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Adipose tissue is a complex, essential, and highly active met-
abolic and endocrine organ. Besides adipocytes, adipose tis-
sue contains connective tissue matrix, nerve tissue, stromo-
vascular cells, and immune cells. Together these components
function as an integrated unit. Adipose tissue not only re-
sponds to afferent signals from traditional hormone systems
and the central nervous system but also expresses and se-
cretes factors with important endocrine functions. These fac-
tors include leptin, other cytokines, adiponectin, complement
components, plasminogen activator inhibitor-1, proteins of

the renin-angiotensin system, and resistin. Adipose tissue is
also a major site for metabolism of sex steroids and glucocor-
ticoids. The important endocrine function of adipose tissue is
emphasized by the adverse metabolic consequences of both
adipose tissue excess and deficiency. A better understanding
of the endocrine function of adipose tissue will likely lead to
more rational therapy for these increasingly prevalent disor-
ders. This review presents an overview of the endocrine func-
tions of adipose tissue. (J Clin Endocrinol Metab 89: 2548–2556,
2004)

THE TRADITIONAL VIEW of adipose tissue as a passive
reservoir for energy storage is no longer valid. As early

as 1987, adipose tissue was identified as a major site for
metabolism of sex steroids (1) and production of adipsin, an
endocrine factor that is markedly down-regulated in rodent
obesity (2). The subsequent identification and characteriza-
tion of leptin in 1994 firmly established adipose tissue as an
endocrine organ (3). Adipose tissue is now known to express
and secrete a variety of bioactive peptides, known as adi-
pokines, which act at both the local (autocrine/paracrine)
and systemic (endocrine) level (Table 1). In addition to these
efferent signals, adipose tissue expresses numerous recep-
tors that allow it to respond to afferent signals from tradi-
tional hormone systems as well as the central nervous system
(CNS) (Table 2). Thus, besides the biological repertoire nec-
essary for storing and releasing energy, adipose tissue con-
tains the metabolic machinery to permit communication with
distant organs including the CNS. Through this interactive
network, adipose tissue is integrally involved in coordinat-
ing a variety of biological processes including energy me-
tabolism, neuroendocrine function, and immune function.

The important endocrine function of adipose tissue is em-
phasized by the adverse metabolic consequences of both
adipose tissue excess and deficiency. Adipose tissue excess
or obesity, particularly in the visceral compartment, is as-
sociated with insulin resistance, hyperglycemia, dyslipide-
mia, hypertension, and prothrombotic and proinflammatory

states (4). The prevalence of obesity and these associated
morbidities, known as the metabolic syndrome, has reached
epidemic proportions (4). Interestingly, adipose tissue defi-
ciency or lipodystrophy is also associated with features of the
metabolic syndrome in both humans and rodents (5). Fur-
thermore, the prevalence of lipodystrophy in humans is in-
creasing with the use of highly active antiretroviral therapy
for HIV (5). Thus, both excess and deficiency of adipose
tissue have harmful metabolic consequences and represent
significant medical and socioeconomic burdens in the world
today.

It is now clear that adipose tissue is a complex and highly
active metabolic and endocrine organ (6, 7). Besides adipo-
cytes, adipose tissue contains connective tissue matrix, nerve
tissue, stromovascular cells, and immune cells (8). Although
adipocytes express and secrete several endocrine hormones
such as leptin and adiponectin, many secreted proteins are
derived from the nonadipocyte fraction of adipose tissue (9).
Regardless, these components function as an integrated unit,
making adipose tissue a true endocrine organ (8). Here we
present an overview of the endocrine functions of adipose
tissue. These functions fall into two broad categories: 1) se-
creted proteins that have metabolic effects on distant cells or
tissues, and 2) enzymes involved in the metabolism of steroid
hormones.

Adipose Tissue-Secreted Proteins
Leptin

Before the identification of leptin, parabiosis studies in
mice carrying the recessive mutations, obese (ob) and dia-
betes (db), predicted the existence of a circulating endocrine
hormone capable of communicating information from the
periphery to the CNS with regard to the sufficiency of energy
stores (10). These predictions were subsequently confirmed
by the identification of the leptin gene (Lepob) in 1994 (3) and
its cognate receptor in 1995 and 1996 (Leprdb, Leprfa) (11–13).
Leptin (from the Greek leptos, meaning thin) is a 16-kDa
polypeptide containing 167 amino acids with structural ho-
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mology to cytokines. Adipocytes secrete leptin in direct pro-
portion to adipose tissue mass as well as nutritional status,
and this secretion is greater from sc relative to visceral ad-
ipose tissue (9, 14). Leptin expression and secretion are also
regulated by a variety of other factors. For example, leptin is
increased by insulin, glucocorticoids, TNF�, estrogens, and
CCAAT/enhancer-binding protein-� and decreased by �3-
adrenergic activity, androgens, free fatty acids, GH, and per-
oxisome proliferator-activated receptor-� agonists (15). Lep-
tin receptors are members of the cytokine receptor class I
superfamily and are expressed in both the CNS and periph-
ery (16). Although several splice variants of the leptin re-
ceptor have been identified, the long form mediates the ma-
jority of leptin’s myriad effects (16).

The effects of leptin on energy homeostasis are well doc-
umented (17). Many of these effects, particularly on energy

intake and expenditure, are mediated via hypothalamic
pathways, whereas other effects are mediated via direct ac-
tion on peripheral tissues including muscle and pancreatic
�-cells (16). Although initially viewed as an antiobesity hor-
mone, leptin’s primary role is to serve as a metabolic signal
of energy sufficiency rather than excess (18). Leptin levels
rapidly decline with caloric restriction and weight loss. This
decline is associated with adaptive physiological responses
to starvation including increased appetite and decreased en-
ergy expenditure. These same responses are observed in
leptin-deficient mice and humans, despite massive obesity.
Furthermore, these responses are readily normalized by low-
dose leptin replacement. In contrast, common forms of obe-
sity are characterized by elevated circulating leptin. Neither
endogenously high leptin levels nor treatment with exoge-
nous leptin is effective in ameliorating this obesity, consistent
with a state of leptin resistance (16, 19). The mechanism for
leptin resistance is unknown but may result from defects in
leptin signaling or transport across the blood-brain barrier
(16, 19). Clearly, the most sensitive portion of the leptin
dose-response curve resides in the physiological range be-
tween the low levels induced by food restriction and the
rising levels induced by refeeding and not in the supraphysi-
ological range associated with obesity. This role of leptin as
an indicator of energy sufficiency makes sense from an evo-
lutionary perspective but provides no consolation in our
current environment of energy abundance.

In addition to its effects on energy homeostasis, leptin
regulates neuroendocrine function and traditional endocrine
systems. Leptin deficiency in Lepob/Lepob mice is associated
with activation of the hypothalamic-pituitary-adrenal (HPA)
axis and suppression of the hypothalamic-pituitary-thyroid
and -gonadal axes. Leptin decreases hypercortisolemia in
Lepob/Lepob mice, inhibits stress-induced secretion of hy-
pothalamic CRH in mice, and inhibits cortisol secretion from
rodent and human adrenocortical cells in vitro. The role of
leptin in HPA activity in humans in vivo remains unclear.
Leptin also normalizes suppressed thyroid hormone levels in
leptin-deficient mice and humans, in part via stimulation of
TRH expression and secretion from hypothalamic TRH neu-
rons (16, 20). Leptin accelerates puberty in normal mice and
restores normal gonadotropin secretion and reproductive
function in leptin-deficient mice and humans (21). Leptin
replacement during fasting prevents starvation-induced
changes in the hypothalamic-pituitary-gonadal and -thyroid
axes in healthy men (22). Leptin also has direct effects via
peripheral leptin receptors in the ovary, testis, prostate, and
placenta (15).

Several other important endocrine effects of leptin include
regulation of immune function, hematopoiesis, angiogene-
sis, and bone development. Leptin normalizes the sup-
pressed immune function associated with malnutrition
and leptin deficiency (23). Leptin also promotes proliferation
and differentiation of hematopoietic cells, alters cytokine
production by immune cells, stimulates endothelial cell
growth and angiogenesis, and accelerates wound healing
(15). An important role for leptin in bone development is
supported by the observation that leptin-deficient Lepob/
Lepob mice have increased bone mass, despite hypercorti-
solemia and hypogonadism (24). Chemical lesions of specific

TABLE 1. Examples of adipocyte-derived proteins with endocrine
functions

Cytokines and cytokine-
related proteins

Leptin
TNF�
IL-6

Other immune-related
proteins

MCP-1

Proteins involved in the
fibrinolytic system

PAI-1
Tissue factor

Complement and
complement-related
proteins

Adipsin (complement
factor D)

Complement factor B
ASP
Adiponectin

Lipids and proteins for lipid
metabolism or transport

Lipoprotein lipase (LPL)
Cholesterol ester transfer

protein (CETP)
Apolipoprotein E
NEFAs

Enzymes involved in steroid
metabolism

Cytochrome P450-
dependent aromatase

17�HSD
11�HSD1

Proteins of the RAS AGT
Other proteins Resistin

TABLE 2. Examples of receptors expressed in adipose tissue

Receptors for traditional
endocrine hormones

Insulin receptor
Glucagon receptor
GH receptor
TSH receptor
Gastrin/CCK-B receptor
Glucagon like peptide-1

receptor
Angiotensin II receptors

type 1 and 2
Nuclear hormone receptors Glucocorticoid receptor

Vitamin D receptor
Thyroid hormone

receptor
Androgen receptor
Estrogen receptor
Progesterone receptor

Cytokine receptors Leptin receptor
IL-6 receptor
TNF� receptor

Catecholamine receptors �1, �2, �3 receptors
�1, �2 receptors
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hypothalamic neurons suggest that the ventral medial hy-
pothalamus (VMH) is involved in leptin’s effect on bone
mass (24). Leptin-responsive neurons in the VMH are known
to influence sympathetic nervous system (SNS) activity. In-
deed, mice with defective SNS activity due to absence of
dopamine �-hydroxylase have high bone mass and are re-
sistant to the antiosteogenic effects of leptin, whereas trans-
genic overexpression of leptin in osteoblasts has no effect on
bone mass (24). These data suggest that leptin decreases bone
mass indirectly via activation of the SNS (24). Leptin clearly
has diverse endocrine function in addition to its effects on
energy homeostasis. As a result, leptin is the prototype for all
adipose tissue-derived endocrine hormones.

TNF�

TNF� is a cytokine initially described as an endotoxin-
induced factor causing necrosis of tumors and subsequently
shown to be identical to cachexin, a factor secreted by mac-
rophages in vitro (Ref. 25 and references therein). TNF� is a
26-kDa transmembrane protein that is cleaved into a 17-kDa
biologically active protein that exerts its effects via type I and
type II TNF� receptors. Within adipose tissue, TNF� is ex-
pressed by adipocytes and stromovascular cells (9). TNF�
expression is greater in sc compared with visceral adipose
tissue, but this finding may be dependent on total and re-
gional fat mass (9, 14). Adipocytes also express both types of
TNF� receptors as membrane bound and soluble forms (25).
The ability of TNF� to induce cachexia in vivo naturally led
to an extensive evaluation of its role in energy homeostasis.

Although initially suspected of playing a role in cachexia,
TNF� has now been implicated in the pathogenesis of obesity
and insulin resistance (25–27). Adipose tissue expression of
TNF� is increased in obese rodents and humans and is pos-
itively correlated with adiposity and insulin resistance (25–
28). Although circulating concentrations of TNF� are low
relative to local tissue concentrations, plasma TNF� levels
have been positively correlated with obesity and insulin re-
sistance in some studies but not others (28). Chronic exposure
to TNF� induces insulin resistance both in vitro and in vivo
(25). Treatment with neutralizing soluble TNF� receptors
improves insulin sensitivity in rodent obesity but not in
humans (25). Targeted gene deletion of TNF� or its receptors
significantly improves insulin sensitivity and circulating
nonesterified fatty acids (NEFAs) in rodent obesity (29).

Several potential mechanisms for TNF�’s metabolic effects
have been described. First, TNF� influences gene expression
in metabolically important tissues such as adipose tissue and
liver (30). In adipose tissue, TNF� represses genes involved
in uptake and storage of NEFAs and glucose, suppresses
genes for transcription factors involved in adipogenesis and
lipogenesis, and changes expression of several adipocyte-
secreted factors including adiponectin and IL-6 (30). In liver,
TNF� suppresses expression of genes involved in glucose
uptake and metabolism and fatty acid oxidation and in-
creases expression of genes involved in de novo synthesis of
cholesterol and fatty acids (30). Second, TNF� impairs in-
sulin signaling. This effect is mediated by activation of serine
kinases that increase serine phosphorylation of insulin re-
ceptor substrate-1 and -2, making them poor substrates for

insulin receptor kinases and increasing their degradation
(26). TNF� also impairs insulin signaling indirectly by in-
creasing serum NEFAs, which have independently been
shown to induce insulin resistance in multiple tissues (25).
Thus, whereas TNF� clearly affects multiple metabolic pro-
cesses, the relative contribution of direct endocrine effects
may be less significant than the indirect effects resulting from
autocrine or paracrine modulation of NEFAs or other adi-
pose tissue-derived hormones.

IL-6

IL-6 is another cytokine associated with obesity and in-
sulin resistance (28). IL-6 circulates in multiple glycosylated
forms ranging from 22 to 27 kDa in size. The IL-6 receptor
(IL-6R) is homologous to the leptin receptor and exists as
both an approximately 80-kDa membrane-bound form and
an approximately 50-kDa soluble forms. A complex consist-
ing of the ligand-bound receptor and two homodimerized
transmembrane gp130 molecules triggers intracellular sig-
naling by IL-6. Within adipose tissue, IL-6 and IL-6R are
expressed by adipocytes and adipose tissue matrix (9). Ex-
pression and secretion of IL-6 are 2 to 3 times greater in
visceral relative to sc adipose tissue (9, 14). In contrast to
TNF�, IL-6 circulates at high levels in the bloodstream, and
as much as one third of circulating IL-6 originates from
adipose tissue (28).

Adipose tissue IL-6 expression and circulating IL-6 con-
centrations are positively correlated with obesity, impaired
glucose tolerance, and insulin resistance (28). Both expres-
sion and circulating levels decrease with weight loss (28).
Furthermore, plasma IL-6 concentrations predict the devel-
opment of type 2 diabetes and cardiovascular disease (28).
Genetic polymorphisms of the IL-6 locus have been linked to
obesity, energy expenditure, insulin sensitivity, and type 2
diabetes (28). Furthermore, peripheral administration of IL-6
induces hyperlipidemia, hyperglycemia, and insulin resis-
tance in rodents and humans (28). IL-6 also decreases insulin
signaling in peripheral tissues by reducing expression of
insulin receptor signaling components and inducing sup-
pressor of cytokine signaling 3 , a negative regulator of both
leptin and insulin signaling (31). IL-6 also inhibits adipo-
genesis and decreases adiponectin secretion (28). These pe-
ripheral effects of IL-6 are consistent with the above epide-
miological findings, suggesting a causal role for IL-6 in
obesity and insulin resistance.

Evaluation of the central role of IL-6, however, suggests a
more complex role for IL-6 in energy homeostasis. IL-6 levels
in the CNS are negatively correlated with fat mass in over-
weight humans, suggesting central IL-6 deficiency in obesity.
Central administration of IL-6 increases energy expenditure
and decreases body fat in rodents. Furthermore, transgenic
mice overexpressing IL-6 have a generalized defect in
growth, which includes reduced body weight and decreased
fat pad weights (32). On the other hand, mice with a targeted
deletion of IL-6 develop mature-onset obesity and associated
metabolic abnormalities, which are reversed by IL-6 replace-
ment, suggesting that IL-6 is involved in preventing rather
than causing these conditions (33). Hence, IL-6 has different
effects on energy homeostasis in the periphery and the CNS.
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Macrophages and monocyte chemoattractant
protein (MCP)-1

Obesity is associated with increased adipose tissue infil-
tration by macrophages (34, 34a, 34b). Activated macro-
phages secrete inflammatory factors that contribute to insu-
lin resistance, including TNF� and IL-6. MCP-1, a chemokine
that recruits monocytes to sites of inflammation, is expressed
and secreted by adipose tissue (34). Whereas the cellular
source of MCP-1 expression is unclear, both adipocytes and
stromovascular cells have been implicated (34). Adipose
tissue expression of MCP-1 and circulating MCP-1 levels
are increased in rodent obesity, suggesting that MCP-1-
mediated macrophage infiltration of adipose tissue may
contribute to the metabolic abnormalities associated with
obesity and insulin resistance (35, 36).

MCP-1 has local as well as endocrine effects. Incubation of
cultured adipocytes with MCP-1 decreases insulin-stimu-
lated glucose uptake and insulin-induced insulin receptor
tyrosine phosphorylation, suggesting that MCP-1 directly
contributes to adipose tissue insulin resistance (36, 37).
MCP-1 also inhibits adipocyte growth and differentiation by
decreasing the expression of a number of adipogenic genes
(36, 37). Increased circulating MCP-1 in rodent obesity is
associated with increased circulating monocytes (35). Pe-
ripheral administration of MCP-1 to mice increases circulat-
ing monocytes, promotes accumulation of monocytes in col-
lateral arteries, and increases neointimal formation (35, 38).
These findings support an endocrine function of MCP-1 and
implicate it in the development of atherosclerosis.

Plasminogen activator inhibitor (PAI)-1

Several proteins of the hemostasis and fibrinolytic system
are secreted by adipocytes including tissue factor and PAI-1
(39). PAI-1 is a member of the serine protease inhibitor family
and is the primary inhibitor of fibrinolysis by inactivating
urokinase-type and tissue-type plasminogen activator. PAI-1
has also been implicated in variety of other biological pro-
cesses including angiogenesis and atherogenesis. PAI-1 is
expressed by many cell types within adipose tissue including
adipocytes (9). PAI-1 expression and secretion are greater in
visceral relative to sc adipose tissue (9, 14).

Plasma PAI-1 levels are elevated in obesity and insulin
resistance, are positively correlated with features of the met-
abolic syndrome, and predict future risk for type 2 diabetes
and cardiovascular disease (39, 40). Plasma PAI-1 levels are
strongly associated with visceral adiposity, which is inde-
pendent of other variables including insulin sensitivity, total
adipose tissue mass, or age (14, 39). Weight loss and im-
provement in insulin sensitivity due to treatment with met-
formin or thiazoladinediones (TZDs) significantly reduce cir-
culating PAI-1 levels (39). TNF� contributes to the elevated
PAI-1 levels observed in obesity and insulin resistance (9, 39,
40). Mice with targeted deletion in PAI-1 have decreased
weight gain on high-fat diet, increased energy expenditure,
improved glucose tolerance, and enhanced insulin sensitiv-
ity (41). Likewise, targeted deletion of PAI-1 in Lepob/Lepob

mice decreases adiposity and improves metabolic parame-
ters (42). Thus, PAI-1 may contribute to the development of

obesity and insulin resistance and may be a causal link be-
tween obesity and cardiovascular disease.

Adiponectin

Adiponectin was independently characterized in 1995 and
1996 by four groups using different methods, hence its al-
ternative names of apM1 (adipose most abundant gene tran-
script 1), Acrp30 (adipocyte complement-related protein of
30 kDa), adipoQ, and GBP28 (gelatin binding protein of 28
kDa) (43–46). Adiponectin is highly and specifically ex-
pressed in differentiated adipocytes and circulates at high
levels in the bloodstream (47). Adiponectin expression is
higher in sc than visceral adipose tissue (9). Adiponectin is
an approximately 30-kDa polypeptide containing an N-
terminal signal sequence, a variable domain, a collagen-like
domain, and a C-terminal globular domain (43–46). It shares
strong sequence homology with type VIII and X collagen and
complement component C1q (43–46). Interestingly, the ter-
tiary structure of the globular domain bears a striking sim-
ilarity to TNF�, despite a lack of homology in primary se-
quence (47). Posttranslational modification by hydroxylation
and glycosylation produces multiple isoforms, which assem-
ble into trimers and then into higher-order oligomeric struc-
tures (47). A proteolytic cleavage product containing the
globular domain of adiponectin also circulates at physiolog-
ically significant levels and has biological activity (47).

Adiponectin receptors (AdipoR) 1 and 2 have been iden-
tified (48). The receptors contain seven-transmembrane do-
mains but are structurally and functionally distinct from G
protein-coupled receptors. AdipoR1 is expressed primarily
in muscle and functions as a high-affinity receptor for glob-
ular adiponectin and a low-affinity receptor for full-length
adiponectin. AdipoR2 is expressed primarily in liver and
functions as an intermediate-affinity receptor for both glob-
ular and full-length adiponectin. Thus, the biological effects
of adiponectin depend on not only the relative circulating
concentrations and properties of the different adiponectin
isoforms but also the tissue-specific expression of the adi-
ponectin receptor subtypes.

A strong and consistent inverse association between adi-
ponectin and both insulin resistance and inflammatory states
has been established (47, 49). Plasma adiponectin declines
before the onset of obesity and insulin resistance in nonhu-
man primates, suggesting that hypoadiponectinemia con-
tributes to the pathogenesis of these conditions (50). Adi-
ponectin levels are low with insulin resistance due to either
obesity or lipodystrophy, and administration of adiponectin
improves metabolic parameters in these conditions (47, 49,
51). Conversely, adiponectin levels increase when insulin
sensitivity improves, as occurs after weight reduction or
treatment with insulin-sensitizing drugs (47, 49). Further-
more, several polymorphisms in the adiponectin gene are
associated with obesity and insulin resistance (47, 49). These
epidemiological findings are corroborated by studies in mu-
rine models with altered adiponectin expression. Adiponec-
tin-deficient mice develop premature diet-induced glucose
intolerance and insulin resistance, increased serum NEFAs,
and increased vascular neointimal smooth muscle prolifer-
ation in response to injury (52, 53). This unfavorable meta-
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bolic profile occurs without significant differences in body
weight or food intake (52, 53). In contrast, transgenic over-
expression of adiponectin in mice leads to improved insulin
sensitivity, glucose tolerance, and serum NEFAs (53, 54).

Several mechanisms for adiponectin’s metabolic effects
have been described (47, 49). In the liver, adiponectin en-
hances insulin sensitivity, decreases influx of NEFAs, in-
creases fatty acid oxidation, and reduces hepatic glucose
output. In muscle, adiponectin stimulates glucose use and
fatty acid oxidation. Within the vascular wall, adiponectin
inhibits monocyte adhesion by decreasing expression of ad-
hesion molecules, inhibits macrophage transformation to
foam cells by inhibiting expression of scavenger receptors,
and decreases proliferation of migrating smooth muscle cells
in response to growth factors. In addition, adiponectin in-
creases nitric oxide production in endothelial cells and stim-
ulate angiogenesis. These effects are mediated via increased
phosphorylation of the insulin receptor, activation of AMP-
activated protein kinase, and modulation of the nuclear fac-
tor �B pathway (47, 49). Taken together, these studies suggest
that adiponectin is a unique adipocyte-derived hormone
with antidiabetic, antiinflammatory, and antiatherogenic
effects.

Adipsin and acylation stimulating protein (ASP)

Adipsin (complement factor D) is one of several adipose
tissue-derived complement components that are required for
the enzymatic production of ASP, a complement protein that
affects both lipid and glucose metabolism (55). Although
adipsin was initially shown to be decreased in rodent obesity
(2), subsequent studies in humans indicate that both adipsin
and ASP positively correlate with adiposity, insulin resis-
tance, dyslipidemia, and cardiovascular disease (55). ASP
influences lipid and glucose metabolism via several mech-
anisms (55). ASP promotes fatty acid uptake by increasing
lipoprotein lipase activity, promotes triglyceride synthesis
by increasing the activity of diacylglycerol acyltransferase,
and decreases lipolysis and release of NEFAs from adipo-
cytes (55). ASP also increases glucose transport in adipocytes
by increasing the translocation of glucose transporters and
enhances glucose-stimulated insulin secretion from pancre-
atic �-cells (55). Not surprisingly, mice with targeted deletion
of complement protein C3 (obligate ASP-deficient) have de-
layed postprandial clearance of triglycerides and NEFAs.
Despite delayed lipid clearance, these mice have decreased
body weight and fat mass, improved steady-state serum lipid
profiles, and improved glucose tolerance and insulin sensi-
tivity (55). This improved metabolic profile is attributed in
part to increased energy expenditure and fatty acid oxidation
in liver and muscle (56). A G protein-coupled receptor for
ASP, known as C5L2, has been identified and is expressed in
adipocytes (57). These findings support an endocrine role for
ASP and related complement components in metabolism.

Resistin

Resistin (resistance to insulin) is an approximately 12-kDa
polypeptide that belongs to a unique family of cysteine-rich
C-terminal domain proteins called resistin-like molecules,
which are identical to the found in inflammatory zone family,

hence resistin’s alternative name FIZZ3 (58). Resistin was
initially identified in 2001 as a novel mRNA induced during
adipocyte differentiation but down-regulated by TZDs in
vitro and subsequently identified by other groups using in-
dependent methods (59–61). In vivo studies in rodents con-
firmed adipose tissue-specific expression of resistin and
down-regulation by TZDs (59). Resistin expression is 15-fold
greater in visceral compared with sc adipose tissue in ro-
dents (58).

Initial studies suggested that resistin had significant effects
on insulin action, potentially linking obesity with insulin
resistance (58). Treatment of cultured adipocytes with re-
combinant resistin impairs insulin-stimulated glucose up-
take whereas antiresistin antibodies prevent this effect (59).
Similarly, in vivo treatment with recombinant resistin in ro-
dents induces insulin resistance, whereas immunoneutral-
ization of resistin has the opposite effect (59). Serum resistin
is also elevated in rodent obesity (59). Furthermore, infusion
of resistin under euglycemic hyperinsulinemic conditions
produces hepatic insulin resistance (62). Subsequent studies,
however, have reported conflicting results including up-
regulation of resistin by TZDs and suppression rather than
elevation of resistin in rodent obesity (58). In addition, hu-
man resistin shares only 64% homology with murine resistin
and is expressed at very low levels in adipocytes (58). Finally,
numerous epidemiological studies in humans have failed to
provide a clear and consistent link between resistin expres-
sion in adipose tissue or circulating resistin levels and adi-
posity or insulin resistance (58).

Recently, mice with targeted deletion of resistin have pro-
vided insight into resistin’s metabolic effects in rodents (63).
Mice lacking resistin have similar body weight and fat mass
as wild-type mice, even when challenged with a high-fat diet.
Nevertheless, mice lacking resistin have significantly im-
proved fasting blood glucose levels on chow diet and im-
proved glucose tolerance on high-fat diet. Insulin sensitivity
is unaffected. The observed improvement in glucose ho-
meostasis in mice lacking resistin is associated with de-
creased hepatic gluconeogenesis. This effect is mediated at
least in part via increased activity of AMP-activated protein
kinase and decreased expression of gluconeogenic enzymes
in the liver. Whereas these data support a role for resistin in
glucose homeostasis during fasting in rodents, a similar role
in humans remains to be determined.

Proteins of the renin angiotensin system (RAS)

Several proteins of the classic RAS are also produced in
adipose tissue. These include renin, angiotensinogen (AGT),
angiotensin I, angiotensin II, angiotensin receptors type I
(AT1) and type 2 (AT2), angiotensin-converting enzyme
(ACE), and other proteases capable of producing angiotensin
II (chymase, cathepsins D and G, tonin) (64, 65). Expression
of AGT, ACE, and AT1 receptors is higher in visceral com-
pared with sc adipose tissue (64, 65). Angiotensin II mediates
many of the well-documented effects of the RAS including
increasing vascular tone, aldosterone secretion from the ad-
renal gland, and sodium and water reabsorption from the
kidney, all of which contribute to blood pressure regulation.
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Thus, the adipose tissue RAS is a potential link between
obesity and hypertension.

Plasma AGT, plasma renin activity, plasma ACE activity,
and adipose tissue AGT expression are positively correlated
with adiposity in humans (64, 65). Adipose tissue AGT ex-
pression is decreased by fasting and increased by refeeding,
and these changes are accompanied by parallel changes in
blood pressure (64, 65). Inhibition of the RAS, either by
inhibition of ACE or antagonism of the AT1 receptor, de-
creases weight and improves insulin sensitivity in rodents
(64, 65). Although several large randomized trials have
shown that ACE inhibitors reduce the incidence of type 2
diabetes, a direct effect of RAS inhibition on insulin sensi-
tivity in humans has been observed in some studies (66) but
not others (67). Finally, genetic variation in components of
the RAS has been associated with obesity in isolated popu-
lations (64, 65).

In addition to its well-known effects on blood pressure, the
RAS influences adipose tissue development. Components of
the RAS such as AGT and angiotensin II are induced during
adipogenesis (64). Angiotensin II promotes adipocyte growth
and differentiation, both directly by promoting lipogenesis and
indirectly by stimulating prostaglandin synthesis (64). Angio-
tensin II from mature adipocytes, however, may inhibit further
recruitment of preadipocytes (64). Angiotensin II binds recep-
tors on not only adipocytes but also stromovascular cells and
nerve terminals, thus affecting adipose tissue physiology by
altering blood flow and SNS activity (64). Angiotensin II inhibits
lipolysis, promotes lipogenesis, decreases insulin-dependent
glucose uptake, and increases hepatic gluconeogenesis and gly-
cogenolysis (64). Furthermore, the adipose tissue RAS regulates
the expression of adipose tissue-derived endocrine factors in-
cluding prostacyclin, nitric oxide, PAI-1, and leptin (64, 65).

Murine models of increased and decreased AGT expres-
sion support a causal role for the adipose tissue RAS in
obesity and hypertension. Mice with targeted deletion of
AGT have decreased blood pressure and adipose tissue mass
(68), whereas mice with transgenic overexpression of AGT in
adipose tissue have increased blood pressure and adipose
tissue mass (69). In addition, mice with transgenic amplifi-
cation of glucocorticoids due to overexpression 11�-hydroxy-
steroid dehydrogenase type 1 (11�HSD1) in adipose tissue
develop hypertension associated with activation of the RAS
including increased plasma AGT, angiotensin II, and aldo-
sterone (70). This is not surprising because glucocorticoids
are known to increase adipose tissue expression of AGT.
Thus, adipocyte-derived components of the RAS may play
important autocrine, paracrine, and endocrine roles in the
pathogenesis of obesity, insulin resistance, and hypertension.

Enzymes Involved in the Metabolism of Steroid
Hormones

Enzymes involved in the metabolism of sex steroids

Although the adrenal gland and gonads serve as the pri-
mary source of circulating steroid hormones, adipose tissue
expresses a full arsenal of enzymes for activation, intercon-
version, and inactivation of steroid hormones (71, 72). Tra-
ditionally the primary determinants of steroid hormone ac-
tion were thought to be circulating free steroid hormone

concentrations and tissue-specific expression of steroid hor-
mone receptors. An additional determinant of steroid hor-
mone action is tissue-specific prereceptor steroid hormone
metabolism. Several steroidogenic enzymes are expressed in
adipose tissue including cytochrome P450-dependent aro-
matase, 3�-hydroxysteroid dehydrogenase (HSD), 3�HSD,
11�HSD1, 17�HSD, 7�-hydroxylase, 17�-hydroxylase, 5�-
reductase, and UDP-glucuronosyltransferase 2B15 (71, 72).
Given the mass of adipose tissue, the relative contribution of
adipose tissue to whole body steroid metabolism is quite
significant, with adipose tissue contributing up to 100% of
circulating estrogen in postmenopausal women and 50% of
circulating testosterone in premenopausal women (71, 72).

The sexually dimorphic distribution of adipose tissue in
humans has implicated sex steroids in the regulation of ad-
iposity and body fat distribution. Premenopausal females
tend to have increased lower body or sc adiposity, whereas
males and postmenopausal females tend to have increased
upper body or visceral adiposity. Whereas circulating sex
steroids or differential steroid receptor expression may con-
tribute to this sexual dimorphism, adipose tissue-specific sex
steroid metabolism may also play a role. Cytochrome P450-
dependent aromatase and 17�HSD are two enzymes that are
highly expressed in adipose tissue stromal cells and prea-
dipocytes. Aromatase mediates the conversion of androgens
to estrogens: androstenedione to estrone and testosterone to
estradiol. 17�HSD mediates the conversion of weak andro-
gens or estrogens to their more potent counterparts: andro-
stenedione to testosterone and estrone to estradiol. Expres-
sion of 17�HSD is decreased relative to aromatase in sc
adipose tissue but increased relative to aromatase in visceral
adipose tissue (71, 72). The ratio of 17�HSD to aromatase is
positively correlated with central adiposity, implicating in-
creased local androgen production in visceral adipose tissue
(71, 72). Furthermore, mice with targeted ablation of aro-
matase and humans with naturally occurring mutations in
aromatase have increased visceral adiposity, insulin resis-
tance, dyslipidemia, and hepatic steatosis (73–76). Thus, ad-
ipose tissue is an important site for both metabolism and
secretion of sex steroids.

Enzymes involved in the metabolism of glucocorticoids

Attention has recently focused on adipose tissue-specific
regulation of glucocorticoid metabolism (77, 78). This tissue-
specific glucocorticoid metabolism is primarily determined
by the enzyme 11�HSD1, which catalyzes the conversion of
hormonally inactive 11�-ketoglucocorticoid metabolites
(cortisone in humans and 11-dehydrocorticosterone in mice)
to hormonally active 11�-hydroxylated metabolites (cortisol
in humans and corticosterone in mice). 11�HSD1 is highly
expressed in adipose tissue, particularly in visceral adipose
tissue (77, 78). Although 11�HSD1 amplifies local glucocor-
ticoid concentrations within adipose tissue, it does not con-
tribute significantly to systemic glucocorticoid concentrations.

Tissue-specific dysregulation of glucocorticoid metabo-
lism by 11�HSD1 has been implicated in a variety of common
medical conditions including obesity, diabetes, hyperten-
sion, dyslipidemia, hypertension, cardiovascular disease,
and polycystic ovarian syndrome (77, 78). 11�HSD1 activity
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is reduced in liver and enhanced in visceral adipose tissue
of leptin-resistant Leprfa/Leprfa rats and leptin-deficient
Lepob/Lepob mice (77, 78). In human idiopathic obesity,
11�HSD1 expression and activity are also decreased in liver
and increased in adipose tissue and are highly correlated
with total and regional adiposity (77, 78). Polymorphisms in
the 11�HSD1 gene have been linked to adiposity (79, 80).
Finally, pharmacological inhibition of 11�HSD1 in humans
increases insulin sensitivity (81), suggesting a potential ther-
apeutic role for 11�HSD1 inhibition in the treatment of obe-
sity and insulin resistance.

The importance of adipose tissue glucocorticoid metabo-
lism by 11�HSD1 is revealed by experiments in murine mod-
els of increased or decreased 11�HSD1 expression. Mice with
transgenic overexpression of 11�HSD1 in adipocytes have
normal serum glucocorticoids and HPA axis function but
have elevated local glucocorticoid concentrations in adipose
tissue (82). These mice develop visceral obesity and features
of the metabolic syndrome including insulin resistance, dys-
lipidemia, hypertension, and hepatic steatosis (82). In con-
trast, mice with targeted deletion of 11�HSD1 in all tissues
have a favorable metabolic phenotype characterized by de-
creased weight gain on high-fat diet, preferential fat depo-
sition in the sc adipose tissue compartment, improved glu-
cose tolerance and insulin sensitivity, and atheroprotective
lipid profiles (83–85). These studies support a role for adi-
pose tissue-specific glucocorticoid metabolism by 11�HSD1
in the pathogenesis of visceral obesity and the metabolic
syndrome.

Depot-Specific Differences in the Endocrine
Function of Adipose Tissue

As a further level of complexity, there is considerable
heterogeneity among the various adipose tissue depots. The
sc and visceral adipose tissue depots have been the best
characterized, particularly with respects to contribution to
disease. Visceral adipose tissue is associated with increased
risk for multiple medical morbidities including the metabolic
syndrome. This observed difference in disease risk may be
due to differences in endocrine function among adipose tis-
sue depots. The anatomic location of each adipose tissue
depot itself affects endocrine function. Endocrine hormones
derived from visceral adipose tissue are secreted into the
portal system and have direct access to the liver, whereas
those derived from sc adipose tissue are secreted into the
systemic circulation. Hence, the former have a relatively
greater effect on hepatic metabolic function. In addition,
adipose tissue depots exhibit unique adipokine expression
and secretion profiles. For example, expression and secretion
of IL-6 and PAI-1 are relatively greater in visceral adipose
tissue, whereas leptin and adiponectin are greater in sc ad-
ipose tissue. Furthermore, adipose tissue depots also exhibit
specific receptor expression patterns that influence their abil-
ity to respond to afferent signals. For example, expression of
AT1, �3-adrenergic, glucocorticoid, and androgen receptors
are greater in visceral relative sc adipose tissue. Whereas the
precise mechanisms for these differences are unclear, this
functional heterogeneity among various adipose tissue de-
pots suggests that adipose tissue may not simply be an en-

docrine organ but perhaps a group of similar but unique
endocrine organs.

The Future of Adipose Tissue as an Endocrine Organ

What is the future of adipose tissue as an endocrine organ?
Several adipose tissue-derived hormones have been identi-
fied, but even those factors that are relatively well charac-
terized, such as leptin, require further evaluation to more
precisely define their physiological roles. In addition to
known genes, as many as 40% of expressed genes in adipose
tissue are novel genes, and 20–30% of these may be secreted
proteins (86). The continued identification and characteriza-
tion of these novel genes is likely to reveal further insight into
the endocrine function of adipose tissue and the relationship
between energy homeostasis and other physiological sys-
tems. Additional studies are also required to clarify the con-
tribution of individual cellular components of adipose tissue
to determine how these components function as a cohesive
unit. Finally, understanding the endocrine function of adi-
pose tissue will likely permit more rational approaches to
treatment of the metabolic consequences of excess and de-
ficiency of adipose tissue.
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