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Abstract

Numerous studies address the physiology of adipose tissue (AT). The interest surrounding the physiology of AT is primarily the
result of the epidemic outburst of obesity in various contemporary societies. Briefly, the two primary metabolic activities of white
AT include lipogenesis and lipolysis. Throughout the last two decades, a new model of AT physiology has emerged. Although
AT was considered to be primarily an abundant energy source, it is currently considered to be a prolific producer of biologically
active substances, and, consequently, is now recognized as an endocrine organ. In addition to leptin, other biologically active
substances secreted by AT, generally classified as cytokines, include adiponectin, interleukin-6, tumor necrosis factor-alpha,
resistin, vaspin, visfatin, and many others now collectively referred to as adipokines. The secretion of such biologically active
substances by AT indicates its importance as a metabolic regulator. Cell turnover of AT has also recently been investigated in
terms of its biological role in adipogenesis. Consequently, the objective of this review is to provide a comprehensive critical

review of the current literature concerning the metabolic (lipolysis, lipogenesis) and endocrine actions of AT.
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Introduction

It is well known that adipose tissue (AT) is the largest
energy reservoir of the body (1). Due to a lack of precise
knowledge regarding the functions of AT, for a long time
its metabolic purpose was considered to be passive
participation in the metabolic support system. Throughout
the previous two decades, however, this notion has
changed, and a new functional view of AT has emerged.
AT is now known to be a producer of biologically active
substances and is consequently recognized as an
endocrine organ, thus indicating a role for AT in the
regulation of energy metabolism (1).

Interest in the functional role of AT arose primarily due
to the epidemic surge of obesity in various contemporary
societies. This epidemic of obesity resulted in an increase
in AT research triggered primarily by an influx of AT
modus operandi, thus providing a better understanding of
the role of AT in the body’s metabolic control. Animal and
human studies (both in vivo and in vitro), utilizing several
methodological tools such as cellular and molecular
physiological, pharmacological, and clinical setting

approaches, have been utilized to investigate the func-
tional role of AT. Such studies, in addition to clarifying the
role of individual factors affecting metabolic control such
as diet, exercise, disease, age, and stress, also increased
understanding of the repercussions of an increase or a
decrease in adiposity in the body as a whole.

There are two primary metabolic activities of white
AT (1). They are lipogenesis (fatty acid synthesis and
storage) and lipolysis (mobilization or hydrolysis of
triglycerides). Both lipolysis and lipogenesis are regulated
by the integration of endocrine and neural mechanisms,
which cooperate in order to maintain the relative
constancy of body fat under normal conditions.

The discovery of leptin, a hormone secreted by AT
and related to satiety, significantly altered the perception
of AT in the body’s metabolism (2). Other biologically
active substances, generally known as cytokines, includ-
ing adiponectin, interleukin (IL)-6, tumor necrosis factor
alpha (TNF-a), resistin, vaspin, visfatin, and many others
secreted by AT have been identified (now collectively
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termed adipokines), reinforcing the importance of AT as a
metabolic regulator (3). Adipokines have many functions,
including regulation of carbohydrate and lipid metabolism,
regulation of feeding behavior (including hunger and
satiety), and insulin sensitivity. The expression of adipo-
kines is altered by many clinical conditions such as
obesity and diabetes, indicating a role for adipokines in
the metabolic control of such ilinesses.

Cell turnover of AT has also been extensively studied.
The fat tissue hyperplasia occurs ultimately due to a
physiological imbalance between adipogenesis and apop-
tosis, which ultimately results in the gain or loss of fat mass.
In pubescent adults, the formation of new fat cells is an
active process, resulting in the growth of AT. Throughout
pubescent adulthood, a certain bodily homeostatic control of
fat mass is maintained. In contrast, during the ages of 50-60,
adipogenesis tends to dominate, suggesting an increase in
adiposity in this age group. The process of adipogenesis
occurs repeatedly throughout human life. In addition, AT
turnover has been investigated, i.e., with the appearance of
newly formed adipocytes, the oldest adipocytes die, are
gradually removed from the tissue, and are replaced by new
adipocytes. Changes in the number of adipocytes occur
through a complex series of events involving proliferation
and differentiation of preadipocytes. It is estimated that
approximately 30% of the total cells present in AT are
immature or less differentiated adipocytes and precursors or
preadipocytes, i.e., cells that are capable of differentiating
into mature adipocytes, assuming their specific physiological
and morphological features.

The primary purpose of this review is to examine well
established concepts in the literature as well as the current
understanding of the metabolic (e.g., lipolysis, lipogenesis,
and cell turnover) and endocrine actions of AT.

Lipogenesis

In adipocytes, triacylglycerols (TAGs), the major
cellular constituents of white AT, are stored in a single
large lipid inclusion or droplet. These droplets occupy 80-
90% of the cell volume and the most central position of
the cytoplasm, displacing the nucleus, cytosol, and
remaining organelles to the periphery of the cell near
the plasma cell membrane. Accumulation of TAGs can
also occur in several other cell types; however, the
occurrence of TAGs in other cell types is indicative of
cellular malfunction and is a potential inductor of lipotoxic
reactions that trigger cellular apoptosis. When such
lipotoxicity occurs in muscle and liver, it leads to steatosis
in addition to the development of insulin resistance,
diabetes, and many other pathological diseases.

For the synthesis of TAGs, three moieties of fatty acids
(FAs) are assembled with a molecule of glycerol. The AT is
well prepared to perform this task; however, it requires
sources of FAs and glycerol. FAs can be obtained through
uptake from external sources [chylomicrons and very
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low-density lipoproteins (VLDLs)] or by local synthesis from
acetyl coenzyme-A (CoA). Glycerol is obtained as glycerol-
3-phosphate (G3P) from glycolysis, glyceroneogenesis,
and phosphorylation of glycerol by glycerol kinase activity.

Lipogenic pathways

Sources of FAs

FAs can be taken up as free FAs (FFAs), which are
transported in the circulation bound to albumin or can be
obtained by enzymatic hydrolysis of TAGs carried by
lipoproteins such as chylomicrons (released from the
intestinal tract after fat absorption) and, particularly,
VLDLs, and to a lesser extent LDLs. The TAGs contained
in these lipoproteins must first be hydrolyzed by lipoprotein
lipase (LPL) located in the endothelium of the AT capillaries.

Adipocytes express several FA transporters located in
the cell membrane to facilitate and control their transport,
such as protein CD36, FA transporter protein, and
membrane FA-binding protein (FABP). Because FAs are
not soluble in the cytosolic aqueous medium and can
induce toxic effects on membranes, once inside the cells,
FAs bind to specific transporter proteins, known as FABPs
(FABP-4 or aP2). These proteins carry FAs from the cell
membrane to the site of action of the enzyme acyl-CoA
synthase, whereby FAs are esterified with CoA to form
acyl-CoA. Following this, acyl-CoA binds to and is carried
by acyl-CoA-binding protein, to the sites of esterification
with G3P to form TAG in the endoplasmic reticulum (ER).

De novo lipogenesis

De novo lipogenesis is the synthesis of FA from
nonlipid substrates, primarily carbohydrates. De novo
lipogenesis can occur both in the liver and in AT. The
importance and contribution of the liver and AT varies
between species. Studies indicate that de novo lipogenesis
is less active in human AT than in the liver, on a per gram of
tissue basis (4). Furthermore, controversy exists regarding
differences in the lipogenic capacity of rats and humans.
Although some studies indicate that this pathway is more
active in rats, other studies suggest that such differences
are due to diet composition, whereby when rats and
humans consume diets with similar composition, a
difference in lipogenic capacity is no longer observed (5).

For de novo lipogenesis to occur, acetyl-CoA is
carboxylated by acetyl-CoA carboxylase (ACC) into
malonyl-CoA, while oxaloacetate is reduced to malate
by malate dehydrogenase (MDH). Activation of FA
synthase (FAS) allows malonyl-CoA and acetyl-CoA to
assemble and to elongate the hydrocarbonic chain of FA,
thus forming palmitic acid (16:0). Palmitic acid is then
further elongated by an elongase to form stearic acid
(18:0). Both palmitic acid and stearic acid are desaturated
by stearoyl-CoA desaturase to form palmitoleic (16:1, n7)
and oleic acids (18:1, n9), which are subsequently
esterified with G3P to form TAG.
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An important cofactor in FA synthesis is reduced
nicotinamide-adenine dinucleotide phosphate (NADPH),
synthesized in the cytoplasm as a by-product of two
pathways. The first pathway involves the following
reactions: oxaloacetate formed by cleavage of cytosolic
citrate is reduced to MDH by the enzyme NAD-malate
dehydrogenase. This MDH then undergoes oxidative
decarboxylation to form pyruvate and CO,, while gen-
erating NADPH from NADP™ in a reaction catalyzed by
malic enzyme. Reuptake of pyruvate by mitochondria
occurs, whereby pyruvate combines with CO, to regen-
erate oxaloacetate in a reaction catalyzed by the enzyme
pyruvate carboxylase. The second pathway, or the
pentose synthesis pathway, involves the conversion of
glucose-6-phosphate (G6P) to 6-phosphogluconate by
the action of G6P dehydrogenase (G6PDH).

It is suggested that, in primary white adipocyte culture,
G6PDH mRNA levels change in parallel with FAS and
ACC mRNA levels, indicating that this enzyme may be
involved in the expression of other lipogenic enzymes (6).
Accordingly, overexpression of GBPDH in mouse 3T3-L1
cells promoted the expression of adipogenic and lipogenic
gene markers, including FAS, sterol regulatory-element
binding protein 1c (SREBP-1c), peroxisome proliferator-
activated receptor-gamma (PPAR-v), and aP2 (7).

Production of G3P

The synthesis of TAGs also requires a constant supply
of G3P, as availability of G3P controls the esterification of
FA. Hepatocytes use the glycerol released by AT during
lipolysis for the phosphorylation of glycerol to G3P via
the enzyme glycerol kinase (8). The presence of glycerol
kinase in adipocytes is, however, controversial. In
adipocytes, although some glycerol released during
lipolysis can be directly phosphorylated and reused for
TAG synthesis, the contribution of this pathway to G3P
production is negligible. In contrast, studies have shown
that G3P is generated in adipocytes via an important
metabolic pathway known as glyceroneogenesis, which
has been shown to be the quantitatively predominant
source of G3P (9).

Hence, cytoplasmic G3P is derived from three path-
ways: glycolysis, gluconeogenesis, and glycerol kinase
activity. In the glycolysis pathway, after entry into the cell,
glucose is phosphorylated and ultimately converted via
the glycolytic pathway to dihydroxyacetone phosphate
(DHAP), and glyceraldehyde-3-phosphate. The DHAP is
then further reduced by glycerol phosphate dehydrogen-
ase (GPDH) to form G3P.

Through the glyceroneogenic pathway (which consists
of the initial stages of canonical gluconeogenesis),
precursors other than glycerol or glucose are converted
to G3P, with the main substrates being pyruvate, lactate,
and amino acids. Pyruvate is carboxylated to oxaloace-
tate, which then leaves the mitochondria and is de-
carboxylated by cytoplasmic phosphoenolpyruvate
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carboxykinase to form phosphoenolpyruvate. This is the
rate-limiting step of the glyceroneogenic pathway (10).
Phosphoenolpyruvate is then converted to glyceralde-
hyde-3-phosphate, which is reduced to DHAP by glycer-
aldehyde-3-phosphate dehydrogenase and then to G3P
by GPDH.

TAG synthesis

In adipocytes, the biosynthesis of TAG is the result
of esterification of alcoholic residues of G3P by various
enzymes, namely, G3P acyltransferases (GPATSs, the
most abundant isoforms being GPAT1 and GPAT2), 1-
acylglycerol-3-phosphate acyltransferase (AGPAT, the
most abundant isoform being AGPAT2), phosphatidic
acid phosphatase, and diacylglycerol acyltransferase
(DGAT, the most abundant isoforms being DGAT1 and
DGAT?2). The isoforms of these enzymes are encoded by
different genes (11). All enzymes involved in this pathway
of the biosynthesis of TAG are found in smooth ER. The
importance of these enzymes in the control of TAG
storage in AT has been demonstrated in studies of DGAT-
deficient mice and in studies of human subjects with
congenital lipodystrophy (11).

A summary of all pathways involved in lipogenesis is
provided in Figure 1.

Regulation of lipogenesis

Nutritional

Lipogenesis is highly influenced by factors such as
feeding, fasting, and diet composition. Excessive carbo-
hydrate consumption stimulates lipogenesis in both the
liver and AT, increasing the availability of TAG in the
postabsorptive state. In contrast, a high-fat/low-carbohy-
drate diet and fasting reduces de novo lipogenesis and
lipogenesis, respectively, in AT (12). These changes are
related to the increased or reduced expression and
activity of LPL enzyme (high-carbohydrate/high-fat diets
and fasting, respectively). In addition, it has been reported
that the reduced lipogenic response during fasting is
primarily due to a decreased capacity of white AT to
generate acetyl-CoA from glucose, rather than an inhibi-
tion of lipogenic enzymes involved in FA synthesis.

Blood glucose levels act directly on lipogenic cap-
ability via three distinct mechanisms. First, because
glucose is a substrate for lipogenesis, thus producing
acetyl-CoA by glycolysis, glucose activates FA synthesis
(13). Second, glucose stimulates the lipogenic enzyme
synthesis of ATP-citrate lyase, G6PDH, ACC, malic
enzyme, and FAS (8). Finally, glucose promotes lipogen-
esis by stimulating insulin secretion and inhibiting
glucagon release from the pancreas (6).

Hormonal

Insulin is one of the most important hormonal factors
that affect lipogenesis. Insulin increases glucose uptake in
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Figure 1. Lipogenic pathways. Black arrows: lipogenesis from glucose; red arrows: glyceroneogenesis; green arrows: TAG synthesis
from circulating fatty acids. ACC: acetyl-CoA carboxylase; ACL: ATP-citrate lyase; AGPAT: 1-acylglycerol-3-phosphate acyltransfer-
ase; aP2: fatty acid binding protein; DGAT: diacylglycerol acyltransferase; ME: malic enzyme; FAS: fatty acid synthase; GPAT:
glycerol-3-phosphate acyltransferase; GPDH: glycerol phosphate dehydrogenase; LPL: lipoprotein lipase; MDH: malate dehydrogen-
ase; OAA: oxaloacetate; PC: piruvate carboxylase; PDH; piruvate dehydrogenase; PEPCK: phosphoenolpyruvate carboxykinase;

VLDL: very low-density lipoprotein.

adipocytes via translocation of glucose transporters from
the cytosol to the membrane and also activates lipogenic
and glycolytic enzymes via covalent modification, there-
by stimulating lipogenesis. Insulin also has effects on
lipogenic gene expression (12), most likely via the
transcription factor SREBP-1c. Furthermore, insulin
increases expression of SREBP-1c¢, which induces
expression and activity of the glucokinase enzyme in the
liver, thereby increasing the concentration of G6P, which
is reportedly the metabolite that mediates the effect of
glucose on lipogenic gene expression. Conversely, it has
been reported that glucagon lowers/inhibits lipogenesis by
decreasing the activity of lipogenic enzymes (6).

Growth hormone also plays an important role in
lipogenesis. Growth hormone dramatically reduces lipo-
genesis in AT, resulting in significant fat loss and a
concomitant gain in muscle mass (14). Such metabolic
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side effects due to reduced lipogenesis in AT appear to
be mediated by both a decrease in insulin sensitivity and
a reduction in the number of insulin receptors, thus
depressing gene expression of FAS enzyme and increas-
ing the phosphorylation status of signal transducer and
activator of transcription 5 (STAT5, 5a and 5b isoforms).
The mechanism by which STAT5 diminishes lipid storage,
however, remains unknown (15).

Leptin, a satiety hormone, expressed and secreted by
adipocytes, acts on specific receptors located in both the
brain and in peripheral regions of the body and may be
involved in lipogenesis. It is well known that leptin limits
lipid storage not only by inhibiting food intake, but also by
affecting specific metabolic pathways in AT (16). Leptin
induces the release of glycerol from adipocytes by
stimulating FA oxidation and inhibiting the synthesis of
FAs. This inhibition of FA synthesis by leptin is achieved
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Figure 2. Major pathways involved in lipolytic regulation: the signal transduction pathways of catecholamines via adrenergic [(j)
stimulatory and (2) inhibitory] receptors and atrial natriuretic peptides via type A receptor (NPR-A); protein kinases (PKA and PKG)
involved in the phosphorylation of target proteins; phosphorylation of HSL promoting translocation from cytosol to the surface of lipid
droplets. Perilipin phosphorylation induces a major physical change on the droplet surface, which facilitates the action of HSL and starts
lipolysis. Association of HSL with fatty acid binding protein (FABP-4) favors hydrolase action of HSL. Insulin anti-lipolytic action on
adipocytes, through insulin receptors stimulation, leads to the activation of phosphodiesterase-3B (PDE-3B) promoting cAMP
degradation. PDE-5A: phosphodiesterase 5A; ATGL: adipose tissue triacylglycerol lipase; FABP-4: fatty acid binding protein 4; GC:
guanylate cyclase, Gi: inhibitory G protein; Gs: stimulatory G protein; HSL: hormone-sensitive lipase; PLINA: perilin; FPS-27: fat-
specific protein 27; G0S2: G0/G1 switch gene 2; MGL: monoacylglycerol lipase; FFAs: free fatty acids; NPR-A: natriuretic peptide

receptor-type A; TAG: triacylglycerol; DAG: diacylglycerol; MAG: monoacylglycerol.

by decreasing the expression of genes involved in FA and
TAG synthesis (16). The transcription factor SREBP-1 is
also inhibited by leptin, indicating that the inhibitory effect
of leptin may also involve downregulation of the expres-
sion of lipogenic genes (17).

Lipolysis: general mechanisms

During periods of nutrient deprivation, stress, or
physical exercise, lipolysis of TAG reserves is stimulated.
Lipid droplets containing TAGs are surrounded by a
phospholipid monolayer including structural proteins,
enzymes, and coactivators. In general, lipolytic activity
culminates in the systemic release of FFAs and glycerol.
The release of FFAs into the blood is used as an energy
source by other tissues, such as heart and skeletal
muscle.

For the systemic release of FFAs and glycerol to
occur, a number of extra- and intracellular events are
required. These events include the presence of hormones
that signal to adipocytes the need to release energy
substrates to meet the increased demand of energy or to
supply energy in cases of nutrient deprivation, thus
sparing the use of glucose by lower priority body cells,
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because glucose is the primary energy source of the
central nervous system.

Messengers

In humans, catecholamines, including epinephrine,
norepinephrine, and insulin, are the primary regulators of
lipolysis. It has also been reported in both in vivo and in
vitro studies that natriuretic peptides (NPs), in addition to
affecting cardiovascular and renal functions, are important
stimulating agents for lipolysis.

The action of NPs occurs via activation of NP receptor
A (NPR-A), which possesses intrinsic guanylate cyclase
activity and thus enhances cyclic guanosine mono-
phosphate (cGMP) levels, which, in turn, activate protein
kinase G (PKG), responsible for the phosphorylation and
activation of hormone-sensitive lipase (HSL), an important
TAG hydrolase (18). Moreover, the lipolytic effect pro-
moted by NPs is unaffected by the primary anti-lipolytic
action of insulin. This anti-lipolytic action is mediated
through the activation of phosphodiesterase 3B (PDE-
3B), which degrades cyclic adenosine monophosphate
(cAMP), the lipolytic mediator of the catecholamine path-
way, but has no effect on cGMP (Figure 2). However,
cGMP is degraded by another phosphodiesterase found in
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the adipocyte, PDE-5A. NPs emerged as potent regulators
of lipolysis in humans, especially during exercise-stimu-
lated lipolysis (18). Lipolytic effects stimulated by growth
hormone, TNF-a, adrenocorticotropin, and glucocorticoids
have also been demonstrated (19-22).

Catecholamines remain the major lipolytic agents in
adipocytes. Particularly in humans, during periods of
fasting, catecholamines are the primary stimulators of
lipolysis. The regulatory effects of catecholamines occur
as a result of intracellular signaling triggered by activation
of several adrenergic receptors, namely, -1, B-2, pB-3,
and o-2. In rodents, B-3-adrenergic receptor is the primary
lipolytic route, whereas in humans, B-1, B-2, and o-2-
adrenergic receptors play a regulatory role (23).
Adrenergic receptors have an extracellular and a trans-
membrane domain along with seven hydrophobic seg-
ments and an intracytoplasmic region that is coupled to
regulatory GTP/GDP-associated proteins or G proteins
(Figure 2). The ligand binding site of adrenergic receptors
is located within the transmembrane domain. The f-
adrenergic receptors are Gs-protein coupled receptors,
which activate adenylate cyclase, a plasma membrane
enzyme anchored to the inner cytoplasmic leaflet that
catalyzes the formation of cAMP from ATP. In contrast, -
2-adrenergic receptors are Gi-protein coupled, inhibiting
adenylate cyclase activation and thus preventing the
formation of cAMP. Noradrenaline has a greater affinity
for the a-2-adrenergic receptor than for the B-adrenergic
receptors, suggesting a role for the a-adrenergic pathway
in the regulation of lipolysis in human subcutaneous AT
under conditions of exercise or stress (24).

The chemical messengers involved in the lipolytic
activity of AT, such as catecholamines, insulin, NPs, and
others cited earlier, are ultimately related to the synthesis
or degradation of second messengers, such as cAMP and
cGMP, which are involved in the activation of enzymes
responsible for the control of lipolysis.

Lipid droplets

White adipocytes characteristically exhibit a large
central fat droplet in the cytoplasm. In contrast, brown
adipocytes show multiple small cytoplasmic fat droplets
together with a rich amount of mitochondria, enabling these
adipocytes a high capacity to oxidize substrates, primarily
fatty acids. The lipid droplet is a vacuolar compartment
responsible for the storage of neutral lipids. Movement of
TAGs in and out of the lipid droplet is highly regulated (25).
Monoacylglycerol (MAG) and diacylglycerol (DAG) mole-
cules are intermediate compounds in the synthesis and
degradation of TAGs. This lipid arrangement within the lipid
droplet protects the adipocytes from harmful effects
associated with excess intracellular fat, known as lipotoxi-
city. Consequently, disordered processing of fat that can
potentially generate toxic fat metabolites, such as lipoper-
oxides, is avoided (25). Adipocyte hypertrophy and
hyperplasia prevent accumulation of fat in the cytoplasm
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of other cell types in an organism unable to survive
abnormal fat deposition. Indeed, the accumulation of
abnormal fat may resultin excess generation of ceramides,
lipoperoxides, and other reactive oxygen and nitrogen
species, such as nitric oxide and nitrolipids that trigger
cellular apoptosis (26-28). In light of the above-mentioned
studies, it may be assumed that lipid metabolism in
adipocytes comprises mechanisms that control lipid
mobilization via chemical messengers, with the lipid droplet
as a target of all intracellular signaling.

Enzymes, proteins, and coactivators

Intracellular increases of cAMP and cGMP concentra-
tions culminate in activation of dependent protein kinase
A (PKA) and PKG, respectively. These enzymes transfer
high-energy phosphate groups from donor molecules,
such as ATP, to target proteins. The PKA enzyme
consists of four subunits: two regulatory and two catalytic.
In the presence of these activators, the regulatory subunit
undergoes conformational changes resulting in catalytic
activation.

Consequently, the B-adrenergic pathway, as described
previously, promotes PKA activation. Once activated, PKA
phosphorylates serine hydroxyl groups of HSL, resulting
in activation of HSL (Figure 2). Once activated, HSL
translocates from the cytosol to the lipid droplet, where it
binds to FABP-4, ALBP, or aP2, and begins to hydrolyze
TAGs, DAGs, and MAGs with relative hydrolytic rates of
1:10:0.5, respectively (29). Concurrently, PKA phosphor-
ylates the lipid droplet surface protein perilipin, promoting
displacement of perilipin to the cytosol. Such displacement
of perilipin is in the opposite direction to the translocation of
HSL, allowing space in the lipid droplet interface for contact
between the hydrolase and its substrate (30). Perilipin-1 is
a member of the PAT lipid droplet protein family, which also
includes adipophilin or adipocyte differentiation-related
protein (currently named perilipin-2), a tail-interacting
protein of 47 kDa (currently named perilipin-3), S3-12
(currently named perilipin-4), OXPAT/MLDP (currently
named perilipin-5), and fat-specific protein 27 (FSP27)
(31). These proteins cover the lipid droplet surface,
regulating and coordinating basal lipid storage and
mediating stimulated lipolysis (30,31). A study by Sztalryd
et al. (32) showed that the presence and phosphorylation of
perilipin-1 is essential for HSL translocation during lipolytic
activity, as adipocytes isolated from mice that did not
express perilipin-1 showed a loss of lipolytic activity
following B-adrenergic stimulation. Although perilipin-1
restricts HSL access to TAG reserves, thereby reducing
basal lipolysis, the phosphorylated form of perilipin-1 is
essential for hydrolytic HSL activity during stimulated
lipolysis.

In 2004, three independent groups reported the existence
of a second enzyme involved in the hydrolysis of triglycer-
ides, known as AT triglyceride lipase (ATGL), desnutrin,
adiponutrin, or calcium-independent phospholipase AZ2.
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Consequently, the idea of HSL as the sole enzyme
responsible for TAG hydrolysis in mammals was abandoned
and replaced with the concept that HSL shares this ability
equally with another enzyme (33). The ATGL enzyme is
highly expressed in humans and rodents and has a high
hydrolyzing activity on TAGs (33). In a study conducted by
Haemmerle et al. (34) in 2006, ATGL knockout mice showed
more than a 75% decrease in FFA release, with consequent
accumulation of ectopic TAGs in muscle tissues, resulting in
severe myopathy in cardiac muscle and a general weakness
in energy balance, compromising animal survival.

The mechanisms that regulate activity of ATGL in
response to B-adrenergic stimulation remain unknown.
Although it is known that ATGL can be phosphorylated, it
is unclear whether this modification is vital for ATGL
activity (30). It is known, however, that ATGL activity is
greatly enhanced in the presence of the coactivator
comparative gene identification-58 (CGI-58), also known
as o/p-hydrolase domain-containing protein 5. Reports
suggest a mechanism involving perilipin-1 and CGI-58,
whereby the availability of CGI-58 is dependent on
perilipin-1 phosphorylation (Figure 2). In adipocytes with
no lipolytic stimulation, CGI-58 is located on the lipid
droplet surface next to perilipin-1, whereas, in the
stimulated state, perilipin-1 is phosphorylated via PKA or
PKG, resulting in displacement of perilipin-1 into the
cytoplasm and dissociation of CGI-58, leaving CGI-58
freely available for interaction with and activation of ATGL
(30). It has been reported that the presence of FSP27 on
the lipid droplet surface exerts an important role in lipolytic
activity of ATGL. Reduced expression of perilipin-1 and
FSP27 on the lipid droplet surface results in elevated basal
lipolysis (35). In contrast, when perilipin-1 and FSP27 work
in unison on the lipid droplet surface, adipocyte lipolytic
capacity is well maintained (36). Ultimately, FSP27 acts by
limiting the presence of ATGL at the lipid droplet interface,
whereas perilipin-1 is crucial in control of the B-adrenergic-
mediated ATGL lipolytic response (36). To further increase
the complexity of lipolysis, another protein, identified as
G0/G1 switch gene 2, has been shown to interact with
ATGL, inhibiting its activity (37). Furthermore, it has been
shown that perilipin-5, expressed in both myocytes and
brown adipocytes, can negatively modulate ATGL activity
under basal conditions (38,39). Such reports indicate that
lypolytic action of ATGL is controlled by a variety of
mechanisms, emphasizing the essential role of ATGL on
lipid mobilization in adipocytes. Together, both ATGL and
HSL are responsible for more than 95% TAG hydrolysis in
mouse adipocytes.

The other hydrolase located in adipocytes is MAG
lipase (MGL). Unlike ATGL and HSL, MGL does not
hydrolyze TAG and DAG, but it performs a specific action
on MAG. Although its hydrolytic action is required for the
complete hydrolysis of TAGs in vitro, the fact that HSL is
also capable of hydrolyzing MAG indicates that the
presence of MGL in vivo is not vital (30). MGL activity
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promotes dissociation of the last FA and glycerol of the
MAG molecule. There is no evidence that cellular
expression and activity of this enzyme are regulated by
hormones or the energy state of the cell.

Adipogenesis

Adipogenesis is commonly known as the transforma-
tion of undifferentiated preadipocytes in AT to adipocytes.
The balance between adipogenesis, triglyceride synth-
esis, and lipolysis is responsible for the quantity of AT in
an organism. Consequently, knowledge of the steps
involved in the regulation of adipogenesis is essential to
understand the formation of AT. In addition, determination
of the role of adipogenesis in metabolic conditions such as
diabetes, obesity, and lipodystrophies may be important in
the treatment of these diseases.

In obesity, the uncontrolled expansion of AT and
dysregulation of AT function cause the clinical symptoms
and comorbidities of this disease. Expansion of the AT
mass, seen in obesity, involves both hyperplasia and
hypertrophy of adipocytes. Thus, comprehension of the
molecular basis of adipogenesis that it is responsible for
hyperplasia and fat cell development in obesity would
provide important information about new biomarkers and
possible therapeutic targets for the development of anti-
obesity drugs.

Diabetes results in alterations in AT related to clinical
features of this disorder. Type 2 diabetes is related to
obesity and excess AT. In contrast, type 1 diabetes is
characterized by a loss of AT mass. AT thus plays an
important role in the maintenance of metabolic home-
ostasis. Therefore, as with obesity, research in adipogen-
esis may contribute to improvement in current treatments
and development of new therapies for diabetes and obesity.

Adipogenesis comprises three distinct phases: growth
arrest, clonal expansion, and terminal differentiation.
These three stages are governed by four key transcription
factors: the three CCAAT-binding proteins (C/EBPs) B, 6,
and o and PPAR-y, expressed in a defined sequence and
thus coordinating the series of adipogenic stages.

Although both C/EBP-B and C/EBP-5 are expressed
early in adipogenesis, they are not immediately active,
allowing them to bind to the C/EBP-regulatory element (in
the promoter region of C/EBP-a) close to the beginning of
clonal expansion (40). This delay in the ability of C/EBP-f
and C/EBP-4 to bind to gene promoter regions in in vitro
studies differs from in vivo studies, whereby the onset
of C/EBP-B and C/EBP-6 expression coincides with
their regulatory role on the C/EBP-o and PPAR-y
promoter regions as well as on specific adipocyte genes
(41). Expression of C/EBP-B is required for the clonal
expansion phase to occur (42). Increase in C/EBP-§
expression stimulates transcription of C/EBP-B, thus
inducing expression of both C/EBP-o and PPAR-y (41).
Both C/EBP-o and PPAR-y act on the promoter region of

www.bjournal.com.br



New concepts in white adipose tissue physiology

several specific adipocyte genes responsible for the
adipocyte phenotype (40,41).

In addition to these transcriptional factors, recent
research has identified several mechanisms involved in
the complex network that controls these adipogenic
processes. Siersbaek et al. (43) demonstrated the
important changes in chromatin structure in the adipogen-
esis process. During the first hours of adipogenesis, there
is a significant modulation of the chromatin landscape
that coincides with cooperative binding of multiple early
transcriptional factors (including glucocorticoid receptor,
retinoid X receptor, Stat5a, C/EBP-B, and C/EBP-3). This
binding enables chromatin remodeling and the binding of
other transcriptional factors such as PPAR-y.

Other important transcription factors include ZNF-638
and p204 protein. ZNF-638 belongs to the zinc finger
family of proteins, is expressed in the early stages of
adipogenesis, and physically interacts with C/EBP- and
C/EBP-8 cooperating in the transcriptional stimulation of
PPAR-y production (44). C/EBPs recruit ZNF-638 to the
promoter region of PPAR-v, indicating that this protein
acts as a transcription cofactor (44).

Protein p204, which belongs to the interferon-inducible
murine p200 protein family, is translocated to the nucleus
in the early stages of adipogenesis, where it interacts with
C/EBP-3, essential for its binding to the promoter region of
PPAR-y (45).

Histone enzymatic modifications are also essential in
adipogenesis (46), because they induce chromatin con-
formational changes required for the binding of transcrip-
tional factors.

The histone lysine (K)-specific demethylase (KSD1)
participates in the regulation of adipogenesis by demethy-
lation of lysine 4 (K4) from histone H3 (H3K4) of the
promoter region of C/EBP-a, as well as other genes,
enabling changes in the chromatin that allow access of
transcriptional factors to the promoter regions (46).

Histone lysine-methyl-transferases are also involved
in the regulation of adipogenesis. These enzymes provide
gene silencing or activation by methylating histones into
lysine residues (47).

Other signaling pathways involved in the control and
development of adipogenesis is the MAP kinase (ERK1
and ERK2) pathway. Phosphorylation of ERK1 and ERK2
at specific sites is essential for the recruitment of
preadipocytes and formation of mature adipocytes (48).

Therefore, adipogenesis involves the expression of
key transcriptional factors (C/EBPs and PPAR-y) vital for
coordination of adipocyte differentiation, which is concur-
rently regulated by a large number of factors such as
enzymes, proteins, and hormones, resulting in a complex
but delicate regulatory system.

Endocrine role of AT

Initially considered an inert storage compartment for
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triglycerides, several studies have demonstrated that
adipocytes are an abundant source of several proteins.
The secretory function is an important feature of AT.
Identification of leptin in 1994 (2) led to general recogni-
tion of AT as the owner of an important endocrine system
responsible for synthesis and secretion of proteins
(initially termed “adipocytokines” and currently known as
adipokines) with biological activity involving not only
adipocytes, but also other cells of the vascular stroma
(49). A wide variety of these proteins has been and is still
being identified, with the source attributed primarily to AT.
Although adipokines have been the focus of much
research in terms of their role as circulatory factors with
effects on metabolically active tissues, it should be noted
that adipocytes are responsive to various molecules
secreted by other cells and tissues, e.g., the recently
identified myokines (50). In the following section, the role
of these adipokines in the regulation of different organs
involved in cardiovascular, immune, reproductive, and
metabolic systems is reviewed.

Leptin

Leptin, a 16-kDa protein hormone secreted primarily
by AT, participates in the processes of growth regulation,
metabolism, and behavior (especially feeding behavior).
Leptin acts on the hypothalamus, modulating body weight,
food intake, and lipid storage. Plasma levels of leptin
correlate positively with body adiposity, and leptin secre-
tion is many times higher in obese compared with lean
subjects. Other tissues also express leptin, such as the
placenta, mucosa of the gastric fundus, skeletal muscle,
and mammary gland epithelial cells (51).

Leptin exerts its effect on several peripheral tissues
by binding to its receptor, Ob-R, that belongs to Class 1
cytokine receptors as a member of the IL-6 family of
receptors. The long isoform of the leptin receptor, Ob-Rb
or Ob-RL, is found primarily in the brain, particularly in
hypothalamic areas involved in the control of food intake.
This receptor is also found in several peripheral tissues,
including AT, placenta, adrenal medulla, liver, pancreatic
beta cells, lung, intestinal cells, blood mononuclear cells,
articular chondrocytes, heart, and skeletal muscle. The
Ob-R gene also encodes an additional five short spliced
forms of the leptin receptor (Ob-Ra, Ob-Rc, Ob-Rd, Ob-
Re, and Ob-Rf) that are present in relatively low
concentrations in the hypothalamus, microvessels, cho-
roid plexus of the brain, as well as in all peripheral tissues
(52).

In the hypothalamus, leptin signals the status of body
energy reserves. When body energy reserves are
plentiful, circulating levels of leptin are high, resulting in
suppression of AMP-activated protein kinase (AMPK)
activity in the medial hypothalamus (particularly in the
arcuate nucleus), exerting anorexic effects that ultimately
lead to weight loss. The inhibition of AMPK promotes
activity of ACC in the arcuate and paraventricular nuclei of
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the hypothalamus (53). As a consequence, there is an
increase in the level of malonyl-CoA, particularly in the
arcuate nucleus, and an increase in the level of palmitoyl-
CoA, particularly in the paraventricular nucleus, reducing
the release of orexigenic peptides neuropeptide Y and
agouti-related protein, resulting in reduced food intake (53).

However, the effect of leptin on metabolism is not
limited to the hypothalamus (51). Leptin acts directly on
skeletal muscle increasing fatty acid oxidation via AMPK
activation (54). Furthermore, it has been described in the
literature that high plasma levels of leptin in obesity are
related to insulin resistance. It has also been demon-
strated that leptin reduces insulin sensitivity in isolated
adipocytes and inhibits insulin secretion by pancreatic
beta cells. In addition to metabolic effects, leptin has been
recognized as playing an important role in modulating the
immune system (55).

A decrease in the signaling or function of leptin
receptors attenuates the inhibitory effect on food intake
and reduces energy expenditure and leptin deficiency,
ultimately resulting in severe obesity, hypogonadism,
hyperinsulinemia, hyperphagia, and immune deficiency
mediated by T-lymphocytes, which can be treated with
hormonal replacement [for a review of leptin hormonal
replacement, see Paz-Filho et al. (56)].

Adiponectin

Adiponectin was discovered in the 1990s by four
independent groups, and it was originally named Acrp30,
AdipoQ, apM1, and GBP28. Until recently, it was believed
that adiponectin was secreted exclusively by AT; how-
ever, this has been challenged following demonstrations
that this adipokine is also produced and secreted by
murine and human cardiomyocytes and human and
mouse skeletal muscle (57).

Adiponectin plasma levels are inversely proportional to
body mass index and visceral adiposity and can be found in
the circulation as a number of multimeric complexes: low
molecular weight trimers, medium molecular weight hex-
amers, and high molecular weight (HMW) multimers (12
to 18 mers). The HMW multimer appears to be the most
active form of adiponectin, as plasma concentration of
HMW multimers is related to insulin sensitivity, and failure
in the multimerization of adiponectin in humans is
associated with type 2 diabetes mellitus (58).

Two types of adiponectin receptor have been
described, AdipoR1 and AdipoR2. Depending on the type
of receptor bound by adiponectin, a specific intracellular
signaling pathway is activated: AMPK phosphorylation is
predominant for AdipoR1, whereas AdipoR2 is involved
in the activation of PPAR-a (59).

Adiponectin has several metabolic effects including
anti-inflammatory, insulin sensitizing, anti-atherogenic
(hypoadiponectemia is associated with a lipid profile
favoring atherosclerosis), and hepatoprotective, prevent-
ing the development of non-alcohol-induced steatosis in
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ob/ob mice and LPL-induced liver damage in KK-Ay
obese mice. In addition, it has been reported that
adiponectin is involved in reduced risk of cardiovascular
disease, inhibition of tumorigenesis, and increased
production of IL-8 in human chondrocytes (57-59).
Consequently, it is important to note that adiponectin is
a promising therapeutic option for obesity-related dis-
eases.

IL-6

IL-6 is involved in the pleiotropic effects implicated in
the regulation of both inflammation and lipid metabolism.
AT contributes approximately 35% of circulating IL-6,
indicating that the IL-6 released from AT may be
associated with subclinical inflammatory states that result
in insulin resistance. Indeed, in the liver IL-6 induces the
activation of pathways that impair insulin action. Such
effects of IL-6, however, are also apparently influenced by
chronic IL-6 persistence, since during a physical activity
the active muscles release IL-6 that then acts as an
activator of AMPK, stimulating glucose and fat burning in
the tissue. In AT, it has been shown that IL-6 acts as a
lipolytic agent (60,61). In addition, research has demon-
strated that a rise in IL-6 in the central nervous system is
capable of reducing body weight and visceral adiposity
without changing the amount of food ingested. Such body
weight regulatory mechanisms involve sympathetic activ-
ity in brown AT followed by a more intense expression of
mitochondrial uncoupling protein-1 (UCP-1), a likely
enhancement of UCP-1, and a probable increase in
thermogenesis (62). Finally, these data show that IL-6 has
several metabolic effects that must be considered
specific, depending on the site of action.

TNF-a

The proinflammatory cytokine TNF-a induces both
metabolic and immunological effects. Synthesized in both
adipocytes and AT-infiltrated macrophages, TNF-a reg-
ulates the function and development of white AT by
stimulating lipolysis and inhibiting lipogenesis and adipo-
genesis. Furthermore, TNF-a increases the expression of
leptin while reducing adiponectin secretion. At the
systemic level, TNF-o is known by its proinflammatory
characteristics, which include reduction of insulin sensi-
tivity in muscle, liver, and AT. Proposed TNF-o mechan-
isms for induction of insulin resistance include
enhancement of FFA release into the circulation from
lipolysis, decreased expression of glucose transporter
type 4, and the harm to the insulin signaling pathways due
to activation of serine protein kinases such as c-Jun
kinase (JNK) and IkB kinase that ultimately result in
phosphorylation of serine residues of insulin receptor
substrates IRS1 and IRS2 (63,64).

Resistin
Resistin is expressed in adipocytes in rodents,
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whereas in humans it is synthesized by macrophages.
Several tissues are responsive to resistin including AT,
liver, muscle, vascular endothelium, and leukocytes. The
main biological effects of resistin are associated with
blood glucose homeostatic disturbances and increases in
blood glucose levels in some animal models, partially
explained as a consequence of increased hepatic glucose
production. Furthermore, it has been reported that the
absence of resistin restores hepatic insulin sensitivity,
inhibiting the induction of hyperglycemia present in some
animal models of obesity. Research has also shown that
resistin reduces insulin-stimulated glucose uptake in
isolated adipocytes. The mechanisms underlying these
effects remain unclear, although data point to the
suppression of AMPK activity by resistin, primarily in the
liver, due to activation of the suppressor of cytokine
stimulation-3 (SOCS3) (63). It also appears that resistin
contributes to the pathogenesis of cardiovascular dis-
eases such as atherosclerosis. High resistin levels are
associated with elevated cardiovascular risk, unstable
angina, endothelial dysfunction, rise in atherogenic proin-
flammatory markers, vascular smooth muscle cell pro-
liferation, and unfavorable prognosis for coronary
vascular disease. In human vascular endothelial cells,
resistin augments the expression and secretion of
endothelin-1, monocyte chemotactic protein-1 (MCP-1),
and cell adhesion molecules such as ICAM-1 and VCAM-
1 and stimulates the migration and proliferation of these
cells. Finally, it has been suggested that resistin can bind
to certain endotoxin receptors, such as Toll-like receptor-4
(TLR4) (65).

The renin-angiotensin-aldosterone system (RAAS)

White AT cells, particularly white AT adipocytes, are
capable of expressing all the RAAS components: angio-
tensinogen, renin, angiotensin-converting enzyme (ACE),
angiotensin |l receptors (AT1 and AT2), as well as the
components of the nonclassical pathway including ACE2
and MAS receptors for angiotensin (1-7). Both metabolic
and developmental processes in AT are regulated by
RAAS. Both AT1 and AT2 receptors modulate AT mass
expansion through an increase in lipogenesis (by AT2)
and a reduction in lipolysis (by AT1). Therefore, both of
these receptors have synergistic and additive effects on
lipid storage in adipocytes. Associated with these, the
RAAS produces an anti-adipogenic effect on human
preadipocytes that assists in the expansion of the already
hypertrophic adipose mass, resulting in inflammation and
insulin resistance (66).

In 2012, it was reported that mature adipocytes are
able to produce aldosterone. Aldosterone synthase
mRNA (CYP11B2), as well as its resultant protein, were
found in 3T3-L1 adipocytes and in mice and human
mature adipocytes. Inhibition of CYP11B2 in 3T3-L1 cells
decreased expression of key transcriptional factors
related to adipogenesis, demonstrating a role for locally
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produced aldosterone on adipocyte differentiation (67).
Recent research indicates that this system has a local
decisive influence on the development of obesity-related
hypertension (68).

Vaspin

Vaspin, of visceral adipose tissue-derived serpin, is a
member of the serine protease inhibitor (serpin) family,
which is highly expressed by visceral adipose tissue in
obesity. It has been identified in an animal model of
visceral adiposity and diabetes mellitus. Due to its almost
exclusive expression in visceral AT, it was proposed that
vaspin contributed to a compensatory mechanism in the
pathogenesis of metabolic syndrome, as some vaspin
agonists were able to improve glucose tolerance and
insulin sensitivity (69). These effects were not confirmed,
however, because vaspin expression increased with the
development of insulin resistance in obesity (70).
Regarding the effects on the cardiovascular system, low
serum vaspin levels are assumed to be a predictor of
coronary artery disease, although this statement remains
controversial (71). As the physiological role of vaspin
remains incomplete, with some studies suggesting an
etiological participation and others proposing that vaspin
is only a biomarker for inflammation and cardiovascular
disease (72), further research is required to clarify the
importance of vaspin in AT biology.

Visfatin

Visfatin was first recognized as a highly expressed
adipokine in visceral AT; however, it is now known that
expression of visfatin is far more ubiquitous, because it
has been detected in many fat depots and other cell
types. With a structure identical to two other molecules,
pre-B cell colony-enhancing factor and nicotinamide
phosphoribosyl-transferase (NAMPT), visfatin is capable
of producing some insulin effects (via insulin receptor
binding) in cell cultures and of diminishing blood glucose
in mice, stimulating glucose uptake in cell culture and fat
accumulation in preadipocytes (73-75).

It is important to note that visfatin has some catalytic
properties resulting in functions similar to that of cytokine-
enzymes. Visfatin (or NAMPT) regulates intracellular
activity of the NAD-consuming enzymes, stimulating the
production of inflammatory cytokines and affecting the cell
life span. Neutralizing the actions of visfatin brings
benefits in models of inflammation, promoting hypotheses
concerning the role of visfatin in metabolic and inflamma-
tory diseases and in the development of atherosclerosis
(74,75).

Omentin

Omentin was so named because its main isoform is
predominantly expressed in omental and epicardic fat, but
not in subcutaneous depots. /n vitro studies have shown
that omentin is involved in improvement of glucose uptake
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and protein kinase B phosphorylation in human adipo-
cytes and that expression of omentin in AT is reduced
in obesity and insulin resistance (76). Rat arteries and
human endothelial cells treated with omentin led to
smooth muscle relaxation and to endothelial nitric oxide
synthase (eNOS) phosphorylation and reduction of
cyclooxygenase (COX)-2 expression and of TNF-u-
induced activation of the nuclear factor kappa-light-
chain-enhancer of activated B cells (NFxB) and JNK-
signaling pathways in vascular endothelial cells, revealing
its anti-inflammatory properties (77,78).

Apelin

Apelin was first identified as an endogenous ligand of
the G-protein-coupled apelin receptor APJ that activates
intracellular pathways through the PI3K/AKT, ERK1/2,
and P70-S6K pathways. In AT, apelin is synthesized and
secreted by the adipocytes and vascular stromal cells.
The main effects of apelin are related to body fluid
homeostasis, such as control of thirst and diuresis,
cardiovascular effects, including vasodilation via nitric
oxide (NO) and opposing effects to the renin-angiotensin
system, which includes the inhibition of angiotensin Il
signaling (79). Recently, it was demonstrated that lack of
apelin increases susceptibility for post-ischemia cardiac
lesions and that apelin analogs exhibit protective char-
acteristics by promoting local angiogenesis (80). In terms
of metabolism, apelin administration reduces body adi-
posity, improves glucose tolerance, and decreases
insulin, TAG, and leptin serum concentrations in animal
models of obesity. Apelin also appears to attenuate insulin
resistance by increasing adiponectinemia, energy con-
sumption, and the expression of mitochondrial UCPs in
brown AT (81).

Crosstalk between AT and other tissues

In addition to the metabolic and endocrine functions of
white adipocytes, white adipocytes express receptors for
many molecules such as cytokines and hormones that
exert autocrine, paracrine, and endocrine action. These
molecules, which are released by several tissues and act
on adipocytes, have the ability to modulate 1) endocrine
function, regulating adipokine secretion; 2) cell number in
the fat pad, regulating cell turnover (adipogenesis and
apoptosis); and 3) metabolic regulation of lipogenesis,
lipolysis, and oxidation (10,82). Recent studies of meta-
bolic function have focused on the relationship between
the oxidative capacity control of white adipocytes and the
regulation of metabolic homeostasis and body adiposity.
This control is mediated by factors that regulate mito-
chondrial biogenesis and the expression of enzymes
involved in thermogenesis, such as UCP-1 (50).

Recently, it has been reported that muscle is able to
synthesize and secrete molecules known as myokines.
These molecules are cytokines or other peptides that may
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act on different peripheral tissues such as liver, pancreas,
blood vessels, bone, and AT (83). It has also been shown
that the expression and secretion of these molecules is
increased during exercise and that the stimulus for this
increase is muscle contraction. The first myokine reported
to be secreted into the bloodstream in response to muscle
contractions was IL-6 (84), which is capable of inducing
lipolysis in AT (85). Another protein that also has an
important effect on AT is irisin, a fragment of a larger
protein, fibronectin type Ill domain-containing protein 5
(FNDCS5), which is expressed in skeletal muscle. Irisin,
which is regulated by PPAR-y coactivator 1-alpha (PGC1-
a), is secreted from muscle into blood (in both mouse and
human) and activates thermogenic functions in AT,
increasing the expression of UCP-1 in mitochondria, as
well as the density of mitochondria in white adipocytes.
Irisin increases energy expenditure likely through stimula-
tion of UCP-1 and brown-fat-like development and has
been found to improve glucose tolerance in obese
animals (84). Thus, this crosstalk between AT and muscle
is a promising area of research in the study of new
therapeutic approaches for metabolic disorders such as
obesity and diabetes.

Final considerations

This review reports the impressive amount of research
regarding AT biology. Currently, there remains a strong
tendency to classify AT as an organ. As AT is diffusely
distributed throughout the body, and as the metabolic and
endocrine functions of AT vary depending on the
anatomical localization of the depot, a new approach
concerning the paracrine effects of AT is currently gaining
importance in recent research. Furthermore, as the
differences in AT are so specific to the tissue location,
many researchers are now considering the existence of
various adipose organs in the body. Another branch of
adipose research is related to brown AT. It is now widely
accepted that brown fat is not only functional but also
widely distributed in adult humans. As brown adipocytes
are diffusely and dispersedly distributed within the fat
pads, particularly in the subcutaneous depots, and the
amount of brown fat is decreased in obesity, attempts to
increase brown fat are important goals in future ther-
apeutic strategies to deal with obesity and the associated
complications. Therefore, understanding the functional
abilities of AT and the potential physiological and
pathophysiological roles of AT will bring new and
fundamental therapeutic tools to treat the obesity epi-
demic and related morbidities.
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