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Adipose tissue and adipokines:
for better or worse

M Guerre-Millo

SUMMARY

It is now recognized that the white adipose tissue (WAT) produces a
variety of bioactive peptides, collectively termed “adipokines”. Alter-
ation of WAT mass in obesity or lipoatrophy, affects the production of
most adipose secreted factors. Since both conditions are associated
with multiple metabolic disorders and increased risk of cardiovascular
diseases, the idea has emerged that WAT could be instrumental in
these complications, by virtue of its secreted factors. Several adipok-
ines are increased in the obese state and have been implicated in
hypertension (angiotensinogen), impaired fibrinolysis (PAI-1) and in-
sulin resistance (ASP, TNFa, IL-6, resistin). Conversely, leptin and
adiponectin both exert an insulin-sensitizing effect, at least in part, by
favoring tissue fatty-acid oxidation through activation of AMP-
activated kinase. In obesity, insulin resistance has been linked to leptin
resistance and decreased plasma adiponectin. In lipoatrophic mice,
where leptin and adiponectin circulating levels are low, administration
of the two adipokines synergistically reverses insulin resistance. Lep-
tin and adiponectin also have distinct properties: leptin, as a long-term
integrative signal of energy store and adiponectin, as a potent anti-
atherogenic agent. The thiazolidinedione anti-diabetic drugs increase
endogenous adiponectin production in rodents and humans, support-
ing the idea that the development of new drugs targeting adipokines
might represent a promising therapeutic approach to protect obese
patients from insulin resistance and atherosclerosis.
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RESuME

Tissu adipeux et adipokines :
pour le meilleur et pour le pire

[l est maintenant reconnu que le tissu adipeux blanc (TAB) produit une
variété de peptides bioactifs, dénommés « adipokines ». Les altéra-
tions de la masse du TAB au cours de I'obésité ou des lipoatrophies
affectent la production de la plupart des facteurs adipeux sécrétés.
Dans la mesure ol ces deux affections sont associées avec de multi-
ples anomalies métaboliques et un risque cardiovasculaire accru,
I'idée a émergé que le TAB participerait a ces complications, par l'inter-
médiaire de ses facteurs sécrétés. Plusieurs adipokines sont augmen-
tées au cours de 'obésité et ont été impliquées dans I'hypertension
(angiotensinogéne), I'altération de la fibrinolyse (PAI-1) et I'insulino-
résistance (ASP, TNFa, IL-6, résistine). Inversement, la leptine et I'adi-
ponectine exercent un effet insulino-sensibilisant, au moins en partie
en favorisant I'oxydation des acides gras par activation de '’AMP-
activated kinase. Dans I'obésité, I'insulinorésistance a été reliée a une
résistance a la leptine et une diminution de I'adiponectine plasmati-
que. Chez la souris lipoatrophique ou les taux circulants de leptine et
d’adiponectine sont bas, I'administration des deux adipokines Iéve de
fagon synergique linsulinorésistance. Leptine et adiponectine ont
aussi des propriétés distinctes : la leptine, comme signal intégrateur a
long terme des stocks énergétiques, et I'adiponectine, comme puis-
sant agent anti-athérogéne. Les substances antidiabétiques de type
thiazolidinedione augmente la production endogéne d’adiponectine
chez le rongeur et 'humain, en faveur de I'idée selon laquelle le déve-
loppement de nouvelles molécules ciblant les adipokines pourrait of-
frir une approche thérapeutique séduisante pour la protection des
obéses de 'insulinorésistance et de I'athérosclérose.

Mots-clés : Tissu adipeux - Obésité - Sécrétion - Insulinorésistance -
Thiazolidinediones.
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n recent years, it has been recognized that adipose

tissue (WAT) secretes a number of bioactive pep-

tides and proteins, collectively termed “adipokines”.
These WAT-derived factors play a central role in whole
body homeostasis by influencing a variety of biological and
physiological processes, including food intake, regulation of
energy balance, insulin action, lipid and glucose metabolism,
angiogenesis and vascular remodeling, regulation of blood
pressure and coagulation. The present review is focused on a
restricted number of adipokines, which have been impli-
cated in vascular (angiotensinogen, PAI-1) and energy and
glucose homeostasis (ASP, TNFa, IL-6, resistin, leptin, adi-
ponectin).

As a secretory tissue, WAT displays several unusual
characteristics. First, instead of being confined at a specific
location, WAT is found throughout the whole organism in
individual pads that are not physically connected. How adi-
pose secretion is coordinated between depots, through hu-
moral or nervous pathways, is still unclear. Second, WAT is
constituted of distinct cell types, including mature adipo-
cytes, pre-adipocytes, fibroblasts and macrophages, all of
which participate, to a greater or lesser extent, in WAT
secretory function. Third, WAT is heterogeneous in term of
metabolic capacities, depending upon the visceral or subcu-
taneous localization of fat depots. Similarly, certain depots
might contribute more actively than others to the production
of specific adipokines [1, 2|. Fourth, some adipokines are
also secreted by non-adipose tissues and thus it is not always
straightforward to determine the specific contribution of
WAT to circulating levels of these factors. Finally, little is
known regarding the molecular mechanisms involved in the
biosynthesis and exocytosis of adipokines, although there is
evidence that regulated and constitutive secretory pathways
exist in adipose cells [3].

It is well known that WAT mass increases greatly in
obesity or, conversely, substantially shrinks in lipoatrophic
syndromes. The amounts of triglyceride stored within indi-
vidual adipose cells is a major determinant of WAT weight.
Virtually all known adipokines are markedly dysregulated
in response to alteration of WAT mass, although the mo-
lecular link between the size of adipose stores and the rate of
production a specific adipokine remains, in most cases,
largely speculative. Both obesity and lipoatrophy are patho-
logic conditions highly associated with metabolic disorders,
including hyperlipidemia, insulin resistance and type 2 dia-
betes (T2DM), and with increased risk of cardiovascular dis-
eases. Thus, the idea has emerged that WAT might be in-
strumental in the pathogenesis of these complications, by
virtue of its secreted factors. This review will discuss the
arguments implicating adipokines in disease states linked to
altered WAT mass, which provide a rationale for therapeu-
tic strategies targeting adipose secreted factors in obesity or
lipodystrophy.
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Adipokines and vascular homeostasis

Angiotensinogen

Hypertension is a frequent complication of obesity and a
major risk for the development of cardiovascular diseases.
Epidemiological studies have reported a significant positive
correlation between blood pressure and circulating levels of
angiotensinogen (AGE), the precursor of the vasoactive pep-
tide angiotensin II. Although AGE is mainly produced by
the liver, WAT is considered a major extrahepatic source of
AGE, which could contribute to increased circulating levels
in obese individuals. The pathophysiological importance of
WAT production was brought to light by genetic manipula-
tions in mice, where the AGE gene was introduced specifi-
cally into WAT. In wild-type mice, overexpression of AGE
mRNA in WAT resulted in elevated plasma AGE, hyper-
tension, and increased WAT mass. When the same manipu-
lation was performed in AGE-null mice, which are hypoten-
sive and lean, re-expression of AGE mRNA in WAT was
sufficient to restore WAT mass and normal blood pressure
[4]. In addition, AGE-deficient mice are partially protected
from diet-induced obesity [5]. As reviewed in detail in [6],
these experimental models support the idea that production
of AGE by WAT increases circulating levels in obese sub-
jects, thereby favoring hypertension. Increased AGE pro-
duction could also contribute to enhancement of WAT
mass, an effect which has been attributed to angiotensin II
acting locally as a trophic factor for new adipose cell forma-

tion [7].

PAI-1

Impairment of the fibrinolytic system participates into
the cardiovascular complications of obesity. This defect has
been linked to high concentrations of plasma plasminogen
activator inhibitor 1 (PAI 1), a factor which is the primary
physiological inhibitor of fibrinolysis. WAT is the main tis-
sue source of elevated plasma PAI-1 in obesity, with a major
participation of visceral fat [8, 9]. Cells of the stromal vascu-
lar fraction and pre-adipocytes, which are more numerous in
visceral than in subcutaneous fat, contribute to PAI-1 pro-
duction by human WAT [10]. The biological role of PAI-1
extends beyond regulation of fibrinolysis, since PAI-1 has
been shown to influence cell migration and angiogenesis by
competing with integrin binding on extracellular matrix vit-
ronectin. In WAT, PAI-1 could impair pre-adipocyte mi-
gration and attachment to vitronectin, as suggested by its
potent inhibitory effect on these processes in vitro [11].
Through this function, PAI-1 has the potential to affect
WAT growth. Accordingly, overexpression of PAI-1
mRNA in WAT attenuates WAT hyperthrophy in mice
submitted to a high-fat diet [12]. Surprisingly, however, dis-
ruption of PAI-1 gene reduced adiposity in genetically obese
mice [13] and had no significant effect on WAT mass in
diet-induced obesity [14]. Altogether these observations sug-



gest that increased secretion of PAI-1 by WAT in obesity,
although deleterious in the regulation of fibrinolysis, could
also exert a protective effect against excessive WAT growth,
atleast in diet-induced obesity.

Adipokines and insulin resistance

Acylation-stimulating protein (ASP)

WAT is known to produce multiple proteins from the
alternate complement pathway. Adipsin is a secreted serine
protease related to complement factor D, which was origi-
nally discovered as a adipose differentiation-dependent fac-
tor [15]. In humans, WAT releases substantial amounts of
ASP, a protein derived from the interaction of complement
C3, factor B and adipsin [16]. ASP appears to be inactive as
an immune modulator and its best recognized bioactivity is
to stimulate triglyceride storage in adipose cells. At the cellu-
lar level, this effect is achieved through different processes:
stimulation of glucose transport, enhancement of fatty-acid
re-esterification and inhibition of lipolysis [17, 18]. How-
ever, the receptor and signaling pathways mediating ASP
effects are as yet uncharacterized. Most, but not all studies in
humans report substantial increases in plasma ASP in obese
subjects, along with moderate overexpression of C3 mRNA
in WAT. Itis not known whether increased circulating lev-
els of the protein reflect increased activity or resistance to
ASP. Resistance to ASP could promote the redirection of
fatty acid flux away from WA, toward the liver [16]. Mice
deleted for the C3 gene represent a model of ASP deficiency.
A delay in post-prandial triglyceride clearance was observed
in male C3-null mice on the 129Sv genetic background, but
not in C57Bl/6-deleted mice [16]. This suggests that ASP is
not the only mechanism that influences this process in mice.
Whatever the strain, the absence of ASP resulted in a mod-
erate reduction of WAT mass, both on standard and high fat
diet, indicating decreased triglyceride strorage. In addition,
ASP-deficient mice appear to be more sensitive to insulin,
although this could be the consequence of their relative lean-
ness. [19].

TNFao

WAT produces a number of pro-inflammatory cytok-
ines, which emanate from both adipose cells and cells of the
stromal vascular fraction, in the absence of acute inflamma-
tion. This includes tumor necrosis factor o (TNFa) and sev-
eral interleukins (IL) [20, 21]. TNFa was the first adipose
secreted product proposed to represent a molecular link be-
tween obesity and insulin resistance [22, 23]. Indeed, TNFa
is overexpressed in WAT in obesity and decreases with
weight loss and improvement of insulin sensitivity. A num-
ber of studies have demonstrated that TNFa alters insulin
signaling in cultured cells and 2 vivo. Anti-TNFa antibod-
ies ameliorate insulin sensitivity in obese rodents and
TNFo-deficient mice are protected from obesity-induced
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insulin resistance on a high fat diet. Finally, TZDs repress
TNFo gene expression in WAT and prevent TNFa-
induced insulin resistance in the rat. However, there is no
evidence that WA'T is a net exporter of TNFa in humans,
which suggests an autocrine-paracrine mode of action of the
cytokine rather than an endocrine effect. Locally, TNFa
increases PAI-1 and C3 gene expression and decreases adi-
ponectin (see below) in WAT [24]. Thus, TNFa-regulated
pathways in WAT may mediate, at least in part, the obesity-
induced alteration in circulating levels of certain adipokines.

IL-6

Human WAT produces substantial amounts of IL.-6 and
this secretion might represent 10-30% of circulating levels
[21]. Plasma IL-6 is highly correlated with body mass and
inversely related to insulin sensitivity [25, 26]. Recent data
suggest that IL-6 plays a direct role in insulin resistance by
altering insulin signaling in hepatocytes [27]. This effect is
mediated by the induction of SOCS-3 (suppressor of cytok-
ine signaling-3) which inhibits insulin-dependent insulin re-
ceptor autophosphorylation [28]. Paradoxically, IL-6-
deficient mice developed mature-onset obesity associated
with glucose intolerance [29]. Moreover, intracerebroven-
tricular administration of the cytokine decreases body fat in
rats [30]. These observations suggest that IL-6 might act at
multiple levels, both centrally and on peripheral tissues, to
influence body weight, energy homeostasis and insulin sen-
sitivity.

Resistin

A new-comer to the dark side of adipose secretion is re-
sistin [31], also known as ADSF for “ADipose tissue-specific
Secretory Factor” [32]. This adipokine belongs to a family of
cystein-rich secreted proteins named FIZZ (found in in-
flammatory zone), now renamed Retn. In the initial report
of Steppan [31], immunodetected resistin was increased in
plasma of mice with diet-induced and genetic forms of obe-
sity. Later on, however, mRNA levels were reported to be
decreased in WAT of obese rodents |33, 34]. Recombinant
resistin promoted systemic insulin resistance in mice and
decreased insulin-stimulated glucose transport in adipose
cells, while an anti-resistin antibody produced the opposite
effect [31]. More recently, infusion of resistin in the rat was
shown to induce severe hepatic insulin resistance, accounted
for by an increased rate of glucose production [35]. Although
resistin was originally cloned on the criteria of its expression
being reduced by TZDs, treatment of animals with insulin-
sensitizing drugs have produced inconsistent pattern of re-
sistin regulation. Finally, a human homolog of murine resis-
tin has been identified. However, since its sequence and
expression in WAT are quite different from thatin rodent, it
is not yet clear whether this protein plays a significant role in
the development of insulin resistance in humans [36]. Identi-
fication of the receptor and signaling pathways and analysis
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of the phenotypes resulting from deletion or overexpression
of resistin in transgenic mice, will help to further define the
biological roles of this adipokine.

Adipokines and insulin sensitivity

Leptin

The discovery of leptin as a crucial factor involved in
long-term regulation of food intake, body weight, energy
expenditure and neuroendocrine functions has significantly
broadened our understanding of the mechanisms underly-
ing the development of obesity and its complications. The
tremendous amount of information currently available on
leptin has been extensively reviewed and only some impor-
tant elements will be summarized here.

Demonstration of the role of leptin in body weight ho-
meostasis was provided by a mutation (0b) which occurred
spontaneously in mice more than 50 years ago. Since then,
ob/ob mice have been bred in animal facilities allowing the
discovery of the leptin [37] and leptin receptor genes [38].
The potent effect of recombinant leptin to reduce food in-
take, body weight and WAT mass in leptin-deficient mice
brought the ultimate proof that the absence of functional
leptin is responsible for the obese phenotype of 0b/0b mice.
Similarly, three massively obese children with no functional
leptin, are currently successfully treated with leptin [39]. By
contrast, rodents and three known individuals carrying mu-
tations in the leptin receptor gene are resistant to the food-
reducing effect of leptin. However, the fact that adipose lep-
tin production is increased in obese individuals, except in
leptin-deficient subjects, led to the concept of leptin resis-
tance. The molecular basis of leptin resistance, apart from
mutations in the receptor gene, are yet to be determined.
Adenoviral or transgenic overexpression the leptin gene re-
duced food intake and body weight in rodents. Attempts to
obtain the same effect in humans through daily administra-
tion of recombinant leptin were frustrating, since only very
high doses of leptin induced a reduction of body weight in a
subset of individuals [40]. Thus, although leptin is absolutely
necessary for body homeostasis, increasing circulating leptin
is not the panacea for common obesity.

Both leptin deficient and leptin resistant obese rodents
exhibit severe insulin resistance. This condition is rapidly
ameliorated by leptin administration in deficient mice, even
before reduction of body weight. Moreover, the insulin-
sensitizing effect of leptin exceeds that seen in pair-fed ani-
mals. Accumulating evidence suggests that leptin promotes
fatty acid oxidation and reduces ectopic fat accumulation in
non-adipose tissues, thereby increasing insulin sensitivity
[41, 42]. This effect is mediated by activation of the AMP-
activated kinase (AMPK) by leptin, through a direct effect
on certain skeletal muscles and indirectly through the
hypothalamic-sympathetic nervous system axis [43]. As a re-
sult of AMPK activation, the enzyme acetyl coenzyme A
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carboxylase is inhibited, leading to reduced intracellular lev-
els of the metabolite malonyl CoA. This alleviates inhibition
of fatty acid entry into the mitochondria by malonyl CoA
and favors fatty acid oxidation. Although of little help in
leptin resistant obese patients, leptin administration has been
proposed as a new treatment to ameliorate insulin sensitivity
in lipoatrophic diabetes, where low leptin levels prevail [44,
45]

Adiponectin

In the mid nineties, an adipose-secreted protein with ho-
mology with the complement factor Clq, was cloned inde-
pendently by different groups and named adipoQ, Acrp 30,
apMI1, GBP28 or adiponectin. Adiponectin mRNA is highly
expressed in adipose cells and the protein circulates at high
concentrations in primates and rodents. Structurally, it con-
sists of a collagenous tail and a globular head, which form
trimer-dimers and high molecular weight complexes in the
circulation. Different properties have been ascribed to vari-
ous recombinant or processed forms (globular head) of the
protein and the actual bioactive form(s) has not yet been
unequivocally determined [46].

In sharp contrast to most adipokines, adiponectin expres-
sion and serum concentrations are not increased but reduced
in a variety of obese and insulin-resistant states. In rhesus
monkeys, plasma adiponectin decreases along with the de-
velopment of insulin resistance associated with obesity and
aging [47]. Similarly two case-control studies, in the obesity-
prone Pima Indians and in the general population, suggest
that individuals with high adiponectin concentrations are
less likely to develop type 2 diabetes than those with low
concentrations [48, 49]. Nutritional and therapeutic ma-
nipulations that ameliorate insulin sensitivity, like weight
loss, caloric restriction and TZDs treatment, all increase adi-
ponectin gene expression in WAT and plasma levels [50-54].
The stimulatory effect of TZDs is mediated via activation of
the heterodimer PPARY/retinoid X receptor which binds to
a PPAR responsive element (PPRE) present in the human
adiponectin promoter [55]. Conversely, TNFa and IL-6 are
potent inhibitors of adiponectin expression and secretion in
human WAT biopsies or cultured adipose cells [53, 56]. This
suggests that TNFa and IL-6-induced insulin resistance
might rely, in part, on an autocrine-paracrine inhibition of
adiponectin release.

A series of recent studies, reveal that administration of
recombinant adiponectin, either full length or in the form of
its isolated globular head, exerts glucose lowering effects and
ameliorates insulin resistance in mice models of obesity or
diabetes [57, 58]. In addition, adiponectin has anti-
atherogenic properties, as shown by its capacity to inhibit
monocyte adhesion to endothelial cells and the
macrophage-to foam-cell transformation i wvitro [59, 60].
The phenotype of adiponectin-null mice confirmed the pro-
tective role of the protein against atherosclerosis and diet-
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induced insulin resistance [61, 62], although in one study, Additional adipokineS?
adiponectin-null mice did not show aggravated insulin resis-

tance on high fat diet as compared to wild-type mice [63]. Finally, the list of adipokines influencing insulin sensi-
Interestingly, insulin resistance in lipoatrophic mice was tivity might not be complete. A clue in favor of this hypoth-
fully reversed by a combination of physiological doses of esis was given recently by the outcome of knocking out the
adiponectin and leptin, but only partially by either adiponec- insulin sensitive glucose transporter GLUT 4 selectively in
tin or leptin alone [64]. This suggests that adiponectin and WAT in mice. As expected, these transgenic mice display
leptin may work hand in hand to sensitize peripheral tissues markedly reduced rate of insulin-stimulated glucose uptake
to insulin. However, the two adipokines have both overlap- in WAT. Unexpectedly, however, they also developed insu-
ping and distinct functions, since globular adiponectin ame- lin resistance in muscles (despite preservation of GLUT 4)
liorates insulin resistance but not obesity in the 06/0b leptin- and in liver iz vivo [71]. This suggests that an adipose se-
deficient mice [65]. creted factor capable of modulating insulin action in muscles
The insulin-sensitizing effect of adiponectin is mediated, and liver is altered when glucose utilization is reduced in the
atleastin part, by an increase in fatty-acid oxidation through adipose cells. To our knowledge, this factor has not yet been
activation of AMPK in skeletal muscles [66, 67], similar to determined. The development of molecular techniques of
the action of leptin. Moreover, adiponectin also activates mass screening for new genes and proteins will undoubtedly
AMPK in the liver, resulting in reduced rate of hepatic glu- contribute to the identification of new adipose secreted
cose production [66, 68] and in isolated rat adipose cells, products.
thereby increasing glucose uptake [69]. Although the signal-
ing pathways evoked by adiponectin are not fully deci- Conclusion
phered, two receptors have been recently cloned, Adipo R1
and Adipo R2, that are expressed predominantly in muscles Through its secretory function, WAT lies at the heart of
and liver, respectively. These receptors are predicted to con- a complex network of factors capable of influencing several
tain seven transmembrane domains, but do not seem to be physiological processes. Some adipokines like leptin, and
coupled with G-protein [70]. adiponectin exert a beneficial effect on energy balance, insu-
Beneficial effects Deleterious effects
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Figure 1

Adipose tissue secreted factors implicated in energy homeostasis, insulin sensitivity and vascular homeostasis.

Adipose tissue (WAT) secretes a number of bioactive peptides collectively termed “adipokines”. Through its secretory function, WAT lies at the heart of a
complex network capable of influencing several physiological processes. Dysregulation of adipokines production with alteration of WAT mass has been
implicated in metabolic and cardiovascular complications of obesity. In obese individuals, excessive production of ASP, TNFa, IL-6 or resistin deteriorates
insulin action in muscles and/or in liver, while increased angiotensinogen (AGE) and PAI-1 secretion favors hypertension and impaired fibrinolysis. Leptin
regulates energy balance and exerts an insulin- sensitizing effect. These beneficial effects are reduced in obesity due to leptin resistance. Adiponectin
increases insulin action in muscles and liver and exerts an anti atherogenic effect. Adiponectin is the only known adipokine whose circulating levels are
decreased in the obese state. The thiazolidinedione anti-diabetic drugs increase plasma adiponectin, supporting the idea that adipokine-targeted phamacol-
ogy represents a promising therapeutic approach to control type 2 diabetes and cardiovascular diseases in obesity.
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lin action and vasculature. Conversely, excessive production
of other adipokines is deleterious. For example, TNFa., IL-6

or resistin might deteriorate insulin action, while angiotensi-

nogen and PAI-1 are likely to participate to the vascular

complications linked to obesity (Fig I). Thus, the possibility

now exists to develop drugs targeting adipose secreted fac-

tors or their cognate receptors, representing a new therapeu-

tic approach to sensitize peripheral tissues to insulin and

protect patients from atherosclerosis. This could be of par-

ticular therapeutic benefit in pathology associated with

WAT mass dysregulation, such as lipodystrophy and obe-

sity.
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