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Adipose tissue is responsive to both central and periph-
eral metabolic signals and is itself capable of secreting
a number of proteins. These adipocyte-specific or en-
riched proteins, termed adipokines, have been shown
to have a variety of local, peripheral, and central effects.
These secreted proteins, which include tumor necrosis
factor (TNF)-a, resistin, IL-6, IL-8, acylation-stimulating
protein (ASP), angiotensinogen, plasminogen activa-
tor inhibitor-1 (PAI-1) (“bad” adipokines) and leptin,
adiponectin (“good” adipokines) seem to play impor-
tant regulatory roles in a variety of complex processes,
including fat metabolism, feeding behavior, hemostasis,
vascular tone, energy balance, and insulin sensitivity,
but none is without controversy regarding its respective
mechanism and scope of action. The present review is
focused on the effects of free fatty acids and a restricted
number of adipokines, which have been implicated
in vascular (angiotensinogen, PAI-1) and energy and
glucose homeostasis (ASP, TNFa, IL-6, resistin, leptin,
adiponectin).
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Introduction: Adipose Tissue—
An Active Endocrine Organ

For many years adipose tissue was viewed as playing a
passiverolein total body lipid and energy homeostasis. Adip-
ose tissue was the site where excess energy was stored, in
the form of triglycerides (TGs), and where that energy, when
needed elsewhere in the body, was released in the form of
fatty acid (FA). Lately it has become clear that adipose
tissue is an important organ for the development of many
diseases related to obesity and metabolic syndrome (/-3).
Itincreases in obesity or conversely shrinks in lipoatrophic
syndromes. Both obesity and lipoatrophy are pathologic
conditions highly associated with metabolic disorders, in-
cluding hyperlipidemia, insulin resistance, and type 2 dia-
betes (T2D) (4). Thus, the idea has emerged that adipose
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tissue might be instrumental in the pathogenesis of these
disorders.

Adipose tissue is no longer viewed as a passive repository
for triacylglycerol storage and a source of free FA but as an
active endocrine and paracrine organ secreting an ever-
increasing number of mediators that participate in diverse
metabolic processes including food intake, regulation of
energy balance, insulin action, lipid and glucose metabo-
lism, angiogenesis and vascular remodeling, regulation of
blood pressure, and coagulation (2,5-7). Several secretory
proteins are synthesized in adipose tissue including leptin,
resistin, adiponectin, tumor necrosis factor (TNF o), angio-
tensinogen, adipsin, acylation-stimulating protein (ASP),
retinol-binding protein (RBP), interleukin (IL)-1f, IL-6,
IL-8, IL-10, plasminogen activator inhibitor-1 (PAI-1),
fasting-induced adipose factor, a fibrinogen—angiopoietin-
related protein, metallothionein, tissue factor (TF), comple-
ment C3, fibronectin, haptoglobin, entactin/nidogen, col-
lagen Va3, pigment epithelium—derived factor (PEDF),
hippocampal cholinergic neurostimulating peptide (HCNP),
neutrophil gelatinase-associated lipocalin (NGAL), and
adiponutrin (8). Moreover, lipoprotein lipase (LPL), apolipo-
protein E (apoE), cholesteryl ester transfer protein (CETP),
angiotensinogen, transforming growth factor-beta (TGF-
beta), nitric oxide synthase (NOS), acylation stimulating pro-
tein (ASP), adipophilin, monobutyrin, agouti protein, and
factors related to pro-inflammatory and immune processes
(9) apelin and zinc-alpha2-glycoprotein [also named lipid
mobilizing factor (LMF)] have also been shown to be re-
leased by white adipocytes (10). These secretory proteins from
the adipose organ (/) are named adipokines and have many
physiological effects on different organs including the brain,
bone, reproductive organs, liver, skeletal muscles, immune
cells, and blood vessels (4). Itis likely that many more undis-
covered fat cell-derived mediators will be causally linked
to cardiovascular health, insulin resistance, and diabetes.

Virtually all known adipokines are markedly dysregu-
lated in response to alteration of fat mass, although the molec-
ular link between the size of adipose stores and the rate of
production of a specific adipokine remains largely specula-
tive. Weight loss is associated with a decrease in the serum
levels of most of these adipokines, with the exception of adi-
ponectin, whichisincreased (3, 12). A large number of adipo-
kines also affect insulin action, glucose, and fat metabolism
and, consequently, insulin resistance, which ultimately leads
to type 2 diabetes. Hence, they exert direct as well as indirect
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influences on the process of atherosclerosis. The present re-
view is focused on a number of adipokines, which have been
implicated in vascular, energy, and glucose homeostasis.

Leptin

Leptin is a 16-kDa protein encoded by the ob gene and
is synthesized mainly in adipose tissue (/3). The potent
effect of recombinant leptin to reduce food intake, body
weight, and fat mass in leptin-deficient mice brought the
ultimate proof that the absence of functional leptin is re-
sponsible for the obese phenotype of ob/ob mice. Numer-
ous reviews have been published describing its regulation
and its role in eating and energy homeostasis (/4,15).

Adipocytes are the most important source of leptin, and
circulating leptin levels directly correlate with adipose tis-
sue mass (/6). Control of appetite is the primary role of lep-
tin. In fact, mice with a mutation in the leptin (ob/ob mice)
or leptin receptor (db/db mice) gene, as well as human sub-
jects with mutations in the same genes, are massively obese
(15,17). The fact that adipose leptin production is increased
in obese individuals led to the concept of leptin resistance.
The molecular basis of leptin resistance, apart from muta-
tions in the receptor gene, is yet to be determined. Adenovi-
ral or transgenic overexpression of the leptin gene reduced
food intake and body weight in rodents (/8-20). Attempts
to obtain the same effect in humans through daily admin-
istration of recombinant leptin were frustrating, because
only very high doses of leptin induced a reduction of body
weight in a subset of individuals (2/). Interestingly, leptin
administration has been proposed as a new treatment to amel-
iorate insulin sensitivity in lipoatrophic diabetes, where low
leptin levels prevail (22).

Both Ieptin-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 (18-20). Moreover, the
insulin-sensitizing effect of leptin exceeds that seen in pair-
fed animals. Accumulating evidence suggests that leptin pro-
motes fatty acid oxidation and reduces ectopic fat accu-
mulation in non-adipose tissues, thereby increasing insulin
sensitivity (23,24). 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
(25). As a result of AMPK activation, the enzyme acetyl
coenzyme A carboxylase is inhibited, leading to reduced
intracellular levels of the metabolite malonyl CoA. This
alleviates inhibition of fatty acid entry into the mitochon-
dria by malonyl CoA and favors fatty acid oxidation.

Studies from a number of laboratories, using in vitro and
in vivo rodent models, indicate a direct role for leptin in
lipid metabolism. The effect on lipid metabolism may be
mediated both through central and peripheral actions of lep-
tin. Central administration of leptin increased resting meta-
bolic rates, resulting in reduced TG content in both adipose

and nonadipose tissues, as well as reduced plasma-free FA
and TG levels in pair-fed Sprague—Dawley rats (26). Leptin
may also have autocrine or paracrine effects on adipocyte
fat metabolism: incubation of mouse adipocytes with leptin
stimulates lipolysis of intracellular TG, and this effect was
not seen in db/db mice lacking leptin receptors (27). Over-
expression of leptin in adipocytes also reduced gene expres-
sion of acetyl CoA carboxylase (ACC) (28). Recent data
suggest that leptin exerts a paracrine effect on fat cells and
that its expression and secretion by fat cells can be induced
by IL-6 and inhibited by TNF-a, underscoring the poten-
tial role of interaction among adipokines on their release
by fat cells (29). Leptin also can inhibit the expression of
sterol response element binding protein-1c (SREBP-1c) in
liver, pancreatic islets, and adipose tissue, thereby inhibit-
ing lipogenesis in those tissues (30).

Emerging data also link leptin to cardiovascular disease.
Leptin, like CRP, upregulates ET-1 and endothelial NO
synthase production in endothelial cells and promotes accu-
mulation of reactive oxygen species (31,32). It stimulates
the proliferation and migration of endothelial cells (33) and
vascular smooth muscle cells (34). MCP-1 expression in
aortic endothelial cells is stimulated by leptin (35). Fur-
thermore, leptin increases platelet aggregation and arterial
thrombosis via a leptin receptor—dependent pathway (37,32),
has a direct action on macrophages by increasing the release
of monocyte colony-stimulating factor (36), promotes cho-
lesterol accumulation in macrophages under high glucose
conditions (37), and stimulates angiogenesis (38). Leptin
also increases peripheral sympathetic tone, with observa-
tions of lower arterial pressures in leptin-deficient mice sug-
gesting a possible role for leptin in hypertension (39,40).

Leptin’s role in regulating immunity has been fueled by
early observations of thymus atrophy in db/db mice. Leptin
protects T lymphocytes from apoptosis and regulates T-cell
proliferation and activation. Leptin also influences cytokine
production from T lymphocytes, generally switching the phe-
notype toward a TH1 response (4/—43). Leptin also influ-
ences monocyte activation, phagocytosis, and cytokine pro-
duction. Signal transduction pathways activated by leptin
in immune cells include the Janus kinase—signal transducer
and activator of transcription system (particularly signal
transducer and activator of transcription 3), as well as phos-
phatidylinositol 3-kinase and mitogen-activated protein
kinase. In endothelial cells leptin induces oxidative stress
and upregulation of adhesion molecules (42). Thus, leptin
has also an important role of in modulating immunity and
inflammation.

Adiponectin

Adiponectin (ACRP30, adipoQ, apM1, or GBP28) was
identified as the product of a gene induced during adipocyte
differentiation (44). It is a 30-kDa protein that is synthe-
sized and secreted from adipocytes. Adiponectin has an N-
terminal collagenase domain followed by a C-terminal glo-
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bular domain that can undergo homotrimerization (45). In
plasma, adiponectin circulates as either a trimer, a hexamer
(called the low-molecular-weight or LMW form), or as mul-
timeric forms of 12—18 subunits (called the high-molecu-
lar-weight or HMW form) (46).

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 obe-
sity or diabetes (47-50). In addition, adiponectin has anti-
atherogenic properties, as shown by its capacity to inhibit
monocyte adhesion to endothelial cells and the macroph-
age-to-foam-cell transformation in vitro (57,52). The phe-
notype of adiponectin-null mice confirmed the protective
role of the protein against atherosclerosis and diet-induced
insulin resistance (53,54). Adiponectin-deficient mice de-
velop insulin resistance on a high-fat diet (53,54), although
in one study, adiponectin-null mice did not show aggravated
insulin resistance on high fat diet as compared to wild-type
mice (55). Interestingly, insulin resistance in lipoatrophic
mice was fully reversed by a combination of physiological
doses of adiponectin and leptin, but only partially by either
adiponectin or leptin alone (48). This suggests that adipo-
nectin and leptin may work hand in hand to sensitize periph-
eral tissues to insulin. In addition, transgenic expression of
adiponectin in adipose tissue resulted in increased plasma
levels and inhibition of hepatic glucose production with im-
proved glucose tolerance (56,57). Administration of recom-
binant adiponectin to lipodystrophic or obese mice results
in reductions in plasma FA and TG levels (48), whereas trans-
genic mice with increased secretion of full-length adiponec-
tin had improved clearance of an exogenous fat load (56).

The insulin-sensitizing effect of adiponectin is mediated,
atleastin part, by an increase in fatty acid oxidation through
activation of AMPK in skeletal muscles (58,59), similar
to the action of leptin. Moreover, adiponectin also activates
AMPK in the liver, resulting in reduced rate of hepatic glu-
cose production (60) and in isolated rat adipose cells, thereby
increasing glucose uptake (67). Although the signaling path-
ways evoked by adiponectin are not fully deciphered, two
receptors have recently been cloned, Adipo R1 and Adipo
R2, that are expressed predominantly in muscles and liver,
respectively (62).

Adiponectin levels in plasma, which are very high com-
pared with other adipokines, are reduced in obese, insulin-
resistant, diabetic, or dyslipidemic subjects as compared to
healthy controls (653—65). These findings indicate that adipo-
nectin may represent a biological link between obesity and
obesity-related disorders such as atherosclerosis and diabe-
tes. Moreover, adiponectin has been found to increase with
weight loss, and be negatively correlated with changes in
body mass index (BMI), waist and hip circumference, and
plasma glucose levels (66). The mechanism by which the
insulin-resistant state is associated with low levels of adip-
onectin is not clear. However, TNF-o, which is increased

in the adipose tissue of obese subjects, might downregulate
adiponectin production (67). On the other hand, adiponec-
tin reduces the production and activity of TNF-a (68). The
anti-inflammatory activities of adiponectin extend to inhi-
bition of IL-6 production accompanied by induction of the
anti-inflammatory cytokines IL-10 and IL-1 receptor antag-
onist (69—71). Inhibition of nuclear factor kB (NF-xB) by
adiponectin might explain at least part of these effects (71).

In humans, adiponectin levels are inversely correlated
with plasma TG levels and positively correlated with HDL
cholesterol concentration, although it is not clear if there are
direct links between adiponectin and plasma lipid levels or
these findings are related to adiponectin’s effects on insu-
lin sensitivity. However, a recent study suggested a strong
relationship between adiponectin levels and LPL activity
in humans (72). In addition, increased adipose tissue LPL
activity was present in a transgenic mouse that secretes in-
creased quantities of full-length adiponectin from adipose
tissue (56). In humans, adiponectin levels are predictive of
hepatic steatosis and are inversely related to hepatic fat con-
tent and hepatic insulin resistance before and after treatment
with a PPARy agonist (73).

The current literature suggests that replenishment of adip-
onectin in patients with type 2 diabetes having decreased
adiponectin levels could represent a novel therapeutic for
the treatment of insulin resistance and type 2 diabetes. In-
creased adiponectin levels might have the added benefit of
reducing weight and, as an anti-inflammatory agent, inhibit
atherogenesis and the risk of cardiovascular disease.

Resistin

Resistin is an adipokine that belongs to a family of cys-
teine-rich secreted proteins named FIZZ (74). Resistin is a
12-kDa protein that is synthesized and secreted from adi-
pose tissue. It was discovered in mice by searching for genes
that were suppressed by a PPARy agonist (75). Resistin
levels are elevated in both diet-induced obesity and genetic
mouse models of obesity/diabetes (75). Recombinant resis-
tin decreases insulin sensitivity in mice, and antibodies against
resistin block this effect. Resistin infusions in rodents dur-
ing euglycemic hyperinsulinemic clamp conditions, caused
increased hepatic glucose production (76). Neutralization
of resistin by specific antibodies resulted in decreased blood
glucose levels and improved insulin sensitivity (75) and
antisense oligodeoxynucleotides that normalized resistin
levels also reversed hepatic insulin resistance (77). These
results are consistent with the data obtained from resistin
knockout mice, which despite having no changes in body
weight or fat mass, showed significantly lower fasting
plasma glucose levels when fed with normal chow diet.
When fed with high-fat diet, the resistin-deficient mice also
showed significantly better glucose tolerance than the wild-
type mice (78). Deletion of the resistin gene was associated
with increased AMPK activity in hepatocytes, decreases in
gluconeogenic enzymes, and decreased hepatic glucose pro-
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duction (78). On the other hand, transgenic overexpression
of resistin was associated with increased hepatic glucose
production and glucose intolerance (78).

Resistin also exerts direct vasoactive effects in cultured
endothelial cells (79). Resistin treatment activated endothe-
lial cells by promoting ET-1 release, in part by inducing
ET-1 mRNA expression, suggesting it participates in the
endothelial dysfunction observed in patients with insulin
resistance. Resistin also significantly augmented the expres-
sion of the cell adhesion molecule VCAM-1 and the chemo-
attractant chemokine MCP-1, key processes in early athero-
sclerotic lesion formation. Resistin has also been demon-
strated recently to have a proinflammatory effect on smooth
muscle cells. Resistin, in a dose-dependent manner, induced
human aortic smooth muscle cell proliferation, suggesting
it may play a role in the increased incidence of restenosis
observed in diabetic patients (80).

Resistin has more recently been shown to have effects
on lipid metabolism in mice. When adenovirus-mediated
overexpression of resistin was achieved in normal chow-
fed mice or Wistar rats, plasma TG levels increased, and
this was associated with increased secretion of TG from the
liver (81,82). LDL cholesterol also increased whereas HDL
cholesterol fell in the mice, and these changes were asso-
ciated with reduced expression of the LDL receptor and
apoAl genes, respectively (81).

The role of resistin in humans is less certain. Clinical
studies in humans do not show a consistent link between
resistin levels and either obesity or insulin resistance (83,
84). There is also controversy regarding the importance of
adipocytes as a source of resistin in humans (85,86). How-
ever, recent data indicate that stimulation of macrophages
in vitro with endotoxin or proinflammatory cytokines leads
to a marked increase in resistin production (87). Further-
more, administration of endotoxin to human volunteers is
associated with dramatically increased circulating resistin
levels (87). Thus, in human subjects resistin seems to act as
a critical mediator of the insulin resistance associated with
sepsis and possibly other inflammatory conditions. Human
resistin is only 64% homologous (53% identical) with the
murine counterpart, and both are members of the family of
resistin like molecules, RELM (also called FIZZ), which are
C-terminal cysteine-rich proteins (86). Given the diverse
roles and tissue specificities of this protein family, and the
low homology between the rodent and human forms, it is
unclear at present whether human resistin plays a similar
role as murine resistin, and if it does, how important human
resistin is in the pathogenesis of the human insulin resistance.

Tumor Necrosis Factor-o and IL-6:
Bad Adipocytokines?
Tumor Necrosis Factor

Tumor necrosis factor oo (TNF-a) is a 26-kDa transmem-
brane protein, which is released into the circulation as a 17-

kDa soluble protein after extracellular cleavage by a metal-
lo-roteinase (88). TNF-a was the first adipose-secreted prod-
uct proposed to represent a molecular link between obesity
and insulin resistance (89,90).

A number of studies have demonstrated that TNF-o alters
insulin signaling in cultured cells and in vivo (917). Chronic
exposure of cells or whole animals to TNF-a induces insu-
lin resistance, and treatment with soluble forms of TNF-a
receptors can neutralize this effect. Furthermore, TNF-a or
TNF-a receptor knockout mice showed improved insulin
sensitivity in both diet-induced obesity and in the ob/ob
model of obesity (89). Obese TNF-a-deficient mice had
lower levels of circulating FFAs and were partially pro-
tected from the obesity-related reduction in the insulin re-
ceptor signaling in muscle and fat tissues (89). Locally, TNF-
o increases PAI-1 and C3 gene expression and decreases
adiponectin in fat (92) and this hormone seems to be a
crucial mediator of insulin sensitivity, potentially explain-
ing how paracrine effects of TNF-a within fat could cause
systemic insulin resistance. Thus, TNF-a-regulated path-
ways in fat may mediate, at least in part, the obesity-induced
alteration in circulating levels of certain adipokines (93).

TNF-a has multiple effects on lipid metabolism, via
both paracrine effects on adipocytes and effects in the liver.
In adipose tissue, TNF-a promotes lipolysis (94) leading to
elevation of plasma FA levels through activation of p44/42
and JNK. These kinases can phosphorylate perilipin, thereby
displacing it from lipid droplets and making TG accessible
to HSL (95). Additionally, TNF-a causes reductions in the
expression of genes involved in adipogenesis and lipogen-
esis in adipocytes, likely through NF-kB—mediated tran-
scription (93). By contrast, in liver, TNF-a increases the
expression of genes involved in de novo fatty acid synthe-
sis while decreasing expression of those involved in fatty
acid oxidation. It also acutely stimulates VLDL production
from liver (96). Increased VLDL secretion, together with
TNF-o-mediated inhibition of LPL in adipose tissue (97),
results in significant hypertriglyceridemia. In addition,
TNF-o impairs insulin signaling through serine phospho-
rylation (inactivation) of both the insulin receptor (IR) and
insulin receptor substrate 1 (IRS-1), both of which result
in diminished activation of phosphoinositol-3-kinase, the
essential second messenger signal that governs most of insu-
lin’s metabolic effects (98,99).

The role of TNF-a in the systemic inflammatory response
triggered by obesity has been studied extensively (/00). Cir-
culating TNF-o concentrations rise with increasing obesity
and correlate with insulin resistance (101,102). Within adip-
ose tissue, macrophages account for nearly all TNF-o. pro-
duction (103), and both TNF-oo mRNA content and TNF-o
production increase in adipose tissue of obese individuals
(101). However, net secretion of TNF-a from visceral fat
into the circulation has not yet been documented. Therefore,
it remains unclear whether TNF-a secretion from adipose
tissue directly accounts for the elevated serum TNF-a con-
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centration seen in obesity. In vivo studies have compli-
cated the interpretation of the role of circulating TNF-a., as
two rodent studies using chimeric TNF-a receptor (90) or
overexpression of a soluble TNF-a receptor fragment (104)
both resulted in significant improvement of insulin resis-
tance in obese rats. However, despite initial promising re-
sults in animal studies, neutralization of TNF-a activity
has proved ineffective in ameliorating insulin sensitivity in
diabetic patients (/05). Therefore, although TNF-o is a mac-
rophage-derived inflammatory factor that contributes to in-
sulin resistance in adipose tissue and muscle via paracrine
and potentially endocrine mechanisms, other inflammatory
molecules may be able to compensate for the absence of
TNF-a signaling; thus, the viability of antagonists of TNF-
o signaling in the treatment of the metabolic syndrome re-
mains unclear.

Interleukin-6 (IL-6)

IL-6 is a protein of 22-27 kDa, with various degrees of
glycosylation (/06). Human fat tissue produces substantial
amounts of IL-6 and this secretion might represent 10-30%
of circulating levels (/07). Plasma IL-6 is highly correlated
with body mass and inversely related to insulin sensitivity
(108,109). Recent data suggest that IL-6 plays a direct role
in insulin resistance by altering insulin signaling in hepa-
tocytes (110). This effect is mediated by the induction of
SOCS-3 (suppressor of cytokine signaling-3), which inhib-
its insulin-dependent insulin receptor autophosphorylation
(111). Moreover, IL-6 suppresses LPL activity and inhibits
adiponectin production in adipocytes (//2), an action that
may contribute to IL-6—-induced hepatic insulin resistance.

IL-6 signaling is complex because of its apparently oppo-
site role in the central nervous system. Central administra-
tion of IL-6 in rodents causes increased energy expenditure,
resulting in decreased body fat (//3). The existence of this
powerful central action of IL-6 may be used to explain the
phenotype of the IL-6 knockout mice. IL-6—deficient mice
developed mature-onset obesity associated with glucose
intolerance (//4). Central replacement of IL-6 in these ani-
mals partially reversed obesity, whereas peripheral admin-
istration of IL-6 had no effect (174). It should be noted that
these results were not confirmed in a recent report (/75), and
the reason for the different findings was not clear. However,
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 sensitivity.
Therefore, if IL-6 secretion by adipose tissue contributes to
energy homeostasis through an endocrine action on the CNS,
then one could invoke a state of obesity-induced IL-6 resis-
tance, much as described for the effects of obesity on leptin
and insulin signaling. This supposition also suggests the
possibility that increased adipose-tissue IL-6 secretion asso-
ciated with obesity may be a regulatory mechanism attempt-
ing to correct excess body weight and achieve negative energy
balance, as hypothesized for obesity-related increases in lep-

tin. The systemic inflammation resulting from IL-6 effects
on liver and endothelium therefore could be an unintended
consequence of appropriately elevated IL-6 levels in the face
of obesity and central IL-6 resistance.

Administration of IL-6 to humans results in elevations
of plasma FA consistent with increased adipocyte lipolysis
of TG and increase in fatty acid oxidation (1/16,117). IL-6
infusions also produce dose-dependent increases in plasma
glucose secondary to the development of insulin resistance
or increased levels of glucagon (/18).

In addition, circulating IL-6 is the single most important
factor controlling the hepatic acute-phase response, the
rapid, coordinated physiologic reaction to tissue damage or
infection designed to recruit host defense mechanisms,
eliminate damaged cells, contain pathogens, and begin tis-
sue repair (119). Of the many positive and negative acute-
phase reactants, the most recognized is CRP, a member of
the pentraxin family that attaches to the plasma membrane
of damaged cells causing cell death through activation of
the complement cascade (/20).

The endocrine cytokine IL-6, therefore, is a likely medi-
ator of proinflammatory signaling from adipose tissue; how-
ever, strategies designed to block IL-6 action remain to be
evaluated as treatments of the metabolic syndrome. Impor-
tantly, limiting IL-6 effects on liver and endothelium may
well impair the normal host response to acute infection,
whereas preventing IL-6 secretion from adipose tissue could
potentially worsen obesity if peripheral IL-6 secretion pro-
vides negative feedback to hypothalamic areas that govern
energy balance.

Other Adipocyte-Secreted Proteins

Angiotensinogen (AGT)

Angiotensinogen (AGT), a precursor to the major pro-
atherogenic vasoconstrictor ANG II, is expressed and pro-
ducedinadipocytes (/). ANG Il directly stimulates ICAM-1,
VCAM-1, MCP-1, and macrophage colony stimulating fac-
tor (M-CSF) expression in vascular cells by activating NF-
kB-regulated genes (/21). ANG II also promotes the forma-
tion of free oxygen radicals from NO, thereby decreasing
the availability of NO and incurring damage to the vascular
tissue (/22). Augmented angiotensinogen production by adip-
ose tissue in obesity has been linked to angiogenesis (/23)
and the development of hypertension (/), both of which are
known to be associated with endothelial dysfunction.

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 AGT. Although AGT is mainly produced by the liver,
adipose tissue is considered a major extrahepatic source of
AGT, which could contribute to increased circulating levels
in obese individuals (/). The pathophysiological importance
of adipose tissue production was clarified by genetic manip-
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ulations in mice. In wild-type mice, overexpression of AGT
mRNA in fat resulted in elevated plasma AGT, hyperten-
sion, and increased fat mass (/24). In addition, AGT-defi-
cient mice are partially protected from diet-induced obesity
(125) supporting the idea that increased AGT production
could also contribute to enhancement of fat mass, an effect
that has been attributed to angiotensin II acting locally as
a trophic factor for new adipose cell formation.

Plasminogen Activator Inhibitor 1 (PAI-1)

Plasma plasminogen activator inhibitor 1 (PAI-1) is a fac-
tor which is the most important endogenous inhibitor of tis-
sue plasminogen activator and uro-plasminogen activator,
and is a main determinant of fibrinolytic activity (126).
PAI-1 is a glycoprotein that is composed of 379 amino acids
and has an apparent molecular weight of 48 kDa. PAI-1 is
a member of the superfamily of serine-protease inhibitors
(serpins) and serves as a pseudosubstrate for PA (126). The
main production sites for PAI-1 known so far are liver, endo-
thelial cells, adipose tissue, and thrombocytes. After release
into the blood stream, PAI-1 is present either in an active
form or, to a greater extent, complexed with either t-PA, one
of the two main activators of fibrinolysis, or vitronectin,
which converts PAI-1 into an inactive, latent form (127,
128). In addition, PAI-1 has been shown to influence cell
migration and angiogenesis by competing with integrin
binding on extracellular matrix vitronectin. Visceral PAI-
1 can also impair pre-adipocyte migration and attachment
to vitronectin (129).

PAI-1 is overexpressed in adipose tissue of obese mice
and humans (/30,131). Obese mice, humans with type 2
diabetes (132—134), and offspring of patients with type 2
diabetes (135) have elevated plasma PAI-1 levels. Elevated
PAI-1 has been considered to be a consequence of obesity
and to be a marker of risk of type 2 diabetes (136). Effects
of modification of PAI-1, through genetic knockout or over-
expression of PAI-1, on the development of obesity have
been reported, but with controversial results (/37-139).
Accordingly, disruption of PAI-1 gene reduced adiposity
in genetically obese mice (/38) or had significant effect on
fat mass in diet-induced obesity (/40). In contrast, other
reports hypothesized that PAI-1 is not merely a product of
obesity, but reduces obesity and insulin resistance. Their
findings show that PAI-17/~ mice gain more weight and
have elevated adipose tissue cellularity (/37). Thus, at this
time it is not clear whether inhibition of PAI-1 might pro-
vide a novel anti-obesity and anti-diabetes treatment and
might have marked beneficial effects on both obesity and
type 2 diabetes.

Acylation-Stimulating Protein (ASP)

Acylation-stimulating protein (ASP) is an adipocyte-
secreted protein that is generated by the interaction of com-
plement C3 with factors B and D (adipsin). The result is

cleavage of the N-terminal of C3, producing C3a, which is
then cleaved by plasma carboxypeptidase to produce ASP
(141). ASP stimulates triglyceride storage in adipose cells
through different processes: stimulation of glucose trans-
port, enhancement of fatty-acid re-esterification, and inhi-
bition of lipolysis (/41). However, the receptor and signaling
pathways mediating ASP effects are as yet uncharacterized.

Studies in adipocytes indicate that ASP increases glu-
cose uptake (a substrate for glycerol formation) and the
activity of diacylglycerol acyltransferase (DGAT), thereby
facilitating use of FA for TG synthesis (/41). Additionally,
ASP has been shown to increase reesterification of FA re-
leased from TG by HSL, as well as reduce HSL-mediated
lipolysis (142). ASP-deficient mice have delayed postpran-
dial TG clearance and reduced body weight and fat mass
(143—-145). Additionally, intraperitoneal injection of ASP
facilitated postprandial TG clearance in several mouse
models of obesity and insulin resistance (/43). However,
other investigators, using the same mouse did not find alter-
ations in energy metabolism or lipid metabolism (/46).
Whatever the strain, the absence of ASP resulted in a mod-
erate reduction of WAT mass, on both standard and high fat
diets, indicating decreased triglyceride strorage. In addition,
ASP-deficient mice appear to be more sensitive to insu-
lin, although this could be the consequence of their relative
leanness (145).

In humans, fasting ASP levels correlate with postpran-
dial TG clearance (147). Most, but not all studies in humans
report substantial increases in plasma ASP in obese subjects,
along with moderate overexpression of C3 mRNA in fat
(148). It is not known whether increased circulating levels
of the protein reflect increased activity or resistance to ASP.
This controversy remains unresolved at present, although
the weight of evidence favors some role for ASP in post-
prandial TG and FA partitioning into fat.

Fatty Acids (FA)

Fatty acids themselves and as part of complex lipids play
a number of key roles in metabolism as a major metabolic
fuel (storage and transport of energy), as essential compo-
nents of all membranes and as ligands for transcription fac-
tors (149). Fatty acids or their derivatives (acyl-CoA or eico-
sanoids) may interact with nuclear receptor proteins that
bind to certain regulatory regions of DNA and thereby alter
transcription of the target genes.

Plasma FAs are primarily an important energy substrate
for a number of organs. FAs are also precursors for the for-
mation of triacylglycerol (TG) stores in adipose tissue, liver,
and muscle through esterification. In addition, FA may be
involved in the regulation of a number of metabolic pro-
cesses in the body. If they are present in excess, they are in-
volved directly in the pathogenesis of metabolic disturbances
leading to insulin resistance and metabolic syndrome, and
they may also exert adverse effects on heart chronotropic
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function. The availability of FA for all these processes is
governed mainly by their release from the the adipose tissue.

The concentration of free fatty acid (FFA) in plasma is
the result of a balance between lipolytic production, the up-
take by the liver and the oxidation by muscle, heart, liver,
and other tissues. Thus, a poor regulation of lipolysis can
significantly affect the plasma FFA levels. A reduced lipo-
lytic activity may lead to the accumulation of adipose tissue
stores and this increase together with an impaired insulin-
mediated inhibition of lipolysis may increase circulating
FFA concentrations. This imbalance in FFA and glucose
plasma levels is closely related to obesity, insulin resistance,
dyslipidaemia, and type 2 diabetes mellitus.

Lipolysis is important for the maintenance of body energy
homeostasis as well as for the prevention of systemic meta-
bolic disorders. The key rate-limiting enzyme of the reaction
is hormone-sensitive lipase (HSL) (/50). The main hor-
mones involved in the regulation of HSL activity are cate-
cholamines and insulin. Catecholamines stimulate lipolysis
through the activation of f1 and B2 adrenoreceptors and
inhibit lipolysis through activation of the a2 adrenorecep-
tor. HSL activation is mediated by a cascade beginning with
coupling to Gs or Gi protein and subsequent formation of
cAMP through the adenylylcyclase system and subsequent
activation of protein kinase A and phosphorylation of HSL
(150,151). Insulin is a potent inhibitor of lipolysis and acts
primarily through its effect on phosphodiesterase and sub-
sequent suppression of the formation of cAMP (152). Work
in recent years has revealed that both hormone-sensitive lip-
ase (HSL), generally thought to be the rate-limiting enzyme,
and perilipin, a lipid droplet surface protein, are required
for optimal lipid storage and fatty acid release (/53). The
perilipin proteins are polyphosphorylated by protein kinase
A and phosphorylation is necessary for translocation of
HSL to the lipid droplet and enhanced lipolysis (153,154).

Magnetic resonance spectroscopy studies in humans sug-
gest that a defect in insulin-stimulated glucose transport in
skeletal muscle is the primary metabolic abnormality in
insulin-resistant type 2 diabetics (/55). Fatty acids appear
to cause this defect in glucose transport by inhibiting insu-
lin signaling (156—158). A number of different metabolic
abnormalities may increase intramyocellular/intrahepatic
fatty acid metabolites; these include increased fat delivery
to muscle/liver as a consequence of either excess energy
intake or defects in adipocyte fat metabolism and acquired
or inherited defects in mitochondrial fatty acid oxidation
(159). Increases in intramyocellular fatty acid—derived meta-
bolites (e.g., fatty acyl-CoA, diacylglycerol, etc.), due to
increased delivery and/or decreased mitochondrial oxida-
tion of fatty acids, triggers the activation of a serine/threo-
nine kinase cascade results in increased serine phosphory-
lation of insulin receptor substrate-1 (IRS-1) on critical
sites, which in turn reduces the ability of IRS-1 to bind and
activate phosphoinositol 3-kinase (PI3K), resulting in re-

duced insulin-stimulated glucose transport acitivty and other
events downstream of PI3K (/56-158).

Increased plasma FFA concentrations are typically asso-
ciated with many insulin-resistant states, including obe-
sity and type 2 diabetes mellitus (/59). In a cross-sectional
study of young, normal-weight offspring of type 2 diabetic
patients, inverse relationship between fasting plasma fatty
acid concentrations and insulin sensitivity, consistent with
the hypothesis that altered fatty acid metabolism might con-
tribute to insulin resistance in patients with type 2 diabetes
(160). Furthermore, studies measuring intramyocellular tri-
glyceride content have shown an even stronger relationship
between accumulation of intramyocellular triglyceride and
insulin resistance (/60). Thus, targeting pathways involved
in the regulation of fatty acid oxidation, fatty acid delivery
and storage might provide novel anti-obesity and anti-dia-
betes treatments and might have marked beneficial effects
on both obesity and type 2 diabetes.

Conclusions

Adipose tissue secretes different factors capable of influ-
encing several physiological processes (Fig. 1). Some adip-
okines like leptin and adiponectin exert a beneficial effect
on energy balance, insulin action, and vasculature. Conver-
sely, excessive production of FA and adipokines like TNF-
a, IL-6, and resistin is deleterious. For example, TNF-a.,
IL-6, or resistin might deteriorate insulin action, while angio-
tensinogen and PAI-1 are likely to participate in the vascular
complications linked to obesity. Dysregulation of adipokines
production with alteration of fat mass has been implicated
in metabolic and cardiovascular complications of obesity.
In obese individuals, excessive production of ASP, TNF-a.,
IL-6, or resistin deteriorates insulin action in muscles and/or
in liver, while increased angiotensinogen and PAI-1 secre-
tion favors hypertension and impaired fibrinolysis. Thus,
the possibility now exists to develop drugs targeting adipose
secreted factors or their cognate receptors, representing a new
therapeutic approach to sensitize peripheral tissues to insu-
lin and protect patients from atherosclerosis. This could be
of particular therapeutic benefit in pathology associated with
fat mass dysregulation, such as lipodystrophy and obesity.
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