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Abstract The discovery of the adipose-derived hormone leptin has generated
enormous interest in the interaction between peripheral signals and brain targets
involved in the regulation of feeding and energy balance. Plasma leptin levels correlate
with fat stores and respond to changes in energy balance. It was initially proposed
that leptin serves a primary role as an anti-obesity hormone, but this role is commonly
thwarted by leptin resistance. Leptin also serves as a mediator of the adaptation to
fasting, and this role may be the primary function for which the molecule evolved.
There is increasing evidence that leptin has systemic effects apart from those related
to energy homeostasis, including regulation of neuroendocrine and immune function
and a role in development.

INTRODUCTION

Evidence for the existence of a physiological system for homeostatic regulation
of body weight has accumulated over the past four decades. Kennedy (1) proposed
that the amount of energy stored in adipose mass represented the balance between
ingested calories and energy expenditure. Since adipose mass tends to be rela-
tively stable over long periods in most mammals, he envisaged a homeostatic
mechanism that monitors changes in energy stores and elicits compensatory
changes in food intake and energy expenditure to maintain adipose mass at a set
point. This adipostatic model of body weight regulation is consistent with the
observation that a decrease in adiposity from fasting or surgical resection causes
hyperphagia, decreases energy expenditure, and eventually restores body weight
to the previous level (2–4). Conversely, weight gain from forced overfeeding
inhibits voluntary food intake (3, 4). Hervey (5) demonstrated that cross-circulation
(parabiosis) between rats rendered obese by lesions in the ventromedial hypo-
thalamus (VMH) and control rats led to death from starvation in the latter. Based
on these results he suggested that increased levels of a circulating satiety factor
from the obese rats inhibited food intake in the non-lesioned lean rats. In contrast,
the obese rats were incapable of responding to elevated endogenous levels of the
presumed satiety factor because of the hypothalamic lesion. This latter view was
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consistent with the known effects of VMH lesions on feeding and body weight
regulation (6).

The concept of a circulating satiety factor was further strengthened by the
discovery of recessive mutations, obese (ob) and diabetes (db), both of which led
to hyperphagia, decreased energy expenditure, and early onset obesity in mice
(7). Coleman (8, 9) and Hausberger (10) showed that parabiosis of wild-type mice
and ob/ob mice suppressed weight gain in the latter, whereas parabiosis to db/db
mice caused profound hypophagia in lean wild-type mice. Taken together, these
results suggested that the ob locus was necessary for the production of a humoral
satiety factor and that the db locus encoded a molecule required for response to
this factor. Coleman’s predictions more than two decades ago have been con-
firmed by the cloning of the ob and db genes (11). The product of the ob gene
was named leptin (from the Greek root leptos meaning thin) because it caused
marked reduction in food intake, body weight, and body fat when injected into
leptin-deficient or normal mice (12). A rise in leptin levels was proposed to pre-
vent obesity by decreasing appetite and increasing thermogenesis, through action
in the brain (13, 14). However, as often happens when a new hormone or protein
is discovered, the initial view of leptin as an anti-obesity hormone has been
replaced by a more complex one. Here, we review major advances leading to our
current understanding of the diverse roles of leptin in the regulation of metabo-
lism, neuroendocrine, and immune function, and development.

THE OB GENE

The mouse ob gene was discovered through positional cloning and shown to
encode a 4.5 kilobase mRNA transcript with a highly conserved 167-amino acid
open reading frame that was unique in the GenBank database (11). Mouse and
human ob genes have been localized to chromosomes 6 and 7q31.3, respectively
(11, 15, 16). The ob gene encompases 650 kb and consists of 3 exons separated
by 2 introns. The coding region for Ob protein is located in exons 2 and 3. Several
regulatory elements have been identified within the ob gene promoter, including
cyclic AMP and glucocorticoid response elements, and CCATT/enhancer and
SP-1 binding sites (17–19). The sites responsible for adipose-specific expression
and for regulated expression in responses to changes in adipose size or energy
balance have not been identified. Analysis of the ob gene product revealed char-
acteristics consistent with a secreted protein and a high degree of homology
among species. For example, human leptin is 84% identical to mouse leptin and
83% identical to rat leptin. Leptin is synthesized mainly, but not exclusively (see
below), by white adipose tissue and circulates as a 16-kDa protein. There is a
strong positive correlation between leptin mRNA and protein levels in adipose
tissue and circulating leptin levels (20–22). Structural analysis indicates that leptin
is similar to cytokines (23, 24). Moreover, leptin contains an intrachain disulfide
bond that appears to be necessary for its biological activity (25). So far, it is not
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known whether leptin is secreted by a constitutive or regulated mechanism; how-
ever, the former means is thought to be more likely because leptin does not appear
to be stored in substantial amounts (26).

Mutations of the ob gene cause early onset obesity in mice (11–14). In C57Bl/
6J ob/ob mice, a Cys-to-Thr substitution results in a stop codon at position 105
instead of arginine and in synthesis of a truncated protein that is incapable of
being secreted (11, 27). mRNA expression of ob is increased in C57Bl/6J ob/ob
mice, consistent with the view that the ob gene is under negative feedback regu-
lation. In the ob2J/ob2J mouse mutant, a transposon inserted into the first intron
of the ob gene prevents the synthesis of mature ob mRNA (11). Both ob/ob mouse
mutants are leptin deficient, hyperphagic, hypothermic, and morbidly obese and
have several metabolic and neuroendocrine abnormalities.

Human ob gene mutations are rare and were first reported in two children from
a consanguineous Pakistani family in 1997 (28). In these patients, deletion of a
single guanine nucleotide in codon 133 led to a frameshift mutation and synthesis
of a truncated leptin protein that underwent proteosomal degradation (27). Strobel
et al (29) identified three members of a Turkish family with a missense mutation
(Cys-to-Thr) in codon 105. As with the ob mutation described above, the abnor-
mal leptin protein encoded in these patients is incapable of being secreted (29).
Human ob gene mutations cause hyperphagia, morbid obesity, and hypothalamic
hypogonadism. Impairment of linear growth and decreased sympathetic tone
(measured by cold pressor response) are less thoroughly documented (28, 29).
However, unlike ob/ob mice (11–14) hyperinsulinemia, hyperglycemia, hyper-
corticism, and hypothermia have not as yet been reported in leptin-deficient
humans (28, 29). The reasons for these species differences are not known, but
they suggest substantial differences in the physiological actions of leptin between
rodents and humans. As is discussed below, the relative importance of leptin as
a signal for the adaptation to fasting may differ among these species.

REGULATION OF LEPTIN EXPRESSION

Leptin expression is influenced by the status of energy stores in fat, as evidenced
by increased adipose ob mRNA and serum leptin levels in obese humans and
other mammals (20–22, 30, 31) (Table 1). Moreover, adipocyte size is an impor-
tant determinant of leptin synthesis, as larger adipocytes contain more leptin than
smaller adipocytes in the same individual (30). Leptin levels in blood correlate
with total body fat stores (20–22); however, it is not known whether increased
triglyceride levels, lipid metabolites, or mechanical factors associated with
increased adipocyte size influence leptin expression. Leptin levels increase within
hours after a meal in rodents and after several days of overfeeding in humans
(32–34). Leptin levels decrease within hours after initiation of fasting in both
species (32, 35, 36). The changes in leptin expression in response to fasting and
feeding are out of proportion to the corresponding changes in body weight or
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TABLE 1 Regulation of leptin expression

Site Increase Decrease

Adipose tissue Overfeeding Fasting
Obesity (except ob mutation) Testosterone
Insulin Beta-adrenergic agonists
Glucocorticoids Thiazolidinediones (in vitro)
Acute infection ? Thyroid hormone
Cytokines (TNF-a, IL-1, LPS) Cold exposure

Placenta Insulin Smoking
Glucocorticoids Low birth weight
Hypoxia

Skeletal muscle (rat) Glucosamine
Glucose
Lipids

Stomach fundus (rat) Feeding
Cholecystokinin

body fat (34, 36), suggesting that leptin serves as an indicator of energy stores,
as well as a mediator of energy balance. On the other hand, because leptin levels
do not rise in response to individual meals (37), leptin is not likely to serve as a
meal-related satiety signal.

Regulation of leptin expression by nutrition is probably mediated in part by
insulin. Leptin expression increases after peak insulin secretion during the feeding
cycle (32, 38). Insulin stimulates leptin expression directly in isolated adipocytes
(39) and increases leptin levels when injected into rodents (32). In contrast, leptin
is decreased in low insulin states, such as streptozotocin-induced diabetes, and
increases after insulin treatment (40). In humans leptin expression is correlated
with insulin levels, increases several days after insulin infusion, and may be pre-
dictive of insulin resistance (41–43). Conversely, the fall in insulin levels may
mediate the decline in leptin levels during fasting (36).

Leptin levels are regulated by other factors (Table 1). Glucocorticoids directly
stimulate leptin synthesis in cultured adipocytes (44–46), and leptin expression
increases in response to chronic elevation of cortisol in humans (47). In contrast
to this positive relationship in free-living animals, plasma leptin and glucocorti-
coid levels are inversely related. Peak glucocorticoid levels coincide with the
nadir of leptin at the beginning of the light cycle in humans (dark cycle in rodents),
and the nadir of glucocorticoids is related to peak leptin levels at night (light cycle
in rodents) (48–51). An inverse correlation between pulsatile leptin secretion and
cortisol and adrenocorticotropin (ACTH) has been reported in humans (50). Lep-
tin levels are higher in prepubertal rodents and boys and does not appear to be
dependent on adipose mass or triglyceride level (49, 52, 53). The prepubertal
increase in leptin expression precedes the rise in testosterone and estradiol and is
postulated to be involved in the maturation of the gonadal axis (49, 53). Females
have higher leptin levels than males when matched by age, weight, or body fat
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(54, 55). This may be attributable to sex differences in body fat distribution and
testosterone level (54, 56). Subcutaneous adipose tissue is more abundant and
contains higher levels of leptin in females. Leptin synthesis is inhibited by tes-
tosterone but is not affected by ovarian sex steroids (56, 57).

Administration of thyroid hormone decreases leptin levels in rodents (58).
Although levels of plasma leptin, thyroid-stimulating hormone (TSH), and adi-
posity correlate in euthyroid patients (59), there are conflicting reports on the
effect of hypothyroidism and hyperthyroidism on leptin levels and on the inter-
action between leptin and the pituitary-thyroid axis in humans. Some studies have
described an elevation of plasma leptin in hypothyroid patients and a decrease in
hyperthyroid patients, but others have reported no significant alteration in leptin
levels in these conditions or in response to replacement doses of thyroxine (59–
62).

Leptin synthesis is stimulated by infection, endotoxin, and cytokines, e.g.
tumor necrosis factor (TNF), leukemia inhibitory factor (LIF), and interleukin 1
(IL-1) (63–66). In addition to regulating feeding behavior and energy balance
directly, the rise in leptin as a result of elevation of cytokine levels may also
contribute to anorexia and weight loss in these inflammatory conditions (65, 67).
Troglitazone decreases leptin synthesis in vitro (68), and cold exposure and
catecholamines decrease leptin expression, most likely through activation of
b-adrenergic receptors (69–72). The effects of thiazolidinediones and
catecholamines on leptin levels are likely to be mediated by direct action on the
ob gene, since binding sites for the respective nuclear transcription factors are
present in the ob gene promoter (17, 18).

Initial studies indicated that leptin expression was synthesized only in adipose
tissue. However, leptin is also synthesized in extra-adipose tissues including pla-
centa, gastric fundic mucosa, skeletal muscle, and mammary epithelium (73–76)
(Table 1). Placental leptin expression is stimulated by hypoxia, insulin, and glu-
cocorticoids (77, 78). Leptin is synthesized by mammary epithelium, secreted in
colustrum, and absorbed by the neonate (74). Feeding and administration of cho-
lecystokinin or gastrin decrease leptin synthesis in the gastric fundus and increase
plasma leptin (75). It is speculated that meal-related alterations in gastric and
plasma leptin levels may be involved in the short-term regulation of appetite (75).
Glucosamine infusion increases leptin expression in adipose tissue and induces
de novo leptin synthesis in rat skeletal muscle (76). Glucose and lipid infusion
have similar effects on leptin expression in these tissues, raising the possibility
that leptin acts as a sensor of nutrient flux in adipose tissue and skeletal muscle
(76).

THE DB GENE

Tartaglia et al (79) were the first to isolate the leptin receptor (Ob-R) from mouse
choroid plexus using an expression cloning strategy. Because the sequence and
expression of the initially cloned receptor are normal in db/db mice, they predicted



418 AHIMA n FLIER

Figure 1 Domain structure of alternatively spliced leptin receptor (Ob-R) isoforms. Ob-
R isoforms (ObRa-Ob-Rf) share a common extracellular leptin-binding domain, but differ
at the carboxy terminus (intracellular domain). Only Ob-Rb, the long isoform, has all
intracellular protein motifs necessary for signaling via the Jak-STAT signal transduction
pathway. Terminal amino acid residues for various Ob-R isoforms are denoted by the
alphabet code. Ob-Re lacks a transmembrane domain (TM) as well as intracellular motifs.
Intracellular Box1 and Box2 domains are indicated by hatched boxes.

that the db mutation affected a different receptor or an alternatively spliced iso-
form. The latter explanation rapidly proved to be correct. Multiple splice variants
of Ob-R mRNA encode at least six leptin receptor isoforms (80, 81) (Figure 1).
The leptin receptor belongs to the family of class 1 cytokine receptors, which
include receptors for interleukin 6 (IL-6), leukemia inhibitory factor (LIF), gran-
ulocyte-colony stimulating factor (GCSF), and glycoprotein 130 (for review see
82). Leptin receptor isoforms share an identical extracellular ligand-binding
domain at the amino terminus but differ at the carboxy terminus. Five isoforms,
Ob-Ra, Ob-Rb, Ob-Rc, Ob-Rd, and Ob-Rf have transmembrane domains; how-
ever, only Ob-Rb (the long receptor isoform) contains intracellular motifs required
for activation of the JAK (janus kinase)-STAT (signal transducers and activators
of transcription) signal transduction pathway (83–86) (Figure 1). Activation of
ObRb, and to a lesser extent ObRa, promotes JAK-dependent signaling to path-
ways other than STAT, such as MAP kinase (86), and the relative importance of
these divergent signaling events in leptin action is unknown. Leptin binds with
high affinity (nanomolar range) to an Ob-R homodimer, leading to activation of
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JAK2. It is not known whether Ob-Rb is capable of forming heterodimers with
other receptor isoforms. Ob-Re lacks transmembrane and intracellular domains
and circulates as a soluble receptor (80, 87).

Leptin receptor mutations cause early onset obesity in rodents (83, 88, 89). In
C57Bl/Ks db/db mice, a premature stop codon inserted in the 38-end of the Ob-
Rb mRNA transcript leads to the synthesis of a truncated receptor that replaces
the Ob-Rb isoform with the Ob-Ra isoform, which is incapable of mediating JAK-
STAT signaling (84, 85). Ob-Ra and other splice variants are expressed normally
in these db/db mice. Mice with dbPas/dbPas and db3J/db3J mutations lack trans-
membrane and intracytoplasmic domains and thus lack all receptor species (87,
90). db mutations cause leptin insensitivity, hyperphagia, metabolic derangement,
morbid obesity, and neuroendocrine abnormalities, including hypercorticism and
hypothalamic hypogonadism (12, 14, 91). A Gln-to-Pro substitution at amino acid
position 269 in the extracellular domain decreases cell surface Ob-R expression
in fa/fa rats and additionally reduces the signaling capacity of the receptor (83,
89). There are conflicting reports on the effect of intracerebroventricular (icv)
leptin administration on feeding in fa/fa rats. Some studies have described a
decrease in food intake in response to icv leptin injection; however, others have
observed no such effect in these rats (93, 94). Obese Koletsky rats have a point
mutation at amino acid position 763, which results in a stop codon in the extra-
cellular domain and failure of expression of all isoforms of Ob-R (88, 95).

Ob-R mutations are extremely rare in humans. Clement et al (96) described
the first cases of human Ob-R mutations in three sisters from a consanguineous
Kabilian family. In these patients, a GrA substitution in the splice donor site of
exon 16 resulted in a truncated leptin receptor lacking both transmembrane and
intracellular domains. The mutant leptin receptor circulates at high concentrations
and is capable of binding leptin (96). As with human ob gene mutations, human
db mutation causes hyperphagia, early onset obesity, and hypothalamic hypogon-
adism. In addition, the secretion of thyrotropin and growth hormone is impaired
in these patients. Unlike db/db mice, the human db mutation is not associated
with hyperglycemia, hypercorticism, and hypothermia (91, 96).

LEPTIN TRANSPORT AND SITES OF ACTION

Leptin circulates as a 16-kDa protein and is partially bound to plasma proteins
(97, 98). In one study, the proportion of bound leptin was reported to be higher
in lean (;45%) compared with obese (;20%) individuals (98). The bound frac-
tion of leptin can be as high as 80% in humans with a leptin receptor mutation
due to binding of leptin to circulating leptin receptors (96). An additional pool
of leptin is bound to tissue-binding sites and is likely to contribute to the main-
tenance of steady-state plasma leptin levels (99). Based on anatomic and func-
tional data, it appears that leptin exerts its effects on energy balance mainly by
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acting in the brain. Intravenous leptin injection activates neurons in the arcuate,
ventromedial, and dorsomedial hypothalamic nuclei and in brainstem neuronal
circuits implicated in the regulation of feeding behavior and energy balance (100,
101). The long form leptin receptor (Ob-Rb) is present in these hypothalamic
regions and colocalized with STAT3 and neuropeptide mediators of leptin action,
such as neuropeptide Y (NPY) and proopiomelanocortin (POMC) (102–106). In
contrast, short leptin receptor isoforms are expressed in choriod plexus, vascular
endothelium, and peripheral tissues, such as kidney, liver, lung, and gonads, where
they may serve a transport and/or clearance role (104, 107). It is of interest that
intracerebroventricular leptin injection inhibits food intake and decreases adipos-
ity more potently that peripheral leptin administration (12–14).

Leptin enters the rat brain by a saturable transport mechanism (108), possibly
by receptor-mediated transcytosis across the blood-brain barrier, as is the case for
some other large proteins (109, 110). In support of this view, brain microvessels
express high levels of the short form leptin receptor Ob-Ra and are also capable
of binding and internalizing leptin (107, 111). Leptin target neurons in the arcuate,
dorsomedial, ventromedial, and ventral premammillary nuclei lie within close
proximity to the median eminence. Because capillaries in the median eminence
lack tight junctions, as in other circumventricular organs, leptin may reach neu-
rons in the adjacent ventrobasal hypothalamus through diffusion. Leptin may also
be transported into the brain via cerebrospinal fluid (CSF) (112). It has also been
suggested that Ob-Ra, which is highly expressed in the choroid plexus (the site
of CSF production), could mediate blood-to-CSF leptin transport (107). However,
leptin is present (albeit at a much lower fraction of the elevated circulating levels)
in CSF of obese Koletsky rats, which totally lack leptin receptors, indicating that
leptin receptors are not essential for leptin transport into CSF (95). More impor-
tantly, CSF leptin concentration is ;100-fold lower than plasma leptin and less
than the Kd of the leptin receptor (79, 112). Therefore, it is unlikely that CSF
leptin is a major source of leptin for targets in the brain.

Leptin is distributed widely in various tissues and is cleared mainly by the
kidney (99, 113, 114). A role for the kidney in leptin clearance is consistent with
elevation of leptin levels in patients with renal impairment and end-stage renal
disease (115, 116). Leptin is filtered by the glomeruli and is thought to be
degraded by renal epithelial cells (114). High levels of short form leptin receptors
are present in the kidney, and leptin binds to the corticomedullary junction and
renal papilla (117). These receptors may internalize and degrade leptin, as occurs
in Chinese hamster ovary (CHO) cells expressing Ob-Ra (118). Leptin levels are
higher in patients with liver cirrhosis (119, 120), suggesting that the liver may be
involved in leptin synthesis or clearance. The liver is unlikely to be involved in
leptin clearance because there is no net uptake of leptin by normal human liver
(113). A study in rats has demonstrated that transdifferentiated stellate cells
obtained from rat liver following injury are capable of synthesizing leptin (121).
This finding in humans raises the possibility that the rise in leptin levels in cir-
rhosis is derived in part from hepatic synthesis.
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LEPTIN ACTION IN THE BRAIN

The discovery of leptin has provided insight into the interaction between energy
stores and hypothalamic centers that regulate feeding behavior and energy bal-
ance. Abnormalities of energy balance resulting from ventrobasal hypothamic
lesions resemble those in ob/ob and db/db mice (reviewed in 122, 123). All these
conditions are characterized by hyperphagia, decreased energy expenditure, and
increased adiposity, and these features underscore the critical roles of leptin as an
indicator of energy stores and the hypothalamus as a major effector organ for
energy homeostasis. Leptin-sensitive neurons in the arcuate, ventromedial, and
dorsomedial hypothalamic nuclei express neuropeptides/neurotransmitters impli-
cated in the central regulation of energy balance. A detailed description of the
neuroanatomy of leptin targets in the brain is beyond the scope of this article
(122–124). Briefly, the long form leptin receptor (Ob-Rb) is coexpressed with
neuropeptide Y (NPY), agouti-related peptide (AgRP), proopiomelanocortin
(POMC), a precursor of a-melanocyte stimulating hormone (a-MSH), and
cocaine- and amphetamine-regulated transcript (CART) in the arcuate hypotha-
lamic nucleus (Figure 2). NPY and AgRP are expressed in the same neurons in
the medial arcuate nucleus, whereas POMC and CART are coexpressed in the
lateral arcuate nucleus. Intracerebral injection of NPY stimulates feeding (i.e.
orexigenic). In contrast, a-MSH (a product of POMC) and CART inhibit feeding
(i.e. anorexigenic). a-MSH is thought to regulate feeding through melanocortin
4 (MC4) receptors in the hypothalamus (125). AgRP antagonizes the actions of
a-MSH at MC4 receptors and is therefore orexigenic (126).

Leptin-sensitive neurons in the arcuate hypothalamic neurons may influence
feeding by regulating the expression of other orexigenic peptides, e.g. melanin-
concentrating hormone (MCH) and possibly orexins/hypocretin in the lateral
hypothalamic nucleus (Figure 2) (122, 123). Other neurotransmitters/neuropep-
tides suggested as potential mediators of leptin action in the brain include corti-
cotropin-releasing hormone (CRH), cholecystokinin (CCK), glucagon-like
peptide-1 (GLP-1), urocortin, bombesin, and serotonin (87, 127). The stimulatory
effect of NPY and MCH on food intake is consistent with the elevation of the
levels of these peptides in the hypothalamus in states of leptin deficiency, e.g. ob/
ob mice and fasting, and the decrease in their expression in response to leptin
administration (123, 124). In contrast, expression of the anorexigenic peptides
POMC and CART is decreased in ob/ob mice and during fasting and increased
in response to leptin administration (67, 123, 128).

Genetic ablation of putative neuropeptide mediators of leptin action in the
brain does not always produce phenotypes predicted on the basis of pharmaco-
logical studies. For example, NPY deficiency or lack of Y1 and Y5 NPY receptors
does not reduce feeding behavior or prevent weight gain, impair thermogenesis
and neuroendocrine function, or impair responsiveness to leptin (129–131). Mice
with mutation of the serotonin 5-HT2C receptor develop hyperphagia, late onset
obesity, and hyperleptinemia but are still capable of responding normally to exog-



422 AHIMA n FLIER

Figure 2 Role of leptin in the adaptation to starvation. The fall in leptin with starvation
results in an increase in neuropeptide Y (NPY) and agouti-related peptide (AGRP) levels,
and a decrease in proopiomelanocortin (POMC) and cocaine- and amphetamine-regulated
transcript (CART) levels in the arcuate hypothalamic nucleus. NPY, POMC, AGRP, and
CART neurons are directly responsive to leptin. NPY and AGRP stimulate feeding (orex-
igenic), whereas a-melanocyte stimulating hormone (a product of POMC) and CART
inhibit feeding (anorexigenic). These neurons also project to the lateral hypothalamus and
regulate the expression of melanin-concentrating hormone (MCH), a major stimulator of
feeding. In addition, leptin targets in the arcuate hypothalamic nucleus respond to low
leptin levels by regulating the neuroendocrine axis and decreasing sympathetic nervous
output. The fall in leptin also leads to suppression of immune function. The metabolic and
neuroendocrine adaptations to fasting mediated by leptin are likely to be of greater survival
value in rodents since short-term starvation has more severe consequences in this species.
CRH (corticotropin-releasing hormone), TRH (thyrotropin-releasing hormone), GHRH
(growth hormone–releasing hormone), SS (somatostatin), GnRH (gonadotropin-releasing
hormone), GH (growth hormone).

enous leptin (132). NPY appears to be partially responsible for hyperphagia,
obesity, and neuroendocrine abnormalities in leptin-deficient ob/ob mice, as evi-
denced by partial amelioriation of these abnormalties in NPY-deficient ob/ob mice
(133). In contrast to NPY deficiency, MCH deficiency causes hypophagia and
failure of weight gain, in agreement with its suggested role as an orexigenic
peptide (134). These findings suggest that the central effects of leptin and other
feeding signals are likely mediated by neuronal networks expressing a complex
array of hypothalamic neuropeptides/neurotransmitters.
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In addition to regulating food intake, leptin-sensitive NPY/AgRP and POMC/
CART neurons project to the paraventricular hypothalamic nucleus and probably
mediate the effects of leptin on the neuroendocrine axis and autonomic function
(122, 123). The fall in leptin levels suppresses thyroid function, in part by decreas-
ing thyrotropin-releasing hormone (TRH) formation in the paraventricular hypo-
thalamic nucleus (135). Ablation of the arcuate hypothalamic nucleus with
monosodium glutamate prevents the fall in TRH mRNA expression with fasting,
indicating that the effect of leptin on the thyrotropic axis is mediated, at least in
part, through leptin-senstive NPY and POMC neurons (136). Leptin stimulates
secretion of gonadotropin-releasing hormone (GnRH) in hypothalamic explants
(137). However, this effect may not be mediated directly by leptin, since GnRH
neurons do not express detectable levels of leptin receptors (138). Reports on
regulation of CRH by leptin are variable. Leptin has been reported to increase
basal CRH release from hypothalamic explants and to inhibit hypoglycemia-
induced CRH release from hypothalamic explants (139, 140). Leptin is reported
to stimulate CRH mRNA expression in the paraventricular hypothalamic nucleus
in some studies (67), whereas others have not demonstrated a significant effect.

Although leptin activates STAT1, 3, and 5 in in vitro systems, intravenous
leptin activates only STAT3 in the mouse hypothalamus (84, 85). STAT3 protein
is expressed in NPY and POMC neurons in the arcuate hypothalamic nucleus,
consistent with the concept that leptin regulates the transcription of these genes
at least in part through the JAK-STAT signal transduction pathway (106). Leptin
also regulates the expression of other STAT3 target genes in the hypothalamus,
including c-fos, c-jun, tis-11, and SOCS-3 (a member of the suppressors of cyto-
kine signaling family) (141). Leptin inhibits glucose-responsive neurons in the
hypothalamus and insulin secretion by pancreatic b-cells, through effects on ATP-
sensitive potassium channels (142, 143). In addition, leptin depolarizes para-
ventricular hypothalamic neurons (144), inhibits hypothalamic NPY release
(145), and regulates vagal afferents in the stomach (146). The mechanisms under-
lying these rapid electrophysiological actions of leptin are not known but are not
likely to involve STAT-mediated transcription.

Although studies in ob/ob mice and other rodents, often involving the admin-
istration of supraphysiological doses of leptin, have provided some insights into
leptin action, it is not known how physiological alterations in leptin influence
neuronal function. Ioffe et al (147) showed that there is a dose-effect of leptin
such that neuroendocrine abnormalities, i.e. hypercorticism and central hypogon-
adism, are corrected by lower doses of leptin. In contrast, leptin concentrations
above the normal fed level are required to inhibit feeding and prevent weight
gain. Thermoregulation requires even higher leptin levels than are required for
neuroendocrine regulation and maintenance of normal body weight. These results
suggest that there are different thresholds for leptin for various functions and that
responses to physiological alterations in leptin may be mediated by different sub-
sets of neurons.
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THE PHYSIOLOGICAL ROLE OF LEPTIN IN ENERGY
HOMEOSTASIS

Leptin As Anti-Obesity Hormone

Administration of leptin to rodents decreases food intake and increases energy
expenditure (12–14, 148). In contrast to starvation, weight loss after peripheral
or central leptin administration is restricted to adipose tissue, with no loss of lean
mass (148). Leptin activates lipid oxidation, at least in part, by inducing the
expression of enzymes of lipid oxidation (149). In rats leptin also stimulates
apoptosis of adipocytes (150). The ability of leptin to decrease body weight and
body fat content led to the prevailing view that leptin is an anti-obesity hormone
(reviewed in 87, 151, 152). However, this view must be reconciled with the failure
of high endogenous leptin levels to prevent obesity in humans and other obese
mammals (20–22). Hyperleptinemia is thought to be indicative of leptin resis-
tance, which may play a role in the development of obesity (87, 151, 152). Mech-
anisms thought to underlie leptin resistance include dysregulation of leptin
synthesis and/or secretion, abnormalities of brain leptin transport, and abnormal-
ities of leptin receptors and/or post-receptor signaling.

Studies in obese rodents have provided some insights into the potential mech-
anisms of leptin resistance. However, there is as yet no direct explanation of the
apparent lack of sensitivity of individuals to elevated leptin levels during the
course of diet-induced obesity. CSF leptin transport may be limited in obesity, as
evidenced by decreased plasma:CSF leptin ratio in obese individuals (112, 153).
Because plasma:CSF ratios are markedly decreased in fa/fa and Koletsky rats
with abnormalities of membrane leptin receptor expression, leptin resistance may
arise from defects of receptor-mediated leptin transport into the brain (95). A
polygenic mutation that leads to late onset obesity in New Zealand obese (NZO)
mice may also offer some insight into the role of brain leptin transport in obesity.
These mice are resistant to peripheral leptin administration, but do respond to
intracerebroventricular leptin injection, consistent with defective brain leptin
transport (148). Similarly, diet-induced obesity in rodents is characterized by
insensitivity to peripheral leptin injection (154) but respond to intracerebroven-
tricular leptin (154). In contrast, agouti (Ay/a ) mice have impaired melanocortin
(MC4) receptor signaling in the brain and are resistant to both peripheral and
central leptin injection (148). Studies of leptin transport into brain in these models
have not been reported.

A member of the suppressors of cytokine signaling family, SOCS-3, is a poten-
tial molecular mediator of leptin resistance (141). SOCS-3 mRNA levels are
conserved by leptin-mediated STAT3 activation, and SOCS-3 protein potently
inhibits leptin signaling. In support of its role as an inhibitor of leptin action in
the brain, SOCS-3 expression is induced in the arcuate and dorsomedial hypo-
thalamic nuclei of mice after leptin treatment (141). Leptin resistance may also
be mediated by the SH2-containing tyrosine phosphatase, SHP-2, since leptin
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signaling is reported to be enhanced when the binding site on Ob-Rb for SHP-2
is mutated (155). Leptin resistance could also reside at steps downstream from
the initial step of receptor interaction.

The role of leptin in body weight regulation may involve interactions with
other metabolic signals, notably insulin and glucocorticoids (67). These hormones
regulate the expression of similar neuropeptides in brain regions involved in feed-
ing behavior and body weight regulation. Glucocorticoids have a permissive
effect on obesity, as evidenced by the ability of adrenalectomy to ameliorate
obesity (156–158). Conversely, hypercortisolism leads to abnormalities of adipose
distribution (159). Further studies are needed to understand the interactions
among these metabolic hormones.

Leptin As a Signal for Adaptation to Fasting

The widespread occurrence of leptin-resistant obesity may reflect the fact that
inability to store energy efficiently at times of abundance is evolutionarily dis-
advantageous (151). According to this view, the dominant role of leptin in energy
homeostasis is likely to be as a mediator of the adaptation to fasting (48, 151).
Starvation triggers complex neural, metabolic, hormonal, and behavioral adap-
tations with the goal of maintaining the supply of energy substrates for use by
the brain, protecting lean mass, and promoting survival. A major aspect of this
adaptation is the capacity to switch from carbodydrate- to fat-based metabolism
during fasting. This change is mediated predominantly by a fall in insulin and
rise in counteregulatory hormones, i.e. glucagon, epinephrine, and glucocorticoids
(67, 151, 160). Other adaptations to starvation include a decrease in thyroid and
gonadal hormones, increased adrenal glucocorticoids, decreased body tempera-
ture, and increased appetite. The net effect of these adaptations is to stimulate
gluconeogenesis to provide glucose for vital cellular function and supply fatty
acids for use by skeletal muscle. Energy utilization is minimized during fasting,
in part through suppression of thyroid thermogenesis and curtailment of procre-
ation and growth. In addition, starvation is characterized by immune suppression,
including decreased lymphocyte proliferation and helper T-cell cytokine produc-
tion (161). The changes in thyroid hormones, glucocorticoids, and in body tem-
perature are prominent in rodents but limited in humans (48, 162–164). Similarly,
pertubations of the reproductive axis as a result of starvation develop more rapidly
in rodents than humans (48, 165).

Starvation decreases leptin levels (21, 48). Because leptin-deficient ob/ob mice
have similar metabolic, neuroendocrine, and immune abnormalities as those
resulting from starvation (91), we reasoned that leptin deficiency is perceived as
a state of continuous starvation in ob/ob mice and that the fall in leptin mediates
the adaptation to fasting (48). To test this hypothesis, leptin was administered
twice daily by intraperitoneal injection to mice during a 48-h fast. Prevention of
the characteristic fall in leptin during fasting blunted the expected rise in corti-
costerone and ACTH and prevented the decrease in the levels of thyroid
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hormone, testosterone, and luteinizing hormone (48). Leptin administration dur-
ing fasting also prevented a prolongation of estrus cycles (48). Studies in rats and
non-human primates have also demonstrated that the fall in leptin with fasting is
an important mediator of the somatotropic, thyroid, and reproductive alterations
(135–138, 166, 167). Leptin stimulates inflammatory response, T-lymphocyte
proliferation, and Th1 cytokine production during fasting in normal mice and in
fed ob/ob mice, indicating that leptin is an important link between nutrition and
the immune system (161).

Low leptin levels may contribute to the development of obesity. Leptin is
inappropriately low (as a function of body fat) in some obese individuals (168);
however, it is not known whether these individuals have defective leptin synthesis
and/or release, and this finding has not yet been observed in all populations (169).
Although the functional implications of this observation are yet to be determined,
it is plausible that relatively low leptin is perceived as a starvation signal, leading
to increased appetite and efficient energy utilization. In contrast, elevation of
leptin levels may predispose to cachexia in patients with renal failure and infec-
tions by inhibiting appetite and increasing energy expenditure (65, 116). The
plasma:CSF leptin ratio is normal in patients with anorexia nervosa during refeed-
ing (prior to weight restoration) and may create a premature sense of satiety during
refeeding (112, 170).

OTHER ACTIONS OF LEPTIN

Leptin has diverse effects on the neuroendocrine axis in addition to appetite and
body weight regulation. Leptin appears to be necessary for maturation of the
reproductive axis, as evidenced by its ability to restore puberty and fertility in
ob/ob mice, accelerate puberty in wild-type mice, and facilitate reproductive
behavior in rodents (171–174). Mutations of ob and db genes result in hypotha-
lamic hypogonadism in humans (29), and low leptin and absence of a diurnal
leptin rhythm occur with exercise-induced amenorrhea (51). Leptin stimulates
gonadotropin release and inhibits insulin-like growth factor-mediated release of
estradiol in ovarian follicular cells (137, 175). These results indicate that leptin
signals the adequacy of energy stores for reproduction, by interacting with dif-
ferent target organs in the hypothalamic-pituitary-gonadal axis.

In rodents leptin is also capable of regulating the hypothalamic-pituitary-
adrenal axis independent of its role in the adaptation to starvation. For example,
leptin injection blunts ACTH and corticosterone secretion during restraint stress
in rats and directly inhibits glucocorticoid synthesis and ACTH-stimulated glu-
cocorticoid secretion in adrenal cortical cells (140, 176, 177). Taken together with
its ability to regulate CRH synthesis and secretion (139, 140), these results show
that leptin is capable of interacting with various components of the hypothalamic-
pituitary-adrenal (HPA) axis. The absence of HPA activation in leptin-deficient
humans suggests species differences that require additional study.
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Leptin exerts acute effects on metabolism, independent of its role in long-term
body weight regulation. For example, leptin decreases glucose and insulin levels
acutely in ob/ob mice before detectable weight loss (49) and also stimulates glu-
coneogenesis and glucose metabolism in wild-type rodents (178–180). Leptin
stimulates lipolysis, alters lipid partitioning in skeletal muscle, and is capable of
increasing fatty acid synthesis in the liver (13, 180, 181). The extent to which
these effects are mediated directly on peripheral targets or through the central
nervous system is as yet unsettled. Local leptin expression in the stomach has
been postulated to regulate satiety (75). The long form leptin receptor (Ob-Rb)
is expressed in jejunal epithelium and responds to intravenous leptin administra-
tion by inducing STAT3, STAT5, and immediate early genes (182). Direct leptin
signaling in the intestine may be involved in the regulation of nutrient absorption
and intestinal motility. Leptin also increases sympathetic nerve activity in brown
adipose tissue, adrenal gland, kidney, and hindlimb skeletal muscle (183). Thus
in addition to increasing energy expenditure (at least in rodents) (13, 184), leptin
may be involved in the regulation of cardiovascular and renal function via the
central nervous system (183). Such a role may have important implications for
the development of cardiovascular and renal complications in obesity and related
diseases.

Leptin may play an important role in development, as evidenced by formation
of leptin in placenta, widespread expression of leptin and its receptors in fetal
tissues, and stimulation of hematopoiesis and angiogenesis by leptin (73, 185–
187). Leptin is also likely to be involved in brain development. ob/ob and db/db
mice have decreased brain weight, structural neuronal defects, impaired myeli-
nation, and deficiency of several neuronal and glial proteins (188–191). Chronic
leptin administration increases brain weight, and restores whole brain protein
content and the levels of some neuronal proteins, e.g. growth-associated protein
(GAP-43), syntaxin 1, and SNAP-25 in ob/ob mice (190, 191).

CONCLUSION

The discovery of leptin marks an important milestone in our understanding of
metabolic physiology and will stimulate further research into effector mechanisms
in the brain and other organs involved in energy homeostasis. Our current under-
standing of the roles of leptin in metabolism and neuroendocrine regulation
derives mainly from studies in rodents. Although there have been many reports
of associations between leptin levels and various physiological and disease states
in humans, there are no studies designed to evaluate the role of leptin directly in
humans. Human recombinant leptin has been used in phase 1 trials for obesity.
It is hoped that future studies will examine the effects of leptin administration on
metabolism and on neuroendocrine and immune systems in humans. It is likely
that the most important physiological role of leptin is as a signal for the switch
between the starved and fed states. Although some leptin is thought to prevent
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obesity, most obesity occurs in the presence of increased leptin levels. Major tasks
ahead include the determination of the molecular mechanisms for leptin resistance
and the role, if any, of leptin in the pathophysiology of common obesity.

ACKNOWLEDGMENTS

This work was supported by National Institutes of Health grant DKR3728082
and Eli Lilly and Co. (JSF). RSA is supported by Pfizer Inc. Thanks to Stan
Hileman and Jody Dushay for helpful suggestions.

Visit the Annual Reviews home page at www.AnnualReviews.org.

LITERATURE CITED

1. Kennedy GC. 1953. The role of depot fat
in the hypothalamic control of food
intake in the rat. Proc. R. Soc. London
Ser. B 140:578–96

2. Faust IM, Johnson PR, Hirsch J. 1977.
Adipose tissue regeneration following
lipectomy. Science 197:391–93

3. Harris RBS, Kasser TR, Martin RJ. 1986.
Dynamics of recovery of body compo-
sition after overfeeding, food restriction
or starvation of mature female rats. J.
Nutr. 116:2536–46

4. Harris RBS. 1990. Role of set point the-
ory in regulation of body weight. FASEB
J . 4:3310–18

5. Hervey GR. 1958. The effects of lesions
in the hypothalamus in parabiotic rats. J.
Physiol. 145:336–52

6. Hetherington AW, Ranson SW. 1940.
Hypothalamic lesions and adiposity in
the rat. Anat. Rec. 78:149–72

7. Ingalls AM, Dickie MM, Snell GD.
1950. Obesity, a new mutation in the
house mouse. J. Hered. 41:317–18

8. Coleman DL, Hummel KP. 1969. Para-
biosis of normal with genetically diabetic
mice. Am. J. Physiol. 217:1298–304

9. Coleman DL. 1973. Effects of parabiosis
of obese with diabetes and normal mice.
Diabetologia 9:294–98

10. Hausberger FX. 1959. Parabiosis and

transplantation experiments in hereditary
obese mice. Anat. Rec. 130:313

11. Zhang Y, Proenca R, Maffei M, Barone
M, Leopold L, et al. 1994. Positional
cloning of the mouse obese gene and its
human homologue. Nature 372:425–32

12. Halaas J, Gajiwala K, Maffei M, Cohen
S, Chait B, et al. 1995. Weight-reducing
effects of the plasma protein encoded by
the obese gene. Science 269:543–46

13. Pelleymounter M, Cullen M, Baker M,
Hecht R, Winters D, et al. 1995. Effects
of the obese gene product on body
weight regulation in ob/ob mice. Science
269:540–43

14. Campfield LA, Smith FJ, Guisez J,
Devos R, Burn P. 1995. Recombinant
mouse OB protein: evidence for a periph-
eral signal linking adiposity and central
neural networks. Science 269:546–49

15. He Y, Chen J, Quon MJ, Reitman M.
1995. The mouse obese gene. J. Biol.
Chem. 270:28887–91

16. Isse N, Ogawa Y, Tamura N, Masuzaki
H, Mori K, et al. 1995. Structural orga-
nization and chromosomal assignment of
the human obese gene. J. Biol. Chem.
270:27728–33

17. Gong DW, Bi S, Pratley RE, Weintraub
BD. 1996. Genomic structure and pro-
moter analysis of the human obese gene.
J. Biol. Chem. 271:3971–74



LEPTIN 429

18. Hwang CS, Mandrup S, MacDougald
OA, Geiman DE, Lane MD. 1996. Tran-
scriptional activation of the mouse obese
(Ob) gene by CCAAT/enhancer binding
protein a. Proc. Natl. Acad. Sci. USA
93:873–77

19. Miller SG, De Vos P, Guerre-Millo M,
Wong K, Hermann T, et al. 1996. The
adipocyte specific transcription factor C/
EBPa modulates human ob gene expres-
sion. Proc. Natl. Acad. Sci. USA 93:
5507–11

20. Maffei MJ, Halaas J, Ravussin E, Pratley
RE, Lee GM, et al. 1995. Leptin levels
in human and rodent: measurement of
plasma leptin and ob mRNA in obese
and weight-reduced subjects. Nat. Med.
1:1155–61

21. Frederich RC, Hamann A, Anderson S,
Lollman B. 1995. Leptin levels reflect
body lipid content in mice: evidence for
diet-induced resistance to leptin action.
Nat. Med. 1:1311–14

22. Considine RV, Sinha MK, Heiman ML,
Kriauciunas A, Stephens TW, et al. 1996.
Serum immunoreactive leptin concentra-
tions in normal weight and obese
humans. N. Engl. J. Med. 334:292–95

23. Madej T, Boguski MS, Bryant SH. 1995.
Threading analysis suggests that the
obese gene product may be a helical
cytokine. FEBS Lett. 373:13–18

24. Zhang F, Basinski MB, Beals JM, Briggs
SL, Churgay LM, et al. 1997. Crystal
structure of the obese protein leptin-
E100. Nature 387:206–9

25. Grasso P, Leinung MC, Inher SP, Lee
DW. 1997. In vitro effects of leptin-
related synthetic peptides on body weight
and food intake in female ob/ob mice:
localization of leptin activity to domains
between amino acid residues 106–140.
Endocrinology 138:1413–18

26. Barr VA, Malide D, Zarnowski MJ,
Taylor SI, Cushman SW. 1997. Insulin
stimulates both leptin secretion and pro-
duction by rat white adipose tissue.
Endocrinology 138:4463–72

27. Rau H, Reaves BJ, O’Rahilly S, White-
head JP. 1999. Truncated human leptin
(?133) associated with extreme obesity
undergoes proteosomal degradation after
defective intracellular transport. Endo-
crinology 140:1718–23

28. Montague CT, Farooqui S, Whitehead JP,
Soos MA, Rau H, et al. 1997. Congenital
leptin deficiency is associated with
severe early onset obesity in humans.
Nature 387:903–8

29. Strobel A, Issad T, Camoin L, Ozata M,
Strosberg AD. 1998. A leptin missense
mutation associated with hypogonadism
and morbid obesity. Nat. Genet. 18:213–
15

30. Hamilton BS, Paglia D, Kwan AYM,
Dietel M. 1995. Increased obese mRNA
expression in omental fat cells from mas-
sively obese humans. Nat. Med. 1:953–
56

31. Lonnqvist F, Arner P, Nordfors, Schall-
ing W. 1995. Overexpression of the
obese (ob) gene in adipose tissue of
human obese subjects. Nat. Med. 1:950–
53

32. Saladin R, Devos P, Guerre-Millo M,
Leturge A, Girard J, et al. 1995. Transient
increase in obese gene expression after
food intake or insulin administration.
Nature 377:527–29

33. Harris RBS, Ramsay TG, Smith SR,
Bruch RC. 1996. Early and late stimu-
lation of ob mRNA expression in meal-
fed and overfed rats. J. Clin. Invest.
97:2020–26

34. Kolacznyski JW, Considine RV, Ohan-
nesian J, Marco C, Caro JF. 1996.
Responses of leptin to short-term fasting
and refeeding in humans. Diabetes
45:1511–15

35. Frederich RC, Lollman B, Hamann A,
Napolitano-Rosen A, Kahn B, et al.
1995. Expression of ob mRNA and its
encoded protein in rodents. J. Clin.
Invest. 96:1658–63

36. Boden G, Chen X, Mozzoli M, Ryan I.
1996. Effect of fasting on serum leptin in



430 AHIMA n FLIER

normal human subjects. J. Clin. Endo-
crinol. Metab. 81:3419–23

37. Korbonits M, Trainer PJ, Little JA,
Edwards R, Kopelman PG, et al. 1997.
Leptin levels do not change acutely with
food administration in normal or obese
subjects, but are negatively correlated
with pituitary-adrenal activity. Clin.
Endocrinol. 46:751–57

38. Sinha MK, Ohannesian JP, Heiman ML,
Kriauciunas A, Stephens TW, et al. 1996.
Nocturnal rise of leptin in lean, obese and
non-insulin dependent diabetes mellitus
subjects. J. Clin. Invest. 97:1344–47

39. Rentsch J, Chiesi M. 1996. Regulation of
ob gene mRNA levels in cultured adi-
pocytes. FEBS Lett. 379:55–59

40. MacDougald OA, Hwang CS, Fan H,
Lane MD. 1995. Regulated expression of
the obese gene product (leptin) in white
adipose tissue and 3T3–L1 adipocytes.
Proc. Natl. Acad. Sci. USA 92:9034–37

41. Kolaczynski JW, Nyce MR, Considine
RV, Boden G, Nolan JJ, Henry R. 1996.
Acute and chronic effects of insulin on
leptin production in humans: studies in
vivo and in vitro. Diabetes 45:699–701

42. Boden G, Chen X, Kolacynski JPM.
1997. Effects of prolonged hyperinsulin-
emia on serum leptin in normal human
subjects. J. Clin. Invest. 100:1107–13

43. Segal KR, Landt M, Klein S. 1996. Rela-
tionship between insulin sensitivity and
plasma leptin concentration in lean and
obese men. Diabetes 45:988–91

44. Murakami T, Iida M, Shima K. 1995.
Dexamethasone regulates obese expres-
sion in isolated rat adipocytes. Biochem.
Biophys. Res. Commun. 214:126–27

45. Slieker LJ, Sloop KW, Surface PL,
Kriauciunas A, LaQuier F, et al. 1996.
Regulation of ob mRNA and protein by
glucocorticoids and cAMP. J. Biol.
Chem. 271:5301–4

46. De Vos P, Saladin R, Auwerx J, Staels B.
1995. Induction of ob gene expression by
corticosteroids is accompanied by body

weight loss and reduced food intake. J.
Biol. Chem. 270:15958–61

47. Cizza G, Lotsikas AJ, Licinio J, Gold
PW, Chrousos GP. 1997. Plasma leptin
levels do not change in patients with
Cushing’s disease shortly after correction
of hypercortisolism. J. Clin. Endocrinol.
Metab. 82:2747–50

48. Ahima RS, Prabakaran D, Mantzoros C,
Qu D, Lowell BB, et al. 1996. Role of
leptin in the neuroendocrine response to
fasting. Nature 382:250–52

49. Ahima RS, Prabakaran D, Flier JS. 1998.
Postnatal leptin surge and regulation of
circadian rhythm of leptin by feeding:
implications for energy homeostasis and
neuroendocrine function. J. Clin. Invest.
101:1020–27

50. Licinio J, Mantzoros C, Negrao AB,
Cizza G, Wong ML, et al. 1997. Human
leptin levels are pulsatile and inversely
related to pituitary-adrenal function. Nat.
Med. 3:575–79

51. Laughlin GA, Yen SS. 1997. Hypolepti-
nemia in women athletes: absence of a
diurnal rhythm with amenorrhea. J. Clin.
Endocrinol. Metab. 82:318–21

52. Devaskar SU, Ollesch C, Rajakumar RA,
Rajakumar PA. 1997. Developmental
changes in obese gene expression and
circulating leptin peptide concentrations.
Biochem. Biophys. Res. Commun. 238:
44–47

53. Mantzoros C, Flier JS, Rogol AD. 1997.
A longitudinal assessment of hormonal
and physical alterations during normal
puberty in boys. V. Rising leptin levels
may signal the onset of puberty. J. Clin.
Endocrinol. Metab. 82:1066–70

54. Rosenbaum M, Nicolson M, Hirsch J,
Heymsfield SB, Gallagher D, et al. 1996.
Effects of gender, body composition and
menopause on plasma concentration of
leptin. J. Clin. Endocrinol. Metab 81:
3424–27

55. Saad ME, Damani S, Gingerich RL,
Riad-Gabriel MG, Khan A, et al. 1997.
Sexual dimorphism in plasma leptin con-



LEPTIN 431

centration. J. Clin. Endocrinol. Metab.
82:579–84

56. Blum WF, Englaro P, Hanitsch S, Juul A,
Hertel NT, et al. 1997. Plasma leptin lev-
els in healthy children and adolescents:
dependence on body mass index, fat
mass, gender, pubertal stage, and testos-
terone. J. Clin. Endocrinol. Metab. 82:
2904–10

57. Castracane VD, Kraemer RR, Franken
MA, Kraemer GR, Gimpel T. 1998.
Serum leptin concentration in women:
effect of age, obesity, and estrogen
administration. Fertil. Steril. 70:472–77

58. Escobar-Morreale HF, Escobar del Rey
F, Morreale de Escobar G. 1997. Thyroid
hormones influence serum leptin con-
centrations in the rat. Endocrinology
138:4485–88

59. Pinkney JH, Goodrick SJ, Katz J, John-
son AB, Lightman SL, Coppack SW, et
al. 1998. Leptin and the pituitary-thyroid
axis: a comparative study in lean, obese,
hypothyroid and hyperthyroid subjects.
Clin. Endocrinol. 49:583–88

60. Mantzoros CS, Rosen HN, Greenspan
SL, Flier JS, Moses AC. 1997. Short-
term hyperthyroidism has no effect on
leptin levels in man. J. Clin. Endocrinol.
Metab. 82:497–99

61. Diekman MJ, Romijn JA, Endert E,
Sauerwein H, Wiersinga WM. 1998.
Thyroid hormones modulate serum lep-
tin levels: observations in thyrotoxic and
hypothyroid women. Thyroid 8:1081–86

62. Ozata M, Ozisik G, Bingol N, Corakci,
Gundogan MA. 1998. The effects of thy-
roid status on plasma leptin levels in
women. J. Endocrinol. Invest. 21:337–41

63. Bornstein SR, Licinio J, Tauchnitz R,
Engelmann L, Negrao AB, Chrousos GP.
1998. Plasma leptin levels are increased
in survivors of acute sepsis: associated
loss of diurnal rhythm in cortisol and lep-
tin secretion. J. Clin. Endocrinol. Metab.
83:280–83

64. Grunfeld C, Zhao C, Fuller J, Pollack A,
Moser A, et al. 1996. Endotoxin and

cytokines induce expression of leptin, the
ob gene product, in hamsters. J. Clin.
Invest. 97:2152–57

65. Sarraf P, Frederich RC, Turner EM, Ma
G, Jaskowiak NT, et al. 1997. Multiple
cytokines and acute inflammation raise
mouse leptin levels: potential role in
inflammatory anorexia. J. Exp. Med.
185:171–75

66. Janik JE, Curtis ED, Considine RV, Pra-
ger HC, Powers GC, et al. 1997. Inter-
leukin 1 alpha increases serum leptin
concentrations in humans. J. Clin. Endo-
crinol. Metab. 82:3084–86

67. Schwartz MW, Seeley R. 1997. Neuroen-
docrine responses to starvation and
weight loss. N. Engl. J. Med. 336:1802–
11

68. Kallen CB, Lazar MA. 1996. Antidi-
abetic thiazolidinediones inhibit leptin
(ob) gene expression in 3T3-L1 adipo-
cytes. Proc. Natl. Acad. Sci. USA
93:5793–96

69. Trayhurn P, Duncan JS, Rayner DV.
1996. Acute cold-induced suppression of
Ob (obese) gene expression in white adi-
pose tissue of mice: mediation by the
sympathetic nervous system. Biochem. J.
311:729–33

70. Mantzoros CS, Qu D, Frederich RC,
Susulic VS, Lowell BB, et al. 1996. Acti-
vation of beta(3) adrenergic receptors
suppresses leptin expression and medi-
ates leptin-independent inhibition of
food intake in mice. Diabetes 45:909–14

71. Danahoo WT, Jensen DR, Yost TJ, Eckel
RH. 1997. Isoproterenol and somato-
statin decrease plasma leptin in humans:
a novel mechanism regulating leptin
secretion. J. Clin. Endocrinol. Metab. 82:
4139–43

72. Li H, Matheny M, Scarpace PJ. 1997.
Beta 3-adrenergic-mediated suppression
of leptin gene expression in rats. Am. J.
Physiol. 272:E1031–36

73. Masuzaki H, Ogawa Y, Sagawa N,
Hosoda K, Matsumoto T, et al. 1997.
Nonadipose production of leptin: leptin



432 AHIMA n FLIER

as a novel placenta-derived hormone in
humans. Nat. Med. 3:1029–33

74. Casabiell X, Pineiro V, Tome MA, Peino
R, Dieguez C, Casanueva FF. 1997. Pres-
ence of leptin in colostrum and/or breast
milk from lactating mothers: a potential
role in the regulation of neonatal food
intake. J. Clin. Endocrinol. Metab. 82:
4270–73

75. Bado A, Levasseur S, Attoub S, Ker-
mogant S, Laigneau JP, et al. 1998. The
stomach is a source of leptin. Nature
394:790–93

76. Wang J, Liu R, Hawkins M, Barzalai N,
Rossetti L. 1998. A nutrient-sensing
pathway regulates leptin gene expression
in muscle and fat. Nature 393:684–88

77. Mise H, Sagawa N, Matsumoto T, Yura
S, Nanno H, et al. 1998. Augumented
placental production of leptin in pre-
eclampsia: possible involvement of pla-
cental hypoxia. J. Clin. Endocrinol.
Metab. 83:3225–29

78. Shekhawat PS, Garland JS, Shivpuri C,
Mick GJ, Sasidharan A, et al. 1998. Neo-
natal cord blood leptin: its relationship to
birth weight, body mass index, maternal
diabetes, and steroids. Pediatr. Res.
43:338–43

79. Tartaglia L, Dembski M, Weng X, Deng
N, Culpper J, et al. 1995. Identification
and expression cloning of a leptin recep-
tor. Cell 83:1263–71

80. Lee GH, Proenca R, Montez JM, Carroll
K, Darvishzadeh JG, et al. 1996. Abnor-
mal splicing of the leptin receptor in dia-
betic mice. Nature 379:632–35

81. Wang M-Y, Zhou YT, Newgard CB,
Unger RH. 1998. A novel leptin receptor
isoform in rat. FEBS Lett. 392:87–90

82. Tartaglia LA. 1997. The leptin receptor.
J. Biol. Chem. 272:6093–96

83. Chua SC, Chung WK, Wu-Peng XS.
1996. Phenotypes of mouse diabetes and
rat fatty due to mutations in the OB (lep-
tin) receptor. Science 271:994–96

84. Vaisse C, Halaas JL, Horvarth CM, Dar-
nell JE Jr, Stoffel M, Friedman JM. 1996.

Leptin activation of Stat3 in the hypo-
thalamus of wild type and ob/ob mice but
not db/db mice. Nat. Genet. 14:95–97

85. Ghilardi N, Ziegler S, Wiestner A, Stof-
fel R, Heim MH, Skoda RC. 1996.
Defective STAT signaling by the leptin
receptor in diabetic mice. Proc. Natl.
Acad. Sci. USA 93:6231–35

86. Bjorbaek C, Uotani S, da Silva B, Flier
JS. 1997. Divergent signaling capacities
of the long and short isoforms of the lep-
tin receptor. J. Biol. Chem. 272:32686–
95

87. Friedman JM, Halaas JL. 1998. Leptin
and the regulation of body weight in
mammals. Nature 395:763–70

88. Takaya K, Ogawa Y, Hiraoka J, Hosoda
K, Yamori Y, et al. 1996. Nonsense muta-
tion of leptin receptor in the obese spon-
taneously hypertensive Koletsky rat. Nat.
Genet. 14:130–31

89. White DW, Wang DW, Chua SC Jr, Mor-
genstern JP, Leibel RL. 1997. Constitu-
tive and impaired signaling of leptin
receptors containing the Gln-Pro extra-
cellular domain mutation. Proc. Natl.
Acad. Sci. USA 94:10657–62

90. Li C, Ioffe E, Fidahusein N, Connolly E,
Friedman JM. 1998. Absence of soluble
leptin receptor in plasma from dbPas/dbPas

and other db/db mice. J. Biol. Chem.
273:10078–82

91. Bray GA, York DA. 1979. Hypothalamic
and genetic obesity in experimental ani-
mals: an autonomic and endocrine
hypothesis. Physiol. Rev. 59:719–90

92. da Silva BA, Bjorbaek C, Uotani S, Flier
JS. 1998. Functional properties of leptin
receptor isoforms containing the Gln-Pro
extracellular domain mutation of the
fatty rat. Endocrinology 139:3681–90

93. Cusin I, Rohner-Jeanrenaud F, Stricker-
Krongard A, Jeanrenaud B. 1996. The
weight reducing effect of an intracere-
broventricular bolus injection of leptin in
genetically obese fa/fa rats. Reduced sen-
sitivity compared with lean animals. Dia-
betes 45:1446–50



LEPTIN 433

94. Seeley RJ, van Dijk G, Campfield LA,
Smith FJ, Burn P, et al. 1996. Intraven-
tricular leptin reduces food intake and
body weight of lean rats but not obese
Zucker rats. Horm. Metab. Res. 28:664–
68

95. Wu-Peng XS, Chua SCJ, Okada N, Liu
SM, Nicolson M, Leibel RL. 1997. Phe-
notype of the obese Koletsky (f) rat due
to Tyr763Stop mutation in the extracel-
lular domain of the leptin receptor
(Lepr): evidence for deficient plasma-to-
CSF transport of leptin in both the
Zucker and Kolestsky obese rat. Diabe-
tes 46:513–18

96. Clement K, Vaisse C, Lahlous N, Cabroll
S, Pelloux V, et al. 1998. A mutation in
the human leptin receptor gene causes
obesity and pituitary dysfunction. Nature
392:398–401

97. Houseknecht KL, Mantzoros CS, Kulia-
wat R, Hadro E, Flier JS, Kahn BB.
1996. Evidence for leptin binding to pro-
teins in serum of rodents and humans:
modulation with obesity. Diabetes 45:
1638–43

98. Sinha MK, Opentanova I, Ohannesian JP,
Kolacynski JW, Hale L, et al. 1996. Evi-
dence of free and bound leptin in human
circulation. Studies in lean and obese
subjects and during short-term fasting. J.
Clin. Invest. 98:1277–82

99. Hill RA, Margetic S, Pegg GG, Gazzola
C. 1998. Leptin: its pharmacokinetics
and tissue distribution. Int. J. Obes.
Relat. Metab. Disord. 22:765–70

100. Elmquist JK, Ahima RS, Maratos-Flier
E, Flier JS, Saper CB. 1997. Leptin acti-
vates neurons in the ventrobasal hypo-
thalamus and brainstem. Endocrinology
839–42

101. Elmquist JK, Ahima RS, Elias CS, Flier
JS, Saper CB. 1998. Leptin activates dis-
tinct projections from the dorsomedial
and ventromedial hypothalamic nuclei.
Proc. Natl. Acad. Sci. USA 741–48

102. Schwartz M, Seeley RJ, Campfield LA,
Burn P, Baskin DG. 1996. Identification

of targets of leptin action in rat hypo-
thalamus. J. Clin. Invest. 98:1101–6

103. Mercer JG, Hoggard N, Williams LM,
Lawrence CB, Hannah LT, et al. 1996.
Localization of leptin mRNA and the
long form splice variant (Ob-Rb) in
mouse hypothalamus and adjacent brain
regions by in situ hybridization. FEBS
Lett. 387:113–16

104. Elmquist JK, Bjorbaek C, Ahima RS,
Flier JS. 1998b. Distributions of leptin
receptor isoforms in the rat brain. J.
Comp. Neurol. 395:535–47

105. Baskin DG, Breininger JF, Schwartz
MW. 1999. Leptin receptor mRNA iden-
tifies a subpopulation of neuropeptide Y
neurons activated by fasting in rat hypo-
thalamus. Diabetes 48:828–33

106. Hakanssson ML, Meister B. 1998. Tran-
scription factor STAT3 in leptin target
neurons of the rat hypothalamus. Neu-
roendocrinology 68:420–27

107. Bjorbaek C, Elmquist JK, Michl P,
Ahima RS, van Bueren A, et al. 1998.
Expression of leptin receptor isoforms
in brain microvessels. Endocrinology
139:3485–91

108. Banks WA, Kastin AJ, Huang W, Jaspan
JP, Maness LM. 1996. Leptin enters the
brain by a saturable system independent
of insulin. Peptides 17:305–11

109. Pardridge WM. 1986. Receptor-medi-
ated peptide transport through the blood-
brain barrier. Endocrinol. Rev. 7:314–30

110. Schwartz MW, Figlewicz DP, Baskin
DG, Woods SC, Porte JD Jr. 1992. Insu-
lin in the brain: a hormonal regulator of
energy balance. Endocrinol. Rev. 13:
387–14

111. Golden PL, Maccagnan TJ, Padridge
WM. 1997. Human blood-brain barrier
leptin receptor: binding and endocytosis
in isolated human brain microvessels. J.
Clin. Invest. 99:14–18

112. Schwartz MW, Peskind E, Raskind M,
Boyko EJ, Porte D Jr, et al. 1996. Cere-
brospinal fluid leptin concentrations:



434 AHIMA n FLIER

relationship to plasma levels and to adi-
posity in humans. Nat. Med. 2:589–93

113. Jensen MD, Moller N, Nair KS, Eisen-
berg P, Landt M, Klein S. 1999. Regional
leptin kinetics in humans. Am. J. Clin.
Nutr. 69:18–21

114. Meyer C, Robson D, Rackovsky N, Nad-
karni V, Gerich J, et al. 1997. Role of the
kidney in human leptin metabolism. Am.
J. Physiol. 273:E903–7

115. Sharma K, Considine RV, Michael B,
Dunn SR, Weisberg LS, et al. 1997.
Plasma leptin is partly cleared by the
kidney and elevated in hemodialysis
patients. Kidney Int. 51:1980–85

116. Merabet E, Dagogo-Jack S, Coyne DW,
Klein S, Santiago JV, et al. 1997.
Increased plasma leptin concentration in
end-stage renal disease. J. Clin. Endocri-
nol. Metab. 82:847–50

117. Serradiel-Le Gal C, Raufaste D, Brossard
G, Pouzat B, Marty E, et al. 1997. Char-
acterization and localization of leptin
receptors in the rat kidney. FEBS Lett.
404:185–91

118. Uotani S, Bjorbaek C, Tornoe J, Flier JS.
1999. Functional properties of leptin
receptor isoforms. Internalization and
degradation of leptin and ligand-induced
receptor downregulation. Diabetes 48:
279–86

119. Shimizu H, Kakizaki S, Tsuchiya T,
Nagamine T, Takagi H, et al. 1998. An
increase of circulating leptin in patients
with liver cirrhosis. Int. J. Obes. Relat.
Metab. Disord. 22:1234–38

120. McCullough AJ, Bugianesi E, Mar-
chesini G, Kalhan SC. 1998. Gender-
dependent alterations in serum leptin in
alcoholic cirrhosis. Gastroenterology
115:947–53

121. Potter JJ, Womack L, Mezey E, Anania
FA. 1998. Transdifferentiation of rat
hepatic stellate cells results in leptin
expression. Biochem. Biophys. Res.
Commun. 244:178–82

122. Sawchenko PE. 1998. Toward a new
neurobiology of energy balance, appetite

and obesity: The anatomists weigh in. J.
Comp. Neurol. 402:435–41

123. Elmquist JK, Elias CF, Saper CB. 1999.
From lesions to leptin: hypothalamic
control of food intake and body weight.
Neuron 22:221–32

124. Flier JS, Maratos-Flier E. 1998. Obesity
and the hypothalamus: novel peptides for
new pathways. Cell 92:437–40

125. Seeley RJ, Yagaloff KA, Fisher SL, Burn
P, Thiele TE, et al. 1997. Melanocortin
receptors in leptin effects. Nature 390:49

126. Fan W, Boston BA, Kesterson RA, et al.
1997. Role of melanocortinergic neurons
in feeding and the agouti obesity syn-
drome. Nature 385:165–68

127. Barrachina M, Martinez V, Wang L, Wei
JY, Tache Y. 1997. Synergistic interac-
tion between leptin and cholecystokinin
to reduce short-term food intake in lean
mice. Proc. Natl. Acad. Sci. USA
94:10455–60

128. Kristensen P, Judge ME, Thim L, Ribel
U, Christjansen KN, et al. 1998. Hypo-
thalamic CART is a new anorectic pep-
tide regulated by leptin. Nature 393:72–
76

129. Erickson JC, Clegg KE, Palmiter RD.
1996. Sensitivity to leptin and suscepti-
bility to seizures of mice lacking neuro-
peptide Y. Nature 381:415–18

130. Pedrazzini T, Seydoux J, Kunster P,
Aubert JF, Grouzmann E, et al. 1998.
Cardiovascular response, feeding behav-
ior and locomotor activity in mice lack-
ing the NPY Y1 receptor. Nat. Med.
4:722–26

131. Marsh DJ, Hollopeter G, Kafer KE, Pal-
miter RD. 1998. Role of Y5 neuropeptide
Y receptor in feeding and obesity. Nat.
Med. 4:718–21

132. Nonogaki K, Starck AM, Dallman MF,
Tecott LH. 1998. Leptin-independent
hyperphagia and type 2 diabetes in mice
with a mutated serotonin 5-HT2C recep-
tor gene. Nat. Med. 4:1152–56

133. Erickson JC, Hollopeter G, Palmiter RD.
1996. Attenuation of the obesity syn-



LEPTIN 435

drome of ob/ob mice by the loss of neu-
ropeptide Y. Science 274:1704–7

134. Shimada M, Tritos N, Lowell BB, Flier
JS, Maratos-Flier E, et al. 1999. Mice
lacking melanin-concentrating hormone
are hypophagic and lean. Nature
396:670–74

135. Legradi G, Emerson CH, Ahima RS,
Flier JS, Lechan RM. 1997. Leptin pre-
vents fasting-induced suppression of
prothyrotropin-releasing hormone mes-
senger ribonucleic acid in neurons of the
hypothalamic paraventricular nucleus.
Endocrinology 138:2569–76

136. Legradi G, Emerson CH, Ahima RS,
Rand WM, Flier JS, Lechan RM. 1998.
Arcuate nucleus ablation prevents fast-
ing-induced suppression of ProTRH
mRNA in the hypothalamic paraventri-
cular nucleus. Neuroendocrinology 68:
89–97

137. Yu WH, Kimura M, Walczewska A, Kar-
anth S, McCann SM. 1997. Role of leptin
in hypothalamic-pituitary function. Proc.
Natl. Acad. Sci. USA 94:1023–28

138. Finn PD, Cunningham MJ, Pau KY,
Spies HG, Clifton DK, Steiner RA. 1998.
The stimulatory effect of leptin on the
neuroendocrine reproductive axis of the
monkey. Endocrinology 139:4652–62

139. Costa A, Poma A, Martignoni E, Nappi
G, Ur E, Grossman A. 1997. Stimulation
of corticotropin-releasing hormone
release by obese (ob) gene product,
leptin, from hypothalamic explants.
NeuroReport 8:1131–34

140. Heiman ML, Ahima RS, Craft LS,
Schoner B, Stephens TW, Flier JS. 1997.
Leptin inhibition of the hypothalamic-
pituitary-adrenal axis in response to
stress. Endocrinology 138:3859–63

141. Bjorbaek C, Elmquist JK, Franz JD,
Shoelson SE, Flier JS. 1998. Identifica-
tion of SOCS-3 as a potential mediator
of central leptin resistance. Mol. Cell
1:619–25

142. Spanswick D, Smith MA, Groppi VE,
Logan SD, Ashford ML, et al. 1997. Lep-

tin inhibits hypothalamic neurons by
activation of ATP-sensitive potassium
channels. Nature 390:521–25

143. Kieffer TJ, Heller S, Leech CA, Holz
GG, Habener JF. 1997 Leptin suppres-
sion of insulin secretion by the activation
of ATP-sensitive K` channels in pancre-
atic b-cells. Diabetes 46:1087–93

144. Powis JE, Bains JS, Ferguson AV. 1998.
Leptin depolarizes rat hypothalamic par-
aventricular nucleus neurons. Am. J.
Physiol . 274:R1468–72

145. Glaum SR, Hara M, Binkodas VP, Lee
CC, Polonsky KS, et al. 1996. Leptin, the
obese gene product, rapidly modulates
synaptic transmission in the hypothala-
mus. Mol. Pharmacol. 50: 230–35

146. Wang YH, Tache Y, Sheibel AB, Go VL,
Wei JY, et al. 1997. Two types of leptin-
responsive gastric vagal afferent termi-
nals: an in vitro single-unit study in rats.
Am. J. Physiol. 273:R833–37

147. Ioffe E, Moon B, Connolly E, Friedman
JM. 1998. Abnormal regulation of the
leptin gene in the pathogenesis of obe-
sity. Proc. Natl. Acad. Sci. USA
95:11852–55

148. Halaas JL, Boozer C, Blair-West J, Fida-
husein N, Denton DA, Friedman JM.
1998. Physiological response to long-
term peripheral and central leptin infu-
sion in lean and obese mice. Proc. Natl.
Acad. Sci. USA 94:8878–83

149. Shimabukuro M, Koyama K, Chen G,
Wang M-Y, Trieu F, et al. 1997. Direct
antidiabetic effect of leptin through tri-
glyceride depletion of tissues. Proc. Natl.
Acad. Sci. USA 94:4637–41

150. Quian H, Azani MJ, Compton MM, Har-
tzell D, Hausman GH, Baile CA. 1997.
Brain administration of leptin causes
deletion of adipocytes by apoptosis.
Endocrinology 139:791–94

151. Flier JS. 1998. Clinical review 94:
What’s in a name? In search of leptin’s
physiologic role. J. Clin. Endocrinol.
Metab. 83:1407–13

152. Spiegelman BM, Flier JS. 1996. Adipo-



436 AHIMA n FLIER

genesis and obesity: rounding out the big
picture. Cell 87:377–89

153. Caro JF, Kolaczynski JW, Nyce MR,
Ohannesian JP, Opentanova I, et al. 1997.
Decreased cerebrospinal fluid/serum lep-
tin ratio in obesity: a possible mechanism
for leptin resistance. Lancet 348:159–61

154. Van Heek M, Compton DS, France CF,
Tedesco RP, Fawzi AB, et al. 1997. Diet-
induced obese mice develop peripheral,
but not central, resistance to leptin. J.
Clin. Invest. 99:385–90

155. Carpenter LR, Farruggela TJ, Symes A,
Karow ML, Yancopoulos GD, et al.
1998. Enhancing leptin response by pre-
venting SH2-containing phosphatase 2
interaction with ob receptor. Proc. Natl.
Acad. Sci. USA 95:6061–66

156. Herberg L, Kley HK. 1975. Adrenal
function and effect of a high fat diet on
C57BL/6J and C57BL/6J ob/ob mice.
Horm. Metab. Res. 7:410–15

157. Bruce BK, King BM, Phelps GR, Veitia
MC. 1982. Effects of adrenalectomy and
corticosterone adminstration on hypotha-
lamic obesity in rats. Am. J. Physiol.
243:E152–57

158. Debons AF, Siclari E, Das KC, Fuhr B.
1982. Gold thioglucose-induced hypo-
thalamic damage, hyperphagia, and obe-
sity: dependence on the adrenal gland.
Endocrinology 110:2024–29

159. Peeke PM, Chrousos GP. 1995. Hyper-
cortisolism and obesity. Ann. NY. Acad.
Sci. 771:665–76

160. Schwartz MW, Dallman MF, Woods SC.
1995. Hypothalamic response to starva-
tion: implications for the study of
wasting disorders. Am. J. Physiol. 269:
R949–57

161. Lord GM, Matarese G, Howard JK,
Baker RJ, Bloom SR, et al. 1998. Leptin
modulates the T-cell immune response
and reverses starvation-induced immu-
nosuppression. Nature 294:897–91

162. Doring H, Schwarzer K, Nuesslein-
Hildesheim B, Schmidt I. 1998. Leptin
selectively increases energy expenditure

of food-restricted lean mice. Int. J. Obes.
Relat. Metab. Disord. 22:83–88

163. Cahill JG, Herrera MG, Morgan AP,
Soeldner JS, Steinke J, et al. 1966. Hor-
mone-fuel interrelationships during fast-
ing. J. Clin. Invest. 45:1751–69

164. Sims EA, Horton ES. 1968. Endocrine
and metabolic adaptation to obesity and
starvation. Am. J. Clin. Nutr. 21:1455–70

165. Pirke K, Schweiger U, Strowitzki T,
Tushl RJ, Laesck RG, et al. 1989. Dieting
causes menstrual irregularities in normal
weight young women through impair-
ment of episodic luteinizing hormone
secretion. Fertil. Steril. 51:263–68

166. Vuagnat BAM, Pierroz DD, Lalaoui M,
Englaro P, Pralong FP, et al. 1998. Evi-
dence for a leptin-neuropeptide Y axis
for the regulation of growth hormone
secretion in the rat. Neuroendocrinology
67:291–300

167. Nagatani S, Guthikonda P, Thompson
RC, Tsukamura H, Maeda KI, Foster DL.
1998. Evidence for GnRH regulation by
leptin: Leptin administration prevents
reduced pulsatile LH secretion during
fasting. Neuroendocrinology 67:370–76

168. Ravussin E, Pratley RE, Maffei M, Wang
H, Friedman JM, et al. 1997. Relatively
low plasma leptin concentrations precede
weight gain in Pima Indians. Nat. Med.
3:238–40

169. Haffner SM, Mykkanen LA, Gonzalez
CC, Stern MP. 1998. Leptin concentra-
tions do not predict weight gain: the
Mexico City Diabetes Study. Int. J. Obes.
Relat. Metab. Disord. 22:695–99

170. Mantzoros C, Flier JS, Lesen MD, Brew-
erton TD, Jimerson DC. 1997. Cerebro-
spinal fluid leptin in anorexia nervosa:
correlation with nutritional status and
potential role in resistance to weight
gain. J. Clin. Endocrinol. Metab. 82:
1845–51

171. Chehab F, Lim M, Lu R. 1996. Correc-
tion of the sterility defect in homozygous
obese female mice by treatment with the



LEPTIN 437

human recombinant leptin. Nat. Genet.
12:318–20

172. Chehab FF, Mounzih K, Lu R, Lim ME.
1997. Early onset of reproductive func-
tion in normal female mice treated with
leptin. Science 275:88–90

173. Ahima RS, Dushay J, Flier SN, Prabak-
aran D, Flier JS. 1997. Leptin accelerates
the onset of puberty in normal female
mice. J. Clin. Invest. 99:391–395

174. Wade GN, Lempicki RL, Panicker AK,
Frisbee RM, Blaustein JD. 1997. Leptin
facilitates and inhibits sexual behavior
in female hamsters. Am. J. Physiol.
272:R1354–58

175. Zachow RJ, Magoffin DA. 1997. Direct
intraovarian effects of leptin: impairment
of the synergistic action on insulin-like
growth factor I on follicle stimulating
hormone dependent estradiol 17 beta
production by rat ovarian granulosa cells.
Endocrinology 138:847–50

176. Bornstein SR, Uhlmann K, Haidan A,
Ehrhart-Bornstein M, Scherbaum. 1997.
Evidence for a novel peripheral action of
leptin as a metabolic signal to the adrenal
gland: Leptin inhibits cortisol release
directly. Diabetes 46:1235–38

177. Pralong FP, Roduit R, Waeber G, Castillo
E, Mosimann F, et al. 1998. Leptin inhib-
its directly glucocorticoid secretion by
normal human and rat adrenal gland.
Endocrinology 139:4264–68

178. Rossetti L, Massillon D, Barzilai N, Vug-
uin P, Chen W, et al. 1997. Short term
effects of leptin on hepatic gluconeogen-
esis and in vivo insulin action. J. Biol.
Chem. 272:27758–63

179. Kamohara S, Burcelin R, Halaas JL,
Friedman J, Charron M. 1997. Acute
stimulation of glucose metabolism in
mice by leptin treatment. Nature
389:374–77

180. Cohen SM, Werrman J, Tota M. 1998.
13C NMR study of the effects of leptin
treatment on kinetics of hepatic inter-
mediary metabolism. Proc. Natl. Acad.
Sci. USA 95:7385–90

181. Siegrist-Kaiser C, Pauli V, Juge-Aubry
C, Boss O, Pernin A, et al. 1997. Direct
effect of leptin on brown and white adi-
pose tissue. J. Clin. Invest. 100:2858–64

182. Morton NM, Emilsson V, Liu YL, Caw-
thorne MA. 1998. Leptin action in intes-
tinal cells. J. Biol.Chem. 273:26194–201

183. Haynes WG, Sivitz WJ, Morgan DA,
Walsh SA, Mark AL. 1997. Sympathetic
and cardiorenal actions of leptin. Hyper-
tension 30:619–23

184. Scarpace PJ, Matheny M, Pollock BH,
Turner N. 1997 Leptin increases uncoup-
ling protein expression and energy
expenditure. Am. J. Physiol 273:E226–
30

185. Hoggard N, Hunter L, Duncan J, Wil-
liams LM, Trayhurn P, Mercer JC. 1997.
Leptin and leptin receptor mRNA and
protein expression in the murine fetus
and placenta. Proc. Natl. Acad. Sci. USA
94:11073–78

186. Gainsford T, Willson TA, Metcalf D,
Handman E, McFarlane C, et al. 1996.
Leptin can induce proliferation, differ-
entiation and functional activation of
hemopoietic cells. Proc. Natl. Acad Sci.
USA 93:14564–68

187. Sierra-Honigmann MR, Nath AK,
Murakami C, Garcia-Cardena G, Papa-
petropoulos A, et al. 1998. Biologic
action of leptin as an angiogenic factor.
Science 281:1683–85

188. Bereiter DA, Jeanreneaud B. 1979.
Altered neuroanatomical organization in
the central nervous system of genetically
obese (ob/ob) mice. Brain. Res. 165:
249–60

189. Sena A, Sarlieve LL, Rebel G. 1985.
Brain myelin of genetically obese mice.
J. Neurol. Sci. 68: 233–44

190. Steppan CM, Swick AG. 1999. A role for
leptin in brain development. Biochem.
Biophys. Res. Commun. 256:600–2

191. Ahima RS, Bjorbaek C, Osei SY, Flier
JS. 1999. Regulation of neuronal and
glial proteins by leptin: implications for
brain development. Endocrinology 140:
2755–62




