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Adipose tissue resides in specific depots scattered in peripheral or deeper locations all over the body and it
enwraps most of the organs. This tissue is always in a dynamic evolution as it must adapt to the metabolic demand
and constraints. It exhibits also endocrine functions important to regulate energy homeostasis. This complex organ
is composed of depots able to produce opposite functions to monitor energy: the so called white adipose tissue
acts to store energy as triglycerides preventing ectopic fat deposition while the brown adipose depots dissipate it. It
is composed of many cell types. Different types of adipocytes constitute the mature cells specialized to store or
burn energy. Immature adipose progenitors (AP) presenting stem cells properties contribute not only to the

maintenance but also to the expansion of this tissue as observed in overweight or obese individuals.

adipocytes adipose progenitors white adipose tissue brown/beige adipose tissue

breast adipose tissue

| 1. Introduction

Adipose tissue is the most expandable tissue of the organism as it plays a crucial role in controlling energy storage
and release in the vertebrates. Besides its physiological function, it has a mechanical function as a cushion and
insulates the body from cold and heat. This tissue extends when the energy intake is more important than the
energy expenditure. An excessive fat storage leading to overweight and subsequent obesity participates to health
disorders. Risk factors including abnormal plasma cholesterol and/or triglyceride levels, excess of body fat around
the waist, insulin resistance, and hypertension promote the acquisition of the metabolic syndrome with an
increased probability of heart disease, stroke, and type 2 diabetes [ . In addition, a link between obesity and a
high cancer incidence exists for many types of cancers [&. As more than 1.9 billion individuals were considered

overweight by the World Health Organization in 2016 (https://www.who.int/news-room/fact-sheets/detail/obesity-

and-overweight), the obesity epidemics is a major Public Health concern. On the other hand, a group of genetic or
therapeutically induced disorders called lipodystrophies 2!, whereby the body is unable to produce healthy and
functional fat mass, preventing then lipid storage, recapitulates also features leading to metabolic syndrome
development.

Adipose tissue is widely distributed all over the human body where it enwraps most organs that instead have a
precise location. Subcutaneous adipose tissue (SAT) is mainly located in the buttocks, the tights, and the
abdomen. Inside the abdomen, adipose tissue is present in three prevalent locations i.e., attached to the stomach

(omental), to the intestine (mesenteric) and behind the kidneys (retroperirenal) [4l. Other organs host adipose tissue
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such as the bone marrow and the breasts. It also resides in the face, around the heart (pericardial), or the vessels
(perivascular and periarterial). These many locations suggest that all depots are not equivalent. Adipose tissue is
composed of many cell types organized as structural units called lobules. Adipocytes, i.e., cells presenting lipid
droplets where lipids are stored as triglycerides, represent the major cell type. In addition, adipose progenitors
(AP), pericytes, blood vessels, nerves, and various immune cells constitute the stroma vascular fraction (SVF),
which is crucial for adipose tissue development and adaptation to metabolic constraints 2. These processes
mainly rely on the adipose immature stromal cells that retain characteristics of mesenchymal stem cells. They are
endowed with an extensive regeneration potential that has drawn a special consideration for cellular therapy and

regenerative medicine.

2. Distinct Adipose Tissue Functions Are Supported by
Different Types of Adipocytes

2.1. White Adipose Tissue and Adipocytes

For long, white adipose tissue (WAT) has been known as a dynamic lipid storage tissue able to remodel the size of
the cells to comply with the metabolic demand and to control energy homeostasis. WAT represents the major
adipose tissue mass and it is located in many intra-abdominal depots and subcutaneously. Adipocytes are involved
in this process to avoid ectopic fat storage that results in the metabolic syndrome [&. Because fatty acids and their
metabolites can be toxic, lipids are stored as triglycerides in a single fat vacuole that occupies the whole cytoplasm
of the adipocyte and is surrounded by specific proteins, perilipin 1 (PLIN1) being the most abundant [Z. They are
released upon fasting. Storage of an excess of energy relies on two mechanisms: adipocyte hypertrophy (increase
in size) and hyperplasia (increase in number). Then, the adipose tissue mass expands leading to overweight and
obesity. Several processes are involved in this adaptation such as adipogenesis, lipolysis, and lipogenesis. In
addition to this property, adipose tissue is endowed with endocrine function through secretion of adipocytokines,
which control important physiological functions such as appetite, metabolism, immune response, or reproduction
8. Leptin (LEP), which is involved in the hypothalamic regulation of food intake, was first identified in 1994 £,
Adiponectin (ADIPOQ) plays a crucial role in controlling glucose levels and fatty acid oxidation 29 (see figure 1).
Other cytokines such as apelin, visfatin, and cytokines related to the immune system, i.e., interleukin-1(3 (IL-1p),
interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-a), and monocyte chemotactic protein-1 (MCP-1) are also
produced by adipocytes under certain circumstances 22131 During obesity, a state of chronic inflammation is
associated with a modification of the level of production of these adipokines resulting in the development of a state

of insulin resistance associated with this syndrome.
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DISTINCT ADIPOCYTES EXPRESS DIFFERENT MARKERS
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Figure 1. Schematic representation of the different types of adipocytes. The main markers are indicated below

each type of adipocyte.

2.2. Brown Adipose Tissue and Adipocytes

Besides WAT, an adipose tissue with opposite metabolic function, i.e., the brown adipose tissue (BAT) exists. It
dissipates energy in a heat-producing process called thermogenesis, the primary source of energy being fatty
acids. This process is involved in a proper maintain of the body temperature. In humans, BAT depots are found in
fetuses, and for long, it was considered to be limited to newborns in perirenal, periadrenal, axillary, and cervical
regions 141, After birth, it atrophies and its presence rapidly declines but depots remain preferentially in the upper
part of the body, i.e., in the supraclavicular region, in the upper part of the body (neck and face [1211€)) and around
deep organs (such as the kidneys 17). It was traditionally considered insignificant in adults, except for subjects
exposed to cold climates for a long time or those affected by pheochromocytoma. BAT depots are metabolically
active as they can respond to cold or to catecholamines stimulation. Note that sexual dimorphisms were reported

for BAT depots in humans, but without any significant impact on its activation 18],

Brown adipocytes display a different morphology as they own multiple fat vacuoles and abundant mitochondria in
their cytoplasm. Dissipation of energy occurs through the uncoupling protein 1 (UCP1), which uses the
mitochondrial proton gradient to produce heat instead of ATP [22l. |ndeed, the mitochondria-enriched adipocytes are
active as they are able to respond to cold exposure and to 3-adrenergic stimulation through B3-adrenergic receptor

activation. As WAT, BAT is a secretory organ. Its secretory profile is quite distinct from WAT, although BAT secretes
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classical adipokines such as leptin. Batokines, i.e., adipokines secreted by BAT, comprise fibroblast growth factor
21 (FGF21), IL6, bone morphogenic protein 8b (BMP-8b), and endothelin 1 29,

2.3. Beige Adipose Tissue and Adipocytes

Recently, a new class of adipocytes, called beige (or brite) adipocytes was described. They display properties of
brown adipocytes, but they are located within WAT depots. Note that in contrast to brown adipocytes, the
expression of UCP1 is not constitutive in beige adipocytes, but inducible (1. In addition to this unusual location for
thermogenic adipocytes, they differ also from brown adipocytes in their developmental program as these
adipocytes derive from white adipocytes. Upon stimulation, these cells are able to dissipate energy and to produce
heat, like observed for brown adipocytes. WAT browning occurs almost exclusively in subcutaneous (SAT) depots
in humans 22, which is another difference within the WAT depots. These adipocytes share common secreted
batokines with BAT such as FGF21. Indeed, some adipokines are preferentially expressed in beige cells, for

instance Meteorin-like, which contributes to an increase in beige thermogenesis in mice 23],

WAT browning represents a promising therapeutic strategy to combat obesity, owing that this mechanism occurs in

obese patients upon stimulation with an efficient and well tolerated drug that remains to be identified 241,

2.4. Breast Adipose Tissue and Pink Adipocytes

Breast is composed of epithelial ducts associated with adipose lobules and the adipose tissue is the major
contributor to the volume of the breast, and it plays a crucial role in the morphogenesis of mammary glands. Within
the breast, special female-specific adipocytes were described and called “pink adipocytes.” During pregnancy, the
size of mammary adipocytes increases to store lipids (221281 |ipogenesis stops when lactation starts. Then,
mammary adipocytes trans-differentiate into secretory epithelial cells to promote lipid transfer during milk
production. This process participates actively to breast remodeling as breast adipocytes display an extraordinary
plasticity. Breast adipose tissue is a secretory organ like the other depots. It produces prolactin and steroid
hormones like estrogens thanks to an aromatase. In addition, it participates in epithelial cell growth, angiogenesis,
intercellular communication, and milk production 24, and it secretes many growth factors and enzymes involved in
beast reshaping during development [28] Distinct endocrine features can also be exemplified as follow. For
instance, WAT in the breast and also in the buttocks is sensitive to estrogens, in contrast to WAT in the upper back
which is more sensitive to glucocorticoids 2423 This unique association between adipose tissue and the

mammary epithelium outlines functional differences with other body fat depots.

All together, these simple observations raise an important notion regarding adipose tissue biology. Depending on
their location all over the human body, the distinct fat depots harbor different adipocyte populations with proper

functional characteristics that are recapitulated in Figure 2.
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Figure 2. Locations of the adipose depots associated with their functions.

Schematic representation of the fat depots locations in the human body is shown in Figure 2. The main metabolic
role of each adipose fat pad is mentioned. (Adipose tissue (AT), subcutaneous adipose tissue (SAT), visceral

adipose tissue (VAT), Brown adipose tissue (BAT), Bone marrow adipose tissue (BM-AT)).

| 3. Distinctive features of some WAT depots.

Although the role in energy storage and release is well established for WAT, these many locations point out the
existence of peculiar endocrine or metabolic features and one should consider that the intrinsic functions of the

distinct depots are related to these specificities.
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3.1. Visceral (VAT) and subcutaneous WAT depots.

The physiological importance of WAT is specially underlined in two opposite situations: obesity characterized by an
excess of adipose tissue and lipodystrophy (and/or lipoatrophy) which corresponds to generalized or partial
adipose tissue deficiency that depends on the degree and the location of fat loss 9. For instance, mutations in
genes important for adipose differentiation such as peroxisome proliferator-activated receptor-y (PPARY), or protein
kinase B (AKT2) as well as genes essential for lipid droplets structure and lipolysis such as perilipin 1 (PLIN1)
cause fat loss mainly in the sub-cutaneous adipose tissue from the extremities [BIBY This last observation
reinforces the idea of fat depots disparity.

An excess of circulating fatty acids, encountered in both situations, contributes to ectopic fat accumulation and to
insulin resistance which participates to the development of the metabolic syndrome. WAT belongs to the insulin-
responsive tissues, together with muscles and the liver. Insulin displays two main functions in white adipocytes
through binding and activation of a specific receptor. First, it increases glucose uptake and participates to
regulation of glycaemia. Insulin resistance is accompanied by a reduction of the glucose transporter 4 translocation
that attenuates glucose metabolism. Second, it inhibits lipolysis, a process which is exquisitely sensitive to insulin
in adipocytes. This process is crucial to avoid inappropriate fat storage leading to lipid overload, ectopic fat
deposition and aberrant high concentrations of plasmatic non esterified fatty acids (NEFA). These situations are
mainly encountered in poorly controlled Type 2 diabetes with the risk of cardiovascular disease development. They

are generally associated with an expansion of the visceral adipose tissue mass.

A higher rate of lipolysis was observed in the visceral (omental) adipose tissue as compared to the subcutaneous
(femoral/gluteal) adipose depots more than 20 years ago 21 and this contributes to increase the plasma fatty acids
levels 2], Higher lipolysis may result from distinct sensitivities to beta adrenergic stimuli or to insulin which exerts a
predominant anti-lipolytic effect in vivo. No clear role could be assigned to lipases and proteins associated to lipid
droplets in this observation, except for an obese situation B3, As SAT is less active than VAT in a metabolic
context, this depot is endowed with a higher lipid storage capacity. This is relevant for two situations: supplying
energy as FFAs in period of starvation or exercise and/or storing lipids to protect the tissues from lipotoxicity after
rich-lipid dietary intake. In addition to differences in lipolysis, differences in free fatty acid uptake also exist between
VAT and SAT: VAT being more efficient than SAT in humans B4l Thus lipid turn over may be higher in VAT as
compared to SAT as it is endowed with higher uptake capacity and higher lipolysis rate. Differential adipokines
production has been observed for VAT and SAT. The intra-abdominal WAT display respectively an adipocytokine
secretion profile related to inflammation and type-2 diabetes, whereas the subcutaneous WAT secretes less pro-
inflammatory cytokines and more leptin 33, Note that molecules involved in innate immunity and acute phase

response are preferentially produced in VAT [2€],

3.2. Gluteofemoral AT

The gluteofemoral fat is found on the buttocks, thighs and hips. Women preferentially accumulate fat in this region
as compared to men. This depot is the main source of Long Chain Poly Unsaturated Fatty Acids (LCPUFAS) that
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are essential for development during pregnancy. It is able to release these fatty acids during lactation leading then
to a reduction of this depot BZ. In addition, many studies confirm the protective properties of the gluteofemoral fat
as compared to visceral fat for the development of Type 2 Diabetes (T2D) and its associated cardiometabolic risks.
This is especially observed for patients affected with lipodytrophic syndromes, such as Dunnigan syndrome, that is

accompanied by fat loss in the lower part of the body associated with insulin resistance, an abnormal lipid profile
and T2D (381139,

This tissue has reduced lipid turnover which is in lane with a slower fat redistribution 49411

3.3. Bone Marrow AT

Human bone marrow AT (BM-AT) location is restricted to the bones and it represents more than 10% of the
adipose mass. As its microenvironment mainly consists in hematopoietic and skeletal mature or progenitor cells it
plays an active role in the regulation of hematopoiesis and bone formation. Indeed, bone marrow adipocytes (BM-
adipocytes) appear as negative regulators of hematopoiesis by promoting quiescence of progenitor cells 42l This
tissue increases with age and people with prevalent vertebral fractures display higher mean BM-AT 431, As for the
other fat depots; human BM-adipocytes depots secrete adipokines 441, Leptin has a positive effect on osteogenesis

as it increases bone mineral density 42! while adiponectin acts as an anti-osteogenic agent 48],

BM-adipocytes are unilocular cells that do not express brown or beige markers even in animals or humans
exposed to cold. Indeed, they exhibit a peculiar lipid metabolism as they displayed higher glucose uptake than
other white fat pads. BM-AT is a major site of basal glucose uptake in humans, although BM-adipocytes resist to
insulin stimulated-glucose uptake 7. In contrast to sub-cutaneous adipocytes, these native adipocytes are devoid
of lipolytic activity as they cannot release free fatty acids upon adrenergic stimulation. In consequence, they display

a higher content in monoacylglycerol as well as in cholesterol 48],

3.4. Epicardial and pericardial AT

Specific adipose tissue depots are located around the heart. They were poorly studied for an access restricted to

small scraps obtained after open cardiac surgery.

Pericardial adipose tissue (PAT) is located between the two pericardial layers and owns a vascularization that
originates from the internal mammary artery (49, Epicardial adipose tissue (EAT) is a visceral thoracic fat depot in
direct contact with the myocardium and coronary arteries 9. |ts vascularization is issued from coronary arteries. It
is composed of small adipocytes, presenting brown adipose tissue features through expression of UCP1. This
thermogenic profile has been suggested to regulate the temperature of the myocardium Bl and is intended to
protect the myocardium from the occurrence of fatal ventricular arrhythmias in case of cold exposure. This tissue
displays higher lipogenic and lipolytic rates as compared with other fat depots. Hence, EAT is more efficient to
store or release lipids on demand B2, As other fat depots, EAT releases polypeptides such as adiponectin 23 and
adrenomedullin 24 which have cardioprotective properties as well as inflammatory cytokines 2 that may play a

role in the development of heart diseases. As compared to SAT, EAT is characterized by a marked expression of
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transcription factors associated with cardiac development and function. At this point, it is unclear whether this
signature corresponds to a memory of the tissue location of if it plays a role in the cardiac function. EAT displays
also an overrepresentation of immune-related genes expression. However, there is an inverse correlation between
a high UCP1 expression and expression of immune-related genes, especially those correlated with T cells
responses and the adaptive immunity. The number of genes with a modified expression in obese versus lean
patients is scant 22, It secretes as well more matrix metalloproteases than SAT, i. e. enzymes that remodel the

extracellular matrix.

In humans, an expansion of these tissues promotes the onset, the progression and the severity of coronary arterial
disease and atrial fibrillations. Thus, beneficial effects of their reduction on the management of coronary arterial

disease or cardiac rhythm disorders need to be further investigated with randomized controlled studies.

| 4. Conclusion

In conclusion, adipose tissue, which is scattered in the human body, is the cornerstone to control metabolism. This
tissue, displays an extraordinary ability to adapt to metabolic constraints. This flexibility relies on several types of
adipocytes, that all contain lipid droplets, exhibit some common markers such as perilipin, leptin, adiponectin... but
are able either to store or to dissipate energy. Then, these two opposite functions provide an accurate balance to fit
with physio-pathological conditions. Hence, distinct adipose depots are not equal as they have their own specificity.
All the major differences concern lipid metabolism, the thermogenic ability and the interactions with other systems.
For instance, BM-AT is specialized in cholesterol production and is less prone to lipolysis than SAT. EAT is
characterized by a general activation of immune related pathways. However high UCP1 expression in this tissue
was associated with down regulation of genes involved in the production of reactive oxygen species and immune
responses. Better characterization of the distinct cell types of each depot may give crucial information to develop

therapeutic opportunities to understand and treat metabolic diseases.
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