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ABSTRACT

Adipose tissue is a central metabolic organ. Unlike other organs,
adipose tissue is compartmentalized into individual depots and
distributed throughout the body. These different adipose depots show
major functional differences and risk associations for developing
metabolic syndrome. Recent advances in lineage tracing
demonstrate that individual adipose depots are composed of
adipocytes that are derived from distinct precursor populations,
giving rise to different populations of energy-storing white adipocytes.
Moreover, distinct lineages of energy-dissipating brown and beige
adipocytes exist in discrete depots or within white adipose tissue
depots. In this Review, we discuss developmental and functional
heterogeneity, as well as sexual dimorphism, between and within
individual adipose tissue depots. We highlight current data relating to
the differences between subcutaneous and visceral white adipose
tissue in the development of metabolic dysfunction, with special
emphasis on adipose tissue expansion and remodeling of the
extracellular matrix. Moreover, we provide a detailed overview of
adipose tissue development as well as the consensus and
controversies relating to adult adipocyte precursor populations.
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Introduction

A sedentary lifestyle paired with the continuous availability of high
caloric food options has initiated a pandemic of obesity, with higher
prevalence in women than in men, and its associated co-morbidities
such as cardiovascular disease, certain types of cancer and type 2
diabetes (GBD 2015 Obesity Collaborators et al., 2017; WHO fact
sheet: Obesity and overweight 2016; www.who.int/mediacentre/
factsheets/fs311/en/). White adipose tissue (WAT) is the primary
site for energy storage and plays a role in thermal insulation as well
as in protection from mechanical damage (Frayn et al., 2003).
Moreover, since the discovery of the hormone leptin in the 1990s
(Zhang et al., 1994), adipose tissue has been recognized as an
important endocrine organ, secreting a large number of bioactive
peptides (adipokines) and other metabolites (Blither and Mantzoros,
2015; Fasshauer and Bliiher, 2015; Kershaw and Flier, 2004; Samad
et al., 2011; Trujillo and Scherer, 2006), thereby regulating whole
body energy and glucose homeostasis (Ouchi et al., 2011; Sell et al.,
2012). Thus, adipose tissue is crucial to balance fluctuations in food
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availability and to maintain whole body metabolism. However, an
excessive accumulation of triglycerides in adipose tissue can result
in impaired adipose tissue function, characterized by altered
adipokine secretion, tissue inflammation, and the spillover of
lipids into other organs, such as skeletal muscle and liver, as well as
local and systemic insulin resistance. These alterations frequently
result in the development of metabolic syndrome. Therefore, many
pharmacological approaches aim to either reduce adiposity or to
maintain adipose tissue function, preventing the development of
metabolic syndrome. Over the past years, brown adipose tissue (BAT)
has been the focus of much attention. Unlike white fat, BAT dissipates
energy through mitochondrial uncoupling and could provide ways to
reduce body mass and restore glucose and lipid homeostasis. By
contrast, the complexity of WAT has only recently been recognized
owing to our increased understanding of the distinct functions of
individual WAT depots and of the differences between adipocytes
within depots. These findings are substantiated by the fact that not all
obese subjects are alike, as the site of energy storage as well as the
amount of available BAT are crucial to determining the metabolic
outcome of obesity. Gender is an important factor determining the
distribution and function of the different adipose depots. Furthermore,
to make an already complex subject even more complex, recent studies
have suggested that developmental and functional differences in
adipocytes within distinct adipose tissue depots influence the overall
behavior of these depots. To this end, we provide an overview of the
differential roles of individual adipose tissue depots in the regulation of
metabolism and a detailed description of the current understanding of
adipose tissue depot heterogeneity, as well as the controversies, and its
implications for adipose function.

Adipose tissue depots
Essentially every animal species has evolved to store energy in the
form of triglycerides. Generally, adipose tissue can be differentiated
as either WAT or BAT, which are morphologically and functionally
distinct. WAT is mainly composed of unilocular cells, with a high
capacity to store triglycerides, whereas BAT contains multilocular
adipocytes, which are rich in mitochondria. Most importantly,
brown adipocytes dissipate energy in the form of heat upon (-
adrenergic stimulation. This process is mediated by uncoupling
protein 1 (UCP1), a protein residing in the inner mitochondrial
membrane, uncoupling the proton motive force of the respiratory
chain, thereby combusting energy as heat (Klingenspor et al., 2008).
In most species, including fish, rodents and humans, adipocytes
are mostly organized in anatomically distinct adipose tissue depots,
which can be broadly divided into intra-abdominal (around
abdominal organs) and subcutaneous (under the skin) depots
(Pond, 1992). The primary site of energy storage varies among
species, with invertebrates, such as amphibians and reptiles
preferentially storing energy intra-abdominally, whereas mammals
accumulate fat within the abdomen and subcutaneously (Cinti,
2007; Pond, 1992) (Fig. 1).
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Fig. 1. Adipose tissue depots in different species. Invertebrates as well as reptiles and amphibians store fat in the intra-abdominal cavity as so-called fat
bodies. In contrast, mammals such as mice and humans store fat in distinct adipose depots within the abdomen and under the skin (subcutaneous). These
adipose compartments can be grouped into subcutaneous white adipose tissue, visceral white adipose tissue, dermal adipose tissue, bone marrow adipose
tissue, intermuscular adipose tissue and brown adipose tissue and have individual metabolic functions and risks. This figure was created using Servier Medical
Art templates, which are licensed under a Creative Commons Attribution 3.0 Unported License; https://smart.servier.com.

In humans, the subcutaneous adipose tissue depots (SAT)
comprise cranial, facial, abdominal, femoral and gluteal depots
and are believed to serve as protection against mechanical damage
and heat loss, although recent studies have demonstrated that dermal
adipose tissue is primarily responsible for insulation (Alexander
et al., 2015; Kasza et al., 2014). Intra-abdominal triglycerides are
stored in the omentum as well as retroperitoneally and viscerally
(visceral white adipose tissue, VAT), where VAT functions to shield
organs. However, the individual ratio of SAT to VAT varies
depending on age, sex, nutrition and the energy homeostasis of
specific depots as well as individual genetics (Bjerndal et al., 2011;
Shungin et al., 2015; Wajchenberg et al., 2002). Meta-analysis
identified sexual dimorphism in the genetic basis of fat distribution
(Heid et al., 2010; Randall et al., 2013). In the obese state, women
typically show an enhanced accumulation of SAT, leading to a so-
called pear-shaped body form associated with a lower metabolic
risk for type 2 diabetes and cardiovascular diseases. In contrast, men
classically accumulate more VAT, resulting in an apple-shape
associated with a higher metabolic risk (Gesta et al., 2007).

In mice, SAT includes the posterior subcutaneous (psWAT,
including inguinal, dorso-lumbal and gluteal WAT) and anterior
subcutaneous white adipose tissues (asWAT). Dermal adipocytes
form a stand-alone depot, distinct from SAT (Fig. 1) (Driskell et al.,
2014; Festa et al., 2011), with potential functions in hair follicle
cycling, wound healing and bacterial infection (Alexander et al.,
2015; Festaet al., 2011; Marangoni et al., 2015; Zhang et al., 2015).
Further studies are needed to elucidate the metabolic role of dermal
adipose tissue.

Murine VAT mainly comprises mesenteric (mnWAT), retroperitoneal
(rpWAT), perirenal (prWAT) and perigonadal white adipose tissues
(pgWAT) (Cinti, 2007; Tran and Kahn, 2010).

In the majority of the above-mentioned adipose depots, white
adipocytes are the predominant cell type; however, brown-like
adipocytes are found sporadically in the SAT and VAT of mice.

BAT depots in rodents and human infants are primarily found in the
inter- and subscapular (iIBAT/sBAT), axillary (aBAT) and cervical
(cBAT) areas (Cinti, 2007; de Jong et al., 2015) (Fig. 1). BAT
activity can be increased upon cold exposure and noradrenergic
stimulation, and also pharmacologically (Giordano et al., 2016) and
by fasting (Migliorini et al., 1997). In humans, active BAT was
believed to be only present in the neck and shoulder of newborns and
small children, where its function was attributed to be maintenance
of body temperature upon cold exposure to compensate for the
lack of shivering-thermogenesis (Lean, 1989). However, in 2009,
multiple studies observed the presence of metabolically active BAT
in adult humans using '3F-fluorodeoxyglucose-positron emission
tomography-computed tomography scans (Cypess et al., 2009; Van
Marken Lichtenbelt et al., 2009; Virtanen et al., 2009). Human BAT
is found in the anterior neck to the thorax (Cypess et al., 2009); the
highest levels of activity are found in the paracervical and
supraclavicular regions (Van Marken Lichtenbelt et al., 2009;
Virtanen et al., 2009) (Fig. 1). However, the amount of detectable
active BAT in humans varies depending on age, body mass and
season (Lee et al., 2010; Wang et al., 2015), and shows higher
prevalence in young, lean women than in men (Lee et al., 2010).
As briefly mentioned above, batches of brown-like adipocytes
can accumulate in WAT upon cold exposure, noradrenergic and
various other endocrine stimuli (Harms and Seale, 2013). These
brown-like adipocytes are termed beige or brite (‘brown in white’)
(Seale et al., 2008; Wu et al., 2012) adipocytes. Even though beige
adipocytes have characteristics of brown adipocytes, such as the
same morphology, and express most of the brown adipocyte-
specific genes, such as UCP1, Cidea, Pgclo and PAT2 (Harms and
Seale, 2013; Ussar et al., 2014), beige and brown adipocytes appear
to develop from different embryonic precursor populations (Seale
et al., 2008) with a unique gene expression signature (Ussar et al.,
2014; Xue et al., 2007). However, these findings are controversial
because different research groups have reached different
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conclusions regarding the similarities and differences between
brown and beige adipocytes (Harms and Seale, 2013; Kajimura
et al., 2015; Lee et al, 2017b; Waldén et al., 2012). The
development and function of BAT has been discussed extensively
elsewhere (Cannon, 2004; Kajimura et al., 2015), therefore, here,
we focus on the developmental and functional heterogeneity of
WAT depots and white adipocyte populations.

Metabolic risk is associated with individual adipose

tissue depots

In 1981, the paradoxical phenomenon of individuals who are lean
but show obesity-related perturbations, such as hyperinsulinemia
and hypertriglyceridemia, was described for the first time by
Ruderman and colleagues (Ruderman et al., 1981). Since then,
these so-called subgroups of ‘metabolically obese’ patients have
been studied: the accumulation of fat in VAT has been shown to
contribute to metabolic disturbances observed in normal-weight
individuals (Dvorak et al., 1999; Ruderman et al., 1998). A second
phenomenon describing the opposite state of ‘obese but
metabolically healthy’ individuals is associated with high fat mass
but unimpaired insulin sensitivity, lipid and inflammatory profiles
(Primeau et al., 2011; Stefan et al., 2008). Although the mechanisms
underlying this favorable obesity phenotype are still not completely
understood, preferential accumulation of fat in lower subcutaneous
depots, such as those detected in women, positively correlates with
healthy obesity (Kim et al., 2016; Primeau et al., 2011).

A number of different hypotheses have been developed to
understand the mechanisms underlying these different risk
associations. The different anatomical locations of VAT and SAT
form the basis of the ‘portal theory’, which states that VAT, especially
omental fat, secretes metabolites and adipokines into the portal vein,
facilitating direct delivery to the liver (Bjortorp, 1990). Thus,
functional alterations in VAT would directly impact on hepatic
function and contribute to overall higher (cardio)-metabolic risk
(Wajchenberg et al., 2002). However, the observed improvement of
glucose metabolism after a combination of VAT removal and bariatric
surgery (Thome et al., 2002) was predominantly caused by bariatric
surgery rather than VAT removal (Andersson et al., 2014; Lima et al.,
2013). In addition, removal of SAT also showed little effects
on metabolism (Mohammed et al., 2008; Seretis et al., 2015).
Furthermore, mice and rats preferentially accumulate fat in pgWAT,
unlike humans, which accumulate fat in omental adipose tissue,
which further complicates the mechanistic analysis of this hypothesis.
This difference is important because even though pgWAT, unlike
omental fat, does not have direct access to the portal vein, the
accumulation of pgWAT also results in metabolic disturbances in
mice. Moreover, studies in mice have shown that transplantation of
SAT from lean mice into the visceral cavity has beneficial effects on
body weight, glucose metabolism and insulin sensitivity (Tran and
Kahn, 2010) in lean (Tran et al., 2008) and obese (Foster et al., 2013;
Hocking et al., 2015) mice. However, the transplantation of pgWAT
to subcutaneous sites has resulted in either no (Barrera et al., 2012;
Tran et al., 2008) or some metabolic advantages (Satoor et al., 2011;
Tran and Kahn, 2010). Thus, the accumulation of VAT is more
harmful than peripheral, subcutaneous obesity, increasing the risk of
the development of non-alcoholic fatty liver disease and type 2
diabetes (Fox et al., 2007). However, the reasons for this difference
can only be partially explained, if at all, by the direct access of VAT to
the portal vein.

Another anatomical feature of VAT, which is discussed as a risk
factor for developing obesity-associated metabolic complications, is
the restricted ability of VAT to expand owing to limited space in the

abdominal cavity. In lean humans, subcutaneous adipocytes are
larger than visceral adipocytes (Pellegrinelli et al., 2016), whereas
the opposite is the case in mice (Sackmann-Sala et al., 2012; Schottl
etal., 2015) (Fig. 2). Moreover, SAT fat cells are larger in men than
in women; however, this gender effect is diminished in obese
subjects (Andersson et al., 2017). However, fat cell numbers in SAT
depots are larger in women than in men (Andersson et al., 2017). In
humans and mice, initial weight gain results in increased adipocyte
cell size (hypertrophy) owing to enhanced triglyceride storage in
individual adipocytes (Martinsson, 1969) (Fig. 2). Triglyceride
synthesis is facilitated by lipoprotein lipase (LPL)-mediated free
fatty acid (FFA) uptake from (very) low-density lipoprotein and
chylomicron and de novo lipogenesis via insulin-dependent glucose
uptake by Glut4d. Overall ~10-15% of ingested glucose is
transported into adipocytes (Kahn, 1996; Rosen and Spiegelman,
2006), of which ~50% is used to synthesize glycerol and fatty acids
(Festuccia et al., 2009). Interestingly, both LPL activity, especially
in obese men (Boivin et al., 2007), and glucose uptake are higher in
VAT than in SAT (Perrini et al., 2008; Veilleux et al., 2009,
Virtanen et al., 2002), even though Glut 4 expression is lower
(Lefebvre et al., 1998). Moreover, the rate of lipolysis facilitated by
a cascade of adipose triglyceride lipase, hormone-sensitive lipase
and monoacylglyceride lipase is higher in human VAT than SAT in
the steady state (Arner, 1995; Engfeldt and Amer, 1988) and upon
B-adrenergic stimulation by catecholamines (Hellmér et al., 1992).
Furthermore, women exhibit enhanced sensitivity compared with
men (Ramis et al., 2006), mainly owing to differences in the
expression of adrenoceptors (Hellmér et al., 1992; Hoffstedt et al.,
1997; Ramis et al., 2006; Reynisdottir et al., 1997).

In addition, excessive accumulation of visceral fat induces local
insulin resistance, decreasing its sensitivity to the anti-lipolytic
effects of insulin (Engfeldt and Amer, 1988; Gastaldelli et al., 2002;
Wajchenberg et al., 2002). This further enhances the release of FFA,
resulting in a direct correlation of FFA release from VAT with portal
FFA concentrations (Nielsen et al., 2004; Votruba and Jensen,
2007) and metabolic dysfunction in obese subjects (Hoffstedt et al.,
2010). Thus, in men (Geer and Shen, 2009), elevated postprandial
levels of insulin, FFA and triglycerides (Geer and Shen, 2009)
parallel the previously mentioned higher visceral adiposity.

In addition to adipocyte hypertrophy, continued weight gain
results in increased adipocyte numbers (hyperplasia) (Fig. 2), which
some studies have shown occurs primarily in the visceral fat depots
of mice (Kim et al., 2014; Wang et al., 2013). Other studies have
shown an association between hyperplasia and subcutaneous fat
depots (Tchkonia etal., 2013), with a higher capacity for adipogenesis
observed in femoral rather than in abdominal subcutaneous depots in
humans (Tchoukalovaetal.,2010). However, a study by van Beek and
colleagues demonstrated that pgWAT in mice has a limited capacity to
store lipids, which is reached when mice achieve an average body
weight of 40 g (van Beek et al., 2015). A prolonged high-fat diet
caused adipocyte cell death in mice, as indicated by the formation of
macrophages containing crown-like structures, resulting in ectopic
lipid accumulation in the liver and the development of insulin
resistance (van Beek et al., 2015). In contrast, psWAT and mWAT
show a slower rate of tissue expansion but continue to accumulate
lipids for a prolonged time without signs of inflammation (Strissel
et al., 2007; van Beek et al., 2015) (Fig. 2).

These data not only indicate that VAT and SAT have different
abilities to store lipids but also show that lipid storage cannot be
shifted from VAT to SAT upon exceeding its storage capacity. In
contrast, reaching the lipid storage capacity of VAT promotes
ectopic lipid accumulation outside of adipose tissues, promoting
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Fig. 2. Heterogeneity of subcutaneous and visceral white adipose tissue depots in lean and obese conditions. In the lean state, subcutaneous white
adipose tissue (SAT) is characterized by a smaller cell size but an increased number of adipocytes as well as differential adipokine secretion compared with
visceral white adipose tissue (VAT). Weight gain triggers adipocyte hypertrophy and remodeling of the extracellular matrix (ECM), with the cell size of VAT
adipocytes increasing more rapidly. This is associated with reduced adiponectin expression in VAT. Expansion of VAT is accompanied by increased cytokine
[interleukin 6 (IL-6) and tumor necrosis factor (TNF)] secretion, which can fuel crown-like structure (CLS) formation, and augmented hypoxia-inducible factor 1a
expression to promote angiogenesis. Excessive VAT expansion triggers proinflammatory cytokine expression as well as the recruitment of immune cells. In SAT,
hypertrophy results in lower levels of expression of proinflammatory cytokines and less M1 macrophage infiltration. Collagen | and metalloproteinase inhibitor 1
(TIMP1) are increased and contribute to a ‘healthier’ expansion of the tissue. This figure was created using Servier Medical Art templates, which are licensed
under a Creative Commons Attribution 3.0 Unported License; https://smart.servier.com.

insulin resistance and glucose intolerance. Moreover, we and others
have reported that even after weight loss, a history of obesity leaves
a specific inflammatory fingerprint within pgWAT, together with
persistent hypertrophy (Fischer et al., 2017), macrophage infiltration
and secretion of pro-inflammatory cytokines (Schmitz et al., 2016;
Zamarron et al., 2017), whereas there is little difference between the
psWAT of obese mice and that of lean mice. This suggests that factors
intrinsic to adipose tissue regulate the capacity to store lipids and to
maintain adipocyte function. Thus, it is important to understand the
molecular changes in VAT and SAT upon weight gain to fully
understand the differential risk association.

Beyond VAT and SAT - other white adipose tissue depots
In addition to the major WAT depots, multiple other smaller depots
exist, with distinct functions and metabolic disease association.

Among these, the best-studied depots are inter-/intramuscular
adipose tissue (IMAT), bone marrow adipose tissue (BMAT) and
pancreatic fat.

IMAT is found beneath the fascia of skeletal muscle (Gallagher
et al., 2005) and includes adipocytes between muscle groups
(intermuscular), as well as adipocytes located between muscle fibers
(intramuscular) (Addison et al., 2014; Gallagher et al., 2005,
Karampinos et al., 2012) (Fig. 1). IMAT accounts for ~2—3% of
total body fat in healthy lean women (Gallagher et al., 2005) and
increases upon aging (Song et al., 2004), obesity (Gallagher et al.,
2005) and physical inactivity and sedentariness (Elder et al., 2004;
Gorgey and Dudley, 2007; Manini et al., 2007; Ryan et al., 2011,
2002). Thus, it is not surprising that increased IMAT correlates with
an increased risk for metabolic disease (Addison et al., 2014,
Boettcher et al., 2009; Goodpaster et al., 2003, 1997; Leskinen
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et al., 2013; Ryan and Nicklas, 1999). Similarly, the appearance of
adipocytes in the pancreas has been observed in obese subjects (Lee
et al.,, 2010b; Pinnick et al., 2008). The anatomical location of
IMAT (Yim et al., 2007) and pancreatic adipocytes suggests a direct
interaction with skeletal muscle or pancreatic islets, respectively.
This modulation could occur through variation in blood flow to the
muscle (Goodpaster et al., 2000), or through the secretion of
proinflammatory cytokines in skeletal muscle (Addison et al., 2014;
Beasley et al., 2009) and the pancreas (Catanzaro et al., 2016).

In contrast to IMAT and pancreatic adipocytes, the amount of
BMAT does not correlate with total body fat (Di Iorgi et al., 2008;
Hardouin et al., 2016; Justesen et al., 2001; Shen et al., 2007), even
though a positive correlation between visceral adiposity and
vertebral BMAT has been reported for obese premenopausal
women (Bredella et al., 2011). Moreover, BMAT is not
catabolized during acute starvation but increases during
conditions of prolonged caloric restriction, including anorexia
nervosa (Abella et al., 2002; Bredella et al., 2009; Cawthorn et al.,
2016; Devlin et al., 2010; Ecklund et al., 2010; Moyer-Mileur et al.,
2008). The metabolic role of BMAT is not well understood,
however, aging-associated increases in BMAT result in reduced
bone mineral density (Griffith et al., 2012; Kugel et al., 2001).
Moreover, Ambrosi and colleagues recently showed that increased
BMAT during aging and obesity negatively impacts on
hematopoiesis and bone regeneration owing to a redirection of
precursor populations toward the adipogenic lineage (Ambrosi
etal., 2017).

Remodeling of the ECM is a prerequisite for adipose tissue expansion

The expansion of adipose tissue depends on the remodeling of the
extracellular matrix (ECM) to provide sufficient space for the
enlargement of adipocytes and the formation of new blood vessels
to prevent hypoxia (Sun et al., 2011). The formation of new blood
vessels is crucial for the healthy expansion of adipose tissue because
failure to do so results in adipocyte death and the development of
metabolic syndrome (Sun et al., 2011, 2013). Moreover, as

Major murine
fat depots (male)

Wt1-lin-
Wt1-lin*

Anterior
subcutaneous WAT

Interscapular
BAT

Mesenteric WAT
Epididymal WAT

Retroperitoneal WAT

Perirenal BAT
Posterior

cutaneous WAT

Prx1-lin-
Prx1-lin*

discussed further below, blood vessels are thought to provide a
source of adipocyte precursor populations, which is crucial for
adipogenesis and adipose tissue hyperplasia (Fig. 3). The exact
molecular mechanisms regulating neovascularization in adipose
tissue have been extensively reviewed (Cao, 2007, 2013; Corvera
and Gealekman, 2014); however, the role played by the ECM and
cellular receptors, such as integrins, in the differential function and
disease association of adipose tissue depots is less well understood.

The ECM is a complex structure consisting of a tissue-specific
assortment of proteoglycans, polysaccharides, different types of
collagens, elastins, fibronectins and laminins, each with a specific
structural function and binding ability to cellular adhesion receptors
(Leiss et al., 2008; Mariman and Wang, 2010; Schiller and Féssler,
2013). The ECM serves as a reservoir for various growth factors,
such as bone morphogenetic proteins (Margoni et al., 2012; Schulz
and Tseng, 2009), fibroblast growth factors (Ohta and Itoh, 2014)
and other factors (Muruganandan et al., 2009) known to modulate
adipocyte function. Thus, the ECM plays a crucial role in regulating
the biophysical properties of tissues and in regulating intracellular
signal transduction, either directly via binding to integrins and other
proteoglycans or indirectly via regulation of the local
microenvironment comprising growth factors, as well as other
metabolites and macro- and micronutrients. Although the role of the
ECM in regulating these latter factors has not been well studied,
extracellular calcium is known to play an important role in
regulating adipocyte differentiation and lineage commitment,
most likely through the modulation of cell surface receptors such
as integrins (Pramme-Steinwachs et al., 2017).

Fibronectin and collagens are the most abundant proteins of the
ECM; however, the exact composition of the ECM in adipose tissue
changes during development and is different between depots (Kubo
et al.,, 2000; Mariman and Wang, 2010; Mori et al., 2014).
Subcutaneous adipocytes of adult Wistar rats express high levels of
type I, Il and V collagen, whereas visceral adipocytes express high
levels of collagen Illlal, laminin B1 (lambl), laminin subunit y1
(lamc1) and fibronectin 1 (FN1) (Mori et al., 2014) (Table 1).

Pax3-lin-

Myf5-lin-
Myf5-lin*

Fig. 3. Different precursor populations for adipose tissue development. White adipocytes located in the visceral cavity derive from cells expressing Wt1
during embryonic development. Heterogeneity also exists within visceral white fat, with different proportions of Wt1-lin* cells in distinct visceral fat depots.
Subcutaneous adipocytes are Wt1-lin~. Adipocytes of subcutaneous but not visceral white fat depots largely derive from progenitors expressing Prx1.
Myf5-lin* adipocytes are located in both brown adipose tissue (BAT) and white adipose tissue (WAT) depots of the dorsal—anterior body region. Similar to Myf5,
Pax3-lin* adipocytes are located in BAT and WAT depots of the dorsal—anterior body region. Myf5, myogenic factor 5; Pax3, paired box 3; Prx1, paired related
homeobox 1; Wt1, Wilms tumor 1. This figure was created using Servier Medical Art templates, which are licensed under a Creative Commons Attribution

3.0 Unported License; https://smart.servier.com.
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Table 1. Expression and secretion pattern of extracellular matrix components in human and rat subcutaneous (SAT) and/or visceral white adipose

tissue (VAT)
Name Condition Type Species References
Higher expression/secretion in SAT
Collagen | (COLT) Lean tissue Expression Rat Mori et al., 2014
Collagen Il (COL3) Lean tissue Expression Rat Mori et al., 2014
Collagen V (COL5) Lean tissue Expression Rat Mori et al., 2014
Collagen type | 02 chain (COL1A2) Obese tissue Secretion Human Roca-Rivada et al., 2015
Collagen VI subunit 03 (COL6A3) Lean and obese tissue Expression Human McCulloch et al., 2015
Higher expression/secretion in VAT
Laminin B-subunit 1 (Lamb1) Lean tissue Expression Rat Mori et al., 2014
Laminin y-subunit 1 (Lamc1) Lean tissue Expression Rat Mori et al., 2014
Fibronectin 1 (Fn1) Lean tissue Expression Rat Mori et al., 2014
Basement membrane-specific heparin sulfate Obese tissue Secretion Human Roca-Rivada et al., 2015
proteoglycan core protein (HSPG2)
Laminin subunit 04 (LAMA4) Obese tissue Secretion Human Roca-Rivada et al., 2015
Collagen a3 (VI) chain (COL6A3) Obese tissue Secretion Human Roca-Rivada et al., 2015
Versican core protein (VCAN) Obese tissue Secretion Human Roca-Rivada et al., 2015
Collagen o2 (VI) chain (COL6A2) Obese tissue Secretion Human Roca-Rivada et al., 2015
Collagen o1 (VI) chain (COL6AT) Obese tissue Secretion Human Roca-Rivada et al., 2015
Laminin subunit y1 (LAMCT) Obese tissue Secretion Human Roca-Rivada et al., 2015
Exclusive expression/secretion in VAT
Collagen a1 (XVIII) chain (COL18A1) Obese tissue Secretion Human Roca-Rivada et al., 2015
Collagen o2 (V) chain (COL4A2) Obese tissue Secretion Human Roca-Rivada et al., 2015

Biopsies from adipose tissues of obese human subjects have
revealed specific expression of all subunits of collagen VI (al, o2,
a3) from VAT, whereas collagen I and metalloproteinase inhibitor 1
(TIMP1) were specifically expressed in SAT (Roca-Rivada et al.,
2015) (Table 1).

Nevertheless, most of these studies focused on the expression
patterns of individual ECM components without studying their
function in adipose tissue. Grandl and colleagues demonstrated that
adipose depot-specific differences in the ECM regulate the
differentiation of adipocyte precursor populations (Grandl et al.,
2016). They showed that the reduced differentiation capacity of
stromal vascular cells from VAT (Lee et al., 2013c) is primarily
mediated by the composition of the ECM because de-cellularized
ECM from subcutaneous preadipocytes restored the differentiation
capacity of visceral preadipocytes (Grandl et al., 2016).
Furthermore, these findings suggest that adipogenesis in vivo
could be regulated by local rearrangements of the ECM that allow
specific precursor populations to differentiate while inhibiting
others. Moreover, collagen-related proteins such as endotrophin or
lysyl oxidase (LOX) are tightly connected to adipose tissue fibrosis
and dysfunction. Endotrophin is the cleaved C5 product of collagen
VIand XVIII (Sun et al., 2013) and its overexpression is associated
with upregulation of proinflammatory and profibrotic genetic
programs, as well as with the downregulation of lipolysis, fueling
hypertrophy and hyperplasia in the pgWAT of diet-induced obese
mice (Sun et al., 2014; Zhao et al., 2016). LOX is a known hypoxia-
inducible factor 1o (HIF 1) transcriptional target and contributes to
the extracellular tensile strength by cross-linking collagens and
elastins (Halberg et al., 2009). LOX is upregulated in hypertrophic,
obese states of the adipose tissue where it increases fibrillar collagen
accumulation; pharmacological inhibition significantly restores
local tissue insulin sensitivity (Halberg et al., 2009). These are
just two examples of how collagen-related proteins contribute to
adipose tissue dysfunction; see Mariman and Wang (2010) for a
more detailed overview.

Even though these initial studies suggest that the ECM has
important functions within different adipose tissues, most of the
conclusions are correlative and definitive proof is still lacking.

Moreover, little to nothing is known about the role of adhesion
receptors in adipose tissue. Of relevance, Saltiel and colleagues
reported that a switch from o5- to o6-containing integrins is
important for adipocyte differentiation in 3T3L1 cells (Liu et al.,
2005). We previously described the cell surface proteoglycan
glypican-4 (Gpc4) as differentially expressed between adipose
tissue depots and to be highly regulated by obesity. Moreover, we
have demonstrated that Gpcd4, at least in vitro, binds to the
unliganded insulin receptor and modulates its affinity toward insulin
(Ussar et al., 2012). These data highlight the potential role of the
ECM and adhesion receptors in directly influencing adipocyte
signal transduction and function. This is further supported by a
study performed by Khan and colleagues showing that obesity is
associated with increased collagen VI expression, and that ablation
of collagen VI increases adipocyte expansion while reducing
macrophage infiltration into adipose tissue of obese mice, followed
by improved systemic metabolic health (Khan et al., 2009). Thus,
depot-specific differences in the ECM could contribute to the
differential inflammatory state of VAT versus SAT upon excessive
weight gain.

Adipose depot differences in inflammation and adipokine secretion

Local inflammation and insulin resistance in adipose tissue,
together with deregulated release of FFA to the liver and skeletal
muscle are the events initiating obesity-associated insulin resistance
and metabolic syndrome. Adipose tissue expansion triggers
hypoxia, which results in HIFI-o-mediated upregulation of pro-
inflammatory cytokines such as interleukin 6 (IL-6) and
macrophage inflammation factor (MIF1) (Sun et al., 2013).
However, this initial low-grade inflammation appears to be
important to orchestrate immune cell-mediated ECM remodeling,
allowing blood vessel density to increase and restore normoxia (Sun
et al., 2011; Wernstedt Asterholm et al., 2014) (Fig. 2). Yet, if this
inflammatory response is not tightly controlled, or combined with
other inflammatory stimuli such as adipocyte death, this results in a
detrimental metabolic outcome. VAT exhibits a more pro-
inflammatory cytokine expression profile compared with SAT in
both humans and mice, including IL-6, interleukin 8 (IL-8),
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monocyte chemotactic proteinl (MCP-1), RANTES, macrophage
inflammatory protein 1 alpha (MIP-1a) and plasminogen activator
inhibitor 1 (PAI-1) (Alvehus et al., 2010; Kwok et al., 2016; Lee
et al., 2013c), which is further enhanced in obese subjects (Ouchi
et al., 2011) (Fig. 2). This is accompanied by elevated numbers of
proinflammatory type 1 macrophages (M1 macrophages), CD8" T
cells and natural killer cell populations in VAT, further supporting
the notion that VAT inflammation contributes to the detrimental
metabolic effects of central obesity (Fig. 2).

In addition to the secretion of cytokines, adipocytes secrete a
number of hormones that regulate not only immune functions within
adipose tissue but also key metabolic functions in other organs. The
most notable members of this family are leptin and adiponectin.
There is a vast number of reviews describing the individual
adipokines, their regulation and functions (Blither and Mantzoros,
2015; Fasshauer and Bliiher, 2015; Ouchi et al., 2011). However, in
the context of this review, most adipokines are not secreted in equal
amounts from individual adipose tissue depots of different
genders. Most leptin is secreted by females in SAT (Geer and
Shen, 2009; Hube et al., 1996; Lefebvre et al., 1998), whereas,
adiponectin expression and secretion is threefold higher in VAT
than in SAT, both in mice and humans, with higher expression in
females than in men (Fain et al., 2004; Geer and Shen, 2009;
Perrini et al., 2008; Skurk et al., 2007) (Fig. 2). Importantly,
plasma adiponectin levels negatively correlate with VAT mass
(Ryo et al., 2004), suggesting that the obesity-associated decline
in adiponectin could contribute to the detrimental effects of
excessive VAT accumulation on whole body metabolism. The
majority of the gender differences can be attributed to differential

sex hormone secretion: for example, the absence or decrease in
estrogen is tightly associated with the onset of insulin resistance in
men and women (Geer and Shen, 2009). However, androgens
such as testosterone also have gender-specific effects on AT
metabolism and insulin resistance, which are discussed in detail
elsewhere (Geer and Shen, 2009).

Expression of developmental genes differs between adipose

tissue depots

Cellular physiology, metabolic properties and metabolic risks vary
between subcutaneous and visceral fat, as well as among some
visceral fat depots (Edens et al., 1993; Fried et al., 1993; Tchkonia
et al., 2007). However, the molecular and genetic basis for these
differences remains poorly understood. Many studies on human and
rodent adipose tissues have revealed differences in gene expression
between anatomically distinct fat depots (Linder et al., 2004;
Montague et al., 1998; Palou et al., 2009; Perrini et al., 2008;
Tchkonia et al., 2007; van Beek et al., 2007; Vohl et al., 2004; Wu
et al., 2008). However, determining whether these differences in
gene expression are the cause or consequence of the functional
differences has been a challenge. To overcome this limitation, we
and others have focused on the differential expression of genes with
important roles during embryonic development and preserved
expression between preadipocytes and adipocytes (Gesta et al.,
2006). The underlying hypothesis is that this set of genes could
provide novel insights into the developmental differences between
WAT depots. Table 2 provides an overview of developmental genes
that are differentially expressed among adipose tissue depots in
rodents and humans.

Table 2. Different expression of developmental/pattern genes in subcutaneous versus visceral/epicardial white adipose tissue or isolated

adipocytes

Gene symbol Gene name Fold change P-value Species References

Higher expression in subcutaneous versus visceral adipocytes/adipose tissue
Tbx15 T-box 15 12.26 0.0012 Mouse Gesta et al., 2006
Shox2 Short stature homeobox 2 8.71 0.0004 Mouse Gesta et al., 2006
Ent Engrailed 1 7.96 0.0128 Mouse Gesta et al., 2006
Sfrp2 Secreted frizzled-related sequence protein 2 5.37 0.0405 Mouse Gesta et al., 2006
Hoxc9 Homeobox C9 1.76 0.0042 Mouse Gesta et al., 2006
HOXC10 Homeobox C10 12.50 <0.001 Human Brune et al., 2016
HOXC9 Homeobox C9 71 <0.001 Human Brune et al., 2016
PAX3 Paired box 3 3.30 <0.0001* Human Lau et al., 2011
IRX5 Iroquois homeobox 5 2.97 <0.0001* Human Lau et al., 2011
EMX2 Empty spiracles homeobox 2 2.65 <0.0001* Human Lau et al., 2011
HOXC9 Homeobox C9 2.56 <0.0001* Human Lau et al., 2011
HOXA10 Homeobox A10 2.50 <0.0001* Human Lau et al., 2011
IRX3 Iroquois homeobox 3 2.49 0.0003* Human Lau et al., 2011
IRX1 Iroquois homeobox 1 2.48 0.0007* Human Lau et al., 2011
HOXB7 Homeobox B7 2.45 0.0001* Human Lau et al., 2011
HOXA9 Homeobox A9 2.39 0.0001* Human Lau et al., 2011
HOXC6 Homeobox C6 2.30 0.0011* Human Lau et al., 2011
SHOX2 Short stature homeobox 2 1.97 0.0260* Human Lau et al., 2011
HOXC10 Homeobox C10 1.79 0.0150* Human Lau et al., 2011

Higher expression in visceral versus subcutaneous adipocytes
Nraf1 Nuclear receptor subfamily 2, group F, member 1 5.45 0.0057 Mouse Gesta et al., 2006
Thbd Thrombomodulin 2.60 0.0094 Mouse Gesta et al., 2006
Hoxa5 Homeobox A5 1.92 0.0305 Mouse Gesta et al., 2006
Hrmt1/2 Heterogeneous nuclear ribonucleoproteins methyltransferase-like 2 1.64 0.0287 Mouse Gesta et al., 2006
Hoxc8 Homeobox C8 1.56 0.0374 Mouse Gesta et al., 2006
Gpc4 Glypican 4 1.49 0.0102 Mouse Gesta et al., 2006

Higher expression in epicardial versus subcutaneous adipocytes
HOXA2 Homeobox A2 2.53 0.0001* Human Lau et al., 2011
SATB1 SATB homeobox 1 1.84 0.0149* Human Lau et al., 2011

*Rounded values.
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Most notably, in humans, a set of homeobox-type transcription
factors was identified to be differentially regulated between SAT
and VAT (HOXC9, HOXC10, HOXA9, HOXA10, HOXCS6,
HOXB7 and PAX3) (Brune et al., 2016; Lau et al., 2011; Vohl
et al., 2004), as well as between different SAT depots. HOXA?2,
HOXA3, HOXA4, HOXAS, HOXA9, HOXB7, HOXBS, HOXC8
and IRX2 are downregulated in both adipocytes and stromal vascular
cells of the gluteal subcutaneous compared with the abdominal
subcutaneous depot. Conversely, HOXA10 is upregulated in gluteal
subcutaneous fat, and HOXC13 can only exclusively be detected in
this type of SAT (Karastergiou et al., 2013).

Similar to humans, the differential expression of genes
involved in development and pattern specification has been
reported for murine abdominal fat versus subcutaneous fat. Among
these genes, higher levels of Nr2fl, Gpc4, Thbd, HoxAS5 and
HoxC8 are expressed in intra-abdominal eWAT versus
subcutaneous flank/psWAT, whereas higher levels of Tbxl15,
Shox2, Enl, Sfip2 and HoxC9 are expressed in cells of flank/
psWAT (Candille et al., 2004; Deschamps and van Nes, 2005;
Gehring, 1987; Gesta et al., 2006; Ussar et al., 2012; Yu et al,,
2005). T-box protein 15 (Tbx15) regulates adipocyte differentiation
and triglyceride accumulation (Gesta et al., 2011) and Gpc4
enhances both insulin receptor signaling and adipocyte
differentiation (Ussar et al., 2012). Recently, Lee and colleagues
have shown that Tbx15 regulates a switch from oxidative to
glycolytic metabolism and marks a glycolytic subpopulation of
adipocytes (Lee et al., 2017a). Moreover, Shox2 is highly expressed
in cells of flank/psWAT compared with pgWAT, and controls
lipolysis rates, orchestrating at least some of the differences between
subcutaneous and visceral adipocytes (Lee et al., 2013b). However,
additional studies are needed to fully explore the role of these genes
in adipose tissue identity.

Interestingly, Shox, Hox and Tbx genes play an important role in
anterior—posterior and dorsal-ventral axial formation during
embryonic development (Candille et al., 2004; Deschamps and van
Nes, 2005; Gehring, 1987; Gesta et al., 2006; Yu et al., 2005). This
suggests that some or most of these genes could resemble remnants of
embryonic development, pointing to their developmental origin
rather than directly mediating functional differences between depots.
Indeed, a gradient of Tbx15 and Enl expression has been observed,
with high expression in flank, interscapular and perirenal depots and
low expression in ventrally located mWAT and pgWAT (Yamamoto
etal.,2010). Thus, the differential expression of developmental genes
could suggest distinct developmental origins of individual fat depots
(Gesta et al., 2006).

Spatiotemporal differences in adipocyte commitment and
differentiation

An understanding of adipose tissue/adipocyte heterogeneity is key
to understanding the developmental origin of adipose tissues
(Sanchez-Gurmaches and Guertin, 2014a). In humans, both visceral
and subcutaneous adipose depots are well developed at birth (Feng
et al., 2013; Poissonnet et al., 1984). Serial paraffin sections of
human fetuses aborted between gestational week 1 and 42 revealed
that WAT first appears in week 14.5 in specific parts of the head and
neck and that adipocytes differentiate within the abdominal cavity.
This is followed by adipogenesis in the mammary and perirenal
regions in week 15 and in the lower and upper limbs thereafter. At
the end of gestational week 23, SAT development is completed; at
approximately gestational week 28, adipocytes are present in the
main adipose tissue deposit areas (head, neck, thorax, abdomen,
upper limb and lower limb) (Poissonnet et al., 1984).

In rodents, WAT is undetectable macroscopically during
embryogenesis, obstructing research on this topic until recently
(Billon et al., 2007). Genetic lineage tracing in transgenic mice
finally uncovered the spatiotemporal control of the commitment and
differentiation of adipocytes in murine adipose depots (Birsoy et al.,
2011, 2008; Sanchez-Gurmaches and Guertin, 2014a; Wang et al.,
2013). The first adipocyte precursors are detectable at embryonic
day 10.5 in a defined region of the mesenteric dorsal edge, which
later develops into SAT (Hudak et al., 2014), with major lineage
commitment between embryonic day 14 and embryonic day 18
(Birsoy etal., 2011; Wang et al., 2013). However, unlike in humans,
SAT development proceeds after birth and fully matured adipose
tissue depots are only present on day 56 postpartum.

In contrast to SAT, VAT formation is primarily initiated after birth
(Berry et al., 2014; Han et al., 2011; Wang et al., 2013). First
adipocytes within the abdominal cavity appear around postnatal day
1 (P1) in rpWAT, although the cells are smaller than those of
completely differentiated, mature adipocytes (Han et al., 2011).
Aside from this, undifferentiated adipocyte progenitors are located
in a primitive, membrane-like structure around the gonads until P4,
with the first lipid-filled adipocytes appearing on P7 (Han et al.,
2011) and continued development until P20 and thereafter (Wang
et al., 2013).

Together, the timing of adipocyte commitment and differentiation
during development varies between distinct adipose depots and
species. The process of adipose tissue formation in the human fetus
starts at the beginning of the second trimester in the head and neck
region, progresses to the trunk, and then progresses to the upper and
lower limbs (Poissonnet et al., 1984). Although body fat is already
well developed in human newborns, murine adipocytes finish
differentiation postnatally and, hence, the developmental stage at
birth in mice corresponds to the end of the second trimester in
humans.

Subcutaneous and visceral adipocytes have different developmental
routes

Adipose tissues are generally believed to arise from the mesoderm,
which during embryonic development spreads along the anterio-
posterior and dorso-ventral axes to form the axial, paraxial,
intermediate and lateral plate mesoderm (Gesta et al., 2007; W/,
2002). Recent analyses have revealed differences, similarities and
overlaps in the developmental origin of individual adipose tissue
depots.

One of the first markers identified for populations of visceral
adipocytes was Wilms tumor 1 (Wtl) (Chau et al., 2014). Wtl
expression is restricted to the intermediate and lateral plate
mesoderm during development, structures that give rise to the
omentum, mesentery and the mesothelium lining the organs of the
visceral cavity. Consequently, these studies showed that the
mesothelium provides a source of adipocyte progenitors for VAT
but not SAT (Asahina et al., 2011; Cano et al., 2013; Chau et al.,
2014; Rinkevich et al., 2012). These studies also showed that Wtl
positive progenitors are not the sole source of adipocytes because,
depending on the individual VAT depot, only 30-80% of
adipocytes in adult mice derive from cells that express Wtl
during embryonic development (Chau et al., 2014) (Fig. 3).
Although the paraxial mesoderm is commonly accepted as the
primary source of brown adipocytes (Atit et al., 2006), the
developmental origin(s) of subcutaneous white adipocytes are
complex and are still incompletely understood.

Rare forms of human WAT dystrophies, such as Kdbberling—
Dunnigan syndrome (Anderson et al., 1999; Jackson et al., 1998;
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Peters et al., 1998) and congenital infiltrating lipomatosis of the face
(D’Souza et al., 2014; Padwa and Mulliken, 2001; Urs et al., 2013),
suggest different origins for subcutaneous adipocytes in the lower
versus upper body part (Lemos et al., 2012; Sanchez-Gurmaches
and Guertin, 2014a). To this end, lineage tracing by expressing
the Cre protein (which causes DNA recombination) under the
control of the neural crest marker Sox10 (SRY-related HMG-
box 10) showed that adipocytes in the head and neck, but not trunk
pgWAT and SAT, develop from the neuroectoderm (Billon et al.,
2007). Similarly, lineage tracing using Wnt family member 1
(Wntl)-Cre identified that adipocytes in subcutaneous craniofacial
WAT primarily arise from neural crest cells. However, in adults,
these adipocytes are progressively replaced by adipocytes of
mesodermal origin (Lemos et al, 2012). Thus, both a
mesodermal and a neuroectodermal source of progenitors exist for
subcutaneous adipocytes in the head region, with mesodermal
precursor cells dominating these depots in adults (Billon et al.,
2007; Lemos et al., 2012; Sanchez-Gurmaches and Guertin, 2014a).
However, the embryonic origin of adipocytes in trunk and limb
subcutaneous WAT still needs to be elucidated.

Adipocytes of SAT largely derive from progenitors expressing
paired related homeobox 1 (Prx1), a non-clustered homeobox gene
with mesenchyme-specific expression during embryogenesis and
adulthood (Bergwerff et al., 2000; Calo et al., 2010; Kuratani et al.,
1994; Leussink et al., 1995; Shimozaki et al., 2013) (Fig. 3). Mice
carrying a Cre-responsive enhanced yellow fluorescent protein
(EYFP) allele under the control of the Prx1-promotor (Prx1-Cre;
ROSA 26 promotor-driven reporter-EYFP mice) revealed that Prx1-
Cre activity is restricted to precursors of subcutaneous iWAT, with
little recombination in pgWAT or BAT (Krueger et al., 2014).
Studies using Prx1-Cre mice in combination with conditional
fluorescence reporters showed little or no Prxl expression in
precursors of VAT (mWAT, pgWAT and rpWAT) and BAT (sBAT
and iBAT), whereas axial patterning was observed throughout SAT.
Prx1-Cre labeled the vast majority of precursors in psWAT. In
contrast, Prx1-Cre labeled some adipocytes in the ventral asWAT
but not in the dorsal part, resulting in the labeling of approximately
12-20% of'the adipocytes in this fat pad (Sanchez-Gurmaches et al.,
2015).

Together, these data point toward an anterior—posterior/dorsal—
ventral gradient within subcutaneous adipocytes, with Prx1*-
progenitor-derived adipocytes dominating the ventral—posterior body
region. Furthermore, these results indicate a major ontogenetic
difference between adipocytes of visceral versus subcutaneous WAT
(Chau et al., 2014; Sanchez-Gurmaches et al., 2015). It will be
interesting to determine to what extent these different adipocyte
populations differ functionally. However, this will require a more
complete understanding of the developmental origin of all adipocytes
present in these depots.

Heterogeneity within adult subcutaneous and visceral fat depots

White adipocytes were thought to arise from a unique, yet poorly
characterized myogenic factor 5 negative (Myf5™) mesenchymal
lineage, whereas brown adipocytes share a Myf5" precursor with
skeletal muscle cells (Seale et al., 2008). However, this classical
model has recently been challenged because Myf5-Cre-driven
depletion of the phosphatase and tensin homolog (Pten) caused
highly specific overgrowth of some WAT depots, indicating Myf5
promoter activity in WAT. Myf5-regulated Pten expression
increased the mass of interscapular, vertebral and retroperitoneal
fat depots, which was accompanied by the loss of iWAT, mWAT
and pgWAT (Peirce et al., 2014; Sanchez-Gurmaches et al., 2012).

Furthermore, lineage tracing in Myf5-Cre;mTmG reporter mice,
revealed that almost all adipocytes in asWAT and rpWAT are
descendants of Myf5" precursors, whereas Myf5-Cre does not
label any mature adipocytes in pgWAT, mWAT or psWAT
(Sanchez-Gurmaches and Guertin, 2014b; Shan et al., 2013)
(Fig. 3).

Thus, in addition to brown adipocytes, Myf5 expression has been
observed in some visceral and subcutaneous precursor populations.
Aside from expression of Myf5, the identification of the individual
precursor cells appears even more complex given that Pax3 (paired
box 3), which is also a classical myogenic transcription factor, has
an overlapping but not identical lineage tracing pattern to that of Myf5.
Pax3-Cre labels adipocytes in asWAT and rpWAT, with additional
activity in many adipocytes in male, but not female pgWAT (Sanchez-
Gurmaches and Guertin, 2014b) (Fig. 3), further pointing toward
progenitor heterogeneity among different fat depots, genders and
ages. As a result, the existing dogma that white adipocytes arise from
Myf5~ progenitors needs to be revised. SAT and VAT are composed
of a mixture of Myf5-lin" and Myf5-lin~ adipocytes (and/or Pax3-lin*
and Pax3-lin~ adipocytes, respectively), with Myf5-lin" (and/or Pax3-
lin") adipocytes dominating the dorsal-anterior (asWAT, iBAT, sSBAT
and rpWAT) depots, and Myf5-lin~ (and/or Pax3-lin~) adipocytes
being more abundant in the ventral-posterior tissues (periaortic BAT,
pgWAT, psWAT and mWAT).

Efforts to elucidate the embryonic origin of white adipocyte
lineages (Macotela et al., 2012) have led to the identification of
developmental differences between adipocytes of anatomically
distinct fat depots. Major ontogenetic differences in adipocytes not
only exist between SAT, VAT and BAT but also within individual
fat depots of the two major types of WAT, pointing toward the
existence of different adipocyte lineages. Finally, both gene
expression studies and lineage tracing provide evidence for axial
patterning of different types of adipocytes during development.
Thus, as suggested already by Chau and colleagues, anatomically
distinct fat depots should be regarded as ‘separate mini organs’
(Chau et al., 2014) with heterogeneous adipocyte populations
derived from distinct embryonic precursors. However, it remains to
be determined whether these different precursor cells indeed give
rise to functionally different adipocytes.

Origins of adult adipose tissue progenitor cells

Understanding the developmental origin of adipose tissue is
important to understand the principal differences in fat depot
function. However, adipose tissue is highly dynamic with a constant
turnover of adipocytes and de novo differentiation of adipocytes
from precursor populations (Lee et al., 2010a). Thus, to explore
therapeutic avenues to target individual adipose depots or even
adipocyte populations, the source of adipocytes in adult tissues
needs to be understood and considered.

Most adipocytes arise from proliferating progenitors that have
already been committed into the adipocyte lineage(s) prenatally or
in early postnatal life (Tang et al., 2008). In murine abdominal fat,
up to 0.6% of the total adipocyte population are replaced by new
adipocytes every day, and 4.8% of preadipocytes are constantly
replicating (Rigamonti et al., 2011). At the cellular level,
adipogenesis occurs in two major phases: first, precursors are
committed to preadipocytes, and second, preadipocytes terminally
differentiate into mature lipid-laden adipocytes (Rosen and
MacDougald, 2006; Rosen and Spiegelman, 2014). Although the
latter process has been studied in detail, the origin and identity of the
adult white adipocyte progenitor niche remain a subject of debate
(Vishvanath et al., 2016).

)
(@)}
9
§e
(2]
©
-+
c
()
£
—
()
o
x
NN
Y—
(©)
‘©
c
—
>
(®)
-_




REVIEW

Journal of Experimental Biology (2018) 221, jeb162958. doi:10.1242/jeb.162958

Mesenchymal stem cells

Adipocytes have long been thought to derive from tissue-resident
mesenchymal stem cells. In 1895, Hammar posited that adipocytes
arise from undifferentiated stem cells of a primitive mesenchymal
type (Hammar, 1895). Since then, the ability of mesenchymal stem
cells to differentiate into adipocytes in culture has been shown
repeatedly (Kim et al., 2010; Lim et al., 2011; Qian et al., 2010;
Scott et al., 2011; Styner et al., 2010; Valorani et al., 2010; Welter
et al., 2013) because sets of mesenchymal markers can be used to
enrich adipogenic precursors from the stromal vascular fraction
(Berry et al., 2014; Rodeheffer et al., 2008). This was further
corroborated by the identification of Pref-1 (preadipocyte factor 1)
as a marker for early adipocyte precursor cells (Hudak et al., 2014).
However, the niche and exact identity of adipose tissue mesenchymal
stem cells is still not completely understood. Moreover, the long-
standing dogma that all adipocytes differentiate from mesenchymal
progenitors has been challenged over the past years, and additional
adipose tissue-resident and non-resident cell types have been
suggested as adipocyte progenitors.

During embryonic development, blood vessels are the first
structures to form within the developing fat pads (Rosen and
Spiegelman, 2014; Wassermann, 1965). This, together with a
reported interaction between adipogenesis and angiogenesis
(Brakenhielm et al., 2004; Fukumura et al., 2003; Han et al.,
2011; Neels et al., 2004; Rupnick et al., 2002), led to the hypothesis
that adipocytes could derive from blood vessel-associated cells
(Rosen and Spiegelman, 2014).

Pericytes

Light and electron microscopy studies performed in the 1970s
suggested that pericytes [perivascular cells enveloping blood
capillaries, also referred to as vascular smooth muscle cells, mural
cells or Rouget cells (Bergers and Song, 2005; Hirschi and
D’Amore, 1996)] of capillaries in rat eWAT could differentiate into
preadipocytes (Iyama et al., 1979), which was subsequently
confirmed by others (Cinti et al., 1984). This is in line with the
above discussed data given that mesenchymal stem cells have been
suggested to be a subset of pericytes (Caplan, 2008; Cawthorn et al.,
2012; Crisan et al., 2008; da Silva Meirelles et al., 2008; Traktuev
et al., 2008) (Fig. 4). Transgenic mice expressing GFP under the
control of the a-SMA (a-smooth muscle actin) promoter, a common
marker for pericytes, showed that o-SMA™, but not ac-SMA ™ cells,
are multipotent in vitro, and represent a stem cell population in
adipose tissue (Cai et al., 2011; Cawthorn et al., 2012). PdgfRp
(platelet-derived growth factor receptor B), NG2 (neural/glial
antigen 2) and a-SMA are known markers for mural cells (Olson
and Soriano, 2011; Tang et al., 2008) that were used to show that
mural cells express Ppary (peroxisome proliferator-activated
receptor y) (Tang et al., 2008). A PdgfRp reporter mouse strain
confirmed that adipocyte progenitors indeed derive from mural cells
and that these cells are exclusively present in adipose tissue depots
(Tang et al., 2008). Further, conditional knock-in mice with
activating mutations in the PdgfRp locus showed that increased
PdgfRp signaling in pericytes affects WAT development during the
early days of postnatal life (P3—P13). Despite initial differentiation
of some adipocytes, WAT failed to fully develop in PdgfRp
overexpressing mice, with SAT showing reduced lipids but a higher
cell density and only a rudimentary mWAT depot (Olson and
Soriano, 2011). Therefore, it has been assumed that pericytes
represent WAT progenitors, and proper PdgfR signaling is required
to guarantee progenitor potential (Olson and Soriano, 2011; Tang
et al., 2008). However, the importance of PdgfRp was recently

Pdgfrp* pericyte

Endothelial cell

Fig. 4. Adult adipose tissue precursor populations. Tissue-resident
mesenchymal stem cells are commonly accepted as adipocyte progenitors.
Several alternative adipose tissue-resident and non-tissue-resident
progenitors have been described. Adipocytes may also arise from endothelial
cells and PdgfRB* pericytes associated with the adipose vasculature.
Pericytes have been suggested as a subset of mesenchymal stem cells
(dashed line). Apart from tissue-resident progenitors, bone marrow-derived
stem cells, both hematopoietic and mesenchymal, may represent an
alternative adipocyte progenitor niche. BMDSC, bone marrow-derived stem
cell; MSC, mesenchymal stem cell; PdgfRp, platelet-derived growth factor
receptor-B. This figure was created using Servier Medical Art templates, which
are licensed under a Creative Commons Attribution 3.0 Unported License;
https://smart.servier.com.

challenged in a report by Onogi and colleagues that indicated that
Pdgf signaling is only indirectly involved in adipose tissue
expansion via the formation of blood vessels (Onogi et al., 2017).

Nevertheless, additional evidence supporting the differentiation of
preadipocytes from pericytes was provided by transgenic mice
expressing GFP under the control of the zinc-finger protein 423
(Ztp423) promoter (Gupta et al, 2010, 2012), revealing GFP
expression in mural cells. Interestingly, PdgfRp expression only
partially overlapped with GFP expression, indicating that
preadipocytes derive from a subset of specialized PdgfRB" pericytes
(Gupta et al., 2012). Recent studies suggest that differentiation from
Zp423" precursors occurs predominantly in pgWAT, a depot where
adipocyte hyperplasia substantially contributes to increased tissue
mass (Jeffery et al., 2015; Vishvanath et al., 2016; Wang et al., 2013).
As indicated above, these data are in line with mesenchymal stem cells
giving rise to adipocytes given that similar to mesenchymal stem cells,
fluorescence-activated cell scanning (FACS)-sorted pericytes are
multipotent, even after long-term passaging in culture (Crisan et al.,
2008).

Endothelial cells
Besides mesenchymal stem cells and pericytes, endothelial cells
have also been described as white adipocyte progenitors (Fig. 4).
Z{p423 expression occurs not only in mural cells but also in a subset
of capillary endothelial cells in WAT and BAT, both in the
developing and adult state, but not in endothelial cells of other
tissues (Gupta et al., 2012). Additional lineage tracing experiments,
crossing vascular endothelial cadherin (VE-cadherin)-Cre mice
with reporter lines expressing cytoplasmic GFP or B-galactosidase
demonstrated that VE-cadherin-Cre marks mature adipocytes.
Given that VE-cadherin is a classical endothelial cell marker, this
suggests that white adipocytes can also derive from endothelial cells
(Tran et al., 2012).

Although an endothelial origin for adipocytes could contradict
the work of Seale and colleagues and Sanchez-Gurmaches and
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colleagues, describing adipocytes arising from Myf5" myogenic
precursors (Sanchez-Gurmaches and Guertin, 2014b; Seale et al.,
2008; Tran et al., 2012), De Angelis and colleagues reported the
existence of progenitor cells from embryonic dorsal aorta,
expressing both endothelial (including VE-cadherin) and
myogenic markers (i.e. Myf5) (De Angelis et al., 1999).
Therefore, some adipocytes may arise from a population of VE-
cadherin- and Myf5-expressing progenitors (Tran et al., 2012). By
contrast, a study involving reporter mice using a switch from
membrane-targeted Tomato to GFP expression upon Cre activity
excluded the possibility that adipocyte precursors are of endothelial
(VE-cadherin-Cre, Tie2-Cre) origin, either during WAT
development or obesity (Berry and Rodeheffer, 2013; Hudak
etal., 2014). However, the high-vessel density of WAT and the tight
association of capillaries with mature adipocytes could complicate
the interpretation of these imaging studies because adipocytes
completely surrounded by GFP' vasculature could be
misinterpreted as GFP* themselves (Berry and Rodeheffer, 2013).
Hence, based on the available experimental data, the contribution of
endothelial cells to the adipogenic cell niche can currently neither be
confirmed, nor excluded.

Non-resident progenitors — a hematopoietic origin of adipocytes?

In addition to tissue-resident precursor cells, non-tissue-resident
cells are also thought to serve as adipocyte precursors (Fig. 4). The
strongest evidence for the contribution of hematopoietic cells to
adipogenesis comes from human studies after bone marrow
transplantation. These studies identified adipocytes derived from
bone marrow progenitors after hematopoietic stem cell
transplantation (Gavin et al., 2016) contributing to <5-35% of the
subcutaneous adipocyte population (Gavin et al., 2016; Rydén
et al., 2015). The amount of bone marrow-derived adipocytes was
independent of gender and age, but strongly associated with fat
mass, with up to 2.5-fold increased donor cell contribution in obese
individuals. Thus, in humans, bone marrow appears to serve as a
reservoir for adipocyte progenitors, particularly in obese subjects
(Rydén et al., 2015). However, little is known regarding the extent
to which therapy prior to bone marrow transplantation affects tissue-
resident precursors in the recipients.

The contribution of bone marrow-derived progenitor cells to
adipogenesis in mice is a controversial subject. Several studies using
transgenic transplantation models have indicated that bone marrow
cells can significantly contribute to the adipocyte population in
adipose tissues (Crossno et al., 2006; Gavin et al., 2016; Sera et al.,
2009). Moreover, bone marrow hematopoietic progenitors have
been shown to give rise to adipocytes via myeloid intermediates in a
non-bone marrow transplant model, suggesting that adipocytes
arising from hematopoietic progenitors are not an artifact of
myeloablative injury (Majka et al, 2010). Finally, both
myeloablative and non-myeloablative fate-mapping models have
indicated that bone-marrow-derived adipocytes occur primarily in
gonadal adipose tissue, with lower numbers in SAT (Gavin et al.,
2016; Majka et al., 2010). Thus, these studies suggest
heterogeneity between sexes, with adipocytes of hematopoietic
origin primarily in female mice contributing up to 25% of
adipocytes in pgWAT (Majka et al., 2010). Interestingly, bone
marrow-derived adipocytes differed greatly to adipocytes
differentiated from tissue-resident progenitors, with increased
inflammatory gene expression and lower expression of genes
involved in mitochondrial biogenesis and lipid oxidation (Majka
et al.,, 2010). Therefore, bone-marrow-derived adipocytes may
account in part for the detrimental changes in adipose metabolism

and inflammation with aging and obesity (Majka et al., 2010).
However, the significance of these findings has been questioned
by others given that several studies did not observe a significant
contribution of bone-marrow-derived progenitors to adipogenesis
(Berry and Rodeheffer, 2013; Koh et al., 2007; Tomiyama et al.,
2008).

Together, data on the contribution of bone marrow-derived stem
cells to the adipocyte progenitor population are conflicting. For
mice, there is no consensus about whether hematopoietic stem cells
contribute to adipogenesis, and if so, to what extent, neither in the
setting of transplantation, nor under standard physiological
conditions. However, for humans, transplantation studies indicate
that a significant proportion of adipocytes in adipose tissue depots
may arise from bone-marrow-derived progenitors. Thus, further
studies are needed to determine the contribution of circulating
versus tissue-resident progenitor cells in adipose tissue expansion
and turnover.

The central question in understanding adipocyte heterogeneity
relates to the origin and development of adipocytes. However, we
still do not have a clear understanding of these issues. Different
lineage tracing technologies are currently widely applied to uncover
the progenitor population in transgenic mice (Sanchez-Gurmaches
and Guertin, 2014a), albeit not without controversy (Ye et al.,
2015). Although mesenchymal stem cells are generally well
accepted as adipocyte progenitors, there is still a lively debate and
divergent opinion on the contribution of pericytes, endothelial cells
and bone-marrow-derived hematopoietic and mesenchymal stem
cells to the adipocyte progenitor niche(s) (Fig. 4). There may be
multiple reasons for data divergence; however, the use of different
transgenic models exhibiting different expression patterns may
partly account for the contradictory results (Gavin et al., 2016;
Jeffery et al., 2014; Lee et al., 2013a). However, it seems safe to
conclude that adipocytes arise from a heterogeneous population
of progenitors. Furthermore, there is evidence that adipocyte
progenitors vary between individual adipose depots, and vary
depending on the age, sex and body weight of the individual.

Considerations for identifying adipocyte precursor
populations

In 2005, the adipogenic capacity of the CD317:CD34"
subpopulation of human WAT stromal vascular cells was
identified (Sengenés et al., 2005). Major progress in the
characterization of adipocyte progenitors was achieved by
Rodeheffer and Berry and colleagues who sorted murine adipose
tissue stromal vascular cells based on their expression of stem cell
markers, followed by a noninvasive assay for analyzing fat mass
reconstitution in vivo, which led to the identification of Lin~:
CD29":CD34%:Sca-1":CD24" cells as early adipocyte progenitor
cells in WAT (Rodeheffer et al., 2008). PdgfRo-Cre was identified
tracing adipogenesis in vivo (Lee et al., 2012). Analysis of adipose
tissue from PdgfRo-Cre-GFP reporter mice revealed CD24" and
Lin™:CD29":CD34":Sca-1":CD24~ cells as adipocyte precursors
(Berry and Rodeheffer, 2013). As a result of these studies, great
progress was made in the identification of a class of adipocyte
progenitors and, consequently, numerous studies on adipose tissue
precursors operate on the basis of the markers mentioned. However,
regarding the ongoing discussion about endothelial cells and bone
marrow-derived stem cells as adipocyte progenitors, one could
argue that sorting adipocytes according to these markers may be
simplified. Despite being positive for mesenchymal and stem-cell
markers (Sca-1, CD29, CD34), the lineage-negative (Lin™)
population excludes endothelial and hematopoietic cells on the
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basis of the staining of CD31, CD45 and Ter119 (Rodeheffer et al.,
2008). Furthermore, the Sca-1* population is negative for CD105
and CD117, distinguishing these cells from bone-marrow-derived
mesenchymal and hematopoietic stem cells (Li and Johnson, 1995;
Rodeheffer et al., 2008; Sun et al., 2003). FACS analysis of eWAT
stromal vascular cells demonstrated that PdgfRo" cells represent
only a subpopulation of cells expressing the stem cell markers CD34
and Sca-1, suggesting that CD34":Sca-1" cells also arise from an
alternative linage (Lee et al., 2012). Thus, caution may be required
extrapolating results obtained from a subset of adipocyte
progenitors that have been sorted by the markers mentioned
(Lin™:CD29":CD34*:Sca-1":CD24~/CD24"), or by lineage tracing
using specific Cre lines, to the entirety of adipocyte precursors or
adipocytes.

Conclusion

For a long time, adipose tissue was considered to be a relatively
‘boring’ tissue, storing and releasing energy when needed.
However, over the past decades we have developed a much better
understanding of the central role that adipose tissue plays in
maintaining whole body energy homeostasis. A deep understanding
of this regulation is becoming increasingly important given that
obesity and its associated diseases are rapidly on the rise and
adipose tissue dysfunction is a central initiating event for
developing these diseases. As a consequence of the increased
attention, our understanding of the complexity of adipose tissue is
slowly increasing. Central to the development of therapeutic
strategies preventing the pandemic of obesity, type 2 diabetes and
other diseases of metabolic syndrome is the understanding that
individual adipose tissue depots are independent organs, developing
from different precursor populations, and serving different
metabolic functions. Thus, this Review highlights the complexity
between and within adipose tissues and underlines the need for very
targeted strategies enhancing the function of metabolically
beneficial adipocytes while at the same time inhibiting
metabolically unfavorable adipocytes. Importantly, this distinction
should not be based solely on whole adipose tissue depots because
there is growing support for the idea that even within visceral fat,
subpopulations of adipocytes could exist that prevent metabolic
deterioration upon continued weight gain.
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