
have revealed that the uptake of labeled triolein is higher in vAT than in scAT in
both lean and obese individuals. Several plasma membrane proteins (i.e., plasma
membrane fatty acid binding protein (FABPm), fatty acid translocase (FAT/
CD36), and fatty acid transporters (FATP-1 and FATP-4) facilitate NEFA uptake.
Depot-specific differences in the expression of fatty acid binding proteins have
been reported. The decrease in CD36 protein content parallels the increase in fat
cell size in the omentum; tissue CD36 content was not correlated with CD36
mRNA (Allred et al. 2011). The expression of fatty acid binding protein FABP-4,
also known as aP2, is higher in subcutaneous adipocytes than in the omental fat
cells. Contradictory results regarding lipogenic enzymes in scAT and vAT have
been reported. Recent results have shown that gene expression of the main lipo-
genic enzymes (i.e., fatty acid synthase and acetyl-CoA carboxylase) was down
regulated in the vAT of obese subjects. In another study, expression of these genes
was higher in scAT than in vAT from obese subjects. A reduction in the genes
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involved in de novo synthesis of fatty acids and an upregulation of genes facili-
tating triglyceride/fatty acid cycling has been reported in morbid obesity.

Acylation stimulating protein (ASP), also known as C3adesArg, is a circulating
protein obtained from adipsin synthesized in the adipocyte. The protein stimulates
triglyceride synthesis and glucose transport in preadipocytes/adipocytes through

Fig. 23.1. Working hypothesis for the mechanism(s) related to adipose tissue distribution and
the appearance of obesity-related diseases. Major agents involved in the metabolic control of the
adipocyte and adipocyte secretions are depicted with their putative effects on diseases. Visceral
deposits represent 5-20% of body fat mass. In the obese state, macrophages infiltrate visceral and
subcutaneous adipose tissues and contribute, in addition to adipocytes, to cytokine secretions.
Visceral adipocytes are characterized by an increased response to catecholamines and reduced
insulin responsiveness (see Table 23.1). Non-esterified fatty acids (NEFAs) and cytokines
[interleukin-6 (IL-6), tumor necrosis factor-a (TNF-a) and resistin] are delivered to liver by
visceral fat but upper-body subcutaneous fat deposit also contributes to disturbed NEFA
availability. An increase in the levels of NEFAs causes a decrease of glucose utilization in
skeletal muscle, leading to glucose intolerance and insulin resistance which can result in type 2
diabetes-related disorders. An increase of the levels of NEFAs can cause similar consequences by
increasing the production of glucose and the synthesis of very-low-density-lipoproteins (VLDLs)
in the liver. This process could be at the origin of non alcoholic fatty liver disease (NAFLD). The
action of NEFAs on insulin release by pancreas and on other target tissues is mentioned but not
detailed. Subcutaneous fat deposits represent a major site of fat storage (see mechanisms in
Table 23.1). Due to their widespread distribution, subcutaneous fat deposits also play a major role
in the production of various adipokines (e.g., IL-6, TNF-a, resistin, leptin and adiponectin) also
produced by visceral fat. Adipokines affect NEFA and glucose utilization by skeletal muscle and
glucose and VLDL production by liver as well as insulin secretion by pancreas. Abbreviations: :
increase, ; decrease, PAI-1 plasminogen activator inhibitor-1, CRP C-Reactive Protein
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a G-protein-coupled receptor, C5L2, via stimulation of diacylglycerol-acyltrans-
ferase. Effects on preadipocyte differentiation have also been reported (Maslowska
et al. 2005). ASP is secreted after a meal and plays a role in the post-prandial
clearance of triglycerides. In rodents, ASP deficiency protects against the devel-
opment of obesity. Altered binding of ASP to its receptor could reduce the effi-
ciency of fatty acid trapping. The binding capacity and affinity of ASP for its
receptor is lower in vAT than in scAT. It was suggested that ASP might be an
important factor in maintaining regional adipose tissue mass (Saleh et al. 1999).
The physiological role of this protein remains a subject of debate.

Adipogenesis and the expression of various enzymes involved in the control of
adipocyte metabolism are under the coordinated control of transcription factors
such as strerol regulatory element binding protein-1c/adipocyte differentiation and
determination factor-1 (SREBP-1c/ADD-I), peroxisome proliferator-activated
receptors (PPARa,b/c and PPARc1/c2), and CCAT-enhancer binding protein-a
and b(C/EBPa and b). Comparisons of the tissue-specific expression levels of
these proteins are limited in humans. SREBP-1c mRNA levels are lower in vAT
compared with abdominal and femoral scAT and there is no striking gender dif-
ference. According to some studies, SREBP-1c mRNA levels are lower in obese
individuals and increase after weight loss. Contradictory results have been pub-
lished concerning SREBP-1c and PPARc2 mRNA changes after weight loss. A
genetic predisposition for type 2 diabetes is associated with an impaired ability to
recruit new adipose cells to store excess lipid in scAT. Several studies have shown
that PPARc-regulated genes are commonly reduced in the scAT of patients with a
genetic predisposition for type 2 diabetes. This research area requires deeper
investigations into both fat depots in physiological and pathological conditions.

Lipolytic Activity of Adipocytes and Mobilization
of Triglycerides Stored in Visceral and Subcutaneous
Fat Depots

In addition to lipogenic pathways, differences among lipolytic responses to cate-
cholamines, natriuretic peptides, and insulin between visceral and subcutaneous
adipocytes have been reported (Lafontan and Langin 2009). By controlling the
differential recruitment of the various fat depots, these hormones exert a potent
action on NEFA turnover. Growth hormone, interleukin-6 (IL-6) and tumor
necrosis factor-a (TNF-a) also stimulate lipolysis; the effects are delayed and
involve complex mechanisms. TNF-a stimulates triglyceride hydrolysis via mul-
tiple intracellular pathways acting on insulin signaling, on G proteins and on
perilipin, the protein located at the surface of lipid droplets and involved in the
regulation of lipolysis (Lafontan and Langin 2009; Langin and Arner 2006).

Lipolytic activity in vitro and in vivo depends on the balanced functional effi-
ciency between lipolytic and antilipolytic regulators and the level of expression of
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adipocyte lipases (i.e., adipocyte triglyceride lipase, ATGL; hormone sensitive
lipase, HSL, and monoacylglycerol lipase, MGL) and their regulators (i.e., perilipin
and ABHD5 (for a/b-hydrolase domain-containing protein 5), a regulator of
ATGL) (Chap. 10). Variations in perilipin levels according to adipocyte size may
contribute to differences in basal lipolysis between fat depots and may regulate lipid
accumulation in adipocytes. Expression of the perilipin gene is up-regulated in vAT
versus scAT in isolated adipocytes and in the whole tissue. Reduced perilipin
expression was observed in vAT and scAT in obese women. With regard to the
responsiveness of adipocytes, basal lipolytic rates (e.g., spontaneous lipolysis) are
lower in vAT than in scAT adipocytes in normal weight or obese individuals. The
increased basal lipolytic rate, observed in scAT adipocytes could be related to the
expression level of the fatty acid binding protein FABP-4, which controls the efflux
of NEFAs released by triglyceride lipolysis. Expression levels of ATGL and its
activity are reduced in the scAT of obese patients. Both mRNA and the protein
levels of ATGL and HSL are also reduced in the scAT of insulin-resistant subjects
compared with insulin-sensitive ones (Jocken et al. 2007).

Effect of Catecholamines

The sympathetic nervous system (SNS) and epinephrine secreted by the adrenal
medulla play a major role in the control of lipolysis and lipid mobilization in
humans. Catecholamines act both on the control of lipolysis in adipocytes and on
the local blood flow in the vascular bed of adipose tissue. They also control the
release of the major antilipolytic hormone, insulin. The mechanisms of action of
catecholamines are well-known and have been recently reviewed (Lafontan and
Langin 2009). In normal weight individuals, catecholamines exert the most potent
lipolytic effects in visceral adipocytes when compared with scAT adipocytes
(i.e., abdominal, gluteal and femoral); this difference persists in adipocytes dif-
ferentiated in vitro. However, although various in vitro studies have shown that
beta-adrenergic receptor agonists exert similar effects in scAT and vAT adipo-
cytes, a recent study has shown that the response of omental adipocytes to lipolytic
stimuli was greater than in subcutaneous adipocytes (Tchernof et al. 2006).
Detailed study of intracellular signaling pathways has not revealed major differ-
ences in post-receptor events. In vitro results on the presence of putative functional
beta3-adrenergic receptors in human fat cells have not been followed by con-
vincing in vivo results. In fact, discrepancies in lipolytic responses could be
explained by differences in the expression of plasma membrane beta- (mainly
beta1 and beta2) and alpha2A-adrenergic receptors in the adipocytes of various fat
depots (Table 23.1). In normal weight obese women, gluteal and femoral adipo-
cytes are less responsive to the lipolytic action of catecholamines. They are
characterized by a potent alpha2-adrenergic receptor-mediated antilipolytic
responsiveness (and a higher density of alpha2A-adrenergic receptors) linked to a
reduced density of beta-adrenergic receptors (Mauriège et al. 1987). Subcutaneous
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abdominal adipocytes of obese men have functional characteristics very similar to
those of femoral and gluteal adipocytes from women. On the contrary, visceral
adipocytes (particularly the omental ones) have reduced alpha2A-adrenergic
responsiveness with a low density of alpha2A-adrenergic receptors, which
explains the greater lipolytic efficiency of catecholamines in vAT adipocytes.

Independently of gender and age, the functional equilibrium between beta1/2-
and alpha2A-adrenergic responsiveness correlates with fat mass expansion and
adipocyte hypertrophy. When compared to smaller adipocytes of vAT, hypertro-
phic adipocytes (abdominal, gluteal, and femoral), are characterized by a reduced
lipolytic responsiveness to catecholamines, a high density of alpha2A-adrenergic
receptors and a low density of beta1/2-adrenergic receptors. The increased
expression of alpha2A-adrenergic receptors, concomitant with the reduced
expression of beta-adrenergic receptors, could represent a physiological adaptation
of the fat cell to its hypertrophy. Since the subcutaneous hypertrophic adipocyte is
a weaker responder to catecholamines than the smaller visceral adipocyte, the
reduction of lipolysis could represent an adaptation to limit excessive NEFA
release from hypertrophied scAT adipocytes and ease the deleterious effects of
NEFA overflow on health. By their limited lipolytic responsiveness, scAT
adipocytes exert an important role for NEFA sequestration under the form of
triglycerides in the adipocytes. These results underline the role of scAT and par-
ticularly, gluteofemoral fat, as a determinant of health by the long-term entrapment
of excess fatty acids, thus protecting from the adverse effects associated with
ectopic fat deposition (Manolopoulos et al. 2010). With aging and depending on
the extent of obesity, the functional balance between adrenergic receptor distri-
bution and activity could be associated to other dysfunctions affecting downstream
lipolytic pathways such as lipase expression, perilipins, and subunits of protein-
kinase-A (Mantovani et al. 2009).

Physiological studies have confirmed most of the results obtained from the
isolated fat cell. In situ, microdialysis studies have shown that exercise-induced
lipolysis is reduced in the scAT of obese subjects and that the stimulation of
alpha2A-adrenergic receptors of scAT adipocytes is responsible for this lipolytic
defect (Stich et al. 2000). The extent of NEFA release into the portal vein by
visceral lipolysis correlates with the extent of vAT. The contribution of splanchnic
lipolysis to hepatic NEFA delivery ranged from less than 10 % to almost 50 % and
increased as a function of visceral fat in men and women. Noticeable differences
have been reported concerning the relative amount of NEFAs provided by visceral
and subcutaneous fat depots (Nielsen et al. 2004). Fatty acid release from vAT
triglycerides is substantial in some obese subjects and could be an important factor
in developing hepatic insulin resistance. Nevertheless, excessive fatty acid release
from visceral fat is unlikely to be a major factor in the pathogenesis of insulin
resistance in skeletal muscle, because it represents a very small percentage of total
NEFAs delivered to muscle tissues (Klein 2004). In the face of the complexity of
experiments, additional investigations must be carried out to reach convincing
conclusions. vAT adipocytes, which are characterized by increased lipolytic
responsiveness and reduced antilipolytic effects of insulin (see later) are probably
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Table 23.1. Differences in lipolytic, anti-lipolytic and other biochemical pathways between
visceral and subcutaneous adipocyte

Effects and factors Regional differences

Lipolytic pathway
Hormone sensitive lipase protein level and activity scAT [ vAT
Basal rate of lipolysis (spontaneous glycerol release) scAT [ vAT
Lipolytic response to catecholamines vAT [ scAT
Isoproterenol-stimulated adenylyl cyclase activity vAT [ scAT
b-adrenergic receptor-mediated lipolysis vAT [ scAT
b1,2-adrenergic receptor number vAT [ scAT
a2-adrenergic receptor-mediated anti-lipolysis scAT [ vAT
a2-adrenergic receptor number scAT [ vAT
Fatty acid binding protein-4 (FABP-4) scAT [ vAT
Anti-lipolytic pathway
Anti-lipolytic action of insulin scAT [ vAT
Insulin receptor substrate (IRS-1) protein and expression scAT [ vAT
Insulin-induced insulin receptor tyrosine phosphorylation scAT [ vAT
Insulin-induced IRS-1 tyrosine phosphorylation scAT [ vAT
Insulin-induced PI3-kinase pathways scAT [ vAT
Protein tyrosine phosphatase 1B activity vAT [ scAT
Insulin receptor (exon 1 deleted) vAT [ scAT
Lipogenesis, glucose, and fatty acid uptake
Lipoprotein lipase (LPL) scAT [ vAT
Fatty acid uptake by human adipocytes and preadipocytes scAT [ vAT
Acylation stimulating protein mRNA scAT [ vAT
High-density lipoprotein D fractions binding scAT [ vAT
Glucose transporter (GLUT-4) protein and expression vAT [ scAT
Miscellaneous factors, secretions and hormone receptors
Mean fat cell size in normal weight individuals scAT [ vAT
Leptin mRNA and protein secretion scAT [ vAT
Plasminogen activator inhibitor-1 (PAI-1) scAT [ vAT
Angiotensinogen and angiotensin 2 expression vAT [ scAT
Adiponectin (Acrp30, AdipoQ) vAT [ scAT
interleukin-6 (IL-6) and interleukin-8 (IL-8) secretion vAT [ scAT
Retinol binding protein-4 (RBP-4) scAT [ vAT
Inhibitor of apoptosis 2 (cIAP2) mRNA vAT [ scAT
Monocyte chemoattractant protein 1 (MCP-1) vAT [ scAT
Insulin growth factor-1 (IGF-1) and IGF-binding protein-3 vAT [ scAT
Tumor necrosis factor-a (TNF-a) vAT [ scAT
11b-hydroxysteroid dehydrogenase type 1 activity (11b-HSD-1) vAT [ scAT
Endothelial nitric oxide synthase mRNA and protein vAT [ scAT
Glucocorticoid receptor mRNA vAT [ scAT
Peroxisome proliferator-activated receptor- c mRNA vAT [ scAT
Estrogen receptor ER-b scAT [ vAT
Androgen receptor vAT [ scAT
Thyroid hormone receptor-a1 (TR-a1) scAT [ vAT
Thiazolidinedione-induced preadipocyte differentiation scAT [ vAT

Some of these differences can be increased or reduced according to the extent of the fat mass and
adipocyte hypertrophy. Moreover, some sex-related differences have not been considered.
Expression profiling studies of micro RNAs (miRNA) and of developmental genes have revealed
disparities between visceral and subcutaneous adipose-tissues which are not detailed here
scAT subcutaneous adipose tissue, vAT visceral adipose tissue
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the adipocytes that will be responsible for the portal NEFA flux to the liver and
liver dysfunctions. Studies in dogs support the role of vAT in the development of
hepatic insulin resistance observed with visceral obesity (Kabir et al. 2005;
Bergman et al. 2006). By using PET imaging to measure fatty acid metabolism in
the liver, it was found that obese individuals have increased fatty acid flux from
visceral fat and increased hepatic oxidation of fatty acids with an increased pro-
duction of reactive oxygen species (ROS), in the context of adipose tissue insulin
resistance. Fatty acid flux from visceral fat is proportional to the mass of the
corresponding depot (Iozzo et al. 2010).

In the case of scAT depots, population studies have shown that an increased
gluteofemoral fat mass is independently associated with a protective lipid and
glucose profile, as well as a decrease in cardiovascular and metabolic risk
(Manolopoulos et al. 2010). The distinct properties of femoral fat characterized by
a reduced lipolytic activity and an increased fatty acid uptake suggest that it is
more inert than abdominal scAT or vAT. Its protective properties seem related to
its ability to control long-term fatty acid storage, and thus limit increases in plasma
NEFA levels and avoid adverse effects associated with ectopic fat deposition.
Deficient NEFA storage in scAT and vAT will initiate ectopic storage of lipids in
liver, skeletal muscle, and even pancreas, followed by the appearance of insulin
resistance and type 2 diabetes (Ravussin and Smith 2002; Unger 2003).

Antilipolytic Effects of Insulin

Insulin plays a major role in the control of NEFA disposal via inhibition of lipolysis
and NEFA efflux from adipocytes but also by its ability to control the stimulation of
triglyceride synthesis (i.e., re-esterification process) and fat storage. Insulin also
controls LPL activity and glucose and NEFA uptake. The effects of insulin on
lipolysis and NEFA re-esterification are lower in omental than in abdominal sub-
cutaneous fat cells. In vitro studies have shown that various steps of insulin
transduction pathways are negatively affected (Zierath et al. 1998). Reduced
expression of genes involved in insulin signaling has been reported in omental fat
cells from insulin resistant individuals (Table 23.1). Conversely, an in vivo study in
nonobese individuals receiving insulin treatment has revealed an increased
expression of proteins involved in insulin signaling with a rapid and increased
insulin effect in vAT adipocytes. The adipocyte insulin signaling system of omental
fat shows greater and earlier responses to insulin than that of subcutaneous fat
(Laviola et al. 2006). Although these results fit with previously reported insulin
effects on glucose transport in vAT adipocytes they contradict the results obtained
when studying lipolysis (i.e., reduced antilipolytic effect). In the absence of further
details on the expression level of proteins and enzymes involved in the lipolytic
pathways (i.e., adrenergic receptors, protein kinase-A, phosphodiesterase-3B,
perilipin, and lipases), it is impossible to interpret such discrepancies. The results of
in vitro studies on lipolysis have been confirmed by in vivo investigations.
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The rate of appearance of systemic, leg and splanchnic palmitate (i.e., [9,10-
3H]palmitate), was measured in healthy adults using the hyperinsulinemic-
euglycemic clamp technique to achieve a physiological range of plasma insulin
concentrations. vAT lipolysis was shown to be more resistant to insulin suppression
than in scAT (i.e., leg lipolysis) in humans (Meek et al. 1999).

Production of Hormones, Cytokines, and Proinflammatory
Molecules in Visceral and Subcutaneous Adipose Tissue

In addition to its essential function in the storage of lipids and in the control of the
bioavailability of NEFAs according to the ‘‘buffering role’’ of the adipocyte,
adipose tissue has obtained the status of an endocrine organ. The adipose tissue
undergoes a continuous process of remodeling that could be enhanced in obesity.
The composition and the stiffness of the extracellular matrix (ECM) has been
shown to regulate adipogenesis and adipose tissue expansion. Obesity has been
linked to increased mRNA and protein expression of adhesion molecules such as
intercellular adhesion molecule-1 (ICAM-1 or CD54) and vascular cell adhesion
molecule-1 (VCAM-1 or CD106) in vAT but not in scAT. Expression of ICAM-1
and VCAM-1 positively correlated with the expression of CD68 (i.e., microsialin,
a macrophage marker) in both adipose depots. Protein expression was correlated
positively with BMI. Some molecules produced by adipose tissue (i.e., adipokines)
have their origin in the adipocyte, while others are secreted by some cells of the
stroma-vascular fraction. LPL was the first identified adipocyte-secreted enzyme.
A summary of the molecules produced by adipose tissue and of their major bio-
logical effects is given in Table 23.2. Various cell types of the SVF are the object
of intense investigations. Differential gene expression profiling methods and
proteomic approaches aimed at describing the secretome are currently being used
on rodent and human adipose tissues and SVF fractions. The respective contri-
bution of the different cell types of adipose tissue to adipokine secretions needs to
be evaluated. Macrophages infiltrating the adipose tissue of the obese probably
impact, via their secretions, on preadipocyte/adipocyte functions and on other cells
of the SVF. Macrophages contribute to TNF-a secretion and to the production of
various cytokines and interleukins (IL-6, IL-8, IL-1b, resistin, and visfatin) and
other agents identified in the vAT secretome. The macrophage phenotype is
modified by the extent of the fat mass: macrophages that accumulate with fat mass
development exhibit a particular M2 remodeling phenotype in humans (Bourlier
et al. 2008). The expression of genes related to inflammation is altered and par-
allels immune cell infiltration. Recruitment of macrophages is not always asso-
ciated with inflammation: macrophages in adipose tissue in lean mice express IL-
10, which has a protective effect against insulin resistance.

Adipocytes secrete a variety of lipid metabolites and bioactive peptides that
play important roles in cell growth, inflammation, energy homeostasis, and insulin
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Table 23.2. Adipose tissue productions

Lipid and lipoprotein metabolism
Lipoprotein lipase (LPL)
Acylation stimulating protein (ASP/C3desArg))
Prostaglandin E2 (PGE2), prostaglandins F2a (PGF2a), prostacyclin (PGI2)
Autotaxin (lysophospholipase D) and production of lysophosphatidic acid (LPA)
Cholesterol ester transport protein (CETP)
Retinol binding protein-4 (RBP-4)
Metabolism and energy homeostasis
Leptin
Adiponectin
Resistin
Interleukin-6 and -8 (IL-6 and IL-8)
Retinol binding protein-4 (RBP-4)
Insulin sensitivity of muscle, hepatocyte and adipocyte
Adipsin/acylation stimulating protein (ASP)
Leptin
Adiponectin
Resistin
Visfatin
Omentin-1
Vaspin
Interleukin-6 (IL-6)
Apelin
Growth factors influencing adipose tissue development
Insulin growth factor-1 (IGF-1)
Nerve growth factor (NGF)
Vascular endothelial growth factor (VEGF)
Thrombopoietin
Food intake and activation of sympathetic nervous system
Leptin
Metabolism of extracellular matrix
Type 6 collagen
Plasminogen activator inhibitor-1 (PAI-1)
Metalloproteases (gelatinases MMP-2 and MMP-9)
Tissue inhibitors of metalloproteases (TIMP -1 to TIMP-3)
Immune system, acute phase reactants, and inflammation
Tumor necrosis factor-a (TNF-a)
Interleukins-1b, -6, -8, -10 (IL-1b,IL-6,IL-8, IL-10)
Interleukin-1 receptor antagonist (IL-1Ra), macrophage inflammatory protein-1b (MIP-1b)
Regulated on activation, normal T cell expressed, and secreted (RANTES)
Adipsin, factors C3, B, and D of alternate complement system
Monocyte chemoattractant protein-1 (MCP-1)
a1-acid glycoprotein
Serum amylo A 3 (SAA-3)
Haptoglobin, pentraxin-3, lipocalin 24p3
Metallothionein

(continued)
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action. Among the bioactive peptides secreted by adipocytes, some of them have
hormonal status and act on distal organs, while a number of other secreted factors
are probably limited to autocrine and paracrine action inside the adipose tissue
mass. They contribute to the development and remodeling of adipose tissue
(i.e., remodeling of ECM elements, control of fat cell precursors proliferation/
differentiation, modulation of the functional activity of microvascular EC, and
angiogenesis). Among the most commonly studied factors, leptin, adiponectin
(also identified as Acrp30 encoded by the apM1 gene), and apelin possess well-
established hormonal activities and a number of pleiotropic effects. In addition to
hormones, various factors of the alternate complement system (adipsin, factors C3,
B, and D, C3adesArg, known as ASP, which results from a conversion of
complement factor C3) and acute phase reactants (serum amyloid A3, haptoglobin,
a1-acid glycoprotein, pentraxin-3, lipocalin 24p, cathepsin S) are secreted by
adipocytes. Biologically, active pro-coagulant molecules, such as plasminogen
activator inhibitor-1 (PAI-1), factor VII and the tissue factor (TF), involved in the
TF pathway, are also produced in direct proportion to adiposity. PAI-1, an
important factor in the control of fibrinolysis via plasmin production is not
exclusively produced by adipocytes. Various elements of the renin-angiotensin
system have been identified in adipose tissue. Angiotensinogen and enzymes of
angiotensin production are secreted by the adipocyte. A number of other molecules
are not secreted strictly by adipocytes. Among them, it has been possible to
identify a number of pro-inflammatory cytokines (TNF-a, IL-1b, IL-6, IL-8, IL-18,
and interferon c), chemokines such as monocyte chemoattractant protein-1 (MCP-
1), macrophage inflammatory protein-1a (MIP-1a), and various matrix metallo-
proteinases (MMP-2, MMP-9, MMP-11…etc.) and the tissue inhibitors of matrix
metalloproteinases (TIMPs); all of them are supposed to mainly act as paracrine
regulators. A strong, positive relationship was found among TNF-a secretion and
BMI, total body fat, and adipocyte volume (a measure of morphologic charac-
teristics of adipose tissue) in scAT while BMI, fat mass, and adipocyte volume

Table 23.2. (continued)
Cathepsin S and L
Vessels and angiogenesis
Vascular endothelial growth factor (VEGF), thrombopoietin
Monobutyrin
Leptin, apelin
Fasting-induced adipose factor (FIAF) or peroxisome proliferator-activated receptor c

angiopoietin-related gene) (PGAR)
Angiopoietin-2, -angiotensinogen/angiotensin-2, adrenomedullin

This list of productions/secretions originating from adipocyte and/or various cells of the stroma-
vascular fraction is non exhaustive. The factors are grouped according to their contribution in the
control of major functions. Some productions possess pleiotropic actions and are found in dif-
ferent groups.
Diversity of fat cell secretions has been considered several times. Overviews can be found in
various recent review papers (Halberg et al. 2008; Galic et al. 2010; Poulos et al. 2010)
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were not related to the rates of secretion of interleukin-6, leptin, or adiponectin.
TNF-a secretion was increased in patients with adipose hypertrophy (in which
adipose tissue consists of a few large adipocytes) and decreased in adipose
hyperplasia (in which adipose tissue consists of many small adipocytes) (Arner
et al. 2010). TNF-a, but not IL-6 or resistin, completely inhibited the normal
differentiation of the preadipocytes and induced a proinflammatory and macro-
phage-like phenotype of the cells. The list of adipocyte and SVF cell productions
is increasing regularly. The nonexhaustive list of recently identified adipokines
includes omentin, visfatin, chemerin, vaspin, and dipeptidyl peptidase 4, although
their physiological roles remain to be fully delineated. The respective productions
of the different cell types identified in SVF and the cross-talk between the various
cell types remains an open field of investigation. A recent study to characterize the
rodent secretome in vAT and scAT opens new perspectives. vAT had a higher
secretory capacity than scAT. This difference seems to be an intrinsic feature of its
cellular components (Hocking et al. 2010). These results open experimental
perspectives for future investigations on the human adipose tissue secretome; it is
an area of research that will probably expand rapidly in the near future. The major
results on secreted factors and hormonal receptors identified in vAT and scAT
comparative studies are summarized in Table 23.2. Some recent reviews sum-
marize the main aspects of adipose tissue secretions but they will not be detailed
here (Halberg et al. 2008; Galic et al. 2010). The development and endocrine
functions of adipose tissue have been recently reviewed (Poulos et al. 2010).

Hypothesis to Explain the Impact of vAT Expansion
on Endocrine and Metabolic Deterioration:
The Debated Question of Visceral Obesity

Epidemiological studies have clearly revealed that a subgroup of individuals with
central visceral obesity is particularly prone to developing cardiovascular disease,
stroke, and type 2 diabetes. Visceral obesity is associated with multiple central
endocrine aberrations. The oldest hypothesis, ‘‘the portal theory’’, was initially
proposed by Per Björntorp. Several other hypotheses have been postulated and
pursued to account for the deleterious effect of vAT accumulation on glucose
utilization and insulin resistance. According to the first hypothesis, because of its
anatomical location, vAT partly drains into the liver via the portal vein. Portal
NEFAs, coming from the highly lipolytic visceral depots may affect hepatic
metabolism to increase hepatic gluconeogenesis and the production of very low
density lipoproteins, as well as inhibiting insulin clearance and promoting insulin
resistance. There is data from both humans and rodents that argue against this
‘‘portal hypothesis’’ since in humans some studies have shown a stronger associ-
ation between abdominal scAT and insulin resistance. However, recent results
support the original hypothesis. Using [11C]-palmitate imaging by PET with
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compartmental modeling to measure fatty acid metabolism in adipose tissue and the
liver, an increase in the fatty acid flux from vAT toward the liver has been
described. Fatty acid flux from vAT is proportional to its mass. Obese individuals
had increased hepatic oxidation of fatty acids with increased production of ROS,
which induce insulin resistance (Iozzo et al. 2010). According to the portal theory,
the liver plays an important role in the initiation of insulin resistance commonly
observed in visceral obesity. Investigations using dogs submitted to a high fat diet
have clarified some mechanisms (Kabir et al. 2005). It was shown that NEFAs
coming from vAT altered liver functions, promoted hepatic insulin resistance and
increased glucose production. This hepatic insulin resistance was also linked to a
reduction in apolipoprotein B degradation, increased production of triglyceride-rich
lipoproteins and accumulation of liver lipids (Bergman et al. 2006). Nevertheless,
the situation could be more complex since vAT is not the unique source of systemic
NEFAs. The contribution of NEFAs emanating from other nonvisceral depots and
abdominal scAT must be considered in the initiation of insulin resistance in humans
(Klein 2004; Jensen 2006). A recent original study in rodents, designed to mimic
visceral fat accumulation by transplanting fat pads from a donor mouse to the
mesenterium of a recipient littermate, has shown that these fat pads were drained by
the portal vein only. The delivery of cytokines to liver was clearly established, and
hence this study supports the portal theory and also proposes a role for IL-6 as
previously (Rytka et al. 2011) shown in humans (Fontana et al. 2007).

The discovery of the secretory activity of adipocytes and the other cells of the
SVF has promoted a reconsideration of the NEFA-centered ‘‘portal hypothesis’’. In
fact, various bioactive peptides, such as TNF-a, IL-6, IL-1b, IL-8, leptin, resistin,
and adiponectin coming from vAT, are supposed to be delivered to the portal vein.
These proinflammatory factors are known to exert multiple biological effects as
discussed previously and in other chapters of this book (see Chaps. 3, 12, 13, 14, 15,
20, and 21). A recent study of these factors in the portal vein of morbidly obese
patients has shown that vAT was a privileged site of IL-6 production. It was
suggested that visceral fat is an important site for IL-6 secretion and provides a
potential mechanistic link between visceral fat and hepatic and systemic inflam-
mation in people with abdominal obesity (Fontana et al. 2007). Obesity is now
considered as a low-level inflammatory state leading to a chronic activation of the
immune system. Obese individuals are known to have elevated plasma levels of
inflammation markers. The evolution of inflammatory processes will be considered
in Chap. 20.

Issues and Trends

It is unquestionable that vAT expansion precedes the appearance of various
metabolic and endocrine disorders, such as glucose intolerance, insulin resistance,
dyslipidemia, and hypertension, which will progress toward associated pathologies
such as type 2 diabetes and CVD. The importance of visceral obesity is recognized
by endocrine, diabetes, and cardiology scientific societies. Theoretically, from
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a therapeutic point of view, some practices could limit the health-related risks
related to increased vAT. For example, a patient with visceral obesity performing
regular physical activity could noticeably reduce vAT with a subsequent
improvement in metabolic parameters (Despres et al. 2008). There are still some
debated questions about the relative importance of vAT and scAT depots in the
initiation of metabolic (i.e., via NEFAs) or humoral changes (i.e., via adipokine
production by adipocytes and immune cells infiltrated in the SVF of adipose
tissues). A number of components of the human adipose tissue secretome remain
unknown or their actions are poorly understood. The secretory activity of adipo-
cytes and of the other cells of the SVF will probably be characterized in the near
future and it might be anticipated that the complexity of the paracrine interactions
between the various cell types will open new perspectives.

For the time being, although some questions persist based on the results of
epidemiological studies, an expanded ‘‘portal hypothesis’’ (i.e., including NEFAs
and all the adipokines secreted by vAT in the concept) cannot be totally refuted.
The role of other intra-abdominal nonvisceral depots remains poorly studied in
humans; it is suspected that perivascular and pericardial fat depots could
contribute. Consideration of various scAT depots must be continued to delineate
the determinants of insulin resistance in skeletal muscle, which cannot be
explained by vAT-related problems (Klein 2004; Jensen 2006). One innovative
aspect of adipose tissue biology is the discovery of the infiltration of the adipose
tissue of the obese by a number of immune cells such as macrophages and various
lymphocyte subtypes. The mechanisms explaining this phenomenon remain
debated although various hypotheses have been proposed. The incidence of this
infiltration on the loss of insulin sensitivity remains to be fully validated.

Finally, it is clear that adipogenesis and angiogenesis are highly implicated in
the regulation of the expansion of fat mass. Although some progress exists, the
cellular and physiological determinants of vAT and scAT depots expansion remain
to be evaluated more thoroughly, and in humans the task is not easy. The existence
of putative tissue-specific regulatory mechanisms related to the anatomical site
must be explored and understood. Moreover, when considering physiological
relevance, the role of the vascular bed and the putative impact of SNS innervation
on these events still remains a black box. The understanding of the function of the
microvascular bed of adipose tissue, which plays a major role in the exchanges
between adipocytes and the vascular lumen, is quite limited. Moreover, the biol-
ogy of the microvascular EC of capillary and lymphatic beds must be clarified in
the near future. They contribute to the functions of the vessels and to the parti-
tioning of adipocyte secretions between capillary and lymphatic transport.
Selected animal species and transgenic animal models are of interest for the
investigation of cellular mechanisms and can offer useful opportunities to solve
some problems. However, the results cannot be fully extrapolated to human-
related problems in the absence of true anatomical correspondence in the location
of some fat depots.
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Chapter 24
Genetics of the Human Obesities

Frédéric Fumeron

Introduction

Before looking at the DNA, it has long been admitted that obesity ran in families.
Familial correlations studies have shown a high degree of resemblance concerning
body mass index (BMI) and a high degree of heritability of obesity. However, as
once stated by Claude Bouchard, one of the best specialists in the genetics of the
energy balance, in obese families, even cats and dogs are obese! Actually, the shared
environment in families is an important issue while studying the genetics of obesity.
Most of the time, obesity is the result of complex interactions between genetics and
environment, as most of the diseases important in terms of Public Health, the
multifactorial and polygenic diseases. Nevertheless, some rare cases of obesities are
due to defects in one gene. Although only a very small percentage of subjects carry
these defects, their study has provided a large part of our knowledge concerning the
physiology of the regulation of energy balance and feeding behavior. The genes of
which major defects cause monogenic obesities can be involved in the susceptibility
to common multifactorial obesities as well through common genetic variations
(polymorphisms). For many years, genetic variants of candidate genes involved in
different pathways (food intake, energy expenditure, adipocyte biology, lipid
metabolism, etc.) as well as markers of different regions of the genome, have been
tested for the susceptibility to obesity in association studies in populations of
unrelated subjects or by linkage analyses in families. In the most recent studies
allowed by the progress in genetic techniques, hundreds of thousands genetic
markers located in the whole genome have been tested in large populations of
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unrelated subjects with various degrees of corpulence. Such studies evidenced a few
already known candidate genes but also novel genes of which role has yet to be
defined. In all these studies, the relative risks conferred by the individual variants are
low, with a very poor predictive value. Therefore, the combinations of alleles at risk
(genetic scores) as well as the gene–environment interactions must be considered.
The recent epidemic of obesity is an argument in favor of the interactions with
environment since in a few decades, the genetic structure of the population cannot
have been changed, contrary to the lifestyle factors.

Heritability of Obesity

The odds ratio of being obese when one first degree relative is obese is 3 when
compared to the general population (after elimination of identical twins from the
statistics) (Allison et al. 1996). It has sometimes been claimed that the risk was
higher when the mother is obese than when the father is obese. This might be the
consequence of the prenatal or postnatal nutritional environment effect, and/or sex
dependent genetic effects. Studies of twins and nuclear families have repeatedly
indicated that heritability was high for BMI, with estimates between 40 and 90 %.
One big issue is to separate familial effects due to common environment to true
genetic effects. To this regard, the most important evidence came from studies of
adoptees and twins reared apart. In Denmark, there is a high correlation between
the BMI of 540 adopted individuals and the corpulence of their biological parents,
without any relationship with that of their foster parents (Stunkard et al. 1986). In
Sweden, the intrapair correlation for the BMI was much higher in monozygotic
twins than in dizygotic twins, and was very similar between those reared together
and those reared apart (Stunkard et al. 1990). Although many of these studies show
a highly significant heritability, it has been proposed by using a model based on
data aggregated from twins, nuclear families, foster parents with adopted offspring,
that true heritability was not so high, with only 5 % of the variance in BMI
explained by genetic transmission (Bouchard et al. 1988). This has to be kept in
mind when discussing the results of the last huge genetic studies which explain
only a small part of the supposed heritability.

The most elegant study concerning twins demonstrates the importance of genes
in response to nutritional environment, in other words the importance of the gene
X nutrition interaction (Bouchard et al. 1990). A total of 12 pairs of monozygotic
twins have been overfed by 1,000 kcal/day during a period of 100 days. The
intrapair correlation of the response to overfeeding was very high, although
between twin pairs, the response had a very high range of variation (between 3 and
14 kgs for the body weight, for a mean of 8.4).
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Gene Identification

The studies described above have yielded the evidence for the genetic suscepti-
bility to obesity and to gain weight in response to the environment. Different
approaches were used during the last 30 years to discover the molecular basis for
this susceptibility (Bouchard 2010). First, single-gene disorders in animal models
(mainly rodents) and in humans allowed to identify important metabolic pathways
in the regulation of energy balance, although the single-gene defects are not
common in human obesities (nevertheless, it has sometimes been estimated that it
could account for 5 % of severe early-onset obesities).

Monogenic Obesities

These obesities are usually very severe, with beginnings in childhood (O’Rahilly
2009; Ramachandrappa and Farooqi 2011). The genetic models of obesity in
rodents are very close to this kind of obesity (see Chap. 18). The discovery of the
mutations responsible for the genetic obesities in rodent led to the identification of
most of the defects in human monogenic obesities. The first mutation described
was that of the ob/ob mice and the gene in which the mutation occurred as well as
its human homolog was cloned in 1994 (Zhang et al. 1994). This conducted to the
description of a novel hormone, the leptin (see Chap. 12). In humans, the first
deficit in leptin was reported in 1997 in a consanguineous family with a very
severe form of recessive obesity (Montague et al. 1997). Affected subjects develop
an early-onset massive obesity with hyperphagia, hypogonadism and delayed
puberty, and increased frequency of infections and immunodeficiency. These
defects are corrected by leptin injection (Farooqi et al. 1999). Actually, the few
individuals which carry this defect are the only ones in the world who can benefit
from a leptin treatment. Subjects heterozygous for the mutation do not suffer of
massive obesity but have a higher measured fat mass than predicted from the usual
determinants (age, sex, body weight, height) and a lower increase in leptin levels
with increasing BMI when compared to controls non-carriers of the mutation
(Farooqi et al. 2001) (Table 24.1).

Following the leptin deficiency, other mutations were described in families with
evidence of monogenic form of obesities. Only a few genes are described, which
explain a very small part of human obesities (Blakemore and Froguel 2010; Farooqi
2011). The mutated genes are, as well as the leptin gene (LEP) (Montague et al.
1997; Ozata et al. 1999), the leptin receptor (LEPR) (Clément et al. 1998), the pro-
opiomelanocortin (POMC) (Krude et al. 1998), the proconvertase 1 (PCSK1)
(Jackson et al. 1997), the hypothalamic receptor to melanocortins 4 (MC4R) (Vaisse
et al. 1998; Yeo et al. 1998; Hinney et al. 1999; Sina et al. 1999; Gu et al. 1999;
Vaisse et al. 2000; Farooqi et al. 2000; Mergen et al. 2001; Dubern et al. 2001), and a
gene involved in the hypothalamus development, SIM1 (Holder et al. 2000).
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The discovery of these genes allowed describing the leptin–melanocortin pathway.
Proopiomelanocortin, which is cleaved by PCSK1, is the precursor of different
peptides including ACTH, b-endorphin, and a-MSH (melanocyte-stimulating hor-
mone). The latter peptide binds different receptors (melanocortin receptors 1–4)
according to cell type or organ. When binding to the MC4R in the hypothalamus, it
results in an anorexigenic effect, but when binding to the skin MC1R, it is implicated
in melanin synthesis. To summarize, leptin, satiety factor synthesized and secreted
by the adipose tissue, acts in hypothalamus through a specific receptor, which
released the secretion of a POMC derived protein, a-MSH, acting itself on a the
MC4R leading to the anorexigenic effect (Cummings and Schwartz 2003). In this
pathway, a normal development of the hypothalamus is needed, which explains the
obesity associated to mutations in SIM1, BDNF (brain-derived neurotrophic factor),
and in its receptor TrkB (NTRK2). These mutations cause severe early-onset obesity,
with hyperphagia, and severe developmental delay.

LEP and LEPR defects are phenotypically very similar, i.e., early-onset obesity
with hyperphagia, hypogonadism and delayed puberty, alterations in immune
functions (less important in LEPR mutations). In the POMC defect, the obesity is
associated with adrenal insufficiency and red hair. The defect in PCSK1 is char-
acterized by an extreme childhood obesity, hypogonadism, hypocortisolism,
abnormal glucose homeostasis, low plasma insulin with high plasma proinsulin,
indicating a defect in prohormone processing. The defects in MC4R are usually
characterized by severe obesity in childhood, increased lean mass and growth rate,
hyperinsulinemia.

The MC4R defects seem to be the most frequent cause of monogenic obesity:
up to 6 % of childhood and 2 % of adult severe obesities might be due to them
(Blakemore and Froguel 2010; Farooqi 2011). More than 130 mutations of this
gene had been described in 2010 (Hinney et al. 2010). Actually, it is the only form
of monogenic obesity where most of the cases are heterozygotes, indicating a
dominant or codominant inheritance, since homozygotes are more severely
affected. In heterozygous carriers, the expression and the penetrance of the
mutation are variable. Some of the mutations do not completely suppress the
signaling ability of MC4R, leading to less severe forms of obesity (Farooqi et al.
2003). A systematic research of loss-of-function mutations in normal weight
(n = 2257) and severely obese adult and children (n = 2677) has shown both a
relatively high frequency of these in obese subjects (1.72 %) as well as a variable
penetrance since 0.15 % of non-obese carry these mutations (Stutzmann et al.
2008). Abnormal eating behavior was more frequent in obese subjects carrying the
mutations than in the other obese subjects. The penetrance was age dependent. In
the cross-sectional study, the penetrance increased with the generations: from
40 % in grandparents but 78 % in children, showing the change in obesogenic
environment in the last decades. In the longitudinal study, the penetrance increased
with age, showing that those born with these mutations will develop the disease
early or lately. The demonstration of the variable penetrance for the carriers of
such mutations is a very strong argument in favor of gene–environment interac-
tion, even in the context of monogenic obesity.
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Deletions in the region of SH2B1 on chromosome 16p11 are associated with
severe early-onset obesity, severe insulin resistance and cognitive deficits in het-
erozygous subjects (Bochukova et al. 2010; Walters et al. 2010). Such deletions
have been found at relatively high frequencies (0.8 %) in cohorts of children with
severe obesity (BMI C 40) (Walters et al. 2010), most of the time but not always
associated with mental disorder or retardation. Other genes are located in this
region but SH2B1 is involved in leptin and insulin signaling. Mice with a specific
deletion of this gene develop hyperphagia and obesity. Remarkably, it has been
found that if a duplication of the region occurs instead of a deletion, the reciprocal
phenotype is observed, i.e., underweight (Jacquemont et al. 2011). The carriers of
the duplication show reduced weight at birth, a failure to thrive when younger than
5 years. In adults, the duplication carriers have an 8.3 relative risk of being
clinically underweight, associated with a high frequency of restrictive eating
behavior. The observed phenotypes are the converse of those reported in carriers
of deletions at this locus.

Other complex genetic disorders such as Prader–Willi and Bardet–Biedl syn-
drome include obesity with hyperphagia, but also mental retardation and various
dysmorphisms (Table 24.1). The study of these syndromic obesities raised some
hypothesis for understanding the physiopathology of common obesity like the
importance of gene imprinting (epigenetics) or how the structure and function of
the primary cilium can affect hypothalamic neurons involved in the control of
energy balance.

Other defects have been reported possibly involved in monogenic obesities but,
which need confirmation (Rankinen et al. 2006): mutations in the genes of GPR24,
receptor MCHR1 to MCH, orexigen neuropeptide in rodents, of CRHR1 and
CRHR2, receptors to CRH (corticotropin releasing hormone) involved in gluco-
corticoids (cortisol) secretion. Rare mutations in MC3R have been found in sub-
jects with severe obesity but their role in monogenic obesity is still a matter of
debate. They might be a susceptibility factor.

Common Obesities: Candidate Gene Studies

Monogenic obesities represent less than a few percents of all obesity cases. In
these cases, the genetic defect is directly causal, either without or with few
interactions with environment. In common, multifactorial polygenic obesities,
each of the genetic factors will have a small effect, depending on the environment.
The recent increase in obesity, what is called ‘‘the obesity epidemics’’, cannot be
attributed to genetics but rather to changes in the environmental conditions, and to
the response of genes to these changes (as in the overfeeding experiment in twins).
The observation of the Pima Indians is a striking example of this interaction. In the
Pimas of Arizona, lifestyle changes of the late fifties—high-fat diet and sedenta-
rity—has resulted in an epidemic of obesity and diabetes, with one of the highest
prevalence in the world. By contrast, the Pimas who live in the mountains of
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Mexico have been isolated from Western influence and kept their traditional low-
fat diet and are physically active as farmers and sawmill workers. The Pimas of
Mexico have a much lower incidence of obesity and diabetes despite the same
genetic background as the Pimas in Arizona (mean BMI in Mexico: 24.9 vs. 33.4
in Arizona) (Ravussin et al. 1994).

The candidate gene approach is based on the current understanding of the
biology and physiopathology of obesity. Variants of genes coding for proteins that
are thought to be involved in metabolisms or behaviors related to obesity, based on
data derived from animal models, cellular systems, or extreme/monogenic forms
of obesity, are tested at a population level, or less frequently in families. Obesity,
at least in its constituting phase, results from an excess of energy intake when
compared to energy expenditure, the excess calories being stored as body fat.
Candidate genes may be involved in food intake (signals, or neurotransmitters with
orexigenic or anorexigenic effects: leptin and its receptor, neuropeptide Y, sero-
tonin receptors and transporter etc.), energy expenditure (uncoupling proteins,
adrenergic receptors, etc.), adipocyte biology (PPARc, adipokines, etc.). This led
to a classification of obesity as either a disorder of the energy balance, or a disorder
of the adipocyte, or a neurobehavioral disorder (Walley et al. 2009). Nevertheless,
these pathways are not mutually exclusive and the genetic susceptibility is a mix of
variants belonging to these pathways interacting with environment.

The variants associated (in populations of unrelated subjects) or linked (in
familial studies) to common obesity are genetic polymorphisms, defined by a
frequency at least equal to 1 % in the general population. These polymorphisms
may be functional by modifying the protein sequence, or the regulation of its levels
by affecting transcriptional sites, mRNA splicing or mRNA stability. These
polymorphisms may as well be non-functional, being intronic or intergenic. In this
case, a significant result may be indirect, due to linkage disequilibrium (alleles at
multiple loci appearing together [= haplotype] more often than would be expected
by chance) with a functional mutation or variant not known yet.

Till 2007, the candidate gene approach has been the most widely used. Many
candidate genes have been studied because of their involvement in the pathways
indicated above, the first ‘‘natural’’ candidate genes being those involved in
monogenic obesity. Many of these studies failed to replicate. The recent devel-
opment in genetic research with large number of SNPs in large series of subjects
evidenced that the individual effects for each gene were small, indicating that most
of the classical candidate gene studies were underpowered. Nevertheless, in some
cases, the evidence is strong enough to suggest that these candidate genes have a
true effect on obesity, although modest.

Common variants of LEP and LEPR have been associated with adult and
childhood obesity, and sometimes with leptin levels (Mammès et al. 1998;
Mammès et al. 2000; Mammès et al. 2001; Li et al. 1999; Chagnon et al. 2000).
Differences in response to restrictive diet have been reported according to these
variants (Mammès et al. 1998; Mammès et al. 2001). A promoter variant of the
LEP gene, which has been shown to modulate the transcriptional expression of the
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gene (Hoffstedt et al. 2002), modifies the relationship between fat mass and plasma
leptin levels (Le Stunff et al. 2000).

Some point mutations in POMC significantly increase obesity risk, without
being always associated with obesity (Ramachandrappa and Farooqi 2011).
Common non-synonymous variants in PCSK1 have been associated with multi-
factorial obesity in some European cohorts of adults and children (Benzinou et al.
2008). Besides the mutations of MC4R which cause monogenic obesities with
variable penetrance, two rare coding variants (allelic frequencies & 0.5–2 %)
have been associated with a protective effect against obesity (Walley et al. 2009).
Polymorphisms in coding and in flanking regions of MC4R have been associated
with adiposity, glucose metabolism, energy expenditure, and food intake (Cole
et al. 2010). Some polymorphisms of BBS genes have also been involved in the
susceptibility to common obesities (Benzinou et al. 2006).

The common Pro12Ala variant of PPARc is expressed only in the adipocyte-
specific c2 isoform and results from a C to G transversion in the exon B of the
PPARc encoding gene (PPARG). The minor Ala allele has consistently been
negatively associated with insulin resistance and susceptibility to type 2 diabetes.
This variant has also been associated with obesity and body weight changes, with
conflicting results. In meta-analyses, the Ala–Ala homozygous genotype seems to
be associated with slightly higher BMI. Actually, the association of this genotype
with high BMI might be present only when consuming a high total or saturated fat
diet, indicating a gene–nutrition interaction (Lamri et al. 2011). This is consistent
with the metabolic role of PPARc through binding of fatty acids.

Some variants in the adiponectin gene (ADIPOQ) have been associated with
childhood or adult obesity (Bouatia-Naji et al. 2006) or with higher weight gain at
follow-up in a French cohort (Fumeron et al. 2004). Surprisingly, although low
levels of adiponectin are usually found in obesity, the risk alleles were those
associated with high adiponectin levels, including the -11391A (rs17300539) sit-
uated in the promoter and associated with increased transcriptional activity.

Common Obesities: Pangenomic Studies

Genome-wide linkage studies are useful to localize a gene in a chromosomal
region (‘‘positional cloning’’). In families, the transmission of the phenotypic trait
of interest (or disease) is studied jointly (‘‘cosegregation’’) with that of a set of
genetic markers encompassing the whole genome, with known localization. The
regions with peaks of linkage are then submitted for fine mapping to evidence
candidate genes, since they may contain hundreds of different genes. This
approach has been successfully employed to localize the genes responsible for the
monogenic diseases. In complex diseases, linkage analyses succeed when the
linkage peak is due to few common variants with a strong effect in one gene
(Walley et al. 2009). For example, this approach has been successful for the
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PCSK1 variants indicated above. However, many positive results of more than 60
genome scans (Rankinen et al. 2006) failed to replicate (Saunders et al. 2007).

Genome wide association studies (GWAS)
This approach has been made possible by recent major advances: the consid-

erable increase in our knowledge of common genetic variation with the Human
Genome project and the International HapMap, and the progress in high-
throughput genotyping. Now, it is possible to genotype up to 1 million genetic
variants in a single analysis on single nucleotide polymorphism (SNP) chips,
which can capture more than 80 % of the common genetic variation reported in the
HapMap. This hypothesis-free approach has been very successful in a few years to
detect common variants involved in the susceptibility to polygenic diseases
(Table 24.2).

FTO

The SNPs of the FTO gene (Fat Mass and Obesity associated) have been the most
strongly associated with BMI and/or obesity. Initially, this gene was identified in a
GWAS screening for the genetic susceptibility to type 2 diabetes (Frayling et al.
2007). When adjusted for BMI, the association with diabetes completely disap-
peared. In the same time, other GWAS evidenced the association with BMI/
obesity (Dina et al. 2007). The effect on BMI has since been replicated in many
cohorts, in adult and in childhood obesity. The homozygotes for the allele at risk
(16 % of the general population of European origin) weighed 3 kg more and have
a 67 % increased risk of obesity when compared to the homozygotes TT (36 % of
the general population). The genetic variation at the FTO locus would account for
22 % of the common obesities (Dina et al. 2007).

At that time, the function of the FTO gene was unknown. These results led to
research concerning the role of this gene and how it is implicated in the physio-
pathology of obesity.

This gene has been found widely expressed, in particular in hypothalamus,
adipose tissue, liver, skeletal muscle. The expression in hypothalamus is influ-
enced by the nutritional state. FTO mRNA in the arcuate nucleus of mice is up-
regulated by feeding and down-regulated by fasting but opposite expression pat-
terns are observed in rats. In the hypothalamic arcuate nucleus of rats but not in the
paraventricular nucleus, knockdown of the FTO gene increased food intake while
overexpression decreased it. Mice carrying additional copies of FTO showed a
wide variation in tissue expression levels compared to wild type (Church et al.
2010). They were obese and had an increased food intake. They also had a
reduction in leptin levels although usually, obesity is associated with hyperlep-
tinemia, suggesting that hypoleptinemia might mediate the effects of FTO genetic
variation on obesity.

FTO belongs to a family of genes coding for an acid nucleic demethylase,
indicating that it might be involved in epigenetic regulation of other genes
unknown for the moment.
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In a population of 306 women in good health (BMI: 18–53 kg/m2), the subjects
carrying the risk allele had a basal adipocyte lipolysis decreased by 22 % (in vitro
experiments) and plasma glycerol levels (in vivo) decreased by 30 % when
compared to women homozygotes for the common allele (Wahlen et al. 2008). It
has been shown, at least in children, an increased in energy intake but not in
energy expenditure (Cecil et al. 2008) and a lower satiety (Wardle et al. 2008)
associated with the risk allele.

The FTO polymorphisms are the most constantly associated with BMI and
obesity, with the most significant results in the GWAS. However, as already
mentioned, the relative risk due to these polymorphisms is weak, and moreover, it
has been shown to interact with levels of physical activity to confer an increased
risk. The at-risk variants have significant effects only in subjects with low activity
levels, assessed by either by questionnaire (Andreasen et al. 2008) or by electronic
recorder (Rampersaud et al. 2008). This has been replicated many times including
in a large cohort ([ 20000 subjects), with few exceptions.

Resequencing studies have been performed in obese and control subjects but
loss-of-function mutations have been found at a similar frequency in both groups.
In a consanguineous family, a rare homozygous missense mutation (changing the
sequence of protein) has been described associated with a severe polymalforma-
tion syndrome and postnatal lethality, but no evidence of adiposity phenotype
(Boissel et al. 2009).

MC4R

The importance of MC4R mutations in monogenic obesities has already been
developed. In the GWAS, after FTO, the MC4R locus has been one of the most
constantly observed associated with common forms of obesities. Nevertheless,
although the patterns of association are compatible with alterations in MC4R
function, the evidenced polymorphisms are close to but not in the gene. The only
gene in the vicinity is involved in apoptosis and likely not a plausible candidate.
The SNP rs17782313 located 188 kb downstream of MC4R has been associated
with BMI variation and obesity risk in adults and children in a very large study,
then replicated many times in large populations of different origins (Loos et al.
2008). One copy of the allele at risk is associated with a mean difference of
0.22 kg/m2 (760 g) and an increase in risk of overweight, obesity, and severe
obesity of 8, 12, and 30 %, respectively (Loos et al. 2008). An increase in height
has also been observed. It has been associated with eating behavior (Stutzmann
et al. 2009). Another polymorphism, rs12970134, has been associated with waist
circumference and insulin resistance in Asian Indians, and is also located 150 kb
from the MC4R gene (Chambers et al. 2008).
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Other Genes

The FTO and MC4R variants are the most constantly replicated and the most
strongly associated polymorphisms in the GWAS. Novel loci were also identified
by studies in large groups and meta-analyses (Thorleifsson et al. 2009; Willer et al.
2009; Meyre et al. 2009; Speliotes et al. 2010). More of 30 loci have now been
robustly identified, regarding BMI or obesity. When including other phenotypic
traits linked to obesity such as waist circumference or waist-to-hips ratio (WHR),
the number of loci is over 50 (Table 24.2). Among the BMI-associated loci, three
of them show evidence of association with height: MC4R, POMC, MCPH2-
NDUFS3. The alleles increasing BMI in POMC and MC4R have opposite effects
on height: decrease for POMC and increase for MC4R, which is similar to the
effects of the severe mutations of these genes.

Several of the likely causal genes are involved in neural signalization and
development, or are highly expressed in the central nervous system, including
those already involved in monogenic obesities, coding for hypothalamic regulators
of energy balance: POMC, BDNF, SH2B1, as well as MC4R. This indicates the
importance of central regulation of food intake in the susceptibility to obesity and
supports the hypothesis of obesity as a neurobehavioral disease. One of the new
discovered loci is near the GIPR, coding for the receptor to incretin GIP. Nev-
ertheless, for many of these genes, the physiological role explaining their asso-
ciation with BMI variation is still unknown or poorly understood. Other loci are
involved in cholesterol metabolism such as NPC1 (Niemann-Pick C1) and
HMGCR (HMGcoa reductase). NPC1 is a transmembrane protein involved in the
cholesterol transport between different cellular compartments. It plays a role in
caveolin expression involved in the transport of fatty acids and storage of tri-
glycerides. Nevertheless, it is not known whether the non-synonymous alleles
associated with obesity increase or decrease the expression of NPC1 protein.
HMGCR codes for a key enzyme in cholesterol synthesis, which is inhibited by
statins in order to increase the number of LDL-receptors. However, it is not known
whether among the genes located in the same region, HMGCR is the one involved
in the susceptibility to obesity.

Many genes involved in BMI variation overlap with those associated with
extreme obesity, in children as well as in adults. Therefore, most of the time,
severe obesity seems to represent an extreme BMI phenotype rather than a distinct
condition.

Attempts have been done to assess cumulative effects of polymorphisms and
predictive values of genetic scores calculated by counting the number of obesity-
susceptibility variants (Speliotes et al. 2010; Li et al. 2010; Sandholt et al. 2010). In
the population based ARIC study (n = 8120), a genetic score was calculated after
genotyping 32 GWAS evidenced SNPs (observed range of this score 16–44)
(Speliotes et al. 2010). Each of these variant accounts for a very small part of the
BMI variance. Altogether, they explain only 1.45 % of BMI variance, while the
main FTO SNP alone accounts for 0.34 %. There is a very good linear relationship
between the genetic score and BMI. For each additional at-risk allele, BMI increases
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by 0.17 kg/m2 (435–551 g gain in body weight for adults of 160–180 cm in height).
The difference in BMI between individuals with a high susceptibility score (C38,
1.5 % of the sample) and those with a low susceptibility score (B21, 2.2 % of the
sample) was 2.75 kg/m2 (6.99–8.85 kg body weight). The predictive value for BMI
and obesity risk of the 32 variants combined is significant but modest. The area under
the receiver operating characteristic (ROC) curve for prediction of risk of obesity
using a model with age and sex was increased by 6 % when adding the genetic score
in the model. In other studies using 12 (Li et al. 2010) or 20 SNPs (Sandholt et al.
2010), the gain in predictive value was smaller, around 2 %.

Epigenetics and obesity

Epigenetics refer to mitotically or meiotically (germline cells) heritable changes in
gene expression that do not involve a change in DNA sequence (Jirtle and Skinner
2007). Epigenetic marks include DNA methylations and histone modifications
which mediate biological processes such as imprinting. Genomic imprinting
determines genomic expression of alleles according to their maternal or paternal
origin. Approximately 1 % of autosomal genes are imprinted with expression of
only one parental allele. One cluster of genes submitted to imprinting is located in
a region at 15q11. A paternal deletion in this region results in the Prader–Willi
syndrome. A moderate obesity appears in Albright hereditary osteodystrophy due
to disruption of imprinting at the GNAS locus (20q13.11). In utero environment,
nutrition may influence epigenetic variation affecting permanently metabolism and
chronic disease risk such as obesity and diabetes. Transgenerational effects have
been observed, due to epigenetic modifications in the germ line leading to
inheritance of a phenotype. Abnormal nutrition during gestation has been shown to
influence obesity and diabetes susceptibility in children of the 1st generation, but
also in the 2nd generation (Herrera et al. 2011; Jirtle and Skinner 2007).

Interactions between environment, epigenetic mechanisms and genetic varia-
tion likely play a role in the susceptibility to obesity. High-fat diets modulate the
methylation profile of MC4R and of POMC and LEP gene promoters. The PPARc
protein interacts with histone acetyltransferases during adipogenesis. The FTO
gene, which is a DNA demethylase might play a role by modifying the epigenetic
regulations.

Conclusion

These last years, progress in genomic analysis allowed to uncover a large number
of loci responsible of the susceptibility to obesity. A large part of them are
involved in the neurobehavioral axis, but other pathways are also contributive. The
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adipose tissue plays a role in this genetic susceptibility through the genetic vari-
ability of its differentiation factor PPARc and adipokines, leptin, and adiponectin.

Genetic studies have paradoxically demonstrated the importance of the envi-
ronmental influence in the susceptibility to obesity. For many genes, the genetic
effect is modulated by food intake and/or the level of physical activity, which is
very consistent with the recent epidemic of obesity in the context of an obesogenic
environment. Therefore, opposite to the cliché that genetic susceptibility means
that nothing can be done to cure your illness or to prevent it, the search of
environmental susceptibility factors would have efficacy in the treatment or pre-
vention. At cellular and molecular levels, this interaction is the consequence of
epigenetic modifications interacting with the genetic variation. Very recently, the
gut microbiome has been involved in the development of obesity (Tilg and Kaser
2011). Studies on the intestinal flora have shown in obese individuals that the
‘‘obese microbiota’’ seems to extract more energy from the diet. This can be
considered as a new kind of environmental influence. Since the microflora is
estimated to contain 150-fold more genes than the human host genome, this
interaction with endogenous bacterial environment can be considered as a gene–
gene interaction as well.

It might be deceiving that the combined effects of the genetic variants explain
only few percent of the inherited variation of obesity risk, which is called the
‘‘missing heritability’’, and have consequently a very small predictive value.
Collaborative studies for larger GWAS meta-analyses are currently running. For
example the GIANT consortium includes more than 100,000 individuals. The
increased statistical power of such studies will allow to detect new variants with
smaller effects (to only 50 g of body weight). Till now, the GWAS included SNPs
with a minor allele frequency equal or superior to 5 %. Systematic exome
sequencing is currently being performed to find rare alleles (missense or nonsense
mutations) with larger effects than those previously detected by GWAS. The 1,000
Genomes project has been designed to find rare variants, which will be used in new
genotype arrays with wider spectra of allele frequencies (2010). Other kind of
variants than SNPs should be studied, in particular CNVs (Copy Number Varia-
tions of sequences C1 kb). In the NEGR1 locus, the associated SNPs tag a 45 kb
deletion polymorphism, which is a candidate causal variant. The use of CNVs has
allowed detecting deletions and duplications in 16p21 responsible for extreme
obesity or familial leanness (Jacquemont et al. 2011).

These new approaches will increase the predictive value and the part of the
BMI variance explained by genetic variants. Nevertheless, it is difficult to conceive
that these methods will allow discovering enough gene variants to explain 95 % of
the heritability. By definition, the new variants with small effects will have small
effects, and rare variants (which might have larger effects) will be rare! We must
keep in mind that heritability of obesity and BMI might have been overestimated.
In this case, the discovery of many variants will never have enough predictive
value for clinical use.

The main interest in the genetic research concerning obesity is to reveal unknown
pathways. To this respect, the unsuspected loci revealed by GWAS open a large field
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of investigations. It remains to find the true causal genes and functional variants at
each locus by fine mapping and molecular biology experiments, then to launch
research at the molecular, cellular, and physiological levels to find out the mecha-
nisms and pathways involved in the susceptibility to obesity. These new pathways
then should be tested as therapeutic/pharmacologic targets. In this case, the genetic
information would be useful in predicting the response to targeted treatment.
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Chapter 25
Genetic and Acquired Lipodystrophic
Syndromes

Corinne Vigouroux, Véronique Béréziat, Martine Caron-Debarle
and Jacqueline Capeau

Introduction

Increased fat amount as observed in android obesity and metabolic syndrome is
clearly associated with metabolic complications. However, conversely, absence or
paucity of fat due to genetic or acquired human lipodystrophies leads to even more
severe metabolic alterations resulting in premature complications. In the recent
years, the genetic etiology of a number of lipodystrophic syndromes has been
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elucidated (Barroso et al. 1999; Cao and Hegele 2000; Magré et al. 2001; Agarwal
et al. 2002; George et al. 2004; Kim et al. 2008; Hayashi et al. 2009; Rubio-
Cabezas et al. 2009; Gandotra et al. 2011), pointing out the importance of several
proteins in adipose tissue (AT) physiology. Otherwise, acquired lipodystrophies
could be of iatrogenic origin, linked to treatment with some HIV-antiretrovirals or
corticoids, these forms being quite common, or could be associated with endocrine
or immune deregulations.

Lipodystrophic syndromes represent a heterogeneous group of diseases all
defined by partial or generalized loss of body fat. If partial, lipoatrophy is often
associated with fat hypertrophy in other depots, varying according to the type of
lipodystrophy. Lipodystrophy is generally associated with severe metabolic
alterations including insulin resistance, dyslipidemia and glucose intolerance,
stressing for the importance of fat for the correct regulation of whole-body
metabolism. Total absence of fat leads to very severe metabolic disturbances.
Partial loss of fat can lead to different phenotypes: if AT is reduced in the lower
part of the body and often increased in the upper part as in the familial partial
lipodystrophies (FPLD), severe metabolic alterations are observed (Garg 2011;
Vigouroux et al. 2011). When fat is reduced with a reverse phenotype, as observed
in the Barraquer-Simons syndrome, metabolic alterations are generally mild or
absent (Misra et al. 2004). AT has the capacity to buffer excess lipid and protect
cells against its toxicity (Virtue and Vidal-Puig 2010). In addition, AT releases a
number of important factors that control insulin sensitivity, inflammation, and
energy metabolism including adipokines and anti-inflammatory cytokines, but also
pro-inflammatory cytokines and chemokines, secreted in excess when AT is
adversely affected. It now appears that maintaining a healthy fat amount and
repartition is an essential requirement for the protection of metabolic homeostasis.

A number of human syndromes have been described, and some remain at present
not deciphered with regard to their genetic origin and/or their pathophysiological
mechanisms. We will only present in this chapter the main ones. The reader can benefit
from a recent complete clinical review from A Garg on the subject (Garg 2011).

Studying human lipodystrophies raises important questions on human fat
physiology:

• the markedly different severity of FPLD in men and women further stresses the
role of sexual hormones in fat development, repartition, and physiology

• the delayed appearance of FPLD questions the possible role of aging together
with hormones

• the association of fat hypertrophy with atrophy in different depots as a result of a
single affected protein further questions the different physiology of these depots

• the discovery that mutations in proteins associated with the adipocyte lipid
droplet lead to the most severe forms of lipodystrophy emphasizes the under-
recognized importance of this cellular organelle.

• the role of mitochondria in adipocyte function needs to be revisited since
mitochondrial dysfunction and increased oxidative stress are involved in several
forms of lipodystrophies and insulin resistance.
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• fat remodeling with fibrosis, classically linked to obesity and resulting in
lipotoxicity in other tissues, is probably also an important actor of human
lipodystrophies, with lipotoxicity-related alterations also present inside AT.

• endocrine factors have to be considered, as cortisol, growth hormone (GH), and
androgens, due to their ability to control adipose tissue distribution.

• the role of immune factors is also emerging, possibly leading to immune-linked
fat destruction.

Human Lipodystrophies: Clinical Data

At the clinical level, peripheral lipoatrophy of subcutaneous adipose tissue (SAT)
can be easily diagnosed when it affects regions with a natural large fat thickness.
Loss of fat into cheeks and temples gives a gaunt face and, in the limbs, makes
muscles and veins highly visible. However, lipoatrophy can be difficult to diagnose
if mild, in particular at the lower limb level in men, who have physiologically
a lower fat amount than women. Whole-body dual-energy X-ray absorptiometry
(DEXA) evaluates the total body fat amount, and, importantly, the distribution of
adipose tissue, which can help for the diagnosis of partial lipoatrophy. A CT-scan
at the thigh level can be useful but requires comparisons with normal subjects. The
diagnosis of visceral fat atrophy (or hypertrophy) requires imaging techniques:
a CT-scan or an MRI at the lumbar L4 level allows precise evaluation of the SAT
and visceral adipose tissue (VAT) areas.

Human lipodystrophies are generally associated with severe insulin resistance.
Therefore, clinical signs of insulin resistance can help diagnosis: the presence of
skin lesions of acanthosis nigricans, a skin brownish lesion present in the axillae,
neck, and other body folds is an excellent indication of marked insulin resistance,
in particular in normal-weight patients. Long-term insulin resistance can lead to
acromegaloid features, striking at the level of face and extremities, frequently
observed in congenital forms of lipodystrophies. Insulin resistance can result in
increased size of genital organs in prepubertal children and in, ovarian hyperan-
drogenism leading to hirsutism and sometimes virilization with polycystic ovary
syndrome or hyperthecosis in women. Post-receptor insulin resistance is also
commonly associated with hepatomegaly and liver steatosis.

At the metabolic level, lipodystrophies are characterized by glucose and lipid
alterations, which can be mild or even absent during childhood and increase in
severity when patients get older. Lipid alterations associate increased triglyceride
(TG) level, which can be raised up to 100 mmol/L, leading to a high risk of acute
pancreatitis, while HDL-cholesterol is decreased. Glucose values could remain in
the normal range in young patients, if insulin secretion is able to compensate for
insulin resistance, but increase progressively leading to glucose intolerance then
diabetes, difficult to control.

Regarding complications, the main short-term complication is acute pancreatitis
due to very high TG level. Chronic complications are related to long-term diabetic
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complications, microangiopathy, affecting retina, kidney and nerves, macroangi-
opathy, leading to early atherosclerosis, and to hepatic complications of steatosis
with steatohepatitis, sometimes leading to cirrhosis with portal hypertension and
hepatic failure.

The alternative diagnosis with syndromes of insulin resistance due to alterations
at the insulin receptor level (type A and type B syndromes) could be difficult.
However, in these latter syndromes, lipodystrophy, dyslipidemia, and liver stea-
tosis are absent and very high adiponectin levels have been recently reported
(Semple et al. 2008). Sex-hormone binding globulin (SHBG) and insulin-like
growth factor binding protein 1 (IGFBP1) levels were also reported to be
preserved or even elevated in insulin receptor linked-insulin resistance. In contrast,
in lipodystrophies, post-receptor insulin resistance is associated with low levels of
adiponectin, SHBG, and IGFBP1 (Semple et al. 2008). Lipomatosis represents a
different disease, characterized by localized fat tumors. Lipomas can be multiple,
affecting mainly the proximal limbs areas and the neck in the familial lipomatosis.
They are sometimes associated with mutations in mitochondrial DNA (MERRF
mutations in particular). The Launois-Bensaude lipomatosis, of unknown origin, is
often associated with peripheral neuropathy and increased alcohol intake.

Human Genetic Generalized Lipodystrophies

Generalized lipodystrophies are rare diseases characterized by complete lipoat-
rophy, affecting all metabolic fat depots, including in some cases the mechanical
fat depots.

In the congenital forms, named Berardinelli-Seip congenital lipodystrophy
(BSCL), fat is lost at birth or very early after. Lipoatrophy is associated with
muscular hypertrophy and organomegaly, in particular cardiac hypertrophy, and
insulin resistance. Growth could be accelerated in the children, but height is
generally normal in adults. During adulthood, acromegalic features often occur at
the face, hand, and feet levels.

BSCL is generally inherited according to a recessive pattern, most patients
exhibiting mutations in one of 4 different genes, encoding seipin (BSCL2) (Magré
et al. 2001), AGPAT2 (1-acylglycerol-3-phosphate-O-acyltransferase 2) (BSCL1)
(Agarwal et al. 2002), caveolin-1 (BSCL3) (Kim et al. 2008), or cavin-1/PTRF
(polymerase I and transcript release factor) (BSCL4) (Hayashi et al. 2009), all
acting on the pathways of triglyceride synthesis and/or storage in the adipocyte
lipid droplet (Fig. 25.1).

The clinical presentation is quite similar whatever the genotype of BSCL, but
patients with BSCL2 have the most severe phenotype and metabolic disorders and
often present with mild mental retardation. In addition, patients with cavin/PTRF
mutations often present with muscular dystrophy associating muscular hypertro-
phy and weakness, and elevated creatine kinase levels.
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AGPAT2

The first BSCL locus, BSCL1, was mapped on chromosome 9q34 and then
identified as AGPAT2 (Agarwal et al. 2002). Thirty-three different mutations have
been described among 110 patients: they are null mutations except nine missense
mutations. This gene is mutated in about 50 % of patients with typical BSCL. At
the clinical level, lipoatrophy implicates all fat depots, except mechanical fat.

AGPAT2 is an enzyme that esterifies the sn-2 position of lysophosphatidic acid
(LPA) using acyl-CoA as a substrate to form phosphatidic acid (PA), a key
intermediate step in the biosynthesis of glycerophospholipids and TG. AGPAT2 is
localized in the endoplasmic reticulum ER (Fig. 25.1), the site of TG synthesis and
lipid droplet formation and mainly expressed in adipocytes (Gale et al. 2006).

The mechanism by which AGPAT2 deficiency induces lipodystrophy is likely
related to the failure to synthesize TG and to form mature, lipid-loaded adipocytes.
Most AGPAT2 mutations underlying BSCL cause near-complete loss of AGPAT
activity in vitro. However, in addition to reduced TG storage, AGPAT2 knock-
down/deficiency causes an accumulation of several phospholipid species that
could be deleterious.

Fig. 25.1 Main proteins affected in genetic lipodystrophies. AGPAT2 1-acylglycerol-3-phos-
phate-O-acyltransferase 2; PPARc Peroxisome proliferator-activated receptor gamma; CIDEC
Cell death-inducing DFF45-like effector C
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Seipin

Seipin was identified in our laboratory by Jocelyne Magré as the protein mutated in
BSCL2 (Magré et al. 2001). Up to now, 31 different mutations have been identified
among 137 patients, the majority being ‘‘null’’ mutations that cause dramatic
disruption of the protein. Mutations in BSCL2 account for about half of BSCL
patients. At the clinical level, patients present the most severe BSCL phenotype
with an almost complete lack of AT (Van Maldergem et al. 2002; Simha and Garg
2003), a very low level of circulating leptin but surprisingly detectable adiponectin
levels (Antuna-Puente et al. 2010).

BSCL2 encodes an integral protein of the ER (Fig. 25.1). Homo-oligomers of
the seipin yeast orthologue were recently shown to form toroids at the junctions
between ER and cytosolic lipid droplets (Szymanski et al. 2007; Binns et al. 2010).

The function of seipin in lipid droplets was recently illuminated by data
obtained with yeast and human cells. Seipin deficiency results in severe alterations
in the morphology of the cellular lipid droplet indicative of a defect in the for-
mation or maturation of this organelle (Szymanski et al. 2007; Boutet et al. 2009),
associated with abnormalities in fatty acid composition of phospholipids (Boutet
et al. 2009). In lymphoblastoid cell-lines issued from patients with seipin muta-
tions, our lab evidenced a decreased activity of the stearoyl-CoA desaturase-1, the
key enzyme of fatty acid monoinsaturation (Boutet et al. 2009). Seipin deficiency
is also associated with defective adipogenesis.

Caveolin-1

A homozygous nonsense mutation was identified in CAV1, encoding caveolin-1, in
one patient by Jocelyne Magré in our laboratory (Kim et al. 2008) inducing a
complete loss of caveolin-1 expression in skin fibroblasts. The phenotype of the
patient was very similar to that of patients with BSCL1 or BSCL2, although she
presented in addition a short stature and a resistance to vitamin D. Additional
heterozygous CAV1 mutations have thereafter been observed but patients presented
with atypical partial lipodystrophy and hypertriglyceridemia (Cao et al. 2008).

Caveolin-1 is the major member of the caveolin family (which also comprises
caveolin-2 and the muscle-specific caveolin-3), which are integral components of
caveolae—specialized microdomains of the plasma membrane enriched in
cholesterol and sphingolipids. In adipocytes, caveolin-1 containing caveolae rep-
resent 20–30 % of the plasma membrane surface. In adipocytes, caveolae are
implicated in the entry of nutrients including free fatty acid (FFA) uptake and their
conversion to TG in the lipid droplet. Caveolin-1 is also expressed on the surface
of the adipocyte lipid droplet, and probably plays a regulatory role on its
expandability (Blouin et al. 2010) (Fig. 25.1). A role for altered autophagy was
recently proposed in CAV1 knockout mice (Le Lay et al. 2010). Possible
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mechanisms responsible for lipodystrophy could include impairments in the
structure and metabolic regulation of the lipid droplet, and/or FFA entry, leading
to altered TG synthesis and lipid storage, and to autophagy.

PTRF/Cavin-1

Mutations in PTRF encoding the polymerase I and transcript release factor (also
known as cavin-1) have been identified in 2009 in Japanese patients with a mixed
phenotype including generalized lipodystrophy and muscular dystrophy (Hayashi
et al. 2009) and confirmed thereafter. The phenotype of patients with cavin-1
mutations can vary with generally muscular dystrophy with elevated creatine
kinase levels and generalized lipodystrophy not always noticed at diagnosis,
together with metabolic derangements milder than those reported in other BSCL.
Pyloric stenosis and cardiac arrythmia have also been described in some patients.

Cavin-1 was recently shown as an essential factor required for the stabilization
of caveolae at the plasma membrane (Hill et al. 2008) that would participate to the
last phase of their biogenesis. Loss of cavin-1 causes loss of caveolae and a
reduction of expression and mislocalization of the three caveolins (Hayashi et al.
2009) that likely participate to the lipodystrophic and myopathic phenotype.
Cavin-1 is also colocalized with caveolin-1 on the adipocyte lipid droplet surface
(Fig. 25.1) and could participate to the regulation of triglycerides storage in adi-
pocytes (Blouin et al. 2010).

Other Genes

In addition, mutations in other genes have been associated with generalized
lipodystrophy together with signs of premature aging, occurring progressively in
the post-natal period. First, heterozygous mutations of LMNA, the gene encoding
A-type lamins, are responsible for the typical form of Hutchinson-Gilford progeria
(De Sandre-Giovannoli et al. 2003; Eriksson et al. 2003) and other progeroid
syndromes (Caux et al. 2003; Garg et al. 2009), and homozygous mutations in the
gene encoding the zinc metalloproteinase ZMPSTE24, which cleaves prelamin
A into mature lamin A, are involved in mandibuloacral dysplasia (MAD) type B
(Agarwal et al. 2003).

Other complex syndromes linked to DNA repair defects, including Werner and
Bloom syndromes, could present with lipodystrophy and severe insulin resistance,
in addition to signs of premature aging (Parker et al. 2011).
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Genetic Partial Lipodystrophies

A number of patients present partial forms of lipodystrophies collectively named
familial partial lipodystrophies (FPLD) with typically fat loss in the limbs and
buttocks and preserved fat or even gain of fat in the upper part of the body, face
and neck, and visceral fat.

FPLD are generally dominantly inherited but the lipodystrophic phenotype and
the metabolic complications appear progressively after puberty. The severity of the
phenotype is generally sex-related, and women have a more severe phenotype than
men. In a few cases, the disease is transmitted according to a codominant (met-
abolic laminopathy linked to LMNA p.T655fsX49 mutation (Le Dour et al. 2011))
recessive pattern (FPLD due to mutations in Cell death-inducing DFF45-like
effector C, CIDEC) (Rubio-Cabezas et al. 2009), or MAD type A also due to
mutations in LMNA (Novelli et al. 2002)). The reason for the delayed appearance
and the sexual dimorphism is not well understood but suggests the involvement of
age-related and possible hormone-related processes. The proteins affected in FPLD
are either nuclear proteins as PPARc and lamin A/C, or proteins involved in
insulin signaling as Akt2, or in the adipocyte lipid droplet formation, regulation or
maintenance as CIDEC and perilipin (Table 25.1, Fig. 25.1).

Lamin A/C

Familial Partial Lipodystrophy of the Dunnigan type (or FPLD2) is the most
typical form of partial lipodystrophic syndrome linked to LMNA mutations. The
LMNA gene encodes the nuclear intermediate filaments A-type lamins, which
polymerize with B-type lamins to form the nuclear lamina at the nucleoplasmic
side of the inner nuclear membrane in all differentiated cells (Worman 2012)
(Fig. 25.1). In addition, A-type lamins are also found in the nucleoplasm, where
they interact with chromatin, DNA and transcription factors, and regulate gene
positioning, DNA replication, and gene transcription.

The main isoforms of A-type lamins are lamin A and lamin C, which arise from
alternative splicing of LMNA. Lamin C is produced as a mature protein while a
complex post-translational maturation of prelamin A, involving, among several
enzymatic processes, the farnesylation of the CAAX C-terminal motif of the
protein and ZMPSTE24-mediated proteolysis steps, gives rise to non-farnesylated
mature lamin A.

Mutations in LMNA cause laminopathies, a group of rare disorders with wide
clinical heterogeneity ranging from Emery-Dreifuss muscular dystrophy, limb-
girdle muscular dystrophy type 1B, dilated cardiomyopathy with conduction defects,
Charcot-Marie-Tooth axonal neuropathy type 2B1, lipodystrophic syndromes and
metabolic laminopathies to severe or lethal premature aging syndromes, including
MAD-A, Hutchinson-Gilford progeria and progeroid syndromes, and restrictive
dermopathy (Worman 2012).
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Most LMNA mutations responsible for FPLD2 are heterozygous substitutions of
the 482nd codon, in the globular C-terminal domain of the protein, involved in the
binding of lamin A to DNA and several transcription factors including SREBP-1c.
The FPLD2 phenotype develops after puberty and is characterized by limbs and
trunk subcutaneous lipoatrophy, facio-cervical accumulation of fat, insulin resis-
tance, and metabolic alterations with early cardiovascular complications (Cao and
Hegele 2000; Shackleton et al. 2000). We have recently shown that the accumu-
lation of cervical fat is not only due to a compensatory storage of triglycerides in
these patients, but is a peculiar dystrophic tissue, showing fibrosis, small adipo-
cytes, and remodeling characteristics toward brown-like fat phenotype (Béréziat
et al. 2011). Women with FPLD2 are more severely affected, both at the clinical
and biological levels than men (Vigouroux et al. 2000). In addition to the typical
FPLD2 phenotype, we have described other forms of ‘‘metabolic laminopathies’’
with insulin resistance being the prominent sign, frequently associated with
myopathy, and/or cardiac conduction disturbances, in the absence of obvious
clinical lipodystrophy (Decaudain et al. 2007; Young et al. 2005). Although
typical FPLD2 is an autosomal dominant disease, we have recently described a
syndrome linked to a new LMNA mutation, expressed at the heterozygous or the
homozygous state, associating partial lipodystrophy, severe insulin resistance, and,
in some patients, cardiac conduction defects (Le Dour et al. 2011).

Lipodystrophies due to LMNA mutations can also lead to even more complex
phenotypes, with progeria-like features (Caux et al. 2003; Garg et al. 2009). In
deed, partial or generalized lipoatrophy is part of the phenotype of typical pre-
mature aging syndromes due to LMNA mutations, MAD and Hutchinson-Gilford
progeria. In these diseases, lipoatrophy is associated with post-natal growth
retardation, craniofacial dysmorphy, skeletal and skin abnormalities (De Sandre-
Giovannoli et al. 2003; Eriksson et al. 2003; Novelli et al. 2002). Interestingly, null
mutations in ZMPSTE24, leading to the synthesis of a permanently farnesylated
prelamin A, also cause premature aging syndromes with lipodystrophy, in humans
and mice (Agarwal et al. 2003).

The molecular mechanisms by which mutations in ubiquitously expressed
A-type lamins lead to disorders specifically affecting highly specialized tissues
(muscle, heart, AT, bone, cartilage) remain to be elucidated. Three main
hypotheses, not mutually exclusive, have been proposed: lamin A/C mutations
could result in cellular mechanical stress, in gene expression alterations (leading in
particular to altered mesenchymal cell differentiation), and/or in premature aging
or lipodystrophic syndromes due to toxicity of farnesylated mutated lamins.

PPARc

The PPARc gene encodes the two main isoforms PPARc-1 and PPARc-2 that
differ by an extra 28-amino acid sequence at the NH2-terminal end of PPARc-2.
PPARc-2 is mainly expressed in AT while PPARc-1 is more ubiquitously

382 C. Vigouroux et al.



distributed. The transcriptional activity of PPARc is induced by endogenous
ligands or by synthetic compounds as thiazolidinediones (TZDs). PPARc trans-
activation activity is regulated by a number of co-regulators and co-repressors.
PPARc regulates a series of genes involved in adipogenesis (Rosen et al. 1999), in
the release, transport, and storage of fatty acids (lipoprotein lipase and the fatty
acid transporter CD36). PPARc also controls insulin-dependent glucose and lipid
metabolism, and exerts anti-inflammatory and antioxidant effects in endothelial
cells, smooth muscle cells, and macrophages (Duan et al. 2009). PPARc also
regulates bone homeostasis.

Rare dominant-negative and loss-of-function mutations affecting the ligand-
binding domain of PPARc have been identified in patients with FPLD3. The
mutations P495L, V318 M (Barroso et al. 1999), and those that lead to truncated
proteins (315X and R357X) disrupt the interaction of PPARc with ligands and
coactivators. Several dominant-negative mutations have been described (C114R,
C131Y, C162 W) that disrupt the DNA binding domain. Other PPARG mutations
induce conformational changes in the ligand or DNA binding domains, thus
impairing PPARc transactivation (Jeninga et al. 2009).

The patients are characterized by fat loss in the limbs and gluteal region,
hepatic steatosis, dyslipidemia, severe insulin resistance, diabetes and cardiovas-
cular complications (Jeninga et al. 2009). Importantly, the majority of lipody-
strophic patients bearing PPARc mutations present also with severe hypertension,
providing evidence for a critical role for PPARc in blood pressure regulation that
may be independent of altered insulin sensitivity.

Akt2

The gene encoding the protein kinase B, AKT2, has been involved in one family
affected with FPLD. This kinase, playing an important role in the insulin metabolic
pathway, was mutated in several members of a family with a dominant trans-
mission of hyperinsulinemia and diabetes (George et al. 2004) (Fig. 25.1). The
probant presented with partial lipodystrophy. However, this gene was not found
mutated in other lipodystrophic patients and two other missense mutations in
AKT2 do not clearly segregate with insulin resistance in the families and do not
alter Akt2 kinase activity (Tan et al. 2007). Interestingly, Akt2 is the major Akt
isoform found in adipocytes. Akt has been clearly involved in the inhibition of
lipolysis exerted by insulin since it activates the phosphodiesterase PDE3B, which
hydrolyses cyclic AMP, therefore decreasing activation of hormone sensitive
lipase (HSL).

Recently, activating mutations of Akt2 were found to be responsible for genetic
syndromes of hypoglycemia (Hussain et al. 2011).

25 Genetic and Acquired Lipodystrophic Syndromes 383



CIDEC

A homozygous non-sense mutation of CIDEC (p.E186X), leading to the synthesis
of a protein truncated in its C-terminal part, has been identified in a young woman
presenting with partial lipoatrophy, predominantly affecting limbs and abdomen,
muscular hypertrophy, insulin resistant diabetes with acanthosis nigricans,
hypertriglyceridemia, and liver steatosis (Rubio-Cabezas et al. 2009). The CIDE
(cell death-inducing DFF45-like effector) family of proteins comprises three
members, CIDEA, CIDEB, and CIDEC, the latter being the human homolog of the
murine protein FSP27. CIDE proteins play important roles in fat energy metab-
olism. FSP27 and CIDEC are predominantly expressed in AT (Fig. 25.1) and in
steatotic liver, where they localize to the lipid droplets. CIDEC participates in
adipose lipid droplet formation and contributes to the human preadipocyte dif-
ferentiation process (Li et al. 2010).

Histology of subcutaneous fat from the patient with CIDEC mutation revealed
many adipocytes with multiple small lipid droplets and increased mitochondrial
density. In accordance, the resting metabolic rate of this patient was increased. In
vitro functional studies showed that the mutated CIDEC remained cytosolic, did
not localize to lipid droplets and failed to increase their size (Rubio-Cabezas et al.
2009).

Perilipin

A collaborative work between the group of S O’Rahilly and D Savage and our
group has recently shown that heterozygous inactivating mutations of the perilipin
gene (PLIN1) are responsible for a new FPLD syndrome, now called FPLD4
(Gandotra et al. 2011). We have identified two different heterozygous PLIN1
frameshift mutations (p.L404VfsX158 and p.V398GfsX166) in three non-related
women with partial lipoatrophy, insulin resistant diabetes, hypertriglyceridemia,
and liver steatosis, leading to the synthesis of aberrant amino acids in the
C-terminal region of the protein. These mutations co-segregated with the disease
according to an autosomal dominant transmission. Subcutaneous AT from the
patients showed an increased fibrosis with macrophage infiltration and adipocytes
of decreased size. In accordance, 3T3L1 preadipocytes expressing the mutated
forms of perilipin 1 had reduced lipid droplet size and increased basal lipolysis.

Perilipin belongs to the ancient family of the PAT proteins, which bind to
intracellular lipid droplet and share a highly-related structure. The unifying
nomenclature of ‘‘perilipin’’ proteins (and PLIN genes), numbered sequentially
from 1 to 5, has been recently adopted to identify the five members of this family.
Perilipin (now perilipin 1, encoded by the PLIN1 gene, chr. 15q26) is specifically
localized at the surface of the lipid droplet in adipocytes (Fig. 25.1) and steroi-
dogenic cells.
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Perilipin 1 is the most abundant lipid droplet coat protein. It is characterized by
the presence of five consensus sequences for serine phosphorylation by c-AMP-
dependent protein kinase A (PKA), allowing the regulation of adipocyte lipid
storage and lipolysis in response to the cell metabolic status. Perilipin 1 has a dual
metabolic function, serving as a dynamic scaffold to coordinate the access of
lipases to the lipid droplets (Brasaemle 2007). In the basal state (i.e., in the absence
of lipolytic stimuli), perilipin 1 associates with the protein CGI-58 (comparative
gene identification-58), a co-activator of ATGL (adipose triglyceride lipase), and
restricts the access of cytosolic HSL to stored triglycerides, therefore protecting
the lipid droplet by reducing basal lipolysis. Conversely, in response to cate-
cholamines, increased cAMP levels activate PKA, which phosphorylates HSL and
perilipin 1. Consequently, CGI-58 dissociates from polyphosphorylated perilipin
1, which recruits HSL at the surface of the lipid droplet, thus activating lipolysis.
PLIN1 mutations evidenced in patients with FPLD4 have been shown to impair the
binding of perilipin 1 to CGI-58 in the basal state, thus inducing a sustained
constitutive lipolysis (Gandotra et al. 2011a; b).

Human Acquired Lipodystrophies

Acquired Generalized Primary Lipodystrophies

Acquired primary loss of AT is a rare condition. Acquired complete lipoatrophy,
named the Lawrence syndrome, can occur in childhood or adulthood. It is asso-
ciated with the occurrence of severe metabolic disorders and insulin resistance and
leads to early cardiovascular, diabetic, and hepatic complications. The presentation
is very similar to that of BSCL patients. In addition, in some patients, panniculitis
could precede the progressive loss of fat. This form could be associated with signs
of auto-immune disorders as hepatitis or anemia. Low complement factor C3, C4,
and/or the presence of the C3 nephritic factor is recorded (Misra et al. 2004;
Savage et al. 2009). It has been proposed that the progressive disappearance of fat
was due to autoantibodies directed against AT (Misra et al. 2004; Savage et al.
2009).

Recently, the group of A Garg described a complex syndrome associating
lipodystrophy together with major osteoarticular disorders and a striking
dysmorphic appearance. Lipodystrophy resulted from panniculitis-induced fat
atrophy and was associated with joint contracture, muscle atrophy, microcytic
anemia but with minor metabolic alterations. These patients had an autosomal
recessive auto-inflammatory syndrome associated with a homozygous mutation in
a gene encoding a catalytic subunit of the immunoproteasome, PSMB8. Patients’
lymphoblasts showed reduced chymotrypsin-like proteolytic activity mediated by
immunoproteasome probably affecting MHC class I antigen processing and
resulting in overall inflammation (Agarwal et al. 2010). A Japanese group has

25 Genetic and Acquired Lipodystrophic Syndromes 385



recently confirmed these data and has shown that the protein encoded by PSMB8
also played a role in adipocyte differentiation (Kitamura et al. 2011).

Acquired Partial Primary Lipodystrophies

Regarding acquired partial lipodystrophies, with fat loss in some depots and fat
gain in others, the altered body composition could resemble the FPLD phenotype
associated with metabolic disorders. The origin of a number of cases, genetic or
not, is lacking.

Among the different forms of partial acquired lipodystrophy, one form can be
identified since its phenotype is the reverse of that found in FPLD. Patients with
the Barraquer-Simmons syndrome, more frequent in women, present a decreased
fat amount in the upper part of the body (face, trunk, arms) while fat in the lower
part is in excess (buttocks, hips, legs). The majority of the cases are sporadic, and
their etiology is unknown, even if auto-immunity has been reported in some cases.
A membrano-proliferative glomerulonephritis affects one-third of the patients and
more than half of them show signs of activation of the alternate complement
pathway: low circulating levels of C3 and presence of C3 nephritic factor.
Heterozygous alterations in LMNB2 encoding lamin B2 have been reported by
Hegele et al. (2006) but were not confirmed by the other groups involved in the
genetics of lipodystrophies.

Interestingly, while patients with loss of fat in the lower part of the body present
with severe metabolic alterations, patients with the reverse phenotype display
generally mild or absent alterations, in agreement with the neutral or even bene-
ficial metabolic role of subcutaneous fat from lower limbs (Manolopoulos et al.
2010).

HIV-Related Lipodystrophy

The most frequent form of acquired lipodystrophy is related to HIV-infection and
its treatment. In the 1980s, HIV-infection was associated with a devastating burst
of morbidity and mortality together with the occurrence of a severe wasting
syndrome. The introduction of antiretroviral drugs, at first nucleoside analogue
reverse transcriptase inhibitors (NRTI) and, in 1996, HIV-protease inhibitors (PI),
allowed a spectacular control of the infection and a marked decrease in AIDS-
related mortality and morbidity but resulted in the occurrence of lipodystrophy. In
the early 2000s, about half HIV-infected patients (20–80 % according to the
studies) were diagnosed with lipodystrophy. A severe lipoatrophy affecting
subcutaneous AT was commonly reported in lipodystrophic patients and could be
generalized or associated with abdominal fat accumulation, mainly at the intra-
visceral level, in some of them. The two phenotypes were often associated. The
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responsibility of the antiretroviral treatment was rapidly ascertained with a major
role for thymidine analogue reverse transcriptase inhibitors (tNRTI), mainly
stavudine but also zidovudine, in the occurrence of lipoatrophy. Otherwise, first
generation PIs were proposed to act in synergy with tNRTIs and to play a role in
visceral and upper body fat hypertrophy. Lipodystrophy was generally associated
with metabolic abnormalities, in particular severe dyslipidemia and markedly
increased levels of triglycerides and with insulin resistance, altered glucose
tolerance, and even diabetes (Caron-Debarle et al. 2010).

At present, lipodystrophy is less prevalent with more recent antiretrovirals used
in developed countries but stavudine is largely proposed for treatment initiation in
developing countries. Moreover, long-standing lipoatrophy is only partially and
slowly reversible. Recently, an increased incidence of abdominal lipohypertrophy
has been outlined, associated with the antiretroviral treatment but not clearly
associated with any specific class or drug. This lipohypertrophy participates in the
increased cardio-metabolic risk observed in these patients. In addition, a state of
increased insulin resistance could be linked to immune deficiency in HIV-infected
patients, even before the initiation of the antiretroviral treatment (Boufassa et al.
2012). In a large cohort of HIV-infected patients, lipoatrophy and/or abdominal
adiposity, as well as the use of some antiretrovirals, were risk factors for incident
diabetes (Capeau et al. 2012).

When considering the possible mechanism of antiretroviral toxicity on adipose
tissue, stavudine and zidovudine, which cause severe mitochondrial toxicity in part
by inhibiting the mtDNA polymerase c, decrease fat amount and lead to
lipoatrophy.

Some HIV-PI are able to inhibit ZMPSTE24 and induce prelamin A accumu-
lation resulting in oxidative stress and inflammation (Caron et al. 2007). The
ability of pravastatin or farnesyl transferase inhibitors, which preclude prelamin A
farnesylation, to reverse PI-induced-oxidative stress and inflammation has been
clearly shown in vitro in fibroblasts and endothelial cells (Caron et al. 2007;
Lefèvre et al. 2010).

Taken as a whole, HIV-related lipodystrophy is now considered as a complex
multifactorial process. A role for the virus itself is possible but the antiretroviral
drugs exert the main effects.

Lipodystrophies Linked to an Excess of Cortisol

Finally, endogenous or exogenous hypercortisolism is associated with the develop-
ment of a lipodystrophic syndrome with fat loss in the extremities and central fat gain
including moon-like facies, buffalo hump (increased subcutaneous fat in the posterior
neck and the upper back) and increased visceral AT, leading to the Cushingoid
appearance. In addition, these subjects undergo bone loss, hypertension, hyperan-
drogenism and metabolic alterations with insulin resistance, altered glucose toler-
ance, diabetes, dyslipidemia, and increased cardiovascular risk (Fardet et al. 2007).
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The role of cortisol in adipose tissue is important to consider, since fat is able to
convert inactive cortisone into active cortisol due to the presence of the enzyme
11b-hydroxysteroid dehydrogenase type 1. It has been observed that abdominal
subcutaneous AT is able to secrete cortisol while the role of visceral fat in that
setting has been recently questioned in men. Cortisol increases adipocyte size
leading to insulin resistant large adipocytes while it inhibits adipocyte prolifera-
tion. However, the mechanisms by which cortisol induces lipodystrophy remain
unclear.

The Consequences of Defective Fat on Others Tissues
and on Metabolism

Lipodystrophy is always associated with a loss of fat, at least in some depots.
Defective AT differentiation, as expected in the case of mutations affecting PPARc
will obviously result in lipodystrophy due to the major role of this factor in
adipogenesis, but other tissues are affected since PPARc is expressed in a number
of cell-types where it regulates immunity and inflammation. Otherwise, in most
cases of lipodystrophies, it seems that the major concern is the decreased ability to
store TG in the adipocyte lipid droplet leading to decreased adipocyte lipid content
and therefore lipoatrophy. Indeed, most of the proteins mutated in human
lipodystrophies are directly involved in the synthesis and maintenance of the lipid
droplet (seipin, perilipin, CIDEC, caveolin 1, and cavin-1) or are acting in the
pathways leading to lipid synthesis or storage, at the level of the nucleus, endo-
plasmic reticulum, or caveolae (lamins A/C through SREBP-1c, AGPAT2, cave-
olin 1, and cavin-1). Altered lipid storage could result in lipotoxicity inside
adipocyte, due to an excess level of intracellular fatty acids or their derivatives.
These fatty acids could no longer be stored inside the lipid droplet, leading to
mitochondrial dysfunction and increased oxidative stress and therefore to
inflammation, remodeling, and lipoatrophy. Dysfunctional AT could result in
altered metabolism, insulin resistance, impaired fasting glucose, and dyslipidemia.

An interesting hypothesis has been proposed related to the limitation of fat
expandability (Virtue and Vidal-Puig 2010; Huang-Doran et al. 2010). In the
general population, it has been observed that some obese individuals, even with
very high BMI, are metabolically healthy while, in contrast, less obese subjects
could present major metabolic alterations. It is considered that AT has a limited
capacity to expand through combination of hyperplasia (limited in adults) and
hypertrophy (Virtue and Vidal-Puig 2010). States of positive energy balance are
associated with expansion of fat depots to accommodate excess energy intake. But
expandability is finite up to a particular set point that varies on an individual basis
including genetic factors. Beyond this set point, additional energy excess results in
AT failure with oxidative stress, recruitment of macrophages, release of cytokines
and of FFA, and decreased adiponectin leading to lipotoxicity. In lipodystrophies,
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due to limited expansion of fat through defective lipid and lipid droplet formation
and maintenance, the set point for fat storage is very low and very rapidly the
storage capacity is overwhelm leading to ectopic storage of lipids and severe
metabolic deregulation.

The severe insulin resistance and metabolic complications associated with
complete lipoatrophy probably result from a high level of lipotoxicity in these
patients, that are completely unable to store fat in AT and therefore present with
massive ectopic lipid depots in the muscles, heart, liver, and pancreas. In addition,
their very low leptin level may contribute to ectopic fat deposition that is, at least
partially, reverted by a treatment with recombinant leptin (Chong et al. 2010). The
alterations linked to lipotoxicity are probably less severe in patients with partial
forms of lipodystrophy, in which lipid storage in some AT depots is still possible.

Therapeutic Options for Human Lipodystrophies

Treatment of metabolic alterations can benefit from diet and exercise recom-
mendations that can ameliorate insulin sensitivity and hypertriglyceridemia. When
diabetes is present, it is generally insulin resistant and difficult to control. Insulin
sensitizers are used at first, as metformin. A treatment with TZD resulted in
favorable effects on glucose control in several patients, even those with mutations
in PPARG, but is no longer available in France and the use is restricted in other
countries. Very high doses of insulin are frequently required. In some cases,
medium chain fatty acids supplementation can contribute to lower TG. Otherwise,
hypolipidemic drugs such as fibrates are required to avoid major hypertriglyceri-
demia, which can lead to acute pancreatitis.

Since these patients often present very low leptin levels, replacement of leptin
with recombinant human leptin has been evaluated and resulted in markedly
improved metabolic values, and regression of liver steatosis, particularly in severe
lipoatrophic and hypoleptinemic patients (Oral et al. 2002).

The altered body fat repartition can benefit from plastic surgery. Patients with
FPLD2 sometimes undergo successful removal of excess fat at the neck level. In
patients with HIV-related facial lipoatrophy, plastic surgery is able to provide
amelioration, even if often transitory: the Coleman technique consists in injection
into the cheeks of autologous fat. Otherwise, the use of slowly resorbable poly-
lactic acid gels or with non-resorbable fillers such as alkyl-imide allows partial
correction. In some patients with severe hypertrophy of fat as buffalo humps, fat
removal can be proposed but with a risk of recurrence.

Some medications could possibly improve lipoatrophy: a treatment with trog-
litazone, a first generation TZD, was initially shown to restore some fat in the
limbs in patients with generalized lipodystrophy not related to HIV-infection
(Arioglu et al. 2000). In patients with HIV-related lipodystrophy, TZD revealed
poor efficacy on fat restoration. This was probably due to the presence of stavudine
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in the patients’ treatment, which impeded fat restitution. When pioglitazone was
given to patients not treated by stavudine, a moderate improvement in peripheral
fat was reported (Slama et al. 2008).

Conclusion

Lipodystrophies represent a heterogeneous group of severe diseases leading to
early diabetic, cardiovascular, and hepatic complications. Alterations in adipose
tissue distribution could result from mutations in several genes: the presence of
lipodystrophy outlines the importance of these genes in adipose tissue function.
The role of the adipocyte lipid droplet as a new organelle playing a leading role in
adipocyte functions is shown by the discovery that several genes mutated in
lipodystrophies act at that level (Vigouroux et al. 2011). Active researches are
looking for mutations in other candidate genes. Even if the pathophysiology of
lipodystrophies remains largely unknown, it is obvious that all situations with fat
loss, in particular in the lower body fat depots, are associated with severe meta-
bolic disturbances and insulin resistance, while the only lipodystrophic syndrome
with the reverse repartition of fat (the Barraquer-Simons syndrome) is generally
not associated with severe metabolic alterations. This is reminiscent of the android
obesity associated with abnormal metabolic parameters while the gynoid form is
largely devoid of them.

Human partial lipodystrophies commonly associate loss of fat in some depots
while others are increased. This points to the different physiology of the different
fat depots, since the same genetic alteration or drug-induced toxicity results in
opposite phenotypes depending on the fat localization.

The presence of mitochondrial dysfunction in lipodystrophies has been revealed
in adipose tissue from patients with FPLD2 and other LMNA mutations but also in
HIV-related lipodystrophies. Interestingly, some forms of lipomatosis result from
mutations in mitochondrial DNA. Therefore, the relation between mitochondria
and adipose tissue is probably important and complex and could result either in
lipoatrophy but also in hypertrophied fat. Mitochondrial dysfunction has been also
involved in muscular insulin resistance found during aging and in diabetic patients.

The specific role of lamin A/C in adipose tissue is important to consider.
Accumulation of farnesylated prelamin A is involved in several diseases associated
with premature aging but also in LMNA and HIV-linked lipodystrophies, which
also present signs of premature aging. During normal aging, redistribution of fat
from the lower to the upper body fat depots is observed. Whether there is a link
between type A-lamins and normal aging remains to be demonstrated.

Therefore, studies on human lipodystrophies help to understand the complex
physiology and pathophysiology of fat. They point to new genes and new targets,
which could lead to the discovery of new therapeutic clues in order to help
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treatment of patients with lipodystrophies but also, more generally, of patients with
common forms of fat redistribution as observed in the metabolic syndrome and
type 2 diabetes.

Summary

Human lipodystrophic syndromes are rare conditions in which total or partial fat loss
is associated with severe alterations of lipid and glucose parameters together with
insulin resistance leading to early diabetes, cardiovascular, and hepatic complica-
tions. Lipodystrophies can be classified as genetic or acquired and as generalized or
partial. The genetic origin of a number of human lipodystrophic syndromes has been
recently unraveled and 10 genes are associated at present with human lipodystro-
phies, revealing the genetic heterogeneity of these syndromes that are transmitted
according to a monogenic recessive or dominant pattern. Acquired forms of lipo-
dystrophy are iatrogenic or linked to immune and endocrine factors, the main ones
being secondary to treatments with some human immunodeficiency virus (HIV)-
antiretrovirals or to endogenous or exogenous excess of cortisol. Overall, limited fat
storage in adipose tissue leads to an altered buffering capacity of excess caloric
intake leading to ectopic lipid accumulation in liver, muscles, heart, and pancreas,
responsible for impaired insulin sensitivity and cellular dysfunctions. In partial
lipodystrophies, increased lipolysis and production of inflammatory mediators by
the remaining fat also participates to this process called ‘‘lipotoxicity’’ with
increased oxidative stress, insulin resistance, and fat remodeling. Indeed, most of the
proteins or functions affected by mutations or some antiretrovirals result in altered
adipogenesis, triglyceride storage, and/or formation of the unique adipocyte lipid
droplet. Some mutations or antiretrovirals could affect adipogenesis directly or
indirectly, through the transcription factors (PPARc peroxisome proliferator-acti-
vated receptor gammac, mutated or secondarily altered) or sterol regulatory element
binding protein 1c (SREBP1c, secondarily altered by lamin A/C mutations or some
HIV protease inhibitors), and insulin signaling through post-receptor alterations
(including Akt2 mutations). Other mutated genes are involved in the control of
triglyceride synthesis toward the adipocyte lipid droplet (AGPAT2, 1-acylglycerol-
3-phosphate-O-acyltransferase 2), or in the formation or maintenance of the lipid
droplet (seipin, cell death-inducing DFF45-like effector C (CIDEC), perilipin,
caveolin-1, cavin-1). In partial lipodystrophies, remaining fat appears abnormal,
with fibrosis and mitochondrial dysfunction. Endocrine factors, such as increased
cortisol, decreased growth hormone, and androgens probably worsen the phenotype
of upper body and/or visceral fat hypertrophy. In all cases of lipodystrophies,
‘‘lipotoxicity’’ results in adverted liver and heart functions leading to early com-
plications. The management of lipodystrophic patients is difficult: lifestyle modi-
fications with control of caloric intake and increased exercise are required but rarely
sufficient, insulin sensitizers and molecules lowering lipids should be used, and high
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doses of insulin are frequently needed. New therapeutic options as recombinant
human leptin (metreleptin) substitution appear helpful in patients with severe
metabolic complications.
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Chapter 26
Is the Adipose Tissue a Relevant Target
for Obesity Treatment?

Olivier Ziegler and Michel Krempf

Introduction

An excess in adiposity has been clearly associated with numerous comorbidities
and pathophysiologic processes, including mechanical and metabolic complica-
tions (insulin resistance, altered glucose, or lipid metabolism) influenced by
inherited or acquired factors.

In order to define relevant therapeutic targets, it is critical to distinguish obese
individuals at high risk for obesity-related metabolic diseases from those who are
metabolically healthy (Blüher 2009; Dulloo et al. 2010; Primeau et al. 2010). Sex
(male), age, body mass index (BMI), and central adipose tissue (AT) distribution
are clearly the main parameters (Després and Lemieux 2006; Jensen 2008).

However, new concepts have emerged during the last 10 years, as limited AT
expandability, AT dysfunction, abnormal free fatty acid (FFA) trafficking, specific
role for visceral AT (VAT), ectopic fat accumulation, low-grade inflammation,
acquired partial lipodystrophy or lipotoxicity (Dulloo et al. 2010; Jensen 2008;
Danforth 2000; Frayn 2002; McGarry 2002; Ravussin and Smith 2002; Lewis et al.
2002; Bays et al. 2006; Boden 2008; Heilbronn et al. 2004; Unger 2003; Unger
et al. 2010; Virtue and Vidal-Puig 2008, 2010; Mittendorfer 2011; Arsenault et al.
2011; Guri and Bassaganya-Riera 2010).
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In other words, metabolic abnormalities could be viewed as the result of
impaired AT function, a phenomenon described in the literature as « adiposopa-
thy » (Bays et al. 2006), « adipocyte dysfunction » (Guri and Bassaganya-Riera
2010; Guilherme et al. 2008) « hazardous fat » versus « protective fat » (Dulloo
et al. 2010), « sick adipose tissue » (Mittendorfer 2011), « metabolically healthy
versus unhealthy obese individuals » (Blüher 2009; Primeau et al. 2010) or
« lipocentric approach of type 2 diabetes » (T2DM) (McGarry 2002). Of note, this
new hypothesis was defended by McGarry (McGarry 2002) during the 2001
Banting lecture: obesity-related insulin resistance could be secondary to ectopic fat
accumulation in liver and muscle.

AT is the main lipid storage depot in our body, and is of crucial importance in
buffering the daily influx of dietary fat entering the circulation (Frayn 2002). The
aim of this paper is to review how impaired AT function contributes to the met-
abolic syndrome, a pro-inflammatory, atherogenic, and diabetogenic state (Després
and Lemieux 2006; Arsenault et al. 2011).

There is a need to revise the clinical approach to the problems of obesity
treatment, as further discussed below. Targeting not only caloric imbalance but
also AT dysfunction may represent a novel strategy to prevent obesity-related
diseases. In short, to the question: is the AT a relevant therapeutic target for
obesity management? The answer is yes, but guidelines should help to identify
who are the healthy or unhealthy obese patients, and who will benefit the most of
treatments including novel strategies targeting AT dysfunction.

A New Paradigm

Normal Adipose Tissue Function

Healthy AT is characterized by a larger number of small fat cells, and a low level
of local inflammation. It is well vascularized leading to an adequate supply of
oxygen and nutrients for the fat cells and minimally fibrotic. It also displays
preserved insulin sensitivity and mitochondrial function.

The main function of adipocytes is to store FFA during energy overload and
release them during fasting or starvation. AT has a special place in ‘‘buffering’’
lipid fluxes because it is the single major tissue where triacylglycerol (TG)
clearance and FA trapping are up-regulated in the post-prandial period (Jensen
2008; Frayn 2002). It is also the only site of an adapted release of FFA into the
circulation, when energy is required. These two functions are the key of AT
metabolic flexibility.

AT is also a major endocrine organ with a very active secretory pathway, shown
to link adiposity to insulin resistance, T2DM and cardiovascular diseases (CVD). As
an example, adiponectin has insulin-sensitizing, anti-inflammatory, anti-apoptotic,
and pro-angiogenic properties. The beneficial metabolic effects of this adipokine is
to increase the metabolic flexibility of AT.
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Impaired Metabolic Flexibility

FFA Flux From Adipose Tissue, a Mass Effect

Since the pool of FFA of adipocytes is released into the circulation in relation to its
size, the greater overall fat mass of AT in obese individuals will result in an
elevation of FFA flux to non-adipose tissues (Frayn 2002; Boden 2008), even in
the absence of a qualitative abnormality in AT metabolism (Lewis et al. 2002).
The accumulation of TG in AT leads to increased lipolysis by a mass effect.
De facto, severe obesity is directly associated with systemic insulin resistance
related to enhance FFA flux (Boden 2008).

Role of Insulin Resistance

Insulin resistance of any cause, is associated with metabolic flexibility impairment,
both for uptake or release of FFA. Indeed insulin increases lipoprotein lipase
action, which is the key enzyme for FFA uptake by adipocytes from TG-rich
lipoproteins. Insulin inhibits FFA release (lipolysis) from AT into the circulation
via suppressing hormone-sensitive lipase.

As insulin resistance develops, TG accumulation in ‘‘fat-buffering’’ AT is
limited (i.e. expandability is limited) (Unger 2003). Moreover insulin-mediated
suppression of lipolysis is overwhelmed and increased release of FFA in the
circulation ensues leading to fat accumulation into the liver and other non-adipose
tissues (McGarry 2002; Lewis et al. 2002; Boden 2008).

Regional Differences in Fat Cell Metabolism

Adipocytes from different fat depots do not have the same metabolic properties,
which explain some differences in whole-body lipid metabolism between men and
women. Visceral fat cells are more sensitive than subcutaneous (sc) fat cells to the
lipolytic effect of catecholamines and less sensitive to the antilipolytic effect of
insulin. Adipocytes from abdominal sc AT (SAT) have intermediate properties
between visceral fat cells and cells from femoral and gluteal region (Jensen 2008).
The response of omental adipocytes to stress via cortisol or NPY local action is
particularly high.

However, the respective size of fat depot has to be taken into consideration
while explaining FFA flux. Excess release of FFA from upper body sc fat is a
major contributor of systemic FFA flux (Jensen 2008; Nielsen et al. 2004).
Moreover, the adipogenic ability of visceral adipocytes is lower as compared with
sc adipocytes.

The AT distribution is quite different between males and females but also
between individuals, as reported by Thomas et al. (2012), even after adjustment for
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BMI and age. A total of 477 white volunteers (243 males, 234 females), aged from
17 to 71 years (mean: 37 years) with a wide range of BMI (27.3 ± 4.8 for men;
26 ± 6.8 for women) participated to this large UK-based cohort. The distribution
of AT was assessed using anthropometry and whole-body magnetic resonance
imaging (MRI) and proton magnetic resonance spectroscopy (MRS) was used to
determine intrahepatocellular (IHCL) and intramyocellular (IMCL) lipid content
(see results below).

From Dysfunctional Adipose Tissue to Lipotoxicity

Adipose Tissue Dysfunction

The potential abnormal functions of AT include (1) a reduced ability to take up
and store circulating FAs; (2) abnormal and excess FFA release (due to increased
rate of lipolysis) (Jensen 2008; Frayn 2002). Adipocyte dysfunction is also char-
acterized by insulin resistance and dysregulated adipokine production, e.g.,
adiponectin is produced at lower levels, whereas the production of pro-inflam-
matory adipokines is increased (Guilherme et al. 2008; Westerink and Visseren
2011).

The primary signal leading to AT dysfunction could be adipocyte hypertrophy,
since enlarged adipocytes are more insulin resistant and produce a pro-inflam-
matory adipokine pattern (Guri and Bassaganya-Riera 2010; Guilherme et al.
2008; Sun et al. 2011). In the presence of a positive energy balance, AT expands as
a result of cellular hypertrophy and hyperplasia. The storage capacity for addi-
tional FAs would be dependent on the number and size of fat cells already present
and the capacity of AT to activate local pre-adipocytes to undergo the differen-
tiation process in order to form new mature fat cells.

Extensive AT growth has been associated with increased fibrosis and inflam-
mation (Guri and Bassaganya-Riera 2010; Sun et al. 2011; Divoux et al. 2010) and
the development of hypoxic conditions (Sun et al. 2011). Adipocytes and macro-
phages from inflamed fat in obesity release harmful pro-inflammatory cytokines,
leading to systemic insulin resistance (Guri and Bassaganya-Riera 2010; Guilherme
et al. 2008; Divoux et al. 2010).

Some individuals who gradually gain weight over years in adulthood can ini-
tially preserve AT function because they may increase their adipocyte size to a
certain threshold before recruiting new fat cells from committed precursor cells or
mesenchymal stem (Blüher 2009). A potential dangerous state, from a metabolical
point-of-view, is one where existing adipocytes are already highly repleted with
lipids, small in number, associated with a low capacity for new adipocyte for-
mation (Danforth 2000; Ravussin and Smith 2002; Hajer et al. 2008). The adap-
tation of the storage process to the load may also be too slow in case of rapid heavy
loads of dietary fat, as can be seen in binge eating disorder, resulting in adipocyte
dysfunction.
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Interindividual Variations of Fat Storage Capacity

The expandability of the AT stores differs globally among individuals (Virtue and
Vidal-Puig 2008; Virtue and Vidal-Puig 2010). Some individuals (BMI[ 50 kg/m2)
may be able to undergo almost unlimited expansion of their AT, and hence remain
protected from the metabolic syndrome and the toxic effects of FAs. Those with large
hip and thigh circumferences (gluteo-femoral phenotype or callipygia) would belong
to this category.

The ability to expand AT has a strong sexually dimorphic component. Women,
at any BMI, have a greater fat mass and are protected against insulin resistance
more than men (Unger et al. 2010; Virtue and Vidal-Puig 2008; Virtue and Vidal-
Puig 2010). Gluteo-femoral fat depots with much more expandability are able to
limit accumulation of fat in the intraabdominal cavity and the lipotoxicity
phenomenon.

Increased FFA Flux and Ectopic Fat Depots

When the storage capacity of AT is exceeded, then a continuous exposure to FAs,
not balanced by increased FA oxidation, will lead to an overaccumulation of
unoxidized FFA and induces a lipid ‘‘spill over’’to other tissues. Lipid is deposited
in other fat depots (VAT, epicardial AT and peri-vascular tissue) and in non-
adipose tissue organs such as liver, skeletal muscle, heart muscle, pancreatic
b-cells, and kidney (Boden 2008; Virtue and Vidal-Puig 2010; Mittendorfer 2011;
Guri and Bassaganya-Riera 2010).

Fat deposition in liver and muscle is a fundamental pathogenic mechanism
leading to the metabolic syndrome (Després and Lemieux 2006; McGarry 2002;
Lewis et al. 2002; Arsenault et al. 2011). Increased exposure and uptake of FFA by
the liver promote hepatic steatosis which exacerbates the degree of hepatic insulin
resistance, and in turn increases hepatic glucose production and very low density
lipoprotein (VLDL) secretion, and accelerates its subsequent transition to non-
alcoholic steatohepatitis (NASH) and fibrosis. Increased lipid content in the pan-
creatic islets and lipoapoptosis are the mechanisms, linking obesity and insulin
resistance to b cell dysfunction in the pathogenesis of T2DM. Fatty heart or
lipotoxic cardiomyopathy is associated with diastolic then systolic dysfunction
(Szczepaniak et al. 2007).

Excess Visceral Adiposity: A Marker of Ectopic Fat Depot Syndrome

VAT is significantly linked to increased cardiometabolic risk and perhaps the best
candidate among the various fat depots (Després and Lemieux 2006; Arsenault
et al. 2011), but it could be a surrogate marker and not a causal factor. The
preferential accumulation of fat in the intraabdominal cavity could be viewed as
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the consequence of the failure of lipid storage in SAT depots. It may be considered
as an ectopic deposition, even though it is a physiological fat depot. According to
this alternative hypothesis, increased visceral fat mass may represent a marker of
the inability of patients with insulin-resistant obesity to store fat in subcutaneous
depots (Blüher 2009; Després and Lemieux 2006).

However, VAT may be considered as a major cause of metabolic complications
for many reasons. This depot is more active on a per unit weight basis than sc fat
(Jensen 2008). Hypertrophic adipocytes and visceral adipose tissue resident
macrophages produce more pro-inflammatory cytokines like tumor necrosis
factor-alpha (TNF-a) and interleukin-6 (IL-6) and less adiponectin (Jensen 2008).
VAT is also more pathogenic because its venous blood drainage is direct via the
portal vein to the liver. As a consequence of enlarged visceral adipocytes, the flux
of FFA and pro-inflammatory adipokines to the liver increases markedly. This
contributes to fat deposition in the liver and to hepatic insulin resistance (Portal
hypothesis of insulin resistance).

In the already mentioned study of Thomas et al. (2012), VAT is the fat depot
that best predicts ectopic fat accumulation in liver and muscles (see above).
Finally, in many studies visceral fat area might be a surrogate parameter for
ectopic fat deposition in other sites. As demonstrated by Klöting et al. (Klöting
et al. 2010), prediction of variance in glucose infusion rate (GIR) during clamp
studies, using visceral fat area (r2 = 0.74) or estimated hepatic steatosis (r2 = 0.7)
alone was similar, suggesting that the association between insulin sensitivity and
visceral fat area or liver fat content is exchangeable.

FFA, Lipotoxicity, and Insulin Resistance

When lipid overload in non-adipose tissues exceeds the oxidative or storage
capacity, resultant cellular dysfunction or cell death is termed lipotoxicity (Unger
et al. 2010; Virtue and Vidal-Puig 2010). This cellular stress depends on orga-
nelle specific vulnerability (especially endoplasmic reticulum and mitochondria)
(Carobbio et al. 2011).

Saturation of TG biosynthesis (a safe form of lipid) and the accumulation of
toxic activated lipids (Boden 2008; Mittendorfer 2011) disrupt function such as
mitochondrial oxidative phosphorylation and insulin signaling, thus triggering
insulin resistance, cellular dysfunction, and finally apoptotic cell death (Unger
2003; Unger et al. 2010; Virtue and Vidal-Puig 2010; Carobbio et al. 2011).
Saturated FA such as palmitate, have been shown to induce toxicity by incorpo-
ration into ceramide, stimulating the activation of specific signaling kinases that
have pro-inflammatory action.

Activated FA may be incorporated into cellular lipids, lysophosphatidic acid
(LPA), phosphatidic acid (PA), diacylglycerol (DAG), and finally TG. LPA, PA,
and DAG are, as ceramide, lipotoxic species. Harmless TG can be stored in lipid
droplets (Guilherme et al. 2008). This response to FFA overload also includes
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membrane lipid remodeling (Carobbio et al. 2011) that can increase Reactive
Oxygen Species (ROS) production (Carobbio et al. 2011).

Another way of getting rid of FFA and their lipotoxic effects is through
oxidation. Interestingly, it has been suggested that mitochondrial dysfunction leads
to incomplete FA oxidation and mediates lipotoxicity. This could be either
inherited (from a genetic or epigenetic cause) or secondary to mitochondrial stress
induced by excess of lipid supply, particularly ceramides that also promote the
generation of ROS (Virtue and Vidal-Puig 2010; Mittendorfer 2011; Guilherme
et al. 2008).

A New Clinical Paradigm: Obesity Subphenotypes

There is a need for new parameters based on pathophysiology (in particular the
lipotoxicity hypothesis) in order to improve the classification of obesity pheno-
types. During the last 60 years a lot of parameters or techniques have been used for
estimating adiposity and fat distribution: (1) anthropometric measures (BMI, waist
circumference, waist-to-hip ratio, waist-to-height ratio, skin folds), (2) fat mass, fat
depot distribution or ectopic fat deposition assessment using Dual Energy X-ray
absorptiometry (DEXA), MRS or MRI; (3) biological parameters to evaluate
metabolic complications or inflammation (see below) and finally (4) biomarkers
(adipokine production, adipocyte morphology, and transcriptome, …) to evaluate
adipocyte function or AT remodeling.

These recent advances in concepts about metabolic risk related to body com-
position and fat distribution lead us to consider five obesity phenotypes, from a
clinical point-of-view. This ‘‘redefinition of obesity’’ could be useful for classifi-
cation of patients and for risk evaluation, before choosing the appropriate man-
agement approach.

Metabolically Healthy but Obese Subjects

The definition of metabolic normality is not easy, because there is a continuous
relationship between changes in the previously described parameters and the
deterioration of components of metabolic syndrome (Blüher 2009). To date, there
is no standardized terminology or method to identify Metabolically Healthy but
Obese subjects (MHO) for research protocols or in clinical practice (Primeau et al.
2010; Pataky et al. 2011). The hyperinsulinemic euglycemic clamp, which is the
gold standard to determine insulin sensitivity, has been used to evaluate MHO
individuals (Klöting et al. 2010; Pataky et al. 2011). But according to Pataky et al.
(Pataky et al. 2011), fasting insulinemia and BMI are also useful to characterize
the metabolic profile. However, few metabolic differences were observed between
MHO subjects identified using metabolic risk factors and insulin-sensitive obese
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individuals identified using insulin sensitivity indexes (Blüher 2009; Primeau et al.
2010). Of course, the absence of any metabolic disorder including abnormal
glucose tolerance, T2DM, dyslipidemia, or hypertension and CVD in an over-
weight or obese individual is required.

If a consensus definition of the MHO phenotype (Blüher 2009; Primeau et al.
2010; Pataky et al. 2011) does not exist, several recurrent characteristics in MHO
subjects have been used, such as plasma levels of TG, apolipoprotein B, high
sensitivity C Reactive Protein (hs-CRP), fasting insulin or insulin sensitivity index
(e.g. homeostasis model assessment of insulin resistance: HOMA-IR), and TG/
HDL-cholesterol ratio. The waist circumference could be excluded as a potential
marker because most class 2 obese individuals (IMC C 35 kg/m2) have large
waist circumferences. So, this parameter becomes nondiscriminatory in the iden-
tification of MHO individuals.

In clinical practice, the main criterion to classify MHO subjects is the absence
of metabolic complication (0 or one NCEP ATP III or IDF metabolic syndrome
parameters) (Primeau et al. 2010). But if these criteria might thus represent a basis
for a consensus definition of the MHO phenotype, the discussion on the cutoff
value is still open.

The prevalence of healthy obesity ranges from 10 to 35 % in different studies
using different approaches when the obese state is defined using BMI criteria
([30 kg/m2) (Primeau et al. 2010). Data from Shea et al. (2010) which included
1907 men and women from Canada at the age of 18–85 years, demonstrate that the
prevalence of MHO phenotype is higher if obesity state is defined using body fat
percentage (determined using DEXA) as compared with BMI criteria (47.7 % vs.
34 %, p \ 0.05).

Mechanisms that could explain the MHO phenotype are poorly understood.
However, recent studies (Blüher 2009; Primeau et al. 2010) suggest that lower
VAT content, higher gluteal and femoral deposition or lower VAT/abdominal SAT
ratio (23), normal AT function (see below, biomarkers), absence of ectopic fat
deposition and a normal insulin sensitivity are the major parameters (Blüher 2009;
Primeau et al. 2010). With regard to pathological alterations of AT, small adipose
cell size, lack of inflammation or fibrosis and gene expression-encoding markers of
adipose cell differentiation (adipogenesis) (Basdevant and Clément 2011) could be
related to the MHO phenotype. In these conditions, lipid storage in AT is con-
sidered as safe and efficient (Fig. 26.1) (Basdevant and Clément 2011).

Unhealthy Obesity: Metabolically Abnormal Obese Patients

Metabolic syndrome related to central obesity may be viewed as « Unhealthy
Obesity » and the concerned individuals as metabolically abnormal obese (MAO)
patients (Blüher 2009; Primeau et al. 2010) or vulnerable patients (19).

AT dysfunction could be the key link between unhealthy obesity and insulin
resistance. Abnormal circulating FFA, visceral and ectopic fat storage that
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contribute to whole body insulin resistance, may be considered as a consequence
of AT dysfunction, when energy balance is positive due to hyperphagia or excess
sedentarity (Després and Lemieux 2006; Unger 2003; Unger et al. 2010; Arsenault
et al. 2011). A deteriorated cardiometabolic profile or metabolic syndrome
including novel components such as NASH and lipotoxic cardiomyopathy
(Després and Lemieux 2006; Unger 2003; Unger et al. 2010) may be viewed as a
consequence, even if the direction of causality is unclear. It is well documented
that metabolic syndrome is a risk factor for T2DM, CVD, and probably for some
cancers.

Clinical and biological characteristics of MAO subjects include often a class 1
obesity (BMI \ 35 kg/m2), a predominantly upper body fat distribution, com-
monly associated with increased visceral fat and the presence of three out five
parameters of the metabolic syndrome. Ectopic fat depots are usual (Fig. 26.1).
Other relevant plasma parameters to define MAO are HOMA-IR, atherogenic
indexes, abnormal liver enzymes (NASH), lower circulating adiponectin,
increased inflammatory cytokines levels. As far as AT cellular phenotype is
concerned, increased adipocyte diameter, higher macrophage infiltration into fat

Fig. 26.1 Lipid partitioning between adipose tissue (Visceral AT included) and non-adipose
tissues (liver, muscle…), from Unger et al. (Unger 2003) modified. The left arrow indicates
excess lipid flux (resulting from increased lipid intake and reduced energy expenditure, i.e. fat
oxidation). The three central arrows are respectively (from up to bottom) 1 Free fatty acids that
are neither stored in AT nor oxidized; 2 Protective anti-lipotoxic adipokines (leptin, adiponectin);
3 Pro-inflammatory cytokines. Ectopic fat deposition appears when AT reaches the limit of its
storage capacity; VAT may be considered as an ectopic fat depot. Metabolic syndrome severity
depends on obesity phenotype. AT adipose tissue; FFA free fatty acid; MAO metabolically
abnormal obese patient; MHO: metabolically healthy but obese subject; VAT visceral AT
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depot (especially VAT), fibrosis and change in inflammation, and AT remodeling
in gene expression (Divoux et al. 2010; Cancello et al. 2005; Capel et al. 2009;
Rizkalla et al. 2011).

Lipodystrophic Adiposity

Partial Lipodystrophy

Partial lipodystrophy, either inherited (e.g. Dunnigan syndrome or familial partial
lipodystrophy (FPLD) or acquired (HIV-lipodystrophy) and obesity (MAO) are
opposite in terms of a deficiency versus excess of AT mass (Villarroya et al. 2009;
Garg 2011). Yet, these two conditions are accompanied by relatively similar
metabolic consequences, including insulin resistance, dysglycemia, dyslipidemia,
ectopic fat accumulation (hepatic steatosis and excess VAT), and finally lipo-
toxicity (Fig. 26.1) (Unger et al. 2010; Virtue and Vidal-Puig 2010). These
abnormalities are predictors of an increased risk for diabetes and atherosclerosis in
both situations.

The alterations in AT consist of partial loss of peripheral (lipoatrophy) SAT (in
the face, limbs, and buttocks) associated with truncal and or/visceral fat accu-
mulation, and lipomatosis, especially in the dorso-cervical area. But clinical pre-
sentations vary widely.

Acquired Lipodystrophic Adiposity

The metabolic syndrome is defined in relationship to generalized or regional
adiposity, but it has been hypothesized that an acquired type of partial lipodys-
trophy, could be a cause of insulin resistance for some overweight adults (Ravussin
and Smith 2002; Hajer et al. 2008), children (Taksali et al. 2008) or elderly persons
(Gavi et al. 2007; Ziegler and Quilliot 2008).

In a preliminary study (600 patients, fat mass distribution measured by DEXA),
we described a partial lipodystrophy syndrome, commonly associated with met-
abolic syndrome that is closely linked with the severity of metabolic complications
over a wide range of BMI.

However, the clinical presentation shows less severe loss of peripheral SAT as
compared with lipodystrophy associated with HIV-1 infection and anti-retroviral
treatment or Dunnigan-type FPLD. When BMI is below 25 kg/m2 this syndrome
may be described as lipodystrophic adiposity and for patients with BMI C 30 kg/m2

as lipodystrophic obesity (Fig. 26.2).
Screening was made easily using two clinical criteria: (1) wiry legs (extremities

appear muscular with visible veins due to partial lipoatrophy and (2) tummy or
potbelly. A more accurate assessment of central and peripheral adiposity was done
using DEXA, the reference method to estimate body fat distribution. The best
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lipodystrophic criterion was, in our hands, the leg fat to abdomen fat ratio, by
analogy with the V/S ratio (or VAT/SAT) measured with MRI or computerized
tomography scan. Our data showed a continuum, as far as AT distribution is
concerned, from central adiposity related to common metabolic syndrome to more
severe partial lipodystrophy associated with severe metabolic complications (e.g.
T2DM with severe insulin resistance or marked hypertriglyceridemia). A few
Dunnigan-type FPLD due to mutation in LMNA and 2 FLDP due to mutation in
PPARc were found in this study, confirming the recent data from Dutour et al.
(2011).

As described for the genetic type, the results showed that acquired lipody-
strophic adiposity is more pronounced in women, but clinical presentation is
heterogeneous. Fat loss was often confined to the extremities (legs or forearm)
suggesting more a Köbberling type of FPLD (Herbst et al. 2003) (but without a
specific edge where the sc fat ends) than a Dunnigan type (Garg 2011). There was

Fig. 26.2 Relationship between the lipodystrophic adiposity phenotype and the severity of the
metabolic syndrome. 600 subjects (224 men and 376 women, BMI:18.5–44 kg/m2, aged from 18
to 77 years, 50 % with metabolic syndrome) were included in this study. Levels of abdominal,
leg, and total body fat were measured by DEXA. A lipodystrophic index (abdomen fat to leg fat
ratio) was used to assess the degree of partial lipodystrophy (loss of appendicular fat and
accumulation of central fat) and the number of metabolic syndrome components (NCEP ATP III
definition) its severity. The results showed that the lipodystrophic index increased significantly
with the number of metabolic syndrome parameters. All the severely obese subjects
(BMI C 35 kg/m2) had an increased waist circumference (no patient with 0 parameter). In this
subgroup, the lipodystrophic index was significantly increased only in patients with severe
metabolic syndrome (with 4 or 5 components)
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a normal or increased distribution of fat on the face, neck, and trunk; both
abdominal SAT and VAT (not measured here) seem to be involved in many cases.
Buffalo hump (dorso-cervical lipomatosis) was common. Some patients have been
evaluated negatively for Cushing’s syndrome, because fat accumulation in the face
and chin could look like a ‘‘moon face’’ but skin atrophy or muscle weakness were
lacking (Dulloo et al. 2010; Unger 2003; Unger et al. 2010).

Many studies have provided evidence that lower amounts of adiposity in the
lower extremities is independently associated with metabolic syndrome parame-
ters. In a recent cross-sectional study (Cardia) of 1,579 middle-aged men and
women, Shay et al. (Shay et al. 2011) demonstrated that lower amounts of DEXA-
assessed lower extremity adiposity are associated with higher insulin resistance in
overweight and obese men and women. This association was more pronounced,
when examined at a given level of abdominal adiposity. In other words, increased
adiposity in the lower extremities may attenuate the metabolic risk observed in
overweight and obese individuals. The gluteo-femoral fat depot is viewed as a
protective metabolic sink with a good capacity for expansion due to its intrinsic
properties (insulin-sensitive adipocytes, low lipolytic rate, no metabolic inflam-
mation, increased secretion of metabolically beneficial adipokines).

Aging may represent another acquired partial lipodystrophy syndrome and this
usual phenotype could be, together with sedentarity, one of the major risk factor
for the development of insulin resistance in the elderly population (Gavi et al.
2007; Ziegler and Quilliot 2008).

This lipodystrophy phenotype is also characterized by loss of peripheral fat and
accumulation of fat in the trunk (Gavi et al. 2007). A significant correlation between
age and the lipodystrophic ratio (abdomen fat/leg fat) has been found in our pre-
liminary study. As demonstrated by Thomas et al. (2012), physiological and ectopic
fat depots increase with age in both sexes; the same is true for the VAT/SAT ratio, but
a reduction of SAT is related to the menopausal status for Caucasian women.

A phenotype reminiscent of partial lipodystrophy has been described in obese
children or adolescents. These ‘‘obese insulin-resistant’’ individuals have increased
VAT and decreased SAT (see below).

Metabolically Obese Normal Weight Subjects

As described by Ruderman et al. (Ruderman et al. 1998), metabolically obese
normal-weight (MONW) individuals exhibit features of the metabolic syndrome
but lack the obesity that is usually associated. These subjects have been charac-
terized as having central adiposity, low physical activity, low VO2max, and low
insulin sensitivity despite having a normal BMI.

Normal weight obesity is associated with significant cardiometabolic dysreg-
ulation, including metabolic syndrome and cardiovascular risk factors (Wildman
et al. 2008). Srinivasan et al. (2009) reported the study of 639 normal weight
(BMI: 18.5–24.9 kg/m2), black and white adults (75 % white and 36 % men), 20–
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44 years old, from the Bogalusa Heart Study. The subjects with central adiposity
(waist-to-height ratio C0.5) had a significant greater prevalence of hypertension,
dyslipidemia (increased TG/HDL-cholesterol ratio), insulin resistance (HOMA-IR
index), and elevated hs-CRP (relative risk: 2–3).

Thomas et al. (2012) proposed the ‘‘thin-on-the-outside, fat-on-the-inside’’
(TOFI) as a subphenotype for individuals with proportionally elevated VAT, who
are at increased metabolic risk. The definition is based on the VAT/abdominal
SAT ratio. Individuals with a BMI between 18.5 and 25 kg/m2 and increased
VAT/SAT ratio, were classified as TOFI; this corresponded to 12 % of women and
14 % of men in their cohort (23). Significantly increased ectopic fat depots (liver
and muscle) were observed in TOFI male and female subjects.

A recent study demonstrated that MONW is independently associated with
increased risk for cardiovascular mortality in women (Romero-Corral et al. 2009).

It will be of interest to determine if (1) MONW (or TOFI) represents a con-
dition of impaired adipogenesis and expandability of AT; (2) this condition is also
associated with a lipodystrophic distribution of AT (see above).

Sarcopenic Obesity

Sarcopenic obesity is an alternate subtype of obesity characterized by loss of muscle
and a concomitant increase in fat (Zamboni et al. 2008; Stenholm et al. 2008).
Sarcopenic obese patients have more body fat and less lean body mass than non-
sarcopenic patients of similar weight. Unfortunately, there is no universal definition
for sarcopenic obesity. Moreover, muscle impairment has also to be taken into
account, because poor muscle strength is associated with important negative health
outcomes. So, sarcopenia is an important cause of frailty, disability, and loss of
independence in older obese individuals (Ziegler and Quilliot 2008).

The link between the low-grade inflammatory state associated with obesity and
sarcopenia remains to be fully established, but in both cases, inflammatory cyto-
kines could be involved (Stenholm et al. 2008).

Phenotyping of Obese Children and Adolescents

Time Course of Metabolic Phenotype from Childhood to Adulthood

A community-based cohort, the Bogalusa Heart Study (BHS) (1,344 children and
adolescents, aged from 4 to 18 years, followed for more than 20 years) has been
designed to study the early natural history of T2DM and metabolic syndrome
(Srinivasan et al. 2002; Nguyen et al. 2008). Pre-diabetic and diabetic subjects
versus normoglycemic subjects displayed since childhood, significantly higher
levels of BMI and subscapular skinfold (a central adiposity index), and plasma
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metabolic abnormalities (excess glucose, insulin, HOMA-IR and TG, and low
levels of HDL-cholesterol). BMI and insulinemia in childhood are predictors of
metabolic syndrome at adulthood (Srinivasan et al. 2002).

BMI and subscapular skinfolds (triceps and subscapular) were consistently
higher from childhood to adulthood in offspring of parents with coronary artery
disease (CAD) history; higher insulinemia from offspring were associated with
positive parental history of CAD after an age of 20 years (Youssef et al. 2002).

Results from BHS have been confirmed by a recent cohort study (Sherar et al.
2011), using DEXA body composition measurements. Young adults with high car-
diometabolic risk (26 years old), compared to low, have significantly steeper tra-
jectories of trunk fat mass development, as early as 8 years of age (Sherar et al. 2011).

Ectopic fat depots are already present in obese children and adolescents
(Taksali et al. 2008; Liska et al. 2007; Kursawe et al. 2010; Weiss et al. 2005).
There seems to be some clear ethnic differences in the fat accumulation in skeletal
muscle, liver, and abdominal cavity that suggest the role of genetic, environmental
or cultural factors. Obese Hispanic adolescents have a greater amount of lipid
accumulated in skeletal muscle than both Caucasians and African Americans,
whereas excess visceral fat and liver steatosis were significantly lower in African
Americans as compared with both Caucasians and Hispanics (Liska et al. 2007).

Young South Asians had more body fat and more central adiposity than white
Caucasians but a lower BMI. Body weight at birth is also lower (Dulloo et al.
2010). South Asians compared to white Caucasians have a higher visceral to
superficial AT ratio, more liver fat and a greater adipocyte area (SAT biopsy)
(Anand et al. 2011). Ethnic differences in plasma metabolic markers (HDL-
cholesterol, insulin, adiponectin) and liver steatosis can be explained by differ-
ences in adipocyte size and storage capacity of SAT (Anand et al. 2011).

Obese adolescents with a high proportion of VAT and relatively low abdominal
SAT have a phenotype reminiscent of partial lipodystrophy, as reported by Taskali
et al. (Taksali et al. 2008). They are at a high risk of having the metabolic
syndrome. Hepatic fat was increased, both leptin and total adiponectin were sig-
nificantly lower, but BMI and fat mass were lower in the lipodystrophic group. As
in adults, this phenotype was associated with severe metabolic abnormalities and
ectopic fat deposition (liver and VAT) (Taksali et al. 2008). A lower expression of
adipogenic and lipogenic genes in abdominal SAT was linked to the phenotype of
high visceral and low sc fat depots in obese adolescents (Kursawe et al. 2010).

The MHO phenotype does exist in obese adolescent. Obese insulin-sensitive
adolescents are characterized by lower lipid deposition in muscle and VAT and
greater levels of adiponectin, as compared with MAO phenotype (Weiss et al. 2005).

Early Programing

The Barker Hypothesis (the association between the prenatal environment, i.e.
fetal programing) and disease risk in adult life was an important step in the
‘‘developmental origins of health and disease’’ (DOHaD) field. Low body weight
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at birth is a significant risk factor for trunk fat accumulation, insulin resistance,
metabolic syndrome, and finally CAD in adult life (Barker et al. 2005; Bhargava
et al. 2004). In a retrospective longitudinal study of 8760 subjects from Finland,
Barker et al. (Barker et al. 2005) reported that boys and girls who had coronary
events as adults, had low birth weight and were thin at 2 years of age, after which
they tended to increase their BMI rapidly. In the India population-based study of
Bhargava et al. (Bhargava et al. 2004), the growth of children in whom impaired
glucose tolerance or diabetes later developed was characterized by a low BMI
between birth and 2 years of age, a young age at adiposity rebound, and a
sustained accelerated gain in BMI until adulthood.

An early development of AT could be protective and contribute to metaboli-
cally healthy obesity phenotype, according to an attractive hypothesis (Bouhours-
Nouet et al. 2008). Obese 10-year-old children with high birth weight (without
gestational diabetes) and postnatal weight gain between 0 and 2 years have better
insulin sensitivity as compared with children of the same BMI, but with normal or
low birth weight. The high birth weight subjects had less central obesity (lower
trunk fat mass/limb fat mass ratio as measured by DEXA), higher insulin sensi-
tivity indexes from an oral glucose tolerance test (lower insulin and FFA con-
centrations) and higher adiponectin level, than eutrophic and low birth weight
subjects. One can speculate that a greater ability of SAT to expand capacity and a
better insulin sensitivity (lipogenesis) may protect non-adipose tissues from FFA
‘‘spillover’’, leading to lipotoxicity.

Children who are large-for-gestational-age (LGA) at birth and exposed to an
intrauterine environment of diabetes are at increased risk of developing early
metabolic syndrome, as shown by the longitudinal study of Boney et al. (2005)
who have followed children between 6 and 11 years of age. Analysis of insulin
resistance at 11 years in a multivariate logistic regression model revealed that
childhood obesity and the combination of LGA status and maternal GDM were
associated with insulin resistance, with odds ratios of 4.3 (1.5–11.9) and 10.4
(1.5–74.4), respectively (Boney et al. 2005).

Goals of Obesity Treatment

Definition of Targets

The treatment of obesity has wider objectives than weight loss alone, but treatment
targets should be based on the individual’s comorbidities and risks that are clearly
related to the obesity subphenotypes, and to the natural course of the disease
(Fig. 26.3). Reduction in body fat and changes in fat distribution are the primary
goals for any obesity management program, but other plasma or tissue biomarkers
have to be considered to define appropriate guidelines (Table 26.1).
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Target According to Obesity Phenotypes

Obesity class but also the identification of the adiposity phenotypes in a clinical
setting could have important implications for therapeutic medical decision making.

Severe Obesity (BMI > 35 kg/m2)

For most patients with BMI [35 kg/m2 the necessary weight loss for significant
improvement of risk factors is larger than previously thought ([15–20 %) from
short-term studies. It ranges from 10 to 44 kg according to a recent paper based on
10-year data from the Swedish obese subjects (SOS) study (Sjöström et al. 2011).
For example, a 20 kg weight loss yielded a significant decrease in plasma glucose
from baseline, whereas the effect of aging is taken into account (Sjöström et al.
2011). The same is true for change in quality of life: Improvements and deterio-
rations in health-related quality of life were associated with the magnitude of
weight loss or regain (Karlsson et al. 2007).

Fig. 26.3 Characteristics of adipose tissue according to obesity phenotypes. MHO: individuals
may gain weight due to the almost unlimited expansion capacity of their AT; insulin sensitivity is
preserved; they remain protected from the toxic effects of FAs. MAO: the AT reaches the limit of
its storage capacity. Metabolic complications are due to ectopic deposition of lipid excess in non-
adipose organs (liver, muscle). Lipodystrophic adiposity: The capacity of lipid storage is
completely exhausted, due to a partial loss of sc limb fat depots, except in the truncal depots,
leading to a severe AT dysfunction. AT adipose tissue, MAO metabolically abnormal obese
patient; MHO metabolically healthy but obese subject; SC subcutaneous; VAT visceral AT
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BMI < 35 kg/m2 Associated with Adipose Tissue Dysfunction: Need
for Tailored Weight Loss Intervention

In patients with BMI 25–35 kg/m2 a modest weight loss (5–10 % of initial weight)
is an appropriate goal, as it is achievable and results in improvements in obesity
related comorbidities and risks. Three complementary targets can be discussed,
beyond weight loss and fat mass reduction.

FFA as Target for Therapy

A sustained reduction in FFA flux from AT to non-adipose tissue would be
predicted to result in improvement in the adverse metabolic consequences of
lipotoxicity, as discussed throughout this review. It could be crucial when AT
buffering is impaired (Boden 2008).

The current risk of metabolic dysfunctions, thus, appears to be determined by
the balance between the rate of loading of the body with FA and the rate of
eliminating the FA by either TG storage or oxidation. Therefore, the challenges
include correction of central adiposity and elevated plasma FFA levels through
different approaches: reduction in total daily calorie intake (especially saturated
FA intake) and/or an increase in energy expenditure, i.e., FFA oxidation. Para-
doxically, agents such as PPARc activators that overcome insulin resistance of AT
by improving adipocyte FFA storage are postulated to effectively reduce the
deleterious metabolic effects of AT dysregulation.

Preferential Visceral Adipose Tissue Loss

Visceral adiposity is clearly a significant risk factor for metabolic syndrome and
probably CAD, so it is tempting to consider VAT reduction as a critical target.
Decrease in VAT/SAT ratio is correlated with improvement in dysmetabolic
profile (Després and Lemieux 2006; Arsenault et al. 2011). Some reports suggest
that weight loss through diet and exercise decreases visceral fat quicker, and to a
greater extent, than sc fat and that exercise promotes visceral fat loss, sometimes
without changes in BMI (Bays et al. 2006; Chaston and Dixon 2008). VAT is lost
preferentially, relative to abdominal SAT, with modest weight loss, but the effect
is attenuated with greater weight loss, according to a recent review (Chaston and
Dixon 2008). Very-low-calorie diets (VLCDs) provided early short-term
(\4 weeks) preferential VAT loss, but this effect was lost by 12–14 weeks
(Chaston and Dixon 2008). However, the MHO, MAO, or lipodystrophy pheno-
types have not been taken into consideration in most of these studies.
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Improvement in Adipose Tissue Metabolic Dysfunction

According to the AT expandability hypothesis, an obese individual becomes
metabolically compromised, when its fat mass expansion reaches a critical limit
(Unger et al. 2010; Virtue and Vidal-Puig 2008; Virtue and Vidal-Puig 2010). It
indicates that the capacity of an individual to expand its fat mass to store lipid is a
more important determinant of metabolic abnormalities than the absolute amount
of fat mass. Metabolic syndrome, related to AT dysfunction and ectopic fat
deposition appears when the AT became saturated, or reached the limit of its
storage capacity.

So, the weight loss program has to be tailored to an individual’s threshold of
metabolic complications (Virtue and Vidal-Puig 2008; Virtue and Vidal-Puig
2010). However, other studies are needed to demonstrate the validity of this new
concept of personalized weight loss program, which could result in better com-
pliance and therapeutic efficacy, if the specific target is well understood and
accepted by the patient.

Remodeling of dysfunctional AT into a healthier tissue seems to be another
promising new approach to treat MAO; some drugs could have a direct effect on
AT inflammation and cytokine secretion (see below). Today, the reduction in fat
mass through hypocaloric diet or increased physical activity remains the best
solution, mainly by decreasing adipocyte size and by improving AT dysfunction.

Treatment approaches that reduce energy balance by 400–700 kcal/day may
produce modest reductions in body weight (5 to 8 %) but a substantial reduction in
VAT (15 to 30 %) (Després and Lemieux 2006; Arsenault et al. 2011). This
selective mobilization of abdominal/visceral fat has been shown to improve the
metabolic profile of abdominally obese patients (Després and Lemieux 2006).
As far as lipodystrophy or MONW phenotypes are concerned, a weight loss goal
of 2–5 % of initial weight could be appropriate.

Sarcopenic Obesity

Weight loss is not necessary for the development of sarcopenia, but it can
accelerate it. Prevention is needed especially for sarcopenic obese patients and for
high risk patients (aging, sedentarity, insulin resistance).

It is of critical importance that management strategies focus on maintenance or
accretion of muscle mass as well as fat loss, in order to maintain muscle function.
Physical activity is absolutely necessary, each of aerobic and resistance training
has specific advantages.

Reduction in fat-free mass has been reported to be correlated with change in
BMI. Fat mass reduction represents 70–80 % of weight loss in bariatric surgery
studies (Ciangura et al. 2009), but interindividual variations are large.
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Metabolically Healthy Obese Individuals

The effect of weight loss was shown to be associated with few improvements in
cardiometabolic risk factors in MHO individuals (Pataky et al. 2011). However, it
should be noted that MHO individuals are not ‘without risk’ of morbi-mortality
(Primeau et al. 2010). They may be exposed to other obesity-associated compli-
cations, such as osteoarthritis and obstructive sleep apnea. So, MHO is not a
benign condition. In MHO individuals the treatment goals should be focused on
health-related quality of life.

Antiobesity Treatment Strategies

The concept that weight loss is the sole indicator of treatment efficacy has been
brought into question. Two important points regarding obesity management have
been underlined in this review. The first question is ‘‘are we aiming at the right
target’’ (Arsenault et al. 2011) ? In other words, we have to characterize the profile
of overweight patients who are vulnerable or who are metabolically healthy. As
already seen, treatments goals should be determined according to obesity pheno-
types. There is a need for a new approach based on criteria to assess the excess of
visceral/ectopic fat and for interventions affecting AT function. Further plasma or
cellular biomarkers will be available in the next future (Rizkalla et al. 2011;
Marquez-Quinones et al. 2010; Gogebakan et al. 2011).

The second question is related to treatment strategy, because different
approaches are needed for the initial phase of weight loss and for the subsequent
phase of weight maintenance. During the initial phase, the weight loss is more
driven by the energy deficiency than by the composition of the diet in itself.
However, when the weight losing phase is over, the dietary composition with
regard to macronutrient may be crucial.

Dietary Approaches

Weight Loss Period

To induce weight loss or to decrease body fat, a temporary negative energy balance
has to be created. The results depend only on energy deficit level and patient
compliance. Substantially decreased adherence after a few months is typical in
weight loss trials. Experience has shown that most patients are unable to continue
losing weight for longer than 5–7 months, and weight loss reaches a plateau (mean
weight loss: 6 kg with a large range: 4–12 kg). All diets are equally successful in
promoting weight loss (Sacks et al. 2009). For example, both low carbohydrate and
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mediterranean style eating patterns have been shown to promote weight loss with
similar results after 1–2 years (Giugliano and Esposito 2008; Nordmann et al. 2006).

Weight Maintenance Period

An optimal macronutrient distribution and dietary pattern of weight loss diet has
not been definitely established. Diets can be tailored to individual patients on the
basis of their personal and cultural preference, in order to have the best chance of
long-term success (Sacks et al. 2009; Shai et al. 2008).

Mediterranean diets might enhance weight loss by providing a sustainable
dietary pattern that offers a variety of healthy palatable foods. Moreover, its effect
on long-term weight control (2 years) has been convincingly demonstrated.
Energy-restricted high-protein diet with a low glycemic index and soluble fiber has
been shown to be effective on weight maintenance (Larsen et al. 2010).

Phenotype Tailored Approach

Dietary Management of Metabolic Syndrome

Management of metabolic comorbidities may require specific dietary features.
However, the optimal mix of macronutrients for meal plans of patients with
metabolic syndrome or diabetes has not been identified. As shown by a meta-
analysis, at least at 6 months, low-carbohydrate diets were associated with greater
improvement in plasma TG and HDL-cholesterol concentrations than low-fat
diets, but LDL-cholesterol level was significantly higher on the low-carbohydrate
diets (Nordmann et al. 2006).

A recent systematic review and meta-analysis of 50 research studies (both
observational prospective studies and randomised controlled trials) evaluated the
effect of the mediterranean diet on the metabolic syndrome and its individual
components (Kastorini et al. 2011). Adherence to this diet reduced significantly the
risk of developing the metabolic syndrome by 31 % but the effect on each indi-
vidual components is low (e.g.: -0.42 cm (95 % CI: -0.82 to -0.02) for waist
circumference or +1.17 mg/dl (0.38–1.96) for HDL-cholesterol).

Interventions Affecting Adipocyte Tissue Dysfunction

Diet-induced weight loss can modify systemic markers of AT dysfunction, but
results may differ according to the metabolic profile of the selected population and
the intervention itself (Bays et al. 2006; Capel et al. 2009; Fisher et al. 2010;
Klimcakova et al. 2010). Intentional weight loss improves insulin resistance or
endothelial dysfunction, and reduces plasma levels of hs-CRP, IL-6, and the sol-
uble TNF-a receptors, without an effect on plasma levels of TNF-a (Bays et al.
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2006; Westerink and Visseren 2011). A dose–effect relationship between the
degree of weight loss and the improvement in these plasma makers has been
demonstrated (Klimcakova et al. 2010; Madsen et al. 2008). But at least 10 %
weight loss seems necessary for long-term combined improvement of adiponectin,
hs-CRP, and fibrinogen levels (Madsen et al. 2008). As reported by Poitou et al.
(Poitou et al. 2011), a reduction of at least 5 % of fat mass was sufficient to observe
a significant decrease of plasma CD14dimCD16+ monocytes, whose number is
increased in obese individuals.

The mediterranean diet ensures adequate intake of micronutrients with anti-
oxidants, and anti-inflammatory effects which could protect from diseases that are
related to low-grade chronic inflammation and AT dysfunction (Giugliano and
Esposito 2008). Low-glycemic-index diets have been associated with reduced
levels of hs-CRP or plasma cytokines (Gogebakan et al. 2011).

Direct or indirect protective effects of n-3 FA against AT dysfunction and
lipotoxicity have been suggested, the opposite could be true for saturated FA or
trans FA (Virtue and Vidal-Puig 2010).

Reducing fructose intake may also have beneficial effects on adipose function
and on VAT accumulation (Bays et al. 2006; Westerink and Visseren 2011). As
demonstrated by Stanhope et al. (Stanhope et al. 2009) dietary fructose specifically
increases visceral adiposity, promotes post-prandial lipemia and increases de novo
lipogenesis, in overweight/obese adults, as compared with glucose (glucose- or
fructose-sweetened beverages providing 25 % of energy requirements for
10 weeks).

Effect on Cellular Obesity Phenotype: Adipocyte Diameter and Adipose Tissue
Remodeling

AT transcriptome changes during weight loss or weight maintenance periods have
been analyzed in a few studies. As recently shown by Riskalla et al. (2011), an
energy-restricted high-protein diet with a low glycemic index and soluble fiber
(LC-P-LGI) would be more effective than a low-calorie conventional diet
(LC-CONV) on weight loss and related metabolic risk factors. Moreover, it was
associated with a greater reduction in adipocyte size (abdominal SAT biopsy).
Diet-induced changes in gene expression were correlated with decreased adipocyte
size, according to a coordinated program related to weight loss. No major dif-
ferences were seen between the two dietary arms (LC-P-LGI diet versus
LC-CONV diet). Profiles of genes involved in inhibiting adipogenesis, cell
migration, adhesion, and angiogenesis but increasing apoptosis were correlated
with decreased adipocyte size. The same was true for the decreased expression of
a subset of genes implicated in inflammation.

An AT transcriptome study (Capel et al. 2009) reveals that molecular adapta-
tions in AT and their relation to insulin sensitivity vary strikingly between different
dietary periods. When energy restriction and weight stabilization were compared,
an opposite pattern of regulation (up- or down-regulation) was observed between
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adipocyte metabolism genes and genes belonging to pathways chiefly operating in
macrophages. During energy restriction (i.e. weight loss period), a salient feature
was the down-regulation of genes involved in adipocyte metabolism, whereas
during the weight stabilization phase (isocaloric diet) there was a down-regulation
of macrophage gene expression (Capel et al. 2009).

In the Diogenes program (Marquez-Quinones et al. 2010), there were differ-
ences in the SAT transcriptome of subjects who continue to lose weight as
compared with subjects who regained weight, independently of the diet-macro-
nutrient composition. Mitochondrial oxidative phosphorylation was the major
pattern associated with continued weight loss (Marquez-Quinones et al. 2010).

Whether the up- or down-regulation of the SAT transcriptome according to the
type of macronutrient reflects also variations between obesity phenotypes remains
to be elucidated.

In summary, dietary approach results in improvement in plasma and cellular
markers related to obesity metabolic complications, suggesting that the metaboli-
cally unhealthy obese phenotype can be partly reversed, at least in selected patients.

Physical and Metabolic Fitness

Physical exercise has been shown to improve weight maintenance after weight
reduction, but also glucose or lipid metabolism in the insulin-resistant state (Bays
et al. 2006; Westerink and Visseren 2011). Reduced physical activity and low
cardio-respiratory fitness may contribute to unhealthy obesity. The changes in
metabolic parameters may be independent of exercise-related changes in body
mass (Magkos 2010).

The beneficial effects of being ‘fat and fit’ may be mediated by lower visceral fat
mass and lower liver fat content, i.e., by an improvement in adipocyte dysfunction
and ectopic fat deposition. Both aerobic and resistance training may exert beneficial
metabolic effects, so exercise might be a key treatment option for the reversal of
unhealthy obesity. However, exercise training does not have a further independent
effect on markers of inflammation (adipokines and hs-CRP) in patients who par-
ticipate to a hypocaloric weight loss intervention (Fisher et al. 2010).

Pharmacological Treatment of Obesity

Long-term weight maintenance after weight reduction is the most important
challenge for anti-obesity drugs (Ziegler 2011). According to the double target
concept (drugs simultaneously act on weight control and on metabolic abnor-
malities), the weight loss therapeutic agents may even affect metabolic parameters
and cardiometabolic risk independently of weight loss alone.
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Orlistat or sibutramine administration decreases both visceral and subcutaneous
fat, with possibly more reduction of visceral fat, but data are scarce (Bays et al.
2006; Ziegler 2011).

Cannabinoid-1 receptor (CB1R) blockers such as rimonabant have been dem-
onstrated to reduce weight, abdominal adiposity (SAT and VAT), and the meta-
bolic abnormalities associated with adipocyte dysfunction. The results of the RIO-
Lipids study (Després et al. 2005) provide evidence for a weight-loss-independent
effect of rimonabant on adiponectin levels (about 50 % of the increase in adipo-
nectin levels could not be attributed to weight loss).

GLP1 analogs are new drugs that can be considered as useful for the treatment
of both obesity and T2DM. Liraglutide has been shown to provide sustained
weight loss over 2 years (Astrup et al. 2011).

Bariatric Surgery

Bariatric surgery results in sustainable long-term weight loss and improvement or
remission of metabolic diseases associated with obesity, suggesting that the
unhealthy obese phenotype can be reversed, even in severely obese patients.
According to a recent expert consensus, a marked decrease in fat mass and nor-
malization of AT function may explain the beneficial effects of bariatric surgery on
obesity-related disorders (Bays et al. 2009).

Ciangura et al. (Ciangura et al. 2009) studied the dynamics of change in body
composition in obese women using sequential DEXA measurements during the
first year of follow-up after gastric bypass.

Two main results have to be underlined. Lean body mass loss plateaued after
6 months, but fat mass showed a continuous decrease over time. There was no
evidence of a decrease in total and appendicular lean body mass as compared with
non-surgical control subjects, matched for age and body fatness (Ciangura et al.
2009). Fat mass loss appeared more important on the trunk, as compared to the
extremities (decreased trunk to appendicular fat mass ratio) (Ciangura et al. 2009).

Finally, surgery-induced weight reduction improves the systemic and AT
inflammatory states associated with obesity, suggesting a beneficial effect on AT
remodeling (Cancello et al. 2005; Clément 2011). In particular, weight loss was
associated with decreased number of SAT macrophages and with a switch toward
a less pro-inflammatory state (Cancello et al. 2005).

Other Interventions Affecting Adipose Tissue Function

As already underlined, increasing physical activity and diet-induced weight
reduction are two important lifestyle change measures to reduce insulin resistance
and visceral adiposity, mainly by decreasing the size of existing adipocytes. These
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two interventions are central and effective in modifying AT dysfunction. However,
other more or less specific interventions affecting AT function could be useful,
whereas weight reduction resulting from lifestyle intervention is often modest.
Three approaches for remodeling dysfunctional AT into a healthier tissue are
briefly discussed below.

Adipose Tissue Expandability and Lipotoxicity

Paradoxically with regard to obese individuals, a capacity to recruit, proliferate,
and differentiate adipocytes may allow AT to maintain normal metabolic functions
during times of positive caloric balance.

Thiazolidinediones

Thiazolidinediones (TZD or glitazones) have been developed to improve insulin
resistance. These agents are PPAR-c agonists that are able to modulate fat storage
through multiple mechanisms (Heilbronn et al. 2004; Westerink and Visseren
2011): (1) they promote adipogenesis and SAT development, so fat storage may be
increased in a physiological depot; (2) in some studies, TZD have been shown to
decrease the VAT/SAT ratio, with either a decrease or no change in visceral fat;
(3) they may decrease ectopic fat deposition in liver and muscle; (4) they improve
adipocyte endocrine functions, decreasing production of inflammatory adipokines
and increasing production of adiponectin and leptin.

As shown by Gastaldelli et al. (Gastaldelli et al. 2009), pioglitazone is a good
candidate for the treatment of NASH, at least in individuals with prediabetes or diabetes.
Patients with NASH have severe AT insulin resistance (Adipo-IR) independently of the
degree of obesity. Pioglitazone treatment (45 mg/day or placebo for 6 months) resulted
in a 47 % Adipo-IR decrease that was significantly correlated with the reduction of
hepatic fat and with the reduction in hepatic necroinflammation (Gastaldelli et al. 2009).

TZDs have been used tot treat either genetic or acquired partial lipodystrophies.
The benefits on AT distribution were often small, but a good efficacy on insulin
resistance, blood glucose control, and dyslipidemia has been reported. In our
experience, therapy with pioglitazone resulted in marked and sustained improve-
ment in metabolic control, as far as diabetic patients with lipodystrophic adiposity
phenotype are concerned. However, to the best of our knowledge, no controlled
intervention study to verify this interesting effect has been published.

Remodeling of Adipose Tissue by Virus

Human adenovirus type 36 increases adiposity, but improves metabolic profile and
insulin sensitivity in experimentally infected animals (Basdevant and Clément
2011; Rogers et al. 2008). This virus is able to facilitate (1) the differentiation of
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preadipocytes and adipogenesis; (2) lipogenesis; (3) metabolically favorable
remodeling of AT (reduction of inflammatory cytokines production). The ability of
adenovirus to induce these changes has been successfully investigated in human
primary AT explants (Rogers et al. 2008). The potential of viral proteins, as a
therapeutic target for treating insulin resistance by expanding AT, remains to be
established.

Lipid Partitioning and Oxidation of Excess Lipids

Deficiency of Leptin and Leptin Resistance

According to the Unger hypothesis (Unger 2003; Unger et al. 2010), leptin
resistance is a major cause of lipotoxicity. The anti-lipotoxic effect of leptin may
be mediated by an increase in lipid oxidation in non-adipose tissues. Relative
hypoleptinemia has been reported in visceral obesity (Unger 2003), but the
majority of obese individuals exhibit leptin resistance. It is tempting to use a
pharmacological approach to increase leptin sensitivity. Endoplasmic reticulum
stress could be resolved by the administration of chemical chaperones including
4-phenyl butyric acid and tauroursodeoxycholic acid that cause hypophagia and
weight loss in mice (Ziegler 2011).

Further, amylin works synergistically with leptin to decrease body weight in
rodents, an effect which was attributed to amylin receptor stimulation reversing
leptin resistance (Ziegler 2011). Results of a 20 weeks proof-of-concept study
have been encouraging, patients treated with the combination of pramlintide, a
synthetic amylin analog, and a recombinant human leptin (metreleptin) experi-
enced a mean weight loss of 12 % (Ziegler 2011).

Early clinical trials of sc leptin therapy (recombinant leptin: R-metHuleptin and
metreleptin) for the treatment of obesity failed, except for leptin-deficient states,
i.e., morbidly obese patients with hypoleptinemia due to a very rare leptin gene
mutation or polymorphism. Leptin replacement therapy has also been shown very
effective in patients with familial generalized or partial lipodystrophy (Unger
2003; Unger et al. 2010). As recently reported by Simha et al. (Simha et al. 2011),
metreleptin replacement therapy is equally effective in familial partial lipodys-
trophy patients of the Dunnigan variety (24 women treated for 6 months) with both
severe and moderate hypoleptinemia in reducing body weight, fat mass, serum and
hepatic TG levels.

Adiponectin

The anti-lipotoxic action of TZD and rimonabant may be mediated by an increase
in adiponectin production, an insulin-sensitizing hormone with multiples meta-
bolic and anti-atherosclerotic actions. The AT expandability hypothesis has been
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supported in a transgenic rodent model. A mouse overexpressing adiponectin in
AT on an obese ob/ob background becomes very obese without metabolic com-
plications and with no ectopic fat deposition in liver (Virtue and Vidal-Puig 2010).

Sirtuin Activators

Sirtuin 1 (SIRT1) is NAD-dependent deacetylase that is up-regulated by caloric
restriction in rodents (Guarente 2006). SIRT1 enhance fat mobilization and FA
mitochondrial oxidation by interacting with PPAR c and PGC1 a. A SIRT 1
activator, resveratrol, has proven to be effective in rodent models of diet-induced
obesity). Specific SIRT1 activators have been investigated in phase I or II trials for
the treatment of T2DM and obesity (Ziegler 2011).

Other Approaches to Increase Energy Expenditure

Four new potential therapeutic approaches could be envisioned, according to Kahn
et al. (Tseng et al. 2010): (1) increasing brown fat differentiation from progenitor
cells of skeletal muscle and white AT, using cytokines or growth factors; (2)
activating brown fat thermogenesis, using b3 adrenergic receptor agonists;
recently a new pathway to promote energy expenditure was observed in response
to bile acids that bind to a novel G-protein-coupled receptor TGR5; a TGR5
agonist, INT-777, has already shown efficacy, reducing adiposity in mice with
diet-induced obesity; (3) promoting skeletal muscle thermogenesis by different
pathways including SIRT1 and AMP-activated protein kinase (AMPK), an energy
sensor widely considered to be involved in the pharmacologic action of metformin
(see below); (4) increasing general mitochondrial uncoupling that leads to energy
inefficiency; new molecules may be attractive, if more selective and less toxic than
dinitrophenol.

Effects on Adipose Tissue Function and Remodeling

Direct Actions of Pharmacologic Agents

Several classes of drugs have unintended influences on AT function, but the
clinical relevance of these actions remains to be determined (Bays et al. 2006;
Westerink and Visseren 2011). As already reported, TZD have pleiotropic effects
(e.g.: AT inflammation, insulin resistance). Metformin is thought to increase
FA oxidation by stimulating AMPK. Another possible role of metformin on
AMPK-dependent lipolysis in adipocytes has been suggested, that could decrease
FFA plasma levels. Moreover metformin may inhibit PAI-1 production by human
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SAT. So, direct metformin effects on AT may have beneficial effects, beyond its
modest effect through weight reduction (2 kg weight loss).

Statins are capable of reducing systemic inflammation (Westerink and Visseren
2011). Due to differences in lipophilicity, statins may have different effects on
adiponectin production. By a PPARa agonistic mechanism, fibrates increase the
uptake and oxidation of FA in the liver, muscle, and heart. They may also mod-
ulate the production of some cytokines, such as adiponectin and TNFa.

Salicylates have direct anti-inflammatory effects but some data suggests a
possible role of PPAR-c agonism. High dose acetylsalicylic acid may improve
insulin resistance and increase adiponectin (Westerink and Visseren 2011).

Aldosterone antagonists that inhibit AT mineralcorticosteroid receptor
activation may improve AT dysfunction (Westerink and Visseren 2011). In
particular, a decrease in the number of hypertrophic adipocytes and infiltrating
macrophages has been reported. Angiotensin Converting Enzyme Inhibitors
(ACE-i) are known to slightly improve insulin resistance. Angiotensin II could
have a direct pro-inflammatory effect on AT. Angiotensin II type 1 Receptor
Blockers (ARB) exert PPARc partial agonistic activity (Westerink and Visseren
2011). Some ARB have been shown to increase adiponectin plasma levels and to
decrease VAT volume.

Adipose Tissue Fibrosis

Excessive deposition of collagen in AT is involved in the pathophysiology of AT
dysregulation. AT fibrosis inhibition may improve insulin resistance (Basdevant
and Clément 2011; Clément 2011). Whether a therapeutic approach is able to
control the fibrosis amount and to modify AT remodeling remains to be estab-
lished. It is tempting to speculate that changes in the fibroinflammation status may
contribute to the metabolic amelioration after diet-induced weight loss.

Peripheral Cannabinoid-1 Receptor Antagonist

Targeting peripheral CB1R has therapeutic potential for improving cardiometa-
bolic abnormalities in obese patients. Treatment of obese mice with a peripherally
restricted CB1R antagonist improves glycemic control and dyslipidemia and
reverses hepatic steatosis (Tam et al. 2010; Patti 2010). Selective targeting of
peripheral CB1R may result in an improved hormonal-metabolic profile in obesity
without the untoward neuropsychiatric effects (depression and suicidal tendencies)
observed following treatment with brain-penetrant CB1R antagonists (rimonabant
or taranabant). It could be a novel exciting therapeutic option for NASH (Ziegler
2011).
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Discussion

Benefit–Risk Ratio Analysis According to Obesity Phenotype

As already underlined, a better understanding of obesity phenotypes is needed to
educate healthcare professionals, physicians, and even researchers. Most inter-
vention studies do not take into account the heterogeneous clinical presentation of
this complex disease. For example, the identification of the MHO individual in a
clinical setting could have important implications for therapeutic medical decision
making, in order to avoid useless and not efficient weight loss treatments.

So, the AT expansion limit hypothesis, leads to the concept of a ‘‘set point’’ for
capacity of AT to expand beyond which an overweight individual becomes met-
abolically unhealthy. A weight management program has to be personalized to an
individual’s threshold of metabolic complications. Early tailored approach can
prevent the ectopic fat accumulation that causes insulin resistance (Virtue and
Vidal-Puig 2008).

The Natural History of Unhealthy Obesity

Obesity is a chronic progressive disease that evolves over time (dynamic weight
gain phase, followed by a static phase when obesity reaches a plateau, and a
weight loss resistance phase) (Clément 2011). It is obvious from a clinical point-
of-view that obesity subphenotypes change according to the natural history of the
disease, but also with aging (lipodystrophy and sarcopenia). AT dysfunction
appears gradually, so that metabolic syndrome most often appears in late middle
age, indicating that many years of relatively good health can precede the onset of
comorbidities. An obese individual may be considered as MHO during many
years, before to become MAO (Unger et al. 2010). No prospective studies have
demonstrated that MHO subjects can maintain insulin sensitivity during the entire
life (Blüher 2009).

That is why the duration of obesity is a crucial parameter to be considered,
when explaining the development of AT dysfunction (Blüher 2009). A healthy
obese phenotype may reverse to obesity-related insulin resistance, especially when
energy balance remains positive for a long time. About 20 years are needed to
develop diabetes or coronary heart disease but genetic and environmental factors
and early (epigenetic) programing are also crucial contributors.

The resistance to weight loss could be related to the accumulation of fibrosis
that may hamper fat mass loss induced by caloric restriction (Clément 2011). The
propensity to regain weight after diet-induced weight loss is well known (Yoyo
syndrome), so that dietary treatments have limited efficacy at this period of natural
history. Bariatric surgery or a pharmacologic treatment (to be defined) could be a
useful option for patients with biological alterations of AT, to be discussed
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according to the benefit–risk ratio. However, the pathophysiological and clinical
relevance of fibrosis in the AT is not clear: early event for some patients or a late
complication of AT dysfunction? This question is still open.

Contribution of Other Organs to the Pathogenesis
of Metabolic Alterations

AT is not the only therapeutic target. The dialog between AT and other central (brain)
or peripheral organs (liver, gut, muscle…) provided a conceptual framework to
analyze the pathogenesis of insulin resistance and other metabolic complications of
obesity including systemic inflammation. Two examples are presented here.

Gut

The gut is considered as a central player in development of systemic inflammation
and the metabolic syndrome (Clément 2011; Lam et al. 2011; Tilg and Kaser
2011). Hyperphagia, pro-inflammatory dietary components (e.g., saturated fat),
and genetic predisposition may combine to alter the gut microbiota.

Impairment or leakiness of the gut barrier and local inflammation will result in
mesenteric AT dysfunction (adipocyte hypertrophy, macrophage infiltration). The
adipose-derived cytokines and increased FFA flux from the expanded fat mass will
impact on the liver via direct portal access, resulting in liver steatosis, insulin
resistance and inflammation. Increased intestinal permeability causing elevated
systemic levels of lipopolysaccharides (LPS), and intestinal microbiota as sup-
ported by many works, might have a profound role in the development of meta-
bolic syndrome and systemic inflammation (Lam et al. 2011). The relevance of the
probiotic approaches to modulate gut microbiota in the management of obesity and
metabolic syndrome in humans needs further studies.

Liver

Increased fat accumulation in the liver is a marker of hepatic insulin resistance that
predicts the metabolic syndrome. It is probably an early event in the development
of systemic insulin resistance that promotes the development of AT dysfunction.
In adipocytes, insulin resistance from any cause is associated with FFA elevation,
due to decreased anti-lipolytic effects of insulin. This results in an increased flux of
FFA to the liver, together with pro-inflammatory factors from the portal circula-
tion. Liver steatosis is probably an early marker of ectopic fat deposition, at least
in some individuals. Early diagnosis and management is necessary to delay the
progression to NASH and fibrosis but also other complications of the metabolic
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syndrome (T2DM and CVD). The same strategies are needed to approach NASH
and AT dysfunction by behavioral programs to reduce excess nutrition and
increase exercise.

Conclusion

AT is a master regulatory tissue in controlling whole-body lipid flux, thereby
modulating both glucose and lipid homeostasis. A lot of data support the hypothesis
that AT dysfunction, especially adipocyte hypertrophy, inflammation and decreased
adiponectin secretion, is an important contributor to insulin resistance in obesity.
This could be the primary defects in obesity-related insulin resistance.

It is important to distinguish early the ‘unhealthy’ from the ‘healthy’ obese
phenotype, if possible in childhood, using pertinent biomarkers. Anti-obesity
treatment strategies even with moderate reduction of fat mass, may reverse
unhealthy into healthy obesity. These interventions include calorie-restricted diets,
adapted to the weight loss or the weight maintenance phase, increased physical
activity (especially during the maintenance phase) as well as anti-obesity drugs or
bariatric surgery, if necessary. Indications have to be discussed according to the
obese phenotype and the severity of adiposity excess.
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