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Adipose tissue as an endocrine organ:
from theory to practice
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Abstract

Objectives: To describe the advances in research into the physiological role of white adipose tissue, with emphasis
on its endocrinal role in inflammatory processes, feeding behavior, insulin sensitization and modulation of the
atherogenetic process. To deal with the potential role of adipose tissue as a source of stem cells for regeneration of
tissues, with special emphasis on adipogenesis and its consequences for development of obesity.

Sources: Important information was compiled from the scientific literature in order that this analysis contains an
explanatory synthesis of the aspects mentioned above.

Summary of the findings In addition to its classical functions as primary metabolic energy store, meeting energy
requirements during periods of deprivation by means of lypolisis, adipose tissue also has the capacity to synthesize and
secrete a variety of hormones - the adipokines. These are active in a range of processes, such as control of nutritional
intake (leptin) and control of sensitivity to insulin and inflammatory processes (TNF-o., IL-6, resistin, visfatin,
adiponectin). Furthermore, since adipose tissue also contains undifferentiated cells, it has the ability to generate new
adipocytes, regenerating its own tissue (adipogenesis), and also the ability to give rise to other cells (myoblasts,
chondroblasts, osteoblasts), which has great therapeutic potential in the not-too-distant future.

Conclusions: The range of functional possibilities of adipose tissue has widened. An understanding of these
potentials could make this tissue a great ally in the fight against conditions that are currently assuming epidemic propor-
tions (obesity, diabetes mellitus, arterial hypertension and arteriosclerosis) and in which adipose tissue is still seen as
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the enemy.
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Introduction

General background

Animal species need to guarantee their survival under
inhospitable or unfavorable conditions. Vertebrates in gen-
eral, and mammals in particular, have adipose tissue (AT),
which allows them to store excess calories as lipids (triacylg-
lycerols — TAG). These are hydrophobic and can be stored in
large quantities without water as a solvent and contain twice
as much energy per unit mass than other nutrients.

Sinceitisthe primary energy reserve, AT has always been
known as an energy reserve and thermal insulator. For a long
time, these two properties were applied to the study of energy
metabolism regulation and little attention was given to analy-
sis of its other capabilities. Research into AT dealt with it as
though there was a single type with uniform responses, with-
out taking into consideration characteristics such as location
or participation in local demands, unconnected to more glo-
bal metabolic control processes. For this reason, the majority
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of older studies analyzed metabolic responses in samples from
specific locations, and took these as representative of the
entire adipose mass. These studies undervalued localized
aspects of metabolic regulation, distorting or hiding an impor-
tant functional dimension.

It is also true that, depending on the origin of the AT (for
example, whether periepididymal or retroperitoneal), differ-
ences have been detected inits lipolytic or lipogenic capacity.
Periepididymal tissue, from rodents in general, was widely
used as a standard to assess responses to the most varied
normal or pathological conditions. Questions as to the repre-
sentativity of this fatty cushion began to emerge, indicating
that a detailed review of its physiological role was imperative.

Adipocytes are the only cells that are specialized and per-
fectly adapted to store lipids without this compromising their
functional integrity. They have the enzymatic machinery nec-
essary to synthesize fatty acids (a process known as lipogen-
esis) and to store TAG during periods of abundant energy
supply and to mobilize them via lypolisis when there is a calo-
rie deficit. The central nervous system takes part in regula-
tion of these two processes by means of direct or indirect
neural activity (for example, initiating behavior to seek and
consume nutrition). Other regulatory systems (digestive and
endocrine) participate by means of nutrients and hormones
depending on requirements at any given moment.?*

The autonomous nervous system acts directly on AT
through its subdivisions, the sympathetic and parasympa-
thetic systems. The sympathetic system promotes catabolic
actions (lypolisis), via B-adrenergic stimulation, which acti-
vates the hormone-sensitive lipase enzyme (HSL).2 The para-
sympathetic system organizes anabolic actions by increasing
insulin production and increasing glucose and fatty acid cap-
ture.?

In mammals, there are two types of AT: white adipose tis-
sue (WAT) and brown adipose tissue (BAT). Their adipocytes
exhibit important differences. Mature white adipocytes store
TAG in a single large lipid droplet that occupies the center of
the cell, accounts for 85-90% of the mass of the cell and dis-
locates the cytoplasm, nucleus and other organelles to the cir-
cumference, where they remain within a thin layer of cytosol.
Curiously, during their development, young adipocytes con-
tain multiple small lipid droplets, which coalesce to form a
single lipid inclusion as the cell matures. Although they have
variable volume, mature white adipocytes are large cells, hun-
dreds to thousands of times larger than red blood cells, fibro-
blasts and immune system cells and their size can change
greatly depending on the quantity of TAG accumulated.*

In addition to adipocytes, AT contains a matrix of conjunc-
tive tissues (collagen and reticular fibers), nerve fibers, vas-
cular stroma, lymph nodes, immune cells (leukocytes,
macrophages), fibroblasts and preadipocytes (undifferenti-
ated adipose cells).?
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Brown adipose tissue

The BAT is specialized in heat production (thermogen-
esis) and is practically absent in adult humans, but is found in
fetuses and newborn infants. Its adipocytes are on average
30-40 pym in diameter, smaller than those of white tissue
(average diameter of 60-100 pm). They have many cytoplas-
matic lipid droplets of varying sizes, relatively abundant cyto-
plasm, spherical and mildly eccentric nuclei and many
mitochondria which release heat via oxidation of fatty acids.>
Calorigenesis is guaranteed by uncoupling protein-1(UCP-1
or thermogenin) which is located in the internal mitochon-
drialmembrane and which acts as a proton channel, discharg-
ing the potential generated by the accumulation of protons in
the intermembrane space during the Krebs cycle, diverting
them from the F;F, compound (ATP synthase), preventing
synthesis of ATP and allowing it to be dissipated as heat.® The
high concentration of cytochrome oxidase in these mitochon-
dria contributes to their darker color.®

White adipose tissue

While its participation in thermogenesis is negligible, its
functional capacity is of much wider scope. It has a general-
ized distribution throughout the body, surrounding, or even
infiltrating, throughout the subcutaneous region, hollow vis-
ceral organs of the abdominal cavity or mediastinum and a
range of muscle groups where it offers mechanical protec-
tion, softening impacts and allowing muscle fiber bundles to
slide over each other sufficiently, without compromising their
functional integrity. Since it is an excellent thermal insulator
and due to its wider distribution, including the dermis and sub-
cutaneous tissues, it has an important role in conservation of
body temperature. Due to its capacity to store energy (around
200,000-300,000 Kcal in adults who are not obese) and pro-
vide it when necessary, it is the most important buffer system
for energy balance.

Over the last 15 years, with the discovery of its capacity
to secrete hormones, great importance has been attributed
toits endocrinal role. These hormones, known as adipokines,
have revolutionized the conception of its biological function,
consolidating the idea that it is not just a supplier and storer
of energy, butadynamicorgan and central to metabolic regu-
lation.

Given the structural diversity of adipokines and the vari-
ety of functions so far identified, it can be stated that they
include everything from proteins related to the immune sys-
tem - tumor necrosis factor-o. (TNF-o)) and interleukin-6 (IL-6)
-, to growth factors - transforming growth factor-g (TGF-B) -
and proteins of the alternative complement pathway
(adipsin). There are even adipokines involved in the regula-
tion of pressure (angiotensinogen), of blood coagulation
(plasminogen activator inhibitor-1, PAI-1), of glycemic
homeostasis (adiponectin, resistin, visfatin, leptin) and of
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angiogenesis (vascular endothelial growth factor - VEGF),” in
addition to many others (Table 1).

In this review we will provide a brief report on the adipok-
ines that have been most studied, with special emphasis on
leptin (LEP), adiponectin (ADP), TNF-a and resistin, although
comments will also be made on others.
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Leptin

Leptin was identified in 1994 as the product of the ob gene
that had been described in mice. A strain of obese mice (ob/
ob) exhibited a genetic defect that resulted in non-production
of this protein.® Among other signs and symptoms, these ani-
mals exhibited the behavior and physiology of animals in a

Table 1 - Protein and non-protein factors produced and secreted by white adipose tissue

Substance Biological effect

Leptin Signals to the CNS about the body’s energy stocks

Adiponectin Increases sensitivity to insulin, is antiinflammatory and attenuates
the progression of atherosclerosis

Resistin Increases insulin resistance

TNF-o. Lipolytic, increases energy consumption and reduces sensitivity to

Interleukin-6
Adipsin
ASP

Angiotensinogen

PAI-1

Tissue factor
VEGF

Visfatin
Monobutyrin*

TGF-B

IGF-1
HGF
MIF
LLP"

CETP"
Apo-E"

Prostaglandins*

Estrogens*

Glucocorticoids*

Apelin

insulin

Proinflammatory, lipolytic, reduces sensitivity to insulin
Activates the alternative complement pathway
Stimulates triacylglycerol synthesis in WAT

Precursor of angiotensin II, involved in regulating arterial blood
pressure

Inhibits plasminogen activation, blocking fibrinolysis
Initiates the coagulation cascade

Stimulates vascular proliferation (angiogenesis) in WAT
Insulinomimetic predominantly produced by visceral fat
Vasodilator and inducer of vascular neoformation

Regulates a series of processes in WAT, including proliferation of
preadipocytes and differentiation, development and apoptosis of
adipocytes

Stimulates proliferation and differentiation of adipocytes
Stimulates differentiation and development of adipocytes
Immunoregulator with paracrine action in WAT

Hydrolysis stimulating enzyme in the TAG of lipoproteins
(chylomicron and VLDL)

Transfers cholesterol esters between lipoproteins
Protein component of lipoproteins, especially VLDL

Regulators of many cellular processes, active during inflammation,
blood coagulation, ovulation and secretion of gastric acid

Produced by the action of aromatase, this is the principal source of
estrogen in men and postmenopausal women

Generated by the action of 11-hydroxysteroid dehydrogenase, type
II, which transforms cortisone into cortisol in WAT

Its biological actions are not very clear yet, but are related to control
of the body’s energy stores

ASP = acylation stimulating protein; CETP = cholesterol ester transfer protein; CNS = central nervous system; HGF = hepatocyte growth factor; IGF1 =
insulin-like growth factor-1; LLP = lipoprotein lipase; MIF = macrophage migration inhibitory factor ; PAI-1 = plasminogen activation inhibitor -1; TAG =
triacylglycerols; TGF-B = transforming growth factor-f; TNF-o. = tumor necrosis factor-o; VEGF = vascular endothelial growth factor; VLDL = very low

density lipoprotein; WAT = white adipose tissue.
* Non-protein substances.
" Proteins without hormonal action.
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constant state of fasting, with elevated levels of corticoster-
one, lack of capacity to keep themselves warm, growth defi-
cits, accentuated hypogonadism and exacerbated appetite,
resulting in obesity, insulin resistance and diabetes mellitus.

The gene responsible, with three exons and two introns,
is located on chromosome 7q31.3. Its promoter region has
sites such as a TATA box and CCAAT/enhancer binding pro-
tein (C/EBP), glucocorticoid response element (GRE) and
AMPc response element (CRE). The protein has 167 amino
acids (16 KDa). Many types of tissue, in addition to adipose
tissues, express LEP, such as the placenta, adeno-pituitary,
gastric fundus mucosa, skeletal musculature and mammary
epithelium, although, in global terms, greater or lesser pro-
duction is directly related to AT mass, because levels in circu-
lation are more directly related to the quantity of its RNAm in
these tissues. Other metabolic and endocrinal factors contrib-
ute to regulate its transcription: insulin exhibits a directly pro-
portional relationship with LEP levels. Glucocorticoids,
estrogens, inflammatory cytokines and acute infectious states
increase them, while low temperatures, adrenergic stimula-
tion, growth hormone (GH), thyroid hormones, androgens,
melatonin and smoking appear to reduce levels. The levels
also exhibit circadian oscillation, with higher plasma concen-
trations at night.

Leptin receptors, OB-R, belong to the class I cytokine
receptor family, which includes several interleukins (IL2 to
IL7), GH, prolactin and erythropoietin. In the presence of LEP,
the receptors dimerize, undergo conformational changes and
activate Janus kinase (JAK) and signal transduction and acti-
vation of transcription (STAT) proteins.” During this process,
each monomer in the receptor phosphorylates into tyrosine
under action of JAK2, locking in three STAT proteins (3, 5 and
6). These STAT are then phosphorylated into tyrosine by the
JAK, become dissociated from the receptor and form
homodimers or heterodimers which migrate to the nucleus,
where they bind with specific DNA sequences, stimulating
expression of specific genes. Other signal pathways in addi-
tion to this one have also been demonstrated, such as JNK
(NH2-TERMINAL C-Jun kinase), p38 (p38 MAP kinase), extra-
cellularly regulated kinase (ERK), phospholipase C (PLC),
prostaglandins E2/F2 (PGE2/PGF2) and others.®°

Leptin has an important role in regulation of energy bal-
ance, having two effects: 1) in a population of parvocellular
hypothalamic arcuate nucleus (ARC) neurons, it stimulates
expression of neuropeptides, which induce inhibition of nutri-
tional intake (proopiomelanocortin [POMC] and cocaine- and
amphetamine-related transcript [CART]) and increase over-
all energy consumption; with this last involving a population
of neurons similar to the paraventricular (PV) nucleus which
promote an increase in sympathetic tone; and 2) in another
population of ARC neurons, it inhibits expression of neuropep-
tideY (NPY) and the agouti peptide (AgRP), which are involved
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inincreasing nutritional intake and reducing energy consump-
tion.°

In addition to this important lipostatic function (as a mea-
sure of lipid deposits in the body), LEP modulates reproduc-
tion, angiogenesis, immunoresponse, blood pressure control
and osteogenesis.”

Leptinis also necessary to the maturation of the reproduc-
tive axis, as is demonstrated by its ability to restore puberty
and fertility in ob/ob rats, to accelerate puberty in wild rats
and to facilitate reproductive behavior in rodents. Deficien-
cies of or insensitivity to LEP are associated with hypotha-
lamic hypogonadism both in humans and in rodents.
Mutations to the LEP gene seriously compromise menstrual
cycles in women. If, on one hand, LEP is essential for puberty
and the reproductive cycle, on the other hand it does not
appear to affect gestation or lactation.

In the immune system, LEP increases cytokine produc-
tion, macrophage adhesion and phagocytosis, and prolifera-
tion of T cells, increasing immune system competence.”

The angiogenic effect consists of the formation of capillar-
ies in in vitro cultures of endothelial cells, prolonging and
increasing proliferation of these cells.

Leptin provokes a pressure response attributed to activa-
tion of the central sympathetic system and to a depressive
response attributed to local synthesis of NO, indicating a dual
action, simultaneously producing a neurogenic pressurizing
action and a humoral depressive action.

With relation to lipid metabolism, it activates adenylcy-
clase, increases lipid oxidation in the skeletal muscles and
reduces TAG synthesis in the liver.

Tumor necrosis factor-o. (TNF-o.)

Tumor necrosis factor-o is an immunomodulatory and
proinflammatory cytokine. It has been described as a factor
that induces cachexia in animals and inhibits lipogenesis in
adipocytes. Itis a multifunctional cytokine, involved in inflam-
mation, apoptosis, cytotoxicity, the production of other cytok-
ines, such as IL-1 and IL-6, and induces insulin resistance.
With relation to adipocytes, it acts directly in insulin-
dependent processes, including homeostasis of carbohy-
drate and lipid metabolism.'! It inhibits lipogenesis and
stimulates lypolisis.

Its expression and secretion are increased in obesity and
correlate positively with body mass index (BMI), the content
of its RNAm and adipocyte volume. Neutralizing TNF-o in
obese rats improves their response to insulin, revealing its
relationship with insulin resistance. In obese humans there is
a robust inverse correlation between TNF-a and glucose
metabolism, due to suppression of insulin signaling, reducing
phosphorylation of insulin receptor substrate-1 (IRS-1) and
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of phosphatidylinositol-3-kinase (PI3K), with reduced syn-
thesis and translocation of the glucose transporter GLUT-4 to
the membrane.*2

This cytokine is also involved in induction of atherogen-
esis, participating in monocyte migration and their conver-
sion into macrophages at the endothelial wall by means of
nuclear factor k-B (NFkB) activation, triggering inflamma-
tory changes in the vascular wall.

It binds to two types of membrane receptors: TNFR I and
II, which mediate transduction of the signal triggered by
TNF-0, forming compounds with cytoplasmatic adaptor pro-
teins.

For more than 20 years it has been known that AT
expresses TNF-a. Despite the variety of AT cell types, all of
which are capable of producing cytokines, adipocytes are the
principal sources and they express both receptors.

TNF-ais associated to insulin resistance in obesity. A posi-
tive correlation is observed between levels of its RNAmM in sub-
cutaneous AT and insulinemia in women, and obese patients
with insulin resistance (especially women) have increased
TNF-o secretion. The mechanisms of TNF-o-induced insulin
resistance include: acceleration of lypolisis, increasing free
fatty acids (FFA) in circulation; reduction of GLUT4 synthesis,
and expression of insulin and IRS-1.

Adiponectin

The gene for ADP (AdipoQ, apM1, ACRP30) was first
described in 1995 and is located at chromosome 3q27. It is
the most abundant of the proteins produced by AT and it var-
iesin concentration from 2 to 10 ug/mL, which is much higher
than the concentration of other known hormones. Itisa 30kDa
protein and, in its primary molecular structure it has a globu-
lar domain (gADP), a collagenous domain and a variable
region.

Several effects have been attributed to ADP, such as
increased insulin sensitivity, NFkB modulating effects and
TNF-a inhibition. There is an inverse correlation between lev-
els of the hormone in circulation and the risk of obesity, insu-
lin resistance and cardiovascular diseases.

The hormone forms trimers which can circulate in oligo-
mers of four to six trimers each. Investigations into the bio-
activity of whole ADP (fADP) or its gADP in isolation have
shown thatitis the second of these thatis responsible for prac-
tically all of its biological activity.

Adiponectin receptors 1 and 2 have been identified. They
contain seven transmembrane domains, but differ both struc-
turally and functionally from G protein-coupled receptors.
Receptor 1 (ADP-R;) is primarily expressed in muscle and
functions with a high level of affinity for gADP and low affinity
for fADP. Receptor 2 (ADP-R,) is primarily expressed in the
liver and works as an intermediate affinity receptor for the
gADP and fADP forms. The biological effects do not only
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depend on blood concentrations, but also on tissue specific-
ity. Adiponectin in circulation does not fluctuate to a great
degree, suggesting that its liberation is not acute, but regu-
lated by longer term metabolic changes.!® Differences
between men and women have also been observed, with lev-
els being higher in women, which constitutes a sexual dimor-
phism.

A negative correlation has been clearly demonstrated
between degree of obesity and levels of ADP in circulation, as
have anincrease inits concentration with reductions in weight
and the association between hypoadiponectinemia with insu-
lin resistance and hyperinsulinemia. The increased oxidation
of fatty acids, capture and utilization of glucose in AT and skel-
etal muscle, and the reduction of hepatic glucose production,
leading to better control of glycemia, FFA and TAG, are all tes-
taments to the improved insulin sensitivity. In rat adipocytes,
in vitro, a 60% reduction in ADP expression resulted in a sig-
nificant increase in insulin resistance. Thiazolidinediones
(TZD), which are insulin sensitizing drugs, induce increased
secretion of ADP.

Several vascular effects of ADP have been described: 1)
increased endothelium-dependent vasodilation; 2) increased
endothelium-independent vasodilation; 3) antiatheroscle-
rotic effect; 4) suppression of the expression of receptors
known as scavengers of vascular adhesion molecules; 5)
reduced expression of TNF-o and reduction of the effects of
this adipokine on the endothelial inflammatory response; 6)
amelioration of the effect of growth factors on vascular smooth
musculature; 7) inhibition of the effects of oxidized low den-
sity lipoproteins (oxLDL) on the endothelium, with suppres-
sion of cell proliferation, of generation of superoxides and of
activation of mytogen activated protein kinase (MAP); 8)
increased production of NO; 9) stimulation of angiogenesis;
10) reduction of the thickness of the tunica intima and smooth
musculature that is secondary to artery wall injury; and 11)
inhibition of migration and proliferation of endothelial cells.

Adiponectin and atherosclerosis

High sensitivity C-reactive protein (hs-CRP), a marker of
risk for coronary atherosclerotic disease, is expressed by AT.
A negative correlation between ADP and CRP has been
described in humans with atherosclerosis. This negative asso-
ciation supports the hypothesis that ADP is an antagonist of
the development of atherosclerosis and vascular inflamma-
tion.

Adhesion of the monocytes to the vascular endothelium
and the consequent transformation into foam cells is consid-
ered crucial to the development of vascular diseases. Adi-
ponectin inhibits adhesion of monocytes to endothelium and
reduces myeloid differentiation, the production of cytokines
by macrophages and phagocytosis. It also inhibits the pro-
duction and action of TNF-o and suppresses transformation
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of macrophages into foam cells, i.e., the link between vascu-
larinflammation and atherosclerosis. A relationship has been
recorded between the capacity to inhibit growth factors in
smooth vascular musculature and reduction of macrophage
migration by ADP. It has, therefore, direct cellular anti-
atherosclerotic effects.

Adiponectin intracellular signaling

In the liver, skeletal muscle and AT, ADP activates AMP
kinase (AMPK). This enzyme is activated by a variety of con-
ditions, which lead to accumulation of AMP generated from
ATP. It has been identified that AMPK is involved in the action
of metformin in the liver and TZD in sensitization to insulin,
suggesting a mediatory effect of the antidiabetic medications
mentioned and reinforcing the effects of ADP. It also appears
that AMPK mediates signaling in endothelial cells. Activation
of AMPK in endothelium increases oxidation and synthesis of
ATP. Since AMPK activates eNOS, this enzyme system appears
to be an important link between ADP and production of NO.

Resistin

This hormone was described in 2001,** when a relation-
ship was demonstrated between resistin and insulin resis-
tance induced by obesity (hence the name). Resistinhas 12.5
KDa and belongs to a family of proteins generically known as
resistin-like molecules (RELM), which are characterized by the
consistent presence of a segment rich in cysteine (11 cys-
teines) at the C-terminal end. The principal representatives
of this family are: 1) RELM-a (also known as FIZZ1 or found-
in-inflammatory-zone), which was discovered in bronchoal-
veolar exudate triggered by allergic processes; 2) RELM-
(FIZZ2), which is abundantly expressed, especially in tumors
of the colon, being related to the process of tumorigenesis;
3) resistin (FIZZ3) described in AT. Because of their cysteine-
rich segment, resistin and RELM-B dimerize, forming homo
or heterodimers.

Apparently, its secretion is stimulated by insulin, but
experimental data are inconsistent. Inflammatory pro-
cesses, glucocorticoids and lipopolysaccharides (LPS) and
C/EBP-a all increase expression, whereas TNF-o and
B-adrenergic stimulation and peroxisome proliferator-
activated receptor-gamma (PPARY) inhibit it.

Many studies corroborate the hypothesis that there is an
association between resistin and insulin resistance: in experi-
ments with obese mice, where resistin was neutralized using
antibodies, there was improved glucose tolerance and insulin
sensitivity; intraperitoneal injections of resistin provoked glu-
cose intolerance and hyperinsulinemia in normal mice; in
3T3-L1 adipocytes, the use of an anti-resistin saline improved
glucose capture stimulated by insulin, whereas resistin
antagonized this response.
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In contrast, studies with ob/ob and db/db mice revealed
that, despite the hyperesistinemia of these animals, treat-
ment with TZD, which induced further increase of the
resistinemia, improved their symptoms of resistance.

States associated with insulin resistance, such as lacta-
tion, exposure to the cold and cachexia due to cancer, did not
exhibit increased resistin expression. In contrast, removal of
the visceral fat of obese rats attenuated orimpeded the devel-
opment of resistance. Visceral fat proved to be the location
where there is greatest resistin expression, 15 times more
intense than in subcutaneous fat. Treatments with prolactin
or testosterone lead to increased insulin resistance and an
increase in the expression of resistin, and also to pathological
conditions, such as hyperthyroidism, and physiological ones,
such as gestation to half term, or use of steroids, which
progress as resistin expression increases.

In human beings, the Resistin gene is located on chromo-
some 19, and its expression, which has been determined in
population studies, does not correlate very strongly with obe-
sity, except in one study performed in China.

Studies of human AT have shown that resistin is expressed
more in preadipocytes than in mature adipocytes, in which it
is negligible. Nevertheless, there is not a clear relationship
between obesity and Resistin, although, even on this ques-
tion, thereis intense controversy, indicating that further stud-
ies are needed to elucidate the physiological role of resistin.>

As with TNF-o.and IL-6, resistin is a protein with proinflam-
matory properties secreted by monocytes and adipocytes.
Although itis expressed and secreted in lean individuals, lev-
els are generally more elevated with obesity.

Some words about other adipokines

Several other products secreted by adipocytes merit men-
tion (see Table 1). Forexample, the acylation stimulating pro-
tein (ASP), which has animportant effect on lipogenesis, since
it increases translocation of GLUT-4, production of glycerol-
3-phosphate and the activity of diacylglycerol acyltrans-
ferase (DGAT), a TAG synthesis catalyst enzyme. At the same
time, it inhibits lypolisis by means of inhibition of HSL.

Another adipokine with proinflammatory effects and
actions on the metabolism of carbohydrates and lipids is IL-6.
If it is infused into healthy humans at doses close to physi-
ological levels it provokes lypolisis, irrespective of modula-
tion by catecholamines, glucagon and insulin. This effect is
the result of inhibition of lipoprotein lipase (LLP) and of the
increase in liberation of FFA and glycerol. IL-6 is secreted by
macrophages and adipocytes, and its expression can be
stimulated by catecholamines via B, and B ; adrenergic recep-
tors in WAT, when at elevated concentrations.

PAI-1 provokes formation of thrombi and rupture of
unstable atherogenic plagues and, by means of inhibition of
plasmin production, it is capable of altering the balance
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between fibrinolysis and fibrinogenesis, contributing to vas-
cular architecture remodeling and the atherosclerotic pro-
cess. Several different studies have appeared demonstrating
astrong correlation in obese individuals between elevated lev-
els of PAI-1 and other conditions related to the metabolic syn-
drome (hyperglycemia, hyperinsulinemia and fasting
hypertriglyceridemia and high concentrations of LDL-
cholesterol).6:17

The association between adiposity and the renin-
angiotensin system has been suggested in some pathological
models. White adipose tissue is capable of secreting angio-
tensinogen and renin and of synthesizing angiotensin II AT,
and AT, receptors and angiotensin-converting enzyme (ECA),
proteins which take part in the differentiation of adipocytes
and in lipogenesis, indicating their involvement with the pro-
cess of accumulating body fat. Furthermore, the strong
atherogenic role of angiotensin II, directly stimulating pro-
duction of adhesion molecule-1 (ICAM-1) and granulocyte-
macrophage colony-stimulating factor (GM-CSF) on the
endothelial wall, which increase generation of NO and free
radicals, platelet activity and expression of PAI-1, indicates
an intense link with obesity, hypertension and cardiovascular
diseases. Nevertheless, the adipocyte renin-angiotensin sys-
tem does not appear to be regulated in a similar manner to
the renal system, since changes to the level of NaCl in the diet
to not change the genic expression of its components.

Recently, other adipokines have been discovered: 1) vis-
fatin, an adipokine predominantin visceral AT, appears to play
an important role in regulation of glycemic homoeostasis
when it bonds with the insulin receptor, “mimetizing” its intra-
cellular signaling; 2) apelin, the function of which appears to
be related to regulation of nutritional intake.

Given the great diversity of proteins that are secreted by
WAT, and also the diversity of their effects, which affect the
adipocytes themselves and other tissues of the body, it
becomes ever clearer that WAT has a direct link with patholo-
gies associated with obesity, especially insulin resistance and
the metabolic syndrome.

White adipose tissue is distributed across a large number
of different deposits in the body, classified anatomically as
subcutaneous adipose tissue (SAT) and visceral adipose tis-
sue (VAT). The SAT is primarily accounted for by the deposits
below the skin in the abdominal, gluteus and femoral areas.
The VAT includes tissues deposited close to or even inside the
viscera of the abdominal cavity, and good examples are
mesenteric, omental and retroperitoneal fat. There is sexual
dimorphism in the regional distribution of WAT, with women
generally having a greater degree of adiposity than men and
having a greater SAT/VAT ratio.®

In addition to the differences in anatomic location, the
functionality and metabolism of VAT and SAT also vary from
region to region, exhibiting a certain specificity and, possibly,
specialization. In the visceral adipocytes, the lipolytic effect
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of catecholamines is more intense and the antilipolytic effect
of insulin is weaker, which results in greater mobilization of
FFA by lypolisis of intraabdominal fat deposits than of gluteal
and femoral subcutaneous deposits.'® The accentuated
response to catecholamines in VAT may explain the increased
quantity of B; and B, adrenergic receptors in the cellular sur-
face and its increased genic expression in abdominal and
omental adipocytes, compared with subcutaneous ones.

Production and secretion of proteins are metabolic activi-
ties of WAT that are also subject to regional variations. Thus,
while the ASP protein is predominantly expressed in SAT, ADP,
angiotensinogen, IL-6, PAI-1 and the cholesterol ester trans-
fer protein (CETP) are all factors which are principally secreted
by visceral adipocytes. Another example of these differences
can be seenin the activity of the 11 beta-hydroxysteroid dehy-
drogenase type 1 enzyme (11BHSD1), which is responsible
for generating active cortisol from cortisone, and which is
elevated in visceral adipocytes when compared with subcuta-
neous ones.2%:21

In a study that determined levels of LEP RNAm in adipo-
cytes isolated from obese individuals, it was reported that
there was a greater quantity of RNAm in subcutaneous adipo-
cytes than in omental ones. Secretion and genic expression
of LEP were assessed in the SAT and VAT of obese and not
obese women, and the results demonstrated that the rate of
secretion and RNAm levels were approximately two to three
times greater in subcutaneous deposits than in omental
deposits in both groups of women.

Metabolism of adipocytes

As a result of the prominent activity of WAT, together with
the importance it has acquired in a recent years, it has come
to be considered a central organ of metabolic control. This
impression is further reinforced by the immense list of hor-
mones which act on this tissue, whether on metabolism or on
hormone production and adipogenesis (Table 2).

Its principal metabolic actions can be divided into: lipo-
genic actions (biosynthesis, incorporation and storage of TAG)
and lipolytic actions (liberation of FFA and glycerol).

For TAG biosynthesis, adipocytes require glycerol-3-
phosphate (glycerol-3-P) and FFA esterized with coenzyme A
(acylCoA). The first comes via the glycolytic pathway and the
second is biosynthesized from acetylCoA or captured from
lipoproteins (chylomicron and VLDL).

In orderto produce glycerol-3-P, glucose is required, which
involves specific transporter proteins, the GLUT proteins
(GLUT1 and GLUT4), and is a process controlled by insulin.
Thus, the insulin secreted during the prandial period stimu-
lates translocation of GLUT4 to the cell membrane, increas-
ing glucose transport. Furthermore, the rhythm of metabolism
of hexose is accelerated by insulin, creating more glycerol-3-P.
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Table 2 - Hormone receptors identified in adipocytes
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Hormone receptor

Principal biological effects

Leptin

Insulin
Glucocorticoids
Glucagon
Catecholamines
Tsand T,
Sexual steroids
IGF-1

GH
Prostaglandins
TNFo

IL-6

Adenosine
Adiponectin
Gastrin

CCK

GIP

GLP1

ASP

ANP
Angiotensin II
Bradykinin
EGF

TGF-B

Melatonin

(+) Lypolisis and lipid oxidation

(+) Lipogenesis and glucose capture and (-) lypolisis
(+) Lypolisis

(+) Lypolisis

(+) Lypolisis

(+) Lypolisis

Regulate adipocyte development

(+) Adipogenesis

(+) Lypolisis

(-) Lypolisis

(+) Lypolisis and increase insulin resistance
(-) LPL, (+) Lypolisis

(-) Lypolisis and (+) glucose capture

(+) Insulin sensitivity

Regulates leptin expression

Regulates leptin expression

(+) Synthesis of FFA and TAG

(+) Synthesis of fatty acids

(+) Synthesis of TAG

Modulates glucose metabolism

(+) Lipogenesis, induces insulin resistance
Increases sensitivity to insulin

Regulates adipocyte differentiation

Blocks adipocyte differentiation

Synergizes the action of insulin

ANP = atrial natriuretic peptide; ASP = acylation stimulating protein; CCK = cholecystokinin; EGF = epidermal growth factor; GH = growth hormone; GIP
= gastric inhibitory peptide; GLP1 = glucagon-like peptide-1; IGF-1 = insulin-like growth factor; IL-6 = interleukin-6; TGF-B = transforming growth

factor B; TNFo. = tumor necrosis factor o..

The list above is partial, since many other substances with biological actions have been tested and shown to have effects on adipocytes or adipogenesis.
The purpose, therefore, of this list is to demonstrate that WAT is the target of a wide range of hormones that participate in regulating its metabolic and
endocrine activity and to reveal the importance of these tissues for the body's energy homoeostasis.

A proportion of the metabolites from the glycolytic path-
way are diverted to form pyruvate, which, inside the mito-
chondria, is transformed into acetylCoA by pyruvate
dehydrogenase (PDH). This then couples with oxalacetate by
citrate synthase (CS), creating citrate. A portion of the site
trait returns to the cytoplasm, where it undergoes the action
of ATP-citrate lyase (ATP-CL), reconstructing acetylCoA. This,
under the action of acetylCoA carboxylase (ACC), is trans-
formed into malonylCoA. This last enters into fatty acid syn-
thesis, catalyzed by fatty acid synthase (FAS), and culminates
in the formation of acylCoA, which is esterized with glycerol-
3-P to form TAG. This is finally incorporated into the cyto-
plasm the fat droplet. In order for FAS to act, it requires
NADPH, which is provided via the pentose pathway (parallel
to the glycolytic pathway) or by the malic enzyme (ME).

In addition to FFA being synthesized, they are also pro-
vided, in greater quantities, by lipoproteins. They undergo the
action of LPL within the AT microcirculation. Thus, FFA liber-
ated from particles are captured by adipocytes. Diffusion of
FFA through the adipocyte membranes is a process whose
capture is by diffusion, facilitated by FFA transporters, includ-
ing CD36, found in countless biological membranes, where it
acts as an acceptor for several types of molecules, including
FFA. The CD36 presents the FFA molecule to another protein,
FATP (FFA transporter protein), which, like CD36, is an inte-
gral membrane protein which facilitates transport to the cell
interior. In cytosol, which is aqueous, FFA binds to a different
protein, FABP, which transports it to be esterized with coen-
zyme A. This process is performed by another protein inte-
gral to the membrane, acylCoA synthase (ACS). Once this
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stageis completed, the acylCoA is transported by ACBP (acyl-
CoA binding protein) to glycerol-3-P esterization locations.
Triacylglycerols are formed and transferred to the lipid droplet.

Biosynthesis of TAG is not the exclusive domain of adipo-
cytes. This process has been described in other tissues, where
accumulation of TAG also leads to the formation of intracyto-
plasmic droplets. The occurrence of these inclusions in other
tissues is abnormal. The accumulation of TAG in cells that are
not adipocytes facilitates the formation of ceramides, which
activate inducible nitric oxide synthase (iNOS), with conse-
quent formation of NO and induction of apoptosis by means
of NFkB activation.?? This is lipotoxicity. The manifestations
of lipotoxicity include hepatic and muscular steatosis, which
are common in a series of conditions. Pancreatic beta cells are
also subject to steatosis, compromising their capacity to
secrete insulin, the adipocyte least susceptible to lipotoxicity.

Another important capability of adipocytes is lypolisis of
TAG, liberating FFA and glycerol. This process depends on HSL
activation. This is by phosphorylation in serine, by means of
protein kinase A (PKA). This process is primarily stimulated
by catecholamines and occurs during fasting or when energy
demand is high, such as during physical exercise and stress-
ful situations, due to intense sympathetic solicitation. Cyclic
AMP (AMPc) is thereby generated intracellularly, with conse-
quent activation of PKA, which also acts on perilipins (pro-
teinsthat surround the fat droplet) in a similar manner to HSL.
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The phosphorylated perilipins leave the surface of the drop-
lets, disperse through the cytosol and open spaces for HSL to
reach their substrate, the TAG. The liberated FFA bond with
FABP, are taken to the cell membrane and transported to the
extracellular environment by means of FATP. Glycerol is trans-
ported to the outside by means of specific transporters, pro-
teins belonging to the aquaglyceroporin family (aquaporin 7
or AQP7) (Figure 1).

Adipogenesis

Adipose tissue differentiation, known as adipogenesis, has
been extensively studied in vitro, with the aim of unmasking
the molecular and cellular basis of the development of this
tissue and of its involvement in physiological and pathologi-
cal states, in such a way as to permit the formation of thera-
peutic and preventative strategies for excess AT (obesity) and
also for lack of it (lipodystrophies and lipoatrophies).

Adipogenesis begins before birth. The chronology of the
emergence of AT depends on the species and the adipose
deposit in question.

After birth, thereis rapid expansion of adipose tissue, as a
result of the increasing size and number of cells. The poten-
tial to generate new adipocytes remains even in adulthood.
Dietary factors influence this process, since rats fed a diet rich
in carbohydrate or fats will exhibit adipocyte hyperplasia. The
differentiation of preadipocytes into adipocytes is in an

Fatty acid capture

AcylCoASinthase

PM

|
FABP
ACBP
z
Esterization with =
glycerol-3-P

ACBP = acylCoA binding protein; CM = chylomicron; FABP = fatty acid binding protein; FATP = fatty
acid transporter protein; FFA = free fatty acid; HSL = hormone-sensitive lipase; LPL = lipoprotein lipase;
PM = plasmatic membrane; TAG = triacylglycerol; VLDL = very low density lipoprotein.

Figure 1 - Capture of free fatty acids by adipocytes. Schematic diagram illustrating
the various pathways in the process of free fatty acid capture by adipo-
cytes, and also of TAG biosynthesis. Further details in the text
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extremely controlled process. Adipogenic transcription fac-
tors, including PPARYy, sterol regulatory element binding pro-
tein 1c (SREBP-1c) and C/EBP, carry out a key role in the
complex transcriptional cascade of adipogenesis. Hormonal
and nutritional signals affect adipocyte differentiation posi-
tively or negatively, and the components involved in cell-cell
interaction or cellular matrix are also important to regulation
of the process.?3

Preadipocytes are a cell line derived from multipotent
embryonic stem cells of mesodermal origin and with the
capacity to differentiate into adipocytes, chondrocytes, osteo-
blasts or myocytes (Figure 2).

The SREBP protein is a transcription factor that was origi-
nally cloned from rat AT and which has the following
characteristics: it is a basic helix-loop-helix (bHLH) type, it
contains a leucine “zipper” with an important role in adipo-
genesis, insulin sensitivity and fatty acid homeostasis.?* The
SREBP family has two members: SREBP-1 and SREBP-2.
There are two isoforms of SREBP-1 (SREBP-1a and SREBP-
1c), derived from alternative splicing of the first exon within
the same primary transcription. Adipocyte determination- and

Cell type
/ Stem cell

e

Characteristics

Pluripotent

Multipotent

Determination @
* End of growth

« Post-confluence mitosis  Preadipocyte
* Clonal expansion H

Commitment

Mesenchymal precursor

Initial
vV O [ PPARy
Adipocyte genes

Later { Young adipocyte

Terminal differentiation ©

Mature adipocyte
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differentiation-dependent factor (ADD1) is homologous to iso-
form SREBP-1c from humans.2® Expression of SREBP-1c/
ADD1 is predominantly in the liver, adrenal gland, AT and
skeletal muscle, while SREBP-1a is expressed in the spleen.
The SREBP-2 protein regulates biosynthesis of cholesterol. In
vitro, ADD1/SREBP-1c increases the transcriptional activity
of PPARY, raising the proportion of cells in the process of dif-
ferentiation.

PPARYy is part of a superfamily of nuclear receptors. It is
highly expressed in AT and stimulates transcription of many
specific adipocyte genes, and also the critical initial steps of
adipogenesis.2® There are two isoforms of PPARy (PPARy-1
and -2) generated by distinct promoter regions and alterna-
tive splicing mechanisms. PPARy-1 is highly expressed in AT
and several other cells in lower proportions (macrophages,
pneumocytes, epithelium of the colon, etc.) PPARy-2 is exclu-
sively found in AT. It has 30 amino acids more than PPARy-1
in its N-terminal region. PPARYy is activated by compounds
known as TZD, which are used as antidiabetic agents.

The C/EBP are part of the b-zip family (basic DNA bonding
domain), which contains the leucine zipper necessary for

Molecular events

?
?
Pref-1 Changes
to EM
C/EBPB and
Cytoskeletal
remodeling

Lipogenic enzymes
FA binding proteins
Secreted factors
Others

C/EBP = CCAAT/enhancer binding protein; EM = extracellular matrix; FA = fatty acid; PPAR-y = peroxisome
proliferator-activated receptor-gamma; Pref-1 = preadipocyte factor-1.

Adapted from Gregoire et al.?3

Figure 2 - Schematic diagram of the adipocyte differentiation process. Current understanding of
adipocyte differentiation indicates that precursors of pluripotent stem cells give rise to
mesenchymal precursor cells with the potential to differentiate into myoblasts, chon-
droblasts, osteoblasts or adipocytes. A selection of molecules accompany this differen-
tiation process, as indicated above, and their approximate duration is indicated by the

unbroken line
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dimerization. The isoforms of C/EBP (o, B and d) are highly
expressed in adipocytes and are induced during adipogen-
esis. C/EBPo has animportantrole in differentiation of preadi-
pocytes into adipocytes. C/EBPf also induces adipogenesis,
possibly by stimulating expression of PPARy, whose gene con-
tains sites for C/EBP in its promoter region. It has been dem-
onstrated that PPARy acts synergetically with C/EBPa to
promote adipogenesis?” or induce differentiation of fibro-
blasts into adipocytes.?® C/EBPo.and PPARY bind with the pro-
moter region and activate genes specific to WAT, such as the
fatty acid binding protein aP2 and phosphoenolpyruvate car-
boxykinase (PEPCK).

It is known that aging is a process characterized by func-
tional decline in many processes, including adipogenesis.?®
Molecular studies have shown that expression of C/EBPo. was
substantially reduced in preadipocytes in the process of dif-
ferentiation as age advanced. This drop, in function of age,
affected several adipose groupings (periepididymal, inguinal
and perirenal).

In addition to differentiation, changes in the expression
of transcription factors also influence the metabolic functions
of adipocytes. A reduction in cell size and lower expression of
C/EBP prejudice glucose tolerance by compromising expres-
sion of GLUT4, among other mechanisms.

Final comments

Evidently, the advances made during recent years in
research into the biology of adipose tissue have changed the
understanding of its true role within the body, making an
in-depth conceptual review imperative. It is also clear that
obesity, associated or not with diabetes mellitus, systemic
arterial hypertension or the metabolic syndrome, is a high risk
factor for potentially lethal atherosclerotic lesions. Given the
range of functional abilities and the immense arsenal of
mechanisms that adipose tissue has at its disposal to correct
metabolicdisorders, itisimportant that consideration be given
to the possibility of utilizing these abilities in health promo-
tion and in prevention or treatment of disease. A better under-
standing of the potential of adipose tissue would, without
doubt, make it a great ally in the fight against, not just the
afflictions mentioned above, but against many others too, and
it could become a major internal agent of health promotion.
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