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PREFACE 

The discovery of leptin by Friedman and his colleagues in 
1994 was a seminal discovery in the study of metabolism, providing a 
new tool to study energy expenditure and appetite regulation. Early 
studies actively investigated many aspects of metabolism, obesity, and 
diabetes but it was soon evident that leptin was much more than a 
metabolic hormone. Today leptin, with almost 11,000 reports in the 
world's literature, is recognized to be important in many areas of 
physiology with strong suggestions for involvement in clinical 
conditions as well. Leptin, of course, remains of great interest in 
obesity and diabetes but other, previously unimagined, areas are now 
in the realm of leptin physiology. Perhaps leptin and its involvement 
in many areas of reproductive physiology may be of greatest interest 
outside of obesity, but other physiological arenas are becoming 
increasingly involved in the broader understanding of leptin and its 
pleiotropic functions. These areas include cardiovascular disease, 
bone physiology, immune regulation, and even cancer and genetics. 
Clinical trials have suggested other areas of leptin pharmaceutical 
potential beyond the original promise of obesity management. These 
topics and others, for the first time, have been collected in one volume 
as the first comprehensive review of leptin and its many actions. This 
area will continue to increase and is now compounded by new 
endocrine factors that have been elucidated in the wake of leptin's 
explosion onto the physiological scene. The future seems promising 
for an increased physiological understanding and the development of 
clinical applications. This volume will serve as the basis for 
understanding the past and present of leptin, and to indicate where the 
future direction of leptin may lead. 

V. Daniel Castracane, PhD 

Michael C. Henson, PhD 



Chapter 1 

THE OBESE {ob/ob) MOUSE AND THE 
DISCOVERY OF LEPTIN 

V. Daniel Castracane and Michael C. Henson 

'Texas Tech University School of Medicine, Lubbock, TX and ^Department of Biological 
Sciences, Purdue University Calumet, Hammond, IN 

Abstract: Early theories describing appetite regulation and energy expenditure suggested 
the lipostatic theory, which hypothesized that some peripheral signal, probably 
from adipose tissue, would feedback to central satiety centers to modulate food 
intake and body weight. However, the experimental techniques needed to 
validate this hypothesis were lacking at that time. Subsequently, two strains of 
obese mutants, the ob/ob mouse and later the db/db mouse, were discovered 50 
and 40 years ago, respectively, and proved invaluable to studying the 
regulation of food intake, energy expenditure, and obesity. Prior to the 
development of today's more sophisticated techniques for studying biological 
and biochemical processes, the use of parabiosis, the surgical attachment of 
two animals with a shared blood supply, provided valuable insights into the 
obesity. Information gained from studies of these strains of mice, especially in 
parabiotic studies with normal counterparts, provided evidence for a humoral 
factor involved in appetite regulation and initiated the search for its identity. 
Friedman et al discovered leptin in 1994, and demonstrated that this hormone, 
the product of the obese (ob) gene, was produced in white adipose tissue and 
served as the peripheral signal to the central nervous system of nutritional 
status. After leptin's discovery, the obese mouse model continued to play an 
invaluable role in the validation of leptin as the missing factor in the ob/ob 
mouse and served as a principal model to delineate the many facets of leptin 
physiology. 

Key words: obesity, ob/ob mouse, db/db mouse, genetics, mice, leptin 

"Corpulence is not only a disease itself, but a harbinger of others." 
Hippocrates 
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1. INTRODUCTION 

The multiple health risks of obesity have been recognized for 
centuries, but the last few decades have seen an explosion in its incidence, 
most particularly in developed countries such as the United States and those 
in Western Europe. Perhaps the most important findings related to obesity in 
the last decade are linked to our greater understanding of appetite regulation 
and energy expenditure that began with the discovery and characterization of 
leptin in 1994', followed by the identification of other associated endocrine 
factors. The breakthrough which led to this discovery was the finding of a 
genetic mutation in the mouse that resulted in obesity.^ This obese mouse 
(ob/ob) provided insights into obesity that led to expectations that some 
unknown humoral substance was related to the development of obesity in 
this model. This chapter will describe the initial contributions of the ob/ob 
mouse (and other mouse models) that led to the discovery of leptin and the 
invaluable role of this model in proving that the newly discovered adipokine 
was indeed responsible for controlling adiposity in mice. 

2. THE OBESE (ob/ob) MOUSE 

The obese mouse was a fortuitous observation in the summer of 1949 
at the Jackson Laboratories in Bar Harbor. Obese mice were first 
distinguished from littermates at 4-6 weeks of age. Thereafter, they 
continued to increase in weight and generally weighed four times more than 
wild type littermates. In the original report, no effect on lifespan through 12 
months had been observed. The obese animals were sterile and offspring of 
heterozygote matings demonstrated the 3:1 ratio characteristic of a recessive 
gene. The gene responsible was designated ob (2) (now Lep). 

In subsequent reports, the ob/ob mouse was reported to come from a 
noninbred stock where the mutant presented with massive obesity and 
marked hyperglycemia and was originally considered to be a model of 
diabetes. The syndrome is inherited as a single autosomal recessive gene 
located on chromosome 6. The original mutation was transferred to a 
standard inbred strain (C57BL/6J) by a series of cross-intercross matings. 
This resultant BL/6 obese mouse was characterized by obesity, hyperphagia, 
transient hyperglycemia, and elevated plasma insulin concentrations (10-50 
times normal) that were associated with a huge increase in the number and 
size of the beta cells of the pancreas. Mutants of both sexes are infertile.^ 
When the obese mutation is expressed on a different genetic background. 
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markedly different diabetic syndromes can result, emphasizing the role of 
other genetic interactions with the obese mutation.'* 

3. THE DIABETIC {db/db) MOUSE 

Another mutant strain of obese mouse called diabetes (db/db) was 
discovered, also at the Jackson Laboratory, in 1966.̂  This mutation 
occurred in an inbred mouse strain (C57BL/Ks) and is characterized by a 
metabolic disturbance resembling diabetes mellitus. The diabetic mutant is 
phenotypically similar to the obese mutant but demonstrates symptoms at an 
earlier age and has a shortened life span. Blood sugar concentrations were 
200 mg/dl or greater by 8 weeks of age and reached or exceeded 300 mg/dl 
by 10 weeks of age. Both diabetes (db) and obese (ob) genes are inherited 
as autosomal recessives with complete penetrance. Diabetic homozygotes 
are fat, hyperglycemic, and nonfertile, and heterozygotes cannot be visually 
distinguished from normals. Attempts to control weight by food restriction, 
as has been successful with the obese mouse, failed in the db/db mouse. 
The db/db mouse did not survive on reduced food intake. ^ 

The db mutation is located on chromosome 4. Homozygous mutants 
are infertile, obese, hyperphagic, and consistently develop severe diabetes 
with marked hyperglycemia. Increased plasma insulin concentrations are 
observed as early as 10 days of age. The concentration of plasma insulin 
peaks at 6-10 times normal by 2-3 months, then drops precipitously to near 
normal levels. During the time of elevated insulin, there is a hyperplasia and 
hypertrophy of the beta cells of the Islets of Langerhans. The decline in 
plasma insulin is concomitant with islet atrophy and rising blood glucose, 
which remains above 400 mg/dl until death at 5-8 months.^ 

4. PARABIOSIS 

It is important to remember that in 1950 many of the experimental 
techniques so readily available today had not yet been developed. One of 
the available techniques that was important in determining the nature of this 
new obese mutant was parabiosis. Parabiosis is the union of two living 
organisms, which may occur spontaneously as in the example of conjoined 
twins or, most often as used in experimental research, following a surgical 
procedure in laboratory animals such as the mouse or rat. '̂ ̂  This technique 
allows animals with different physiologies or genetics to be conjoined and to 
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share their blood supplies. Any humoral (endocrine) substances would 
readily communicate from one parabiont to the other. This technique was 
most useful in establishing the fact that a humoral substance was involved in 
the regulation of satiety and adiposity.^ 

Early studies demonstrated the existence of a satiety center within the 
hypothalamus and that hypothalamic lesions would result in obesity.''" 
Hervey parabiosed a pair of rats, one being normal and the other bearing 
hypothalamic lesions that resulted in obesity. This union resulted in severe 
weight loss and the suppression of appetite in the normal partner. We now 
appreciate that the increased adipose tissue of the hypothalamic lesioned rat 
produced excess leptin and affected the normal partner, but not the lesioned 
rat, since the satiety center had been destroyed.^ 

In a series of important studies, Coleman used the parabiotic 
technique to great advantage to define the nature of the genetic obese mouse 
models which had become recognized at his institution. When a normal 
mouse is parabiosed with an ob/ob obese mouse, the obese animal gains 
weight at a slower rate and approaches the normal body weight, 
demonstrating that some factor from the normal control mouse crosses to the 
obese mouse to induce satiety. These results demonstrate that the obese 
mouse has a deficiency of a satiety factor, but also does not produce any 
substance which adversely affects the normal partner. The ob/ob mouse 
exhibits an improvement in plasma insulin and blood glucose concentration. 
In sharp contrast, when the db/db obese mouse was parabiosed with a normal 
mouse, the normal mouse rapidly lost weight, became hypoglycemic and 
died of apparent starvation within 50 days of surgery.^' ̂ '" The db/db mouse 
in this parabiosis pair was resistant to the endogenous factor produced by the 
normal partner. 

Later studies would confirm that leptin was produced in the normal 
mouse and decreased many aspects of obesity in the ob/ob partner. In the 
db/db mouse, the mutation caused a loss of the leptin receptor and therefore 
was resistant to any leptin effect. Moreover, this mutant produced excess 
leptin (due to increased adipose tissue), which suppressed appetite severely 
in the normal partner and resulted in death. Parabiotic studies using rat 
models have also been valuable in identifying the humoral nature of appetite 
regulation. As an example, parabiosis of normal pairs of rats, in which one 
member of the pair was tube fed twice its normal amount, would result in 
obesity, but the partner had a slight decrease in food consumption from that 
seen in individuals in normal parabiotic pairs. These studies indicated that 
some humoral factor from the obese partner would cross the parabiotic union 
to suppress food intake in the normal partner.'^ 
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5. EARLY THEORIES OF APPETITE REGULATION 

Early hypotheses of the feedback regulation of satiety have been 
reviewed by Hervey.'^ Three hypotheses were presented to identify the 
substance responsible for this closed loop regulatory system for energy 
balance. The first was that the maintenance of body temperature indicated 
the state of energy balance. The second, the "glucostatic theory" suggested 
that glucose was the peripheral signaling factor. It was considered unlikely 
that either of these theories could account for the quantitative accuracy 
needed for the regulation of energy balance or for its time properties. 
Variation in body temperature or of blood glucose are short lived and rapidly 
corrected by intrinsic regulatory mechanisms. It seemed unlikely that these 
short lived signals could regulate appetite over the 24 hour period. 

Early studies by Kennedy^ and Hervey'° presented the theory of the 
"lipostat" model, which proposed that adipose tissue produces some 
substance that serves as a feedback regulator for appetite suppression. Total 
fat mass is the variable that was sensed and ultimately regulated. 
Eventually, leptin was confirmed to be that adipose tissue-derived substance 
that performed this function. This theory seemed better able to account for 
the longterm accuracy of energy balance and for the time course of response. 
Future studies, using the ob/ob and db/db obese mouse models in different 
parabiotic unions, would provide evidence to support the lipostatic theory, 
although still not identifying the responsible signaling molecule. 

6. THE STAGE IS SET 

Numerous studies, particularly the parabiosis studies by Coleman,'*'^'" 
had clearly demonstrated that a circulating satiety factor existed, which was 
absent in the ob/ob mouse. The db/db mouse was resistant to this satiety 
factor. Earlier studies had strongly suggested that adipose tissue might be 
the source of this lipostatic feedback signaling molecule. With this 
background, Jeffrey Friedman and colleagues at the Rockefeller University 
began a search to identify this satiety signal. In 1994, Friedman's group' 
was able to isolate and characterize this "obesity hormone" using molecular 
biology techniques. Following an elegant sequence of experiments, they 
reported the cloning and sequencing of the mouse ob gene and its human 
homologue. They determined that, in adipose tissue, ob encodes a 4.5 
kilobase mRNA that features a highly conserved 167 amino acid open 
reading frame. The predicted amino acid sequence has 84% homology in 
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humans and mice and could be identified as a secreted protein. In codon 
105, a nonsense mutation was identified in the original congenic C57BL/6J 
ob/ob mouse strain that expressed a 20-fold quantitative enhancement in ob 
mRNA, while another ob mutant, the co-isogenic SM/Ckc-+ ^""ob^^lob^' 
strain, did not synthesize ob mRNA. Clearly, a collective appraisal of these 
data indicated that the protein product of the ob gene (leptin) functioned as a 
signaling adipokine that helped to modulate adipose mass. To this end, the 
authors were intuitive in pointing out that the extensive homology of the 
described gene product among vertebrate species suggested that its function 
was highly conserved and that it would now be possible to test for mutations 
in the human gene. These experiments would mark significant progress 
toward a better understanding of the alterations to normal metabolic 
pathways that result in obesity. 

7. STUDIES FOLLOWING THE DISCOVERY OF 

LEPTIN 

When the product of the ob gene was cloned, it was then possible to 
test this protein for its presumed role in the regulation of adiposity and the 
ob/ob mouse presented the ideal animal model for such a validation. 
Pellymounter et al'^ administered daily intraperitoneal injections of 
recombinant Ob protein at different doses and observed a dose- and time-
dependent lowering of body weight, percentage body fat, food intake and 
serum concentrations of glucose and insulin. In addition, metabolic rate, 
body temperature, and activity levels were increased by this treatment. 
These parameters were not changed beyond the levels observed in lean 
controls, suggesting that the Ob protein normalized the metabolic state of the 
ob/ob mouse. Normal mice treated with Ob protein exhibited a 
nonsignificant decline in body weight and indicated that the ob/ob mouse 
was more sensitive to the Ob protein than were lean controls. Similar 
results, using the ob/ob mouse, were reported by Weigle et al.''' Taken 
together, these studies successfully demonstrated that the Ob protein had a 
significant role in the regulation of adiposity and metabolism. 

Halaas et al'^ also demonstrated the endocrine action of the Ob protein 
in the ob/ob mouse with a reduced food intake and increased energy 
expenditure, but also found it to be ineffective in the db/db mouse. They 
also found the obese mouse to be more sensitive to treatment with the 
protein than the wild type mice. They proposed that this 16 kilodalton 
protein be called leptin, derived from the Greek root leptos, meaning thin. 
Campfield et al'^ demonstrated similar aspects of the Ob protein in the ob/ob 
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mouse and its ineffectiveness in the db/db mouse. Perhaps most importantly, 
they compared injection of Ob protein into the cerebral ventricle and found 
this route to be more effective than the intraperitoneal route of 
administration, demonstrating the primary action on central neuronal 
networks that play an important role in feeding behavior and energy balance. 

Lipodystrophic mice, lacking white adipose tissue and therefore 
having very low leptin levels, have a similar phenotype to the ob/ob mouse. 
They are hyperphagic, insulin resistant, and diabetic. Metabolic 
abnormalities of the ob/ob mouse, as well as those of lipodystrophic mice 
can be normalized with leptin treatment.'^ Similarly, transplantation of 
white adipose tissue from normal mice to lipodystrophic mice would 
successfully ameliorate metabolic disturbances.'^ However, adipose tissue 
transplanted from leptin deficient mice was ineffective'^, indicating the 
importance of leptin in this corrective action. The transplantation of white 
adipose tissue to the ob/ob mouse had similar results to those reported for the 
lipodystrophic mice. Specifically, white adipose tissue from normal 
congenic mice could prevent any further increase in adiposity in young 
animals, and in both young (40 days) and older (13 months) mice was able to 
reduce body weight and normalize insulin. White adipose tissue from ob/ob 
mice had no effect. 

In addition to the original mutant mouse strains, ob/ob and db/db, 
there are other natural mutations and a large number of transgenic mouse 
models for different forms of obesity, each designed to investigate specific 
biochemical aspects of the many pathways related to energy and appetite 
regulation. It is estimated that more than 50 of these genetic models, 
including both natural and transgenic mutations, exist to study the etiology 
of obesity^°, with an emphasis on potential pharmaceutical preparations that 
would serve to suppress appetite via these newly discovered pathways. 
Virtually every major pharmaceutical company has an interest in developing 
some medical approach to this exploding clinical obesity epidemic. Studies 
continue into the roles and mechanisms of leptin action and ob/ob and db/db 
mice continue to serve as important tools for these investigations. '̂" '̂* We 
owe much to those observant individuals who recognized the first mutants 
and developed those strains that were so useful in understanding leptin 
before it had a name. They served then as vital investigatory tools to 
characterize the newly isolated protein and they continue to serve as useful 
models for better understanding this exciting new hormone. 
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LEPTIN RECEPTORS 

Laura C. Schulz and Eric P. Widmaier 
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Abstract; Leptin receptors belong to the class I cytokine receptor family. 
Although six isoforms of receptor have been identified, only two are 
thus far known to be linked with intracellular signaling, and only the 
longest isoform (ObRb) has full signaling capability. Structure/function 
analyses of the receptor suggest that it exists constitutively as a dimer in 
the plasma membrane; each receptor of the dimer pair reversibly binds a 
single leptin molecule. Upon binding, signaling cascades are initiated 
beginning with activation of receptor-associated janus kinase 2 (JAK2) 
and phosphorylation of two key tyrosine residues on the intracellular 
portion of the receptor. Of particular importance for the growing list of 
leptin actions is that binding of leptin to its longest receptor isoform 
activates numerous intracellular signals following JAK2 activation, 
which have been associated with a wide variety of biological actions in 
different tissues. Expression of the two longest forms of leptin receptor 
(ObRa and ObRb) appears to be nearly ubiquitous in mammalian 
tissues, although ObRb is abundantly expressed only in hypothalamus. 
Total loss of function mutations in ObRb appear to be rare in the human 
population, but polymorphisms in the regions of the gene that code for 
extracellular domains of the receptor are not uncommon, and are 
associated with weight gain and adiposity. An important area of future 
research will be the identification of the physiological functions of 
shorter isoforms of the leptin receptor, and continuing characterization 
of the types and frequencies of receptor polymorphisms in the human 
population. 

Key words: Leptin receptor; domains; signaling mechanisms; localization; receptor 
structure and function; mouse; human; mammals 
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1. INTRODUCTION 

The ob/ob and db/db mice display a similar phenotype, which 
includes obesity, hyperphagia, and infertility. Parabiosis experiments in the 
1970s suggested that the ob gene encodes a soluble factor that circulates in 
blood, whereas the db gene encodes its receptor'. Shortly after ob was 
sequenced, and its product was named leptin^, the leptin receptor gene was 
identified using an expression library, and then mapped to the db locus''. The 
db gene is located on chromosome 4 in mice and Ip in humans'*. It was the 
identification of a receptor and the functional link between receptor 
activation and cell function that defined leptin as a hormone. This review 
will focus on the structure and function of the mammalian receptor, using the 
murine and human receptors as well-characterized models. However, it 
should be noted that partial or complete sequences of leptin receptors have 
been obtained for many different mammalian species, including S. scrofa', B. 
taurus^, R. norvegicus', M. lucifugus^, and in other vertebrates, and in all 
cases the structural domains of the receptor are highly conserved (Table 1). 

SPECIES 

Macaca mulatto (macaque) 
Bos taurus (cow) 
Canis familiaris (dog) 
Sus scrofa (pig) 
Ovis aries (sheep) 
Myotis lucifugus (little brown bat) 
Rattus norvegicus (rat) 
Mus musculus (mouse) 
Callus gallus (chicken) 

ObRb % nucleotide homology to 
human 

97% 
88% 
88% 
88% 
88% 
87% 
83% 
81% 
62% 

Table 1: Relative similarity of leptin receptor isoform B cDNA sequences of 
representative species to the human sequence. Mammalian sequences were 
compared using BLAST. The G. gallus comparison is from reference 144. 

DOMAIN STRUCTURE OF THE LEPTIN 
RECEPTOR 

The leptin receptor is a member of the class I cytokine receptor 
family, also known as the gpl30 receptor family, although unlike many other 
family members, the leptin receptor does not form oligomers with gpl30^. 
Six different isoforms of the leptin receptor, ObRa-f, have been identified, 
also sometimes referred to as LepRa-f or LRa-f in the literature'" (Figure 1). 
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Figure 1: Domain structures of leptin receptor isoforms. Only those isoforms present in 
multiple mammalian species are shown. CK=cytokine receptor domain; F3 = fibronectin type 
3 domain; Ig = immunoglobulin C2 domain; CRH = cytokine receptor homology domain. Y = 
tyrosines thought to be involved in signaling. Box 1 and 2 are cytokine boxes. The names of 
the unique terminal exon of each isoform are shown. Arrows symbolize receptor domains or 
residues that are involved in binding and activation of the signaling proteins indicated (see text 
for further description of signaling mechanisms). 

All six receptor isoforms are products of the db gene and share the 
first 805 amino acids, comprising exons 1-14 in the mouse". The smallest 
isoform -ObRe- is not a receptor but rather is a soluble binding-protein, as it 
contains no transmembrane or cytoplasmic domains and is present in the 
circulation of some species. In rodents, to create ObRe, the splice site at the 
3'-end of exon 14 is skipped, and a contiguous sequence, exon 14', which 
contains a stop codon and a polyadenylation signal, is transcribed. In 
humans, the sequence 5' of exon 14 does not have a polyadenylation signal, 
and this may be why no ObRe transcript has been found to exist in humans. 
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Instead, in humans the ObRe protein is generated by proteolytic cleavage'^'\ 
The remaining larger isoforms share exons 1-15, exon 16, which 

contains the transmembrane domain, and exon 17, which contains the first 29 
amino acids of the cytoplasmic domain'^''*. After this, amino acid 889 in the 
mouse, ObRa, c, and d have different terminal exons, encoding just 3, 5, and 
11 amino acids respectively, whereas the terminal exon of ObRb, also called 
ObR long or ObRl, has an additional 273 amino acids. Although ObRa-c 
have been identified in multiple species, ObRd has thus far only been found 
in the mouse", and ObRf has only been found in the rat'"*. 

All six receptor isoforms possess the extracellular domains of the 
leptin receptor, which are the only portions of the receptor required for 
ligand binding^"'^'^. This part of the receptor is heavily N-glycosylated, with 
sugars accounting for 36% of its total mass'^. There are nine disulfide bonds, 
which contribute to the three dimensional structure of the receptor'^''^ Near 
the N-terminus are adjacent conserved cytokine receptor and fibronectin type 
3 (FN3) domains, together referred to as a CRH, or cytokine receptor 
/zomologous domain^. This CRH is separated from a second CRH by a 
conserved immunoglobulin C2 domain. There are two additional FN3 
domains in the extracellular portion of the receptor, distal to the second 
CRH. Only the CRH domain closest to the membrane is involved in ligand 
binding'^'^, possibly via hydrophobic interaction with the a and c helices of 
leptin^°. Two amino acids, F-500 and Y-441 are particularly important for 
leptin binding^'. The conserved WSXWS motif in the second, but not the 
first, CRH domain is glycosylated, suggesting that the first CRH domain may 
be buried within the tertiary structure of the receptor'^. 

Each leptin receptor can bind one leptin molecule '̂"^^. However, 
intracellular signaling requires a dimerized receptor in which each receptor in 
the pair is bound to a leptin molecule. It is the extracellular portion of the 
leptin receptor that is sufficient for dimerization to occur^ .̂ Unlike other 
cytokine receptors, unoccupied leptin receptors exist constitutively as dimers 
in the cell membrane^ '̂̂ '*'̂ .̂ Disulfide bonds within the second CRH domains 
of each receptor are involved in assembling these pre-formed dimers^°'^\ 
The binding of two leptin molecules, one to each receptor, does not enhance 
dimerization, which requires ligand binding in most other cytokine 
receptors '̂̂ '̂ ^ There is evidence, however, that leptin binding induces a 
conformational change in the dimers^'', and that this in turn may result in 
clustering of the homodimers'^ Once activated, the receptors induce 
intracellular signaling by the Janus kinase/signal transducer and activator of 
transcription (JAK/STAT) pathway. Two critical cysteine residues in the 
FN3 domains proximal to the membrane are required for clustering-induced 
signaling'*'^". In cells which co-express ObRa and b, heterodimerization does 
not occur in the absence of leptin̂ '̂̂ '*'̂ ,̂ but may occur to a small degree in 
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the presence of leptin^ .̂ Thus, coexpression of ObRa likely does not have any 
significant affect on signaling by pre-formed dimers of ObRb '̂''̂ ''. The 
extracellular domain is followed by a single, short, hydrophobic domain 
which spans the membrane, and is contained by exon 16 in the mouse". 

3. SIGNALING PATHWAYS INITIATED BY 
INTRACELLULAR DOMAINS OF THE 
ACTIVATED LEPTIN RECEPTOR 

Activation of leptin receptors directly or indirectly activates multiple 
signaling pathways that involve kinase-induced phosphorylation of proteins, 
including JAK2/STAT3, erbB2, ERK, IRSl and rho/rac'̂ '̂ ^" '̂. Signaling 
requires the presence of intact intracellular domains of the receptor. The 
leptin receptor is an external tyrosine kinase receptor; upon ligand binding 
each receptor can bind and activate the tyrosine kinase JAK2, which then 
cross-phosphorylates tyrosine residues in the other receptor in the dimer''̂  
(Fig. 1). There is an absolute requirement of the intracellular cytokine box 1 
motif of the receptor for activation of JAK2. This sequence is present in all 
the transmembrane isoforms. Most studies, however, have focused on 
signaling mediated by ObRb, the only isoform which has conserved 
intracellular tyrosine residues and which is capable of activating the 
transcription factor STAT3^''^. In addition, only ObRb has a cytokine box 2, 
which does not seem to be required for JAK2 activation, and a sequence of 
15 amino acids downstream of box 1 that are required for optimal JAK2 
activation^ '̂̂ ^ 

The numbering of the crucial tyrosine residues that can be 
phosphorylated by JAK2 follows the mouse sequence. Phosphorylation of 
Yl 138 is required for binding of the SH2 domains of STATs and of S0CS3, 
a i'uppressor of cytokine signaling that reduces ObRb signaling partly by 
inhibiting JAK2 phosphorylations''"^^. S0CS3 also is activated by binding to 
Y985 and to a lesser extent to ¥1077^1 Binding of STAT3 or SOCS3 to the 
phosphorylated leptin receptor enables their phosphorylation, and thus 
activation, by iK]L2^\ Although STATl, STATS, and STAT6 can be 
phosphorylated upon leptin treatment in v/fro'^'"'''"'''*', only STAT3 activation 
has been observed in vivo, although this has only been determined in 
hypothalamus and blood mononuclear cells '̂̂ '̂ s. In addition to tyrosine 
phosphorylation of STAT3 mediated by binding of STAT3 to phospho-
Y1138, STAT3 must be activated (phosphorylated) by the serine kinase ERK 
for nuclear translocation and full induction of gene expression'*'*. One of the 
genes activated by leptin-induced STAT3 signaling, is S0CS3, which 
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therefore represents a negative feedback action on the leptin receptor"* .̂ 
Phosphorylation of Y985 of ObRb by JAK2 leads to the 

phosphorylation of SH2 domain-containing proteins SHC and the tyrosine 
phosphatase SHP2^*"̂ ^ The extent to which SHP2 inhibits JAK/STAT 
signaling is unclear. In most studies, SHP2 activation does not inhibit 
phosphorylation of STAT3^^''^'*\ but mutation of Y985 does enhance 
STATS phosphorylation, suggesting an inhibitory role of SHP2-''*. SHP2 can 
dephosphorylate a tyrosine residue at position 974 of the receptor, but the 
role if any of this tyrosine in intracellular signaling has not been defined'*^ 
The phosphorylated SHC binds and activates Grb2, which in turn leads to 
activation of the MEK/ERK pathway'*'. Grb2 is also activated by SHP2'*'' and 
may also be able to interact directly with JAK2'* .̂ 

Unlike Y985 and Y1138, the third intracellular tyrosine residue on 
ObRb, Y1077, appears to reside in a hydrophobic region of the receptor that 
would not be accessible to ligand binding and kinase activity, and therefore 
this residue appears to be less important for leptin signaling. Indeed, in one 
study when Y985 and Y1138 were mutated by site-directed mutagenesis, 
Y1077 did not become phosphorylated, showing that it is incapable of being 
independently activated'* .̂ Further, this tyrosine was not required for STAT3 
or ERK activation in vivo in the hypothalamus'*^. However, Y1077 was 
shown to activate STATS in pancreatic cells in vitro^^, suggesting that it may 
have a role in mediating at least some of the actions of leptin. 

Although ObRb is sometimes referred to as the "signaling isoform," 
there is evidence of signaling by other isoforms, particularly ObRa (also 
called the "short isoform" before the discovery of isoforms c-0- For example, 
in cells transfected with ObRa and not any other ObR isoform, leptin 
treatment induces activation of JAK2, erbB2, IRSl and ERK/MAPK '̂*'̂ "'̂ '', 
although ERK activation is not as great as that induced by ObRb^°. JAK2 
can activate ERK without phosphorylation of receptor Y985, suggesting a 
mechanism different from the ERK activation pathway in ObRb"*̂ . Leptin 
treatment increased expression of c-fos, c-jun and jun-B via ObRa in 
transfected CHO cells^', but failed to induce c-fos expression in COS cells 
transiently transfected with ObRa^°. The ability of ObRa to induce 
immediate-early gene expression in vivo is unknown. 

4. TISSUE DISTRIBUTION OF LEPTIN RECEPTORS 

Leptin receptors are nearly ubiquitously expressed (Table 2; 
references 52-82). ObRa is expressed in almost every tissue that has been 
examined^ '̂̂ '*. ObRb expression, by contrast, is abundant only in the 
hypothalamus, but is expressed at lower levels elsewhere. 
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Tissue 
Adipose 
Adrenal gland 

Medulla 
Cortex 

Bone 
Brain 
Endothelial 
Fetal 
Heart 
Hematopoetic 
stem cells 
Hypothalamus 
Immune Cells 

Monocytes 
Natural killer 
Neutrophils 
Thymocytes 

Intestine 
Kidney 
Liver 
Lung 
Mammary 
Muscle 
Ovary 
Pancreas 
Peripheral nerves 
Pituitary 
Placenta 
Salivary gland 
Skin 
Taste buds 
Testis 
Thyroid 

ObR long 
Yes 

No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

Yes 

Yes 
Yes 
No 
Yes 
Yes 

Yes 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

ObR short 
a, c 

Yes 
Yes 
a, c 
a, c 

Yes 
a 

a 

Yes 
Yes 
Yes 

Yes 
Yes 
a,c 
Yes 
Yes 
a 
Yes 
Yes 
a 
Yes 
Yes 
Yes 
a 
a 
a,c 

ObR soluble 

Yes 
Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

References 
52,53 
54,55 

56 
57 
58,59 
60,61 
62 
63 

64 
65-66 

67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
8,77 
78 
79 
80 
81 
82 

Table 2. Localization of 
isoform (a, c, etc.) is 
inclusive. 

leptin receptor isoforms in mammals. The specific short 
given where known. References are not necessarily 

Initial studies using RNase protection assays and RT-PCR on 
extracts of whole tissues, also identified the rest of the brain, adrenal, fat, 
heart, lymph nodes, lungs and spleen as tissues in which ObRb accounted 
for more than 5% of ObR expression^ '̂̂ ''. That these receptors may mediate 
physiological functions is suggested by the fact that expression of the 
receptor has in some cases been found to be regulated and to change under 
certain circumstances. For example, expression of multiple forms of the 
receptor increase in placenta during the course of pregnancy in several 
species, including rat 85 baboon mouse and bat^ 
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In addition to leptin receptor expression in normal tissues, functional 
leptin receptors may play a role in a variety of cancers including adipocyte^^, 
adrenaf^, breast^^, bladder'", endometrial'', liver'^, leukemia'^, ovarian''*, 
pituitary'^ and prostate'^ cancers. Evidence for this hypothesis stems from 
the observation that leptin receptors are expressed in the above cancers, and 

97 leptin induces proliferation in at least some human cancer cells in vitro 

5. ISOFORM-SPECIFIC FUNCTIONS OF LEPTIN 
RECEPTORS 

The widespread expression of leptin receptors in tissues throughout 
the mammalian body suggests that in addition to its well-characterized role in 
regulating appetite and metabolic rate via actions in the hypothalamus, leptin 
receptors may mediate numerous other physiological functions, and indeed 
this turns out to be the case. Many of these functions are covered elsewhere 
in this volume. In this review, we will focus on select functions that have 
been attributed to specific receptor isoforms. The physiological importance 
of ObRb is the best established. The db/db mouse mutation is caused by a 
single substitution that creates a splice site that results in the production of 
almost no ObRb'^. Thus, it is essentially an ObRb knockout mouse. The 
gross phenotype of the db/db mouse is indistinguishable from that of the 
leptin-deficient ob/ob mouse; it is obese, hyperglycemic, hyperinsulinemic 
and infertile'. Neuron-specific transgenic expression of ObRb in db/db mice 
has demonstrated that many, but not all ObRb functions occur in neuronal 
tissue". Neuronal expression of ObRb corrected almost completely for 
adiposity, fertility, thermal regulation, and glucose regulation in db/db mice. 
Of note, however, is that the regulation of leptin secretion is not normal in 
db/db mice expressing neuronal ObRb, suggesting that ObRb expression on 
adipocytes may be important in regulating leptin secretion. 

A mouse model called the LepRl 138 mouse has been created with a 
single substitution at Y1138 of ObRb, which prevents phosphorylation of 
STATS, and presumably inhibits S0CS3 phosphorylation, but is otherwise 
intact'°°. This mouse is obese and hyperphagic, indicating the importance of 
the ObRb-mediated STAT3 pathway in mediating effects of leptin. More 
specifically, the appetite-regulating peptides proopiomelanocortin and 
agouti-related peptide are abnormally expressed, but neuropeptide Y is 
unaffected in the Yl 138 mutants. STAT3 signaling appears to mediate most, 
but not all of weight-regulating actions of ObRb, as these mice weigh 10% 
(males) - 20% (females) less than db/db mice. The Leprll38 mice are 
hyperglycemic, but only about half as much as db/db mice. Similarly, 
changes in thermoregulation, thyroid function and locomotor activity exist. 
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but are less severe in the Leprll38 mice than in db/db mice'°'. The 
Leprll38 mice are actually longer than normal mice, in contrast to the short 
ob/ob and db/db mice. Thus, leptin activation of STAT3 actually inhibits 
linear growth, at least in this strain of mouse. 

The STATS pathway is less important for the regulation of 
reproduction than for the regulation of energy balance'"". Female Leprl 138 
mice have normal estrous cycles, unlike female db/db mice, although their 
cycles begin at a slightly later age than in normal mice. Ovulation and corpus 
luteum function appear normal, but overall fecundity may be reduced; only 3 
of 7 Leprl 138 mice bore young in this study'°''. Further research is needed to 
determine whether this is significantly less than in normal mice, and whether 
it is due to specific effects on the reproductive axis or to changes in activity 
due to impaired energy balance. 

One or more of the short receptor isoforms is involved in 
transporting leptin across the blood brain barrier, but they are not the only, or 
possibly even the primary, transport mechanism. ObRa and ObRc are highly 
expressed in the choroid plexus^''°^''°^ and in brain capillary 
endothelium'"^'"^ ObRf has a similar distribution in the rat, but is less 
abundant than ObRa and c'"^. The putative transport activity of ObRa is not 
a function of its location in neural tissue, per se. Both ObRa and c are 
capable of binding and internalizing leptin in transfected CHO cells'"^, while 
ObRa-transfected kidney cells, but not untransfected controls, transport 
leptin from the apical to the basolateral side'"''. 

The data on the relative importance of leptin receptors in leptin 
transport in intact animals are less clear. In Koletsky rats, which have no 
functional leptin receptors, leptin concentrations in the cerebrospinal fluid 
are normal, whereas plasma leptin concentrations are sharply elevated'"^. 
However, in young Koletsky rats, the plasma leptin concentration is well 
below the saturating concentration for the leptin transport system in normal 
rats'°^•'°^ Intravenously injected leptin also crosses the blood brain barrier at 
a reduced rate in Koletsky rats'"^. Thus, leptin transport may occur in the 
genetic absence of leptin receptors, but it is reduced. Similarly, the brains of 
Koletsky rats perfused with radiolabeled leptin show specific leptin transport 
into the brain at a rate identical to that of normal rats, but this transport was 
saturated at a lower concentration in the leptin receptor null rats'"^. The New 
Zealand obese mouse model is characterized by peripheral, but not central, 
leptin resistance"". Leptin transport into the brain is reduced in this mouse, 
but this is not associated with decreased expression of ObRa or ObRc'°^ 
suggesting the existence of another transporter. 

In contrast, in an ObR-knockout mouse which lacks all leptin 
receptor isoforms, leptin transport in vivo was sharply reduced, and 
remaining leptin transport appeared to be non-specific'"^. In support of the 
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idea that ObR contributes to the portion of blood-brain barrier transport that 
is regulated is the finding that a high fat diet induces ObRa expression'". 
Other studies, however, have failed to find any change in expression of ObR 
short forms at the blood brain barrier in response to a brief fast or a high fat 
diet, despite changes in leptin transport'°^'"^. 

The soluble leptin receptor, ObRe, acts as a binding protein for leptin 
in the plasma in humans and mice"^'"''. It was initially proposed that the 
soluble receptor may contribute to elevated plasma leptin levels during 
pregnancy or obesity by inhibiting binding of leptin to its target cell 
receptors, as has been established for other hormone-binding proteins. In 
vitro, leptin bound to ObRe cannot activate ObRb, although the presence of 
this complex does not interfere with the ability of equal concentrations of 
free leptin to bind ObRb"^•"^ However, the overall effect of ObRe in VIVO, IS 

to enhance leptin activity. Infusion of soluble receptor enhances the 
effectiveness of leptin treatment in leptin null ob/ob mice"''. This may 
simply be due to higher plasma leptin concentrations resulting from the 
predicted decreased leptin clearance from the circulation. Overexpression of 
the soluble receptor leads to elevated plasma leptin concentrations, without 
increasing adipose leptin expression"''. By contrast, decreased soluble leptin 
receptor concentrations are present in obesity, a leptin resistant state"^"'^', 
and fasting and weight loss both increase plasma ObRe concentrations in 
mice and humans'̂ ^"'̂ .̂ 

6. LEPTIN RECEPTORS AND HUMAN HEALTH 

Leptin receptors have been found to play a role in several aspects of 
human health. Not surprisingly, they are most associated with energy 
homeostasis, but there are other conditions in which leptin receptor function 
appears to be important. The genetics of obesity and leptin will be reviewed 
in more depth in another chapter. However, it should be noted that leptin 
receptor alleles have been associated with obesity in humans. A mutation 
which results in loss of the transmembrane and intracellular domains of the 
receptor has been identified, and is associated with a phenotype that includes 
morbid obesity and infertility'^''. Thus, leptin receptor mutation in humans 
results in a phenotype as severe as that seen in mouse models. 

Polymorphisms in the leptin receptor gene which typically affect the 
extracellular portion of the receptor and which do not result in such severe 
loss of function are more common'^^'^^. The Q223R mutation has been 
particularly well studied'^^. It has been associated with obesity, weight gain, 
increased body fat and increased abdominal fat'^'''^^'^', although no 
association with obesity was seen in other studies'^^''^^''". In a group of Pima 
Indians, Q223R was associated with altered energy expenditure and 
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abdominal adipocyte size, but did not have a significant effect on total body 
fat'^''. In a study of Japanese men, Q223R was associated with elevated low 
density lipoprotein levels and reduced effectiveness of the cholesterol-
lowering drug Simvistatin'^^. 

In addition to the involvement of leptin receptors in obesity, elevated 
soluble leptin receptor concentrations are associated with sleep apnea, 
independent of BMl'^^. Significantly lower soluble leptin concentrations are 
observed in women with endometriosis'^^. As discussed above, leptin 
receptors are expressed in many tumor cell types. In addition, the leptin 
receptor polymorphism Q223R, in combination with a mutation in leptin 
itself, has been associated with an increased incidence of non-Hodgkins 
lymphoma'''^. The Q223R variant is also associated with increased bone 
mineral density'^^, whereas the A861G variant is correlated with the severity 
of spine ossification''*". 

Finally, leptin receptors are also important in animal production. In 
pigs, leptin receptor gene polymorphisms have been identified that are 
associated with litter size, backfat thickness and feed efficiency''*''''^. In 
dairy cattle, a leptin receptor polymorphism has been associated with leptin 
concentrations in late pregnancy''*''. Leptin receptors have also been cloned in 
the chicken and turkey, but associations between specific polymorphisms and 
production traits have not yet been identified"'*'*'''̂ . 
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ABBREVIATIONS NOT DEFINED IN THE TEXT 
BMI body mass index 
CHO Chinese hamster ovary (cells) 
ERK extracellular signal regulated kinase 
GRB2 growth factor receptor-bound protein 2 
IRSl insulin receptor substrate 1 
MEK MARK (mitogen-activated protein kinase)/ERK kinase 
SH2 src homology domain 2 
SHC SH2 domain-containing protein 
SHP2 SH2 domain-containing phosphotyrosine phosphatase 2 
Q, R, G, A, F, W, S, Y: glutamine, arginine, glycine, alanine, 

phenylalanine, tryptophan, serine, tyrosine 
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LEPTIN AND OBESITY 

Lauren N. Bell''^ and Robert V. Considine''^ 
Department of Cellular and Integrative Physiology, Department of Medicine, 

Indiana University, Indianapolis, IN 

Abstract: Serum leptin levels are increased in obesity in proportion to the amount of 
body fat. Gender and fat distribution into subcutaneous or visceral adipose 
tissue depots contribute to greater serum leptin in women than men of 
equivalent fat mass. Serum leptin circulates in the plasma in association with a 
binding protein comprised of the extracellular domain of the leptin receptor. 
The postprandial surge in insulin and glucose stimulate leptin synthesis and a 
diurnal pattern in serum leptin. Hexosamine biosynthesis and adipocyte size 
contribute to greater leptin synthesis in adipocytes of obese subjects. Leptin 
resistance describes the inability of leptin to reduce food intake and decrease 
body weight in obese subjects with elevated leptin levels. Selective leptin 
resistance results in some systems remaining responsive to the elevated leptin 
in obesity. Selective leptin resistance contributes to obesity related 
hypertension and may contribute to other metabolic complications in obesity. 

Key words: Adipocytes; body mass index; caloric restriction; gender; hexosamines; leptin 
binding proteins; leptin resistance; lipostasis theory; SOCS proteins. 

1. INTRODUCTION 

Kennedy' first suggested in the lipostasis theory that a satiety factor 
might be produced in proportion to the amount of body fat present in the 
body. This peripherally produced signal would then be compared to a 
"setpoint" in the brain, and modifications to energy intake and expenditure 
made to maintain a constant amount of adipose tissue. Subsequent parabiosis 
experiments in rodents supported the tenets of the lipostasis theory in that 
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the serum "satiety signal" was at a higiier concentration in obese animals 
than in lean animals '̂̂ . These early studies predicted the existence of leptin, 
which was found in 1994 by Friedman's group in a search for the single 
gene defect causing obesity in ob/ob mice'*. 

Since the discovery of leptin a significant amount has been learned about 
the regulation of energy intake and energy expenditure, and the role of leptin 
in these processes. This chapter will summarize what is known about the 
relationship between serum leptin in obesity, with a particular emphasis on 
findings in humans. We will also discuss the concept of leptin resistance as 
an explanation for the inability of leptin to prevent excess weight gain, and 
the contribution of selective leptin resistance to development of co
morbidities in obesity. 

2. SERUM LEPTIN IS INCREASED IN OBESITY 

The amount of adipose tissue in the body is the primary determinant of 
the serum leptin concentration. As shown in Figure 1, there is a strong 
positive correlation between adiposity, represented as percent body fat, and 
serum leptin across a wide range of body weights in human subjects. 
Reasonably similar correlations are obtained with other measures of 
adiposity such as body mass index (BMI) or fat mass. Leptin is also 
significantly correlated with body fat in children and newborns^'^. Although 
serum leptin is elevated with increasing fat mass in the general population, 
there is a considerable degree of variation in serum leptin at any given fat 
mass. Factors that contribute to the variation in serum leptin are gender, 
differential distribution of adipose tissue into the visceral or subcutaneous 
depots and insulin/glucose metabolism. 

2.1 Effect of Gender and Fat Distribution 

Women have significantly higher serum leptin concentrations than men 
of equivalent body weight''•^ The simplest explanation for this observation is 
that women have a greater amount of body fat than men of equivalent weight 
or body mass index. However, in comparing men and women with 
equivalent fat mass, women still have significantly higher serum leptin 
concentrations^. One factor contributing to this difference between men and 
women is the deposition of body fat into different adipose tissue depots. 
Females have greater amounts of subcutaneous adipose tissue in contrast to 
males, who tend to have greater visceral adipose tissue mass, particularly in 
obesity. As discussed in detail below, LEP gene expression and leptin 
secretion are greater from subcutaneous than visceral adipocytes''^ thus 
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Figure 1. Relationship between percent body fat and serum leptin in adults. Reprinted from 
reference 41 with permission from The American Diabetes Association. Copyright © 1996. 

more leptin is released into the blood from the greater subcutaneous adipose 
tissue mass in females. 

A second factor contributing to greater serum leptin in females are the 
gonadal steroids. In vivo and in vitro studies have suggested that testosterone 
and estrogens can regulate leptin synthesis and release from adipose tissue 
independently of their effects to influence deposition of adipose tissue into 
the subcutaneous or visceral depots. In general, androgenic hormones reduce 
leptin synthesis while estrogens increase leptin synthesis in adipose tissue^. 
Evidence in support of a suppressive effect of testosterone on serum leptin is 
derived from studies of pubertal development in males, in which serum 
leptin levels decrease as testosterone increases''*, and during testosterone 
therapy in hypogonadal men, which also reduces serum leptin'^'^. 
Administration of testosterone decreases leptin in female-to-male 
transsexuals'^ and leptin secretion is decreased from visceral adipose tissue 
pieces of lean humans exposed to dihydrotestosterone for 48 hours'^'^. In 
support of a stimulating effect of estrogens on serum leptin are the 
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observations that estrogen administration (along with anti-androgens) 
increases leptin in male-to-female transsexuals'^ and that in vitro estradiol 
increases leptin production release from visceral adipose tissue pieces'^"''. 
The mechanism(s) through which gonadal steroids directly regulate leptin 
synthesis and release from adipocytes remain to be fully elucidated. 

2.2 Insulin and Glucose Influence Serum Leptin 

With a pattern of consistent food intake (three regularly scheduled meals 
a day in humans), serum leptin levels measured in the early morning 
following an overnight fast tend to remain fairly constant. Over a 24 h 
period serum leptin exhibits a diurnal pattern with the peak in serum leptin at 
-0200 h in both lean and obese individuals^°'̂ ''̂ ^. A 6 h shift in meal times 
moves the leptin peak by 6 h and day/night reversal results in peak leptin at 
1400 h^'. These observations suggest that the nocturnal leptin peak is 
entrained to food intake and that glucose and insulin are significant 
regulators of serum leptin. Evidence to support a role for insulin and glucose 
in regulating serum leptin is derived from observations that 
hyperinsulinemic-euglycemic clamps of differing duration increase serum 
leptin̂ '̂ '̂ '* and that feeding high fat/low carbohydrate meals, which result in 
smaller postprandial excursions in insulin and glucose than meals of 
standard carbohydrate content, reduce serum leptin^^. 

It has been suggested that insulin and glucose may influence serum leptin 
levels through regulation of hexosamine (UDP-GlcNAc) biosynthesis in 
adipocytes'^. Infusion of glucosamine, uridine or free fatty acids during a 
hyperinsulinemic-euglycemic clamp in rats increased tissue UDP-GlcNAc 
and serum leptin'^. In transgenic mice overexpressing glutamine:fructose 
amidotransferase, the rate-limiting enzyme in UDP-GlcNAc biosynthesis, 
Lep mRNA in adipose tissue and serum leptin were increased'^ UDP-
GlcNAc is elevated 3.2-fold in the subcutaneous adipose tissue of obese 
humans and a significant positive correlation between BMI and adipose 
tissue UDP-GlcNAc has been reported'^. In vitro, stimulation of UDP-
GlcNAc synthesis in human subcutaneous adipocytes increases leptin 
secretion and inhibition of UDP-GlcNAc synthesis decreases leptin release'^. 
Taken together, these findings suggest that hexosamine biosynthesis in the 
adipocyte may link serum insulin and glucose with leptin production. 

2.3 Serum Leptin Binding Protein 

Leptin circulates in the blood in association with a binding protein 
comprised of the extracellular domain of the leptin receptor^"'^''^'. In rodents 
an mRNA encoding the soluble leptin receptor has been detected^^; however, 
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in humans the soluble receptor is generated by proteolytic cleavage of 
membrane-bound receptors '̂*. One site for release of leptin binding protein is 
adipose tissue itself̂ .̂ In vitro, release of free leptin and leptin bound to its 
binding protein are greater from subcutaneous adipose tissue explants from 
obese subjects '̂*. The amount of leptin binding protein in serum is higher in 
men than women, and decreases with increasing adiposity independently of 
gender^''. Most leptin in lean subjects is bound with little free hormone 
detectable in the blood^"'̂ '̂'̂ . Together, the reduction in soluble leptin 
receptor with increasing adiposity and the increase in leptin synthesis result 
in greater free leptin in obese subjects. 

Leptin binding protein prolongs the half-life of leptin in the 
circulation^^"'̂  and sequesters leptin from its receptor to reduce leptin 
signaling^ '̂̂ .̂ Thus, the higher "free" leptin levels in obese subjects are 
appropriate if leptin is to signal to the central nervous system of the 
increased energy stores in the body. 

3. SERUM LEPTIN AS A SIGNAL OF REDUCTION 
IN ENERGY INTAKE 

Weight loss and weight gain, which result in changes in the amount of 
adipose tissue, alter LEP mRNA in adipocytes and serum leptin levels. An 
increase in adipose tissue mass with weight gain results in a significant 
increase in circulating leptin while a decrease in fat mass with weight loss 
reduces serum leptin'*"'*'. These observations thus support the concept that 
leptin provides a signal to the central nervous system of the size of energy 
stores in the body. However, extreme changes in energy intake such as 
fasting reduce serum leptin, suggesting a role for the hormone in 
coordinating the neuroendocrine response to caloric deprivation'*^. Such a 
response would include initiation of food seeking behavior to increase 
energy intake, and activation of processes to reduce energy expenditure, both 
to insure survival should the fast be prolonged. 

Serum leptin levels are rapidly decreased with short-term fasting (24-72 
h) in both animals'*^ and humans'*'*'*̂ ''*̂ . The rapid fall in leptin with fasting is 
disproportionately greater than the small reduction in adipose tissue mass 
that occurs over the same time period. Thus it is reasonable to suggest that 
serum leptin during fasting serves as a peripheral signal to the central 
nervous system that caloric restriction is occurring, rather than as a signal of 
current energy stores in the body. Evidence that leptin coordinates the 
neuroendocrine response to fasting was originally derived through 
replacement experiments in rodents'*^ In these studies recombinant leptin 
was administered to 48 h fasted mice to achieve serum leptin levels similar 
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to that observed during the fed state. In untreated mice fasting reduced 
thyroid and reproductive hormone levels, and increased glucocortiocoids. 
Preventing the starvation-induced fall in leptin substantially blunted 
reductions in gonadal and thyroid hormones and attenuated the increase in 
glucocorticoids. More recently, Chan et al'*̂  have demonstrated that 
replacement of leptin during complete caloric restriction in men can prevent 
the fasting-induced reduction in testosterone and partially prevent the 
suppression of the hypothalamic pituitary thyroid axis. Taken together, these 
observations establish a role for leptin in regulating hypothalamic-pituitary 
function in both rodents and humans in response to caloric restriction. The 
effect of leptin on hypothalamic-pituitary function is discussed in detail in 
Chapter 6. 

Infusion of glucose during short-term fasting to maintain blood sugar at 
90 mg/dl prevents the fall in serum leptin'''''''^ This observation suggests that 
the fall in glucose or insulin with fasting may be the nutritional signal that is 
recognized by adipose tissue resulting in reduced leptin secretion. 

4. REGULATION OF LEPTIN SYNTHESIS IN 
ADIPOCYTES 

The amount of LEP mRNA is significantly elevated in isolated 
adipocytes from obese individuals as illustrated in Figure 2. In most studies 
both in vivo and in vitro, changes in LEP gene expression correlate with 
parallel changes in the amount of leptin secretion. These findings suggest 
that regulation of leptin synthesis is achieved primarily at the transcriptional 
level, although two studies suggest that insulin may regulate translation of 
leptin''̂ ''* .̂ Several factors likely contribute to the increase in synthesis and 
release of leptin from adipocytes of obese subjects. 

Adipocyte size appears to be an important determinant of leptin 
synthesis. LEP mRNA is greater in large adipocytes than in small adipocytes 
isolated from the same piece of adipose tissue'*'̂ '̂ ° and leptin secretion is 
strongly correlated with fat cell volume^'. As adipocytes are on average 
larger in obese subjects, adipocyte size contributes to the greater serum 
leptin levels observed in obesity. Hexosamine biosynthesis has been 
suggested to link adipocyte size and leptin synthesis '̂̂ '̂ .̂ 

TNFa is produced by adipocytes and is elevated in the adipose tissue of 
obese subjects^^. However, a role for TNFa in up-regulating leptin synthesis 
is controversial. In cultured rodent adipocytes '̂*, and isolated subcutaneous 
and omental adipocytes from morbidly obese humans^^, TNFa treatment 
results in a significant time- and dose-dependent inhibition of leptin 
production. On the contrary, in vivo TNFa administration acutely increases 
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Figure 2. Relationship between BMI ancJ LEP mRNA levels in isolated human subcutaneous 
adipocytes. LEP gene expression is significantly increased in adipocytes isolated from obese 
male and female subjects (BMI>30 kg/m^) compared to that in lean subjects (BMI<30 kg/m^). 
Greater amounts of LEP mRNA in obese adipocytes can be attributed to the larger adipocytes 
present in obesity. 

serum leptin^^ and survivors of acute sepsis exhibit increased leptin levels^^. 
The discrepancy between the in vivo and in vitro findings may result from 
an effect of TNFa to induce other hormones or cytokines which stimulate 
leptin synthesis in vivo. 

Cortisol is a potent simulus for leptin synthesis and secretion from 
adipocytes in vivo and in vitro 58,I3,others Local synthesis of Cortisol from 
inactive metabolites by lip-hydroxysteroid dehydrogenase is likely an 
important source of Cortisol regulating leptin synthesis in adipose tissue^^. 
The mechanism through which glucocorticoids regulate leptin synthesis in 
adipocytes is not completely understood as the glucocorticoid response 
element on the LEP gene promoter is not needed for dexamethasone to 
stimulate promoter activity^". 

5. LEPTIN RESISTANCE IN OBESITY 

Inactivating mutations in either the LEP gene or leptin receptor gene that 
result in obesity are extremely rare in humans, and have been identified in 
only a handful of families throughout the world''''''^'''^ Rather, serum leptin 
levels are elevated in obese individuals due to the greater amount of adipose 
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tissue (Fig. 1). These observations have led to the hypothesis that obesity is a 
state of "leptin resistance" in which there is an excess of serum leptin 
present, but the body does not effectively respond to these increased levels 
by reducing food intake or body weight̂ '*"*. 

The concept of leptin resistance is based on the postulate that an increase 
in serum leptin, resulting from deposition of adipose tissue, will initiate 
processes in the central nervous system to increase energy expenditure and 
decrease energy intake, reducing body energy stores to the original size. A 
significant amount of work has shown that administration of exogenous 
leptin to animals and leptin-deficient humans can reduce body fat̂ "̂™. It has 
also been demonstrated that the fall in serum leptin with caloric restriction is 
a signal to the brain to increase energy intake and reduce energy 
expenditure'* '̂*''. Taken together, these observations suggest that a leptin 
resistant state in obese humans might result if the leptin signal to the brain 
was not properly received or propagated, which despite elevated serum 
levels would lead to energy conservation and increased food intake. 

Defects at two points within the leptin endocrine pathway have been 
suggested to contribute to leptin resistance. The first defect involves access 
of leptin to the brain. Leptin is detectable in cerebrospinal fluid '̂'̂ ^ and 
regulated transport of leptin across the blood brain barrier has been 
demonstrated^^ Cerebrospinal fluid leptin levels are positively correlated 
with BMI, but the ratio of CSF leptin to circulating leptin decreases with 
increasing BMI, indicating that transport of leptin across the blood brain 
barrier is limited '̂'̂ ^. In addition, blood brain barrier transport of leptin is 
decreased by high-fat dietŝ '*'̂ ^ and triglycerides^'', suggesting that such 
transport defects could play a role in development of obesity. However, 
transport of the leptin across the blood brain barrier may not be necessary for 
leptin action. The arcuate nucleus of the hypothalamus is located close to the 
median eminence, where the blood brain barrier is incomplete. Thus leptin 
likely has direct access to neurons within the arcuate nucleus, which is the 
major target nucleus for leptin binding in the brain. 

A defect in leptin signal transduction in hypothalamic neurons is a 
second possible explanation for leptin resistance. Once leptin has bound to 
its receptor in the arcuate nucleus, expression of neuropeptides that inhibit 
food intake is increased while expression of neuropeptides that stimulate 
food intake is suppressed (see Chapter 4). Several studies have indicated that 
the ability of leptin to activate the appropriate hypothalamic signaling is 
impaired with diet-induced obesity '̂*'̂ '̂̂ .̂ One group of proteins that may be 
involved in inhibition of leptin signaling is the suppressors of cytokine 
signaling (SOCS) proteins. These early genes are activated by the 
JAK/STAT signal transduction pathway and act in a negative feedback 
manner to limit cytokine signaling^^ SOCS-3 expression is induced by leptin 
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in the hypothalamus and is a potent inhibitor of leptin receptor initiated 
JAK/STAT signaling in cultured cell lines™. Increased hypothalamic SOCS-
3 expression has been found in some rodent models of obesity^', supporting 
the possibility that greater SOCS-3 levels in leptin-target neurons may cause 
leptin resistance in these animals. 

A second molecule that has been shown to inhibit leptin receptor 
signaling is the protein tyrosine phosphatase PTPIB. In Cos-7 cells 
expressing leptin receptor, co-expression of PTPIB inhibited tyrosyl 
phosphorylation of JAK2 and STAT3^°. Fibroblasts engineered to express 
leptin receptor but lacking PTPIB have enhanced leptin signaling^°. PTPIB 
knockout animals are resistant to obesity and have enhanced leptin-induced 
hypothalamic STAT3 phosphorylation**"'**' suggesting that PTPIB can 
regulate leptin signaling in vivo. 

Two clinical trials in which recombinant leptin was used to treat 
common obesity support the concept of leptin resistance in humans. In the 
first trial, which included both lean and obese adults, recombinant human 
leptin self-administered daily caused modest weight loss after 24 weeks of 
treatment^^. Although weight loss was highly variable by subject, in general 
greater weight loss was achieved with higher doses of recombinant leptin. In 
a second trial administering pegylated recombinant leptin in obese men, 
there was a reduction in appetite but no significant decrease in body weight 
with 12 weeks of therapy^^ It is important to note that in this second study 
serum leptin levels were only elevated with treatment at two timepoints over 
the 12 week treatment period, thus suggesting that weight loss was not 
achieved because insufficient leptin was given. Taken together, these two 
studies demonstrate that leptin resistance in humans exists, but that this 
resistance can be overcome with sufficiently high doses of leptin. However, 
it is possible that the central mechanisms regulating energy intake may 
become resistant to the higher concentrations of leptin achieved with 
therapy, initiating a vicious cycle in which therapy must then be 
continuously increased to overcome the development of resistance to ever 
increasing levels of serum leptin. 

5. SELECTIVE LEPTIN RESISTANCE AND 
METABOLIC COMPLICATIONS IN OBESITY 

Leptin resistance was originally proposed to explain the observation that 
greater levels of the endogenous hormone did not reduce food intake or 
prevent body weight gain in obese humans. However, as discussed in other 
chapters in this volume, a significant amount of work has shown that leptin 
is a pleiotropic hormone regulating many physiologic processes in the body 
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in addition to energy intake and expenditure. In many cases the ability of 
leptin to regulate these other systems does not appear to be impaired, and in 
fact, the high serum leptin levels resulting from the inability of the hormone 
to prevent excess adipose tissue deposition may contribute to some of the 
metabolic complications of obesity. 

Leptin increases energy expenditure through activation of sympathetic 
nervous system outflow to thermogenic brown adipose tissuê **. Leptin also 
increases sympathetic outflow to non-thermogenic tissues including the 
kidney and adrenals '̂*'̂ .̂ The kidney has a major role in control of blood 
pressure and sympathetic stimulation of the kidney activates processes to 
increase blood pressure^^. Studies in obese agouti micê '̂̂ ^ and in diet-
induced obese mice^^ have shown that the ability of leptin to activate the 
sympathetic nervous system through central mechanisms and increase blood 
pressure is preserved in these mouse models, despite the fact that leptin is 
less efficacious in reducing food intake and body weight. The reduction in 
leptin-induced phosphorylation pf STAT3 as a measure of leptin resistance 
in diet-induced obese mice has also recently been reported to vary across 
hypothalamic and extrahypothalamic nuclei''^. Taken together, these 
observations support the concept of selective leptin resistance in the central 
nervous system and suggest that hyperleptinemia is a contributing factor to 
hypertension in obesity. 

Leptin receptors have been found on many tissues and cells outside of the 
central nervous system^°. Expression of Ob-Ra (short receptor isoform) is 
most abundant but a signaling mechanism for this receptor isoform is not 
well defined. Low levels of Ob-Rb (long receptor isoform) expression are 
also detected in many tissues and leptin-induced activation of the 
JAK/STAT pathway has been demonstrated. Thus leptin can regulate tissue 
function directly and independently of effects mediated through the central 
nervous system. 

Leptin appears to have direct effects on components of the circulation. 
Leptin promotes platelet aggregation and thrombosis in response to vascular 
injury '̂'̂ ^, and to induce oxidative stress in several different endothelial cell 
models in vitro^^''''. Obesity is associated with accelerated atherothrombosis 
and increased systemic oxidative stress. It is therefore reasonable to suggest 
that the high leptin levels found in obesity may have pathologic effects on 
the vasculature, especially if the vasculature does not become leptin resistant 
in obese subjects. Future studies will be needed to fully understand the effect 
of leptin and leptin resistance on vascular function. 

Unger has proposed that a major function of leptin in peripheral tissues is 
to prevent excess deposition of lipids and subsequent development of 
lipotoxicity^^, Leptin reduces lipids in non-adipose tissues such as muscle 
and liver by upregulating fatty acid oxidation and inhibiting lipogenesis. 
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These effects of leptin are partially mediated by a direct effect of the 
hormone at the tissue level̂ '̂̂ .̂ Unger further postulates that lipotoxicity 
occurs when tissues become resistant to the ability of leptin to reduce lipid 
storage. Loss of the leptin response in peripheral tissues has been suggested 
to result from down regulation of leptin receptors in liver̂ ^ and induction of 
SOCS-3 expression in muscle and adipose tissue'^''""'"". Obesity is 
characterized as a state of low-grade inflammation and many cytokines 
induce expression of SOCS proteins as part of the feedback loop limiting 
their activity'"^. Interestingly, insulin has also been shown to induce SOCS-
3 expression'°^. Thus, an increase in SOCS-3 expression in peripheral 
tissues, which may contribute to development of leptin resistance, may occur 
through several possible mechanisms. 

Leptin has direct effects on rodent adipocytes, the most studied of which 
is the induction of lipolysis'°''''"^''°^. Leptin has no lipolytic effect on 
adipocytes obtained from db/db mice or fa/fa rats, which have defective 
leptin receptors. STAT3 in adipose tissue is phosphorylated three minutes 
after intravenous leptin injection, but not intracerebroventricular leptin 
administration, providing additional evidence for leptin signaling through 
Ob-Rb on adipocytes'"^. It has recently been observed that leptin at fairly 
high concentrations (50 nM) can impair insulin signaling in rat adipocytes in 
vitro, an effect that appears to result from induction of SOCS-3 
expression'"^. This work has been interpreted to suggest that SOCS-3 is 
increased to prevent down-regulation of leptin production by adipocytes in 
obese subjects. Thus leptin resistance in adipocytes may contribute to 
insulin resistance in adipose tissue of very obese subjects. 

7. SUMMARY 

Leptin is synthesized and released into the circulation in proportion to the 
amount of body fat. Other factors that determine serum leptin levels at 
steady state are gender and body fat distribution. Elevated serum leptin in 
obesity results from the greater fat mass in the body and greater leptin 
synthesis in adipocytes of obese subjects. Adipocyte size, hexosamine 
biosynthesis mediated by insulin stimulated glucose uptake, and elevated 
production of Cortisol in adipose tissue all contribute to the increase in leptin 
synthesis by adipocytes in obesity. Leptin resistance in the hypothalamic 
nuclei regulating food intake and energy expenditure has been suggested to 
explain the observation that elevated leptin levels in obesity do not reduce 
food intake or body weight. However, leptin resistance in the central 
nervous system appears to be selective, with leptin-induced activation of the 
sympathetic nervous system intact and contributing to hypertension in obese 
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subjects. Leptin resistance in peripheral tissues, or the lacic of such 
resistance, also has a role in development of co-morbidities in obesity. 
Future work should focus on increasing our understanding of the effects of 
leptin on the central nervous system and directly on peripheral tissues, 
keeping in mind that leptin resistance in each instance may be either 
beneficial or pathologic. 
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LEPTIN AND NEUROENDOCRINOLOGY 

Abhiram Sahu 
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S829 Scaife Hall, 3550 Terrace Street, Pittsburgh, PA 

Abstract: The hormone leptin, a long sought satiety factor secreted mainly from 
adipocytes that relays the status of fat store to the hypothalamus, has emerged 
as one of the most important peripheral signals involved in the variety of 
neuroendocrine functions, including the regulation of food intake and body 
weight. Because the hypothalamus is a major site for integration of central and 
peripheral signals for the maintenance of energy homeostasis and many other 
physiological functions, most if not all, of the neuroendocrine functions of 
leptin are transduced primarily at the level of the hypothalamus. Leptin action in 
the hypothalamus for the maintenance of body weight is mediated by several 
orexigenic and anorectic signal producing neurons residing in the arcuate-
paraventricular-lateral hypothalamus axis. Leptin not only modifies gene 
expression and release of the neuropeptides, but also modifies post- synaptic 
action of the neural signals and synaptic plasticity in the hypothalamus. In 
addition to the classical JAK2 (Janus kinase2)-STAT3 (signal transducer and 
activator of transcription 3) pathway, the phosphatidylinositol-3-kinase (PI3K)-
phosphodiesterase-3B (PDE3B)-cAMP pathway plays a critical role in 
mediating leptin receptor signaling in the hypothalamus. A crosstalk between 
these two pathways may be important in leptin signaling in the hypothalamus. 
Defective hypothalamic STAT3 signaling, most likely due to an increase in 
suppressor of cytokine signaling-3, appears to play a role in the development of 
central leptin resistance in diet-induced obese (DIO) animals. Leptin signaling 
in the hypothalamus via STAT3 is also important in glucose homeostasis and 
reproduction. However, the development of leptin resistance in the neuropeptide 
Y, proopiomelanocortin and neurotensin neurons following chronic central 
leptin infusion is associated with normal STATS, but a defective PI3K-PDE3B-
cAMP pathway of leptin signaling in the hypothalamus. Future investigations 
on the role of the PI3K-PDE3B-cAMF pathway and its interaction with STAT3 
and other pathways of leptin signaling in mediating various neuroendocrine 
functions are of significant importance to further our understanding on leptin 
biology. 

Key words: Leptin, hypothalamus, energy homeostasis, leptin resistance, STAT3, PI3K, 
PDE3B, cAMP, feeding, obesity 
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1. INTRODUCTION 

The discovery of the hormone leptin, which is mainly produced by 
adipocytes, has greatly enhanced our understanding on neuroendocrine 
mechanisms involved in various physiological functions including 
reproduction, food intake and body weight regulation. Most importantly, we 
are beginning to understand the complex neuroendocrine mechanisms 
underlying the development of obesity. Obesity is a major health hazard in 
humans. It is not restricted to the western societies anymore, but it qualifies 
as a worldwide health epidemic. Various genetic (monogenic, susceptible 
gene) and environmental (diet, exercise, social factors, chemicals, etc) 
factors are involved in the development of obesity'. Remarkably, in most 
humans body weight is maintained in stable condition. Positive energy 
balance as a result of less energy expenditure as compared to energy intake 
leads to the storage of energy in the form of fat. Continuous increases in fat 
mass eventually lead to obesity. Although energy homeostasis is maintained 
by multiple mechanisms including that which gathers the body's nutritional 
status and make appropriate behavioral and metabolic responses, it is widely 
accepted that a complex circuitry involving both central and peripheral 
factors working primarily in the brain, particularly in the hypothalamus, 
regulates body weight. In fact, the idea that some factors originating in the 
periphery relay the status of body fat stores to the brain originated with 
Kennedy, almost 50 years ago^. The findings that lesions in the 
hypothalamic ventromedial (VMH) and paraventricular (PVN) nuclei caused 
hyperphagia and obesity, and that in the lateral hypothalamus (LH) resulted 
in hypophagic response in rat, prompted Kennedy in 1953 to hypothesize 
that the hypothalamus senses some peripheral factors that provide the 
information about the body fat stores, and the hypothalamus would then 
transduce this information to change food intake to compensate for changes 
in body fat content^. Subsequent demonstration by Hervey using parabiosis 
experiments in rats that, when one of the parabiotic partners was made obese 
by a lesion in the VMH, the intact partner became anorexic and lean,^ 
suggesting that some blood-borne factor produced by the increased fat mass 
acted to induce satiety in the intact partner. In addition, its lack of effect in 
the lesioned animals also suggested that the action of this factor(s) in the 
hypothalamus was essential for the maintenance of normal body weight. 

In the 1970s, using parabiosis experiments with ob/ob and db/db mice, 
Douglas Coleman concluded that the blood-borne factor was encoded in the 
ob gene and the receptor for this factor was encoded in the db gene'*. Finally 
in 1994, Jeffrey Friedman's team discovered the product of the ob gene as a 
16 kD protein and it was named leptin^. Subsequently, in 1995, Tartaglia's 
group cloned the leptin receptor^. Expectedly, leptin signals nutritional status 
to key regulatory centers in the hypothalamus and it has emerged as an 
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important signal regulating energy homeostasis^"'^. Over the last decade it 
has been evident that besides its obligatory role in the neuroendocrinology of 
energy homeostasis, leptin also plays an important role in various other 
physiological functions such as neuroendocrinology of reproduction, bone 
formation and cardiovascular systems, etc. This chapter focuses on the 
mechanisms of leptin action in the hypothalamus in relation to 
neuroendocrinology of energy homeostasis. Other neuroendocrine functions 
of leptin will be described briefly. 

2. LEPTIN AND NEUROENDOCRINOLOGY OF FOOD 
INTAKE AND BODY WEIGHT REGULATION 

2.1 Hypothalamus as a Primary Site of Leptin Action in 
Body Weight Regulation and Energy Homeostasis 

From the lesion studies by Hetherington and Ranson'^, and by Anand and 
Brobeck'^, it was established that within the brain, the hypothalamus is the 
primary center for regulation of food intake and body weight. Furthermore, a 
large body of evidence suggest that neural circuitry comprised of both 
orexigenic (appetite stimulant) and anorectic (appetite suppressant) signals 
residing in the hypothalamus plays a critical role in normal food intake and 
body weight regulation in the individual.^"'°' ''̂ "'̂  This circuitry senses the 
status of body energy stores from peripheral signals, such as leptin and 
insulin, and modifies its activity accordingly. Several lines of evidence have 
clearly established that the leptin signal to the hypothalamus is obligatory for 
normal food intake and body weight regulation. For example, central 
injection of leptin is more effective than peripheral injection in reducing 
food intake and body weight'^, and within the hypothalamus, leptin is most 
effective in the arcuate nucleus (ARC) and ventromedial nucleus (VMN) in 
reducing food intake and body weight.'^' '̂  The long-form of the leptin 
receptor (Ob-Rb) that is thought to be crucial for intracellular leptin signal 
transduction is localized in various hypothalamic sites including the ARC, 
VMN, dorsomedial (DMN), paraventricular (PVN) and lateral hypothalamic 
(LH) nuclei that have been implicated in food intake and body weight 
regulation^". In addition, central or peripheral administrations of leptin 
modify the activity of several neurons in these hypothalamic sites'"'"' '''' '^ 
and lesions in the hypothalamus makes the animals become obese and 
resistant to exogenous leptin^'. While deletion of leptin receptor in the 
hypothalamus results in the development of obesity^^, the ARC specific 
leptin receptor gene therapy in rats lacking functional leptin receptor results 
in an amelioration of the obese phenotype^''. Finally, inhibition of leptin 
signaling in the hypothalamus due to mutation in leptin receptors is the cause 
of obesity in db/db mice and Zwcker fa/fa ratŝ '*' ̂ ;̂ and leptin can cross the 
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blood-brain barrier^*. Recent evidence also suggests that leptin action in the 
hypothalamus is critical for normal glucose homeostasis. For example, leptin 
receptor activation in the ARC of Lepr"""'"*̂ " mice (these mice are 
homozygous for Lepr-null allele and thus similar to Lepr * '* mice) 
improved glucose homeostasis". Therefore, any alteration in leptin action in 
the hypothalamus due either to a defect in leptin transport and or leptin 
resistance in leptin target neurons would lead to dysregulation of body 
weight and energy homeostasis seen in obesity. 

2.2 Leptin Action on Hypothalamic Peptides Governing 
Energy Homeostasis 

The hypothalamus produces an array of orexigenic and anorectic peptides 
that constitute a major part of the neural circuitry regulating ingestive 
behavior and body weight^' '̂ ' ^̂ ' ^'. Leptin target neurons are mainly 
localized in the ARC, LH and PVN areas that are known to be major sites of 
production and integration of neural signals involved in energy homeostasis. 
Cumulative evidence suggests that leptin's effects are mediated through the 
activity of several neuropeptidergic neurons, both orexigenic and anorectic 
in nature, in specific sites of the hypothalamus. In general, leptin decreases 
the activity of the orexigenic signal producing neurons and stimulates the 
activity of the anorectic signal producing neurons in the hypothalamus 
(Figure 1). Leptin sensitive neurons include those that produce neuropeptide 
Y (NPY), agouti-related protein (AgRP), melanin concentrating hormone 
(MCH), galanin, orexin, a-melanocyte stimulating hormone (a-MSH), 
neurotensin (NT), corticotropin-releasing hormone (CRH), and cocaine- and 
amphetamine-regulated transcript (CART), etc. Because food intake is 
regulated not only by several peptidergic signals of central and peripheral 
origins (Table 1), it is also under the control of catecholamines and 
serotonins, leptin's action in the hypothalamus most likely involves its 
interaction with various orexigenic and anorectic signals. 

Among the neuropeptidergic systems that are the targets of leptin, two 
neural types in the ARC, the NPY and pro-opiomelanocortin (POMC) 
neurons, have been studied extensively because of their critical opposite 
roles in food intake. NPY is the most potent endogenous orexigenic signal 
and continuous or repeated central infusion of NPY causes obesity. 
Furthermore, knocking out NPY in the ob/ob mice reduces food intake and 
obesity^", suggesting contribution of NPY in the development of 
hyperphagia and obesity in ob/ob mice. NPY neurons coexpress agouti-
related protein (AgRP), an orexigenic peptide and an endogenous antagonist 
of a-MSH at central melanocortin receptors.^'' Expectedly, leptin decreases 
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Leptin action on hypothalamic signals governing feeding 
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Figure 1. Schematic presentation of leptin action on hypothalamic peptides governing 
feeding. In this model, decrease in circulating leptin levels during fasting or deficiency in 
leptin action due to absence of leptin, leptin receptor mutation or leptin resistance would 
increase gene expression, peptide release, and action of orexigenic neuropeptides, such as 
NPY, MCH, GAL and orexin; and decrease synthesis, release of anorectic peptides, such as 
a-MSH, NT, CRH, etc. resulting in increased food intake. Similarly, increased circulating 
leptin levels would inhibit not only the synthesis and release of the orexigenic peptides, but it 
would modify the action of these peptides after being released, and enhance activity of 
anorectic peptides including synthesis, release and postsynaptic action, resulting in decreased 
food intake. We hypothesize that acute inhibition of food intake that occurs within an hour of 
leptin injection may be due to modification of postsynaptic action of orexigenic and anorectic 
neuropeptides. In addition, recent evidence (ref.55) suggests that leptin modifies synaptic 
plasticity in the hypothalamus as demonstrated by altered excitatory/inhibitory inputs on to 
orexigenic/anorectic signal producing neurons in response to leptin. Note that the number of 
inputs presented in this figure represents the situation, but they are arbitrary and do not reflect 
actual number of synapses/inputs. Modified from Sahu (2003)'''. 

NPY/AgRP neuronal activity and NPY/AgRP neurons express Ob-Rb and 
signal-transducer and activator of transcription 3 (STATS), suggesting a 
direct action of leptin on these neurons^' ''*. Leptin also opposes the action of 
NPY on feeding and NPY may act antagonistically against anorectic effect 
of leptin'''. Because of antagonism of melanocortin by AgRP, it appears that 
inhibition of AgRP may be an important mechanism by which leptin's 
anorectic effect is transduced at the level of hypothalamus. 



58 Chapter 4 

Table 1. Peptidergic signals that stimulate or inhibit food intake 
Stimulatory: 
Neuropeptide Y (NPY), Agouti-related protein (AGRP), Melanin concentrating 
hormone (MCH), Hypocretins/Orexins, Ghrelin, Galanin, Growth hormone-
releasing hormone (GHRH), Dynorphin, P-Endorphin*, 26RFa (a member of 
RFamide peptide family), VGF 

Inhibitory: 
Leptin, a-Melanocyte-stimulating hormone (a product of proopiomelanocortin 
gene, POMC), Cocaine-amphetamine-related peptide (CART), Neurotensin (NT), 
Cholecystokinin (CCK), Corticotropin-releasing hormone (CRH), Thyrotropin-
releasing hormone (TRH), Prolactin-releasing peptide (PrRP), Calcitonin-gene 
related peptide (CGRP), Brain-derived neural factor (BDNF), Ciliary 
neurotrophic factor (CNTF), Glucagon-like peptide-1 (GLP-1), Galanin-like 
peptide (GALP), Peptide YY3.36, Neuropeptide K (NPK), Neuromedin B and 
Neuromedin U, Neuropeptide B (NPB) and NPW, Somatostatin, Oxytocin, 
Bombesin, Motilin, Enterostatin, Anorectin, Amylin, Interleukin-1, Insulin, 
Insulin-like growth factor 1 (IGF-1) & IGF-11, Urocortin. 

* Although pharmacological studies have demonstrated P-endorphin (P-End) to stimulate 
feeding in variety of animals, recent demonstration of hyperphagia and obesity in p-End 
knockout male mice suggests that endogenous p-End may have anorexic effect in regulating 
energy homeostasis (see ref 129). Modified from Sahu (2004)'̂ . 

The CNS melanocortin system has been examined extensively to 
understand the mechanism of leptin signaling in the hypothalamus because it 
exerts effects opposite to NPY. The endogenous melanocortin implicated 
most strongly in reducing food intake and body weight is a-MSH, a product 
of POMC neurons. a-MSH binds with high affinity to melanocortin 
receptor-3 (MC3) and MC4; which are highly expressed in the 
hypothalamus^'"''''. Mice lacking MC4 receptor become obese and MC4 
receptor mutation causes obesity in mice and humans^''' ', and MC4 
antagonist reverses the effect of leptin on feeding^. POMC neurons also 
express CART, a potent inhibitor of food intake"' ^^ Leptin stimulates 
POMC/CART neuronal activity as expected. POMC/CART neurons express 
leptin receptors and STATS; and leptin induces suppressor of cytokine 
signaling-3 (S0CS3) and c-Fos in these neurons, suggesting direct action of 
leptin on POMC/CART neurons". Leptin action on POMC neurons may 
also involve reduction of y-aminobutyric acid (GABA) and AgRP release 
from the NPY/AgRP neurons''^. In addition, NPY/GABA cells innervate 
POMC neurons", suggesting interaction between NPY/GABA and POMC 
neurons. Altogether it appears that stimulation of POMC neurons by leptin is 
a result of direct action, as well as by inhibition of NPY/AgRP neurons. 
Because orexin, an orexigenic peptide, also excites GABAergic neurons in 
the ARC^^ it is possible that leptin's effect on POMC could be mediated 
indirectly by decreasing orexin neuronal activity. Furthermore, the finding of 
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Xu et al.''̂  that brain-derived neurotrophic factor (BDNF), an inhibitor of 
food intake, regulates energy balance downstream of MC4 receptor suggests 
the involvement of BDNF in MC4 mediated leptin action in the 
hypothalamus. Recent studies further show that POMC neurons are glucose 
responsive and express K-ATP channels, and leptin activates K-ATP 
channel in POMC neurons^^. These findings along with the demonstration 
that mutation in POMC gene results in obesity "̂*, provide further evidence in 
support of a significant role of POMC/CART neurons in mediating leptin's 
action in the hypothalamus. 

Besides NPY/AgRP and POMC/CART neuronal systems, MCH, galanin 
(GAL), galanin-like peptide (GALP), orexin, thyroid-releasing hormone 
(TRH), NT, CRH and prolactin-releasing peptide (PrRP) producing neurons 
appear to mediate leptin action in the hypothalamus. Accordingly, leptin 
decreases or increases gene expression of orexigenic (MCH, GAL and 
orexin) and anorectic (GALP, NT, PrRP, TRH, CRH) peptide producing 
neurons, respectively''*' '̂ ' '*°' "*'. Leptin receptors have been localized, and 
leptin activates STAT3 in many of these neurons suggesting direct action of 
leptin. In addition, indirect actions of leptin on these neuronal systems via 
NPY/AgRP and or POMC/CART neurons have been documented. The 
findings that GALP neurons in the ARC express leptin receptors'* '̂ '*'', leptin 
increases GALP mRNA in ob/ob mice'*'*' '*̂  and fasted rats'* ,̂ and central 
injection of GALP decreases food intake and body weight in mice"*̂  suggest 
an important role of GALP in mediating leptin action in the hypothalamus. 
Furthermore, the effects of insulin on GALP neurons are similar to that seen 
after leptin'* ,̂ suggesting GALP neurons as targets of both leptin and insulin 
action'* .̂ A significant role of NT in mediating leptin action in the 
hypothalamus is supported by the observations that prior administration of 
NT antibody or specific NT antagonist blocks the anorectic effect of leptin'* ,̂ 
and that NT acts synergistically with leptin to reduce food intake'* .̂ Evidence 
also suggests that leptin inhibits the actions of MCH, galanin, and NPY on 
feeding^". Leptin action on hypothalamic NPY/AgRP and POMC neurons 
can be transduced indirectly by modifying the action of ghrelin, the only 
peripheral orexigenic signal of stomach origin^'. Ghrelin and leptin 
functionally interact in that ghrelin blocks the effects of leptin on feeding 
and prior leptin administration attenuates the effects of ghrelin on feeding^^. 
Leptin attenuates ghrelin-induced Ca+-f- increase in the NPY neurons^^ 
Furthermore, ghrelin producing neurons are present in the hypothalamus and 
these neurons send efferents onto NPY/AgRP, POMC and CRH neurons '̂*. 
Thus, regulation of ghrelin's effect on hypothalamic neurons, particularly 
NPY/AgRP neurons, may be one of the important mechanisms of leptin 
signaling in the hypothalamus. 

Recent reports by Pinto et al.̂ ^ and Bouret et al.̂ ^ have provided a new 
dimension in understanding the mechanisms of leptin action in the 
hypothalamus in that they suggest a new role of leptin in modifying synaptic 
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plasticity as well as axon guidance within the hypothalamus. Using ob/ob 
mice expressing a variant of green fluorescence protein (GFP) in the 
hypothalamic POMC and NPY neurons, Pinto et al. have demonstrated an 
increase in the excitatory inputs (excitatory postsynaptic currents, EPSCs), 
as assessed by electrophysiological recoding, to the NPY neurons and a 
parallel increase in the inhibitory inputs (inhibitory postsynaptic currents, 
EPSCs) to the POMC neurons in these mice. Ultrastructural studies showed 
reciprocal changes in excitatory and inhibitory synaptic inputs to the NPY 
and POMC neurons in ob/ob mice. Interestingly, leptin administration to the 
ob/ob mice normalized synaptic plasticity within 6 hours of injection. In 
addition, orexigenic peripheral hormone ghrelin rapidly (within 2 h) shifts 
input organization on POMC perikarya to support decreased cellular activity. 
These intriguing findings clearly indicate rapid synaptic re-arrangements by 
leptin as well as other metabolic signals such as ghrelin, and could be 
involved in hypothalamic regulation of food intake and energy homeostasis. 
It however remains to be determined whether synaptic plasticity shows 
diurnal rhythm in association with changes in food intake and metabolic 
factors including leptin, ghrelin, insulin, etc. Nevertheless, any dysregulation 
in synaptic plasticity could be involved in the development of central leptin 
resistance and obesity. The study by Bouret et al.̂ ^ demonstrated that leptin 
is required for the normal innervation of the PVN, DMN and LH by the 
POMC and NPY/AgRP neurons of the ARC in that the density of 
innervation of these nuclei was significantly compromised in the ob/ob mice 
lacking leptin. Importantly, leptin replacement in the perinatal period but not 
in the adult completely restored the density of innervation to that seen in 
wild-type mice, suggesting a critical period during which leptin exerts its 
neurotrophic effect. These findings are in support of the concept that under-
and over nutrition during the developmental period could have a long-lasting 
effect in the adult. 

It is also becoming increasingly apparent that besides the hypothalamus, 
hindbrain plays an important role in transducing leptin action on food intake 
and body weight regulation. Leptin receptors are localized in the nucleus 
tractus solitarius (NTS)^ ,̂ leptin administration into the fourth ventricle 
reduces food intake and body weight gain•̂ ^ and peripheral administration of 
leptin activates neurons within the NTS". There is also communication 
between the forebrain and hindbrain in mediating leptin action. For example, 
restoration of leptin signaling in the ARC by leptin receptor expression in 
Koletsky rats lacking leptin receptor normalized the effect of 
cholecystokinin (CCK) on the activation of neurons in the NTS and 
enhanced the satiety effect of CCK in these rats^'. In addition, it is to be 
noted that besides the neurons of the ARC, the neurons in the PVN, 
particularly TRH, CRH, NT and oxytocin, play an important role in 
mediating leptin action in food intake and body weight regulation. These 
neurons not only are the direct targets of leptin, some of them link 
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hypothalamic leptin action to caudal brain stem nuclei controlling meal size. 
In this regard, PVN oxytocin neurons are the prime candidate for this action 
of leptin*°. Some of the oxytocin neurons of the PVN project directly to the 
NTS. Leptin administration into the 3rd ventricle induces cFos expression in 
the oxytocin neurons, and oxytocin antagonist not only reverses the effect of 
leptin on food intake but it also decreases potentiating effect of leptin on 
CCK activation of Fos expression in the NTS. 

Overall, accumulated evidence including that cited above strongly suggest 
that leptin action in the hypothalamus is mediated by a large number of 
orexigenic and anorectic peptides in the ARC-PVN-PF/LH axis. It appears 
that leptin not only modifies synthesis and release of these neuropeptides, it 
also modifies the action of these peptides after they are secreted. 
Morphological connections and functional interactions seen between 
orexigenic and anorectic neurons''*' ̂ ' suggest that leptin could alter (enhance 
or decrease) interactions between orexigenic and anorectic signals to fulfill 
its role in energy homeostasis. Recent demonstration of leptin-induced rapid 
changes in synaptic plasticity in the hypothalamus and a significant role of 
leptin in axonal guidance from the ARC neurons to the other hypothalamic 
areas during a critical developmental period have provided additional 
mechanisms by which leptin's action is transduced in the hypothalamus. 
Furthermore, leptin's overall effect on food intake and energy homeostasis is 
mediated by interactions of several first order (NPY/AgRP, POMC/CART) 
and second order (CRH, MCH, NT, oxytocin, GAL, etc.) neurons in the 
hypothalamus, and their communication with the hindbrain. 

2.3 Leptin Signal Transduction in the Hypothalamus 

Leptin receptor belongs to the family of class-1 cytokine receptor. Among 
six splice variants of the leptin receptor (Ob-R), the Ob-Rb, which is the 
long-form of the Ob-R, mediates leptin signaling in various tissues including 
the hypothalamus^^. Ob-Rb is expressed in various hypothalamic sites 
including the ARC, VMN, DMN and PVN that have been implicated in 
energy homeostasis, and most of the leptin target neurons express leptin 
receptors^^. Fasting, which causes a decrease in circulating leptin 
concentration, up-regulates leptin receptor expression and leptin binding in 
the hypothalamus^^. Accumulated evidence also suggests that besides leptin, 
other factors, such as insulin may be involved in leptin receptor regulation'''. 
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2.3.1 Leptin Signaling through the Janus Kinase 2 
(Jak2)-Stat3 Pathway 

Leptin receptor signaling in the iiypotiiaiamus via activation of the JAK2 
-STAT3 pathway was established right after the discovery of leptin 
receptor^^. In this pathway leptin binding to the receptor initiates a sequence 
of events involving phosphorylation of JAK2, receptor, and STAT3. After 
phosphorylation, STAT3 becomes dimerized and translocated to the nucleus 
where they bind and regulate expression from target promoter (Figure 2). 
Leptin activates STAT3 in the hypothalamus including the ARC, LH, VMN 
and DMN; indicating STAT3 as one of the major intracellular mediators of 
leptin signaling in the hypothalamus. Although STAT3 is expressed in 
several target neurons including NPY, POMC, galanin and orexin neurons, 
leptin induction of STAT3 has been documented only in the POMC 
neurons '̂*' ̂ .̂ In a series of investigations, Bates at al.̂ '̂ *̂  demonstrated that 
in transgenic mice in which Tyr 1138 of Ob-Rb was replaced with a serine 
residue, STAT3 activation by leptin was impaired in association with 
development of obesity with reduced energy expenditure but without 
affecting reproduction. In addition, disruption of Ob-Rb-STAT3 signaling 
resulted in dysregulation of leptin action on the POMC without 
compromising the effects of leptin on NPY neurons, suggesting that 
inhibition of NPY neurons by leptin may be independent of STAT3 
signaling. These authors have also shown that Ob-Rb-STAT3 signaling in 
the hypothalamus may be involved in regulation of glucose homeostasis by 
leptin^^. However, a recent study with neuron-specific knock out of STAT3 
(STATS'^'' mice) showed that leptin-signaling through STATS is important 
for energy homeostasis, fertility and other neuroendocrine functionŝ "*. 

Leptin signaling through the JAK2-STAT3 pathway appears to be under 
the negative feedback control of S0CS3 protein. Over expression of S0CS3 
reduces JAK-STAT signaling in mammalian cell lines by inhibiting leptin-
induced JAK2 phosphorylation™; and leptin induces S0CS3 in the 
hypothalamus^' and activates S0CS3 in NPY and POMC neurons". The role 
of S0CS3 in leptin signaling in the hypothalamus has been recently 
appreciated from the studies using neuron-specific SOCS3 knockout mice 
and haplosufficient S0CS3 mice^ '̂ ^^ Furthermore, S0CS3 also inhibits 
leptin signaling by binding to phosphorylated Tyr-985. SH2-containing 
phosphatase-2 (SHP-2), another mediator of leptin signaling, also competes 
with SOCS3 for p-Tyr-985 of Ob-Rb^^ Thus, an alteration in any of these 
mechanisms could compromise inhibitory feedback action of S0CS3 during 
leptin signaling. Protein tyrosine phosphatase IB (PTPIB), another negative 
regulator of leptin receptor signaling^ '̂ '̂', is localized in the hypothalamic 
areas where Ob-Rb is localized'^, and PTPIB knockout mice are resistant to 
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diet-induced obesity (DIO) and more sensitive to leptin '̂'" ''̂  suggesting a 
significant role of PTPIB in leptin signaling in the hypothalamus. Unlike 
SOCS3, PTPIB compromises leptin receptor signaling primarily via 
dephosphorylation of JAK2^^. Nevertheless, interactions among SHP2, 
SOCS3 and PTPIB could play a critical role during normal leptin signaling 
and that occurs during the development of leptin resistance'''. 
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Figure 2. Schematic of leptin intracellular signal transduction in the hypothalamus. Leptin 
binding to its receptor (Ob-Rb) induces activation of Janus kinase (JAK), receptor 
dimerization, and JAK-mediated phosphorylation of the intracellular part of the receptor, 
followed by phosphorylation and activation of signal transducer and activators of 
transcription-3 (STAT3). Activated STATS dimerizes, translocates to the nucleus and tans-
activates target genes, including suppressor of cytokine signaling-3 (S0CS3), neuropeptide Y 
(NPY) and proopiomelanocortin (POMC). Our evidence suggests that leptin also activates 
phosphatidylinositol 3-kinase (PI3K) and phosphodiesterase 3B (PDE3B) and reduces cAMP 
levels in the hypothalamus, and that the PI3K-PDE3B-cAMP pathway interacts with the 
JAK2-STAT3 of leptin signaling in the hypothalamus. Other potential signaling pathways 
including the involvement of SHP2-GRB2-Ras-Raf-MAPK/ERK pathway and PTPIB in 
regulating leptin action in the hypothalamus are left out of this scheme to avoid complication 
in the figure. Furthermore, the role of SHP2-GRB2-Ras-Raf-MAPK/ERK pathway in leptin 
signaling in the hypothalamus is not clearly understood. Also the role of cofactors and co-
activators, such as p300/CBP and NcoA/SRCla, in STAT3 transcriptional activity is yet to be 
established in the hypothalamus. Modified from Sahu (2004)'^. 
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l.'i.l Leptin Signaling through the Phosphatidylinositol-3 
Kinase (PI3K)-Phosphodiesterase 3B (PDE3B)-cAMP 
Pathway 

In several non-neuronal tissues, the insulin-like signaling pathway 
involving PDK-dependent activation of phosphodiesterase-3B (PDE3B) and 
eventual reduction of cAMP mediates leptin action^ '̂ ^°. Because intra-
hypothalamic cAMP injection increases food intake^', central dibutyryl 
cAMP injection increases hypothalamic levels of NPY^ ,̂ and leptin modifies 
cAMP response element-mediated gene expression including that of NPY 
neurons in the hypothalamus^^ we hypothesized that regulation of cAMP by 
PDE3B plays an important role in mediating leptin action in the 
hypothalamus. Notably, intracellular cAMP levels are regulated by adenylyl 
cyclase and cAMP PDEs '̂*. Cyclic nucleotide PDEs are a large super family 
of enzymes consisting currently of 20 different genes sub-grouped into 11 
different families^ '̂ ^\ PDE3B, one of the two members of type 3 PDE 
family of genes^^ is localized in several peripheral tissues and in the CNS 
including the hypothalamic ARC, VMN, DMN, PVN, LH and PFH areas"*' 
^̂ . Our evidence that leptin induces PDE3B activity and reduces cAMP 
levels in the hypothalamus, and that PDE3 inhibition by cilostamide, a 
specific PDE3 inhibitor, reverses the effect of leptin on food intake and body 
weight clearly suggests a significant role of PDE3B-cAMP pathway in 
mediating leptin action in the hypothalamus^^ Furthermore our observation 
of the reversal of leptin-induced STAT3 activation by cilostamide (see 
Figure 3) has established a cross talk between the PDE3B-cAMP and JAK2-
STAT3 pathways of leptin signaling in the hypothalamus^^. As seen in non-
neuronal tissues, others and we have demonstrated leptin-induced PI3K 
activation in the hypothalamus^^' ^̂ . In addition, PI3K is localized in the 
hypothalamus and PI3K inhibitor reverses the anorectic effect of leptin^°. 
Our preliminary study suggests PI3K as an upstream regulator of PDE3B 
signaling in the hypothalamus^'. Overall, these findings all together indicate 
that a PI3K-PDE3B-CAMP pathway interacting with the JAK2-STAT3 
pathway constitutes a critical component of leptin signaling in the 
hypothalamus (Figure 2). We hypothesize that defects in either one or both 
of the signaling pathways may be responsible for the development of leptin 
resistance seen in obesity. It is most likely that PI3K-PDE3B-cAMP 
signaling pathway may mediate leptin's action in the hypothalamus in 
general. Therefore, further understanding of this signal transduction pathway 
would be of significant importance in unraveling the molecular mechanisms 
of hypothalamic action of leptin in normal states and during the development 
of leptin resistance seen in obesity and related disorders. 



Leptin and neuroendocrinology 65 

DMSO 

+ aCSF 

Cilost. 

+ aCSF 

DMSO 

+ Leptin 

Cilost. 

+ Leptin 

P-STAT3 

Ab 

D) _ 

J3 

< 

300 -

200 -

100 -

SOCS3 
Ab 
+ 

DMSO Cilost. DMSO Cilost. 
+ aCSF + aCSF +leptin + leptin 

{n = 8) (n = 9) (n = 7) (n = 7) 

Figure 3. Cilostamide reverses the effect of leptin on STAT3 activation in the hypothalamus. 
Fasted (24 hr) rats were injected ICV with DMSO or cilostamide (10 \xg) followed 30 min 
later by leptin (4 pg) or aCSF (artificial cerebrospinal fluid). DNA binding activity of STAT3 
in the medial basal hypothalamus was determined by an electrophoretic mobility shift assay 
using a '̂ "P-labeled M67-SIE oligonucleotide probe. Top right, DNA binding activity is 
specific to p-STAT3 because a 'supershift' did not occur in the presence of anti-S0CS3 
antibody. Bottom, results obtained by phosphor imaging and expressed as relative (%) to 
vehicle. Data are means ± SEM for the number (n) of animals in parentheses. *p < 0.05 as 
compared to all other groups. The reversal of STAT3 activation by PDE3B inhibition implies 
a crosstalk between the JAK2-STAT3 and PDE3B-cAMP pathways in transducing leptin 
action in the hypothalamus. (Adapted from ref. 88) 

As seen for leptin action, insulin also stimulates PI3K in the 
hypothalamus, and PI3K inhibitor reverses the anorectic effect of insulin, 
suggesting that stimulation of PI3K may be a common pathway for both 
leptin and insulin signaling in the hypothalamus^^. Furthermore, activation of 
PI3K has been proposed to mediate acute membrane effect of leptin and 
insulin including the activation of ATP-sensitive potassium channel in the 
hypothalamus'^''''. Because insulin stimulates STAT3 in the hypothalamus'^, 
it remains to be determined whether, like leptin signaling^^ insulin signaling 
through STAT3 pathway also requires PDE3B activation-dependent 
reduction in cAMP levels. It is possible that PDE3B activation-dependent 
reduction in cAMP levels by leptin is responsible for modifying NPY gene 
expression and NPY's action on feeding. Likewise, inhibition of NPY 
neuronal activity by insulin^^'"' may involve the activation of PI3K-PDE3B-
cAMP pathway of intracellular signal transduction. In this regard, a recent 
study by Xu et al. '^ demonstrated that PI3K integrates the action of leptin 
and insulin at the levels of hypothalamic POMC neurons. 
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3. LEPTIN SIGNALING IN THE HYPOTHALAMUS 
DURING THE DEVELOPMENT OF DIET-INDUCED 
OBESITY 

The majority of the obese patients have high circulating levels of leptin 
suggesting the state of leptin resistance. Although the mechanisms behind 
the development of leptin resistance is not clearly understood, decreased 
transport of leptin into the brain has been suggested as one of the 
mechanisms of central leptin resistance in obesity. In support of this view is 
the demonstration that the cerebrospinal fluid: plasma leptin ratio is lower in 
obese individuals compared to lean controls^ '̂ ^̂ , and that leptin 
administration shows very limited response in obese individuals'"". Because 
diet-induced obese (DIO) rodents may represent the form of obesity seen in 
most humans, understanding the mechanisms underlying the development of 
DIO is of significant importance and as such, several DIO models are now 
being used to elucidate the mechanisms of leptin signaling during the 
development of DIO. The evidence that the anorectic effect of central leptin 
is reduced in DIO rats and mice'°'' '°^, and that defects in blood-brain 
transport are acquired during development of obesity'"^' '"'' and that central 
leptin gene therapy failed to overcome leptin resistance in DIO'"^ strongly 
suggest that central leptin resistance plays a significant role in the 
development of DIO. Among the mechanisms behind the development of 
central leptin resistance, downregulation of leptin receptor expression and 
reduced receptor signaling through the STAT3 pathway appear to play a 
major role in DIO'"*' '°^' '" .̂ In line with this view are the findings that leptin-
induced STAT3 activation is specifically reduced in the ARC of mice within 
a week of high-fat diet feeding'"^, and that inbred DIO prone rats develop a 
defect in central leptin signaling through STAT3 activation before the onset 
of obesity'"'*. Furthermore, disruption of STATS signaling in the 
hypothalamus causes obesity^ '̂ ''̂ . 

Because SOCS3 is a negative regulator of cytokine signaling including 
that of leptin receptor signaling through the JAK2-STAT3 pathway, and 
because peripheral leptin increases S0CS3 expression in the hypothalamus 
and S0CS3 is expressed in leptin-sensitive neurons, S0CS3 is thought to be 
a potential mediator of central leptin resistance^'. In support of this 
hypothesis are the findings that S0CS3 is increased in the ARC within a 
week of HFD feeding in mice'°^ and that neuron-specific S0CS3 deletion''^ 
or haploinsufficiency in S0CS3^^ causes the development of resistance to 
DIO. In addition, two later studies have shown that leptin-induced STAT3 
activity in the hypothalamus is enhanced in the S0CS3 deficient mice, 
providing further evidence in support of S0CS3 inhibition of STAT3 
signaling in the hypothalamus. As described earlier (see section 2.3.2), 
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PI3K-PDE3B-CAMP pathway of leptin signaling plays a critical role in 
mediating leptin receptor signaling in the hypothalamus. Thus, it is quite 
likely that a defect in this pathway of signaling could occur and contribute to 
the development of DIO. Many studies have examined the changes in 
various leptin target neurons during DIO''*' '̂ . There is some evidence for the 
possible development of leptin resistance in NPY/AgRP neurons during 
J-JJQ109. no pyjyj.g studies should examine how and when the changes, if any, 
in leptin sensitivity to these and other target neurons occur during the 
development of DIO. 

4. LEPTIN SIGNALING DURING THE DEVELOPMENT 
OF LEPTIN RESISTANCE AFTER CHRONIC 
ELEVATION OF HYPOTHALAMIC LEPTIN TONE 

The evidence of elevated leptin levels within 1 day of HFD feeding in 
rats'°' suggest that an extended period of exposure of the brain, especially 
the hypothalamus, to a high level of leptin may result in the development of 
central leptin resistance during DIO. We tested this hypothesis in a rat model 
of chronic central leptin infusion in which animals developed resistance to 
the satiety action of leptin'". In this rat model we observed that 
hypothalamic NPY, POMC and NT neurons developed leptin resistance 
following chronic leptin infusion in that during the initial period of leptin 
infusion, when food intake was decreased, these neurons remained sensitive 
to leptin; however, within 2 weeks of leptin infusion, when food intake was 
normalized, these neurons become insensitive to leptin'"' "^. Despite leptin 
resistance in the NPY, POMC and NT neurons, the JAK2-STAT3 pathway 
of leptin signaling in the hypothalamus remained activated throughout the 16 
d of leptin infusion in that leptin receptor phosphorylation, STAT3 
phosphorylation and DNA binding activity of STAT3 were increased in 
leptin infused group as compared to that in vehicle infused control group"\ 
However, increased JAK2 phosphorylation seen during the initial period was 
not evident on day 16 of leptin infusion. Notably, STAT3 pathway remained 
activated despite an increase in S0CS3 expression in the hypothalamus. In 
contrast, the PI3K-PDE3B-cAMP pathway of leptin signaling in the 
hypothalamus was impaired following chronic leptin infusion"''' "^ 
Specifically, PI3K and PDE3B activities were increased and cAMP levels 
were decreased on day 2 but not day 16 of leptin infusion. These findings 
suggest a selective resistance in the PI3K-PDE3B-cAMP pathway of leptin 
signaling following chronic increase in hypothalamic leptin tone attained by 
central infusion of this peptide hormone. While future investigations should 
address whether PI3K-PDE3B-cAMP pathway of leptin signaling is 
impaired during the development of DIO, our unpublished observation 
suggests impairment in the PI3K pathway of leptin signaling in DIO mice. 
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Overall, critical evaluation of hypothalamic leptin signaling mechanisms 
during early part of high-fat diet (HFD) feeding when the animals do not 
show any sign of obesity should delineate whether the defect in any 
signaling pathway is the cause or an effect of DIO. Furthermore, an 
emphasis on hypothalamic region specific as well as neuron specific changes 
in the signaling mechanisms could be given priority in understanding 
complex mechanisms of central leptin resistance leading to the development 
of DIO. 

5. OTHER NEUROENDOCRINE FUNCTIONS OF 
LEPTIN 

One of the major roles of leptin is to regulate the adaptive neuroendocrine 
and metabolic response to alterations in nutritional state. Ahima et al."^ in 
their elegant study, suggested that leptin's most important role might be to 
act as a signal of fasting. In support of this view are the findings that fasting 
associated abnormalities in neuroendocrine functions including suppression 
of the hypothalamic-pituitary-gonadal, and -thyroid axes and in immune 
functions, reduced energy expenditure, and increased appetite are similar to 
that seen in leptin deficient or leptin-insensitive rodents; and all these are 
advantageous adaptations in the context of starvation. Furthermore, as 
suggested by these authors, leptin deficiency in ob/ob mice may be 
perceived as a state of starvation. Remarkably, leptin treatments largely 
correct starvation-induced immune abnormalities"^ and blunt the activation 
of the HPA axis. In addition, leptin therapy prevents the dysfunction in 
reproductive, thyroid and growth hormone axes. However, leptin does not 
correct starvation-induced hyperphagia, hypoglycemia and hypoinsuline-
mia"^ 

Cumulative evidence suggests that leptin may have an important role in 
reproductive neuroendocrinology. For example, leptin therapy restored 
puberty and fertility in ob/ob mice, and this action of leptin was not due to 
its body weight reducing effect because pair-feeding that maintained the 
body weight to that of leptin-treated group did not normalize reproductive 
failure seen in these animals"^ Leptin or leptin receptor deficiency is 
associated with delayed or absence of puberty in humans, and leptin therapy 
to a girl with leptin deficiency resulted in initiation of puberty"^' '^°. Leptin 
treatment has been shown to advance puberty in mice'^'' '̂ .̂ In human and 
higher primates, leptin's role in puberty is yet to be established'^^ It appears 
that leptin plays a permissive role in pubertal development and reproduction. 
Nevertheless, leptin's effect in the hypothalamus is important for its action 
on the reproductive axis. In this regard, intracerebroventricular 
administration of leptin antiserum prevents luteinizing hormone secretion'̂ "*, 
leptin stimulates hypothalamic luteinizing hormone releasing hormone 
(LHRH)'^^, and leptin receptor gene therapy at the hypothalamic ARC and 



Leptin and neuroendocrinology 69 

MPOA areas has been shown to restore fertility in Koletsky rats'^^. Leptin 
action on reproductive axis may also involve stimulation of excitatory amino 
acids in the hypothalamus'^^. Since several leptin sensitive neuropeptidergic 
systems in the hypothalamus including the NPY, POMC, MCH and GAL 
producing neurons have been implicated in regulating LHRH neuronal 
functions^, these neuronal systems are likely to mediate leptin action on 
reproduction. Besides its effect on energy homeostasis and reproduction, 
leptin's other neuroendocrine functions include its role in regulating TRH, 
growth hormone and prolactin secretion'^^. Furthermore, hypothalamic 
action of leptin may be important in regulating bone mass'^^. 

6. CONCLUSIONS AND FUTURE PERSPECTIVES 

Although discovery of leptin was expected to be involved primarily in 
body weight regulation, it is now becoming increasingly clear that leptin has 
a multifaceted role in neuroendocrine regulation of various physiological 
functions including those that have been presented in this chapter. 
Evidently, energy homeostasis has been implicated as the prime 
neuroendocrine function of leptin acting at the level of the hypothalamus. 
Recent studies are engaged in dissecting out details of the neural circuitry, 
neural sites and specific signaling mechanisms in the hypothalamus and 
extra-hypothalamic regions including that in the hindbrain to understand the 
neuroendocrine physiology of leptin. In the process, leptin responsive 
neurons have been designated as the first order (NPY/AgRP, POMC/CART) 
or the second order neurons (MCH, orexin, NT, CRH, etc.) on the basis of 
their locations (ARC vs LH or PVN), physiological roles in energy 
homeostasis and other functions such as reproduction, and their 
responsiveness to various peripheral signals including insulin, ghrelin, CCK, 
etc. Leptin not only engages both orexigenic and anorectic peptide producing 
neurons in the ARC-PVN-LH axis, it also modifies postsynaptic actions of 
orexigenic and anorectic signals. Morphological communication and 
interactions between the orexigenic and anorectic signal producing neurons 
could be targets of leptin action in the hypothalamus. Evidence of rapid 
rewiring of the hypothalamic circuitry in response to leptin as well as other 
signals such as ghrelin has opened up a new chapter in understanding the 
hypothalamic mechanisms involved in food intake and body weight 
regulation. Interestingly, excitatory and inhibitory inputs to the orexigenic 
and anorectic peptide producing neurons are modified by leptin in such a 
way so that it can fulfill its obligatory role in energy homeostasis. Whether 
synaptic plasticity is involved in memorizing the body weight 'set point' in 
the hypothalamus remains to be seen. Besides the classical JAK2-STAT3 
pathway, the PI3K-PDE3B-cAMP pathway has evolved as a critical 
component of the leptin signaling in the hypothalamus. Importantly, the 
PI3K-PDE3B-cAMP pathway appears to integrate leptin and insulin 
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signaling in the hypothalamus. Defect in STAT3 pathway of leptin signaling 
has been documented in the hypothalamus of rats and mice on the high-fat 
diet, and increased SOCS3 appears to play an important role in the 
development of central leptin resistance seen in DIO. The evidence of 
'selective leptin resistance' in the PI3K-PDE3B-cAMP pathway but not in 
the STAT3 pathway during the development of leptin resistance in the NPY, 
POMC and NT neurons following chronic elevation of the hypothalamic 
leptin tone by central leptin infusion further suggests the importance of this 
pathway of leptin signaling in the hypothalamus. Thus, it is most likely that 
an alteration in the PI3K-PDE3B-cAMP pathway would occur during the 
development of central leptin resistance and DIO. However, it is critical to 
demonstrate whether dysregulation of this pathway of leptin signaling, if it 
does happen, is a cause or an effect of DIO. In addition, it is important to 
document if the PI3K-PDE3B-cAMP pathway of leptin signaling is involved 
in other neuroendocrine functions of leptin such as in reproductive, thyroid 
and adrenal axes. It is quite possible that different signaling pathways in the 
hypothalamus are involved in different neuroendocrine functions of leptin. 
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LEPTIN-INSULIN INTERRELATIONSHIPS 
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Abstract: The relationship of leptin to insulin is complex and our understanding of the 
interaction is evolving. Leptin is secreted from white adipocytes and levels 
correlate with adipose tissue mass. Via hypothalamic leptin receptors (ObR), 
it restricts food intake and increases energy expenditure in normal individuals. 
Leptin is implicated in decreased production and secretion of insulin by the 
pancreatic beta (P) cell. Insulin, conversely, stimulates leptin secretion in an 
adipocyte-insulin feedback loop. The studies available to date, however, have 
had varying results as to whether leptin is an antidiabetogenic protein. This 
chapter will delineate the relationships of leptin on insulin secretion and 
action as well as the effect of insulin on leptin secretion and action. 

Key words: leptin, insulin, diabetes, pancreatic P-cells 

1. INTRODUCTION 

The relationship of leptin to insulin is complex and our understanding of 
the interaction is evolving. Obesity is associated with diabetes, and leptin is 
known to be elevated in most cases of obesity. Leptin is secreted from white 
adipocytes and levels correlate with adipose tissue mass. Via hypothalamic 
leptin receptors (ObR), it restricts food intake and increases energy 
expenditure in normal individuals. Leptin is implicated in decreased 
production and secretion of insulin by the pancreatic beta (P) cell. Insulin, 
conversely, stimulates leptin secretion in an adipocyte-insulin feedback loop. 
The studies available to date, however, have had varying results as to 
whether leptin is an antidiabetogenic protein. Leptin appears to act as both 
an insulin-sensitizing agent and a contributor to the insulin-resistant 
phenotype.' This chapter will delineate the relationships of leptin on insulin 



80 Chapter 5 

secretion and action as well as the effect of insulin on leptin secretion and 
action. 

2. EFFECT OF LEPTIN ON INSULIN SECRETION AND 
ACTION 

There is growing evidence that leptin works at the level of the pancreatic 
P-cell as well as centrally in the hypothalamus. The main function of the 
pancreatic B-cell is the biosynthesis and appropriate secretion of insulin in 
response to control blood glucose levels.^ This function is tightly regulated 
both by nutrients and hormonal modulators, such as enteroendocrine 
hormones (glucose-dependent insulinotropic polypeptide and glucagon-like 
peptide [GLP]-1).^ The pathways involved in leptin signaling in pancreatic 
P-cells are numerous. The model of leptin deficient ob/ob mice has been 
particularly helpful in elucidating these relationships, probably secondary to 
the compensatory upregulation of leptin receptor signaling. As opposed to 
glucose and incretin-dependent insulin secretion which are short-term 
responders to various nutritional and hormonal inputs, leptin appears to play 
more of a role in the long term secretion of insulin by the P-cell. Leptin 
resistance at the level of the pancreatic P-cell may promote the development 
of hyperinsulinemia and type 2 diabetes in susceptible overweight patients.^ 
In the development of type 2 diabetes in obese patients, initial 
hyperinsulinemia is thought to be a compensatory response of the p-cell to 
insulin resistance.^'^'' With subsequent pancreatic p-cell failure, 
hyperglycemia presents itself. As hyperinsulinemia may present before the 
onset of insulin resistance, the adipocyte-insular axis may be playing a role 
in the progression of Type 2 diabetes^ (Figure 1). 

Studies on the effects of leptin on insulin secretion have yielded 
conflicting results. The pancreatic islets of leptin-deficient oblob mice 
exhibit a robust reduction of insulin secretion upon leptin stimulation, likely 
due to higher leptin sensitivity.^ Chronically leptin-exposed pancreatic B-
cells, however, display variable results in different experimental conditions. 
In pancreatic B-cells, leptin exerts a biphasic dose response with respect to 
insulin secretion. In rat islets, 2 nmol/1 leptin significantly and maximally 
suppressed insulin release, whereas high concentrations were almost 
ineffective.^ Initial studies examining the effect of leptin on insulin secretion 
in normal rodents or cell lines has yielded varying results.^ It has been 
described that under physiological conditions leptin (1-20 nmol/1) 
significantly reduces insulin release from pancreatic B-cells.^ This is also 
described by the majority of studies using perfused rat pancreas and isolated 
rat or mouse islets^, as well as in isolated human pancreatic islets.^ In 
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addition, there is evidence that a physiological increase in serum leptin levels 
significantly reduces insulin secretion in rats in vivo. ̂ ' ^ 

Whereas a number of the in vitro studies have shown an inhibitory role of 
leptin on glucose metabolism, the in vivo studies have demonstrated a more 
insulin-sensitizing role thought secondary to the central effects of leptin. The 
major peripheral sites of leptin action, skeletal muscle, white adipose, and 
liver have been shown in a number of studies to have leptin mediated insulin 
stimulated glucose uptake and metabolism.' In vivo studies infusing leptin 
into mouse, rat, and human soleus and epitrochlearis muscles did not alter 
insulin mediated glucose uptake. ^'^ These differences are likely related to 
the model in which these studies were conducted. In the ob/ob leptin 
deficient mice, there is a downstream upregulation of leptin receptor 
signaling." In rodents with normal leptin and leptin receptor activity, the 
chronic exposure to leptin may affect the response to acute and subacute 
exposure to leptin. In addition, the various doses and modes of delivery of 
leptin, the relative long duration of action needed for leptin, and the 
possibility of interfering substances make the varying experimental models 
at times difficult to interpret." Thus, the studies described here will need to 
be assessed with these considerations in mind. 

2.1 Normal mouse studies 

There is evidence that leptin directly inhibits insulin secretion from 
pancreatic P-cells." The mode of action appears to be via the leptin 
receptors expressed on the P-cell and its inhibitory effect on glucose 
stimulated insulin secretion as well as suppressing proinsulin mRNA 
expression.^ Leptin activates the ATP-sensitive potassium channels' with 
the resultant hyperpolarization preventing calcium influx and the release of 
insulin. Glucose-induced insulin secretion is potentiated by hormone-
mediated elevation of the intracellular second messengers cAMP/protein 
kinase A and phospholipase C/protein kinase C.̂  The KATP channel is a 
molecular target of leptin in pancreatic 6-cells for inhibition of insulin 
secretion. Consequently, activation of KATP channels in pancreatic B-ce!ls by 
leptin reduces cytosolic calcium concentration, and this fall can be overcome 
by co-incubation with glucose and GLP-1.^ The inhibitory effects of leptin 
on preproinsulin gene expression, however, appear to be independent of the 
activation of KATP channels.^ The KATP channel opener diazoxide did not 
affect either leptin suppression of preproinsulin mRNA levels or inhibition of 
insulin promoter activity in INS-1 cells,'^ indicating that gene regulatory 
effects of leptin use signal transduction pathways different from those that 
mediate the effect on insulin secretion. 
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Adipose, Pancreas 

Liver, Skeletal Muscle 

Figure 1. CNS-Adipocyte-Pancreatic Axis. 
Leptin inhibits insulin secretion from tlie pancreatic P-cell wiiile it 
restricts food intake and enhances energy expenditure in the 
hypothalamus. Insulin, in turn, stimulated further leptin secretion for 
the adipocyte. 

Other proposed mechanisms include inhibition of insulin secretion by 
glucagon-Iike-peptide-1 (GLP-1), stimulation of the sympathetic nervous 
system and reduction in protein kinase C. ' By preventing triglyceride 
accumulation in the p-cell, however, leptin helps to maintain normal glucose 
stimulated insulin secretion.'^ The proinsulin gene and protein phosphatase-
1 gene are leptin repressible genes and the gene for the suppressor of 
cytokine signaling 3 protein is a leptin-induced gene in pancreatic P-cells.^ 
The molecular effects of leptin involve the restriction of insulin secretion 
and biosynthesis in the normal animal.^ 
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To determine whether leptin has insulin sensitizing effects in normal 
rodents, Sivitz measured plasma glucose and insulin concentrations in male 
Sprague-Dawley rats treated with leptin by continuous subcutaneous 
infusion for 48 hours. Leptin administered 10 mcg/h, significantly reduced 
both plasma glucose and insulin levels and decreased circulating insulin-like 
growth factor-1 (IGF-1) levels. GLUT-4, the major insulin-sensitive glucose 
transporter expressed specifically in fat and muscle, was studied in this 
model."" The authors observed no difference in GLUT-4 content in brown 
and epididymal adipose tissue, suggesting that the expression of this 
transporter in the tissues examined is not a key factor in mediating the effects 
of leptin on insulin sensitivity.'^ Nonetheless, leptin could still alter glucose 
transport in these tissues because intrinsic transporter activity, GLUT-4 
translocation, and/or transporter recycling rate can alter glucose uptake 
independent of transporter expression.'^ During hyperinsulinemic glucose 
clamps, intravenous leptin increased glucose utilization by 29% during the 
last 135 min of glycemia clamped at 60 mg/100 ml (P < 0.05) and by 30% 
during the last 135 min of glycemia clamped at 90 mg/dl (P < 0.01)'^ 
compared to controls. In this study, leptin increased insulin sensitivity in 
normal rats both under fasting conditions and in the presence of 
hyperinsulinemia. The 2-day leptin infused rats were of the same weight and 
had equal epididymal fat mass to vehicle-treated controls, suggesting that 
leptin has effects on insulin sensitivity independent of altered fat mass or 
body weight.'^ This result is likely due to increased insulin sensitivity and a 
leptin mediated reduction in insulin secretion. Other potential mechanisms 
by which leptin might enhance insulin sensitivity without directly altering 
glucose transport continues to be explored. 

Leptin has been implicated in increasing insulin stimulated glucose uptake 
and inhibiting hepatic glucose production. Barzilai administered leptin vs. 
vehicle for 8 days to adult rats. Moderate calorie restriction resulted in 
similar decreases in whole body and visceral fat (20% and 21% 
respectively), but leptin administration led to a specific and marked decrease 
(by 62%) in visceral adiposity."^ During an insulin clamp, leptin markedly 
enhanced insulin action on both inhibition of hepatic glucose production and 
stimulation of glucose uptake.'^ Hepatic gene expression of key metabolic 
enzymes: glucokinase (GK), glucose-6-phosphatase (Glc-6-pase), and 
phosphoenolpyruvate carboxykinase (PEPCK) were modified by leptin. 
Administration resulted in a marked decrease in GK mRNA and increases in 
both Glc-6-Pase and PEPCK mRNAs, which are likely to represent a 
defense against excessive storage of energy in adipose depots.'^ This study 
demonstrated that leptin, independent of its effect on food intake, selectively 
decreases visceral fat, enhances the action of insulin on peripheral glucose 
uptake and hepatic glucose production, modulates the gene expression of key 
hepatic enzymes, and determines an intrahepatic redistribution of glucose 
fluxes that resembles that observed with fasting. '̂  
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Similar results were illustrated by Kamohara who studied the in vivo 
effects of intravenous and intracerebroventricular (ICV) administrations of 
leptin on glucose metabolism. A five-hour intravenous infusion of leptin into 
wild-type mice increased glucose turnover and glucose uptake, but decreased 
hepatic glycogen content. The plasma levels of insulin and glucose did not 
change.'^ Similar effects were observed after intracerebroventricular 
infusion of leptin, suggesting that effects of leptin on glucose metabolism are 
mediated by the central nervous system.'^ These data indicate that leptin 
induces a complex metabolic response with effects on glucose as well as 
lipid metabolism.'' 

That leptin exerts this effect was also noted by Liu. Leptin (0.02 or 1 
mcg/kg) was administered ICV for 6 hours to conscious rats, and insulin 
action was determined by insulin clamp. During hyperinsulinemia, the rates 
of glucose uptake, glycolysis and glycogen synthesis were similar in rats 
receiving low- and high-dose leptin versus vehicle.^" ICV leptin resulted in 
a 2-3-fold increase in hepatic PEPCK mRNA levels.^" Glycogenolysis and 
PEP-gluconeogenesis contributed similarly to endogenous glucose 
production in the vehicle-infused group. Interestingly, gluconeogenesis 
accounted for 80% of glucose production in both groups receiving ICV 
leptin, while hepatic glycogenolysis was markedly suppressed in rats 
receiving leptin versus vehicle.^° This study demonstates that leptin failed to 
affect peripheral insulin action, but induced a striking re-distribution of 
intrahepatic glucose fluxes. °̂ 

The ventromedial hypothalamus (VMH) has been implicated as the 
central site of this action of leptin.^' Minokoshi studied the effects of 
microinjection of leptin into the VMH and lateral hypothalamus (LH) in rats. 
A single VMH injection of leptin increased glucose uptake in brown adipose 
tissue, heart, skeletal muscle, and spleen but not in white adipose tissue or 
skin.^' Injection of leptin into the LH, however, had little effect. Thus, there 
appears to be different leptin insulin-sensitizing effects depending on target 
tissue. ^̂ '̂ ^ 

The data on leptin's effect on glucose homeostasis is not altogether 
consistent.^°'̂ ^ Though there are a number of studies demonstrating an 
inhibitory effect of leptin on insulin secretion, not all have come to this 
conclusion. In fact, some have noted no effect or even an increase in insulin 
secretion. Widdowson demonstrated that acute hyperleptinemia in normal 
weight Wistar rats did not appear to reduce insulin sensitivity under clamp 
conditions. ^^ Male rats received recombinant murine leptin (1 mcg/min) or 
vehicle. Glucose infusion rates during clamping were no different between 
leptin-infused and control rats, and there were no significant effects on the 
whole body glucose uptake or hepatic glucose production rate under basal or 
clamped conditions. ^̂  
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2.2 Oh/oh and dhldb mouse studies 

The earliest evidence that leptin is implicated in the regulation of insulin 
and glucose was in ob/oh (leptin-deficient) and dh/dh (leptin receptor 
mutation) mice. Defects in the leptin pathway led to hyperinsulinemia even 
before the development of the diabetic, obese phenotype. ̂ •̂ '̂ •̂ •̂̂ ^ When these 
mice were treated with intraperitoneal leptin, improvement of the diabetic 
indices without significant weight loss was noted. These changes were not 
seen in the db/db leptin-resistant mice. '-̂ '̂̂ -̂̂ ^ 

Chen studied insulin secretion from islets of pre-obese, 2-week-old, ob/ob 
mice and their lean littermates.^^ The ob/ob mice were slightly 
hyperinsulinemic at 2 weeks of age. Pancreatic islet size, DNA content, and 
insulin content were similar in the ob/ob and lean mice.̂ ^ The 
responsiveness of islets to glucose was unaffected. When acetylcholine and 
cholecystokinin (two insulin secretagogues that potentiate glucose-induced 
insulin secretion) were administered, they were more effective in stimulating 
insulin secretion from islets of ob/ob mice than from islets of lean mice.̂ ^ 
The signal transduction pathway common to acetylcholine and 
cholecystokinin, and cross-talk between this pathway and the glucose-
dependent insulinotropic polypeptide (GIF) signal transduction pathway are 
loci for early-onset defects in control of insulin secretion from islets of ob/ob 
mice. '̂̂  

A number of initial studies used intraperitoneal leptin in ob/ob mice to 
reveal that leptin is a mediator in glucose and insulin homeostasis.̂ '̂̂ '̂̂ ^ The 
administration of leptin reversed the diabetic phenotype, even in mice treated 
with low doe leptin without significant weight loss. This suggested a role for 
leptin on glucose-insulin mechanics beyond weight loss' Pelleymounter 
delivered daily intraperitoneal injections of leptin to the ob/ob mouse. They 
had decreased body weight, percent body fat, food intake, and serum 
concentrations of glucose and insulin. In addition, metabolic rate, body 
temperature, and activity levels were increased by this treatment.^^ These 
parameters were similar in the levels seen in the lean controls. Lean animals 
injected with OB protein maintained a smaller weight loss throughout the 
28-day study.^" 

Adenoviral gene therapy of ob/ob mice with mouse leptin cDNA resulted 
in normalization of plasma glucose and insulin levels.' Muzzin showed that 
treatment resulted in dramatic reductions in both food intake and body 
weight, and the normalization of serum insulin levels and glucose 
tolerance.^° The effect on serum leptin levels in treated animals, however, 
did not persist beyond 2-3 weeks. The subsequent decrease in leptin levels 
resulted in the rapid resumption of food intake and a gradual gain of body 
weight.''° This correlated with the return of hyperinsulinemia and insulin 
resistance.^" Several studies have suggested that the fleeting effect on the 
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adenovirally transduced cells is due to destruction by a host immune-
mediated response in vivo.^°'^^ Recent studies have also demonstrated that 
cellular and humoral responses to the transgene-encoded product may play 
an important role in limiting the duration of transgene expression7'*'^° 

2.3 Other models 

To assess whether leptin may act independently of insulin in regulating 
energy metabolism in vivo, Chinookoswong studied the effects of leptin 
treatment alone on glucose metabolism in lean insulin-deficient 
streptozotocin (STZ)-induced diabetic rats.^' Four groups of STZ-induced 
diabetic rats were studied: rats treated with recombinant leptin subcutaneous 
infusion for 12-14 days, control rats infused with vehicle, pair-fed control 
rats given a daily food ration, and rats treated with subcutaneous phloridzin 
(normalizes blood glucose via glucosuria without insulin and was used as a 
control for the effect of leptin in correcting hyperglycemia.) All animals 
were then studied with a hyperinsulinemic-euglycemic clamp. Leptin 
treatment in the insulin-deficient diabetic rats restored euglycemia, 
minimized body weight loss due to food restriction, substantially improved 
glucose metabolic rates during the postabsorptive state, and restored insulin 
sensitivities at the levels of the liver and the peripheral tissues during the 
glucose clamp.^' The effects on glucose turnover appeared independent of 
food restriction and changes in blood glucose concentration, suggesting that 
the antidiabetic effects of leptin are achieved through both an insulin-
independent and an insulin-sensitizing mechanism.^' 

Another model is the Otsuka Long-Evans Tokushima Fatty (OLETF) rat. 
This rat develops late onset hyperglycemia (at about 18 weeks of age), 
hyperinsulinemia and mild obesity that closely resemble non-insulin-
dependent diabetes mellitus in humans. Mizuno administered leptin 
intravenously for 16 h to OLETF and Long-Evans Tokushima Otsuka 
(LETO) (lean controls) rats, followed by the measurement of insulin-
stimulated glucose uptake in hindlimb muscles during hyperinsulinemic 
euglycemic clamp technique."'̂  In the LETO rats, the administration of 
leptin significantly decreased plasma insulin levels, without change in 
plasma glucose, and led to an increase in insulin-stimulated glucose uptake 
in hindlimb muscles.^^ In the OLETF rats, leptin administration changed 
neither plasma insulin levels nor insulin-stimulated glucose uptake. The 
study showed that at 8 weeks of age, OLETF rats have already become 
resistant to high concentration of peripheral leptin. ^^ 

An indirect effect of leptin deficiency can also affect P-cell function. 
Leptin resistance in Zucker diabetic fatty (ZDF) rats has been associated 
with intracellular triglyceride accumulation.'^ When a certain threshold is 
achieved, lipotoxicity can occur resulting in a 50% loss of P-cells.' When 
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the leptin receptor is overexpressed in ZDF rat pancreatic islets, the diabetic 
phenotype is reversed in association with the reduction of intracellular 
triglyceride.''^^ 

2.4 Diet Induced Obesity 

Obesity is often associated with elevated leptin levels. Human obesity and 
high fat feeding in rats are associated with the development of insulin 
resistance and perturbed carbohydrate and lipid metabolism. It has been 
proposed that these metabolic abnormalities may be reversible by 
interventions that increase plasma leptin.' In one study, sustained increase in 
plasma leptin was achieved by administration of a recombinant adenovirus 
containing the leptin cDNA in Wistar rats fed a high-fat diet (HF) compared 
with standard chow-fed (SC) control animals.̂ "* Increasing plasma leptin 
levels for a period of 6 days decreased adipose mass by 40% and normalized 
plasma glucose and insulin levels. In addition, insulin-stimulated skeletal 
muscle glucose uptake was normalized in hyperleptinemic rats, an effect that 
correlated closely with a 60% decrease in intramuscular triglyceride (TG).'''' 
The moderate sustained leptin increase reversed diet-induced hyperglycemia, 
hyperinsulinemia, and skeletal muscle insulin resistance. These 
improvements appeared to be tightly linked to leptin-induced reductions in 
intramuscular TG.̂ "* 

The adipo-insular axis may, however, play an important role during the 
development of type 2 diabetes in obese patients. During the development of 
type 2 diabetes, initial hyperinsulinemia is believed to represent a simple 
compensatory response of the pancreatic B-cell to insulin resistance^'' and 
hyperglycemia is the consequence of pancreatic B-cell failure. 
Hyperinsulinemia, however, frequently precedes the development of insulin 
resistance. ̂  In obese animal models and in most obese patients, despite high 
levels of circulating leptin, leptin fails to exert its effect on the 
hypothalamus. ^ This observation has been termed "leptin resistance" and 
was attributed to several molecular alterations in postreceptor leptin signal 
transduction in the hypothalamus.^^ Reduced leptin sensitivity at the level of 
the pancreatic 6-cell leads to dysregulation of the adipo-insular axis, 
resulting in increased insulin release, which is then no longer under 
controlled repression by leptin.^ Thus, leptin resistance at the level of the 
pancreatic 6-cell may promote hyperinsulinemia in obese patients prone to 
developing type 2 diabetes.^ Elevated insulin concentrations promote both 
insulin resistance and further stimulation of leptin production and secretion 
from the adipose tissue, which may in turn enhance leptin resistance of the 
endocrine pancreas by further desensitizing leptin signal transduction 
pathways and constituting a vicious circle that promotes manifestation of 
type 2 diabetes in obese people^ (Figure 2). 
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Figure 2. Dysregulation of Leptin Action in a Leptin Resistant Model 
Serum leptin levels correlate with increases in adipocyte mass. With 
increasing mass, leptin levels increase. In the resistant P-cell, there is 
unregulated insulin secretion and hyperinsulinemia. This, in turn, stimulates 
continued leptin stimulation from the adipocyte. This insulin hypersecretion 
and lack of leptin inhibition may lead to Type 2 diabetes in susceptible obese 
individuals. 

Yaspelkis, et al administered leptin to insulin-resistant rats to determine 
its effects on secretagogue-stimulated Insulin release, whole body glucose 
disposal, and insulin-stimulated skeletal muscle glucose uptake and 
transport.^^ Male Wistar rats were fed either a normal (Con) or a high-fat 
(HF) diet for 3 or 6 mo. HF rats were then treated with either vehicle (HF), 
leptin, or food restriction (FR) for 12-15 days. Glucose tolerance and skeletal 
muscle glucose uptake and transport were significantly impaired in HF 
compared with Con. Whole body glucose tolerance and rates of insulin-
stimulated skeletal muscle glucose uptake and transport in HF-Lep were 
similar to those of Con and greater than those of HF and HF-FR. The insulin 
secretory response to either glucose or tolbutamide (a pancreatic p-cell 
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secretagogue) was not significantly diminished in HF-Lep. Total and plasma 
membrane skeletal muscle GLUT-4 protein concentrations were similar in 
Con and HF-Lep and greater than those in HP and HF-FR. The findings 
suggest that chronic leptin administration reversed a high-fat diet-induced 
insulin-resistant state, without compromising insulin secretion. ^̂  

To assess whether leptin can be administered in the treatment of type 2 
diabetes, a mouse model of type 2 diabetes was studied. MKR mice (with 
transgenic overexpression of a skeletal muscle dominant-negative IGF-I 
receptor with a !ysine-to-arginine amino acid) have normal leptin levels and 
are diabetic due to a primary defect in both IGF-I and insulin receptors 
signaling in skeletal muscle." This leads to insulin resistance in liver and fat, 
pancreatic B-cell dysfunction with the loss of first-phase insulin secretion, 
and the appearance of diabetes." MKR mice have normal amounts of 
adipose tissue and serum leptin levels." Leptin treatment increased hepatic 
insulin sensitivity by suppression of hepatic glucose production and 
increased hepatic insulin responsiveness possibly through decreasing 
gluconeogenesis and reducing lipid stores in liver and muscle by enhancing 
fatty acid oxidation and inhibiting lipogenesis." Leptin also reduced gene 
Glc-6-pase. These findings suggest that leptin decreased glucose production 
through the inhibition of gluconeogenic enzymes." This data suggest that 
leptin could be a potent antidiabetic drug in cases of type 2 diabetes that are 
not leptin resistant." Leptin administration to the MKR mice resulted in 
improvement of diabetes, an effect that was independent of the reduced food 
intake. 

Yet, other studies have shown that leptin supplementation in animals that 
have low plasma leptin levels in response to fat feeding may slow but may 
not prevent the subsequent development of diet-induced obesity.''^ Plasma 
leptin levels of diet- induced diabetes and obesity-prone C57BL/6J (B6) 
mice were increased to those seen in diabetes and obesity-resistant A/J mice 
and examined to see if it would prevent the development of diet-induced 
obesity. Four-week-old male mice were weaned onto a low-fat (11% of total 
kcal) diet. When the animals weighed 20 g, their diets were changed to a 
high-fat (HF) diet (58% of total kcal), and a continuous infusion of leptin or 
saline was started for 12 weeks. Chronic treatment with leptin raised plasma 
levels in B6 mice to that of A/J mice.''^ There were transient significant 
weight differences between B6 treated and B6 control groups for 2-3 weeks 
after pump implantation which ultimately normalized.^^ There were no 
differences in plasma glucose or insulin between B6 treated and control 
groups. This finding suggests that it is doubtful that the difference observed 
in leptin levels between B6 and A/J mice following the introduction of a 
high-fat diet is responsible for the hyperglycemia and hyperinsulinemia that 
subsequently develop in B6 mice. Thus, although an absolute leptin 
deficiency can cause diabetes, it is unlikely that relative differences in 
plasma leptin observed in normal individuals are related to the predisposition 



90 Chapter 5 

to develop diabetes.''^ The study demonstrated that leptin supplementation in 
animals that show low plasma leptin levels in response to fat feeding may 
slow but does not prevent the subsequent development of diet-induced 
obesity.^^ Further studies are ongoing to further delineate these complex 
relationships. 

2.5 Human studies 

Leptin deficiency and receptor mutations as a cause for human obesity are 
rare. 5-10% of obese subjects have low leptin levels relative to their 
adipocyte mass, a hypoleptinemic obesity.' Most obese subjects have high 
leptin levels, suggestive of a leptin resistant state. This resistance appears to 
be at both the level of the pancreatic p-cell and the hypothalamus. With 
dysregulation of the adipo-insular axis, there is increased insulin release 
promoting increased insulin, insulin resistance, and further stimulation of 
leptin from adipose tissue.^ (Figure 2) 

To assess in vivo responses to leptin, pancreatic islets were isolated from 
human pancreata. The presence of leptin receptors on islet p-cells was 
demonstrated by double fluorescence microscopy after binding of a 
fluorescent human leptin.*" Leptin suppressed insulin secretion of normal 
islets by 20%. Intracellular calcium responses to glucose were rapidly 
reduced by leptin. Proinsulin m-RNA expression in islets was inhibited by 
leptin at higher doses of glucose. These findings demonstrate direct 
suppressive effects of leptin on insulin-producing p-cells in human islets at 
the levels of both stimulus-secretion coupling and gene expression.^ The 
authors proposed that in conditions of obesity and prolonged elevated plasma 
leptin levels, the receptor system in pancreatic B-cel!s becomes desensitize.^ 
This may result in a dysregulation of the adipoinsular axis and a 
corresponding failure to suppress insulin secretion, resulting in chronic 
hyperinsulinemia and contributing to the pathogenesis of adipogenic 
diabetes.'' Chronic hyperinsulinemia and failure of leptin reception set up a 
positive feedback loop may lead to increased adipogenesis and further 
increases in plasma leptin.'' 

Two cousins with severe, early-onset obesity and undetectable serum 
leptin concentrations were first described in 1997 to be homozygous for a 
frame-shift mutation in the leptin gene.̂ ^ A trial of subcutaneous 
recombinant human leptin was given to the older of these children, a nine-
year-old girl, for twelve months.''" The patient had a reduction in weight 
(predominantly due to a loss of fat), at a rate of approximately 1 to 2 kg per 
month and there was a total weight loss of 16.4 kg. The patient was 
normoglycemic at baseline but had high fasting plasma insulin and 
nonesterified fatty acid (NEFA) concentrations. Her NEFA concentrations 
decreased, and despite a reduction in fasting insulin levels, she remained 
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hyperinsulinemic at twelve months. The fasting insulin improved at 12 
months, but remained elevated. This model of leptin deficiency is rare but 
illustrates the key role leptin plays in human energy balance. 

Heymsfield and colleagues studied a group of lean and obese subjects 
after administering varying doses of recombinant human leptin daily. Lean 
subjects consumed a diet to maintain body weight, and obese subjects were 
prescribed a diet that reduced their daily energy intake by 500-kcal/d.'" 
Weight changes at 24 weeks ranged from -0.7 (5.4) kg for the 0.01 mg/kg 
dose to -7.1 (8.5) kg for the 0.30 mg/kg dose. Fat mass declined from 
baseline as dose increased among all subjects at 4 weeks and among obese 
subjects at 24 weeks of treatment. Although baseline serum leptin 
concentrations were not related to weight loss, a dose-response relationship 
with weight and fat loss was observed with subcutaneous recombinant leptin 
injections in both lean and obese subjects.'*' There were no concurrent 
changes in glycemic control or insulin action during the course of the study.' 
The average leptin levels were 30 times higher than the placebo and baseline 
values, suggesting that high levels of leptin may be needed to overcome a 
leptin resistant state in humans.' 

2.6 Leptin effects on pancreatic p-cell function and gene 
expression 

The first step of insulin biosynthesis is proinsulin gene expression, with 
its rate-limiting step being the transcriptional regulation of the proinsulin 
gene promoter.'*^ Many studies have reported on the suppression of 
preproinsulin mRNA in pancreatic 6-cells by leptin.^ Thereby, leptin has 
been shown to suppress preproinsulin mRNA expression in mouse 13TC6 
cells'*'' in the rat pancreatic 6-ceIl line INS-1,'^ in isolated primary rat 
islets, ' in oblob mouse islets, and in human islets.'^ In studies of human 
islets, human leptin (6.25 nmol/1) evokes a time-dependent decrease in 
preproinsulin mRNA levels in the presence of 11.1 mmol/1 glucose but not 
5.6 mmol/1 glucose.'^ When the incretin hormone GLP-1, a known 
stimulator of the proinsulin gene promoter was used, leptin inhibited GLP-1-
stimulated expression of preproinsulin mRNA in human islets at glucose 
concentrations of 5.6 and 11.1 mmol/1. '̂  In contrast, in INS-1 6-cells, leptin 
significantly reduced only preproinsulin mRNA expression stimulated by 25 
mmol/1 glucose, but not by lower glucose concentrations.^ These 
observations imply that the ability of leptin to reduce preproinsulin mRNA 
expression in pancreatic 6-cells may depend on prior stimulation by incretin 
hormones or stimulatory ambient glucose concentrations. Further, the effects 
of leptin on steady-state preproinsulin mRNA levels in pancreatic 6-cells 
were only observed after 16 h of incubation and were not seen at shorter 
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incubation periods.'^ This observation suggests that the effect of leptin on 
insulin biosynthesis may represent a more long-term character, and time 
kinetics imply that gene transcription may be necessary for this effect. 

The effect of leptin on the transcriptional activity of the insulin gene 
promoter has also been examined. Leptin inhibited a vector expressing the 
luciferase gene under the control of the rat insulin I gene promoter in INS-1 
cells at stimulatory glucose concentrations of 25 mmol/1 but not at 5.6 
mmol/1 glucose.'^ In contrast, the induction of transcriptional activity of the 
insulin promoter by additional stimulatory concentrations of 10 nmol/1 GLP-
1 at 11.1 mmol/1 glucose was also inhibited by leptin. These findings suggest 
that stimulated insulin promoter activity by either GLP-1 or high glucose 
represents a prerequisite for the inhibitory actions of leptin on insulin 
promoter activity. '̂ '̂  

Leptin signaling through ObR is intracellularly coupled with the janus 
kinase (JAK)-signal transducer and activator of transcription (STAT) 
pathway.^ Binding of leptin its receptor activates the receptor-associated 
kinase JAK2 via transphosphorylation and phosphorylates tyrosine residues 
on ObRb.^ Transcription factors of the STAT family are recruited, 
phosphorylated, and translocate to the nucleus to regulate gene transcription. 
Repression of insulin promoter activity by leptin has been associated with 
altered binding of the isoform STATSb to specific DNA sequences within the 
promoter.'^ STATs have mostly been shown to transcriptionally enhance 
gene expression. In contrast leptin signaling, which activates several STATs 
in other tissues such as the hypothalamus,'*'*''̂  inhibits insulin biosynthesis via 
transcriptional repression of the proinsulin gene promoter^'^ (Figure 3). 

SOCS, suppressor of cytokine signaling molecules, inhibits JAK-STAT 
signal transduction by binding directly to tyrosine-phosphorylated residues 
on the cytokine receptor-associated kinase JAK2.^ Expression of the SOCS 
proteins is induced by various cytokines and they in turn inhibit cytokine 
signaling via the JAK-STAT pathway in an intracellular negative feedback 
loop.^ Thus, SOCS molecules may function as cytokine inducible negative 
regulators of cytokine signaling. In the hypothalamus, it has been 
demonstrated that leptin induces expression of S0CS3 mRNA in areas where 
ObRb is expressed.^ Thus, the SOCS molecules may play an important role 
in the development of leptin resistance that is seen in obesity both in the 
central nervous system and the endocrine pancreatic B-cell̂  (Figure 3). 
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Taken with permission from: Seufert, Diabetes 53 (Suppl. 1): S152-S158, 
2004 

Figure 3. Leptin signaling and gene regulation in pancreatic 6-cells. Upon leptin 
stimulation, the JAK2 tyrosine kinase becomes activated via transphosphorylation 
and phosphorylates tyrosine residues of the leptin receptor. STAT3 and STATSb are 
now recruited to the leptin receptor and are consecutively tyrosine-phosphorylated 
via JAK2. Phosphorylated STATs dimerize and translocate to the nucleus to regulate 
gene transcription. STATSb transactivates the proinsulin gene promoter, whereas 
STAT3 may differentially activate the SOCS3 promoter. SOCS3 in turn inhibits the 
JAK-STAT signaling pathway by binding to the tyrosine-phosphorylated leptin 
receptor, thereby preventing recruitment of STATs to the leptin receptor. S0CS3 
thereby mediates repression of leptin receptor signaling through a negative feedback 
loop. 

3. EFFECT OF INSULIN ON LEPTIN SECRETION AND 
ACTION 

Leptin secretion from the human white adipocyte is mediated by a number 
of factors. It appears to be stimulated by insulin and Cortisol and inhibited by 
p-agonists, cAMP and thiazolidinediones." Plasma insulin levels parallel 
levels of leptin during the fasting (decreased) and fed (increased) states. 
Insulin has been shown to increase leptin mRNA levels in adipocytes and 
increase leptin secretion and production.'*^ A number of mice and rat in 
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vitro and in vivo studies have supported this.'* '̂*^ In the setting of acute 
insulin administration in fasted animals, leptin mRNA increased to levels of 
fed controls.'*' Insulin appears to play a chronic role in leptin gene 
expression and production by white adipose tissue." 

Numerous studies have demonstrated that hyperinsulinemia increases 
plasma leptin and mRNA expression in rodents and humans.''''^'•^^'" In a 
study of normal rats, Cusin showed that leptin mRNA is respectively up- or 
downregulated by a rise in insulin induced by 2-day insulin infusion while 
maintaining euglycemia or a decrease in insulin induced by a 3-day fast.̂ ^ In 
the genetically obese fa/fa Zucker rats, white adipose tissue ob mRNA levels 
increase in parallel with early occurring and steadily increasing 
hyperinsulinemia. This results in adult obese animals having markedly 
higher ob mRNA levels than age-matched normoinsulinemic lean rats. 
Furthermore, in adult obese rats, ob mRNA escapes down-regulation as 
normalization of hyperinsulinemia due to fasting fails to reduce the high ob 
mRNA levels.^^ 

To investigate the changes in leptin gene expression and production of 
leptin in response to insulin in vitro and in vivo, euglycemic and 
hyperglycemic conditions were studied in humans. Kolaczynski used three 
protocols: 1) a euglycemic clamp carried out for up to 5 h in 16 normal lean 
individuals, 30 obese individuals, and 31 patients with Type 2 DM: 2) 64-to 
72-h hyperglycemic clamp performed on 5 lean individuals; and 3) long-
term (96-h) primary culture of isolated abdominal adipocytes in the presence 
and absence of 100 nmol/1 insulin.̂ '* Short-term (< 5 hours) hyperinsulinemia 
had no effect on circulating levels of leptin. During the prolonged 
hyperglycemic clamp, a rise in leptin was observed during the last 24 h of 
the study (P < 0.001). In the presence of insulin in vitro, OB gene expression 
increased at 72 h (P < 0.01), followed by an increase in leptin released to the 
medium (P < 0.001).^'' Insulin did not appear to stimulate leptin production 
acutely, but a long-term effect of insulin on leptin production could be 
demonstrated both in vivo and in vitro.̂ "* The authors suggest that insulin 
regulates OB gene expression and leptin production indirectly, probably 
through its trophic effect on adipocytes. ^^ 

A similar study evaluated the regulation of ob gene expression in 
abdominal subcutaneous adipose tissue.^^ To verify whether insulin 
regulates ob gene expression, six lean subjects underwent a 3-h euglycemic 
hyperinsulinemic (846 +1- 138 pmol/liter) clamp. Leptin and Glut 4 mRNA 
levels were quantified in adipose tissue biopsies taken before and at the end 
of the clamp. Insulin infusion produced a significant threefold increase in 
Glut 4 mRNA while leptin mRNA was not affected. Leptin mRNA level was 
highly correlated with the body mass index. Again, it was noted that ob gene 
expression is not acutely regulated by insulin or by metabolic factors related 
to fasting in human abdominal subcutaneous adipose tissue. ^̂  
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Another study evaluated the effect of insulin on leptin in a group of 
diabetic patients. Plasma leptin concentrations were determined during an 
8.5-h hyperinsulinaemic clamp in seven patients with non-insulin requiring 
diabetes versus controls. Fasting serum insulin level correlated with plasma 
leptin even after adjusting for the percentage of body fat.̂ *" During the 
insulin infusion, a significant increase in the plasma leptin concentration was 
observed after 6 h in the normal subjects and after 8.5 h in the patients with 
diabetes. During the saline infusion, plasma leptin concentrations decreased 
significantly in the normal subjects by 11 +/- 1% (p < 0.005) and in the 
patients with diabetes by 14 +/- 1% (p < 0.01) after 2 h. No differences were 
observed in plasma leptin concentrations between the normal subjects and 
patients with diabetes. This study revealed that prolonged exposure to insulin 
increases plasma leptin concentrations in humans implicating insulin in 
chronic but not acute regulation of plasma leptin concentrations.^^ The 
decrease in plasma leptin concentrations during saline infusion was greater 
than that expected on the basis of change in serum insulin concentrations, 
suggesting that factors other than insulin also contribute to regulation of 
plasma leptin concentrations. ^̂  

Insulin deficiency is associated with low levels of leptin and leptin 
mRNA." Havel and colleagues induced diabetes in rats with streptozotocin 
to examine the effect of insulin-deficient diabetes and insulin treatment on 
circulating leptin. After 12 weeks, plasma leptin concentrations in untreated 
rats were all < 0.4 ng/ml versus 4.9 +/- 0.9 ng/ml in control animals (P < 
0.005).^^ In rats treated with subcutaneous insulin implants for 12 weeks, 
which reduced hyperglycemia by approximately 50%, plasma leptin was 2.1 
+/- 0.6 ng/ml, whereas leptin concentrations were 6.0 +/- 1.6 ng/ml in 
insulin-implanted rats receiving supplemental injections of insulin for 4 days 
to normalize plasma glucose (P < 0.005 vs. STZ untreated). In a second 
experiment, plasma leptin was monitored at biweekly intervals during 12 wk 
of diabetes. In rats treated with insulin implants, plasma leptin 
concentrations were inversely proportional to glycemia and unrelated to 
body weight.̂ ^ In a third experiment, plasma leptin concentrations were 
examined very early after the induction of diabetes. Within 24 h after STZ 
injection, plasma insulin decreased from 480 +/- 30 to 130 +/- 10 pM (P < 
0.0001), plasma glucose increased from 7.0 +/- 0.2 to 24.8 +/- 0.5 mM, and 
plasma leptin decreased from 3.2 +/- 0.2 to 1.2 +/- 0.1 ng/ml (delta = -63 +/-
3%, P < 0.0001). " In a subset of diabetic rats treated with insulin for 2 
days, glucose decreased to 11.7 +/- 3.9 mM and leptin increased from 0.5 +/-
0.1 to 2.9 +/- 0.6 ng/ml (P < 0.01) without an effect on epididymal fat 
weight. The change of leptin was correlated with the degree of glucose 
lowering (r = 0.75, P < 0.05).̂ ^ Thus insulin-deficient diabetes produces 
rapid and sustained decreases of leptin that are not solely dependent on 
weight loss, whereas insulin treatment reverses the hypoleptinemia. The 
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authors hypothesized that decreased glucose transport into adipose tissue 
may contribute to decreased leptin production in insulin-deficient diabetes." 

To assess the short-term effects of insulin on circulating leptin levels and 
feeding behavior, Singh studied obesity-resistant (OR) and obesity-prone 
(OP) Sprague-Dawley rats. Insulin administration resulted in significant 
elevations of plasma leptin at 4 hours in both groups, but inhibition of the 
intake of chow pellets during hours 2-4 in the OR group only.̂ ^ Thus, 
feeding inhibition coincides with insulin-induced elevations of plasma leptin 
in lean but not obese Sprague-Dawley rats suggesting that elevations of 
leptin within the physiological range may contribute to short-term inhibition 
of food intake in rats.̂ * This process may be stimulated by feeding-related 
insulin release.^^ 

Adipocyte determination differentiation dependent factor 1/sterol 
regulatory element binding protein 1 (ADDl/SREBPl), a candidate 
transcription factor, has been found to be associated with changes in insulin 
levels and oh gene expression in mice.̂ ^ ADDl/SREBPl expression 
increases upon treatment of adipocytes with insulin, and the increased 
ADDl/SREBPl transactivates the leptin gene." Gene expression in adipose 
tissue for ADDl/SREBPl is reduced dramatically upon fasting and elevated 
upon refeeding. This pattern correlates with the regulation of fatty acid 
synthetase (FAS) and leptin, two adipose cell genes that are crucial in energy 
homeostasis." These results indicate that ADDl/SREBPl is a key 
transcription factor linking changes in nutritional status and insulin levels to 
the expression of certain genes that regulate systemic energy metabolism.^^ 
Transcription factors of the C/EBP and PPAR families, as well others to be 
identified, may be involved in the regulation of leptin gene expression by 
hormones such as insulin." 

4. INSULINOMA 

In vivo and in vitro models of insulinoma provide an interesting clinical 
circumstance in which to study the leptin-insulin relationship. The 
dysregulated secretion of insulin produces a pathologic hyperinsulinemic 
state. To investigate whether leptin has a direct effect on insulin secretion in 
this model, isolated rat and human islets and cultured insulinoma ceils were 
studied."*^ When mouse leptin was administered to the islet cell buffer, it 
inhibited insulin secretion. 

To assess this relationship in humans, serum leptin concentrations were 
measured in five patients with insulinoma before and one month after 
surgery and in five control subjects.^° The control subjects had leptin 
concentrations of 6.7+/-1.5 mcg/1 and a BMI of 24.9-1-/-1.1. The mean serum 
leptin concentration in patients with insulinoma was 11.8+/-3.1 mcg/1 (P < 
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0.05 vs. controls), with a BMI of 26.3+/-1.9. After surgery, a clear reduction 
in serum leptin concentration (5.6+7-2.4 mcg/1, P < 0.05 vs. pre surgical 
values and no difference vs. control subjects) occurred.^° The area under 
the curve (AUC) of insulin concentration (in mU/1 per 120 min) before 
surgery was 14421+/-4981 and after surgery was 1306-/+171 (P < 0.05).^° 
This study reveals that chronic endogenous hyperinsulinemia in patients with 
insulinoma tumors is significantly associated with enhanced leptin secretion, 
an action that is reversed after successful surgery. As no changes in BMI 
were observed after surgery, the clear-cut reduction in leptin serum 
concentrations probably reflects the reduction and normalization of insulin 
levels.^" This suggests that insulin has a stimulatory role in regulating serum 
leptin levels. 

5. CONCLUSIONS 

The product of the ob gene, leptin, plays a pivotal role in the distribution 
of body adiposity and exerts potent effects on insulin action and on hepatic 
gene expression. Leptin appears to act directly on pancreatic B-cells in 
addition to its effects in the hypothalamus to reduce food intake and increase 
energy expenditure. (Figure 1) At the cellular level, inhibitory effects of 
leptin on both insulin secretion and insulin biosynthesis, mainly represented 
by the inhibition of preproinsulin gene expression, have been demonstrated.^ 
Leptin signals the pancreas from the adipose tissue to restrict insulin 
secretion according to the needs that are determined by body fat stores.^ 
(Figure 3) The lipogenic action of insulin has long been well established, and 
consequently has been demonstrated that insulin stimulates both leptin 
biosynthesis and secretion from white adipose tissue.^ The effects of leptin 
on pancreatic 6-cells exert a physiological long-term control of insulin 
secretion with adaptation of insulin secretion to the degree of body fat 
stores.^ This effect of leptin on insulin does not seem to interfere with the 
short-term stimulatory actions of nutrients and hormones, such as glucose-
and incretin-dependent insulin secretion. ^ 

These dramatic metabolic effects in a model of age-dependent and 
moderate obesity suggest that leptin action is an important factor in the 
pathophysiology of visceral or intraabdominal obesity and insulin resistance. 
Insulin resistance is associated with hyperleptinemia. As hyperinsulinemia 
may present before the onset of insulin resistance, the adipocyte-insular axis 
may be playing a role in the progression of Type 2 diabetes.^ 
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LEPTIN AND OTHER ENDOCRINE SYSTEMS 

Robert V. Considine 
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Abstract: Leptin influences hypothalamic-pituitary function, particularly during the 
adaptation to caloric restriction and starvation. The fall in leptin with 
starvation is a signal to reduce energy expenditure by limiting thyroid 
hormone, growth hormone, and gonadal hormone secretion and by increasing 
Cortisol release. The leptin signal is primarily mediated through receptors 
located within hypothalamic nuclei, although some effects may occur by leptin 
binding directly to cells of the anterior pituitary. Leptin may also regulate 
thyroid and adrenal gland function through leptin receptors located on these 
tissues. Finally, leptin has direct effects on adipose tissue function, which can 
alter secretion of various adipokines from the tissue. Thus leptin, as a signal 
of caloric restriction, has significant regulatory effects on many endocrine 
systems. 

Keywords: Adipose tissue; adrenal gland; anterior pituitary; catecholamines; Cortisol; 
fasting; growth hormone; hypothalamic pituitary axis, leptin receptors; 
thyroid. 

INTRODUCTION 

Since the discovery of leptin' an ever-expanding amount of work 
has established that this adipocyte hormone is more than just a signal from 
adipose tissue to the central nervous system of the size of energy stores. In 
particular it has been recognized that leptin has important regulatory effects 
on many, if not all, other endocrine systems. Some of these systems, such as 
reproduction and bone metabolism, are discussed in detail in other chapters. 
This review will focus on the role of leptin to regulate hypothalamic 
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pituitary function, and the thyroid, adrenal and growth hormone axes. 
Centrally mediated effects of leptin on these endocrine systems, as well as 
possible direct effects of leptin on various tissues, will be discussed. 
Findings in animal models and cell culture will be presented and 
compared/contrasted to observations in humans. Finally, the possibility that 
leptin may also regulate the endocrine function of adipose tissue itself will 
be explored. 

An important conceptual model in which to understand the effect of 
leptin on hypothalamic pituitary function is to consider that a major effect of 
leptin in the central nervous system is to signal for compensation in states of 
energy deprivation. This model for leptin action, as well as a brief review of 
leptin receptor function and distribution, will be presented prior to the 
discussion of each endocrine system to be covered in this chapter. 

2. CENTRAL AND PERIPHERAL TISSUE LEPTIN 
RECEPTORS 

As discussed in detail in Chapter 2, there are several different leptin 
receptor isoforms that have been characterized. The most thoroughly 
studied isoform, the hypothalamic leptin receptor Ob-Rb, is a class I 
cytokine receptor^. Upon leptin binding, activation of Ob-Rb promotes j anus 
kinase (JAK)-dependent signaling through signal transducer and activator of 
transcription (STAT) proteins, primarily STAT-3^ This leptin receptor has 
also been observed to activate phosphoinositol-3 kinase and 
phosphodiesterase 3B signaling pathways in the hypothalamus'*'̂ , although it 
is not clear that such signaling is mediated by JAK and STAT proteins. 

In addition to the hypothalamic leptin receptor Ob-Rb, five other leptin 
receptor isoforms have been identified, all of which are encoded by 
alternative splicing of the same gene '̂̂ . Ob-Ra (originally termed the short 
leptin receptor) is the best characterized of the short leptin receptor isoforms. 
The extracellular domain of Ob-Ra is identical to that of Ob-Rb, however 
the intracellular domain is truncated; thus this short leptin receptor lacks the 
Box 2 motif at which STAT proteins bind. Ob-Ra has been shown to activate 
JAK2 and MARK in transiently transfected cell models, but the physiologic 
significance of this observation is not yet known^ Ob-Ra is most highly 
expressed in cerebral microvessels comprising the blood brain barrier where 
it functions to transport leptin from the blood to the brain'̂ '̂ °. 

Ob-Rb mRNA is highly expressed in the hypothalamus and most studies 
support the concept that this leptin receptor isoform signals for leptin action 



Leptin and other endocrine systems 105 

within the central nervous system. In contrast, Ob-Ra, which lacks a well-
defined mechanism to signal leptin action, is found in most tissues examined 
and is highly expressed in white adipose tissue, adrenals and testes^. 
Although Ob-Rb mRNA can be detected in peripheral tissue, its expression 
is much lower than that of Ob-Ra. Therefore when considering the 
possibility of direct effects of leptin on peripheral tissues, it is not entirely 
clear which receptor isoform mediates leptin effects. However, it has been 
suggested, based on observations in leptin receptor transfected cells, that 
limited expression of Ob-Rb is sufficient to provide competent leptin 
signaling". 

3. LEPTIN COORDINATES THE NEURO
ENDOCRINE RESPONSE TO CALORIC 
RESTRICTION AND STARVATION 

Much work demonstrating that leptin can limit food intake and increase 
energy expenditure in rodents and humans support the concept that this 
hormone functions as the signal postulated by the lipostasis theory to 
regulate energy stores in the adipose tissue'^. However, Flier has argued that 
from an evolutionary perspective it is difficult to conceive of a mechanism 
that would limit food intake and storage of fat during times of excess, as this 
would reduce survival during the subsequent periods of limited nutrient 
availability. Rather, Flier has proposed that the major function of leptin is to 
signal energy deficiency and integrate the neuroendocrine response to this 
state'I 

Energy restriction and starvation initiate a complex series of biochemical 
and behavioral adaptations to promote survival. Increased food seeking 
behavior, a switch from carbohydrate to fat metabolism, and a reduction in 
energy expenditure are initiated by prolonged food deprivation. Energy 
utilization is reduced through central mechanisms in the CNS resulting in 
suppression of thyroid hormone regulated thermogenesis, curtailment of 
reproductive function and growth, and immune suppression'^ 

In the well-fed state, serum leptin is highly correlated with total body fat 
content in cross-sectional studies''*. However, serum leptin falls rapidly with 
short-term fasting (24-72 h) in both animals'^ and humans"'"'^. The rapid fall 
in leptin with fasting is disproportionately greater than the small reduction in 
adipose tissue mass that occurs over the same time period. Thus it is 
reasonable to suggest that serum leptin during fasting serves as a peripheral 
signal to the central nervous system that caloric restriction is occurring. 
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rather than as a signal of current energy stores in the body. Proof that leptin 
coordinates the neuroendocrine response to fasting was originally derived 
through replacement experiments in rodents'^. In these studies recombinant 
leptin was administered to 48 hour fasted mice to achieve serum leptin levels 
similar to that observed during the fed state. Preventing the starvation-
induced fall in leptin substantially blunted the change in gonadal, adrenal 
and thyroid axes that would occur in male mice. Leptin administration also 
prevented the starvation-induced delay in ovulation in female mice. More 
recently, Chan et al'^ have demonstrated that replacement of leptin during 
complete caloric restriction in men can prevent the fasting-induced reduction 
in testosterone and partially prevent the suppression of the hypothalamic 
pituitary thyroid axis. Taken together, these observations thus establish a 
role for leptin regulation of hypothalamic-pituitary function in both rodents 
and humans. 

4. LEPTIN AND THE ANTERIOR PITUITARY 

Studies demonstrating that leptin administration could attenuate the 
fasting-induced reduction in hypothalamic pituitary function suggested that 
leptin action was mediated through the hypothalamus via actions on NPY 
neurons'^. However, leptin receptors have been found in the anterior 
pituitary gland, suggesting that leptin may also have direct effects on this 
tissue. Message for both Ob-Ra and Ob-Rb are found in normal pituitary of 
rodents'^'^ and in human pituitary adenomas^"'^'. Expression of Ob-Rb in 
normal adult pituitary is controversial with two studies^°'̂ ^ documenting Ob-
Rb mRNA expression in normal human pituitary but a third finding only 
expression of Ob-Ra^^ Interestingly, in the study of Shimon et al̂ ^ Ob-Rb 
message was detected in normal fetal pituitary, prompting these investigators 
to postulate a role for leptin in pituitary development. Leptin receptor protein 
has been detected in corticotropes, somatropes and gonadotropes of the 
ovine anterior pituitary, although the antibody used in these studies does not 
distinguish between Ob-Ra and Ob-Rb̂ **. 

In addition to expression of leptin receptor, it appears that cells within 
the anterior pituitary also synthesize leptin. Using immunoelectron 
microscopy to examine normal human pituitary, leptin was detected in 
hormone producing glandular cells but not in stellate cells^^. Corticotrophs 
were most frequently labeled (70-80% of ACTH positive cells) with much 
lower labeling in somatotrophs (10-15%), thyrotrophs (20-25%), and 
gonadotrophs (25-30%). No lactotrophs stained for leptin in this study. 
Leptin expression is much lower in rodent pituitary with expression mainly 
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in TSH positive cells (24% and 31% of cells in rat and mouse, 
respectively)'^. Leptin secretion in vitro was observed in 16 of 47 cultured 
pituitary adenomas but leptin mRNA was not detected in 5 normal pituitaries 
obtained at autopsy in this study^ .̂ 

Direct effects of leptin to regulate anterior pituitary cell function have 
been observed in vitro. Yu et aP^ observed that leptin increased FSH and 
LH release from rat hemi-anterior pituitaries at doses of 10"̂  to 10""M, and 
prolactin secretion at much higher concentrations (10"^-10'̂ M). Low 
concentrations of leptin stimulate GH release from human fetal pituitary cell 
cultures but not ACTH, prolactin or gonadotropin secretion^^. The ability of 
leptin to stimulate GH release decreased as gestational age at which the 
pituitary was obtained increased, suggesting that leptin regulation of GH 
release is more important during fetal development than in adults. In one 
study of pituitary adenomas leptin stimulated TSH release in vitro from one 
tumor and FSH from a second tumor, but had no effect on six additional 
tumors, three of which were GH secreting adenomas^^. In agreement 
Kristiansen et aP' found no effect of leptin on GH secreting adenomas. In 
cultured cell lines leptin induced pancreastatin release from HP75 cells and 
inhibited proliferation of GH3 and TtT/GF cells'"'^". 

Overall these studies suggest that leptin may have direct effects on 
pituitary cell function although the variability in response of various 
preparations suggests that leptin effects may be cell type, developmental 
stage and species dependent. Leptin expression in the anterior pituitary also 
raises the possibility of a paracrine interaction between the various cell types 
within the tissue, which might be independent of the prevailing serum leptin 
concentration. Although in vitro studies suggest that direct effects of leptin 
to regulate pituitary function are possible, it has not yet been established that 
direct effects of leptin to regulate pituitary function are significant in relation 
to regulation mediated by leptin action in the hypothalamus. 

5. LEPTIN AND THYROID FUNCTION 

5.1 Rodent studies 

Thyroid hormone levels determine basal metabolic rate and are subject to 
significant regulation during the transition from the fed to starved state. In 
rodents, starvation rapidly suppresses T4 and T3 levels to reduce metabolic 
rate and conserve energy^^. The reduction in thyroid hormone results from 
suppression of TRH synthesis in the paraventricular nucleus within the 
hypothalamus and the subsequent reduction in TSH production in 
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thyrotropes of the anterior pituitary. Administration of leptin to fasted mice 
prevents the starvation-induced fall in thyroid hormones by maintaining 
TRH mRNA levels in the paraventricular nucleus'^. This effect appears to 
be mediated through two hypothalamic mechanisms. The projection of 
leptin responsive neurons from the arcuate nucleus to TRH neurons in the 
paraventricular nucleus is important as ablation of the arcuate nucleus with 
monosodium glutamate blocks the effect of leptin administration to prevent 
the fasting-induced fall in thyroid hormones^^ The effect of leptin on TRH 
neurons is mediated through the melanocortin system as TRH neurons 
within the paraventricular nucleus express melanocortin-4 receptors and 
central administration of a-MSH can prevent or minimize the fasting-
induced fall in TRH levels^^''". Furthermore, central administration of AgRP 
can decrease plasma TSH in fed animals, and block a-MSH- and leptin-
induced TRH release from hypothalamic explants^^. As a second 
mechanism leptin may act directly on TRH neurons in the paraventricular 
nucleus. TRH neurons express Ob-Rb mRNA and leptin administration 
induces STAT3 phosphorylation^' and expression of suppressor of cytokine 
signaling-3 mRNA^^ in TRH neurons from fasted rats, suggesting a direct 
binding of leptin and activation of Ob-Rb in these neurons. Leptin has also 
been shown to activate the TRH promoter co-transfected into 293T cells 
with Ob-Rb^^ 

A consistent relationship between serum leptin and thyroid hormones has 
not been found in various states of thyroid dysfunction'\ Serum leptin was 
decreased in five studies of hyperthyroid rats and increased in four studies of 
hypothyroid rats. In three additional studies of hypothyroidism in rats, 
serum leptin was unchanged. Changes in fat mass with states of hypo- and 
hyperthyroidism complicate studies of the relationship between thyroid 
hormone and leptin in these studies. 

5.2 Thyroid function and leptin in humans 

Evidence for leptin regulation of the hypothalamic pituitary thyroid axis 
has also been obtained in studies with humans. Serum leptin levels in 
humans are pulsatile with a nocturnal rise in the evening and nadir in the late 
morning'''*'̂ ^ The diurnal secretion of TSH in normal subjects is similar to 
that of leptin and the 24 h patterns of variability in TSH and leptin are 
strongly correlated^^, suggesting that leptin may regulate TSH pulsatility and 
circadian rhythm. Further, support for this possibility is derived from 
examination of four brothers of a family with leptin deficiency. In one 
brother homozygous for leptin deficiency (leptin is detectable but 
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bioinactive) TSH rhythm was completely disorganized''^. In two 
heterozygous brothers the 24 h leptin and TSH pattern were significantly 
correlated, although the strength of the correlation was less than that for 
TSH and leptin in the homozygous normal brother and in normal unrelated 
subjects. 

In lean healthy men fasted for 72 h, TSH secretion is suppressed and the 
pulsatile pattern lost'^. T3 levels also fall with fasting but T4 levels are 
unchanged over the 72 h period. Administration of recombinant leptin to 
replacement levels significantly blunted the fall in TSH secretion but had no 
effect on the reduction in T3 with fasting. These findings in humans thus 
confirm observations in rodent models that leptin regulates the hypothalamic 
pituitary thyroid response to fasting. 

A 10% reduction in body weight through dieting results in decreased T3, 
T4 and leptin. Administration of recombinant leptin to achieve serum levels 
comparable to that prior to weight loss restored T3 and T4 to baseline 
levels^^. There were no changes in TSH with weight reduction or leptin 
administration. This suggests that declines in thyroid hormones with weight 
loss result from decreased T3 and T4 biosynthesis in the thyroid gland 
through a reduction in response to TSH. There is also decreased 
hypothalamic pituitary sensitivity to T3 since TSH is not increased despite 
lower T3 in weight-reduced subjects. 

In three children with congenital leptin deficiency thyroid function tests 
were within the normal range, as were T4 and T3 levels, prior to initiation of 
recombinant leptin therapy^^. At three months of therapy T4 levels remained 
within the normal range but were significantly increased in all three children. 
T3 levels were increased in two of the three children but TSH was 
unchanged with leptin treatment. 

An extensive amount of work has been conducted to understand the 
relationship between leptin and thyroid dysfunction, as recently reviewed by 
Zimmermann-Belsing and colleagues^''. In humans a consistent effect of 
thyroid state on serum leptin levels has not been found. In hypothyroid 
subjects serum leptin was increased in five studies, decreased in three and 
unchanged in eight compared to euthyroid controls. In hyperthyroid subjects 
serum leptin was increased in six studies, decreased in five studies and 
unchanged in fourteen studies''^. A major complicating factor in all of these 
studies is that changes in fat mass occur with hyper- and hypothyroidism, 
which makes determination of interactions between thyroid hormone and 
leptin difficult. The use of BMI as a surrogate measure of fat mass likely 
also contributed to the disparate results. 
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5.3 Direct effects of leptin on thyroid cells 

The regulation of thyroid function by leptin in vivo is mediated through 
effects on hypothalamic neurons. However, a recent study has suggested 
that leptin can inhibit TSH induced iodide uptake, thyroglobulin mRNA 
expression and DNA synthesis in clonal rat thyroid FRTL-5 cells^^. The 
potential interaction between such direct negative effects on thyroid function 
and the positive effect of leptin to promote thyroid hormone synthesis and 
release through hypothalamic neural signaling is not readily apparent. 

5.4 Regulation of leptin synthesis by TSH and thyroid 
hormones 

The effect of TSH to regulate leptin synthesis by adipocytes in vitro has 
been examined in two studies with opposite results. In rat epididymal 
adipocytes TSH inhibited leptin release in a time- and dose-dependent 
manner'*". In contrast TSH dose-dependently stimulated leptin secretion 
from cultured omental adipose tissue pieces derived from normal to 
overweight humans over a 48 h period'*'. A major difference between these 
two studies is the use of adipose tissue pieces, which maintains the structural 
framework and interaction of various cells within the tissue, and does not 
expose the adipocytes to collagenase. Treatment of both cultured human 
adipose tissue pieces'*^ and isolated rat adipocytes'*^ with T3 results in 
inhibition of leptin mRNA and secretion. As TSH and T3 appear to have 
opposite effects on leptin release from human adipocytes experiments to 
assess the effects of these two hormones in the presence of each other need 
to be done. Further, the lack of a relationship between thyroid hormone 
status and serum leptin in vivo raise the question whether the in vitro effects 
of thyroid hormone on leptin synthesis are relevant in vivo. The fact that 
TSH may stimulate leptin release from human adipocytes could explain the 
highly synchronized diurnal and ultradian rhythms of these two hormones. 

6. ADRENAL FUNCTION AND LEPTIN 

6.1 Animal studies 

Several studies in rodents support a role for leptin in regulating 
hypothalamic pituitary adrenal function. Starvation activates the 
hypothalamic pituitary adrenal axis. Leptin administration to starved mice 
prevents the starvation-induced increase in ACTH and corticosterone 
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levels'^. Leptin treatment also blunts the rise in ACTH and cortiosterone 
that occurs in response to restraint stress in mice'*'* or exposure to a new 
environment in rats''^. In obese leptin deficient ob/ob mice glucocorticoid 
levels are 85% higher than that in 8 week old lean control mice. Injection of 
recombinant leptin acutely reduced serum corticosterone (24 h following 
initiation of treatment) prior to significant changes in body weight''^. 
Chronic leptin infusion also attenuated the increase in plasma Cortisol and 
ACTH in female rhesus monkeys that occurs in response to an unpredictable 
situation''^. Taken together these findings support a role for leptin in 
inhibiting hypothalamic pituitary adrenal activation in response to stress. 

The effect of leptin to prevent activation of the hypothalamic pituitary 
adrenal function appears to be mediated by inhibition of corticotropin 
releasing hormone (CRH) synthesis. In isolated rat hypothalmi leptin dose-
dependently prevented the increase in CRH release induced by low glucose, 
but had no effect on ACTH release from cultured primary rat pituitary 
cells'*"*. In a second study leptin infusion in starved mice reduced CRH 
mRNA in cells of the paraventricular nucleus and activation of these 
neurons'* .̂ However, other studies suggest that intracerebroventricular 
administration of leptin acutely increases CRH message and protein in the 
hypothalamus, a response in line with the function of CRH to inhibit food 
intake and increase energy expenditure'"'^"'^'. The discrepancies between 
these observations may due to different model systems used. Alternatively, 
it has been hypothesized that there may be subsets of CRH neurons in the 
paraventricular nucleus that respond differently to leptin to regulate food 
intake and stress response^^. 

6.2 Human studies 

Frequent blood sampling techniques have been used to demonstrate that 
serum leptin levels are pulsatile and inversely related to the rapid 
fluctuations in ACTH and cortisol^^. This observation prompted speculation 
that leptin may regulate hypothalamic pituitary adrenal function in humans 
as observed in rodents. However, in contrast to observations in animals, 
humans with leptin deficiency or leptin receptor mutations have normal 
levels of ACTH and cortisol̂ '''̂ '*. Treatment with recombinant leptin to 
achieve significant weight loss had no effect on urinary Cortisol 
concentrations in leptin deficient subjects^*. Fasting in healthy men for 72 h 
had no effect on urine free Cortisol or serum Cortisol concentrations but did 
significantly increase the 24 h mean Cortisol concentration, indicating a mild 
activation of the HPA axis* .̂ Recombinant leptin had no effect on serum or 
urinary Cortisol parameters in this study. Recombinant leptin treatment also 
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had no effect on Cortisol or ACTH in women with hypothalamic 
amenorrhea, despite increasing T3 and T4 within the normal range, and 
increasing markers of bone formation^^. Leptin therapy, which improved 
reproductive hormone function, in lipodystrophic women also had no effect 
on ACTH or Cortisol, which were normal prior to treatment^''. Taken 
together, these results suggest that if leptin regulates hypothalamic pituitary 
adrenal function in humans, the extent of this regulation may not be as great 
as observed in rodents. 

6.3 Direct leptin effects on adrenal function 

Leptin receptors are present on adrenal cortical and medullary cells 
57,58,59 Lgp ĵĵ  inhibits Cortisol secretion from adrenocortical cells obtained 
from bovine, human and rodents in a dose-dependent manner̂ '̂̂ '̂̂ °. In 
bovine or porcine adrenal medullary chromaffin cells leptin stimulates 
catecholamine synthesis and secretion*''̂ ^. These findings are in keeping 
with observations that leptin activates the sympathetic nervous system. 
Interestingly, in the only study to use human adrenal chromaffin cells, leptin 
was without effect on basal catecholamine secretion^^, possibly suggesting 
species differences in leptin effects on adrenomedullary function. 

6.4 Regulation of leptin synthesis by Cortisol and 
catecholamines 

Cortisol is a potent simulus for leptin synthesis and secretion from 
adipocytes in vivo and in vitro*̂ '̂ '*'""""'". Local synthesis of Cortisol from 
inactive metabolites by lip-hydroxysteroid dehydrogenase is likely an 
important source of Cortisol regulating leptin synthesis in adipose tissue''^. 
The mechanism through which glucocorticoids regulate leptin synthesis in 
adipocytes is not completely understood as the glucocorticoid response 
element on the Lep gene promoter is not needed for dexamethasone to 
stimulate promoter activity*''. 

Activation of the sympathetic nervous system is postulated to be a 
negative feedback loop to inhibit leptin synthesis and release from adipose 
tissue. Support for this postulate is derived from different experimental 
paradigms including administration of catecholamines to human subjects, 
which acutely reduces serum leptin* .̂ In vitro, catecholamines and cAMP 
reduce LEP mRNA and leptin synthesis in human adipose tissue pieces, 
human adipocytes differentiated in vitro, 3T3-L1 cells and rodent 
adipocytes* '̂*^ 
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7. LEPTIN AND GROWTH HORMONE 

7.1 Animal studies 

Growth hormone in rats is markedly suppressed in nutritionally deprived 
states and several studies support a role for leptin in signaling for this 
response to food restriction. In 48 h food restricted rats 
intracerebroventricular leptin reversed the inhibitory effect of caloric 
restriction on growth hormone secretion™'̂ '. In contrast 
intracerebroventricular administration of leptin antiserum to fed rats results 
in a significant decrease in mean growth hormone amplitude and area under 
the curve for growth hormone secretion compared to animals receiving 
normal rabbit serum™. Finally, chronic peripheral infusion of leptin results 
in a dramatic increase in growth hormone pulse height despite its effects to 
reduce food intake^^. 

Growth hormone release is stimulated by growth hormone releasing 
hormone and inhibited by somatostatin. A role for both factors in the 
regulation of growth hormone secretion by leptin has been established. 
Leptin inhibited somatostatin release from cultured fetal hypothalamic 
neurons^^ and increased growth hormone secretion in response to growth 
hormone releasing hormone in fasted ratŝ "*, suggesting that leptin also 
inhibited somatostatin release in vivo. Leptin attenuated the fasting-induced 
fall in growth hormone releasing hormone mRNA in the hypothalamus in 
one study^^ and increased growth hormone releasing hormone mRNA in 
freely moving fed rats during a three day intracerebroventricular 
administration^^. More recently it has been shown using an in vivo 
hypothalamic perfusion technique that intracerebroventricular leptin both 
increases hypothalamic growth hormone releasing hormone secretion and 
decreases somatostatin secretion^^. Leptin receptors and STAT3 have been 
colocalized with growth hormone releasing hormone-containing neurons in 
rat hypothalamus^^, suggesting that leptin directly acts on these neurons to 
regulate growth hormone releasing hormone secretion. 

As discussed above leptin may also directly regulate growth hormone 
release from somatotropes in the anterior pituitary^ '̂̂ ,̂ although the in vivo 
relevance of this effect is not established. 

7.2 Human studies 

Growth hormone levels are reduced in obese humans and leptin levels are 
significantly increased. Observations that leptin could regulate growth 
hormone secretion in rodents therefore led to the hypothesis that the elevated 
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leptin levels in obese humans might inhibit growth hormone release. To test 
this hypothesis Ozata et al̂ ° compared basal and stimulated growth hormone 
secretion in subjects either homozygous or heterozygous for mutations in the 
leptin gene, to adiposity and gender-matched controls. Subjects with leptin 
gene mutations would be obese without elevated leptin. Therefore, if leptin 
inhibits growth hormone secretion subjects deficient in leptin should have 
higher basal and./or stimulated growth hormone levels compared to obese 
subjects with elevated leptin levels. In both controls and subjects with leptin 
deficiency obesity was associated with lower basal and stimulated growth 
hormone release, but there was no additional effect of leptin to reduce 
growth hormone secretion in subjects without leptin gene mutations. These 
findings thus rule out the possibility that elevated serum leptin inhibits 
growth hormone secretion in obese humans. 

In leptin deficient children linear growth was not stunted in the untreated 
state or altered by recombinant leptin administration^^ Plasma IGF-1 levels 
were normal before treatment and increased with age. Whole body bone 
mineral content and density were age and gender appropriate in these 
children, although skeletal maturation was increased by a mean of 2.1 years. 
These findings demonstrate that leptin deficiency in humans does not result 
in impaired linear growth as observed in ob/ob mice. 

In contrast to rodents, fasting in humans results in increased growth 
hormone secretion. Administration of recombinant leptin to healthy men 
fasted for 72 h had no effect on fasting-induced changes in growth hormone 
secretion". However leptin therapy for 3 months in women with 
hypothalamic amenorrhea did result in an increase in IGF-1 and IGF binding 
protein 3^^ 

In growth hormone deficient subjects leptin levels are elevated due to 
increased fat mass. Growth hormone therapy results in lower serum leptin 
due to its effects to reduce fat mass and increase lean mass in treated 
patients^''^^'"*"". Thus these studies have not found that growth hormone 
regulates leptin levels independently of its effects on body fat content. 
However in two separate studies a single supraphysiologic dose of growth 
hormone elicited a significant increase in serum leptin 24 h following 
hormone administration^ '̂̂ "*. Both studies suggest that this effect of growth 
hormone was not mediated by an increase in insulin, suggesting that growth 
hormone at very high doses either acts directly on adipocytes or induces 
another factor that acts on adipocytes to increase serum leptin. 

Overall observations in humans from several different studies have not 
provided strong evidence that leptin regulates growth hormone to the extent 
seen for other hypothalamic pituitary axis hormones such as thyroid 
hormone. 
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8. LEPTIN REGULATION OF ADIPOSE TISSUE 
FUNCTION 

Adipose tissue is an endocrine organ that secretes a large number of 
different hormones and cytokines in addition to leptin^ '̂̂ ''. The serum 
concentration of many of these adipose tissue secretory products, with the 
exception of adiponectin, are increased in obesity and have been linked to 
the development of insulin resistance, diabetes and cardiovascular disease. 
Leptin effects mediated through the hypothalamus to reduce adipose tissue 
mass should therefore result in reduced expression of many these adipose 
tissue factors, including leptin itself. However, leptin also has direct effects 
on tissues that are not mediated through the central nervous system^ .̂ Of 
particular relevance to this chapter, work from several different laboratories 
has established that leptin can induce lipolysis in isolated rodent 
adipocytes^^'^'''°. This effect is mediated by leptin receptors as leptin has no 
lipolytic effect on adipocytes with defective leptin receptors obtained from 
db/db mice ox fa/fa rats. Further evidence for leptin signaling through Ob-
Rb on adipocytes is provided by the observations that STAT-3 in adipose 
tissue is phosphorylated three minutes after intravenous injection, but not 
intracerebroventricular administration, of leptin^'. Leptin also activated 
STAT-3 and MAPK in adipose tissue ex vivo. These findings thus support 
the hypothesis that leptin has direct effects on adipose tissue and may 
therefore directly influence the release of hormones and cytokines from the 
tissue. In support of such an effect Wang et al'° observed that leptin 
inhibited expression of Lep mRNA in isolated adipocytes. More recently it 
has been observed that TNFa, and leptin expression are increased in 
adipocytes of mice with a selective ablation of leptin receptors in adipose 
tissue^^. Adiponectin expression in this model is reduced. As these mice are 
more obese than wild-type controls, it remains to be determined if these 
changes in adipokine synthesis result from an inability of leptin to directly 
signal in adipocytes or are secondary changes in response to increased 
adiposity. However, these intriguing observations indicate that additional 
work is necessary to fully appreciate the possibility that leptin may directly 
regulate the endocrine function of adipose tissue. 

9. SUMMARY 

Nutritional status has profound effects on all physiologic processes in the 
body and ultimately determines survival of the organism. Endocrine 
networks have thus developed to coordinate the function of various tissues in 
response to periods of caloric deprivation and excess. As illustrated in Figure 
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1, leptin has important regulatory effects on hypothalamic pituitary function 
that become readily apparent during periods of caloric deprivation, although 
differences exist in the extent to which leptin regulates these systems in 
rodents and humans. Leptin, as a signal of both energy stores within the 
adipose tissue, and acute reductions in caloric intake during fasting, thus 
appears to be a master coordinator of the central nervous system response to 
changes in nutritional status. The extent to which leptin regulates other 
endocrine systems may differ in times of nutrient excess, or in various 
disease states such as diabetes and obesity. 

HYPOTHALAMUS 

fCort 4̂ T4Ar3 ^Sex steroids ^^growth 

Figure 1. 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, whereas melanocyte stimulating hormone 
(a product of POMC) and CART inhibit feeding. 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 
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). From Ahima and Flier'"", Reprinted, with permission, from the Annual Review 
of Physiology, Volume 62 ©2000 by Annual Reviews www.annualreviews.org. 
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Abstract: Over the last few years the intricate interaction between iinmunity and 
metabolism has been recognized. Indeed, it has been suggested that adipose 
tissue is not merely the site of energy storage, but can be considered as an 
"immune-related" organ producing a series of molecules named 
"adipocytokines." Among these, leptin seems to play a pivotal role in the 
regulation of several neuroendocrine and immune functions. In this chapter, we 
describe the effects of leptin on innate/adaptive immunity and angiogenesis and 
speculate on the possible modulation of the leptin axis in novel therapeutic 
settings. 

Key words: Leptin, T cells, endothelial cells, inflammation, immunity, autoimmunity 

1. INTRODUCTION 

Leptin, a hormone mainly secreted by adipocytes, belongs to the helical 
cytokine family; its plasma concentrations correlate with fat mass and 
respond to changes in energy balance. This molecule, that is encoded by the 
obese (ob) gene localized on human and mouse 7 and 6 chromosomes, 
respectively, is a 16-kDa non-glycosylated protein'. Structurally, leptin 
belongs to the type I cytokine family and is characterized by a long-chain 
four-helical bundle structure, such as growth hormone (GH), prolactin (PRL), 
erythropoietin (EPO), interleukin (IL)-3, IL-11, leukemia inhibitory factor 
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(LIF), ciliary neurotrophic factor (CNTF), IL-12, oncostatin M (OSM) and 
granulocyte-colony stimulating factor (G-CSF)^. Initially, leptin was 
considered as an anti-obesity hormone, but experimental evidence has also 
shown pleiotropic effects of this molecule on hematopoiesis'', angiogenesis, 
lymphoid organs homeostasis and T lymphocyte functions'*. More 
specifically, leptin links the pro-inflammatory T helper (Thl) immune 
response to nutritional status and energy balance. Indeed, decreased leptin 
concentrations during conditions of food deprivation lead to impaired 
immune capabilities. This chapter focuses on the potential therapeutic utilities 
for agents that manipulate the leptin-adipocyte axis and discusses the role of 
leptin on inflammation, immunity and angiogenesis. 

2. DISTRIBUTION AND INTRACELLULAR 
SIGNALING OF THE LEPTIN RECEPTOR ON 
IMMUNE CELLS 

The leptin receptor (Ob-R) is encoded by the diabetes (db) gene, that was 
first cloned from mouse choroid plexus^. The Ob-R mRNA is alternatively 
spliced giving rise to six different spliced forms of the receptor known as Ob-
Ra, Ob-Rb, Ob-Rc, Ob-Rd, Ob-Re and Ob-Rf. Ob-R is a member of the class 
I cytokine receptor family, which includes receptor for IL-6, LIF, G-CSF and 
gpl20 with predominantly hematopoietic expression. The different mRNA 
spliced forms encode for ObR with different length cytoplasmic domains: Ob-
Rb, also known as the long receptor isoform, has 302 cytoplasmic residues 
containing the activation and the signal transduction motifs; the other forms 
with a 34-amino acid residue cytoplasmic domain and the soluble one (Ob-
Re) lack some or all of these motifs*. The short forms of the leptin receptor 
are expressed in several tissues, where presumably they mediate leptin 
transport into the brain and its degradation. Ob-Rb is primarily expressed at 
high levels in hypothalamus, especially in the arcuate, dorsomedial, 
ventromedial and lateral hypothalamic nuclei, that secrete neuropeptides and 
neurotransmitters involved in the regulation of appetite and body weight. 
Furthermore, the long isoform is expressed in murine and human fetal liver, 
jejunal epithelium, pancreatic B cells, ovarian follicular cells, vascular 
endothelial cells, CD34 hematopoietic bone marrow precursors and T 
lymphocytes. 

Lord and colleagues'* demonstrated that leptin may amplify CD4 T cell 
responses and Ob-Rb RNA expression has been detected in human CD4 T 
lymphocytes; in addition, human monocytes, which have been shown to be 
activated by high-dose leptin, also express Ob-Rb. Martin-Romero et alJ 
demonstrated Ob-Rb expression not only on CD4 but also on CDS human T 
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cells. More recently, in a mouse model of colitis, Siegmund et al.^ 
demonstrated the expression of Ob-Rb on T cells which mediate the 
regulation of immune responses. Finally, Zhao and colleagues^ reported 
constitutive expression of both long and short Ob-R forms on human natural 
killer (NK) cells, which mediate regulation of NK cytotoxicity. 
In lymphoid cells, leptin binding to Ob-Rb activates JAK (Janus kinases) and 
STAT (signal transducers and activators of transcription) proteins as the other 
members of the class I cytokine receptor family. All the four membrane-
bound leptin receptors contain in the cytoplasmic tail a box 1 motif, strongly 
conserved within most members of this receptor family, whereas a box 2 
motif is found only in the long isoform. These two domains are involved in 
the interaction and activation of JAK2 tyrosine kinase, that phosphorylates 
and activates members of STAT family, as STATl, STATS and STAT3. 
Activated JAK2 then phosphorylates phosphotyrosine residues in the 
intracellular domain of Ob-Rb, providing binding motifs for SHP-2 and 
STAT proteins. The latter, after tyrosine-phosphorylation in response to JAK 
activation, translocate to the nucleus where they activate gene transcription. 
In particular, leptin modulates the expression of STAT3-dependent target 
genes, which include c-fos, c-jun, suppressor of cytokine signaling (SOCS-
3)'°. Furthermore, in vitro and in vivo studies show that Ob-Rb can stimulate 
SH protein tyrosine phosphatase-2 (SHP-2)-dependent ERKl/2 activation, 
tyrosine phosphorylation of Insulin Receptor Substrate-1 (IRS-1) and 
Phosphatidylinositol 3-Kinase (PI3-kinase) activity". 

3. LEPTIN IN IMMUNE RESPONSE AND 
INFLAMMATION: INFECTION SUSCEPTIBILITY 
VERSUS AUTOIMMUNITY 

Over the last few years experimental evidence has shown the effect of 
leptin not only on neuroendocrine and metabolic functions, but also on 
several systems such as the acute phase response, bone marrow function, and 
the natural and adaptive immune response (Figure 1). Recent reports have 
shown that deficiency of leptin is responsible for the immunosuppression and 
thymic atrophy observed during acute starvation and undernutrition. As 
previously mentioned, leptin has great structural similarities with molecules 
produced by the immune system such as cytokines. Following nutritional 
deprivation, leptin blood levels fall due to reduction in body fat, causing 
impairment of the immune function. Therefore, leptin seems to be one of the 
major players in the immunoendocrine scenario regulating the correlation 
among nutritional status, basal metabolism and immune function. 

On innate immunity, leptin modulates the activity and the function of 
neutrophils by increasing chemotaxis and the secretion of oxygen radicals 
(such as hydrogen peroxide, H2O2, and superoxide, Oa"), through direct and 
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J2 indirect mechanisms . In mice, ieptin seems to activate neutrophils directly, 
while in humans (Figurel) the action of Ieptin seems to be mediated by 
Tumour Necrosis Factor (TNF) secreted by monocytes'^ Moreover, Ieptin 
increases phagocytosis by monocytes/macrophages, enhances the secretion 
of pro-inflammatory mediators of the acute-phase response and the 
expression of adhesion molecules''*. On NK cells, Ieptin increases cytotoxic 
ability through the secretion of perforin and IL-2'''' (Figure 1). 

The effects of Ieptin on adaptive immune responses have been extensively 
investigated on human CD4 T cells (Figure 1). Addition of physiological 
concentrations of Ieptin to a Mixed Lymphocyte Reaction (MLR) induces a 
dose-dependent increase in CD4 T-cell proliferation"*. However, Ieptin has 
different effects on proliferation and cytokine production by human naive 
(CD45RA) and memory (CD45RO) CD4 T cells (both of which express Ob-
Rb). Leptin promotes proliferation and IL-2 secretion by naive T cells, 
through the activation of mitogen-activated protein kinase (MAPK) and PI3-
K pathways. On memory T cells, instead, leptin promotes the switch towards 
Thl-cell immune responses by increasing interferon-y (IFN-y) and TNF 
secretion, IgG2a production by B cells and promoting delayed-type 
hypersensitivity (DTH) responses. This process is then sustained by an 
autocrine loop of leptin secretion by Thl cells. Furthermore, leptin increases 
the expression of adhesion molecules, such as intercellular adhesion 
moleculel (ICAML CD54) and very late antigen 2 (VLA2, CD49B), by CD4 
T cells, possibly through the induction of pro-inflammatory cytokines such as 
IFNy*. Increased expression of adhesion molecules could then be responsible 
for the induction of clustering, activation and migration of immune cells to 
sites of inflammation. Recent evidences indicate that leptin also affects the 
generation, maturation and survival of thymic T cells by reducing their rate of 
apoptosis'^'". 

Another important role of leptin in adaptive immunity is highlighted by 
the observation that leptin deficiency in ob/ob mice is associated with 
immunosuppression and thymic atrophy, a finding similar to that observed in 
acute starvation". Furthermore, ob/ob and db/db (leptin receptor deficient) 
animals have long been described as models of obesity, hyperphagia and 
hyperinsulinemia. Interestingly, naturally leptin-deficient obese ob/ob mice 
display many abnormalities similar to those observed in starved animals and 
malnourished humans, including impaired CD4 T lymphocyte functions. 
More specifically, chronic leptin deficiency in these animals determined 
reduced secretion, upon antigen specific stimulation, of the classical Thl-type 
pro-inflammatory cytokines such as IL-2, IFN-y, IL-18, TNF-a and an 
increased production of IL-4, typical of the Th2 regulatory phenotype"*. 
Usually, Thl and Th2 CD4 helper T lymphocytes cross-regulate one another 
because their respective cytokines act antagonistically. IFNyand IL-18 are 
typically secreted during inflammation and cell-mediated immunity. They 
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determine Thl differentiation of CD4 naive T cells; conversely, IL-4 causes 
Th2 differentiation and inhibits the generation of IFNy-secreting cells. 

Regarding the effect of leptin on lymphoid tissue homeostasis, it has 
been shown that it participates in the maintenance of thymic maturation of 
double-positive CD4 CDS cells and in the prevention of glucocorticoid-
induced apoptosis of thymocytes. Indeed, leptin deficient ob/ob or wild type 
starved mice show reduction in thymic size particularly affecting the cortex of 
this organ where the majority of double positive cells are present. Leptin 
replacement in ob/ob and starved wild type animals restores a normal thymic 
fuctionality increasing the number on double positive T cells and reducing the 
thymic apoptosis rate'^. Ob/ob mice display also reduced numbers of mature 
CD4 and not of CDS T cells in the periphery mainly for the altered 
anatomical structure of lymph nodes (adipose-metaplasia) together with 
reduced thymic output. 

4. LEPTIN AND AUTOIMMUNITY 

Current evidence from the literature suggests that leptin is involved in 
autoimmune disease susceptibility. As mentioned earlier, ob/ob mice have 
several abnormalities that are common to starved animals'**. However, ob/ob 
(and db/db) mice also have additional endocrine and metabolic disturbances 
that could affect the immune system'^ 

More importantly, ob/ob mice have reduced secretion of IL-2, IFNy, TNF 
and IL-18 and increased production of Th2-type cytokines, such as IL-4 and 
IL-10, after mitogenic stimulation'*''^'^". As a result, they are resistant to the 
induction of several experimentally induced autoimmune diseases. For 
example, in Antigen-Induced Arthritis (AIA)^°, ob/ob mice have less severe 
joint inflammation, reduced T cell proliferation, lower concentrations of 
antibodies specific for the inducing antigen methylated bovine serum 
albumin, reduced expression of Thl-type cytokines and a bias towards the 
production of Th2-type cytokines. 

Ob/ob mice are also protected from Experimental Autoimmune 
Encephalomyelitis (EAE)^''^^, whereas administration of leptin to susceptible 
wild-type mice worsens EAE by increasing the secretion of pro-inflammatory 
cytokines and directly correlates with pathogenic T cell autoreactivity"''^^. 
Notably, leptin is expressed by T cells and macrophages in both the lymph 
nodes and active inflammatory lesions of the CNS during acute and relapsing 
EAE, but not during remission^^. Finally, increased leptin expression has 
recently been described in active inflammatory lesions of the CNS in patients 
with multiple sclerosis (MS)^^ and in the serum of patients with MS before 
relapses after treatment with IFNP '̂*. 

Protection of ob/ob mice from autoimmune damage is also observed in 
Experimentally Induced Hepatitis (EIH)'^, in which leptin deficiency protects 
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against the T-cell-mediated liver damage induced by administration of 
concanavalin A (ConA) or Pseudomonas aeruginosa exotoxin A. Also in this 
case, leptin administration restores responsiveness of these mice to ConA. Of 
note, the liver of ob/ob mice with EIH shows reduced production of TNF, 
IFNyandlL-lS. 

Finally, ob/ob mice are resistant to acute and chronic intestinal 
inflammation induced by dextran sodium sulphate and to colitis induced by 
trinitrobenzene sulphonic acid (Experimentally Induced Colitis, EIC)^'. In 
acute EIC, these mice do not develop intestinal inflammation and show 
decreased secretion of pro-inflammatory cytokines and chemokines. As 
expected, leptin replacement increases cytokine production to the levels 
observed in control mice^\ Similarly, in chronic colitis, ob/ob mice have 
decreased secretion of pro-inflammatory cytokines, such as TNF, IFNy, IL-
ip, IL-6 and IL-18, and reduced production of chemokines, such as CXC-
chemokine ligand 2 (CXCL2; macrophage inflammatory protein 2, MIP2) 
and CC-chemokine ligand 3 (CCL3; macrophage inflammatory protein la , 
MlPla)^'. Of interest, recent reports have shown that leptin secreted by the 
gastric mucosa is not completely degraded by proteolysis and can therefore 
reach the intestine in an active form, where it can control the expression of 
sodium/glucose and peptide transporters on intestinal epithelial cells. As a 
result, leptin might have a dual nature: on the one hand, leptin could function 
as a growth factor for the intestine, because of its involvement in the 
absorption of carbohydrates and proteins; on the other hand, leptin could 
function as a mediator of intestinal inflammation^^. 

Most recently, protection from autoimmunity in ob/ob mice has been 
observed in experimentally induced glomerulonephritis^''. In this immune-
complex-mediated inflammatory disease, induced by the injection of sheep 
antibodies specific for mouse glomerular basement membrane into mice pre-
immunized against sheep IgG, Tarzi et al}'' have observed renal protection of 
ob/ob mice associated with reduced glomerular-crescent formation and 
reduced macrophage infiltration. These protective effects were associated 
with concomitant defects of both adaptive and innate immune responses 
(testified by reduced in vitro proliferation of splenic T cells and reduced 
humoral responses to sheep IgG, respectively). In spite of this trend, in one 
experiment, ob/ob mice showed normal humoral responses (compared to 
wild-type mice) and one out of six mice developed histological injury. Tarzi 
et al. hypothesized that defective innate effector responses were present in 
ob/ob mice, in line with in vitro experiments that have indicated defective 
phagocytosis and cytokine production in ob/ob mice^^. 

All these studies concern a role for leptin in experimentally induced 
autoimmunity. However, leptin is also important in spontaneous autoimmune 
diabetes in non-obese diabetic (NOD) mice'''. Female NOD mice have 
increased levels of serum leptin before the development of disease, and 
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administration of exogenous leptin accelerates the onset and progression of 
disease by promoting insulitis and local production of IFNT^^ Of interest, IL-
2-deficient mice, which develop spontaneous Inflammatory Bowel Disease 
(IBD), have increased levels of pro-inflammatory cytokines, including leptin, 
after food deprivation. Incidentally, in this case, the increase in leptin 
concentration seems to depend on the secretion of TNF^*. Taken together, the 
data in NOD mice and IL-2-deficient mice indicate that the production of 
leptin can be favoured and/or sustained by ongoing inflammation^**. 

Another indication that leptin could be involved in autoimmunity is the 
sexual dimorphism of serum leptin concentration (higher in females than in 
males matched for age and body mass index). In this sense, leptin could add 
to the list of hormones, such as oestradiol and prolactin, that have long been 
known to have a role in favouring the predisposition of females to the 
development of autoimmunity^^. In particular, only hyperleptinaemic female 
mice develop autoimmunity, whereas hypoleptinaemic mice are protected, 
and treatment of EAE-resistant SJL/J males with recombinant leptin renders 
them susceptible to EAE^^. 

All this evidence indicates that alterations in leptin levels and in its 
responsiveness are important issues to be taken in account in the study of the 
pathogenesis of a number of autoimmune diseases. These close interactions 
among leptin, cytokines, lymphocytes, and nutritional status may help to 
better understand the regulation of the immune and inflammatory response 
and to promote novel and safe therapeutic immune interventions. 

5. LEPTIN AND ANGIOGENESIS: A NOVEL LINK 
AMONG INFLAMMATION, ENDOTHELIAL CELLS 
AND CANCER? 

Angiogenesis is a process involving several cell types and mediators, 
which interact to establish a specific microenvironment suitable for the 
formation of new blood vessels by capillary sprouting from pre-existing 
vessels. It occurs in several physiological and pathological conditions, such as 
embryo development and wound healing, diabetic retinopathy and tumours^°. 
Inflammatory cells fully participate in the angiogenic process by secreting 
cytokines that may affect endothelial cell (EC) functions, including EC 
proliferation, migration and activation. 

Angiogenesis is the result of a net balance between the activities exerted by 
positive regulators, including Vascular Endothelial Growth Factor (VEGF), 
fibroblast growth factor (FGF), and negative antiangiogenic factors such as 
endostatin and angiostatin^'. With regard to inflammatory cells and 
endothelium cross-talk, such balance is conceptually very similar to that of 
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pro-inflammatory and anti-inflammatory mediators that modulate an 
appropriate inflammatory response. 

Obesity is characterized by an excess of fat mass as a consequence of 
adipocyte hypertrophy and hyperplasia. The excessive growth of adipose 
tissue requires the formation of new capillaries for proper function. Because 
the development of the vascular bed in adipose tissue is tightly connected to 
both number and size of adipocytes and adipose tissue serves as an important 
conduit for growing blood vessels, it is conceivable that adipocytes may 
modulate the growth of the vasculature in a paracrine manner. 

Several reports have shown that adipocytes are not only sites of energy 
storage but also are important sources of cytokines such as IL-1 and TNFa, 
growth factors such as VEGF, and hormones such as leptin. The expression 
and the plasma concentration of leptin were found to be markedly increased 
in human obesity and positively correlated to body fat mass''. Because leptin 
is secreted into the plasma, endothelial cells could be exposed to much higher 
concentrations of this hormone than other cell types; so, it is tempting to 
speculate that the leptin-mediated cross-talk between adipocytes and 
endothelial cells promotes angiogenesis, which in turn participates in the 
additional increment of the adipose masŝ "*. 

Proliferation of endothelial cells constitutes one key event in the complex 
angiogenic process^'. Angiogenesis starts by cell-mediated degradation of the 
basement membrane, followed by the migration and the proliferation of 
endothelial cells '̂*. The morphogenesis of the cells into capillary tubes 
finishes this process. Using two different in vitro models of angiogenesis (ie, 
endothelial cell-coated microcarrier-induced and monolayer-induced 
formation of capillary-like tubes in fibrin gels), Bouloumie et al?'^ 
demonstrated that leptin promotes endothelial cell survival and proliferation 
in vitro (Figure 1). Moreover, in vivo angiogenic assay using chicken 
chorioallantoic membrane assay (CAMs) showed clearly that leptin enhanced 
the formation of new blood vessels. Uckaya et al?^ also found that patients 
suffering from diabetic retinopathy (an angiogenic disease) had higher plasma 
leptin levels the more advanced the retinopathy^'. 

The angiogenic process does not occur only in physiological conditions but 
plays a key role for tumor growth and progression. Today it is widely 
accepted that vessel growth, induced by tumor cells through the release of 
angiogenic factors (basic-fibroblast growth factor and vascular endothelial 
growt factor), leads to hypervascularization of tumor tissue^^. On the other 
hand, it has been demonstrated that tumors also induce angiogenesis through 
the down regulation or inhibition of endogenous angiogenic inhibitors 
(thrombospondin-1)". 

Leptin, as an angiogenic factor, is not well investigated in tumor 
angiogenesis. However, Bertolini et al. ^^ had shown no significant 
differences of circulating leptin levels between patients with non-Hodgkin's 
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lymphoma and the ones that had complete remission of the disease. 
Moreover, Tessitore et al.^^ found high plasma leptin levels in breast cancer 
patients, while in other cancers as colorectal and lung cancer, this correlation 
could not be seen. However, the interaction of leptin expression and tumor 
growth are not perfectly understood, but it is important to consider that 
stimulation and/or inhibition of angiogenesis is a local process not necessarily 
associated with elevated leptin serum levels. 

Thus, this experimental evidence demonstrates that leptin could be a potent 
modulator of the angiogenic process. This opens a promising perspective 
concerning future investigations of leptin-dependent angiogenesis modulation 
both in physiological and pathological conditions. 

6. POSSIBLE THERAPEUTIC RELEVANCE OF LEPTIN 

Leptin-based therapies are currently applied to only a few cases of 
genetically leptin-deficient individuals or in extremely obese non-leptin-
deficient patients. These treatments are effective in reducing food intake and 
obesity and in restoring some of the impaired neuroendocrine functions of 
genetically leptin-deficient individuals such as the reproductive function. 
While leptin-deficient patients display great peripheral and central sensitivity 
to leptin (due to Ob-Rb upregulation on the cell surface), non-leptin-deficient 
obese patients only benefit of modest effects from leptin administration 
probably secondary to Ob-Rb desensitization caused by the high circulating 
leptin levels. 

Despite the limited use of leptin, new clinical applications can be 
envisaged particularly because of the immunoregulatory properties of leptin 
on the CD4 T cells. For example, in HIV-1 infection, serum leptin is 
dramatically reduced. Leptin administration could enhance 
immunoreconstitution of CD4 T cell numbers and functions in these patients 
because of its effects on thymic output of T cells and cell-mediated Thl 
responses. Indeed, immunization of experimental animals in the absence of 
leptin or in the presence of reduced leptin concentration leads to decreased 
DTH response and to a switch towards a Th2-cytokine profile; as a 
consequence, administration of leptin restores DTH as well as Thl response. 
For the same reasons, the potentiation of this response could also be useful in 
the treatment of resistant tuberculosis (TB) in immunocompromised hosts 
and/or as an adjuvant also in vaccination protocols of normal individuals. 

Proinflammatory cytokines such as IL-1, IL-6, IL-12, IFNy and TNFa 
play an important role in the pathogenesis of several animal and human 
autoimmune diseases; in vivo neutralization of these cytokines often 
ameliorates clinical score and delays progression of the disease. For example, 
administration of anti-IL-12 blocking monoclonal antibodies to mice reduced 
clinical score, demyelinization and paralysis in EAE and pancreatic P-cell 



134 Chapter 7 

damage in IDDM in NOD mice. A similar approach lias also been used 
successfully with anti-TNFgc antibodies in experimental autoimmune arthritis 
and it has in recent times become the gold-standard therapy for RA patients. 

Modulation of circulating leptin levels may as well be suggested as a 
strategy to dampen pro-inflammatory responses. This approach could be 
attained via nutritional intervention such as caloric restriction, and/or immune 
intervention through the use of blocking anti-leptin antibodies, thus 
overcoming drug-related side effects. Interestingly, clinical trials involving 
starvation to modulate proinflammatory responses in human autoimmune 
diseases have already been reported to successfully improve disease activity 
and delay its progression. For example, in RA patients a week after caloric 
restriction, which associates with loss of body weight and reduced leptin 
levels, showed significant decrease of joint count, erythrocyte sedimentation 
rate, C-reactive protein level, lower CD4 and CDS counts and decreased T 
cell activation accompanied by increased IL-4 secretion. 

Reduced caloric restriction, alone or together with coadministration of 
soluble recombinant leptin-receptor (which reduces circulating levels of leptin 
upon binding), could well complement the treatment of certain autoimmune 
diseases. Thus, patients affected by autoimmune diseases could be treated 
with combined therapies considering nutritional regime, administration of n-3 
PUPA and/or zinc free diets and eventual use of blocking anti-leptin 
antibodies, soluble leptin receptor or leptin receptor antagonists. 

7. CONCLUDING REMARKS 

Despite a series of important studies carried out recently, many cellular and 
molecular aspects of the role of leptin in immune homeostasis remain elusive. 
Nonetheless, particularly because of its dual role in nutrition and 
autoimmunity and its modulation by food intake, leptin could be a new 
immunotherapeutic target in conditions where leptin is thought to promote 
disease. For example, Steinman and colleagues'*" have suggested that the 
stress responses of acute starvation could prove beneficial in certain 
autoimmune conditions in which leptin promotes chronic inflammation. 
However, acute starvation and subsequent hypoleptinaemia would be 
detrimental during infection as they might result in suppression of immune 
responses. 

Another unresolved issue is whether modulation of leptin might 
sufficiently impact immune processes alone or whether it would be necessary 
to complement it with other approaches to attain beneficial effects. Moreover, 
new studies will need to address the role of leptin in other aspects of the 
immune response that have not yet been investigated, such as immune 
regulation and tolerance, survival of autoreactive T cells and antigen-
presenting cell function. 
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LEPTIN AND BONE 
Central control of bone metabolism by leptin 

Shu Takeda 
Department of Orthopedics and 21COE, Tokyo Medical and Dental University, Tokyo, Japan 

Abstract: Leptin, following the binding to ObRb in the hypothalamus, affects bone 
formation and resorption through multiple pathways. Through the sympathetic 
nervous system, leptin inhibits bone formation via CREB, AP-1 and the 
molecular clock, while stimulates bone resorption via ATF4. Moreover, leptin 
also inhibits bone resorption via CART through an unidentified mechanism. 

Key words: bone formation, bone resorption, hypothalamus, sympathetic nervous system, 
p blocker, cocaine- and amphetamine-regulated transcript 

1. INTRODUCTION 

With the increase in longevity, osteoporosis is now emerging as a major 
concern for public health, since it is the most common degenerative bone 
disease in the developed world\ Osteoporosis is caused by an imbalance 
between bone formation and bone resorption^. Clinically, the most frequent 
cause for osteoporosis is menopause, on the other hand, obese individuals 
are relatively protected from the development of osteoporosis^. These 
observations suggest that there may be a link between fat mass and bone 
mass. Furthermore, as osteoblasts and adipocytes originate from the same 
mesenchymal progenitor cells^, many investigators searched for molecules 
linking fat and bone biology. Recently, our laboratory discovered the 
existence of hypothalamic control of bone remodeling'*, a discovery that was 
confirmed subsequently by others. Leptin regulates bone formation and 
resorption via the hypothalamus and sympathetic nervous system^. 
Considering that most of leptin's physiological actions are mediated by the 
hypothalamus*, the notion that central control of bone metabolism by leptin 
seems to be quite reasonable. However, leptin has been shown to directly 
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affect cells localized in bone in some reports. Before discussing the central 
nature of leptin in bone metabolism, I would like to summarize leptin's local 
effect on bone. 

2. LOCAL ACTION OF LEPTIN ON BONE CELL 

Leptin is not only produced by visceral or subcutaneous adipocytes, but 
from bone marrow adipocytes^. Several reports indicate that leptin affects 
bone cells locally. Leptin functional receptors ObRb are expressed in 
osteoblasts*'', osteoclasts and chondrocytes'"'", cells indispensable for bone 
modeling and remodeling. Interestingly, osteoblasts produce and secrete 
leptin*, suggesting the autocrine nature of leptin in bone remodeling. 
Moreover, exogenous leptin increased osteoblastic differentiation or 
mineralization*'''*^ in vitro, thus demonstrating an anabolic action on bone 
metabolism. On the contrary, others reported that leptin induced apoptosis of 
bone marrow stromal cells '^. Those direct effects of leptin were not 
confined to osteoblasts. Namely, leptin inhibited osteoclast differentiation*'' 
or stimulated chondrocyte proliferation". In vivo, intraperitoneal treatment 
of leptin stimulated bone growth of ob/ob mice*^ and reduced ovariectomy-
induced bone loss**. These results suggest that leptin affects bone cells in 
local microenvironment. However, leptin overexpression in bone using 
bone-specific al(I) collagen promoter does not affect bone metabolism in 
vivo^. The reason for this discrepancy can be partly explained by the fact that 
most in vitro studies were performed using supraphysiological amounts of 
leptin. Taken together, it is indicated that the primary action of leptin in vivo 
is not mediated by direct action on bone cells. 

3. EFFECT OF LEPTIN ON BONE FORMATION 
THROUGH CENTRAL NERVOUS SYSTEM 

Since most of the physiological condition are under control of the central 
nervous system, especially hypothalamus, one may hypothesize that bone 
remodeling does not escape this rule. As a molecule explaining the bone 
sparing effect of obesity, we focused on leptin, which many known actions 
result following its binding to specific receptors on hypothalamic neurons 
and whose deficiency causes morbid obesity. Mouse models of leptin 
deficiency (ob/ob) and leptin receptor-deficiency (db/db) demonstrated a 
marked high bone mass phenotype'*. This was quite unexpected, since there 
is no other mouse model in which hypogonadism and high bone mass 
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phenotypes co-exist. Subsequent studies of the ob/ob mice showed an 
increased bone formation and resorption, suggesting that high bone mass is 
due to enhanced bone formation. Intracerebroventricular infusion of leptin 
results in bone loss in ob/ob mice and wild-type mice without raising serum 
concentration of leptin, thus established antiosteogenic function of leptin via 
the hypothalamus^CFigure 1). 

^ s> 
Leptin Hypothalamus 

Sympathetic nervous system 

AdrP2,̂ 0̂  

CART 

osteoblast 

CREB ATF4 

/ \ \ 
AP-1 I— Clock RANKL 

\ / 
c-myc 

i 
cyclinDI 

^ \ " 
Osteoblast proliferation, Bone formation 

osteoclast 

Bone resorption 

Figure I. Model of central control of bone metabolism by leptin. 

Leptin inhibits osteoblast proliferation via sympathetic nervous system. CREB, AP-1 and 

Clock are involved in this regulation. Leptin also affects bone resorption through osteoclast 

differentiation factor RANKL. 

The melanocortin pathway has a crucial role in leptin's regulation of food 
intake*. However, genetic (Agouti yellow mice and melanocortin 4 receptor-
deficient mice) or pharmacological (MC4R agonist) manipulation of 
melanocortin pathway did not affect the antiosteogenic i.e. inhibition of bone 
formation action of leptin^, suggesting that pathways regulating 
antiosteogenic and anorexigenic function of leptin are different. In the 
diverse phenotypic abnormality observed in ob/ob mice, low tonus of 
sympathetic abnormality caught our attention. Namely, we tested if leptin's 
antiosteogenic function is mediated via sympathetic nervous system. Indeed, 
dopamine-P-hydroxylase (DBH)-deficient mice, which are unable to 
synthesize catecholamines and mice treated with non-selective |3 blocker 
(propranolol) displayed the same high bone mass phenotype than ob/ob 
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mice, Moreover, the fact that icv infusion of leptin decreased body weight in 
DBH-deficient mice or propranolol-treated mice, but not their bone mass, 
demonstrated the essential role of sympathetic nervous system in 
antiosteogenic action of leptin^ not in its control of body weight (Figure 1). 
This observation raises the prospect that blockade of the sympathetic 
nervous system could be potentially a novel therapy for osteoporosis. 

Subsequent analysis of mice lacking the adrenergic P2receptor, the only 
adrenergic receptor expressed in osteoblasts, revealed high bone mass 
phenotype accompanied by an increase in bone formation'^, as expected. 
More recently, circadian genes were discovered to act as downstream 
signaling molecules of sympathetic signaling in osteoblasts'*. Indeed, mice 
lacking molecular clock components displayed high bone mass and showed 
a paradoxical increase in bone formation following leptin icv infusion. In 
osteoblasts, leptin and sympathetic nervous system induced clock genes 
expression, which antagonizes AP-1 family-mediated osteoblast 
proliferation. Thus, the molecular mechanism of leptin's antiosteogenic 
action partly, if not all, is now being clarified'*( ure 1). 

4. CENTRAL EFFECT ON OSTEOCLASTS BY 
LEPTIN AND SNS 

Surprisingly, adrb2-deficient mice developed another bone phenotype, 
which is a decrease in bone resorption". Leptin icv infusion caused an 
increase in bone resorption in wild-type mice, but not in adrb2-deficient 
mice, demonstrating that leptin increases bone resorption via the sympathetic 
nervous system. Isoproterenol, a (3 receptor agonist, favored osteoclastic 
bone resorption by inducing the expression of the osteoclast differentiation 
factor RANKL in osteoblasts while no effect of sympathetic signaling on 
osteoclasts could be found. This effect of sympathetic signaling on RANKL 
expression required the osteoblast specific transcription factor ATF4 
phosphorylation by PKA. Importantly, adrb2-deficent mice are protected 
from gonadectomy-induced bone loss, indicating that sympathetic nervous 
system is indispensable for the development of postmenopausal 
osteoporosis. These results demonstrated that leptin regulates both axis of 
bone remodeling centrally'^ and gave further importance to this regulation 
since very few molecules regulate both aspects of bone remodeling (Fig. 1). 
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5. CENTRAL EFFECT ON OSTEOCLASTS BY CART 

The increase in bone resorption observed in ob/ob mice was interpreted 
to be secondary to hypogonadism initially. However, the dissociation of 
bone resorption status in ovariectomized-b2adr-deficient mice and ob/ob 
mice argued against that. Namely, though both mutant mouse strains display 
a hypogonadism and a decrease in sympathetic tone, the former model 
displayed normal bone resorption, while the latter showed increased bone 
resorption. These results suggested that the action of leptin on bone 
resorption is not solely dependent on sympathetic nervous system and led to 
the identification of CART as another molecule implicated in leptin's action 
on bone resorption*^. CART is a gene whose expression is regulated by 
leptin and is nearly absent in ob/ob mice that was thought to be anorectic". 
However, CART-deficient mice have a normal food intake, are lean on 
normal diet^". In contrast, CART-deficient mice are osteopenic due to an 
isolated increase in osteoclastic resorption'^. Leptin icv caused a further 
reduction of bone loss compared to wild type animal, suggesting that CART 
mediates leptin's action modulating bone resorption. In addition, high bone 
mass phenotype observed in MC4R-deficient mice and human patients can 
be explained by their increase in CART expression. Taken together these 
data establish that , leptin regulates bone resorption centrally, through two 
different pathways, sympathetic nervous system-ATF4-RANKL and 
C A R T ' ^ 

6. LEPTIN, P B L O C K E R S AND OSTEOPOROSIS IN 
CLINICAL MEDICINE 

Clinically, the association of serum leptin concentration and bone mass 
or bone metabolic markers are under intensive investigation. However, 
results of various studies are conflicting. Some reports showing no 
correlation between serum leptin level and bone metabolic markers in 
postmenopausal women '̂'̂ ^, while positive correlation was observed 
between serum leptin level and bone mass in women^ '̂̂ .̂ On the contrary, 
studies including adult men show that serum leptin level was inversely 
correlated with bone formation markers and bone mineral density^* or bone 
mineral density^^. These results might suggest a gender specific effect of 
leptin in bone metabolism. However, more importantly, the association of 
leptin and other parameters are lost or diminished after adjusting body 
weight in most studies. It is well accepted that obesity leads to leptin-
resistance, as hyperinsulinemia does in type2 diabetes patients. This is best 
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demonstrated by the fact that serum leptin concentration and body weight is 
positively correlated^*. Given the fact that a clinical marker reflecting 
leptin's action in vivo is not available, studies exploring leptin and bone 
mineral density in human beings need to be carefully interpreted. 

A few studies were conducted to address if leptin treatment affects bone 
mass in human patients. Farroqi et. al. reported the decrease of bone mineral 
density after leptin replacement therapy to a single leptin-deficient patient^'. 
It has also been shown that leptin supplementation to 2 lipodystrophic 
patients did not affect bone mass^". Clearly, larger clinical trials are 
necessary to address the role of leptin on bone metabolism in human beings. 
Although the most interesting aspect of this regulation is the involvement of 
a sympathetic tone which is more amenable to therapeutic manipulations. 

Since blockade of sympathetic regulation of bone remodeling increases 
bone mass in mouse, clinical researchers examined if a P blocker, a most 
commonly prescribed drug, may be beneficial for bone metabolism in 
human. Some prospective studies reported the lack of association between 
P blocker usage and bone density'*'''^, while two large cohort studies found 
almost 30% reduction of bone fracture by propranolol '̂'̂ '*. Recently, a 
randomized trial assessing the effect of propranolol on bone metabolic 
markers reported no beneficial effect of a P blocker. However, considering 
that this study was conducted in a relatively short period with a small 
number of patients a larger randomized study is warranted. 

7. CONCLUSION 

Leptin has become, in relatively few years, a major regulator of bone 
metabolism, whose mode of action has been largely elucidated'^. Recently, 
various neuropeptides and their receptors, such as NPY'* , M C H ' ^ and 
cannabinoid '*, were identified as regulator of bone metabolism, thus our 
understanding of central control of bone metabolism is expanding. However, 
several questions remain to be elucidated. One is obviously the molecular 
mechanism how CART affects bone resorption. In addition, there may be 
some other molecules mediating leptin-dependent sympathetic regulation of 
bone formation. From the clinical point of view, modulating leptin and its 
downstream pathway, especially bone-specific P blockers, is a potential 
therapeutic target for the treatment of osteoporosis. 
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Abstract: Leptin is the endocrine product of the LEP gene, which in addition to 
influencing satiety and energy metabolism, is associated with puberty onset, 
fertility, and pregnancy. Therefore, second only to its association with obesity, 
leptin's role as a reproductive regulator represents the primary research focus 
of the scientific community to date. A correlation with adipose mass is at least 
partly responsible for serum leptin concentrations being higher in females than 
in males, but as maternal levels in pregnancy are greater still, regulatory 
mechanisms linked to the steroid hormones are strongly suggested. In this 
regard, leptin levels may directly influence testicular steroidogenesis and be 
linked to testis development. These mechanisms are further evidenced by 
animal and in vitro studies that demonstrate a stimulatory influence of 
estrogen on leptin synthesis, as well as an inhibitory influence of androgens. 
An association with gonadotropins demonstrates a role for leptin at the 
hypothalamic level in controlling menstrual cyclicity and ovarian function. 
Results of clinical reports in humans, in vitro experiments employing human 
tissues, and interventional studies utilizing rodent and nonhuman primate 
models, have demonstrated a number of roles for the polypeptide, acting 
through both membrane-bound and soluble forms of its receptor, with respect 
to implantation, placental function, conceptus growth, and fetal development. 
Further associations with intrauterine growth restriction, preeclampsia, 
pregnancy-associated diabetes, and the fetal origin of adult diseases help to 
place leptin in the forefront of research in reproductive biology. 

Key words: puberty, menstrual cycle, fertility, pregnancy, fetal origin of adult diseases 
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1. INTRODUCTION 

Following the discovery of leptin in 1994 by Friedman's group\ 
studies rapidly followed to determine the physiologic role(s) of this new 
protein that was expressed abundantly in adipose tissues in normal rodents. 
Leptin was defined in the rodent as the product of the ob (now Lep) gene and 
was not present in the Lep°''Lep"'' obese mouse, while its specific receptor 
was not present in obese Lepr'"'Lepr'"' mice. It had been known for many 
years that both of these genetic models, in addition to being afflicted with 
hyperglycemia, hyperinsulinemia and other metabolic dysfunctions, were 
infertile. While food restriction would restore normal body weight in the 
Lep'^Lep"'' mouse, it would not restore fertility. However, the administration 
of leptin would decrease obesity to normal body weight and restore fertility^. 
These were the first definitive indications that leptin was associated with 
reproduction. Early studies also demonstrated a relationship with the onset 
of puberty, as administration of leptin to normal prepubertal mice would 
advance the timing for the initiation of pubertal development '̂*. Soon, it was 
demonstrated that the leptin message was expressed not only in adipose 
tissue, but also in the placenta^, and extended the polypeptide's interactions 
with reproductive biology to include pregnancy. 

Subsequent studies expanded these associations to interactions with 
virtually every aspect of reproductive function in females, as well as in 
males. Leptin functions via a specific receptor that is a member of the class I 
cytokine receptor super family and is manifested in alternatively spliced 
isoforms that are distinguished by the relative lengths of their cytoplasmic 
regions. These include a long form (LEPRL) that predominates in the 
hypothalamus, and a short form (LEPRs) that is found in many organs and 
tissues. LEPRL exhibits consensus amino acid sequences involved in 
binding to Janus tyrosine kinases (JAK/STAT); while LEPRs has distinct 
signaling capabilities involving mitogen activated protein kinase (MAPK)''. 
A soluble, circulating leptin receptor (solLEPR) is generated in humans by 
the proteolytic cleavage of membrane bound receptors^. Mice^ and rats^ 
manifest their own version of the circulating receptor (LEPRE), which is 
highly expressed in the placenta. 

In little more than a decade since leptin's discovery and its initial 
association with satiety and energy balance, it is now evident that the "fat 
hormone" plays important roles in reproduction. Therefore, a thorough 
review of reproductive endocrinology is no longer complete without its 
inclusion. The pleiotropic actions of leptin are well represented in this 
volume, but the association of leptin with reproduction may represent the 
area of greatest research activity outside of those directly addressing obesity 
itself. Therefore, in this chapter, we will review the roles and regulation of 
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leptin that touch the many areas of reproductive physiology. 

2. GENDER DIFFERENCES 

The rapid development of leptin radioimmunoassays allowed the 
measurement of serum leptin levels in humans as one of the first possible 
studies, long before the administration of leptin was considered appropriate 
for our species. These first studies provided several important findings. 
First, that a positive correlation exists for increases in serum leptin with 
increases in measures of body fat mass no matter how this was measured 
(percent body fat, body mass index [BMI], or fat cell mass)'"'". 
Interestingly, obese individuals of either sex did not exhibit a decrease in 
serum leptin with increasing adiposity and gave rise to the concept of leptin 
resistance'^' ". Of greater interest, with regard to leptin's role in 
reproduction, was the observation that females always had higher leptin 
levels than males'''"'^. 

There are two general observations that must be considered with 
respect to this gender difference. The first is that although females generally 
have a greater percentage body fat than males of similar body weight or 
BMI, leptin levels are greater in females over males of equivalent fat mass'^. 
Differences in relative amounts of subcutaneous versus visceral adipose 
tissues may be important, with females having greater subcutaneous adipose 
tissue than males. Leptin secretion has been reported to be greater in 
subcutaneous than omental adipocytes for the same subject'̂ "^°. The second 
important factor in this gender difference is the endogenous hormonal 
milieu, with estrogens generally reported to increase leptin production^' and 
testosterone or androgens to suppress leptin levelŝ "̂̂ "*. In addition to in vivo 
studies, these same steroid effects have been observed in adipocytes in vitro, 
as we\f^-^\ 

3. LEPTIN AND GONADOTROPINS 

A component of the lipostat theory years ago was the hypothesis that 
some biochemical signal from adipose tissue serves as the feedback 
regulator to tell the brain the status of peripheral body nutrition. This signal 
is now understood to be leptin, which feeds back to the arcuate nucleus in 
the regulation of neuropeptide Y (NPY), as the most important molecule 
involved in appetite regulation. The arcuate nucleus is also the site of key 
reproductive control as the origin of GnRH. Early studies tested the 
hypothesis that leptin may be involved in both hypothalamic and pituitary 
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gonadotropin regulation. McCann and his colleagues^^ incubated hemi-
anterior pituitaries of adult male rats with increasing concentrations of leptin 
for 3 hours and observed a dose dependent stimulation of FSH and LH 
release. Prolactin secretion was also increased in a dose dependent manner, 
but only at higher leptin concentrations. These studies were the first to 
demonstrate a direct in vitro effect of leptin on pituitary LH, FSH and 
prolactin secretion. 

These same investigators^^ also examined the action of leptin on 
median eminence-arcuate nucleus transplants from the same animals. They 
found a stimulation of GnRH release only at the lowest leptin concentrations 
and a suppression of GnRH release at higher leptin levels. As a third study, 
using estradiol benzoate-treated ovariectomized female rats, they 
administered leptin through a third ventricle cannula 72 hours after estrogen 
treatment. Leptin treatment resulted in a highly significant increase in 
plasma LH, 10-50 minutes after the initiation of leptin administration. There 
was no effect on FSH. Dearth and co-workers^' were able to demonstrate 
the effectiveness of leptin administered into the third ventricle to stimulate 
LH release in late juvenile rats and that immunoneutralization of GnRH 
would block this action, confirming the results from the earlier studies of 
McCann's group. Other studies demonstrated that leptin plays a role in 
stimulating NOS and increasing NO release from the hypothalamus and 
anterior pituitary. The NOS inhibitor, NMMA, can block the action of leptin 
at both hypothalamus and pituitary and indicates that leptin may affect 
GnRH and LH release through the stimulation of NOS'°. 

Galanin is a peptide found throughout the hypothalamus and has 
been implicated in the regulation of food intake and body weight and in the 
neuroendocrine control of reproduction^ '̂̂ ^. Ohtaki and colleagues^^ have 
identified a novel galanin-like peptide (GALP) from porcine hypothalamus. 
GALP is a 60 amino acid peptide that, unlike galanin, has a non-amidated C-
terminus, but residues 9-21 are identical to the biologically active C-
terminus (1-13) portion of galanin. There are at least three galanin receptor 
subtypes and rat GALP selectively recognizes GALPR2 with high affinity 
and GALPRl with lower affinity, while galanin is relatively non-selective 
for these receptors. The distribution of GALP neurons in the hypothalamus 
is predominately in the arcuate nucleus but also in the caudal dorsomedial 
nucleus, median eminence and the pituitary in the rodent̂ '*"'̂ . Similar 
distribution has been reported for the nonhuman primate hypothalamus^^ 
GALP neurons in the hypothalamus are colocalized with leptin receptor in 
several species^^'^'. GALP neurons respond to leptin treatment with an 
increase in the expression of GALP mRNA. Central administration of 
GALP activates GnRH immunoreactive neurons and increases plasma LH 
levels. Leptin serves to link the body adiposity with the hypothalamic 
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regulation of reproduction^'''''". A reduction in the level of hypothalamic 
GALP mRNA was found in the Lep"''/Lep"'' and Lep'"'/Lep'"' mice^*'̂ ' and 
intracerebral ventricle administration of leptin to Lep"''/Lep"'' mice increased 
both the number of GALP mRNA expressing neurons and their content of 
GALP mRNA^^ 

For many years, fasting has been known to result in a decrease in 
serum LH and testosterone in male primates as well as rodents and 
heifers'"'*''. Similarly, Cameron and Nosbeich'" fasted young male monkeys 
for 48 hours and observed a decrease in LH surges. Fasting even for as 
short as 24-48 hours is also known to decrease serum leptin levels''^''^. Finn 
and collaborators'*^ were able to demonstrate the cessation of LH pulses in 
monkeys within 48 hours of fasting and that 2 days of leptin infusion would 
restore LH pulses. This is presumably the action of leptin at hypothalamic-
pituitary sites as discussed earlier. Conversely, Lado-Abeal and others'*^ 
using a similar animal preparation, the peripubertal male rhesus monkey, 
could not restore the LH pulses after fasting with infusion of recombinant 
rhesus leptin, nor were increases in Cortisol or the frequency of GH pulses 
corrected with treatment. The relationship of stress changes to this effect on 
LH surges, separate from leptin involvement, has been discussed by Lado-
Abeal and Norman''^. Ages in these two studies were similar but the 
differences have not been resolved but may involve the source and dose of 
the leptin preparation used in each study. 

4. LEPTIN AND STEROID HORMONES 

Ovariectomy diminished leptin gene expression in white adipose 
tissue and caused a decline in serum leptin levels in ratŝ °"̂ ,̂ while 
administration of estradiol (E2) reversed all the effects of ovariectomy. 
Ovariectomy also reduced serum leptin levels in humans^^. Although leptin 
and E2 demonstrate similar profiles during the human menstrual cycle^'', 
leptin levels were unaffected by the relatively small increases in estrogen 
associated with normal menstrual cyclicity, but were up-regulated by the 
large increases that typically result from ovulation induction, effects that 
may identify estrogen as a dose-dependent regulator'*' ^̂ "̂ '. Estrogens may 
regulate leptin expression by acting on a portion of the estrogen response 
element in the leptin promoter^^, with leptin production by cultured first 
trimester human cytotrophoblast cells being dose-responsively potentiated 
by E2 ̂ .̂ The presence of estrogen receptor in primate trophoblast*" suggests 
that, as in adipose tissue*', this is an estrogen receptor-mediated 
phenomenon. Because commensurate administration of E2 and progesterone 
to normally cycling women resulted in increased serum leptin 
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concentrations, cooperative mechanisms mediated by the two steroids might 
also be implied during the luteal phase of the menstrual cycle^^. However, in 
late pregnancy when placental progesterone production is at its height, 
progesterone has been reported to inhibit leptin secretion by human placental 
cells in culture^^. 

Estrogen administration was also reported to elicit an increase in 
hypothalamic expression of the long form of the leptin receptor in rats^''. 
This potential was elucidated by Lindell et al̂ ^ who reported that a putative 
estrogen response element, close to the most frequently used transcriptional 
start sites of the leptin receptor gene in the rat hypothalamus, might be a 
mechanism by which estrogen regulates the leptin receptor. 

5. PUBERTY 

With the first availability of the ob (now Lep) protein (leptin), several 
studies demonstrated that leptin administration to the prepubertal mouse 
would advance the time of puberty^' •*. Furthermore, in the Lep"''Lep°'' mouse, 
without leptin, which never enters puberty, administration of leptin would 
result in a normal pubertal process^^. These early studies stimulated 
investigations into the role of leptin and puberty in many species, including 
the human. In the rat, mild food restriction was found to result in a delay of 
sexual maturation, which could be overcome with leptin administration. 
When the food restriction was more severe, leptin was not able to overcome 
this effect. Cheung et al̂ ^ concluded that leptin has a permissive role, but 
that leptin is not the major metabolic factor that initiates pubertal 
development in the rat. Similarly, Gruaz, et al*̂  administered leptin into the 
cerebral ventricle of the rat and was able to initiate early pubertal onset, 
indicating an action for leptin in the central nervous system. Presumably, 
the action of leptin on the hypothalamus or pituitary may mediate this 
stimulatory effect on pubertal development. 

In both the mouse and the rat, a rise in serum leptin levels that 
precedes pubertal development has been noted. In the mouse, a clear 
prepubertal surge has been reported^'' while in the rat a gradual increase 
occurs, although the frequency of sampling precluded the detection of a true 
surge^^ In other species, an increase in serum leptin has been reported prior 
to pubertal development, and would include the pig and the sheep^°' ^'. 
Exogenous leptin has even been reported to advance puberty in the domestic 
hen^l 

Most importantly, studies in the human also demonstrated a role for 
leptin during the pubertal process. Serum leptin levels were reported to rise 
during the years preceding pubertal development and reach high levels 
around the time of puberty onset. In females, the leptin levels continue to 
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rise, while in males, the leptin levels decline, probably related to the 
testosterone effect̂ .̂ In an early study, Mantzoros et al̂ ^ were able to 
demonstrate, in an elegant set of serial samples obtaining over several years 
in young boys approaching the normal age of puberty, that a surge in leptin 
was clearly evident before any significant increases in serum testosterone 
were observed, suggesting a role for leptin in the initiation of this process. 
Unfortunately, the leptin levels are markedly different among the individual 
boys, with some levels quite low, although clearly increased above baseline 
levels. The role of leptin is also seen in other conditions, for example, an 
earlier age for puberty has been observed in obese girls, presumably related 
to the higher leptin levels in this group^''. In girls with premature pubarche 
were found to have elevated leptin levels, independent of insulin or androgen 
levels, and these girls may be considered at risk for metabolic syndrome^^. 
It has been reported many times that young girls in serious gymnastic or 
ballet programs have a delay in pubertal development and serum leptin 
levels in both of these groups are noted to be decreased^^. Perhaps the most 
revealing clinical situation on the role of leptin in pubertal development is 
seen in those children with the rare mutation which results in the absence of 
leptin. In these children, no sign of pubertal development is typically 
observed, but when treatment with leptin is initiated, the first signs of 
endocrine changes characteristic of puberty are noted^ .̂ 

Whether or not leptin binding protein in the serum plays a role in 
pubertal development has also been studied. There are several reports to 
demonstrate that leptin binding protein declines during the prepubertal years 
in both males and females. These decreased levels of the circulating binding 
protein would allow a greater amount of free leptin, with greater biological 
activity that could result in a greater effective action for serum leptin^̂ "̂ .̂ 
The literature reporting studies in humans clearly demonstrates a relationship 
between increasing leptin and pubertal development but whether or not this 
role is permissive or the primary factor that initiates the sequence of 
endocrine changes resulting in puberty remains to be determined. 

The use of nonhuman primates has served as a valuable experimental 
model and presents a close nonhuman surrogate for the human. In the rhesus 
monkey, several studies report that no observable increase in serum leptin is 
observed prior to the initiation of puberty and suggest that leptin may not be 
involved in the pubertal process in this species^"'̂ .̂ More recently, however, 
Suter et al̂ ^ observed that nocturnal increases in leptin may be important. 
Therefore, it is well known that the initiating endocrine events of pubertal 
development are nocturnal events and this hypothesis would fit well with the 
known changes in gonadotropins and gonadal steroids described for 
primates. This area remains controversial '̂*'̂ ^ and whether or not leptin plays 
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a role in rhesus pubertal development adequate serum levels of leptin may 
still play a permissive role and cannot be discounted. 

6. M E N S T R U A L CYCLE 

Earlier in this chapter we described those studies that described the 
roles for leptin in the hypothalamus and pituitary resulting in the stimulation 
of GnRH and LH, respectively. Similarly, the action of leptin on steroid 
hormone synthesis is well documented and the effects of steroid hormones 
on leptin synthesis have been described. These actions are part of the 
intricate interactions by which leptin exerts its influence on the menstrual 
cycle. Several studies, using infrequent blood sampling during the 
menstrual cycle have reported inconsistent results. When blood samples 
were collected on the 7*, 14* and 21'" day of the cycle, there was no 
quantitative change in serum leptin noted^ .̂ In some studies, no changes in 
serum leptin were observed, but the timing of blood sampling resulted in an 
inability to observe any luteal phase increase^^. In another study, samples at 
four different windows during the cycle were not sufficient to denote any 
changes in serum leptin levels that could be correlated with specific ovarian 
and endocrine changes^^ However, a similar study with five sampling 
windows, observed a peak in serum leptin in the late luteal phase with a drop 
in the early follicular phase and a return to higher levels in the next luteal 
phase^'. Similar results were also reported by others^". When samples were 
obtained every 1-2 days throughout the menstrual cycle, plasma leptin was 
seen to increase from the early follicular phase to peak levels at the midluteal 
phase, returning to baseline by menses^\ Clearly, a greater sampling 
frequency results in a better descriptive picture of leptin changes during the 
cycle. Despite minor differences, the luteal phase, either mid or late, is 
reported to be the period of peak serum leptin concentrations, with some 
studies also noting an increase during the late follicular phase. Tataranni et 
al'^ did not find serum leptin changes over the course of the menstrual cycle 
and suggested that body fat content may be a more important determinant of 
serum leptin levels than cycle stage. 

In our own studies, which featured daily sampling, we demonstrated 
changes in serum leptin that were related to the stage of the cycle in normal 
weight women, with leptin levels increasing during follicular development 
and a secondary increase in the luteal phase. In obese women who 
continued to experience ovulatory cycles, at best an infrequent occurrence, 
there was no pattern of leptin associated with cycle stage, but rather leptin 
levels were markedly elevated above those in normal ovulatory cycles. In 
this group of obese women, luteal phase progesterone levels were 
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significantly reduced in comparison to those during control cycles, and may 
represent an action of elevated leptin on luteal steroidogenesis^^ 

Several reports have demonstrated the regulation of leptin production 
and its relationship to progesterone and may account for the generally 
reported increase in serum leptin during the luteal phase. In one such study, 
following ovariectomy, women received either no treatment, treatment with 
E2, or treatment with E2 plus progesterone. In both untreated and E2-treated 
women, a decline in serum leptin concentrations over four days was 
observed, but following treatment with E2 plus progesterone, leptin levels 
were significantly increased '̂*. In a similar study, cycling women were 
either untreated or treated with E2 or E2 plus progesterone during the early 
follicular phase. In the untreated and E2-treated women there was no 
increase in serum leptin, but those that received E2 plus progesterone 
demonstrated enhanced leptin concentrations over the three days of 
treatment, with levels declining after cessation of treatment^^. This 
relationship might account for the previously noted luteal phase increase in 
serum leptin levels and probably represents the action of ovarian steroids on 
production of the polypeptide in adipose tissue. The increase seen in the late 
follicular phase of the menstrual cycle may be due to E2 increases at that 
phase of the cycle, since there are multiple reports that suggest or 
demonstrate a stimulatory effect of estrogens on serum leptin levels"' ^'. 
The small increase in progesterone, which begins in the late follicular phase, 
may also contribute to this effect. 

7. INFERTILITY, OVULATION INDUCTION AND 
IN VITRO FERTILIZATION 

The changes in serum leptin concentrations during the menstrual cycle 
suggest a strong relationship with the ovarian cycle and the logical extension 
would be to situations of infertility, especially ovulation induction and the 
resulting in vitro fertilization (IVF) following controlled ovarian 
hyperstimulation (COH). It is well known that obesity has a deleterious 
effect on fertility, affecting many parameters, ranging from poor ovulation to 
the cessation of menstrual cycles, and ultimately the development of 
polycystic ovarian syndrome (PCOS). It has been reported that obese 
hyperandrogenic, amennorheic women were less likely to ovulate after 
clomiphene citrate (CC) medication, which is the first line of treatment for 
these anovulatory patients. Typically, peripheral leptin levels in these obese 
women are markedly elevated and leptin concentrations are generally more 
reliable than BMI or waist to hip ratio to predict which of those patients will 



158 Chapter 9 

remain anovulatory after CC medication. These investigators suggested that 
leptin is more involved in ovarian dysfunction in these patients than are 
other endocrine events and that this may be a direct action of leptin on 
ovarian dysfunction^*. 

A number of reports have indicated that leptin levels are markedly 
increased during COH, specifically treatment with FSH to increase the 
number of ovulated oocytes for IVF. Interestingly, in most studies, the 
increase in leptin is rarely observed in 100% of subjects, but rather about 
20% of patients do not show the leptin increases that seem to parallel E2 
increases and follicular development in the remaining 80% of these women 
In PCOS patients, those women who became pregnant following assisted 
reproduction treatment, tended to have lower mean follicular fluid leptin 
concentrations than women with PCOS who did not become pregnant with 
the same treatment^^. Fedorcsak et al̂ ^ was able to show that specific leptin 
binding activity was higher in the plasma than in the follicular fluid and that 
follicular fluid to plasma leptin ratio was independently associated with the 
FSH dose used to stimulate ovulation, These authors inferred that 
intrafollicular fluid leptin levels resulting from obesity affects ovarian 
function in PCOS patients and may induce a relative resistance to 
gonadotropic stimulation. This effect might even be heightened because of 
the low leptin binding activity within the preovulatory follicle of obese 
patients. 

Butzow et al^' were able to demonstrate that leptin production 
following FSH stimulation was influenced by the ovarian functional state. 
The high relative leptin increases associated with adiposity was associated 
with a reduced ovarian response. The results suggested that high leptin 
levels may reduce ovarian responsiveness to gonadotropins and may be the 
reason that obese patients require greater amounts of gonadotropins than 
lean subjects to achieve a successful stimulation and ovulation. Zhao et al'°° 
was able to demonstrate the increase in leptin associated with FSH treatment 
and that this correlated with increasing E2 concentrations across all days of 
stimulation, in contrast to other studies which did not report this correlation. 
Brannian et al'°' compared pregnancy rate in IVF patients with the leptin 
concentration:BMI ratio. This comparison demonstrated that with a higher 
leptin concentration per BMI, the success rate declines significantly in a 
stepwise manner. These results suggest that the greater the leptin production 
the less successful is the IVF procedure to result in a pregnancy. This 
approach has not been adopted by infertility practitioners and indeed, some 
reports suggest that there is no relationship between leptin levels and 
pregnancy success rate'°^' '°^ Therefore, further study in this area is 
warranted. 
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The use of leptin in conditions of low levels of this hormone, have 
been reported to have beneficial effects. A group of women (n=8) with 
hypothalamic amenorrhea and low leptin levels, were studied by Welt et al'°'' 
for one control month before receiving recombinant human leptin for up to 
three months and a separate control group (n=:6) received no treatment. 
Controls were essentially unchanged over the course of the study. 
Conversely, recombinant human leptin increased LH levels and LH pulse 
frequency after two weeks, with an increase in maximum follicular diameter 
and the number of dominant follicles, ovarian volume and E2 levels over 
three months. Ovulatory menstrual cycles were reported in three subjects 
and two other women had preovulatory follicular development with 
withdrawal bleeding during treatment. These studies suggest that leptin may 
be required for normal reproductive and neuroendocrine function and may 
be of clinical utility in the treatment of leptin deficiency in women with 
hypothalamic amenorrhea. Collectively, the studies discussed above 
indicate an association of leptin with the normal physiology of the menstrual 
cycle and a potential role for the polypeptide in the treatment of women 
undergoing controlled ovarian hyperstimulation. Further work will be 
needed to fully understand this association and the potential clinical use of 
leptin in the infertility patient. 

8. PREGNANCY 

Ontogeny and species specificity - Leptin is produced by adipose 
tissues and the placental trophoblast, with maternal hyperleptinemia 
common to many species. Serum leptin concentrations are elevated in 
human pregnancy, rise along with estrogen and are correlated in the first 
trimester with hCG'°^"'"^. Fetal adipose tissue produces leptin'*', although 
the decline in neonatal levels following birth suggests a placental 
contribution to the fetus"^. The presence of LEP mRNA transcripts in the 
trophoblast prompted the contention that maternal hyperleptinemia is 
exclusively placental"^ although two other observations contributed to this 
assumption. The first is the postpartum decline in leptin levels observed 
after placental delivery; a decrease that is relatively prolonged for a hormone 
with such a short half-life and the second results from the outcome of 
placental perfusions"'*. We examined the role of placental mass in the 
pregnant rat by adjusting the number of fetal-placental units shortly after 
implantation, so that rats had either 1-2, 4-5, or greater than 10 implantation 
sites. Maternal serum leptin levels were highest in those animals with fewer 
implantations and conversely, were least in those with the greatest number of 
implantations"^ We then compared maternal serum leptin concentrations in 
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women (15-20 weeks of gestation) with singleton or twin pregnancies. 
Mean leptin levels and leptin levels plotted against BMI were virtually 
identical for both groups. In addition, serial samples from singleton, twin 
and triplet pregnancies revealed that placental number was not related to 
maternal serum leptin levels but rather, that maternal adiposity was the 
controlling factor"^. These studies, in different species, suggested that 
increases in maternal leptin levels were not related to increased placental 
mass, but that the hormonal milieu of pregnancy upregulates leptin synthesis 
in maternal adipose tissue. 

Leptin/leptin receptor regulation and function in rodent pregnancy"^" 
"^ differ from that during pregnancy in both humans'^° and nonhuman 
primates'^'' '̂ .̂ Thus, although maternal peripheral leptin concentrations 
increase with gestational age in the human, LEP mRNA in placental villous 
tissue is greater in the first trimester than at term'^°. In contrast, Amico et 
al'̂ ^ reported that placental leptin mRNA increased 4- to 5-fold over the 
final one-third of rat pregnancy, while Garcia et al'̂ '* observed that LEP 
mRNA in placenta increased throughout gestation. Although leptin 
transcripts may be expressed in both the placenta and fetus'^^, there is some 
disagreement as to whether the mouse placenta produces leptin at all'^^. To 
better understand regulatory mechanisms in human pregnancy we employed 
a well-characterized nonhuman primate model, the baboon (Papio sp.), an 
old world primate'^^"'^' that differs in some respects from other monkeys'^^' 
'̂ ° with regard to leptin production. Leptin concentrations in pregnant 
baboons are much higher than in either cycling or postpartum animals and 
increase about 2.5-fold between days 60 and 160 of gestation'^'. Term is 
approximately 184 days. As in humans, leptin transcripts in placental villous 
tissue decline with advancing gestation, but maternal serum leptin levels 
increase almost 3-fold with pregnancy and are correlated with gestational 
age. Because the presence of both leptin and its receptor in the placenta, 
amnion, chorion, and umbilical vasculature'°^''^°^' '^' suggest important roles 
in human pregnancy, we assessed these tissues and omental and 
subcutaneous fat at early (day 60), mid (day 100) and late (day 160) baboon 
pregnancy'^^. A resurgent corpus luteum and decidual tissue were also 
collected on day 160, as was fetal hypothalamus. LEPRi and LEPRs mRNA 
transcripts were detected in all tissues and were constitutively expressed 
throughout gestation in placenta and fat, with LEPRs expressed in greater 
abundance than LEPRi in all tissues. As in humans'^°, in situ hybridization 
localized transcripts for leptin and its receptor in baboon trophoblast. 
Expression intensity for leptin was highest in early pregnancy, reflecting the 
greater abundance of leptin transcripts at that time'^'. 

In pregnancy, as in some forms of obesity, "leptin resistance" may 
result from inhibited transport across the blood-brain barrier"^ or 
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sequestration of bioactive leptin in the circulation by SOILEPR'^'*' '̂ .̂ 
Correspondingly, we have reported that transcripts for LEPRL and LEPRs 
were expressed in human trophoblast both early (7-14 weeks) in gestation 
and at term'^°. Although there is some disagreement as to whether soluble 
leptin receptor concentrations increase'''^ or remain unchanged'''^ with 
pregnancy in women, we have suggested that an increase in solLEPR and 
hence, the level of bound leptin in the maternal circulation, increases with 
advancing gestation'°^"'°^. In the human, at least two soluble leptin receptor 
isoforms bind leptin and perhaps potentiate leptin resistance ' , as in the 
mouse''*", with an increase in receptor protein proposed to explain the 
enhancement in maternal leptin typical of pregnancy. Schulz et al''" 
identified two isoforms of the receptor in human placenta that are similar in 
size to two we have identified in the baboon'''^. A 50 kDa solLEPR was 
recently identified in baboon decidua that was down regulated by chorionic 
gonadotropin''*^ perhaps further suggesting that increasing receptor 
concentrations play a role in regulating leptin availability. 

Roles of leptin in pregnancy - Many physiological roles have been 
suggested for leptin in human pregnancy'°^""°. Thus, the presence of 
placental leptin/leptin receptors suggests the potential for autocrine and 
paracrine mechanisms in that tissue'^^' ''*'*. The addition of recombinant 
leptin enhanced hCG release by cultured cytotrophoblast cells''*^ and 
stimulated hCG secretion by human placental explants, while inducing and 
stimulating the amplitude of hCG pulses''*^ and release of pro-inflammatory 
cytokines and prostaglandins'''^. The expression of leptin and leptin receptor 
in human placenta''** and uterine endometrium''*^ and the observation that 
endometrial leptin secretion is enhanced by a viable blastocyst also link the 
polypeptide to early conceptus development'^"' '^' and suggest its place 
among the hormones that regulate implantation'̂ ^"'̂ '*. Leptin may also 
augment the conceptus' ability to sustain embryonic development, as it 
potentiates a down-regulation of apoptosis in the early blastocyst'^^. 
Because leptin receptor is expressed in maternal decidua and the uterine 
endometrium is identified as a target for leptin action, a definitive role is 
suggested in the blastocyst-endometrial dialogue'̂ *"'̂ ^. Specifically with 
respect to primate pregnancy, in vitro investigations in the baboon revealed 
that decidual leptin secretion was enhanced by chorionic gonadotropin'^^. 
The obligatory nature of leptin signaling in mammalian implantation"'" was 
illustrated by experiments in the mouse that demonstrated that endometrial 
leptin receptor expression was pregnancy-dependent and that intrauterine 
injection of a leptin peptide antagonist or a leptin antibody impaired 
implantation. To this end, leptin enhances the invasiveness of mouse 
trophoblast cells via up-regulation of matrix metalloproteinases'^'. 
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Leptin has also been linked to fetal development, in that 
administration restored the depressed brain weights of leptin-deficient 
Lep°^Lep°^ neonates'^^ and concentrations in umbilical cord blood were 
highly correlated with birth and placental weights^"' '̂ '*, infant length'^^' '^^ 
and head circumference'^^. In addition, decreases in placental leptin mRNA 
are linked with decreased leptin concentrations in umbilical vein blood in 
intrauterine growth restriction (lUGR)'^^, suggesting that leptin influences 
fetal growth in response to a fetal demand that is relative to placental 
supply''''. Study of a twin pregnancy found that a growth-restricted twin had 
markedly lower placental leptin than its normal size sibling'^^ and that cord 
blood leptin levels directly reflected placental concentrations. Subsequent 
observations of monochorionic twin pregnancies revealed that fetal and cord 
leptin levels were at least two-fold higher in normal size fetuses than in their 
growth restricted twins'*^' '̂ ,̂ indicating a pivotal role in regulating 
growth'^'. Decreased leptin levels in cord and placenta of growth-restricted 
twins may be indirectly reflected by high levels in amniotic fluid and an 
increased rate of premature delivery that investigators postulated was 
attributable to hypoxia and poor cytrophoblastic invasion'^'. lUGR babies 
maintain depressed leptin levels as adults, suggesting permanently altered 
adipocyte function'^^. Leptin has also been proposed to directly stimulate 
bone growth'^'' via changes in the rates of osteoblast/osteoclast growth and 
differentiation'^'*' '̂ ^ or by the inhibition of bone resorption that results in a 
net increase in bone mass'^''. It has also been suggested that leptin 
influences endochondral ossification by regulating angiogenesis'^'', a process 
illustrated in various developmental models'^^' '̂ .̂ With respect to the means 
by which it could facilitate angiogenesis in pregnancy, the polypeptide was 
reported to enhance vascular endothelial growth factor synthesis in cultured 
human cytotrophoblast cells'^". Leptin is also associated with fetal 
pulmonary development, as it is expressed by fibroblasts and its receptor 
expressed by type II cells in fetal rat lung'^', with leptin directly enhancing 
surfactant synthesis'^^. We reported that in late baboon pregnancy the 
abundances of LEPRs and LEPRi mRNA transcripts in fetal lung were 8-
tolO-fold greater than in early pregnancy'^^. Receptor protein, undetectable 
in fetal lungs at early and mid gestation, was detected by western blotting in 
late gestation and localized immunohistochemically in distal pulmonary 
epithelial cells, including type II cells. 

Leptin regulation in pregnancy - Increases in maternal serum leptin 
levels in early pregnancy may be owed to the stimulation of maternal 
adipose tissue by gestational steroids'^''' '̂ .̂ Placental estrogens increase 
with advancing gestation'^^ and E2 administration enhances leptin mRNA 
transcript expression and protein secretion by adipocytes, both in vitro'̂ "*" '̂ ^ 
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and in vivo'^^. Like the human, the baboon relies on androgen precursors 
from the fetal adrenal gland for placental estrogen synthesis'^^. Thus, the 
surgical removal of the fetus, but not the placenta (fetectomy), inhibits 
estrogen production by the syncytiotrophoblast and dramatically reduces 
maternal serum E2. Therefore, we collected placental villous tissue, and 
subcutaneous adipose tissue from baboons in late (day 160) pregnancy'^^. In 
another group of pregnant baboons, estrogen production was inhibited at day 
100 by fetectomy. Placentae were left in situ until day 160 of gestation, 
when they were surgically retrieved. Maternal adipose tissues were 
collected at both days 100 and 160 of pregnancy. Although fetectomy did 
not result in a decline in maternal E2 to a level that would approximate levels 
in nonpregnant baboons, it did elicit an 87% decrease in maternal serum E2 
concentrations. Leptin levels were unaltered by fetectomy, although in 
maternal fat the abundance of LEP mRNA transcripts declined about five
fold as a consequence of fetectomy, while transcripts increased almost 3-fold 
in placenta. In fat, leptin levels in fetectomized baboons were about one-half 
that of controls, while placental levels were 3-fold higher in fetectomized 
animals than in those with intact pregnancies. Therefore, although adipose 
leptin expression declined, increased placental expression suggested a 
compensatory mechanism and tissue-specific regulation by estrogen 
(stimulatory in fat, inhibitory in placenta). A divergence in transcriptional 
regulation in placenta and adipose tissue might be suspected due to a 
functional enhancer for the leptin gene that exists only in placental cells'^^' 
190 

We further hypothesized that pregnancy-induced increases in estrogen 
would prompt commensurate increases in leptin transcripts in leptin-
producing tissues. Thus, when venous blood and adipose tissues were 
collected from nonpregnant baboons in the mid luteal phase of the menstrual 
cycle and from pregnant animals throughout gestation, E2 concentrations 
were lowest in cycling animals (0.06 ± 0.02 ng/ml) and increased with 
pregnancy and advancing gestation (4.17 ± 0.87 ng/ml on day 160), as 
expected. However, although the abundance of LEP mRNA transcripts in 
adipose tissue was unchanged with regard to pregnancy or advancing 
gestation, tissue leptin concentrations in subcutaneous fat were significantly 
higher in pregnancy, and with advancing gestation. In addition, soluble 
receptor levels in maternal serum increased approximately 60% between 
early and late normal pregnancy, with levels in fetectomized (estrogen 
deprived) baboons being less than one-half that in pregnancy-intact 
controls''*^. The 3-fold increase in soluble receptor over that of nonpregnant 
baboons approximated that observed in human pregnancy"''. Soluble 
receptor was only minimally detectable following cesarean delivery. One 
130 kDa isoform of the leptin receptor was identified in decidua and 
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amniochorion. In decidua this receptor increased 4-fold and in amniochorion 
increased 10-fold from early to late gestation. Two isoforms (130 kDa, 150 
kDa) of the leptin receptor were present in placenta, with levels of the 130 
kDa isoform increasing 3-fold from early to late gestation. Following 
fetectomy, abundance of the 150 kDa isoform declined 50%. Intriguingly, a 
soluble form of the leptin receptor has been proposed to serve as the 
physiological vehicle for the transplacental movement of leptin into the fetal 
circulation for modulating fetal development in rats'^\ The results of later 
experiments in choriocarcinoma cells strongly suggested a potential for 
maternal-fetal leptin exchange across the human placenta as well̂ ^ .̂ 

Glucocorticoids also enhance leptin synthesis and secretion in adipose 
tissues'̂ ^"'̂ ^. In ovine pregnancy, treatment with corticosteroids increased 
fetal leptin concentrations, while adrenalectomy suppressed them'̂ '*. Leptin 
infusion just prior to delivery suppressed fetal Cortisol concentrations by 
40%, evidencing a negative feedback loop between leptin and the fetal HPA 
axis'^*. Indeed, recombinant leptin infused into the fetal circulation inhibited 
activation of the HPA axis in late ovine pregnancy, suggesting that 
mechanisms controlling the initiation of labor might be fine-tuned by a 
metabolic cue that is related to fetal growth and originates in the placenta or 
fetal adipocytes^^^. In this regard, leptin levels in women suffering 
spontaneous first trimester abortions were abnormally low, implying a direct 
role in pregnancy maintenance'^^ With respect to the leptin receptor, 
maternal treatment with dexamethasone reduced leptin receptor mRNA in 
porcine adipose tissue'^^ and rat placenta^°°' ^°\ an interruption in leptin 
signaling that could be exacerbated by direct inhibition of the JAK/STAT 
pathway^°^. Collectively, these effects suggest that glucocorticoid-induced 
lUGR could be mediated, at least in part, by leptin/leptin receptor regulation 
in conceptus tissues. 

Leptin and pregnancy-specific pathologies - Perhaps related to 
leptin's role in implantation, preeclampsia is associated with shallow 
endometrial invasion, maternal hypertension, and maternal/fetal leptin 
concentrations that are enhanced over the level of hyperleptinemia 
characteristic of human pregnancy^" '̂̂ "*. Placental "susceptibility genes" 
most likely to be associated with onset of the condition were evaluated by 
microarray and leptin was up-regulated 44-fold, an elevation reflected by 
commensurate protein levels. Even in preeclamptic women that had not yet 
evidenced elevated peripheral leptin levels, enhanced amniotic fluid leptin 
levels identified the earliest stages of the condition^". It has been suggested 
that this exaggerated hyperleptinemia is a compensatory response to increase 
nutrient delivery to an under-perfused placenta^'^ and may be linked to both 
maternal adiposity and changes in bioavailable estrogen levels^". Although 



Roles and regulation ofleptin in reproduction 165 

preeclampsia-associated hyperleptinemia has also been linked to enhanced 
solLEPR levels^'^ conflicting reports^'^' '̂* call for further study. 
Pregnancy-associated diabetes is also characterized by increased placental 
leptin contributions to enhanced maternal leptin levels^'^' '̂̂ . Cord leptin 
levels in diabetic pregnancies were strongly correlated with conceptus 
growth^'^' ^^°, and among the offspring of gestational diabetics serum levels 
were enhanced over population norms until at least nine years of age^^'. 
Recently, Lappas and colleagues reported that a dysregulation of placental 
leptin metabolism and/or function may be directly linked to the pathogenesis 
of gestational diabetes . Interestingly, both preeclampsia and pregnancy-
associated diabetes^ '̂̂  are associated with fetal hypoxia. Thus, Grosfeld et 
al̂ ^̂  reported that decreased oxygen tension up-regulated leptin gene 
expression in trophoblast-derived BeWo choriocarcinoma cells, an effect 
proposed to be mediated by activation of distinct cis-acting sequences of the 
leptin promoter^^ .̂ 

Leptin and the fetal origin of adult health and disease - Since 
Barker^^ '̂ ^̂ ^ originally observed the relationship between low birthweight 
and the adult onset of diseases such as diabetes mellitus, hypertension, and 
coronary heart disease, much interest has been generated in the "fetal 
programming" paradigm. In this capacity, Bouret and colleagues^^ '̂ ^̂ ° 
suggested that alterations in leptin levels in utero prompt substantive 
hypothalamic changes in fetuses that eventually result in altered nutritional 
intake, energy metabolism, and adiposity in children and adults. In addition 
to studies in rodents, observations in sheep mimic those in women subjected 
to famine, which suggest that cardiovascular physiology and phenotypic 
predisposition to obesity are programmed as a natural component of fetal 
development^^'. Recently, Lecklin et al reported that female rats injected 
with a recombinant adeno-associated virus vector that encoded the Lep gene, 
evidenced decreased food intake and commensurate loss of body weight, 
traits that were maintained throughout their subsequent breeding, 
pregnancies, and deliveries^^^. Although these primary results illustrated the 
investigators' main goal of demonstrating the efficacy of leptin gene therapy 
to elicit weight loss, later observations confirmed that first generation 
offspring of leptin-transgene expressing females also weighed significantly 
less than peer controls from birth into adulthood. 

9. LEPTIN AND MALE PHYSIOLOGY 

Gender differences have been described earlier in this chapter, but we 
should take the opportunity to present, in greater detail, the situation in 
males and females from fetal life to adulthood. Numerous studies have 
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demonstrated the gender difference in neonatal samples (cord blood) with 
female leptin levels always significantly greater than male neonates^^^" 
^^^.Generally, E2 and testosterone levels were not different between males 
and females in term deliveries ' and an apparent fall in leptin levels was 
evident by the fifth postnatal day^^'. In all cases, fetal leptin concentrations 
correlated with fetal weight. Gender differences between boys and girls 
between three and 90 days of life were not observed, despite increasing 
leptin levels during this time period^^ .̂ During pubertal development, leptin 
levels in boys and girls are similar until activation of gonadal steroidogenesis 
In girls, leptin levels increase with the initial increases in gonadal estrogen 
production, conversely, as the testes becomes active in testosterone 
production, a clear decline in serum leptin is evident^ '̂ ^̂ . In adults, the 
classic gender differences described by many investigators are present in 
normal adults and demonstrate a clear correlation with indices of body fat'''" 
'*. Levels in normal males are always less than levels in normal females of 
the same BMI. Considerations of the reasons for this gender difference have 
been discussed earlier in this chapter. 

Perhaps of greater significance are the leptin mediated events within 
the testes. Tena-Sempere et al̂ *̂ identified the leptin receptor in the rat 
testis. While all splice variants of the leptin receptor were recognized, the 
long form (Leprb isoform) was highest in pubertal testes (15 to 30 day old 
rats) and declined in adulthood. Testicular Lepr mRNA expression was 
sensitive to neonatal endocrine influence, since neonatal treatment with 
estradiol benzoate (E2B) resulted in a permanent increase in the relative 
expression of Lepr mRNA. E2B treatment had a differential effect on the 
different isoforms of the leptin receptor. These studies were the first to 
indicate a direct role for leptin in testicular regulation in the rat. 

Caprio et al̂ ^̂  report a different pattern of leptin receptor in the rat 
testes. Using an immunohistochemical approach, they demonstrated that 
Lepr is absent in early embryonic stages (14.5 days) and only appears in late 
embryonic testes (19.5 days). In postnatal life, leptin receptor 
immunoreactivity was only evident after sexual maturation (after 35 days) 
and was absent in testes from sexually immature rats (less than 21 days). 
RT-PCR analysis would reveal leptin receptor expression in embryonic, 
prepubertal and adult rat testes and demonstrates the difference of sensitivity 
between these two methodologies. Leptin addition to adult rat Leydig cell 
cultures would inhibit hCG-stimulated testosterone production, but had no 
effect on the steroidogenic function of prepubertal Leydig cells and suggests 
that no functional Lepr are present in the prepubertal testes. Further studies 
also demonstrated that leptin acts as a direct inhibitory signal for testicular 
steroidogenesis and that this effect is due to suppression of several upstream 
factors (SF-1, StAR, and P450scc) in the steroidogenic pathway^''". The 
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administration of leptin for 5 days to adult male mice was investigated using 
a variety of techniques. Immunohistochemical testosterone staining revealed 
more intense staining in leptin treated than in control mice. Testicular 
weights and seminiferous tubule diameters were also increased by leptin 
administration. These results in the mouse indicate that leptin administration 
stimulates testicular function and testosterone synthesis. It is not clear, in 
these studies, whether the leptin effect is directly on the testes or through a 
hypothalamic-pituitary effect of leptin '̂*\ 

In men, there was no significant difference in histochemical staining of 
the testes between infertile and normal control males. There was leptin 
staining in seminiferous tubules and Leydig cells. These results suggest a 
leptin action as a central neuroendocrine effect rather than a direct effect on 
testicular tissue '̂* .̂ Glander et al̂ ''̂  had also examined leptin and testes 
physiology in infertile male patients and individuals following vasectomy. 
The concentration of leptin in seminal plasma was significantly lower in 
normal semen samples than in that from infertility patients and showed a 
negative correlation with the percent of motile sperm. Leptin concentrations 
in serum showed no relationship to any sperm parameters, and in seminal 
plasma was unchanged following vasectomy. Leptin concentrations in 
seminiferous tubules may influence sperm motility. Using RT-PCR, 
Western blot and immunofluorescence techniques, Aquila and colleagues '̂*'* 
have demonstrated that human sperm expresses leptin. There was a large 
difference in leptin secretion between uncapacitated and capacitated sperm. 
Greater leptin release from capacitated sperm suggests a functional role for 
sperm produced leptin in capacitation. Undoubtedly, future studies on direct 
actions of leptin in the testes will be important to understand leptin's role in 
testicular physiology. 

The role of leptin in the male may extend beyond reproductive 
involvements. Mice lacking the androgen receptor (ARKO) were used to 
study the relationship between the androgen receptor (AR) and insulin 
resistance. In ARKO mice, a progressive reduced insulin sensitivity and 
impaired glucose tolerance was observed with advancing age. These mice 
also had an accelerated weight gain, hyperinsulinemia and hyperglycemia, as 
well as higher leptin levels. These studies demonstrate that the action of 
androgen at the AR has a role in the development of insulin resistance, 
which may contribute to the development of type 2 diabetes '̂* .̂ Moderately 
obese men have a decreased androgen profile with serum levels of total and 
free testosterone being suppressed. In massively obese men, there is a 
consistentiy low level of free testosterone. These investigators speculate that 
these results represent an action of leptin on LH pulse amplitude and serum 
LH levels, as well as possible negative actions of excess circulating leptin on 
testicular steroidogenesis '̂*^. Semen leptin concentrations are inversely 
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correlated with serum testosterone levels and directly with serum leptin 
levels '̂'̂ . Additional studies are needed for a better understanding of the 
leptin-testes relationship and further studies in man may yield meaningful 
clinical information on this relationship. 

10. CONCLUSIONS 

After more than a decade of intense investigation by the scientific 
community, leptin has been shown to be a hormone with physiological 
implications that far surpass the influences on satiety and adiposity 
originally proposed. Therefore, as a modulator of energy homeostasis, leptin 
may significantly affect the advent of puberty, the regulation of menarche, 
and the enhancement of fertility. However, the polypeptide's direct 
regulatory effects on testicular, ovarian, uterine, and conceptus tissues, as 
well as its interactions with a fetal basis for adult health and disease, may 
constitute its most dramatic impacts on mammalian reproductive biology. In 
this capacity, the pleiotropic nature of leptin has proven to be the biggest 
surprise in our rapidly growing understanding of this "new" hormone and its 
expanding roles are proving to be somewhat removed from those regulating 
adipose metabolism and obesity. Indeed, as a new wave of investigators join 
the field, we might assume that the end of the story remains to be told and 
much more can be expected to be learned about the role(s) of leptin. 
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Abstract: Obesity is associated with increased cardiovascular morbidity and mortality, in 
part through development of hypertension. Recent observations suggest that 
the cardiovascular actions of leptin may help explain the link between excess 
fat mass and cardiovascular diseases. Leptin causes a significant increase in 
overall sympathetic nervous activity, which appears to be due to direct 
hypothalamic effects and is mediated by neuropeptides such as the 
melanocortin system and corticotrophin-releasing hormone. Renal 
sympathoactivation to leptin is preserved in presence of obesity, despite 
resistance to the metabolic effects of leptin. Such selective leptin resistance in 
the context of circulating hyperleptinemia could predispose to obesity-related 
hypertension. Some in vitro studies have suggested that leptin may have 
peripheral actions such as endothelium-mediated vasodilation that might 
oppose sympathetically induced vasoconstriction. However, we and others 
have shown that leptin does not have physiologically relevant direct 
vasodilator effects in vivo. The fact that chronic leptin administration or over-
expression of leptin produces hypertension supports the concept that the 
chronic hemodynamic actions of leptin are predominantly related to 
sympathetic activation. Exploration of the sites and mechanisms of leptin 
resistance will provide novel therapeutic strategies for obesity, insulin 
resistance and hypertension. 

Key words: hypertension; leptin resistance; sympathetic nervous system; renal function; 
vasculature, cardiac function. 
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1. INTRODUCTION 

Obesity has become one of the most serious health problems in most 
industrialized societies. Weight gain is associated with a high risk of 
developing cardiovascular and metabolic diseases such as coronary heart 
disease, hypertension, diabetes and dyslipidemia. Epidemiological studies 
have documented a close relationship between body mass index and 
cardiovascular events'"^. The association between body weight and blood 
pressure has been found even in normotensive subjects with normal body 
mass index'*'̂ . Subsequently, clinical studies have demonstrated that weight 
loss induced by low calorie diet or gastric bypass reduces arterial pressure 
and corrects diabetes and other co-morbidities associated with obesity*'''. 
Several experimental models of obesity-induced hypertension have been 
developed. Different species, including the dog, rabbit, rat and mouse 
develop obesity associated with an increase in blood pressure when fed a 
high fat diet^"'°. Some genetic models of obesity, such as the Zucker fatty rat 
and agouti obese mouse, are also used as models of obesity hypertension"''^. 
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Figure I. Cardiovascular actions of leptin. Leptin lias central nervous system and peripheral 
actions that may alter blood pressure. Despite the potential depressor effects of leptin, 
experimental data suggests that the pressor, sympathetically mediated effect of leptin 
predominates. 

Thus, a strong association between obesity and cardiovascular 
complications is well established. Although the precise mechanisms linking 
obesity and cardiovascular disease remain unclear, several mechanisms have 
been implicated including sympathoactivation and renal sodium retention. 
Leptin could potentially participate in these mechanisms. Indeed, although 
predominantly involved in the hypothalamic control of energy homeostasis, 
it is now recognized that leptin has broader effects. Several actions of leptin 
on cardiovascular homeostasis have been described (Figure 1), notably its 
effects on the autonomic nervous system. Also, several tissues besides the 
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central nervous system express the leptin receptor, which appears involved 
in the modulation of physiological functions such as angiogenesis and 
arterial pressure and may have potential implications in cardiovascular 
disease. 

2. LEPTIN AND SYMPATHETIC NERVOUS SYSTEM 

2.1 Sympathetic effects of leptin 

Consistent with its role in the regulation of energy expenditure, leptin 
was found to increase norepinephrine turnover in brown adipose tissue'\ 
suggesting activation of sympathetic outflow to this tissue. Using multi-fiber 
recording of regional sympathetic nerve activity (SNA) we evaluated the 
effects of leptin on the sympathetic outflow to different beds''*. As expected, 
we found that intravenous administration of leptin in anesthetized Sprague-
Dawley rats caused a significant and dose-dependent increase in SNA to 
brown adipose tissue (Figure 2). Unexpectedly, leptin caused also 
sympathoactivation to other beds not usually considered thermogenic, such 
as the kidney, hindlimb and adrenal. Satoh et al.'^ investigated the effect of 
leptin on circulating catecholamines and found that leptin administration 
caused a significant and dose-dependent increase in plasma concentration of 
norepinephrine and epinephrine. 

Figure 2. Effects of intravenous 
4 ' >4 <lM|IWi<^*illili administration of leptin (1 mg/kg), as 

compared to vehicle, on SNA to brown 
adipose tissue (BAT) and kidney in 
Sprague Dawley rat. Leptin caused 

f̂ '̂ l̂'NIM^̂ HHl' ttHlMIMMMAil significant increase in both renal and 

Leptin (1 mg/kg) 

We have shown that the leptin-induced regional increases in sympathetic 
nerve activity respond non-uniformly to baroreflex activation and 
hypothermia'^'^. Leptin-induced increases in renal SNA can be suppressed 
by baroreflex activation, suggesting that the increase in renal SNA sub
serves circulatory functions. In contrast, leptin-induced brown adipose tissue 
sympathoactivation is not prevented by baroreflex activation, suggesting the 
recruitment of sympathetic fibers that serve thermogenic or metabolic, and 
not circulatory functions'^. The effect of leptin on regional SNA response to 
hypothermia also differs between sympathetic fibers that serve circulatory or 
thermogenic functions. Leptin, at low doses that do not alter baseline SNA, 
acutely enhances sympathetic outflow to brown adipose tissue in response to 
hypothermia in lean rats. This effect is specific for thermogenic SNA 
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because leptin does not affect the response of renal SNA to hypothermia'^. 
Although some reports have shown that leptin could increase SNA 

through stimulation of peripheral afferent nerves'^'^, our data support the 
concept that sympathoactivation to leptin is due to its action in the central 
nervous system. First, leptin-induced sympathoexcitation is still apparent 
after transection of the sympathetic nerves distal to the recording site, and 
disappear after ganglion blockade with intravenous chlorisondamide'"*. 
These findings indicate that the increase in SNA is due to increased traffic in 
efferent post-ganglionic sympathetic nerves rather than afferent nerves. 
Second, direct administration of leptin to the 3'̂ '' cerebral ventricle, at sub-
systemic doses, increases SNA^° and dose-dependently increases plasma 
catecholamines'^. Third, sympathoactivation to intravenous leptin can be 
completely abolished by selective lesioning of the hypothalamic arcuate 
nucleus^". The arcuate nucleus of the hypothalamus is also considered as a 
major site of leptin action to control body weight and food intake^'. 

In humans, there is no direct evidence for a role of leptin in the 
regulation of sympathetic nervous system, because data from leptin 
administration in humans are absent. In non-human primates, however, 
leptin has been shown to activate the sympathetic nervous system, as 
assessed by an increase in circulating norepinephrine levels after single 
cerebroventricular administration of leptin^^. Indirect evidence suggests that 
leptin may be important for the control of SNA in humans. A positive and 
significant correlation between muscle SNA and plasma leptin concentration 
has been reported in healthy, non-diabetic men^ .̂ Also, serum leptin levels 
are a strong positive determinant of resting metabolic rate, which is under 
sympathetic control, suggesting that action of leptin on SNA is a determinant 
of energy expenditure in human. In addition, Jeon et al.^'' have shown that 
the correlation between leptin and resting metabolic rate is lost in patients 
with a disrupted sympathetic nervous system caused by spinal cord injury. 
These patients had also a lower resting metabolic rate. Together, these 
findings strongly support the concept that leptin influences energy 
expenditure through the sympathetic nervous system in humans. 

2.2 Sympathetic effects of leptin in obesity 

Several lines of evidence suggest that obesity is associated with 
activation of the sympathetic nervous system. Plasma and urinary 
catecholamines are increased in obese humans as well as in obese animal 
modelŝ "̂̂ .̂ Using direct measurement with microneurography, several 
groups have shown increased SNA to skeletal muscle in obese subjects as 
compared to lean individuals^ '̂̂ ^. Norepinephrine spillover techniques have 
demonstrated that human obesity is associated with increased SNA to a key 
organ of the cardiovascular homeostasis, the kidney^°. Elevated renal SNA is 
also reported in animal models of obesity, including rat on high fat diet^'. 
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These findings demonstrate that enhanced SNA is a common feature of 
obesity, which would play a major role in obesity-induced hypertension and 
cardiovascular diseases^^. However, the mechanisms responsible of the 
increased SNA in obesity remain unknown. 
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Figure 3. Concept of selective leptin resistance; 
there is resistance to the appetite and weight 
reducing actions of leptin, but preservation of 
the sympathetic actions. This phenomenon 
might explain in part how hyperleptinemia 
could be accompanied by obesity (partial loss of 
appetite and metabolic actions of leptin), but 
still contribute to sympathetic overactivity and 
hypertension because of preservation of the 
sympathetic actions of leptin to some organs 
involved in the blood pressure regulation such 
as the kidney. 

Obesity is known to be associated with circulating hyperleptinemia, 
reflecting resistance to leptin because despite the high circulating levels of 
leptin such subjects remain obese^^. Under these circumstances, in order for 
leptin to have a role in obesity-related hypertension, one must postulate that 
any leptin resistance is selective, with preservation of sympathetic 
responsiveness. Indeed, we have demonstrated that in some animal models, 
including agouti mice and diet-induced obesity, leptin resistance is selective 
with sparing of the effects of leptin on renal SNA. For example, in agouti 
mice, the anorexic and weight-reducing effects of leptin were less in the 
obese mice compared to lean littermates, but the increase in renal SNA in 
response to leptin was similar in both lean and obese micê '*'̂ .̂ Eikelis et al.'^ 
have recently shown the existence of a strong correlation between leptin 
plasma concentration and renal SNA across a broad range of leptin values in 
men of widely differing adiposity. This indicates that leptin may be the main 
cause of sympathoactivation associated with obesity in animal models, but 
also in humans (Figure 3). 

2.3 Mechanisms of leptin-induced sympathetic activation 

The receptor-mediated sympathoexcitatory effect of leptin is supported 
by the absence of SNA response to leptin in the obese Zucker rats'"*, but it 
was not clear which form of the leptin receptor was involved since Zucker 
rats lack all forms of the leptin receptor. We recently demonstrated an 
absence of renal SNA response to leptin in db/db mice, which indicate that 
the effects of leptin on sympathetic outflow are mediated by the long-form 
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Ob-Rb of the leptin receptor". 
As mentioned above the leptin receptor has divergent signaling 

capacities and modulates the activity of different intracellular enzymes. 
Although STAT signaling was thought to be the main pathway that mediates 
the leptin action in the hypothalamus, PI3 kinase has been found to play a 
pivotal role in the effect of leptin on food intake^^ Our group has 
demonstrated that PI3 kinase also plays a major role in the transduction of 
leptin-induced changes in renal sympathetic outflow. We compared renal 
sympathoactivation to leptin before and after intracerebral administration of 
PI3 kinase inhibitors. Both LY294002 and wortmannin markedly attenuated 
the increase in renal SNA induced by leptin, without affecting 
sympathoactivation to stimulation of melanocortin system^ .̂ The role of PI3 
kinase and other pathways in leptin-induced sympathoactivation to different 
other beds including brown adipose tissue, hindlimb, and adrenal gland 
remain unknown. Leptin likely controls sympathetic nerve activity in a 
tissue-specific manner, for several reasons. First, as mentioned above, 
activation of arterial baroreceptors and hypothermia modulates differentially 
leptin-induced sympathoactivation to the kidney and brown adipose 
tissue'*'"'̂ . Second, in diet-induced obese mice, brown adipose tissue and 
lumbar SNA responses to leptin are attenuated as compared to lean mice, 
whereas leptin-induced increases in renal SNA occur with the same time-
course and magnitude in both diet-induced obese and lean mice'*". 

Several hypothalamic neuropeptides, monoamines, and other transmitter 
substances have been identified as candidate mediators of leptin action in the 
hypothalamus. These include melanocortins, neuropeptide Y (NPY), 
corticotrophin releasing hormone (CRH), Melanin-concentrating hormone 
and cocaine-and amphetamine-regulated transcript^'. Therefore, leptin could 
cause regional sympathoactivation through stimulation of different 
neuropeptides. In the neural melanocortin system, a-melanocyte stimulating 
hormone (a-MSH) is derived from propiomelanocortin and acts mainly on 
melanocortin-4 receptors (MC-4R). Both renal and lumbar 
sympathoactivation to leptin seems mediated by the melanocortin system 
because blockade of melanocortin receptors with SHU9119'*^ or agouti 
protein''^ inhibits the renal and lumbar SNA response to leptin. However, 
SHU9119 does not block leptin-induced sympathoactivation to brown 
adipose tissue'*\ Using a MC-4R knockout mouse, we recently confirmed 
that the renal SNA response to leptin is mediated by MC-4R. Indeed, we 
have shown a gene dose effect, with MC4-R heterozygotes having 50% of 
the normal response to leptin, and homozygote knockouts having no renal 
SNA response to leptin". The interrelationship between leptin and the 
melanocortin system appears to be more complex than first thought, because 
absence of the leptin receptor in db/db mice attenuates the renal SNA 
response to stimulation of the MC-3/4R with MTIl". This was not expected 
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because the melanocortin system was considered downstream to leptin. 
Although the mechanisms of this attenuated SNA response to MTII in db/db 
remain unknown, a potential mechanism relates to the increased expression 
of the agouti related protein in these mice'* ,̂ which is known to at least 
partially block melanocortin receptors in the brain. 

The increase in brown adipose tissue SNA seems to depend on other 
neuropeptides than the melanocortin system. Given that intracerebral CRH 
increases SNA to brown adipose tissue, we investigated the role of this 
system in leptin-induced sympathoactivation to this tissue. Our results show 
that a CRH receptor antagonist blocked leptin-induced sympathoactivation 
to brown adipose tissue, but not to the kidney'*'*. In summary, leptin appears 
to causes regional sympathoactivation via different neuropeptide pathways, 
with some evidence suggesting that melanocortins mediate renal 
sympathoactivation and CRH mediates brown adipose tissue SNA response 
to leptin. 

3. LEPTIN AND BLOOD PRESSURE 

3.1 Pressor effects of leptin 

Leptin induced activation of SNA to organs such as the kidney was the 
first indication of the potential role of this hormone in regulation of blood 
pressure. The sympathetic nervous system is an important component in the 
control of renal function'*^ and long-term renal sympathetic stimulation by 
leptin would be expected to raise arterial pressure by causing 
vasoconstriction and by increasing renal tubular sodium reabsorption. 
Dunbar et al."*̂  have shown that the sympathoactivation to leptin is followed 
by a slow but progressive increase in mean arterial pressure. Shek et al.''̂  
demonstrated that intravenous infusion of leptin at a dose that increases 
plasma leptin from 1 to 94 ng/ml for 12 days increases arterial pressure and 
heart rate, despite a decrease in food intake that would be expected to 
decrease arterial pressure. Leptin-induced increases in arterial pressure are 
probably due to a central neural action of this hormone because 
intracerebroventricular administration of leptin mimics the effects of its 
systemic administration''^ The substantial dose-dependent increase in heart 
rate as well as the greater response to air-jet stress observed in leptin-treated 
rats supports central activation of the sympathetic nervous system''^ Finally, 
blockade of the adrenergic system inhibits the pressor response to leptin"*̂ . 

Further evidence for the pressor effects of leptin derives from the studies 
of transgenic mice over-expressing leptin in the liver^°. These mice had ten 
fold increases in plasma leptin and decreased body weight. Despite the 
decreased body weight, the transgenic mice over-expressing leptin had 
significantly higher arterial pressure than non-transgenic littermates. The 
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transgenic mice also had increased urinary excretion of norepinephrine, a 
marker of sympathetic nervous system. The increase in arterial pressure was 
normalized after alpha-adrenergic or ganglionic blockade, again 
demonstrating the importance of the sympathetic nervous system in the 
pressor effects of leptin. 

We evaluated arterial pressure in obese, leptin deficient ob/ob mice and 
their wild type, lean controls'^. Despite body weights nearly twice as high as 
their lean controls, the leptin deficient ob/ob mice had lower arterial 
pressure. Aizawa-Abe et al.̂ ° subsequently reported that administration of 
leptin to ob/ob mice (so-called leptin reconstitution) increased systolic blood 
pressure by as much as 25 mmHg despite decreases in food intake and body 
weight. These findings demonstrate that leptin contributes physiologically to 
the regulation of arterial pressure. 

In contrast to leptin deficient ob/ob mice, agouti yellow obese mice have 
elevated arterial pressure despite the fact that the agouti mice have milder 
obesity than the ob/ob mice^ .̂ Obesity induced by high fat diet is also 
associated with an increase in arterial pressure '̂̂ '''*". The presence of high 
circulating levels of leptin associated with the selectivity in leptin resistance; 
i.e., preserved ability of leptin to increase renal SNA (Figure 3), could 
explain the hypertension in these different models of obesity. Interestingly, 
we recently demonstrated that preservation of renal SNA response to leptin 
translates into a preservation of the arterial pressure response in a murine 
model of diet-induced obesity (high fat diet). Indeed, arterial pressure in 
diet-induced obese mice was responsive to leptin, because 12 days of leptin 
treatment caused a significant increase in arterial pressure. The leptin-
induced arterial pressure increase was of the same magnitude in obese (about 
10 mmHg) as lean control mice (about 11 mm Hg)''°. These findings enhance 
the potential pathophysiologic significance of the phenomenon of selective 
leptin resistance. 

Other mechanisms may also contribute to the development of obesity-
related hypertension. For example, in vitro studies have shown that leptin 
causes oxidative stress in cultured endothelial cells by increasing the 
generation of reactive oxygen species^''^^. Leptin has also been shown to 
stimulate the secretion of proinflammatory cytokines, such as tumor necrosis 
factor-alpha and interleukin-6 that are known to promote hypertension^^. 

As it has been described for renal SNA, the melanocortin system appears 
to mediate the effect of leptin on blood pressure. First, pharmacological 
activation of melanocortin receptors for 14 days caused significant increases 
in arterial pressure despite the decreases in food intake and body weight̂ '*. 
Second, inhibition of the melanocortin receptors blocks the increase in blood 
pressure induced by leptin"*̂ '̂ .̂ 

In order to investigate whether the increase in arterial pressure induced 
by leptin is due to enhanced salt-sensitivity we studied the effects of a high-
salt diet on the pressor responses of intracerebroventricular administration of 
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leptin. The increase in arterial pressure was similar in leptin-treated rats fed a 
low- or high-salt diet, indicating that leptin-dependent mechanisms in the 
central nervous system do not alter arterial pressure sensitivity to salt''̂ . 

In humans, several studies have shown that plasma leptin is related to 
blood pressure in both normotensive and hypertensive subjects^ '̂̂ ^ and a 
positive correlation has been observed between longitudinal changes in the 
leptin and arterial pressure^^. Farooqi et al.̂ ^ have reported that replacement 
leptin therapy in a child with congenital leptin deficiency for one year 
caused a drastic decrease in body weight (16 kg). This weight loss would be 
expected to substantially lower arterial pressure, but the arterial pressure did 
not change. These observations are consistent with a pressor action of leptin 
offsetting the depressor action of weight loss. 

3.2 Depressor effects of leptin 

Recently, several studies have suggested that leptin may have direct 
vascular effects that tend to decrease arterial pressure. The vascular 
endothelium is an important component in the control of arterial pressure 
homeostasis^". Endothelial cells release several vasoactive factors, of which 
nitric oxide (NO) is perhaps the most important with potent vasodilator 
action. Functionally competent leptin receptors are present on endothelial 
cells*' and leptin administration in rat causes a dose-dependent increase in 
NO metabolite concentrations. In one study in anesthetized rats, infusion of 
leptin during inhibition of NO synthesis increased arterial pressure*^. Leptin 
also decreased arterial pressure after suppression of sympathetic influence 
using ganglionic blockade*^ or chemical symapathectomy*''. Furthermore, in 
vitro studies have shown that leptin evoke an endothelium-dependent 
relaxation of arterial rings''̂ *'*. Therefore, it has been argued that these 
vasodilator effects of leptin might oppose its neurogenic pressor action. 

In contrast to these reports, Gardiner et al.*^ found no evidence for a 
vasodilator action of leptin in conscious rats. These authors showed that 
leptin do not change blood flow in different beds including renal, mesenteric 
and abdominal arteries, and presence of NO synthase inhibitor, L-NAME, 
failed to unmask any pressor effect of leptin*'̂ . Similarly, we found that 
leptin does not have substantial direct or indirect vasodilator effects in vivo. 
Indeed, leptin, at concentration sufficient to increase sympathetic nerve 
outflow, did not change arterial pressure or blood flow measured from the 
mesenteric, lower aortic and renal arteries*''. Blockade of the adrenergic 
system or NO synthase did not reveal any pressor effect of leptin**. 
Furthermore, leptin did not alter the sympathetically mediated vasomotor 
response in hindlimb or kidney to stimulation of the splanchnic sympathetic 
nerve trunk* .̂ Kuo et al.*^ found that blockade of NO synthesis augmented 
the heart rate and renal vascular and glomerular responses to leptin, but did 
not substantially augment the pressor response to leptin. Thus, the role of 
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NO in the blood pressure responses to leptin remains controversial, but the 
consistent negative results of studies in conscious animals argue against a 
meaningful stimulation of NO generation. 

4. RENAL EFFECTS OF LEPTIN 

Besides the indirect action of leptin on the renal function via 
sympathoactivation, leptin could exert a direct effect on the kidney. In the 
rat, leptin receptor expression was found in the inner zone of the medulla 
and pyramid, associated with the vascular structures, tubules and ducts^'. 
Several investigators have shown that acute administration of leptin in 
anesthetized or conscious normotensive lean rats produces significant 
increases in sodium excretion and urine volume without significant effects 
on renal blood flow, glomerular filtration rate or potassium excretion™'̂ .̂ As 
expected, these saluretic effects of leptin where blunted in the Zucker rat̂ ,̂ 
but also in high fat diet obese rat̂ .̂ Surprisingly, spontaneously hypertensive 
rats were also refractory to the diuretic and natriuretic effects of leptin due 
perhaps to enhanced renal SNA, because renal denervation restored the 
saluretic response of these rats to leptin^^. A study by Shek et al.''̂  suggested 
that the natriuretic action of leptin is not operative at physiological levels 
because a chronic increase in leptin concentrations within the physiological 
range in rats did not produce natriuresis despite an increase in arterial 
pressure. This study''̂  provided no support for a significant natriuretic action 
of leptin, and instead suggested that leptin may actually produce a modest 
anti-natriuretic effect (probably due to the activation of the renal SNA) that 
opposes pressure natriuresis. 

However, leptin appears to have an important role in obesity-induced 
renal damage such as glomerular hyperfiltration and increased urinary 
albumin loss. In glomerular endothelial cells, leptin directly stimulates 
cellular proliferation, transforming growth factor-betaj (TGF-betai) 
synthesis, and type IV collagen production. Conversely, in mesangial cells, 
leptin upregulates synthesis of the TGF-beta type II receptor, but not TGF-
betai, and stimulates glucose transport and type I collagen production '̂*. 
Chronic leptin treatment induces glumerosclerosis and proteinuria in normal 
ratŝ "*. Therefore, leptin may be of relevance to the development of 
glomerular pathology associated with obesity. 

5. CARDIOMYOPATHY AND LEPTIN 

Obese individuals are at increased risk for development of chronic heart 
failure. The pathologic hallmarks of obesity-related cardiomyopathy are 
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ventricular dilation, attributed to hypervolemia, combined with myocyte 
hypertrophy. The mechanisms inducing myocardial hypertrophy are poorly 
understood and may result from increased hemodynamic stress and humoral 
factors. Hyperleptinemia could potentially contribute to myocardial 
hypertrophy. In hypertensive men, myocardial wall thickness is associated 
with plasma leptin, independent of body composition and blood pressure'^. 

Leptin has been proposed to alter the proliferative properties of 
cardiomyocytes. However, the available evidence for this action of leptin is 
controversial. Leptin receptors have been isolated in neonatal rat ventricular 
myocytes. In vitro exposure of these cells to leptin induces substantial 
increases in the expression of a-skeletal actin (250%) and myosin light 
chain-2 (300%)''^. Moderate increases in cell surface area and protein 
synthesis were also observed. 

Contrasting with these results, leptin-deficient ob/ob mice and leptin 
receptor-deficient db/db mice develop echocardiographic and histological 
cardiomyocyte hypertrophy that is reversed by leptin replacement in the 
ob/ob mice^''. Blood pressures were similar in obese mice and control lean 
littermates. So differences in ventricular mass could not be attributed to 
blood pressure. Leptin replacement causes weight loss in the ob/ob mice. To 
control for the effects of weight loss on myocyte hypertrophy, a group of 
untreated ob/ob mice was food restricted to match the calorie intake of the 
leptin-treated group (pair-feeding). Although weight loss was similar in both 
groups, complete reversion of echocardiographic ventricular hypertrophy 
was only observed in the leptin-treated animals. Myocyte size decreased in 
both groups but to a greater extent in mice treated with leptin. These results 
indicate that disruption of leptin signaling might cause myocardial 
hypertrophy. Therefore, it is possible that local leptin resistance rather than 
hyperleptinemia may contribute to obesity-related myocardial hypertrophy. 

Modulation of proliferative properties of cardiomyocytes is not the only 
effect of leptin on the myocardium. Leptin attenuates cardiomyocyte 
contractility, in vitro, through NO-dependent mechanisms^^ Nevertheless, it 
has also been shown that the negative inotropic action of leptin is abrogated 
in cardiomyocytes collected from hyperleptinemic spontaneously 
hypertensive rats as compared with normotensive Wistar rats^ .̂ Leptin-
dependent increases in NO are also blunted in spontaneously hypertensive 
rat cardiomyocytes, despite normal density of leptin receptors. Thus, 
spontaneously hypertensive rat cardiomyocytes appear to develop resistance 
to the negative inotropic effect of leptin. Leptin resistance in this case could 
be viewed as a protective adaptation in order to preserve cardiomyocyte 
function despite increased hemodynamic load of severe hypertension in 
hyperleptinemic spontaneously hypertensive rats. 
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6. THROMBOSIS AND LEPTIN 

Experimental evidence mostly from animals suggests that leptin could 
be an important pro-coagulant factor. Thrombi originating from arterial 
lesions in ob/ob mice are unstable as compared with littermate controls. 
Leptin replacement normalizes thrombi formation in ob/ob mice. 
Furthermore, aggregation of platelets is attenuated in ob/ob and db/db mice 
but leptin normalizes platelet aggregation only in ob/ob mice^". The time for 
thrombus formation is prolonged in ob/ob and db/db mice after carotid 
lesioning^V Moreover, bone marrow transplant from db/db mice to normal 
mice delays thrombi formation in the transplant recipients, suggesting that 
platelet leptin receptors are important for normal thrombogenesis. Leptin 
also increases human platelet aggregation in vitro by a receptor-dependent 
mechanism^^. In addition, leptin modestly decreases the expression of 
thrombomodulin, an anti-coagulant protein, in cultured human umbilical 
vein endothelial cells^^. 

Fibrinolysis may also be modulated in part by leptin. One human study, 
adjusted for differences in adiposity and age, found a significant association 
between leptin and decreased tissue plasminogen activator activity, and high 
plasminogen activator inhibitor-1 activity, in men and post-menopausal 
women^.These pro-thrombotic actions of leptin could potentially contribute 
to the increased risk of obese subjects in developing acute coronary events 
and also venous thrombosis and pulmonary thromboembolism. 

7. CONCLUSION 

The epidemic of obesity has led to an unwelcome upsurge of 
cardiovascular diseases including diabetes and hypertension. The 
mechanisms of obesity-related cardiovascular diseases are not fully 
understood, but the discovery of leptin and its effects on cardiovascular 
system may provide a partial explanation. Leptin has diverse cardiovascular 
actions, though sympathoactivation is probably the most important. The 
concept of selective leptin resistance may explain how leptin could 
contribute to obesity-related hypertension despite loss of its metabolic 
effects. Thus, it is possible that excess leptin may contribute to 
cardiovascular complications despite metabolic leptin resistance. 
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LEPTIN AND CANCER 
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Abstract: Because obesity is an established risk factor in various cancers and leptin plays 
a significant role in the physiopathology of obesity, the exploration of leptin's 
link to cancer risk is of considerable importance. We have reviewed the 
reported findings on the role of leptin in the pathogenesis of a series of 
different forms of cancer, which have been more intensively studied, namely 
those related to human reproduction (breast, endometrial, ovarian and prostate 
cancer), cancers of the gastrointestinal tract (esophagus, gastric and colon 
cancer) and leukemias. 

Key words: leptin; obesity; cancer; carcinogenesis 

1. INTRODUCTION 

Leptin (from the Greek word "leptos," meaning thin), a peptide hormone 
of 16kDa and 167 amino acids, is the product of the "obesity" {ob) gene, 
discovered in 1994\ A mutation in this gene was associated with severe 
obesity and type II diabetes in mice; thus, leptin was initially viewed as a 
way to cure obesity and received a lot of attention from both the scientific 
community and the media''^. Human obesity, however, is a much more 
complex condition and it is not mainly due to a deficit in leptin^. In fact, 
most people who suffer from obesity, not related to the very rare condition 
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of a defect in the ob gene, actually have hyperleptinemia^; therefore, the new 
challenge is to explore the underlying mechanisms of leptin sensitivity, 
namely to determine what makes the hypothalamus of these individuals 
resistant to leptin. 

In humans, the ob gene is located on chromosome 7q31.3, whereas in 
mice it is on chromosome 6''. Leptin is synthesized mainly by adipose tissue 
but it is also produced by a variety of cells, including placental cells, and 
secretory cells of the mammary epithelium^. Digestive epithelia, including 
gastric mucosa and liver, have also been recently recognized as sources of 
leptin^. Once synthesized, leptin is not stored in large pools in the adipose 
cell, but it is secreted through a consecutive pathway^. It acts through a 
receptor from the class I cytokine receptor family, which has at least six 
isoforms (Ob-Ra to Ob-Rf)^. The specific actions of all isoforms of Ob 
receptors still remain unknown. Leptin signaling is mediated mainly through 
the long form of Ob-Rb, but involvement of the short form Ob-Rb has also 
been indicated.^ 

The knowledge about the biological actions of leptin has increased 
considerably during the last years and its role in the regulation of other 
important physiology in humans has been widely recognized. It has been 
demonstrated that the actions of leptin are not limited to the regulation of 
food intake by signaling satiety, but that this hormone is also involved in the 
overall regulation of the metabolism, including energy expenditure and body 
temperature, the reproductive function and other physiologic functions, such 
as immunity and hematopoesis^. Moreover, other factors that play an 
important role in the regulation of appetite, such as ghrelin, have been 
identified'". 

Leptin acts both at central (hypothalamic) and peripheral levels as an 
important regulator of body weight and metabolism by increasing energy 
consumption and loss of adipose tissue mass as well as of the reproductive 
function. At hypothalamic level, leptin acts on the centers that control 
feeding behavior and hunger, energy expenditure and body temperature, as 
well as on those generating information concerning the nutritional status of 
the organism'\ It inhibits the synthesis of neuropeptide Y and counteracts 
the effect of anandamide, thus decreasing the sensation of hunger and food 
consumption'^. 

Leptin is involved in the regulation of reproductive function via the 
gonadotropin-releasing hormone (GnRH), thus affecting the luteinizing and 
follicle stimulating hormones (LH, FSH)'l It has been shown that exercise-
induced hypothalamic amenorrhea and anorexia nervosa are associated with 
low concentrations of leptin, while the administration of this hormone can 
restore ovulatory menstrual cycles and improve reproductive, thyroid, and 
IGF hormones and bone markers in hypothalamic amenorrhea'''. 
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T lymphocytes and vascular endothelial cells also express leptin 
receptors, marking the involvement of this hormone in angiogenesis and 
inflammatory function'^' '̂ . Leptin also acts on human bone marrow stromal 
cells to enhance the differentiation to osteoblasts'^. 

Studies with obese and non-obese humans found a strong positive 
correlation of serum leptin concentrations with the percentage of body fat, 
and a higher concentration of ob mRNA in fat from obese compared to lean 
mass subjects '̂ '̂ . Among healthy full-term newborn, leptin has been 
strongly associated with female gender, birth length, and insulin like growth 
factor I (IGF-I) levels'^. An intriguing finding that needs to be further 
explored is that newborns fed with formula milk have higher levels of leptin 
compared to those exclusively breast-fed'^. This could have implications in 
later life, considering the impact of leptin in the pathology of obesity and its 
possible associations with insulin resistance and cancer risk. 

Obesity is a pathological status characterized by hyperinsulinemia and 
insulin resistance, low levels of IGF binding protein and high levels of free 
insulin like growth factor-I (IGF-I)^°. Insulin may enhance leptin release and 
elevate circulating leptin levels^'. Furthermore, it appears that obese 
individuals develop resistance to leptin, as high levels of leptin are observed 
in these cases^^. The pathway of insulin-mediated neoplasia may include the 
stimulation of cell proliferation through the alteration of the IGF-I axis, 
inhibition of apoptosis, and altered sex hormone milieu ^°. Leptin has been 
found to act as a growth factor in different tissues via the signal transducer 
and activator of transcription (STAT), increasing the proliferation of a 
variety of cancer cells (esophageal, breast and prostate cancer cells) and 
exercising antiapoptotic effects '' ^̂" ^'*. Leptin has also been shown to induce 
cell migration and expression of growth factors in human prostate cancer 
cells ^̂ ' ^̂ , to promote the invasiveness of kidney and colonic epithelial 
cells^^ and to be involved in angiogenesis^^. 

Because obesity is an established risk factor in various cancers^^ and 
leptin plays a significant role in the physiopathology of obesity, the 
exploration of leptin's link to cancer risk is of considerable importance. We 
have reviewed the reported findings on the role of leptin in the pathogenesis 
of a series of different forms of cancer, which have been more intensively 
studied, namely those related to human reproduction (breast, endometrial, 
ovarian and prostate cancer), cancers of the gastrointestinal tract (esophagus, 
gastric and colon cancer) and leukemias. 
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LEPTIN AND HUMAN REPRODUCTION RELATED 
CANCERS 

2.1 Breast Cancer 

Obesity is an established risk factor for breast cancer in postmenopausal 
women. Compared to women with normal or low body mass index (BMI), 
obese women after the menopause have a higher incidence of breast cancer, 
more advanced disease at diagnosis, an increased rate of metastasis and a 
poor response to both chemotherapy and radiotherapy ^̂ ' ̂ °. Obesity is also 
correlated with a poor prognosis of estrogen-receptor positive breast cancers 
in postmenopausal women ^̂ ' ^'. 

The pathogenic link between obesity and postmenopausal breast cancer 
depends on the production of estrogens after the menopause by adipose 
tissue cells. Estrogens act on breast cells, stimulating their proliferation and 
thus creating an environment conducive to growth enhancement^^. 
Hyperinsulinemia, hyperleptinemia and high IGF-I levels seem to contribute 
to breast carcinogenesis. Insulin appears to have a mitogenic effect on 
malignant cells by binding to and signaling through the insulin and IGF-I 
receptors ^̂ ; moreover, insulin may enhance the production of leptin, another 
potential growth factor for breast and breast cancer cells ^'' ̂ '̂ ^^. 

Leptin is expressed in physiological breast cells, in breast cancer cell 
lines, and particularly in estrogen-receptor positive (ER-positive) breast 
cancer cells, as well as in solid tumors ^'^'^'^. In the normal breast, it has an 
important role in the development of the mammary gland. Mice lacking 
leptin or leptin receptors have poorly developed mammary glands'*". Leptin 
was recendy detected in the nipple aspirate fluid, correlated with the serum 
levels of leptin in premenopausal, but not postmenopausal women. There 
was no association, however, of the presence of leptin in nipple aspirate fluid 
or serum leptin levels with breast cancer risk'*'. 

Both ductal breast tumors and benign lesions such as hyperplasia express 
leptin as well as the tissue in the vicinity of the malignant ductal breast 
lesion^^ whereas a recent study showed that receptors of leptin are 
overexpressed in malignant cells'* .̂ Distant metastases were present in one 
out of three of cases of Ob-R positive tumors with leptin overexpression but 
in none of the tumors that lacked Ob-R expression or leptin overexpression, 
suggesting an involvement of leptin in the promotion of carcinogenesis and 
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metastasis . 
Leptin promotes the growth of both normal and malignant cells by 

activating signal transducer and activator of transcription 3 (STAT3) and 
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extracellular regulated kinase (ERK) 1/2 pathways '̂''''̂ "'* .̂ In ER-positive 
cancer cells leptin stimulates their proliferation via the activation of the of 
mitogen-activated protein kinase (MAPK)^^. In addition, leptin induces 
mRNA expression of aromatase activity via the AP-1 pathway, and directly 
activates estrogen receptors alpha (ERa), thus increasing the production of 
estrogens and promoting estrogen-dependent breast cancer progression 
without the direct involvement of estrogen natural ligand'*'*''*̂ . Thus, leptin 
seems to contribute to the development of estrogen-independent tumors, 
which is translated into resistance to estrogen therapy and a worse prognosis. 
In support of this hypothesis comes the experimental evidence of leptin 
interference with the effects of the antiestrogen ICI 182, 780 by acting on 
ERa in MCF-7 breast cancer cells^'. 

The presence of leptin receptor gene polymorphism was investigated as a 
potential mechanism underlying the high risk factor for breast cancer in 
postmenopausal obese women; the results, however, were inconclusive''*. 
Leptin levels were also measured in women carriers of BRCAl. 
Postmenopausal BRCAl mutation carriers had significantly lower leptin 
levels, but the involvement of leptin as a link between this mutation and the 
high risk of malignancy of the breast is not considered likely''^. 

There are only few epidemiological studies focusing on the role of leptin 
in breast cancer and their findings are inconsistent. Petridou et al reported no 
evidence for an association between leptin and postmenopausal breast 
cancer; among pre-menopausal Greek women, however, there was a 
statistically significant inverse association of leptin with breast cancer'**. 
Mantzoros et al studied the effect of leptin on the risk of pre-menopausal 
breast cancer in situ and found that leptin did not increase this risk 
substantially"* .̂ Furthermore, no effect of serum leptin on the angiogenic 
activity and metastasis in breast cancer patients was found in another study^°. 
The results of a prospective study evaluating the role of leptin in 
prediganosis plasma among postmenopausal women enrolled in the Northern 
Sweden Health and Disease Cohort found no significant association with 
breast cancer risk^'. 

On the contrary, a recent case-control study of newly diagnosed women 
with breast cancer reported higher leptin levels among Chinese women with 
breast cancer and a significant increase in the leptin/ adiponectin ratio 
compared to healthy controls^^. Importantly, the leptin/ adiponectin ratio was 
positively correlated with tumor size, indicating the presence of a more 
aggressive cancer in these cases^^. Higher leptin levels in patients with breast 
cancer compared to controls, independently of the menopausal status of 
patients, along with abnormal levels of insulin, triglicerides, APOA 1 and 
reduced level of serum HDL-C, were also found in another study among 
Chinese women^ .̂ 
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Leptin seems to reflect the hormonal status in patients with breast cancer, 
as hyperleptinemia has been associated with elevated blood plasma 
concentrations of progesterone and estradiol, and high tissue levels of 
receptors for both estrogen and progesterone^''. While the laboratory findings 
suggest that leptin is involved in the growth of breast cancer cells, the 
epidemiological evidence is still inconclusive. 

2.2 Other Gynecological Cancers 

Leptin might be a potential regulator for ovarian cancer, as leptin 
receptors (both short and long isoforms) were identified in ovarian surface 
epithelium and ovarian cancer cell lines; in addition, administration of leptin 
resulted in growth stimulation of BG-1 cells, an activation of ERKl/2 and 
inhibition of constitutive phosphorylation of p38 MAPK^ .̂ In patients with 
ovarian cancer, increased leptin levels were reported, associated with higher 
circulating follicle-stimulating hormone (FSH)^^. A blood test based on the 
simultaneous quantification of leptin and three other analytes (prolactin, 
osteopontin, and IGF-I) was evaluated for the early detection of epithelial 
ovarian cancer ^̂ . While no single protein could distinguish the cancer group 
from the healthy controls, the combination of four analytes reached a 95% 
sensitivity, 95% positive predictive value, 95% specificity and 94% negative 
predictive value^^. In another gynecological cancer, namely endometrial 
cancer, the expression of aberrant leptin receptor has been reported along 
with elevated serum leptin ^̂ ' ^̂ . 

2.3 Prostate Cancer 

Leptin is a regulator of the reproductive function of the organism, 
promoting the actions of GnRH; thus it affects the production and activity of 
sexual hormones '̂ ' ''*' ̂ °. Sex steroid hormones, and particularly androgens, 
have been investigated in relation to the etiology of prostate cancer and 
especially the growth and progression of prostate cancer, but whether an 
association does exist between these hormones and prostate cancer has been 
difficult to demonstrate in epidemiological studies '̂"^^ Obesity, another 
factor that is characterized by alterations of the balance of sexual hormones, 
has also been examined as a potential risk factor for prostate cancer but the 
results are still inconclusive. 
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Prostate cancer cells DU 145 and PC-3 express mRNA for leptin 
receptors huOb-Ra and huOB-Rb '̂*'''̂ . As shown by in vitro studies, leptin 
acts as a growth factor for prostate cancer cells and it is also involved in the 
suppression of apoptosis, migration and angiogenesis ^̂ " ^̂ " '̂*"̂ .̂ Importantly, 
leptin seems to promote the growth of the androgen-independent prostate 
cancer cells (DU 145 and PC-3) but not of androgen-dependent cells 
(LNCaP-FGC); thus, this hormone could be involved in the development of 
hormone resistance in the natural history of prostate cancer^^. Moreover, it 
has been reported that interleukin (IL) 6 and IGF-I act in an additive way on 
leptin stimulation of cell proliferation, a mechanism that could contribute to 
the occurrence of androgen independence by prostate cancer cells *̂ ' ^̂ . 

While these laboratory studies point to the existence of a possible 
pathophysiological link between increased bioactivity of leptin and the risk 
of developing prostate cancer, epidemiological studies documenting the role 
of leptin in prostate cancer have reported conflicting results. Lagiou et al 
have found no significant association of leptin levels with a higher risk of 
prostate cancer or benign prostatic hyperplasia in elderly men. There was no 
correlation between serum leptin levels and estradiol, testosterone, sex-
hormone-binding globulin and IGF-l''^. Freedland et al reported no 
correlation between serum leptin and the pathological stage of prostate 
cancer among men treated with radical prostatectomy ''̂ . In contrast, Chang 
et al found higher levels of leptin in patients with tumors of large volume, 
while the levels of leptin were independent of testosterone^". Higher risk for 
prostate cancer was also found among Chinese men with a waist-to-hip ratio 
(WHR) higher than 0.87, suggesting that leptin may interact with markers 
related to abdominal obesity to increase the risk of prostate cancer^\ An 
association between moderately increased leptin levels and the development 
of prostate cancer was reported in a prospective study where blood samples 
were taken at the time when the subjects were free of disease^^. After 
investigating the consistency of these findings in a later study, however, the 
authors found no support for the hypothesis that elevated levels of circulating 
leptin are associated with overall increased risk of prostate cancer^^. 

The association between obesity, a situation characterized by high levels 
of leptin, and prostate cancer has been investigated in a number of 
epidemiological studies; however, there is no clear evidence to support a 
strong pathogenic link between obesity and prostate cancer. While the results 
of some of these studies support a higher incidence of prostate malignancy in 
obese people, other studies indicate no association or an inverse association 
with obesity ''''. There are some findings that the association between BMI 
and cancer risk might be age dependent and that people younger than 60 
years with a higher BMI might have a lower risk for prostate cancer possibly 
due to their lower androgen levels''^. 
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More consistent is the evidence concerning the relationship between a 
higher BMI and a more aggressive form of prostate cancer^'' '̂'' ^̂ . Taking 
into account in vitro observations that leptin may promote the androgen-
independent growth of prostate cancer^ '̂ ^̂  and the independence of leptin 
from testosterone levels ^^'''°, it is possible that higher leptin in obese people 
could contribute to the evolution of tumor cells into more aggressive 
androgen-resistant forms. Further studies are needed, however, in order to 
clarify the influence of leptin on both prostate cancer risk and the prognosis 
of this malignancy. 

3. LEPTIN AND GASTROINTESTINAL TRACT 
CANCERS 

3.1 Gastric Cancer 

Leptin is present throughout the gut, in the stomach and salivary glands 
and leptin receptors have been detected in gastric mucosal biopsies, cultured 
human gastric epithelial cells, and gastric cancer cells '̂'" ^^ Normal gastric 
cells in rodents and humans produce leptin ^̂ "̂ ^ and four isoforms of Ob 
receptors have been identified at this levef^. It should be noted that leptin 
remains stable even at pH 2, which supports the hypothesis that it has 
important paracrine and endocrine functions and the potential to reach the 
intestine in an active form '̂'''>''̂ . 

Gastric leptin seems to play a key role in the neuroendocrine regulation 
of satiety through vagal pathways^'. It may control meal size and the 
regulation of small intestine mobility through a positive feedback loop with 
cholecystokinin^ '̂̂ ^ and it may also help the cytoprotection of gastric 
mucosa '̂*. Leptin regulates the secretion of pepsinogen and of gastric 
hormones, such as gastrin and somatostatin, and it may also be involved in 
gut inflammatory processes^^' ^̂ . 

It was recently reported that gastric cancer cells exhibit strong expression 
of both leptin and receptors for leptin^^. In contrast to normal gastric cells 
where the Ob receptor is present in the progenitor zone cells, in gastric 
cancer tissues this receptor is present in the basement membrane of almost 
all cells. Leptin induces gastric cancer cell proliferation in vitro by activating 
janus kinase/signal transducer and activator of transcription (JAK-STAT) 
signaling pathways and increasing ERK2 phosphorylation in gastric cancer 
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cells; thus, blocking these pathways can be seen as a potential therapeutical 
measure that would inhibit the proliferation of gastric carcinoma cells^^. 

Helicobacter pylori (H. pylori) chronic infection is a component cause of 
gastric adenocarcinoma^^. The expression of gastric leptin is increased in 
patients with chronic gastritis due to H. pylori, as shown by the analysis of 
surgically resected human stomach tissues and biopsy specimens^^' ^̂ . This 
probably reflects the involvement of gastric leptin in the immune and 
proinflammatory processes at this level. H. pylori infection seems also to 
decrease serum ghrelin, another adiposity signal ^°. These alterations could 
increase the risk of carcinogenesis in patients with H. pylori infection. 

Clinical studies have reported a significant decrease in serum leptin 
concentrations in patients with advanced upper gastrointestinal cancer ^̂ "̂ .̂ It 
has been suggested that the concentrations of serum leptin might be directly 
related to cancer cachexia, thus serum leptin would have the potential of 
being a reliable parameter for assessing nutritional status in patients with 
neoplasm^^. There is increasing evidence, however, that the decrease in 
serum leptin is independent from the weight loss, as this finding was 
observed in gastric cancer patients with and without weight loss^ '̂ •̂'. 
Circulating leptin concentrations in patients with cancer do not seem to be 
influenced by the presence of an inflammatory response, as no correlation 
was found with the levels of interleukin 6 and C-reactive protein'"*' '^. In 
cachexia, chronic high growth hormone and low insulin levels may play an 
important role in the inhibition of leptin secretion and weight loss'^. 

3.2 Colon Cancer 

Leptin and its Ob-Rb receptors have been identified in human colon cells, 
colonic epithelial crypts, polyps, colonic tumor resections, and adjacent 
mucosa'^.The contribution of leptin to the proliferation and migration of 
normal human colonic epithelial cells has been demonstrated in vitro^^' 
'^.This hormone is also involved in the repair of inflamed or wounded 
digestive mucosa, as well as the healing of colon anastomosis in rats^^. 

Epidemiological evidence supports the role of obesity and high fat diet in 
colon cancer but the mechanisms remain unknown'^. High-fat diet increases 
serum leptin and there are findings in support of the theory that enhancement 
of colon cell proliferation and carcinogenesis by high fat diet may be 
mediated through elevated serum leptin'"""'"'. 

An elevated risk of carcinogenesis due to increased levels of IGF-I and 
insulin in obesity has been proposed^". Serum leptin levels are increased in 
obese people, who seem to develop resistance to leptin^^. Hyperleptinemia 
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may contribute to stimulation of cellular proliferation and inhibition of 
apoptosis, and promotion of angiogenesis. However, the exact involvement 
of leptin in carcinogenesis remains largely unknown. 

Colon cancer cells exhibit receptors for leptin^ '̂ '°^' '°^. As indicated, 
findings from a number of in vitro and in vivo studies support the hypothesis 
that leptin promotes the proliferation of colon cancer cells through its 

1 no 1 r\'x 

involvement in cellular growth, cell migration and angiogenesis ' . Leptin 
acts via the stimulation MAPK activity and nuclear factor-kappaB (NF-KB) 

pathway to promote the proliferation of these cells and their invasive 
capacity at early stages of neoplasia'^' '°''' '°'*. It inhibits the apoptosis of 
colon cancer cells and it has been reported that it counteracts the inhibitory 
effect of sodium butyrate on the proliferation of HT-29 colon cancer cells^°^ 

Hirose et al reported that hyperleptinemia and hyperinsulinemia enhance 
azoxymethane-AOM induced premalignant lesions of the colon in db/db 
mice'°^. A recent study exploring the in vitro effect of leptin on the 
proliferation of human colon cancer cells and in vivo on the growth of HT-29 
xenografts in nude mice and the development of intestinal tumors in 
ApcMinZ-i- mice, found a leptin-dose dependent stimulation of cell DNA 
synthesis and growth in all cell lines. Hyperleptinemia, however, was not 
correlated with an increase of tumor volume or weight and tumor Ki-67 
index was even inhibited'"^. Furthermore, the reduction of the development 
of the initial precancerous lesions induced by azoxymethane by leptin has 
also been reported in the rat colonic mucosa'"^' '°^. 

In clinico-epidemiological studies, higher serum leptin levels have been 
associated with a three fold higher risk for colon cancer among men, while 
no association with rectal cancer was reported. Leptin concentrations were 
more strongly associated with cancers of the left colon than those of the 
right'"^' '°^. It is worth noting that these studies examined prospectively the 
risk of colon cancer according to leptin levels in persons that were healthy at 
the time of blood sample collection. 

In contrast, case control studies comparing the levels of leptin between 
patients with colon cancer and healthy controls reported significantly lower 
serum leptin levels in patients'^'"°. It was suggested that leptin could act as a 
marker of cachexia/ weight loss in patients with cancer^^. However, the low 
levels of leptin were observed even though the BMI of the colon cancer 
patients were not different from that of the control group, while serum leptin 
levels of early-stage patients did not differ from those of advanced-stage 
patients, nor was there any difference in the serum leptin levels of patients 
who did and who did not receive chemotherapy''°. These findings indicate 
that, as with gastric cancer, there might be other mechanisms that could be 
involved in the body weight loss in patients with colon cancer. 
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3.3 Esophageal Cancer 

There is very little evidence on the role of leptin in the causation of the 
adenocarcinoma of the esophagus, cancer that has a rapid increase in its 
incidence, probably linked to the increase in the obesity. It has been reported 
that leptin increases the proliferation of Barrett's associated esophageal 
adenocarcionoma cell lines SEG-1 and BIC-1 by nonapoptotic mechanisms, 
but further research is needed'''. 

4. LEPTIN AND LEUKEMIAS 

Leptin is involved in the hematopoetic process as a promoter of normal 
myeloid and erythroid development"^. White blood cell count is correlated 
with body fat, thus with leptin, in humans"^. As part of the cytokine family 
along with interkeukins, leptin plays an important role in the regulation of 
immune function. It promotes the induction of T lymphocytes and 
monocytes/ macrophages (activation and proliferation), and the production 
of proinflammatory cytokines"'*"'^^. It also has a trophic effect on 
monocytes, preventing apopstosis via the p42/44 MAPK pathway "* and 
seems to play an important role in natural killer cell (NK) development and 
activation'^^. Leptin receptors (the isoform Ob-Ra) have also been identified 
on human polymorphonuclear neutrophils (PMN) where leptin seems to 
indirectly activate these cells via the induction of tumor necrosis factor alpha 
(TNF-alpha) and also to stimulate their chemotaxis"'' '̂ ''. 

Leptin is required for normal lymphopoiesis'^^. Reduced leptin levels due 
to nutritional deprivation cause a high susceptibility to infection, as this 
condition is associated with thymic atrophy "^' '̂ ''' '̂ .̂ Administration of 
leptin to mice has been shown to reverse this immunosuppressive effect of 
acute starvation; thus, leptin seems to link the nutritional status to immune 
function of the organism'^^. 

There is increasing evidence about the association of obesity, expressed 
as high BMI, with a higher risk for acute myeloid leukemia (AML)'^*, and 
particularly acute promyelocytic leukemia'^'. High BMI also appears to be a 
predictive factor for increased treatment-related toxicity and fatality in cases 
of leukemia'^". There is also some evidence about a higher risk for chronic 
myeloid leukemia and chronic lymphoid leukemia in obese people'^'"'^^. 
Leptin might be the link between obesity and these forms of leukemia, 
promoting the proliferation of leukemic cells and stimulating their invasive 
capacity. 
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Receptors for leptin have been identified in several myeloid and 
lymphoid leukemic cell lines'^'*'^^. Specific binding for leptin was identified 
in the cell lines K562, HEL, MOVE and CML6. In cases of chronic myeloid 
leukemia, there was a higher expression of mRNA for leptin receptors in 
blast crisis than in chronic phase. Interestingly, leptin receptor gene 
expression decreased in differentiated cells'̂ "*. 

Leptin has been shown to stimulate the proliferation of AML cells and to 
also have an anti-apoptotic effect'̂ ''"'̂ .̂ It increases the number of progenitor 
cells and spontaneous AML blast proliferation '•'̂ ' '̂ ^ as well as AML blast 
release of IL-lbeta, IL6, TNF-alpha and granulocyte-macrophage colony 
stimulating factor (GM-CSF)'^^. Interestingly, while normal promyelocytes 
lack receptor expression, leukemic promyelocytes express both short and 
long form of Ob-R isoforms'^^ The frequency of expression of receptors for 
leptin was found higher in recurrent than in newly diagnosed cases of 
A M L " ^ . In the light of these findings, the inhibition of binding of leptin to 
its receptors seems a possible adjunct therapy in AML '̂ .̂ 

An elevation of serum leptin levels in patients with AML compared to 
healthy controls was reported in a recent study and the difference was partly 
accounted for by the higher BMI of cases'^^. These findings are in line with 
the results of the in vitro observation concerning the implication of leptin in 
the pathogenesis of AML. On the contrary, no correlation or an inverse 
correlation of leptin levels with the risk of acute lymphoblastic leukemia 
(ALL) was reported '^'' ^'^. 

Increased serum level of leptin was reported in former ALL patients 
following cranial irradiation along with growth hormone deficiency''̂ '"''*^. 
These patients have an increased risk for developing obesity and insulin 
resistance, and a high cardiovascular risk''* '̂ ^'^^. Is seems possible that the 
development of leptin resistance could be an important pathogenic 
mechanism, since treatment with growth hormone does not change 
hyperleptinaemia, hyperinsulinaemia and the impaired insulin sensitivity 
144 
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It has been suggested that leptin resistance could be provoked by 
hypothalamic radiation at young ages ''*̂  but hyperleptinemia also occurs 
during treatment of ALL without cranial irradiation so there might be other 
pathogenic mechanisms besides the impaired response of hypothalamus to 
leptin''*'*. A polymorphism in the leptin receptor has been found to possibly 
influence the susceptibility to obesity in female survivors of childhood ALL 
and especially those submitted for cranial radiation''*^. 
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5. LEPTIN AND OTHER CANCERS 

Studies concerning the role of leptin in the causation of other cancers are 
scarce nor has there been, so far, hard evidence on whether its role is 
associated mostly with obesity-related cancers. Thus, in renal cancer, higher 
levels or leptin were correlated with a better prognosis'"* .̂ In patients with 
lung cancer, circulating leptin concentrations are not altered in weight-losing 
cancer patients and are inversely related to the intensity of the inflammatory 
response'''^. Notably, leptin receptors have also been identified in human 
pituitary adenomas''^^ 

6. CONCLUSIONS 

Obesity significantly contributes to the total burden of mortality from 
most forms of cancer. Steroid hormones, as well as insulin and insulin-like 
growth hormones seem to be involved in the biological process of 
carcinogenesis, however, the evidence concerning the exact involvement of 
these hormones is still inconclusive. Leptin, a hormone that is intimately 
linked to adipose tissue, has been incriminated as a contributing factor in 
carcinogenesis, studied mainly as a possible underlying mechanism, linking 
obesity with cancer. There is some evidence, however, that leptin may also 
be involved in cancers that are not related with obesity, such as gastric 
cancer but the underlying mechanisms are still obscure. 

Leptin has properties of a growth factor in different tissues, both 
physiological and malignant, and has been reported to have antiapoptotic 
effects and to promote cell invasiveness and angiogenesis. In vitro studies 
have shown that malignant cell lines, such as gastric, colon, prostate and 
breast cancer cells, as well as acute myeloid leukemic cells express receptors 
for leptin and respond in a dose-dependent way to the administration of 
leptin. In prostate cancer cells, leptin seems to contribute to the occurrence 
of androgen independence. Leptin may also play a role in the development 
of estrogen- independence in estrogen-receptor positive breast cancer, and it 
seems to interfere with antiestrogen therapy. If the two latter findings are 
confirmed, possible therapeutic solutions targeting leptin pathways, 
contributing to the improvement of prognosis of androgen-independent 
prostate or estrogen-independent breast tumors, could be sought. 

The evidence from clinico-epidemiological studies in support of the 
laboratory findings about the role of leptin in carcinogenesis, however, is 
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largely lacking. Elevated serum leptin levels seem to be associated with a 
higher risk for colon cancer among men. There is some evidence that the 
increased risk for AML in people with hyperleptinemia might reflect the 
action of leptin as a link between obesity and this forms of leukemia, 
promoting the proliferation of leukemic cells and stimulating their invasive 
capacity. In prostate cancer, epidemiological reports show that higher levels 
of leptin may be related to worse prognosis than to increased risk for 
developing the disease. Inconclusive are also the findings concerning the 
involvement of leptin in the carcinogenesis of the mammary gland. 

Another concern is that most of the clinico-epidemiological studies that 
have found an association are of case-control design and they have not 
adequately controlled for fat mass or other potential confounders. Although 
leptin increases IGF and has growth potential as summarized in this chapter, 
its effect seems permissive that it may exert its role only in the range of very 
low to normal leptin levels, with no additional effect in the range of normal 
to high leptin levels. Therefore, further studies with more robust 
epidemiologic design, preferably prospective cohort investigations, are 
needed to evaluate in a more specific way, hypotheses generated by 
laboratory data. 
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Abstract: Lipodystrophic syndromes consist of a heterogeneous group of disorders 
characterized by generalized or partial loss of adipose tissue, and are 
commonly associated with severe insulin resistance, diabetes mellitus, 
hyperlipidemia and hepatic steatosis. In women, other features may include 
acanthosis nigricans, hirsutism and oligomenorrhea. Inherited lipodystrophy 
first recognized more than one hundred years ago is rare, while acquired 
lipodystrophy associated with antiretroviral drug treatment now accounts for 
the majority of cases. Our understanding of the mechanisms underlying 
lipodystrophies has been enhanced by advances in molecular genetics, as well 
as studies in rodents and humans linking lipid and glucose abnormalities to 
deficiency of adipose secreted hormones, in particular leptin. This review 
focuses on the classification of human lipodystrophy, mouse models which 
resemble the human condition, metabolic and hormonal changes observed in 
this disorder, and the role of leptin in the pathophysiology and treatment of 
lipodystrophy. 

Key words: Adipose tissue; adipokine; leptin; adiponectin; fatty acid oxidation 
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1. INTRODUCTION 

Lipodystrophy in humans is characterized by distinctive patterns of 
adipose tissue loss that can be either inherited or acquired. Of the inherited 
lipodystrophies, currently there are four major classifications in which the 
molecular derangement has been identified. These are congenital 
generalized lipodystrophy (CGL), familial partial lipodystrophy - the 
Dunnigan variety and in association with PPARy gene mutations, and 
lipodystrophy associated with mandibuloacral dysplasia. The acquired 
forms of lipodystrophy are by far more common than the inherited ones. 
Acquired lipodystrophy is seen in association with protease inhibitor and 
other antiretroviral drugs used to treat the human immunodeficiency virus 
(HIV) infection. Additionally, patients with acquired partial and generalized 
lipodystrophy have been described, and appear to have an autoimmune 
etiology (reviewed by Garg^). Both inherited and acquired lipodystrophies 
are associated with varying degrees of insulin resistance, diabetes, 
hyperlipidemia, steatosis and neuroendocrine deficits. 

Mice have been generated that mimic fat loss, metabolic and hormonal 
abnormalities in lipodystrophy. As will be discussed later, the first 
indication that adipose derived hormones may be involved in the 
pathogenesis of metabolic derangement in lipodystrophy, came from the 
laboratory of Brown and Goldstein^. Infusion of recombinant leptin to attain 
physiological levels, partially reversed insulin resistance, diabetes and 
hyperlipidemia in a mouse model of congenital lipoatrophy^. This finding 
was subsequently confirmed in other lipodystrophic murine models and later 
in humans ^''. In the latter, leptin not only improved glucose and lipid 
levels, but also decreased hepatomegaly and restored deficits of the 
pituitary-gonadal axis. Here, we will discuss the classification of human and 
murine lipodystrophy, associated metabolic and hormonal abnormalities, and 
how lipodystrophy provides a paradigm for unraveling the role of leptin and 
various adipocyte hormones in the regulation of energy balance, 
neuroendocrine axis, glucose and lipids. 

2. INHERITED LIPODYSTROPHIES 

2.1 Congenital Generalized Lipodystrophy 

This autosomal dominant disorder was first described in the 1950s by 
Berardinelli and Seip'°. To date, about 250 patients have been identified 
with either type 1 or type 2 congenital generalized lipodystrophy (CGL). 
However, it is likely that many cases go undiagnosed and it has been 
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suggested that the worldwide prevalence of this disorder is nearly 1 in 10 
million, affecting people from various racial origins (reviewed by Garg'). 

Clinically, CGL patients have almost complete adipose tissue loss that 
results in a muscular appearance that is evident at birth. Additionally, a 
prominent navel or an umbilical hernia may be present. During childhood, 
affected children have an increased growth velocity, advancement of bone 
age and an insatiable appetite'"'". Subsequently, acanthosis nigricans 
appears in the axilla, groin, neck and truncal regions. Some affected female 
patients will develop clitorimegaly and polycystic ovarian syndrome. 
Additionally, these women have difficulty with conception. Conversely, 
fertility appears to be preserved in affected males. Other clinical features 
common to both types of CGL are hepatosplenomegaly, an acromegalic 
appearance and post-pubertal lytic lesions in the appendicular bones. A few 
patients have mild mental retardation and hypertrophic cardiomyopathy'"'"". 
The hepatomegaly observed in CGL is secondary to fatty infiltration and 
eventually leads to the development of a cirrhotic liver. As early as infancy, 
hypertriglyceridemia and hyperinsulinemia can be observed. Elevated 
triglyceride levels can result in recurrent episodes of pancreatitis. CGL often 
prediposes to a non-ketotic form of diabetes mellitus either during or after 
adolescence, and diabetic complications later on. 

Genetic mutations have been identified in the majority of the known 
kindreds with CGL, and form the basis for classifying affected individuals 
into three subtypes - Type 1 CGL, Type 2 CGL, and CGL without an 
identified genetic mutation'^'^ . Type 1 CGL has been associated with an 
abnormal l-acylglycerol-3-phosphate-O-acyltransferase 2 (AGPAT2) gene 
linked to chromosome 9q34'^''^. Five AGP AT isoforms are involved in the 
generation of triglycerides and phospholipids. AGP ATI is highly expressed 
in liver and skeletal muscle, while AGPAT2 is abundant in omental adipose 
tissue. It has been postulated that AGPAT2 deficiency results in a decrease 
in adipose triglyceride synthesis or secondarily causes a decline in the 
availability of phospholipids required for intracellular signaling and 
membrane functions. The depletion of triglyceride is manifest in adipocytes 
in bone marrow, subcutaneous, abdominal and intrathoracic regions, with 
sparing of adipose tissue depots that serve the purpose of cushioning or 
protection in the orbits, joints, palms, soles, perineum, vulva and perinephric 
regions". 

Conversely, patients with Type 2 CGL have adipose depletion in the 
above cushion areas as well as in metabolically active adipose tissues'". 
Mutations in the seipen gene or Berardinelli-Seip congenital lipodystrophy 2 
(BSCL2) gene on chromosome l lq l3 have been identified in affected 
kindreds with Type 2 CGL' '* '^. Phenotype-genotype studies in 45 affected 
kindreds revealed an early onset of diabetes with a mean age of 10 years'"*"'̂ . 
Moreover, Type 2 CGL patients were more likely to develop 
cardiomyopathy. Additionally, half of the Type 2 CGL patients were noted 
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to have mild mental retardation, which was not observed in patients with 
AGPAT2 gene mutations'^. This differential manifestation is consistent 
with increased expression of the seipen in the brain, suggesting a role of the 
gene in cognitive function. Leptin is significantly lower in Type 2 CGL 
females than Type 1 CGL, although there appears to be no difference in 
leptin levels among the men with either type of CGL. Moreover, lytic 
lesions in appendicular bones are primarily observed in patients with 
AGPAT2 gene mutations'^. 

2.2 Familial Partial Lipodystrophy - Dunnigan Variety 

Familial partial lipodystrophy (FPL) is an autosomal dominant 
disorder'^ Patients can be distinguished from those with CGL based on a 
normal fat distribution at birth and throughout childhood. Moreover, FPL 
patients rarely develop acanthosis nigricans or polycystic ovarian syndrome. 
With the onset of puberty, FPL patients begin to lose fat mass mostly from 
the arms and legs'^"^'. Women often develop a Cushingoid habitus as they 
gain excess central adiposity in the face, neck and abdomen'^. As the 
disease progresses, there is variable loss of adipose tissue from the chest and 
frontal abdominal region"'^". Given the overall muscular appearance, FPL is 
more difficult to diagnose in men than women. Metabolic derangements are 
also more frequently observed in females'^'^". Diabetes occurs after 20 years 
of age and has been associated with increased fat deposition in non-
lipodystrophic regions. High density lipoprotein (HDL) cholesterol is 
decreased and triglyceride is often elevated in these patients. Extreme 
elevations in triglyceride levels can result in episodes of acute pancreatitis'^' 
^'. Although steatohepatitis has been reported, secondary hepatic cirrhosis is 
rare. Elevated triglyceride levels are associated with increased extra-hepatic 
fat deposition, as manifested by loss of subcutaneous adipose tissue and 
increased abdominal and intermuscular fat deposition in the extremities on 
magnetic resonance imaging'^"^'. 

FPL-Dunningan variety has been linked to a missense mutation of the 
LMNA gene on chromosome lq21-22, which encodes lamins A and Ĉ "̂̂ .̂ 
Lamins belong to the intermediate filament family and function to stabilize 
the nuclear envelope and associate with chromatin. It has been suggested 
that LMNA mutations cause adipocyte loss and metabolic derangement by 
disturbing nuclear function, with subsequent cell death or alteration of 
interactions between lamin and transcription factors, e.g. sterol regulatory 
element-binding protein Ic (SREBPlc)^''^". Although this idea is supported 
by the fact that fibroblasts from affected patients show a chaotic nuclear 
lamina meshwork and aberrant nuclear blebbing, it is still not clear how 
these abnormalities lead to selective fat loss^ '̂̂ °. Moreover, studies have 
demonstrated no difference between lamin A and C expression in omental 
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adipocytes when compared to adipocytes from subcutaneous, abdominal or 
neckareas^'. 

2.3 Familial Partial Lipodystrophy - PPARy gene 
mutation 

Peroxisome proliferator-activated receptor (PPAR)-Y is a transcription 
factor critical to adipogenesis. A number of patients with missense 
mutations in PPARyh&VQ been identified^^"^ .̂ Phenotypically these patients 
have severe insulin resistance, hyperglycemia, hypertriglyceridemia and 
hypertension. An elderly patient heterozygous for Arg397Cys missense 
mutation was noted to be hirsute, with severe loss of subcutaneous adipose 
tissue in her arms, legs and face, and sparing of truncal adipose tissue '̂*. In 
contrast to CGL, the age of onset and pattern of adipose loss in PPARy 
mutation is less predictable. It has been proposed that the formation of a salt 
bridge between the arginine 397 position and glutamic acid 324 may be 
disrupted, but how this missense mutation of PPARy results in the 
lipodystrophic phenotype is unclear'̂ .̂ 

2.4 Lipodystrophy associated with mandibuloacral 
dysplasia 

Mandibuloacral dysplasia is a rare autosomal recessive diseasê "̂'*". In 
addition to lipodystrophy, these patients have hypoplasia of the mandible 
and clavicle, contractures, bird-like facies with dental abnormalities, mottled 
skin and alopeciâ "̂'*'̂ . Lipodystrophy may appear as the loss of subcutaneous 
fat in the arms and legs (type A), or a more global loss (type B). Some 
affected patients have been found to be homozygous for a LMNA mutation 
or compound heterozygous at the zinc metalloproteinase gene, which is 
involved in post-translational proteolytic processing of prelamin A'". 
However, other patients do not have mutations in either gene, suggesting 
that additional, unidentified loci are involved. As in other cases on 
lipodystrophy, lipid and glucose abnormalities are present in this disorder^ '̂ 
40 

2.5 Other Inherited Human Lipodystrophies 

A form of lipodystrophy that occurs in association with short stature, 
ocular depression, abnormal iris and corneal development, hyperextensible 
joints and delayed teething has been described'* .̂ These patients have 
normal fat distribution on the legs, but exhibit loss of fat from the face and 
arms, with sporadic truncal involvement. In neonatal progeroid syndrome. 
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affected individuals inherit a form of lipodystrophy in an autosomal 
recessive pattern characterized by near complete loss of subcutaneous 
adipose tissue, with gluteal and sacral sparing''^. 

ACQUIRED LIPODYSTROPHIES 

3.1 HIV Lipodystrophy 

Abnormalties in body composition, ranging from fat loss (lipoatrophy) 
in the periphery, and excess nuchal and abdominal adiposity, have been 
reported in a high as 40-50% of ambulatory HIV-infected patients receiving 
combination antiretroviral therapy'*'*''̂ . The prevalence may be even higher, 
depending on the group of patients, sex, age and race, as well as the type and 
duration of antiretroviral treatment'* .̂ Subcutaneous lipoatrophy is most 
prominent in the face, limbs, and buttocks but can also occur in the trunk. 
Central fat deposition often occurs in visceral fat. Excess adiposity may also 
be localized in the breasts and over the dorsal aspect of the neck, resulting in 
a "buffalo hump"'*'*. Fatty infiltration is often increased within the muscle 
and liver'* .̂ 

Prospective studies have demonstrated initial increases in limb fat 
during the first few months of antiretroviral therapy, followed by a 
progressive decline during the ensuing three years'* .̂ The type of 
antiretroviral drugs and duration of treatment are strongly associated with 
the severity of lipodystrophy'* '̂'* '̂'* .̂ Combination therapy with nucleoside 
analogue reverse-transcriptase inhibitors and a protease inhibitor is strongly 
associated with lipodystrophy"* .̂ Protease inhibitors are thought to induce fat 
loss by inhibiting sterol regulatory enhancer-binding protein 1 (SREBPl)-
mediated dimerization and activation of adipocyte retinoid X receptor 
(RXR) and peroxisome PPAR, and possibly PPAR coactivator l"*̂ . In vitro 
studies have shown that protease inhibitors prevent lipogenesis and 
adipocyte differentiation and enhance lipolysis'*^ 

Among the nucleoside analogues, stavudine is most commonly 
associated with lipodystrophy, especially when used in combination with 
didanosine (45). Nucleoside analogues may predispose to mitochondrial 
injury, and can also inhibit adipogenesis and differentiation, increase 
lipolysis and synergize with the toxic effects of protease inhibitors'*^. Older 
age, acquired immunodeficiency syndrome (AIDS) infection and reduced 
CD4+ cell count, all confer a higher risk of lipodystrophy. Increased 
circulating fatty acids and impaired fatty acid oxidation contribute to 
increased intramyocellular lipid content, hepatic steatosis and insulin 
resistance. 
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Hypercholesterolemia and hypertriglyceridemia is prevalent in patients 
receiving combination therapy of protease inhibitor, nonnucleoside reverse-
transcriptase inhibitor, and nucleoside reverse-transcriptase inhibitors. 
Typically, insulin resistance develops but without acanthosis nigricans, and 
rarely progresses to hyperglycemia'* . 

3.2 Acquired Partial Lipodystrophy 

Acquired generalized lipodystrophy (APL), also known as Barraquer-
Simons syndrome, is a rare disorder described in less than 300 patients of 
various ethnic backgrounds\ Affected individuals lose subcutaneous 
adipose tissue in a cephalo-caudal manner, i.e. from the face and upper 
extremities, during childhood and adolescence. In females, fat deposition is 
increased in the hips and legs. Interestingly, patients with APL seldom 
develop insulin resistance, diabetes and associated complications. However, 
about 20 percent of patients develop membranoproliferative 
glomerulonephritis within 10 years of APL onset. Others have developed 
various autoimmune disorders^ '^'. 

The majority of APL patients have low serum C3 levels with 
concomitant elevation of C3 nephritic factor, a polyclonal IgG^̂ '̂ '*. Other 
complement factors are normal. It is thought that C3 nephritic factor acts via 
adipsin (complement D) to cause adipocytes to lyse with subsequent 
development of APL. However, it is unknown what triggers the autoimmune 
reaction or why the APL does not affect the lower extremities. 

3.3 Acquired Generalized Lipodystrophy 

Similar to APL, patients who develop acquired generalized 
lipodystrophy (AGL) begin to lose subcutaneous adipose tissue during 
childhood and adolescence in the face and all extremities with sparing of 
retro-orbital and bone marrow fat̂ .̂ However, some individuals lose fat 
from their palms and soles. Many patients develop herald panniculitis 
characterized histologically by infiltration of adipocytes by histiocytes, 
mononucleated giant cells and lymphocytes^*. The healing of these lesions is 
associated with localized loss of adipocytes prior to more extensive losses, 
leading eventually to the AGL lipodystrophic phenotype. Curiously, 
panniculitis decreases the occurrence of diabetes and hypertriglyceridemia .̂ 
Another subset of AGL patients have associated autoimmune diseases, e.g., 
juvenile dematomyositis^^. Unlike APL, affected children may develop an 
increased appetite, acanthosis nigricans and hepatic steatosis. Cirrhosis has 
been reported as a late complication of steatohepatitis or autoimmune 
hepatitis in about 20 percent of patients^^. 
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4. LESSONS FROM MURINE LIPODYSTROPHY 

4.1 Congenital Murine Lipodystrophy 

Mouse models have been used to better characterize the metabolic 
derangements seen in human lipodystrophy, and further our understanding of 
the mechanisms that lead to its development. SREBPlc, is a member of the 
family of SREBPs that control transcription of enzymes involved in lipid 
biosynthesis^"'*. SREBPs are bound to membranes of nuclear envelope and 
endoplasmic reticulum, released by proteolysis in cholesterol deficient 
states, enter the nucleus and activate genes encoding enzymes that mediate 
synthesis of cholesterol and unsaturated fatty acids^^ Conversely, 
proteolysis of SREBPs is blocked and transcription of target genes declines 
when cells are filled with sterols^^ SREBPlc overexpression in 3T3-L1 cells 
enhances triglyceride accumulation and increases production of PPARy^ .̂ In 
mice, expression of a truncated dominant-positive nSREBPla whose 
transport is no longer regulated by nascent levels of cholesterol, results in 
free entry of SREBPla into the nucleus and tremendous amount of hepatic 
lipid accumulation secondary to overproduction of cholesterol and 
triglycerides^^ 

The laboratory of Brown and Goldstein developed mice that expressed 
a truncated nuclear form of SREBP (nSREBPlc) under control of the 
adipocyte-specific aP2 promoter^. The mutant protein lacked the membrane 
attachment domain, and hence entered the nucleus unregulated^. Adipocytes 
failed to develop normally in nSREBPlc transgenic mice^. These mutant 
mice demonstrated a phenotype similar to CGL early during postnatal 
development, with severe loss of adipocytes, runted appearance, enlarged 
abdomen and hyperinsulinemia^. Between 7 and 12 weeks of age, the 
nSREBPlc transgenic mice had marked organomegaly involving the liver, 
spleen, pancreas and abdominal lymph nodes. Linear growth was normal. 
Grossly, the transgenic livers appeared pale and weighed twice that of the 
wild-type controls. White adipose tissue (WAT) was deficient and 
intrascapular brown adipose tissue (BAT) appeared enlarged, was infiltrated 
by WAT and weighed slightly more than wild-type animals^. Histologic 
examination of nSREBPlc transgenic livers revealed infiltration by neutral 
lipids^. Epididymal adipocytes from the transgenic mice were small with 
eosinophilic cytoplasm and a single unilocular vacuole. Furthermore, there 
was significant reduction in expression of genes involved in adipocyte 
differentiation, e.g. C/EBPa, PPARy, adipsin and leptin, while the 
preadipocyte marker Pref-1, as well as TNFa, was increased^. 

The nSREBPlc transgenic mice had approximately 60 times higher 
insulin levels than wild-type, profound insulin resistance and hyperglycemia 
(glucose >300 mg/dl) that was not reversed by insulin treatment. Since 
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insulin-mediated glucose uptake was apparently normal in isolated soleus 
muscles, they proposed that the in vivo insulin resistance may be due to 
deficiency of a circulating factor involved in glucose uptake. Leptin was a 
candidate since the expression in adipose tissue was reduced by 90% and 
circulating levels were 6 times lower than wild-type^. Thus, as had been 
reported in congenital leptin deficiency, they investigated whether leptin 
replacement would reverse the metabolic derangements in nSREBPlc 
transgenic mice^. As predicted, restoration of leptin via chronic 
subcutaneous infusion for 12 days reversed the hyperlipidemia, 
hyperglycemia and insulin resistance in nSREBPlc transgenic mice^. 
Although leptin decreased food intake resulting in a modest decrease in 
weight, the effect on glucose and lipids was independent, since food 
restriction could not reproduce the same effect on glucose and lipids^. 

Moitra et al.̂ ^ expressed a dominant-negative protein, termed A-ZIP/F, 
under the control of the aP2 enhancer/promoter, resulting in prevention of 
the DNA binding of B-ZIP transcription factors of both the C/EBP and Jun 
families. A-ZIP/F-1 transgenic mice had no WAT and drastically reduced 
BAT^ .̂ Although there was initial growth delay, the weight was normal by 
12 weeks^^. The liver was severely steatotic in A-ZIP/F-1 transgenic mice, 
and they were hyperinsulinemic, diabetic and had elevated free fatty acids 
and triglycerides. Leptin was also decreased^^ . Transplantation of wild-type 
fat reversed the hyperglycemia, lowered insulin levels, and improved muscle 
insulin sensitivity in A-ZIP/F-1 mice. Moreover, hyperphagia, hepatic 
steatosis, organomegaly and elevated triglyceride and fatty acid levels were 
either partially or completely reversed by transplantation of wild-type 
WAT^'. In contrast, adipose tissue transplantation using Lep*'* fat had no 
effect on the phenotype of lipoatrophic A-ZIP/F-1 mice, suggesting that a 
secreted factor, likely leptin, was responsible for the improvement in 
metabolic profile^^. In support of this idea, leptin infusion lowered insulin 
and glucose, and reversed lipid accumulation in the liver and various 
organs^^. 

Adiponectin is an adipose-specific protein whose expression is 
decreased in insulin resistance and obesity^°. Adiponectin production is 
stimulated by insulin sensitizing thiazolidinediones. Administration of 
adiponectin in rodents improves lipids by stimulating fatty acid oxidation 
and decreases insulin resistance by reducing triglyceride content in muscle 
and liver. Since adiponectin is decreased as a result of adipocyte loss in A-
ZIP/F-1 mice, it was proposed that this may contribute to the observed 
metabolic derangement^'. Administration of adiponectin in A-ZIP/F-1 mice 
reversed hyperglycemia, hyperinsulimia, hyperlipidemia and diabetes^'. 
Importantly, the combination of physiological doses of adiponectin and 
leptin was more effective than either adiponectin or leptin alone^'. 

Interestingly, a low-dose of leptin administered via the lateral cerebral 
ventricle corrected the insulin resistance, hyperlipidemia and steatosis in 
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lipodystrophic aP2-nSREBP-lc mice, while the same dose given 
peripherally did not̂ .̂ Central leptin suppressed stearoyl-CoA desaturase-1 
(SCD-1) RNA and enzymatic activity, in parallel with reduction in lipid 
levels and hepatic steatosis^^. Furthermore, central leptin treatment improved 
insulin-stimulated phosphorylation of the insulin receptor, insulin receptor 
substrate 2 (IRS-2), IRS-2-associated PI-3-kinase and Akt activities in liver, 
suggesting that the effects of leptin on glucose and lipid metabolism 
occurred through a central neuronal, likely hypothalamic, mechanism^^. 

4.2 Acquired Murine Lipodystrophy 

The mechanisms of antiretroviral drug-induced lipodystrophy and its 
adverse effects have been explored in micê "̂̂ .̂ In rodents, ritonavir 
treatment increases triglyceride and cholesterol levels through increased 
fatty acid and cholesterol biosynthesis in adipose and liver. Ritonavir 
treatment also results in hepatic steatosis and hepatomegaly, and reduction in 
leptin* '̂̂ ''. These abnormalities, which are profound after feeding a high fat 
(Western) diet, are due at least in part to accumulation of the activated forms 
of SREBP-1 and -2 in the nucleus of hepatocytes and adipocytes, and 
enhanced expression of lipogenic geneŝ '̂̂ '*. This murine model has been 
used to investigate whether leptin replacement therapy alleviates the 
ritonavir-induced metabolic abnormalities^^. As predicted, chronic 
intraperitoneal injection of leptin significantly reversed the elevated plasma 
cholesterol level induced by ritonavir, and decreased hepatic steatosis, in 
part by reducing activation of SREBPl^^. 

Chronic treatment with ritonavir in mice decreases adiponectin and 
increases plasma triglyceride, fatty acids and cholesterol*^. Importantly, 
adiponectin replacement therapy ameliorates these ritonavir-induced 
metabolic abnormalities, partly by reducing the synthesis of fatty acids and 
triglyceride, and stimulating fatty acid oxidation in liver* .̂ However, 
adiponectin had no effect on ritonavir-induced hypercholesterolemia and 
hepatic cholesterol synthesis''^. 

In contrast to previous studies that found no effect of ritonavir on body 
fat, chronic ritonavir treatment has been shown to induce whole body 
lipoatrophy in male mice, loss of gonadal fat depot in females, and increased 
triglyceride levels in both genders*''. Interestingly, this model was not 
associated with liver abnormalities. In contrast to leptin and adiponectin in 
the preceding studies, treatment with the PPARa agonist gemfibrozil and 
PPARy agonist rosiglitazone, did not alleviate the hypertriglyceridemia or 
lipoatrophy in ritonavir-treated male mice*''. 

The Scherer laboratory has recently described a lipoatrophic mouse 
model, FAT-ATTAC, where apoptotic death of adipocytes is induced 
through targeted activation of caspase 8*̂ . The transgenic mouse develops 
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normally, but death of adipocytes can be induced at any developmental stage 
by administration of a FK1012 analog that leads to the dimerization of a 
membrane-bound, adipocyte-specific caspase 8-FKBP fusion protein^^. 
Within 2 weeks of dimerizer administration, FAT-ATTAC mice show a near 
depletion of adipocytes, and profound reduction in leptin, adiponectin, 
resistin and various adipokines. FAT-ATTAC mice become glucose 
intolerant, have diminished basal and endotoxin-induced inflammation, and 
are less responsive to glucose-stimulated insulin secretion''''. The FAT-
ATTAC mice are hyperphagic, consistent with leptin deficiency. 
Importantly, adipocyte can be recovered upon cessation of treatment, thus 
providing a unique reversible model for studying lipoatrophy^^. 

5. LEPTIN AND HUMAN LIPODYSTROPHY 

Based on the murine lipodystrophic studies described earlier. Oral et al.̂  
examined the effect of leptin replacement in lipodystrophic patients. In the 
initial study, nine female patients (age range, 15 to 42 years; eight with 
diabetes mellitus) who had lipodystrophy and leptin concentrations less than 
4 ng/ml, received recombinant methionyl-human leptin subcutaneously 
twice a day for four months at escalating doses to achieve physiologic 
replacement^ During treatment, the serum leptin increased from a mean of 
1.3 ± 0.3 to 11.1 ± 2.5 ng/ml. The glycosylated hemoglobin value decreased 
significantly in the eight patients with diabetes. Moreover, triglyceride levels 
decreased by 60% over four months, and the liver volume by 28%. All nine 
patients were able to discontinue or decrease their antidiabetic treatment. 
Importantly, leptin was more effective than plasmapheresis, which was the 
standard care. 

In a subsequent study, Petersen et al.* showed that chronic leptin 
treatment improved insulin-stimulated hepatic and peripheral glucose 
metabolism in lipodystrophic patients. This improvement in insulin action 
was the result of reduced hepatic and muscle triglyceride content. As is the 
case with congenital leptin deficiency, the low leptin level in lipodystrophy 
is also associated with abnormalities of the neuroendocrine axis. Thus, Oral 
et al. ^̂  inquired whether hormonal abnormalities seen in lipodystrophic 
patients could be reversed by replacement of leptin^ .̂ Seven lipodystrophic 
female patients (ages 15-42 years), all diabetic and with serum leptin levels 
less than 4 ng/ml were treated with recombinant methionyl-human leptin in 
physiological doses in an open-labeled study. While on recombinant leptin, 
the mean serum leptin concentration increased from 1.3 ± 0.3 to 11.1 ± 2.5 
ng/ml. Four of five patients who had intact reproductive systems had 
irregular menstrual cycles before leptin therapy, which were restored by the 
fourth month of leptin therapy. Estradiol concentrations increased 3-fold on 
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leptin therapy''^ Moreover, leptin replacement attenuated the gonadotropin 
response to LHRH, suggesting a central action^^ In this particular study, 
leptin had no significant effects on the thyroid or adrenal axes^ .̂ 

A longer term study on the effects of leptin replacement on pituitary 
hormones was conducted''^. Ten females and 4 males with generalized 
lipodystrophy were treated with human leptin in physiologic doses in an 
open-labeled study for 8 to 12 months '. In the females, serum free 
testosterone decreased, sex hormone binding globulin increased, and 
luteinizing hormone responses to LHRH were more robust after therapy, 
especially in the youngest patients''^. Eight of ten patients had amenorrhea 
prior to therapy and developed normal menstrual cycles after leptin therapy. 
Among the males, serum testosterone tended to increase although not 
significandy, and the LH response to LHRH did not show significant 
changes. Importantly, five additional hypoleptinemic male subjects 
underwent spontaneous pubertal development without leptin therapy. In both 
genders, insulin-like growth factor increased but there were no differences in 
growth hormone, thyroid, or pituitary-adrenal axis following leptin therapy. 
As expected, glycemic parameters and lipids improved in response to 
leptin^ . Together, these diata indicate that leptin is not absolutely required 
for pubertal development in lipodystrophy, but exerts a permissive effect on 
menstrual cycles by restoring LH pulsatility. 

There have been recent reports on the long-term (6-12 months) effects 
of leptin on energy balance in generalized lipodystrophy '̂̂ '̂ ^"^ .̂ Leptin 
significantly decreased glucose and glycosylated hemoglobin, triglycerides, 
total and LDL cholesterol. HDL was unchanged. Liver volumes were 
significantly reduced, indicating reduction in steatosis. Importantly, leptin 
significantly reduces transaminases and hepatocellular ballooning injury 
seen in non-alcoholic steatohepatitis™. Decreases in appetite, increased 
satiety and reduction in total body weight and fat content, have been seen 
with chronic leptin treatment^^. However, in contrast to rodents, leptin 
decreases resting energy expenditure^. 

6. LIPODYSTROPHY AND OBESITY: METABOLIC 
PARADOX LINKED TO LEPTIN? 

The survival of mammals requires an ability to maintain energy balance 
in the face of an unpredictable food supply^^ We consume more calories per 
meal than is required for immediate metabolic needs, and the excess is 
stored for use during fasting^^. Adipose tissue plays a crucial role in survival 
by providing an almost limitless capacity for energy storage in the form of 
triglyceride. The fall in leptin during fasting acts as a critical starvation 
signal by stimulating hyperphagia and reducing energy expenditure, mainly 
through the suppression of thyroid thermogenesis, reproduction and 
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immunity '̂*. In its most extreme form, total leptin deficiency in Lep°^'°^ mice 
or leptin insensitivity in Lep/^'"^^ mice, results in voracious feeding, morbid 
obesity, hypothalamic hypogonadism, and suppression of thyroid and growth 
hormones, and the immune system^ .̂ Similarly, the loss of adipocytes in 
lipodystrophy is associated with varying degrees of hyperphagia, central 
hypogonadism and immunodeficiency\ In both cases, leptin treatment 
reverses these abnormalities, mainly by binding to the long receptor (LRb) in 
hypothalamic and other CNS regions, activating the Jak-STAT signal 
transduction pathway, and inhibiting the expression of orexigenic 
neuropeptides, e.g., neuroeptide Y (NPY) and agouti-related peptide 
(AGRP). In contrast, anorexigenic peptides, e.g. a-melanocyte stimulating 
hormone (MSH), derived from proopiomelanocortin (POMC) and cocaine 
and amphetamine-regulated transcript (CART), are increased by leptin^^. 
Additionally, leptin exerts a permissive effect on reproduction by acting at 
all levels of the hypothalamic-pituitary-gonadal axis^*. 

Studies in rodents have shown that leptin-replete normal and 
especially DIO animals are relatively insensitive to leptin". Hyperleptinemia 
and resistance to exogenous leptin treatment in DIO is not due to leptin 
receptor defects, but may involve impairment of leptin transport across the 
blood-brain barrier or leptin signaling, e.g. through the induction of 
suppressors of cytokine signaling (S0CS)-3''''. Importantly, there are 
similarities between the metabolic derangements of "common" diet-induced 
obesity and those associated with lipodystrophy and congenital leptin 
deficiency, such as insulin resistance that may progress to diabetes, 
hyperlipidemia and steatosis, i.e. an increase in lipid accumulation in liver, 
muscle and other organs^^. The latter may induce lipotoxicity through 
oxidative damage, and has been implicated in cardiovascular complications 
and pancreatic islet failure^^. Lipotoxicity in the pancreas and 
cardiomyocytes results from an increase in ceramide formation via 
condensation of unoxidized palmitoyl CoA and serine, catalyzed by the 
enzyme serine palmitoyl transferase. In rodents, the increased ceramide is 
associated with upregulation of inducible nitric oxide synthase, leading to 
increased nitric oxide and peroxynitrite formation, generation of reactive 
oxygen species and apoptotic death^^ 

This paradox of metabolic similarities between extremes of adiposity 
phenotypes, i.e. lipodystrophy and obesity, has led to the idea that a major 
function of leptin is to induce compensatory oxidation of surplus fatty acids 
in non-adipose tissues^^. Leptin stimulates the oxidation of fatty acids 
through activation of 5'-AMP-activated protein kinase (AMPK), a sensor of 
cellular energy status^^ (Fig. 1). The fall in ATP:ADP ratio during fasting or 
stress leads to an increase in AMP, which activates AMPK by binding to two 
tandem domains on the gamma subunits of AMPK, causing phosphorylation 
of AMPK by the tumor suppressor LKB1. Once activated, AMPK switches 
on catabolic pathways that generate ATP, while switching off ATP 
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consumption*". Activation of AMPK potently stimulates fatty-acid oxidation 
in liver and muscle by inhibiting the activity of acetyl coenzyme A 
carboxylase (ACC). Leptin selectively stimulates phosphorylation and 
activation of the a2 catalytic subunit of AMPK leading to inhibition of ACC 
activity, thereby stimulating the oxidation of fatty acid*' (Fig. 1). The latter 
is also augmented by leptin's ability to increase sympathetic nervous activity 
through regulation of AMPK in the hypothalamus*^. Likewise, adiponectin 
has been demonstrated to stimulate fatty acid oxidation and reduce glucose 
through activation of AMPK and subsequent inhibition of ACC^\ 

The severe lipid and glucose abnormalities in lipodystrophy may be 
attributed to three factors: (i) loss of adipocytes and hence normal lipid 
storage capacity, (ii) diminished fatty acid oxidation as a result of deficiency 
of leptin, adiponectin and as yet unknown insulin-sensitizing adipocyte 
hormones, and (iii) increased nutrient load from overeating as a failure of the 
satiety effect of leptin. Ectopic lipid deposition in muscle and liver is well 
known to reduce insulin signaling, as well as attenuate insulin secretion from 
P-cells^*. The critical role of leptin has been confirmed by its ability to 
inhibit feeding, stimulate lipid oxidation and enhance insulin sensitivity. On 
the other hand, the fact that transplantation of adipose tissue from Lep°'°'°'° 
mice does not reverse the metabolic phenotype in lipodystrophic mice 
suggests that the diminished lipid storage capacity per se is not a critical 
determinant of lipid and glucose dysregulation'*. 

As with lipodystrophy, the liver in DIO is exposed to a high nutrient 
load, and the hyperinsulinemia induced by the high carbohydrate and lipid 
content of food upregulates lipogenic transcription factors in the liver, 
increasing the expression of their lipogenic target enzymes. This raises the 
hepatic production of very low-density lipoproteins (VLDL), which deliver 
fatty acids throughout the body. The mechanisms for decompensation of 
antilipotoxic protection in DIO appear to involve decreasing leptin 
sensitivity, perhaps in combination with insufficient leptin production^^. 
Ultimately, leptin resistance and relative hypoleptinemia in DIO culminate 
in a reduction in fatty acid oxidation, increased lipid deposition, insulin 
resistance and diabetes^^. Although the precise pathways are poorly 
understood, aging and DIO in rodents provide some clues*^ For example, 
aging rats are less sensitive to leptin action in the brain and peripheral 
tissues, which results in increased visceral fat deposition*^. SOCS-3 is 
increased in the leptin-unresponsive adipocytes of aged rats, and may 
mediate the age-related obesity, lipotoxicity, insulin resistance and diabetes. 
However, in contrast to total leptin deficiency in Lep°^'°'° and leptin 
resistance in Lepr^^'^^, some response to leptin is maintained even in long
standing DIO. Thus, the degree of lipid and glucose elevation and steatosis 
in DIO is never as severe as Lep""'"" or Lepr*'* ^̂  (Figure 1). 
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Figure 1. Regulation of lipids by leptin in normal, lipodystrophic and congenital leptin-

deficient (ob/ob) states. Leptin activates AMPK, leading to reduced activity of ACC, which 

blocks the formation of malonyl CoA. Malonyl Co A is critical substrate for fatty acid 

synthesis, as well as an allosteric inhibitor of carnitine palmitoyacyltransferase (CPT)-l, 

which mediates mitochondrial oxidation of fatty acids. By lowering malonyl CoA, leptin 

maintains appropriate fatty acid oxidation, preventing lipid accumulation in liver and other 

peripheral tissues, hence lipotoxicity and organ dysfunction is prevented. When leptin action 

is lacking in lipodystrophy and particularly congenital leptin deficiency, AMPK activity is 

diminished, leading to high level of ACC activity, and generation of malonyl CoA. Fatty acid 

synthase (FAS) levels and activity are enhanced, CPT-1 activity is reduced, and more 

triglyceride is formed than oxidized, thus raising the levels of fatty acyl CoA (FA CoA) and 

triglyceride in liver, muscle, pancreatic islets and other tissues. Steatosis results in 

lipotoxicity, insulin resistance and diabetes. 
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7. CONCLUDING REMARKS AND MAJOR ISSUES 
TO BE ADDRESSED IN THE FUTURE 

Leptin clearly has dramatic effects on appetite, glucose, lipids and 
reproductive function in lipodystrophy. A large body of evidence is 
emerging to support the hypothesis that leptin functions as an anti-steatotic 
and insulin-sensitizing hormone, by acting through hypothalamic neuronal 
circuits and mediating the activation of AMPK in peripheral tissues. While 
the metabolic consequences of generalized lipodystrophy are unlikely to be 
entirely attributable to low levels of leptin, the clinical response to leptin 
therapy has been most effective so far. Future studies must determine 
whether leptin can act in concert with adiponectin to increase lipid 
catabolism and enhance insulin response, as is the case in mice. Leptin 
replacement also deserves to be tested in patients with HIV lipodystrophy, to 
determine whether the abnormalities of fat distribution and metabolism can 
be prevented or reversed. Finally, lipodystrophy offers a unique model for 
understanding the role of adipose tissue as an endocrine organ. Similarities 
with the "metabolic syndrome" associated with obesity could be explored to 
better understand how adipocyte hormones and other secreted factors act on 
adipose tissue, the brain and other organs, leading to a coordinated 
regulation of energy balance, neuroendocrine and immune function. 
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Abstract: Soon after the discovery of the mouse ob gene and the characterization of 
leptin as its hormonal product, intensive research has defined many of the 
molecules physiological properties. Early research indicated that the molecule 
exhibited a rhythmic variation akin to that of other hormones. More detailed 
investigation revealed puisatility as a key feature of this hormone's rhythm. 
The pattern of secretion is very closely tied to that of other hormones in a 
manner that is highly indicative of mechanistic interactions. The rhythms of 
leptin are altered in disease states or physiological imbalances. Gender and 
body weight may alter the quantities of hormonal secretion, but do not seem 
capable of disrupting the intrinsic nicto-hemeral rhythm, which is surprisingly 
stable across wide ranges of subjects and body weight. This chapter reviews 
the dynamics of daily variations in leptin levels. 

Key words: leptin, circadian, rhythm, pulsatile, ultradian, diurnal 

INTRODUCTION 

Plasma leptin levels are highly organized and pulsatile, with significant 
ultradian and diurnal variation in spite of the fact that leptin is secreted by 
widely dispersed adipocytes. Such fluctuations of plasma leptin 
concentrations are biologically relevant.'"^ At first glance, it may be difficult 
to conceptualize adipose tissue as an endocrine gland. Unlike other tissues, 
which are regulated by finely orchestrated feedback mechanisms; fat 
deposits are not under the influence of any single predominant control. 
Circulating leptin levels have been shown to suffer the influence of diverse 
physiological, experimental and pathological conditions.^"'" Soon after the 
isolation of the mouse ob gene and the characterization of leptin as its 
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protein product, different groups proposed a rhythmic pattern of secretion for 
the hormone. This was rapidly characterized and particularities in its 
circadian rhythm were further explored. Today much is known about the 
diurnal rhythm of the hormone's secretion and its pulsatility. 

Circulating leptin concentrations exhibit a diurnal pattern, with a mid-
morning nadir and a nocturnal peak that typically occurs between midnight 
and 2 am in subjects consuming meals on a regular schedule.'' The largest 
increase of leptin is observed approximately 4 to 6 hours after each meal. 
Pulses of secretion are observed throughout the day provided adequate 
sampling techniques are used. Mechanisms regulating endogenous leptin 
secretion are the subject of considerable research efforts. Alterations in the 
secretion pattern of the hormone have emerged as a promising field of study 
and may translate into a more thorough understanding of the 
pathophysiology of illnesses such as obesity and its metabolic complications. 
This chapter aims to review the scientific advances achieved over this topic. 

2. DIURNAL AND ULTRADIAN OSCILLATIONS 

Most hormones have diurnal and ultradian oscillations, which are 
distinctive characteristics. Several mechanisms that modulate the amplitude 
and frequency of pulsatile and oscillatory hormonal release have been 
described." Leptin secretion has a periodicity similar to those previously 
reported for other hormones. The most important ones include modulation 
by feedback of peripheral signals and modulation by the central nervous 
system. 

Circulating leptin concentrations normally exhibit a diurnal pattern, with 
a mid-morning nadir and a nocturnal peak that typically occurs between 
midnight and 2 am in subjects consuming meals on a regular schedule.'' The 
diurnal pattern is not present in fasting subjects and, in fact, leptin 
concentrations will decrease and remain low until food is ingested.'^ The 
diurnal pattern of leptin secretion does not appear to be directly related to the 
circadian rhythm of the hypothalamic-pituitary-adrenal axis because the 
timing of the nocturnal leptin peak is shifted by the timing of meal 
consumption, independently of any effects on circulating Cortisol 
concentrations.'^ The largest increase of leptin is observed approximately 4 
to 6 hours after each meal, and the consumption of high-carbohydrate meals 
increases the entire 24-hour leptin profile relative to consumption of high-fat 
meals.'"* 

Because leptin is secreted by widely dispersed fat cells, it was not 
initially apparent that such secretion would be highly pulsatile with ultradian 
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and diurnal rhythms organized like those of any other hormone. We 
hypothesized that the fat cell was an endocrine organ just like other 
endocrine glands such as the pituitary, thyroid, and adrenals, and if that was 
indeed the case, leptin secretion would be highly organized. 

To test that hypothesis, we developed a highly intensive 24-h sampling 
paradigm with blood collections at every seven minutes resulting in 207 data 
points through the 24-h period. Using this approach our group^ discovered 
leptin pulsatility and also demonstrated that minute-to-minute variations in 
plasma leptin concentrations are in inverse relation to pituitary-adrenal 
function. Analysis of the pulse parameters of total circulating leptin with 
Cluster, a well-validated, computerized pulse-detection algorithm developed 
by Johnson & Veldhuis,'^ showed a mean pulse frequency of 32 
pulses/24hours. Pulse duration was 32.8 minutes, with an average interpeak 
interval of 43.8 minutes. The average pulse height was 5.94 ng/ml, 
representing a 133% increase over baseline. We also analyzed the same data 
using the program Detect, an independently derived peak-detection 
algorithm.'^ The Detect algorithm identified 39.4 pulses/24hours, which 
agrees with the mean Cluster estimate of 32.0 pulses/24hours (Fig. la); 
Detect identified a pulse height of 6.69, which also agrees with the mean 
Cluster estimate. The Pearson correlation of individual pulse height 
estimated by Cluster and independently by Detect was highly significant. 
(Fig. 1) 

Using a less intense sampling protocol, Sinha and colleagues 
independently confirmed the diurnal and/or ultradian oscillations of plasma 
leptin concentrations.'* Previously, their group had demonstrated a nocturnal 
rise of leptin secretion in humans that could be related to appetite 
suppression during sleep.^ In that study it was demonstrated that in addition 
to nightly rhythms of leptin secretion, ultradian oscillations of leptin 
secretion exist. Even with the less than optimal blood sampling protocol 
used, leptin pulses were detected during 24 hour periods (number of pulses: 
3.25). Subsequently, they utilized blood samples, which were obtained 
every 15 minutes over a 12-hour period during oscillatory glucose infusion 
following an overnight fast. With this blood sampling protocol, additional 
evidence about the pulsatile nature of leptin secretion in humans was 
evidenced. During 12-hours, the number of leptin pulses was 4.2, which 
clearly underestimates true leptin pulsatility, due to insufficient sampling. 
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Figure 1. a, Number of leptin pulses assessed with Cluster (white) [16] and Detect (black) 
[15]. b, Pulse height assessed with cluster (x-axis) and Detect (y-axis) (r=0.9998; p< 8 x 10-8, 
Pearson correlation), c, Assessment of leptin pulse numbers in data sets corresponding to 
sampling every 7, 14, 21, 28, 35, 49 and 56 min, assessed by Cluster, d. Comparison of leptin 
levels and pulse parameters in two Caucasian women. Subject A is a normal-weight control 
and subject B is obese. Figure is from ref [2], with permission. 
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We demonstrated that leptin pulse parameters may be accurately 
ascertained only with frequent sampling. To examine the extent to which 
sample interval affected our ability to accurately estimate leptin pulse 
parameters, we created surrogate data sets in which leptin levels were listed 
every 7, 14, 21, 28, 35, 42, 49 and 56 minutes. Cluster analysis was applied 
to each surrogate data set. We showed a dramatic loss in the detection of 
pulsatility with each increasing sampling interval (Fig. Ic, above). When 
samples are taken every 28 minutes, we observed an 81.8% loss in the ability 
to ascertain the number of pulses as compared with sampling every 7 
minutes. We concluded that because leptin pulses are short, lasting 32.8 
minutes, rapid sampling is required to characterize the true pulsatile 
parameters of leptin in humans. It is possible that by sampling more 
frequently than every 7 minutes we might have detected additional, short 
pulses. Our data reflects true pulsatility of endogenous leptin levels: 
however, one should bear in mind that pulse parameters are dependent not 
only on the intrinsic pulsatility of leptin, but are also limited by the 
sensitivity of the sampling protocol and by the detection limit and the 
coefficient of variation of the assays. 

Because the pulse duration of leptin is relatively short (32.8 min), we 
could only determine that leptin levels in humans were highly pulsatile by 
using rapid plasma sampling (Fig. Ic). Sinha reported ultradian fluctuations 
in leptin levels.'' However, their less frequent sampling, as predicted in our 
surrogate data sets (Fig. Ic), lead to the observation of far fewer pulses. 
Moreover, their correlations between number of oscillations, BMI, fasting 
leptin levels, and absolute amplitude might be secondary to infrequent 
sampling. Frequent sampling is required to fully characterize leptin 
pulsatility in humans. In our sample of healthy men there was no association 
between ages, BMI, mean 24-hour leptin concentrations, and pulse 
numbers/24-hours. These findings opened the door to a new area of 
investigation aimed at the identification of humoral and neuronal signals that 
regulate rapid fluctuations in leptin secretion or clearance. Leptin seems to 
have the capacity to regulate highly pulsatile systems, such as the 
hypothalamic-pituitary-gonadal (HPG) and hypothalamic-pituitary-adrenal 
(HPA) axis. The pulsatility of leptin might not be as profound as that of 
other hormonal systems; nevertheless, pulsatility can affect hormonal 
bioactivity. The maximal biologic activity of exogenous luteinizing 
hormone-releasing hormone (LHRH) has been shown to require pulsatile 
secretion. Women who fail to ovulate due to idiopathic hypogonadotrophic 
hypogonadism, amenorrhea related to low weight, organic pituitary disease 
or polycystic ovaries can ovulate and become pregnant provided this 
hormone is exogenously administered in a pulsatile pattern.''' Infertility in 
men with oligospermia can also be treated by Pulsatile LHRH Therapy.'^ 
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These can be explained by the fact that to increase transcription of the 
LHRH receptor and gonadotropin subunits genes in vitro and in vivo a 
pulsatile gonadotropin-releasing hormone stimulus is required'^'^°; for such 
reasons the hypothalamic LHRH pulse generator is recognized as the 
reproductive core.^' For growth hormone (GH), there are differential effects 
after pulsatile and continuous administrations. Pulsatility is essential for the 
maximal stimulation of somatomedine-C/insulin-like growth factor 1 and 
subsequent growth, but continuous exposure to GH is required for the 
upregulation of hepatic GH receptors.̂ '̂̂ ^ 

To access specific alteration in leptin pulsatility in obesity, we conducted 
a pilot study comparing leptin pulsatility in two Caucasian women, one 
obese [body mass index (BMI) = 43.6 kgW] and one with normal body 
weight (BMI=20.5 kgW). Both subjects were studied at the same phase of 
the menstrual cycle. The 24-hour average leptin level was seven times higher 
in the obese individual (63.03 vs. 9.34 ng/ml) (Fig. Id). Concentration-
independent pulsatility parameters, such as pulse number/24 hours, pulse 
duration, inter-peak interval, and pulse height, expressed as the percent 
increase from baseline, were almost identical in the two women. Both also 
exhibited statistically significant diurnal variation in circulating leptin levels. 
Using the 8:00-12:00 period as baseline, we found that leptin levels 
increased significantly during the 20:00-00:00 and 00:00-00:4:00 time 
periods in the two women. These results show that, in obesity, the diurnal 
architecture of leptin was maintained (albeit in higher concentrations)^'* 
(Fig. 2) 
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Figure 2. Estimated 24-h profiles of plasma and leptin in lean and obese subjects. Mean 
hormone levels are plotted as circles. The semiparametric linear mixed-effects model, across-
subject prediction is drawn as a solid line. Dashed lines trace out the prediction's approximate 
95% confidence interval. Sleep period is noted by a black strip. Figure is from ref. 24, with 
permission. 
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3. RHYTHM CONTROL 

The mechanisms that regulate endogenous leptin secretion are the subject 
of considerable research efforts. Diurnal leptin rhythmicity does not seem to 
be controlled by the endogenous circadian clock. Schoeller and colleagues'^ 
have shown that day/night reversal produced a rapid phase shift that was 
dissociated from the change in Cortisol. Meal time and insulin seem to play a 
major role, because delaying meals for 6.5 h caused peak leptin levels to 
move forward by A-l}^ Other hormones that show diurnal changes and can 
influence plasma leptin, such as neuropeptide Y^̂ , corticosteroids^^, and 
catecholamines^^, could also modulate its diurnal rhythm. In addition, 
circulating leptin is bound to one or more binding proteins^^'^' that may 
modulate its plasma pattern. 

Insulin may be the major determinant of leptin secretory pattern. 
Although several studies showed that insulin infusions for 2-10 h had no 
effect on plasma leptin concentration '̂̂ °"^ ,̂ Saad et al.̂ ^ showed that 
physiologic insulin concentrations can increase plasma leptin by 
approximately 50% and that such an effect takes 2-3 h to become evident. 
Other studies showed that insulin or glucose are capable of increasing leptin 
concentrations 4-6 hours after infusion.^'' Therefore, it is plausible, that 
increases in leptinemia that become apparent in the afternoon and during the 
night are caused by postprandial insulin increases. Conversely, the nocturnal 
post-absorptive diminution in insulinemia could cause a decline in 
leptinemia that becomes manifest in the early morning hours. In this manner, 
insulin could influence the nicto-hemeral tidal magnitude of serum leptin. 
Meanwhile, postprandial insulin excursions could cause fluctuations in 
plasma leptin, which are reflected as episodic pulsations. This is supported 
by the occurrence of prominent leptin pulsatility 2-3 h after meals. Thus, the 
insulin secretory pattern seems to modulate the 24-h leptin profile. 
However, the hypothesis that such an association might be an artifact of 
infrequent sampling cannot be ruled out. Future studies employing intensive 
sampling methods have to be undertaken to confirm the association among 
insulinemia, obesity, and patterns of leptin pulsatility. 

Endogenous glucocorticoids do not seem significantly related to 
circulating leptin levels. A study measured plasma leptin levels in ten 
patients with Gushing's disease both before and after curative surgery. 
Serum leptin levels remained unchanged 10 days after the resection of the 
ACTH-secreting adenoma. Plasma ACTH levels were reduced to 1/15* of 
their preoperative values and Cortisol to I/IO"". Administration of exogenous 
corticotropin-releasing hormone (CRH) before surgery and 10 days after 
surgery resulted in no changes of plasma leptin levels when measured up to 
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Figure 3. Simultaneous fluctuations in leptin, ACTH and Cortisol levels (a). Each 

measurement is expressed as variability, defined as a percentage of individual 24-h averages, 

using the formula: variability at time t= (hormone level at time t/24-h individual average 

level) X 100. Lines show averages for the six male subjects at each time point; black, leptin; 

gray, ACTH; and dashed, Cortisol. The left-hand y-axis shows leptin levels expressed as 

variability or percent of average, and the right-hand y-axis shows ACTH and Cortisol levels 

expressed as variability or percent of average. Pearson correlations of simultaneous 

fluctuations in leptin, ACTH and Cortisol collected from the six men at 7-min intervals for 24 

h are expressed as log of variability (b, c and d). There is a highly significant positive 

correlation between the instantaneous variability in plasma ACTH and Cortisol levels (b), 

indicating that an increase or decrease in ACTH levels is accompanied by similar changes in 

Cortisol levels (r=0.906; p< 10-9). There is a highly significant correlation between 

simultaneous leptin and ACTH (c), indicating that an increase or decrease in leptin levels is 

accompanied by opposite changes in ACTH levels (r=0.651; p< 10-9). Likewise, there is a 

highly significant negative correlation between the simultaneous variability in plasma leptin 

and Cortisol (r= 0.764; p< 10-9). Figure is from ref. 2, with permission. 



Pulsatile and diurnal leptin rhythms 255 

2-hours after intravenous CRH injection. Thus, severe clianges in the levels 
of ACTH and Cortisol have no impact on basal leptin levels.'° 
In animal models, exogenous leptin administration has been shown to 
suppress starvation-induced HPA activation. This effect establishes 
hypothalamic neuro-endocrine regulation as a component of leptin-mediated 
adaptive changes during the stress of starvation.''^ In a protocol taking 
frequent samples of ACTH, Cortisol and leptin we showed that fluctuations 
in the 24-hour patterns of circulating human leptin are the inverse that of 
ACTH and Cortisol (Fig. 3a). We have shown a strong positive Pearson 
correlation between the 24-hour patterns of variability in ACTH and Cortisol 
levels (r= 0.906; p<10" .̂ Fig. 3b) and a highly significant negative Pearson 
correlation between the variability in leptin and ACTH levels (r=0.65I; 
p<10" ,̂ Fig. 3c) and Cortisol levels (r=0.764; p<10'', Fig. 3d). The absence of 
a suppressive effect of glucocorticoids on the levels of circulating leptin 
leads us to suggest that one of the CNS effects of leptin might be the acute 
suppression of HPA function. 

4. SEX DIFFERENCES IN CIRCULATING HUMAN 
LEPTIN 

Sex differences in fasting basal plasma levels of leptin have been 
identified across a broad spectrum of age, body mass indexes (BMIs), and 
body fat composition in both rodents and men.̂ *"'*̂  

Approximate entropy (ApEn), a statistic that distinguishes random 
variation from orderly structure, shows that certain hormones have a strong 
sex contrast in the orderliness or regularity of their release processes.''^ 
ApEn is a model-independent regularity statistic developed to quantify the 
orderliness of sequential measures'''̂ , such as hormonal time series. To assess 
sex-related differences in ApEn of leptin levels our group conducted a 24-h 
blood collection study in women and men. The respective profiles are shown 
in Fig. 4. 
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Figure 4. Frequently sampled 24-h profiles of total plasma leptin concentrations in men and 
women. The top panel sliows absolute levels, which are higher in women throughout the 24-h 
period. The bottom panel shows leptin levels normalized and expressed as variability, defined 
as a percentage of the individual 24-h averages, using the formula: variability at time t = 
(hormone level at time //24 h individual average level) x 100. Figure is from ref 51 with 
permission. 

Women and men had 24-h leptin levels with both ultradian and 24-h 
variability. Raw leptin levels were consistently higher in women than in men 
throughout the 24-h period; however, were expressed as variability over 24-h 
averages, the 24-h leptin profiles of women and men showed no significant 
difference. All subjects showed evidence of diurnal periodicity in 24-h leptin 
levels as assessed by two different procedures. Periodicities in the two sexes 
were similar and approximated 4-10 h in women and 4-12 h in men. 
Ultradian rhythms had amplitudes greater than randomly shuffled leptin time 
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series at P < 0.05. Moreover, when leptin levels were normalized, expressed 
as percent variability, and averaged in women and men by 4-h intervals 
starting at 08:00 h, we showed a clear and statistically significant 24-h 
pattern in both sexes, with no significant differences at each 4-h interval. 
Both women and men had a nadir of leptin levels during the 08:00-12:00 h 
period and highest levels during the 00:00-04:00 h period. 

As the leptin gene is expressed in fat cells, leptin levels vary as a 
function of body fat. However, female sex is associated with higher leptin 
levels, independent of adiposity. The studies conducted to date have used far 
fewer measures of leptin dynamics and are limited by infrequent sampling. 
Several studies, however, have indicated that for equivalent levels of 
adiposity, serum leptin is higher in females, both in rodents as well as in 
humans. Leptin levels have been shown to reflect total body lipid content, as 
assessed by carcass analysis, in normal and transgenic mice across a broad 
range of body lipid content; importantly, at any body fat content, female 
mice have higher leptin levels than males.^^ Similarly, in humans, leptin 
levels are a direct function of adiposity, but with considerable individual 
variation. Four large studies combining a total of 654 individuals reported 
that women have higher fasting leptin levels than men regardless of BMI, 
adiposity, and body fat composition.''̂ "'''''''̂  Likewise, studies in 1691 
children have shown sex dimorphism of fasting plasma leptin concentrations 
independent of body fat distribution. In a study with 112 lean and obese 
children and adolescents, Lahlou and colleagues'" observed a strong 
correlation between leptin levels and BMI, but for any level of normal or 
elevated BMI, leptin concentrations were higher in girls than in boys. 
Likewise, the study by Hassink et al. of 77 normal weight and obese children 
(mean age, 11.3 yr/^, the study by Blum et al. of 713 children (312 boys and 
401 girls; age range, 5.8-19.9 yr/^, and the study by Garcia-Mayor et al. of 
789 children (343 girls and 446 boys; age range, 5-15 yr)''̂  showed that girls 
have increased leptin concentrations when compared to boys, independent of 
adiposity. 

Interestingly, this pattern is already evident in newborns. Leptin levels 
measured in cord blood are 63-90% higher in girls than in boys despite 
similar leptin concentrations in the plasma of their mothers''^''^: such sex 
differences in fetal leptin levels are very likely to reflect genetic differences 
between females rather than body fat content or distribution or reproductive 
hormone status. However, it must be noted that an independent study could 
not replicate the observed sex dimorphism in leptin levels in newborns.^' 

Saad et al. conducted a 24-h study with sampling every 20 min for 
measurements of glucose, insulin, and leptin in lean and obese males and 
females.^^ In that study, plasma leptin profiles were higher in obese than in 
lean subjects and higher in women than in men regardless of fat mass. Leptin 
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showed diurnal rhythmicity, with peaks between 2200-0300 h (median, 
01:20 h) and nadirs between 0800-1740 h (median, 10:33 h). The relative 
diurnal amplitude also was higher in men than in women, controlling for 
adiposity. 

Within a normal range of BMI, women have higher leptin levels than 
men̂ '̂̂ "̂''̂ ''*̂ ''*̂ "''̂ , and we find that this difference is due solely to higher 
leptin pulse amplitude. All other concentration-independent and frequency-
related pulsatility parameters, as well as diurnal variation and ApEn have 
been repeatedly found to be the same in women as well as in men.^' 
Elevations in circulating levels of leptin have been reported to result from 
accelerated secretion rates of the peptide from adipose tissue due to 
increased leptin gene expression.^^ Those findings would lead us to suggest 
that individual bursts of leptin may contain more leptin molecules in women 
than in men. Assuming similar plasma leptin half-lives are the same in both 
sexes, we infer that there may be sex dimorphism in the production of leptin; 
to maintain normal body weight women appear to require a higher leptin 
output per pulse. This would indicate that women may be more resistant to 
the actions of leptin than men. Interestingly, all diseases that affect body 
weight (obesity, major depression, anorexia nervosa, bulimia nervosa, and 
binge eating disorder) are more common in women than in men. Does 
women's increased resistance to leptin in comparison to men predispose then 
to disorders characterized by disruption of mechanisms that regulate body 
weight? Future work should address this important clinical research 
question. A careful review of all existing data on sex dimorphism in leptin 
concentrations indicates that genetic factors may be of importance, 
independent of body fat composition and hormonal milieu^ '̂ '*'• ^̂  Thus, the 
sex differences in circulating plasma leptin pulse amplitude, resulting in 
higher 24-h leptin concentrations in women than in men without alterations 
in oscillator mechanisms and the orderliness (ApEn) of the leptin secretion 
process could be attributed to the combined effects of genetics, body fat 
distribution, and sex steroid levels. 

5. EXAMPLES OF LOSS OF PATTERN 

Dramatically increased fasting leptin concentrations as well as increased 
plasma levels of a number of other hormones and inflammatory mediators, 
including Cortisol and interleukin-6 have been reported in studies of patients 
with sepsis.̂ "*"̂ * Increased leptin levels in some of these patients were 
accompanied by a complete loss of the typical diurnal pattern of leptin 
secretion.^'' There is some evidence that the administration of cytokines, 
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such as tumor necrosis factor-alpha^^ and interleukins^^ or 
glucocorticoids'^'^" can increase circulating leptin levels. 

Individuals with severe burns have features typically observed with the 
administration of leptin in animals, including anorexia and an increased 
metabolic rate. In contrast to septic patients, leptin levels in burn injury 
individuals are in the normal to low range. However, septic patients as well 
as burn victims lose the normal diurnal pattern of circulating leptin levels. 
Although the implications of these findings are not clear, they suggest that 
factors other than leptin control the anorexia related to bum injury. The loss 
of the diurnal leptin pattern most likely results from a combination of the 
continuous nutritional supplementation and the significant degree of insulin 
resistance observed in burned patients. There is a chance that changes in the 
timing of the feeding regimen, in order to better approximate to normal meal 
times, could reproduce meal-induced insulin and glucose excursions and 
therefore normalize the diurnal pattern of circulating leptin concentrations.^' 

Spiegel et al, in a recent study demonstrate that sleep duration plays an 
important role in the regulation of human leptin levels and diurnal variation. 
The comparison of leptin profiles in the same subjects studied with 4-h, 8-h, 
and 12-h bedtimes revealed that daytime and nighttime leptin levels and the 
amplitude of the diurnal variation decrease when sleep duration is restricted 
in the absence of changes in body weight. Relative to a fully rested condition 
(12-h bedtimes), 6 days of 4-h bedtimes in healthy young subjects were 
associated with a 26% decrease in maximal leptin levels.^^ 

6. CONCLUSION 

The pulsatile and rhythmic pattern of leptin secretion has already been 
well characterized. Our group and others have provided strong evidence 
indicating that plasma concentrations peak at approximately two times the 
values observed at nadir measurements, and that the endogenous rhythmicity 
of leptin is dependent on secretion pulses. Frequent sampling techniques are 
crucial for the appropriate determination of these pulses. Inconsistent results 
are most commonly the result of improper sampling protocols, and better 
data can be obtained once this common study limitation is overcome by 
frequent sampling, as the quality of data seems to increase exponentially 
with the frequency samples are taken. Future research in this area should be 
built on past advances, including optimal sampling. 
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LEPTIN IN FARM ANIMALS 
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Abstract: The recently discovered protein, leptin, which is secreted by fat cells, 
has been implicated in regulation of feed intake, energy balance and the 
neuroendocrine axis in rodents, humans and large domestic animals. 
The leptin receptor which has been cloned and is a member of the class 
1 cytokine family of receptors is found in the brain and pituitary and 
numerous peripheral tissues. The interaction of leptin in energy 
metabolism, feed intake regulation, growth and immune function in 
domestic animals is reviewed. Preadipocyte recruitment and 
subsequent fat cell size and leptin gene expression are regulated by 
such hormones as insulin and Cortisol and its interactions. Leptin serves 
as a metabolic signal that acts on the hypothalamic-pituitary-ovarian 
axis to enhance GnRH and LH secretion and ovarian function. 

Key words: leptin; reproduction; hormone; metabolism; nutrition; adipocyte 



264 Chapter 14 

1. INTRODUCTION 

The recently discovered protein, leptin, is a 16 kD protein consisting 
of 146 amino acids which is synthesized primarily by adipose tissue and is 
secreted into the bloodstream after cleavage of the 21 amino acid signal 
peptide. Leptin impacts feed intake, the neuroendocrine-axis, metabolism 
and immunological processes.'"^"' Leptin was first identified as the gene 
product found deficient in the obese ob/ob mouse.'' The hypothalamus 
appears to be the primary site of action, since leptin receptors are located 
within hypothalamic areas associated with control of appetite, reproduction 
and growth.^'' Discovery of leptin has improved our understanding of the 
relationship between adipose tissue and energy homeostasis.^"' Increased 
leptin production by adipose tissue and rising levels of triglyceride stores in 
adipose tissue could serve as a signal to the brain, to decrease food intake 
and to increase energy expenditure and resistance to obesity.^ Moreover, 
when energy intake and output are equal, leptin reflects the amount of stored 
triglycerides in adipose tissue. Thus, leptin may serve as a circulating signal 
of nutritional status or lipostat, first proposed by Kennedy in 1953.^ 
Furthermore, leptin may act as an important regulator of appetite, energy 
metabolism, body composition and reproduction. The intent of this review 
is to examine the biological role of leptin in farm animals with reference to 
other species. 

2. RELATIONSHIP OF LEPTIN WITH 
PERIPHERAL M E T A B O L I S M 

In comparison to rodent or human leptin, our knowledge of the function 
of leptin in peripheral metabolism in domestic animals is limited by a lack of 
depth in the number of studies for each species. This review is confounded 
by an inability to perform comparative analyses across ruminant and non-
ruminant mammals and birds due to the significant differences in 
physiology, endocrinology and metabolism. Therefore, this review is 
divided according to species. 

2.1 Leptin Administration 

2.1.1 Feed intake 

Experiments using leptin administration can delineate whether or not 
leptin can affect metabolism and perhaps give clues to how metabolic 
activity can be altered. Additionally, these studies provide information on 
the integrated response of a number of tissues. In vivo administration 
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demonstrates that leptin can impact a number of metabolic processes 
resulting in alteration of growth. 

As mentioned elsewhere in this review, injection of leptin into the central 
nervous system of domestic species has been demonstrated to inhibit feeding 
behavior in swine^, chickens^" and fish", although no effect in ruminants has 
been detected.'^'^ Initial experiments with leptin used the route of central 
administration due to the lack of available recombinant protein and the 
exorbitant cost for the protein. Several recent studies have demonstrated that 
peripheral administration of leptin can inhibit feed intake in swine'̂ '̂ '*, 
chickens'^ and fish." Binding and transport across the blood brain barrier 
has been demonstrated in sheep'^, swine'^ and rabbits^^ however this does 
not exclude the potential for peripheral leptin signals to feedback upon 
central mechanisms for feed intake regulation, as leptin receptor mRNA has 
been detected in numerous peripheral tissues of cattle'^, poultry '̂̂ '̂ ^ sheep^ 
and swine.^ 

2.2 Adaptive Metabolism 

Numerous adaptive changes occur within metabolically important tissues 
with the peripheral administration of leptin. Peripheral leptin treatment may 
alter hormone secretion''*'̂ '̂̂ ,̂ metabolite concentrations''''''*, neonatal 
skeletal growtĥ "*, gut development^^, thermoregulation^^, ovarian 
function^ '̂̂ ^ and blood flow^^ as described in studies with domestic animal 
species. These shifts in physiology reflect changes in various metabolic 
activities, including lipid metabolism, protein metabolism, carbohydrate 
metabolism, steroid metabolism and heat production. The mechanisms 
responsible for these metabolic shifts cannot truly be gleaned from in vivo 
studies but require in vitro experiments to assess the specific function of 
leptin in metabolism. 

2.2.1 Lipid Metabolism 

Peripheral injection of leptin into fasted swine can inhibit the feeding 
response''', thereby producing a depression in blood glucose and insulin 
concentrations with an elevation in plasma free fatty acid and growth 
hormone (GH) concentrations. The role of the hypoglycemia to produce an 
increase in serum free fatty acids cannot be excluded. However, Ajuwon et 
al.'^ clearly demonstrated that serum free fatty acids are elevated in swine 
following chronic peripheral treatment with a leptin analogue, without a 
change in blood glucose. Furthermore, Reidy and Weber^° have reported 
that peripheral leptin administration increases in vivo lipolysis and fatty acid 
oxidation in rabbits, which indicates that leptin stimulation of lipolysis could 
contribute to the reported elevation in serum free fatty acids in swine. 
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Experiments using explant culture liave demonstrated that leptin 
increases lipolytic rates in subcutaneous adipose tissue of swine'^'^'. This 
appears to be through a specific stimulation in lipolysis and also through 
suppressing insulin inhibition of lipolysis.^' Fruhbeck et al.̂ ^ demonstrated 
that leptin antagonizes the inhibitory action of adenosine on the rat 
adipocyte, thus suggesting that the mechanism for leptin stimulation of 
lipolysis is through inhibition of receptor-coupled inhibitory G protein (Gi), 
which elevating adenylate cyclase activity. Similar experiments using sheep 
adipose explants could not detect any effect of ovine leptin on lipolysis^ ; 
however this may have been the consequence of problems with the 
recombinant ovine leptin as it could not produce any second messenger 
response." 

The peroxisome proliferator activated receptor (PPAR) family of proteins 
contribute to the regulation of lipid metabolism '̂*, including lipolysis.''^ 
Ajuwon et al.'^ examined the in vivo and in vitro responses of the PPAR 
family of proteins to leptin treatment. While leptin stimulated lipolysis, no 
changes in PPARa were detected; the PPAR was associated with changes in 
lipolytic rate.̂ ^ However, PPARy was affected by leptin treatment, with an 
elevation in the in vitro expression of PPARyl. Although no metabolic role 
has been specifically identified for this PPAR, it may contribute to 
enhancement of overall insulin sensitivity of the adipocyte.^^ This would 
imply that leptin may contribute to an enhancement of insulin sensitivity 
through promoting the expression of PPARyl. However, leptin inhibits 
insulin's actions on lipolysis as mentioned above. 

Insulin promotes lipid synthesis in porcine adipocytes, but at a more 
moderate level than in humans or rodents.^^ Leptin was demonstrated to 
inhibit insulin-stimulated lipid synthesis, thus reducing the rate of lipid 
synthesis.̂ '̂•̂ ^ Cohen et al."*" reported that leptin induces dephosphorylation 
of IRS-1, thus antagonizing insulin's actions and providing a potential 
mechanism for leptin's inhibition of lipogenesis. Further studies are 
necessary to elucidate how leptin binding impacts insulin signaling 
mechanisms in swine. These studies indicate that the inhibitory effects at 
the insulin receptor level may preclude the actions of leptin at the level of 
PPARy to enhance insulin sensitivity. Even without the use of insulin, leptin 
can inhibit lipid synthesis within adipose tissue^^''^, reducing endogenous 
fatty acid synthesis by up to 23% in primary cultures.''^ 

The esterification of fatty acids is another mechanism for accretion of 
lipid within adipocytes. Leptin has been demonstrated to inhibit fatty acid 
esterification.^ '̂̂ ^ However, it is uncertain if this inhibition of fatty acid 
incorporation into lipids is the consequence of inhibition of acyl CoA 
synthetase, diacylglycerol acyltransferase or other enzymes regulating 
triglyceride synthesis, or whether the inhibition is with glycerol phosphate 
acyltransferase. The role of leptin in regulating the metabolism of fatty 
acids through esterification has not been characterized. 
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The combination of a stimulation of lipolysis and an iniiibition of 
lipogenesis and fatty acid esterification would indicate that leptin promotes 
the partitioning of energy away from adipose tissue and toward utilization by 
other tissues, such as the liver, skeletal muscle or the mammary gland. 
Experiments utilizing muscle cell lines (C2C12) have demonstrated that 
porcine leptin can stimulate fatty acid oxidation'*', similar to the effects of 
murine leptin on skeletal muscle,''̂ "'*'' by activating 5'-AMP-activated protein 
kinase which phosphorylates and inactivates CoA carboxylase.'*^ 
Interestingly, no changes in key oxidative enzymes (citrate synthase, p-
hydroxyacyl-CoA dehydrogenase) were detected in mouse skeletal muscle, 
leading to the suggestion of a potential increase in fatty acid flux through the 
mitochondrial membrane with carnitine palmitoyltransferase I as responsible 
for leptin-induced fatty acid oxidation.'*^ This still requires specific 
examination. Steinberg et al.'*'* reported that leptin inhibits fatty acid 
translocase and fatty acid binding protein expression at the plasma 
membrane, resulting in an overall reduction in fatty acid transport of 45% in 
red fibers and 80% in white fibers of Sprague-Dawley rats. Therefore, the 
fatty acids oxidized in muscle may not originate from extracellular sources, 
through leptin stimulation of the repartitioning of fatty acids from adipose 
tissue. Rather, de novo lipogenesis may provide the source for the majority 
of fatty acids that are oxidized in skeletal muscle.'*'' This raises the question, 
where are the elevated plasma NEFA utilized in leptin-treated animals. 

A second major site of fatty acid utilization is the mammary gland. 
Unfortunately no studies have been performed to determine whether uptake, 
esterification or oxidation of fatty acids is promoted by leptin. However, 
fatty acid synthesis within the bovine mammary gland is stimulated by 
leptin, but only in the presence of prolactin which also stimulates expression 
of the leptin receptor.''^ 

2.2.2 Amino Acid Metabolism 

Chronic in vivo leptin treatment has been demonstrated to reduce feed 
intake sufficiently to produce negative energy balance, yet the loss of body 
nitrogen reserves are disproportionately small relative to the loss of adipose 
mass in rodents.'* '̂̂ ' Ajuwon et al.̂ ^ reported that exogenous leptin 
treatment decreases blood urea nitrogen relative to pair fed control swine, 
suggestive of a protein sparing effect. Acute (3 h) in vivo analysis of protein 
turnover could not detect any effect of a single injection of leptin on protein 
synthesis or breakdown in the rat^^ however, that experiment could have 
been affected by the brevity of the treatment. Protein synthesis was 
inhibited by leptin in muscles isolated from these rats by approximately 16% 
during acute (30 minute) in vitro experiments, while protein degradation and 
proteolytic enzymes were unaffected.^^ Incubation of naive rat skeletal 
muscle with leptin had no effect on protein synthesis, indicating that the 
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effect of in vivo leptin treatment may be an indirect action of leptin on rat 
skeletal muscle. In contrast to the effect on rat skeletal muscle, leptin 
promotes protein synthesis in embryonic chick muscle cell cultures, while 
high doses (1000 ng/ml) inhibit protein synthesis in embryonic chick 
hepatocyte cultures. '̂* These contradictory effects on protein synthesis may 
be a consequence of methodology or species specificity. 

Analysis of protein synthesis and breakdown in murine C2C12 myogenic 
cell cultures demonstrated that leptin does not affect total muscle protein 
synthesis but can inhibit protein breakdown in C2C12 cells, even under 
conditions which maximize proteolysis."*' These data appear to contradict 
the experiments of Carbo et al.^''; however leptin treatment of the C2C12 cells 
was for a much greater period of time. Leptin's inhibitory effect on protein 
breakdown may contribute to the relative resistance to loss of muscle mass 
with leptin-induced negative energy balance and body weight loss. Muscle 
contains multiple proteolytic systems that contribute to protein breakdown, 
including ubiquitin Ub-ATP-dependent^^, lysosomal^^ and calcium-
dependent.^^ Further studies are needed to identify which if any of these 
proteolytic systems are impacted by leptin. 

2.2.3 Carbohydrate Metabolism 

As mentioned above, leptin can inhibit endogenous fatty acid synthesis 
from glucose in porcine adipocyte culture.^^ Leptin can also inhibit glucose 
oxidation within porcine adipocyte culture.^^ In addition, leptin appears to 
interfere with insulin stimulation of glucose metabolism by porcine adipose 
tissue^ '̂̂ ,̂ as mentioned above. The consequence of these metabolic actions 
of leptin is to reduce overall metabolism of glucose by adipose tissue, 
perhaps sparing glucose for utilization by other tissues. 

For example, leptin can stimulate glucose oxidation^^ and glycogen 
synthesis by rodent skeletal muscle in vitro^^'^^ or in vivo^\ although leptin 
stimulation of glucose transport is debated.^' No studies of skeletal muscle 
from domestic species have examined carbohydrate metabolism in response 
to leptin treatment. 

Experiments with porcine hepatocytes have not been able to demonstrate 
an effect of leptin on gluconeogenesis^^, glycogen synthesis or ketogenesis.^^ 
Several studies with rodents have demonstrated that leptin can inhibit 
glycogenolysis or augment insulin inhibition of glycogenolysis'''*" '̂', and 
inhibit gluconeog ensiŝ '̂* '̂̂ ^ in hepatocytes or perfused rodent liver, while 
stimulating glycogen synthesis.^^ Other studies have demonstrated an 
elevation in hepatic gluconeogenesis as contributing to the increase in 
glycogen accumulation.^^ The inability for the hepatic glucose metabolism 
in the pig to respond to leptin may reflect a species specific variation or may 
indicate the absence of a functional signaling system for leptin in the pig 
hepatocyte. While leptin receptor mRNA has been detected '̂* ,̂ no studies 
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have been performed to determine whether leptin binding occurs or whether 
changes in second messenger concentrations occur in response to leptin 
treatment with the pig hepatocyte. 

2.2.4 Energy Expenditure 

Leptin is hypothesized to contribute to the maintenance of body mass by 
altering feed intake and energy expenditure 7° The effects of leptin on feed 
intake regulation have already been described in this review. The potential 
role of leptin in energy expenditure was first suggested following injection 
of leptin into ob/ob mice and a subsequent elevation in body temperature'*''^' 
and a further study demonstrating an increase in oxygen consumption 
following leptin injection in ob/ob mice'^ and rabbits.^" However, the role of 
leptin in energy expenditure and heat production is an area of current 
contention in human physiology^^ Resting energy expenditure correlates 
with serum leptin in many human studies, but serum leptin does not correlate 
with changes in energy expenditure as the result of manipulating intake^''. 
More importantly, increases in serum leptin concentration as a result of 
leptin injection have not been associated with an increase in energy 
expenditure in the majority of studies but rather correlated with a depression 
in feed intake.̂ '''̂ ^ However, the recent study of Rosenbaum et al.̂ '* reported 
an increase in total and non-resting energy expenditure with daily injection 
of leptin at a lower dosage than in previous studies; whether this is the 
consequence of use of a different formulation of leptin, dosage or differences 
in experimental design cannot be determined. 

If leptin can alter energy expenditure as suggested by the studies of Hwa 
et al.̂ ^ and Rosenbaum et al.̂ '*, recent studies indicate that a potential source 
for this energy expenditure is leptin-induced futile cycling within skeletal 
muscle.''^ Reidy and Weber^° demonstrated that leptin stimulates an in vivo 
increase in oxygen consumption in rabbits, which is accompanied by 
elevated triglyceride/fatty acid cycling as a consequence of elevated lipolysis 
and fatty acid oxidation. Flux through the triglyceride fatty acid and its 
associated energy cost were 50% higher in leptin-treated rabbits than in 
control rabbits. Dulloo et al.̂ ^ reported that leptin could stimulate 
thermogenesis by up to 26% in mouse soleus muscle in vitro as measured by 
indirect microcalorimetry. This thermogenic effect was specific to 
stimulation of the leptin receptor (long form) as the response could not be 
detected in muscles derived from db/db mice, which lack functional leptin 
receptors. Solinas et al.̂ ^ extended this research and determined that the 
increase in thermogenesis is the consequence of substrate cycling between 
lipogenesis and fatty acid oxidation. Entry of fatty acids into mitochondrial 
P-oxidation was shown to be necessary for the thermogenic effect of leptin 
by using the carnitine palmitoyl transferase-! (CPT-1) inhibitor etomoxir to 
block the thermogenic response. Addition of 2-deoxyglucose (a non-
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metabolizable glucose analogue) to the incubation medium also inhibited the 
thermogenic response, thereby demonstrating a requirement for glucose 
metabolism. The final link in demonstrating substrate cycling between 
lipogensis and fatty acid oxidation was showing that glucose conversion to 
lipid must occur prior to oxidation, through the use of fatty acid synthase and 
citrate lyase inhibitors. An estimated loss of 14 ATP is the consequence of 
the synthesis of one molecule of palmitic acid and its subsequent oxidation 
in skeletal muscle in response to leptin stimulation of this futile cycle. 

Recent studies in fetal and neonatal sheep have suggested that leptin may 
also function to enhance energy expenditure by stimulation of uncoupling 
protein activity.̂ '̂̂ ^ Uncoupling proteins (UCP) are a group of proteins with 
similar sequence homology.^" Uncoupling protein 1 was the first reported 
UCP and was demonstrated to mediate ATPase independent proton leakage 
at the inner mitochondrial membrane.^° UCPl dissipates the transmembrane 
electrochemical potential by transporting protons from the intermembrane 
space back toward the matrix of the mitochondria, promoting a proton 
leakage and generating energy. The consequence of UCPl activity is heat 
production through uncoupling ATP formation from cellular respiration. 
Additional UCPs (UCP2, 3, 4, 5) were identified subsequently, although 
their specific role in heat production is unclear.̂ '"^^ Uncoupling protein 1 is 
almost exclusively found in brown adipose tissue, which is present in fetal 
and neonatal sheep and cattle^ '̂̂ ^ while UCP2 and UCPS mRNA can be 
detected in a variety of tissues including adipose tissue and skeletal muscle 
in swine.̂ '̂̂ ^ Leptin infusion into fetal sheep for 4 days resulted in an 
increase (P = 0.06) in UCPl expression.^^ During the transition to the early 
postnatal period, leptin administration was shown to prevent the normal 
reduction in colonic temperature, followed by accelerating the loss of UCPl 
as the brown fat fills with lipid. At seven days of age, colonic temperature 
was correlated strongly with both mRNA abundance and thermogenic 
potential of UCPl in leptin-treated but not control lambs, indicating more 
effective use of UCPl for heat production following leptin administration. 

Functional analysis has demonstrated that UCP2 and UCPS can support 
uncoupling activity.̂ '̂̂ ^ However, more recent studies have implicated 
UCP2 and UCPS as also functioning as scavengers of mitochondrial free 
radicals^"'^', with the possibility of functioning in the cycling of fatty acids at 
the mitochondria.^^ Thus UCPS can promote fatty acid oxidation by 
transporting fatty acids out of the skeletal muscle mitochondrial matrix.̂ ^ 
Therefore, UCPs may contribute to the leptin-induced futile cycling of fatty 
acids in skeletal muscle as described above. 

Uncoupling protein 2 has been detected in the adipose tissues of cattlê "* 
and sheep^ ,̂ although UCPS has not been monitored, despite sequence 
identification.̂ *'̂ ^ Uncoupling protein homologues have been reported for 
chickens'* that are highly expressed in skeletal muscle. Because of this 
localized tissue expression pattern and high amino acid sequence homology. 
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it would appear that the uncoupling protein identified in these bird species is 
most similar to mammalian UCP-3. Injection of recombinant human leptin 
into chickens did not alter feed intake or UCP expression in skeletal muscle 
of fed or fasted birds.*^ In swine, leptin increased UCP2 mRNA abundance 
while suppressing UCP3 mRNA abundance in subcutaneous adipose tissue 
explants in association with leptin-induced inhibition of lipogenesis.'°° 
Similarly, Ceddia et al.'°' reported that leptin elevated UCP2 mRNA 
abundance in rat adipocytes; however, leptin did not affect UCP3 mRNA 
abundance. In vivo studies have demonstrated that the levels of UCP2 
mRNA are increased in epididymal fat pads of mice treated with 
recombinant human leptin^°^ and in rats rendered hyperleptinemic by gene 
therapy'°''"'°^ treatments that produce extensive fat depletion. Ceddia et al.'°' 
proposed that leptin stimulation produces an increase in UCP2 that may 
subsequently uncouple mitochondria and thereby increase the capacity of 
WAT to degrade acetyl CoA and fatty acids and to dissipate energy. 
However, porcine adipose tissue oxidizes less than 1-2% of the total fatty 
acids metabolized with >98% esterified.'°^ Thus, a role for UCPs in fatty 
acid oxidation in porcine adipose tissue is probably limited. This does not 
discount the potential role of leptin in the induction of futile cycling in 
skeletal muscle through UCP shuttling of fatty acids, however. 

2.2.5 Growth 

The net result of metabolic activity and positive energy balance is growth 
through either cell replication or hypertrophy or a combination of both. The 
potential role of leptin in the growth and development of adipose tissue has 
already been discussed in this review. However, leptin has been 
demonstrated to affect the growth of a number of tissues. 

2.2.5.1 Bone and cartilage 

Litten et al.̂ '* recently reported that four days of peripheral leptin 
injection in neonatal pigs can increase hind limb length of neonatal meishan 
pigs and accelerate the growth rate from 0.112 kg/d to 0.184 kg/d. In 
contrast, Weiler et al.'°^ used correlation analysis to demonstrate that serum 
leptin concentration is highly correlated with bone mass (Radjusted = 0.72) and 
bone area (Radjusted = 0.57) in swine. Linear bone growth is the result of 
proliferation, hypertrophy and calcification of growth plate cartilage while 
bone mass is the result of bone growth and subsequent modeling and 
remodeling. These two studies in swine suggest that leptin might have roles 
in cartilage and bone growth and also in bone remodeling in domestic 
animals. 

Rabbit chondrocytes possess long form leptin receptors as determined by 
western analysis'"^, and rat chondrocytes have recently been reported to 
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express leptin as determined by immunohistochemistry."'^ Nakajima et 
al.'°^ demonstrated that leptin can stimulate ^H-thymidine incorporation into 
growth plate chondrocytes and increase alkaline phosphatase expression 
following confluence. Also, mouse chondrocytes derived from the growth 
centers of mandibular condyle in organ culture proliferate to such an extent 
that the width of the chondroprogenitor zone can increase by up to 23%, 
while the length of the condyle is increased by 8%.'"^ In addition, leptin 
treatment promotes chondrocyte differentiation.'"^ These studies indicate 
that leptin may function to promote linear bone growth. The best example 
for this is the ob/ob mouse which has shorter and less dense femurs than 
wild type mice. Intraperitoneal injection of leptin has been demonstrated to 
stimulate femoral growth in ob/ob mice, despite a leptin-induced reduction 
in intake.'" This femoral growth was accompanied by an increase in bone 
density and mineralization. Peripheral administration is necessary for this 
growth-promoting response as intracerebroventricular (ICV) administration 
of leptin inhibits bone growth and promotes a loss in bone density"^, 
suggesting a level of hypothalamic/neural control and the associated 
complexity. 

Leptin and leptin receptors have also been detected in fetal mouse 
hypertrophic chondrocytes at the growth plate, in proximity to capillaries"^. 
These hypertrophic chondrocytes are specifically involved in bone formation 
as vascular invasion into hypertrophic cartilage precedes cartilage resorption 
and subsequent bone formation by osteoblasts, replacing calcified 
cartilage."'' Chondrocytes that were not in close proximity to capillaries did 
not express leptin."^ This vascular invasion may be the consequence of the 
angiogenic properties of leptin. Leptin induces both a chemotactic response 
and structural rearrangements of vascular endothelial cells in culture toward 
formation of capillary networks."^ Therefore leptin may contribute to the 
growth and subsequent resorption of cartilage during the initial steps of bone 
formation. 

Reseland et al."^ and Kume et al."^ demonstrated that osteoblasts 
express leptin. Leptin promotes adult human osteoblast proliferation in vitro 
as measured by •'H-thymidine incorporation"^, a period when leptin 
expression is low in the osteoblast"^. Leptin could also chronically induce 
collagen synthesis in these osteoblasts and could induce mineralization after 
several weeks."^'"^ Osteoblast differentiation was also induced by leptin in 
this study, as measured by the expression of marker genes (IGF-1, TGpp, 
coUagen-Ia, osteocalcin). The mRNA abundance for osteoclast-signaling 
markers, IL-6 and osteoprotegerin were elevated by leptin and increased 
with days in culture."* These results indicate that leptin promotes bone 
formation, including mineralization of osteoblasts and may stimulate the 
production of signals (IL-6 and osteoprotegerin) for the recruitment of 
osteoclasts for remodeling. 
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Leptin may modulate bone remodeling as suggested by the in vitro study 
above. In vivo experiments have demonstrated that leptin can prevent a 
decrease in tibia-metaphysis bone mineral density in rats as a result of disuse 
following tail suspension.'^^ In addition, leptin stops the known reduction in 
bone formation in this model. Leptin treatment of ovariectomized rats 
reduces the rapid bone loss induced by estrogen deficiency."^ Lastly, leptin 
injection into fasted or intake restricted mice prevents the known fall in 
plasma osteocalcin (an anti-resorptive factor) with these dietary 
treatments."^ These data support a role for leptin as a mediator of bone 
metabolism. 

2.2.5.2 Hemopoiesis and Immune Function 

Leptin at physiological concentrations has been shown to affect 
hematopoeis, proinflammatory responses and other immune cell functions in 
mice, rats and humans in vivo or in vitro}^'^'^^^'^^^ The tertiary structural 
similarity of leptin to the cytokines IL-6, IL-11, lL-12'^^, and a receptor that 
belongs to the class I cytokine receptor family have suggested a potential 
role in immune function.'̂ "* Unfortunately there has been no research 
performed with domestic animals to relate leptin to hemopoiesis. 

However, the role of leptin in the proinflammatory response has been 
examined in domestic animals. This has primarily been through induction of 
acute endotoxemia with lipopolysaccharide (LPS). The first study to 
examine this response in swine did not demonstrate a response in leptin 
mRNA abundance to LPS when animals were fasted.̂ ^^ Further studies in 
swine demonstrated that LPS could reduce leptin mRNA abundance in 
association with fever, elevated Cortisol and TNF-a, while serum glucose, 
insulin and IGF-1 were reduced.'^'' The reduction of leptin mRNA 
abundance may have been the consequence of the suppressive effect of 
endotoxemia and fever on feed intake (and shifts in hormones and 
metabolites to negative energy balance), rather than a direct effect on leptin. 
Additional research with three genotypes of swine demonstrated a genotype 
effect in the leptin response to LPS.'^^ Two genotypes responded with a 
decrease in leptin mRNA abundance to LPS while the third genotype 
demonstrated no change in leptin mRNA abundance, despite similar changes 
in serum profile as the other breeds. This variation in response may be of 
significance as efforts are put toward producing leaner breeds of swine, 
which in some cases have an increased susceptibility to disease.'^^ If leptin 
is involved in the immune response in swine, then an unintentional selection 
for a depressed leptin secretory response and thus immune response may 
occur. 

In cattle, LPS treatment did not alter serum leptin levels in Holstein 
cows'^^; this suggests leptin may not have a role in endotoxemia-induced 
hypophagia in the cow. In addition, injection of recombinant bovine tumor 



274 Chapter 14 

necrosis factor a did not alter serum leptin levels.̂ ^^ Waldron et al."° 
confirmed these results, reporting that LPS injection did not alter serum 
leptin concentration, despite changes in serum Cortisol, TNFa and insulin. 
Similarly, Soliman et al.'^' demonstrated that LPS treatment does not alter 
serum leptin levels in sheep, which has since been verified by Daniel et al.'^^ 

Chronic in vivo treatment of swine with human recombinant leptin did 
not affect lymphocyte proliferation or the in vitro proliferative response to 
ConA or hemocyanin.'^^ Pigs treated with leptin had lower serum 
concentrations of antigen-specific IgGl than the appropriate controls 
following hemocyanin administration, although the IgG2 response was 
unaffected. In vitro treatment of peripheral blood mononuclear cells 
(PBMC) with leptin did not alter the proliferation of PBMC or the cytokine 
response of the PBMC to ConA, which is in disagreement with studies of 
human or mouse PBMC.'̂ ''"'̂ '* STAT3 signaling in the porcine PBMC was 
found to be unresponsive to any treatments, unlike human PBMC'''^''^^, 
which may contribute to the lack of an effect of leptin on the porcine PBMC, 
despite the confirmed presence of leptin receptor mRNA, 

In contrast to the pig, leptin treatment of poultry has been shown to 
stimulate T-lymphocyte proliferation.'^^ Chicken leptin induced up to a 
400% increase in turkey lymphocyte proliferation in vitro following 
concavalin A treatment. A second experiment demonstrated that in vivo 
leptin treatment of quail by osmotic minipumps produced an increase in web 
wing thickness, a physiological marker for perivascular accumulation of T-
cells, following phytohemagglutinin (PHA) exposure. Once the leptin was 
no longer secreted by the pumps, web wing thickness response to PHA 
returned to normal. These data suggest that leptin can modulate the T-cell 
immune response in birds. 

Leptin has been reported to be elevated within wounds during the healing 
process in swine, although the role for leptin in wound repair and its 
functions in the immune response within the damaged tissue could not be 
segregated.'''*' A potential role for leptin in the overall healing process has 
been suggested by the observation that both ob/ob (leptin deficient) and 
db/db (leptin resistant) mice are characterized by a reduced ability to repair 
cutaneous wounds.''"''''^ While the metabolic alterations associated with 
these genetic lines may contribute to the impaired healing, more recent 
studies have indicated a more direct role for leptin in wound healing.''*''"'''̂  
In an experiment similar to Marikovsky et al.'''°, Murad et al.'"*̂  reported that 
leptin mRNA abundance within a cutaneous biopsy wound was elevated 
within six hours of incision and remained elevated for at least five days. 
Immunohistochemical localization demonstrated that leptin was expressed at 
elevated levels in keratinocytes in the epidermis, vascular elements and in 
dermal fibroblasts. Stallmeyer et al.'''^ previously demonstrated that 
keratinocytes express the leptin receptor and proliferate in response to leptin 
addition. Addition of neutralizing concentrations of anti-leptin antibodies to 
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the wounds for three days reduced reepithelialization by 60% and reduced 
the thickness of granulation tissue.'''^ These data support observations that 
topical or systemic leptin treatment can promote wound healing in leptin 
deficient ob/ob mice.' '''̂  These studies support a potential role for leptin 
as an endocrine signaling molecule that mediates immune responses in 
cutaneous wound healing. 

2.2.5.3 Angiogenesis 

Separating the actions of leptin on angiogenesis from the process of 
wound healing is difficult as the two processes are critically intertwined 
during tissue regeneration. For a recent review of this area please see 
Hausman and Richardson.''*^ Bouloumie et al.''*^ reported that porcine aortic 
smooth muscle cells express both the long and short form of the leptin 
receptor. In addition, these porcine cells proliferate and form capillary-like 
structures in response to leptin treatment in vitro. However, no further 
studies have been performed with cells from a domestic species. 

Additional studies have utilized human umbilical endothelial cells and 
cell lines to demonstrate that leptin stimulates phosphorylation of the MAP-
kinase ERKl/2 and also STATS."* '̂'̂ ° The consequences of this tyrosine 
phosphorylation and subsequent downstream events are to alter endothelial 
cell proliferation, migration, survival and apoptosis.''*^'^'' Leptin can also 
promote the proliferation and migration of smooth muscle cells'^^, another 
critical component of the vascular structure. In addition, leptin can promote 
the secretion of vascular endothelial cell growth factor (VEGF).'^' Thus 
leptin may function indirectly through mediating VEGF-mediated 
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angiogenesis. 

2.2.5.4 Gastrointestinal tract 

Leptin receptor mRNA is detectable by RT-PCR in the brush border 
throughout the small intestine.'^'' Gastric infusion of leptin (10 |ig/kg bwt) 
increases length of the small intestine in milk-formula-fed, neonatal 
swine.'^^ This increase is the result of an increase in length of the jejunum, 
as length of the ileum was reduced. This growth response is coupled with an 
increased jejunal and ileal mitotic index, concomitant with a reduction in 
villi length in the distal half of the jejunum and the ileum. In addition, 
mucosal thickness is reduced in the jejunum and ileum with leptin treatment 
of milk-formula-fed swine. Leptin treatment altered the activities of several 
brush border enzymes within various regions of the jejunum. The major 
pattern to be discerned from this brush border enzyme data is that leptin 
reduces the activities of aminopeptidases (A & B) and lactase in the distal 
half of the jejunum, suggesting a potential maturation of the jejunum relative 
to control milk-formula-fed pigs. Analysis of marker molecule absorption 
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revealed no effect of leptin on passive transport processes, suggesting the 
absorptive area of the intestine is not altered by leptin treatment. However, 
complex molecule absorption (bovine serum albumin) is reduced in leptin 
supplemented pigs, relative to controls. These data imply that leptin may 
promote early maturation of the small intestine by leptin treatment, causing a 
shift from fetal-type enterocytes to adult-type enterocytes. Wolinski et al.'̂ ^ 
also reported that gastric leptin infusion increases motility of the duodenum 
and reduces motility of the jejunum, suggesting a potential effect on digesta 
passage. 

Systemic administration of leptin to the rat can also produce an increase 
in total DNA content of the small intestine'^^, which supports the gastric 
infusion data in the pig of Wolinski et al.'̂ ^ A 14 day jugular infusion of 
leptin enhanced mucosal absorptive function as assessed by uptake of '''C-
galactose and ''^C-glycine. Leptin also increased the mRNA abundance for 
the sodium/glucose cotransporter and fructose transporter from the intestinal 
mucosa. These data support the hypothesis that leptin may be a growth 
promoter for the small intestine. However, Lostao et al.'^° reported that 
leptin reduced in vitro uptake of galactose by intestinal rings through a 
reduction in apparent Vmax and apparent Km for sugar transport. 
Comparison of these two studies indicates that leptin may function through 
intermediary mechanisms, following peripheral infusion, to alter sugar 
transport in vivo. 

Besides carbohydrate transport, leptin can promote the absorption of 
dipeptides following leptin infusion into the lumen of the jejunum.'^' Leptin 
increases the recruitment of PepT-1 molecules from the intracellular pool to 
the apical membrane; these transporters can convey dipeptides and 
tripeptides in association with protons across the brush border.'*^ 

The source of leptin for promoting intestinal growth and function may be 
the stomach (for review please see Guilmeau et al.""^). Leptin can be 
secreted by chief cells"''* and P cells"'^ in the stomach. Gastric leptin 
secretion has been shown to be regulated by feeding'^^, vagal stimulation'^^, 
cholecystokinin"''' and secretin.'*^ Gastric leptin secretion occurs rapidly 
following a meal and is stable in the highly acidic gastric juice.'^^ This may 
permit transfer of leptin to the intestine where it can function following 
binding to receptors at the brush border as described above, subsequently 
stimulating CCK release.'^^ However, gastric leptin may function at the 
stomach targeting leptin receptors on vagal afferents"'' and by interacting 
with cholecystokinin'™ and the CCK intracellular signaling pathway.''" 

2.3.1 Serum Leptin Response to In Vivo Metabolic Adjustments 
As described by Ingvartsen and Boisclair^^ the leptin level in the 

bloodstream of domestic animals is the consequence of metabolic state, 
nutritional status, relative adiposity, secretory characteristics (pulsatility and 
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diurnal rhythms) and the presence of leptin binding proteins. All of these 
factors may confound our ability to determine what the specific role of leptin 
may be in these metabolic adjustments. For a definitive review of this 
research in domestic animals please see Ingvartsen and Boisclair.^^ 

At the present time, no evidence has been published to demonstrate that 
leptin binding proteins contribute to leptin pharmacokinetics in domestic 
species. Evaluation of leptin disposal in the chicken could not detect the 
presence of a leptin binding protein.'^^ This is not to say that they do not 
exist, but methods to detect and measure the soluble form of the receptor 
(Ob-Re) have not been utilized to evaluate the blood from domestic species. 

Leptin is secreted in a modest pulsatile manner in swine'^^"''; and 
sheep.'̂ '̂̂ ^^ Whisnant and Harrell'^'' demonstrated that fasting can reduce 
pulse frequency from 2.7 ± 0.4 per 4 h in full fed pigs to 1.8 ± 0.3 per 4 h in 
fasted swine without affecting pulse amplitude. The pulse frequency is 
much less in sheep; the frequency was measured at only 4.8 pulses over 24 
hours'^^. The pulsatile secretion in the sheep does not appear to be a 
regulated phenomenon due to the random nature of the peaks."^ No diurnal 
rhythm in leptin secretion has been detected in sheep'^^'^^ or dairy cattle. '̂'̂  

Leptin in the bloodstream may be considered the integrated response of 
all the peripheral tissues with its primary regulation the overall metabolic 
status of the animal. This metabolic status is impacted by age, diet, body 
composition and energy balance, reproductive status, genetics, disease and 
infection. For a relevant review of the regulation of serum leptin please see 
Ingvartsen and Boisclair.^^ 

3. REGULATION OF LEPTIN GENE EXPRESSION 
IN ADIPOCYTES 

3.1 Leptin gene expression by preadipocytes 

Leptin gene expression during porcine preadipocyte differentiation has 
been examined in primary cultures of adipose tissue stromal- vascular (S-V) 
cells (for a review see Barb et al.'). Leptin gene expression occurs 
extremely early in culture and may actually precede or coincide with the 
onset of preadipocyte differentiation. Dexamethasone (Dex) increased leptin 
mRNA levels and preadipocyte number in a dose dependent manner (for a 
review see Barb et al.'). Furthermore, increases in leptin gene expression 
and preadipocyte number were positively correlated throughout the culture 
period. Therefore, these studies indicate that Dex or glucocorticoids may 
up-regulate leptin expression indirecdy by increasing preadipocyte number. 
Conclusive evidence that the leptin gene is expressed by porcine 
preadipocytes per se and that preadipocytes express leptin protein was also 
reviewed by Barb et al.' 
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3.2 Hormonal regulation of leptin gene expression in vitro 

Studies in porcine S-V cell cultures showed that leptin expression may be 
strongly linked to changes in adipocyte size (reviewed by Barb et al.'). 
Leptin gene expression was linked to the degree of adipocyte hypertrophy in 
vitro, induced regardless of the hormone, growth factor or concentration 
used. For instance, leptin gene expression and adipocyte size was similar 
after ImM and 10 nM insulin treatment while both were markedly lower 
after 1 nM insulin treatment'"'^^. Furthermore, at similar concentrations, 
IGF-1 enhanced less leptin gene expression and produced smaller fat cells 
than did insulin (for a review see Barb et al.'). Additionally, TGF-P 
enhanced leptin expression in S-V cultures was associated with larger lipid 
droplets in preadipocytes despite a lower proportion of preadipocytes.^'^^ 

Several studies indicate that the influence of insulin on leptin expression 
and lipid accumulation may, in part, be mediated by locally produced IGF-I 
reviewed by Barb et al.' Furthermore, locally produced IGF-1 may mediate 
TGF-P enhanced leptin expression since TGF p increased levels of IGF-1 
(reviewed by Barb et al.'). Although growth hormone increases IGF-1 
levels and reduces adipocyte size, it does not influence Dex-induced leptin 
expression in S-V cultures.'"'^^ 

Studies of adipocytes differentiated in porcine S-V cell cultures suggested 
that insulin exposure during preadipocyte lipid accretion dictated insulin 
sensitivity of lipid-filled preadipocytes in regards to expression of leptin 
mRNA and C/EBPa protein'. Furthermore, leptin gene expression and 
C/EBPa expression were correlated and C/EBPa autoactivation and 
phosphorylation /dephosphorylation may be involved in maintaining leptin 
gene expression (reviewed by Barb et al.'). 

Consideration of short term culture studies of adipose tissue explants 
from older animals demonstrates similarities between fetal and postnatal 
hormonal regulation of leptin gene expression. Chronic insulin treatment 
increased leptin gene expression in adipose tissue explants from young pigs 
'^' whereas acute exposure to a combination of Dex and insulin increased 
leptin expression and secretion in explant cultures from market weight 
pigs'^°. Furthermore, insulin or Dex increased leptin secretion in ovine 
adipose tissue explant cultures'^' and increased leptin gene expression in 
bovine explant cultures.'^^ Growth hormone alone has either no influence or 
decreases the influence of insulin or insulin and Dex on leptin expression in 
explant cultures.'^"''^^ The results of these adipose tissue explant studies are 
somewhat limited or confounded since Dex and/or insulin are necessary to 
maintain explant integrity and viability.'^" Furthermore, as in S-V cell 
cultures, locally produced IGF-1 in explant cultures may stimulate leptin 
expression and confound studies of leptin expression. Regardless, it is clear 
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that adipogenic or lipogenic hormones stimulate adipose tissue leptin gene 
expression in vitro regardless of the age of tissue donor. 

Collectively, in vitro studies demonstrate that glucocorticoids and insulin 
are important modulators of adipose tissue leptin gene expression. In this 
regard, adipose tissue leptin expression is correlated with preadipocyte 
differentiation and fat cell size or lipogenesis. Furthermore, locally produced 
IGF-I may confound the effects of hormones on leptin gene expression. 

3.2 Insulin regulation of leptin gene expression and 
CCAAT enhancer binding protein-a (C/EBPa) in 
porcine S-V cell cultures 

C/EBPa is an important transcription factor involved in the mediation of 
insulin-induced leptin gene expression. ' ' The expression of the leptin 
gene and C/EBPa protein has been studied in porcine S-V cell cultures.'''^^ 
During preadipocyte differentiation the expression of leptin and C/EBPa was 
dependent on insulin and protein synthesis.'^^ Exposure to low insulin levels 
resulted in little leptin expression and low levels of C/EBPa protein.''^^ 
Furthermore, when C/EBPa protein was maximally expressed C/EBPa 
activation was dependent on insulin (reviewed by Ramsay and Richards'^°). 
Therefore, in vitro studies demonstrate that C/EBPa plays a critical role in 
mediating insulin driven porcine adipocyte leptin gene expression (reviewed 
by Ramsay and Richards^^°). 

3.3 Regulation of fetal adipose tissue leptin gene 
expression 

Leptin gene expression in adipose tissue is developmentally regulated in 
fetal sheep and fetal pigs but serum leptin levels are developmentally 
regulated only in fetal sheep.'̂ *"'̂ ^ Adipose tissue in fetal sheep develops 
and maturates earlier than in fetal pigs which may account for the capability 
of fetal sheep adipose tissue to secrete leptin in a developmentally regulated 
manner.'̂ '̂'̂ ^ Leptin expression is much greater in perirenal adipose tissue 
than in subcutaneous (s.c.) adipose tissue in fetal sheep which may reflect 
the much earlier development of the perirenal adipose tissue depot'^^ Fetal 
adipose tissue leptin gene expression is considerably lower than in maternal 
sheep or pig adipose tissue.'̂ ^"'̂ ^ Cortisol increases plasma leptin levels in 
fetal sheep and adrenalectomy abolishes the ontogenic rise in plasma 
leptin.'^^ However, Cortisol does not influence leptin expression in fetal 
sheep adipose tissue'^°, whereas indirect evidence indicates that insulin 
increases fetal sheep adipose tissue leptin expression.'^^ In the fetal pig, 
hypophysectomized (hypox) studies indicated that hydrocortisone or 
thyroxine (T4) alone slightly increases adipose tissue leptin gene expression. 
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whereas hydrocortisone and T4 together markedly stimulates leptin gene 
expression with no influence on serum leptin levels.'^* Elevated leptin gene 
expression by these hormones may be primarily associated with a 
remarkable increase in apparent fat cell number with hydrocortisone and T4 
treatment'^', if leptin expression per adipocyte does not change. The 
adipogenic hormones, hydrocortisone and T4, indirectly influence leptin 
gene expression by increasing the number of preadipocytes and/or 
adipocytes. Similarly, hydrocortisone increases preadipocyte number and 
increases leptin gene expression in pig cell cultures.'''^"'^^ Earlier maturation 
of adipose tissue in fetal sheep may indicate relatively less glucocorticoid-
driven preadipocyte recruitment and associated increase in leptin gene 
expression. Therefore, the influence of adipogenic hormones, like the 
glucocorticoids, on fetal adipose tissue leptin gene expression may simply 
reflect the particular stage of adipose development. Since the expression of 
long form leptin receptor mRNA was detected in fetal adipose tissue adipose 
tissue'^^ leptin may act as an autocrine or paracrine factor in the 
development of fetal adipose tissue. 

A new perspective on the regulation of fetal adipose tissue leptin 
gene expression was provided by studies of fetal sheep infused with leptin, 
and by related studies.'^''''''* A positive relationship was demonstrated 
between the degree or proportion of unilocular adipocytes or "unilocularity" 
in fetal adipose tissue, and plasma leptin levels and leptin gene 
expression.^^•''''^ Therefore, the increase in adipose tissue leptin gene 
expression in pig fetuses treated with hydrocortisone and T4 may, in part, be 
attributable to the greater degree of adipose tissue "unilocularity" in these 
fetuses compared to untreated controls.'^' However, T4 treatment increased 
adipose tissue leptin gene expression to the same degree as hydrocortisone 
treatment'^^ despite a much greater degree of "unilocularity" in adipose 
tissue from T4 treated fetuses.'^^''^^ Furthermore, serum leptin levels were 
not influenced by treatment with either T4 or hydrocortisone or the 
combination of T4 and hydrocortisone.'^^ Regardless, fetal adipose tissue 
leptin gene expression is clearly species dependent and may be associated 
with the degree of fetal adipose tissue "unilocularity" and the extent of 
preadipocyte recruitment. 

Several studies have examined the influence of maternal nutrition on 
either circulating leptin levels or adipose tissue leptin expression in fetal 
sheep. Maternal overnutrition or undernutrition during late gestation had no 
influence on fetal body weights, plasma leptin levels and adipose tissue 
leptin gene expression.'^^''^^''^^ However, overfeeding throughout gestation 
reduced fetal adipose tissue deposition and leptin gene expression despite no 
influence on fetal weights.'^^ These studies indicate that nutrition 
throughout gestation is more influential on fetal adipose tissue leptin 
expression than during late gestation. Nutrient availability per se may be 
important as well since fetal plasma leptin levels and fetal weights were 
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reduced in experimentally induced intrauterine growth-restricted fetal sheep 
^''°. In this regard, fetal sheep body weights were positively correlated with 
adipose tissue leptin gene expression.^"' However, two pig studies 
demonstrated that leptin expression in adipose tissue of 59 day old pigs and 
plasma leptin levels of 3 and 12 month old pigs were negatively correlated 
with birth weights. ' Furthermore, moderate overfeeding during the 
second quarter of gestation in pigs indicated that maternal nutrition during 
gestation could program postnatal adipose tissue leptin gene expression in 
females.̂ *̂ ^ The influence of birth weight on leptin secretion was also 
strongest in female pigs.̂ "^ Therefore, estrogen may regulate leptin 
expression in females as demonstrated in estrogen treated females pigs ^°'' 
and estrogen may, therefore, dictate or mediate leptin imprinting in growing 
animals. However, it is clear that the influence of maternal nutrition on fetal 
leptin status is species and sex dependent. 

4. LEPTIN: A METABOLIC SIGNAL AFFECTING 
REPRODUCTION 

Injection of recombinant leptin reduced feed intake and body weight and 
restored fertility in the leptin deficient ob/ob mouse.^ Although the 
hypothalamus appears to be a key site of action '̂̂ , leptin receptors are also 
found in other regions within the central nervous system (CNS), pituitary 
gland '̂̂  and ovary.̂ "^ Discovery of leptin has improved our understanding 
of the relationship between adipose tissue, energy homeostasis and 
reproductive function.''̂ '̂ " '̂̂ "^ Metabolic perturbations altered endocrine 
function, delayed onset of puberty and interfered with normal estrous cycles 
in the gilt̂ ° ,̂ heifer^°^ and ewe.^'° Thus, leptin may serve as an important 
link between metabolic status and the neuroendocrine function and 
subsequent reproductive function. 

4.1 Leptin receptor, site of action and leptin secretion 

4.1.1 Leptin receptor 

The leptin receptor (OB-r) was first identified by expression cloning ^" 
and has been classified as a member of the class 1 cytokine receptors due to 
its structural homology to IL-6 receptors and common down-stream 
signaling pathways.^ The LR family is comprised of at least 6 receptor 
isoforms that arise due to alternative splicing. LR isoforms include a long 
form (OB-rb) and several short forms with varying lengths of the 
cytoplasmic tail (OB-ra, OB-rc, OB-rd and OB-rf) as well as a soluble form 
(OB-re), which consists of the extracellular loop and circulates in plasma.^'^ 
Consistent with being a member of the class 1 cytokine receptor family, the 
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long form LR signals via janus-activated kinases (JAK) signal transducers 
and activators of transcription (STAT) activation.^ 

4.1.2 Site of action 

Distribution of OB-rb varies among species, but in general, OB-rb 
mRNA abundance has been localized in the ventromedial and arcuate nuclei 
of the hypothalamus and anterior pituitary of the pig^'^ ewe^, rat^''', and 
mouse.^" It has been hypothesized that leptin acts directly on GnRH 
neurons. However, it is more likely that other neuropeptides, such as 
neuropeptide Y (NPY), proopiomelanocortin (POMC) and gamma-
aminobutyric acid (GABA) mediate the action of leptin '̂̂ " '̂̂ '̂ '̂  Co-
localization of leptin receptor mRNA with NPY gene expression is 
compelling evidence that hypothalamic NPY is a potential target for 
leptin.^'^'^'^ In addition, NPY has been implicated in regulation of 
GnRH/LH secretion in the rodent^^°, primate^^', ewe^^^ cow^̂ ^ and pig.̂ '̂ '̂ '̂* 
Administration of NPY stimulated appetite in the ewê ^̂  and pig, and this 
was reversed by central administration of leptin in the pig.' Also, other 
neuronal systems likely mediate the action of leptin, since fertility was 
partially restored by leptin treatment in the ob/ob mouse with a homozygous 
null mutation for NPY.̂ ^^ In support of this idea, leptin treatment did not 
affect acute release of NPY from mouse^^ ,̂ rat̂ ^̂  or pig '̂̂  hypothalamic 
tissue in vitro. However, during periods of nutritional stress, hypothalamic 
NPY mRNA was elevated.^ Hence, activation of the NPY system appears to 
be associated with chronic physiologic changes, such as those occurring 
during fasting. 

Several reports indicate that hypothalamic NPY neurons are not the sole 
target of leptin.̂ '̂ '̂ ^ '̂̂ ^° Neurons expressing the POMC gene, which encodes 
for beta-endorphin, adrenocorticotropic hormone (ACTH), a-melanocycte-
stimulating hormone (a-MSH) and y-MSH, have direct synaptic contact with 
GnRH-containing neurons in the ewe^'^ and are immunoreactive for OB-
rb.^'^ Leptin treatment of ob/ob mice restored POMC gene expression levels 
to that of the wild-type animals.^'^ The endogenous opioid, beta-
endorphin^ '̂'̂ ^ ,̂ as well as the melanocortin system have been implicated in 
modulating both gonadotropin secretion and feeding behavior,̂ ^ '̂̂ '̂' 
Furthermore, a high proportion of the cocaine and amphetamine-regulated 
transcript (CART), NPY, agouti-related protein (AGRP), orexin, melanin-
concentrating hormone (MCH) and galanin hypothalamic neurons express 
OB-rb, suggesting that these neurons are direct targets of leptin,^'^ Thus, 
potential exists for leptin to influence gonadotropin secretion and subsequent 
ovarian function via interaction with other neuronal systems (Figure 1). 
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Figure 1. Proposed involvement of leptin in the neuroendocrine regulation of LH secretion 
and ovarian activity. Leptin secreted from adipose tissue in response to changes in energy 
balance and/or steroid milieu (E = estrogen) acts through its receptor to: inhibit hypothalamic 
neuropeptide Y (NPY), stimulate proopiomelanocortin (POMC) activity with a-, y-
melanocyte stimulating hormone (MSH) mediating the effects of leptin, stimulate gamma-
aminobutyric acid (GABA)ergic drive to the GnRH neuron, and directly modulate ovarian 
steroidogenesis. 

4.1.3 Leptin secretion 

Changes in body weight or nutritional status are characterized by 
alterations in serum levels of many hormones and growth factors that 
regulate adipocyte function and development, such as insulin, 
glucocorticoids, GH and insulin-like growth factor-I (IGF-I).'"'̂ ^^"^ '̂' 
Administration of glucocorticoids or insulin increased leptin gene 
expression, demonstrating that other hormonal factors may mediate 
nutritionally-induced changes in leptin gene expression.̂ ^ '̂̂ ^^ Acute 48 h 
fast or chronic feed restriction resulted in a marked decrease in leptin 
secretion coincident with a reduced LH secretion in the cow^̂ ^ and ewe. '̂'°'̂ '" 
However, acute 28 h fast decreased leptin pulse frequency but not LH 
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secretion in the prepubertal gilt'^'', while treatment with a competitive 
inhibitor of glycolysis suppressed LH secretion without affecting serum 
leptin concentrations.'^^ Furthermore, in the ovariectomized (OVX) 
prepubertal gilt 7 day feed restriction failed to affect leptin or LH 
secretion.̂ "̂ ^ Conversely, chronic feed restriction for 7 days resulted in a 
concurrent reduction in serum leptin concentrations and LH secretion in 
mature OVX gilts.'̂ '̂  The ability of the pig to maintain euglycemia during 
acute fast may account for the failure of acute feed deprivation to affect LH 
secretion in the prepubertal gilt^°^ or alternatively, the leptin and LH 
response to feed restriction in the prepubertal gilt may require energy levels 
and/or backfat reduction reaching a different putative inhibitory threshold 
compared to the mature animal. Thus, leptin may serve as a metabolic 
signal which communicates metabolic status to the brain; the neuroendocrine 
response to acute energy deprivation may be species dependent and/or age 
dependent. 

The effect of gonadal steroids on leptin secretion and how this relates to 
LH secretion are poorly understood. Circulating leptin concentrations are 
lower in males than in females. '̂'̂ '̂ '''' Leptin levels vary during the human 
menstrual cycle and peak during the luteal phase.̂ '*^ In mature heifers and 
cows, serum leptin concentrations tended to decrease during the late 
luteal/early follicular phase of the estrous cycle and this was associated with 
a reduction in adipocyte leptin gene expression.^''^ Estrogen treatment 
induced leptin mRNA expression in adipose tissue in the OVX prepubertal 
gilt, which occurred at the time of expected puberty in intact 
contemporaries^"'* and was associated with greater LH secretion.̂ '*^ In a 
recent study in ewe lambŝ '* ,̂ pulsatile leptin secretion was independent of 
LH secretion. Therefore, the physiological relevance of varying levels of 
circulating leptin during the estrous cycle and pubertal development and its 
association with LH secretion remains unknown. 

4.2 Central effects of leptin on the hypothalamic-pituitary 
axis 

In the pig, leptin treatment stimulated basal LH secretion directly from 
anterior pituitary cells and GnRH release from hypothalamic-preoptic tissue 
explants from intact and OVX prepubertal gilts on maintenance rations.^'^ 
Interestingly, intracerebroventricular (ICV) administration of leptin failed to 
stimulate LH secretion in the intact prepubertal gilt.^'^ Obviously, 
hypothalamic explants are deprived of neuroanatomical connections with 
other extra-hypothalamic tissues that may convey the heightened negative 
feedback action of estradiol on the GnRH pulse generator that occurs during 
pubertal development. 



Leptin in farm animals 285 

Intracerebroventricular injection of leptin stimulated LH secretion in 
steroid-implanted castrated male sheep '̂*', and chronic ICV administration of 
leptin stimulated LH secretion in the feed-restricted OVX cow^ °̂ and ewe.̂ ^̂  
On the contrary, chronic ICV administration of leptin failed to stimulated 
LH secretion in well nourished OVX ewes with no steroid replacement^^^, 
and in intact ewe lambs.̂ '*' In vitro studies demonstrated that leptin 
treatment stimulated basal and GnRH-mediated LH secretion from pituitary 
explants from fasted, but not control-fed cows, while having no effect on 
GnRH release from hypothalamic explants from either group of cows.̂ ^^ 
Thus, metabolic state appears to be a primary determinant of the 
hypothalamic-pituitary response to leptin in ruminants. 

Thus, in contrast to data obtained from the cow, the effect of leptin on 
LH secretion in the pig during pubertal development is associated with stage 
of sexual maturation and subsequent change in the negative feedback action 
of estradiol on LH secretion. 

4.3 Leptin and Onset of Puberty 

The endocrine basis for puberty in the gilt, heifer and ewe has been 
reviewed previously.̂ '* '̂̂ '̂''̂ ^^ Onset of puberty may be linked to attainment 
of a critical body weight, metabolic mass or a minimum percentage of body 
fat.̂ ^̂ '̂ ^̂  Initiation of puberty may also be influenced by metabolic factors 
of peripheral orgin.̂ " '̂ ^̂ -̂ ^̂ '̂ ^̂  Identification of such signals has remained 
elusive. However, the discovery of leptin has improved our understanding 
of the relationship between adipose tissue and energy homeostasis.^ 

In the rodent, leptin treatment advanced sexual maturation in restricted 
and ad lib fed animals.̂ *°'̂ '̂ Serum leptin concentrations increased during 
puberty in the mouse^* ,̂ heifer̂ '*̂  and pig °̂'*, and in the human female, age at 
first menarche was inversely related to serum leptin concentrations.^^^ 
Thus, leptin may serve as a circulating signal of nutritional status that 
activates the reproductive axis. 

There exists a matter of controversy as to the precise role of leptin in the 
onset of puberty. Several reports have demonstrated that circulating leptin 
concentrations remain relatively unchanged during pubertal development in 
the female mouse or rat̂ "̂*'̂ ^̂ , while leptin administration failed to advance 
puberty onset in well nourished female mice.̂ "̂* Together the above reports 
suggest that leptin does not serve as a triggering signal but acts mainly as a 
permissive signal that permits puberty to occur. 

Although serum leptin concentrations increased during puberty in the 
gilt, other factors in addition to leptin may regulate onset of puberty. As 
indicated above, it is hypothesized that estradiol modulates the 
hypothalamic-pituitary response to leptin. Moreover, estradiol may regulate 
the pubertal related changes in leptin gene expression. In the OVX 
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prepubertal gilt, estrogen-induced leptin mRNA expression in adipose tissue 
occurred at the time of expected puberty but not in younger animals.^"'' This 
was associated with greater LH secretion '̂'̂  and an age dependent increase in 
hypothalamic OB-rb expression.^^^ 

In the prepubertal heifer and ewe lamb, short term feed restriction 
reduced adipose leptin gene expression and leptin secretion, but increased 
hypothalamic OB-rb expression.̂ '̂ ^^ This was associated with decreased 
serum insulin, IGF-I and LH pulse frequency.̂ ^ •̂̂ '*' During pubertal 
development in heifers, serum leptin concentrations and leptin gene 
expression increased coincident with increased serum IGF-I concentrations 
and body weight '̂'̂ . While short-term fasting failed to reduce pulsatile LH 
secretion in the mature cow.̂ ^° Thus, there is a heightened sensitivity of the 
hypothalamic-pituitary axis to variations in energy availability in the heifer 
compared to the mature cow. With regard to metabolic state, leptin 
treatment reversed nutrient restriction-induced inhibition of LH secretion in 
the mature cow^^° ewê ** and ewe lamb '̂*' demonstrating a positive 
association between LH secretion and leptin. However, neither chronic s.c. 
leptin treatment of normal-fed heifers^* ,̂ nor acute i.v. administration of 
leptin to normal-growth or growth-restricted heifers accelerated the 
development of a sexually mature pattern of gonadotropin secretion. In 
support of these observations, developmental constraints prevented the 
leptin-induced stimulation of LH secretion in the prepubertal gilt, '̂̂  Thus, 
leptin may act as a metabolic gate for puberty. Accordingly, as circulating 
leptin concentrations increase during pubertal development, a putative 
threshold is reached that permits activation of the reproductive axis. In this 
regard, leptin may serve as a permissive signal for puberty, as apposed to a 
triggering signal for puberty. 

4.4 Seasonal reproduction role of leptin 

4.4.1 Temperature 

Seasonal and (or) environmental effects have been observed in 
ruminants. Circulating leptin concentrations were not influenced during 
winter in OVX cows '̂"', but blood leptin levels were lower in cows calving 
in autumn compared to spring.^^' In addition, circulating leptin 
concentrations increased in early lactating cows exposed tolO °C compared 
to animals exposed to 3 °C.̂ ™ Moreover, in the ram, plasma leptin 
concentrations were lower in animals maintained at 0 °C than in a 
thermoneutral environment of 20 °C.^'' The authors concluded that lower 
circulating leptin levels in ruminants exposed to the cold environment could 
be partly due to the depressed insulin action on leptin secretion, since 
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animals subjected to a euglycemic clamp for 2 h increased circulating leptin 
concentrations in the thermoneutral, but not the cold, environment. 

4.4.2 Day length 

In the OVX Lacaune ewe, exposure to long day length (LD) increased 
leptin mRNA expression in adipose tissue and circulating levels of leptin 
irrespective of feeding level.̂ ^^ Furthermore, leptin mRNA was reduced 
during short day lengths in the Siberian hamster.̂ ^^ Circulating leptin 
concentrations increased in mature OVX estradiol-implanted cows from 
January to the summer solstice '̂* ,̂ which was similar to observations reported 
in mares.̂ "̂* In Soay rams fed ad libitum, LD increased plasma leptin 
concentrations compared to short day length (SD).̂ ^^ Furthermore, appetite 
response to central administration of leptin was sex and seasonal dependent 
in mature gonadectomized Rommey Marsh sheep; leptin had a profound 
inhibitory effect on feeding behavior in females during the spring compared 
to males.̂ ^^ The physiological significance of photoperiod regulation of 
leptin expression in adipose tissue and secretion may be related to seasonal 
changes in reproductive activity. Day length has been reported to affect the 
age at which puberty occurs in beef and dairy heifers.̂ ^ '̂̂ ^^ Spring-born 
heifers exposed to 18 h of daylight reached puberty earlier than those raised 
under natural photoperiod.^^^ Hence, mechanisms through which seasonal 
changes in day-length affect puberty appear to involve photo-regulated 
factors that may include not only leptin but also melatonin. In the rat, 
melatonin administered to mimic SD decreased plasma leptin and insulin 
concentrations and intra-abdominal fat.̂ °̂ In contrast, melatonin treatment 
for 3 months to mimic SD in sheep did not change plasma leptin 
concentrations but did increase LH and prolactin secretion.̂ ^^ Thus, 
mechanisms through which seasonal changes in day length affect 
reproductive activity may involve melatonin, but the role of leptin is unclear. 

Seasonal anestrous mares exhibited low leptin levels.̂ ^^ Similarly, in 
Siberian hamsters, serum leptin levels were significantly reduced in SD 
when compared to LD. Leptin secretion increased from anestrus to 
follicular and luteal phases subsequent to the first ovulation in mares.̂ ^^ 
Thus it appears that the transition from ovarian activity to anestrus is 
preceded by a decrease in plasma leptin concentrations. Conversely, 
resumption of ovarian activity may require increasing leptin concentrations 
during this transition period. 

4.5 Leptin and Ovarian Function 

Leptin receptors have been observed in both the granulosa and theca cells 
of the human̂ ^̂ '̂ '̂*, bovine °̂̂ '̂ ^^ and porcine.^^'' Circulating concentrations 
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of leptin are generally below 10 ng/ml'''̂ '̂ ^ '̂̂ ^ ,̂ and both physiological and 
supra-physiological leptin concentrations have been reported to affect steroid 
synthesis in vitro and in vivo. In vitro studies demonstrated that treatment 
with supra-physiological concentrations of leptin inhibited steroidogenesis in 
bovine granulosa^" '̂ ^̂  and theca cells.̂ ^^ Similar results have been reported 
for the human^^°'̂ '̂, rodent̂ ^ '̂̂ ''̂  sheep̂ "̂* and pig.̂ ^^ In contrast, 
physiological doses of leptin have been reported to stimulate steroidogenesis 
in granulosa in the piĝ ^̂  in the presence or absence of IGF-I. Taken 
together, the above reports support the idea that leptin has a direct role in 
modulating follicular development. A critical blood level of leptin may be 
necessary to initiate follicular development, stimulatory threshold, and 
elevated circulating leptin concentrations may reach a putative inhibitory 
threshold. 

Kendall et al.̂ ^̂  reported that passive immunization against leptin during 
the follicular phase of the estrous cycle in the ewe increased ovarian 
estradiol secretion but had no effect on gonadotropin secretion, ovulation or 
subsequent luteal function. In contrast, direct ovarian arterial infusion of 
high dose (20 |ig/h) or low dose (2 |ig/h) of leptin had no effect on estradiol 
production but increased the progesterone production from the subsequent 
corpus luteum. This paradox may in part be explained by activation of 
alternate pathways which stimulate ovarian function. Such pathways would 
include: the GnRH-LH axis^"*'̂ ^^ GH/IGF axis '̂̂ '̂ ^^ and altered ovarian 
blood flow^̂ '̂̂ °° via the angiotensin II system.^°' Lastly, supra-physiological 
doses of leptin may have down-regulated OB-rb expression.̂ " '̂̂  ̂  

The fact that exposure of the somatic cells of the preovulatory follicle to 
leptin enhanced the steroidogenic capacity of the luteal cells suggests a role 
for leptin in corpus luteum development. In support of this idea, increased 
progesterone production from porcine granulasa cells due to leptin treatment 
was associated with enhanced expression of steroidogenic acute regulatory 
protein (StAR), which may be a key regulatory event in the action of leptin 
on steroidogenesis.^^^ Moreover, leptin receptor mRNA abundance increased 
during in vitro luteinization and was greatest in luteal tissue collected during 
the mid luteal phase in the pig.̂ ^^ This, evidence demonstrates that leptin 
plays a role in both follicular development and subsequent luteal function. 

4.6 Lactation 

4.6.1 Lactating sow 

During lactation, feed intake of sows is often inadequate to meet nutrient 
requirements for maintenance and lactation. There is increasing evidence that 
nutrition, reduction in backfat, changes in metabolic state, and associated 
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changes in metabolite and metabolic hormones such as insulin, IGF-I, GH, 
and leptin, influence the reproductive axis in the sow.̂ "'* 

In the primaparous and multiparous lactating sow, serum and milk leptin 
concentrations were positively correlated with backfat thickness and level of 
dietary energy fed during gestation, as well as feed consumption.̂ ° '̂̂ °^ A 
positive correlation was observed among plasma insulin, leptin and LH 
concentrations in lactating sows fed ad libitum compared to feed-restricted 
sows. Moreover, the weaning to estrus interval was greater in the feed-
restricted sows compared to controls.̂ °*' These findings provide evidence 
that circulating leptin, LH concentrations and feed consumption during 
lactation are influenced by dietary energy intake during pregnancy or 
lactation in the sow. Thus, the role of leptin in modulating feed intake during 
lactation and post-weaning reproductive function remains to be determined. 

4.6.2 Lactating ruminants 

Generally, energy balance and adiposity is positively correlated to 
postpartum reproductive function in ruminants.•'°^'''°' Postpartum 
reproductive performance in cows was associated with greater IGF-I^'° and 
increasing leptin concentrations during the postpartum period.^" Cows with 
decreased leptin level exhibited delayed onset of reproductive function 
during the post-partum period.^"•''^ In addition, peripartum plasma leptin 
concentrations were associated with parity and body condition score (BCS) 
at calving.^°^ Circulating leptin concentrations during lactation were also 
associated with BCS. Cows and heifers with BCS greater than 3 had greater 
blood leptin and IGF-I levels, and the peripartum decrease in leptin was 
more pronounced in heifers and occurred later in fat animals. Leptin levels 
greater than 5 ng/ml in lean heifers, multiparous cows and fat heifers 
resulted in resumption of ovarian follicular development earlier than animals 
with lower circulating leptin concentrations. '̂̂ ^ Theses observations support 
the hypothesis that leptin may play a permissive role in activation of the 
reproductive axis in the postpartum animal as previously reported. '̂̂ '̂ ° '̂̂ '̂  

5. CONCLUSION 

Evidence has been presented demonstrating that leptin may act beyond 
its role as a satiety signal. Leptin serves as a metabolic signal interacting 
with neuropeptides that link energy status with the neuroendocrine axis. 
Furthermore, leptin may play a direct role in modulating ovarian activity. 
Leptin may act as a metabolic gate during the onset of puberty and during 
the resumption of postpartum reproductive function. We suggest a putative 
stimulatory threshold is reached which permits activation of the 
hypothalamic-pituitary-gonadal axis and subsequent reproductive function. 
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GENETIC DISORDERS INVOLVING LEPTIN 
AND THE LEPTIN RECEPTOR 

I. S. Farooqi 
University Department of Clinical Biochemistry, Cambridge Institute for Medical Research, 
Addenbrooke 's Hospital, Cambridge, CB2 2XY, United Kingdom 

Abstract: There has been a major increase in the scale of scientific activity devoted to 
the study of energy balance and obesity in the last 10 years. This explosion of 
interest has to a large extent been driven by the identification of genes 
responsible for murine obesity syndromes and the novel physiological 
pathways that have been delineated by these genetic discoveries. 
Several single gene defects causing severe human obesity have been identified. 
Many of these defects have been in molecules identical or similar to those 
identified as a cause of obesity in rodents. In this chapter, I will review two of 
the human monogenic obesity syndromes that have been characterized to date 
and discuss how far such observations support the physiological role of leptin 
in the regulation of human body weight and neuroendocrine function 

Key words: obesity, genetics, leptin, leptin receptor 

1. INTRODUCTION 

The concept that mammalian body fat mass is likely to be regulated has 
its underpinning in experimental science going back over 50 yrs. Thus, the 
adipostatic theory of Kennedy, which emerged in the 1950s, was based on 
his own observations of the responses of rodents to perturbations of food 
intake'. The hypothalamic lesioning studies of Hetherington^ and Anand^ 
and the parabiosis experiments of Hervey'' established that the hypothalamus 
was central to energy homeostasis. The subsequent emergence of several 
murine genetic models of obesity^, and their study in parabiosis experiments 
by Coleman^ led to the consolidation of the concept that a circulating factor 
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might be involved in the mediation of energy homeostasis. However, it was 
not until the 1990s when the precise molecular basis for the agouti, oh/oh, 
db/db and fat/fat mouse models emerged, that the molecular components of 
an energy balance regulatory network began to be pieced together^. The use 
of gene targeting technology has gone on to demonstrate the critical roles of 
certain other key molecules such as the melanocortin 4 receptor (MC4R)^ 
and melanin concentrating hormone (MCH)^"'° in that network. 

A critical question raised by these discoveries is the extent to which 
these regulatory pathways are operating in the control of human body 
weight. Over the past few years a number of novel monogenic disorders 
causing human obesity have emerged". In many cases the mutations are 
found in components of the regulatory pathways identified in rodents. The 
importance of these human studies is several fold. Firstly, they have 
established for the first time that humans can become obese due to a simple 
inherited defect. Secondly, it has been notable that in all cases the principle 
effect of the genetic mutation has been to disrupt mechanisms regulating 
food intake. Thirdly, some defects, although rare, are amenable to rational 
therapy. Fourthly, although the physiological consequences of mutations in 
the same gene in humans and mice are frequently very similar, there are 
certain key inter-species differences in phenotype. These studies have been 
particularly informative in dissecting complex human phenotypes. 

2. CONGENITAL LEPTIN DEFICIENCY 

In 1997, we reported two severely obese cousins from a highly 
consanguineous family of Pakistani origin'^. Serum leptin levels were 
undetectable in these children and direct nucleotide sequencing of the ob 
gene revealed the children to be homozygous for deletion of a single guanine 
nucleotide in codon 133 of the open reading frame which resulted in a 
truncated protein that was not secreted'^"'''. The deletion was present in the 
heterozygous state in both parents. We have since identified three further 
affected individuals from two other families''* (and unpublished 
observations) who are also homozygous for the same mutation in the leptin 
gene. All the families are of Pakistani origin but not known to be related 
over five generations. A large Turkish family who carry a homozygous 
missense mutation have also been described'^. All subjects in these families 
are characterised by severe early onset obesity and intense 
hyperphagia''*'"''^. Hyperinsulinaemia and an advanced bone-age are also 
common features''*'*. Some of the Turkish subjects are adults with 
hypogonadotropic hypogonadism'^. Although normal pubertal development 
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did not occur there was some evidence of a delayed but spontaneous pubertal 
development in one person'^. 

We demonstrated that children with leptin deficiency had profound 
abnormalities of T cell number and function''', consistent with high rates of 
childhood infection and a high reported rate of childhood mortality from 
infection in obese Turkish subjects'^. Most of these phenotypes closely 
parallel those seen in murine leptin deficiency (Table 1). However, there are 
some phenotypes where the parallels between human and mouse are not as 
clear-cut. Thus, while ob/ob mice are stunted'^ it appears that growth 
retardation is not a feature of human leptin deficiency ''*'"', although 
abnormalities of dynamic growth hormone secretion have been reported in 
one human subject'^. Ob/ob mice have marked activation of the 
hypothalamic pituitary adrenal axis with very elevated corticosterone 
levels'^. In humans, abnormalities of Cortisol secretion are not seen'''. The 
contribution of reduced energy expenditure to the obesity of the ob/ob mouse 
is reasonably well established^". In leptin deficient humans we found no 
detectable changes in resting or free-living energy expenditure''*, although it 
was not possible to examine how such systems adapted to stressors such as 
cold. Ozata et al reported abnormalities of sympathetic nerve function in 
leptin deficient humans consistent with defects in the efferent sympathetic 
limb of thermogenesis'^. It may be that any deficits in energy expenditure in 
humans are difficult to measure in the basal state and may only be revealed 
with dynamic perturbations of energy balance. 

3. PHYSIOLOGICAL CONSEQUENCES OF LEPTIN 
THERAPY 

Recently we reported the dramatic and beneficial effects of daily 
subcutaneous injections of leptin reducing body weight and fat mass in three 
congenitally leptin deficient children'''. We have recently commenced 
therapy in the other two children and seen comparably beneficial results 
(personal observations). All children showed a response to initial leptin 
doses (that were) designed to produce plasma leptin levels at only 10% of 
those predicted by height and weight (i.e. approximately O.Olmg/kg of lean 
body mass)'''. The most dramatic example of leptin's effects was with a 3 
year old boy, severely disabled by gross obesity (wt 42kg), who now weighs 
32kg (75th centile for weight) after 48 months of leptin therapy (Figure 1). 

The major effect of leptin was on appetite with normalisation of 
hyperphagia. Leptin therapy reduced energy intake during an 18MJ 
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adlibitum test meal by up to 84% (5MJ ingested pre-treatment vs 0.8MJ 
post-treatment in the child with the greatest response)"*' We were unable to 
demonstrate a major effect of leptin on basal metabolic rate or free-living 
energy expenditure'"*, but, as weight loss by other means is associated with a 
decrease in (BMR) basal metabolic rate^', the fact that energy expenditure 
did not fall in our leptin deficient subjects is notable. 

Figure 1. Effects of recombinant human leptin treatment in leptin deficiency 

The administration of leptin permitted progression of appropriately timed 
pubertal development in the single child of appropriate age and did not cause 
the early onset of puberty in the younger children*'*. Free thyroxine and TSH 
levels, although in the normal range before treatment, had consistently 
increased at the earliest post-treatment time point and subsequently 
stabilized at this elevated level*"*. In a recently reported leptin deficient 
patient, we observed subclinical hypothyroidism for which thyroxine therapy 
had been started^ .̂ Her thyroid function completely normalized once leptin 
therapy was established, allowing withdrawal of thyroxine. Thus it appears 
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that leptin deficiency is a cause of reversible subclinical hypothyroidism. 
Evidence from rodents suggests that leptin is necessary for the normal 
biosynthesis and secretion of TRH and that complete leptin deficiency is 
associated with a moderate degree of central hypothyroidism^^"^ .̂ Prior to 
this report, thyroid biochemistry has been reported in seven subjects with 
congenital leptin deficiency, three children and four adults. In all cases, 
plasma free thyroxine concentrations have been within the normal range, but 
four children had significantly elevated TSH levels. The pulsatility of TSH 
secretion was studied in a single subject with congenital leptin deficiency 
and demonstrated to have a markedly disorganized secretory pattern^^. 
Mantzoros et al. recently examined the ability of leptin to influence the 
responses of the hypothalamic-pituitary-thyroidal axis to three days 
starvation^^. They showed that while leptin abrogated the effects of 
starvation on integrated TSH levels and on TSH pulsatility, the fasting 
induced drop in plasma free T3 was not altered by leptin. By contrast 
Rosenbaum et al. showed that low dose leptin replacement therapy prevented 
the drop in free T4 and free T3 resulting from a more chronic but lesser 
degree of caloric restriction^'. The latter study was conducted over a longer 
interval, which may explain the observed differences in the reported effects 
of leptin on the thyroid axis in these groups of patients subjected to caloric 
restriction. 

If leptin is having a significant effect in circulating thyroid hormone 
concentrations, at what level is this effect operating? On the basis of the high 
expression of leptin receptors in the arcuate nucleus, the known projection of 
the arcuate to the paraventricular nucleus where the cell bodies are located, 
and the demonstrated effects of leptin on TRH biosynthesis and release, a 
central role of leptin seems most likely. There is no evidence to date for 
leptin having a direct role on the pituitary thyrotroph. Thus, the bulk of 
evidence favors a role for leptin in the hypothalamic control of TRH release 
as the major mediator of its effects on thyroidal function^ .̂ 

Throughout the trial of leptin administration, weight loss continued in all 
subjects, albeit with refractory periods which were overcome by increases in 
leptin dose'"*. The families in the UK harbour a mutation which leads to a 
prematurely truncated form of leptin and thus wild-type leptin is a novel 
antigen to them. Thus, all subjects developed anti-leptin antibodies after ~6 
weeks of leptin therapy, which interfered with interpretation of serum leptin 
levels and in some cases were capable of neutralising leptin in a bioassay''*. 
These antibodies are the likely cause of refractory periods occurring during 
therapy. The fluctuating nature of the antibodies probably reflects the 
complicating factor that leptin deficiency is itself an immuno-deficient 
state^^ and administration of leptin leads to a change from the secretion of 
predominantly Th2 to Thl cytokines, which may directly influence antibody 
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production. Thus far, we have been able to regain control of weight loss by 
increasing the dose of leptin. 

Table 1. Phenotypes associated with leptin deficiency in rodents (ob/ob) 
and humans 

PHENOTYPE 

Total Body Weight 
Fat mass 
Lean mass 
Bone mineral content 

Food intake 
Basal metabolic rate 
Physical activity 
SNS activation 

Diabetes 
Hyperinsulinaemia 

Immunity 
Reproductive 
Thyroid 
Growth 
Adrenal 

MOUSE 

3 X normal 
over 50% 
decreased 
increased 

inc meal size 
decreased 
reduced 
decreased 

yes 
severe 

dec CD4 cells 
hypogonadism 
hypothyroid 
stunted 
corticosterone 

HUMAN 

mean BMI sds = 6.2 
mean 57% of body weight 
normal for age 
normal for age 

inc meal size and frequency 
appropriate for body composition 
reduced 
reduced in response to cold 

normoglycaemia 
appropriate for degree of obesity 

dec CD4 cells 
hypogonadism 
hypothalamic hypothyroidism 
normal linear growth and IGF-1 
normal Cortisol and ACTH levels 

excess 

4. IS HAPLO-INSUFFICIENCY BENEFICIAL? 

The major question with respect to the potential therapeutic use of leptin 
in more common forms of obesity relates to the shape of the leptin dose 
response curve. We have clearly shown that at the lower end of plasma 
leptin levels, raising leptin levels from undetectable to detectable has 
profound effects on appetite and weight''*. Heymsfield et al administered 
supraphysiological doses (0.1-0.3 mg/kg body weight) of leptin to obese 
subjects for 28 weeks^^. On average, subjects lost significant weight, but the 
extent of weight loss and the variability between subjects has led many to 
conclude that the leptin resistance of common obesity cannot be usefully 
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overcome by leptin supplementation, at least when administered 
peripherally. However, on scientific rather than pragmatic grounds, it is of 
interest that there was a significant effect on weight, suggesting that plasma 
leptin can continue to have a dose/response effect on energy homeostasis 
across a wide plasma concentration range. To test this hypothesis, we studied 
the heterozygous relatives of our leptin deficient subjects. Serum leptin 
levels in the heterozygous subjects were found to be significantly lower than 
expected for % body fat and they had a higher prevalence of obesity than 
seen in a control population of similar age, sex and ethnicity^". Additionally, 
% body fat was higher than predicted from their height and weight in the 
heterozygous subjects compared to control subjects of the same ethnicity^". 
These findings closely parallel those in heterozygous ob- and db/- mice ̂ ''̂ .̂ 
These data provide further support for the possibility that leptin can produce 
a graded response in terms of body composition across a broad range of 
plasma concentrations. 

All heterozygous subjects had normal thyroid function and appropriate 
gonadotropins, normal development of secondary sexual characteristics, 
normal menstrual cycles and fertility suggesting that low leptin levels are 
sufficient to preserve these functions. This is consistent with the data of loffe 
and colleagues who demonstrated that several of the neuroendocrine features 
associated with leptin deficiency were abolished in low level leptin 
transgenic mice, which were fertile with normal corticosterone levels^^. 
However, these low level leptin transgenic mice still exhibited an abnormal 
thermoregulation in response to cold exposure and had mildly elevated 
plasma insulin concentrations, suggesting that there are different thresholds 
for the various biological responses elicited by changes in serum leptin 
concentration and that these could be reversed by leptin administration. 

Our findings in the heterozygous individuals have some potential 
implications for the treatment of common forms of obesity. Whilst serum 
leptin concentrations correlate positively with fat mass, there is considerable 
inter-individual variation at any particular fat mass. Leptin is inappropriately 
low in some obese individuals and the relative hypoleptinemia in these 
subjects may be actively contributing to their obesity and may be responsive 
to leptin therapy '̂*. Heymsfield et al, found no relationship between baseline 
plasma leptin levels and therapeutic response^^, however, study subjects 
were not preselected for relative hypoleptinemia. A therapeutic trial in a 
subgroup of subjects selected for disproportionately low circulating leptin 
levels would be of great interest. 
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5. LEPTIN RECEPTOR DEFICIENCY 

A mutation in the leptin receptor has been reported in one 
consanguineous family with three affected subjects^^. Affected individuals 
were found to be homozygous for a mutation that truncates the receptor 
before the transmembrane domain. The mutant receptor ectodomain is shed 
from cells and circulates bound to leptin. The phenotype has similarities to 
that of leptin deficiency. Leptin receptor deficient subjects were also of 
normal birthweight but exhibited rapid weight gain in the first few months of 
life, with severe hyperphagia and aggressive behaviour when food was 
denied^^. Basal temperature and resting metabolic rate were normal, Cortisol 
levels were in the normal range and all individuals were normoglycaemic 
with mildly elevated plasma insulins similar to leptin-deficient subjects. 
Leptin receptor deficiency subjects had some unique neuroendocrine 
features not seen with leptin deficiency. Evidence of mild growth retardation 
in early childhood, with impaired basal and stimulated growth hormone 
secretion and decreased IGF-1 and IGF-BP3 levels alongside features of 
hypothalamic hypothyroidism in these subjects, suggest that loss of the 
leptin receptor results in a more severe neuroendocrine phenotype than loss 
of leptin itself. 

6. SUMMARY 

Several monogenic forms of human obesity have now been identified by 
searching for mutations homologous to those causing obesity in mice. 
Although such monogenic obesity syndromes are rare, the successful use of 
murine models to study human obesity indicates that substantial homology 
exists across mammalian species in the functional organisation of the weight 
regulatory system. More importantly, the identification of molecules that 
control food intake has generated new targets for drug development in the 
treatment of obesity and related disorders. These considerations indicate that 
an expanded ability to diagnose the pathophysiological basis of human 
obesity will have direct applications to its treatment. A more detailed 
understanding of the molecular pathogenesis of human obesity may 
ultimately guide treatment of affected individuals. 
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IMMUNOASSAYS FOR LEPTIN AND LEPTIN 
RECEPTORS 

Jehangir Mistry 
Department of Research and Development, Linco Research, Inc., St. Charles, MO 

Abstract; Availability of methods for accurate and reproducible quantification of 
leptin in various biological fluids in humans and in animals has greatly 
facilitated research leading to the understanding of its role in various 
physiological and pathophysiological conditions. Immunoassay 
techniques provide a simple and robust tool for measurement of 
biomolecules. In this chapter, I describe the principles behind various 
types of immunoassay methods, features of several commercially 
available leptin and leptin receptor immunoassays, and factors that 
influence leptin measurement using immunoassays. 

Key words: Immunoassays, RIA, ELISA, antibodies, immunofunctional 
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1. INTRODUCTION 

To gain understanding of the biological functions of any molecule, it is 
critical to develop simple, accurate and reproducible tools that enable the 
measurement of the molecule in various biological fluids. Following its 
discovery, methods for measuring circulating concentrations of leptin in the 
human and other animal species were developed rapidly. The first assays 
were based on the immunoprecipitation/Western blotting techniques and 
were not only semi-quantitative but also tedious'. Therefore, there was an 
immediate need for precise and quantitative methods. The first commercial 
assay was introduced by Linco Research, Inc. as described by Ma et al.^. 
This simple and robust assay has been used in majority of the published 
literature on the measurement of circulating levels of leptin in human serum, 
plasma or tissue culture media. Leptin circulates in the blood as "free" 
hormone as well as bound to the extra cellular domain of its soluble receptor. 
The objective of this chapter is to familiarize the reader with (a) various 
immunoassay methods and formats available for human leptin and soluble 
leptin receptor measurement in biological fluids, (b) parameters such as 
calibration, analyte stability, interference from endogenous molecules, assay 
characteristics and lot-to-lot variability may influence leptin measurement in 
various biological matrices, and (c) the availability of various animal leptin 
assays. 

2. COMPETITIVE IMMUNOASSAYS FOR LEPTIN 

The competitive immunoassays utilize either radioactive (usually '^^I-
labeled) or non-radioactive leptin (usually enzyme-labeled or biotin labeled) 
as the tracer and only one antibody (called primary antibody) raised against 
the full-length or a peptide fragment of leptin. The method involves 
competition between the labeled and unlabeled leptin to bind to a fixed 
number of binding sites^ The amount of labeled leptin bound to the 
antibody is inversely proportional to the concentration of unlabeled leptin 
present. The separation of the free and bound leptin is achieved by using a 
double antibody system. The advantage of competitive immunoassays is 
that they do not require purified antibodies (e.g., antigen affinity purification 
or other chromatographic steps) and therefore, they are relatively easy to 
develop for the measurement of large peptides or proteins. The first 
commercial assay introduced by Linco utilizes '^^I-labeled human 
recombinant leptin, human recombinant calibrators and antiserum raised by 
immunizing rabbits with highly purified recombinant leptin. This 
radioimmunoassay (RIA) has been used extensively to determine leptin 
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concentrations in serum, plasma or tissue culture media'*' .̂ In addition, 
Linco has developed a sensitive leptin RIA suitable for measurement of very 
low leptin concentrations in biological matrices such as cerebrospinal fluid^. 

3. "TWO-SITE" SANDWICH IMMUNOASSAYS 
FOR LEPTIN 

The sandwich immunoassays are non-competitive assays in which the 
analyte (e.g., leptin) to be measured is "sandwiched" between two 
antibodies^. The first antibody is immobilized to a solid support (e.g., inside 
walls of plastic tubes or microtiter wells) and the other antibody is labeled 
(e.g. ^̂ Î label or enzyme or fluorescence tag) for detection of the analyte. 
The analyte present in the standards or unknown samples is bound by both 
antibodies to form a "sandwich" complex. Unbound reagents are removed 
by washing the tubes or microtiter wells or the solid support. Examples of 
sandwich immunoassays include Immunoradiometric Assay (IRMA) or 
Enzyme-Linked Immunosorbent Assay (ELISA). Several leptin 
immunoassays kits are now available in the ELISA format. Table 1 shows 
compilation of a list of commercially available human leptin immunoassays 
from various manufacturers and suppliers, with their essential characteristics. 

Table 1. 

Company 

ALPCO 
Diagnostics/ 
BioVendor 

Assay Designs 

B-Bridge 

DSL 

DSL 

LINCO Researcii 

LINCO Research 

LINCO Research 

Comparison of Human Leptin Assays from Various Commercial Sources* 

Assay 
Format 

ELISA 

ELISA 

ELISA 

IRMA 

ELISA 

RIA 

RIA 

ELISA 

LINCO Research 

R&D Systems 

Luminex 
Multiplex 

ELISA 

Dynamic Range 

1-50nQ/ml 

195-12,500 pq/ml 

1-60nc|/ml 

0.25-120 ng/ml 

0.5-50 nq/ml 

0.5-100 ng/ml 

0,05-10 ng/ml 

0.125-20 nq/ml 

0.5-100 nq/ml 

6.2-4,500 pM 

30-2,000 pg/mi 

Sample 
Volume 

33 pi 

100 pi 

1001 pi 

100 pi 

25 pi 

SIOOpI 

SI 00 pi 

50 pi 

25 pi 

25 pi 

100 pi 

Incubation 
Time 

2.5 hr. 

2hr. 

2.5 hr. 

Overnight 

3.5 hr. 

Overnight 

Two-day 

3.5 hr. 

3.5 hr. 

Overnight 

5hr. 

Sensitivity 

0.5 ng/ml 

25.5 pg/ml 

Not Described 

0.1 ng/ml 

0.05 ng/ml 

0.1 ng/ml 

0.01 ng/ml 

0.05 ng/ml 

0.2 ng/ml 

8.7 pM 

Not Described 

Sample 
Treatment 

Dilution 

None 

Dilution 

None 

None 

None 

None 

None 

None 

None 

Dilution 

*Information was obtained from various manufacturers' kit inserts. 
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4. MEASUREMENT OF FREE FORM OF LEFTIN 
IN HUMAN SERUM 

Circulating leptin in humans is bound to high-molecular-weight 
components, as demonstrated by traditional methods using '^^I-labeled 
recombinant leptin and size exclusion chromatography^"'°. Furthermore, a 
spun-column assay was used to determine leptin-binding activity in human 
serum''. Horn and Lewandowski'^' '̂  used an innovative approach to 
measure selectively only the free leptin by developing an RIA with 
antibodies raised against a C-terminal leptin fragment (leptin126-i4o). 
Lewandowskin et al. also raised antibodies against an N-terminal fragment 
of leptin (leptin26-39) which was shown to recognize only the soluble receptor 
bound leptin. Free and bound forms of leptin have also been quantified by 
HPLC separation of serum samples followed by measurement of leptin with 
Linco'sRIA'". 

5. SOLUBLE LEPTIN RECEPTOR ASSAYS 

At least two commercial immunoassays, one from Diagnostic Systems 
Laboratories, Inc. (Webster, Texas) and the other from Bio Vendor (Czech 
Republic), are currently available to measure the soluble form of leptin 
receptor. Both assays utilize the sandwich ELISA format in which the 
"capture" and "detection" antibodies are raised against the soluble receptor 
protein. Wu et al.'^ developed a Ligand-Mediated Immunofunctional 
Assays (LIFA) for measurement of (a) circulating endogenous leptin/soluble 
leptin receptor complexes and (b) total soluble leptin receptor. The soluble 
leptin receptor is captured by a monoclonal antibody which binds to an 
epitope on the soluble receptor away from the ligand-receptor binding site 
and equally recognizes both free leptin receptor and leptin/leptin receptor 
complexes. Addition of anti-leptin monoclonal antibody alone detects pre
existing endogenous leptin/soluble leptin receptor complexes only, whereas 
addition of the anti-leptin monoclonal antibody together with an excess of 
recombinant leptin allows for the measurement of total soluble receptor'^. 

6. ANIMAL LEPTIN IMMUNOASSAYS 

The study of leptin physiology in animals such as mice, rats, non-human 
primates and pigs has been greatly facilitated due to the availability of 
simple, robust RIAs for the measurement of this hormone. Linco Research, 
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Inc has also developed a multi-species RIA; the antibody used in this kit was 
raised against human leptin but displays broad cross-reactivity to leptin 
molecules of many, but not all, species. Richards et al.'^ developed a rabbit 
polyclonal antiserum to an epitope containing a specific eight amino acid 
sequence (GLDFIPGL) found in the AB loop portion of most leptin proteins, 
such as pig, chicken, human, rat, mouse, bovine, sheep and dog. The 
antiserum apparently recognizes the full-length protein, regardless of the 
species of origin using Western blot. Slot blot or Immuno-histochemistry 
techniques. This is typical of many antisera which are raised against a small 
peptide where they can only detect the intact molecule in a denatured form 
but not in its native form in solution. The rodent leptin assays are now 
commercially available in the ELISA format as well. Antibodies raised 
against human, mouse and rat leptin do not appear to show any significant 
cross-reactivity to canine leptin. There is only one report in the literature 
where Kimura et al.̂ ^ developed a sandwich ELISA for canine leptin. Table 
2 shows compilation of a list of commercially available animal leptin 
immunoassays from various manufacturers and suppliers, with their 
essential characteristics. 

Table 2 

Company 

ALPCO 
Diagnostics 

Assay Design 

Assay Design 

B-Bridge 

BioVendor 

DSL 

DSL 
LINCO 
Research 
LINCO 
Research 
LINCO 
Research 
LINCO 
Research 

LINCO 
Research 
LINCO 
Research 
LINCO 
Research 

R&D Systems 

. Comparison of Animal Leptin Assays From Various Commercial Sources* 

Species 

Mouse/Rat 

Mouse 

Rat 

Mouse/Rat 

Mouse/Rat 

Murine 

Porcine 

Mouse 

Rat 

IVIouse 

Rat 

Mouse/Rat 

Primate 
Multi-
species 

Mouse/Rat 

Assay 
Format 

ELISA 

ELISA 

ELISA 

ELISA 

ELISA 

ELISA 

ELISA 

RIA 

RIA 

ELISA 

ELISA 

Luminex 
Multiplex 

RIA 

RIA 

ELISA 

Dynamic 
Range 

25-1,600 pg/ml 

12.6-800 pg/mi 

56-3,600 pg/ml 

62.5-4,000 pg/ml 

62.5-4,000 pg/ml 

0.5-50 ng/mi 

0.5-50 ng/mi 

0.2-20 nq/ml 

0.5-50 nq/ml 

0.2-30 ng/ml 

0.2-30 ng/ml 

6.2-4,500 pM 

0.5-100 ng/mi 

1-50 ng/mi 
31.25-2,000 

pg/mi 

Sample 
Volume 

25 Mi 

100 pi 

100 Mi 

100 Ml 

100 Mi 

26 pi 

50 Ml 

SI 00 Ml 

S I O O M I 

10 Ml 

10 Mi 

10 Ml 

S I O O M I 

SI 00 Ml 

50 Ml 

Incubation 
Time 

4hr. 

2hr. 

2hr. 

2.5 hr. 

2,5 hr. 

4.6 hr. 

2.5 hr. 

Two-day 

Two-day 

4hr. 

4hr. 

Overnight 

Overnight 

Two-day 

5hr. 

Sensitivity 

10 pg/ml 

1.74 pg/ml 

46.7 pg/ml 
Not 

described 
Not 

described 

0.04 ng/mi 
Not 

described 

0.05 ng/mi 

0.1 ng/ml 

0.1 ng/ml 

0.1 np/ml 

6.2 pM 

0.1 ng/ml 

0.5 ng/ml 

22 pg/ml 

Sample 
Treatment 

Dilution 

None 

None 

Dilution 

Dilution 

None 

None 

None 

None 

None 

None 

None 

None 

None 

Dilution 

*Information was obtained from various manufacturers' kit inserts. 
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7. FACTORS INFULENCING LEPTIN 
MEASUREMENT 

For accurate and reproducible measurement of leptin, it is important to 
select an immunoassay that is analytically robust in terms of its performance 
characteristics such as precision, cross-reactivity, linearity of dilution of the 
biological sample, recovery of exogenously added leptin to the sample and, 
shows minimum batch-to-batch variability. The long-term batch-to-batch 
variability, specifically for different lots of standard preparation, should be 
monitored by using aliquots of quality control serum samples stored at <-20 
°C containing a range of leptin concentrations, obtained by pooling samples 
from volunteers of variable body mass index. Similarly, serum pools for" 
animal leptin assays are also needed to monitor lot-to-lot consistency. 

The assay format (e.g., competitive vs. sandwich) and the antibodies used 
in various assays have significant influence in the measurement of various 
molecular forms of leptin (e.g., free vs. receptor-bound leptin, truncated 
form(s) of leptin). In the author's own experience, the RIA format can 
generally recognize multiple molecular forms of leptin but the sandwich 
format may measure only selected molecular forms of leptin. For example, 
in an RIA format, a rabbit polyclonal antibody was able to recognize leptin 
in monkey serum/plasma samples but the same antibody used in the 
sandwich format, was unable to recognize monkey leptin. 

Human leptin, as measured by RIAs in serum, plasma or cerebrospinal 
fluid has been found to be stable at -20 °C for over two years, at 4 OC for at 
least two months, and over at least five freeze/thaw cycles ' ' ' ' . However, 
this needs to be confirmed in all new assays. 

It has been documented that leptin secretion is pulsatile. The peak leptin 
concentration occurs between 00:00 and 4:00 hr and is approximately 30-
40% higher than the nadir occurring between 8:00 and 12:00 h'^' ^°. It is 
therefore important to standardize the timing of sample collection. Modest 
intra-individual differences may also exist in leptin concentration over a 
prolonged period. For example, Ma et al.^ have reported approximately 
30% variability in two subjects in whom leptin was measured on eight 
consecutive mornings. Non-fasting samples are acceptable and normal 
feeding does not significantly affect circulating leptin concentrations. 
However, sudden and extreme alterations in feeding patterns should be 
avoided. Within 24 hr of fasting, leptin concentrations decline to about 30% 
of initial basal values whereas massive overfeeding over a 12-hr period 
increases leptin concentrations by about 50% of basal values^'. 
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There is little evidence of interferences in leptin immunoassays. Leptin 
appears to be a unique molecule with no known circulating interfering 
immunoassay cross-reactants. Although there is evidence that a proportion 
of leptin in the circulation is bound to binding proteins, majority of 
immunoassays have been shown to measure total leptin most likely because 
the affinity of antibodies for leptin exceeds that of endogenous binding 
components. Commercial sandwich immunoassays that use monoclonal 
antibodies for capture and detection of human leptin may be prone to falsely 
elevated leptin values because of heterophilic interference occurring due to 
the presence of human anti-mouse antibodies or rheumatoid factors present 
in some human serum samples. The heterophilic interference can be 
eliminated or minimized by using normal mouse IgG in the assay. 

8. CONCLUSIONS 

Despite the widespread availability of other bioanalytical techniques such 
as HPLC, mass spectrometry and gel electrophoresis for the measurement of 
proteins, immunoassays remain of critical importance for protein 
quantitation in biological fluids due to their simplicity and ability to rapidly 
& reproducibly measure the concentration of proteins in multiple numbers 
of samples at one time. Due to the availability of robust immunoassays for 
leptin measurement, an incredible amount of research has been conducted 
since its discovery about a decade ago resulting in the emergence of a much 
wider physiological role of leptin in the last few years. 
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CLINICAL APPLICATIONS OF LEPTIN 

Elif Arioglu Oral' and Alex M. DePaoli ^ 
Division of Metabolism, Endocrinology and Diabetes, Department of Internal Medicine, 
University of Michigan, Ann Arbor, MI ^Amgen Inc., Thousand Oaks, CA 

Abstract: The discovery of the adipocyte hormone leptin has had a profound impact on 
our understanding of obesity and the role of the adipose tissue as an 
endocrine organ. Due primarily to the weight reducing effect of leptin in the 
ob/ob mouse, the initial enthusiasm for leptin clinical investigation was in 
human obesity. This review will trace the clinical studies from states of leptin 
deficiency ('Ob/Ob', lipodystrophy, hypothalamic amenorrhea), a 
physiological replacement paradigm, to the pharmacological applications in 
obesity (a purported state of leptin insensitivity). This chapter reviews the 
clinical applications of two leptin analogs for which there is relevant clinical 
data available (A-200, a long acting analog, will not be discussed, as there is 
little available data). Both animal and clinical data in multiple disease states 
provide strong support for a leptin analogue as a potent physiological 
replacement therapy in states of 'leptin deficiency'. The pharmacological 
applications in obesity will require further work to identify populations that 
might respond to leptin alone or in combination with agents impacting other 
pathways. The available clinical studies provide invaluable insights into 
furthering our understanding of the relevance of this hormone in health and 
disease states. Future studies are needed to explore the many potential 
applications of this remarkable cytokine hormone. 

Key words: obesity; lipodystrophy; insulin resistance; dyslipidemia; adipocytokines; 
reproductive endocrinology; hypothalamic amenorrhea, neuroendocrine; 
therapeutics 
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INTRODUCTION 

The discovery of leptin and other adipocyte-derived hormones has 
completely changed our view of the adipocyte as a cell with an important 
role in the regulation of metabolism. We now know that the fat cells have an 
endocrine function and can secrete a variety of proteins including leptin, 
adinopectin\ resistin^, TNFa'', and IL-6 '*'̂ . This list has grown to include 
other secreted factors such as adiponutrin, visfatin*'̂ , omentin^ etc. Leptin, 
by virtue of its rapid development for therapeutic applications and its 
projected therapeutic potential in obesity, has received the most attention. In 
addition to its regulatory effect in energy homeostasis and metabolism, there 
is a growing body of evidence that suggests involvement of leptin in the 
regulation of the immune system ', reproduction '°, coagulation, sympathetic 
nervous system "' '^ blood pressure'^ growth '^ steroid hormone 
production, fetal development''', hematopoiesis '̂ , angiogenesis ''•^•'''•'̂ -'' and 
wound repair ^°'^\ When the effects of a cytokine hormone are so diverse, 
finding its clinical utility becomes challenging. A logical approach toward 
developing clinical uses of the pathway begins with the lessons from the 
knockout ob/ob mouse. Since the most obvious effect observed in the ob/ob 
mouse was dramatic weight loss, the drug was quickly embraced as the 
potential "magic bullet" for the rising epidemic of obesity in the Western 
World. 

Since the story originates from the ob/ob mouse and begins with the 
discovery of leptin, it is useful to briefly review the physiology of leptin. 
Leptin is a protein structurally similar to cytokines ^'^'^^. It is the protein 
product of the ob gene in mice and humans ^'^ ^^. The main site of leptin 
synthesis is adipose tissue (white more than brown) and blood levels of 
leptin correlate with total body fat; the circulating leptin level is elevated in 
obese rodents and humans^ '̂̂ ' ^̂  and lower in lean subjects. Its main function 
is thought to be as an energy sensor via informing the brain of the energy 
storage level of the body '̂ •̂ •̂̂ °. in response to this signal, the brain makes 
appropriate adjustments to change food intake and energy expenditure to 
reestablish the energy homeostasis '̂ •̂ "̂̂ '*. The ob/ob mouse, which has 
complete deficiency of leptin, are hyperphagic, hypothermic and morbidly 
obese, marked by increased energy intake with reduced energy expenditure 
16,35 36,37 fj-g^tment of ob/ob mice with leptin causes a decrease in appetite 
and promotes weight loss, the majority of which is the body fat ^^"". These 
mice also have a marked hepatic steatosis coupled with hepatic insulin 
resistance and hyperglycemia. In addition, the ob/ob mice are infertile and 
have a number of other hypothalamic pituitary axes abnormalities such as 
central hypothyroidism, hypercorticisterosenemia due to central CRF neuron 
activation, and linear growth impairment. More recently, immunological 



Clinical applications ofleptin 329 

abnormalities such as decreased CD4 counts, impaired activation of 
peripheral blood mononuclear cells and a protective effect against 
permissive autoimmunity have been observed in the murine ob/ob model. 
Replacement of leptin in the ob/ob mouse significantly reverses or corrects 
all of these abnormalities. Leptin is now viewed, not as a simple signal that 
mediates eating behavior, but rather an integrative control switch, signaling 
status of energy stores to the brain that in turn controls adaptive response to 
a state of low energy availability. In this paradigm, a low leptin level or the 
fall in circulating leptin levels will manifest a robust signal that mediates a 
coordinated set of responses. Although the animal model can be quite 
informative, there are differences in metabolic and hormonal effects in 
leptin-deficient humans and rodents. 

1. THERAPEUTIC EFFECTS OF LEPTIN IN 
CONGENITAL LEPTIN DEFICIENCY 

Ob gene and leptin receptor mutations are rare in humans •̂̂ "̂'*', in 
humans, ob gene mutations resulting in leptin deficiency, are associated with 
morbid obesity, hyperphagia, and hypothalamic hypogonadism ^^•'^°-'^^, 
Unlike ob/ob mice, hypothermia, and decreased basal energy expenditure, 
are not observed in humans. Hyperinsulinemia consistent with the 
overweight state is evident, but hyperglycemia is only observed in older 
patients'*" ̂ .̂ Leptin-deficient ob/ob mice have elevated serum glucocorticoid 
insulin resistance and impaired linear growth, whereas leptin-deficient 
human subjects with mutations in the ob gene- have normal plasma 
glucocorticoid levels 39-41,43,44 ^^^ ^^ ^^^ show evidence of growth 
impairment '^^. 

Farooqi et al. described a homozygous frame-shift mutation involving the 
deletion of a single guanine nucleotide in codon 133 of the leptin gene in 
three children ^̂ •̂ =•''̂  These children had very low plasma leptin levels, 
marked hyperphagia, excessive weight gain in early life, and severe obesity 
^̂ . Leptin treatment, in the form of r-metHuLeptin (recombinant methionyl 
Human Leptin) in these children (Figure 1) resulted in a marked reduction in 
food intake, accompanied by a significant loss of body weight'* .̂ Ninety-five 
percent of the weight loss was body fat. Energy intake at a test meal after the 
initiation of treatment decreased by 42 percent, to 930 kcal, and the rate of 
food consumption decreased markedly. The reduction in food intake was 
sustained throughout the study, with mean energy consumption during 
therapy of 1000 kcal. Bone mineral mass increased by 0.15 kg. 
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Figure 1: (a) The weight loss effect of r-metHuleptin in three children with congenital leptin 
mutations as a function of time on therapy as taken from their lifetime weight charts, (b) 
Remarkable weight loss is demonstrated with pictures of Child B before and after therapy. 
Reproduced with permission '^. 

In addition to marked weight loss due to significant decrease in energy 
consumption, there was a gradual decline in fasting insulin (baseline 
hyperinsulinemia), total cholesterol, LDL and triglyceride levels, and a 
gradual incline in HDL. It is of note that, the patients had episodes of weight 
gain which were overcome and reversed by increments in leptin dose. 
Approximately 98% of the weight loss was due to a reduction in fat mass in 
these growing children. The weight loss was apparently accounted for 
through suppressive effects on food intake, since there was no identified 
change in basal metabolic rate and total energy expenditure'*^. 

Another form of congenital leptin deficiency due to a non-conservative 
mis-sense leptin gene mutation (Cys-to-Thr in codon 105) was demonstrated 
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in a highly consanguineous Turkish family '*̂ '''̂ . Four homozygous and 19 
heterozygous subjects were identified '*'. Three morbidly obese and 
hypogonadal homozygous leptin-deficient adult patients (two female and 
one male) were treated with r-metHuLeptin at low, physiological 
replacement doses for 18 months^". Weight loss was noticeable as early as 
one week after the initiation of the treatment in association with a 49% 
decrease in daily food intake in two weeks. The mean BMI dropped from 51 
to 26.9 at the end of the study period. It should be noted that the dose of r-
metHuLeptin was reduced accordingly as the patients dropped their weights 
(Figure 2). 
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Figure 2: Body weight (a), energy intake (b) and daily r-nnetHuLeptin dose (c) in 3 adult Turkish 

leptin deficient patients. Reproduced with permission ^°. 

The striking finding in this study is that leptin replacement is effective 
after morbid obesity is established for several decades"'. Although one 
patient had type 2 diabetes, the other two subjects had normal baseline 
fasting glucose and insulin concentrations, and a normal oral glucose 
tolerance test . The fasting insulin and C-peptide levels in these 2 subjects 
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showed a decrease to less than half of their original values at the end of 18 
months. Interestingly, all three congenitally leptin-deficient children reported 
by Farooqi had baseline hyperinsulinemia '^^. Whether the differences in 
pretreatment insulin levels is due to differences in the nature of genetic 
abnormalities between two groups of patients or to a difference in age 
(children versus adults) remains to be elucidated. 

The data on the effect of r-metHuLeptin replacement on other adipokines 
and potential circulating factors controlling appetite are limited. The 
available data does not suggest that the effects of leptin are mediated by 
effects on other adipocytokines such as adiponectin. 

Neuroendocrine ejfects of r-metHuLeptin therapy in leptin deficient 
humans 

As indicated above, ob mice display profound abnormalities in their 
neuroendocrine regulation that manifest with impaired linear growth, 
infertility, abnormal thyroid hormone status and hypercorticosteronemia. 
Replacement with leptin improves all of these abnormalities (see above). 
The effects of leptin therapy on the various endocrine axes controlled via the 
neuroendocrine system were evaluated in a limited fashion in the patients 
with congenital leptin deficiency. In the two prepubertal children reported by 
Farooqi''^, basal FSH and LH concentrations and sex steroid concentrations 
remained in the prepubertal range after a maximum of 36 months of r-
metHuLeptin therapy. In contrast, there was a gradual increase in 
gonadotropins and estradiol in the first patient after 24 months of r-
metHuLeptin therapy at age 11 years. She had multiple synchronous 
nocturnal pulses of LH and FSH and subsequently progressed through the 
clinical stages of pubertal development. This was associated with a growth 
spurt, behavioral changes associated with pubertal development, enlargement 
of the ovaries on ultrasound with observation of follicles, and an increase in 
uterine size. She had her menarche at 12.1 years and reportedly continues to 
have regular menstrual cycles. The changes in the LH and FSH pulsatility in 
this girl and two other prepubertal children are shown in Figure 3. 

In the report of Licinio and colleagues, there was rescue of gonadal/ 
reproductive function in all three adult patients after r-metHuLeptin 
therapy^". In this small group, there were two female patients who had 
baseline regular menstrual periods characterized by a luteal phase defect with 
low midluteal phase progesterone levels. After leptin replacement both 
patients had regular menstrual periods that were associated with serial 
midluteal phase progesterone measurements >10ng/ml, which are indicative 
of ovulation. The male patient had evidence for hypogonadotropic 
hypogonadism that was corrected after 6 months of therapy with r-
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metHuLeptin at physiological doses. During the course of therapy, the 
patient reported improvement in muscle strength, sense of well-being, and 
energy. Additionally, during the course of leptin replacement, there was 
increased facial hair, onset of facial acne, development of pubic and axillary 
hair, growth of penis and testicles, and normal ejaculatory patterns. 
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Figure 3: Frequent sampling of LH and FSH levels at 12 months and 24 months of r-
metHuleptin in Child C showing age appropriate pubertal changes, (b) Frequent sampling 
values at 12 months of r-metHuleptin in prepubertal children showing no evidence of 
inappropriate puberty. Reproduced with permission'"'. 

The first three patients reported by Farooqi did not have clinically altered 
thyroid function or abnormalities in the HPA axes. The fourth child 
reported^' had evidence for mild primary autoimmune hypothyrodism and 
this resolved after replacement therapy with leptin. Licino and colleagues 
had reported abnormalities in 24 hour secretion patterns of TSH in the adult 
patients. There was no follow-up of TSH secretion during leptin therapy in 
their subsequent paper. The same authors studied Cortisol secretion over 24 
hours and reported that Cortisol dynamics are characterized by a higher 
number of smaller peaks, with smaller morning rise, increased relative 
variability, and increased pattern irregularity in the absence of leptin which 
change to higher 24-h mean concentrations after leptin replacement, with 
fewer pulses, of greater height, including a greater morning rise. In light of 
these limited observations, these authors have proposed that leptin has a role 
in organizing the dynamics of human hypothalamic-pituitary-adrenal (HPA) 
function. 

The data on GH secretion and IGF-1 levels are hard to interpret due to 
the small numbers of patients. However, it is safe to conclude that there were 
no profound abnormalities in the observed heights of either the children or 
the adults at baseline. 39'''5.46,49,5o pj.Qĵ  jĵ g limited data on these patients, it 
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appears that leptin may have some regulatory effects on levels of some IGF-
1 binding proteins ^°. 

Immunologial effects of leptin therapy 

The first implication that leptin deficient patients may have an 
immunological abnormality was made by Ozata in his Turkish kindred with 
leptin mutations "*' where an increased rate of infant and childhood mortality 
was described in the kindred compared to expected rates in the same 
environment. A number of immunological parameters were studied in two 
children with congenital leptin mutations by Farooqi and colleagues'*^: The 
most extensively studied child had a normal total lymphocyte number and a 
normal number of CD3^ T cells, but there was a reduction in CD4^ T cell 
number and an increase in CD8^ and B cells, causing a marked reduction in 
the CD47CD8'' ratio. The absolute number of naive (CD4''CD45RA'') T cells 
was reduced (193.6 ± 16.3, 17.0% ± 3.0%, vs. 1,789.0 ± 219.0, 80.4% ± 
8.7%, in controls) and consistently lower than that of memory 
(CD4^CD45RO^) T cells (676.6 ± 31.3, 82.1% ± 8.1%, vs. 366.6 ± 219.4, 
17.8% ± 9.0%, in controls), as was the naive/memory T cell ratio (0.28 vs. 
4.88 in controls). R-metHuLeptin therapy normalized this suggested 
immunophenotype. Thus, CD4* T cell number was increased to a normal 
level, as was the CD4VCD8'' T cell ratio, while the number of CD%^ and 
CD 19^ B cells was reduced. During the period of r-metHuLeptin therapy, the 
number of naive CD4'̂ CD45RA^ T cells and the naive/memory T cell ratio 
were increased (410.6 ± 78.4 and 0.48, respectively). Finally, the proportion 
of NK cells, as defined by CD37CD16VCD56* expression, was normal and 
maintained constant before and after leptin treatment. 

Lymphocytes from two children with congenital leptin mutations showed 
reduced proliferative responses and lower production of cytokines to a 
variety of polyclonal stimuli such as OKT3, PHA, PMA/Iono, and the recall 
antigen PPD, prior to r-metHuLeptin therapy. The T cell 
hyporesponsiveness persisted even when further stimuli were added (IL-2, 
anti-CD28 mAb, allogeneic stimulator cells). Immunoglobulin levels were 
within the normal age-related range before treatment, with slightly increased 
IgM (data not shown), which is in agreement with data from ob/ob m\ce^^'^^. 
Chronic r-metHuLeptin replacement increased the proliferative responses 
and cytokine production of the patient's lymphocytes in all assays, in some 
even to a level comparable with lymphocytes from age-matched controls. 
The most significant and best-maintained increases after treatment were 
observed in the production of IFN-7, which was restored to a level similar to 
that of control cells. 
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2. EFFECTS OF LEPTIN IN LIPODYSTROPHY: A 
STATE OF SEVERE LEPTIN DEFICIENCY 

Aside from mutations of the leptin gene, leptin deficiency can be caused 
by the lack (or deficiency) of adipose tissue. This condition is Icnown as 
lipodystrophy. Lipodystrophy is characterized by partial or complete 
deficiency of white adipose tissue, '̂*. This rare condition is associated with 
very low leptin levels, ^̂ "̂ ,̂ hyperphagia, diabetes, moderate to severe insulin 
resistance, hypertriglyceridemia and nonalcoholic hepatic steatosis (NASH). 
^'^'^^ A patient with generalized lipodystrophy (NIH-1) is shown in Figure 4 
demonstrating the severity of fat loss and skin manifestations of 
hypertriglyceridemia. Multiple murine models of lipodystrophy have been 
created using a variety of different strategies. Regardless of the strategy, the 
animal models display the metabolic features observed in human 
lipodystrophy syndromes and suggest that the metabolic features are a 
consequence of fat loss. Even though the planning stage for a clinical study 
in human lipodystrophy had been in progress since 1998, the human trial 
gained momentum after the landmark study by Shimomura and colleagues 
was published in 1999^'. This seminal paper showed dramatic amelioration 
of metabolic abnormalities of lipodystrophy in mice after only 3 weeks of 
leptin replacement, setting the stage for the human studies. Further, these 
observations were validated in the aZIP over expression animal model of 
lipodystrophy^". 

The human trial involving lipodystrophic patients with reduced leptin 
levels has expanded our knowledge on the metabolic and therapeutic effects 
of r-metHuLeptin in humans. Restoration of blood leptin levels in nine 
lipodystrophic patients by subcutaneous injections for 4 months resulted in a 
reduction in HbAlc by 1.9% in the face of significant reductions in 
underlying diabetes therapy, a decrease in fasting triglyceride levels by 60%, 
and a significant improvement in insulin resistance ^̂ . In addition, there was 
a decrease in liver volume of 28% and improvement in serum liver enzymes 
(ALT and AST). The response of NIH 1 is demonstrated in Figure 5. The 
decrease in daily caloric intake and resting metabolic rate has raised the 
question whether the observed metabolic changes could be attributable to 
altered nutrient intake. To address this, we suspended r-metHuLeptin 
replacement in one subject while clamping her caloric intake. After 
cessation of r-metHuLeptin, an increase in fasting insulin and triglyceride 
levels were noted on day 2 and 4, respectively. 

Reinitiating r-metHuLeptin treatment reversed these elevations. This 
study demonstrated the important role of leptin as a therapeutic agent to 
improve deranged carbohydrate and lipid metabolism in this group of 
patients with lipodystrophy ^̂ . 
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Figure 4: Patient NIH-1, a 17-year old patient with acquired generalized lipodystrophy. 
Severe hepatomegaly and diffuse multiple cutenous xanthomata. The severity of her 
symptoms during her clinical presentation to the NIH in 1998 was one of the driving forces 
that led to the launching of the leptin replacement trial in human lipodystrophy. . 
Reproduced with permission ^'. 

Effects of r-metHuLeptin on liver and muscle 

Marked hepatic steatosis in lipodystrophic mice has been shown to be 
reversed by leptin administration '̂'''° or by transgenic expression of leptin ^. 
A similar effect has been demonstrated in lipodystrophic humans. An 80% 
decrease in liver lipid content '̂ •̂ ' and 28% reduction in liver volume ^^'^^ in 
response to r-metHuLeptin treatment has been seen in patients with 
lipodystrophy. This dramatic reduction in hepatic triglyceride content was 
associated with a marked increase in hepatic and peripheral insulin 
sensitivity "'. 

More recently, Javor et al reported improvement of liver histopathology 
with significant reductions in the semi-quantitative scores of nonalcoholic 
steatohepatitis associated with lipodystrophy on biopsy specimens of 
patients before and after a short-period of r-metHuLeptin therapy*"̂ . These 
remarkable observations suggest that nonalcoholic hepatic steatosis (NASH) 
pathology can be reversed in the setting of a metabolic disease either in 
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Figure 5: A. Clinical course of patient NIH-1 before and after r-metHuleptin therapy. Effects 
on triglyceride levels, HbAlc level and circulating leptin levels with the daily dose of leptin 
therapy are shovi'n. Before r-methumleptin, patient was receiving fenofibrate and lipitor, in 
addition to at least weekly plasmapharesis, for lipid control. Diabetes was inadequately 
controlled with metformin and acarbose combination therapy, r-methumleptin allowed for 
discontinuation of lipid and glucose lowering therapies including weekly plasmapheresis. 
These effects have been sustained after 5 years of therapy. B. Tl-weighted magnetic 
resonance images of the abdomen using 1.5 Tessla magnet from patient NIH-1 at baseline of 
study and after 4 months demonstrating a remarkable decrease in liver volume. Reproduced 
with permission ^̂ . 

association with amelioration of the metabolic conditions or through direct 
actions of leptin on liver. 

There is a strong relationship between insulin resistance and the lipid 
content of the liver ^^^ and muscle tissue ^^•^^''^'^, Studies in these 
lipodystrophic patients showed that leptin treatment decreased the lipid 
content not only in the liver but in muscle tissue as well ^ '̂̂ '. A mean 
reduction of 42% in intramyocellular lipid content was achieved by chronic 
leptin administration ^'. Similarly, Petersen and colleagues demonstrated a 
33% reduction in intramyocellular triglyceride content which was 
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accompanied by a 30% decrease in muscle total fatty acyl CoA 
concentration ^̂ , suggesting increased fatty acid oxidation. These changes 
were accompanied by an increase in insulin sensitivity ^ '̂*\ It has been 
proposed that reduction in intramyocellular lipid content of the skeletal 
muscle contributes to the reversal of insulin resistance by improving insulin 
signaling and glucose consumption ̂ '̂™. 

These clinical observations are supported by animal studies investigating 
the molecular mechanisms of leptin action. Leptin has been shown to 
stimulate fatty acid oxidation in the muscle ^°'^\ possibly by activating 5'-
AMP-activated protein kinase ^°. Increased lipid stores in nonadipose tissues 
lead to insulin resistance ^̂ . Leptin-induced increase in fatty acid oxidation 
may be the mechanism accounting for the decrease in intramyocellular lipid 
and improvement in insulin resistance ^'. It has been proposed that 
intracellular accumulation of fatty acid-derived metabolites, such as fatty 
acyl CoA, can trigger a cascade of events leading to diminished activation of 
glucose transporter-4 translocation in skeletal muscle which would 
culminate in decreased sensitivity to insulin action *̂'̂ '̂̂ '*. Leptin may break 
this chain of events. An increase in fatty acid overproduction may also be 
one of the mechanisms responsible for lipid accumulation in the liver as seen 
in leptin deficient subjects ^̂ . A possible mechanism of leptin's anti-steatotic 
action may be due the enhancement of fatty acid oxidation in the liver ^'^. 

More detailed look at energy balance 

A subset of the lipodystrophic patients included in the original report 
were studied in an effort to more objectively determine effects of r-
metHuLeptin replacement on satiety and satiation^^. Satiation and satiety 
were determined before and again during leptin treatment. Satiation was 
measured as the time to voluntary cessation of eating from a standardized 
food array after a 12-h fast. Satiety was determined as the time to hunger 
sufficient to consume a full meal after consumption of a standardized 
preload. During leptin treatment, satiation time decreased (41.2 ± 18.2 to 
19.5 ± 10.6 min; P = 0.01), satiety time increased (62.9 ± 64.8 to 137.8 ± 
91.6 min; P = 0.04), energy consumed to produce satiation decreased (2034 
± 405 to 1135 ± 432 kcal or 8.5 ± 1.7 to 4.7 ± 1.8 MJ; P < 0.01), and the 
amount of food desired in the postabsorptive state decreased (P < 0.02). 
Ghrelin concentrations also decreased during leptin administration (284.3 ± 
127.9 to 140.6 ± 104.5 pmol/liter; P < 0.002). Based on these data, we 
concluded that r-metHuLeptin administration results in reduced caloric, 
shorter, more satiating meals and longer-lived satiety. These data support the 
hypothesis that leptin plays an important, permissive role in human appetite 
regulation. 
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Ejfects on neuroendocrine regulation 

As seen in patients with congenital leptin deficiency, patients with 
lipodystrophy exhibited reproductive dysfunction. This is particularly 
evident in reproductive age female patients. Seven of the original nine cases 
were included in a more detailed report assessing hypothalamic-pituitary and 
endocrine axes. Five of the seven patients were in reproductive age range 
and only one of these patients was cycling regularly. Four of these patients 
had either primary or secondary amenorrhea. It was interesting to note that 
these patients also had hyperandrogenism even if their baseline LH and FSH 
levels were low and their response to LHRH was prepubertal. R-
metHuLeptin replacement corrected their LHRH response, improved their 
estradiol levels and ameliorated levels of testosterone. These biochemical 
improvements were associated with gain of regular or near-regular menstrual 
cycles. 

There were no clinically evident abnormalities in thyroid or adrenal 
function in patients with lipodystrophy. The ability to respond to TRH by 
pituitary TSH secretion was slightly altered after r-metHuLeptin therapy; but 
this did not translate into a clinically significant change in circulating free 
thyroid hormones. The ACTH and Cortisol response to CRH administration 
were comparable before and after r-metHuLeptin replacement. It is 
important to note that the circadian rhythms of secretion in the various axes 
were not assessed in the lipodystrophic patients. 

Circulating IGF-1 levels were significantly lower than the lower limit of 
normal in the lipodystrophic patients before r-metHuLeptin replacement 
therapy (E.A. Oral, unpublished observations). These levels significantly 
increased after 4 to 8 months of leptin replacement. We have proposed these 
changes might be a direct effect of leptin on the GH axis as well as IGF-1 
binding protein abnormalities possibly associated with the severe state of 
insulin resistance at baseline. We have not assessed the levels of these 
binding proteins yet. 

Ejfects on bone mineral density and function 

Body composition and bone mineral density were studied in fourteen 
lipodystrophic patients at baseline, 4 months and 1 year of leptin therapy^^. 
Dual energy x-ray absorptiometry (DEXA) demonstrated modest, but 
statistically significant decreases in fat mass (5.4 +/- 0.8 kg to 5.0 +/- 0.8 kg; 
P =.003) and lean body mass (51.2 +/- 3.2 kg to 48.3 +/- 3.4 kg; P =.003) at 
4 months on therapy. The potential confounding changes in tissue lipid were 
not completely addressed in these measurements. There was no impact of 
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leptin therapy on bone mineral content or bone mineral density in this small 
cohort. 

Simha and colleagues reported bone mineral density and studies of bone 
metabolism in 2 female patients who were studied at baseline and during 18 
months of therapy^''. At baseline, the bone mineral density for both patients, 
measured at the lumbar spine and total hip, was within 1 SD of the peak 
bone mass. There was no significant change in bone mineral density in both 
patients after 16-18 months of leptin therapy. Similarly, concentrations of 
serum osteocalcin and bone-specific alkaline phosphatase or urinary 
excretion of deoxypyridinoline and N-telopeptides remained unchanged after 
6-8 months of leptin therapy, suggesting no dramatic effects of leptin on 
osteoblastic or osteoclastic activity in these two subjects. 

Effects on immune function 

We assessed immunological status of 10 of the lipodystrophic patients at 
baseline, and during the first 8 months of r-metHuLeptin therapy^^. In 
contrast to the patients with congenital deficiency, there was no evidence to 
suggest clinical immunodeficiency such as recurrent infections or 
unexplained fevers. First, we studied lymphocyte subsets at baseline and 
then at 4 and 8 months of therapy. Leptin therapy caused a significant 
increase in the absolute number of T-cells. This occurred in both alpha/beta 
and gamma/delta lineages. The number of CD4 and CDS cells increased 
concurrently, allowing the CD4/CD8 ratio to remain similar to baseline. The 
baseline numbers of CD4 cells were in the normal range, though on the low 
side of normal at baseline. Leptin therapy also caused a number of 
significant changes in T-lymphocyte subset distribution resulting in 
significant increments in cytotoxic T-cells and NK cells. The changes noted 
at 4 months were sustained at 8 months.. The leptin deficient lipodystrophy 
patients had relatively higher B-lymphocytes (CD20+ cells, 21.2±1.6%, 
normal: 4.8-15.9%). The absolute number of B-cells was also higher than the 
upper limit of the normal range 4341376 (normal: 88-330). There were no 
changes in the absolute number of B-cells with therapy (4331369). This led 
to the near-normalization of the high B-cell percentage observed at baseline 
(4 months: 16.617.7%, normal: 4.8 to 15.9%). 

In addition, in vitro peripheral blood mononuclear cells were studied 
functionally for cytokine release and proliferation following stimulation with 
lipopolysaccharide (LPS), LPS -t- interferon-gamma, phytohemagglutin 
(PHA) and PHA-i- interleukin 12 at baseline and 4-months. TNF-a secretion 
(a T-lymphocyte dependent cytokine) measured from PBMC of these 
patients was remarkably increased after 4-months of leptin therapy as 
compared to baseline state. In addition, patients' baseline state was 
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significantly lower than healthy control state. Maximum stimulation post-
therapy slightly exceeded normal range. In contrast, interferon-y secretion at 
rest slightly decreased (p=0.06) after r-metHuLeptin therapy. This effect was 
not apparent with stimulated levels. None of these levels were outside 
normal range. The proliferation responses from patients at baseline state 
were not different after therapy under rest or stimulated conditions. These 
values were comparable to normal control responses. We concluded that our 
data supported the growing body of evidence that leptin had immuno
modulatory actions in humans; however, there were slight differences 
between the details observed from patients with congenital leptin deficiency 
and our lipodystrophic patients. 

Long-term effects 

Most recent data analyses on the NIH lipodystrophy trial with 20 patients 
reported and data from 15 completing one year have been summarized^^. 
The following synopsis of metabolic improvements were taken from this 
report: Reductions were seen in serum fasting glucose (from 205 ± 19 to 126 
± 11 mg/dl; P < 0.001), HbAjo (from 9 ± 0.4 to 7.1 ± 0.5%; P < 0.001), 
triglycerides (from 1,380 ± 500 to 516 ± 236 mg/dl; P < 0.001), LDL (from 
139 ± 16 to 85 ± 7 mg/dl; P < 0.01), and total cholesterol (from 284 ± 40 to 
167 ± 21 mg/dl; P < 0.01). HDL was unchanged (from 31 ± 3 to 29 ± 2 
mg/dl; P = 0.9). Liver volumes were significantly reduced (from 3,663 ± 326 
to 2,190 ± 159 cm^; P < 0.001), representing loss of steatosis. Decreases 
were seen in total body weight (from 61.8 ± 3.6 to 57.4 ± 3.4 kg; P = 0.02) 
and resting energy expenditure (from 1,929 ± 86 to 1,611 ± 101 kcal/24 h; P 
< 0.001). The conclusion was that r-metHuLeptin led to significant and 
sustained improvements in glycemia, dyslipidemia, and hepatic steatosis. 
The first lipodystrophic patient included in this trial has completed 5 years of 
therapy with persistence of her metabolic and neuroendocrine improvements. 
The long-term metabolic efficacy of r-metHuLeptin therapy was 
independently validated in 2 Japanese patients receiving the same therapy 
using a similar protocol ^̂ . The beneficial effects of r-metHuLeptin therapy 
on the reproductive function of female patients were also sustained with 
long-term therapy^°. 
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3. ANOTHER RARE FORM OF LEPTIN 
DEFICIENCY: RABSON MENDENHALL 
SYNDROME 

The effect of leptin was studied in the Rabson-Mendenhall syndrome ^', a 
condition characterized by severe insulin resistance usually caused by 
compound heterozygous mutations in the insulin receptor gene ^ '̂'̂ . The 
clinical findings in these children include marked insulin resistance, 
hyperinsulinemia, acanthosis nigricans and growth retardation. In contrast to 
lipodystrophic patients, the two siblings with Rabson-Mendenhall syndrome 
in this study had no hypertriglyceridemia nor hepatic steatosis 'V Treatment 
with r-metHuLeptin for ten months resulted in a significant decrease in 
fasting glucose, insulin levels and HbAlc, indicating a substantial 
improvement in insulin resistance. Three months after withdrawal of the 
treatment, the improvement was lost and the fasting glucose and insulin 
levels returned to the high pretreatment levels. It should be mentioned that, 
although pretreatment leptin levels were low, these patients had considerably 
higher baseline leptin levels than lipodystrophic patients, and yet, they 
exhibited a marked improvement in insulin resistance in response to leptin 
replacement. It is of interest to note that the period on r-metHuLeptin 
therapy for these two children marked their greatest height velocity observed 
to that point. 

4. A COMMON FORM OF LEPTIN DEFICIENCY: 
HYPOTHALAMIC AMENORRHEA 

It has been known for a long time that energy deficits may cause a 
disruption of hypothalamic-gonadal and other endocrine axes. After the 
discovery of leptin and its potential regulatory role in neuroendocrine 
regulation, low levels of leptin were implicated in the mediation of 
hypothalamic amenorrhea in response to energy deficits. In a case-control 
study. Welt and colleagues hypothesized that exogenous r-metHuLeptin 
replacement would improve reproductive and neuroendocrine function in 
women with hypothalamic amenorrhea''*. Eight women with hypothalamic 
amenorrhea, and a relatively low leptin level compared with weight matched 
controls, were initially monitored for one month before receiving r-
metHuLeptin for up to three months. Six control subjects with hypothalamic 
amenorrhea received no treatment and were studied for a mean (±SD) of 
8.5±8.1 months. Luteinizing hormone (LH) pulsatility (demonstrated in 
Figure 6), body weight, ovarian imaging, and gonadal hormone levels were 
monitored in both groups. The control subjects showed no significant 
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change in these parameters. The women in the study group revealed no 
evidence of ovulation during the one-month run in period before r-
metHuLeptin therapy. In contrast, r-metHuLeptin treatment not only 
increased mean LH levels and LH pulse frequency, maximal follicular 
diameter, the number of dominant follicles, ovarian volume, but it appeared 
to recapitulate a normal pattern of gonadal regulation after only two weeks 
(Figure 6). 
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Figure 6: Levels of LH, FSH, Estradiol, and Progesterone in three subjects with 

hypothalamic amenorrhea who ovulated while on r-metHuLeptin therapy show a normal 

pattern. Used with permission''', 

Also, r-metHuLeptin significantly increased levels of free 
triiodothyronine, free thyroxine, insulin-like growth factor 1, insulin-like 
growth factor-binding protein 3, bone alkaline phosphatase, and osteocalcin 
but not Cortisol, corticotropin, or urinary N-telopeptide. There were neither 
significant adverse events nor intolerances to the treatment. The authors 
concluded that r-metHuLeptin administration for the relative leptin 
deficiency in women with hypothalamic amenorrhea appears to improve 
reproductive, thyroid, and growth hormone axes and markers of bone 
formation, suggesting that leptin, a peripheral signal reflecting the adequacy 
of energy stores, is required for normal reproductive and neuroendocrine 
function. While this study has important physiological implications, the 
potential clinical applications in this population will require further study of 
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the role of leptin in modulating pubertal development, bone mass accretion, 
gonadal function, fertility, as well as the relevance of the other pituitary 
hormones that appear to be modulated. The potential for an effect on weight 
was also assessed within this study. At physiological replacement doses 
weight remained stable, while at pharmacological doses, there was a modest 
weight loss. This will need to be considered in any clinical application in 
this population. 

5. LEPTIN IN THE TREATMENT OF OBESITY 
(WEIGHT LOSS AND WEIGHT MAINTENANCE) 

The weight loss promoting effects of leptin in animal studies initially 
raised the expectation that leptin could be a novel therapeutic agent in the 
treatment of human obesity. It is notable that this effect of leptin in rodents 
was most evident in the ob/ob mouse and substantially less in the diet-
induced obesity model. The weight loss effect of r-metHuLeptin in the Ob 
human was comparable to the effects in the Ob/Ob mouse. The effects of 
leptin in diet induced obesity have been studied with two analogues and in 
different paradigms. 

The first study involved a complex design to assess the weight loss of r-
metHuLeptin or placebo given twice per day for 6 months. Subjects were 
given a 500 Cal deficit diet with minimal behavioral intervention, so as to 
assess the effect of the intervention. The mean weight loss in obese cohorts 
was proportional to the dose of leptin and is shown in Figure 7. At the 
highest dose (0.3 mg/kg achieving a maximum serum leptin concentration of 
480 ng/ml), the cohort lost 7.1 kg from baseline as compared with 1.3 kg in 
the placebo group. The only associated adverse event was injection site 
reactions, which appeared also to be dose dependent. This study 
demonstrated that obese patients, with high baseline leptin levels, were only 
moderately responsive to higher doses of exogenous r-metHuLeptin^^. There 
appeared to be a wide range of response to r-metHuLeptin. Some individuals 
lost greater than 15 kg in 24 weeks, while no individual in placebo group lost 
greater than 10 kg over this same time frame (Figure 8). The factors that 
might determine a better response to r-metHuLeptin could not be effectively 
evaluated determined in the context of the small trial published thus far. 

In contrast to the Heymsfeld paper, Hukshom et al '^ using weekly 
administration of pegylated recombinant human leptin for 12 weeks showed 
no significant difference in weight loss between placebo and treatment 
groups, although there were reductions in appetite scores and triglycerides. 
It is important to note that the serum leptin concentration achieved with 
treatment (from a baseline of 21.9 ng/ml to 25.7 ng/ml) in this study was 
much lower than that reported by Heymsfield (480 ng/ml) ^̂ . Further, 
Hukshorn et al. did not observe a differential weight loss between placebo 
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Figure 7: Pattern of weight change from baseline to week 24 in obese subjects who received 
r-metHuLeptin. Error bars indicate SEM. The number of subjects changes over the course of 
the study. Reproduced with permission '^. 

and treatment groups in a small pilot study utilizing 60 mg/week dose of 
pegylated leptin, which increased the serum leptin concentration to 2542 
ng/ml by the eighth week ^̂ . Overall, these studies support the premise that 
leptin is not a robust anti-obesity target in an unselected population as 
monotherapy. 

Of note, a significantly greater weight loss (Figure 9) was observed in 
pegylated leptin-treated obese individuals, compared to placebo, when the 
subjects were concomitantly put on a very low energy diet ^̂ . In this study, 
pegylated leptin administration resulted in a tremendous increase in serum 
leptin concentration, which was accompanied by a diminished appetite. The 
placebo individuals, on the contrary, exhibited an increase in appetite, which 
was associated with a substantial decline in serum leptin level. The authors 
concluded that the physiologic function of leptin is as a signal of starvation 
at times of caloric restriction rather than a signal to suppress energy intake 
when there is abundance of energy storage ^̂ . The opportunity to create a 
leptin responsive state, through the induction of significant weight loss (Very 
Low Caloric Diet or gastric surgery), and to utilize a leptin analogue to 
either improve weight loss or assist in the maintenance of weight lost 
remains to be fully studied. 
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Figure 8: Relationship between r-metHuLeptin (rL) Dose and Body Weiglit as Measured by 
Calibrated Scales. Study Part A (4 weeks exposure of lean and obese subjects P = .02) and 
Study Part B (24 weeks exposure of only obese subjects P = .01). Reproduced with 
permission ' ' . 

There is also evidence that leptin may play a therapeutic role in the 
maintenance of reduced body weight. There is a reduction in serum leptin 
concentration, energy expenditure and circulating thyroid hormone 
concentrations associated with maintenance of reduced weight''''°°. These 
changes can be responsible for regaining the lost weight '^•'°'''°2. Restoration 
of leptin concentration to pre-weight loss levels with r-metHuLeptin was 
demonstrated to reverse the decline in T3 and T4 levels, and an increase in 
non-resting and total energy expenditure '°^. These changes were associated 
with a loss of fat mass during leptin treatment '°^ 

The clinical response to leptin analogues in leptin replete obese subjects 
is profoundly reduced as compared with that observed in genetically leptin-
deficient patients as already shown in the individual studies and reviewed 
previously by other authors '°''. The mechanisms responsible for this 
difference are not clear and research is currently under way to illuminate the 
possible reasons. One avenue of study is the sexual dimorphism of leptin 
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Figure 9: Effect of 80 mg pegylated human recombinant leptin [polyethylene glycoi-OB 

protein (PEG-OB)] (•; n = 12) or matching placebo (•; n = 10) administered weekly in 

conjucntin with severe energy restriction (2.1 MJ/d) on mean (± SEM) weight loss from the 

start of the treatment (day 1), through the diet period (day 46), to the end of the 2-wk follow-

up period (day 57). "Significantly different from the PEG-OB group, P < 0.05 (interaction of 

time and treatment; two-factor repeated-measures ANOVA with Scheffe's F procedure). Used 

with permission ^^. 

production and or clearance, the fasting-induced decline in leptin production 
is blunted in women with upper body obesity '°^ and the clearance in obese 
women appears to be increased with prolonged fasting '°^. Some have 
posited that obese individuals with high circulating leptin levels are resistant 
to the appetite reducing effects of endogenous and exogenously administered 
leptin '^''°^. Several mechanisms have been postulated to be responsible for 
the relative insensitivity of obese individuals to leptin '°^. One hypothesis is 
that there is impaired transport of leptin through the blood brain '°^'"°. This 
is supported by the finding that leptin concentrations in the cerebrospinal 
fluid (CSF) were much lower than the serum concentrations in the obese 
'°^' '" and comparable to that in lean subjects despite obese individuals had 
much higher levels of circulating leptin '°^. Although exogenous r-
metHuLeptin seems to be able to get into the CSF, as demonstrated by 
Fujioka, although the ratio of peripheral increase to central increase before 
and after dosing is reduced"^. Other mechanisms that might explain a leptin 
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resistance involve impaired leptin-signaling in leptin-responsive neurons in 
the hypothalamus•'^ and post-receptor effects of leptin on hypothalamic 
neuronal network that regulate energy homeostasis '̂ .̂ 

The potential for the clinical application of leptin in more common forms 
of insulin resistance and diabetes mellitus remain to be seen. Recently, 
encouraging results of leptin's efficacy in a lean and leptin responsive 
animal model of Type 2 diabetes were reported""*. There has been only a 
limited description of two clinical trials evaluating efficacy in r-
metHuLeptin treatment of obese subjects with Type 2 Diabetes Mellitus 
(A.M. DePaoli, Oral Presentation, NAASO 2000). One study in drug naive 
and one in sulphonylurea treated subjects. The data from the monotherapy 
study revealed a reduction in HbAlc from placebo of 0.4% at 4 months with 
a small weight loss of less than 2 kg compared with placebo. The glucose 
lowering effects were found to be independent of the weight loss. The study 
in sulphonylurea treated subjects showed a 0.25% reduction in HbAlc 
compared to placebo after 4 months. There was no weight loss in this 
second study. Based on the profound effect of r-metHuLeptin on insulin 
resistance and hyperglycemia in the lipodystrophic studies, it is intriguing to 
consider the potential investigation of r-metHuLeptin in subjects with type 2 
diabetes mellitus with relatively normal or low leptin, potentially a ieptin 
responsive' population. 

6. SAFETY AND TOLERABILITY OF LEPTIN 
THERAPY 

Studies of physiological replacement doses of leptin in humans with any 
cause of leptin deficiency utilized 0.02 mg/kg/day to 0.10 mg/kg/day. The 
leptin levels reported in both the lipodystrophic patients and the patients with 
congenital leptin deficiency were comparable (5 to 12 ng/mL) early in the 
course of therapy. In some of these patients, non-neutralizing antibodies 
were detected beyond one month of therapy, which were not associated with 
any efficacy or safety parameter alterations. The development of binding 
antibodies was associated with higher serum leptin concentrations and a 
delay in the peak concentration after leptin administration. No neutralizing 
antibodies were observed in any subject with endogenous leptin. There were 
two subjects with congenital leptin deficiency (who lack circulating leptin, 
and thus administration of a leptin molecule would be foreign to them), that 
had a transient loss of biological efficacy associated with evidence of a 
transient neutralizing antibody, increasing the dose recaptured efficacy. 

R-metHuLeptin was generally well tolerated. Neither the patients with 
congenital leptin deficiency nor the patients with lipodystrophy had 
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significant adverse events that can be attributed definitely to leptin. There 
were two subjects with lipodystrophy that had a significant progression of 
their underlying renal disease while on replacement therapy "^. Importandy, 
there were no significant injection site reactions in any of the studies 
utilizing the lower dose range. 

The obesity trials utilized higher doses of leptin. Antibody status 
(positive or negative for the presence of anti-leptin antibodies) had no 
statistically significant independent effect on weight loss at 4 weeks {P = 
.77) or at 24 weeks (P = .12) after accounting for the effects of treatment and 
dose cohort on weight loss. At 4 weeks, there was no association of the 
occurrence of adverse events (P = .11) with antibody status. By 24 weeks, all 
subjects had experienced at least 1 adverse event; thus, an association 
between the overall incidence of adverse events and antibody status could 
not be determined. 

Injection site reactions mild (86%) to moderate (14%) in severity were 
the most common adverse events are reported in the obesity trials. Injection 
site reactions were generally well tolerated by most subjects; and 
withdrawals due to these were rare. The next most common adverse event 
was headache, which occurred in 38% and 44% of the placebo- and 
recombinant leptin-treated subjects, respectively. None of the subjects taking 
recombinant leptin experienced clinically significant adverse effects on 
major organ systems (central nervous system, cardiovascular, hepatic, renal, 
gastrointestinal, hematological) as evidenced by adverse event incidence, 
physical examinations, laboratory values, electrocardiograms, and vital 
signs. 

The data on the safety and tolerability of pegylated-leptin are also 
encouraging. Overall, the only side effects to note were local injection site 
reactions which were reported as mild'*"^ .̂ Also, the papers mentioned above 
note a statistical drop in total protein levels with no change in urinary 
proteins. Overall, leptin analogues have been well tolerated with no 
significant attributable adverse events. 

Some experimental studies and epidemiological correlative studies of 
human circulating leptin levels have implicated leptin to be an adverse 
mediator of hypertension"*, atherogenesis"^""^, hypercoagulopathy'^°, 
hepatic fibrosis'^', bone marrow transformation'^^ diabetic retinopathy'^^ 
and other microvascular complications of diabetes'̂ '*. To date, we have not 
observed any adverse consequences of r-metHuLeptin therapy in the humans 
receiving long-term therapy to suggest a role for leptin in any of these 
disease processes. Likewise, we did not observe any adverse effects on bone 
mass as suggested by some rodent models '̂ .̂ Longer follow-up will help to 
further define these issues. 
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7. OTHER POTENTIAL APPLICATIONS AND 
ONGOING STUDIES 

While the therapeutic efficacy of r-metHuLeptin in human lipodystrophy 
syndromes is remarkable, the rarity of these syndromes may be an obstacle 
in their study. More recently, lipodystrophy has been characterized as part of 
the HIV syndrome. This is not an uncommon condition and shares features 
similar to the lipodystrophy syndromes in which the efficacy of r-
metHuLeptin therapy is now established. There are ongoing trials assessing 
the safety and efficacy of r-metHuLeptin therapy in HIV-related 
lipodystrophy. The results of these studies should become available soon. 

Another interesting observation from the lipodystrophy trials was the 
remarkable anti-steatotic effect of leptin in muscle and liver. Whether these 
effects of leptin can be translated into therapeutic indications in common 
lipotoxicity that we observe in human obesity and Type 2 diabetes mellitus 
remain to be seen. We have begun a pilot study testing the efficacy of leptin 
therapy in individuals with biopsy proven nonalcoholic steatohepatitis and 
other metabolic derangements. 

Further studies in hypothaloamic amenorrhea will also provide greater 
insight into the actions of r-metHuLeptin in common states of leptin 
deficiency. The important implications for women's health need to be 
further clarified. For example, some experimental studies are suggestive that 
pharmacological use of leptin may have a role in ovulation induction'^^ 

As preclinical and clinical leptin research continues to unravel this 
biology, it wild not be surprising to see therapeutic roles of leptin in 
unexpected applications, such as wound healing ^°'^\ Likewise, there is a 
body of literature supporting a therapeutic role for leptin in sleep disorders 
such as narcolepsy '̂ ^and sleep apnea'̂ '̂*^^ or even in primary 
immunodeficiency syndromes. 

8. CONCLUSIONS 

It is quite clear that leptin has a wide spectrum of physiological actions. It 
is also noteworthy that a "leptin deficiency syndrome" is characterized by 
increased appetite, perturbed neuroendocrine (particularly reproductive) 
function, and immunologic changes. Many features of the leptin deficiency 
syndrome resemble those seen in the state of profound caloric deprivation. 
Taken together, the data suggest a threshold leptin level for its regulatory 
functions. Below this threshold level, leptin deficiency syndrome manifests. 
Thus, it is not surprising to see the biggest impact of leptin therapy when 
leptin deficiency syndrome is present. 
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It is important to distinguish between physiological replacement and 
pharmacological applications of an agent such as leptin. The spectrum of 
clinical utility is likely wider than the correction of leptin deficiency. The 
challenge lies in understanding the mechanisms of leptin responsiveness. 

The study of both animal and human states of leptin deficiency has been 
very fruitful in furthering our understanding of the physiological importance 
of this hormone in humans. The future therapeutic applications of leptin will 
be based on further understanding of the regulation and physiological actions 
of this hormone. Exploration of the therapeutic benefits beyond 
physiological replacement will require open minds, creative approaches, and 
more human studies. 

While leptin trials in human obesity did not produce the expected weight 
loss in leptin replete obese humans, these studies suggest that at least a 
subset of the patients may be responsive to the weight loss effects of leptin. 
Understanding the heterogeneity underlying obesity and other disorders of 
adiposity and embracing the possibility of long-term combination therapy 
may increase our likelihood of success in dealing with these clinical 
conditions. As is so often the case of a novel therapeutic, the future clinical 
applications of leptin will likely touch upon areas that were not originally 
foreseen. 
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