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Until recently, adipose tissue has been considered to act
only as a passive energy storage site, it is now known that
adipocytes secrete a number of metabolically active
molecules which act in an autocrine, paracrine or endocrine
fashion.  These include proteins such as adipsin, agouti
protein, apolipoprotein E, cholesterol ester transfer protein
(CETP), lipoprotein lipase, retinol binding protein, non-
esterified fatty acids (NEFA), angiotensinogen, transforming
growth factor-β (TGFβ), type 1 plasminogen activator
inhibitor (PAI-1), tumour necrosis factor-a (TNF-α),
interleukin-6 and leptin.  Non-peptide compounds such
as eicosanoids and monobutyrin are also produced.

LEPTIN

Kennedy1 in 1953 was the first to propose the existence of
a circulating factor, generated in proportion to body fat
stores and influencing appetite and energy expenditure.
Coleman2 provided the evidence for the existence of this
circulating factor in 1973 and Zhang et al3 in 1994 cloned
the ob gene and demonstrated that it encodes a circulating
16-kDa protein (ob protein or leptin).

The ob gene is expressed in white adipose tissue,4 the
stomach, placenta,5 and the mammary gland.  Two different
mutations in the mouse leptin gene have been reported,
one of which abolishes leptin gene transcription and thus
prevents leptin synthesis, the other results in the production
of truncated, inactive protein. These mutations, when
present in the homozygous form, lead to the ob/ob
phenotype. The leptin receptor gene has been cloned and
is a member of the cytokine receptor family6 and it exists
in two forms: short (Ra) and long (Rb).  The long form of
the receptor (Rb) has been identified in several brain regions
including arcuate and the paraventricular nuclei.7  The four
short isoforms (Ra) have been found in choroid plexus
and the brain’s capillary endothelium.  Short isoforms are
also present in a range of other tissues including liver, lung,
kidney, adrenals, ovaries, haematopoietic stem cells, skeletal
muscle and pancreas.8  Extrahypothalamic leptin receptors
are also found in cerebellum, thalamus, parabrachial nucleus
and nucleus of the solitary tract.

The full array of leptin’s actions through activation of
these receptors is not clearly understood, however, the short
receptor isoforms present in the kidney may mediate leptin
clearance.9  Recently a mutation in the leptin receptor
gene has been described.  Patients homozygous for this
mutation present with early onset obesity, absence of
pubertal development and dysfunction of growth and
thyroid axes hormone activity.10

Leptin is a cytokine that binds to the transmembrane
receptors and transmit their information inside the cell,
after dimerisation.  Leptin uses the short form of the
receptor for transport across the blood-brain barrier.  Then
leptin binds to the long-form of the leptin receptor in the
hypothalamus and decreases the production of
neuropeptide Y (NPY).  The long-form of leptin receptor

transmits its information via the Janus Kinases (JAK) which
subsequently phosphorylate transcription factors of the
STAT family.

REGULATION OF LEPTIN AND INTERACTION WITH

OTHER HORMONES

The obesity of the ob/ob mouse is attributable to mutations
in the ob gene, which result in the production of a non-
functional protein: the signal to the feeding control centres
is absent or defective.  These animals perceive incorrectly
that the fat mass is low, resulting in hyperphagia, reduced
energy expenditure and weight gain.  Daily administration
of leptin results in reduced food intake and weight loss.
The db/db mouse has a mutation in the leptin receptor
gene, which results in production of an abnormal receptor,
which cannot respond normally to leptin binding.  The
db/db mouse shows early onset obesity, excessive food intake
and reduced energy expenditure, but unlike the ob/ob
mouse, exogenous leptin has no effect on food intake or
body weight.

The circulating leptin levels increase exponentially with
percent an amount of body fat.  Leptin mRNA expression
is higher in subcutaneous than in visceral fat depots.11  Plasma
leptin levels respond slowly to fasting, taking 12-24 hours
to begin to decrease,12 but are severely decreased by longer
starvation.13  Similarly, the increase in leptin after feeding is
delayed.  Massive overfeeding over a 12-hour period increases
leptin levels by approximately 50% of initial basal values.
Prolonged and strenuous exercise may decrease leptin
concentrations,14 however daily physical activity is not
associated in circulating leptin levels in men.15  Moderate
intensity aerobic exercise may independently effect leptin
levels in women.16

Independent of adiposity, plasma leptin levels are higher
in women than in men17 and show a diurnal rhythm.  Females
have higher serum leptin concentration before, during and
after puberty than males.  This sexual dimorphism could be
explained by a suppressive action of androgens on leptin
concentration in males and a stimulatory effect of oestradiol
on leptin concentration in females.18  Women also have
higher concentrations of leptin in the cerebrospinal fluid
than men, implying that a differing amount of leptin is
delivered to the brain.  This raises the possibility that women
are relatively resistant to leptin and require increased leptin
signalling to regulate body weight.

The peak in serum leptin is observed in the early
morning hours and the nadir in the afternoon.  In lean
subjects, the majority of leptin circulates in the bound form
whereas in obese subjects, the majority of leptin is present
in the free form.

Several hormones affect leptin production.  Postprandial
physiological hyperinsulinaemia does not affect serum leptin
levels,20 however more prolonged insulin infusions or
supraphysiologic insulin levels produce marked increases
of circulating leptin.21  Glucocorticoids enhance leptin gene
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transcription and leptin levels.22  Since the central effects
of leptin have been found to be maximal in the absence
of glucocorticoids and are markedly attenuated when
glucocorticoids are supplemented, it has been proposed
that glucocorticoids may induce a relative leptin resistance.23

Leptin inhibits cortisol release by reducing basal secretion
and blunting the ACTH-induced cortisol release from
adrenocortical cells.  Expression of CRF gene is increased
by leptin administration and the anorectic effects of leptin
are decreased by simultaneous administration of the CRF
receptor antagonist, alpha-helical CRF.24  These observations
suggest that weight loss induced by leptin involves
stimulation of hypothalamic CRF release.

Isoproterenol25 and β
3
-adrenergic receptor agonists

reduce leptin mRNA expression and circulating levels.26

Cigarette smoking, which induces a hyperadrenergic state,
has been associated with decreased serum leptin levels.
Similarly cold exposure induces a sympathetically mediated
suppression of the ob gene leading to a rapid decrease in
both ob mRNA and serum leptin levels.27  Long-chain
fatty acids and thiazolidinediones inhibit leptin expression.
Testosterone, somatostatin and insulin-like growth factor-
1 (IGF-1) also decrease leptin levels.

The long leptin receptor isoform activates the JAK
(Janus Kinase) signal transducer and alters expression of
many hypothalamic neuropeptides.28, 29  The best studied
of these neuropeptides are neuropeptide Y (NPY) in the
arcuate nucleus, and thyrotropin and corticotrophin-
releasing hormone in the paraventricular nucleus.  NPY is
downregulated by leptin,30 which results in reduced
appetite, increased sympathetic nervous system outflow, and
alteration of peripheral metabolic milieu.  Expression of
NPY mRNA in the arcuate nucleus is increased in response
to fasting and in leptin-deficient ob/ob and leptin-resistant
db/db mice.  In contrast, in the absence of NPY, ob/ob
mice are less obese and are less severely affected by diabetes,
sterility and somatotropic defects.  Glucocorticoids also
stimulate the expression of NPY and plasma levels of
glucocorticoids are known to be elevated in circumstances
in which NPY levels are augmented.31

Other targets of leptin in the hypothalamus include
the melanocyte-stimulating hormone (a-MSH) and its
competitive antagonist, agouti-related protein (AGRP),
cocaine and amphetamine-regulated transcript (CART)
peptide.32

Orexins, a recently discovered family of neuropeptides
from the hypothalamus, stimulate appetite and food
consumption.  Their genes are expressed bilaterally and
symmetrically in the lateral hypothalamus.  Orexin
immunoreactive terminals originating from the lateral
hypothalamus have been found to make direct synaptic
contact with neurones of arcuate nucleus that not only
express NPY but also contain leptin receptors.33  In
addition, orexin-containing neurones also express leptin
receptor immunoreactivity.34  Leptin has been shown to
reduce orexin concentrations in the lateral hypothalamus.35

Leptin has also been shown to have an inhibitory action
on other hormones involved in the regulation of food
intake including galanin and melanin-concentrating
hormone (MCH).36,  37

A number of cytokines have also been found to regulate
leptin gene expression and circulating levels in humans.
Tumour necrosis factor α (TNFα) directly induces leptin
gene expression,38 and so does the interleukin-1 (IL-1),

either directly or indirectly, by increasing the activity of the
hypothalamic-pituitary-adrenal axis.39  SOCS3, a member
of the suppressers of cytokine signalling (SOCS) family, blocks
leptin-induced activation of STAT3 in cells expressing the
long form of the leptin receptor.40

Thus leptin-mediated suppression of feeding is
controlled by a complex interaction of orexigenic (NPY
and MCH) and anorexigenic signals (alpha-MSH/MC4-
receptor, CART and CRF).

ROLE OF LEPTIN IN HUMAN PATHOPHYSIOLOGY

Leptin and Obesity
The levels of leptin are directly related to the quantity of
body fat.  However, obesity is a complex disorder, involving
interaction of endocrine and autonomic nervous system.

It was expected that human obesity might be a leptin-
deficient state in the light of dramatic effects of leptin
administration to ob/ob mice.  However, it was soon realised
that that the leptin-deficient persons represent only a minority
of obese humans.  In contrast, most obese humans have
increased leptin levels, indicating that obesity is a leptin-
resistant state in most obese people.  Unlike marked changes
in serum leptin, CSF leptin is only modestly increased in
obese subjects and the CSF leptin/serum leptin ratio
decreases logarithmically with increasing BMI.  Possible
receptor and post-receptor defects, interference due to
peripheral signals such as glucocorticoids, abnormal serum
leptin binding, abnormal leptin catabolism, and leptin
transport across the blood-brain barrier are the focus of
research to solve this puzzle.

Leptin and Diabetes Mellitus
Insulin resistance and diabetes are consistent features of ob/
ob mice and both improve in response to leptin
administration.41  Leptin inhibits insulin secretion from
pancreatic islets, reduces insulin-stimulated glucose transport
in adipocytes, and increases glucose transport, glycogen
synthesis and fatty acid oxidation in skeletal muscle.42, 43  There
is a close correlation between leptin levels and fasting and
two-hour post glucose load insulin levels suggesting a possible
role for leptin in insulin resistance.  This is true in both
non-diabetic and diabetic subjects.  An independent
relationship between leptin and fasting insulin has been
described.44  Serum leptin levels are, however, similar in
patients with type 2 diabetes mellitus and controls.45  In
contrast, fasting plasma leptin levels are higher in type 1
diabetes patients than in control subjects.46  Chronically
increased serum insulin levels probably cause this.

Leptin and Puberty
Leptin plays a permissive role in the onset of puberty in
normal children; leptin levels increase before puberty and
reach their peak at the onset of puberty.47  There is a
consistent rise in leptin levels in boys of normal height,
weight, and weight-for-height just before a major increase
in circulating testosterone concentration or an increase in
testicular size.48  As adolescents approach the end of puberty,
leptin levels decline in boys but not in girls.  In contrast,
subjects with inactivating mutations of leptin receptor have
hypogonadotrophic hypogonadism.  Adequate levels of
leptin in the circulation are essential, but not sufficient, for
pubertal progression.  Leptin treatment can reverse the delay
in sexual maturation caused by food restriction and
accelerate the onset of puberty.49
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Leptin and polycystic ovary syndrome
Serum leptin levels in women with the polycystic ovary
syndrome (PCOS) do not differ from those of normal
women.50  In addition, leptin does not appear to play a role
in either hyperandrogenaemia or hypersecretion of
luteinizing hormone in PCOS patients.51  Brzechffa et al,
however, reported that a substantial proportion of women
with PCOS have leptin levels that are higher than expected
for their body mass index, free testosterone, and insulin
sensitivity.52

Leptin and the thyroid
Leptin is involved in the regulation of thyroid hormones.
In the ob/ob mouse, an early abnormality is a low circulating
level of thyroid hormones.53  Patients with a leptin receptor
mutation are hypothyroid, with low levels of free thyroxin,
normal levels of  TSH and a delayed TSH response to TRH
stimulation.  The leptin deficient children show slightly
elevated TSH levels.54

Leptin and other conditions
End-stage renal disease, a catabolic and anorectic state, is
associated with marked elevation in plasma leptin levels.55

Serum leptin levels are similar to those of control subjects
in anorexia nervosa and bulimia.56  However, in anorexia
nervosa, the CSF to serum leptin ratio is highest prior to
weight gain.  This is the mirror image of the
disproportionately low CSF uptake of leptin in obese
individuals with high serum leptin levels.57  It is not known
whether altered leptin transport across the blood-brain
barrier in anorexia nervosa plays a primary role in the
pathogenesis of the disease, or is a secondary
epiphenomenon accompanying weight loss.

ADIPOSE TISSUE CYTOKINES

TNFα  and IL-6 have important effects on lipid and glucose
metabolism: both stimulate basal glucose uptake into
cultured adipocytes,58, 59 and inhibit lipoprotein lipase (LPL)
activity.  TNFα also stimulates lipolysis.60  IL-6 has been
shown to stimulate glucose and fatty acid oxidation as well
as release of glucagon and cortisol in humans.61, 62  Adipose
tissue is a significant source of both IL-6 and TNFα.  Both
these cytokines have been implicated in human obesity as
the expression of TNFα is elevated in most rodent models
of obesity and the circulating concentrations of IL-6 increase
with obesity.63, 64  TNFα impairs insulin signalling, but the
mechanism of this effect is unclear.65, 66  Several studies have
observed a relationship between hyperinsulinaemia and
elevated circulating levels of cytokines, the mechanisms
responsible for these relationships are poorly understood.67

TNFα has been shown to increase basal glucose uptake by
adipose tissue.59  High concentrations of both TNFα and
IL-6 increase basal intracellular calcium, which can alter
phosphorylation of GLUT 4, thus blocking insulin-
stimulated glucose uptake.68  Increase in TNFα may cause
insulin resistance by inhibiting insulin receptor substrate
(IRS)-1- and IRS-2-mediated phosphatidylinositol-3-kinase
activation.69  Hydrogen peroxide at low concentrations may
be involved in the development of insulin resistance in
response to TNFα.70

Different studies have shown contrasting results regarding
catecholamine regulation of adipose tissue cytokines.  Both
stimulatory and inhibitory effects of catecholamines on
these cytokines have been demonstrated.71, 72  Both TNFα

and IL-6 inhibit LPL activity as well as increase lipolysis.73

This may down-regulate triglyceride deposition and increase
fuel mobilisation from the adipose tissue.  This is supported
by the observations that repeated injections of both TNFα
and IL-6 cause weight loss in mice and this is inhibited by
pre-treatment with either anti-TNFα  or anti-IL-6
monoclonal antibodies.74

TNFα induces the release of both leptin and IL-6 from
adipose tissue.75  In another study, however, short-term
exposure of isolated adipocytes to TNFα did not affect
leptin concentration, but a prolonged exposure produced
a concentration-dependent inhibition of leptin secretion
and gene expression.76  The acute effects of TNFα to
increase circulating leptin levels in vivo may be indirect, as
TNFα appears to induce dissociation between adipocyte
glucose metabolism and leptin production.

IL-6 has a direct central role, as IL-6 receptors are present
in the hypothalamus.77  Cytokines, particularly IL-1 and
IL-6, act as endogenous pyrogens in the brain and stimulate
thermogenesis via synthesis of prostaglandins and CRF.78

Peptides such as lipocortin-1, arginine vasopressin, and alpha
MSH potently inhibit central effects of cytokines.

Both TNFα and IL-6 stimulate the hypothalamic-
pituitary-adrenal axis (HPA).  IL-6 stimulates release of CRH,
which is mediated by an eicosanoid cyclo-oxygenase
pathway.79  IL-6 and TNFα also stimulate ACTH release in
rats.80, 81  These actions are mediated by CRH as co-
administration of an anti-CRH antibody with the TNFα
or IL-6 blocks the effect of these cytokines on ACTH
secretion.81  IL-6 has been shown to stimulate CRH release
from rat medial basal hypothalamus and ACTH secretion
by human foetal pituitary cultures.82, 83

The effects of IL-6 on hypothalamic-pituitary-thyroid
axis are not clear.  IL-6 inhibits TSH release, whereas it
stimulates TRH release.84, 85  TNFα has a direct inhibitory
effect on thyroid hormone secretion and deiodinase activity
in thyroid gland.86, 87

NON-ESTERIFIED FATTY ACIDS (NEFA)

Elevated concentrations of NEFA in the circulation are
associated with impaired insulin sensitivity.88  NEFA impairs
insulin-mediated glucose uptake and glycogen synthase
activity in skeletal muscle.  They also enhance hepatic
gluconeogenesis and hepatic glucose output.  NEFA also
stimulates β-cell insulin secretion.89  Local NEFA in adipose
tissue stimulates the activity of LPL.90

CHOLESTERYL ESTER TRANSFER PROTEIN (CETP)

Transfer of cholesteryl ester between lipoproteins is mediated
by a plasma glycoprotein called Cholesteryl ester transfer
protein (CETP).  CETP mRNA is more abundantly
expressed in the immature fat cells of human adipose tissue
as compared to lipid rich mature adipocytes, implying that
CETP plays an important role in adipocyte cholesterol
accumulation from high-density lipoproteins.91  CETP
mRNA increases in subcutaneous adipose tissue in response
to cholesterol feeding.  High levels of CETP favour
decreased plasma high-density lipoprotein cholesterol and
increased levels of cholesterol in apolipoprotein B containing
lipoproteins.  Beta-adrenergic agents increase the secretion
of CETP.92

PLASMINOGEN ACTIVATOR INHIBITOR 1 (PAI-1)

Plasminogen activator inhibitor 1 (PAI-1) is likely to play a
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role in vascular disease, primarily in subjects with android
obesity.  Elevated Plasma plasminogen activator inhibitor 1
(PAI-1) activity is elevated in obesity.  Human adipose tissue,
in particular visceral tissue, is an important contributor to
the elevated plasma PAI-1 levels observed in central obesity.93

In vitro studies have shown a stimulatory effect of various
lipoproteins on PAI-1 release from different cells, including
adipocytes.

Insulin and glucocorticoids increase PAI-1 expression
in human adipose tissue.94  Conditions that increase
endogenous plasma insulin levels are associated with
increase in plasma PAI-1, whereas conditions that reduced
endogenous insulin are associated with decreases in plasma
PAI-1 levels.95  There is a strong relationship between PAI-
1 and leptin levels, indicating that leptin may increase PAI-
1 concentrations in obese subjects.96  PAI-1 mRNA
expression is also stimulated by TNFα, an effect potentiated
by insulin.97, 98  Chronic elevation in TNFα that occurs
locally in the adipose tissue in human and rodent obesity
may act via an autocrine manner to stimulate PAI-1
biosynthesis by the adipocyte.  TGFβ also stimulates PAI-1
biosynthesis in adipocytes.99

APOLIPOPROTEIN E

Apolipoprotein E is an important constituent of plasma
lipoproteins and a ligand for several lipoprotein receptors.
It is produced mainly in the liver but also in several peripheral
tissues, such as brain, adrenal glands, kidney, macrophages,
and adipocytes.

ANGIOTENSINOGEN

Adipose tissue is an important source of angiotensinogen
after liver. Angiotensinogen has been shown to be elevated
in adipose tissue of obese (ob/ob and db/db) mice.  A
potential link between insulin resistance and high blood
pressure has been speculated by means of increased
angiotensinogen secretion from adipose tissue.

Angiotensinogen mRNA is up regulated by insulin and
down regulated by beta-adrenergic stimulation in
adipocytes.100

GLUCOCORTICOIDS AND SEX STEROIDS

Adipose tissue possesses two enzymes involved in sex steroid
metabolism, 17β-hydoxysteroid oxidoreductase and
aromatase.101  17β-hydoxysteroid oxidoreductase converts
androstenedione to testosterone and oestrone to oestradiol.
Androgens are also aromatised to estrogens in the adipose
tissue by aromatase.

Adipose tissue possesses 11-hydroxysteroid-β
dehydrogenase (11-β HSD), which inter-converts cortisol
and cortisone.  Local 11-β HSD activity may influence local
cortisol-induced stimulation of aromatase activity.102

Increased 11-β HSD expression in visceral adipose tissue
has also been suggested to contribute to the development
of central obesity.103

Adipocytes also express estrogen mRNA and correlate
inversely with cytochrome P450 aromatase mRNA levels
in adipocytes.104

OTHERS

Monobutyrin is a simple lipid secreted by adipocytes that
stimulates both angiogenesis and vasodilatation of
microvascular beds.  Monobutyrin production is increased
during lipolysis.

Adipose tissue contains relatively high levels of the
specific mRNA for retinol-binding protein (RBP).105

Adipocytes store retinoids and synthesise and secrete RBP.
Retinoic acid, dexamethasone, and triiodothyronine regulate
RBP gene expression.106

Transforming growth factor β (TGFβ) expression is
elevated in the adipose tissue of obese mice.107  TNFα
contributes to this elevated TGFβ expression.  It is postulated
that TGFβ may play a role in the increased PAI-1 and vascular
pathologies associated with obesity.

Fibroblast growth factor-2 (FGF-2) stimulates cell
proliferation and capillary growth.  Noradrenaline mediates
FGF-2 production, in part via the beta-adrenergic receptor,
in adipose tissue.108

Prostacyclin (PGI-2) plays a key role in the process of
preadipose cell differentiation through a paracrine mode
of action.  Angiotensin-II has been shown to induce the
production of PGI-2 in suspensions of isolated adipocytes.109

CONCLUSION

Adipocytes synthesise and secrete numerous peptide and
non-peptide compounds, suggesting a potential link
between excess of adipose tissue mass and various
physiopathologic consequences.  Increased production from
adipose tissue of leptin, cytokines, and NEFA contributes
to changes in systemic metabolism of obese subjects causing
insulin resistance.  Adipocytes are able to secrete proteases,
protease inhibitors, hormones, growth factors, and cytokines,
and it is likely that some of these proteins contribute to
the cardiovascular risk associated with obesity.
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