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  This book is dedicated to the memory of Douglas Coleman 
(1931–2014) for his insightful and prescient contributions to 
our understanding of the biological and genetic basis of obesity 
and the regulation of body weight. 
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    Background 

 The American author F. Scott Fitzgerald wrote that “there are no second acts in 
American lives” meaning that in the USA, life’s narrative deviated from the 
standard framework for a classic story in which things start out well in the fi rst 
act, fall apart in the second, and are happily resolved in the third. By this crite-
rion, leptin is not an American hormone. Leptin’s fi rst act was fi lled with great 
excitement about the intrinsic importance of its discovery and the excitement 
that it might become, if not a panacea for the treatment of obesity, an effective 
treatment. In its second act, with the realization that its utility for treating obe-
sity was limited, the excitement withered; despite that fact, it and other contem-
poraneous advances paved the way for a deeper and still evolving understanding 
of the neural mechanisms that control food intake, body weight, and metabo-
lism. These fi ndings established that body weight and appetite are regulated by 
a previously undiscovered hormonal system that provides an alternative to the 
explanation that obesity was simply caused by a lapse in willpower. 

 This year may mark the beginning of leptin’s third act as last February, 
20 years after its discovery, leptin is now an FDA-approved human therapeutic 
for the treatment of severe lipodystrophy with potential for the treatment of 
other disorders,   http://www.fda.gov/newsevents/newsroom/pressannouncements/
ucm387060.htm    . In addition, though leptin’s utility as a monotherapy for 
obesity appears limited, other evidence suggests that it still has potential as 
part of a combination therapy for this disorder. 

 Thus 50 years after the original identifi cation of the ob mutation and 20 
after the identifi cation of leptin, we know that food intake and body weight 
are regulated by a classical endocrine feedback loop [1–3]. That the ob gene 
encoded a hormonal signal was suggested in the original paper reporting the 
identifi cation of this ob gene in which it was found that there is marked over-
expression of the  ob  gene in C57Bl/6J  ob / ob  adipose tissue. This suggested 
that the gene was under feedback control, with a secondary increase in the 
level of ob gene expression in obese animals. 

 This fi nding that the  ob  gene was induced in  ob / ob  fat tissue was consis-
tent with data from classic parabiosis experiments of Doug Coleman in a 
now-iconic set of experiments that involved stitching together the skins of 
living mice so that animals with different mutations shared a circulatory 
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 system [4].  ob  mice surgically joined to normal or  db  mice (on the same 
inbred strain background) ate less and lost weight. In contrast, normal mice 
paired to  db  mice starved to death. From this, Coleman concluded that  ob  
mice normally lacked a circulating factor, provided by the conjoined partner, 
that suppressed food intake and body weight. He further suggested that  db  
mice lacked a receptor to detect the weight-suppressing factor in their blood 
and so overexpressed it, producing levels so high that conjoined mice sensi-
tive to the factor stopped eating. Implicit in this hypothesis was the prediction 
that the  ob  gene was under feedback control and that obesity would be associ-
ated with increased levels of  ob  RNA. However Coleman’s experiments did 
not predict where the hormone that was missing in  ob  mice was expressed, 
though prior experiments from Hervey predicted that the receptor would be 
expressed in the hypothalamus [5]. The aggregate data at the time thus sug-
gested the hypothesis that the  ob  gene encoded a novel adipocyte hormone 
which functioned as the afferent signal in a negative feedback loop that main-
tains homeostatic control of adipose tissue mass. 

 Subsequent studies have confi rmed that leptin is an adipose tissue hor-
mone that acts on the hypothalamus as part of a new endocrine system that 
maintains homeostatic control of fat mass [6–9]. This system regulates food 
intake and metabolism and also links changes in nutritional state to adaptive 
changes in most other physiologic systems. While some of the features of this 
new hormonal system were predicted at the time, others were not. Science 
seldom proceeds in a straight line, and the fi eld spawned by the identifi cation 
of leptin and other genes that cause obesity is no exception. 

 Thus there have been surprises and disappointments and the passage of 
time now provides an opportunity to chronicle, as this timely volume does, 
what has been learned, what was surprising, and what some of the key ques-
tions are.  

    Wiring Diagram of a Complex Behavior 

 One can describe the phenotype of  ob  and  db  mice in several different ways. 
Historically these animals have been described as obesity mutations but one 
could also think of these animals as showing a behavioral phenotype.  ob  and 
 db  mice show abnormalities in numerous behaviors [10]. They show pro-
found hyperphagia, exhibit a dramatic decrease in locomotor activity, are 
quite gentle and non-aggressive, and are not sexually active. Thus the identi-
fi cation of leptin and later the localization of the leptin receptor [8, 9], 
encoded by the  db  gene, have provided an entry point for delving into the 
neural mechanisms that control complex behaviors. Moreover the elucidation 
of the pathogenesis of the obesity resulting from the Ay (yellow agouti) muta-
tion has identifi ed hypothalamic neurons expressing POMC, the precursor of 
αMSH, as a key neural target of leptin, and as integrators of numerous meta-
bolic signals [11]. αMSH acts on the MC4 receptor, a GPCR, and MC4R 
mutations replicate the obese phenotype of Ay mice [12]. The subsequent 
identifi cation of AGRP as an endogenous inhibitor in a second group of 
hypothalamic neurons also expressing NPY identifi ed another population of 
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leptin-responsive neurons [13, 14]. We now know that leptin acts in part by 
activating POMC neurons and inhibiting NPY/AGRP neurons though clearly 
many other neural populations also play a role either as additional neural 
targets or downstream of these neurons [15]. Indeed enormous progress has 
been made in defi ning a set of overlapping neural circuits that control food 
intake and body weight. These fi ndings provide entry points for a deeper 
understanding of how feeding behavior is controlled as well as advancing our 
understanding of the control of other behaviors. 

 Thus, leptin’s neurobiologic effects are not limited to feeding circuits. 
Extreme weight loss in human has been shown to induce a set of emotional 
sequelae including depression. A possible role for a reduction in leptin in 
mediating some portion of this was suggested by the fi nding that leptin injec-
tion into the hippocampus can improve the performance of animals in a 
forced swim test [16]. This assay provides a quantitative indication of the 
level of depression in animals and robustly predicts the effi cacy of antide-
pressant drugs in human. Other studies have shown that leptin has signifi cant 
effects on reward processing by dopaminergic centers in the midbrain and 
that it can reduce the value of a sucrose reward [17]. This is important because 
it shows that the pleasure we derive from eating is not fi xed but rather refl ects 
the status of metabolic signals such as leptin. Leptin also has potent effects on 
many other neural circuits including those controlling hormones that regulate 
reproduction and reproductive behaviors, activity, thermoregulation, and 
stress [16, 18, 19].  

    Obesity Has a Substantial Genetic Component 

 The identifi cation of mutant genes that cause obesity in mice provided a 
molecular framework for identifying mutant genes that cause obesity in 
human. Thus, mutations in leptin, the leptin receptor (LepR), the MC4R as 
well as PCSK1, and enzymes required for the processing of POMC cause 
human obesity as do other components of the neural circuit that regulates 
food intake including BDNF, and Sim1. Indeed it now appears that >10 % of 
morbid human obesity is a result of Mendelian defects in these and other 
genes, which in the majority of cases are in MC4R and LepR [20]. This is a 
level of Mendelian inheritance that exceeds that for any other complex trait 
that has been studied. The realization that obesity is often the result of genetic 
mutations in human provides strong evidence that this condition is a result of 
alterations in a neural circuit that controls the basic drive to eat as well as 
metabolism (and perhaps other behaviors) and provides an alternative to the 
widely held view that obesity develops from a failure of willpower or conse-
quent to the modern environment. 

 Furthermore, it is interesting all of the obesity genes identifi ed thus far are 
expressed in the brain. This is despite the fact that there is large body of evi-
dence indicating that differences in metabolic rate can predict changes in 
weight [21] and that an increase in peripheral metabolism such as after treat-
ment with thyroid hormone, or uncouplers of respiration such as dinitrophe-
nol, leads to weight loss [22, 23]. Moreover, while a defect in leptin signaling 

Foreword



x

is associated with hyperphagia and a marked decrease in energy expenditure 
in mice, the principal effect in human is on appetite with little or no discern-
ible effect on metabolism [24]. 

 The hereditability of obesity has been reported to be between 0.7 and 0.8, 
which is higher than that for most other traits [25]. That there is a substantial 
genetic contribution to obesity is also supported by adoption and familial 
aggregation studies [26, 27]. However, while some fraction of obesity can be 
attributed to the aforementioned Mendelian defects as well as variation in 
genes identifi ed in GWAS studies such as FTO, it is clear that many new 
genes remain to be discovered [28]. It is likely that the use of high-throughput 
genomic sequencing to look for variation in patients with extreme pheno-
types, will lead to the identifi cation of new genes [29]. It will be of particular 
interest to learn whether these new genes also function in the neural circuit 
that is modulated by leptin. It is quite likely that future volumes on leptin will 
need to take into account additional as yet unidentifi ed components of the 
neural circuit that regulates weight that one can anticipate will be found in 
genetic analyses of human patients.  

    Leptin Defi ciency 

 Leptin-defi cient  ob  mice show abnormalities in most, perhaps all, physio-
logic systems [10]. Thus these animals show defects in the entire neuroendo-
crine axis and are infertile or subfertile and euthyroid sick and have markedly 
increased plasma corticosterone levels. In addition to these global effects on 
the neuroendocrine axis,  ob  mice are hypothermic and diabetic, and have 
profound immune and hematologic dysfunction. Indeed the complex pheno-
type of these animals initially led some to question whether the identifi cation 
of the  ob  gene would advance our understanding of how food intake and body 
weight are regulated. In retrospect, the complex phenotype of these mice can 
be most easily understood by noting that the abnormalities they manifest are 
generally associated not with obesity, but rather starvation [30, 31]. This 
observation is consistent with the fi ndings that plasma leptin falls after fasting 
and that that leptin administration suppresses the neuroendocrine response to 
food restriction in mice [32]. These fi ndings and others suggest that a key 
function of leptin is to communicate information to the brain that there are 
adequate fat stores and that the organism is not starving. In its absence, a set 
of physiologic responses in many organ systems are elicited, the aggregate 
effect of which is to reduce energy expenditure at the same time as appetite is 
stimulated. 

 In addition to its intrinsic importance, this aspect of leptin function pro-
vides a framework for understanding its effi cacy for treating a series of leptin 
defi cient states. In each case, leptin treatment improves one or more abnor-
malities generally associated with starvation. As outlined in this volume, 
lipodystrophy, the complete or partial absence of fat, is a heterogeneous dis-
order associated with leptin defi ciency and a severe, sometimes intractable, 
insulin resistance and diabetes as well as hyperlipidemia and NASH [33]. 
Similarly, as also discussed in this volume, the leanness of young women 
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who often exercise with great avidity is also associated with leptin defi ciency 
and hypothalamic amenorrhea (HA) [34]. This condition is characterized by 
a failure to menstruate, infertility, and also osteoporosis [35]. Leptin replace-
ment therapy improves the abnormalities associated with lipodystrophy and 
HA and also includes a signifi cant improvement of bone mineral density in 
HA patients. Leptin confers these benefi cial effects despite causing weight 
loss in treated patients. In addition, leptin-defi cient patients also show extreme 
weight loss after leptin therapy with marked improvements in their metabolic 
profi le, a restoration of fertility and improvements in immune function despite 
losing weight. These data strongly suggest that overall nutritional state, as 
refl ected by fat stores, is conveyed by leptin and not by the actual amount of 
lipid stored in adipose tissue. 

 In general the more extreme the abnormalities of patients with low leptin 
levels, the more signifi cant the clinical response to leptin therapy. This raises 
the possibility that leptin might have potential as a treatment for other pathol-
ogies that develop in the setting of leptin defi ciency. For example, some 
female leptin defi cient patients fail to enter puberty in adolescence even 
though their bone age indicated they should have, and leptin treatment led to 
the onset of menses. This suggests that leptin might be used to induce puberty 
in very lean young women with a delayed onset of puberty [24]. 

 Both leptin-defi cient and -starved individuals show immune abnormalities 
with a shift from TH1 to TH 2 immunity and an increased susceptibility to 
infectious disease and leptin treatment of leptin-defi cient humans and -starved 
animals reverses these changes [31, 32, 36]. Thus it is possible that leptin 
could be used as an immune adjuvant in settings of extreme cachexia such as 
starvation, cancer or chronic infl ammatory or infectious disease. It has even 
been proposed that leptin might be useful in patients with end stage anorexia 
nervosa with the hope that low-dose leptin treatment could ameliorate some 
of the pathology associated with leptin defi ciency without signifi cantly reducing 
food intake (further) and/or as an adjunct to parenteral nutrition (C. Mantzoros, 
personal communication). 

 Leptin might also be of benefi t in patients who do not manifest signs or 
symptoms of pathologic defi ciency of leptin (i.e., starvation) but who, none-
theless, are leptin sensitive (in contrast to most obese patients who are leptin 
resistant, see below). Prior studies in animals have shown that leptin stimu-
lates glucose metabolism in wild-type mice independent of weight loss and 
that it can improve the diabetes of lipodystropic mice independent of insulin 
[37, 38]. This raised the possibility that leptin might show effi cacy for the 
treatment of type 1 diabetes. This possibility has now been tested in 
streptozotocin- treated mice that are either partially or completely insulin 
defi cient. In both cases, leptin markedly lowered blood glucose. Indeed in 
one study, untreated insulin-defi cient animals all died within 1 month while 
treated animals survived as long as leptin continued to be expressed from an 
adenoviral vector [39]. Further evidence has suggested that leptin elicits its 
antidiabetic effects by inhibiting glucagon [39]. This has raised the possibil-
ity that leptin might also be of benefi t for patients with type 1 diabetes who 
often present with weight loss and hyperphagia as a consequence of complete 
or partial insulin defi ciency. In this setting leptin could either alleviate the 
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demands on the decreasing number of surviving β cells at the onset of the 
disease and/or be used to supplement insulin at later stages of the disease as 
a means for smoothing glucose control with less hyperglycemia. Leptin treat-
ment might also minimize the weight gain that is often associated with insu-
lin therapy. Further studies will be necessary to evaluate these possibilities.  

    Leptin Resistance 

 Physiologic increases in plasma leptin level in wild-type mice lead to a dose 
dependent reduction of food intake and loss of weight [40]. While leptin has 
potent effects to reduce food intake and body weight in  ob  and wild type 
animals, its effi cacy in obese animals is variable and often reduced [40]. 
Animals with mutations in the leptin receptor fail to respond to leptin treat-
ment as do Ay mice that, as mentioned, have a defect in melanocortin signal-
ing. Diet-induced obese animals show only a small response to leptin while 
New Zealand obese mice, a strain that develops a polygenic form of obesity, 
fail to respond to leptin when delivered peripherally but lose signifi cant 
amounts of weight when leptin is delivered ICV. Each of these strains has 
high plasma levels of leptin which in combination with the diminished effect 
of leptin treatment suggests that they, and by extension hyperleptinemic 
obese patients, are leptin resistant. 

 The extreme case of leptin resistance is the  db  mouse which has a mutation 
in the leptin receptor [8, 9]. In the absence of leptin action, animals become 
obese and secondarily overproduce the hormone. Thus obesity satisfi es the 
hallmarks of a hormone resistance syndrome, with an attenuated response to 
exogenously administered hormone and elevated endogenous levels [41]. In 
addition, mutations in genes in the leptin signal transduction pathway, PTP1B 
and SOCS3, increase leptin signaling and lead to a resistance to obesity, thus 
identifying potential biochemical mechanisms [42, 43]. Both PTP1B and 
SOCS3 act to suppress leptin signaling and knocking these genes out ampli-
fi ed leptin signaling. It is not clear whether these genes contribute to the 
leptin resistance that develops in animals or humans. Moreover, leptin resis-
tance is complex, and can in principle develop at many points in the neural 
circuit that regulates feeding. Thus leptin resistance can also develop down-
stream of leptin target neurons as in Ay and MC4R knockout mice, which 
abrogates melanocortin signaling from POMC neurons [11]. Similar to other 
hormones, leptin resistance can also develop in response to chronically ele-
vated hormone levels via tachyphylaxis [44]. Finally, as discussed in this vol-
ume, leptin resistance can develop because of impaired leptin transport 
although little is known about the transcytotic mechanism by which leptin 
crosses the blood brain barrier [45]. 

 In humans, leptin is highly potent in patients with low endogenous levels 
but its effects in otherwise normal lean patients have not been studied [24, 
33–35]. In contrast, leptin has variable effects as monotherapy for obesity in 
the general population. Initial studies showed encouraging effects at very 
high doses (0.3 mg/kg bid) but this dose was too high for general usage and a 
lower dose (0.1 mg/kg bid) did not show effi cacy [46]. However a more 
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recent study treating obese patients with an even lower dose (0.05 mg/kg) led 
to ~5 % weight loss equivalent with effi cacy equivalent to other pharmaco-
therapies for obesity [47]. It is thus possible that higher doses of leptin led to 
tachyphylaxis and that larger study of patients treated with leptin at 0.05 mg/
kg or lower could replicate the weight loss observed in the earlier study. 
There is also evidence that some obese patients show a greater response to 
leptin than others. In light of the potency of leptin in leptin defi cient patients 
with low endogenous leptin levels, it is possible that the one could enrich for 
the responder subset by selecting obese patients with low leptin levels. 
Indeed, while leptin level is highly correlated with adipose tissue mass 
( r  = 0.9), plasma leptin still can vary by tenfold or more among patients of the 
same BMI [41]. That obese patients with low leptin levels might show a 
greater response to leptin therapy is suggested by studies in mice with consti-
tutively low levels of leptin gene expression. These animals become obese 
and remain leptin sensitive [48, 49]. Consistent with this, patients with het-
erozygous leptin mutations are obese with low leptin levels [48, 49]. 

 The effi cacy of leptin for the treatment of obesity increases when it is 
combined with other agents that cause weight loss, in particular short-term 
signals including intestinal peptides that modulate meal pattern. For example, 
both leptin and amylin (pramlintide), a pancreatic peptide that is approved for 
the treatment of diabetes, caused ~5 % weight loss in a selected group of 
patients while the two agents appeared were synergistic when co- administered 
with an average weight loss of 13 % [47]. Studies in animals showed that 
pretreatment of diet induced obese animals with amylin restored leptin’s ability 
to phosphorylate Stat3 in the hypothalamus suggesting that this gut peptide 
might reduce the activity of neural circuits that cause leptin resistance [50]. 
In, animals, leptin’s effi cacy has also been augmented in combinations with 
other peptides or hormones, raising the possibility that in time it could emerge 
as part of a combination therapy for obesity [51]. Bariatric surgery is an alter-
native means for inducing weight loss and, while invasive, can be extremely 
effective. Leptin falls after this procedure, in proportion to the amount of the 
weight loss, and it is possible that leptin treatment in this setting could reduce 
recidivism and/or mitigate some of the sequelae of the procedure that might be 
secondary to the relative leptin defi ciency that develops [52].  

    Questions for the Future 

 While much has been learned, the road ahead is likely to lead to new advances 
and some surprises. Still some key questions remain unanswered including 
the aforementioned. How is leptin transported into the CNS? 

 What regulates leptin gene expression? Leptin gene expression is corre-
lated with the intracellular lipid content of adipocytes, suggesting that its 
regulation might be coupled to a lipid-sensing mechanism [41, 53]. The 
nature of this putative lipid-sensing mechanism is unknown. 

 How does leptin control metabolism? What is the role of leptin signaling 
in peripheral tissues or, instead, are most or all of its effects mediated by the 
CNS? What are the physiologic and cellular mechanisms by which leptin 
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reduces adipose deposits in fat and other tissues? What are the physiologic 
and cellular mechanisms by which leptin improves glucose metabolism? 

 Finally, how does leptin modulate a complex motivational behavior? 
Leptin acts directly on a number of CNS sites to reduce food intake and body 
weight in animals and humans and provides an entry point to study the con-
trol of feeding [40]. Feeding is a complex motivational behavior controlled 
by many inputs including smell, taste, hormonal state, cognitive inputs, etc. 
Recently it has been shown that leptin acts in part by regulating hedonic cir-
cuitry but the anatomic site(s) responsible for initiating feeding behavior have 
proven elusive [17]. Thus it is not known how or even when the multiple 
inputs are processed to formulate a “binary” decision. So perhaps the biggest 
question is how do we decide to eat or don’t eat. Perhaps, the answer to this 
timeless question will be part of leptin’s fourth act. 

 The present volume,  Leptin-Regulation and Clinical Applications , which 
is graciously dedicated to the memory of Doug Coleman, is a timely rendition 
of the journey leptin has taken so far from bench to bedside. The chapters and 
authors of this volume have been carefully selected to present an authoritative 
account of the biology and clinical applications of leptin that expands on the 
themes summarized in this Foreword. This book should prove valuable to 
clinicians and scholars interested in obesity, energy homeostasis, neuroendocri-
nology of weight regulation, and intermediary metabolism. Sam Dagogo- Jack 
and his colleagues are to be commended for crafting this important work.                                   
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 Twenty years after its discovery, a recombinant form of human leptin has 
been approved by the US Food and Drug Administration for the treatment of 
patients with congenital or acquired lipodystrophy. However, the promise of 
leptin as a general treatment for human obesity and related disorders has 
remained largely elusive. Nonetheless, a tremendous amount of knowledge 
has emerged on the biology of leptin, and additional potential areas of thera-
peutic application in humans are gradually coming into focus. In rodents 
leptin inhibits food intake, stimulates energy expenditure, reverses obesity, 
ameliorates insulin resistance, and accelerates sexual maturation. These 
potent and diverse effects have stimulated interest in exploring a role for 
leptin in the treatment of human metabolic disorders. This book presents cur-
rent understanding of the biology and regulation of leptin, and discusses 
established and emerging areas of therapeutic application of leptin in humans. 

 Beginning with a succinct synthesis of the vast amount of work—in experi-
mental models, in vitro systems, and other avenues—that has enriched our 
understanding of leptin’s biology, the focus of this book shifts to a fuller consid-
eration of the regulation and role of leptin in humans. The emphasis on human-
level data is a unique feature of this book. The results of numerous studies 
indicate that leptin is indeed a regulated human hormone that interacts with a 
vast array of physiological, hormonal, immunological, and infl ammatory media-
tors and targets. The detailed consideration of these interactions expands our 
understanding of the role of leptin in human metabolic pathophysiology. 

 Next follows a comprehensive presentation of the therapeutic trials of 
recombinant leptin replacement in human subjects with congenital leptin defi -
ciency, diagnosed either in childhood or during adulthood; leptin supplementa-
tion in lean and obese leptin-replete subjects; leptin therapy in patients with 
lipodystrophy; and other emerging therapeutic areas, including treatment of 
hypothalamic amenorrhea and emerging novel combination regimens of leptin 
and other biogenic peptides. Unanswered questions and future directions in 
leptin research are highlighted in the Foreword by Dr. Jeffrey Friedman and 
throughout the volume. A fuller understanding of the regulation of leptin, under 
physiological and pathological conditions, is a critical prerequisite to its ratio-
nal deployment in the treatment of diverse human disorders. 

  Pref ace      
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         Pubmed search on    “leptin” retrieves over 25,200 
entries and there is hardly a biological or medical 
term that has not been linked to leptin. But there 
was a time when leptin was not around and this 
chapter describes how this molecule was fi rst 
imagined and then actually identifi ed. The dis-
covery of the leptin gene is not one of those pro-
cesses, common in big step forward in the life 
sciences, that happen almost by chance. It is 
indeed a vision, a concept that became hard evi-
dence. In this respect it is more similar to the dis-
covery of new subatomic particles predicted by 
theoretical physics equations than to biological 
fi ndings as remarkable as penicillin in which a 
scientist gave a brilliant interpretation of an 
unpredicted result. 

   The Milieu Intérieur 
and Homeostasis 

 We start by reviewing the conceptual frame that 
led to leptin imagination. It is fi rst worth men-
tioning that the contemporary concept of body 
weight in the so-called industrialized societies is 
somewhat different from what might have been 

only 50–60 years ago. Up to the mid-twentieth 
century less than 10 % of the US population was 
obese in contrast to the 68 % that is characterized 
by obesity or overweight today [ 1 ]. Maintenance 
of body weight was thus the most “normal” phe-
nomenon to observe. It is calculated that coeffi -
cients of weight variation in the absence of 
“obesogenic” environments and over relatively 
short periods are about 0.5–0.6 % and cross sec-
tional observations indicate that they persist over 
more extended periods [ 2 ]. 

 The idea that higher animals possess complex 
homeostatic mechanisms to maintain a stable 
internal environment for their living units, the 
cells, is a fundamental concept of modern physi-
ology. The great physiologist Claude Bernard 
fi rst conceptualized the existence of a reaction of 
the organism to external stimuli in the aim to 
maintain constant conditions within the body [ 3 ]. 
He coined the term  milieu intérieur  which has 
been translated into English as “internal environ-
ment” as opposed to external environment, often 
referred to as simply “environment.” Bernard 
asserted that “the fi xity of the internal environ-
ment is the condition of free, independent, life” 
[ 2 ,  4 ,  5 ]. Although he focused most of his atten-
tion and studies on the regulation of body tem-
perature and to blood, “which should be 
maintained in a certain composition in order for 
the organism to live,” the idea that energy stores 
are also part of the stability of the organism is 
contained in the concept of milieu intérieur. The 
pancreas being a major focus of his studies, 
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Bernard had a keen interest in glucose homeostasis 
and also conceived a role for the brain in this 
regulation: according to his work metabolic regu-
lation is achieved through a series of rapid onset–
offset signals that maintain a tight control of 
energy supplies. Afterwards Walter Bradford 
Cannon gave eating and drinking an explicit role 
in stabilizing vital functions: according to his 
theory organisms “…have somehow learned the 
methods of maintaining constancy and keeping 
steady” [ 5 – 7 ] and further    “the constant conditions 
which are maintained in the body might be termed 
 equilibria … Cannon coined the term homeostasis 
to synthesize his theory and applied that also to 
energy balance “The coordinated physiological 
systems which maintain most of the steady states 
in the organism are so complex and so peculiar to 
living beings—involving as they may brain, 
nerves, the heart …—that I have suggested a 
special term for these states,  homeostasis ” [ 6 ].  

   VMH Lesions and the Controller 
System 

 Starting from the early 1940s the British Royal 
Navy fi nanced and planned research on food 
rations, food needs, and other topics that had been 
relevant during the Second World War. This 
research was carried in the department of 
Experimental Medicine directed by the physiolo-
gist McCance at the Addenbrooke’s Hospital in 
Cambridge and led to seminal discoveries on the 
physiological basis of energy balance regulation 
[ 8 ]. As often happens in science the right combina-
tion of factors including expertise, personalities, 
and random events was key to the advancement 
of knowledge in this fi eld. We will herein mention 
some of them starting, from Gordon Kennedy: he 
conducted pioneer studies on the obesity pheno-
type resulting from lesions of the ventromedial 
part of the hypothalamus (VMH) in rodents [ 9 ]. 
Kennedy interpreted the results in terms of a nega-
tive feedback loop system controlling food intake 
in normal animal, and hypothesized that the 
amount of fat in the body provided the information 
for the control signal that was targeted to the 
hypothalamus. This concept is known as lipostatic 

theory and suggests that the amount of fat in the 
body is measured and maintained constant. Other 
theories had been previously formulated to explain 
energy balance: these included Brobeck’s concept 
[ 10 ] postulating body temperature as the main 
parameter to indicate the status of energy bal-
ance and Mayer’s glucostatic theory in which 
the controlled quantity is the difference between 
arterial and venous plasma concentrations of glu-
cose [ 11 ,  12 ]. Kennedy’s concept was further 
developed by Romaine Hervey, a younger fellow 
at the Department of Experimental Medicine, who 
was the fi rst to employ parabiosis in studies con-
cerning energy balance regulation. Parabiosis is 
the surgical union of two animals to produce a 
common blood supply and allow the investigation 
of circulating factors in the regulation of physio-
logical systems [ 8 ]. In parabiosis experiments we 
distinguish a treated animal and a partner: what 
happens to the partner is the result of some treat-
ment dependent changes in blood borne signals 
that the animal is able to sense. Hervey applied this 
technique to VMH lesioned rats. The animals in 
which the lesions were made showed hyperphagia 
and obesity. Their parabiotic partners, with normal 
hypothalami, ate much less, became thin and in 
some cases starved to death. Hervey concluded 
“…these results may be evidence for a feedback 
control of food intake, and may throw some light 
on the information used in such a system” [ 13 ,  14 ]. 
These data were in fact taken to imply that the 
obese rat produced a humoral agent that would 
normally stimulate the brain to inhibit food intake. 
Although the lesioned rats could not respond to the 
signal, the factor had to be carried across the para-
biotic union and inhibit the food intake of the nor-
mal partner [ 13 ,  15 ]. These results led Hervey to 
state that maintenance of body weight “requires 
some precision” and he was the fi rst to express 
the concept    in rigorous thermodynamic terms: 
“during any period it must be true that energy 
intake − energy output = energy stores.” He thus 
imagined energy homeostasis as a “controller sys-
tem” borrowing this concept from a branch of 
engineering that deals with the behavior of dynam-
ical systems [ 16 ]. According to this theory  inputs , 
also called reference or afferent signals, are sensed 
and manipulated by a  controller  in order to obtain 
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the desired effect on the  output  of the system in a 
“closed loop system” (Fig.  1.1 ).

   Hervey established the nature of two of the 
components of this system, namely the VMH as 
central controller and the output constituted by 
“motor areas concerned with feeding,” while still 
unknown were “the quantity that the system 
immediately senses and stabilizes” and the means 
by which inputs are made to the controller. In the 
conclusions of the Nature paper published in 1969 
Hervey put forward the idea that “regulation of 
energy balance involves a hormonal feedback 
signal” and he also discussed the possibility that 
steroids, already known to affect body weight, 
could play such a role [ 16 ]. The search for the 
afferent signal had just started.  

   Douglas Coleman and Parabiosis 

 VMH lesioned rats are experimental models of 
obesity obtained by a very drastic and unphysio-
logical treatment: fi nding the humoral agent 
hypothesized on the basis of parabiosis results in 
these models was like looking for a needle in a 

haystack. But murine models of obesity existed 
also as a result of spontaneous mutations, and the 
search was then steered by genetics. In 1949 a few 
animals in the non-inbred V strain at the Jackson 
laboratory (Bar Harbor, Maine) were observed to 
be plump early in life and to become markedly 
obese and diabetic thereafter. Breeding experi-
ments revealed that the obesity syndrome was 
caused by a single autosomal recessive gene, 
 obese  (gene symbol  ob ). The mutation was later 
transferred on the congenic C57BL/6J background 
on which it has been propagated since [ 17 ,  18 ]. 
Dickie and Lane [ 19 ] positioned the  ob 6J mutation 
on proximal chromosome 6 between 
 Microphthalmia  and  waved-1  loci. The mice were 
infertile, exhibited hyperphagia and early onset 
obesity, but on this genetic background only a 
transient form of hyperglycemia appeared, in 
association with elevated plasma insulin [ 20 ]. A 
second co-isogenic allele, known as  ob 2J, result-
ing in a similar obese phenotype, was later identi-
fi ed in the SM/Ckc-Dac mouse strain (Table  1.1 ).

   A few years later in 1965 a new spontaneous 
obese mutant was identified at the Jackson 
laboratory [ 21 ]. The mutation, arisen on the 

Control Centers
“VMH”

Signal 
(not identified)

The controller mechanism (by R. Hervey) 

Feedback
Pathway

(closed loop)
“slow but

maintains actual
level”

Energy
expenditure

Energy
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(not identified) 

Food Intake
“motor areas
concerned

with feeding”

  Fig. 1.1    The hypothetical 
model postulated by 
Hervey to represent the 
mechanism regulating 
energy homeostasis in 
mammals. Homeostasis 
can be represented by a 
controller mechanism, 
better known as feedback 
loop: from the energy 
stores start afferent signals 
to the center which will in 
turn produce efferent 
signals to modulate energy 
stores. At that stage most 
of the players were not 
known .White box : known 
component   .  Grey box : 
component to be identifi ed       

 

1 Discovery of Leptin and Elucidation of Leptin Gene Expression



4

C57BL/ks strain and inherited as an autosomal 
recessive gene located on chromosome 4, was 
called  diabetes  (symbol  db) . Mutant mice were 
characterized by infertility, hyperphagia, and 
early onset obesity just like the  ob/ob  mutant, but 
unlike them they developed a severe form of dia-
betes that reduced their life span. Several alleles 
of the  db  gene were eventually found on other 
strains, namely the 2J allele that appeared on the 
BL6 background and the 3J allele on the 129/J 
strain. The severity of diabetes differed depend-
ing on the background with a stronger phenotype 
being expressed in the Ks strain [ 18 ]. 

 Coleman was intrigued by the differences that 
the different genetic backgrounds conferred to the 
expression of the phenotype, especially in terms 
of the onset and severity of diabetes. He noticed 
that on the C57BL6 background in which the  ob  
original mutation was propagated and in which 
one of the  db  alleles had spontaneously arisen, the 
 db/db  and  ob/ob  phenotypes were identical with 
mild diabetes and markedly elevated plasma 
insulin sustained throughout a nearly normal life 
span [ 22 ]. Similarly, when he later transferred the 
 ob  mutant allele to the C57BL/ks background he 

obtained a mutant with a severe early form of 
diabetes that compromised its life span, exactly 
as in the case of the original C57BL/ks  db/db  
mutant [ 23 ]. Coleman’s conclusion was that the 
wide spectrum of phenotypes observed in  db/db  
and  ob/ob  mice depended exclusively on genetic 
background and that the two genetic defects led 
to an identical phenotype [ 24 ]. 

 The juxtaposition of the two strains of obese 
mice provided Coleman with a brilliant intuition. 
He devised a clever set of experiments based on 
parabiosis experiments (see scheme in Fig.  1.2 ) 
that once again were inspired by deductive rea-
soning, interdisciplinary insights, and of course 
serendipity. In the fi rst set of parabiosis experi-
ments  db/db  animals were joined to wild type 
mice. In the very precise Coleman’s recollection 
of his experimental design he explains that this 
fi rst set was dictated by the need of having para-
biosed animals on the same genetic background 
to minimize vigorous immune rejection [ 24 ]. As 
occasionally observed for partners of VMH 
lesioned rats, the +/+ members of the pairs 
expired, their blood glucose decreased to starva-
tion levels and subsequent carcass analysis 
revealed absence of food remnants in their guts 
and a liver completely depleted of glycogen. 
Conversely, the obese  db/db  retained normal 
blood glucose and presented food in the stomach 
and in the intestine. These observations led 
Coleman to a “eureka moment,” as he defi nes it 
[ 24 ]. He postulated that the  db/db  mouse pro-
duced a “blood borne factor so powerful that it 
could induce the normal partner to starve to 
death,” also in consideration of the relatively 
small portion of blood that is exchanged between 
two parabiosed animals. Then he parabiosed  ob/
ob  with +/+ mice and observed marked improve-
ments in glycaemic control and decreased energy 
intake in the  ob/ob  mice. When he fi nally man-
aged to place the two mutations ( ob  and  db ) on 
the same genetic background he could perform 
the key experiments by joining the blood circle of 
 db/db  and  ob/ob  mice. It is interesting, and almost 
incredible. To read in the Coleman’s narrative 
written for the Lasker Award [ 24 ] that in his mind 
this experiment involving two mice of comparable 
weight was also aimed at excluding the possibility 

   Table 1.1     Ob  and  Db  alleles, genetic    background of 
propagation and effect on glucose metabolism   

 Allele 
 Strain of 
propagation  Obesity  Glucose metabolism 

  Ob  ( obese ) fi rst reported by Ingalls et al. [ 17 ] 
  Ob   Non-inbred stock  Severe  Diabetes 
  Ob   C57BL6/J  Severe  Hyperinsulinemia 

 Transient 
 Hyperglycemia 

  Ob   C57BL/KsJ  Severe  Severe diabetes 
  Ob   2J    SM/CKc-+ Dac   Severe  Hyperinsulinemia 

 Transient 
 Hyperglycemia 

  Db  ( diabetes ) fi rst reported by Hummel et al. [ 21 ] 
  Db   C57BL/KsJ  Severe  Severe diabetes 
  Db   C57BL6/J  Severe  Hyperinsulinemia 

 Transient 
 Hyperglycemia 

  Db   2J    C57BL/KsJ  Severe  Severe diabetes 
  Db   3J    129/J  Severe  Hyperinsulinemia 

 Hypoglycemia 
  Db   ad    C57BL/KsJ  Severe  Severe diabetes 
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that in case of union between an obese and a lean 
animal, the latter was losing weight because of 
being dragged around by the heavy partner. What 
Coleman obtained was severe weight loss, hypo-
glycemia, and in some cases death in the  ob/ob  
members of the pairs. Carcass analysis revealed 
that weight decrease was entirely due to loss of 
adipose mass. Also in this case  db/db  animals 
were not affected by parabiosis and kept gaining 
weight according to their normal growth curve. 
Coleman’s overall conclusion as reported in its 
own words “…the  db/db  mutant mouse overpro-
duces a satiety factor but cannot respond to it—
perhaps owing to a defective receptor—whereas 
the  ob/ob  mutant recognizes and responds to the 
factor but cannot produce it. The normal wild 
type mouse also produces this factor but in insuf-
fi cient amounts to be lethal.”

   These fi ndings along with previous knowl-
edge obtained using parabiosis on hypothalamus 
lesioned rodents laid the basis to build an iden-
tikit of the factor missing in the  ob/ob  mouse. 
The requirements that this factor had to satisfy 
included the following:
    1.    A blood borne signal since it is exchanged 

between parabionts.   
   2.    A bioactive molecule since it causes reduction 

of food intake and weight.   

   3.    It has to refl ect the amount of energy stores 
since the obese animal overproduces this fac-
tor as compared to the lean one.   

   4.    Its receptor is in the hypothalamus since para-
biosis performed with rodents carrying lesions 
in the VMH and in the arcuate nucleus cause 
starvation and weight loss in the untreated 
partner, similar to those observed for partners 
of the  db/db  mouse.    

     Molecular Genetics: A Novel 
Approach to Identify the ob Gene 

   Reverse Genetics and Positional 
Cloning 

 Much had been achieved since the theoretical 
homeostasis and controller models postulated by 
Cannon and Hervey: there was a factor, a protein, 
a gene, indeed two, that when altered caused 
obesity and these molecules had defi ned features 
of a satiety signal and its receptor. This was a 
breakthrough also in the clinical and popular 
view that had accompanied obesity, considered up 
to that point a behavioral rather than a physiolog-
ical problem; instead, science was demonstrating 

  Fig. 1.2    Schematic representation of Coleman’s experiments. Reproduced with permission [ 22 ]       
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that it was not a matter determined by lack of 
will or by laziness, but a condition attributable 
to biological causes yet to be defi ned. Thus the 
hunt started. In the years that followed various 
factors were considered good candidates includ-
ing cholecystokinin, somatostatin, and pancre-
atic polypeptide. 

 Molecular genetics was at its dawn in the 
1970s and identifying a gene starting from a 
mammalian phenotype was almost an impossible 
task. The subsequent years witnessed a rapid and 
revolutionary advancement in this discipline, 
something similar to what was taking place in 
computer science, with a fruitful mixture of prog-
ress in knowledge and technology that led to a 
real explosion of the fi eld. There are people who 
start what look like impossible enterprises, 
because they somewhat view that what appears 
undoable today will not be such in the near future. 
These people are called visionaries and some-
times they are considered insane in their pursuit 
of far too ambitious plans. Jeffrey M Friedman a 
young MD–PhD at the Rockefeller University 
was such a person. Dr. Friedman was 30 years old 
when in 1984 he started his laboratory as a 
Howard Hughes Medical Institute investigator at 
the Rockefeller University, focusing his research 
on the molecular identifi cation of the  ob  and the 
 db  genes. 

 Among his fi rst contributions to the genetics of 
obesity is a paper published in Genomics in 1989, 
that describes the chromosome mapping of the 
cholecystokinin ( CCK ) gene [ 25 ]. CCK is a pep-
tide hormone, originally found in the small intes-
tine and released in response to nutrient ingestion 
[ 26 ]. The high concentration of this hormone 
present in the brain and its capability to suppress 
appetite when peripherally administered to 
rodents, had led to the hypothesis that CCK could 
act as the satiety signal missing in the  ob/ob  
mice. Friedman and colleagues’ work ruled out 
this possibility by mapping  CCK  locus on murine 
chromosome 9, whereas the  ob  gene had been 
previously mapped on chromosome 6. 

 Friedman and collaborators were aware that 
the multiple metabolic and physiologic abnor-
malities present in the  ob/ob  and  db/db  mice 
made it diffi cult to separate primary gene effects 

from secondary metabolic alterations: it was 
therefore diffi cult to proceed with classical tech-
niques to isolate the satiety signal on the basis of 
its being overproduced by the  db/db  mouse or 
based on its biochemical properties. In addition 
the site of synthesis of the signal had remained 
unknown: they then decided to take a completely 
novel approach that required no specifi c assump-
tion on the biological nature of the defect, called 
“reverse genetics” [ 27 ]. Nowadays this term 
defi nes the studies that investigate which pheno-
types arise from a specifi c sequence but at the 
time this was how Orkin [ 28 ] defi ned reverse 
genetics: “the isolation of a gene without refer-
ence to a specifi c protein or without any reagents 
or functional assays useful in its detection…this 
requires: fi rst establishing the map position of the 
gene and then identifying a specifi c gene within 
this region in which mutations are strictly corre-
lated with the disease. Restriction fragment 
length polymorphisms (RFLPs) in combination 
with cytogenetic methods provide the key to map 
assignment with a resolution of roughly several 
million base pairs. Identifying the gene of interest 
is the practical issue.” A few years later a develop-
ment of reverse research called positional cloning 
that deals effectively with the “practical issue” was 
successfully applied by Riordan to identify the 
gene responsible for cystic fi brosis [ 29 ]. Positional 
cloning was used to identify the  ob  and the  db  
genes by Friedman and colleagues: it implies three 
major steps that will be here fi rst briefl y outlined in 
general and then specifi cally explained in the case 
of  ob  (and  db ) identifi cation:
    1.    Genetic mapping. Based on the assumption 

that for loci sitting on the same chromosome, 
and thus not segregating independently, the 
number of recombination events is inversely 
related to their physical distance on the 
DNA, it is possible to map a locus within a 
DNA region using polymorphic markers. 
Centimorgan (cM) is the unit that defi nes this 
distance: one cM equals a one percent chance 
that a marker on a chromosome will become 
separated from a second marker on the same 
chromosome due to crossing over in a single 
generation; it is calculated as number of recom-
bination events/number of total meioses × 100. 
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Although the probability of recombination 
varies along the genome, 1 cM corresponds on 
average to one million base pairs on the mam-
malian genome.   

   2.    Physical mapping. Once that a suffi ciently 
narrow genetic distance between two markers 
has been established the DNA region can be 
physically collected using appropriate 
vectors.   

   3.    Gene identifi cation. Different techniques can 
be used to identify and characterize the coding 
candidate genes contained in a given physical 
DNA region. The presence of mutations in the 
affected individuals constitutes the ultimate 
proof that a candidate is the gene responsible 
for the phenotype under investigation.    

     Genetic Mapping 

 Effective genetic mapping implies the existence 
of several and close polymorphic markers, an 
issue not so easy to address before the comple-
tion of the genome project. The fi rst drafts of the 
human and mouse genomes were released in 
2000 and 2002, respectively. In the early 1990s 
researchers could only use RFLPs associated 
with known loci. The probes used to map the  ob  
gene were T cell receptor beta ( Tcrb ), carboxy-
petidase A ( cpa ), met oncogene ( met ), and alpha2 
procollagen ( Cola-2 ), all having been mapped on 
chromosome 6. To maximize the variability of 
these markers Friedman and colleagues estab-
lished a series of intraspecifi c and interspecifi c 
crosses, a simplifi cation of which is represented 
in Fig.  1.3a . It is worth mentioning that things 
were further complicated by sterility of  ob/ob  
mice, the impossibility of phenotypically distin-
guishing between heretozygous +/ ob  and +/+ 
mice and, last but not least, diffi culties in unam-
biguously assigning the genotype due to the high 
variance in body weight, fatness and develop-
ment of type 2 diabetes, depending on the genetic 
background.

   The investigators initially used ovarian trans-
plant to an agouty [ 30 ] recipient to set an inter-
specifi c cross between  Mus musculus  C57Bl/6J 
 ob/ob  female and  Mus spretus  male mice and an 

intraspecifi c cross between C57Bl/6J  ob/ob  
female and DBA/2J +/+mice. The F1 progeny of 
the two crosses were intercrossed and the dis-
tance between a given RFLP and  ob  was deter-
mined by scoring the number of obese ( ob/ob ) F2 
animals carrying either the  spretus  or the DBA 
allele. The use of around 750 informative meio-
ses so obtained allowed to position  ob  11.8 cM 
proximal to  Tcrb  and 2–4 cM distal to Met. Zero 
(0) recombinants were found for Cpa out of 123 
scorable animals: the conclusion was that this 
locus was less than 2.3 cM from  ob  [ 31 ]. These 
same markers were mapped on human chromo-
some 7q31-34, the region postulated to contain 
the human  ob  gene [ 31 ]. 

 A similar approach was employed in the case 
of the  db  mutation and permitted to build a 
genetic map spanning a region of 8 cM [ 27 ]. 
This map places  db  3 cM distal from  Cjun  and 
 Ifa  and 5 cM proximal to D4Rp1. The interval 
defi ned for  ob  was about 7–8 cM. Physical map-
ping required a region not larger than 1 cM and 
this could not be realized without a denser physi-
cal map and thus a higher number of markers. To 
identify additional RFLPs in the  ob  region, the 
Rockefeller group made use of chromosome 
microdissection: 19 novel RFLPs were identifi ed 
one of which did not show any recombinant 
event across 831 informative meiosis: this 
marker, named D6Rck13 was used as an entry 
point for physical mapping of the  ob  mutation 
[ 32 ] together with  Pax4  that was found to be 
tightly linked to  ob  [ 33 ]. Chromosomal micro-
dissection was used in the same way to more 
fi nely map the  db  gene [ 34 ].  

   Physical Mapping of the  ob  Gene 

 So far the discovery of the  ob  and the  db  genes 
has been treated in parallel. The following para-
graphs will be dedicated to the fi nal steps that led 
to  ob  identifi cation. In contrast to genetic maps, 
physical maps relate genome positions to each 
other, using physical distances measured along 
the DNA helix and expressed in base pairs (bp). 
Physical mapping make use of intentional frag-
mentation of genomes that are subsequently 
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  Fig. 1.3    Positional cloning of the  ob  gene is represented 
following the three phases of its experimental design. 
The key reagents and steps are represented in  red . ( a ) 

Genetic mapping: a representative type of cross (interspe-
cifi c intercross) is represented.  Mus spretus  ( green allele ) 
males were mated to C57Bl/6J  ob/ob  ovarian transplants. 
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cloned into appropriate vectors to build a contig, 
a contiguous array of overlapping clones. Yeast 
Artifi cial Chromosomes (YACs) have been 
widely used to this purpose since they allow to 
clone fragments as big as 1,400 Kb. Once that the 
two entry points (distal and proximal with respect 
to the centromere) of the gene of interest are iso-
lated, YAC rescued ends are used to walk along 
the genome by identifying new YACs to cover the 
whole contig. Importantly YAC ends and YAC 
subclones sequencing generate new polymorphic 
markers that are used to narrow down the DNA 
interval of interest. 

 In the case of the  ob  gene the entry points to 
start genome walking were 2 YACs, respectively 
containing Pax 4 and D6Rck13 (Fig.  1.3b ), The 
strategy explained above allowed to cover the 
entire region and build a contig with 6 YACs and a 
series of P1 mouse bacteriophage clones: the han-
dling and amplifi cation of P1s is easier and they 
can host fragments as large as 100–200 Kb. 
Animals typing with new polymorphic sequences 
markers permitted to establish the position of the 
 ob  gene in an estimated interval of 650 Kb,  defi ned 
by two markers, each scoring a single recombination 
event out of 1,606 meioses: one was a novel single 
strand length polymorphism named D6Rck39 and 
mapping near named D6Rck13; the other was the 
distal end of a YAC containing  Pax4 . To facilitate 
genes identifi cation in the critical 650 Kb region, 
this was also covered with 24 P1s isolated using 
YAC ends. In retrospective things were further 
complicated by the very low rate of recombination 
(nearly threefold lower than the average for mouse 
genome) that characterizes the 2.2 Mb critical 
region where  ob  had been mapped. Indeed, out of 

1,606 meioses there were only six recombination 
events: so that a genetic distance of 1 cM corre-
sponds to about 5.8 Mb in this case [ 35 ].  

    Ob  Gene Identifi cation 

 I joined Friedman’s laboratory in the fall of 1993, 
when the physical map of the  ob  gene had been 
almost completed: The reader will excuse me if 
from now on the chapter is written with the addi-
tion of some biographical/personal notes. I had 
just obtained my PhD in Italy with a thesis on 
population genetics in ancient populations and 
I was fascinated by the potential that linkage 
analysis and positional cloning were disclosing: 
from a disease to its genetic cause. I will never 
forget my interview with Jeffrey Friedman in his 
offi ce at the sixth fl oor of the Rockefeller building. 
I remember nervously waiting for him and admir-
ing that astonishing view on the East River. He 
entered and everything was very quick and 
unusual: Jeff talked fast and for me it was at times 
hard to understand. Nevertheless he was gentle 
and friendly; he briefl y asked of my PhD work 
and then started to tell a story of genetically obese 
mice that had been parabiosed: a word that I learnt 
that day. He used a precious Montblanc fountain 
pen to sketch schemes and notes while talking and 
in front of me pairs of “parabiosed” lean and 
obese mice were shaped: the Coleman experi-
ment. Then he unexpectedly asked: “So, what do 
you think?” In rudimentary and uncertain English 
I answered that it looked like there was a    defect in 
a common signaling pathway, affecting  db/db  
and  ob/ob  mice. He seemed satisfi ed with that 

Fig. 1.3 (continued) F1 females (B6 spretus  ob /+) from 
this cross were    bred to F1 males (B6D2  ob /+) generated 
from a C57Bl/6J  ob/ob  × DBA 2J ( blue allele ) +/+ mating. 
Only obese animals were used for genetic mapping. 
Modifi ed from [ 29 ] with permission. The  ob  gene was then 
mapped between  Pax4  and the polymorphic marker 
D6Rck13 that provided entry points to start the Physical 
mapping ( b ) of the  ob  gene: a physical contig was built 
using Yeast Artifi cial Chromosomes (YACs) and P1 clones. 
This permitted to isolate novel markers ( in red  the position 
of the key ones) and to further narrow down the interval to 

650 Kb, between the end of YAC Y903E1016 and the 
marker D6Rck39 (Modifi ed from Zhang et al., 1994). ( c ) 
Exon trapping on a P1 clone permitted to isolate among 
others ( in grey ) the 2G7 candidate ( in red ) that proved to 
be part of the  ob  gene, based on the following evidences: 
2G7 is specifi cally expressed by WAT, its expression is 
altered in  ob/ob  mice, 2G7 belongs to an open reading 
frame of a 3 exons gene coding for a 167-Aa peptide that 
presents a point mutation at codon 105 (Arg → STOP) in 
C57BL/6J  ob/ob  mice       
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response, then he asked what my feeling regard-
ing team work was. One week later he offered me 
a postdoctoral position in his laboratory. I became 
part of the  ob  team and started to collaborate 
closely with Yiying Zhang and Ricardo Proenca: 
my role in the project was to characterize the 
expression of candidates isolated from the contig 
by means of exon trapping. This technique, now 
supplanted by extensive DNA sequencing and 
bioinformatics tools, allows isolation of exons 
from large genome DNA fragments and relies on 
the conservation of sequence at intron–exon 
boundaries in all eukaryotic species. By cloning a 
genomic fragment into the intron of an expression 
vector (pSPL3 in the case of the  ob  gene), exons 
(if any) encoded in the genomic fragment are 
spliced into the transcript encoded on the plasmid. 
Reverse transcriptase polymerase chain reaction 
(RT-PCR) using primers specifi c for the vector 
transcript provides a product for subsequent anal-
ysis [ 36 ]. 

 Once the putative exons had been isolated 
from genomic DNA of P1 clones, each of them 
was sequenced and checked against all sequences 
present in Genbank. Then Northern blots and 
reverse transcription PCR were used to screen for 
the presence of corresponding RNA from a panel 
of mouse tissues (Tissue Blot) and to analyze 
candidate expression in  ob/ob  and wild type mice 
(Mutant Blot). Candidate names followed the 
cloning strategy code. I remember the fi rst two 
exons I hybridized to a Northern Blot, named 27 
and 28: in their case we were encouraged by 
some specifi c expression in the brain (a putative 
site for ob expression): the signal however was 
weak and appeared as a smeared band. One 
Friday (it was early May 1994) I hybridized on 
the Tissue Blot a  32 P labelled probe made out of a 
candidate named 2G7 that had been just isolated 
and sequenced, and for which no match in the 
database had been found. The next Saturday 
morning, when I developed the fi lm, a sharp very 
intense and specifi c band with a size of around 
4.5 Kb was visible only in the lane loaded with 
white adipose tissue (WAT) RNA. My fi rst 
thought was: “I fi nally obtained a decent Northern 
experiment” and the second, “Jeff should see 
this.” When I turned on my back Jeff was there, 

staring at the fi lm and already very excited about 
the result. He said something about Coleman 
having predicted a signal originating in the white 
adipose tissue (depot of energy stores by defi ni-
tion) and in the minute after listed a series of 
experiments that needed to be done immediately: 
the fi rst was the characterization of the 2G7 signal 
in the  ob/ob  mutants. I was invited to a dear 
friend’s wedding that day, but that did not stop 
Jeff Friedman, who personally hybridized the 
same probe used for the Tissue Blot to a blot con-
taining RNA from WAT of two different  ob  
mutants. The result was quite clear: 2G7 mRNA 
was absent in the adipose tissue of SM/Ckc-
+  Dac   ob   2J   /ob   2J  , present in the lean littermate wild 
type (SM/Ckc-+  Dac  +/+) and dramatically induced 
(about 20-fold) in the C57Bl/6  ob/ob  mutant 
obese mice as compared to the corresponding lean 
control (C57Bl/6 +/+). These results were repli-
cated also by RT-PCR [ 35 ]. By Sunday afternoon 
we were reasonably certain that 2G7 was an 
excellent candidate and the same probe was used 
to screen a mouse adipose cDNA library in search 
of the full length gene. 22 complementary clones 
were isolated and sequence analysis revealed a 
methionine initiation codon in the 2G7 exon with 
a 167 aminoacid open reading frame, followed by 
a long 3′ untranslated region for a total of over 
2,800 bp. A database search did not identify any 
signifi cant homology to any sequence in Genbank. 
The fi nal confi rmation that this sequence was that 
of the  ob  gene came from sequence analysis 
(automated and manual) of its open reading frame 
in cDNA obtained from WAT of C57Bl/6  ob/ob  
mice that overexpressed the transcript: the coding 
sequence was identical except for one C → T tran-
sition that transformed codon 105, coding for 
arginine, into a stop codon [ 35 ]. The hunt, started 
almost 50 years before had reached an happy end. 
That evening, before leaving, I left a note on Jeff’s 
desk: “I have no words”; somebody else had left a 
rose in his offi ce. The laboratory was unusually 
silent, we all shared a unique moment of intense 
excitement. I am not religious, but a very religious 
friend of mine coined a sentence that well describes 
these feelings: “A discovery is like looking into 
God’s mind. It is why scientists accept to face frus-
tration and failure most of their time.” 
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 In the following days we obtained further 
important and supporting evidences. Southern 
blot analysis using the 2G7 probe permitted to 
demonstrate that in SM/Ckc-+  Dac   ob   2J   /ob   2J   
mutants absence of  ob  mRNA was associated 
with a different size of a BgII fragment of 
genomic DNA. This suggested that this mutation 
resulted from a deletion/insertion in a regulatory 
or intronic region. The hypothesis was later con-
fi rmed by Moon and Friedman [ 37 ] that reported 
the  ob2J  mutation to be the result of the insertion 
of a retroviral-like transposon containing several 
donor and acceptor sites in the fi rst intron of the 
 ob  gene: this leads to the formation of several 
chimeric mRNAs, altered splicing and no synthe-
sis of the correct mature  ob  mRNA [ 37 ]. 

 The human  ob  gene was cloned by screening an 
adipose tissue phage cDNA library: as in the case 
of mouse it predicted a 167-amino-acid open read-
ing frame that was 84 % identical to the murine OB 
peptide. A high level of evolutionary conservation 
was revealed also by hybridization of the  ob  cDNA 
to the genomic DNA of several vertebrates includ-
ing rat, pig, sheep, cow, cat, chicken, and eel. 
A more close analysis of both human and mouse 
OB amino acid sequence revealed the presence of 
a signal peptide at its N terminus, suggesting that 
these could be secreted proteins. In vitro tran-
scription and translation experiments in the pres-
ence of microsomal membranes confi rmed the in 
silico prediction: the protein coded by the OB 
gene is a precursor of about 18 kDa that is trun-
cated by 2 kDa and translocated when exposed to 
a posttranslational processing system. The ob pro-
tein fulfi lled then one of the most important char-
acteristics of the satiety signal postulated by 
Kennedy, Hervey, and Coleman: it had the poten-
tial to be a circulating peptide, a hormone. These 
results are represented in Fig.  1.3c .   

   Elucidation of ob Gene Expression 
and Bioactivity 

 All these fi ndings were presented in the fi rst orig-
inal papers and can be summarized as follows: 
the murine  ob  gene is expressed by the white 
adipose tissue and it codes for a 167-amino-acid 

secreted protein. It is mutated in two independent 
strains of  ob/ob  mutants and there is a human 
homologue. 

 Some relevant questions remained to be 
addressed and are here briefl y outlined with their 
outcome:
•     Is ob gene expression specifi cally associated 

with mature adipocytes and with their terminal 
differentiation ? The white adipose is com-
posed of two main fractions, namely, a stromal 
vascular fraction containing preadipocytes, 
endothelial cells, infl ammatory cells and fully 
mature adipocytes. The use of an established 
preadipocytes cell line able to undergo adipose 
conversion (F442A) permitted to positively 
answer this question. Ob gene expression was 
in fact typical of the mature adipocyte [ 38 ]. 
This fi nding by itself paved the way to the con-
cept of adipokine, a molecule secreted by adi-
pocytes, and further, it changed the concept of 
adipose tissue, not any longer a passive depot 
of energy storage, but an active endocrine 
organ [ 38 ].  

•    What is ob gene regulation in satiety signal 
resistant mice ? From Hervey’s and Coleman’s 
parabiosis experiments we knew that some 
obese models ( db/db  and VMH lesioned) are 
resistant to the satiety signal. VMH lesions can 
be obtained by one intraperitoneal injection of 
gold-thioglucose (GTG): this causes hyperpha-
gia and in 4 weeks mice double their initial 
body weight. This model was in place in 
Friedman’s laboratory. Gene expression stud-
ies revealed that in both  db/db  and GTG treated 
mice ob gene expression was upregulated by 
20-fold [ 38 ]. The data were discussed as fol-
lows: “(they) position the  db  gene and the 
hypothalamus downstream of ob in the path-
way that controls body weight…and are con-
sistent with the hypothesis that the ob receptor 
is encoded by the  db  locus” and further more 
the increase of ob RNA in GTG mice suggested 
a non-cell autonomous function of the ob gene 
product in fat cells, since the overexpression 
of the wt protein did not prevent obesity in the 
absence of an intact hypothalamus.  

•    Is the ob protein circulating in blood ? 
Antibodies raised against the recombinant OB 
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protein allowed to detect a 16 kDa band in the 
plasma of wild type mice, but not in that of 
C57Bl/6J  ob/ob  mutants, suggesting that the 
point mutation caused an unstable truncated 
protein. The signal was more intense in the 
lane loaded with the  db/db  plasma [ 39 ]. These 
results established that the OB protein, as pos-
tulated by the existence of a signal peptide 
sequence at its N terminus, was a secreted 
 protein and possibly a hormone.  

•    Is the ob protein able to induce satiety and 
weight loss ? This was obviously one of the 
most relevant questions. In collaboration with 
the laboratory of Molecular Biophysics 
headed by Stephen Burley the OB protein was 
expressed and renatured. Then administered 
to  ob/ob , wild type and  db/db  mice by daily 
injections. The results obtained in  ob/ob  mice 
were striking. After 33 days of treatment they 
had lost 40 % of their initial body weight and 
had reduced their food intake by 40 % becom-
ing similar to normal wild type animals: 
importantly their adipose mass was reduced 
by 50 %, whereas the lean mass was not sig-
nifi cantly changed. None of these changes 
was observed in PBS treated controls. Of note, 
 ob/ob  mice not treated with the OB protein, 
but eating the same amount of food intake 
(pair- fed) lost signifi cantly less weight than 
animals receiving the recombinant protein, 
indicating that the input component per se was 
not the only parameter determining a negative 
energy balance. Indeed Pelleymounter and 
colleagues demonstrated that the OB protein 
is able to increase metabolic rate and locomo-
tor activity [ 40 ] and its role in the induction of 
energy expenditure is now widely acknowl-
edged [ 41 ]. Wild type animals treated with the 
OB protein reduced their food intake and body 
weight signifi cantly and stabilized both 
parameters at levels that were respectively 
92 % and 88 % those of untreated controls. 
An impressive reduction in fat mass was 
observed also in this case with adipose mass 
accounting for only 0.67 % of total body 
weight as compared to the 12 % observed in 
not treated animals. In  db/db  mice no effect 
was observed, this being consistent with the 

postulated defect in OB protein receptor [ 39 ]. 
The fi rst “public presentation” of these results 
was during a lab meeting given by Jeffrey 
Halaas. In that occasion Friedman announced 
that we had to pick a name for this novel pro-
tein that made mice become thin. He proposed 
to use the Greek root for thin: leptós. We all 
agreed to leptin and this name was used for the 
fi rst time in the Halaas et al. [ 39 ] paper pub-
lished in Science. In the same issue two other 
important contributions highlighting further 
aspects of leptin action appeared: weight loss 
following brain direct administration of very 
low dosage of the protein suggested that it 
could act directly on neuronal networks that 
control feeding and energy balance [ 42 ]; 
Pelleymounter and coworkers demonstrated 
that the OB protein lowered blood glucose and 
insulin levels in  ob/ob  mice and that it acted to 
increase energy expenditure [ 40 ].  

•    Do leptin levels in plasma refl ect the degree of 
obesity ? We knew that the ob gene mRNA was 
increased in the WAT of obese models in 
which the pathway had been interrupted 
(VMH lesioned  db/db  mice). The same was 
observed also in mice treated with high fat diet 
and in old overweight mice [ 38 ] but not in 
three classical models of murine obesity rep-
resented by the  Agouti  (A y /+), the  tubby , and 
the  fat  mouse. This was an indication that the 
transcription machinery in the WAT was not 
equally induced in all cases: what was impor-
tant to establish however were the circulating 
levels of leptin, since all evidences that had 
been accumulating over time pointed to a 
hormonal- like biological action with impor-
tant targets situated in the hypothalamus. The 
availability of good antibodies permitted fi rst 
to use a titration method that employed known 
concentration of the recombinant protein 
loaded on a Western Blot, and then to develop 
an ELISA assay (in collaboration with Roger 
Lallone in Birmingham) for an accurate mea-
surement of plasma leptin in mouse and in 
humans. The results were very clear: plasma 
leptin levels were much higher in obese indi-
viduals: all rodent models of obesity exhibited 
dramatically increased level of the circulating 
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protein as compared to lean controls including 
also the  Agouti ,  tubby , and  fat  mouse, for 
which ob mRNA did not change (see above). 
In both humans and mouse a positive and 
highly signifi cant correlation existed between 
body mass index and plasma leptin, although 
there was high variability of the circulating 
protein at each BMI. Consistently weight loss 
due to food restriction was associated with a 
decrease in plasma leptin in both humans and 
mouse [ 38 ].     

   Conclusions 

 Altogether these results establish that all the 
characteristics of the OB protein postulated by 
Coleman were true:
    1.    It was a circulating signal originating from 

energy stores (WAT) with the features of a hor-
mone and could thus be exchanged between 
parabiosed animals.   

   2.    It was a bioactive molecule with a potent ano-
rectic effect and this explained the weight loss 
in  ob/ob  mice parabiosed to wild type or  db/
db  mice and in wild type parabiosed to  db/db .   

   3.    Its levels refl ected the amount of energy 
stores, now better defi ned as the white adipose 
tissue, and thus animals parabiosed to obese 
models ( db/db  or VMH lesioned) starved to 
death because they had been receiving very 
high concentration of the satiety signal.   

   4.    It signals to the hypothalamus. Although  db  
subsequent cloning and localization [ 43 ,  44 ] 
provided the defi nite confi rmation of this 
hypothesis, at this stage we were already rea-
sonably confi dent that at least one of leptin 
targets was in the hypothalamus, based on the 
following evidences: ob transcriptional levels 
were increased in mice with VMH lesions, 
suggesting that a feedback loop is interrupted 
in this model; leptin direct administration in 
the brain results in food intake reduction and 
weight loss even at very low dosage.     
 In my view a phase of studies on energy bal-

ance is concluded by these fi ndings and another is 
disclosed. Leptin has changed the perspective on 
weight control problem, by permitting the energy 

homeostasis fi eld to enter a molecular era. It has 
been a formidable tool and the heart of the matter 
to start dissecting the complex mechanisms that 
regulate feeding behavior and body weight.     
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           Introduction 

 The spontaneous apparition of obesity mutant 
mice at the Jackson Laboratory (Bar Harbor, ME, 
USA) was a starting point for a long scientifi c 
journey, which climaxed in the discovery of 
leptin. Using these mutants in pioneer parabiosis 
experiments, DL Coleman proposed that “the 
 db / db  mutant mouse overproduced a satiety factor 
but could not respond to it—perhaps owing to a 
defective receptor—whereas the  ob / ob  mutant 
recognized and responded to the factor but could 
not produce it” (reviewed in [ 14 ]). He was right, 
as proved more than 40 years later when technical 
progresses in molecular biology allowed cloning the 
gene of leptin [ 54 ,  64 ] and, 1 year later, the gene 
of it receptor (LEPR ) by virtue of leptin binding 

[ 54 ,  64 ]. It was then established that LEPR is 
mutated in various strains of  db / db  mice [ 9 ,  29 –
 31 ] and in the  fa / fa  Zucker and  fa   k  / fa   k   Koletsky 
rats [ 47 ,  53 ]. These major breakthroughs were 
rapidly followed by the identifi cation of rare con-
genital leptin defi ciency and mutations in  LEPR  
in subjects with strikingly similar early onset and 
massive obesity phenotypes as mutant mice [ 13 , 
 40 ,  52 ]. In this chapter, we focus on the genetic 
abnormalities of  LEPR  gene with dramatic clinical 
consequences and diffi cult patient management. 
In most cases, however, obese patients do not bear 
mutations in genes related to leptin signaling, but 
often have abnormally elevated circulating con-
centrations of leptin. As such, they are considered 
leptin resistant. Despite a wealth of information 
on    LEPR structure and function, deciphering the 
molecular mechanisms underlying resistance to 
leptin remains a challenge. This question is 
addressed in the fi rst part of this chapter.  

   LEPR Structure and Mechanism 
of Action 

    LEPR  Genomic Organization 

 The genomic organization of the  LEPR  gene is 
unusual and holds some degree of complexity 
(Fig.  2.1a ). A proximal promoter (P1) produces two 
distinct transcripts through alternative splicing: 
 OB-R , now referred as  LEPR , and the Leptin 
Receptor Overlapping Transcript,  LEPROT  [ 1 ,  39 ]. 
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This overlapping gene structure occurs in humans 
but is not observed in rodents where the two 
genes are found distinctly separated. The  LEPR  
transcript encodes LEPR protein isoforms (see 
below), while  LEPROT  transcript encodes LEPR 
gene-related protein (OB-RGRP) also called 
endospanin-1. Endospanin-1 is a 4 transmem-

brane domain-containing protein of 14 kDa with 
no amino acid sequence in common with LEPR. 
 LEPR / B219  is a third transcript expressed from 
the leptin receptor gene using a second internal 
P2 promoter. This transcript generates different 
short LEPR isoforms (B219), which are expressed 
exclusively in hematopoietic cells.
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  Fig. 2.1     LEPR  gene and protein    organization. ( a ) 
Schematic representation of the human  LEPR  gene on 
chromosome 1. LEPR gene expression is controlled by 
two promoters. The proximal promoter P1 generates two 
distinct transcripts (Leptin Receptor Overlapping 
Transcript (LEPROT) and LEPR) through alternative 
splicing, giving rise to two distinct proteins with no amino 
acid sequence homology (OB-RGRP/endospanin-1 and 
LEPR short and long isoforms, respectively). The alterna-
tive P2 promoter allows the expression of B219 OBR 
short isoforms. The AUG initiation codons on the mRNA 

are indicated by  arrows . ( b ) Leptin receptor isoforms. 
There are fi ve different isoforms of LEPR in humans, gen-
erated from alternative splicing. All share identical extra-
cellular domains but they differ in the length and sequence 
of the C-terminal domain. Four of the fi ve isoforms have a 
transmembrane domain, while the shortest isoform is 
truncated by proteolysis before the membrane-spanning 
domain.  CRH  cytokine receptor homology domain,  Ig  
immunoglobulin domain,  FNIII  fi bronectin III domain. 
The amino acid sequence at the end of the C-terminal tail 
is indicated       
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      LEPR Isoforms 

 LEPR belongs to the class I cytokine receptor fam-
ily and exists in fi ve different isoforms (Fig.  2.1b ). 
Four of them share the fi rst 862 amino acids and 
display a unique transmembrane domain con-
tained in exon 16. These four isoforms are gener-
ated by alternative splicing and differ in the length 
and sequence of their intracellular carboxyl termi-
nal domain. The fi fth isoform, called “soluble” or 
“secreted” isoform, binds leptin and circulates in 
the blood stream, but contains no transmembrane 
domain. Contrary to rodents, the transcript for the 
soluble isoform does not exist in humans where 
the soluble LEPR is generated by proteolytic 
cleavage of the transmembrane isoforms [ 36 ]. 
The long LEPR isoform (isoform 1 or b) is the 
one with a full-length intracellular domain capa-
ble of activating all the known leptin-induced sig-
naling pathways [ 10 ,  11 ,  54 ]. The function of the 
short isoform a (or isoform 3) is less understood 
and may be involved in leptin transport through 
the blood brain barrier and in leptin clearance [ 32 , 
 56 ]. The specifi c functions of the other short iso-
forms are still poorly known. 

 All fi ve LEPR isoforms contain an N-terminal 
extracellular domain, which is required for ligand 
binding. This domain is heavily N-glycosylated, 
with N-glycosylation level reaching up to 1/3 of 
the total molecular weight of LEPR [ 21 ]. The 
N-terminal part of LEPR is composed of two 
conserved cytokine receptor homologous 
domains, CRH1 and CRH2, separated by a con-
served immunoglobulin (Ig) domain. Adjacent to 
the CRH2 domain two fi bronectin type 3 (FNIII) 
domains are located proximal to the transmem-
brane region.  

   LEPR Mechanisms of Action 

   Cell Surface Localization 
 Leptin binds and activates LEPR at the cell sur-
face. The majority of LEPR is localized in intra-
cellular compartments, including endoplasmic 
reticulum,  trans -Golgi apparatus, and endosomes, 
with only a minor (10–20 %) fraction of LEPR pres-
ent at the plasma membrane [ 4 ]. This subcellular 

distribution has been attributed to partial retention 
of the receptors in the biosynthetic pathway, cou-
pled to removal from the plasma membrane via 
ligand-independent constitutive endocytosis [ 4 ]. 
Whether alteration in LEPR traffi cking affects 
cell surface expression and, in turn, leptin signal-
ing has been scarcely investigated. Experimental 
evidences suggest that Bardet-Biedl syndrome 
(BBS) proteins physically interact with LEPR . 
Moreover, the loss of BBS proteins in mice and 
in reconstituted cell systems perturbs LEPR traf-
fi cking and leptin signaling [ 15 ,  26 ,  50 ]. In other 
studies, the endospanin- 1 protein encoded by the 
 LEPROT  transcript    has been shown to negatively 
regulate LEPR cell surface expression by facilitat-
ing its lysosomal degradation. Silencing of the 
protein in mouse hypothalamic arcuate nucleus 
increases LEPR signaling capacity [ 15 ,  51 ,  57 ]. 
Regulation of LEPR traffi cking by silencing these 
proteins or by disrupting their interaction with the 
receptor represents a possible strategy for improv-
ing leptin sensitivity.  

   Activation 
 Resonance Energy Transfer experiments in combi-
nation with biochemical and modeling studies 
started to unravel the molecular mechanism of 
LEPR activation. LEPR is thought to exist as pre-
formed dimers or oligomers at the cell surface [ 60 ]. 
Binding studies in association with site- directed 
mutagenesis and homology molecular modeling 
suggest the existence of three different binding 
sites (I, II, and III) on leptin and support a 2:4 stoi-
chiometry of the leptin–receptor complex [ 45 ,  61 ]. 
The CRH2 and Ig domains are involved in leptin 
binding and are required for receptor activation 
(Fig.  2.2a ). Binding site II was shown to be indis-
pensable for high affi nity interaction between 
leptin and CRH2 domain [ 20 ,  24 ]. Engineered 
leptin mutants with an intact site II but modifi ed 
site I or site III still bind to the CRH2 domain with 
strong affi nity but are unable to activate the recep-
tor [ 42 ,  46 ,  62 ]. Binding of two leptin molecules to 
LEPR triggers a conformational change within 
the extracellular domain and clustering of receptor 
dimers to form an hexameric complex (Fig.  2.2a ) 
[ 45 ]. Recently, the architecture of the isolated 
extracellular region of the LEPR in the absence and 
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presence of leptin has been characterized by single-
particle electron microscopy [ 37 ]. The results sug-
gest that leptin and LEPR interact in a tetrameric 
complex with a 2:2 stoichiometry by engaging only 
leptin sites II and III (Fig.  2.2b ). Thus, the role of 
binding site I and the overall stoichiometry of the 
leptin :receptor complex still remains elusive, most 
likely until we obtain structural information of the 
complex in its membrane-bound form. Additionally, 
leptin binding rigidifi es the fl exible hinge of CHR2 
and favors a certain orientation of the FNIII 
domains that is required for LEPR activation 
[ 37 ,  62 ]. Based on our knowledge of the activation 
mechanism of other receptors, it is also conceivable 

that changes in microenvironment (interaction with 
other proteins, lipid environment) or posttransla-
tional (glycosylation) modifi cations of LEPR could 
lead to subtle impairment of activation contributing 
to leptin resistance.

      Signaling Pathways 
 LEPR is devoid of intrinsic enzymatic activity and 
its signaling capacity relies on the associated Janus 
family tyrosine kinase JAK2 [ 3 ,  48 ] (Fig.  2.2c ). 
Upon receptor activation, JAK2 phosphorylates 
three tyrosine residues in the cytoplasmic domain 
of the long LEPR -b isoform, leading to the recruit-
ment of signaling proteins of the signal transducer 
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  Fig. 2.2    LEPR activation and signaling. ( a ) Leptin–
LEPR hexameric complex based on biochemical results 
and on molecular modeling. The complex contains two 
molecules of leptin and four LEPR protomers. Each leptin 
molecule binds three LEPR molecules through the high 
affi nity binding site II (to CRH2) and via the two lower 
affi nity binding sites I (to CRH2) and III (to Ig domain). 
( b ) Model for the architecture of leptin/LEPR complex 
unraveled by single-particle electron microscopy [ 37 ]. 

Leptin employs only epitopes II and III to engage the 
CHR2 and Ig domain of 2 LEPR protomers, respectively. 
( c ) Signaling pathways triggered upon leptin stimulation. 
Leptin binds to the long isoform LEPR b and activates 
ROCK1 and JAK2. JAK2 phosphorylates LEPR b on mul-
tiple Tyr, which interact with downstream signaling mol-
ecules and activate several signaling pathways. LEPR b 
signaling is regulated negatively by SOCS3 and PTP1B in 
a feedback loop       
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and activator of transcription (STAT) family. The 
STAT3 pathway is particularly critical and neces-
sary for the effects of leptin on food intake and 
body weight [ 2 ,  41 ]. STAT3 is recruited to the 
LEPR-b and is phosphorylated by JAK2 allowing 
for STAT3 dimerization and translocation to the 
nucleus to mediate gene transcription. Other intra-
cellular signaling pathways emanating from 
activated LEPR include the protein tyrosine phos-
phatase 2 (SHP2)/extracellular regulated kinase 
(ERK) pathway and the insulin receptor substrate 
(IRS)/phosphoinositide 3-kinase (PI3K) pathway. 
The suppressor of cytokine signaling 3 (SOCS3) is 
induced in response to leptin binding and, in turn, 
inhibits LEPR signaling via a negative feedback 
loop ([ 7 ,  48 ]   , [ 65 ]). Other important LEPR inhibi-
tory factors are the protein tyrosine phosphatase-
 1B (PTP1B) [ 63 ] and the T cell protein tyrosine 
phosphatase TCPTP [ 35 ]. Cellular and mouse 
studies strongly support a role for these factors in 
leptin resistance at least in rodents [ 5 – 8 ,  35 ,  63 ]. 
Recently, it has been shown that Rho- associated 
coiled coil-containing protein kinase 1 (ROCK1) 
activity is required for leptin-induced activation of 
JAK2 [ 23 ]. This fi nding challenges the common 
belief that JAK2 is the fi rst kinase activated by 
leptin. Reciprocal activation of JAK2 and RhoA/
ROCK1 brings complexity to the system. 
Additionally, recent studies highlighted the impor-
tance of interacting proteins or lipids for LEPR sig-
naling. Increased association of gangliosides to the 
LEPR upon leptin stimulation participates in LEPR 
activation [ 44 ]. Low-density lipoprotein receptor-
related protein-1 (LRP1) was demonstrated to bind 
to the leptin–LEPR complex and was shown to be 
required for LEPR phosphorylation and STAT3 
activation [ 34 ]. How these intertwined pathways 
coexist and act to trigger a normal or altered bio-
logical response remains elusive.    

   Genetic Abnormalities 
in Human LEPR  

   Mutations in LEPR  

 The fi rst report describing a mutation in the 
LEPR in three obese subjects from a Kabilian 
consanguineous family was published in 1998, 

3 years after the identifi cation of the mouse gene. 
Affected individuals were homozygous for a 
mutation resulting in abnormal splicing of  LEPR  
transcripts and generating a receptor lacking both 
transmembrane and intracellular domains [ 13 ]. 
Since then, several groups have identifi ed LEPR 
mutations in extremely obese individuals. In 
2007, Farooqi et al. sequenced the LEPR gene in 
300 subjects with hyperphagia and severe early- 
onset obesity and estimated the prevalence of 
pathogenic  LEPR  mutations in this specifi c popu-
lation around 3 % [ 19 ]. Other groups discovered 
LEPR mutations in single families or isolated 
individuals, such as in two cousins from Egypt 
[ 38 ]. Kakar et al. also identifi ed a homozygous 
c.1603þ5G > C mutation at the splice donor site 
of the exon 11-intron 11 junction [ 25 ]. This muta-
tion led to out-of-frame skipping of exon 11 and 
a premature stop codon (p.Arg468Serfs33). 
Other family cases included the discovery of an 
homozygous  LEPR  sequence frameshift muta-
tion predicted to generate a truncated protein 
from a premature stop codon in exon 14 [ 28 ]. At 
variance with other described cases, this muta-
tion was particular in a sense that it was identifi ed 
in a Caucasian proband with unrelated parents. 
The father was heterozygous carrier of the muta-
tion and the mother was intriguingly carrying the 
normal wild type alleles of  LEPR . Thus the 
patient inherited from two paternal copies of 
chromosome 1 (isodisomy). Another genetic 
anomaly was found in a 7-year old patient with a 
homozygous 80 kb deletion in the chromosomal 
1p31.3 region. The deleted region also comprises 
the proximal promoter and exons 1 and 2 of the 
 LEPR  gene and exons 5–19 of the  DNAJC6  gene. 
The deletion results in the abolishment of 
DNAJC6 transcript which encodes auxilin-1, a 
protein required for clathrin-dependent recycling 
of synaptic vesicles in neurons, but results also in 
the loss of  LEPROT  transcript. Whereas previ-
ously described mutations of the  LEPR  gene in 
humans concerned all transcripts, the deletion on 
 LEPR  gene of one of the proximal promoter with 
the preservation of the second internal promoter, 
only abolishes the canonical  LEPR  transcripts 
leaving  LEPR / B219  transcript fully functional 
[ 57 ]. Finally, whole-exome sequencing of 39 
unrelated severely obese Pakistani children 
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revealed two homozygous  LEPR  mutations (an 
essential splice site mutation in exon 15 (c.2396-
 1G > T) and a nonsense mutation in exon 10 
(c.1675G > A) were discovered in two probands, 
who were phenotypically indistinguishable from 
age-matched leptin-defi cient subjects from the 
same population [ 49 ].  

   Clinical Consequences of LEPR 
Homozygous Mutations 

 As in leptin-defi cient subjects, patients carrying 
LEPR mutations show an early and dramatic 
increase in body weight, as illustrated by the 
weight curve of LEPR defi cient subjects 
(Fig.  2.3 ). Evaluating body composition in some 
 LEPR  mutation carriers showed a large amount 
of total body fat mass (>50 %) but resting energy 
expenditure was generally related to body corpu-
lence. Feeding behavior is characterized by major 
hyperphagia and ravenous hunger [ 33 ]. Associated 
with severe early-onset obesity, hypogonadotrophic 
hypogonadism and thyrotropic insuffi ciency are 

frequently observed in  LEP  mutated subjects. 
It has also been described in some but not all sub-
jects an insuffi cient somatotrophe secretion, 
associated with moderate growth delay. It is 
remarkable to mention that in some individuals 
with leptin defi ciency either due to  LEP  or  LEPR  
mutations, there is evidence of spontaneous 
pubertal development and in general improved 
endocrine functions with time. The follow-up of 
the fi rst reported LEPR defi cient sisters revealed 
a normalization of mild thyroid dysfunction and 
spontaneous puberty [ 43 ]. One of these patients 
was even able to give birth to a healthy son at the 
age of 26 years. Despite extreme obesity, no major 
clinical or metabolic complication occurred during 
pregnancy. This observation of a natural pregnancy 
in a woman with homozygous mutation of  LEPR  
raises questions about the role of leptin signaling 
in human reproductive functions.

   In general, analysis of heterozygous relatives 
showed that obesity was inconstant and not associ-
ated with endocrine abnormalities. An intermediate 
phenotype was described in rodents [ 12 ] and it 
was discussed that dysregulation of body weight 
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and severe weight gain 
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in the  LEPR  +/−  heterozygous state might arise 
from lower expression of the LEPR. If half of 
functional LEPR is not suffi cient to prevent over-
weight and obesity, it could nevertheless reduce 
the severity of the phenotype. As described for 
 MC4R  or  POMC  genes, the penetrance of obesity 
due to the loss of one copy of  LEPR  gene can 
be incomplete. Variable clinical expression of the 
phenotype depends on the localization and the 
type of mutation, in relation with modulating 
environmental and genetic factors [ 18 ,  22 ]. 
Deeper exploration of a suffi cient number of 
patients with one copy of  LEPR  gene is needed to 
address the relation between heterozygous  LEPR  
mutation and obesity.  

   Management of Patients 

 Does the measurement of circulating leptin help 
in the diagnosis of  LEPR  mutations? Leptin lev-
els were found extremely elevated in some but 
not all  LEPR  mutation carriers [ 13 ,  19 ,  40 ]. The 
specifi c nature of the fi rst described  LEPR  muta-
tion accounted for very high leptin levels, due to 
high circulating soluble LEPR shown to be able 
to trap circulating leptin [ 27 ]. Since serum levels 
of leptin were not disproportionately elevated in 
patients with other mutation types, it is estimated 
that serum leptin cannot be used as a marker for 
leptin-receptor defi ciency. Thus,  LEPR  gene 
screening might be considered in subjects with 
the association of severe obesity and endocrine 
dysfunctions but with leptin related to corpulence 
or moderately elevated [ 19 ]. 

 As with most patients with genetic obesity, with 
the notable exception of leptin-defi cient subjects, 
care of patients with LEPR mutations is diffi cult 
and frequently unsuccessful. Factors that could 
possibly bypass leptin delivery systems are being 
developed but are not yet available for the treat-
ment of these patients. A fi rst example came with 
the ciliary neurotrophic factor (CNTF). CNTF acti-
vates downstream signaling molecules, such as 
STAT3, in the hypothalamus area that regulates 
food intake, even when administered systemically. 
Treatment with CNTF in humans and animals, 
including  db / db  mice induced substantial loss of fat 

mass [ 59 ]. The neurotrophic factor, Axokine, an 
agonist for CNTF receptor, was under development 
by the Regeneron Company, for the potential treat-
ment of obesity and its metabolic associated 
complications. But the phase III clinical trials 
were stopped due to development of antibodies 
against Axokine in nearly 70 % of the tested sub-
jects after approximately 3 months of treatment. 
In addition, Axokine treatment had a small posi-
tive effect [ 16 ]. 

 Regarding other drug therapies, MC4R located 
downstream of the LEPR is becoming an attrac-
tive candidate drug target. Synthetic ligands and 
small molecule MC4R agonists have been in vitro 
tested with variable results [ 17 ,  58 ]. But they have 
to face specifi c diffi culties of possible side effects 
due to the widespread expression of MC4R in the 
brain and the already demonstrated role of MC4R 
in erectile function [ 17 ,  58 ]. Novel pharmacologi-
cal MC4R agonists are currently under develop-
ment. Whether patients with mutation in the 
 LEPR  gene could benefi t from this treatment 
might be considered. 

 Finally, bariatric surgery is considered as a 
long-term effi cient treatment for severe obesity 
[ 55 ]. The question of such treatment and its 
potential effi ciency is crucial in patients with 
monogenic obesity. Currently, data on bariatric 
surgery in patients with genetic obesity are lim-
ited and controversial. In one LEPR-defi cient 
patient, vertical gastroplasty was benefi cial and 
suffi cient to induce and maintain a 40-kg weight 
loss (−20 % of the initial weight) over 8 years of 
regular follow-up [ 28 ]. In contrast, a relative fail-
ure of surgical therapy was illustrated in a report 
of rapid weight regain 1 year after bypass in 
another  LEPR  defi cient morbidly obese woman 
(i.e., the fi rst described patient) [ 28 ]. But this 
patient of low socioeconomic status had extreme 
diffi culties after postsurgical counselling. She 
was noncompliant with the recommendations 
provided in this type of purely restrictive surgery 
and her medical follow-up was very irregular. 
This report illustrated the important role of envi-
ronment on the benefi ce of bariatric surgery espe-
cially in case of monogenic obesities or underlined 
the poor effi ciency of bariatric surgery in these 
patients.      
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      Abbreviations 

   ARC    Arcuate nucleus   
  AGRP    Agouti-related peptide   
  aMSH    Alpha melanocyte stimulation hormone   
  CART    Cocaine- and amphetamine-regulated 

transcript   
  CCK    Cholecystokinin   
  CNS    Central nervous system   
  CRH    Corticotropin releasing hormone   
  CSF    Cerebrospinal fl uid   
  fMRI    Functional magnetic resonance 

imaging   
  GABA    Gamma amino butyric acid   
  JAK2    Janus-activated kinase 2   
  Lep    Leptin gene   
  LepR    Leptin receptor   
  MAPK    Mitogen-activated protein kinase   
  MCH    Melanin concentrating hormone   
  MC4r    Melanocortin 4 receptor   
  NMDR    N-methyl- D -aspartate   
  NPY    Neuropeptide Y   
  NTS    Nucleus of the solitary tract   
  OXr    Oxytocin receptor   
  PI3K    Phosphatidylinositol 3-OH-kinase   
  POMC    Proopiomelanocortin   
  PVN    Paraventricular nucleus   

  STAT3    Signal transducer and activator of tran-
scription 3   

  Y1r    Neuropeptide Y Y1 receptor   

         Introduction 

 Obesity, once thought to result from lack of 
willpower, is now understood to be the result of 
impaired regulation of energy homeostasis by cen-
tral nervous system (CNS) circuits that respond to 
metabolic cues from the periphery and adjust food 
intake and energy expenditure to maintain a regu-
lated mass of adipose tissue. The neural pathways 
that regulate food intake and energy expenditure 
integrate stimuli from sensory and autonomic 
inputs arising outside the brain, from endocrine 
signals that arise in the periphery and act on the 
CNS by crossing the blood–brain barrier, as well 
as from nutrients that infl uence the activity of CNS 
neural function [ 1 ]. The preponderance of experi-
mental research in this area has been conducted on 
animal models; relatively few studies have been 
conducted on human brain pathways that respond 
to the anorexigenic signaling provided by leptin, 
although recent use of imaging techniques is 
shedding light on the responses of the human 
brain to leptin. 

 Central to the hypothesis that the CNS plays a 
key role in the regulation of body weight is the 
concept of adiposity signals: a class of physio-
logical signals that circulate in direct proportion 
to the mass of adipose tissue [ 2 ]. As such, they 
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potentially inform the brain about the relative 
state of adipose tissue mass and energy homeo-
stasis. Because their mean plasma concentrations 
are relatively constant over time, refl ecting the 
long term states of energy stores, adiposity sig-
nals differ from other hormonal signals that infl u-
ence food intake and whose levels vary around 
meals and act on the CNS—either directly or by 
neural inputs—to infl uence the timing of meal ter-
mination (e.g., satiety signals) or their initiation. 

 Abundant evidence suggests that adipose 
tissue mass is a relatively accurate benchmark of 
the state of energy homeostasis over long periods 
of time in adult humans, and large changes in 
weight are primary a consequence of proportional 
changes in fat stores (adiposity). Thus, body 
weight can be viewed as the integral of energy 
consumption (food intake) and energy expendi-
ture (metabolism, activity, and sympathetic ner-
vous system activity); the balance of these 
processes is what is meant by energy balance or 
energy homeostasis. A major paradigm in the 
fi eld of obesity research is that adiposity signals 
are a critical component of a physiological mech-
anism for the regulation of energy homeostasis by 
the CNS. Leptin and insulin are considered to be 
the major adiposity signals to the brain for the 
long-term regulation of adipose tissue stores, and 
thus the identifi cation of CNS cells and pathways 
that respond to adiposity signals and regulate food 
intake and body weight has been the focus of 
intense research.  

   Leptin and the Brain 

 The reports of the discoveries of the adipose 
tissue hormone leptin and its receptors in the 
mid- 1990s changed the landscape of research on 
body weight regulation and held promise for new 
treatments of human obesity [ 3 – 5 ]. Looking back 
with the hindsight of our current understanding 
of the complexity of obesity and the relative inef-
fectiveness of leptin-based therapies for obesity, 
we nevertheless can say that the excitement gen-
erated by the discovery of leptin led to a greater 
understanding of role of the CNS in the regulation 
of energy homeostasis. It’s worth noting that while 
leptin anorexigenic effects could be elicited by 

peripheral administration of the hormone, its pri-
mary site of anorexigenic action was proposed to 
be in the brain rather than on peripheral tissues. 
To understand the reason why investigators 
looked to a central site for leptin’s anorexigenic 
actions, it’s instructive to review the conceptual 
framework at that time about the role of meta-
bolic hormones on the regulation of food intake 
and body weight by the brain. 

 Seminal experiments by Woods and Porte in 
the late 1970s demonstrated that infusion of insu-
lin directly into brain CSF caused a dose- 
dependent suppression of food intake in both 
primates and rodents, leading to the hypothesis 
that insulin from the pancreas provides a signal to 
the brain for the regulation of food intake and 
body weight [ 6 ]. The validity of this hypothesis—
that insulin enters the brain to regulate adipose 
mass—was not widely appreciated nor accepted 
for many years despite a growing body of sup-
portive evidence, in part because of the traditional 
dogma that viewed insulin as a hormone that 
mainly acts on peripheral tissues to regulate glu-
cose and lipid metabolism. The notion that a pep-
tide hormone of insulin’s molecular size could 
cross the blood–brain barrier and affect neuronal 
functions that control eating and energy expendi-
ture did not fi t the conventional paradigm of insu-
lin’s role in metabolic physiology. This reluctance 
was in the face of mounting data demonstrating 
that insulin administered directly into the hypo-
thalamic third ventricle dose- dependently reduces 
food intake and body weight gain, attenuates the 
hyperphagia of insulin- defi cient type 1 diabetes, 
and blocks expression of orexigenic neuropep-
tides in the brain [ 2 ,  7 ,  8 ]. 

 Nevertheless, the evidence that had accumu-
lated in support of insulin as an adiposity signal 
to the brain was prophetic as it set the stage for 
the research community to accept the idea that a 
peripheral peptide whose plasma levels are 
directly proportionate to fat mass could do the 
same. Moreover, the emerging literature had 
pointed to peptidergic neurons in the hypothala-
mus, the arcuate nucleus in particular, as being 
major targets of the adiposity action of insulin in 
the rat brain. Prophetically, early morphological 
and histochemical studies on leptin action in the 
brain demonstrated that arcuate nucleus neurons 
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were also targets of leptin’s adiposity actions on 
food intake and body weight. 

 Contributing to the slow uptake of accepting 
insulin to be a CNS adiposity signal were early 
reports of insulin synthesis by neurons in the 
brain. This literature confounded the issue, as any 
CNS actions of insulin related to food intake 
could accordingly be attributed to neuronal secre-
tion of insulin rather than the action of insulin 
that had entered the brain from the periphery. 
While insulin receptors are widely distributed in 
the CNS [ 9 – 11 ], supporting the hypothesis that 
the brain is a target of circulating insulin, evi-
dence for synthesis or secretion of insulin in the 
adult mammalian brain has not been unequivo-
cally demonstrated and is generally believed not 
to be a factor in the metabolic effects of insulin in 
the brain. Although occasional articles reporting 
insulin gene expression in the CNS appear in the 
literature, it is fair to conclude that while it is pos-
sible that some neurons may secrete insulin in 
very low concentrations for local neural trans-
mission or modulation, such processes would be 
probably be distinct from the actions of periph-
eral insulin acting as an adiposity signal for infl u-
encing food intake and body weight. 

 Over the years, studies on animal models had 
established a key role for the hypothalamus in 
regulating homeostasis responses to food inges-
tion. The many observations in rodents as well as 
the fi ndings in humans that lesions of the ventro-
medial hypothalamus cause obesity, whereas 
damage to the lateral hypothalamus results in 
anorexigenic syndromes, focused the attention of 
researchers on the hypothalamus as a potential 
central target of peripheral metabolic signals for 
regulating energy balance. In the pre-leptin era, 
neurons expressing neuropeptide Y (NPY) in the 
hypothalamic arcuate nucleus were implicated in 
the negative feedback of insulin adiposity signal-
ing. NPY expression in the arcuate nucleus stim-
ulates food intake, an action that can be attenuated 
by insulin [ 12 – 14 ]. Thus, when leptin was fi rst 
shown to have an anorexigenic action in the 
CNS, it was logical for investigators to look to 
the arcuate nucleus as a site for leptin responsive 
neurons [ 8 ]. A large body of literature has estab-
lished that specifi c neurons in the arcuate nucleus 
are a primary target of leptin and mediate the 

anorexigenic effects of this adiposity signal. A 
wealth of histochemical, molecular, behavioral, 
electrophysiological, and pharmacological data 
has been published to establish a model of hypo-
thalamic circuitry that responds to leptin.  

   Leptin Receptors in the CNS 

 Leptin’s effects on cells are mediated by trans-
membrane leptin receptors (LepR) that are 
encoded by the  LepR  gene [ 15 ]. Mutations of the 
 LepR  gene in rodents result in obesity pheno-
types as a consequence of defective leptin recep-
tor molecules (db/db mouse, fa/fa Zucker rat, 
fa(k)/fa(k) Koletsky rat) [ 16 ].  LepR  is expressed 
as at least fi ve alternatively spiced forms in 
rodents. The LepRb (also called Ob-Rb) splice 
variant is considered to be the functional isoform 
responsible for leptin’s anorexigenic effects in 
the CNS [ 17 – 19 ] and is found widely distributed 
in rodent brains. While LepRb leptin receptors are 
particularly concentrated in the arcuate nucleus, 
they are also expressed in other regions of the 
hypothalamus, including the ventromedial 
nucleus, dorsomedial nucleus, paraventricular 
nucleus, and perifornical areas, where they are 
implicated in leptin’s anorexigenic effects on food 
intake [ 20 – 22 ]. In the hypothalamus, LepRb 
mRNA and immunoreactive protein are expressed 
by NPY and POMC neurons in the arcuate nucleus 
[ 20 ,  23 – 27 ]. Leptin receptors are also expressed 
by hypothalamic astrocytes, where they are impli-
cated in regulation of synaptic remodeling and 
leptin’s effects on food intake [ 28 ] and by ependy-
mal tanycytes where they are proposed to function 
in the transport of leptin into the brain [ 29 ].  

   Leptin Actions on Hypothalamic 
Neurons 

 Our understanding of the sites of leptin action in 
the CNS is derived largely from morphological, 
physiological, and behavioral research on animal 
models, rodents primarily. While leptin has been 
shown to have effects, both direct and indirect, on 
many different CNS cell types, neurons that 
express NPY and proopiomelanocortin (POMC) 
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genes in the arcuate nucleus are believed to be a 
primary target of leptin’s function as an adiposity 
signal to the brain [ 2 ,  8 ]. Neuropeptide NPY is a 
potent CNS stimulator of food intake when 
injected into the brain third ventricle or directly 
into the arcuate nucleus, and genetic overexpres-
sion of NPY leads to obesity in rodents. 
Expression of the POMC gene in arcuate nucleus 
neurons is associated with reductions of food 
intake and loss of body weight. Genetic knockout 
of POMC expression results in increased food 
ingestion and obesity. The POMC posttransla-
tional product, alpha-melanocyte stimulating 
hormone (aMSH) activates postsynaptic melano-
cortin- 4 receptors (MC4r) on downstream neu-
rons in the paraventricular nucleus and elsewhere 
that mediate anorexia. Arcuate nucleus POMC 
neurons also co-express agouti related peptide 
(AGRP) [ 30 ], which is released from POMC ter-
minals in response to leptin, resulting in blockade 
of postsynaptic MC4r receptors and thereby 
modulates the anorexigenic action of aMSH. 
Thus leptin engages a counterregulatory neuronal 
circuit in the arcuate nucleus: leptin activates 
anorexigenic POMC (aMSH) gene expression 
and inhibits orexigenic NPY expression, leading 
to reductions in food intake that can result in 
reduced adipose tissue stores. Defi ciency of 
leptin signaling to the arcuate nucleus, such as 
during fasting, activates a counter-regulatory 
response by permitting increased expression of 
NPY and AGRP while inhibiting POMC (aMSH) 
expression, resulting in increased food intake and 
body weight. Intracerebroventricular injection of 
leptin blocks the increased arcuate nucleus NPY 
mRNA and AGRP mRNA expression that occurs 
in during fasting and consequently prevents 
hyperphagia and weight gain. In contrast, intra-
cerebroventricular administration of leptin has 
the opposite effect on expression of POMC 
expression in arcuate nucleus neurons, elevating 
POMC mRNA and resulting in decreased food 
intake and loss of body weight. It’s important to 
realize that arcuate nucleus neurons that express 
NPY/AGRP and those that express POMC also 
secrete other peptides and neurotransmitters that 
potentially infl uence diverse neuroendocrine 
functions including reproduction. Leptin acting 

via LepRb in neonatal mice also infl uences the 
early development of hypothalamic circuits that 
modulate feeding [ 31 ].  

   Neuronal Responses to Leptin 

 The binding of leptin to LepRb on arcuate nucleus 
neurons activates intracellular signaling cascades 
that lead to alterations in neuronal function. 
The details of leptin signaling pathways and their 
effects in CNS neurons are well described and 
have been demonstrated to be closely related to 
leptin’s effects on energy homeostasis [ 19 ,  32 , 
 33 ]. Leptin acting through LepRb activates 
Janus-activated kinase (JAK)/signal transducer 
and activator of transcription 3 (STAT3) signal-
ing in NPY/AGRP and POMC neurons [ 34 ] and 
inhibits NPY and AGRP gene expression through 
phosphatidylinositol 3-OH-kinase (PI3K) signal-
ing [ 34 ,  35 ]. Leptin and insulin have overlapping 
actions on NPY and POMC gene expression in 
the arcuate nucleus and signaling. Both induce 
post-receptor signals that converge on the PI3K 
pathway, explaining a possible mechanism for 
leptin enhancement insulin sensitivity of the 
arcuate nucleus [ 35 ]. Electrophysiological stud-
ies reveal that leptin increases the fi ring rate of 
POMC neurons, consistent with the role of these 
neurons as mediators of leptin’s anorexigenic 
actions. This occurs by means of reduced inhibi-
tion by GABA, which is released from neighbor-
ing NPY neurons upon leptin’s activation of the 
latter cells. Recent reports indicate that diet- 
induced obesity in mice is associated with the fail-
ure of LepRb signaling to reduce neuronal action 
potential frequencies mediated specifi cally by 
Kv2.1 cation channels in arcuate nucleus NPY 
neurons. The effects of leptin on calcium currents 
in NPY vs. POMC neurons involve different sig-
naling pathways: leptin decreases high voltage-
activated calcium currents in arcuate nucleus 
NPY neurons via a LepR-JAK2-MAPK pathway, 
whereas it has the opposite effect on arcuate 
nucleus POMC neurons by a LepR-JAK2- PI3K 
pathway [ 36 ]. 

 The mechanisms underlying the adaptive 
response to fasting, which is essentially a starvation 
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signal, involve GABA-ergic and glutaminergic 
neurotransmitters in the arcuate nucleus. AGRP 
and NPY expression in the arcuate nucleus are 
activated by fasting as a response to decreased 
leptin signaling to the brain, the effect of which is 
to stimulate brain circuits that promote food 
intake and weight gain, restoring a regulated level 
of adiposity. This orexigenic effect of leptin is 
prevented by deletion of N-methyl- D -aspartate 
(NMDA) glutamate receptors from AGRP neu-
rons, whereas deleting these excitatory receptors 
from POMC neurons has no effect on energy 
homeostasis. Moreover, glutaminergic transmis-
sion on AGRP dendritic spines is increased by 
fasting, suggesting that NMDR receptors play a 
central role in the fasting mediated cellular 
responses of NPY/AGRP neurons to leptin [ 37 ].  

   Connections of Leptin Target 
Neurons 

 Research on leptin-responsive pathways in the 
brain until recently has been focused largely on 
measures of food intake and energy expenditure, 
processes that classically have been associated 
with the hypothalamus and hindbrain. Leptin- 
responsive neurons in the arcuate nucleus, NPY 
and POMC neurons in particular, send  projections 
to other areas of the hypothalamus and through-
out the brain, however, to potentially interact 
with neural systems that infl uence reproduction, 
reward-seeking behavior, and cognitive function 
[ 1 ,  31 ,  38 – 47 ]. Likewise, leptin receptors are 
expressed in many regions, both in the hypothala-
mus and elsewhere in the CNS, direct providing 
targets for leptin in diverse CNS functions. 

 Within the hypothalamus, leptin-responsive 
NPY/AGRP and POMC neurons project to the 
paraventricular nucleus where they interact with 
neurons in downstream pathways to other brain 
regions that infl uence energy homeostasis [ 2 ]. 
They also have connections with the lateral hypo-
thalamus and perifornical areas, the locations of 
neurons that express melanin concentrating hor-
mone (MCH) and orexins, both of which are 
powerful stimulators of food intake in rodents. 
Both orexin and MCH neurons project widely to 

brain regions that infl uence food intake and 
metabolism, and their effects are blocked by 
leptin. Neurons that synthesize orexins are 
strongly inhibited by leptin, acting through leptin 
receptors on arcuate nucleus neurons that project 
to the lateral hypothalamus and form synapses on 
orexin neurons. Moreover, leptin completely 
blocks the expression of receptors for MCH in 
the brain and thus can produce dramatic anorexi-
genic actions by acting on MCH neurons via 
arcuate nucleus projections to the lateral hypo-
thalamus as well as directly in areas of the brain 
that have MCH responsive neurons [ 48 ].  

   Interaction of Leptin with Satiety 
Signals 

 A principal physiological mechanism for the 
anorexigenic effects of leptin involves inhibition 
of eating. During the ingestion of a meal, neural 
and endocrine signals are generated from the gas-
trointestinal tract and transmit satiety signals to the 
CNS by both vagal and humoral pathways. Food 
in the stomach activates gastric stretch receptors 
that project to the hindbrain, particularly the 
nucleus tractus solitarius (NTS), which regulates 
meal size, resulting in termination of feeding [ 49 ]. 
Similarly, food entering the intestine causes secre-
tion of gastrointestinal hormones such as chole-
cystokinin (CCK) that act on vagal afferents that 
project to the NTS. The effect of these neural and 
endocrine “satiety signals” is to cause a meal to be 
terminated. Abundant evidence from studies on 
rodent models indicates that a major mechanism 
underlying leptin’s anorexigenic effects is potenti-
ating the effect of satiety signals to the 
NTS. Basically, satiety signals are more potent in 
the presence of leptin signaling to the brain and 
less effective under conditions of relative leptin 
defi ciency (Fig.  3.1 ). Thus, in the presence of 
leptin signaling to the brain, satiety signals to the 
NTS are more effective and meals are terminated 
early; this results in less food and caloric intake 
which, if continued over time, results in loss of 
adipose tissue mass. Conversely, in conditions of 
leptin defi ciency such as fasting or genetic 
absence of leptin (ob/ob mouse) or leptin  receptors 
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(db/db mouse, fa/fa rat), satiety signals to the 
NTS are less effective and consequently animals 
consume larger meals leading to weight gain.

   The evidence that the effect of meal-related 
gastrointestinal (GI) satiety signals could be 
enhanced by leptin was supported by histochemi-
cal studies for the expression of mRNA encoding 
LepRb receptors as well as LepRb protein by 

neurons in the NTS; moreover, administration of 
leptin into either the fourth cerebral ventricle or 
directly into the dorsal vagal complex (which 
includes the NTS) suppresses food intake in rats 
[ 49 ]. Thus, the effect of leptin to inhibit food 
intake is regulated in part by direct action of 
leptin on hindbrain neural circuits that integrate 
meal-related GI signals [ 49 – 51 ]. 

  Fig. 3.1    Diagram of a brain pathway for leptin’s modula-
tion of satiety and meal size. In the  top panel , leptin acts 
on its receptors on ARC/AGRP and NPY/CART neurons 
in the ARC, resulting in activation of anorexigenic POMC/
CART neurons and inhibition of orexigenic NPY/AGRP 
neurons. aMSH released from POMC/CART terminals in 
the PVN activate MC4r melanocortin receptors which in 
turn produce increased signaling of oxytocin to the NTS 
neurons that respond and integrate vagally mediated 
CCK-induced satiety signals from the intestine. Oxytocin 
acting on its receptors (OXr) expressed on NTS neurons 
increases the effects of satiety signals and results in earlier 
termination of meals. This pathway produces reduced 
caloric intake and weight loss if prolonged unchecked. In 
the  bottom panel , under conditions of relative leptin defi -

ciency POMC/CART signaling is damped and NPY/
POMC signaling stimulated, resulting in increased release 
of aMSH and AGRP in the PVN. NPY activates orexi-
genic NPY Y1 receptors and aMSH blocks anorexigenic 
MC4r receptors that stimulate oxytocin neurons, resulting 
in reduced oxytocin signaling to the NTS. Accordingly, 
the satiety effect of CCK satiety signaling from the intes-
tine is less and consequently more food is eaten before 
meals are terminated. The result if unchecked over long 
periods of time promotes weight gain and obesity. Long 
term maintenance of body weight (adiposity) refl ects a 
balance between leptin signaling to the ARC and satiety 
signals to the NTS. Weight gain or loss potentially results 
when this homeostatic mechanism is altered       
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 These fi ndings raise the question of the primary 
CNS site of leptin’s physiological action to 
reduce food ingestion: is this mechanism mediated 
primarily by leptin target neurons in the hypothal-
amus or in the NTS, or are both required? Studies 
using adenoviral gene therapy on the fa(k)/fa(k) 
Koletsky rat that lacks LepRb receptors and is 
insensitive to the anorexigenic action of leptin 
demonstrated that replacing LepRb in the arcuate 
nucleus (but not the hindbrain)  normalized the 
effect of CCK satiety signaling to the brainstem 
[ 52 ,  53 ]. Thus, it appears that in the absence of 
leptin receptors in the hindbrain, leptin signaling 
to the arcuate nucleus is suffi cient to mediate the 
satiety actions of leptin under experimental 
conditions. 

 Neuronal pathways between the hypothala-
mus and brainstem provide potential anatomic 
substrates for conveying leptin adiposity signals 
that activate neurons in the hypothalamus to 
downstream neurons that regulate food intake 
and energy expenditure [ 54 ]. A key relay center 
in the hypothalamus for dispersing leptin signal-
ing is the paraventricular nucleus, which has axo-
nal terminals of leptin sensitive arcuate nucleus 
NPY/AGRP and POMC cell bodies. The PVN in 
turn has neurons that project widely in the CNS, 
including oxytocin neurons and corticotropin 
releasing hormone (CRH) neurons that project 
directly to the NTS [ 55 ]. The population of NTS- 
projecting oxytocin neurons responds to leptin in 
the hypothalamus and innervates the region of 
the NTS that contains neurons that are activated 
by CCK satiety signals from the GI tract [ 56 ,  57 ]. 
Catecholaminergic neurons in the NTS have been 
implicated as participating in this mechanism 
[ 58 ], although they are probably do not respond 
directly to leptin as they appear not to express 
LepRb receptors [ 59 ]. The phenotypes of hind-
brain neurons that integrate leptin-generated sig-
nals to the NTS with satiety signals from the GI 
tract remain largely undefi ned. Recent evidence 
suggests that NTS POMC neurons express LepRb 
receptors, whereas neurons that express cocaine- 
and amphetamine-regulated transcript (CART), 
brain-derived neurotrophic factor, neuropeptide 
Y, nesfatin, catecholamines, GABA, prolactin- 
releasing peptide, or nitric oxide synthase lack 

LepRb expression and probably are not direct 
mediators of leptin action in the NTS [ 59 ]. A 
growing body of research indicates that melano-
cortin receptors, particularly MC4r, in an arcuate 
nucleus–oxytocin–NTS neuronal pathway play a 
key role in modulating leptin’s anorexigenic 
action by limiting the size of meals and poten-
tially increasing energy metabolism [ 29 ,  38 , 
 55 – 57 ,  60 ,  61 ]. However, melanocortin recep-
tors located in the NTS also appear to modulate 
leptin’s anorexigenic effects, which is consis-
tent with the fi nding of direct anatomical projec-
tions of arcuate nucleus POMC neurons to the 
NTS [ 62 ].  

   Leptin Sensitive Pathways 
for Regulation of Energy 
Expenditure 

 The CNS pathways that mediate leptin’s action to 
increase thermogenesis and energy expenditure 
also appear to involve neurons in the hypothala-
mus. Neurons that co-express POMC and CART 
in the retrochiasmatic area and lateral arcuate 
nucleus of the hypothalamus activate the sympa-
thetic nervous system by sending projections to 
sympathetic preganglionic neurons in the thoracic 
spinal cord. Leptin-sensitive POMC/CART neu-
rons in the arcuate nucleus may also activate sym-
pathetic outfl ow through their connections with 
other hypothalamic regions, the PVN and lateral 
hypothalamus in particular [ 63 ]. The mechanisms 
that underlie leptin’s ability to increase thermo-
genesis are not well understood. Recent evidence 
indicates that the thermogenic effects of leptin are 
mediated by GABA-ergic neurons in the arcuate 
nucleus [ 64 ].  

   CNS Leptin Resistance and Obesity 

 The observations from rodents that profound 
obesity results from reduced leptin signaling in the 
brain in the absence either of functional LepRb 
leptin receptors or of leptin synthesis contrasts 
with the elevated leptin levels characteristic of 
obese animals including humans [ 7 ], suggesting 
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that leptin resistance in the brain is a major 
reason for failure of elevated leptin levels to 
suppress food intake in states of obesity [ 17 ]. The 
mechanisms of CNS leptin resistance are the 
subject of intense investigation but still not well 
understood [ 19 ,  65 ,  66 ]. High fat diets and 
infl ammatory cytokines are associated with acti-
vation of intracellular infl ammatory signaling 
pathways that potentially impair leptin signaling 
by CNS neurons and neuroglia [ 67 – 71 ]. 
Impaired leptin transport across the blood–brain 
barrier in obesity and with high fat diets may 
contribute to reduced leptin signaling to the brain 
[ 29 ,  72 – 75 ], although newly developed leptin 
analogs may overcome blood–brain barrier leptin 
resistance [ 76 ].  

   CNS Leptin Action and Diabetes 

 A central action of leptin that is not well under-
stood is its ability to lower blood glucose levels 
under conditions of insulin defi ciency. It’s been 
shown that adenoviral restoration of LepRb 
expression in the arcuate nucleus is suffi cient to 
restore normoglycemia in obese diabetic fa(k)/
fa(k) Koletsky rats that otherwise lack functional 
leptin receptors [ 52 ]. Genetic restoration of 
LepRb only to POMC and GABA neurons in the 
arcuate nucleus has been reported to normalize 
hyperglycemia in mice otherwise defi cient in 
LepR signaling [ 77 – 79 ]. In mice that are made 
diabetic by destruction of islet beta cells by strep-
tozotocin, and thus totally devoid of insulin, nor-
moglycemia can be restored by genetically 
expressing LepRb selectively in hypothalamic 
POMC and GABA-ergic neurons [ 80 ]. Restoring 
LepRb only to POMC neurons has a minor effect 
compared to the major effect of restoring LepRb 
expression to hypothalamic GABA-ergic neu-
rons, whereas restoring LepRb expression to both 
POMC and GABA-ergic neurons fully corrects 
the hypoglycemia of insulin-defi cient diabetes. 
Thus, development of drugs targeted to leptin’s 
POMC intracellular signaling pathways hold 
promise for potential insulin-independent diabetes 
therapies.  

   Leptin Actions in Human Brain 

 Caution is required in making conclusions about 
brain cellular mechanisms and pathways underly-
ing the role of leptin’s regulation of food intake in 
humans compared to other animal models, as the 
regulation of food intake and energy expenditure 
in humans is strongly infl uenced by reward and 
psychosocial factors that may play lesser roles in 
regulation of energy homeostasis in rodent mod-
els [ 17 ]. Nevertheless, studies on humans utiliz-
ing fMRI brain imaging techniques indicate that 
leptin triggers neuronal activity in regions of the 
human brain analogous to those that are associ-
ated with food intake and satiation as well as 
reward systems in rodents [ 81 – 84 ], but the iden-
tity of specifi c neurons and pathways as well as 
the underlying biochemical and molecular mech-
anisms in humans have not been determined. 
However, there is an implicit hypothesis in the 
fi eld of obesity research that the CNS mecha-
nisms that underlie leptin signaling related to 
energy homeostasis in humans are similar to those 
of rodent models [ 85 ]. As in rodents, human 
plasma leptin levels are positively correlated with 
body weight and adipose tissue mass. These clini-
cal observations suggest that leptin expression by 
adipose tissue in humans is regulated by nutri-
tional status as well as insulin secretion and other 
hormones, supporting the accepted view that 
leptin also signals to the brain in humans. Leptin 
receptors are expressed in the human brain and 
located in regions homologous to those that 
express leptin receptors and are involved in 
energy homeostasis in other mammals [ 86 – 88 ]. 
Concentrations of leptin in CSF (presumably 
originating from adipose tissue) of healthy 
human subjects show diurnal peaks that correlate 
with CSF POMC level peaks [ 89 ], fi ndings that 
are consistent with an anorexigenic function of 
leptin in human brain. 

 In humans, loss-of-function mutations in the 
leptin gene (analogous to mouse ob/ob muta-
tions) and impaired leptin signaling due to leptin 
receptor mutations (analogous to mouse db/db 
mutations) have been reported to be associated 
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with obesity [ 90 ]. Little is known about conse-
quence of these mutations to CNS responses to 
leptin and regulation of energy balance in affected 
individuals, although developmental abnormali-
ties in energy balance pathways are likely, as 
leptin has profound effects on development of 
brain neurocircuits in obese rodents that possess 
similar mutations. Brain neural activity has been 
investigated in a few congenital leptin-defi cient 
subjects before and after leptin replacement 
therapy [ 81 ,  82 ,  91 ]. These studies indicate that 
areas of the brain involved in appetitive and 
reward- seeking behavior have long term 
responses to visual presentation of food cues in 
response to leptin. 

 Mutations in melanocortin receptor genes that 
mediate leptin’s central actions also result in mor-
bid obesity in humans [ 92 ]. Humans with these 
melanocortin receptor mutations become hyper-
phagic, obese, and usually infertile, as leptin sig-
naling in the brain is also required for development 
of normal reproductive function [ 90 ]. Treatment of 
obese humans with injections of leptin has not 
proved to be an effective therapy for weight loss, 
in part due to CNS leptin resistance, although 
clinical evidence suggests that leptin injections 
can prevent weight gain [ 93 ]. Attempts to correct 
obesity and reproductive abnormalities in indi-
viduals with loss-of- function leptin mutations by 
administering recombinant leptin have been suc-
cessful in a few individuals, but no therapy cur-
rently exists to correct defi ciencies of leptin 
signaling to the brain due to loss-of-function 
leptin receptor gene mutations [ 90 ]. 

 The recent applications of functional mag-
netic resonance imaging (fMRI) in humans 
receiving leptin therapy are providing clues to 
neural circuits that respond to leptin in the human 
brain. An fMRI study in obese humans stimu-
lated by visual food cues after having lost weight 
discovered that food-related neural activity in 
brain regions associated with the cognitive and 
emotional control of eating (including brainstem 
and hypothalamus) was reversed in subjects that 
received subcutaneous leptin injections [ 94 ]. 
Administration of leptin to obese subjects that 
were maintained at 10 % weight loss with leptin 
repletion produced fMRI images that revealed 

increased functional connections between the 
hypothalamus and visual areas as well as 
decreased functional connections with reward 
and attention-responsive areas [ 95 ]. These fi nd-
ings suggest that leptin may infl uence brain path-
ways that affect responses to food cues when 
humans are in a state of relative negative energy 
balance, such as during dieting. In an fMRI anal-
ysis of food-related brain neural activity in lipo-
dystrophic patients that received leptin therapy, 
many regions of the brain showed attenuation of 
postprandial neural activity in regions associated 
with food intake and reward, including the amyg-
dala, caudate putamen, and nucleus accumbens; 
however, this effect was not signifi cant in fasting 
subjects [ 96 ]. High resolution techniques for 
functional brain imaging are now being applied 
to mechanistic studies of leptin action in brains of 
genetically obese rodents as well as rats and mice 
made obese with diets rich in sugars and fats. 
These studies hold promise for new horizons in 
understanding how the human brain responds to 
leptin in obese individuals and for development 
of effective behavioral and pharmacotherapy to 
treat obesity in the future.     
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           Introduction 

 The lipostasis theory of body weight regulation 
was proposed by Kennedy in 1953 [ 1 ]. In this sim-
ple feedback model a peripheral signal is produced 
in proportion to the amount of adipose tissue in the 
body. This signal is then compared to a “setpoint” 
in the central nervous system, and changes in 
energy intake (appetite) or energy expenditure 
(physical activity, thermogenesis) initiated to 
maintain the size of the adipose stores constant. 
Evidence in support of a circulating factor that 
regulated body weight was provided by parabiosis 
experiments. In this technique, two animals are 
surgically joined along fl ank incisions running 
from forelimb to hindlimb, resulting in develop-
ment of a common vascular network between the 
two animals. Hervey [ 2 ] found that the parabiotic 
union of a normal rat with an obese rat, made so by 
lesion of the ventromedial hypothalamus (VMH), 
resulted in hypophagia and weight loss in the nor-
mal animal. The interpretation of this experiment 
was that the rat with VMH lession could not 

respond to a circulating signal that was increased 
as the animal gained weight. The unlesioned ani-
mal responded to the increased level of the “satiety 
signal” and reduced its food intake. Coleman per-
formed parabiosis between a genetically obese 
 ob / ob  mouse and a normal lean mouse and 
observed a reduction in appetite and weight loss in 
the obese mouse. This experiment suggested that 
the  ob / ob  mouse was obese because it lacked an 
adipose related “satiety factor” which was pro-
vided in the blood of the lean mouse [ 3 ]. Parabiosis 
of an  ob / ob  mouse with a  db / db  mouse resulted in 
weight loss and ultimately death by starvation of 
the  ob / ob  mouse. This experiment provided fur-
ther evidence that the  ob / ob  mouse lacked the 
body weight regulating signal, and suggested that 
the  db / db  mouse was similar to the VMH lesioned 
rat which could not respond to its endogenous sati-
ety signal [ 3 ]. With the groundbreaking discovery 
of the  ob  gene by Jeffrey Friedman’s group in 
1994 [ 4 ], leptin appeared to meet the criteria of an 
adipose tissue “satiety factor” regulating body 
weight required by the lipostasis theory. Shortly 
thereafter it was demonstrated that the  db  gene 
encoded a receptor for leptin (which was defective 
in  db / db  mice) and that several isoforms existed, 
including a soluble form present in the blood [ 5 , 
 6 ]. Thus methods for measurement of leptin and 
its binding partners in the blood were needed to 
fully understand the role of leptin to regulate 
energy intake/expenditure, and to validate the lipo-
stasis theory.  
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   Measurement of Circulating Leptin 

 The fi rst study to analyze circulating leptin levels 
utilized a polyclonal antibody to recombinant 
leptin to immunoprecipitate the protein from 
rodent and human plasma. The immunoprecipi-
tates were subjected to Western blot and leptin 
detected with a second antibody directed to the 
amino terminus of the protein [ 7 ]. This study 
demonstrated that leptin was (1) present in the 
circulation, (2) signifi cantly increased in geneti-
cally obese rodent models, and (3) decreased 
when mice were fasted for 6 days. In humans 
plasma leptin correlated with adiposity, was 
higher in women than in men, and decreased with 
weight loss. A note added in proof to the study of 
Maffei et al. [ 7 ] described the development of an 
ELISA that confi rmed the fi ndings made using 
their immunoprecipitation technique. 

 The fi rst study to focus exclusively on leptin 
in humans employed a radioimmunoassay to 
quantitate serum leptin in 136 normal weight and 
139 obese subjects [ 8 ]. This assay utilized an 
antibody generated against recombinant human 
leptin and had a limit of detection of 0.4 ng/ml. 
Serum leptin was highly correlated with percent 
body fat, BMI and fasting insulin. Serum leptin 
was higher in women than in men, but there was 
no difference when men and women with equiva-
lent percent body fat were compared. Leptin sig-
nifi cantly decreased with weight loss over 8–12 
weeks, but increased again over 4 weeks of 
weight maintenance, suggesting that circulating 
leptin could refl ect both the amount of body fat 
and reductions in caloric intake. 

 Following the fi rst two publications on leptin 
levels in humans, a number of additional studies 
appeared in 1996, many of which utilized a radio-
immunoassay developed by Linco Research, Inc 
(St. Charles, MO). These studies confi rmed that 
leptin was highly correlated with measures of adi-
posity and was higher in women than in men [ 9 –
 11 ]. In addition these early studies suggested that 
leptin was similar in Mexican Americans with and 
without type 2 diabetes [ 9 ], and that there was no 
difference in leptin between Caucasians and 
African Americans [ 10 ]. One additional study 

using a sandwich ELISA found that leptin, cor-
rected for fat mass, declined in post-menopausal 
women, and suggested that androgens and estro-
gens likely infl uenced circulating leptin levels 
independently of fat mass [ 12 ]. Finally, Hosoda et 
al. showed that human adipose tissue in culture 
secreted leptin using a radioimmunoassay devel-
oped in their laboratory [ 11 ]. 

 The number of studies focused on circulating 
leptin levels increased exponentially over the 
next several years, with the majority using the 
Linco radioimmunoassay. Currently there are a 
number of commercially available ELISA and 
radioimmunoassays for the measurement of 
leptin, most of which are in reasonable agree-
ment with respect to the values obtained. 
Additional information on the relationship of 
serum leptin with various physiologic and meta-
bolic parameters is presented in detail in other 
chapters.  

   Measurement of Soluble Leptin 
Receptor 

 In 1995, exactly 1 year following the discovery of 
the  ob  gene and leptin, the cDNA sequence of the 
leptin receptor (OB-R) was published [ 5 ]. Shortly 
thereafter Lee et al. [ 6 ] reported additional alter-
natively spliced leptin receptor mRNAs of vary-
ing length in mouse brain. One of these receptor 
isoforms (OB-Re) was identical to the extracel-
lular domain of the other leptin receptors but 
lacked a transmembrane domain, suggesting that 
it encoded a protein that could be a soluble leptin 
binding protein. This suggestion was confi rmed 
by the fi nding in pregnant mice that leptin was 
signifi cantly elevated due to an increase in OB-Re 
expression by the placenta [ 13 ]. Additional evi-
dence that the soluble leptin receptor prolonged 
the half-life of leptin in the circulation was pro-
vided by experiments in which adenoviral over-
expression of OB-Re led to higher leptin levels in 
rats and in  ob / ob  mice given exogenous leptin 
[ 14 ]. Transgenic overexpression of soluble leptin 
receptor to levels approximately twice that in 
wild type animals results in mice that are thinner 
and more resistant to weight gain, supporting the 
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concept that greater bound leptin in the circula-
tion results in greater physiologic effects of free 
leptin [ 15 ]. In contrast, the soluble leptin receptor 
has also been shown to reduce transport of leptin 
across the blood brain barrier [ 16 ] and intracere-
broventricular administration of soluble leptin 
receptor antagonizes leptin signaling in the brain 
[ 17 ]. These fi ndings demonstrate that soluble 
leptin receptor may be a useful means to regulate 
leptin action. 

 Leptin binding activity in human serum was 
fi rst detected using Sephadex G-100 gel fi ltration 
which yielded radiolabeled leptin associated with 
proteins of 80 and 100 kDa [ 18 ]. These 
80–100 kDa proteins likely represented a soluble 
leptin receptor as radiolabeled leptin bound pro-
tein could be immunoprecipitated with a poly-
clonal antibody directed to the extracellular 
domain of the leptin receptor. In lean subjects a 
greater percentage of serum leptin was found in 
the bound form compared to that in obese sub-
jects. Short term fasting decreased free (unbound) 
leptin in both lean and obese subjects, but fasting 
had no effect on bound leptin levels. Notably, the 
effect of fasting to reduce free leptin was greater 
in the lean subjects. The fi ndings that leptin was 
associated with binding protein in human serum, 
and that free unbound leptin was greater in obese 
subjects, were confi rmed shortly thereafter using 
sucrose gradient centrifugation and ligand blot-
ting to measure bound and free leptin [ 19 ]. The 
observation that short-term fasting lowered free 
leptin but had no effect on the bound hormone 
was also confi rmed using high performance liq-
uid chromatography to separate free and bound 
leptin [ 20 ,  21 ]. Additional evidence that the 
leptin binding protein in human serum could be a 
soluble leptin receptor was provided by in vitro 
studies in which the extracellular domain of the 
human leptin receptor was expressed in COS 7 
cells, resulting in a secreted protein that bound 
leptin with high affi nity and that was able to 
antagonize leptin binding to its receptor on the 
cell membrane [ 22 ]. 

 As antibodies to the leptin receptor were 
developed and validated, a number of radioim-
munoassay and ELISA techniques to measure 
soluble leptin receptor binding protein were 

established. Lammert et al. developed an immu-
nofunctional ELISA that detected both leptin and 
its binding protein [ 23 ]. These investigators 
showed that the soluble leptin receptor was the 
major leptin binding protein in human serum and 
that the receptor existed in a glycosylated form. 
Brabant and colleagues using a radioimmunoas-
say found that free and bound leptin were not dif-
ferent during pregnancy in women with and 
without type 1 diabetes [ 24 ]. Using an in house 
[ 25 ] and commercially available sandwich 
ELISA [ 26 – 28 ], a number of laboratories demon-
strated that the soluble leptin receptor was higher 
in women than in men, and inversely correlated 
with measures of adiposity and leptin. Soluble 
leptin receptor exhibits a circadian rhythm oppo-
site to that of leptin, with lowest levels in the 
early morning hours when leptin is at its highest 
level in the blood [ 28 ,  29 ]. Mantzoros and col-
leagues coined the term “free leptin index (FLI)”, 
a measure of the biologically active form of leptin 
derived by dividing total leptin by the amount of 
soluble leptin receptor, both expressed in ng/ml 
concentrations [ 28 ,  30 ]. The FLI is signifi cantly 
greater in obese children [ 31 – 33 ] as it is in adults 
[ 25 ,  28  and others], and FLI is a predictor of liver 
steatosis in morbidly obese subjects [ 34 ]. Soluble 
leptin receptor levels are predictive of fasting 
glucose, metabolic syndrome score and measures 
of adiposity at 2 years follow-up in men, although 
leptin had a stronger association, suggesting that 
measures of soluble leptin receptor may not as 
useful [ 35 ]. In subjects from the Nurses’ Health 
Study, higher soluble leptin receptor levels were 
associated with lower risk of developing type 2 
diabetes during a 15 year follow-up period [ 36 ]. 

 It is important to note that the source of solu-
ble leptin receptor in humans is different than 
that in rodents. In humans there are mRNAs that 
encode the long leptin receptor (OB-Rb using the 
mouse nomenclature) and a short leptin receptor 
(OB-Ra) but no evidence for alternative splicing 
of the leptin receptor gene to yield an mRNA 
encoding a soluble leptin binding protein [ 37 ; 
and Chap.   2    ]. In contrast, soluble leptin receptor 
binding protein is derived by proteolytic cleavage 
of membrane bound receptors (OB-Ra and 
OB-Rb) [ 38 ,  39 ]. In addition cultured human 
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subcutaneous adipocytes release appear to release 
leptin bound to leptin receptor, in addition to free 
leptin and soluble leptin receptor [ 40 ]. Recent 
work indicates that fatty acids and endoplasmic 
reticulum stress can induce shedding of leptin 
receptor extracellular domain from transfected 
HEK 293 cells, suggesting that these mecha-
nisms could be relevant to generation of soluble 
leptin receptor binding protein in vivo [ 41 ].  

   Summary and Conclusions 

 The measurement of leptin and soluble leptin 
receptor is now routine, with reliable assays com-
mercially available. At least one study suggests 
that commercially available leptin assays gener-
ally measure free leptin, with the soluble leptin 
receptor interfering with measurement of bound 
leptin in these assays [ 25 ]. Reference ranges for 
leptin and soluble leptin receptor that meet the 
Clinical and Laboratory Standards Institute rec-
ommendations have not yet been established. 
Despite this there is agreement that leptin is sig-
nifi cantly greater in obese compared to lean sub-
jects, and is greater in women than in men after 
controlling for body fat content. In contrast, solu-
ble leptin receptor is inversely correlated with 
adiposity resulting in greater free leptin levels in 
obese individuals. Although some studies calcu-
late a Free Leptin Index as a measure of bioactive 
leptin, this has not been a universally accepted 
practice with most reports simply measuring 
leptin. Studies in cell models and rodents suggest 
that the soluble leptin receptor may be used to 
alter leptin signaling. There are no reports linking 
endogenous soluble leptin receptor levels to 
pathology in either rodents or humans.     
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           Introduction 

    Obesity signifi es chronic disequilibrium between 
food consumption and energy expenditure [ 1 – 5 ]. 
The eventual cloning of the mouse ( ob ) gene and 
its human homologue [ 6 ] in 1994, following 
insightful predictions from parabiotic experiments 
by Douglas Coleman two decades previously [ 7 ], 
represents a major milestone in obesity research. 
The absence of a normal  ob  gene product leads to 
overfeeding, massive obesity, delayed sexual matu-
ration, endocrinopathies, and immune defects [ 8 ] 
in  ob / ob  mice. The  ob / ob  mutants suffer from 
hypothermia and exhibit gross endocrine and 
metabolic features including hypothalamic hypo-
gonadism, hyperinsulinemia, hyperglycemia, and 
hypercortisolemia [ 9 – 13 ]. Most obese humans 
appear to have a normal leptin genotype, but rare 
homozygous mutations of the human leptin gene 
produce a clinical syndrome similar to the  ob / ob  
phenotype [ 14 ,  15 ]. The collective evidence from 
numerous laboratories indicates that leptin is a 
regulated hormone that has diverse metabolic and 
systemic effects. The present chapter discusses the 
physiological and hormonal factors that infl uence 
leptin synthesis and secretion in human beings.  

   Circulating Leptin Levels in Humans 

 Under basal conditions, circulating leptin levels 
refl ect body fat stores, such that obese subjects 
have hyperleptinemia relative to lean persons 
[ 16 – 20 ]. Among neonates of full-term pregnan-
cies, cord blood leptin levels are positively corre-
lated with crown-heel length, birth weight and 
head circumference [ 21 ]. Leptin levels are lower 
in cord blood [ 22 ] and neonatal sera [ 23 ] in small-
for-gestational-age infants compared with larger 
infants. These observations indicate that the gen-
eral relationship between leptin and body size is 
established early during intrauterine life. However, 
adipocytes may not be the primary source of 
leptin in fetal life, as indicated by the strong cor-
relation between leptin levels in cord blood and 
placental weight [ 22 ] and the demonstration of 
leptin production in endometrial tissue, human 
placenta, and trophoblastic cell cultures [ 4 ,  24 –
 27 ]. Indeed, leptin from placental and trophoblas-
tic sources probably serves as a fetal growth factor 
[ 28 ]. Postnatally, immunoreactive leptin has been 
detected in low levels in expressed human breast 
milk, and demonstrated to be absorbable across 
the gastrointestinal tract of neonatal rodents [ 29 ]. 
Extrapolating from the latter fi ndings, it is likely 
that circulating leptin levels in suckling infants 
derive from native as well as maternal sources. 
The signifi cance of the latter fi nding is unclear; it is 
conceivable that maternal leptin absorbed during 
suckling could play a role in regulating satiety, 
feeding frequency, and possibly immune function 
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[ 8 ] in infants. Any such metabolic role of maternal 
leptin transfer is probably of short duration 
because leptin levels in breast milk obtained from 
nursing mothers at 6 weeks and 4 months post-
partum did not predict anthropometric measures 
in 118 infants at 2 years [ 30 ]. 

 Plasma leptin levels measured in the fasting 
state are stable and reproducible in lean and obese 
men and women [ 31 ] (Fig.  5.1 ). In 20 healthy sub-
jects (10 men, 10 women; 10 lean, 10 obese) at 
stable body weight, blood samples were obtained, 
after an overnight fast, between 0700 and 0800 on 
days 1, 2, 3, 4, 5, 12, 19, and 26. Fasting leptin 
levels on days 2–26 were highly correlated with 
the baseline levels on day 1 ( R  2  = 0.9,  P  < 0.0001). 
Intra-individual leptin levels remained within 
80 % and 120 % of baseline values throughout the 
26 days of study. Thus, plasma leptin levels are 
reproducible, with a maximum day-to-day varia-
tion of approximately 20 %, in healthy lean and 
obese persons at stable body weight [ 31 ]. 
Circulating leptin exists in bound and unbound 

(“free”) forms [ 32 – 35 ]. During high performance 
liquid chromatography, the bound fractions elute as 
a broad peak (~59–130 kDa) and the free fractions 
co-elute with monomeric leptin [ 33 ]. The soluble 
leptin receptor is the major leptin binding protein 
[ 36 ]. Bound leptin can be displaced readily by 
competition from exogenous leptin and by warm-
ing sera before chromatography [ 34 ].

      Physiological Factors 

 The physiological factors that infl uence circulat-
ing human leptin levels include the amount of 
body fat [ 16 – 20 ], gender [ 18 ,  19 ,  37 ], age [ 37 ], 
puberty [ 38 ], fasting [ 39 ], feeding [ 40 ,  41 ], and 
exercise [ 42 ,  43 ] (Table  5.1 ). Leptin levels also 
show a diurnal pattern, with peak values occur-
ring at night and trough values in the late after-
noon [ 44 ]. Subsequent studies indicate that the 
diurnal pattern in plasma leptin levels is entrained 
to meals rather than the true circadian clock [ 45 ].
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  Fig. 5.1    Fasting plasma leptin levels measured daily for 
26 days in 20 in lean and obese men and women. Intra- 
individual leptin levels remained within 80 % and 120 % 

of baseline values, throughout the 26 days of study. 
Reproduced from ref. [ 30 ] (Liu, Askari, Dagogo-Jack. 
Endocr Res 25:1–10, 1999), with permission       
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      Gender and Sex Steroids 

 In most reports, the female–male ratio in circu-
lating leptin levels approximates 3:1 or greater 
[ 18 ,  19 ,  37 ]. The gender dimorphism in plasma 
leptin levels most likely is explained by the dif-
ferential effects of androgens and estrogens on 
adipocyte leptin production. Gender dimorphism 
is evident at birth: female neonates have signifi -
cantly higher free leptin and leptin//Ponderal 
index in cord blood compared to male neonates 
[ 21 ]. The levels of soluble leptin receptor in cord 
blood were lower in female than male neonates, 
one mechanism for the higher levels of free or 
unbound leptin in the female neonates [ 21 ]. 
Compared with eugonadal men, plasma leptin 
levels were threefold higher in a group of hypo-
gonadal men with testosterone defi ciency and 
relative estrogen excess [ 46 ]. The elevated leptin 
in the  hypogonadal men returned to normal male 
levels within 2 months of testosterone replace-
ment [ 46 ]. In another interesting report, male-to-
female transvestites, treated with pharmacological 
doses of estrogen, attained elevated “female” 
levels of plasma leptin, whereas female-to-male 
transvestites, given masculizing doses of andro-
gen, showed a signifi cant reduction in circulating 
leptin levels [ 47 ]. Together, these data confi rm 

that opposite effects of testosterone and estradiol 
on leptin production account for the gender 
differences in circulating leptin levels. Because 
testosterone treatment also increases lean muscle 
mass [ 48 ], and women generally have higher 
percent body fat than men, it is likely that the 
lower leptin levels in men result from inhibition 
of leptin synthesis by testosterone coupled with 
lower leptin output from a smaller fat depot 
compared to women. 

 There have been no studies specifi cally focus-
ing on the effect of progesterone alone on leptin 
production. However, plasma leptin levels are 
within the expected range for BMI in women 
taking a combined estrogen-progestin oral con-
traceptive medication [ 49 ] or postmenopausal 
hormone replacement therapy [ 50 ]. Based on 
their known androgenic properties, progestins 
might decrease plasma leptin levels. The neutral 
effect of combined estrogen-progestin pill on 
leptin suggests that any pro-androgenic (inhibi-
tory) effect of progesterone on leptin synthesis is 
counterbalanced by the stimulatory effect of the 
estrogen component. In summary, women have 
approximately threefold higher leptin levels than 
men, a gender disparity that is programmed as 
early as during intrauterine life. The greater 
leptin abundance in women refl ects higher body 
fat and the effect of estrogen, and probably sub-
serves important functions in sexual maturation 
and reproduction. The teleological basis for the 
markedly lower leptin levels in men is unclear, but 
low leptin levels could, theoretically, be protec-
tive of prostate carcinogenesis [ 51 – 53 ].  

   Body Fat 

 Measurement of plasma leptin levels and indices 
of adiposity in the same individuals consistently 
documents a very strong correlation ( R  2  ~ 0.7–0.9) 
between both measures (Fig.  5.2 ). Thus, obese 
and overweight persons generally have higher 
plasma leptin levels than lean persons [ 18 ,  19 , 
 54 ]. The relationship is a dynamic one, such that 
short-term weight fl uctuations in body fat mass 
induce same-direction changes in circulating 
leptin levels. The hyperleptinemia in obese 

   Table 5.1    Physiological factors that alter    leptin levels in 
humans   

 Factor  Plasma leptin 
 Leptin 
mRNA  References 

 Gender  F > M  F > M  [ 18 ,  19 ,  21 , 
 37 ,  46 ,  47 ] 

 Weight 
gain 

 Increased     Increased  [ 16 – 22 ,  54 , 
 64 ] 

 Weight 
loss 

 Decreased  Decreased  [ 67 ,  68 , 
 70 – 72 ,  75 , 
 76 ] 

 Puberty  Increased  ND  [ 38 ,  77 ] 
 Age  Increased with age  ND  [ 78 ,  79 ] 

 Decreased in elderly 
or post- menopause  

 ND  [ 37 ,  54 ] 

 Feeding  Increased  ND  [ 40 ,  41 ,  81 ] 
 Fasting  Decreased  ND  [ 37 – 39 ] 
 Exercise  Decreased  ND  [ 42 ,  85 – 89 ] 

   ND  no data  
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humans is associated with increased adipocyte 
leptin gene expression [ 16 ,  17 ]. White adipose 
tissue from the subcutaneous compartment has 
higher leptin production capacity than omental fat 
or brown adipose tissue [ 55 ,  56 ]. The processes 
leading to leptin secretion by adipocytes are 
integrated by the nutrient sensing hexosamine 
pathway; UDP-N-acetylglucosamine, the end 
product of the hexosamine biosynthetic pathway, 
has been identifi ed as an intracellular trigger for 
leptin secretion [ 57 – 59 ].

   The fi nding of hyperleptinemia in obese per-
sons suggests that human obesity may be a leptin- 
resistant state; however, the mechanism of such 
leptin resistance is unclear. In rodent models and 
rare human examples, leptin-resistant obesity is 
caused by leptin receptor mutations [ 60 ,  61 ]. 
Targeted hypothalamic lesions also induced 
leptin resistance [ 62 ]. Since direct infusion of 
leptin into the cerebral ventricles suppresses 
appetite and reduces weight more potently than 
intraperitoneal injection in mice [ 63 ], impaired 
leptin delivery to central sites could be a factor in 
the development of obesity [ 20 ,  64 – 66 ]. The sub-
ject of leptin resistance is discussed in greater 
detail in Chap.   6    . In summary, fasting or basal 
leptin levels are in direct proportion to adiposity 
in humans, refl ecting the output of the mass of 

adipocytes. In that regard, circulating leptin may 
be considered as a marker of total adipocyte mass 
or volume (“adipostat”).  

   Weight Loss and Anorexia Nervosa 

 Decreases in body weight are associated with tan-
dem (and sometimes disproportionate) decreases 
in circulating leptin levels. In one report, a 10 % 
decrease in weight resulted in a 30 % decrease in 
plasma leptin levels [ 67 ]. Weight loss also elicits 
several neuroendocrine and metabolic responses, 
including suppression of gonadotropins, activa-
tion of the hypothalamic–pituitary–adrenal axis, 
alterations in thyroid hormone regulation and 
decreases in energy expenditure [ 67 ,  68 ]. The 
decline in leptin production following weight loss 
is thus part of an intricate physiological and neu-
roendocrine adaptation, with the reduced leptin 
levels serving as a signal of energy defi cit or star-
vation to central effector sites. The lower leptin 
levels also would disinhibit appetite and stimulate 
ingestive behavior, to restore body weight to its 
prior steady state. Indeed, hypoleptinemia has 
been reported to precede the development of obe-
sity in Pima Indians [ 69 ]. Interestingly, adminis-
tration of recombinant leptin to individuals who 
had lost 10 % of body weight ameliorated the 
decline in energy expenditure and corrected the 
neuroendocrine alterations induced by weight 
loss [ 70 ]. These effects indicate that leptin is not 
merely an “adipostat,” but an active defender of 
energy homeostasis through its interactions with 
central integrating sites, particularly during peri-
ods of starvation or caloric restriction. Thus, there 
appears to be a potential therapeutic role for leptin 
in the prevention of weight regain [ 67 – 72 ] in 
post-obese subjects. Such an intervention could 
be an adjunctive approach to the maintenance of 
weight loss, but the tolerability and durability of 
such supplemental leptin therapy will need to be 
established. 

 The endocrine adaptations in anorexia nervosa, 
an extreme weight loss state, include suppressed 
leptin levels; hypothalamic amenorrhea; growth-
hormone resistance, leading to low IGF-1 levels; 
and hypercortisolemia [ 73 ,  74 ]. The severity of 
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the hypoleptinemia in women with anorexia 
nervosa seems out of proportion to their low BMI, 
when compared to leptin levels in non- anorectic 
thin women [ 75 ,  76 ]. The regression line of 
plasma leptin levels vs. BMI is fl at over the BMI 
range of 10–18 kg/m 2  in women with anorexia 
nervosa, which suggests a dysregulation of the 
normal leptin–BMI relationship [ 76 ]. Upon suc-
cessful refeeding, anorectic patients regain body 
weight and experience restoration of plasma 
leptin levels and normalization of the linear rela-
tionship between leptin and BMI [ 75 ,  76 ]. 
Clearly, anorexia nervosa is not due to suppres-
sion of appetite by excessive leptin production; in 
fact, there appears to be exaggerated hypolepti-
nemia, which might be an adaptive mechanism to 
maximally disinhibit appetite and help kindle 
ingestive behavior. Curiously, a highly signifi cant 
positive correlation between plasma levels of 
leptin and total IGF-I (which disappeared after 
successful refeeding) has been reported in women 
with anorexia nervosa; no such correlation was 
seen among normal-weight controls [ 76 ].  

   Puberty and Age 

 Serially measured plasma leptin levels are 
inversely related to age at puberty, and show a 
peak shortly before pubertal [ 38 ,  77 ]. The reports 
of increased plasma leptin levels in older indi-
viduals compared to younger persons is explained 
by the higher fat mass in older persons, and 
 possibly also by age-related leptin resistance 
[ 78 ,  79 ]. In rats, biological responses to leptin 
(assessed by food intake, oxygen consumption, 
and hypothalamic NPY expression during 7 days 
of leptin infusion) appear to decline with age 
[ 80 ]. In humans, Guadalupe-Grau et al. [ 78 ] 
analyzed circulating leptin levels in relation to 
adiposity measures and vastus lateralis muscle 
biopsies obtained from BMI-matched subjects 
from three age groups: 24 ± 4 years ( n  = 13), 
44 ± 5 years ( n  = 14), and 58 ± 8 years ( n  = 12). 
Plasma leptin levels were higher in older com-
pared to younger subjects; body fat also was 
higher (and lean mass lower) in the older sub-
jects. The expression as well as phosphorylation 

of leptin receptors in skeletal muscle did not dif-
fer signifi cantly by age [ 78 ]. However, PTP1B 
levels were higher and pSTAT3 levels tended to 
be lower ( P  = 0.09) in the oldest age group than in 
the youngest group. Remarkably, the expression of 
SOCS (an important mediator of leptin resistance), 
pJAK2, pAMPKα, and pACCβ showed no age 
disparities. In a related report, Roszkowska-
Gancarz et al. [ 79 ] studied 38 young (aged 
26.8 ± 3.6 years), 37 elderly (aged 64.7 ± 3.1 years) 
and 39 long-lived (aged 94.2 ± 3.7 years) healthy, 
nonobese subjects. Circulating leptin levels and 
BMI were signifi cantly higher in the older sub-
jects. The expression of leptin receptors (OB-Rb) 
in peripheral blood mononuclear cells did not 
differ by age, but that of OB-Ra was lower in the 
older age groups compared to young subjects. 
The latter fi nding was driven mostly by changes 
observed in women [ 79 ]. Thus, the molecular 
evidence for age-related leptin resistance seems 
rather modest, which leaves increasing adiposity 
as the major explanation of the higher leptin 
levels in older compared to younger persons. 
A decline in plasma leptin, probably explained 
by hypoestrogenism, has been reported after the 
menopause [ 54 ]. In another report, an inverse 
relationship was observed between plasma leptin 
levels and age in a group of 204 subjects aged 
18–80 years, with leptin levels decreasing by 
~50 % after age 60 years [ 37 ]. The strong rela-
tionship between adiposity and leptin suggests 
that the inclusion of underweight elderly persons 
probably produced the pattern reported in the 
latter study [ 37 ].  

   Fasting and Feeding 

 Plasma leptin levels decreased by ~70 % from 
baseline values during prolonged (~52 h) fasting 
[ 38 ,  39 ]. Besides fasting, caloric reduction also 
downregulates leptin production; in one study, 
plasma leptin was reduced by 26 % in 5 obese 
subjects who consumed a 1,000-Cal diet for 10 
days [ 37 ]. Most of the decline in serum leptin 
during a 24-h fast is accounted for by a decrease 
in the free leptin fraction [ 32 ]. The marked 
decline in circulating leptin levels during fasting 
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or caloric reduction is out of proportion to the 
reduction in body weight or fat mass during these 
relatively brief fasting periods [ 39 ]. The marked 
hypoleptinemic response to starvation suggests 
the existence of a rapid leptin response system in 
defense of acute starvation that is signaled by 
fasting or reduction of energy intake. The rapid 
leptin regulatory response system should be con-
trasted with the slower time course, and more 
proportionate magnitude, of the decrease in leptin 
levels that occurs following weight loss. Indeed, 
the teleological role of leptin is more consistent 
with that of a peripheral signal for central ner-
vous system adaptation to starvation or energy 
insecurity rather than an antiobesity hormone. 

 As a corollary to the fasting-induced hypolep-
tinemia, plasma leptin levels are stimulated by 
overfeeding [ 40 ,  41 ], but less so by normal feed-
ing [ 18 ,  19 ]. Kolaczynski et al. [ 40 ] investigated 
the effect of acute and chronic intake of excessive 
energy on serum leptin in humans. The acute (12- 
h) protocol consisted of voluntary overfeeding 
(120 Cal/kg), and the chronic protocol entailed 
overfeeding to attain 10 % weight gain and main-
tenance for additional 2 weeks before assessment. 
In the acute feeding study, circulating leptin levels 
increased by 40 % over baseline during the fi nal 
hours of overfeeding, an increase that persisted 
until the next morning. During chronic overfeed-
ing that resulted in a 10 % weight gain, leptin 
levels increased more than threefold above base-
line values. There was a direct linear relationship 
between increased leptin levels and weight gain 
as well as the percent gain of body fat ( r  = 0.88; 
 P  < 0.01) [ 41 ]. Dietary macro-nutrient compo-
nents seem to differentially affect leptin levels: 
24-h leptin concentrations are lower when three 
high-fat meals are consumed, compared with 
high- carbohydrate/low-fat meals that induce 
larger postprandial glucose excursions and 
greater insulin secretion [ 81 ]. 

 The time course of the postprandial rise in 
plasma leptin levels is slower, and its magnitude 
is less robust, compared with the decline in leptin 
during fasting, which suggests that the physio-
logical purpose of leptin is geared toward mainte-
nance of satiety and prevention of hunger between 
meals rather than limitation of the size of the 
index meal. Postprandial leptin increases appear 

to be attenuated in patients with diabetes, and can 
be restored by prandial administration of rapid- 
acting insulin [ 82 ]. Thus, the ability of meals to 
trigger a delayed leptin response might be a 
counterregulatory mechanism designed to prevent 
hyperphagia and maintain adequate interpandial 
intervals. Indeed, the well-known diurnal rhythm 
in circulating leptin levels (nocturnal peak 
between midnight and early morning) is entrained 
to meals rather than the true circadian clock 
[ 44 ,  45 ]. Appropriate nocturnal rise in leptin 
might be a mechanism for suppressing appetite 
during sleep. The nocturnal rise in leptin and the 
glucocorticoid stimulation of leptin (discussed 
later) are both abolished by fasting [ 83 ,  84 ].  

   Exercise 

 Short-term exercise (≤60 min) of moderate inten-
sity does not acutely alter leptin secretion in 
healthy men and women, but prolonged strenu-
ous exercise (e.g., marathon running) inhibits 
leptin secretion signifi cantly [ 42 ,  85 ]. 
Arteriovenous balance studies in vivo conducted 
at rest and during 60 min have demonstrated ele-
gantly acute bout of moderate-intensity exercise 
(50 % VO2 max) does not alter leptin production 
in abdominal [ 85 ]. During prolonged bouts of 
exercise, decreases in plasma leptin levels have 
been reported after 1–3 h of running or cycling, 
but part of this effect has been attributed to diur-
nal reduction in circulating leptin [ 86 ]. Exercise 
of suffi cient intensity that produces signifi cant 
energy defi cits results in suppression of the 24-h 
mean and amplitude of the diurnal rhythm of 
leptin [ 86 ]. Decreases in leptin levels occur ~48 h 
after prolonged (≥60 min) aerobic exercise and 
after ~9 h following prolonged resistance exer-
cise [ 42 ,  86 ]. Exercise training studies have 
shown variable effects of short-term exercise 
training (≤12 weeks) on leptin levels, with many 
studies reporting no change in circulating leptin 
levels in healthy subjects. In one study, 23 obese 
women (mean BMI 40.7 ± 6.7 kg/m 2 ) were 
enrolled in an exercise program (45-min walking 
sessions at 60–80 % VO2 max) daily (except 
weekends) for four weeks (total 20 exercise 
sessions). Leptin levels were assessed at baseline 
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and at the end of the fi rst, seventh, and twentieth 
exercise session [ 87 ]. Compared with baseline 
values, plasma leptin level did not change signifi -
cantly at the end of the fi rst exercise session, but 
decreased signifi cantly    at end of the seventh 
(59.1 ± 20.1 ng/ml vs. 53.4 ± 21.9 ng/ml,  P  = 0.003) 
and twentieth exercise session (59.1 ± 20.1 ng/ml 
vs. 51.2 ± 20.5 ng/ml,  P  = 0.007), respectively 
[ 87 ]. The authors found no correlation between 
weight loss during exercise training and the 
change in leptin levels. Thus, this study of obese 
women indicated that leptin levels decreased 
modestly by ~10 % from baseline within 1 week 
of daily moderate-intensity exercise and by 
~13 % within 3 weeks, apparently independently 
of weight loss [ 87 ]. 

 Longer term (>12 weeks) exercise training 
also has been reported to have variable effects 
on leptin: some studies report no change in leptin 
levels beyond the effects predicted by weight 
loss, while others report residual hypoleptinemia 
after accounting for weight loss [ 85 ]. In a recent 
report, 97 sedentary individuals (45 men, 52 
women) were enrolled in 6 months of supervised 
exercise training. Blood specimens for leptin 
assay were obtained at baseline and at 24 h and 
72 h after completion of the fi nal training session. 
Training induced a 1.1-kg decrease in body 
weight during the 6-month period. Leptin levels 
decreased by ~10 % at 24 h post-training, but 
returned to baseline after 72 h [ 88 ]. The greatest 
decrease in leptin was observed among individu-
als with the highest pre-training leptin levels 
[ 88 ]. The effect of prolonged exercise and exer-
cise training on leptin levels is probably mediated 
in part by downregulation of leptin mRNA syn-
thesis by catecholamines released during pro-
longed exercise, variations in energy intake, loss 
of fat mass, improvements in insulin sensitivity, 
and alterations in lipid and intermediary metabo-
lism [ 85 – 89 ].  

   Hormonal Factors 

 The effects of various hormones on leptin pro-
duction in humans are summarized in Table  5.2 . 
Insulin, glucocorticoids, and growth hormone 
(GH) have been reported to increase plasma leptin 

levels and/or adipocyte leptin mRNA expression 
in humans. In contrast, catecholamines, insulin-
like growth factor-I (IGF-I), and somatostatin 
appear to decrease leptin production [ 90 ,  91 ]. 
Besides being regulated by several hormones, 
leptin also alters the expression of several hor-
monal axes. For instance, leptin inhibits glucocor-
ticoid secretion in  ob / ob  mice [ 92 ] as well as in rat 
and human adrenocortical cell cultures [ 93 ], and 
modulates insulin secretion [ 94 ], insulin action 
[ 95 ], and glucose metabolism [ 96 ]. Furthermore, 
recombinant leptin treatment reverses the neuro-
endocrine changes induced by weight loss [ 15 , 
 70 ], although changes following mild caloric 
restriction (−500 kcal) appear to be unaffected 
by leptin [ 97 ]. Clearly, there is evidence for 
modulatory effects of leptin on the hypotha-
lamic-pituitary-adrenal, hypothalamic-pituitary- 
gonadal, and the hypothalamic-pituitary- thyroid 
axes [ 90 – 97 ]. What emerges then is a complex 
hormonal interregulatory system in which leptin 
production is modulated by several hormones, 
many of which are, in turn, also modulated by 
leptin under certain conditions [ 90 – 98 ].

      Insulin 

 Fasting plasma leptin levels are strongly corre-
lated with fasting insulin levels ( r  ~ 0.6) [ 18 ,  19 ]. 
Administration of insulin results in a two- to 

   Table 5.2    Hormones that alter leptin levels in humans   

 Hormone  Plasma leptin 
 Leptin 
mRNA  References 

 Glucocorticoids  Increased  Increased  [ 120 – 124 , 
 127 ,  134 , 
 135 ] 

 Insulin  Increased  Increased  [ 18 ,  19 , 
 103 – 105 ] 

 Estradiol  Increased  ND  [ 47 ] 
 Testosterone  Decreased  ND  [ 46 ,  47 ] 
 Growth 
hormone 

 Increased 
(acute) 

 ND  [ 142 ,  145 ] 

 Decreased 
(chronic) 

 ND  [ 143 ] 

 IGF-I  Decreased  ND  [ 142 ,  144 , 
 145 ] 

 Somatostatin  Decreased  ND  [ 159 ] 

   ND  no data  
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threefold increase in adipocyte leptin mRNA and 
circulating levels in rats within 4–6 h [ 99 ]. Such 
an acute effect of insulin on leptin secretion was 
not seen in humans [ 19 ,  100 – 102 ]. In vitro, addi-
tion of insulin (100 nM) to cultured human adi-
pocytes increased leptin mRNA levels and 
secretion of leptin protein into the medium after a 
lag period of 48–72 h [ 103 ]. In vivo, a dose- 
dependent increase in plasma leptin levels occurs 
following prolonged infusion of insulin under 
clamped euglycemic conditions [ 103 – 105 ]. An 
increase of ~50 % above baseline value appears to 
be the maximum plasma leptin response to insulin 
in humans [ 105 ]. In patients with insulinoma, the 
elevated leptin levels are normalized after surgical 
removal of tumor [ 106 ], which directly implicates 
chronic endogenous hyperinsulinemia as a cause 
of the hyperleptinemia. However, because patients 
with insulinoma may be driven to eat frequently 
(in response to hypoglycemia), such overfeeding 
probably also contributes to the insulinoma-asso-
ciated hyperleptinemia. The delayed stimulation 
of human leptin production by insulin is consistent 
with a transcriptional effect. It would seem physi-
ologically congruent that insulin does not trigger 
immediate or acute leptin secretion, since such an 
effect would suppress food intake in a state of 
insulin abundance, thereby increasing the risk for 
hypoglycemia. On the other hand, a delayed leptin 
response to prandial insulin secretion could be a 
mechanism for restraining hunger and excessive 
food intake and facilitating substrate disposal 
[ 72 ,  90 ,  107 ,  108 ]. 

 Insulin stimulates leptin synthesis and secre-
tion via a mechanism that involves regulation of 
glucose metabolism in adipocytes [ 57 ,  58 ]. 
Alterations in the amount of nutrient fl ux through 
the nutrient-sensing hexosamine pathway in the 
fed or fasting states modulate the levels of UDP-
N- acetylglucosamine, which is a key intracellular 
mediator of the leptin secretion [ 57 ,  58 ]. In vitro 
studies in isolated adipocytes [ 57 ,  109 ] and in vivo 
human studies [ 110 ] indicate that the stimulatory 
effect of insulin on leptin production is mediated 
by increased glucose utilization and metabolism 
in adipocytes. Diazoxide, an inhibitor of glucose-
mediated insulin secretion, decreases plasma 

leptin levels [ 111 ]. The stimulation of leptin 
production by insulin-mediated glucose metabo-
lism occurs at the transcriptional level [ 112 ]; the 
region of the leptin gene involved in the activation 
of the leptin promoter lies between −135 and 
−95 bp and encompasses the binding site for the 
transcription factor Sp1 [ 113 ,  114 ]. 

 The co-existence of hyperinsulinemia and 
hyperleptinemia in obese, insulin-resistant per-
sons often presents interpretive diffi culties 
regarding causality. Recall that leptin-defi cient, 
hyperglycemic, and hyperinsulinemic ob/ob mice 
responded to sub-anorexogenic doses of recombi-
nant leptin (that had no effect on body weight) 
with normalization of plasma glucose and insulin 
levels [ 10 ,  11 ]. Similarly, low doses of leptin 
administered i.v. or into the cerebral ventricles 
increased glucose utilization in wild type mice 
[ 96 ]. These data characterize leptin as an insulin 
sensitizer rather than as a mediator of insulin 
resistance. In fact, leptin can serve as rescue ther-
apy in place of insulin in insulin-defi cient mice 
with experimental type 1 diabetes [ 108 ]. To the 
extent that leptin serves as an endogenous insulin 
sensitizer, hyperleptinemia may be a compensa-
tory response to insulin resistance, besides being 
a marker of adiposity, in obese subjects. Studies 
using euglycemic clamp and other techniques 
have observed a signifi cant association between 
fasting plasma leptin levels and insulin sensitivity 
in lean as well as obese subjects without diabetes 
[ 115 – 117 ]. In a multivariate regression model, 
leptin emerged as a strong predictor of insulin 
sensitivity after controlling for BMI [ 117 ]. From 
regression plots of ISI versus BMI and leptin, a 
BMI > 27 kg/m 2  and a leptin level > 15 ng/dl 
strongly predicted decreased insulin sensitivity. 
Obese persons with fasting leptin levels < 15 ng/
ml were 100 % more insulin sensitive than control 
subjects of similar BMI whose fasting leptin levels 
are greater than 15 ng/ml [ 117 ]. Thus, fasting 
hyperleptinemia conveys information regarding a 
possibly compensatory or counterregulatory 
response to ambient insulin resistance, such that 
a relatively low leptin level in an obese person 
signifi es relatively preserved insulin sensitivity 
[ 117 ,  118 ].  
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   Glucocorticoids 

 Glucocorticoids are potent stimuli for leptin 
production; the stimulatory action is probably 
mediated through interaction with glucocorti-
coid response element in the 5′-regulatory 
region of the leptin gene [ 119 – 125 ]. In rats, 
treatment with dexamethasone increases leptin 
gene expression in adipocytes, accompanied by 
decreases food intake [ 126 ]. In humans, dexa-
methasone increases leptin mRNA synthesis in 
adipocytes as well as circulating leptin levels 
[ 124 ,  127 ,  128 ]. Cushing’s syndrome, an experi-
ment of nature characterized by glucocorticoid 
excess, is associated with hyperleptinemia [ 128 , 
 129 ]. In one report, hyperleptinemia persisted 
10 days after transsphenoidal surgery for pitu-
itary Cushing’s disease [ 130 ], which suggests 
that adipocyte adaptation to chronic hypercorti-
solemia is not acutely reversed by surgery. 
Stress-induced hypercortisolemai during criti-
cal illness also is associated with hyperlepti-
nemia [ 131 ]. 

 The leptin secretagogue effect appears to be a 
class property of glucocorticoids, with the notable 
exception of confl icting reports for methylpredni-
sone. In one placebo-controlled study, conducted 
in 20 lean men, a 30 min i.v. infusion of methyl-
prednisolone (125 mg) followed by oral adminis-
tration of methylprednisolone (40 mg/day) for 
4 days was reported not to alter plasma leptin lev-
els [ 132 ], but another study reported increased 
leptin following oral administration of methyl-
prednisolone (0.5 mg/kg) daily for 7 days [ 121 ]. 
In contrast to discrepant data with methylpred-
nisolone, other synthetic glucocorticoids, dexa-
methasone and prednisolone, have consistently 
stimulatory effects on leptin production [ 120 , 
 122 – 124 ,  127 ,  133 ,  134 ]. 

 To further explore the physiology of 
glucocorticoid- leptin interaction, we determined 
the effect of the natural glucocorticoid hydrocor-
tisone on circulating leptin levels and leptin 
mRNA abundance in human adipose tissue. In the 
same experiments, we also compared the relative 
potencies of insulin and hydrocortisone as leptin 

secretagogues, using a randomized, crossover, 
placebo-controlled study design [ 135 ]. Healthy 
study subjects (mean age 36.6 ± 1.7 years; BMI 
27.6 ± 0.9 kg/m 2 ) were admitted overnight to the 
GCRC on three occasions, separated by a 2 week 
wash-out period. In random fashion, participants 
were assigned to i.v. infusion of normal saline 
(placebo), hydrocortisone (3.3 μg/kg.min), or 
insulin (1 mU/kg.min). Blood glucose was main-
tained at ~140 mg/dl during the insulin infusion, 
using variable rate infusion of dextrose (10 %). 
Hourly blood specimens were obtained for mea-
surement of leptin, insulin and cortisol. 
Subcutaneous fat biopsies were obtained from a 
paramedian abdominal region between 0700 and 
0800 on day 1 before the infusions, and from the 
contralateral side on day 2, after the interven-
tions. Total RNA was extracted from fat biopsy 
specimens and subjected to Northern blot analysis 
for leptin mRNA expression [ 135 ]. Plasma leptin 
levels were similar at baseline and during the ini-
tial 5 h following infusion of placebo, hydrocorti-
sone, or insulin, and showed the expected 
nocturnal peak (Fig.  5.3 ). Compared with pla-
cebo, infusion of hydrocortisone or insulin 
resulted in signifi cant increases in plasma leptin 
levels. Plasma leptin increased from 16.0 ± 3.8 ng/
ml to a peak of 42.1 ± 7.0 ng/ml ( P  = 0.008) during 
hydrocortisone insulin, and from 16.6 ± 2.7 ng/ml 
to 30.3 ± 4.3 ng/ml ( P  = 0.024) during insulin infu-
sion (Fig.  5.3 ). The peak change in plasma leptin 
expressed as a percentage of basal values was 
83 ± 12 % during insulin infusion and 163 ± 28 % 
during hydrocortisone infusion. Compared with 
insulin, hydrocortisone infusion resulted in a 
greater ( P  = 0.02) percentage rise in plasma 
leptin. Leptin mRNA expression in subcutaneous 
fat (as a ratio of beta- actin abundance) was 
unchanged after saline infusion, but increased 
approximately threefold after hydrocortisone 
infusion [ 135 ] (Fig.  5.3 ). Thus, hydrocortisone (a 
natural ligand for both types I and II receptors) 
[ 136 ], like dexamethasone (a synthetic type II 
glucocorticoid receptor- specifi c ligand), exerts a 
potent stimulatory effect on leptin production 
that is more robust than that induced by insulin 
(Fig.  5.3 ) [ 135 ].
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      Dose–Response 

 Because early studies had employed mostly phar-
macological doses of glucocorticoids to study 
leptin response, their physiological relevance has 
been called into question [ 137 ]. 

 Subsequent reports have established that the 
increase in plasma leptin levels following admin-
istration of glucocorticoids is dose-related [ 83 ], 
the maximum effect seen with 2–4 mg of dexa-
methasone (or ~100 mg of hydrocortisone) being 
a doubling of plasma leptin levels. In a study 
employing dexamethasone as leptin  secretagogue, 
a linear relationship was observed between the 
plasma leptin response and plasma dexametha-
sone levels [ 122 ]. In another study, the effects of 
more physiological doses of hydrocortisone 
were examined. Healthy volunteers (mean age 
36 years, BMI 31 kg/m 2 ) received i.v. infusion of 

either saline or two doses of hydrocortisone 
(30 mg/24 h and 100 mg/24 h) during three over-
night admissions to the General Clinical Research 
Center [ 83 ]. The treatments were administered in 
random order, separated by 1-week “wash-out” 
periods. Blood samples obtained every 1–2 h 
were analyzed for leptin levels. During each of 
the three 24-h periods of experimentation, study 
subjects consumed a standard diet. The mean 
24-h plasma cortisol level (ug/dl) was 6.96 ± 0.89 
during saline, 11.43 ± 0.21 ( P  < 0.001) during HC 
(30 mg/24 h), and 23.43 ± 1.06 ( P  < 0.001) during 
HC (100 mg/24 h) infusion, respectively [ 83 ]. 
The peak/baseline plasma leptin levels (ng/ml) 
were 31.5 ± 7.7/22.5 + 3.9 (+40 %) during HC 
30-mg/24 h and 45.8 ± 8.9/24.8 ± 5.2 (+85 %, 
 P  < 0.01) during HC 100-mg/24 h infusion [ 83 ] 
(Fig.  5.4 ). The effi cacy of low-dose hydrocortisone 
(30 mg/day, which is within the physiological 
range for cortisol production in humans [ 138 ]) in 
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  Fig. 5.3    ( a ) Plasma leptin levels during continuous infu-
sion of saline (placebo), insulin, or hydrocortisone for 
24 h (0800–0800). * P  = 0.024, ** P  = 0.008 compared to 
saline infusion. Arrows indicate meal times. ( b ) Northern 
blot analysis of leptin and beta-actin mRNA expression in 
subcutaneous adipose tissue before (−) and after (+) a 
24-h infusion of hydrocortisone in a representative healthy 
male and female. Thirteen micrograms of total RNA were 

fractionated on 1 % agarose gel and analyzed. ( c ) Effect of 
a 24 h infusion of normal saline ( open bars ) or hydrocor-
tisone ( hatched bars ) on adipocyte leptin mRNA abun-
dance relative to abundance of β-actin in healthy subjects. 
Hydrocortisone infusion resulted in a threefold increase in 
leptin mRNA abundance. Adapted from Askari H, Liu J, 
Dagogo-Jack S [ 135 ]       
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stimulating leptin secretion rebuts the argument 
that pharmacological doses of glucocorticoids 
are required to produce a leptin response [ 136 ]. 
The demonstrated dose–response    relationship 
between hydrocortisone doses and plasma leptin 
responses (+40 % for 30 mg/day dose and +85 % 
for 100 mg/day dose) further strengthens the 
physiological signifi cance of the interactions 
between glucocorticoids and leptin.

      Inhibition of Cortisol Synthesis 

 The data reviewed in the foregoing sections 
support the hypothesis that glucocorticoids play 
a physiological role in the regulation of leptin 
production. That hypothesis has been tested fur-
ther by examining the effects of inhibition of 
endogenous cortisol biosynthesis on leptin secre-
tion [ 139 ,  140 ]. Using a randomized, placebo- 
controlled, crossover study design (with a 2-week 
wash-out interval), we studied the effects of 
administration of metyrapone (750 mg every 4 h 

for 24 h) or placebo in obese subjects (mean age 
30.4 ± 1.56 year, BMI 42.0 ± 1.33 kg/m 2 ) during 
overnight admissions to the GCRC [ 139 ]. 
Metyrapone treatment resulted in a signifi cant 
decrease in plasma cortisol level, which was 
accompanied by a signifi cant reduction in circu-
lating leptin levels [ 139 ]. As pretreatment plasma 
leptin levels varied markedly among the study 
subjects (9.2–97.0 ng/ml), values were expressed 
as percent change from baseline. Compared with 
placebo, plasma leptin levels decreased signifi -
cantly within 6 h of metyrapone treatment and 
the decrease was sustained throughout the study 
period. Furthermore, the well-known nocturnal 
rise in plasma leptin between 2000 and 0200 
was markedly attenuated during treatment with 
metyrapone, which implicates cortisol among the 
mechanisms contributing to the nocturnal rise 
in leptin. The peak nocturnal leptin level was 
55.5 ± 5.4 % above baseline during placebo treat-
ment as compared with 28.5 ± 11.1 % above 
baseline during metyrapone treatment ( P  < 0.01). 
Thus, treatment with metyrapone (which blocks 
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  Fig. 5.4    ( a ) Dose–response effect of hydrocortisone 
(HC) infusion in doses of 30 mg/24 h and 100 mg/ 24 h 
versus saline (placebo) infusion on plasma leptin levels in 
healthy subjects. The treatments were administered in ran-
dom order separated by 1-week “wash-out” periods. The 
mean 24-h plasma cortisol level (ug/dl) was 6.96 ± 0.89 
during saline, 11.43 ± 0.21 ( P  < 0.001) during HC 
(30 mg/24 h), and 23.43 ± 1.06 ( P  < 0.001) during HC 
(100 mg/24 h) infusion, respectively. * P  < 0.05 vs. 

Placebo; ** P  < 0.01 vs. HC30 and Placebo. Adapted from 
Dagogo-Jack S, Umamaheswaran I, Askari H, Tykodi G 
[ 83 ]. ( b ) Effect of inhibition of cortisol synthesis with 
metyrapone on circulating leptin levels. The peak noctur-
nal leptin attained was 55.5 ± 5.4 % above baseline during 
placebo treatment as compared with 28.5 ± 11.1 % above 
baseline during metyrapone treatment ( P  < 0.01). Adapted 
from Dagogo-Jack S, Tykodi G, Umamaheswaran I [ 139 ]       
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11-beta-hydroxylase, the fi nal enzyme in cortisol 
biosynthesis), signifi cantly decreases circulating 
leptin levels and attenuates the nocturnal rise in 
leptin by 27 % (Fig.  5.4 ). Qualitatively similar 
fi ndings were reported by Laferrere et al. [ 140 ]. 
Interpreted against the backdrop of the numerous 
reports that show a stimulatory effect of glucocor-
ticoids on leptin synthesis and secretion, the fi nd-
ing that inhibition of endogenous steroidogenesis 
attenuates circulating leptin levels strengthens 
the physiological relevance of the glucocorticoid-
leptin interaction. 

 In summary, the evidence for the  physiological 
signifi cance of glucocorticoid regulation of leptin 
includes (1) the fi nding that inhibition of endoge-
nous steroidogenesis with metyrapone decreases 
plasma leptin levels [ 139 ,  140 ] (Fig.  5.4 ); (2) dem-
onstration of a dose–response relationship between 
hydrocortisone and plasma leptin response [ 83 ] 
(Fig.  5.4 ); (3) demonstration of a linear relation-
ship between serum dexamethasone concentration 

and stimulated leptin levels [ 122 ] (Fig.  5.5 ); (4) 
modulation of ad libitum food intake by glucocor-
ticoid-induced hyperleptinemia in humans [ 141 ]; 
and (5) the demonstration that fasting abolished 
the expected leptin response to glucocorticoids 
[ 83 ,  84 ]. Moreover, unlike the sexual dimorphism 
observed in basal leptin levels, the leptin response 
to glucocorticoids (as a percentage of baseline 
leptin) is similar in men and women [ 122 ] 
(Fig.  5.5 ). These observations are    discussed further 
in Chap. 15, Dynamic leptin secretion.

      GH and IGF-I 

 Growth hormone replacement has been reported 
to have opposite effects on plasma leptin, depend-
ing on dosage, duration, age, and GH status of 
recipients. An increased plasma leptin response 
was reported following GH administration 
GH-defi cient adults [ 142 ]. In contrast, decreased 

  Fig. 5.5    ( a ) Effect of daily treatment with single-dose 
oral dexamethasone ( hatched bars ) or placebo ( open 
bars ) on plasma leptin levels in healthy women and men. 
* P  ≤ 0.0001. ( b ,  c ) Relationship between change in 

plasma leptin following dexamethasone treatment and 
plasma dexamethasone concentration ( b ) and change in 
plasma insulin levels ( c ). Adapted from Dagogo-Jack S, 
Selke G, Melson AK, Newcomer JW [ 122 ]       
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plasma leptin levels were observed following GH 
replacement in GH-defi cient children [ 143 ]. 
Treatment with recombinant human IGF-I results 
in ~30 % decrease in circulating leptin levels [ 142 , 
 144 ,  145 ]. A net increase in plasma leptin was 
reported during combined treatment with GH and 
IGF-I for 3 days in adults [ 145 ]. The apparent dif-
ference in leptin responses to GH among adults 
and children may be related to age differences in 
the activity of the GH–IGF-I axis [ 146 ]. Because 
IGF-1 suppresses plasma insulin and GH levels, it 
is unclear whether the decreased leptin levels 
[ 142 ,  144 ] are a direct effect of IGF-I or secondary 
to decreases insulin and/or GH secretion. However, 
in vitro studies suggest that IGF-I inhibits the 
stimulatory effect of dexamethasone on leptin 
mRNA synthesis in rat adipocytes [ 147 ]. 

 Florkowski and colleagues [ 148 ] reported that 
treatment with low doses of GH for 3 months was 
associated with decreased fat stores and plasma 
leptin levels in GH-defi cient adults. Thus, GH 
might augment circulating leptin levels in the short 
term but exerts a modest hypoleptinemic effect on 
chronic therapy, probably due to changes in body 
composition. An inverse relationship between 
plasma leptin and the molar ratio of IGF-I to IGF 
binding protein-3 (IGFBP- 3) has been reported 
[ 149 ]. As the IGF-I/IGFBP-3 molar ratio refl ects 
the concentration of “free” or unbound IGF-I in 
plasma (which is inversely related to adiposity 
[ 150 ]), the fi nding of an inverse relationship 
between leptin and “free” IGF-I levels is not unex-
pected. No signifi cant correlation has been 
observed between plasma concentrations of leptin 
and total IGF-I in normal weight or obese individ-
uals [ 144 ]. The modest and contrasting effects of 
GH and IGF-I on leptin production indicate that 
the known stimulatory effect of hyperinsulinemia 
on leptin production is not likely mediated by 
IGF-I receptors on adipocytes [ 151 ].  

   Thyroid Hormone 

 Valcavi et al. [ 152 ] reported that individuals with 
hypothyroidism show a 50 % reduction in circu-
lating leptin levels, compared with euthyroid 
controls. The difference persists after adjustments 
for age, gender, and BMI [ 152 ]. In contrast, 

Sreenan et al. found no signifi cant differences in 
serum leptin concentrations among subjects with 
hypothyroidism, compared with euthyroid con-
trols [ 153 ]. Plasma leptin levels are generally 
unaltered by hyperthyroidism [ 152 ,  153 ], and are 
not acutely affected by treatment with triiodothy-
ronine therapy [ 98 ,  154 ]. Based on these data, it 
can be inferred that the weight loss that often 
accompanies hyperthyroidism is not mediated 
by hyperleptinemia, a conclusion that is also 
consistent with the increased appetite in hyper-
thyroidism. On the other hand, the fi nding of 
hypoleptinemia in hypothyroid patients suggests 
a mechanism for the decreased energy expendi-
ture and weight gain associated with hypothy-
roidism, since thyroid hormone [ 155 ,  156 ] and 
leptin [ 156 – 158 ] are known inducers of thermo-
genic uncoupling proteins.  

   Catecholamines 

 In rodents as well as human subjects, administra-
tion of the beta-adrenergic agonist isoproterenol, 
which activates adenylate cyclase, results in a 
dose-dependent decrease in plasma leptin [ 159 , 
 160 ]. The time course and magnitude of the 
decrease in plasma leptin levels during infusion of 
the beta-adrenergic agonist isoproterenol [ 159 ] 
are similar to those observed following prolonged 
strenuous exercise [ 42 ,  85 ], which suggests that 
catecholamines might be involved in the mecha-
nisms underlying exercise-induced hypolepti-
nemia [ 161 ]. In support of the latter, beta-adrenal 
blockade has been shown to attenuate the exercise- 
induced fall in leptin levels in rodents [ 43 ]. Leptin 
stimulates sympathetic nerve activity [ 162 ,  163 ]. 
Thus the frequent fi nding of decreased activity of 
the autonomic nervous system in obese subjects 
[ 164 ,  165 ], despite the ambient hyperleptinemia 
in obesity, suggests a form of leptin resistance at 
the sympathoadrenal level.  

   Somatostatin 

 Intravenous infusion of somatostatin has been 
reported to either decrease [ 159 ] or have no effect 
[ 166 ] on leptin levels in healthy subjects. In the 
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report showing no effect on plasma leptin levels, 
somatostatin was infused in a dose of 9 μg/kg/h 
i.v. over 60 min. In the report by Donahoo et al. 
[ 159 ], plasma leptin decreased by 19 % during 
the initial 120 min of somatostatin infusion 
(120 ng/kg/min) and stabilized at that level dur-
ing an additional 120 min of infusion. 
Interestingly, physiological replacement doses of 
insulin (0.07 mU/kg/min), and GH (3 ng/kg/min) 
were co-infused with somatostatin to achieve the 
“pancreatic clamp” [ 159 ]. Thus, much higher 
doses of somatostatin, infused over several hours, 
were required to demonstrate an inhibitory effect 
on circulating leptin. Because somatostatin 
potently suppresses several hormonal axes, the 
reported hypoleptinemic effect could be mediated 
by suppression of endogenous GH, insulin and, 
possibly, other hormones. Nonetheless, a direct 
interaction between leptin and somatostatin is 
also possible: intracerebroventricular administra-
tion of leptin upregulated somatostatin receptors 
in the rat brain [ 167 ].  

   Hormonal Factors in Uremic 
Hyperleptinemia 

 Increased plasma leptin levels have been reported 
in patients with end-stage renal disease (ESRD) 
receiving regular hemodialysis [ 168 ,  169 ]. This 
fi nding may be due to impaired renal leptin clear-
ance [ 169 ,  170 ]; however, hemodialysis is known 
to activate the expression of cytokines, which 
could stimulate leptin production [ 171 ,  172 ]. 
Notably, ESRD patients treated exclusively by 
peritoneal dialysis show a marked elevation of 
plasma leptin levels [ 173 ], indicating that hyper-
leptinemia is a feature of renal failure, not an arti-
fact of the hemodialysis process. The increased 
immunoreactive leptin concentration in ESRD is 
not the result of the underlying hypercatabolic 
state of uremia leading to leptin degradation 
products [ 168 ], nor is it an aberration of binding 
characteristics [ 169 ] in uremic plasma. Impaired 
renal clearance in ESRD is a contributory mecha-
nism; however, the net renal extraction of leptin 
(calculated from arteriovenous differences) is 
only 12–20 % of circulating leptin in normal 

humans and rodents [ 169 ,  170 ]. Many hormonal 
substances accumulate in renal failure [ 174 ,  175 ], 
some of which (e.g., insulin, cortisol, sex ste-
roids, and GH) could be stimuli for leptin pro-
duction [ 72 ,  90 ,  176 ]. The subject of leptin and 
the kidney is treated in detail in Chap.   10    . 

 In conclusion, the collective data from numer-
ous studies in experimental animals and humans 
indicate that leptin is a regulated hormone, which 
in turn modulates the expression of several hor-
mones. An increased understanding of the hierar-
chy, signifi cance, and full ramifi cations of these 
intricate hormonal interrelationships would 
expand knowledge of leptin’s physiology and 
identify potential therapeutic applications.     
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      Abbreviations 

    ob / ob  mice    Leptin-defi cient mice   
   db / db  mice    Leptin receptor-defi cient 

mice   
  BBB    Blood–brain barrier   
  LepRb    Long form leptin receptor   
  CSF    Cerebrospinal fl uid   
  JAK2    Janus-kinase-2   
  Y985/1077/1138    Tyrosine residues 

985/1077/1138   
  SHP-2    Src homology-2 domain 

protein   
  MAPK  

  Mitogen-activated-protein- 
kinase      

  STAT3/5    Signal-transducer-and- acti- 
vator-of transcription-3/5   

  pSTAT3    Phosphor-STAT3   
  SOCS-3  

  Suppressor-of-cytokine- sig-
naling-3   

  PTP1B    Phosphotyrosine phospha 
tase-1B   

  HFD    High-fat diet   
  DIO    Diet-induced obesity   

  ARC    Arcuate nucleus   
  α-MSH    α-Melanocyte-stimulating 

hormone   
  AgRP    Agouti-related protein   
  LPS    Lipopolysaccharides   
  CVO    Circumventricular organ   
  ME    Median eminence   
  VMH    Ventromedial hypothalamus   
  ER    Endoplasmatic reticulum   

         Introduction 

    Long before leptin was cloned in 1994 [ 1 ], its 
presence had been demonstrated in leptin- defi cient 
 ob / ob  and leptin receptor-defi cient  db / db  mice. 
It was understood that  ob / ob  mice were missing a 
circulating factor that was plentiful in  db / db  mice, 
and this circulating factor could cure obesity in 
 ob / ob  mice, while  db / db  mice were unresponsive 
to it [ 2 ]. Thus, initially it was hoped that the dis-
covery of the hormone leptin by cloning would 
resolve the ongoing increase in the prevalence of 
human obesity. 

 Indeed, the powerful effects of leptin were 
demonstrated in rare cases of leptin-defi cient 
human patients, where daily leptin injections 
completely corrected obesity and all other associ-
ated neuroendocrine abnormalities in the long 
term [ 3 ,  4 ]. Unfortunately, for the majority of 
overweight and obese humans, as well as rodents, 
the increased adipose tissue mass results in 
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elevated circulating leptin levels that are propor-
tional to adipose tissue mass [ 5 ,  6 ] but are unable 
to reduce body weight and food intake [ 7 ]. This 
condition has been termed leptin resistance, and 
is still considered a main obstacle for the success-
ful treatment of obesity. 

 Thus, like other hormone resistance syndromes 
(e.g., insulin resistance), leptin resistance seems to 
be triggered by excess availability of leptin itself, 
resulting in a reduction of its effectiveness. Even 
though leptin resistance is generally considered a 
term for a disease, it is not entirely clear weather 
leptin resistance is indeed a malfunction of the 
body or rather a naturally occurring, physiologic 
state that turns into a pathological condition in 
its chronic appearance in obese individuals. This 
review outlines our current knowledge of leptin 
resistance, different triggers, forms and levels of 
leptin resistance, and the diffi culty in evaluating 
the importance of leptin resistance in the potential 
treatment of obesity.  

   Central Leptin Access: Peripheral 
Leptin Resistance 

 The main effect of leptin on food intake and body 
weight is mediated via central leptin action [ 8 ,  9 ]. 
Thus, leptin has to enter the brain to execute its 
proper functions. As a 16 kDa peptide, leptin is too 
large to cross the blood–brain barrier. In order to 
reach deep brain areas, leptin is transported across 
the blood–brain barrier (BBB) by a regulated, satu-
rable transport system [ 10 ]. Even though the 
molecular identity of this leptin transporter system 
is still unclear, it acts independent of the long form 
leptin receptor (LepRb) [ 11 ]. Thus, the fi rst level 
of leptin resistance takes place at the availability of 
leptin at its target sites in the brain and has been 
termed  peripheral leptin resistance  [ 12 ]. 

 Indeed, in obese rats the rate of leptin trans-
port is decreased compared to lean animals, dem-
onstrating that obesity decreases the effectiveness 
of BBB leptin transport [ 13 ]. This is also sup-
ported by studies showing that direct central 
leptin injections recover leptin resistance and 
improve anorexic leptin effects and body weight 
loss at least partially [ 14 ]. On the other hand, 

basal central leptin concentration in the 
 cerebrospinal fl uid (CSF) is signifi cantly elevated 
in obese vs. lean individuals [ 5 ,  13 ], and it is not 
entirely clear why elevated CSF leptin levels do 
not overcome leptin resistance and if this could 
also contribute to overall leptin resistance. In any 
case, central leptin application cannot entirely 
correct leptin resistance in rodents and it is most 
likely that leptin transport defects may account in 
part for the observed leptin resistance in obese 
subjects, but that other cellular mechanisms are 
likely to contribute [ 15 ].  

   Leptin Receptor Signaling: Cellular 
Leptin Resistance 

 Once leptin reaches the brain it binds to LepRb, 
the isoform that is responsible for the main effects 
of leptin on energy homeostasis and other neuro-
endocrine functions [ 16 ,  17 ]. LepRb is a typical 
class I cytokine receptor without intrinsic kinase 
activity; instead leptin binding to LepRb allows 
the recruitment and activation of janus-kinase-2 
(JAK2) to LepRb, which propagates phosphory-
lation of JAK2 itself and three tyrosine residues 
on LepRb (Y985, Y1077 and Y1138) [ 18 ,  19 ]. 
Each of these phosphorylation sites induces a 
specifi c signaling pathway with distinct physio-
logical leptin functions (Fig.  6.1 ). For example, 
Y985 activates src-homology-2 domain protein 
(SHP-2) and mitogen-activated-protein-kinase 
(MAPK) signaling, Y1077 activates signal-
transducer- and-activator-of-transcription-5 
(STAT5) signaling, and Y1138 activates STAT3 
signaling [ 20 ,  21 ]. All of these signaling path-
ways are able to control gene transcription, even 
though the majority of leptin regulated gene tran-
scripts still remain unknown.

   The phosphorylation and activation of the 
transcription factor STAT3 (pSTAT3) by leptin 
has been particularly well described in vitro and 
in vivo, because pSTAT3 is low in the baseline 
state, but is robustly and reliably activated by 
leptin. Furthermore, pSTAT3 can be easily  visu-
alized  in vitro and in vivo within single neurons 
[ 22 – 25 ] (Figs.  6.2  and  6.3 ). Also, STAT3 signaling 
is responsible for the majority of physiological 
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  Fig. 6.2    Leptin-induced pSTAT3 correlates with leptin 
sensitivity. Representative images showing immunohisto-
chemistry for leptin-induced pSTAT3 1 h after peripheral 
leptin injections (5 mg/kg) of a wild type littermate ( a ) 

and an  ob / ob  mouse ( b ); a fed mouse ( c ); and an overnight 
fasted mouse ( d ). Decrease in circulating leptin as seen in 
leptin-defi cient  ob / ob  mice or fasted mice greatly 
enhances leptin-induced pSTAT3 signals       

  Fig. 6.1    Leptin signaling 
pathways and cellular 
leptin resistance. Leptin-
induced pSTAT3 is an 
excellent marker for 
evaluating leptin sensitivity 
and resistance. Gene 
expression of suppressor- 
of-cytokine-signaling-3 
(SOCS3) and phosphotyro-
sine phosphatase-1B 
(PTP1B) are regulated by 
leptin via STAT3 signaling 
as a negative feedback 
signal that can mediate 
leptin resistance       
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leptin actions, even though LepRb-associated 
STAT3 signaling does not regulate leptin’s effects 
on reproduction [ 15 ,  26 ]. Leptin-induced pSTAT3 
has also been used to indicate relative changes in 
leptin sensitivity and the physiological state of 
leptin resistance (defi ned as the absence of proper 
body weight/food intake reduction with leptin) 
could be recapitulated by decreased STAT3 acti-
vation with leptin [ 14 ,  27 ].

    Leptin-induced pSTAT3 refl ects leptin signal 
intensity via LepRb, but the underlying mecha-
nisms are based on at least two adaptor molecules: 
suppressor-of-cytokine-signaling-3 (SOCS-3) 
and phosphotyrosine phosphatase-1B (PTP1B). 
SOCS-3 gene expression is increased by leptin-
induced pSTAT3 [ 28 ,  29 ] and SOCS-3 peptide 
binds to Y1077 and JAK2 to block leptin signaling 
in a classic feedback inhibition pathway [ 30 ]. 
Overexpression of SOCS-3 decreases leptin sig-
naling [ 28 ]; conversely, heterozygote SOCS-3 
deletions (homozygous animals are embryonic 
lethal) enhances leptin sensitivity and decreases 
high-fat-diet (HFD)-induced weight gain [ 31 ,  32 ]. 
Similarly, PTP1B mRNA is upregulated by 
STAT3 signaling and PTP1B defi ciency results in 
enhanced leptin action [ 33 ,  34 ], even though the 
exact interaction of PTP1B with LepRb is not 
exactly known. Most importantly, leptin resistant 
mice have increased hypothalamic PTP1B and/or 
SOCS-3 mRNA expression and contribute to leptin 

resistance [ 21 ,  33 ,  35 ,  36 ]. Furthermore, JAK2 
itself is highly regulated and phosphorylated 
which modulates JAK2 activity and LepRb signal 
transduction [ 37 – 39 ]. Such a dysregulation at the 
level of LepRb signal transduction has been 
termed  cellular leptin resistance  and is distin-
guished from  peripheral leptin resistance  that is 
due to leptin transport defects to its central target 
sites [ 40 ,  41 ].  

   Physiological Trigger of Leptin 
Resistance 

 Cellular and peripheral leptin resistance is well 
established, and commonly associated with 
increased adiposity and increased circulating 
leptin levels. Leptin-defi cient  ob / ob  mice are an 
exception, where severe obesity is not translated 
into hyperleptinemia. Therefore, leptin defi ciency 
in man and mouse robustly  increases  leptin sensi-
tivity as indicated by enhanced weight loss, food 
intake, and LepRb signaling in response to exoge-
nous leptin administrations [ 3 ,  42 – 44 ] (Fig.  6.2 ). 

 Leptin resistance is regarded as a pathological 
condition, based on the idea that human obesity 
could be successfully cured with leptin if only 
leptin resistance could be prevented or corrected. 
The simplicity of this thought is intriguing, but 
there may be fl aws to this hypothesis.  First , leptin 

  Fig. 6.3    Baseline pSTAT3 correlates with circulating 
leptin levels. Representative images showing immunohis-
tochemistry for baseline pSTAT3 in an untreated wild type 

littermate ( a ) and an  ob / ob  mouse ( b ). Note that ob/ob 
mice lack the baseline pSTAT3 signal in the hypothalamic 
arcuate nucleus       
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shows little or no effect even in lean, supposedly 
leptin sensitive, humans [ 45 ], thus increasing 
leptin sensitivity in obese humans may after all 
not be suffi cient to signifi cantly improve leptin 
mediated weight loss.  Second , even in lean ad 
libitum fed mice the anorexic leptin effects are 
mild. To obtain signifi cant leptin effects injec-
tions of large, pharmacological leptin doses are 
required and animals are often fasted to enhance 
leptin sensitivity (Fig.  6.2c, d  demonstrates fasting 
enhanced LepRb signaling). Thus, it may not be 
possible to fi nd a safe leptin dose that could effec-
tively treat obesity even in leptin-sensitized indi-
viduals.  Third , leptin resistance is triggered by 
many physiological conditions and can be reversed 
once the physiological change is normalized. 
Thus, it is not entirely clear if leptin resistance is 
indeed a pathological or rather a physiological 
condition. Below we outline some known physio-
logical triggers of leptin resistance. 

   HFD-Induced Leptin Resistance 

 In lean and leptin sensitive animals a switch from 
normal chow diet to a HFD rapidly and progres-
sively induces leptin resistance as early as 1 week 
after starting HFD feeding [ 14 ,  27 ]. HFD-induced 
leptin resistance is physiologically measured by a 
blunted effect of leptin to decrease body weight 
and food intake, and at the cellular level by a 
decrease in leptin-induced pSTAT3 activation or 
increased baseline SOCS-3 or PTP1B expression 
in the hypothalamus [ 27 ,  46 ]. Also, further down-
stream events like leptin-stimulated or inhibited 
release of neuropeptides from the arcuate nucleus 
(ARC), e.g., alpha-melanocyte-stimulating hor-
mone (alpha-MSH), agouti-related protein 
(AgRP), and diminished growth of axonal pro-
jection, are affected by HFD-induced leptin resis-
tance [ 46 – 48 ]. Diet-induced obesity (DIO) and 
leptin resistance are fully reversible once food 
intake is resumed on a chow diet [ 46 ,  49 ] even 
though genetic predispositions that play a crucial 
role in the susceptibility for HFD-induced weight 
gain can result in long term body weight changes 
[ 50 ,  51 ]. Adiposity, leptin resistance, and hyper-
leptinemia progress together early on, so that it is 

unclear if leptin resistance causes obesity or vice 
versa. Even though it should be noted, if leptin 
resistance is secondary to obesity, it may still 
further enhance weight gain. 

 The concept of cellular leptin resistance is 
not coherent, because by defi nition negative 
feedback mechanisms like SOCS-3 or PTP1B 
should be counter regulated by changes in 
pSTAT3 induction. Therefore, high SOCS-3 and 
PTP1B levels cannot conclusively explain 
decreased STAT3 activation. The reason for this 
paradox may lay in the unequal comparison of 
leptin- induced pSTAT3 versus baseline (unstim-
ulated) SOCS-3 or PTP1B levels. STAT3 is 
induced by leptin as well as many other factors 
(e.g., several cytokines), so that leptin-related 
STAT3 signaling is typically studied after exog-
enous leptin application, instead of comparing 
baseline STAT3 levels. Baseline pSTAT3 is 
observed in the hypothalamic arcuate nucleus 
and is indeed increased in HFD, hyperleptin-
emic mice [ 52 – 54 ], which conclusively explains 
increased baseline SOCS-3 levels in HFD ani-
mals [ 27 ,  46 ]. 

 Thus, HFD-induced hyperleptinemia can suf-
fi ciently explain increased baseline pSTAT3 and 
SOCS-3, and is consistent with decreased maxi-
mal leptin signaling after exogenous leptin appli-
cation. Indeed, baseline pSTAT3 signal intensities 
generally correlate well with circulating leptin 
levels and baseline pSTAT3 is found in LepRb 
expressing neurons [ 43 ,  55 ]. For example, leptin- 
defi cient  ob / ob  mice entirely lack baseline 
pSTAT3 compared to a low, but consistent base-
line pSTAT3 level in the ARC of normal wild type 
mice (Fig.  6.3 ). Contrary, responsiveness to exog-
enous leptin is enhanced in mouse models with no 
or low leptin ( ob / ob  mice or fasted mice) 
(Fig.  6.2 ). Thus, baseline pSTAT3 levels are likely 
proportional to basal circulating leptin and cellu-
lar SOCS-3 levels. In contrast, leptin- induced 
pSTAT3 refl ects maximal leptin signaling capac-
ity and depends on baseline SOCS3 or PTP1B 
levels. Thus, low circulating leptin and cellular 
SOCS-3 levels ( ob / ob  mice, fasted mice) increase 
maximal leptin signaling, while high circulating 
leptin and cellular SOCS-3 levels (HFD- induced 
obesity) decrease maximal leptin signaling.  
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   Leptin-Induced Leptin Resistance 

 The question if leptin itself is able to cause leptin 
resistance is not trivial. In order to treat human 
obesity safely and effi ciently, it would be ill 
advised if such treatment would further enhance 
leptin resistance. In order to separate obesity 
from hyperleptinemia, several studies have 
explored rodent models of experimentally 
induced hyperleptinemia, where leptin is infused 
or virally expressed either in the periphery or 
centrally [ 56 – 60 ]. All of these studies confi rmed 
that leptin infusion or overexpression initially 
result in the expected decrease of food intake and 
body weight, but over time animals became resis-
tant to leptin. This was evident at the physiologi-
cal level (food intake and body weight) as well as 
at the cellular level (decreased pSTAT3 induction, 
dysregulation of hypothalamic neuropeptides). 
Most importantly, when put on a HFD leptin 
overexpressing animals gained more weight than 
vehicle treated (non-leptin resistant) animals on a 
HFD [ 41 ], thus illustrating that hyperleptinemia 
is suffi cient to induce leptin resistance and sup-
porting the idea that leptin resistance indeed 
enhanced weight gain. 

 To further test if hyperleptinemia is also 
required to develop leptin resistance, leptin- 
defi cient  ob / ob  mice were continuously infused 
with leptin to mimic normal circulating leptin lev-
els and to prevent hyperleptinemia when exposed 
to HFD feeding. This procedure normalized body 
weight and food intake in chow fed  ob / ob  mice, 
but importantly when fed a HFD these mice 
remained responsive to acute leptin injections as 
measured by weight loss, anorexia as well as 
pSTAT3 induction [ 61 ]. These data demonstrated 
that hyperleptinemia is not only suffi cient, but 
also necessary to induce leptin resistance. 
Surprisingly, HFD feeding in the  presence or 
absence of hyperleptinemia (and therefore leptin 
resistance) gained similar weight and were hyper-
phagic. Thus, contrary to other results, indicating 
that HFD independent of leptin resistance 
increases body weight. Furthermore, it should be 
noted that another study showed leptin resistance 
can develop in the absence of leptin as measured 
by anorexic leptin actions [ 35 ]. Thus, overall 
there is compelling evidence that hyperleptinemia 

is an important component in the induction of 
leptin resistance, but the importance of leptin 
resistance cannot be conclusively resolved.  

   Infl ammation-Induced Leptin 
Resistance 

 Leptin receptors are classic class I cytokine recep-
tors that are similar to IL-6 receptors and both sig-
nal via the JAK/STAT signaling pathway. Thus, it 
is not surprising that infl ammation (e.g., induced 
by lipopolysaccharides (LPS)) also induces hypo-
thalamic pSTAT3 and anorexia [ 62 ]. Furthermore, 
HFD-induced obesity causes low-grade infl amma-
tion in peripheral tissues and the brain, with 
increased circulating and hypothalamic cytokine 
levels [ 63 ]. Interestingly, HFD fed obese animals 
were also resistant to LPS- induced anorexia and 
LPS-induced pSTAT3 was blunted, even though 
LPS-induced fever responses remained intact [ 54 ]. 
Similar to leptin- induced leptin resistance, 
repeated LPS-injections also cause cellular LPS-
resistance and a blunted anorexic LPS response 
[ 53 ]. HFD feeding increases circulating LPS 
levels, and LPS induces leptin secretion; so that 
HFD-induced hyperleptinemia may be triggered 
or enhanced by the infl ammatory response to HFD. 
In any case, LPS and leptin could both contribute 
to the increased pSTAT3 and SOCS-3 levels at 
least in the hypothalamic arcuate nucleus to 
explain the blunted pSTAT3 response to acute 
leptin or LPS in HFD fed mice [ 27 ,  46 ,  54 ].  

   Site-Specifi c Leptin Resistance 

 Leptin signaling in the hypothalamus is not uni-
form and specifi cally the arcuate nucleus shows 
particularly strong LepRb expression and leptin 
signaling such as STAT3 activation and SOCS-3 
expression [ 27 ,  29 ]. Cellular leptin resistance is 
most robustly detected in the ARC, while other 
hypothalamic and extra-hypothalamic sites 
remain relatively leptin sensitive [ 27 ,  46 ]. This 
site-specifi c leptin resistance is also refl ected at 
the physiological level: leptin resistance almost 
entirely blocks leptin-induced anorexia, while 
sympathetic leptin actions (e.g., thermoregulation 
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and cardiovascular responses) remain leptin 
responsive [ 64 ,  65 ]. 

 Such a site specifi c leptin resistance may 
result from differential access of leptin to ARC 
LepRb neurons compared to other central sites, 
thus modulating SOCS-3 or PTP1B levels sites 
specifi cally [ 43 ]: Peripherally applied leptin acts 
faster and to lower leptin doses in the ARC com-
pared to other hypothalamic sites. In contrast, 
centrally applied leptin, that circumvents leptin 
transport across the BBB, prevented these site- 
specifi c differences in leptin action, indicating 
that leptin reaches ARC LepRb neurons indepen-
dent of a BBB transport mechanism. 

 The integrity of a functional BBB in the ARC 
is well established and indicated by a lack of 
fenestrated capillaries [ 66 ]. Fenestrated capillar-
ies are only found in select sites within the brain 
and are typically found in close proximity to the 
ventricular space and are collectively termed cir-
cumventricular organs (CV). Indeed, the border 
between fenestrated capillaries in the median 
eminence (ME) and ARC is lined by tanycytes, 
which are highly specialized glial cells connected 
via tight junctions that shield the ARC from the 
circulation and the adjacent median eminence 
[ 67 – 69 ]. The BBB is often seen as rigid barrier 
and its disruption is associated with illness and 

unphysiological conditions [ 70 ]. However, recent 
data indicate a less rigid BBB that takes active 
part to convey metabolic changes to the 
ARC. During fasting fenestrated capillaries are 
no longer restricted to the ME and are found in 
proximal parts of the ARC, which enhances 
direct access to leptin in at least a subset of ARC 
neurons [ 71 ]. In addition, tanycytes are able to 
transport leptin into the CVO from where it 
reaches LepRb target cells [ 72 ]. Furthermore, the 
proximal ARC is connected with the perivascular 
space of the fenestrated median eminence 
(Virchow-Robin space) that allows blood-derived 
substances to reach proximal ARC neurons by 
perivascular routes [ 66 ]. Furthermore, many 
ARC LepRb neurons project into the ME, from 
where they can gain direct access to circulating 
leptin levels [ 43 ] (Fig.  6.4 ). Thus, most LepRb 
neurons may access leptin via a saturable trans-
port across the BBB, which limits leptin access to 
these neurons and makes them less susceptible 
for leptin resistance. However, ARC neurons 
have direct access to circulating leptin, independent 
of a BBB transport and respond to changes in 
circulating leptin levels with increased time- and 
dose-dependent sensitivity [ 43 ] and therefore are 
prone to leptin resistance. In line with this, tany-
cyte-mediated leptin transport is sensitive to 

leptin

= BBB capillary
with tight junctions

= CVO capillary
with fenestration

leptin

leptin A. BBB leptin transport

C. Tanycyteleptintransport

B. CVO leptinaccess

3V
(CSF)

  Fig. 6.4    Mechanisms of central leptin access. (A) Leptin is 
transported across the blood–brain barrier (BBB) via a satu-
rable transporter mechanism, independent of LepRb. (B) 
LepRb neurons in close proximity to fenestrated capillaries 
in circumventricular organs (CVO’s, e.g., median eminence, 

area postrema, organum vasculosum) may access leptin 
directly via projections to fenestrated capillaries. (C) Leptin 
can be transported via tanycytes that line the border between 
CVO and BBB to, to enter the cerebrospinal fl uid (CSF) in 
the ventricular space (e.g., the third ventricle, 3V)       
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leptin resistance, while select improvement of 
tanycyte transport reversed DIO and reinstates 
leptin sensitivity [ 72 ].

      Seasonal Leptin Resistance 

 Seasonal animals are an interesting animal model 
for obesity research. They undergo annual changes 
to improve and adapt their physiological perfor-
mance to environmental challenges, including 
pronounced fl uctuation in body weight and adi-
posity. Therefore, in seasonal animals a state of 
obesity is naturally occurring, and is not consid-
ered pathologic. In the laboratory seasonal changes 
are triggered by photoperiods and in the seasonal 
Siberian hamsters two physiological states are dis-
tinguishable based on day/light period duration: 
Long day (LD = 16 h light) adapted animals are 
obese with increased adiposity, while short day 
(SD = 8 h light) adapted animals are lean. LD and 
SD adapted animals show weight differences up to 
10 g [ 73 – 75 ], which is comparable to weight dif-
ferences in DIO mice after several weeks of HFD 
feeding compared to chow control animals. 
Importantly, LD acclimated, obese hamsters also 
have elevated circulating leptin levels compared to 
lean SD hamsters and are resistant to body weight 
reducing effects of leptin, while LD acclimated 
hamsters remain leptin sensitive. Leptin resistance 
is also observed on cellular level with decreased 
leptin-induced pSTAT3 and increased baseline 
SOCS3 level in the ARC, but not other hypotha-
lamic sites [ 76 – 78 ]. Thus, leptin resistance is an 
important physiologic, not pathologic, condition 
that enables seasonal mammals to properly regu-
late seasonal body weight fl uctuation.  

   Pregnancy/Lactation-Induced Leptin 
Resistance 

 Another physiological state of leptin resistance is 
observed during pregnancy. During pregnancy 
and lactation the increased energy demands 
require homeostatic adaptations that are met by 
increased food intake and facilitation of fat depo-
sition [ 79 ,  80 ]. Increased fat mass, as well as pos-
sibly placental leptin production [ 81 ], further 

contribute to elevated circulating leptin levels 
during pregnancy [ 82 – 85 ]. Consistently, preg-
nant animals show classic leptin resistance with 
reduced or absent anorexic leptin effects as well 
as cellular leptin resistance. However, in contrast 
to ARC-specifi c leptin resistance in HFD fed ani-
mals and seasonal hamsters, pregnancy results in 
a select leptin resistance within the hypothalamic 
ventromedial hypothalamus (VMH) that is medi-
ated by a decrease in LepRb mRNA expression 
[ 79 ]. Therefore, these data further highlight leptin 
resistance as important physiological adaptation 
to states of increased energy demand and should 
be taken into account when evaluating leptin 
resistance in obese individuals.  

   Endoplasmic Reticulum 
Stress- Induced Leptin Resistance 

 The endoplasmic reticulum (ER) is an important 
organelle that controls protein translation, folding, 
maturation, and transport [ 86 ,  87 ]. Physiological 
insult to the cell (e.g., in form of elevated cyto-
kines (infl ammation) and HFD feeding) causes ER 
stress [ 86 ,  88 ]. ER capacity and ER stress infl u-
ence the degree of HFD- induced obesity [ 89 ,  90 ]. 
HFD also increases central ER stress and impor-
tantly leptin signaling is potently enhanced by 
increasing ER capacity, while ER stress robustly 
induced leptin resistance [ 91 ]. Chemical chaper-
ones increase ER function, decrease ER stress and 
greatly enhance leptin sensitivity and weight loss 
in HFD fed, leptin resistant mice [ 91 ]. Importantly, 
this fi rst description of potent leptin sensitizer also 
indicates that improvement of leptin sensitivity 
indeed would be relevant to support weight loss 
selectively in leptin resistant individuals. Future 
clinical trials will have to prove if such leptin sen-
sitizer would represent safe and effective treatment 
in humans as well.   

   Conclusion and Perspective 

 As outlined above there are many factors and 
mechanisms that would be capable of explaining 
or at least contributing to leptin resistance in 
obese humans and may play a role to enhance 
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further weight gain (Fig.  6.5 ). While many data 
support the physiological necessity of leptin 
resistance to enhance weight gain and food intake, 
other data show contradicting results. Thus, the 
development of drugs or leptin combination ther-
apies to sensitize leptin signaling will have to 
fi nally prove the effectiveness and safety of such 
treatments to improve overall health and quality 
of life in obese individuals. The described “natu-
ral” models of leptin resistance (seasonal animals 
and during pregnancy) suggests that leptin resis-
tance is not always a pathological condition and 
requires further studies to test if reversal of leptin 
resistance in those special conditions may have 
harmful effects (e.g., reproductive success).
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           Introduction 

    As has been discussed in previous chapters, the 
discovery of leptin opened new areas of investi-
gation into the signaling mechanisms through 
which body weight is regulated. Shortly follow-
ing the discovery of the  Lep  gene (originally  ob  
gene) and the point mutation resulting in the lack 
of leptin in  ob / ob  mice [ 1 ], recombinant leptin 
protein was synthesized. The fi rst logical experi-
ments were to administer exogenous leptin to 
 ob / ob  mice to test if the hormone could reduce 
hyperphagia and obesity, thus testing the hypoth-
esis that leptin was an adipose tissue-derived 
hormone that regulated caloric intake and body 
weight through activation of central neural pro-
cesses. In studies from three different laborato-
ries published together [ 2 – 4 ] it was defi nitively 
established that administration of leptin to obese 

mice reduced food intake and body weight. It was 
also observed in these studies that leptin 
 induced- weight loss resulted in lower insulin and 
glucose levels [ 2 ,  3 ], in line with expectations 
that signifi cant weight loss improves these meta-
bolic parameters. Interestingly however, it was 
noted that in  ob / ob  mice treated with the lowest 
dose of leptin that no weight loss occurred, but 
surprisingly, insulin and glucose were reduced 
[ 2 ]. This was the fi rst hint that leptin might reg-
ulate glucose homeostasis independent of its 
weight reducing effects. Subsequent work has 
now strengthened the concept that leptin regu-
lates intermediary metabolism independent of its 
effects on food intake and body weight. This 
chapter focuses on the mechanisms through 
which leptin regulates glucose and lipid metabo-
lism, with fi ndings in rodents distinguished from 
those made in humans or using human tissue.  

   Metabolic Effects of Leptin 
Resulting from Direct Tissue Actions 

 Blood glucose levels are the result of the complex 
interaction of a number of processes including 
digestion and uptake of glucose from the intes-
tine, utilization and storage of glucose by insulin 
target tissues, and production of glucose by the 
liver (primarily) during post-absorptive periods. 
Metabolism and storage of fatty acids and tri-
glycerides also involves coordinated interaction 
between tissues including, but not limited to, 
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the liver, muscle, and adipose tissue. With the 
discovery that leptin receptors were present on 
many cells outside of the central nervous system 
(discussed in detail in Chap.   2    ) early studies 
addressed the possibility that leptin could act 
directly to control glucose and lipid metabolism 
without activating neuronal processes in the brain. 

   Direct Effects of Leptin on Glucose 
Utilization 

 A direct tissue effect of leptin to regulate glucose 
uptake and metabolism in isolated skeletal mus-
cle and adipocytes has not been reproducibly 
observed. Some in vitro studies in rodent muscles 
or clonal C2C12 or L6 cells found that leptin 
increased basal and or insulin stimulated glucose 
uptake [ 5 – 7 ], but others found no effect, or that 
leptin inhibited glucose uptake [ 8 – 10 ]. In rodent 
adipocytes leptin either impaired insulin- 
stimulated glucose uptake [ 11 ] or had no effect 
[ 8 ,  12 ,  13 ]. In human derived cells leptin regula-
tion of glucose uptake is also contradictory, with 
leptin having no effect in human adipocytes dif-
ferentiated in vitro [ 14 ], but increasing basal and 
insulin-stimulated glucose uptake in cultured 
human myotubes [ 15 ]. The reasons for the dispa-
rate effects described above are not entirely clear 
but likely due to different leptin preparations and 
experimental conditions. Importantly it should be 
noted that all of these studies used leptin at concen-
trations that were much higher than that measured 
in the blood of obese rodents or humans, implying 
that any effects observed should be considered 
pharmacologic rather than physiologic.  

   Regulation of Hepatic Glucose 
Production by Leptin Binding 
to Hepatocytes 

 In contrast to the variable effects of leptin on 
glucose uptake in liver and muscle, the direct 
effect of leptin binding in the liver is to reduce glu-
cose release. Exposure of isolated rat hepatocytes 
to leptin for 16 h resulted in a dose-dependent 
increase in the incorporation of glucose into 

glycogen [ 16 ]. Leptin also inhibited the production 
of glucose from gluconeogenic substrates pro-
vided to isolated hepatocytes in culture [ 17 ]. 
Portal infusion of leptin into rat livers isolated 
in the postprandial state inhibited epinephrine- 
and glucagon-induced glycogenolysis [ 17 ,  18 ]. 
Overall these studies suggest that leptin can 
decrease blood glucose concentrations via a 
reduction in hepatic glucose release, independent 
of effects on weight loss or glucose uptake in 
muscle and adipose tissue.  

   Leptin Has Tissue Specifi c Effects 
on Lipid Metabolism 

 Direct tissue effects of leptin on fatty acid metabo-
lism have been more easily demonstrated than 
effects on glucose metabolism at concentrations of 
leptin that better approximate physiologic levels. 
In isolated mouse or rat soleus muscle leptin 
increases fatty acid oxidation and decreases syn-
thesis of muscle triglyceride. Leptin also attenu-
ates the effects of insulin to decrease β-oxidation 
and increase triglyceride synthesis in muscle [ 19 –
 21 ]. In isolated skeletal muscle preparations from 
lean humans, leptin increases partitioning of fatty 
acids toward oxidation and away from storage but 
is ineffective in muscle preparations from obese 
humans or diet induced obese rats [ 21 ,  22 ]. These 
observations suggest that during development of 
obesity, skeletal muscle becomes resistant to the 
effects of leptin (see Chap.   6    ), resulting in accu-
mulation of intramuscular triglyceride, which con-
tributes to insulin resistance in the muscle. 

 Lipolysis in rodent muscle [ 21 ] and adipose 
tissue [ 23 – 25 ] is also increased by leptin treat-
ment, resulting in reduced triglyceride content of 
the tissues. This effect of leptin is not detected in 
adipocytes from  db / db  mice or fa/fa rats, which 
lack functional leptin receptors [ 24 ,  25 ]. 
Interestingly, leptin induced lipolysis results in 
release of the glycerol backbone of triglyceride 
from muscle and adipose tissue, but not the fatty 
acids, which are oxidized in the tissue [ 19 ,  24 ]. 

 Leptin promotes the oxidation of fatty acids in 
skeletal muscle by activation of AMP-activated 
protein kinase (AMPK) [ 26 ]. AMPK stimulates 
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fatty acid oxidation by inhibiting acetyl coenzyme 
A carboxylase (ACC), the enzyme that carboxyl-
ates acetyl CoA to malonyl CoA. ACC inhibition 
leads to suppressed malonyl-CoA production, 
thereby activating carnitine-palmitoyl transferase 
1 activity to increase fatty acid oxidation. The 
initial activation of AMPK by leptin (15 min) 
occurs via signaling through skeletal muscle 
leptin receptors. Longer term leptin effects 
involve activation of the sympathetic nervous 
system [ 26 ], as discussed in more detail in the 
section below. The ability of leptin to decrease 
the fatty acid content of skeletal muscle, which 
would increase the insulin sensitivity of the tis-
sue, should contribute to effects of leptin to pro-
mote glucose uptake when detected. 

 Liver triglyceride metabolism is responsive to 
direct regulation by leptin. Adenoviral reconstitu-
tion of functional hepatic leptin receptors in  fa / fa  
rats results in increased β-oxidation and reduced 
triglyceride content [ 27 ]. When perfused into iso-
lated liver from lean rats, leptin rapidly decreases 
triglyceride levels, an effect not observed with 
perfusion of liver from diet- induced obese rats 
[ 28 ]. Acute intravenous infusion of leptin into 
lean and obese rats increased fatty acid oxidation 
and reduced triglyceride content of liver only in 
the lean animals [ 29 ]. Leptin did not activate 
hepatic AMPK in these studies but phosphoryla-
tion of the PI3-kinase substrate Akt was increased. 
The inability of leptin to increase fatty acid oxida-
tion and reduce hepatic triglyceride in obese rats 
suggests that the liver in these animals is leptin 
resistant (see Chap.   6     for detailed discussion of 
leptin resistance).   

   Leptin Regulates Pancreatic 
Function 

 Insulin is the primary hormonal regulator of 
glucose and lipid metabolism. Leptin could thus 
infl uence glucose and lipid metabolism in insulin 
target tissues indirectly by altering β-cell function 
and insulin release. Shortly following the identifi -
cation of the leptin receptor, expression in the pan-
creas was documented [ 30 ], suggesting that leptin 
could act directly to regulate insulin secretion. 

   Direct Effects of Leptin on β-Cells 

 Leptin inhibits basal and glucose-stimulated insu-
lin release in perfused pancreas preparations and 
isolated islets of  ob / ob  mice, and in rat islets in a 
dose dependent manner [ 30 – 33 ]. Leptin was inef-
fective in reducing insulin secretion from per-
fused pancreas or isolated islets of  fa / fa  rats or 
 db / db  mice, which lack functional leptin receptors 
[ 30 ]. Leptin also inhibits insulin release from 
human islet preparations in a dose-dependent 
manner, but this effect required 16–24 h exposure 
[ 32 ,  34 ,  35 ]. Leptin suppresses insulin secretion 
via a number of mechanisms including reducing 
glucose transport, cellular ATP levels and activat-
ing ATP-sensitive K +  channels leading to cellular 
hyperpolarization [ 31 ,  34 ,  36 ,  37 ]. Knockdown 
of leptin receptors on β-cells in transgenic mice 
results in increased basal insulin release and lower 
blood sugar [ 38 ], although this study could not 
completely rule out effects mediated by a small 
reduction in hypothalamic leptin receptor expres-
sion in these transgenic mice. As insulin stimu-
lates expansion of adipose tissue and induces 
leptin synthesis and release from adipocytes, and 
leptin in turn can inhibit insulin release from 
β-cells, this adipoinsular axis has been hypothe-
sized to function as a break to slow adipose tissue 
growth [ 39 ]. See Chap.   7     for a detailed discussion 
of leptin regulation of β-cell function.  

   Prevention of Islet Lipotoxicity 

 The triglyceride content of pancreatic islets from 
Zucker Diabetic Fatty (ZDF) rats is higher than 
that in their lean littermates. Leptin treatment of 
isolated islets increased β-oxidation and lowered 
triglycerides in wild-type, and heterozygous ZDF 
rats, but had no effect in islets from homozygous 
rats which fully lack functional leptin receptors 
[ 19 ]. Overexpression of leptin receptor in islets 
from homozygous ZDF rats followed by leptin 
treatment resulted in reduced triglyceride and 
prevention of triglyceride formation from exoge-
nous fatty acids in vitro [ 40 ]. Mice with islet spe-
cifi c knockout of leptin receptors exhibit impaired 
glucose tolerance due in part to blunted acute 

7 Leptin and Intermediary Metabolism: Focus on Glucoregulation and Lipids

http://dx.doi.org/10.1007/978-3-319-09915-6_6
http://dx.doi.org/10.1007/978-3-319-09915-6_7


82

insulin response to glucose when challenged with 
a high fat diet. In contrast to wild type mice 
which experience islet hyperplasia to compensate 
for insulin resistance with high fat diet, the islet 
specifi c leptin receptor knockout mice showed a 
signifi cantly reduced islet mass. The loss of islets 
may have resulted from lipotoxicity in the 
absence of islet leptin receptors [ 41 ].  

   Direct Effects of Leptin on α-Cells 

 Glucagon promotes glycogenolysis and gluco-
neogenesis in the fasting state, and hypergluca-
gonemia can worsen hyperglycemia in diabetes 
[ 42 ]. Leptin receptors are present on glucagon 
secreting αTC1-9 cells and α-cells in the mouse 
and human pancreas [ 43 ]. Leptin hyperpolarized 
the membrane potential of α-cells, inhibiting cal-
cium oscillations and glucagon release in αTC1-9 
cells and murine α-cells [ 43 ]. In contrast leptin 
had no effect on glucagon release from cultured 
hamster InR1G9 transfected with murine leptin 
receptors, despite a robust increase in STAT3 
phosphorylation [ 44 ]. The reasons for these dis-
crepant fi ndings are not immediately apparent 
but the lack of an effect in the hamster cells might 
result from ineffective coupling of intracellular 
signaling between the transfected leptin receptors 
and glucagon secretion.   

   Metabolic Effects of Leptin 
Mediated by the Central Nervous 
System 

 The central nervous system (CNS) mediates the 
homeostatic regulation of many functions includ-
ing respiration, body temperature, thirst, and 
hunger. Thus, it is reasonable to expect that the 
brain would also participate in the regulation of 
metabolism. However, following the discoveries 
that insulin and glucagon were secreted by the 
pancreas, much of the focus on the regulation of 
glucose homeostasis has been on the interactions 
between the pancreas and insulin target tissues, 
with less emphasis on a role for the CNS. Due in 
part to the discovery of leptin and its actions in 

the CNS there is now a greater and growing 
appreciation for the regulation of metabolism by 
the brain [ 45 ,  46 ]. 

   Central Effects of Leptin on Glucose 
Metabolism 

 Kamohara et al. [ 47 ] were the fi rst to observe that 
intracerebroventricular (icv) administration of 
leptin acutely enhanced glucose turnover (uptake 
and oxidation in muscle with concomitant glu-
cose release from the liver) in wild-type C57/BL6 
mice. Liu et al. [ 48 ] found that icv leptin shifted 
glucose fl ux in the liver from glycogenolysis to 
gluconeogenesis, and proposed that this change 
limited hepatic triglyceride formation by shunting 
free fatty acids into the β-oxidation pathway. In 
 fa / fa  rats and  ob / ob  mice icv leptin increased both 
insulin inhibition of hepatic glucose production 
and insulin-stimulated glucose disposal in periph-
eral tissues [ 49 ,  50 ]. A single injection of leptin 
into the ventromedial hypothalamus of conscious 
unrestrained rats increased glucose uptake into 
brown adipose tissue, heart, and skeletal muscle, 
but not white adipose tissue, with this effect 
mediated through the sympathetic nerves inner-
vating these tissues [ 51 ,  52 ]. Adenoviral expres-
sion of leptin in the hypothalamus signifi cantly 
reduced blood glucose in diabetic Akita mice 
without altering body weight or food intake [ 53 ]. 
Continuous icv administration of leptin to strep-
tozotocin-induced diabetic rats inhibited glucose 
production in the liver and increased tissue glu-
cose utilization to lower blood glucose levels [ 54 ]. 
These fi ndings are consistent with in vitro studies 
showing inhibition of glucose release from iso-
lated hepatocytes [ 16 – 18 ]. Recently, icv leptin in 
sheep increased expression of IGFBP2 and AKT2 
phosphorylation in skeletal muscle via the activa-
tion of the sympathetic nerves [ 15 ]. Blocking 
IGFBP2 expression in cultured human myotubes 
attenuated the ability of leptin to increase glucose 
uptake, identifying a novel mechanism through 
which leptin may regulate skeletal muscle glucose 
uptake. 

 The studies above support the concept that 
leptin action in the brain regulates glucose 
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homeostasis but there are several limitations to 
consider. Intracerebroventricular leptin injection 
can activate neurons in several areas of the brain, 
and the doses of leptin given, although lower than 
that provided by intravenous injection, may still 
be high relative to physiologic levels. Using 
leptin receptor null allele mice in which leptin 
receptor expression could be reactivated with 
adeno associated virus expressing FLPe-
recombinase, Coppari et al. [ 55 ] demonstrated 
that neurons within the arcuate nucleus of the 
hypothalamus mediate the effects of leptin on 
glucose homeostasis. They found that restoration 
of leptin receptors on only one side of the brain 
had a modest effect on body weight and food 
intake, but markedly improved hyperinsulinemia, 
and normalized blood glucose and locomotor 
activity. An important aspect of this study is that 
leptin receptor expression occurred at physio-
logic levels only in neurons that normally express 
leptin receptors. That same year, Morton et al. 
[ 56 ] used adenoviral gene therapy to express 
leptin receptors in the area of the arcuate nucleus 
of Koletsky  fa / fa  rats. They found that restoration 
of leptin signaling in the hypothalamus improved 
insulin sensitivity beyond that achieved by reduc-
tions in food intake or body weight, and that the 
benefi cial effect of restored leptin signaling could 
be blocked by a PI3 kinase inhibitor. 

 Huo et al. [ 57 ] restored leptin receptor expres-
sion in proopiomelanocortin expressing neurons 
in the arcuate nucleus of  db / db  mice, resulting in 
marked reductions in food intake and modest 
reductions in body weight. Importantly, blood 
glucose was entirely normalized, an effect that 
could not be replicated by pair feeding  db / db  
mice. The mechanism through which blood glu-
cose was improved was not established. Restoring 
leptin receptor expression only in POMC neu-
rons using a neuron specifi c  cre  to remove a tran-
scription blocking cassette, Bergland et al. [ 58 ] 
observed a modest reduction in body weight but 
complete normalization of blood glucose and 
hepatic insulin sensitivity, with reduced hyper-
glucagonemia. Of importance in this study, as in 
Coppari et al. [ 55 ], is that only neurons which 
would normally express leptin receptor, do so after 
removal of the transcription blocking cassette, 

which the authors estimate represent only about 
30–40 % of the POMC neurons in the arcuate 
nucleus.  

   Central Effects of Leptin on Lipid 
Metabolism 

 Leptin has remarkable effects on the lipid content 
of the body by virtue of its ability to decrease 
caloric intake, increase energy expenditure and 
reduce body weight, all due to the action of leptin 
in the brain. Thus it has been more diffi cult to 
isolate a centrally mediated effect of leptin on 
lipid metabolism that is distinct from effects on 
caloric intake and body weight. 

 As discussed above, leptin stimulates the oxi-
dation of fatty acids in skeletal muscle by activa-
tion of AMPK [ 22 ]. The initial activation of 
AMPK by leptin (15 min) occurs via signaling 
through skeletal muscle leptin receptors. However, 
the longer term effect of leptin (1–6 h) involves 
activation of the sympathetic nervous system. 
An intrahypothalamic injection of leptin increased 
the activity of AMPK in soleus muscle, an effect 
which could be blocked by denervation of the 
hindlimb or administration of the α-adrenergic 
antagonist phentolamine [ 22 ]. In contrast, an 
acute 120 min icv infusion of leptin had no effect 
on hepatic triglyceride content [ 28 ]. Gallardo 
et al. [ 59 ] infused leptin icv for 7 days, and pair-
fed saline infused animals to the amount eaten by 
those receiving leptin. ICV leptin reduced plasma 
triglyceride more than pair feeding and altered the 
fatty acid composition in the liver. Leptin also 
increased hepatic expression of transcription 
factors and enzymes of lipid oxidation (PGC-1α, 
PPARα, CD36, CPT-1a) and decreased mRNA 
expression of enzymes in de novo fatty acid syn-
thesis (ACC, FAS, SCD-1). These fi ndings sug-
gest that icv leptin down regulates hepatic de novo 
lipogenesis and increase fatty acid oxidation. 
Following icv leptin for 3 days in  ob / ob  mice, 
similar effects on expression of genes involved in 
hepatic β-oxidation were found, but changes in 
liver weight; hepatic steatosis; hepatic lipidemic 
profi le; and circulating free fatty acids, triglycer-
ides, and cholesterol lipoprotein profi le were not 
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different from that of pair fed controls [ 60 ]. This 
study thus did not fi nd an effect of central leptin 
on lipid metabolism separate from its effects on 
food intake. In contrast Warne et al. [ 61 ] infused 
leptin icv for 7 days into  ob / ob  at a dose that did 
not alter food intake of body weight. They found 
that icv leptin decreased expression of lipogenic 
genes and hepatic TG content. These effects 
were the result of sympathetic outfl ow to the liver, 
as evidenced by an increase in hepatic noradren-
alin content.   

   Leptin Improves Metabolic Defects 
in Lipodystrophy and in Type 1 
Diabetes 

 Congenital and acquired lipodystrophies are 
syndromes characterized by defi ciency of subcu-
taneous adipose tissue and result from a number 
of different genetic defects. Low leptin levels 
secondary to lack of subcutaneous fat, with ecto-
pic fat deposition in the liver and muscle, contrib-
ute to metabolic abnormalities including insulin 
resistance, dyslipidemia, pancreatitis, microvas-
cular disease, and diabetes [ 62 ,  63 ]. 

 The effect of leptin to improve metabolism 
was originally assessed in mouse models of lipo-
dystrophy. In mice expressing a truncated 
SREBP-1c (nSREBP-1c mice), intravenous infu-
sion of leptin for 12 days reduced food intake and 
lowered insulin and glucose levels to that of wild 
type mice [ 64 ]. A reduction in insulin and glucose 
was not achieved by food restriction in a separate 
group of these transgenic mice, suggesting effects 
of leptin independent of caloric restriction. In the 
A-ZIP/F-1 mouse, a more severe model of lipoat-
rophy, peripheral leptin administration at doses 
similar to that used in nSREBP-1c mice had no 
effect on elevated glucose and insulin [ 65 ]. As 
discussed above, leptin treatment of obese mice 
activates β-oxidation and reduces the lipid content 
of the liver, an effect that can be achieved follow-
ing central activation of the sympathetic nervous 
system or by direct leptin action on hepatocytes. 
In both nSREBP-1c and A-ZIP/F-1 mice icv 
leptin reduced hepatic triglyceride content at 
concentrations that were ineffective when given 

peripherally [ 66 ,  67 ]. In the A-ZIP/F-1 mice icv 
leptin increased hepatic AMPK activity via the 
sympathetic nervous system [ 67 ]. 

 Recombinant leptin (metreleptin) has been uti-
lized for treatment of lipodystrophy in humans 
with doses targeted for replacement or slightly 
higher. Leptin therapy decreases triglyceride lev-
els, fasting glucose, hemoglobin A1C, and hepatic 
steatosis and is most effective in those subjects 
with the lowest circulating leptin levels [ 62 ,  63 , 
 68 ]. Leptin signifi cantly reduces caloric intake in 
lipodystrophic patients [ 63 ], and although an 
effect of leptin to improve lipid and glucose 
homeostasis independent of effects on food intake 
is feasible, this has not yet been demonstrated. 
See Chap.   20     for a detailed discussion of leptin 
therapy in lipodystrophic states. 

 Type 1 diabetes is also characterized by a 
“relative” leptin defi ciency due to loss of insulin- 
stimulated leptin synthesis in adipocytes [ 69 ,  70 ]. 
Leptin lowers glucose and prolongs survival in 
both streptozotocin-treated rats and mice, and in 
Non-Obese Diabetic (NOD) mice. Effects of 
leptin to improve metabolism in type 1 diabetic 
rodents occurred via signaling in the central ner-
vous system to reduce food intake, hyperglucago-
nemia, and tissue lipid content [ 54 ,  71 – 76 ]. The 
metabolic improvements that occur with leptin 
treatment cannot be achieved with pair feeding 
alone, supporting the concept that leptin can regu-
late metabolism independent of effects on food 
intake. Leptin therapy in two patients with type 1 
diabetes and lipodystrophy improved glucose and 
lipids, and signifi cantly reduced insulin require-
ments [ 77 ]. Clinical trials are underway to deter-
mine the usefulness of leptin therapy in type 1 
diabetics.  

   Summary and Conclusions 

 Leptin regulates intermediary metabolism via 
direct tissue effects in muscle, adipose tissue, and 
liver, and via activation of central neural path-
ways that regulate metabolism in these tissues. 
While direct tissue effects on glucose uptake are 
not clear cut, leptin reproducibly stimulates 
β-oxidation in liver, muscle, and adipocytes to 
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reduce the fatty acid content of these tissues. It is 
important to keep in mind that when considering 
direct tissue effects of leptin concentrations 
greater than that measured in the blood of obese 
rodents or humans are often required. This may be 
a consequence of studying isolated tissues or 
cells, or may suggest that central effects of leptin, 
which occur at lower concentrations, take prece-
dence over direct tissue effects. It is also impor-
tant to note that deletion of peripheral tissue 
leptin receptors in liver, adipose tissue, and small 
intestine had no adverse metabolic effects [ 78 ]. 
In a second study, deletion of hepatic leptin recep-
tors also had no effect on body weight, body com-
position, or blood glucose levels during mild 
fasting or in the random-fed state [ 79 ]. However, 
when challenged with high fat diet, lack of hepatic 
leptin receptors actually protected the mice from 
glucose intolerance, with the liver exhibiting 
greater insulin sensitivity [ 79 ]. Given that loss of 
leptin receptor signaling in the brain uniformly 
results in adverse metabolic outcomes, it is rea-
sonable to conclude that central effects of leptin 
have a greater impact on metabolic regulation 
than do direct tissue responses. Of greater impor-
tance than the controversy over direct or centrally 
mediated effects is that leptin may be an effective 
therapeutic intervention to improve glucose and 
lipid metabolism, independent of effects on food 
intake and energy expenditure.     
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           Defi nition, Diagnosis, 
and Prevalence of Nonalcoholic 
Fatty Liver Disease 

    Nonalcoholic fatty liver disease (NAFLD) 
encompasses a spectrum of liver abnormalities, 
ranging from simple steatosis, to steatohepatitis 
and cirrhosis, in the absence of “excessive” alco-
hol consumption or any other identifi able cause(s) 
for liver disease [ 1 ]. Histologically, NAFLD can 
be categorized into: (1) simple steatosis in the 
absence of hepatocellular injury (nonalcoholic 
fatty liver, NAFL); and (2) steatohepatitis (non-
alcoholic steatohepatitis, NASH), characterized 
by the presence of steatosis and infl ammation 
with hepatic injury (ballooning), with or without 
fi brosis [ 1 ]. NASH can progress to cirrhosis, 
liver failure, and rarely liver cancer, whereas the 
progression to more severe forms of liver disease 
is minimal in patients with NAFL. Steatosis is 

the hallmark of NAFL and NAFLD and can be 
defi ned chemically, when intrahepatic triglyceride 
(IHTG) content exceeds 5 % of liver volume or 
liver weight [ 2 ], histologically, when 5 % of hepa-
tocytes contain visible intracellular triglyceride 
[ 3 ], and radiologically, by using magnetic reso-
nance spectroscopy (MRS) [ 4 ]. The results from 
one study in subjects who were considered to be at 
low-risk for NAFLD (i.e., normal weight, normal 
fasting serum glucose and alanine aminotransfer-
ase concentrations, and absence of diabetes) indi-
cate an upper “normal” amount of IHTG of 5.6 % 
of liver volume, which represented the 95th per-
centile in this population [ 5 ]. Data from another 
study found the 95th percentile for IHTG content 
was 3 % in young lean subjects with normal oral 
glucose tolerance [ 6 ]. 

 NAFLD has become an important public 
health problem, because of its high prevalence, 
the potential progression to severe liver disease 
and its association with serious cardiometabolic 
abnormalities, such as insulin resistance, type 2 
diabetes, and dyslipidemia. The prevalence rate 
of NAFLD increases with increasing body mass 
index (BMI) [ 7 ] and varies widely based on the 
population studied and on the tool used to make 
the diagnosis. An analysis of liver histology from 
potential liver donors [ 8 ,  9 ], automobile crash 
victims [ 10 ], autopsy fi ndings [ 11 ], and clinical 
liver biopsies [ 12 ] suggests that the prevalence 
of steatosis and steatohepatitis are approximately 
15 % and 3 %, respectively, in non-obese indi-
viduals, 65 % and 20 %, respectively, in persons 
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with class I and II obesity (BMI 30.0–39.9 kg/m 2 ), 
and 85 % and 40 %, respectively, in extremely 
obese patients (BMI >40 kg/m 2 ). The relation-
ship between BMI and NAFLD is infl uenced by 
racial/ethnic background and polymorphisms of 
specifi c genes [ 6 ,  13 ,  14 ].  

    Pathogenesis and Pathophysiology 
of NAFLD 

 The liver performs a number of essential biochem-
ical functions which are necessary for whole-body 
metabolic homeostasis [ 15 ]. The liver maintains 
plasma glucose concentration within a narrow 
range, by producing glucose derived from glyco-
genolysis and gluconeogenesis and releasing it 
into the bloodstream in the postabsorptive state, 
and taking up glucose to store it as glycogen in 
the postprandial state. The liver is also central in 
normal lipid and lipoprotein metabolism, by taking 
up and synthesizing fatty acids, channeling them 
towards oxidative or esterifi cation pathways, and 
secreting lipoproteins into the bloodstream. 
NAFLD is associated with alterations in most of 
the liver’s metabolic functions. 

    NAFLD and Glucose Metabolism: 
Insulin Resistance 

 Increased IHTG content is associated with insulin 
resistance in both the liver (decreased ability of 
insulin to suppress hepatic glucose production) 
and skeletal muscle (decreased ability of insulin 
to stimulate muscle glucose uptake), independent 
of BMI, percent body fat, and visceral fat mass 
[ 16 – 21 ]. Although the link between insulin resis-
tance and NAFLD is well established, it is not 
known whether NAFLD causes or is a conse-
quence of insulin resistance, or possibly both. 
It has been proposed that an increase in intracel-
lular lipid intermediates and infl ammation are 
involved in the pathogenesis of liver insulin resis-
tance in people with NAFLD. An accumulation 
of hepatic intracellular lipid intermediates gener-
ated by fatty acid metabolism, particularly diac-
ylglycerol (DAG) species, identifi ed in NAFLD, 

can disrupt normal insulin signaling and inhibit 
insulin-mediated suppression of hepatic glucose 
production [ 22 – 25 ]. Intrahepatic infl ammation 
provides a potential mechanistic link between 
NAFLD and insulin resistance not only in the 
liver but also skeletal muscle. In a rodent model, 
increased hepatic nuclear factor (NF)-κB activity 
causes hepatic steatosis and infl ammation, and 
both hepatic and skeletal muscle insulin resis-
tance [ 26 ]. However, steatosis does not always 
coincide with insulin resistance. Data from stud-
ies conducted in rodent models have found that 
genetic [ 27 ,  28 ] or pharmacological [ 29 ] induc-
tion of hepatic steatosis is not associated with 
impaired hepatic or skeletal muscle insulin action, 
and inhibition of IHTG synthesis decreases 
hepatic steatosis but does not improve insulin sen-
sitivity [ 30 ]. Furthermore, an increase in IHTG 
content in patients with familial hypobetalipopro-
teinemia, caused by a genetic defect in the liver’s 
ability to export triglycerides as very low-density 
lipoprotein (VLDL), is not accompanied by 
hepatic or peripheral insulin resistance [ 31 ,  32 ]. 
Taken together, these fi ndings suggest that IHTG 
accumulation, itself, does not necessarily cause 
insulin resistance, but is an important marker of 
multi-organ insulin resistance.  

    NAFLD and Lipid Metabolism 

 Hepatocellular steatosis develops when the rate of 
fatty acid input (uptake from plasma and de novo 
synthesis) is greater than the rate of fatty acid 
output (oxidation and secretion as triglyceride). 
Therefore, the amount of triglyceride present in 
hepatocytes represents the net result of complex 
metabolic interactions among: (1) hepatic uptake 
of plasma free fatty acids (FFA), released from 
hydrolysis of adipose tissue and circulating tri-
glycerides, (2) de novo lipogenesis (i.e., synthesis 
of fatty acids from simple precursors), (3) fatty 
acid oxidation, and (4) fatty acid secretion as tri-
glyceride in VLDL particles. 

 Compared with subjects who have normal 
IHTG content, NAFLD is associated with greater 
basal lipolytic rates, independent of BMI [ 19 ,  33 , 
 34 ], and greater impairment of insulin-mediated 
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suppression of adipose tissue lipolysis (indicative 
of adipose tissue insulin resistance) [ 16 ,  19 ,  33 ]. 
Therefore, the daily release of FFA into the circu-
lation during both fasting and fed conditions is 
likely greater in people with NAFLD than in those 
without NAFLD. Furthermore, gene expression 
of proteins that can facilitate uptake of fatty acids 
in the liver (hepatic lipase, hepatic lipoprotein 
lipase, and hepatic CD36) are greater in obese 
subjects with NAFLD than in those without 
NAFLD [ 35 – 37 ]. These data suggest that NAFLD 
is associated with a greater delivery and uptake of 
systemic plasma FFA to the liver, derived from 
lipolysis of adipose tissue triglycerides and cir-
culating lipoprotein triglycerides, which likely 
contributes to IHTG accumulation. 

 Fatty acids in the liver can also be synthesized 
de novo through a complex polymerization pro-
cess which ultimately leads to the formation of 
palmitate (C16:0) from acetyl-CoA (2-carbon 
precursor) [ 38 ]. In normal subjects, de novo lipo-
genesis accounts for less than 5 % (in the postab-
sorptive state) or 10 % (in the postprandial state) 
of fatty acids incorporated in IHTG and VLDL- 
triglyceride (~1–2 g/day) [ 39 ,  40 ]. However, the 
contribution of de novo lipogenesis in subjects 
with NAFLD is much greater and accounts for 
15–23 % of the fatty acids in IHTG and VLDL- 
triglyceride in the fasting state [ 40 ,  41 ]. The results 
from a study conducted in lean insulin- sensitive 
and insulin-resistant young adults, who had nor-
mal IHTG content, demonstrated that meal inges-
tion caused a greater increase in hepatic de novo 
lipogenesis in insulin-resistant than in insulin-
sensitive subjects, which suggests an increase in 
de novo lipogenesis might even precede IHTG 
accumulation and NAFLD [ 42 ]. 

 Alterations in hepatic fatty acid oxidation 
could also contribute to the pathogenesis of 
NAFLD. In rodents, genetic or experimentally 
induced defi ciency in mitochondrial enzymes 
involved in the oxidation of fatty acids leads to 
an accumulation of IHTG and hepatic steatosis 
[ 43 ,  44 ], whereas greater expression or activity of 
these enzymes reduces IHTG content and ame-
liorates steatosis [ 45 – 48 ]. However, it is unclear 
whether fatty acid oxidation is defective in human 
subjects with NAFLD, because there are currently 

no reliable methods for measuring hepatic fatty 
acid oxidation in vivo in man. Indirect measures, 
such as plasma ketone body concentrations and 
gene expression of hepatic fatty acid oxidative 
enzymes are either normal or increased in people 
with NAFLD [ 18 ,  19 ,  49 – 52 ]. At present, there-
fore, there is no adequate evidence to support the 
notion that decreased hepatic fatty acid oxidation 
contributes to IHTG accumulation and the patho-
genesis of steatosis. 

 The majority of circulating triglycerides in the 
postabsorptive state are carried in the hydrophobic 
core of VLDL particles, which are synthesized and 
secreted by the liver. Intrahepatocellular fatty 
acids that are not oxidized are esterifi ed to triglyc-
eride, which can then be incorporated into VLDL 
and secreted into the circulation, or stored within 
the liver. Therefore, the assembly and secretion of 
VLDL provides a mechanism for reducing IHTG 
content by exporting triglycerides from the liver 
into the systemic circulation. In fact, results from 
studies conducted in both human subjects and ani-
mal models indicate that impaired hepatic VLDL 
secretion, caused by genetic defects [ 53 ] or phar-
macological agents [ 54 ], is associated with an 
increase in IHTG content. The presence of NAFLD 
is associated with a marked increase in VLDL-
triglyceride secretion rate in human subjects, inde-
pendent of BMI and percent body fat [ 34 ,  55 ]. 
However, the increased rate of hepatic VLDL-
triglyceride secretion is apparently not adequate to 
compensate for the increase in the rate of IHTG 
production, and is therefore unable to prevent the 
development of steatosis.   

    Role of Leptin in the Pathogenesis 
of NAFLD 

    Data from Animal Studies 

 Animal models with genetic mutations that cause 
leptin defi ciency ( ob / ob ) or a defective leptin 
receptor ( db / db  and  fa / fa ) are characterized by 
obesity and hepatic steatosis. Normalizing leptin 
signaling in these rodent models, either by pro-
viding exogenous leptin (in  ob / ob  animals) or by 
adenovirus-mediated expression of leptin receptors 
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(in  db / db  and  fa / fa  animals), decreases body 
weight and ameliorates steatosis [ 56 – 65 ]. 
However, providing exogenous leptin to diet- 
induced obese (DIO) rodent models often does 
not have marked effects on body weight or IHTG 
content, because of obesity-induced leptin resis-
tance [ 66 – 69 ]. Alterations in hepatic fatty acid 
uptake, de novo lipogenesis, fatty acid oxidation, 
and VLDL-triglyceride secretion are among the 
proposed mechanisms for leptin-mediated regu-
lation of IHTG balance (Fig.  8.1 ) [ 57 ,  61 – 63 ,  66 , 
 68 ,  70 – 74 ]. In leptin-responsive animals, leptin- 
induced reduction in IHTG content is indepen-
dent of the decrease in food intake and body 
weight [ 57 ,  72 ,  73 ], and occurs within a couple of 
hours after leptin injection [ 66 ,  68 ]. A reduction 
in hepatic VLDL-triglyceride secretion and an 
increase in hepatic fatty acid oxidation and keto-
genesis occur rapidly after leptin administration 
[ 66 ,  68 ], whereas a reduction in hepatic de novo 
lipogenesis is observed only after chronic leptin 
treatment [ 70 ]. These observations suggest that 
shunting of hepatic fatty acids towards oxidation 

and ketone body formation is the primary mecha-
nism for acute leptin-induced reduction in IHTG 
(Table  8.1 ).

    Data from several studies conducted in rodent 
models and cell systems suggest that leptin is 
required for the progression of steatosis to steato-
hepatitis by facilitating the activation of infl am-
matory and oxidative stress pathways (Table  8.2 ). 
In genetically obese animal models of leptin defi -
ciency ( ob / ob ) or defective leptin action ( db / db  
and  fa / fa ), the accumulation of IHTG is not 
accompanied by hepatic infl ammation and fi bro-
sis, particularly when the animals are still young 
[ 58 ,  75 – 77 ]. Leptin binding to its functional 
receptor (long isoform, Ob-Rb) on Kupffer cells 
from leptin-responsive animal models induces 
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  Fig. 8.1    Putative effects of leptin on hepatic steatosis, 
infl ammation, and fi brosis. Although leptin decreases the 
secretion of very low-density lipoprotein (VLDL)-
triglyceride from hepatocytes, leptin facilitates an overall 
reduction in intrahepatic triglyceride (IHTG) content by 
increasing fatty acid (FA) oxidation and ketogenesis and 
by decreasing de novo lipogenesis (DNL). Leptin facili-
tates the progression of simple steatosis to infl ammation 

and fi brosis; leptin produced by activated hepatic stellate 
cells, and presumably leptin from plasma, acts on Kupffer 
cells and increases the production of cytokines that cause 
infl ammation and induce trans-differentiation of stellate 
cells into myofi broblast-like cells. Myofi broblast cells pro-
duce extracellular matrix (ECM) proteins, leading to fi bro-
sis. Leptin can also directly act on stellate cells and induce 
trans-differentiation into myofi broblast-like cells       

   Table 8.1    Putative metabolic mechanisms for leptin- 
induced reduction in intrahepatic triglyceride content   

 ↑ Fatty acid oxidation 
 ↑ Ketogenesis 
 ↓ De novo lipogenesis 
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cytokine release, specifi cally tumor necrosis 
factor (TNF)-α, transforming growth factor 
(TGF)-β1 and interleukin (IL)-15; these effects 
are much less pronounced in Kupffer cells from 
leptin receptor-defi cient animals [ 78 – 80 ]. 
Furthermore, leptin causes oxidative stress in 
hepatic Kupffer and stellate cells from various 
leptin-responsive animal models and human cell 
lines [ 81 – 84 ]. Leptin can also facilitate Kupffer 
cell-mediated infl ammation by upregulating 
CD14 gene expression and protein content. CD14 
serves as a surface receptor in Kupffer cells and 
promotes hyper-reactivity to hepatic insults (e.g., 
endotoxin), which increases the production of 
infl ammatory cytokines and accelerates the pro-
gression of liver infl ammation and fi brosis [ 85 ].

   A recent study conducted in DIO mice, in 
which steatohepatitis was induced by carbon tet-
rachloride administration, provides some insights 
into the mechanisms involved in leptin-mediated 
hepatic oxidative stress and infl ammation [ 82 ]. 
The results from this study showed that carbon 
tetrachloride administration increased oxidative 
stress in the liver of DIO mice but not  ob / ob  mice, 
or DIO mice treated with leptin antibody, and 
that leptin replacement in  ob / ob  mice restored 

free radical formation. Free radical formation and 
expression of the pro-infl ammatory cytokines, 
TNF-α and monocyte chemoattractant protein 
(MCP)-1, were decreased by inhibiting peroxyni-
trite, inducible nitric oxide synthase (iNOS), and 
nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase, and by Kupffer cell depletion. 
Taken together, these data suggest that leptin con-
tributes to the pathogenesis of liver damage by 
activating NADPH oxidase, which induces iNOS, 
and stimulates the release of TNF-α and MCP-1 
from Kupffer cells through a peroxynitrite- 
dependent mechanism. 

 Hepatic fi brosis results from the accumulation 
of extracellular matrix (ECM) proteins (e.g., 
fi brillar collagen, fi bronectin, laminin, proteogly-
cans) produced by activated hepatic stellate cells 
(HSC) that have been transformed to 
myofi broblast- like cells. Despite extensive 
hepatic steatosis, leptin-defi cient ( ob / ob ) animals 
exhibit much less hepatic fi brosis than their lean 
littermates in response to carbon tetrachloride 
administration [ 86 – 89 ],  Schistosoma mansoni  
infection [ 89 ,  90 ], and methionine- and choline- 
defi cient diet feeding [ 88 ]. However, fi brotic 
changes occur as expected when exogenous 
replacement leptin is co-administered with the 
fi brotic stimulus [ 87 – 89 ]. Exogenous leptin also 
augments fi brotic changes that occur in normal 
animals in response to acute and chronic fi bro-
genic stimuli (hepatotoxic chemicals such as car-
bon tetrachloride or thioacetamide) [ 91 ]. 
Furthermore, leptin-resistant animals who have 
no functional leptin receptors ( fa / fa ) are also 
resistant to the fi brotic changes that occur in the 
liver of their lean littermates after thioacetamide 
administration [ 92 ], bile duct ligation [ 93 ], pig 
serum administration [ 94 ], or choline-defi cient 
diet feeding [ 95 ]. However, leptin-resistant ani-
mals that have a functional defect in the long 
leptin receptor isoform (Ob-Rb) but an intact 
short leptin receptor isoform (Ob-Ra) ( db / db ) 
exhibit signifi cant hepatic fi brosis in response to 
methionine- and choline-defi cient diet feeding 
[ 96 ], but have less fi brosis than wild-type litter-
mates in response to thioacetamide administration 
[ 97 ]. These fi ndings suggest that leptin has a per-
missive role in the fi brogenic pathway in response 

    Table 8.2    Putative mechanisms for the    infl ammatory 
and fi brogenic effects of leptin on the liver   

  Pro-infl ammatory mechanisms    Target cell  
 ↑ TNF-α  KC 
 ↑ MCP-1  KC 
 ↑ IL-15  KC 
 ↑ Free radicals  KC and HSC 
 ↑ CD14 (KC surface receptor)  KC 
  Pro-fi brogenic mechanisms    Target cell  
 ↑ TGF-β1  KC 
 ↑ HSC proliferation  HSC 
 ↑ Collagen type I  HSC 
 ↑ Procollagen type I  HSC 
 ↑ Smooth muscle actin  HSC 
 ↑ Fibronectin  HSC 
 ↑ TIMP-1  HSC 
 ↓ MMP-1  HSC 

   TNF-α  tumor necrosis factor alpha,  MCP-1  monocyte 
chemoattractant protein 1,  IL-15  interleukin 15,  TGF-β1  
transforming growth factor beta 1,  TIMP-1  tissue inhibitor 
metalloproteinase-1,  MMP-1  matrix metalloproteinase 1, 
 KC  Kupffer cells,  HSC  hepatic stellate cells  
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to liver injury (Table  8.2 ), and that hepatic leptin 
signaling [ 98 ] through either the long leptin 
receptor (which is the fully functional isoform) 
or the short leptin receptor (which is not a fully 
functional isoform) is suffi cient for these changes 
to occur. 

 The results from a series of studies conducted 
in cell systems suggest permissive indirect and 
direct roles of leptin in the pathogenesis hepatic 
fi brosis (Fig.  8.1 ). Leptin is expressed in both rat 
[ 92 ,  99 ,  100 ] and human activated HSC [ 101 ], 
but not in quiescent HSC, Kupffer cells, or hepa-
tocytes, which express leptin receptors [ 92 ,  99 , 
 100 ]. Leptin produced by activated HSC acts on 
Kupffer cells and increases TGF-β1 production 
in response to fi brogenic stimuli [ 79 ,  92 ,  102 ]. 
The increase in TGF-β1 seen normally during 
fi brogenesis is abolished by leptin defi ciency, or 
dysfunctional leptin signaling [ 92 ], but is restored 
by leptin replacement [ 88 ,  89 ]. TGF-β1 is a major 
profi brogenic cytokine, and activates type I 
collagen promoters, upregulates gene expression 
of ECM proteins, such as collagen and fi bronec-
tin [ 103 ], and is important in the hepatic wound- 
healing response, including myofi broblast gen-
eration and extracellular matrix deposition [ 104 ]. 
Therefore, attenuated or absent leptin signaling 
prevents the increase in gene expression of ECM 
proteins (procollagen type I, collagen type I, 
fi bronectin, smooth muscle actin), and the 
increase in hepatic hydroxyproline concentration 
(a marker of collagen content) in response to liver 
injury, whereas leptin administration abolishes 
these effects and restores normal fi brogenic 
responses [ 88 ,  89 ,  91 ,  94 ,  105 ]. Data from studies 
conducted in both animal and human HSC sys-
tems support direct effects of leptin in the patho-
genesis of fi brosis by: (1) upregulating collagen 
type I gene expression and protein production via 
the Jak-Stat pathway [ 86 ,  106 ,  107 ]; (2) upregu-
lating tissue inhibitor of metalloproteinase-1 
(TIMP-1) and downregulating matrix metallopro-
teinase (MMP)-1 via the Jak-Stat and ERK and 
p38 pathways [ 81 ,  84 ,  107 – 109 ]; and (3) upregu-
lating gene expression of several proinfl amma-
tory cytokines [ 105 ,  109 ], and (4) protecting 
HSC from apoptosis and increasing their prolif-
eration [ 79 ,  97 ,  110 – 112 ]. These observations are 

consistent with both an indirect effect of leptin in 
hepatic fi brogenesis by stimulating HSC trans-
differentiation into myofi broblast-like cells that 
produce ECM proteins [ 79 ,  113 ] and an direct 
effect on HSC, themselves.  

    Data from Human Studies 

 The relationship between plasma leptin concen-
trations and the amount of IHTG or the histologi-
cal grades of hepatic steatosis, infl ammation, and 
fi brosis has been evaluated in several cross- 
sectional studies in human subjects. The results 
from some studies found that plasma leptin con-
centrations are greater in: (1) obese patients with 
NAFLD who have moderate-to-severe steatosis 
than in those with mild steatosis; (2) those with 
moderate-to-severe lobular and portal infl amma-
tion than in those with mild degrees of infl amma-
tion; and (3) those with hepatic fi brosis than in 
those without fi brosis [ 85 ,  114 – 120 ]. However, 
BMI and fat mass were also greater in these 
groups, which might have been responsible for the 
increase in leptin concentrations [ 85 ,  114 – 120 ]. 
In contrast, most, but not all [ 121 – 125 ], studies 
that matched subject groups on BMI and sex, or 
body fat, found no signifi cant differences in 
plasma leptin concentrations: (1) among subjects 
with NASH or NAFL, or normal IHTG content 
[ 126 – 133 ]; (2) between NAFLD subjects with 
different grades of steatosis [ 134 ]; (3) between 
those with simple steatosis and those with steato-
hepatitis [ 85 ,  126 ,  128 ,  129 ,  133 ,  135 ]; and (4) 
between those with and without liver fi brosis 
[ 121 ]. Also, the results from most multivariate 
analyses have found that plasma leptin concentra-
tion is not independently associated with hepatic 
histopathology after controlling for BMI and sex 
[ 114 ,  117 ,  121 ,  122 ,  128 ,  135 – 138 ]. However, the 
results from some studies have found independent 
associations between circulating leptin and ste-
atosis [ 114 ,  120 ,  121 ,  124 ] and between free 
leptin index (ratio of circulating leptin to its solu-
ble receptor) and both steatosis and fi brosis [ 137 ]. 
Baseline plasma leptin concentration is not asso-
ciated with NAFLD progression in subjects who 
already have NAFLD [ 139 ], and does not predict 
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the future incidence of NAFLD, determined by 
ultrasound, during a 7-year follow-up among the 
general population [ 140 ]. Collectively, these 
observations suggest that leptin is not involved in 
the pathogenesis and progression of NAFLD in 
people.   

    Leptin Defi ciency 

 Leptin therapy has profound hepatic effects in 
people who have absent or very low plasma leptin 
concentrations caused by genetic leptin defi -
ciency or congenital or acquired lipodystrophy. 
These patients have severe hepatomegaly and ste-
atosis, which markedly improves or is completely 
normalized with leptin replacement therapy 
[ 141 – 148 ]. Moreover, long-term leptin therapy 
(~2 years) in patients with acquired and congeni-
tal generalized and partial lipodystrophies caused 
a marked decrease in IHTG content, hepatocel-
lular ballooning and the NASH activity score, but 
did not affect hepatic fi brosis [ 144 ,  149 ]. 
Nonetheless, leptin therapy is not always effec-
tive in people with low plasma leptin concentra-
tions, and we are aware of one study in patients 
with human immunodefi ciency virus (HIV)-
associated lipoatrophy and hypoleptinemia [ 150 ] 
and of a case report of an adolescent girl with 
acquired generalized lipodystrophy and mild ste-
atohepatitis [ 151 ], which found leptin replace-
ment therapy did not improve hepatic steatosis or 
histopathology. The reason why leptin replace-
ment therapy has favorable effects on hepatic 
infl ammation and does not worsen hepatic fi bro-
sis in people, but promotes infl ammation and 
fi brosis in rodent models is not clear, and under-
scores the limitations of using these models to 
understand the pathophysiology of NAFLD in 
people. The composite of these data demon-
strate that leptin therapy in human subjects with 
some form of leptin defi ciency improves hepatic 
steatosis and specifi c markers of liver injury. 
The potential therapeutic effect of leptin admin-
istration in obese patients with NAFLD, who 
typically have high plasma leptin concentrations 
because of obesity, is not known and deserves 
further study.  

    Conclusions and Direction 
for Future Research 

 Data from studies conducted in rodent models 
and in both animal and human cell systems dem-
onstrate that leptin prevents or decreases hepatic 
steatosis, but facilitates hepatic infl ammation and 
fi brosis. The actions of leptin are particularly 
pronounced in genetically obese animal models 
that are leptin-defi cient or have defective leptin 
signaling, and in lipodystrophic animals that have 
very low plasma leptin concentrations. In con-
trast, the effects of leptin on hepatic pathophysiol-
ogy are not usually observed in diet- induced 
obese animal models, which are hyperleptinemic 
and presumably resistant to leptin. In people, 
leptin replacement therapy has profound effects 
on the liver in patients with absolute or relative 
leptin defi ciency. In contrast, the totality of data in 
people without leptin defi ciency does not support 
an important role of leptin in the development of 
steatosis or the progression of NAFL to 
NASH. However, these conclusions are based on 
the absence of correlations between systemic 
plasma leptin concentrations and liver pathology. 
It is possible that leptin acts primarily in an auto-
crine and/or paracrine fashion in the liver, which 
cannot be assessed by evaluating circulating 
leptin. Therefore, the importance of leptin in the 
pathogenesis of NAFLD in overweight and 
obese people is still not clear, and requires addi-
tional study.     
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      Abbreviations 

   6-HDA    6-Hydroxydopamine   
  ACTH    Adrenocorticotropic hormone   
  AMPT    α-Methyl-p-tyrosine hydroxylase   
  BAT    Brown adipose tissue   
  CRH    Corticotropin releasing hormone   
  EE    Energy expenditure   
  hCG    Human chorionic gonadotropin   
  HF    High fat   
  HPA axis    Hypothalamic–pituitary–adrenal axis   

  IGF    Insulin-like growth factor   
  IL    Interleukin   
  SNA    Sympathetic nerve activity   
  SNS    Sympathetic nervous system   
  SOCS3    Suppressor of cytokine signaling 3   
  TNF    Tumor necrosis factor   
  UCP    Uncoupling protein   
  VMH    Ventromedial nucleus of the 

hypothalamus   
  WAT    White adipose tissue   

         Introduction 

 In the most basic sense, leptin is a signal of energy 
balance, decreasing in periods of negative energy 
balance (i.e., fasting, caloric restriction) and 
increasing in periods of excess energy (i.e., 
increased adipose tissue). A decline in leptin levels 
from basal state invokes an increase in appetite 
and food intake, as well as energy conservation. 
Reciprocally, increases in leptin levels signal sati-
ety and related metabolic changes, such as an 
increase in gluconeogenic contribution to hepatic 
glucose output and an increase in fat mobilization 
and fatty acid oxidation. Under states of acute 
stress, the organism adapts via modulation of 
hormone release and metabolism, suggesting that 
leptin levels might change (Tables  9.1  and  9.2 ) 
during such situations to assist in regulation of 
energy expenditure, hunger, and shifts in glucose 
and lipid metabolism.
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       Sympathetic Nervous System 

 The relationship of leptin to the sympathetic 
nervous system (SNS) is complex (Fig.  9.1 ). 
Leptin, via activation of the Ob-Rb receptors, 

stimulates the hypothalamus to activate the 
SNS. Satoh et al. were able to demonstrate that 
leptin administered into the ventromedial 
nucleus of the hypothalamus (VMH) increased 
epinephrine and norepinephrine concentrations 
in a dose-dependent manner [ 1 ]. The down-
stream sympathetic effects on glucose metabo-
lism and thermogenesis appear to be mediated 
primarily by uncoupling protein (UCP)-1 in 
brown adipose tissue (BAT) [ 2 ] and UCP-2 and 
UCP-3 in white adipose tissue (WAT) and other 
peripheral tissues [ 3 ]. The activated SNS then 
provides negative feedback to regulate leptin pro-
duction from WAT. Consequently, sympathetic 
stimulation of WAT via fasting, cold or sympa-
thomimetic administration decreases leptin gene 
expression and leptin levels. The corollary is that 
adrenergic inhibition appears to increase leptin 
gene expression and leptin levels.

    Ob  gene expression and subsequent leptin 
levels declined under fasting or cold conditions, 
which can which activate the SNS [ 4 ,  5 ], and iso-
proterenol infused in humans reduced plasma 
leptin levels within 2 h [ 6 ]. The SNS may regu-
late circulating leptin levels at multiple targets. 
Administration of epinephrine, norepinephrine or 
beta-receptor agonist led to inhibition of  ob  gene 
expression in white fat in rodents and humans 
[ 5 ,  7 ], and adrenergic stimulation altered both 

   Table 9.1    Effects of increased hormone levels on leptin 
levels in humans   

 Hormone  ∆ Leptin 

 Catecholamines a   ↓ 
 Insulin  ↑ 
 Cortisol  ↔ 
 Glucocorticoids  ↑/↔ 
   a General increase in sympathetic nervous system activity. 
However, decreased leptin is not observed in 
pheochromocytoma  

   Table 9.2    States of acute stress associated with changes 
in circulating leptin levels in humans   

 ↓ Leptin  ↑ Leptin 

 Fasting  Adrenergic inhibition 
 Cold  Acute sepsis 
 Sympathomimetics  Critical illness 
 Hypoglycemia  Acute myocardial infarction 
 Prolonged endurance 
exercise 

 Pregnancy (even prior to 
weight gain) 

 Abdominal surgery  Preeclampsia 
 Pediatric cardiac surgery 

WAT  Brain  

SNS  

LEPTIN  

COLD
FASTING

HYPOGLYCEMIA
EPI, NE, β-agonist 

sti
m
ul
at
es

inc
rea

ses

inhibits

stimulates

  Fig. 9.1    Relationship    
between the sympathetic 
nervous system (SNS) and 
leptin. Increased leptin 
release from white adipose 
tissue (WAT) centrally 
stimulates the 
SNS. Stimulation of the 
SNS via exposure to cold, 
fasting, hypoglycemia, or 
β-agonists or infusion of 
epinephrine (EPI) or 
norepinephrine (NE) 
inhibits leptin release from 
WAT       
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leptin translation (in rodents) and leptin secretion 
(in humans) [ 8 ]. In lean rodents, β 3 -adrenoreceptor 
agonism reduced leptin mRNA in white fat 
within 4 h and was accompanied by a reduction 
in plasma leptin levels [ 9 ]. In a different study, 
administration of the combination of propranolol 
and β 3 -receptor antagonist SR 59230A, but nei-
ther alone, reversed the reduction in leptin 
mRNA expression observed with cold exposure 
[ 10 ]. This suggests that the SNS mediates leptin 
primarily via β 3 -adrenoreceptors in animals, 
however, β 1 /β 2 -adrenoreceptors may also play a 
role to some unknown extent. The specifi c 
β-receptor subtype(s) involved in leptin control 
in humans remains unclear. Interestingly, chroni-
cally elevated catecholamines observed in pheo-
chromocytoma patients did not suppress leptin 
levels [ 11 ]. 

 Rodent models, in which catecholamine synthe-
sis was blocked using the tyrosine hydroxylase 
inhibitor, α-methyl-p-tyrosine hydroxylase 
(AMPT), demonstrated increases in norepinephrine 
turnover,  ob  gene expression and leptin levels in 
mice [ 12 ]. However, leptin concentrations remained 
unchanged in both men and women administered 
AMPT compared to control [ 13 ]. Administration of 
6- hydroxdopamine (6-HDA), toxic to peripheral 
sympathetic nerve terminals, had no effect on WAT 
in rodents, but had similar albeit less robust effects 
on leptin gene expression and leptin levels as 
AMPT administration in BAT [ 14 ]. AMPT alters 
both central and peripheral catecholamine synthe-
sis, while 6-HDA has no central or adrenomedul-
lary effect. Therefore, the effect of AMPT 
administration is likely complex and potentially 
indicates participation of the adrenal medulla, 
insulin and/or glucose. 

 The direct measurement of the effect of leptin 
on sympathetic nerve activity (SNA) in periph-
eral tissues was conducted in rodent models 
using direct microelectrode recordings. 
Intravenous administration of leptin in rats 
increased SNA in a dose-dependent manner in 
BAT (thermogenic), as well as at the kidney, 
hindlimb and adrenal glands (not classically ther-
mogenic) [ 15 ]. Where SNA to BAT is thought to 
serve thermogenic or metabolic functions, SNA 
to the kidney is thought to play a part in the car-

diovascular effects of leptin [ 16 ]. Low dose leptin 
administration, under conditions of hypothermia 
(30 °C), potentiated SNA activity in BAT within 
30 min in lean Sprague-Dawley rats [ 17 ]. Diet- 
induced obese Sprague-Dawley rats, a model for 
leptin resistance, exhibited preserved increases in 
BAT SNA under the same conditions, but the 
response was not augmented by leptin administra-
tion. However, obese Zucker rats, characterized 
by a leptin receptor defect, failed to demonstrate 
changes in BAT SNA activity during hypother-
mia. This suggests that the SNA response to leptin 
is receptor dependent. 

 The relationship of leptin to the SNS is incom-
pletely understood. This may be the result of lack 
of applicability of mouse observations to human 
physiology [ 18 ]. However, in summary, any 
physiological stimulus leading to sympathetic 
stimulation of white fat appears to reduce leptin 
levels. Leptin, in turn, stimulates the SNS. Thus, 
at the most basic level a regulatory loop between 
the brain and the adipocyte exists (Fig. 9.1).  

   Hypothalamic–Pituitary–Adrenal 
(HPA) Axis 

 The stress response by the HPA axis is character-
ized in part by a rise in adrenocorticotropic hor-
mone (ACTH) and cortisol stimulated by 
corticotropin releasing hormone (CRH). Leptin 
acts at the level of the hypothalamus via CRH reg-
ulation, but this relationship is complex. Leptin 
infusion in starved  ob / ob  mice resulted in inhibi-
tion of CRH mRNA synthesis in the paraventricu-
lar nucleus of the hypothalamus [ 19 ], and isolated 
rat hypothalami fail to demonstrate a surge in 
CRH secretion when provoked with low glucose 
and subsequently administered leptin [ 20 ]. At the 
same time, ACTH secretion from rat primary 
cultured pituitary cells remained unchanged, sug-
gesting that the control of glucocorticoid release 
by leptin occurs at the level of the hypothalamus. 
In contrast, leptin injected into the third ventricle 
of starved rats increased CRH production [ 21 ] and 
increased CRH mRNA in normal rats [ 22 ]. These 
confl icting results may refl ect differences in the 
animal model studied and experimental design. 
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 In bovine adrenomedullary cells, leptin inhibited 
in vitro basal and ACTH-stimulated cortisol 
release via inhibition of transcription activity 
[ 23 ]. In human adrenal cortex cells, a strong 
immunohistochemical stain for leptin receptor 
protein was demonstrated in contrast to the weak 
signal in the medulla [ 24 ]. Leptin inhibited the 
ACTH-induced secretion of cortisol, among 
other cortex derived hormones, but had no sig-
nifi cant effect on catecholamine release from the 
medullary chromaffi n cells. 

 Homozygous ob/ob   mice demonstrated an 
85 % higher basal corticosterone level than lean 
mice, which decreased by >40 % with acute 
leptin injection [ 25 ]. In rodents, surrogate condi-
tions for stress demonstrate that leptin blocks 
activation of the HPA axis. In starved mice and 
mice placed in restraint, leptin administration 
diminishes the rise of ACTH and corticosterone 
[ 20 ,  26 ]. Chronic administration of leptin to 
monkeys exposed to a novel unpredictable situa-
tion attenuated the expected rise in ACTH and 
cortisol [ 27 ]. However, short-term leptin infusion 
in the same animal model failed to affect the cor-
tisol response to ACTH administration [ 28 ]. 

 Human studies fail to demonstrate a relation-
ship between leptin and the HPA axis as is 
observed in rodents. Individuals with congenital 
leptin defi ciency demonstrate normal ACTH and 
cortisol levels [ 29 ]. Individuals with leptin recep-
tor defects also demonstrate normal morning 
ACTH and cortisol levels [ 30 ]. Dynamic chal-
lenges of the HPA axis with dexamethasone sup-
pression testing in both leptin/receptor defi cient 
groups were also normal. In addition, morning 
cortisol levels were normal and remain unchanged 
in leptin defi cient children after administration of 
leptin [ 31 ]. Cortisol remains unchanged after 
leptin administration in healthy individuals who 
are fasted [ 32 ]. 

 However, glucocorticoids do appear to regu-
late leptin synthesis. Leptin mRNA is induced by 
dexamethasone in cultured rat adipocytes [ 33 ,  34 ]. 
This effect is not prevented by protein synthesis 
inhibitors and suggests that leptin gene expres-
sion may be mediated by transcriptional activa-
tion perhaps via the glucocorticoid receptor [ 33 ]. 
Additionally, studies using PI3K inhibitors, 
(MEK inhibitor or rapamycin) in dexamethasone- 

stimulated rat adipocytes all attenuated leptin 
secretion [ 34 ]. Likely, a complex set of signaling 
pathways is involved in leptin synthesis and 
secretion. 

 In cultured human visceral adipose tissue,  ob  
gene expression and leptin secretion increased in 
a dose-dependent manner when dexamethasone 
was added to the culture [ 35 ]. These leptin 
responses were four times greater in adipose tis-
sue from obese versus lean individuals. On the 
other hand, overnight administration of dexa-
methasone induced no change in leptin levels in 
normal control individuals [ 36 ]. However, in a 
different study, leptin levels were signifi cantly 
elevated in lean healthy subjects 24 h after receiv-
ing 1 mg of dexamethasone [ 37 ]. Obese women 
demonstrate higher basal leptin levels that 
increase with small doses of dexamethasone that 
was not demonstrated in obese men [ 36 ]. A study 
of 17 Cushing’s syndrome subjects, found sig-
nifi cantly elevated plasma leptin levels compared 
to obese and healthy subjects [ 37 ]. After resec-
tion of tumor, cortisol and leptin levels decline. 
Cushing’s syndrome is a state of hypercortisolism 
that could be recognized as a surrogate for stress. 
The authors of the study suggested that leptin, 
which is induced by hypercortisolism, acts as a 
negative regulator of adrenal cortisol production 
by its inhibitory effects on the CRH and ACTH 
production. However, when cortisol was stimu-
lated to physiological stress levels via naloxone, 
vasopressin, naloxone plus vasopressin or 
insulin- induced hypoglycemia, plasma leptin 
levels remained unchanged [ 38 ]. This is in con-
trast to previously discussed studies where leptin 
was elevated to pharmacologic levels via exoge-
nous glucocorticoids. Interestingly, a signifi cant 
fall in leptin levels at 60 and 90 min after insulin- 
induced hypoglycemia may refl ect catecholamine 
response suggesting an overlapping complex 
interplay of the HPA axis and SNS activation on 
the regulation of leptin.  

   Hypoglycemia 

 Leptin secretion is controlled by competing stim-
uli under conditions of acute insulin-induced 
hypoglycemia. In times of prolonged fasting 
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(6+ h), leptin levels begin to fall with a decline in 
energy availability [ 39 – 41 ]. Hypoglycemia, while 
not generally as prolonged in research protocols 
or in clinical scenarios of patients taking insulin, 
does constitute a more dramatic, immediate need 
for restoration of glucose levels, suggesting that 
leptin could play a role in the physiologic coun-
terregulatory response. On the other hand, 
increased insulin levels cause an increase in leptin 
under euglycemic conditions. Originally, it was 
shown that prolonged (>24 h) hyperinsulinemia 
(infusion rate: 12 pmol/kg/min) was necessary to 
signifi cantly increase leptin levels in nonobese 
males [ 42 ]. In a later dose-response study in 
males, the response of leptin to insulin infused at 
rates of 20, 40, 80, and 400 mU/m 2 /min was com-
pared to leptin levels during saline infusion over 
a time course of 9 h [ 43 ]. Compared to the control 
group, insulin was dose-dependently associated 
with increases in leptin levels starting in the fi rst 
30–60 min of insulin infusion, indicating the 
effects are more acute than previously observed. 
Thus, it might be expected that during iatrogenic 
hypoglycemia leptin could paradoxically increase. 
However, when blood glucose levels were allowed 
to fall during hyperinsulinemia (insulin infusion 
rate: 1.5 mU/kg/min), the rise in leptin levels was 
both delayed and reduced, indicating that the 
stimulatory effect of insulin on leptin levels is 
suppressed in instances of hypoglycemia com-
pared to euglycemia [ 41 ]. In fact, in a separate 
study, when insulin was infused at either a high 
dose (15 mU/kg/min) or a low dose (1.5 mU/kg/
min) and glucose levels were either maintained 
at euglycemia or hypoglycemia, leptin increased 
in all four scenarios but the increase was blunted 
during high and low dose insulin plus hypogly-
cemia compared to the euglycemia protocols 
[ 44 ]. In a third study, leptin levels actually 
decreased signifi cantly during the last hour of a 
2-h hyperinsulinemic (insulin infusion rate: 
1.5 mU/kg/min) hypoglycemic (plasma glucose 
~50 mg/dL) glucose clamp in healthy individu-
als [ 45 ]. It has been suggested that the differ-
ences in the observed changes in leptin during 
hypoglycemia in the above two studies may be 
at least partially due to differences in hypogly-
cemic protocols (i.e., stepped vs. prolonged 
moderate hypoglycemia) [ 45 ]. 

 The response of leptin to hyperinsulinemic 
hypoglycemia could be different in type 1 
 diabetes mellitus as compared to healthy indi-
viduals. Basal leptin levels were more than twice 
as high in type 1 diabetes patients as in healthy 
controls, likely resulting from insulin therapy, 
and did not change during two 2-h bouts of hypo-
glycemia on the same day [ 45 ]. Some studies 
have suggested that catecholamines play a role in 
the fall in leptin levels during hypoglycemia, and 
this could be a factor in the differential leptin 
response to hypoglycemia in type 1 diabetes as 
the epinephrine response is often blunted in this 
population. In humans, infusion of isoproterenol 
during a pancreatic clamp (basal insulin levels) 
induces a fall in leptin [ 6 ]. In a separate study, 
during a hyperinsulinemic hypoglycemic clamp, 
leptin levels rose in subjects with type 1 diabetes 
during hypoglycemia but remained at basal levels 
in healthy subjects. Upon analysis of the pooled 
subject data, leptin levels were negatively corre-
lated with the rise in epinephrine and positively 
correlated with the fall in free fatty acids [ 46 ]. 

 It has also been postulated that it is the change 
in glucose kinetics during changes in glycemia 
that modulate leptin secretion. Treatment with 
2-deoxyglucose or inhibition of glucose transport 
(using phloretin or cytochalasin-B) or metabo-
lism (using iodoacetate or sodium fl uoride) 
reduces release of leptin in cultured rat adipo-
cytes [ 47 ]. Leptin secretion was also reduced 
after treating cells with metformin. Although 
metformin enhances glucose uptake and would 
be expected to increase leptin release, it is also 
associated with an increase in metabolism of glu-
cose to lactate, suggesting that anaerobic lactate 
production is not a form of glucose metabolism 
that causes an increase in leptin [ 48 ]. On the 
other hand, it has also been proposed that insulin- 
induced changes in glucose metabolism infl uence 
leptin release at the transcriptional manner 
chronically, but that more acute changes in leptin 
release are mediated by a PI3K-PKBmTOR path-
way (and possibly other pathways) [ 49 ]. 
However, during high and low dose insulin infu-
sion at either euglycemia or hypoglycemia, the 
total amount of dextrose infused was found to be 
the major predictor of changes in leptin rather 
than circulating insulin or glucose levels [ 44 ]. 
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While the mechanisms of leptin release remain 
unclear, it seems that during hypoglycemia, 
changes in glucose metabolism within adipocytes 
could have an inhibitory effect on leptin release. 

 The regulatory role of leptin, if any, during 
hypoglycemia is still unclear. As hypoglycemia 
represents a period of energy defi cit requiring 
changes in metabolism and an increase in food 
intake, the presumption could be that leptin would 
fall in such instances to help drive these responses. 
The confounding effect of hyperinsulinemia on 
leptin levels precludes a straightforward examina-
tion of the effects of short-term hypoglycemia 
compared to euglycemia. Moreover, hypoglyce-
mia is accompanied by a robust hormonal response 
from the sympathetic nervous system, the endo-
crine pancreas, and the HPA axis, hypothalamic–
pituitary–thyroid axis, and the hypothalamic–pitu-
itary–growth axis. With the large fl uctuation of so 
many different hormones and the dramatic changes 
in substrate metabolism, it would be diffi cult to 
tease apart the pathways by which leptin is regu-
lated during hypoglycemia. The large catechol-
amine response does appear to be one of the factors 
opposing the stimulatory effects of insulin on 
leptin levels. The clinical importance of changes in 
leptin during hypoglycemia also remains to be elu-
cidated. With such powerful counterregulation 
arising from glucagon and epinephrine, leptin 
would be expected to be a minor actor during the 
acute event. Whether or not leptin levels remain 
altered following hypoglycemia or if changes in 
leptin exert their effects after a period of recovery 
is unknown.  

   Exercise 

 Exercise is a physiologic stressor on leptin 
homeostasis that has been widely studied in an 
attempt to better understand its effect on obesity. 
While leptin concentrations in humans are known 
to decrease in response to fasting, many have 
investigated whether leptin levels might also be 
modifi ed by exercise-induced negative energy 
balance. Duration of exercise and variability in 
energy expenditure (EE) infl uence changes in 
plasma leptin concentrations. 

 In lean and genetically obese (fa/fa) Zucker 
rats undergoing a single 30 min session of swim-
ming, plasma leptin was decreased by 30 % at the 
end of exercise in lean animals, but not in obese 
animals [ 50 ]. Leptin changes in lean rats were 
concomitant with the peak of fatty acid and glyc-
erol release from adipose tissue, suggesting that 
leptin changes are related to lipolysis. Nine weeks 
of endurance exercise produced decreased leptin 
levels, body weight, and food intake in Wistar 
rats. Endurance exercise also increased Ob-Rb 
mRNA expression and signaling cascades in the 
hypothalamus compared with asedentary group  
[ 51 ]. More recently, researchers demonstrated a 
benefi t of exercise on leptin sensitivity in periph-
eral tissues and the hypothalamus in Sprague 
Dawley rats given a high fat (HF) diet [ 52 ]. 
Initially, plasma leptin of the HF group was sig-
nifi cantly increased compared to that of the con-
trol group, and the mRNA expression of Ob-Rb 
and leptin-related suppressor of cytokine signal-
ing (SOCS3) in the liver and muscle of the HF 
group was signifi cantly decreased. With initiation 
of exercise and/or return to a normal diet, HF rats 
showed decreased plasma leptin levels and 
increased expression of Ob-Rb and SOCS3 
mRNA levels in the hypothalamus, liver, and 
muscle, which improved leptin sensitivity. Animal 
models therefore suggest that exercise results in 
decreased circulating leptin and improved leptin 
sensitivity in both the hypothalamus and periph-
eral tissues. 

 Human studies demonstrate variable results in 
alterations of leptin metabolism depending on the 
duration and intensity of exercise. Obese individ-
uals who initiated an aerobic exercise program 
(45-min walking sessions at 60–80 % of maxi-
mum heart rate) showed no change in leptin levels 
at the end of the fi rst session, but did show 
improved insulin sensitivity [ 53 ]. When sedentary 
subjects were examined after 20 min of vigorous 
exercise (70 % VO 2max ), a statistically signifi cant 
decrease in leptin levels was seen. However, these 
levels returned to baseline within an hour of 
supine recovery [ 54 ]. In postmenopausal females, 
reduced leptin concentrations were seen after 
30 min of exercise at 80 % VO 2max ; however, 
similar fi ndings were seen with controls and were 
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therefore attributed to diurnal circadian rhythms 
of leptin [ 55 ]. 

 While short periods of exercise do not consis-
tently affect leptin, longer durations of exercise 
can decrease leptin concentrations. When short 
duration, maximal intensity (MAX) exercise was 
compared with a 60-min endurance run at 70 % of 
VO 2max  (END) in 9 trained men, energy expendi-
ture was ~200 and ~880 kcal for MAX and END, 
respectively [ 56 ]. Plasma leptin levels did not dif-
fer between time points for the MAX run but were 
signifi cantly lower immediately, 24 h and 48 h 
post exercise for END. A second study investigat-
ing the effects of duration and intensity on leptin 
levels compared 45 males who participated in one 
of three competitive endurance races, a half-mar-
athon run (21 km, estimated EE 1,400 kcal), a ski-
alpinism race (45 km, estimated EE 5,000 kcal), 
and an ultra-marathon race (100 km, estimated 
EE 7,000 kcal) [ 57 ]. Pre- race leptin values were 
signifi cantly correlated with both body mass 
index and body fat mass. After exercise, serum 
leptin levels decreased signifi cantly in the ultra-
marathon and in the ski- alpinism race, but not in 
the half-marathon, suggesting that only a pro-
longed endurance exercise involving a high EE 
can induce a marked reduction in circulating 
serum leptin levels. Leptin levels have also been 
compared in male runners after a rest session (4 h 
sitting) and an exercise plus rest session (2 h run-
ning and 2 h sitting). Leptin concentrations were 
approximately 30 % lower after the exercise plus 
rest session as compared to rest alone, which 
confl icted with many earlier studies [ 58 ]. An 
inverse relationship between leptin levels and 
glycerol as well as free fatty acid levels was also 
observed, suggesting a possible role of lipolysis. 
In conclusion, lowered leptin levels are observed 
after prolonged exercise that induces lipolysis or 
with energy expenditure greater than approxi-
mately 800 kcal. 

 In long-term training (≥12 weeks) studies, 
leptin changes are largely correlated with anthro-
pometric changes, specifi cally fat mass loss. 
When 25 obese sedentary premenopausal women 
underwent a 12-week aerobic exercise program, 
with intensity corresponding to 50 % of  individual 
maximal oxygen consumption, plasma leptin 

levels and body weight were reduced [ 59 ]. 
Similar changes have also been observed in 
trained athletes. Twelve highly trained male row-
ers were subjected to a 3-week heavy training 
period followed by a 2-week tapering period. 
The 3-week training period induced a signifi cant 
reduction in plasma leptin. While leptin levels 
increased during the 2-week tapering period, 
they remained signifi cantly lower than baseline 
levels [ 60 ]. 

 The effect of resistance exercise on leptin 
concentrations has also been examined. The 
acute effects of maximum strength (MS), mus-
cular hypertrophy (MH), and strength endurance 
(SE) resistance exercise protocols on serum 
leptin were studied in ten young lean men [ 61 ]. 
No differences were found in serum leptin 
among the MS, MH, SE, and control sessions 
immediately after exercise and at 30 min of 
recovery. Despite a reduction in fat mass, no sig-
nifi cant decrease in leptin levels was observed in 
18 male physical education students after a 
6-week strength training program [ 62 ]. Leptin 
changes were examined in sedentary elderly 
men after a 6 month resistance training program 
and 6 month detraining period [ 63 ]. Participants 
were randomly assigned to a control, low-inten-
sity, moderate-intensity, or high-intensity train-
ing group. Leptin decreased in all groups and 
was correlated with percent BMI decrease and 
percent resting metabolic rate increase. Similar 
to chronic aerobic exercise, leptin changes seem 
to be correlated to anthropometric changes with 
long-term resistance training. 

 Although some results have varied, studies 
generally suggest that short-term (<60 min) exer-
cise does not affect leptin production. In contrast, 
exercise that produces a signifi cant energy imbal-
ance (EE > 800 kcal) reduces leptin concentrations 
immediately and at least 48 h after completion. 
Long-term (≥12 weeks) training programs result 
in decreased leptin associated with loss of fat 
mass; however, independent changes are contro-
versial. These reductions in leptin can be attributed 
to alterations in energy balance and glucoregula-
tory factors, including improved insulin sensitivity 
and lipid metabolism, although exact mechanisms 
remain to be elucidated [ 64 ].  
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   Other Clinical Situations 

 Leptin levels have been studied in various sce-
narios of clinical stress or infl ammation. Leptin 
has been linked to interleukin (IL)-6 and tumor 
necrosis factor (TNF)α, both infl ammatory cyto-
kines, but the relationship remains incompletely 
understood. In vitro, leptin was unchanged in the 
presence of IL-6 [ 65 ] and TNFα decreased leptin 
production [ 66 ]. Conversely, during longer- 
duration exposure to TNFα, leptin levels 
increased, and in other studies, both cytokines 
have been found to increase leptin [ 65 ,  67 ]. In 
addition, IL-6 and TNFα both increase leptin in 
the presence of dexamethasone perhaps suggest-
ing that the glucocorticoid receptor or cortisol 
may play a role in the relationship of IL-6 and 
TNFα and leptin [ 65 ,  66 ]. These differences may 
refl ect the model studied (i.e., adipocyte versus 
pre-adipocyte) or the duration and type of expo-
sure. However, these fi ndings suggest that leptin 
may play a role in stress response. 

 Acute leptin and IL-6 levels are signifi cantly 
elevated when studied in patients with acute sep-
sis [ 68 ] and critical illness [ 69 ]. However, at 24 h 
a negative correlation of IL-6 to leptin is apparent 
and the diurnal rhythm of leptin is altered. 
Additionally, subjects with sepsis or septic shock 
had leptin concentrations 2 and 4 times greater, 
respectively, than the control group [ 70 ]. In a 
study of critically ill patients, elevated leptin lev-
els correlated with levels of IL-6 and TNFα [ 71 ]. 
In individuals undergoing abdominal surgery, 
acute cortisol levels were more than tripled and 
leptin levels declined by nearly 50 % [ 72 ]. 
Elevated leptin levels are also associated with 
acute myocardial infarction [ 73 ]. In a pediatric 
cardiac surgery cohort an inverse relationship 
of IL-6 to leptin levels was observed [ 74 ,  75 ]. 
The prognostic value of leptin measurement in 
all critical illness is unclear, but one study did 
demonstrate that a decline in leptin levels dur-
ing the prolonged phase of sepsis was not related 
either to survival or to metabolic and hormonal 
changes [ 76 ].  

   Pregnancy 

 Leptin is one of many hormones altered by the 
physiologic stress of pregnancy. Hyperleptinemia 
is a hallmark of pregnancy, and leptin production 
is known to occur in both WAT and the placenta. 
During gestation, maternal serum leptin levels 
gradually increase, especially during the second 
trimester, and fall sharply postpartum [ 77 ]. This 
change is likely due to an increase in bound 
leptin, as no signifi cant change in free leptin has 
been observed during 20–30 weeks gestation 
[ 78 ]. In the nongravid state, elevated leptin levels 
are often attributed to increased adipose tissue 
with obesity. Increases in leptin levels in early 
pregnancy before signifi cant weight gain suggest 
that factors other than simply adiposity are 
involved [ 79 ]. While an increase in leptin levels 
appears to be ubiquitous in pregnancy, regulation 
of placental leptin expression and secretion is 
species specifi c. In mice, corticosterone- 
dependent upregulation of leptin secretion from 
adipose tissue has been observed, whereas leptin 
is not constitutively secreted by the placenta [ 80 ]. 
In contrast, in baboon [ 81 ], bat [ 82 ], and human 
[ 83 ], leptin generated by adipose tissue appears to 
be only partly responsible for the increase in circu-
lating maternal leptin, implicating a role for pla-
cental leptin synthesis. Human studies have 
localized leptin and leptin receptor transcript 
expression to syncytiotrophoblasts of the placenta 
[ 84 ], and approximately 98 % of leptin produced 
by the placenta is released into the maternal circu-
lation [ 85 ]. Elevated circulating maternal leptin 
levels during pregnancy can be attributed to vary-
ing mechanisms, including placental leptin pro-
duction, upregulation of adipose leptin production, 
and production of circulating leptin-binding 
proteins. 

 While elevated leptin levels should result in 
appetite suppression, this is not the case in preg-
nancy. Animal studies have demonstrated that 
food intake during pregnancy is increased [ 86 ], 
supporting the increased nutritional demand of 
fetal growth. This contradiction can be explained by 
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a state of leptin resistance. Though the mechanism 
of leptin resistance is not entirely clear and 
seems to vary among species, both placental 
secretion of leptin binding proteins and reduced 
hypothalamic response to circulating leptin 
have been implicated. Mouse models showed 
dramatically increased expression of the Ob-Re 
isoform of the leptin receptor mRNA in the pla-
centa at the end of pregnancy, encoding a solu-
ble binding protein that inhibits leptin 
availability [ 87 ]. Researchers also demon-
strated a signifi cant reduction of Ob-Rb mRNA 
levels in the VMH during pregnancy compared 
with nonpregnant rat controls [ 88 ]. Additionally, 
the number of cells positive for leptin-induced 
pSTAT3 in the VMH, a measure of signal trans-
duction and transcription activation, was greatly 
reduced during pregnancy compared with non-
pregnant rats, implicating the VMH as a key 
site involved in pregnancy-induced leptin resis-
tance [ 88 ]. 

   Function of Leptin in Pregnancy 

 If circulating leptin is increased, yet not contrib-
uting to hypothalamic regulation of appetite sup-
pression, it must have been preserved for another 
role. Because of its localization to syncytiotro-
phoblasts, leptin has been implicated as modula-
tor of endocrine function in the placenta. It is 
postulated that leptin contributes to placental 
growth by enhancing mitogenesis, stimulating 
amino acid uptake and increasing synthesis of 
extracellular matrix proteins [ 89 ]. Mouse studies 
have shown that leptin is essential for implanta-
tion and development of mammary glands but 
not pregnancy itself [ 90 ]. Ramos et al. showed 
that disruption of leptin signaling resulted in a 
signifi cant reduction of IL-1 receptor type I, leu-
kemia inhibitory factor, vascular endothelial 
growth factor receptor 2, and beta3-integrin lev-
els, also suggesting an obligatory role in endome-
trial receptivity and successful implantation [ 91 ]. 
Recombinant human leptin added to primary 
cultures of human term placental trophoblast 

cells stimulated secretion of human chorionic 
gonadotropin (hCG) and IL-6 and inhibited 
progesterone secretion [ 92 ]. Leptin has also been 
associated with fetal growth. Cord leptin samples 
have shown a positive correlation with birth weight 
independent of insulin-like growth factor (IGF)-1, 
although the exact mechanism is unknown [ 93 ]. 
Additionally, it has been shown that leptin 
decreased fetal bone resorption therefore increas-
ing overall bone mass [ 94 ].  

   Leptin in Pathologic Pregnancies 

 Pathologic states during pregnancy can further 
stress maternal and fetal leptin homeostasis. 
Maternal plasma leptin concentrations are similar 
in pregnant women with type 1 diabetes mellitus 
and gestational diabetes mellitus as compared to 
their normoglycemic counterparts when cor-
rected for BMI. However, researchers found that 
placental leptin mRNA and protein contents were 
increased threefold and fi vefold, respectively, in 
women requiring chronic insulin therapy during 
pregnancy [ 95 ]. Therefore, alterations in leptin 
homeostasis in diabetic pregnancies are confi ned 
to the fetoplacental unit. Cord leptin was also 
higher in infants of diabetic mothers, even after 
birth weight that was corrected for gestational 
age, supporting an upset in the regulation of fetal 
growth. Cord leptin levels were strongly corre-
lated with cord IGF-1 levels in the infants of non-
diabetic, but not diabetic mothers, suggesting 
that the latter group has a higher percentage of fat 
mass in their overall total weight [ 96 ]. 

 Leptin changes have also been observed in 
pregnancies affected by preeclampsia. Plasma 
leptin levels in preeclamptic women are elevated 
signifi cantly, compared with gestational age- 
and BMI-matched normal pregnant women and 
are reduced to those expected for their body 
mass indices soon after placental delivery. The 
rise with preeclampsia correlates with the sever-
ity of disease. Leptin secretion was also 
increased signifi cantly in a human trophoblastic 
cell line (BeWo cells) cultured under hypoxic 
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conditions (5 % O 2 ), compared with those 
 cultured under standard conditions (20 % O 2 ) 
[ 97 ], implicating fetal hypoxia as a stimulator of 
placental leptin production. In this case, hyper-
leptinemia may be a compensatory mechanism 
to increase nutrient delivery to an under per-
fused placenta [ 98 ]. 

 In summary, pregnancy alters leptin homeo-
stasis resulting in increased maternal leptin lev-
els. This increase can largely be attributed to 
placental leptin production. Similar to obesity, 
pregnancy creates a state of leptin resistance in 
part due to downregulation of Ob-Rb receptors in 
the VMH. In pregnancy, leptin is a modulator of 
endocrine function in the placenta, directly 
affecting fetal growth. Leptin homeostasis is fur-
ther stressed by pathologic states in pregnancy, 
such as diabetes and preeclampsia.      
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           Introduction 

 Following the discovery of the  obese  ( ob ) gene 
and its protein product leptin in 1994 [ 1 ], studies 
were performed to determine the role of the kid-
ney in leptin clearance, and the effects of chronic 
kidney disease (CKD) and end-stage renal dis-
ease (ESRD) failure on leptin levels. CKD is 
defi ned as a chronic loss of renal function. The 
severity of CKD is based on glomerular fi ltration 
rate (GFR) measured in ml/min/1.73 m 2 : stage 1 
CKD is defi ned as GFR >90; stage 2, GFR 60–89; 
stage 3, GFR 30–59; and stage 4, GFR 15–29. 
GFR less than 15 (Stage 5 CKD) includes those 
patients receiving chronic dialysis, and is com-
monly referred to as ESRD. Circulating levels of 
numerous proteins and peptide hormones are 

affected by renal failure [ 2 ]. Some patients with 
CKD and most patients with ESRD also have 
elevated markers of chronic infl ammation, 
including tumor necrosis factor alpha (TNFα) 
and various cytokines including interleukin-1 
(IL-1), which have been reported to stimulate 
leptin production [ 3 – 5 ]. Similarly, hyperinsu-
linemia is common in CKD and dialysis patients, 
is a risk factor for the development and progres-
sion of CKD, while insulin has also been demon-
strated to stimulate leptin secretion [ 6 – 9 ]. 
Consequently, it was hypothesized that ESRD 
patients might have higher leptin levels due to 
diminished leptin clearance and increased secre-
tion, as outlined in Fig.  10.1 .

      Leptin Uptake and Clearance 
by the Kidney 

 Early studies in rats outlined the important role of 
the kidney in leptin clearance. Although extrac-
tion of leptin across the renal circulation was 
high, little intact leptin was detected in the urine, 
indicating signifi cant intrarenal metabolism [ 10 , 
 11 ]. Nephrectomy led to a rapid increase in leptin 
levels, although the levels fell substantially over 
time, indicating other mechanisms for leptin 
metabolism [ 10 ]. Kinetic studies suggested that 
uptake of leptin by the kidney, rather than exclu-
sive glomerular fi ltration, was the predominant 
elimination pathway [ 12 ]. Other mechanisms 
affect leptin beyond renal clearance and degrada-
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tion, as a study nephrectomizing rats led to only 
transient increases in leptin levels [ 13 ]. 

 Consistent with animal studies, studies in 
humans have demonstrated that plasma levels of 
both free and protein-bound leptin are signifi cantly 
reduced by passage through the kidney, supporting 
glomerular fi ltration and likely uptake and metabo-
lism [ 14 ]. The increased leptin levels observed in 
obese adults with normal renal function can be 
explained by increased production directly related 
in adiposity, and not to reduced clearance [ 15 ]. 

 Clearance of leptin has now been shown to occur 
by fi ltration by the glomerulus, followed by binding 
by the multiligand receptor megalin in the luminal 
membrane of the proximal tubules. Megalin-
mediated endocytosis of leptin is then followed by 
degradation in the proximal tubule [ 16 ]. Thus, 
leptin clearance and degradation is mediated by 
glomerular fi ltration and tubular uptake. 
Consequently, as the glomerular fi ltration rate 
(GFR) decreases, leptin metabolism through the 
kidney is impaired. Measuring leptin levels in aortic 
and renal vein plasma to calculate net leptin extrac-
tion by the kidney, Sharma et al. reported that the 
kidneys in patients with intact renal function extract 
12 % of circulating leptin, whereas in patients with 
renal insuffi ciency show no measurable uptake of 
leptin across the renal vasculature [ 17 ]. Fruehwald-
Schultes et al. found that leptin degradation was 
impaired in early stages of diabetic nephropathy, 

leading to elevated levels [ 18 ]. In another report, 
plasma leptin levels correlated inversely with GFR, 
thus adding to the body of evidence that leptin 
accumulates with declining GFR [ 19 ].  

   Leptin Levels in ESRD and CKD 

 In 1997, observational studies in patients on 
chronic hemodialysis demonstrated signifi cantly 
higher leptin levels than age- and gender-matched 
controls with normal renal function, and showed 
that leptin levels correlated with body mass index 
(BMI) and fat mass index (see Table  10.1  and 
Fig.  10.2 ) [ 17 ,  20 ,  21 ]. Similarly, in patients receiv-
ing peritoneal dialysis, leptin levels were signifi -
cantly higher than controls [ 21 – 25 ]. Dagogo-Jack 
and colleagues [ 23 ] measured leptin and leptin 
index (leptin level/BMI) in 36 patients on perito-
neal dialysis and noted that leptin index was fi ve-
fold higher among men and 7.5-fold higher levels 
among women, compared to normal controls 
(Fig.  10.3 ). Not all ESRD patients have elevated 
leptin levels; leptin levels lie within the expected 
normal range for BMI in a signifi cant minority of 
ESRD patients, and these patients are more likely 
to be male and nonobese. Major predictors of 
hyperleptinemia in ESRD patients include female 
gender, higher BMI, treatment with peritoneal 
dialysis (compared to hemodialysis) [ 20 ,  23 – 25 ].

  Fig. 10.1    Mechanisms 
contributing to hyperlepti-
nemia in end-stage renal 
disease (ESRD) patients, 
and potential pathways for 
leptin to affect survival. 
HPA, hypothalamic–pitu-
itary axis       
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     In dialysis patients, leptin largely circulates in 
the free form, rather than protein-bound form 
[ 17 ]. Western blot analysis of samples from 
ESRD patients and normal controls showed a 
single band for leptin at 16 kDa in both groups 
(consistent with the full length protein), without 
evidence of leptin degradation products [ 20 ,  22 ]. 
These data are interpreted to indicate that 
enhanced protein binding or metabolic break-
down products are not accounting for the ele-
vated levels of immunoreactive leptin observed 
in ESRD [ 17 ,  20 ,  22 ]. In mice and humans, 
leptin has been shown to suppress food intake, 
increase energy expenditure, and alter immuno-
logical and metabolic parameters [ 26 – 29 ]. 
Despite these  recognized biologic effects, leptin 
levels did not correlate with weight changes in 
ESRD patients during the previous 4 months, 
which suggests possible leptin resistance in renal 
failure [ 22 ]. 

 Various studies have determined leptin levels in 
earlier stages of CKD. Menon et al. [ 30 ] analyzed 
serum samples from 798 participants in the 
Modifi cation of Diet in Renal Disease (MDRD) 
Study and found that higher leptin levels were 
associated with older age, female gender, lower 
GFR, and higher levels of body fat, insulin, and 
CRP [ 30 ]. A 10 % decline in GFR was associated 
with 6 % increase in leptin level [ 30 ]. Being a pro-
spective randomized trial of dietary protein restric-
tion on CKD progression in nondiabetic patients, 
the MDRD study had baseline leptin levels that 
were analyzed in relation to renal outcomes. 
Neither higher leptin levels nor higher CRP levels 
were independent predictors of progression of 
CKD [ 31 ]. In a recent study of 5,820 adult partici-
pants in the multiethnic National Health and 
Nutrition Examination Survey, higher plasma 
leptin levels were associated with CKD after 
adjusting for age, sex, race/ethnicity,  education, 

   Table 10.1    Major studies examining leptin levels in CKD   

 Author, year 
 Number 
of subjects  Modality 

 Leptin level 
( N  ± SD) ng/ml  Comments 

 Merabet, 
1997 

 141  HD  M 26.8 ± 5.7  Higher levels than in normal renal function; 
correlates with BMI.  F 38.3 ± 5.6 

 Sharma, 1997  37  HD  37.6 ± 10.6  Higher than normal after correcting for BMI 
 Nishizawa, 
1998 

 103  HD  M 5.0 ± 1.2  Correlation with fat mass index 
 F 19.3 ± 3.1 

 Dagogo-Jack, 
1998 

 56  PD  M 49.9 ± 18.4  7.5-fold elevation as compared to healthy controls 
when matched for BMI  F 220 ± 28.1 

 Parry, 1998  49  PD  M 11 (9–19)  No correlation with CRP, IGF-1, or albumin 
 F 53 (19–128) 

 Landt, 1999  28  PD  M 18.2 ± 23.6  No correlation with CRP and albumin 
 F 215 ± 120.1 

 Heimburger, 
1997 

 PD 16  PD and HD  PD 55.6 ± 9.6  Positive correlation between CRP and serum leptin 
 HD 8  HD 72 ± 22.9 

 Johansen, 
1998 

 PD 9  PD and HD  PD 10.5 (3.3–266)  Negative correlation with albumin and PCR 
 HD 19  HD 3.5 (0.8–156) 

 Fontan, 1999  PD 75  PD and HD  PD 36  Correlation between IGF-1 and leptin 
 HD 51  HD 5.4 

 Kagan, 1999  HD 26  PD and HD  PD (M 26.1, F 89.4)  High leptin/BMI ratios in CAPD 
 PD 20  HD (M 17.7, F 35.6) 

 Nordfors, 
1998 

 Mod 75  CKD and PD  Mod RF 16.5 ± 1.5  Positive correlation between serum leptin and CRP 
 Adv RF 104  Adv RF 27.7 ± 3.6 
 PD 7  PD 39.6 ± 12.6 

 Picoits-Filho, 
2002 

 149  ESRD not on 
RRT 

 10 (1.1–220)  Positive correlation with IL-6 
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smoking, alcohol intake, BMI, and comorbidities 
(diabetes, hypertension, and dyslipidemia). 
Individuals in the highest leptin quartile had a 
threefold increased odds of CKD compared to the 
referent (quartile 1 of leptin) [ 32 ].  

   The Effect of Dialysis Modalities 
on Leptin 

 During hemodialysis, solutes and water are 
cleared across a semipermeable membrane 
referred to as a dialyzer. Dialyzer membranes have 

two major characteristics—permeability and bio-
compatibility. These membranes based on their 
composition are categorized into: cellulose, sub-
stituted cellulose, cellulosynthetic, and  synthetic. 
Cellulosic dialyzers are more bio- incompatible, 
and activate the complement cascade and stimu-
late infl ammatory cytokines, while synthetic dia-
lyzers have far less interaction with circulating 
proteins and blood cells. Thus, studies of hemo-
dialysis patients on different types of dialyzers 
provide insight into the contribution of the dialy-
sis process to leptin clearance in the setting of 
differential activation of infl ammatory [ 3 ,  4 ]. 

  Fig. 10.2    Correlation of 
plasma leptin levels with 
BMI. Panel ( a ), Men; Panel 
( b ), women.  Diamonds  rep-
resent results for ESRD 
patients, and  circles  show 
results for control subjects. 
 Solid lines  are regression 
curves, and  dotted lines  
represent the 95 % confi -
dence interval around the 
regression lines of normal 
subjects. From Merabet E 
et al. J Clin Endo Metab 
82:847–850, 1997       
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Dialyzers are also divided into low-fl ux which 
provide minimal clearance of middle molecules, 
generally defi ned as a molecular weight 
>10 kDa, and high fl ux which have signifi cant 
clearance of molecules with a molecular weight 
of 10–50 kDa and thus better refl ect the clear-
ance provided by the normal glomerular. With a 
molecular weight of about 16 kDa, clearance of 
leptin through different dialyzers should vary. 
Since leptin secretion increases in response to 
infl ammatory cytokines [ 5 ,  33 ], cellulosic mem-
branes were hypothesized to increase leptin 
levels. As infl ammatory markers are increased 
more by bio-incompatible dialyzers, it was also 
hypothesized that leptin levels may be higher 
among patients receiving hemodialysis with cel-
lulosic membranes. 

 Employing a crossover design, Coyne and 
colleagues found that use of low-fl ux cellulosic 
membranes signifi cantly increased TNF-α levels, 
but did not alter leptin levels compared to use of 
low-fl ux polysulfone dialyzers [ 34 ]. In contrast, 
high-fl ux dialyzers were more effective in clear-
ing leptin compared to low-fl ux polysulfone and 
cellulosic dialyzers, leading to a 30 % reduction 
in plasma leptin levels (Fig.  10.4 ) [ 34 ]. Clearance 
of leptin across the dialyzer was also measured, 

  Fig. 10.3    Comparison of leptin index in CAPD-treated 
patients ( Hatched bars ) and healthy controls ( black bars ). 
Leptin index was calculated as plasma leptin concentra-
tion (ng/mL) divided by body mass index (kg/m 2 ). ** 
 p  < 0.0001; * p  < 0.001. From Dagogo-Jack S et al. Perit 
Dial Int 18:34–40, 1998       
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  Fig. 10.4    ( a ) Infl uence of dialyzer type on plasma leptin 
concentration: Plasma leptin levels were determined 
weekly while eight patients were dialyzed serially on 
Terumo low-fl ux cellulosic dialyzers (TAF), low-fl ux 
polysulfone dialyzers (F8), and high-fl ux polysulfone dia-
lyzers (F80B). The average leptin concentration was sig-
nifi cantly lower in the F80B group ( p  < 0.005 v TAF; 

 p  < 0.02 v F8). From Coyne DW et al. Amer J Kidney Dis 
1998. ( b ) Clearance of leptin by dialyzer type. The pooled 
data of TAF (a low-fl ux cellulosic dialyzer) and F8 (a low-
fl ux polysulfone dialyzer) are shown as “low fl ux.” The 
F80B (high fl ux polysulfone dialyzer) clearance was sig-
nifi cantly higher than the low fl ux group ( p  = 0.043). From 
Coyne DW et al. Amer J Kidney Dis 1998       
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and only high fl ux dialyzers led to signifi cant 
removal of leptin    (Fig.  10.4 ) [ 34 ]. Use of dialyz-
ers with even higher clearance of middle mole-
cules leads to even greater reductions in leptin 
level [ 35 ]. Hemodiafi ltration, another form of 
dialysis frequently employed in Europe, pro-
vides the greatest clearance of leptin, but post-
dialysis rebound occurs [ 36 ]. The latter suggests 
a multi- compartment distribution of leptin simi-
lar to that of beta-2 microglobulin, a well-stud-
ied middle molecule [ 36 ]. Despite the 
relationship of the characteristics of dialyzers to 
leptin levels and leptin clearance, large clinical 
trials have demonstrated minimal improvement 
in clinical outcomes when patients are dialyzed 
using high fl ux versus low fl ux dialyzers, or 
treated with hemodiafi ltration versus standard 
hemodialysis [ 37 ,  38 ]. These trial results suggest 
leptin levels per se are not a major contributor to 
the excessively high total and cardiovascular 
mortality observed in dialysis patients, though 
none of these modalities normalize leptin levels 
in the obese patient.

   Peritoneal dialysis employs the serosal layer 
of the peritoneal cavity to achieve clearance of 
solutes and water. Peritoneal membrane consists 
of different sized pores—large (20–40 nm), small 
(4–6 nm), and transcellular (<0.8 nm)—that are 
responsible for transportation of molecules 
across the membrane based on their size. A study 
of patients receiving peritoneal dialysis showed a 
leptin clearance intermediate to the clearance of 
the smaller creatinine and larger beta-2 micro-
globulin [ 39 ]. Men on peritoneal dialysis appear 
to have higher leptin clearance than women [ 25 ]. 
Among ESRD patients, plasma leptin tends to 
run higher in patients treated with peritoneal dial-
ysis compared with hemodialysis; the disparity 
has been attributed to lower clearance of leptin by 
the peritoneal membrane, and possible effects of 
peritoneal dialysate pH and electrolyte composi-
tion on leptin release by local adipocytes [ 40 – 42 ]. 
To date, no difference in survival rate has been 
noted between the two modalities of dialysis, 
despite the consistent observation of higher leptin 
levels in peritoneal dialysis patients compared to 
those treated by hemodialysis.  

   Effect of Renal Transplantation 
on Leptin 

 Renal transplantation is performed in patients with 
stage 5 CKD who may or may not already be 
receiving chronic dialysis. Transplantation usually 
results in an increase in eGFR to normal or near 
normal levels during the fi rst day. Renal transplan-
tation recipients are generally younger, healthier, 
and less likely to be obese than ESRD patients on 
dialysis. Landt and colleagues determined changes 
in leptin levels in 29 adults before and after suc-
cessful renal transplantation [ 43 ]. Mean plasma 
leptin levels prior to transplant were higher than 
controls, but this was largely attributable to a few 
patients with high BMI and very high leptin levels. 
Six days following renal transplantation, mean 
leptin levels decreased to control levels, and this 
normalization was driven by a marked decrease in 
the obese patients, although even those with nor-
mal pre-transplant leptin levels tended to decline. 
This normalization of leptin persisted for at least 
60 days posttransplant [ 43 ]. The restoration of renal 
function leading to a normalization of leptin levels 
further supports the notion that impaired renal 
clearance is a major contributor to hyperlepti-
nemia in ESRD. Approximately 6 months onwards 
following renal transplantation some but not all 
authors have reported a tendency for plasma leptin 
levels to increase above the early posttransplant 
nadir [ 44 – 47 ]. Potential explanations for an 
increase in leptin in the late posttransplant period 
include the effects of glucocorticoids [ 9 ], insulin 
therapy for posttransplant diabetes [ 48 ,  49 ], 
weight gain, and decline in GFR. However, Souza 
et al. [ 44 ] found no correlation between leptin 
and renal function during 1 year of posttransplant 
follow-up.  

   Leptin as a Mediator of End-Organ 
Damage in CKD and ESRD 

 Hyperleptinemia has been associated with adverse 
effects on cardiovascular, renal and vascular 
remodeling in preclinical studies. Animal studies 
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have shown that leptin caused activation of sympa-
thetic nervous system, attenuated natriuresis, and 
decreased urinary excretion of nitric oxide [ 50 , 
 51 ]. Intracerebroventricular injection of leptin 
induced a steady increase in mean arterial pres-
sure, and sympathetic nerve activity [ 50 ]. However, 
the leptin-induced increase in sympathetic activity 
is not always followed by an increase in arterial 
pressure in animals, and data suggest the leptin-
induced production of nitric oxide may modulate 
any pressor effect of sympathetic activation by 
leptin [ 51 ,  52 ]. Sodium retention is an early abnor-
mality in CKD and contributes to the presence and 
severity of hypertension [ 53 ]. Progressive decline 
in GFR is associated with increased risks for 
hypertension and heart failure. The possible role of 
leptin (whose levels also increase with declining 
GFR) in cardiovascular dysfunction among CKD 
patients remains to be fully elucidated. Leptin’s 
demonstrated effects on hemodynamics and sol-
ute retention predict potentially deleterious car-
diovascular consequences in CKD. The subject 
of leptin and hypertension is discussed further in 
Chap.   14    . In animal models, leptin has been 
reported to mediate adverse cardiovascular 
effects via increased sympathetic activation, 
myocyte hypertrophy, and prothrombotic actions 
[ 50 ,  54 – 56 ]. Left ventricular hypertrophy increases 
in frequency and severity with CKD progression 
and is present in about 50 % of incident dialysis 
patients [ 57 – 59 ]. The presence of left ventricular 
hypertrophy also strongly correlates with the risk 
of cardiovascular events and death in ESRD 
patients [ 58 ,  60 ]. 

 Progressive loss of GFR resulting in ESRD, 
despite adequate control of blood pressure and 
diabetes mellitus, is a frequent problem in CKD 
patients [ 61 ,  62 ]. Glomerular hyperfi ltration may 
promote progressive glomerular fi brosis via trans-
forming growth factor-β (TGF-β) and other profi -
brotic infl ammatory cytokines [ 61 ,  62 ]. Leptin 
stimulates cell proliferation and increased synthe-
sis of TGF-β1 and type IV collagen in glomerular 
endothelial cells, and also increases TGF-β2 
receptor expression and glucose transport in glo-
merular mesangial cells [ 63 ,  64 ]. These changes 
have been linked to increased extracellular matrix 

production in the glomerulus and subsequent risk 
of focal glomerulosclerosis and proteinuria [ 64 ]. 
These animal data implicate hyperleptinemia as a 
potential mediator of cardiovascular morbidity 
and progression of renal dysfunction, but corrob-
oration from clinical studies is lacking.  

   Hyperleptinemia and Clinical 
Outcomes in ESRD 

 Nutrition is an important predictor of mortality in 
CKD patients. In ESRD patients, progressive loss 
of body weight is associated with increased risk 
of death, and unlike in the general population, 
obesity is associated with improved survival [ 65 , 
 66 ]. Leptin through its pro-infl ammatory action 
has been postulated to contribute to cachexia and 
increased morbidity and mortality in CKD and 
ESRD patients. In this regard, some studies have 
observed that patients with higher circulating 
leptin levels in relation to body fat have lower lean 
mass and increased weight loss over time [ 67 ,  68 ]. 
In peritoneal dialysis patients, hyperleptinemia 
was reportedly associated with weight loss [ 49 ]; 
however, Merabet et al. [ 20 ] did not observe any 
correlation between changes in leptin levels and 
changes in body weight among hemodialyzed 
patients [ 20 ]. In addition to body weight homeo-
stasis, there have been several reports linking 
leptin to a number of clinical outcomes in patients 
with CKD and ESRD [ 69 – 101 ].  

   Anemia 

 Anemia of CKD and ESRD is another area where 
a plausible role of leptin has been suggested. 
The severity of anemia and resistance to exoge-
nous erythropoietin correlate with an increased 
risk of death in CKD and ESRD patients [ 69 ,  70 ]. 
The etiology of anemia in CKD and ESRD 
includes decreased erythropoietin production and 
infl ammation. Leptin receptors are present on 
hematopoietic cells in the bone marrow; stimula-
tion of rodent bone marrow cells with leptin 
induces GM-CSF expression, leading to enhanced 
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hematopoiesis [ 71 ,  72 ]. Consonant with these 
effects, human studies have shown that serum 
leptin levels correlate positively with higher 
hemoglobin and improved sensitivity to recombi-
nant erythropoietin [ 73 ,  74 ]. Patients with higher 
body fat, who also had higher leptin levels, 
showed increased responsiveness to exogenous 
erythropoietin [ 73 ,  75 ].  

   Glucoregulation 

 Approximately 50 % of patients with ESRD 
receiving dialysis treatment in the USA have dia-
betes [ 76 ]. Leptin receptors are present on the 
membranes of pancreatic islet β-cells, where 
leptin action results in inhibition of insulin secre-
tion [ 77 ]. Leptin levels have been found to be 
higher in lean insulin-resistant individuals as 
compared to lean insulin-sensitive individuals 
[ 78 ], and higher in obese insulin-resistant per-
sons than obese insulin-sensitive persons [ 79 ]. 
These fi ndings suggest that higher leptin levels 
might be a compensatory response to ambient 
insulin resistance, as argued by Dagogo-Jack 
et al. [ 79 ]. In CKD patients, higher leptin levels 
have been associated with hyperinsulinemia and 
insulin resistance, independent of body fat [ 49 ]. 
However, it is not known whether hyperlepti-
nemia in CKD patients with diabetes is associ-
ated with alteration in glycemic control relative 
to patients with normoleptinemia.  

   Metabolic Bone Disease 

 Metabolic bone disease (MBD) is common in 
patients with CKD and ESRD, and has unique 
characteristics compared to patients with normal 
renal function. To distinguish it from other forms 
of metabolic bone disease, and to highlight the 
diverse range of bone and metabolic disturbances, 
it is now referred to as CKD-MBD. There are 
several types of bone abnormalities observed in 
CKD-MBD:osteitis fi brosa, from secondary 
hyperparathyroidism; osteomalacia, from vitamin 
D defi ciency; and adynamic bone disease [ 80 ]. 
The recognized abnormalities in bone mineral 
metabolism in patients with CKD and ESRD 

include secondary hyperparathyroidism, hypocal-
cemia, hyperphosphatemia, vitamin D defi ciency, 
1,25-(OH) 2 -vitamin D (calcitriol) defi ciency, and 
elevated fi broblast growth factor- 23 (FGF-23) 
[ 80 ]. All of these abnormalities increase in fre-
quency and severity as GFR declines, and all of 
these abnormalities have been associated with 
increased mortality in CKD or ESRD patients 
[ 80 – 89 ]. In vitro and in vivo studies have indicated 
that leptin may have osteogenic effects by acting 
on osteoclasts, osteoblasts, and chondrocytes [ 90 –
 92 ]. In a study by Tsuji et al. [ 93 ], mice treated 
with leptin showed increased expression of FGF-
23 mRNA in bone, which was associated with a 
reduction in 1α-hydroxylase and lower levels of 
calcitriol, calcium, and phosphate. 

 Leptin has rather interesting correlates with 
bone parameters in renal-impaired humans [ 94 –
 96 ]. In CKD patients, circulating leptin levels 
correlate inversely with intact PTH, and posi-
tively with calcium levels [ 94 – 96 ]. Coen et al. 
studied 46 hemodialysis patients, using double- 
tetracycline labeling followed by transiliac bone 
biopsy, histological, histomorphometric, and his-
todynamic analyses [ 94 ]. The higher leptin levels 
observed in obese ESRD patients undergoing 
dialysis treatment were associated with decreased 
osteoclast numbers and mineral apposition rate 
and a trend toward decreased osteoblastic activity 
[ 94 ]. However, there was no signifi cant associa-
tion between leptin levels and low bone turnover 
disease [ 94 ]. The relationship between leptin and 
bone mineral density has not been well studied 
in CKD patients and reports from studies in 
non- CKD populations have been inconsistent 
[ 97 ,  98 ]. Thus, although leptin appears to have 
signifi cant interactions with several elements of 
CKD- MBD, further studies are needed to deter-
mine if leptin plays a pathological or benefi cial 
role in bone health in CKD and ESRD patients. 
The subject of leptin and bone is discussed exten-
sively in Chap.   13    .  

   Leptin and Mortality 

 ESRD patients have 10–100-fold higher risk of 
total and cardiovascular mortality compared to 
age-matched controls. Several factors including 
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cardiovascular disease, malnutrition, infl ammation, 
oxidative stress, and endothelial dysfunction con-
tribute to the increased mortality [ 66 ]. The rela-
tionship of leptin to mortality in CKD patients has 
been recently studied. Park et al. [ 99 ] studied 
leptin to adiponectin ratios in PD patients. After 
adjusting for potential confounders including age, 
BMI and serum albumin, nondiabetic patients 
with higher leptin to adiponectin ratio had higher 
mortality [ 99 ]. In hemodialysis patients, low 
ghrelin levels have been associated with protein 
energy wasting and higher mortality, especially 
cardiovascular mortality [ 100 ]. Of note, the low 
ghrelin levels were associated with higher leptin, 
and CRP levels, which suggests that ghrelin, 
leptin, and infl ammation might be biomarkers of 
protein energy wasting and higher mortality in 
ESRD patients. Parenthetically, leptin is a strong 
stimulant of FGF-23 expression, and circulating 
FGF-23 levels are markedly elevated in ESRD 
patients, and correlate with mortality [ 85 ,  93 ]. 

 In contrast, another clinical study examining 
the relationship of leptin levels to prevalent car-
diovascular disease and subsequent mortality 
found no signifi cant correlation of either cardio-
vascular disease or mortality with leptin levels or 
leptin/BMI ratio [ 101 ]. Indeed, some studies have 
associated higher leptin levels with favorable clin-
ical characteristics (including higher serum albu-
min levels) and improved survival in ESRD 
patients [ 102 – 104 ]. In a study of 71 hemodialysis 
patients followed for up to 7 years, Scholze et al. 
[ 104 ] reported that a lower baseline leptin level 
was associated with 3.8-fold higher risk of mor-
tality than higher leptin levels. Similar paradoxi-
cal relationships have been observed between 
higher levels of cholesterol, blood pressure, or 
obesity and improved survival in ESRD patients, 
a phenomenon referred to as “reverse epidemiol-
ogy” [ 65 ,  102 ]. The observation of higher leptin 
and higher weight correlating with improved sur-
vival in ESRD may refl ect confounding health 
factors which lead to weight loss and lower leptin 
as patients’ clinical condition declines prior to 
death. Hence, the nutritional impact of leptin in 
CKD and ESRD patients requires a more exhaus-
tive investigation. 

 Taken together, these data suggest that hyper-
leptinemia could be either maladaptive or adaptive 

in patients with CKD and ESRD, or it may be an 
innocent bystander that is nevertheless highly 
associated with other factors mediating progres-
sion of CKD and cardiovascular disease [ 105 ].  

   Lowering Leptin Levels in ESRD 
Patients 

 Based on current understanding, the rationale for 
specifi c intervention to alter circulating leptin lev-
els in patients with CKD or ESRD has not been 
fi rmly established. Nonetheless, we here discuss 
comparative outcomes of different dialysis meth-
ods that are associated with differential leptin 
clearance in ESRD patients. The most effect way 
to lower leptin levels in ESRD patients appears to 
be use of high fl ux dialyzers, or for even greater 
clearance, use of hemodialfi ltration. Notably, a 
large trial which randomized ESRD patients to 
low fl ux or high fl ux dialyzers found no difference 
in overall mortality, although secondary analysis 
of some prespecifi ed cardiac events suggested 
some benefi t [ 37 ]. Similarly, a randomized trial 
assigning ESRD patients to low fl ux dialyzers 
versus hemodiafi ltration (which would provide 
even greater reductions in leptin levels), found no 
difference in mortality [ 106 ]. Two other clinical 
trials that compared high fl ux dialyzers versus 
hemodiafi ltration have been concluded, with one 
showing a reduction in mortality in the hemodi-
afi ltration group [ 107 ,  108 ]. Cyclical therapy 
with recombinant IGF-1 has been reported to 
decrease serum leptin by ~30 % in patients with 
pre-terminal (stage 5) CKD, but no clinical out-
comes were reported in that study [ 109 ]. 

 Thus, although clinical studies aimed specifi -
cally at altering leptin have not been performed, 
the available data do provide indirect insight into 
the possible impact of leptin manipulation on 
clinical outcomes in ESRD patients.  

   Summary 

 Leptin levels increase in patients with CKD and 
ESRD due to both reduced clearance/catabolism 
by the kidneys and likely enhanced production 
due to stimulation by insulin, glucocorticoids, 
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and infl ammatory cytokines. Hyperleptinemia is 
common in ESRD patients, and is exacerbated by 
obesity, use of peritoneal versus hemodialysis, 
and use of low-fl ux versus high-fl ux dialyzers for 
hemodialysis. Renal transplantation leads to nor-
malization of leptin levels within days. While 
several threads of evidence suggest leptin could 
be a major pathological contributor to the high 
incidence of cardiovascular mortality in CKD 
and ESRD patients, observational data have not 
strongly linked hyperleptinemia to worse out-
comes. Despite ongoing research for almost two 
decades, major gaps remain in our understanding 
of the effects of hyperleptinemia in patients with 
CKD and ESRD.     
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           Introduction 

 Leptin is one of the most important hormones 
secreted by adipose tissue [ 1 ], and its implication 
in energetic homeostasis at central level has been 
largely described [ 2 ]. The past 20 years of 
research on adipose tissue has provided impor-
tant insights into the intricate network that links 
nutrition, metabolism, and immune homeostasis. 
In this context leptin works not only as a “fasting 

hormone” by controlling body weight through 
the inhibition of food intake and stimulation of 
energy expenditure by increased thermogenesis 
[ 3 ], but also in the regulation of sexual- 
reproduction [ 4 ], haematopoiesis [ 5 ], angiogene-
sis [ 6 ,  7 ], bone metabolism [ 8 ], and glucose 
homeostasis [ 9 ]. Indeed, it has been previously 
shown, that  ob / ob  and  db / db  mice are not only 
obese but also show many other immune/endo-
crine alterations observed during starvation [ 10 –
 12 ]. Although an important role of leptin is to 
regulate body weight through the inhibition of 
food intake, recent evidence has indicated that 
leptin is much more than a “fat-o-stat” sensor and 
it is also involved in the modulation of several 
innate and adaptive immune responses [ 13 ]. 
Indeed, leptin receptor (LepRb) is expressed by 
several immune cells, thus suggesting a key role 
displayed by leptin in the regulation of immune 
responses [ 14 ]. 

 Modulation of the immune system by leptin is 
exerted at the development, proliferation, anti- 
apoptotic, maturation, and activation levels [ 15 ]. 
In fact, leptin receptors have been found in neu-
trophils, monocytes, and lymphocytes, and the 
leptin receptor belongs to the family of class I 
cytokine receptors. The overall leptin action in the 
immune system is a pro-infl ammatory effect, acti-
vating pro-infl ammatory cells, promoting T-helper 
1 responses, and mediating the production of the 
other pro-infl ammatory cytokines, such as tumor 
necrosis factor-α, interleukin (IL)-2, or IL-6. 
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Leptin is therefore able to modulate both innate 
and adaptive immune response [ 13 ]. Moreover, 
several studies in human revealed that leptin lev-
els associated with autoimmune disorders, infec-
tions and endocrine/metabolic diseases, thus 
suggesting a central role of leptin in immune 
homeostasis and in the pathogenesis of several 
infl ammatory disorders [ 16 – 18 ]. This chapter 
analyses the role of leptin in immune homeosta-
sis, and the direct and indirect infl uences of leptin 
on infl ammation and autoimmunity.  

   Leptin Regulation of Innate 
Immunity 

   Leptin and Monocytes/Macrophages 

 Studies of several animal models with genetic 
abnormalities in leptin or leptin receptors 
revealed obesity-related defi cits in macrophage 
functions in terms of phagocytosis and the 

expression of proinfl ammatory cytokines both 
in vivo and in vitro, whereas on the contrary 
exogenous leptin upregulates both phagocytosis 
and the production of cytokines [ 19 ] (Table  11.1 ).

   Leptin defi ciency increases susceptibility to 
infectious and infl ammatory stimuli and is asso-
ciated with dysregulation of cytokine production 
[ 20 ]. More specifi cally, murine leptin defi ciency 
alters Kupffer cell production of cytokines that 
regulate the innate immune system. In this con-
text, leptin levels increase acutely during infec-
tion and infl ammation, and may represent a 
protective component of the host response to 
infl ammation [ 21 ]. Elevated circulating IL-18 
levels are associated with clinical complications 
of type 2 diabetes (T2DM) and IL-18 itself regu-
lates cytokine secretion and the function of a 
number of immune cells, playing a key role in 
immunity and infl ammation. A recent paper has 
shown that leptin enhances the secretion of inter-
leukin (IL)-18, but not IL-1β from human mono-
cytes via activation of caspase-1; indeed these 

          Table 11.1    Effects of leptin on the different cell populations of both innate and adaptive immune response   

 Cell type  Lep receptor  Leptin effects on cell function  Action  References 

 Monocytes/
macrophages 

 Yes  Upregulates phagocytic function; upregulates 
proinfl ammatory cytokine secretion (TNF-α, IL-6, 
IL-12) and the expression of activation markers; 
increases cell motility. 

 Direct  [ 19 – 37 ] 

 Dendritic cells  Yes  Promotes survival; increases immature DC migratory 
performance and the stimulatory capability 
of allogenic T cells. 

 Direct  [ 38 – 43 ] 

 Neutrophils  Unknown  Induces chemotaxis and the release of oxygen radicals  Indirect  [ 44 – 53 ] 
 NK cells  Yes  Increases the expression of activation marker (CD69); 

sustains cytotoxic activity and perforin production. 
 Direct  [ 54 – 57 ] 

 basophils  Yes  Sustains the migratory capability, enhances their 
survival rate; leptin increases basophil degranulation 

 Direct  [ 58 ] 

 eosinophils  Yes  Delays the apoptosis; stimulates the chemokinesis, 
and induces the release of infl ammatory cytokines 
(IL-1beta and IL-6) and chemokines. 

 Direct  [ 59 – 61 ] 

 B cells  Yes  Increases lymphopoiesis and maturation; induces 
secretion of cytokines, such as IL-6, IL-10, and 
TNF-α; increases IgG2a production. 

 Direct  [ 87 – 91 ] 

 T cells  Yes  Induces the expression of activation markers; 
increases proliferation of naïve T cells; promotes 
the switch towards Th1-cell immune responses 
by increasing IFN-γ and TNF-α secretion; increases 
the expression of adhesion molecules; promotes 
the survival of thymic T cells. 

 Direct  [ 62 – 86 ] 

 Regulatory T cells  Yes  Constrains their proliferation and suppressive activity, 
through the activation of the mTOR pathway. 

 Direct  [ 69 – 71 ] 
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phenomena were prevented by caspase-1 inhibi-
tor treatment (Ac-YVAD-cmk) [ 22 ]. In addition 
to the increased IL-18 secretion via modulation 
of the caspase-1 infl ammasome function leptin 
also acts synergistically with ATP in this regard, 
and therefore contributes to aberrant immune 
responses in T2DM and other conditions of 
hyperleptinemia. 

 Human leptin was found to stimulate prolifera-
tion and activation of human circulating mono-
cytes in vitro, promoting the expression of 
activation markers: CD69, CD25, CD38, and 
CD71, in addition to increasing the expression of 
monocytes surface markers, such as HLA-DR, 
CD11b, and CD11c [ 23 ]. Moreover, leptin dose- 
dependently stimulates the production of pro- 
infl ammatory cytokines by monocytes, (such 
as TNF-α and IL-6 [ 25 ]) and enhances CC-
chemokine ligand expression in cultured murine 
macrophage, through activation of a JAK2-STAT3 
pathway [ 24 ]. It has been also shown that leptin 
directly induces the secretion of interleukin 1 
receptor antagonist in human monocytes [ 25 ] and 
upregulates IP-10 (interferon-gamma- inducible 
protein) in monocytic cells [ 26 ]. Moreover, in 
human monocytes it has been shown that leptin 
increased both free radical and cholesterol pro-
ductions in vitro [ 27 ]. 

 In this context a recent paper by Maya- 
Monteiro et al. has shown that leptin directly acti-
vated macrophages and induced the formation of 
adipose differentiation-related protein-enriched 
lipid bodies (lipid droplets), which are emerging 
as dynamic organelles with roles in lipid metabo-
lism and infl ammation. Newly formed lipid bod-
ies were sites of 5-lipoxygenase localization and 
correlated with an enhanced capacity of leukotri-
ene B(4) production. The authors also showed 
that these mechanisms were phosphatidylinositol 
3-kinase- and mammalian target of rapamycin- 
dependent, since were inhibited by LY294002 or 
rapamycin treatment [ 28 ]. Another study has 
demonstrated that leptin accelerates cholesteryl 
ester accumulation in human monocyte-derived 
macrophages, by increasing ACAT-1 expression 
via JAK2 and PI3K, thereby suppressing choles-
terol effl ux [ 29 ]. 

 In alveolar macrophages leptin augments leu-
kotriene synthesis [ 30 ] and it plays an important 
role in regulation of energy homeostasis and the 
innate immune response against bacterial infec-
tions. Indeed  ob / ob  mice exhibit an increased mor-
tality and impaired pulmonary bacterial clearance 
after intratracheal challenge with Klebsiella pneu-
moniae. The synthesis of cysteinyl- leukotrienes is 
reduced and that of PGE(2) enhanced in alveolar 
macrophage (AMs) of  ob / ob  mice after infection 
with  K. pneumoniae  in vivo. In the same paper the 
authors also observed reduced phagocytosis and 
killing of  K. pneumoniae  in AMs from  ob / ob  mice 
that was associated with reduced reactive oxygen 
intermediate production in vitro. On the contrary, 
cAMP, known to suppress phagocytosis, bacteri-
cidal capacity, and reactive oxygen intermediate 
production, was increased twofold in AMs from 
 ob / ob  mice [ 31 ]. 

 Elevated concentration of leptin in peritoneal 
fl uid may contribute to the pathological process 
of endometriosis, through activation of peritoneal 
macrophages. Indeed Wu et al. have shown that 
treatment of peritoneal macrophages with leptin 
induced COX-2 expression and the production of 
prostaglandin F(2alpha) by peritoneal macro-
phages was increased after leptin stimulation in 
women with endometriosis [ 32 ]. 

 A possible role of leptin as a trophic factor to 
prevent apoptosis has also been found in serum- 
depleted human monocytes [ 33 ], which is further 
supporting the role of leptin as a growth factor for 
the monocytes. Moreover, leptin regulates mono-
cyte function as assessed by in vitro experiments 
measuring free radical production. Leptin was 
shown to stimulate the oxidative burst in control 
monocytes [ 34 ], and the binding of leptin at the 
macrophage cell surface increases lipoprotein 
lipase expression, through oxidative stress- and 
PKC-dependent pathways [ 35 ]. 

 A recent study on mouse macrophages has dem-
onstrated that leptin is a potent chemoattractant for 
monocytes and macrophages and that leptin-medi-
ated chemotaxis requires the presence of full-length 
leptin receptors on migrating cells [ 36 ], suggesting 
that the canonical cell motility machinery is acti-
vated upon macrophage exposure to leptin. 
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 Finally a recent report has shown that dis-
rupted leptin signaling in bone marrow-derived 
cells attenuates the pro-infl ammatory conditions 
that mediate many of the metabolic complica-
tions that characterize obesity. Indeed Dib et al. 
demonstrated that in chimeric C57BL/6J mice 
reconstituted with leptin receptor-defi cient 
( db / db ) bone marrow (namely the WT/db mice), 
gonadal adipose tissue displayed a twofold lower 
expression of the infl ammatory genes  Tnfa ,  Il6 , 
and  Ccl2  and contained signifi cantly fewer 
crown-like structures compared with their litter-
mate controls. In addition most of their adipose- 
resident macrophages expressed galactose-type 
C type lectin 1 (MGL1) and were C-C chemokine 
receptor type 2 (CCR2)-negative, indicative of an 
anti-infl ammatory phenotype, which could lead 
to the greater insulin sensitivity in WT/db mice 
when compared to WT/WT mice [ 37 ].  

   Leptin and Dendritic Cells 

 Interesting reports have shown that also dendritic 
cells (DCs), the major antigen presenting cells 
(APCs) involved in T lymphocyte priming, are 
affected by leptin at different levels (Table  11.1 ). 
More specifi cally, leptin defi ciency associate 
with qualitative and quantitative alteration of DC 
[ 38 ]. Indeed it has been shown that DCs from 
 ob / ob  mice are less potent in stimulation of allo-
genic T cells in vitro. This impaired functionality 
is not associated with altered expression of phe-
notypic markers, but rather with the secretion of 
immunosuppressive cytokines such as TGF [ 38 ]. 
In this context, Lam et al. have also shown that 
leptin induces CD40 expression in murine DC 
and signifi cantly upregulates their immunostimu-
latory function in driving T cell proliferation. 
This phenomenon seems to be mediated by the 
action of Akt, STAT-1alpha, and NF-kappaB; 
indeed with chromatin immunoprecipitation 
assay the authors showed that leptin recruits 
STAT-1alpha, NF-kappaBp65, and RNA poly-
merase II to the CD40 promoter and enhances 
histone 4 acetylation in a time-dependent manner 
[ 39 ]. Moreover, Mattioli et al. have shown that 

leptin induces functional and morphological 
changes in human DCs, licensing them towards 
Th1 priming and promoting DC survival [ 40 ], by 
triggering the activation of nuclear factor-kappa 
B (NF-kappaB) and a parallel upregulation of 
bcl-2, bcl-XL gene expression and Akt activation 
[ 41 ]. From the same group comes the fi nding 
showing that leptin increases immature DC 
migratory performance both by favoring cyto-
skeleton dynamics and by upregulating CCR7 
surface expression, thus favoring their chemotac-
tic responsiveness [ 42 ]. Finally, it has been shown 
that leptin defi ciency impairs maturation of den-
dritic cells, decreases DC production of IL-12, 
TNF-α, and IL-6, and sustains DC production of 
TGF-β. As a consequence of this unique pheno-
type, DCs generated under leptin-free conditions 
induced Treg or Th17 cells more effi ciently than 
DCs generated in the presence of leptin [ 43 ].  

   Leptin and Neutrophils 

 Human polymorphonuclear neutrophils (PMN) 
have been found to express leptin receptor in vitro 
and in vivo [ 44 ,  45 ] (Table  11.1 ). However, 
Zarkesh-Esfahani et al. [ 46 ] demonstrated that 
neutrophils only express the short form of the 
leptin receptor, which is enough to signal inside 
the cell, enhancing the expression of CD11b and 
preventing apoptosis [ 45 ,  46 ]. From the molecu-
lar point of view, leptin seems to delay the cleav-
age of Bid and Bax, the mitochondrial release of 
cytochrome c as well as the activation of both 
caspase-8 and caspase-3 in these cells [ 45 ]. 

 Another paper has shown that leptin exhibits 
anti-apoptotic properties on neutrophils via 
NF-κB and MEK1/2 MAPK pathway activation, 
suggesting that leptin may enhance airway infl am-
mation by promoting neutrophil survival [ 47 ]. 

 Recently Ubags et al. have demonstrated that 
pulmonary leptin is induced in injured human 
and murine lungs and that this cytokine is effec-
tive in driving alveolar airspace neutrophilia [ 48 ]. 

 In addition Caldefi e-Chezet et al. have demon-
strated that leptin is able to modulate the func-
tions of this cellular subset. Indeed it promotes 
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neutrophils chemotaxis [ 49 ] and the chemoattrac-
tant effect is comparable to that of well- known 
formyl-methionyl-leucyl-phenylalanine (FMLP), 
also by stimulating intracellular hydrogen perox-
ide production. Otherwise, when leptin acts as a 
uremic toxin it interferes with neutrophil chemo-
taxis [ 50 ] and opposite results have shown that 
leptin is able to inhibit neutrophil migration in 
response to classical neutrophilic chemoattrac-
tants, suggesting that by means of its chemokine- 
like activity, leptin is capable of inhibiting 
neutrophil chemotaxis in response to other neu-
trophilic chemoattractants. Moreover, leptin is 
required for neutrophil complement-mediated 
phagocytosis, as neutrophils from leptin-defi cient 
mice exhibited impaired phagocytosis of 
Klebsiella pneumoniae opsonized with serum 
containing complement and reduced CD11b 
expression that could be restored by exogenous 
leptin replacement [ 51 ]. 

 Contrasting results regarding the responsive-
ness of neutrophils to leptin have been observed 
in a recent study by Kamp et al., in which with a 
proteomic approach, the authors showed that 
leptin did not induce any signifi cant changes in 
the proteome, but only at very high concentra-
tion, leptin induced neutrophil survival but with-
out affecting their chemotactic capability, thus 
suggesting that this was most likely mediated by 
an indirect effect [ 52 ]. 

 Finally, confi rming the critical role of leptin 
in leukocyte recruitment, a recent paper has 
shown that mice intraperitoneally injected with 
a septic dose of lipopolysaccharide (LPS) 
showed a dramatic increase in the number of 
neutrophils entering the brain of WT mice. This 
effect was almost totally abolished in the leptin-
defi cient mice, which displayed a reduction in 
the mRNA levels of interleukin-1beta, intracel-
lular adhesion molecule-1 and neutrophil-spe-
cifi c chemokines, a condition reversed by leptin 
replacement in  ob / ob  mice leading to recovery 
of neutrophil recruitment into the brain. Similar 
results have been obtained after 48 h of food 
deprivation in WT mice or with a single injec-
tion of an anti- leptin antiserum 4 h before LPS 
treatment in WT mice [ 53 ].  

   Leptin and Natural Killer Cells 

 Human Natural Killer (NK) cells, as other 
immune cells, constitutively express both long 
and short forms of Ob receptor, through which 
leptin can exert its functions (Table  11.1 ). More 
specifi cally, it activates the phosphorylation of 
STAT3 and then increases the transcription of 
IL-2 and perforin genes in NK cells, thus sustain-
ing their cytotoxic activity. Consistent with this 
fi ndings Tian et al. have also shown that the per-
centage and total amount of NK cells in the liver, 
spleen, lung, and peripheral blood were decreased 
in leptin receptor defi cient mice ( db / db ) when 
compared to their littermate controls and the 
same holds true for the expression of several acti-
vation markers. In addition, exogenous leptin 
treatment increases the basal or enhances the 
IL-15-induced specifi c lysis of splenocytes in 
WT but not in  db / db  mice [ 54 ,  55 ]. 

 In addition to NK cells, leptin seems to have a 
specifi c effect also on Invariant natural killer T 
(iNKT) cells, which are evolutionarily conserved 
innate T cells able to infl uence and modulate 
infl ammatory responses. Venken et al. have shown 
that ObR is expressed also on iNKT cells and that 
leptin suppresses iNKT cell proliferation and cyto-
kine production in vitro. Indeed leptin- receptor 
defi ciency associates with increased reactivity of 
iNKT cells, enforcing the role of leptin as an 
important inhibitor of iNKT cell function [ 56 ]. 

 In line with these fi ndings, in vivo blockade of 
leptin receptor signaling exacerbates ConA- 
induced hepatitis in wild-type but not in iNKT 
cell defi cient mice, through both Janus kinase 
(JAK)2 and mitogen-activated protein kinase 
(MAPK)-dependent mechanisms. 

 More recently it has been demonstrated that 
iNKT cells are enriched in human and murine 
adipose tissue, and that the increase in obesity 
degree is associated with a reduction of iNKT 
cells, correlating with pro-infl ammatory macro-
phage infi ltration [ 57 ]. On the contrary, iNKT 
cell numbers is restored in mice and humans after 
weight loss. 

 Confi rming the cross talk between adipose tis-
sue and iNKT, mice lacking iNKT cells had 
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enhanced weight gain, larger adipocyte size, and 
developed insulin resistance on a high-fat diet. 
Interestingly, the adoptive transfer of iNKT cells 
into obese mice decreased body fat, triglyceride 
levels, leptin, and improved insulin sensitivity 
through the sustained anti-infl ammatory cytokine 
production by adipose-derived iNKT cells.  

   Leptin and Basophils 

 Basophils are the rarest leukocytes subset in 
human blood, but they play a central role as 
immunomodulatory as well as effector cells in the 
control and modulation of allergic infl ammation. 
Recent papers have shown that human basophils 
express leptin receptor (ObR) at both the mRNA 
and surface protein levels, and its expression is 
upregulated by IL-33 treatment (Table  11.1 ). 
Suzukawa and collaborators also demonstrated 
that leptin sustains the migratory capability of 
human basophils, and enhances their survival 
rate. Moreover, leptin is also able to upregulate 
the expression of CD63, which is one of the most 
studied and better characterized basophil activa-
tion marker. All these effects are inhibited by 
ObR-neutralizing antibodies treatment. The same 
authors also showed that leptin increases and 
primes human basophil degranulation in response 
to FcεRI aggregation and induces Th2-type cyto-
kines production, thus possibly exacerbating 
allergic infl ammation [ 58 ].  

   Leptin and Eosinophils 

 A recent paper by Conus et al. has shown that 
leptin delays the apoptotic rate of mature eosino-
phils in vitro (Table  11.1 ). More specifi cally, it 
delays the cleavage of protein Bax, as well as the 
mitochondrial release of cytochrome c and second 
mitochondria-derived activator of caspase, sug-
gesting that it is able to interfere with the apop-
totic pathways proximal to mitochondria [ 59 ]. 

 On eosinophils, leptin upregulates cell surface 
expression of adhesion molecules such as 
ICAM-1 and CD18 but suppresses ICAM-3 and 
L-selectin. Moreover, leptin can also modulate 

migratory capability of eosinophils; indeed Wong 
et al. have shown that this hormone can stimulate 
the chemokinesis of eosinophils and induce the 
release of infl ammatory cytokines (including 
IL-1beta and IL-6) and chemokines (such as 
IL-8, growth-related oncogene-alpha, and MCP- 
1) [ 60 ]. In addition it has been recently demon-
strated that leptin induces eosinophil chemotaxis 
through the rapid phosphorylation of ERK1/2 
and p38 mitogen-activated protein kinase, but not 
through calcium mobilization, and it also ampli-
fying their responses to eotaxin [ 61 ].   

   Leptin Activation of Adaptive 
Immunity 

   Leptin and T Cells 

 Leptin regulation of adaptive immune responses 
has been strongly studied on human and mouse 
CD4 +  T cells. Indeed, leptin plays a key role in T 
cell biology by promoting CD4 +  T-cell prolifera-
tion, cytokine secretion and migration of these 
immune cells to sites of infl ammation [ 10 ,  11 ,  62 ] 
(Table  11.1 ). In particular, leptin has different 
effects on human naive (CD45RA + ) and memory 
(CD45RO + ) CD4 +  T cells both of which express 
the long form of the leptin receptor (LepRb). 
Specifi cally leptin promotes naïve T cells prolif-
eration by enhancing their secretion of IL-2 and 
through the activation of the mitogen-activated 
protein kinase (MAPK) and phosphatidylinositol-
3- kinase (PI3-K) pathway [ 10 ]. On memory T 
cells, leptin promotes the switch towards T helper 
(Th)1-cell immune responses by increasing proin-
fl ammatory cytokine such as interferon-γ (IFN- γ) 
and TNF-α and the IgG2a production from B 
cells. Furthermore, leptin increases the expression 
of adhesion molecules, such as intercellular adhe-
sion molecule 1 (ICAM1, CD54) and very late 
antigen 2 (VLA2, CD49B), by CD4 +  T cells, pos-
sibly through the induction of IFN-γ thus induc-
ing their migration to infl ammatory sites [ 10 ]. The 
effect of leptin on CD4 +  T cell homeostasis is spe-
cifi c as it has been recently shown by Matarese 
et al. in randomized, double-blinded, placebo-
controlled trial of recombinant methionyl- human 
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leptin (metreleptin) administration in replacement 
doses in women affected by hypothalamic amen-
orrhea with acquired chronic hypoleptinemia. 
Metreleptin restored both CD4 +  T-cell counts and 
their in vitro proliferative responses in these 
women [ 63 ]. Recent evidence indicates that leptin 
inhibits thymic T cells apoptosis, thus supporting 
their generation, maturation, and survival [ 64 ]. 
Indeed, acute caloric deprivation causes a rapid 
decrease of serum leptin concentration accompa-
nied by reduced delayed t-type-hypersensitivity 
DTH responses and thymic atrophy, which are 
reversible with administration of leptin [ 10 ,  11 , 
 64 ]. Some authors have suggested that leptin also 
plays a pivotal role in T-cell polarization. Indeed, 
the induction of cytokine-producing Th1 or Th2 
cells from naive CD4 +  T cells under polarizing 
conditions in vitro was generally decreased in 
cells from leptin-defi cient  ob / ob  mice compared 
with wild-type mice [ 65 ]. It has been recently 
shown that these mice were protected by develop-
ing oxazolone-induced colitis, when compared to 
wild-type mice with normal circulating levels of 
leptin. In particular  ob / ob  mice had decreased 
expression of the key transcription factors for Th1 
and Th2 polarization, T-bet and GATA-3, and also 
lower levels of Th2 cytokine such as IL-13 than 
their littermates [ 65 ]. 

 Moreover, leptin promotes lymphocyte sur-
vival in human and mouse, by upregulating 
lymphocyte surface expression of glucose trans-
porters, such as GLUT1 and GLUT4 [ 66 ], the 
anti- apoptotic proteins BCL-2 and BCL-XL and 
also by modulating autophagy. (which protect T 
cells from apoptosis and thymocytes from gluco-
corticoid-induced apoptosis) [ 67 ,  68 ]. 

 Interestingly, leptin has been demonstrated to 
exert opposite effects on human regulatory 
CD4 + CD25 +  (Treg) and conventional CD4 + CD25 −  
(Tconv) T cells which both express LepR and pro-
duce leptin. Indeed leptin inhibits Treg cell 
proliferation [ 69 ], on the one side, whereas it 
enhances Tconv proliferation, on the other [ 70 ] 
(Fig.  11.1 ). This is effect is secondary to the acti-
vation of the mammalian target of rapamycin 
(mTOR) pathway [ 71 ]. mTOR is a molecular sen-
sor of cellular nutritional status and integrates sig-
nals from the environment to the nucleus for the 

regulation of cell metabolism, proliferation, and 
survival. Particularly, on Tconv cells the 
enhancement in their proliferation associated 
with infl ammatory cytokine secretion, whereas 
leptin neutralization determined the inhibition of 
their responses, thus suggesting a key role of this 
adipocytokine in Tconv cells homeostasis and 
function and in pathogenesis of several infl amma-
tory and autoimmune disease [ 72 ,  73 ]. It is now 
well accepted how the regulation of nutrient 
uptake and utilization together with cytokines and 
co-stimulatory molecules, including leptin, is criti-
cally important for the control of immune cell 
function and that and how the metabolic state can 
impact T cell differentiation by regulating the 
important balance between functionally  divergent 
T-helper 17 (Th17) or T-regulatory (Treg) cell lin-
eages. Interestingly, during activation, T lympho-
cytes take on a metabolic profi le profoundly 
distinct from that of their quiescent and anergic 
counterparts; thus, T cell metabolism is highly 
dynamic and has a strong impact on the ability of 
T cell to grow, activate, and differentiate [ 74 – 76 ].

   Since Th17 cells play an important role in the 
development and maintenance of infl ammation 
and autoimmunity, several authors also studied 
the possible link between metabolism/nutrition 
and susceptibility to autoimmunity via leptin 
modulation of Th17 cells responses. Indeed it has 
been described a link between leptin and IL-17 
both at the molecular and cellular levels. In  ob / ob  
mice, it has been shown a reduced frequency of 
Th17 cells; this effects was restored to levels 
comparable to those found in wild-type (WT) 
animals after administration of exogenous leptin. 
The same group also found that leptin facilitated 
Th17 responses by inducing RORγt transcription 
in CD4 +  T cells [ 77 ] and in the same study they 
showed that leptin was able to enhance Th17 
responses in (NZB 3 NZW)F1 lupus-prone mice, 
whereas its neutralization in those mice inhibited 
Th17 responses [ 77 ]. Other authors found that 
neither the percentage of Th17 cells nor the level 
of Th17 cell-specifi c transcription factor RORγt 
correlated with plasma leptin, but the percentage 
of Th17 cells or the level of RORγt correlated 
positively with CD4 +  T cell-derived leptin in 
patients with Hashimoto’s thyroiditis [ 78 ]. 
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  Fig. 11.1    Model of the peripheral leptin signaling in the 
control of T cell function. In normal subjects, secretion of 
adipocyte-derived leptin associates with a normal control of 
metabolic functions and with a balance between the num-
ber of Th1 cells and Th2/Treg cells, which are functionally 
able to suppress immune and autoimmune responses. 
Indeed leptin contributes to protection from infectious 
agents, on the one hand, but also to loss of tolerance and 
autoimmunity, on the other hand. Reduction of the level of 
circulating leptin [e.g., owing to protein–energy malnutri-
tion (PEM), anorexia nervosa or genetic leptin defi ciency 
( ob / ob )] results in impaired Th1 response and induction of 

Treg cells, thus reducing the immunocompetence in 
humans and mice and increasing susceptibility to infection. 
Conversely, the high amount of leptin secreted by adipo-
cytes [e.g., obesity or genetic leptin-receptor defi ciency 
( db / db )], accounts for an altered control of metabolic func-
tions, often associated with insulin-resistance, a high fre-
quency and expansion of Th1 cells and increased secretion 
of pro-infl ammatory cytokines, on one side, and a low pro-
portion and proliferation of Treg cells infi ltrating adipose 
tissue, on the other. Along with the increased numbers of 
Th1 cells in adipose tissue, higher number of CD8 +  T cells, 
macrophages and mast cells have been reported       
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 Several studies in humans have clearly delin-
eated the role of leptin also in activation of CD8 +  
lymphocytes which also express LepRb on sur-
face. Indeed, leptin when co-administered with 
other nonspecifi c immune-stimulants, results in 
induction of early (CD69) and late activation 
markers (CD25, CD71) in both CD4 +  and CD8 +  
lymphocytes [ 79 ]. Other authors also demon-
strated that leptin is able to regulate the secretion 
of several cytokines from peripheral CD8 +  cells. 
Specifi cally, leptin enhances the secretion of IL-2 
and IFN-γ and inhibits the production of IL-4 and 
IL-10 [ 80 ]. Furthermore, it was found that in 
nonagenarians (≥90 years old) leptin plays a key 
role to sustain naïve CD8 +  T cell functions [ 81 ]. 
Some evidence has suggested that leptin also pro-
motes CD8 +  T cells activation chronic obstructive 
pulmonary disease. Indeed, in leptin-defi cient 
 ob / ob  mice (C57BL/6) and in leptin receptor- 
defi cient  db / db  mice (C57BKS), in a model of 
cigarette smoke (CS)-induced pulmonary infl am-
mation, there was an evident decrease in T cell 
number and frequency (CD4 +  and CD8 + ) com-
pared to their littermates [ 82 ]. 

 Exogenous leptin administration completely 
restored the skewed infl ammatory profi le in 
 ob / ob  mice, thus suggesting a key role of this adi-
pocytokine in the pathogenesis of infl ammatory 
lung diseases. At the immune level, it has been 
shown that mTOR is able to program the genera-
tion of CD8 +  effector, to control T cell traffi ck-
ing, and T cell activation versus anergy, thus 
suggesting that mTOR provides a direct link 
between T cell metabolism and function [ 83 – 85 ]. 
Moreover, leptin contributes to CD8 +  T cells acti-
vation in a mouse model of environment-linked 
nonalcoholic steatohepatitis (NASH) [ 86 ].  

   Leptin and B Cells 

 A great impact of leptin defi ciency has been 
found on the B cell compartment (Table  11.1 ). 
Indeed Claycombe et al. have shown that  ob / ob  
mice displayed a signifi cant reduction in lympho-
poiesis, as testifi ed by 70 % fewer B cells than 
normal controls, as well as a reduction in the 
absolute number of pre-B and immature B cells. 

Seven days of provision of recombinant leptin 
promoted a twofold increase in B cells number in 
the bone marrow of the obese mice, while dou-
bling and tripling, respectively, the numbers of 
pre-B and immature B cells [ 87 ]. Similar results 
have been also detected in the bone marrow of 
fasted mice, in which intracerebroventricular 
leptin injection was suffi cient to prevent the alter-
ation of B-cell development [ 88 ]. Furthermore, 
leptin promotes B-cell homeostasis by inhibiting 
apoptosis and by inducing cell cycle entry 
through the activation of expressions of B-cell 
CLL/lymphoma 2 (Bcl-2) and cyclin D1 [ 89 ]. 
Moreover, leptin activates human B cells to 
secrete cytokines, such as IL-6, IL-10, and TNF- 
α, via activation of JAK2/STAT3 and p38MAPK/
ERK1/2 signaling pathways, which may contrib-
ute to its infl ammatory and immunoregulatory 
properties [ 90 ]. Moreover, the same group 
showed that leptin-induced B cell-derived proin-
fl ammatory cytokines may play a role in chronic 
infl ammation associated with human aging [ 91 ]. 
More specifi cally, they suggested that leptin 
induces signifi cantly greater amount of pro- 
infl ammatory cytokines such as IL-6, TNF-α, and 
IL-10 by B cells from aged humans than young 
controls. This effect is secondary to the activation 
leptin-LepRb-STAT3 activation as suggested by 
increase in the P-STAT3 (signal transducer and 
activator of transcription-3) levels in B cells from 
aged humans as compared to young subjects 
[ 91 ]. Finally B lymphocytes appear to be more 
susceptible to the antiapoptotic effects of leptin, 
and they show higher surface expression of ObR, 
compared with T cells [ 62 ].   

   Concluding Remarks 

 Since its discovery in 1994, leptin has attracted 
increasing interest in the scientifi c community 
for its pleiotropic functions. In immune cells, 
leptin acts as a proinfl ammatory cytokine that 
promotes Th1 responses on one side and inhibits 
Treg cell expansion on the other, setting the basis 
for exaggerated, immunoinfl ammatory responses 
to altered self or nonself and leading to autoim-
munity in subjects with autoimmunity risk factors 
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(i.e., genetic predisposition, HLA, environment, 
etc.). Future studies are needed to identify the 
precise relationship among leptin, metabolic 
state, and Treg cells in the context of autoimmune 
disease susceptibility. In this context, recent stud-
ies from Fontana et al. [ 92 ] have shown that 
caloric restriction and consequent lowering of 
serum leptin are able in humans to signifi cantly 
reduce infl ammatory parameters (such as IL-6 
and CRP), suggesting that the nutritional inter-
vention is able to dampen infl ammatory 
responses. In view of its infl uence on food intake 
and metabolism, leptin situates at the interface 
between metabolism and immunity in modulat-
ing not only infl ammation but also immune and 
autoimmune reactivity. Recently, molecules with 
orexigenic activity such as ghrelin and NPY [ 13 , 
 93 ] have been shown to mediate effects opposite 
to leptin in the hypothalamic control of food 
intake and on peripheral immune responses. For 
example, ghrelin blocks leptin- induced secretion 
of proinfl ammatory cytokines by human T cells, 
and NPY ameliorates clinical score and progres-
sion of EAE [ 13 ,  93 ]. Thus, several metabolic 
regulators including leptin might broadly infl u-
ence vital functions not only by tuning caloric 
balance but also by affecting immune responses.     
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           Introduction 

 In striking opposition with the “Halloweenish” 
view of the skeleton as a dead structure, bone is 
a remarkably dynamic organ. For instance dur-
ing growth, chondrocytes located at the growth 
plate cartilage proliferate at one of the fastest 
pace seen in the post-developmental organism 
[ 1 ]. Growth also requires a considerable elonga-
tion of most skeletal elements as well as their 
widening, a process called bone modeling [ 1 ,  2 ]. 
This is achieved though apposition of newly 
formed bone by a specialized cell type, the 
osteoblast, which lay down a fi brillar extracellu-
lar matrix rich in type I collagen that is subse-
quently mineralized, while another bone-specifi c 
cell type, the osteoclast, carves out the marrow 
space by resorbing the mineralized matrix [ 3 ]. 

Once growth is completed, a similar cycle of 
bone formation and resorption, termed bone 
remodeling, ceaselessly continues throughout 
the skeleton [ 4 ,  5 ]. This is required to repair the 
widespread micro-fractures constantly caused 
by daily life activities to the key structural net-
work that our skeleton represents. Indeed, dys-
regulation of this process eventually leads to 
fractures and immobilization, life threatening 
conditions before the most recent centuries 
because they impaired the ability to evade dan-
gers, reach for food, and hunt. 

 This necessity to grow and maintain a sturdy 
skeleton for proper survival can explain why 
bone modeling and remodeling appeared during 
vertebrate evolution despite the expensive ener-
getic investment that the constant succession of 
destruction and formation they entail represents 
for the body. By the same token, it is not far- 
fetched to assume that mechanisms also evolved 
to limit this sizeable energetic cost, and thereby 
bone growth and remodeling, when energy intake 
becomes scarce. Hence, effector(s) of these 
mechanisms should be involved in the regulation 
of appetite and/or energy expenditure. This 
assumption was the fi rst clue toward the identifi -
cation of leptin as a regulator of bone remodel-
ing. A second one came from an evolutionary 
perspective. On the scale of evolution the verte-
brate skeleton, and more so bone remodeling, are 
quite recent innovations. Remarkably, whereas 
adipocyte-equivalent cells are present in other 
phyla than vertebrates the appearance of leptin 
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during evolution concurs only with the latter [ 6 ]. 
The last clue came from three clinical observa-
tions. It has been shown that anorexia halts 
growth, i.e., modeling, during childhood and 
causes osteoporosis in adults while bone mineral 
density at all sites of the skeleton is increased in 
life-long overweight patients [ 7 – 10 ]. Conversely, 
menopause, i.e., sex steroid deprivation follow-
ing gonadal failure, is the most frequent cause of 
osteoporosis in the western hemisphere [ 11 ]. 
Combining these 3 observations in an integrative 
manner led to the hypothesis that  bone mass 
accrual, appetite and / or energy metabolism, and 
reproduction could be coordinated by the same 
regulator ( s ) [ 12 ]. Given that these three functions 
are strongly infl uenced by hormones, such regu-
latory mechanisms were most likely to be endo-
crine. This was also consistent with the fact that 
these hypothetical regulator(s) would need to 
reach all bones of the skeleton although they are 
distributed throughout the body. At the time this 
hypothesis was formulated, only one hormone 
was known to signifi cantly impact both energy 
metabolism/appetite and reproduction: leptin 
[ 13 – 15 ]. Analyzing leptin-defi cient ( ob / ob ) and 
leptin receptor-defi cient ( db / db ) mouse strains 
[ 16 ,  17 ] was the fi rst step to test this hormone 
potential role as a regulator bone mass accrual.  

   Leptin Negatively Regulates Bone 
Mass Accrual 

   Increased Bone Mass in Absence 
of Leptin Signaling 

 Both the  ob / ob  and  db / db  mice are obese and 
hypogonadic [ 16 – 18 ]. If one abides by the clini-
cal observations mentioned above, these mice 
should have a high bone density because they are 
largely overweight yet they should abnormally 
loose bone because they are hypogonadic. These 
antagonistic conditions should, at best, cause a 
mild bone loss phenotype. Instead, both mutant 
strains display a high bone mass phenotype [ 12 ,  19 ]. 
Indeed, when analyzed by histomorphometry the 
network of trabeculae that composed the cancel-
lous part of all bones and that is most potently 

affected by bone remodeling is denser in absence 
of leptin signaling. As a result these mice have an 
increase in bone volume and their long bones are 
more resistant to facture upon mechanical load-
ing. Using the same histological techniques, this 
high bone mass phenotype can also be observed 
in mice treated with a leptin antagonist, in  fa / fa  
rats (Fig.  12.1 —T. Holzmann and M. Amling, 
original data), and in a newly developed model of 
leptin knockout rats [ 20 ,  21 ]. Most importantly, 
such increase in bone mass accrual is consistent 
with the advanced bone age observed in patients 
with a defi ciency in serum leptin levels (see below, 
section “Leptin Actions on Bone Remodeling and 
Human Bone Biology”).

   An increase in bone mass can result from an 
increase in bone formation or a decrease in bone 
resorption or a combination of both mechanisms. 
Consistent with their hypogonadism,  ob / ob  and 
 db / db  mice have an increase in bone resorption 
[ 12 ]. It is, however, milder than their innate and 
permanent sex steroid depletion would have pre-
dicted because, by itself, leptin defi ciency has a 
negative effect on bone resorption through its 
action on the sympathetic tone (see below, sec-
tion “Efferent Mediators of Leptin’s Central 
Regulation of Bone Remodeling”). Yet the most 
striking features of mice defi cient in leptin sig-
naling is their increase in bone formation by 
osteoblasts despite their elevated levels of corti-
sol, one of the most potent inhibitor of bone for-
mation [ 12 ,  22 – 24 ]. Thus, that  ob / ob  and  db / db  
mice have a high bone mass phenotype in pres-
ence of two conditions, hypogonadism and 
hypercortisolemia, which are the two most com-
mon causes of osteoporosis, emphasize the 
importance of the leptin function in regulating 
bone mass accrual.  

   Leptin Affects Bone Mass Accrual 
Independently of its Effect 
on Body Weight 

 Mechanical loading is well known for its positive 
effect on bone mass [ 25 ]. Since the absence of 
leptin dramatically increases body weight, and 
therefore loading of bones, it is legitimate to 
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question whether the high bone mass phenotype 
observed in leptin-defi cient rodents is caused by 
their increased weight or by the absence of leptin 
itself. Many lines of evidence acquired in various 
mice engineered to display a dissociation between 
body weight and leptin levels have validated the 
latter option (Table  12.1 ). For instance, mice with 
an obesity not directly caused by a lack of leptin 
signaling do not display a bone phenotype 
(Agouti Yellow (Ay) mice) or show an increase in 
bone mass caused by a different mechanism 

(MC4R-defi cient mice) involving an isolated 
decrease of bone resorption without an overt 
increase in bone formation [ 12 ,  26 ]. Conversely, 
mice with a defi ciency in leptin signaling but that 
are not obese display an increase in bone forma-
tion similar to the one of the  ob / ob  mice. Indeed, 
very young  ob / ob  mice fed a low fat diet or  ob /+ 
mice have a normal weight but show an increase 
in bone mass accrual [ 12 ]. Likewise, transgenic 
mice rendered lipodystrophic through expression of 
a dominant negative protein blocking the activity 
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  Fig. 12.1    Increased bone mass in leptin signaling defi -
cient  fa / fa  rats. ( a ,  b )  upper panels , X-ray micrographs of 
the tibia ( a ) and vertebrae ( b ). The whiter aspect in  fa / fa  
rats indicates a higher bone density. ( a ,  b )  lower panels , 
Cross- sections through undecalcifi ed tibia ( a ) and verte-
brae ( b ) stained by the von Kossa–Van Gieson reagents. 

The amount of mineralized bone trabeculae (in  black ) is 
increased in  fa / fa  rats. ( c ) Quantifi cation of bone volume 
(BV/TV,  left panel ), cortical thickness (C.Th,  middle 
panel ) and strength on a 3-points bending test ( right 
panel ).  fa / fa  rats show an increase in all three parameters. 
*,  p  > 0.05       
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of adipocyte differentiation factors display a near 
complete absence of leptin and a high bone mass 
phenotype although they are lean [ 12 ,  27 ]. 
Importantly, this phenotype can be fully cor-
rected by increasing the levels of circulating 
leptin indicating that it is caused the absence of 
this hormone but not by the lack of other adipo-
kine [ 12 ,  28 ].

       Mechanism of Leptin’s Regulation 
of Bone Remodeling 

   Leptin Acts Centrally to Regulate 
Bone Remodeling 

 Leptin regulation of appetite, energy expenditure 
and fertility occurs centrally [ 18 ,  29 ]. Thus, it does 
not come as a surprise that leptin’s effect on bone 
mass accrual also relies on a central action. This 
was fi rst established through classical experiments 
of intracerebroventricular infusion (icv) of recom-
binant leptin, then was confi rmed using central 
injections of leptin-expressing viruses and neuron 

lesioning [ 12 ,  30 – 34 ]. When leptin is infused icv 
in  ob / ob  mice, even at a concentration low enough 
to avoid leakage to the blood stream, they loose 
both weight and bone mass at a dramatic pace 
[ 12 ,  34 ]. As a matter of fact, bone loss can still 
be observed at icv doses of leptin that do not elicit 
a signifi cant loss of weight [ 30 ], in agreement with 
the fact that the mechanisms mediating leptin’s 
effect on these two functions are different and thus 
can have different thresholds. Indeed, chemical 
lesioning experiments showed that destruction of 
monosodium glutamate- sensitive neurons of the 
hypothalamic arcuate nuclei (ARC) affects body 
weight while bone mass accrual is predominantly 
affected when neurons of the ventromedial hypo-
thalamus nuclei (VMH) are destroyed using gold 
thioglucose [ 33 ]. That Ay mice loose bone but not 
weight when infused icv with leptin while  ob / ob  
mice infused icv with a MC3R/MC4R agonist 
loose weigh but not bone further established that 
leptin’s anorexigenic and anti-osteogenic effects 
rely on distinct signaling events [ 33 ] (Table  12.2 ). 
Another argument in favor of different mechanism 
of action between these two functions came from 

   Table 12.1    Changes in bone mass and remodeling parameters correlate with levels of leptin signaling but not with 
body weight   

 Body weight  Serum leptin  Bone mass  Formation  Resorption 

  ob / ob   +++  0  +  +  − 
  db / db   +++  ±  +  +  − 
  Mc4r +/− (−/−)  ++  −  −  =  + 
  Ay /+  ++  ±  =  ND  ND 
  Young ob / ob on LFD   =  0  +  +  − 
  ob /+  =  −  +  +  − 
  A - ZIP transgenic   −  −−−  +  +  − 

  +, increase; + normal level; ±, resistance; −, decrease; 0, absence; ND, not done  

   Table 12.2    Dissociation between the central effects of leptin signaling on body weight and bone mass accrual   

 Central leptin signaling  Body weight  Bone mass  Formation  Resorption 

  ob / ob   0  +++  +  +  − 
  l / l   +  =  −  −  + 
  ob / ob  + leptin icv  +  −  −  −  + 
  wt  + MSG  ±  =  =  =  = 
  wt  + GTG  ±  −  −  −  + 
  ob / ob  + MSG + leptin icv  ±  =  −  −  + 
  ob / ob  + GTG + leptin icv  ±  −  +  +  − 

  +, increase; + normal level; ±, partial; −, decrease; 0, absence  
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the analysis of the  l / l  mice, a gain-of- function 
model of the leptin receptor. In these mice  LepR  
encodes a form of this recpetor mutated on Tyr985 
that disrupts its interaction with the SHP2/SOCS3 
inhibitory complex [ 35 ,  36 ]. While the  l / l  mice fed 
a regular chow have a normal body weight, energy 
expenditure and fertility they show a mirror image 
of the  db / db  phenotype, i.e., low bone mass, 
decreased bone formation and increased bone 
resorption [ 30 ,  36 ].

   When injected or infused peripherally leptin 
can also infl uence bone remodeling. For instance, 
transgenic mice with a modest, twofold to four-
fold, increase in serum concentration of leptin 
show a lower bone mass than non-transgenic 
controls [ 28 ,  33 ]. Importantly, overexpressing 
 Leptin  in the liver to raise its serum concentra-
tion to approximately 1.2 μg/ml (i.e., 250-fold) 
also induces bone loss although with a much 
smaller amplitude and a slower pace than icv 
infusion. This observation suggests that, as it is 
the case for its control of body weight, leptin’s 
regulation of bone remodeling could be blunted 

and/or blocked by a resistance mechanism when 
its serum concentration becomes too high [ 37 – 39 ]. 
Such a leptin resistance would explain the bene-
fi cial effect on bone mass accrual reported in 
studies using peripheral injections of massive 
doses of leptin (50 μg/day, i.e., 700-fold the 
amount used in icv studies) [ 40 ,  41 ]. It is in fact 
conceivable that, as much as leptin centrally 
affects bone mass accrual at a lower threshold 
than it affects body weight, the effect of leptin on 
bone remodeling is also more quickly impacted 
by a leptin resistance mechanism. Hence, mas-
sive doses of this hormone injected peripherally 
could still cause weight loss, as some of the 
above mentioned studies reported, while already 
eliciting a leptin resistance that will cause a gain 
of bone mass similar to the one observed in 
absence of leptin signaling. 

 In any case, several arguments indicate that 
leptin does not act on either arms of the bone remod-
eling process via a direct action on bone cells. First, 
whether through analyses of gene expression in 
bone tissue or isolated osteoblasts by Northern blot 

  Fig. 12.2    The leptin receptor is not expressed in osteo-
blasts in vivo.  Lepr - Cre  recombination of a loxP-EYFP 
reporter in bone sections. Expression of the reporter 
( green ) can be detected in perisinusoidal stromal cells in 

the bone marrow ( red  Meca32 positive cells) but not in 
osteoblasts or haematopoietic cells (Adapted from Ding 
et al. Nature 481,457–462, 2012)       
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and PCR or via lineage tracing studies using a 
Leptin receptor (Lepr)-YFP reporter transgene 
expression of the leptin receptor cannot be detected 
in osteoblasts (Fig.  12.2 ) [ 12 ,  42 ]. Second, when 
cultured ex-vivo osteoblasts derived from wild type 
or  db / db  mice proliferate and differentiate similarly. 
Third, and these are the most decisive points, nei-
ther expression of leptin in osteoblasts or the condi-
tional inactivation of  Lepr  specifi cally in osteoblasts 
cause a bone phenotype in mice [ 30 ,  33 ]. In con-
trast, inactivating this gene in neurons induces the 
same high bone mass phenotype than the one 
observed in  db / db  mice [ 30 ,  43 ].

      Leptin Uses a Serotonin Relay 
to Regulate Bone Remodeling 

 While the chemical lesioning experiments points 
toward the VMH as the relay of leptin antiosteo-
genic effect in the brain, deletion of the leptin 
receptor in these same neurons do not cause a 
bone phenotype [ 43 ,  44 ]. This conundrum stems 
from the fact that leptin uses a serotonin relay to 
acts on the VMH neurons of the hypothalamus 
[ 43 ,  45 ,  46 ]. Indeed, the signaling form of the 
leptin receptor is expressed in the neurons of the 
dorsal and median raphe nuclei that also express 
 Tph2 , the gene encoding the rate-limiting enzyme 
in the synthesis of serotonin [ 43 ,  47 – 49 ]. Upon 
binding to these neurons leptin exerts a negative 
effect on the production of serotonin as evidenced 
by the presence of high levels of serotonin in the 
brain of  ob / ob  and  db / db  mice and by their 
decrease upon leptin icv infusion in wild type 
mice [ 43 ]. In agreement with this inhibitory 
effect,  Tph2 -defi cient mice, i.e., lacking brain 
serotonin, show a low bone mass phenotype mir-
roring the one observed in  ob/ob  mice. More 
importantly, if the brain content of the  ob / ob  mice 
is normalized by inactivating one allele of 
 Tph2 , their bone phenotype is corrected [ 43 ]. 
Conversely, when  LepR  is specifi cally inactivated 
in the  Tph2 -expressing neurons of the brainstem 
mice develop a bone phenotype similar to the one 
presented by  db / db  mice [ 43 ]. Hence, brain sero-
tonin is a positive regulator of bone mass accrual 
whose synthesis is inhibited by leptin signaling 
to brainstem neurons (Fig.  12.3 ).

      Serotonin Signals to VMH Neurons 
via Htr2c and CREB to Mediate 
Leptin’s Regulation of Bone Mass 
Accrual 

 Consistent with the lesioning experiments that 
identifi ed the VMH nuclei as mediating leptin 
anti-osteogenic action, dextran anterograde and 
retrograde neuron tracing studies showed that 
serotonergic neurons project from the brainstem 
to the VMH nuclei [ 43 ]. Serotonin then signals to 
VMH neurons via the Htr2c receptor to regulate 
bone mass accrual. Indeed, depleting this recep-
tor globally causes a low bone mass phenotype 
with decreased bone formation and increased 
bone resorption, as the absence of brain serotonin 
does, and reactivating its expression specifi cally 
in VMH neurons corrects this phenotype [ 43 ]. 
That  Tph2 +/−;  Htr2c +/− compound heterozy-
gous mice have a similar bone phenotype as 
 Tph2 −/− mice indicates that this receptor is the 
main, if not the only, of the 14 known serotonin 
receptors mediating brain serotonin regulation of 
bone mass accrual [ 43 ]. 

 Htr2c, a G protein-coupled receptor (GPCR), 
can signal though multiple intracellular cascades 
depending of the isoform generated via RNA 
editing [ 50 – 54 ]. To mediate serotonin action on 
bone mass accrual, Htr2c uses Ca 2+  as a second 
messenger and a cascade of CaM kinases [ 55 ]. 
By in situ hybridization the genes encoding 
CaMKKβ, CaMKIIa and CaMKIV are the most 
highly expressed in the Sf1 positive neurons of 
the VMH that are known to mediate the leptin- 
dependent regulation of bone mass accrual [ 33 ,  55 ]. 
However, treatment of P19 cells differentiated 
into neurons or of hypothalamic explants with 
serotonin induces the phosphorylation of only 
CaMKKβ and CaMKIV, indicating that CaMKII 
does not mediates its activity [ 55 ]. The connec-
tion between serotonin, CaMKKβ/CaMKIV 
expression in the VMH, and bone remodeling is 
supported by the existence of a bone phenotype 
of similar nature as the one observed in absence 
of  Tph2 −/− in mice defi cient in  CaMKKβ  (or 
 CaMKIV ) in VMH neurons or, as it was the case 
for  Tph2 +/−;  Htr2c +/− mice, in mice double het-
erozygous for  Tph2  and  CaMKKβ  (or  CaMKIV ) 
in VMH neurons [ 55 ]. 
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 A common target of Ca 2+  signaling and of neu-
ron activation is the transcription factor CREB. Both 
in vitro and in vivo evidence indicates that this fac-
tor is a major mediator of serotonin regulation of 
bone mass accrual [ 55 ]. First, addition of serotonin 
to cultures of differentiated P19 cells or to wild 
type hypothalamic explants, but not to  Htr2c −/− 
explants, induces CREB phosphorylation on 
Ser133, i.e., its activation. Second, in the explant 
assay, phosphorylation of CREB and CaMKIV co-
localize in the same neurons upon serotonin treat-
ment. Third, mice with an inactivation of  Creb  

( Creb   VHM  −/−) or heterozygous compound for  Creb  
and  Htr2c  ( Creb   VHM  −/−;  Htr2c +/−) or for  Creb  and 
 CaMKIV  ( Creb   VHM  +/−;  CaMKIV   VHM  +/−) in VMH 
neurons only all show a low bone mass phenotype 
characterized by decreased bone formation and 
increased bone resorption [ 55 ]. Thus, the negative 
regulation of bone remodeling by leptin relies on 
its inhibition of brainstem serotonergic neurons, 
which normally signals to VMH neurons via an 
Htr2c→CaMKKβ→CaMKIV→CREB cascade to 
increased bone formation and decrease bone 
resorption (Fig.  12.3 ).   
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  Fig. 12.3    Schematic 
representation of the leptin 
regulatory cascade on bone 
mass accrual. Receptors 
are in  red , transcription 
factors in  green  and 
secreted molecules are in 
 blue. Dotted lines  indicate 
that an unknown number 
of intermediary steps may 
exist       
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   Efferent Mediators of Leptin’s 
Central Regulation of Bone 
Remodeling 

 How could the VMH regulate the function of 
bone cells? Two modes of action can transfer a 
central signal to peripheral cells: inducing the 
release of a blood-borne factor or relaying the 
information via the peripheral nervous system. 
As it turned out leptin’s regulation of bone mass 
accrual uses both these mechanisms. 

   The Sympathetic Tone Relays Leptin’s 
Action on Both Bone Formation 
and Bone Resorption 

 The fi rst evidence that leptin central action on 
bone is mediated by a nervous relay came from a 
variant of the classical parabiosis experiment that 
identifi ed the  ob  gene as encoding a circulating 
factor [ 56 ]. Instead of connecting an  ob / ob  with a 
wild type mouse, two  ob / ob  mice are connected 
and one of them receives a dose of leptin icv low 
enough not to leak into the general circulation 
[ 33 ]. As expected given the negative impact of 
leptin on bone mass accrual, the mouse receiving 
leptin loses bone within a month. The contralat-
eral mouse, however, despite sharing its blood 
content with the infused mouse does not lose bone 
(although it loses weight). This observation, and 
the fact that bone is among the most innervated 
organ, suggested that leptin most likely uses a 
nervous relay as its main effector on bone cells. 

 A signifi cant decrease of the sympathetic tone 
is one of the many features of the  ob / ob  and  db / db  
mice [ 57 ] suggesting that the sympathetic ner-
vous system could play such a role. Indeed, in all 
models engineered to defi ne leptin’s central regu-
lation of bone remodeling changes in the sympa-
thetic tone correlates with the bone phenotype 
observed (Table  12.3 ). For example, mice with-
out leptin signaling in neurons or more specifi -
cally in brainstem neurons all have a decrease in 

sympathetic tone [ 30 ,  43 ]. Conversely, mice in 
which leptin activity is increased directly ( l / l  
mice) or indirectly ( Tph2 −/−,  Htr2b −/− or 
 Creb   VMH  −/− mice) show increased sympathetic 
output [ 30 ,  43 ,  55 ]. As a matter of fact, one of the 
genes downregulated in the hypothalamus of 
these three mouse strains encodes Tyrosine 
hydroxylase, the enzyme responsible for the fi rst 
step in the synthesis of catecholamines [ 55 ]. 
A direct confi rmation that leptin acts on bone 
remodeling via the sympathetic nervous system 
comes from two key genetic experiments.

   Both the synthesis of epinephrine and nor-
epinephrine, two catecholamines mediating 
many peripheral functions of the sympathetic 
tone, depends on the enzymatic transformation 
of dopamine by the Dopamine β-hydroxylase 
(Dbh). In Dbh-defi cient mice, bone mass is 
increased and leptin icv cannot corrects this 
phenotype as it does in  ob / ob  mice [ 33 ]. At the 
bone cell level, osteoblasts, which mediate both 
the sympathetic tone action on bone formation 
and on bone resorption (see below, section 
“Molecular Mediators of Leptin-Activated 
Signaling in Bone”), express the β2 adrenergic 
receptor (Adrβ2) and its inactivation in these or 
all cells causes a high bone mass phenotype 
associated with increased bone formation and 
decreased bone resorption that cannot be cor-
rected by icv infusion of leptin [ 33 ,  58 ]. 
Conversely,  ob / ob  mice treated with isoproter-
enol, a β-adrenergic agonist, lose bone [ 33 ]. 
The same effect can be observed in wild type 
mice or rats [ 33 ,  59 – 61 ]. More importantly 
from a biomedical point of view, wild-type 
mice or rats treated with the β-blocker propran-
olol, gain bone to such an extent that it can 
 prevent the deleterious consequence of ovariec-
tomy, a model of postmenopausal bone loss 
[ 33 ,  62 ,  63 ]. This fi nding provides a molecular 
explanation for the decreased risk of fracture 
associated with the treatment of patients with 
some β-blockers (see below, section “Leptin 
Actions on Bone Remodeling and Human Bone 
Biology”).  
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   Leptin’s Regulation of  Cart  
Expression in the Hypothalamus 
Affects Bone Resorption 

 A second, less potent and far less understood, 
mode of action of leptin on bone mass accrual 
involves the cocaine amphetamine regulated 
transcript CART, a neuropeptide present in brain 
but also in the general circulation [ 64 – 66 ].  Cart  
expression is increased by leptin and is low in the 
brain of  ob / ob  mice [ 67 – 69 ]. In absence of  Cart  
mice develop a late onset low bone mas pheno-
type characterized by a sole increase in bone 
resorption indicating that CART acts as an 
 inhibitor of bone resorption [ 70 ]. When the 
 Cart −/− mice are infused icv with leptin they 
loose bone faster than wild-type mice due to a 
more pronounced increase in bone resorption 
[ 70 ]. This is due to the fact that leptin’s positive 
regulation of bone resorption by the sympathetic 
nervous system occurs normally but is not miti-
gated by an increase in CART levels. Of note, an 
increase in CART expression and/or circulating 

levels explains the high bone mass bone/low 
bone resorption phenotype of observed in  Mc4R - 
defi cient  mice as well as in patients heterozygous 
for inactivating mutations in this gene [ 26 ,  70 ]. 

 If CART mediates, at least in part, leptin’s 
effect on bone mass accrual, why was not its 
effect observed in  ob / ob  mice and, more impor-
tantly, in the parabiosis experiment described 
above? At the present time, and since the identity 
of the CART receptor is not know, one can only 
speculate that in either case the role of leptin in 
regulating fertility and thereby the levels of circu-
lating sex steroid hormones might be interfering. 
Indeed, in the case of  ob / ob  mice bone resorption 
is markedly increased due to the lack of estrogen. 
Hence, in these mice the decreased level of CART, 
which causes a slow increase in bone resorption, 
is only a minor component of their high bone 
resorption phenotype (Fig.  12.4a ). In the  ob / ob -
 ob / ob  + leptin icv parabiosis experiment, the 
opposite effect takes place (Fig.  12.4b ). Activation 
of  Cart  expression and increased levels of sex ste-
roid hormones in the leptin- receiving mice [ 29 ,  71 ] 

   Table 12.3    Correlation between leptin signaling, brain serotonin, sympathetic output, and bone remodeling   

 Central leptin signaling  Brain serotonin  Sympathetic output  Bone mass 

  ob / ob   0  +  −  + 
  db / db   0  +  −  + 
  LepR   BS  −/−  ±  +  −  + 
  LepR   ARC  −/−  ±  −  +  − 
  LepR   VMH  −/−  ±  −  +  − 
  wt  + leptin icv  +  −  +  − 
  LepR   BS  −/− + leptin icv  ±  +  −  + 
  Tph2 −/−  =  0  +  − 
  ob / ob ;  Tph2 +/−  0  =  =  = 
  Htr2c −/−  =  =  +  − 
  Tph2 +/−;  Htr2c +/−  =  −  +  − 
  CaMKKβ   VMH  −/−  =  =  +  − 
  Htr2c +/−;  CaMKKβ   VMH  +/−  =  =  +  − 
  CaMKIV   VMH  −/−  =  =  +  − 
  Htr2c +/−;  CaMKIV   VMH  +/−  =  =  +  − 
  Creb   VMH  −/−  =  =  +  − 
  Htr2c +/−;  Creb   VMH  +/−  =  =  +  − 
  Dbh −/−  =  =  −  + 

  +, increase; + normal level; ±, partial; −, decrease; 0, absence 
 BS, inactivation in brainstem SERT expressing neurons, ARC, inactivation in arcuate POMC expressing neurons, 
VMH, inactivation in VMH Sf1 expressing neurons  
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both decrease bone resorption while the blockade 
of serotonin production causes an increase in 
sympathetic output, i.e., an increase in bone 
resorption and a decrease in bone formation. The 
end result is a mitigated increase in bone resorp-
tion and a decrease in bone formation, resulting in 
bone loss. In the contralateral mouse, however, 
the sympathetic tone remains low causing a high 
bone mass phenotype that, within the 1 month 
time-frame of this experiment, is not signifi cantly 
affected by blood-borne effectors such as CART 
and estrogens.

       Molecular Mediators of Leptin- 
Activated Signaling in Bone 

 Leptin delivers its double compromising signal to 
bone mass accrual by concomitantly suppressing 
bone formation by osteoblasts and increasing 
bone resorption by osteoclasts. Both effects, 
however, are mediated by centrally derived sig-
nals on osteoblasts only. Indeed, as detailed below, 
once it reaches the osteoblasts, the sympathetic 
tone recruits several transcriptional regulators 
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  Fig. 12.4    Consequences on bone mass accrual of the 
absence and presence of leptin. ( a ) Schematic representa-
tion of the different infl uences on bone remodeling caused 
by the absence of leptin. ( b ) Schematic representation of 

the infl uence on bone remodeling of leptin icv infusion in 
the receiving and contralateral mouse of a pair of parabi-
osed  ob / ob  mice. The region highlighted in  blue  indicates 
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including CREB and ATF4 and components of 
the molecular clock to inhibit these cells prolif-
eration and thereby decrease bone formation 
(Fig.  12.3 ). In parallel, sympathetic tone signal-
ing in osteoblasts also increases the expression of 
 RankL , a most powerful osteoclastogenic cyto-
kine [ 4 ] and thus favors bone resorption. The 
same mode of action is used by CART, the other 
leptin-activated signal, to regulate bone resorp-
tion (Fig.  12.3 ). 

   Leptin Regulates Bone Formation 
Through Adrβ2 Signaling 
in Osteoblasts 

 As mentioned above,  Adrβ2  is expressed in osteo-
blasts where it mediates leptin-activated sympa-
thetic signals. Indeed, mice lacking these gene 
either globally or in osteoblasts only display a 
high bone mass phenotype in vertebrae and long 
bones characterized by increased bone formation 
and decreased bone resorption [ 58 ,  70 ]. The latter 
effect is more pronounced than the one observed 
in  ob / ob  mice since  Adrβ2 -defi cient mice are fer-
tile and have normal sex steroid hormone levels. 
Of note, although  Adrβ2 -defi cient mice have high 
bone mass, mice defi cient for both the  Adrβ2  and 
 Adrβ1  genes have low bone mass, potentially 
implying that signaling through Adrβ1 counter-
acts signaling through Adrβ2 in bone remodeling 
[ 72 ]. Yet, on its own,  Adrβ1  inactivation does not 
cause bone loss [ 70 ]. In contrast, mice without all 
three β-adrenergic receptors exhibit high bone 
mass through mechanisms that have not yet been 
described [ 73 ]. The function of the Adrβ1 and 
Adrβ3 receptors in osteoblasts may not be mediat-
ing leptin’s regulation of bone remodeling, how-
ever, since icv leptin infusions do not cause bone 
loss in absence of Adrβ2 in all cells or specifi cally 
in osteoblasts [ 58 ,  70 ]. 

 Beta-adrenergic receptors are GPCR signal-
ing through the cAMP pathway [ 74 ]. 
Accordingly, cAMP production is induced by 
isoproterenol (a potent β-adrenergic receptor 
agonist) in primary osteoblast cultures derived 
from wild type but not  Adrb2 -defi cient mice or 
in mouse and human osteoblasts treated with the 

β-blocker propranolol [ 33 ,  70 ]. Upon phosphor-
ylation on Ser133 the transcription factor CREB, 
a common target of cAMP signaling and a key 
player in regulating osteoblast biology [ 58 ,  75 ,  76 ], 
then relays the Adrβ2/cAMP signal to the 
nucleus to regulate bone formation through an 
increase in osteoblast proliferation. The impor-
tance of CREB in mediating leptin’s effect on 
bone formation is exemplifi ed by the fact that 
leptin icv infusion fails to decrease bone forma-
tion in mice defi cient in this transcription factor 
in osteoblasts only [ 58 ]. That in these same mice 
the expression of Cyclin genes, of  Myc  and of 
 Period  ( Per ) 1 , a component of the molecular 
clock, is affected provided the molecular bases 
of the role of leptin on bone formation [ 58 ]. 

 It was reported decades ago that the secretion 
of α1(I) collagen and osteocalcin, the two most 
abundant proteins made by osteoblasts, have cir-
cadian variations, suggesting that bone remodel-
ing can be regulated in a circadian manner 
[ 77 – 79 ]. Accordingly, all the components of the 
molecular clock are expressed in osteoblasts and 
their expression is regulated by the sympathetic 
tone [ 80 ]. Prompted by these observations, and 
in order to understand the mechanism of reduced 
bone formation by sympathetic signaling, Fu 
et al. demonstrated that mice lacking genes that 
encode major components of the molecular 
clock proteins in all cells or specifi cally in osteo-
blasts ( Per1 −/−;  Per2 −/− mice and  Cryptochrome  
( Cry ) 1 −/−;  Cry2 −/− mice) have high bone mass 
with increased bone formation [ 80 ]. Moreover, 
these mice are resistant to central effects of 
leptin. In fact, ICV administration of leptin to 
 Per1 −/−;  Per2m / m  (deletion of PAS domain of 
Per2) mice could not decrease bone mass but 
instead resulted in an elevated vertebral bone 
volume and osteoblast numbers, which is in 
stark contrast to the result in wild-type mice 
[ 80 ]. Osteoblasts from molecular clock-defi cient 
mice proliferate more rapidly than wild-type 
osteoblasts and further experiments showed that 
 Per  gene defi ciency in osteoblasts results in ele-
vated  G1 Cyclin  expression that leads to shorten-
ing of the cell cycle and increased cell 
proliferation [ 80 ]. While BMAL1 and CLOCK 
do not affect  Cyclin D1  promoter activity, they 
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downregulate the expression of  c - myc    , a critical 
regulator of  Cyclin D1  activity [ 80 ]. Clock genes 
also decrease the expression of multiple AP-1 
genes causing a further decrease in c-myc activa-
tion of  G1 Cyclin  expression. This second arm of 
regulation in also under the control of the sym-
pathetic tone since in absence of clock genes or 
of their activity β-adrenergic signaling can 
induce AP-1 transcription factors and promote 
osteoblast proliferation [ 80 ]. Altogether, these 
results established that the molecular clock acts 
downstream of leptin and the sympathetic ner-
vous system in osteoblasts to inhibit their prolif-
eration via inhibition of the c-myc-mediated 
activation of  Cyclin  gene expression (Fig.  12.3 ). 

 Several reports have proposed that leptin 
directly affects osteoblast differentiation and/or 
proliferation in vitro [ 41 ,  81 – 83 ]. In contextual-
izing these studies it is important to note that 
most of these reports use leptin concentrations 
that are supraphysiologic and therefore provide 
results from which it is diffi cult to draw mean-
ingful conclusions. Even when more physiologi-
cally relevant concentrations of leptin are used 
[ 12 ,  41 ,  83 ] in vitro studies have led to different 
and sometimes opposite results. This could be 
due to the distinct impact the presence of differ-
ent concentrations of serum, and therefore of 
leptin, could have on the cells before or during 
treatment or to their differentiation status [ 39 ]. 
For instance, deletion of the long-form of the 
leptin receptor from bone marrow stromal cells 
in culture delays mineralization by increasing 
adipogenesis but osteoblasts derived from  db / db  
mice behave normally [ 12 ,  84 ]. It remains that 
analyses involving in vivo tracking of osteoblast 
lineages through the use of a  LepR  promoter-
YFP reporter gene showed that osteoblasts do 
not express leptin receptors [ 42 ] (Fig.  12.2 ) and 
that the conditional inactivation of leptin recep-
tor in osteoblasts using α1(I)Collagen-Cre, a 
transgenic strain that induces recombination 
early in the osteoblast lineage [ 85 ], does not 
affect trabecular bone mass [ 30 ].  

   Leptin Regulates Bone Resorption 
Through Adrβ2 Signaling 
in Osteoblasts 

 Studies in  Adrβ 2-defi cient mice showed that in 
addition to an increase in bone formation, lack 
of sympathetic signaling results in a decrease in 
bone resorption even more pronounced than the 
one existing in  ob / ob  mice [ 58 ,  70 ]. These 
observations indicated a neuronal control of 
bone resorption and posed the question whether 
leptin- activated SNS signaling impinges on 
osteoclastogenesis. 

 Although Adrβ2 is expressed in osteoclasts, 
attempts to demonstrate a direct effect of sympa-
thetic tone on osteoclasts or on osteoclast precur-
sor cells have failed thus far. For example, while 
cAMP induction by isoproterenol in primary 
osteoblast cultures is blocked by the absence of 
 Adrb2 , deletion of  Adrb2  has no effect on cul-
tured osteoclasts [ 70 ]. Instead, a decrease of 
osteoclast surface and activity can be observed in 
mice  Adrβ2 -defi cient globally or in osteoblasts 
only, and a decrease in bone resorption can be 
observed in wild type mice transplanted with 
 Adrβ 2-defi cient osteoblasts [ 58 ,  70 ]. These 
observations all concur to suggest that osteo-
blasts mediate the leptin-activated sympathetic 
signal on osteoclasts. Consistent with this notion 
leptin-activated sympathetic tone acts on osteo-
blasts to increase the expression of  RankL , a most 
powerful osteoclastogenic cytokine [ 86 ], and 
thus favors bone resorption [ 58 ,  70 ]. This sympa-
thetic function is mediated by the cAMP- 
dependent activation of protein kinase A (PKA) 
and subsequent phosphorylation on Ser254 (by 
PKA) and increase in the transactivation function 
of ATF4, the cell-specifi c CREB-related tran-
scription factor essential for osteoblast differen-
tiation and function [ 70 ,  87 ] As a result, ATF4 is 
recruited and directly binds to a CRE-binding 
site in the promoter of  Rankl , thus upregulating 
the expression of this osteoclastogenic factor 
[ 70 ]. However, sympathetic regulation of  Rankl  
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expression by ATF4 is independent of its phos-
phorylation on Ser251 by RSK2, another kinase 
known to regulate ATF4 functions on osteoblast 
differentiation [ 88 ]. This regulation is also inde-
pendent of CREB, the downstream mediator of 
sympathetic signaling in osteoblasts, since leptin 
icv infusion in mice defi cient in  Creb  in osteo-
blasts can affect bone resorption [ 58 ].  

   Leptin Regulation of Bone 
Resorption Through CART 

 The second pathway by which leptin regulates 
bone mass accrual also affects bone resorption 
although in contrast to the sympathetic tone it 
inhibits this process [ 70 ]. The mediator of this 
inhibitory action is CART, a neuropeptide whose 
expression is increased by leptin and whose levels 
are in  ob / ob  mice but normal in  Adrb2 −/− mice 
[ 70 ].  Cart −/− mice show a low bone mass pheno-
type which is solely attributed to increases in 
osteoclast formation and function [ 26 ,  70 ]. CART 
is not expressed in osteoblasts or osteoclasts, 
 Cart −/− bone cells show no cell- autonomous 
defects and exogenous CART administration does 
not affect osteoclast formation [ 70 ]. In contrast, 
 Rankl  expression is increased in  Cart −/− bones 
suggesting that CART exerts its function by mod-
ulating the production of this cytokine by osteo-
blasts. Thus, leptin controls bone resorption 
through, at least, two distinct and antagonistic 
pathways. On the one hand, sympathetic signal-
ing via Adrβ2 promotes osteoclast differentiation; 
on the other hand, CART inhibits it. The tran-
scriptional mechanisms by which CART regu-
lates bone resorption remain unknown in absence 
of a specifi c CART receptor.   

   Leptin Actions on Bone Remodeling 
and Human Bone Biology 

 The most straightforward indications that leptin’s 
effect on bone mass accrual is conserved from 
rodents to humans were obtained from a patient 
with a mutation in the  ob  gene, who displayed a 

high bone mass phenotype, and the observation 
that human patients with lipodystrophy display 
advanced the bone age, an indirect indicator of 
bone formation [ 70 ]. More generally, however, 
the situation is more complex. Indeed, positive, 
negative or no associations between serum leptin 
levels and bone mineral density have been 
reported, which confounds the interpretation of 
leptin’s effect on bone mass and the correlation 
with rodent studies [ 89 – 93 ]. Moreover, in obese 
individuals body weight can be positively corre-
lated with increased bone mass [ 7 ]. Considering 
that leptin levels are proportional to fat mass this 
observation can be viewed as a direct contradic-
tion with the negative role defi ned in animal stud-
ies. Obesity, however, is also associated with the 
development of leptin resistance, which could 
explain this discrepancy as it explains the persis-
tence of appetite despite high levels of leptin [ 37 , 
 38 ,  94 ,  95 ]. 

 Only a few human studies have examined the 
direct effect of leptin administration on bone- 
mineral density. One study reported an increase 
in bone mass and decrease in bodyweight after 
long-term leptin therapy in an obese 9-year-old 
girl with congenital leptin defi ciency [ 96 ]. In 
view of the patient’s age, however, it is diffi cult to 
make any fi rm conclusions because of the effects 
of ongoing skeletal growth on bone mass. More 
recently, subcutaneous administration of leptin 
was found to have no signifi cant effect on bone- 
mineral density in two women with lipodystro-
phy [ 97 ]. Larger clinical studies are therefore 
necessary to clarify leptin’s role in human vivo 
and to assess the contribution of the central and 
peripheral role of leptin to the overall mainte-
nance of bone turnover in human beings. 

 The donwstream effectors of leptin’s regu-
lation of bone remodeling are also conserved 
betwwen rodents and mice. Indeed, patients het-
erozygous for inactivating mutations in  MC4R  
develop a late onset increase in bone mass associ-
ated with a decrease in bone resorption [ 26 ,  98 ]. 
As it is the case in  Mc4r -defi cient mice these 
patients have signifi cantly increased serum levels 
or CART [ 26 ]. The mouse studies have also indi-
cated that β-adrenergic antagonists, commonly 
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used to control blood pressure and cardiovascular 
disease, induce bone formation and increase 
osteoblast numbers. They also showed that such 
treatment can overcome hypogonadism-induced 
loss of bone mass [ 33 ] suggesting that β-blockers 
may overcome the loss of bone mass in post-
menopausal women. Many epidemiological stud-
ies have reported benefi cial effects of β-blockers 
on BMD and/or fracture risk [ 99 – 102 ]. More 
generally, a meta-analysis of eight studies dem-
onstrated that β-blockers reduce hip fracture risk 
(pooled relative risk 0.72) and any fracture risk 
(pooled relative risk 0.86) [ 103 ]. Similarly, refl ex 
sympathetic dystrophy, a disease characterized 
by local sympathetic activation and bone loss, is 
most often treated with β-blockers [ 104 ,  105 ]. 
However, most studies are observational and pro-
spective randomized clinical trials that take the 
specifi city and dosage of β-blockers into consid-
eration are needed.     
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           Introduction 

 Leptin is one of the best known adipocytokines. 
Successful cloning of the leptin gene was fi rst 
reported in 1994 [ 1 ]. Since then it has become an 
important target of study by researchers interested 
in understanding the biological basis for the 
strong association between obesity and many can-
cers. Some of the cancers associated with obesity 
include colon cancer [ 2 – 5 ], breast cancer [ 6 ], 
endometrial cancer [ 7 ,  8 ], esophageal adenocarci-
noma [ 9 – 12 ], kidney cancer [ 13 – 17 ], leukemia 
[ 18 ], melanoma [ 19 – 23 ], multiple myeloma [ 24 ], 
non-Hodgkin’s lymphoma [ 25 – 28 ], pancreatic 
cancer [ 29 – 32 ], prostate cancer [ 33 ,  34 ]  rectal 
cancer [ 35 ,  36 ] and thyroid cancer [ 37 – 40 ]. The 
most strongly associated cancers with obesity in 
men are esophageal adenocarcinoma, thyroid 
cancer, colon cancer, and kidney cancer [ 41 ]. In 
women, the cancers most strongly associated with 
obesity are endometrial cancer, esophageal ade-
nocarcinoma, and kidney cancer [ 41 ]. There is 
increasing evidence indicating that high circulat-
ing leptin levels characteristic of obesity may 
be promoting the development and progression 
of many of these obesity-associated cancers. 

Some of the observational and laboratory-based 
mechanistic data will be discussed in later sections 
of this chapter. The discussion will be particularly 
focused on the role of leptin in the development 
and progression of esophageal adenocarcinoma 
and colon cancer, although Table  13.1  summarizes 
the main cancer types where increased leptin and 
leptin receptor expression have been reported. The 
current state of scientifi c knowledge regarding 
how leptin regulates signal transduction and the 
cell cycle to promote carcinogenesis will be 
described. The main molecular mechanisms 
underlying the role of leptin in carcinogenesis are 
listed in Table  13.2 . For completion, it must be 
mentioned that there are other adipocytokines that 
may regulate carcinogenesis. These include adipo-
nectin, resistin, chemerin, collagenous repeat-
containing sequence of 26 kDa protein (CORS-26), 
omentin, and visfatin [ 42 – 44 ].

       Leptin and Esophageal 
Adenocarcinoma 

 Esophageal adenocarcinoma is one of two types of 
esophageal cancer. The more common type of 
esophageal cancer is esophageal squamous cell 
carcinoma. However, the incidence of esophageal 
squamous cell carcinoma has been decreasing 
whereas the incidence of esophageal adenocarci-
noma (EAC) has been rapidly increasing  worldwide 
[ 45 ]. This has especially been the case in the west-
ern world [ 45 ]. In fact, some researchers feel that 
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the incidence of EAC worldwide is rising faster 
than that of any other solid cancer. 

 As mentioned above, there is a very strong 
association between obesity and esophageal ade-
nocarcinoma. One of the earlier well-performed 
studies in this area was done in Sweden. The 
study showed that the odds ratio between obese 
persons (those with body mass index (BMI) 
greater than 30 kg/m 2 ) as compared to the leanest 
persons (individuals with BMI less than 22 kg/
m 2 ) was 16.2 [ 46 ]. Around the same time, a group 
of researchers in the USA conducted a population- 
based case–control study of 589 patients of 
esophageal and gastric adenocarcinoma and 695 
healthy control volunteers. After adjusting for 
age, sex, race, and cigarette smoking, they found 
that the odds ratio for esophageal adenocarci-
noma for men in the highest quartile of BMI as 
compared to those in the lowest quartile was 3.0 
(95 % confi dence interval was 1.7–5.0) while the 
odds ratio for women in the highest quartile as 
compared to those in the lowest quartile was 2.6 
(95 % confi dence interval was 0.8–8.5) [ 47 ]. 
Many other studies performed since then have 
consistently showed that obesity is strongly asso-
ciated with EAC [ 9 ,  10 ,  12 ,  45 ,  48 ]. Some have 
suggested that the reason for this association is 
the increased incidence of gastro-esophageal 

refl ux disease (GERD) among obese people and 
that increased GERD leads to increased Barrett’s 
esophagus (BE) and consequently increased 
EAC. It should be noted, however, that the asso-
ciation between obesity and EAC is stronger than 
that between GERD and EAC [ 46 ,  49 ]. Obesity 
is, therefore, a direct risk factor for EAC indepen-
dent of GERD [ 50 ]. Consequently, it is very 

   Table 13.1    Cancers associated with increased leptin and 
leptin receptor expression   

 Cancer type 
discussed 

 Leptin 
expression 

 Leptin receptor 
expression 

 Esophageal 
adenocarcinoma 

 Yes  Yes 

 Colon cancer  Yes  Yes 
 Breast cancer  Yes  Yes 
 Endometrial cancer  Yes  Yes 
 Kidney cancer  Yes  Yes 
 Leukemia  Yes  Yes 
 Melanoma  Yes  Yes 
 Multiple Myeloma  Yes  Yes 
 Non-Hodgkin’s 
Lymphoma 

 Yes  Yes 

 Pancreatic cancer  No  No 
 Prostate cancer  Yes  Yes 
 Thyroid cancer  Yes  Yes 
 Ovarian  Yes  Yes 

   Table 13.2    Mechanisms of leptin action in cancer   

 Mechanism  Cancer type discussed 

 Cell proliferation  Esophageal 
adenocarcinoma (EAC), 
colon cancer, ovarian 
cancer, thyroid cancer 

 Inhibition of apoptosis  EAC, colon cancer, 
thyroid cancer 

 Motility  Colon cancer 
 Migration  EAC 
 Invasiveness  Colon cancer 
 Extracellular signal- regulated 
kinase (ERK) 

 EAC 

 p38 mitogen-activated protein 
kinase (p38 MAPK) 

 EAC 

 c-Jun NH 2 -terminal kinase 
(JNK) 

 EAC 

 Akt  EAC 
 Janus kinase 2 (JAK2)  EAC 
 Signal transducer and 
activation of transcription 3 
(STAT3) 

 EAC 

 Cyclooxygenase-2 (COX-2)  EAC 
 Prostaglandin E-2 (PGE2)  EAC 
 Epidermal growth factor 
receptor (EGFR) 

 EAC 

 Increased cell population in 
the S phase of the cell cycle 

 Ovarian cancer, 
endometrial cancer 

 Increased cell population in 
the G2/M phase of the cell 
cycle 

 Ovarian cancer 

 Decreased cell population in 
the G0/G1 phase of the cell 
cycle 

 Endometrial cancer 

 Cyclin D1-dependent cell 
cycle progression 

 Thyroid cancer 

 Downregulation of p21  Thyroid cancer 
 Upregulation of cyclin D, 
cyclin G, cyclin-dependent 
kinase 2, p27, p21, and p16 

 Breast cancer 

 Downregulation of 
transforming growth factor 
beta (TGFβ) 

 Breast cancer 
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likely that there is a more direct link between 
obesity and EAC. 

 Adipocytokines are dysregulated in obesity 
and are known to exert effects on a wide variety 
of peripheral tissues [ 51 – 53 ]. Therefore, any or a 
combination of adipocytokines may provide a 
direct biological link between obesity and 
EAC. Leptin is a very strong candidate for this 
role because serum leptin concentrations corre-
late with percentage body mass and BMI [ 51 ,  54 ]. 
Consequently, many researchers have specifi -
cally investigated the direct role of leptin in the 
development and progression of many cancers. 
Although only few studies have specifi cally 
investigated EAC, their results have been clear 
and consistent. 

 In 2003, Somasundar et al. reported that leptin 
stimulated the proliferation of two different EAC 
cell lines but they were not able to detect an anti- 
apoptotic effect using their experimental 
approach [ 55 ]. However, 3 years later and work-
ing with a different EAC cell line, Ogunwobi 
et al. showed very clearly that leptin stimulated 
proliferation of an EAC cell line in a dose- 
dependent manner [ 56 ]. They were also able to 
detect an anti-apoptotic effect for leptin on the 
EAC cells. More importantly, they elucidated a 
cascade of intracellular signaling mechanisms 
via which leptin stimulates proliferation and 
inhibits apoptosis of EAC cells. Their studies 
showed that leptin stimulation resulted in the 
activation of cyclooxygenase-2 (COX-2) and 
prostaglandin E2 (PGE2) production in a manner 
dependent upon activation of extracellular signal- 
regulated kinase (ERK), p38 mitogen-activated 
protein kinase (MAPK), phosphatidylinositol 
3′-kinase (PI3K)/Akt, and janus kinase (JAK) 2. 
They also showed that the PGE2 produced was 
subsequently involved in the transactivation of the 
epidermal growth factor receptor and c-Jun amino 
terminal kinase (JNK) [ 56 ]. It is noteworthy that 
all of the signaling pathways activated by leptin 
in the Ogunwobi et al. study have been shown by 
multiple studies and research groups to be impor-
tant in the development and progression of EAC 
[ 57 – 59 ]. Furthermore, the leptin receptor is 
expressed in the OE33 EAC cell line used in the 
Ogunwobi et al. study. Moreover, leptin receptor 

expression has been demonstrated throughout the 
mouse gastrointestinal epithelium including the 
esophagus [ 60 ]. More importantly, leptin recep-
tor expression has been demonstrated in the epi-
thelium of the human lower esophagus [ 61 ] and it 
has been shown to increase as the lower esopha-
gus changes from normal to Barrett’s esophagus 
and fi nally to development of EAC [ 62 ]. 

 Mention should also be made of data that sug-
gest that hyperleptinemia in obesity likely coop-
erates with GERD in contributing to the 
development and progression of EAC. Beales 
et al. investigated the combined effects of acid 
and leptin exposure on EAC cells [ 63 ]. They 
found that there was a positive synergistic effect 
on proliferation and inhibition of apoptosis [ 63 ]. 
Additionally, these effects were via synergistic 
activation of the epidermal growth factor receptor 
(EGFR) and ERK [ 63 ]. 

 Taken together, these studies provide a strong 
basis for concluding that increased circulating 
leptin in obese people may play a direct role in 
the increased incidence and progression of EAC 
in obesity.  

   Leptin and Colon Cancer 

 The role of leptin as a direct promoter of colon 
cancer is also clear. Expression of the leptin 
receptor in the epithelium of the human colon 
was described by Hardwick et al. in their 2001 
publication [ 64 ]. In that paper, they also demon-
strated that treatment of mice with leptin resulted 
in signifi cant increase in colonic epithelial cell 
proliferation [ 64 ]. More recently, Koda and col-
leagues reported that leptin is overexpressed in 
human colon cancer [ 65 ]. Multiple research 
groups have independently demonstrated that 
leptin is able to promote proliferation, motility, 
invasiveness, and inhibit apoptosis of colonic 
epithelial cells by activation of a complex cas-
cade of intracellular signaling mechanisms that 
have all been implicated in the development of 
human colon cancer [ 64 ,  66 – 69 ]. It is noteworthy 
that many of the intracellular signaling mecha-
nisms activated by leptin in esophageal epithelial 
cells are also activated by leptin in colonic 
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 epithelial cells. However, one striking difference 
is that whereas leptin-induced proliferation is 
dependent on activation of the COX-2 pathway in 
esophageal epithelial cells [ 56 ], in colonic epi-
thelial cells leptin is able to potently induce pro-
liferation and inhibit apoptosis independent of 
activation of COX-2 [ 67 ]. 

 The epidemiologic data supporting leptin’s 
role in the promotion of colon cancer is also com-
pelling. In Stattin et al’s 2003 Sweden-based 
case–control study, they measured the 
 prediagnostic plasma leptin levels of 75 men, 93 
women, and 327 control volunteers. They per-
formed statistical analysis using logistic regres-
sion and found that plasma leptin was associated 
with increased risk of colon cancer in men. The 
odds ratio (OR) between the highest and lowest 
quartiles was 1.96 (95 % confi dence interval (CI) 
was 0.72–5.29) [ 70 ]. Subsequently, in 2005 
Tamakoshi and colleagues performed a separate 
case–control study in Japan where they found an 
association between plasma leptin and colon can-
cer risk in women. Their study assessed 58 colon 
cancer patients and 145 colon cancer-free volun-
teers matched for study area and age. They also 
used logistic regression for their statistical analy-
sis. In addition, however, they also accounted for 
BMI, life-style factors, reproductive factors, and 
insulin-like growth factor and its binding protein. 
Their analysis revealed that the ORs of female 
colorectal cancer risk for the second and third 
quintiles combined and the fourth and fi fth quin-
tiles combined relative to the fi rst quintile were 
1.40 (95 % CI was 0.41–4.78) and 4.84 (95 % CI 
was 1.29–18.1) respectively [ 71 ]. Around the 
same time, Stattin and colleagues reported a 
case–control study they performed in Norway 
wherein they analyzed serum levels of leptin in 
cryopreserved prediagnostic sera of 235 men 
with colon cancer and 378 control volunteers 
matched for age and date of blood collection. 
This time they performed logistic regression 
analysis and their data showed about a threefold 
increase in the risk of colon cancer associated 
with increasing concentrations of leptin. The 
odds ratio between the lowest and highest quar-
tiles was up to 2.72 (95 % CI was 1.44–5.12);  p  
(trend) was 0.008 [ 72 ]. 

 Consequently, there is compelling evidence 
that circulating leptin concentrations correlate 
with colon cancer risk and that leptin directly 
promotes colon cancer.  

   Leptin and Cell Cycle in Cancer 

 Dysregulation of the cell cycle is undoubtedly a 
fundamental factor in the development and pro-
gression of cancer. This is especially the case 
with the uncontrolled proliferation and the 
genetic alterations that are characteristic of can-
cer cells (reviewed in [ 73 ]). It is, therefore, not 
surprising that the role of leptin in promoting 
many cancers often involves dysregulation of the 
cell cycle. 

 Consider a few examples. In an ovarian cancer 
study that used leptin receptor-expressing 
OVCAR-3 ovarian cancer cells, leptin was found 
to stimulate proliferation by upregulating cell 
cycle progression genes and suppressing cell 
cycle inhibitor genes. The authors also reported 
that leptin promoted cell cycle progression, as 
demonstrated by an increased cell population in 
both the S and G2/M phases [ 74 ]. In a separate 
study that used a mouse model of spontaneous 
thyroid cancer, consumption of a high-fat diet 
resulted in the development of obesity and ele-
vated serum leptin levels. This in turn resulted in 
increased speed of tumor growth and reduced sur-
vival. Interestingly, thyroid tumor cell prolifera-
tion was increased via cyclin D1-dependent cell 
cycle progression [ 38 ]. Also, in an endometrial 
cancer model, leptin exposure reduced the num-
ber of cells in the G0/G1 phase while increasing 
the number of cells in the S-phase of the cell 
cycle. These regulatory effects on the cell cycle 
were also associated with differential regulation 
of cyclin D1 and the cyclin-dependent kinase 
inhibitor, p21: there was upregulation of cyclin 
D1 and downregulation of p21 [ 75 ]. Furthermore, 
in a separate study using the MCF-7 human breast 
cancer cell line, leptin treatment led to upregula-
tion of the cell cycle genes cyclin D, cyclin G, 
cyclin-dependent kinase 2, p27, p21, and p16 as 
well as downregulation of the cell cycle sup-
pressor, transforming growth factor beta [ 76 ]. 
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The authors of the study further demonstrated that 
leptin down-regulates apoptosis- inducing genes 
and inhibits apoptosis. And they concluded that 
these tumorigenic effects of leptin in the MCF-7 
human breast cancer model are mediated in part 
via regulation of the cell cycle [ 76 ]. 

 The above examples clearly show that leptin is 
able to dysregulate the cell cycle to promote the 
development and progression of cancer.  

   Leptin and Adiponectin Cross-Talk 
to Regulate Carcinogenesis 

 As mentioned above, obesity is an established risk 
factor for many cancers. And it is characterized by 
hyperleptinemia and hypoadiponectinemia. It is, 
therefore, possible that either elevated serum 
leptin levels or reduced serum adiponectin levels 
may independently contribute to the development 
of obesity-associated cancers. In the previous sec-
tions of this chapter, compelling evidence indicat-
ing that leptin directly promotes development and 
progression of obesity-related cancers has been 
presented. It should be noted that there is also 
independent evidence that reduced circulating 
levels of adiponectin may contribute to the devel-
opment of obesity- associated cancers [ 77 – 80 ]. 
Nevertheless, it is most likely that a variety of 
molecular factors inter-play to regulate the devel-
opment and progression of cancers. Consequently, 
it is not surprising that there is increasing experi-
mental evidence that leptin and adiponectin cross-
talk to regulate the development and progression 
of obesity- associated cancers. 

 For example, using multiple cellular models of 
esophageal adenocarcinoma (EAC), Ogunwobi 
and Beales demonstrated that the globular form of 
adiponectin inhibited leptin-induced proliferation 
of EAC cells in a manner dependent on the adi-
poR1 receptor isoform and 5′-AMP-activated pro-
tein kinase [ 81 ]. In a more recent study of the 
OE33 esophageal adenocarcinoma model, Beales 
et al. further reported that the globular form of adi-
ponectin inhibited leptin-induced proliferation, 
migration, and anti- apoptosis via protein tyrosine 
phosphatase 1B-mediated downregulation of sig-
nal transducer and activator of transcription 3 

(STAT3) transcriptional activity [ 82 ]. Similar 
 fi ndings have been reported in other cancer types. 
A recent case–control study of 516 Chinese 
women specifi cally evaluated potential correlation 
between serum leptin and adiponectin levels with 
the presence of endometrial carcinoma. The study 
found that patients with endometrial carcinoma 
had higher serum leptin and lower serum adipo-
nectin concentrations than normal healthy volun-
teers. After adjusting for cholesterol, triglycerides, 
fasting insulin, serum glucose, BMI, and age, 
logistic regression analysis of their data revealed 
that high serum leptin concentration and low 
serum adiponectin concentration are both signifi -
cantly associated with endometrial carcinoma 
[ 83 ]. Data from the study by Jardé and colleagues 
published in 2009 are also very interesting [ 84 ]. 
They found that leptin mRNA expression in the 
MCF-7 breast cancer model was 34.7 times 
higher than adiponectin mRNA expression 
[ 84 ]. Furthermore, they found that adiponectin 
treatment resulted in loss of expression of leptin 
and its receptors whereas leptin treatment 
resulted in loss of expression of the adiponectin 
receptor, adipoR1 [ 84 ]. They also found that 
adiponectin treatment inhibited the prolifera-
tion of the MCF-7 breast cancer cells whereas 
leptin treatment stimulated their proliferation 
[ 84 ]. In addition, adiponectin inhibited leptin-
induced proliferation of the MCF-7 breast can-
cer cells [ 84 ]. 

 Consequently, there is epidemiological as well 
as experimental evidence suggesting that leptin 
likely is not the only adipocytokine regulating 
tumor development and progression. The role of 
leptin in cancer development and progression is 
probably dependent in ways not yet fully under-
stood on adiponectin activity.  

   Potential Clinical Impact 
of Understanding the Role of Leptin 
in Carcinogenesis 

 Understanding the pathophysiological role of 
leptin in cancer development and progression is 
undoubtedly important. It is especially important 
that we understand the molecular signaling 
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 mechanisms mediating leptin activity as it relates 
to cancer. This may reveal novel insights into can-
cer development and progression in general. More 
importantly, it is possible that some of these 
mechanisms may be exploitable for screening, 
diagnostic, therapeutic, or monitoring purposes. 

 The good news is that there is already indica-
tion that knowledge gained so far from researching 
the role of leptin in cancer may be useful clini-
cally. For example, a retrospective analysis of 
leptin and leptin receptor expression in normal 
lung tissue in comparison to non-small cell lung 
cancer tissue revealed that leptin expression sig-
nifi cantly affected survival time and that leptin 
expression is an independent prognostic factor in 
non-small cell lung cancer [ 85 ]. Also, a study of 
71 consecutive colon cancer patients that exam-
ined serum leptin and leptin receptor levels found 
that serum leptin and leptin receptor levels corre-
late with advanced tumor stage [ 86 ], thus indicat-
ing that information regarding serum leptin and 
tissue leptin receptor expression may be clinically 
useful in this setting. Data from breast cancer stud-
ies also suggest potential clinical usefulness in that 
setting. Several research groups have reported that 
leptin and leptin receptor expression may be useful 
as prognostic factors in breast cancer [ 87 ,  88 ]. 
Interestingly, there are even data suggesting that 
leptin levels may predict response or resistance to 
anti-estrogen therapy during breast cancer treat-
ment [ 89 ]. Also, in gastric cancer, there is evidence 
that leptin expression may be useful clinically as a 
prognostic factor [ 90 ]. 

 Therefore, there is real potential for the use of 
leptin or its receptor as clinical biomarkers. And 
our understanding of its pathophysiologic signal-
ing mechanisms in cancer may also lead to clini-
cal applications. Figure  13.1  summarizes the key 
signaling pathways that may be important in the 
role of leptin in carcinogenesis. These are also 
potential molecular targets that can be exploited 
for clinical applications.

      Contrarian Reports 

 There is, of course, some data (though fewer) that 
may suggest that leptin does not play a role or 
that it plays an anti-tumorigenic role in certain 

cancers. For example, a 2013 report of a case–
control study and meta-analysis of the associa-
tion between leptin and colorectal adenoma or 
colon cancer mentioned that there was a positive 
association of serum leptin with colorectal ade-
noma, but not colorectal cancer [ 91 ]. It should be 
noted, though, that even the authors of the report 
explicitly mentioned that there was signifi cant 
heterogeneity between the studies they analyzed 
and that there may have been multiple effect 
modifi ers [ 91 ]. Another 2013 report partly 
focused on the association between leptin and 
prostate cancer [ 92 ]. The authors used nested 
case–control methodology and utilized both con-
ditional and unconditional logistic regression for 
their analyses [ 92 ]. And they reported that there 
was no compelling evidence of an association 
between leptin and prostate cancer stage [ 92 ]. An 
earlier study that examined breast, esophageal, 
prostate, and pancreatic cancer cell lines found 
that the effects of leptin may be cell line specifi c. 
They found that whereas leptin had a prolifera-
tive effect on the breast, esophageal, and prostate 
cancer cell lines, it had an anti-proliferative effect 
on the pancreatic cancer cell lines [ 93 ]. More 
recently, it was reported that leptin exerted sig-
nifi cant anti-tumor effects in hepatocellular car-
cinoma [ 94 ]. In athymic nude mice implanted 
with Hep3B human hepatocellular carcinoma 
cells, leptin signifi cantly reduced tumor size and 
improved animal survival [ 94 ]. Furthermore, it 
was reported that leptin exerted anti-proliferative 
effects on the MDA-MB-231 breast cancer cell 
line via downregulation of protein kinase A [ 95 ]. 

 These reports, although not exhaustive, cer-
tainly indicate that in some organs or cell types 
leptin may not have a pro-carcinogenic role.  

   Conclusion 

 There is much more that can be said about the 
role of leptin in the cell cycle and cancer develop-
ment and progression. This chapter has, some-
what narrowly, focused on only some of the 
peer-reviewed scientifi c evidence that leptin does 
indeed play a role in cancer development and 
progression. As discussed in the previous section 
of this chapter, there is some data that may 
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 suggest that leptin does not play a role in certain 
cancers. Nevertheless, the evidence that leptin is 
an important player in carcinogenesis is compel-
ling and is very likely to continue to grow.     
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         Introduction 

 The worldwide prevalence of obesity and its asso-
ciated cardiometabolic diseases has increased dra-
matically in the past 2–3 decades, rapidly becoming 
a major health care challenge in the United States 
as well as in most industrialized and developing 
countries. Current estimates indicate that more 
than one  billion  people in the world are overweight 
or obese [ 1 ]. In the United States, at least 65 % of 
adults are overweight and approximately one-third 
of adults are obese with a body mass index (BMI), 
defi ned as kg weight/m 2  height, greater than 30 [ 2 ]. 

 Epidemiological studies show that obesity 
affects 17 % of children and adolescents in the 
United States, a number that has tripled from one 
generation ago, indicating that the prevalence of 
childhood obesity has also risen rapidly, in paral-
lel with increasing obesity in adults. A recent 
report indicates that 18.4 % of 4-year-old chil-

dren in the United States are obese, with signifi -
cantly higher rates in Hispanic, Black, and Native 
American children [ 3 ]. 

 These numbers are alarming since excess 
weight gain enhances the risk for developing many 
chronic diseases including diabetes,  cancer, kidney 
disease, hypertension, and cardiovascular diseases 
(CVD). In this chapter we discuss the role of leptin 
as a major link between obesity, sympathetic ner-
vous system (SNS) activity and hypertension. 

   Role of SNS Activity and Renal Nerves 
in Obesity-Hypertension 

 Although the multiple mechanisms by which 
obesity elevates BP are still not fully understood, 
all forms of hypertension studied thus far, including 
obesity-induced hypertension, are accompa-
nied by impaired renal pressure natriuresis [ 4 – 6 ]. 
In obesity-hypertension, impaired pressure 
natriuresis is due mainly to increased renal 
sodium reabsorption caused by at least three 
major mechanisms (Fig.  14.1 ): (1) physical com-
pression of the kidneys by surrounding visceral 
and retroperitoneal fat as well as renal sinus fat, 
(2) mild activation of the renin-angiotensin-
aldosterone system (RAAS), and (3) mild SNS 
overactivity [ 5 ,  7 ,  8 ]. In this chapter we focus on the 
role of leptin in promoting increased SNS activ-
ity and contributing to elevated BP in obesity.

   Clinical and experimental studies have demon-
strated that excess weight gain, especially when 
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excess visceral adiposity is present, is accompanied 
by increased SNS activation to several organs and 
tissues [ 8 ,  9 ]. The rise in SNS activity can occur as 
early as 1 week after exposure to high fat diets in 
experimental animals and even with modest weight 
gain in nonobese subjects [ 8 ,  10 ,  11 ]. There is evi-
dence that excess weight gain is associated with 
selective, mild increases in SNS to a few organs and 
tissues, including the kidneys and skeletal muscle, 
rather than widespread SNS activation [ 8 ,  12 ]. For 
example, cardiac SNS activity is normal or reduced 
in obese compared to lean subjects and increased 
heart rate is due mainly to decreased parasympa-
thetic activity rather than increased SNS activity 
[ 13 ]. Also, the rise in SNS activity to key organs 
such as the kidneys is modest and insuffi cient to 
cause vasoconstriction, albeit enough to promote 
sodium retention and to activate the RAAS [ 5 ,  7 ]. 

 Evidence for an important role of increased 
renal SNS activity in obesity-hypertension derives 
from studies showing that chronic pharmacologi-
cal blockade of adrenergic receptors elicits greater 
reductions in BP in obese versus lean hyperten-
sive subjects [ 14 ] and that bilateral renal denerva-
tion markedly attenuates sodium retention and 
elevated BP in obese dogs fed a high fat diet [ 15 ]. 
Also, renal denervation substantially reduces BP 
in patients with resistant hypertension who, in 
most cases, are overweight or obese [ 16 ]. 

 The degree of SNS activation in obesity 
appears to vary according to body fat distribu-
tion with visceral obesity being associated 
with greater increases in SNS activity com-
pared to the effects of subcutaneous obesity 
[ 8 ,  9 ]. Unfortunately, due to technical chal-
lenges, in most human studies only muscle 
SNS activity has been evaluated rather than 
renal SNS activity which mediates most of the 
SNS effects to increase BP in obesity [ 8 ,  9 ,  12 ]. 
However, renal norepinephrine spillover, an 
index of renal sympathetic activity, is increased 
in obese subjects with increased visceral adi-
posity [ 13 ,  17 ].   

   Role of Leptin in Obesity-Induced 
SNS Activation and Hypertension 

 Several factors have been suggested to contrib-
ute to increased SNS activity in obesity includ-
ing impaired barorefl ex sensitivity, angiotensin 
II, hyperinsulinemia, chemoreceptor-mediated 
refl exes associated with sleep apnea, hypoghre-
linemia, and hypoadiponectemia, to name a few 
[ 7 ,  14 ,  18 ,  19 ]. However, considerable evidence 
suggests that hyperleptinemia may be a critical 
factor linking excess weight gain with increased 
SNS activity and hypertension. 

Obesity

RAAS SNS activity Physical Compression of 
the Kidneys/Renal Sinus Fat

Renal Na+ Reabsorption

Impaired Renal Pressure Natriuresis

Hypertension

  Fig. 14.1    Schematic 
representation of potential 
mechanisms linking 
obesity with hypertension. 
Na +  = sodium; 
RAAS = renin-angiotensin-
aldosterone system; 
SNS = sympathetic nervous 
system       
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   Acute and Chronic Effects of Leptin 
on SNS Activity and BP 

 Shortly after its discovery in 1994, investigators 
noticed a positive relationship between circulat-
ing leptin levels and muscle SNS activity [ 20 ]. 
Haynes et al. [ 21 ] and Dunbar et al. [ 22 ] also 
demonstrated that acute intravenous or intracere-
broventricular (ICV) administration of leptin in 
lean rats increased SNS to brown adipose tissue, 
kidneys, and adrenal gland, suggesting a possible 
role for leptin in controlling sympathetic activity 
and thermogenesis. Recent studies in humans 
confi rmed that acute hyperleptinemia increases 
muscle SNS activity, as assessed by microneurog-
raphy [ 23 ]. Despite increasing SNS activity, acute 

injections of leptin have little effect on BP perhaps 
due, in part, to counterbalancing vasodilator 
effects of nitric oxide (NO) which is also stimu-
lated by leptin [ 18 ,  24 ]. Also, leptin- mediated 
increases in SNS activity are mild and do not 
appear to be suffi cient to directly cause peripheral 
vasoconstriction or acute increases in BP. 

 In 1998 we fi rst demonstrated that chronic 
infusions of leptin to produce increases in circu-
lating leptin levels comparable to those found in 
severe obesity-evoked sustained increases in BP 
[ 25 ] (Fig.  14.2a ). In 2000, Aizawa-Abe et al. [ 26 ] 
found that transgenic mice with ectopic liver 
overexpression of leptin also exhibited increased 
BP. Leptin-mediated increases in BP are grad-
ual and occur over several days, indicating a 
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  Fig. 14.2    Compilation of 
data demonstrating the 
pressor effects of chronic 
leptin infusion at doses that 
raise plasma leptin levels 
to those found in severe 
obesity ( a ) and the 
exacerbation of these 
effects in the presence of 
the nitric oxide synthase 
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HR = heart rate; 
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MAP = mean arterial 
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slow- acting mechanism consistent with the 
modest increases in renal SNS activity and 
increased renal tubular sodium reabsorption [ 25 ]. 
Although the chronic hypertensive effects of 
leptin in lean animals are modest, they are more 
impressive if one considers the accompanying 
marked decreases in food intake and weight loss 
which would normally tend to lower SNS activity 
and BP.

   To test the role of increased SNS activity in 
mediating the rise in BP with chronic hyperlepti-
nemia, we blocked α and β adrenergic receptors 
and showed that adrenergic blockade completely 
abolished leptin’s ability to raise BP over several 
days [ 27 ]. Chronic adrenergic receptor antago-
nism also reversed the increased BP observed in 
transgenic mice overexpressing leptin [ 26 ]. 

 Some studies, however, have reported no 
changes in BP during chronic leptin administra-
tion in humans. For example, Zelissen et al. [ 28 ] 
reported that recombinant leptin administration 
subcutaneously for 12 weeks at three different 
doses did not raise BP in 284 overweight or obese 
subjects during a randomized, double-blind, 
placebo- controlled multicenter study. However, 
these investigators also reported no signifi cant 
changes in body weight compared to placebo 
treated subjects. Brooke et al. [ 29 ] also reported 
that acute leptin administration in lean human 
subjects did not raise BP a fi nding that is not sur-
prising in view of previous studies showing that 
leptin’s effects on BP are slow to develop and 
often require several days to manifest [ 25 ]. 

 The importance of endogenous leptin in con-
tributing to increased BP is supported by the 
studies of Lim and colleagues who showed that 
increases in BP and renal SNS activity in obese 
rabbits fed a high fat diet were attenuated by 
acute (90 min) ICV administration of a specifi c 
leptin receptor antagonist [ 30 ]. Although acute 
administration of the leptin antagonist did not 
restore BP to normal in obese rabbits, this is per-
haps not surprising since the chronic hyperten-
sive effects of leptin are slow to develop and 
would likely require several days of blockade to 
fully reverse its chronic BP effects. Thus, block-
ade of the actions of endogenous leptin lowers 
BP in obese animals, further supporting the 
concept that leptin, at physiological concentrations, 

can cause chronic increases in BP, at least in 
experimental animals. It should be noted, how-
ever, that currently there are no studies showing 
that chronic leptin administration raises BP in 
humans, although acute studies indicate impor-
tant effects to stimulate SNS activity.  

   Sympathetic Activity and BP 
in Obese, Leptin-Defi cient Subjects 

 Mice with leptin defi ciency (ob/ob mice) are 
extremely obese and have many metabolic abnor-
malities, including insulin resistance, hyperinsu-
linemia, and dyslipidemia which have been 
suggested to raise BP. However, mice with leptin 
defi ciency are not hypertensive and tend to have 
lower BP and reduced SNS activity compared to 
lean control mice [ 31 ,  32 ]. Moreover, leptin infu-
sion in ob/ob mice increased BP despite reducing 
body weight [ 26 ]. 

 Humans with leptin defi ciency also exhibit 
early-onset morbid obesity and many characteris-
tics of the metabolic syndrome [ 33 ,  34 ]. Although 
BP and SNS activity have been assessed in only a 
few human subjects with leptin defi ciency, these 
individuals generally are not hypertensive and do 
not have evidence of increased SNS activity [ 34 ]. 
In fact, humans with leptin gene mutation show 
postural hypotension and attenuated RAAS 
responses to upright posture [ 34 ]. 

 Collectively, these clinical and experimental 
observations support a role for leptin as a link 
between obesity, increased SNS activity and ele-
vated BP although data on the chronic BP effects 
of leptin in humans are still limited.  

   Role of Changes in Body Weight 
and Endothelial Function 
in Modulating Chronic BP Effects 
of Leptin 

 A diffi culty in evaluating the chronic effects of 
leptin on BP regulation is that leptin also has 
effects that tend to counterbalance its actions to 
increase SNS activity. As discussed previously, 
leptin decreases appetite and increases energy 
expenditure which both tend to reduce adiposity 
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and cause rapid weight loss, at least in lean 
subjects who are sensitive to the metabolic effects 
of leptin. These effects would normally tend to 
reduce BP. The fact that chronic administration 
leptin often increases renal SNS activity and BP, 
despite marked weight loss and decreased adi-
posity, suggests that leptin may have even more 
potent effects on BP in the setting of obesity 
where there is resistance to the metabolic effects 
of leptin and preservation of the effects on renal 
SNS activity [ 35 ]. 

 A second effect of leptin that partially coun-
terbalances the effects of SNS activation on BP is 
stimulation of endothelial-derived nitric oxide 
(NO) formation, at least in subjects with normal 
endothelial function. Fruhbeck et al. [ 24 ] showed, 
for example, that acute infusion of leptin 
increased serum NO concentrations and that after 
inhibition of NO synthesis leptin signifi cantly 
raised BP. After SNS blockade, however, acute 
leptin infusion reduced BP [ 24 ]. We demon-
strated that blockade of NO synthesis greatly 
exacerbated the chronic effects of leptin to raise 
BP (Fig.  14.2b ) and heart rate [ 36 ]. 

 Thus, a major reason for modest effects of 
leptin to raise BP in lean subjects with normal 
endothelial function is the offsetting BP lowering 
effects of increased NO formation. To the extent 
that obesity causes endothelial dysfunction and 
impaired NO formation, one might expect greater 
leptin-mediated increases in BP than in lean sub-
jects, especially if obesity does not induce resis-
tance to the SNS responses to leptin. Moreover, if 
obesity is associated with resistance to the 
anorexic effects of leptin with preserved effects 
on SNS activity, as has been previous suggested 
[ 35 ], this would also amplify the hypertensive 
effects of leptin since the effects of leptin to cause 
weight loss and associated decreases in BP would 
be attenuated.  

   CNS Sites of Leptin Action on SNS 
Activity and BP Regulation 

 Deletion of the long-form of the leptin receptor 
(LR) in the entire brain recapitulates most of the 
known metabolic phenotypes of leptin-defi cient 

mice, including obesity, hyperphagia, decreased 
thermogenesis, and impaired glucose homeostasis, 
indicating that the CNS actions of leptin play a 
dominant role in mediating its metabolic actions 
[ 37 ]. As mentioned above, ICV administration of 
leptin at doses that do not raise circulating leptin 
levels also evokes increases in SNS activity in 
metabolic and cardiovascular relevant organs and 
tissues that can be blocked by ICV infusion of 
LR antagonists [ 22 ,  30 ], indicating that most, if 
not all, of the effects of leptin on SNS activity are 
mediated by leptin’s action in the CNS. 

 High levels of leptin receptor mRNA and pro-
tein are expressed in the forebrain, especially in 
the ventromedial hypothalamus, arcuate nucleus 
(ARC), and dorsomedial areas of the hypothala-
mus, as well as in vasomotor centers of the brain-
stem and intermediolateral medulla (IML) [ 35 , 
 38 ]. Although the brain centers that mediate 
leptin’s action on SNS activity and cardiovascu-
lar function have not been precisely mapped, 
hypothalamic centers as well as certain extra- 
hypothalamic regions (e.g. brainstem, sub- 
fornical organ (SFO)) appear to be important in 
mediating the effects of leptin on SNS activity 
and BP [ 35 ]. For example, acute microinjections 
of leptin into the ARC increase SNS activity to 
the kidneys and to brown adipose tissue (BAT) 
[ 39 ]. Also ARC lesions prevent leptin’s ability to 
increase BAT SNS activity when infused intrave-
nously [ 35 ], and site specifi c ARC deletion of LR 
markedly attenuates the rise in renal and BAT 
SNS activity evoked by leptin [ 40 ]. This is con-
sistent with previous studies showing that neu-
rons of the ARC send projections to sympathetic 
preganglionic neurons in the IML [ 41 ,  42 ] and 
suggest that the ARC is an important site for 
leptin-mediated modulation of SNS activity to 
several tissues. In fact, deletion of LR only in 
proopiomelanocortin (POMC) neurons which 
comprise an important portion of the neuronal 
types within the ARC prevents the rise in BP 
evoked by chronic hyperleptinemia [ 43 ]. 

 Other nuclei in the hypothalamus have also 
been implicated in the effects of leptin on SNS 
activity. The ventromedial and dorsomedial 
hypothalamus, for example, appear to contrib-
ute to leptin-mediated increases in SNS activity 
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to the kidneys, skeletal muscle, and BAT [ 35 ]. 
These nuclei seem to be particularly important in 
modulation of BAT thermogenesis and peripheral 
vasoconstriction as acute injections of leptin into 
the dorsomedial hypothalamus increase HR and 
BP but do not alter renal SNS activity, a key sym-
pathetic target for long-term BP regulation. 

 Extra-hypothalamic regions may also play an 
important role in mediating leptin’s effect on 
SNS activity. Microinjection of leptin into the 
nucleus of the tractus solitarius (NTS) of the 
brainstem, especially in the caudal portion of the 
NTS, increases renal SNS activity and acutely 
raised BP while SNS activity to BAT remained 
unchanged [ 44 ]. Conversely, leptin microinjec-
tion into the SFO, located in the forebrain, caused 
rapid acute decreases in BP in lean rats, an effect 
that was absent in diet-induced obese rats [ 45 ]. 
Young and colleagues [ 46 ], however, showed that 
mice with specifi c deletion of LR in SFO neurons 
had normal BAT SNS activity responses to sys-
temic or ICV administration of leptin but did not 
exhibit the expected increase in renal SNS activity. 
Taken together, these studies suggest that several 
brain regions may work in concert to regulate 

SNS activity in response to leptin (Fig.  14.3 ) and 
that leptin’s effects on SNS activity in various 
organs and tissues can be differentially controlled 
by activation of leptin receptors in these multiple 
brain regions.

       Obesity and “Selective” Leptin 
Resistance 

 The fact that most obese humans have markedly 
elevated circulating leptin levels and still con-
tinue to ingest excess calories suggests that obe-
sity may be associated with resistance to leptin’s 
anorexic effects, in much the same way that sub-
jects with type 2 diabetes are resistant to the met-
abolic effects of insulin. Experimental studies 
have also shown that leptin is much less effective 
in suppressing appetite in obese than in lean ani-
mals [ 35 ,  47 ]. There is evidence, however, that if 
leptin is administered ICV, bypassing the blood–
brain barrier, appetite is substantially suppressed 
in obese rodents fed a high fat diet [ 48 ]. These 
observations, as well as other studies, suggest 
that at least part of the resistance to exogenously 

  Fig. 14.3    Schematic representation of the potential brain 
regions that mediate the effects of leptin on sympathetic 
nervous system (SNS) activity. ARC = arcuate nucleus of 

the hypothalamus; DMH = dorsomedial hypothalamic 
nucleus; NTS = nucleus of the tractus solitarius; SFO = sub-
fornical organ; VMH = ventromedial hypothalamic nucleus       
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administered leptin in obese subjects may be 
attributed to defective transport, or saturation of 
transport, of leptin across the blood–brain barrier 
[ 49 ,  50 ]. However, obese subjects have higher 
cerebrospinal fl uid (CSF) leptin levels compared 
to lean subjects [ 50 ] suggesting that there is also 
resistance to leptin signaling, likely related to a 
post-receptor defect [ 51 ]. As discussed later, 
there has been substantial progress in identifying 
some of the signaling pathways that modulate/
attenuate CNS leptin signaling in obesity. 

 To the extent that excess weight gain causes 
global leptin resistance, including resistance to 
leptin’s effects on SNS activity, one might expect 
that leptin’s effects to increase SNS activity and 
BP would also be attenuated in obese subjects. 
However, obesity has been suggested to induce 
“selective” leptin resistance, whereby the effects 
of leptin to increase renal SNS activity are pre-
served while appetite suppression is attenuated [ 35 ]. 
Acute experimental studies support this concept 
[ 52 – 56 ]. In obese mice the leptin mediated reduc-
tions in food intake over a 24-h period were 
attenuated whereas the acute effects to increase 
renal SNS activity were preserved [ 54 ,  55 ]. 
However, there have been few studies that have 
tested whether the chronic effects of hyperlepti-
nemia on BP and SNS activity are attenuated in 
obese compared to lean subjects. Also, the CNS 
pathways and cell signaling mechanisms that 
may underlie selective leptin resistance in obesity 
are only beginning to be elucidated and represent 
an important area for investigation. 

   Intracellular Signaling and Specifi c 
CNS Areas That May Mediate 
Differential Control of Cardiovascular 
and Metabolic Functions by Leptin 

 The LR is a cytokine receptor that activates janus 
tyrosine kinases (JAK), especially JAK2 [ 57 ]. In 
the CNS, upon binding to its receptor, leptin 
increases activity of intracellular janus activating 
kinase (JAK2) leading to subsequent activation 
of three major intracellular pathways: (1) phos-
phorylation of tyrosine (Tyr) residue 1138 to 
recruit latent signal transducers and activators of 

transcription 3 (STAT3) to the LR-JAK2 com-
plex, resulting in phosphorylation and nuclear 
translocation of STAT3 to regulate transcription; 
(2) insulin receptor substrate (IRS2) phosphory-
lation which activates phosphatidylinositol 
3-kinase (PI3K) which appears to be involved in 
regulating rapid nongenomic events affecting 
neuronal activity and neuropeptide release; and 
(3) Tyr985 phosphorylation which recruits the 
tyrosine phosphatase (SHP2) to activate the ERK 
(MAPK). 

 Deletion of each of these signaling pathways 
in the CNS results in varying degrees of obesity, 
but only neuron-specifi c deletion of STAT3 
appears to mimic the obese phenotype found in 
ob/ob mice [ 58 ]. In addition to its well-known 
importance in regulating body weight homeo-
stasis, STAT3 signaling may also contribute to 
leptin’s chronic effects on BP. Dubinion et al. 
showed that deletion of STAT3 specifi cally in 
POMC neurons attenuated leptin’s ability to 
raise BP but had only minor effects on leptin’s 
actions on food intake and energy expenditure 
[ 59 ]. These observations suggest that leptin-
mediated activation of STAT3 in POMC neu-
rons is important for BP regulation whereas 
STAT3 activation in other neuronal types is 
more important in mediating the effects of leptin 
on appetite and energy expenditure. 

 Previous acute studies also indicate that the 
IRS2-PI3K pathway may contribute to leptin’s 
effect on SNS activity and BP. For instance, phar-
macological blockade of PI3K abolished the 
acute effects of leptin to increase renal SNS 
activity [ 60 ]. To our knowledge, however, no 
long-term studies have been published on 
whether chronic blockade of the IRS2-PI3K 
pathway abolishes or attenuates the long-term 
effects of sustained hyperleptinemia to increase 
SNS activity and BP. Deletion of IRS2 in the 
entire CNS causes only moderate obesity and 
slight hyperphagia associated with normal 
anorexic and weight loss responses to leptin [ 61 –
 63 ]. These observations suggest that IRS2-PI3K 
signaling contributes modestly to body weight 
regulation and that it may also mediate, at least in 
part, the action of leptin on SNS activity. Further 
studies are needed, however, to assess the role of 
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this pathway in mediating the chronic effects of 
leptin on renal SNS activity and BP in obesity. 

 The SHP2-MAPK pathway has been shown to 
participate in energy balance and metabolism 
as neuronal deletion of SHP2 causes obesity 
associated with hyperphagia and diabetes [ 64 ]. 
Deletion of SHP2 specifi cally in forebrain neurons 
of mice, however, appears to cause early-onset 
obesity and metabolic syndrome mainly by 
reducing energy expenditure rather than promot-
ing increased food intake [ 65 ], although we 
observed hyperphagia at a young age in this 
model [ 66 ]. We and others have also found an 
important role for SHP2 signaling in regulation 
of glucose homeostasis [ 64 ,  66 ]. Moreover, we 
found that the chronic effects of hyperleptinemia 
to increase BP was attenuated in mice with fore-
brain deletion of SHP2 [ 66 ] suggesting that 
SHP2 signaling may also be important in mediat-
ing the effects of leptin on SNS activity and BP. 

 Collectively, these observations are consistent 
with the possibility that differential activation of 
these three intracellular signaling pathways by 
the LR may mediate divergent control of appe-
tite, energy balance, glucose homeostasis, and 
cardiovascular function (Fig.  14.4 ). To the extent 
that these signaling pathways are differentially 
regulated in obesity, this may help explain the 
development of selective leptin resistance. Leptin 
receptor activation in different regions of the 
CNS may also contribute to development of 
selective leptin resistance in obesity. Thus, 
depending on its site of action leptin may control 
appetite independently of its effect to increase 
SNS activity and BP.

   Vong and Colleagues [ 67 ] showed that leptin 
receptor deletion in gabaergic neurons mimics 
most of the obese phenotype observed in ob/ob 
mice. Although the authors suggest that leptin’s 
action on presynaptic gabaergic neurons decreases 
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inhibitory tone to postsynaptic POMC neurons, 
the mechanism responsible for the obesity in 
these mice are still unclear. In addition, gabaergic 
neurons are widely distributed in the CNS and 
further studies are still needed to examine which 
neuronal types and brain sites are most important 
in mediating the effects of leptin on appetite and 
body weight regulation as well as on SNS activity. 
As discussed previously, deletion of leptin recep-
tors in the ARC markedly reduced the acute 
effects of leptin to increase renal SNS activity and 
attenuated the rise in BP induced by high fat feed-
ing [ 40 ]; and we have shown that leptin receptor 
activation in POMC neurons, which are present in 
the ARC and brainstem, is critical for leptin’s 
ability to increase BP (Fig.  14.5a ) and improve 
glucose homeostasis but not for leptin’s effect to 
reduce appetite [ 43 ]. These fi ndings suggest that 
POMC neurons are an important component of 

the chronic effects of leptin on SNS activity, BP 
regulation, and  glucose regulation, whereas leptin 
receptor activation in other neurons may play a 
more important role in mediating the effects of 
leptin on appetite and energy expenditure.

      Negative Regulators of Leptin’s 
Actions on SNS Activity and BP May 
Contribute to Selective Leptin 
Resistance 

 Another potential mechanism that may contrib-
ute to selective leptin resistance in obesity is 
differential control of LR signaling by negative 
regulators such as protein tyrosine phospha-
tase- 1B (PTP1B) and suppressor of cytokine 
signaling- 3 (SOCS3). PTP1B regulates the 
janus kinase/signal transducer and activator of 
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transcription (JAK/STAT3) signaling pathway 
by dephosphorylation of JAK2 [ 68 ], whereas 
Socs3 negatively regulates leptin receptor sig-
naling by inhibiting JAK activity [ 69 ]. Deletion 
of PTP1B enhances leptin sensitivity and con-
fers resistance to high-fat diet induced obesity 
and type II diabetes [ 70 ]. Mice with whole 
body PTP1B defi ciency also exhibit higher 
baseline BP and amplifi ed BP response to leptin 
compared to wild-type controls [ 70 ]. Although 
specifi c deletion of PTP1B in POMC neurons 
increases energy expenditure [ 71 ], it does not 
alter food intake, suggesting that alterations in 
PTP1B levels in certain areas of the brain or in 
specifi c neuronal types (e.g. POMC neurons) 
may modulate SNS activity and BP with mini-
mal impact on the anorexic action of leptin. 

 SOCS-3 expression is regulated by the STAT3 
pathway and, like PTP1B, is a negative regulator 
of leptin receptor signaling that may contribute to 
leptin resistance. For instance, SOCS3 defi ciency 
increases leptin sensitivity and attenuates 
 development of obesity caused by a high fat diet 
[ 72 ]. The importance of SOCS3 signaling in reg-
ulating SNS activity, however, is still unclear. 
Together, PTP1B and SOCS3 could play an 
important role in modulating the appetite, meta-
bolic and cardiovascular actions of leptin and 
contribute to the development of selective leptin 
resistance in obesity. However, additional studies 
are needed to explore how obesity alters PTP1B 
and SOCS3 expression and whether these nega-
tive regulators of leptin receptor signaling may 
be potential targets for novel therapies to treat 
obesity and its metabolic and cardiovascular 
abnormalities. 

 As discussed previously, other factors associ-
ated with obesity, such as endothelial dysfunction 
and impaired NO release, may also selectively 
amplify the effects of leptin on SNS activity and 
BP. Thus, obesity induces a complex set of patho-
physiological events that not only modulate LR 
signaling but also elicit changes in renal, vascu-
lar, and SNS function that contribute to unaltered, 
or even augmented, effects of leptin on SNS 
activity and BP whereas leptin’s action on appe-
tite, energy expenditure, and glucose homeosta-
sis are attenuated.   

   The CNS Melanocortin System 
Mediates Most of the Effects 
of Leptin on SNS Activity and BP 
Regulation 

 Although the precise intracellular events and 
brain regions by which leptin regulates body 
weight homeostasis and cardiovascular function 
are not completely understood, strong evidence 
shows that leptin requires activation of the brain 
melanocortin system, including activation of 
POMC neurons and melanocortin 4 receptors 
(MC4R) to exert most of its effects on renal SNS 
activity and BP regulation [ 19 ,  73 ,  74 ]. We 
already discussed the importance of leptin recep-
tors in POMC neurons for leptin’s ability to 
increase SNS activity and BP [ 43 ], but multiple 
acute and chronic studies further support a key 
role for the brain melanocortin system in mediat-
ing the cardiovascular effects of leptin. For exam-
ple, activation of MC4R using synthetic agonists 
increases renal SNS activity, BP, and HR in 
experimental animal models as well as in humans 
[ 19 ,  75 – 78 ], and mice with whole body MC4R 
defi ciency are hyperphagic and obese, and have 
many characteristics of metabolic syndrome 
including hyperglycemia, hyperinsulinemia, vis-
ceral adiposity, and dislypidemia despite mark-
edly elevated blood leptin levels [ 73 ]; and 
importantly, mice with MC4R defi ciency are also 
completely unresponsive to the effects of leptin 
to increase renal SNS activity raise BP [ 74 ,  79 ] 
(Fig.  14.5b ). In addition, mutations in POMC or 
MC4R genes lead to severe early-onset obesity 
and dysregulation of appetite in humans who, 
despite pronounced obesity, exhibit reduced BP, 
HR and 24-h urinary catecholamine excretion, 
lower prevalence of hypertension, and reduced 
SNS activity in response to acute stress [ 76 – 78 ]. 
Taken together, these studies strongly suggest 
that a functional MC4R is necessary for obesity 
and hyperleptinemia to increase SNS activity and 
cause hypertension. 

 Differential control of appetite, metabolic and 
cardiovascular function by MC4R activation in 
various regions of the brain may also contribute to 
selective leptin resistance in obesity. For example, 
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MC4R located in PVN neurons appear to be more 
important in regulating appetite while exerting 
minimal role in the control of thermogenesis, 
whereas MC4R located in POMC neurons seem 
to play a more prominent role in regulating ther-
mogenesis and energy expenditure [ 80 ,  81 ]. 
Although previous studies suggest that MC4R in 
the PVN and preganglionic sympathetic neurons 
in the brainstem modulate SNS activity and BP 
[ 82 ,  83 ], additional long-term studies are needed 
to examine the brain regions where MC4R regu-
late SNS activity and cardiovascular function.  

   Conclusions 

 Obesity is a major cause of human essential 
hypertension. Excess weight gain leads to activa-
tion of the SNS which plays a key role in increas-
ing renal sodium reabsorption, impairing pressure 
natriuresis, and raising BP in obese subjects. SNS 
activation in obesity is mediated, in part, by 
increased leptin, stimulation of POMC neurons, 
and subsequent activation of MC4R in the 

CNS. Other factors associated with obesity, such 
as endothelial dysfunction and impaired NO 
release, enhanced negative LR feedback mecha-
nisms (e.g. PTP1B and SOCS3), and altered acti-
vation of LR and/or MC4R in distinct regions of 
the brain may also selectively amplify the effects 
of leptin on SNS activity and BP. Thus, obesity 
induces a complex set of events that may ulti-
mately result in augmented renal, vascular, and 
SNS responses to hyperletinemia that contribute 
to increased SNS activity and hypertension, 
whereas leptin’s action on appetite, energy expen-
diture, and glucose homeostasis are attenuated 
(Fig.  14.6 ). The molecular pathways by which the 
CNS leptin-melanocortin system differentially 
regulates energy balance, SNS activity, and BP in 
obesity, however, is still unclear and remains an 
important area for further investigation.
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           Glucocorticoid-Induced 
Leptin Secretion 

 The hypothalamic-pituitary-adrenal axis plays a 
clinically recognized role in the regulation of 
appetite and body weight [ 1 – 4 ]. Patients with 
glucocorticoid defi ciency or excess, such as 
Addison’s disease or Cushing’s syndrome, mani-
fest alterations in appetite resulting in weight loss 
or obesity, respectively [ 4 ,  5 ] . On the other hand, 
obesity per se results in perturbation of the 
hypothalamic- pituitary-adrenal axis, such as 
false-positive screening tests for Cushing’s syn-
drome [ 6 ]. Several lines of evidence confi rm that 
glucocorticoids are potent stimuli for leptin pro-
duction at the mRNA and secreted protein levels 
in humans [ 7 – 14 ]. Pathological hypercortisolemia, 
as occurs in patients with Cushing’s syndrome, is 
associated with hyperleptinemia [ 12 ,  15 ,  16 ]. The 
glucocorticoid effect on leptin production occurs 
after a lag period of several hours (consistent 
with a transcriptional mechanism), and the pro-
portionate increase in plasma leptin levels is simi-
lar in men and women [ 10 ,  17 ]. 

 Administration of recombinant leptin inhibits 
the secretion of insulin by the pancreatic islet 
beta-cells [ 18 ] and glucocorticoid secretion in 
 ob / ob  mice in vitro as well as in vivo [ 19 ,  20 ]. 
These fi ndings together with the aforementioned 
well-documented stimulatory effects of glucocor-
ticoids on leptin secretion suggest the existence of 
a feedback loop between leptin and glucocorti-
coids. Besides their effects on adipocytes [ 21 ,  22 ], 
glucocorticoids also have central effects (includ-
ing interaction with glucocorticoid receptors in 
the hypothalamus [ 23 ] and modulation of neuro-
peptide Y expression [ 19 ,  24 ,  25 ]) that alter food 
intake. A putative feedback loop between leptin 
and glucocorticoid secretion could subserve an 
important physiological function by coordinately 
modulating hunger and ingestive behavior and 
glucocorticoid availability under various meta-
bolic and stressful conditions.  

   Physiological Response 
or Pharmacological 
Epiphenomenon? 

 Evidence that the glucocorticoid effect on leptin 
production might be of physiological signifi cance 
include    (1) demonstration of a linear relationship 
between serum dexamethasone concentration and 
leptin levels [ 10 ], (2) the potency of physiological 
doses and a dose–response relationship between 
glucocorticoid and plasma leptin response [ 26 ]; 
(3) the demonstration that fasting abolished the 
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expected leptin response to glucocorticoids [ 26 ,  27 ]; 
(4) the fi nding that inhibition of endogenous ste-
roidogenesis with metyrapone decreases plasma 
leptin levels) [ 28 ,  29 ]; and (5) modulation of ad 
libitum food intake by glucocorticoid-induced 
hyperleptinemia in humans [ 30 ]. Moreover, 
unlike the sexual dimorphism observed in basal 
leptin levels, the leptin response to glucocorti-
coids (as a percentage of baseline leptin) does not 
differ by gender [ 10 ]. These observations under-
score the probable physiological relevance of 
 glucocorticoid–leptin interactions.  

   Effects of Fasting and Feeding 

 To provide further physiological insight, the gluco-
corticoid effect on leptin secretion was studied 
under fasting or fed conditions in healthy volun-
teers (mean age 35 yr, BMI 27.1 ± 2.1 kg/m 2 ) [ 26 ]. 
The study subjects received, in random order, i.v. 
infusion of hydrocortisone (300 mg/24 h) in the fed 
state or hydrocortisone (300 mg/24 h) with total 
caloric deprivation, with saline infusion serving as 
the control arm. The peak/baseline plasma leptin 
levels (ng/ml) were 32.5 ± 12.5/12.0 ± 8.4 (+171 %, 

 P  < 0.001) during hydrocortisone infusion in the 
fed state and 14.6 ± 6.0/12.5 ± 6.5(+17 %) during 
hydrocortisone infusion in the fasting state, com-
pared with 16.1 ± 5.8/12.8 ± 5.9 (+26 %) during 
saline infusion in the fed state. Thus, fasting com-
pletely abolished the leptin response to glucocorti-
coid (Fig.  15.1 ). Similar fi ndings were reported by 
Laferrere et al. [ 27 ]. These fi ndings suggest that a 
behavioral input (feeding) is required for glucocor-
ticoids to stimulate leptin production. Because 
feeding increases circulating levels of insulin and 
cortisol [ 31 – 33 ], two known leptin secretagogues, 
the marked attenuation of glucocorticoid- induced 
leptin secretion may be due, at least in part, to the 
lack of insulin augmentation in fasting subjects. 
Recognize, however, that glucocorticoids directly 
stimulate leptin mRNA synthesis in adipocytes 
[ 11 ,  21 ,  34 ], and that the reported effect of co- 
incubation with insulin in cultured human adipo-
cytes seems antagonistic rather than additive or 
synergistic [ 35 ]. Thus, it is not fully clear by what 
exact mechanism fasting exerts such a profoundly 
negative effect on leptin secretory responses to 
 glucocorticoids [ 26 ,  27 ]. In this regard, the  potential 
role of gastrointestinal hormones (besides insulin), 
whose expression can be altered by fasting, has not 
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  Fig. 15.1    Plasma leptin levels during continuous infu-
sion of hydrocortisone (300 mg/24 h) in the fasting or fed 
state compared with saline (placebo) infusion in the fed 
state. The peak/baseline plasma leptin levels (ng/ml) were 
32.5 ± 12.5/12.0 ± 8.4 (+171 %,  P  < 0.001) during hydro-

cortisone infusion in the fed state and 14.6 ± 6.0/12.5 ± 6.5 
(+17 %) during hydrocortisone infusion in the fasting 
state, compared with 16.1 ± 5.8/12.8 ± 5.9 (+26 %) during 
saline infusion in the fed state. Adapted from Dagogo-
Jack S, Umamaheswaran I, Askari H, Tykodi G [ 26 ]       
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been fully explored. Thus, what can be concluded 
from the available data is that feeding is required 
for glucocorticoids to stimulate leptin secretion 
in vivo in humans.

      Endogenous Hyperleptinemia 
and Caloric Intake 

 Despite being hyperleptinemic relative to lean per-
sons, obese persons who were treated with subcu-
taneous doses of exogenous recombinant leptin 
experienced a mean weight loss of ~7 kg [ 36 ]. 
Although there was marked individual variation in 
the magnitude of the effect of leptin therapy, the 
demonstration of signifi cant weight loss indicates 
that augmentation of the already elevated leptin 
levels in obese persons exerts an anti- ingestive 
effect that could result in weight loss. Whether 
manipulation of endogenous native leptin levels 
(without recourse to injection of recombinant 
leptin) could impact feeding behavior in humans is 
an important question. Answering that question 
requires the deployment of a potent leptin secreta-
gogue. Insulin, estrogens, and glucocorticoids 
have potent stimulatory effects on leptin produc-
tion [ 37 ]. However, each of these hormones has 
metabolic and systemic effects as well as safety 
concerns, if deployed as a long- term leptin secre-
tagogue. Thus, there is currently no pure leptin 
secretagogue that is devoid of intrinsic metabolic 
effects. Of the three hormonal options for increas-
ing leptin production, glucocorticoids seem the 
most appealing, because of convenience, avoid-
ance of hypoglycemia, acceptability to both gen-
ders, and demonstrated greater potency on leptin 
production compared to insulin [ 34 ]. 

 As a proof-of-concept study, our group 
assessed energy consumption during administra-
tion of hydrocortisone in healthy adults. Study 
participants were admitted overnight on two occa-
sions, separated by a 2-week wash-out period, 
were randomly assigned to receive either hydro-
cortisone (12.5 mg/h IV) or saline infusion for 
24 h (0800–0800) in a crossover design [ 30 ]. 
During each admission, participants had ad libi-
tum access to meals and snacks. The subjects 
were given a printed menu from the hospital 

kitchen from which they were to order three meals 
and snacks on day 1 and breakfast on day 2. The 
study participants marked their food choices from 
the same menu during each entry. All meals and 
snacks were served on a tray and delivered by a 
research dietitian, who checked the food trays 
before and after meal/snack consumption. At the 
end of each mealtime, the uneaten items were 
recorded. The total energy and amounts of pro-
tein, fat, and carbohydrates consumed were ana-
lyzed. Hydrocortisone infusion increased plasma 
leptin level within ~5 h from initiation, and the 
increase was sustained throughout the study 
period (Fig.  15.2 ). The total energy consumed 
was ~500 kcal lower during hydrocortisone-
induced hyperleptinemia compared to saline infu-
sion (Fig.  15.2 ) [ 30 ]. Decreases in the intake of 
carbohydrates and fat accounted for most of the 
caloric reduction observed during glucocorticoid-
induced hyperleptinemia [ 30 ].

   These results indicate that stimulation of 
native leptin secretion decreases energy con-
sumption, similar to the effect observed with 
exogenous leptin therapy. The challenge is that 
the secretagogue utilized in this acute study 
would not be appropriate for longer term use, 
owing to the numerous adverse systemic effects 
of corticosteroids. Nonetheless, this proof-of- 
concept study does provide a sound rationale for 
searching for safer nonsteroidal or steroidomi-
metic leptin secretagogues for antiobesity drug 
development. The clinical signifi cance of the 
fi nding that endogenous hyperleptinemia induced 
by glucocorticoid suppressed food intake needs 
to be interpreted carefully. Experiments of nature, 
such as Cushing’s syndrome, in which chronic 
hypercortisolemia results in chronic hyperlepti-
nemia, are associated with obesity rather than 
anorexia and weight loss, as would have been 
predicted from our model. A similar experience 
applies to patients treated chronically with phar-
macological doses of glucocorticoids. In con-
trast, patients with Addison’s disease do not 
develop obesity during lifelong replacement ther-
apy with physiological doses of glucocorticoids. 
Thus, the physiological effects of glucocorticoids 
on ingestive behavior may be different from the 
effects of chronic therapy with pharmacological 
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doses or pathological hypercortisolemia. Chronic 
exposure to high concentrations of glucocorti-
coids appears to override the anti-ingestive 
effects of the resultant hyperleptinemia, presum-
ably by activating central glucocorticoid recep-
tors [ 38 ] and stimulating hypothalamic orexigenic 
pathways [ 39 – 41 ].  

   Integrated Physiology 
of Glucocorticoid–Leptin 
Interaction 

 Postprandial increases in plasma insulin and free 
cortisol [ 31 – 33 ] levels represent a physiological 
response to meal ingestion. The subsequent release 
of leptin, triggered by the combined effects of 
insulin and cortisol, is theorized to induce satiety 
and prevent hunger between meals. Indeed, the 
ability of an individual to observe fasting periods 
of several hours between the three main meals 
might be related to interprandial leptin levels. 
Glucocorticoids exert orexigenic effects that are 

mediated, at least in part, by augmentation of neu-
ropeptide Y (NPY) [ 25 ], an effect that is inhibited 
by leptin [ 19 ,  24 ]. The metabolic effects of leptin 
result from coordinate activation of anorexigenic 
pathways and inhibition of orexigenic pathways 
via leptin-responsive neurons in the hypothala-
mus [ 42 ]. The possibility that increased leptin 
secretion represents a compensatory response to 
glucocorticoid- induced insulin resistance cannot 
be dismissed, as leptin is a potent endogenous 
insulin sensitizer in hyperglycemic ob/ob mice 
[ 43 ,  44 ]. Additionally, leptin secretion could be a 
response to glucocorticoid activation of central 
orexigenic signals, such as NPY-secreting neurons 
[ 25 ], since leptin suppresses the expression of 
NPY [ 19 ,  24 ]. Finally, to complete the feedback 
loop, leptin suppresses glucocorticoid release by 
the adrenal cortex [ 20 ], thus restraining hypercor-
tisolemia and maintaining homeostasis. The inter-
actions among adipocyte leptin secretion, islet cell 
insulin secretion, adrenocortical output of gluco-
corticoids, and central orexigenic/anorexogenic 
responses are schematized in Fig.  15.3 .

  Fig. 15.2    ( a ) Plasma cortisol ( upper panel ) and leptin 
( lower panel ) levels during infusion of hydrocortisone 
( closed circles ) or saline ( open circles ) in healthy sub-
jects; ( b ) Caloric intake during induced hyperleptinemia 

( closed rectangles ) or saline infusion ( hatched rectangles ) 
in healthy subjects. * P  = 0.04, ** P  = 0.02, *** P  = 0.005. 
Reproduced from Askari H, Liu J, Dagogo-Jack S [ 30 ]       

 

S. Dagogo-Jack



193

   The interaction between glucocorticoids and 
leptin can be conceptualized as having a direct 
short-loop and an indirect long-loop compo-
nent. The short loop involves direct transcrip-
tional activation of leptin gene, demonstrable 
in vitro, following glucocorticoid interaction 
with glucocorticoid receptors and glucocorti-
coid response element in adipocytes [ 34 ,  35 ,  45 , 
 46 ]. No prior orexigenic signals or energy fl ux 
are required for activation of the short-loop 
pathway. On the other hand, the putative long 
loop operates indirectly by requires prior inges-
tive behavior (presumably driven by upregula-
tion of hypothalamic NPY signal) before 
secretion of leptin can be triggered. Consistent 
with the preceding notion, the long- loop path-
way to leptin secretion cannot be activated by 
glucocorticoids (even at pharmacological doses) 
under fasting conditions (Fig.  15.1 ) [ 26 ,  27 ].  

   Dynamic Leptin Secretion 
in Obesity 

 Common forms of acquired obesity in rodents and 
humans are characterized by hyperleptinemia, 
resulting from increased leptin synthesis and 
secretion by the abundant fat cell mass [ 47 – 51 ]. 
Notably, obesity is also associated with insulin 
resistance, hyperinsulinemia, and high risk for 
type 2 diabetes. There are parallels between the 
fi nding of hyperleptinemia in obese persons and 
the hyperinsulinemia of insulin resistance and 
early type 2 diabetes mellitus. Both conditions are 
characterized by the overexpression of a hormone 
that fails to regulate the desired physiological pro-
cess—normoglycemia in diabetes and appetite 
and weight regulation in obesity. Because leptin 
has weight-reducing effects, the  coexistence of 

  Fig. 15.3    The adrenoinsular-adipocyte axis. ( a ) Increased 
plasma insulin and cortisol levels in the postprandial 
period stimulate leptin secretion by adipocytes, which can 
induce satiety and prevent hunger between meals and dur-
ing sleep. Leptin, glucocorticoids, and insulin have central 
effects on brain nuclei that modulate hunger, meal size, 
and satiety nuclei ( small circle ), in part, by altering neuro-
peptide Y expression. A peripheral feedback loop ( wider 

circle ) involves direct suppression of glucocorticoid and 
insulin secretion by leptin, thus ensuring homeostasis. 
( b ) Model of diabetic dysleptinemia: Impaired insulin- 
and glucocorticoid-stimulated leptin secretion in patients 
with diabetes would be permissive of increased caloric 
intake, weight gain, insulin resistance, and worsening 
hyperglycemia. *Postprandial increase in free cortisol 
 levels is well-documented [ 31 – 33 ]       

 

15 Dynamic Leptin Secretion in Obesity and Diabetes



194

hyperleptinemia and obesity is a physiological 
paradox that has generally been attributed to 
“leptin resistance” [ 52 ]. The mechanisms of leptin 
resistance are not fully understood, but factors 
such as mutations in post-receptor signaling [ 53 ] 
have been proposed. States of hormone resistance 
usually elicit hypersecretion of the index hor-
mone, in a physiological attempt at compensation 
for the decreased hormone action. In the case of 
glucose regulation, most overweight and obese 
subjects with insulin resistance do not develop the 
sequela of diabetes, because they are able to 
maintain euglycemia through compensatory 
hyperinsulinemia. Those who progress to type 2 
diabetes show a blunted insulin secretory response 
to a glucose challenge, even though their fasting 
insulin may be normal or elevated [ 54 ,  55 ]. 

 Analogous to insulin resistance and progres-
sion to diabetes, many overweight or obese indi-
viduals maintain their body weight for long 
periods without progressing to higher degrees of 
obesity, whereas some progress to massive obe-
sity. The factors that regulate progression from 
normal weight to obesity, and thence to massive 
or extreme obesity, are not fully understood. We, 
therefore, explored dynamic leptin secretion in 
79 nondiabetic adults, of whom 27 were lean 
(BMI ≤25 kg/m 2 ), 28 were obese (BMI 30–40 kg/
m 2 ), and 26 were massively obese (BMI >40 kg/
m 2 ) [ 56 ]. For these experiments, we utilized two 
different leptin secretagogues: a single oral dose 
of dexamethasone [ 7 ,  8 ,  10 ] and insulin [ 34 ,  57 ]. 

 During separate outpatient visits to the GCRC, 
each subjects received oral dexamethasone 
(4 mg), with blood sampling before, and after 8 
and 16 h post-ingestion. For insulin as leptin 
secretagogue, subjects underwent a two-step 
hyperinsulinemic (1.0 mU kg −1 /min for 3 h, fol-
lowed by 2.0 mU kg −1 /min), euglycemic 
(~100 mg/dl) clamp for 3 h. Blood samples were 
obtained at baseline and every 20 min during the 
clamp. The basal and peak leptin levels during 
dexamethasone or insulin treatment were higher 
in women than men, but the percentage increases 
from baseline were similar [ 56 ]. For both sexes, 
the peak leptin levels (% baseline) following 
dexamethasone ingestion were 178 ± 13.9 % in 
lean, 166 ± 10.5 % in obese, and 145 ± 10.4 % in 

massively obese subjects ( P  = 0.02 vs. lean and 
0.05 vs. obese). Peak insulin-stimulated leptin 
levels were 152 ± 7.6 % in lean, 141 ± 5.9 % in 
obese, and 128 ± 3.7 % in massively obese sub-
jects ( P  = 0.007 vs. lean and 0.035 vs. obese) 
[ 56 ]. Thus, despite being hyperleptinemic at 
baseline, obese and massively obese men and 
women were able to augment leptin levels in 
response to two separate secretagogues. However, 
the fold-increase over baseline leptin values is 
diminished among massively obese subjects 
compared with lean subjects (Fig.  15.4 ). These 
fi ndings suggest that impaired dynamic leptin 
secretion might be one of the factors associated 
with transition to higher degrees of obesity.

      Diabetic Dysleptinemia 

 Early suspicions that the hyperphagia of diabetes 
might be due to leptin defi ciency were not borne 
out by subsequent studies that showed no gross 
leptin defi ciency in patients with diabetes [ 58 –
 60 ]. In our study [ 60 ], fasting blood specimens for 
measurement of leptin and other hormones were 
obtained at baseline from 65 healthy subjects and 
54 diabetic patients (classifi ed by C-peptide 
status: “negative” if <0.1 ng/ml or “positive” if 
>0.3 ng/ml, in fasting plasma). The results showed 
that basal plasma leptin levels were 13.4 ± 1.5 ng/
ml in C-peptide negative patients and 26.1 ±3.7 ng/
ml in C-peptide positive patients, compared with 
19.7 ± 2.3 ng/ml in nondiabetic subjects. Although 
the C-peptide negative patients had lower leptin 
levels ( P  = 0.001) than healthy subjects and 
C-peptide positive diabetic patients, the basal 
leptin levels refl ected the BMI of subjects in the 
three groups, and the regression of leptin vs. BMI 
showed a similar relationship in healthy and dia-
betic subjects (Fig.  15.5a ). Thus, fasting leptin 
levels are within the normal or expected range for 
BMI in persons with type 1 (C-peptide negative) 
or type 2 (C-peptide positive) diabetes. Our fi nd-
ings are in accord with other observations that 
plasma leptin levels generally lie within the 
expected range for BMI in patients with type 
1(51) or type 2 diabetes [ 58 ,  59 ,  61 ], compared to 
gender- matched nondiabetic subjects.
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   As is well-known, patients with type 2 diabe-
tes have normal or elevated plasma insulin levels 
in the basal (fasting) state, but show defective 
dynamic insulin secretion in response to iv or 
oral glucose [ 54 ,  55 ,  62 ,  63 ]. To determine 
whether an analogous situation exists with regard 
to leptin regulation, we obtained blood speci-
mens before and 8, 16, and 40 h following 
 ingestion of a single dose (4 mg) of dexametha-
sone in healthy and diabetic subjects, classifi ed 
by C-peptide status [ 60 ]. The peak plasma leptin 
level (as a percentage of basal values) following 
dexamethasone challenge was 224 ± 18 % in 
healthy subjects, 126 ± 23 % in C-peptide nega-
tive diabetic patients, and 144 ± 16 % in C-peptide 
positive diabetic patients [ 60 ] (Fig.  15.5b ). 
Compared to nondiabetic subjects, the peak 
glucocorticoid- stimulated leptin responses were 

lower in C-peptide positive diabetic patients 
( P  = 0.011) and C-peptide negative patients 
( P  = 0.003) (Fig.  15.5b ). These results indicate 
that diabetes is associated with normal basal 
leptin levels, but markedly attenuated dynamic 
leptin secretion following glucocorticoid stimu-
lation. We have proposed the term, “diabetic dys-
leptinemia,” to describe the defective dynamic 
leptin secretion in diabetes.  

   Cause or Consequence 

 With the known postprandial increases in plasma 
insulin and cortisol [ 31 – 33 ], the resultant increase 
in plasma leptin, driven by the two hormones, 
could serve a physiological role of restraining 
appetite between meals and during sleep. Based 
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  Fig. 15.4    Changes in plasma cortisol ( a ) and leptin ( b ) 
following dexamethasone ingestion in lean, obese, and 
massively obese subjects, and the relationship between 
body mass index (BMI) and baseline (fasting) plasma 
leptin ( c ) or post-dexamethasone leptin levels ( d ). Baseline 

(fasting) leptin levels were positively correlated with BMI 
( R  2  = 0.76) but peak dexamethasone-stimulated leptin 
 levels showed a trend toward an inverse correlation. 
* P  = 0.02 vs. lean and 0.05 vs. obese. Adapted from Dagogo-
Jack S, Askari H, Tykodi G, Liu J, Umamaheswaran I [ 56 ]       
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on the physiological understanding of leptin as 
an endogenous satiety factor with anti-obesity 
and insulin-sensitizing properties [ 43 ,  44 ,  64 ,  65 ], 
impaired dynamic leptin secretory secretion 
could be a risk factor for hyperphagia, obesity, 
and insulin resistance. To determine whether 
such a secretory defect precedes or follows the 
diagnosis of diabetes, we studied 37 adults: 11 
with type 2 DM diagnosed within 6 months prior 
to study, 16 with chronic (≥20 yr) type 2 DM, 
and 10 healthy controls [ 66 ]. After baseline mea-
surements, study subjects ingested a single dose 
(4 mg) of dexamethasone, followed by blood 
sampling for assay of leptin and other hormones 
and metabolites. The peak dexamethasone 

stimulated plasma leptin responses (% baseline) 
were 188 ± 18.7 % among healthy controls, 
180 ± 13.8 % among newly diagnosed type 2 DM 
patients, and 127 ± 10.5 % ( P  < 0.01) in chronic 
DM patients [ 66 ] (Fig.  15.5c ). Following dexa-
methasone ingestion, plasma insulin increased 
signifi cantly in control subjects and newly diag-
nosed type 2 diabetes patients, but not in patients 
with chronic DM [ 66 ]. These results indicate that 
plasma leptin responses to glucocorticoid chal-
lenge are preserved in patients with newly diag-
nosed type 2 DM but markedly attenuated in 
patients with long-standing diabetes, who also 
were unable to augment insulin secretion during 
glucocorticoid treatment.  

  Fig. 15.5    Basal and stimulated plasma leptin levels in 
healthy and diabetic subjects: ( a ) regression of fasting 
leptin vs. BMI in nondiabetic subjects ( upper panel ), 
C-peptide negative diabetic patients ( lower panel ,  open 
squares ) and C-peptide diabetic positive patients ( lower 
panel ,  closed squares ); ( b ) Plasma leptin responses to a 
single oral dose (4 mg) of dexamethasone in nondiabetic 
subjects ( hatched bars ), C-peptide negative diabetic 
patients ( open bars ) and C-peptide diabetic positive 
patients ( closed bars ). The peak leptin response (% base-

line) was 224 ± 18 % in healthy subjects, 126 ± 23 % in 
C-peptide negative diabetic patients, and 144 ± 16 % in 
C-peptide positive diabetic patients; ( c ) Dexamethasone-
stimulated plasma leptin responses among healthy con-
trols (white bars), newly diagnosed type 2 diabetes 
patients ( stippled bars ), and patients with type 2diabetes 
of >20 years duration ( striped bars ). * P  = 0.01, ** P  = 0.003 
vs. nondiabetic controls. Adapted from Liu J, Askari H, 
Dagogo-Jack S [ 60 ] and Dagogo-Jack S, Liu J, Askari H, 
Tykodi G, Umamaheswaran I [ 66 ]       

 

S. Dagogo-Jack



197

   Data from Insulin as Leptin 
Secretagogue 

 To extend the fi ndings from the preceding studies, 
we tested the effects of insulin as a leptin secreta-
gogue. Previous studies have established that 
insulin is a weaker leptin secretagogue than glu-
cocorticoids (peak effect ~50 % above baseline 
vs. ~100 % above baseline) [ 34 ,  57 ]. With that in 
mind, we investigated whether leptin secretory 
responses to insulin would show evidence of dys-
leptinemia along the lines observed with gluco-
corticoid. Using oral glucose tolerance tests, we 
screened 64 subjects with previously unknown 
glycemic status, and enrolled three groups of sub-
jects matched for age, gender, and BMI: Group I: 
subjects with normal glucose tolerance (NGT) 
(age 43.6 ± 4.80 yr, BMI 36.6 ± 4.93 kg/m 2 , 
 N  = 6); Group II: subjects with impaired glucose 
tolerance (IGT) (age 40.2 ± 4.95 yr, BMI 
36.2 ± 5.10 kg/m 2 ,  N  = 6); Group III: subjects with 
newly diagnosed T2DM (age 42.5 ± 5.0 yr, BMI 
33.4 ± 3.37 kg/m 2 ,  N  = 6) [ 67 ]. The subjects were 
not taking any diabetes medications or drugs 

known to affect leptin or glucoregulatory metabo-
lism. The study subjects underwent a two-step 
hyperinsulinemic (1.0 mU kg −1 /min for 3 h, fol-
lowed by 2.0 mU kg −1 /min for 3 h), euglycemic 
(~100 mg/dl). Blood samples were obtained at 
baseline and every 20 min during the clamp. The 
peak insulin- stimulated leptin levels (% baseline) 
were 145 ± 2.67 % % in NGT control subjects, 
151 ± 6.74 % in IGT subjects, and 125 ± 1.30 % in 
newly diagnosed T2DM patients ( P  = 0.005 vs. 
NGT and IGT groups) (Fig.  15.6 ). Thus, plasma 
leptin responses during hyperinsulinemic clamp 
were similar in NGT and IGT subjects, but were 
decreased signifi cantly in patients with newly 
diagnosed T2DM. Malmstrom et al. [ 68 ] mea-
sured plasma leptin concentrations during an 
8.5-h hyperinsulinemic clamp or saline infusion 
in eight healthy subjects (age 51 ± 3 yr, BMI 
26.3 ± 0.6 kg/m 2 ) and seven patients with T2DM 
(age 54 ± 2 yr, BMI 27.0 ± 0.9 kg/m 2 , fasting 
plasma glucose 11.1 ± 0.8 mmol/L). Plasma leptin 
levels decreased signifi cantly during 8.5 h of 
saline infusion. During insulin infusion, plasma 
leptin concentrations (% above saline control) 
were 32 ± 13 %, 53 ± 14 %, 106 ± 15 %, and 

  Fig. 15.6    Plasma levels of insulin ( a ) and glucose ( b ) 
during two-step hyperinsulinemic (1.0 mU kg −1 /min for 
3 h, followed by 2.0 mU kg −1 /min for 3 h), euglycemic 
(~100 mg/dl) clamp; ( c ) plasma leptin responses during 

two-step hyperinsulinemic in subjects with normal 
 glucose tolerance (NGT), impaired glucose tolerance 
(IGT), and type 2 diabetes (T2DM). * P  = 0.005 vs. NGT 
and IGT groups       
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165 ± 21 % at 2 h, 4 h, 6 h and 8.5 h in the healthy 
subjects, and 11 ± 9 %, 27 ± 10 %, 58 ± 7 %, and 
106 ± 13 % in the patients with T2DM, respec-
tively [ 68 ]. The plasma leptin response to insulin 
infusion at every time point was numerically 
lower in the diabetic patients, and there was a 
nominal 59 % reduction in the peak leptin secre-
tory response to prolonged insulin infusion in the 
diabetic patients, compared to healthy controls 
[ 68 ]. Other workers have reported impaired leptin 
secretion in patients with poorly controlled diabe-
tes [ 69 ], as well as defective postprandial leptin 
secretion in patients with type 1 diabetes, which 
was improved by preprandial injections of rapid 
acting insulin [ 70 ].

   Although diabetic dysleptinemia was fi rst 
demonstrated, using glucocorticoid as the leptin 
secretagogue in patients with long-standing dia-
betes [ 60 ,  66 ], the defect can also be demon-
strated with insulin. Furthermore, the leptin 
response to insulin was found to be impaired in 
patients with newly diagnosed, but not subjects 
with prediabetes (IGT) [ 67 ]. Taken together, 
these observations indicate that diabetic dyslepti-
nemia is most probably an acquired defect, rather 
than a causal factor in the etiology of diabetes. 
The exact pathogenesis of dysleptinemia remains 
to be elucidated; however, current evidence sug-
gests that insulin defi ciency, insulin resistance, 
glucotoxicity, and the duration as well as state of 
metabolic control of diabetes may all be contrib-
utory factors. Even with the notion of dyslepti-
nemia as a consequence rather than a causal 
factor in diabetes, the persistence of diabetic dys-
leptinemia could, theoretically, be permissive of 
hyperphagia, progressive weight gain, insulin 
resistance, and worsening dysglycemia. 

 Apart from the lone report of the effect of pre-
prandial rapid acting insulin [ 70 ], no formal 
studies have been undertaken to test interven-
tions for the reversal or amelioration diabetic 
dysleptinemia. The role of β-cell function (insu-
lin secretion) in orchestrating the leptin respon-
siveness to glucocorticoid is strongly suggested 
by several lines of evidence [ 26 ,  27 ,  66 ,  70 ]. 
Impaired fl ux through the nutrient-sensing hex-
osamine pathway during states of insulin defi -
ciency, insulin resistance, or glucotoxicity would 

decrease the abundance of intracellular UDP-N - 
acetylglucosamine, a mediator of adipocyte 
leptin secretion [ 71 – 74 ]. Also, perturbations 
along the inositol pathway [ 75 ] might be 
involved in the mechanism of diabetic dyslepti-
nemia. Two families of inositol phosphoglycans 
(IPG-A and IPG-B) serve as second messengers 
in the insulin signaling cascade. The ratio of 
IPG-A/IPG-B is elevated in obesity and type 2 
diabetes; IPG-A inhibits leptin secretion from 
adipocytes [ 75 ]. Thus, in addition to limitation 
of glucose metabolism and nutrient sensing 
along the hexosamine pathway [ 71 – 74 ], the ele-
vated IPG-A levels in diabetic subjects [ 75 ] 
could contribute to impaired leptin secretion. 

 The rational deployment of exogenous leptin 
therapy requires careful selection of individuals 
who are most likely to benefi t from such therapy. 
Persons with congenital leptin defi ciency [ 64 ,  65 ] 
and lipodystrophy [ 76 ,  77 ] are prime examples. 
Outside the latter groups, one approach would be 
to target patients who manifest evidence of rela-
tive leptin defi ciency. In this regard, the demon-
stration of impaired dynamic leptin secretion 
among subsets of obese and diabetic subjects [ 56 , 
 60 ,  66 – 70 ] suggests a possible screening strategy 
for the selection of subjects for an intervention 
trial. Notably, current experience from nontar-
geted human trials of recombinant leptin therapy 
indicates modest and markedly variable effi cacy 
on weight and metabolic parameters [ 36 ,  78 ]. 
With the recent approval of Metreleptin for clini-
cal use, it should become feasible to design stud-
ies to test the metabolic effects of targeted leptin 
augmentation therapy in carefully selected 
patients with evidence of dysleptinemia.     
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           Introduction 

 Adipose tissue is not just a store of fat, but it is also 
an endocrine organ, where adipokines are synthe-
sized [ 1 ]. Although excess fat (obesity) leads to 
complications such as diabetes [ 2 ], cardiovascular 
disease [ 3 ] and cancer [ 4 ], its absence can also 
cause disease, due to low levels of adipokines. 

 Leptin is one of the most abundant adipokines, 
and in its absence, severe and potentially lethal 
disruptions in body homeostasis occur [ 5 ]. Leptin 
has crucial roles in regulating body weight and 
energy balance, reproduction, glucose homeosta-
sis, tissue remodeling, and infl ammation, as well 
as in other elements of the endocrine and immune 
systems [ 5 ]. Leptin is an indicator of the size of 
somatic energy stores (fat mass), and is a major 
contributor to the regulation of energy balance 
[ 6 ]. Leptin defi ciency is a cause of several dis-
eases, such as lipodystrophy syndromes, func-

tional hypothalamic amenorrhea, and congenital 
leptin defi ciency due to mutations in the leptin 
gene [ 7 ]. 

 Congenital leptin defi ciency (CLD) is a rare 
condition, caused by mutations in the leptin gene 
that result in the synthesis of biologically inactive 
truncated proteins. The phenotype of patients 
with mutations in the leptin gene is diverse, and 
include manifestations such as diabetes, dyslipi-
daemia, hormonal defi ciencies, impaired cogni-
tive development, and potentially lethal T-cell 
hyporesponsiveness [ 7 – 13 ]. 

 Leptin replacement therapy (LRT) with 
recombinant human leptin is the only available 
treatment for CLD. The study of the effects of 
LRT represent an unparalleled human experi-
mental model of endocrine-based obesity, and 
has promoted a better understanding of leptin’s 
physiology, providing the basis for the develop-
ment of novel potential therapies for obesity, 
diabetes, and neurodegenerative disorders.  

   Forms of Partial Leptin Defi ciency 

 The complete absence of leptin is seen in cases of 
CLD, but relative leptin defi ciency is also observed 
in cases of lipodystrophy and functional hypotha-
lamic amenorrhea. In lipodystrophy, fat mass is 
decreased due to molecular defects in genes that 
regulate adipocyte differentiation, lipid metabolism, 
and lipid droplet morphology [ 5 ], or to the use of 
highly active antiretroviral therapy (HAART). 
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 Functional hypothalamic amenorrhea is a state of 
energy deprivation, usually associated with exer-
cise, in the absence of organic disease or ovarian 
failure, where reduced leptin levels lead to 
impaired secretion of gonadotropin-releasing 
hormone and reproductive dysfunction. These 
features are similar to those of individuals with 
anorexia nervosa, where fat mass is reduced due 
to energy deprivation. In all conditions (including 
non-athletic forms of hypothalamic amenorrhea), 
fat mass is decreased, which determine substan-
tial reductions in serum leptin levels [ 14 ].  

   Congenital Leptin Defi ciency 
Pretreatment Phenotype 

 Cases of CLD caused by mutation in the leptin 
gene are rare. To date, mutations leading to the 
leptin-defi cient phenotype have been reported in 
children of Pakistani [ 15 – 20 ], Egyptian [ 21 ], 
Austrian [ 22 ], and Turkish origins [ 10 ,  23 ,  24 ]. 
Worldwide, a total of 34 patients with CLD have 
been described in the literature, harboring eight 
different mutations (Table  16.1 ).

   For over 15 years, our group has been evaluat-
ing the phenotypic fi ndings and effects of leptin 
replacement in four unique leptin-defi cient adults 
from a consanguineous extended Turkish family 
[ 7 ]. These individuals have a Mendelian reces-
sive mutation in the leptin gene, consisting of a 
C → T substitution in codon 105 of this gene (the 
same that is observed in the leptin-defi cient  ob/ob  
mouse), resulting in an Arg → Trp replacement in 
the mature protein. 

 Initially, a 22-year-old male, and two 
females (34 and 6 years old), from the same 
highly  consanguineous Turkish family, were 
identified with a homozygous mutation in the 
leptin gene [ 24 ]. The male patient had a body 
mass index (BMI) of 55.8 kg/m 2 , and very low 
leptin levels (0.9 ng/ml). The female adult had 
a BMI of 46.9 kg/m 2 , and equally low serum 
leptin levels (1.6 ng/ml). The girl had a BMI 
of 32.6 kg/m 2 , and low leptin levels of 1.1 ng/
ml. Both adult patients had hypogonadotropic 
hypogonadism, and the three patients were 
hyperinsulinemic. The girl had subclinical 

hypothyroidism, and the female was diag-
nosed with type 2 diabetes. 

 Further investigation in the same family led to 
the diagnosis of CLD in two additional family 
members who harbored the same mutation in 
homozygosity: a 30-year-old female [ 23 ] and a 
5-year-old male [ 10 ], who had a similar pheno-
type, with extremely high BMI (54.8 kg/m 2  and 
39.6 kg/m 2 , respectively), hyperphagia, and low 
leptin levels (0.6 ng/ml in the female, undetect-
able in the child). The female patient also had 
hypogonadotropic hypogonadism, and all patients 
had sympathetic system dysfunction (assessed by 
cold pressor response test, orthostatic hypoten-
sion test, and sympathetic skin response test).  

   Leptin Replacement Therapy 

 In the leptin-defi cient  ob/ob  mouse model, the 
obese phenotype is prevented or reversed by the 
administration of exogenous leptin [ 25 ]. Physio-
logical doses of recombinant methionyl human 
leptin (metreleptin, Myalept ® , Amylin Pharma-
ceuticals, USA; now owned by AstraZeneca) were 
initiated on these leptin- defi cient individuals at 
ages 5 (boy), 27 (male), 30 and 40 (females). The 
girl that had been initially described died before 
treatment could be initiated. Treatment led to sig-
nifi cant improvements in weight, endocrine func-
tion, and behavior [ 8 ]. Leptin replacement was 
lifesaving, as eight members of this family with 
severe early- onset obesity, whom we presume to 
have been leptin-defi cient, died during childhood 
due to infections and sepsis. In the Turkish cohort 
of patients with CLD, treatment was initiated with 
metreleptin 0.02–0.04 mg/kg/day, administered 
once a day subcutaneously, at 6 p.m. That time in 
the evening was chosen to mimic leptin’s normal 
circadian rhythm, which peak occurs at early in 
the morning around 2 a.m. [ 26 ]. In adults, this 
dose increases serum leptin to levels that are 
observed in healthy adult males with 20 % body 
fat, or in healthy adult females with 30 % body fat. 
The child’s initial dose was calculated to increase 
the peak serum leptin to 70 ng/ml. Patients were 
evaluated regularly and doses were then recalcu-
lated, avoiding excessively rapid weight loss. 
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 The adults’ initial mean dose was 4.1 ± 1.2 mg/
day: 2.8 mg for oldest male, 4.2 mg for youngest 
female, and 5.3 mg for oldest female [ 8 ]. After 13 
years of treatment, the most current dose is 
1.95 ± 2.05 mg/day: 0.6 mg for the oldest male, 
1.0 mg for the youngest female, and 5.0 mg for 
the oldest female. The child’s initial dose was 
1.36 mg/day [ 10 ], and the current dose is 1.2 mg/
day. The oldest female is under a considerably 
higher dose, for whom dose decreases led to sig-
nifi cant weight gain. That patient had type 2 
diabetes before treatment, which reversed after 
metreleptin initiation [ 8 ,  10 ]. No leptin antibodies 
have been detected in that patient (nor the others), 
and it is very likely that her higher dose require-
ments are attributed to increased leptin resistance, 
in the context of common obesity combined with 

leptin defi ciency. For the additional cases of CLD 
described by other investigators, the dose of 
metreleptin is calculated in the same manner, but 
some investigators prefer to divide the dose into 
two daily injections, or to administer a single 
injection in the morning. Effi cacy does not seem 
to be different when a single injection is adminis-
tered per day, but we have observed increased 
adherence with that regimen. 

 Myalept ®  is a recombinant human leptin ana-
log for that binds to and activates the leptin recep-
tor. It is a 147-amino acid, nonglycosylated, 
polypeptide with one disulfi de bond between 
Cys-97 and Cys-147 and a molecular weight of 
approximately 16.15 kDa, produced in  E. coli , and 
differs from native human leptin by the addition 
of a methionine residue at its amino terminus [ 27 ]. 

   Table 16.1    List of individuals with congenital leptin defi ciency and their respective mutations   

 Article where patients were 
fi rst reported (fi rst author, year)  Number of patients  Ethnicity  Mutation 

 Montague, 1997  4 (2 M, 2 F)  Pakistani  Homozygous frame-shift mutation consisting 
of a deletion of a G nucleotide in codon 133 
(delta133G) 

 Farooqi, 2002 
 Gibson, 2004 
 Farooqi, 2008 a   4  Pakistani  Homozygous frame-shift mutation consisting 

of a deletion of a G nucleotide in codon 133 
(delta133G) 

 Strobel, 1998  5 b  (2 M, 3 F)  Turkish  Homozygous missense mutation consisting 
of a C to T substitution in codon 105 
(R105W) 

 Ozata, 1999 
 Paz-Filho, 2008 
 Fischer-Posovzky, 2010  1 F  Austrian  Homozygous missense mutation consisting of 

a T to C substitution in codon 72 (L72S) 
 Mazen, 2009  1 M  Egyptian  Homozygous missense mutation consisting of 

a C to A substitution in codon 103 (N103K) 
 Fatima, 2011  7 (4 M, 3 F)  Pakistani  Homozygous frame-shift mutation consisting 

of a deletion of a G nucleotide in codon 133 
(delta133G) 

 Fatima, 2011  1 M  Pakistani  Homozygous frame-shift mutation consisting 
of deletions of CT nucleotides in codon 161 
(delta161CT) 

 Fatima, 2011  1 F  Pakistani  Homozygous frame-shift mutation consisting 
of deletions of TC nucleotides in codons 35 
and 36 (delta36TC) 

 Saeed, 2012  9 (5 M, 4 F)  Pakistani  Homozygous frame-shift mutation consisting 
of a deletion of a G nucleotide in codon 398 

 Saeed, 2012  1 F  Pakistani  Homozygous mutation involving deletion of 
three base pairs involving codons 35 and 36 

   M  male,  F  female 
  a The author has not provided clinical data from those patients in the article 
  b The youngest female patient died of sepsis before being treated with leptin  
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 The initial dose physiological dose (0.02–
0.04 mg/kg/day) is calculated to achieve 10 % 
predicted serum leptin concentration based on 
gender, age, and percentage of body fat (calcula-
tions based on pharmacodynamic and pharmaco-
kinetic data from AMGEN Inc., Thousand Oaks, 
California, USA). The dose administered remains 
the same if weight reduces or stabilizes. If weight 
increases over two consecutive 2-month periods, 
the dose is increased to achieve 20 %, and subse-
quently 50, 100, and 150 % predicted serum 
leptin concentrations. 

 After subcutaneous administration of single 
doses of Myalept ®  ranging from 0.1 to 0.3 mg/kg 
in healthy subjects, peak serum leptin concentra-
tion (Cmax) occurred approximately 4.0–4.3 h 
after. The median Tmax of metreleptin was 4 h 
(range: 2–8 h;  N  = 5 lipodystrophy patients) fol-
lowing single-dose administration of metreleptin. 
In studies of healthy adult subjects, leptin volume 
of distribution was approximately 4–5 times 
plasma volume after intravenous administration 
of metreleptin. No formal metabolism studies 
have been conducted with metreleptin, but data 
indicate that renal clearance is the major route of 
metreleptin elimination, with no apparent contri-
bution of systemic metabolism or degradation. 
The half-life was 3.8–4.7 h following single 
administration of subcutaneous doses of 0.01–
0.3 mg/ml in healthy subjects. In the presence of 
leptin antibodies, the clearance of metreleptin is 
expected to be delayed [ 27 ]. 

 Myalept ®  has been recently approved by the 
FDA for the treatment of congenital or acquired 
generalized lipodystrophy (non-HIV-related), but 
not for the partial forms of the disease, for which 
safety and effectiveness have not been estab-
lished yet. For lipodystrophy, the recommended 
starting dose is 0.06 mg/kg/day (if body weight 
40 kg or less), increasing or decreasing by 
0.02 mg/kg to a maximum daily dose of 0.13 mg/
kg. For males with body weight >40 kg, the rec-
ommended starting dose is 2.5 mg/day, increas-
ing or decreasing by 1.25 mg to 2.5 mg/day, to a 
maximum dose of 10 mg/day. For females with 
body weight >40 kg, the recommended starting 
dose is 5 mg/day, increasing or decreasing by 
1.25 mg to 2.5 mg/day, to a maximum dose of 

10 mg/day. Myalept is administered once daily at 
the same time every day, subcutaneously [ 27 ]. 

 The most common reported adverse reactions 
(≥10 %) are headache, hypoglycemia, decreased 
weight, and abdominal pain. T-cell lymphoma 
has also been reported in patients with acquired 
generalized lipodystrophy being treated with 
Myalept ® . However, a causal relationship 
between Myalept ®  and the development and/or 
progression of lymphoma has not been estab-
lished, since lymphoproliferative disorders, 
including lymphomas, have been reported in 
patients with acquired generalized lipodystrophy 
not treated with the drug. Therefore, doctors 
should consider the benefi ts and risks of treat-
ment with Myalept ®  in patients with signifi cant 
hematologic abnormalities and/or acquired gen-
eralized lipodystrophy. Due to the risk of hypo-
glycemia, dose adjustment of insulin or insulin 
secretagogues may be necessary, if in use, and 
blood glucose levels should be closely monitored 
in those patients. Since autoimmune disorder 
progression has been observed in patients treated 
with Myalept ®  (autoimmune hepatitis and mem-
branoproliferative glomerulonephritis), risks and 
benefi ts and risks of Myalept ®  treatment should 
be weighed in patients with autoimmune disease. 
Hypersensitivity reactions (e.g., urticaria or gen-
eralized rash) have also been reported [ 27 ]. 

 Anti-metreleptin antibodies with neutralizing 
activity have been identifi ed in 84 % of patients 
treated with Myalept ® , which titers ranged from 
1:5 to 1:1,935,125, and which consequences 
have not been well characterized yet. Although 
these antibodies could inhibit endogenous leptin 
action and cause loss of drug effi cacy, neutraliz-
ing activity was observed in 2 out of 33 patients 
tested. In addition, clinical trials have reported 
loss of metabolic control and/or severe infections 
in the presence of antibodies against metreleptin. 
In the package insert, the company recommends 
testing for anti-metreleptin antibodies with 
neutralizing activity in patients with severe 
infections or loss of effi cacy during Myalept ®  
treatment. The contraindications listed by the 
package insert are general obesity not associated 
with congenital leptin defi ciency, and hypersensi-
tivity to metreleptin. It is uncertain whether 

G. Paz-Filho and J. Licinio



207

Myalept ®  can be used  during pregnancy no ade-
quate and well-controlled studies have been con-
ducted with the drug in pregnant women. If case 
of nursing women, Myalept ®  or nursing should 
be discontinued. No clinically meaningful differ-
ences have been observed in the effi cacy and 
safety of Myalept ®  between pediatric and adult 
patients. In case of the geriatric population, exist-
ing clinical trials have not included suffi cient 
numbers of participants >65 years old. However, 
due to decreased hepatic, renal and/or cardiac 
function, dose selection should be cautious and 
start at the low end of the dosing range [ 27 ]. 

 No formal drug interaction studies have been 
performed to evaluate drug interactions. However, 
leptin is a cytokine that has the potential to alter 
the formation of cytochrome P450 (CYP450) 
enzymes. Therefore, caution is warranted when 
prescribing concomitant drugs metabolized by 
CYP450, such as oral contraceptives and drugs 
with a narrow therapeutic index [ 27 ].  

   Effects of Leptin Replacement 
Therapy in Patients with CLD 

   Body Composition, Food Intake, 
and Energy Expenditure 

    Leptin replacement therapy leads to signifi cant 
decreases in body weight, BMI, and fat mass. 
Our Turkish adult patients’ mean BMI was 
51.2 ± 2.5 kg/m 2  before treatment. After 18 
months of treatment, the patients reached a mean 
BMI of 26.9 ± 2.1 kg/m 2 , which remained fairly 
stable since then. The youngest male also lost a 
signifi cant amount of weight, from a BMI of 
39.6 kg/m 2  before treatment at age 5, to 26.5 kg/
m 2  at age 11. Most of the decrease in BMI was 
attributed to fat mass loss, as measured by Dual-
energy X-ray absorptiometry (DXA) [ 8 ]. In 2001, 
the adults’ mean initial total body fat percentage 
was 46.4 ± 3.2 %, which decreased to 
35.9 ± 17.7 % after 10 years of therapy. The 
child’s fat percentage was 27.9 % at age 11. 

 Patients were not instructed to changes their 
diets or physical activity, and their weight loss was 
attributed to voluntary decrease in energy intake. 

While on leptin, patients reported less hunger, 
less desire to eat, and greater fullness, both before 
and after the meals. Also, the patients found 
different foods equally appealing in taste, texture, 
aroma, and with similar fi lling qualities [ 28 ]. 
In addition, activity levels were measured in the 
adults by actigraphy, which showed progressive 
and linear increases [ 8 ]. Leptin replacement 
changed the macronutrient content of the patients’ 
diets, with an increase in carbohydrate and a 
decrease in fat consumption [ 29 ]. 

 Before treatment, energy expenditure and fat 
oxidation were comparable to those of age-, sex-, 
and weight-matched controls. Leptin therapy did 
not increase energy expenditure, but it prevented 
the reduction in metabolic rate that is associated 
with weight loss [ 30 ]. Farooqi et al. have also 
reported that leptin therapy did not increase 
energy expenditure [ 15 ,  31 ]. Table  16.2  summa-
rizes the behavioral and anthropometric effects of 
leptin replacement.

      Lipids and Glucose Metabolism 

 Before treatment, all patients had low HDL- 
cholesterol and normal or high triglycerides and 
insulin. The older female was also diagnosed with 
type 2 diabetes [ 23 ]. Leptin replacement normal-
ized blood lipids (reducing triglycerides and 
increasing HDL), insulin levels, and glucose (in 
the patient that had type 2 diabetes). Also, glucose 
levels in the oldest patient decreased to normal lev-
els, outside the diabetes range [ 8 ]. Similar effects 
on triglycerides, HDL, and insulin have been 
observed in the other patients as well [ 15 ,  18 ]. 

    Table 16.2    Behavioral and anthropometric effects of 
leptin replacement   

 Decrease in total body weight 
 Decrease in total fat mass 
 Decrease in food intake 
 Decrease in hunger and in desire to eat 
 Greater fullness after eating 
 Voluntary increase in physical activity 
 Attenuated decrease in weight loss-associated reduction 
of energy expenditure 
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  Glucose, insulin, and C-peptide were measured 
during meal tolerance tests in the oldest male 
patient. Leptin replacement increased insulin 
sensitivity by at least 5.7-fold, increased insulin 
hepatic extraction, and decreased insulin secre-
tion [ 32 ]. The adult patients were also submitted 
to euglycemic hyperinsulinemic clamps during 
the 4th, 5th, and 6th years of treatment, while on 
treatment and 6 weeks after therapy was briefl y 
interrupted. Leptin withdrawal led to substantial 
weight gain, up to 10.0 kg, which determined an 
acute and transient increase in insulin sensitivity 
while off leptin, as the newly acquired adipose 
tissue absorbed glucose in excess [ 10 ]. Oral glu-
cose tolerance tests (OGTT) were also per-
formed, showing substantial decrease in insulin 
resistance in two patients after leptin replacement 
was interrupted and weight gain occurred. In the 
male adult, the increase in insulin sensitivity, 
associated with a decreased hepatic extraction of 
insulin, resulted in a hypoglycemic episode dur-
ing the off-leptin OGTT [ 10 ]. Regarding insulin 
secretion, we observed that it was increased in 
the absence of leptin in two of our adult patients. 
In those patients, insulin hepatic extraction 
was also decreased, resulting in an increase in 
post-hepatic insulin delivery, in the absence of 
leptin [ 10 ]. By evaluating the dynamics of plasma 
proteome during acute and chronic leptin ther-
apy, we observed that leptin treatment was asso-
ciated with the upregulation of pathways and 
processes involved in glycolysis and gluconeo-
genesis, and also cell adhesion, cytoskeleton 
remodeling, cell cycle, blood coagulation [ 33 ].  

   Hypothalamic-Pituitary-Gonadal Axis 

 Before treatment, the adults had signs of hypogo-
nadism. The adult male was prepuberal; the 
youngest female had normal pubic and axillary 
hair, small ovaries and borderline uterus, and 
diminished mammary tissue; the oldest female 
had sparse pubic and axillary hair, small uterus 
and ovaries, and no mammary tissue. Both 
females had delayed spontaneous menarche 
between ages 29 and 35, with irregular menses. 
Gonadotropins responses to GnRH stimulation 

were normal, compatible with hypogonadotropic 
hypogonadism [ 8 ]. 

 After treatment, the most remarkable effect 
was the full development of secondary sexual 
characteristics [ 8 ]. In addition, menstrual peri-
ods became regular in the females, with serial 
midluteal phase progesterone measurements 
>10 ng/ml, indicative of ovulation. In the adult 
male, testosterone and free testosterone levels 
reached normal values for adults. The youngest 
male is now 12 years 6 months, and has now 
begun entering puberty, with testicular enlarge-
ment and pubarche. The effects of leptin therapy 
on raising basal and stimulated LH and FSH 
levels to pubertal values, and on the initiation 
of nocturnal pulsatility have been also described 
in the Austrian patient, whose menarche occurred 
at age 16.3 years, 76 weeks after leptin was ini-
tiated [ 34 ].  

   Hypothalamic-Pituitary-Adrenal Axis 
and Biomarkers of Cardiovascular 
Disease 

 Our patients had normal levels serum and urinary 
cortisol, differently to the hypercorticosteronemia 
that is observed in the  ob/ob  mice [ 8 ]. Serum cor-
tisol levels were fully suppressed with 1 mg of 
dexamethasone [ 23 ]. During a 24-h frequent blood 
sampling, leptin replacement increased the mean 
24-h levels of serum cortisol, from 4.04 ± 0.22 to 
5.97 ± 0.30 μg/dl, and altered its circadian rhythm, 
by decreasing the number of pulses from 25 to 19, 
increasing their amplitude, increasing the morn-
ing peak, and increasing regularity [ 8 ]. In the 
patients of Pakistani origin, urinary and serum 
cortisol levels were within normal ranges as well, 
before and during leptin therapy [ 15 ]. 

 Levels of biomarkers of infl ammation, coagu-
lation, fi brinolysis, and platelet aggregation were 
heterogeneous in the three adult Turkish patients. 
Leptin replacement led to changes in most of 
those biomarkers, but a pattern could not be 
established. However, leptin withdrawal tended 
to determine changes towards a decreased state 
of thrombogenesis and increased fi brinolysis 
[ 12 ], suggesting that the absence of leptin may 
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protect against cardiovascular disease, even in a 
morbidly obese state, and that leptin excess leads 
to a proinfl ammatory state [ 35 ].  

   Hypothalamic-Pituitary 
Somatotropic Axis 

 In the adults, all of the IGF-related parameters 
were within the normal range, except for a low 
postprandial IGFBP-1 [ 8 ]. At baseline, and 2 
and 18 months after treatment initiation, we 
observed no signifi cant changes in IGF-I 
(141 ± 14, 137 ± 15, 154 ± 16 respectively, refer-
ence range 120–140 ng/ml), IGF-II (484 ± 17, 
480 ± 16, 487 ± 17 respectively, reference range 
290–730 ng/ml), IGFBP-3 (1,606 ± 96, 
1,588 ± 78, 1,633 ± 821 respectively, reference 
range 500–3,600 ng/ml) and IGFBP-6 (299 ± 12, 
288 ± 10, 282 ± 12 respectively, reference range 
100–340 ng/ml). We observed signifi cant 
increases in IGFBP-1 levels at the 18th month, 
both while fasting (21.1 ± 1.3 at baseline, 
30.8 ± 7.1 at the 2nd month, 140 ± 42 at the 18th 
month; reference range 13–120 ng/ml;  p  = 0.02), 
and postprandial (3.7 ± 0.5 at baseline, 8.6 ± 1.9 at 
the 2nd month, 18.1 ± 2.6 at the 18th month; ref-
erence range 10–30 ng/ml;  p  = 0.0001). Mean 
IGFBP-2 also increased from 571 ± 32 to 
936 ± 53 ng/ml ( p  < 0.001), possibly attributed to 
the decrease in insulin levels [ 36 ]. In three leptin-
defi cient patients of Pakistani origin, baseline 
mean IGFBP-2 levels were lower than those 
observed by us (71 ng/ml), which increased in 
two of the patients 6 months after leptin therapy 
(to 88 and 132 ng/ml). Those levels were consid-
erably lower than those we have observed, and no 
statistical signifi cance between baseline and 
post- therapy IGFBP-2 levels was reported [ 37 ]. 

 The adult patients’ heights were within the 
family mean heights, with no history of delayed 
or impaired growth. Growth hormone levels were 
undetectable, and responses to insulin-induced 
hypoglycemia and exercise tests were absent in 
the male (nadir glucose level, 37 mg/dl; GH of 
0.1 ng/ml in both tests) and in the younger adult 
female (nadir glucose level, 35 mg/dl; GH, 
0.1 ng/ml in the hypoglycemia test and 0.3 ng/ml 

in the exercise tests). These results are probably 
attributed to obesity, given the absence of clinical 
features of growth hormone defi ciency [ 23 ]. 

 Before treatment, the youngest male’s height 
was at the 50th percentile in the growth chart, 
with growth deceleration after treatment was 
initiated (from the 50th to the 10th percentile), 
possibly due to weight gain and inadequate 
dose adjustments. Doses were adjusted, and now 
the patient is between the 10th and the 25th per-
centile, within the targeted height. In patients 
of Pakistani origin, growth was normal before 
and during leptin therapy, with normal levels of 
IGF-1 [ 15 ].  

   Hypothalamic-Pituitary-Thyroid Axis 

 Leptin has a highly organized circadian rhythm 
[ 38 ], with a pattern similar to that of TSH: a nadir 
in late morning and peak in the early morning 
[ 39 ]. Thyroid function tests were normal for all 
our patients [ 11 ], but the leptin-defi cient adult 
male had dysregulated patterns of TSH pulsatile 
and circadian rhythms [ 39 ]. Also, the girl that 
died before receiving treatment had subclinical 
hypothyroidism. Leptin has a role in regulating 
TSH secretion, and its absence may lead to thy-
roid dysfunction [ 40 ]. Leptin replacement did not 
increase free T4 or T3 [ 11 ], as previously 
observed [ 15 ]. Subclinical hypothyroidism has 
been reported in the other patients as well, which 
subsided upon leptin therapy initiation [ 18 ].  

   Immunity 

 The youngest male had had normal blood cells 
count; after 6 weeks of therapy, leptin replace-
ment led to a decrease in the absolute lymphocyte 
count, from 3.5 × 10 3  to 2.9 × 10 3 /μl. His immuno-
globulin levels were normal, except for elevated 
IgE, indicating atopy. By fl ow cytometry, we 
determined that the decrease in lymphocytes 
corresponded to decreases in CD3, CD4, and 
CD19 cells. Lymphocyte proliferative responses to 
the mitogens phytohemaglutinin, concanavalin A, 
pokeweed, and tetanus and candida antigens were 
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 normal at baseline (except for tetanus). Two and 
6 weeks after treatment, leptin enhanced T cell 
responsiveness, as shown by signifi cant increases 
of responses to antigens, except for tetanus [ 12 ]. 
Farooqi et al. reported T cell hyporesposiveness 
before leptin therapy in two patients, which 
increased to normal levels during treatment [ 15 ]. 

 No changes in immune blood counts were 
observed in the Turkish adults after leptin therapy 
was initiated. Also, neither hypersensitivity reac-
tions nor autoimmune diseases were detected. No 
hematologic abnormalities suggesting the devel-
opment of lymphoma have been observed in 
nearly 14 years of leptin therapy. 

 Gibson et al. have reported that, in a Pakistani 
girl, white blood cell count doubled within the 
1st month of therapy and remained elevated for 
the fi rst 3 months, without any evidence of infec-
tion. Interestingly, the patient was asthmatic 
before therapy, and did not require hospital visits 
for asthma in the 12 months following therapy 
initiation [ 18 ]. Farooqi et al. reported that another 
child of Pakistani origin had a normal total lym-
phocyte number and a normal number of CD3 
cells, with reduced CD4 cell number and 
increased CD8 and B cells, which normalized 
during leptin therapy [ 15 ].  

   Brain Structure and Function 

 Eighteen months of leptin therapy increased grey 
matter concentration in three brain regions of the 
adults: anterior cingulate gyrus, parietal lobe, and 
medial cerebellum [ 41 ]. Annual withholding of 
replacement for several weeks reversed this effect 
in the anterior cingulate gyrus and medial cere-
bellum, and treatment reinitiation did not signifi -
cantly restore grey matter concentration in the 
short-term (11–22 days), but led to an unexpected 
increase in grey matter concentration in the pos-
terior half of the left thalamus, particularly the 
pulvinar nucleus [ 42 ]. Those areas are implicated 
in neural circuits regulating hunger and satiation, 
and shows leptin’s effect on neuroplasticity. 

 In functional studies, leptin replacement 
reduced activation of regions linked to hunger 
(insula, parietal, and temporal cortex) and enhanced 

activation of regions linked to inhibition and 
satiety (prefrontal cortex), as well as the posterior 
lobe of the cerebellum, the brain region with 
the highest concentration of leptin receptors [ 43 ]. 
These results show that leptin has extra- 
hypothalamic effects in the regulation of food 
intake, reversibly altering neural structure and 
function, and modulating plasticity-dependent 
brain physiology in response to food cues [ 44 ]. 
In the Austrian patient, acute leptin therapy elic-
ited activation in reward- and food-related areas 
(ventral striatum and the orbitofrontal cortex), 
when comparing high- and low-calorie pictures. 
Moreover, acute and long-term effects were 
observed in the hypothamalus, striatum, amyg-
dala, orbitofrontal cortex, and substantia nigra/
ventral tegmental area, when comparing food 
and nonfood pictures, and high- vs. low-caloric 
pictures [ 45 ]. Those results were sustained in the 
amygdala and in the orbitofrontal cortex, 1 and 2 
years after leptin therapy, with a reduction of the 
frontopolar cortex activity [ 46 ]. In that patient, 
leptin therapy did not reduce activity in hunger- 
related regions, as we have previously reported 
[ 44 ]. This might be attributed to the fact that the 
Austrian patient had high cognitive control over 
her food choices, and voluntarily chose a low- 
calorie diet. Differently to what is observed in  ob/
ob  mice, leptin therapy did not increase striatal 
dopamine receptor availability in the adult 
Turkish patients [ 47 ]. However, it is uncertain 
whether D2/D3 receptor availability and other 
dopamine system parameters are abnormal 
before the initiation of leptin replacement in 
patients with CLD, and leptin therapy fails to 
produce any effect. 

 The procognitive effects of leptin were 
observed in the youngest male patient, who 
showed improvements of several subtests of the 
Differential Ability Scale (DAS), a measure of 
general verbal and nonverbal functioning, and of 
several subtests from the NEPSY, a measure of 
neuropsychological functioning in children [ 10 ]. 

 The adult patients were evaluated for anxi-
ety and depression, by employing the Hamilton 
Anxiety Rating Scale and the Hamilton Depression 
Rating Scale. Their scores were normal at 
baseline, and did not change during treatment. 
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However, it was noted that the patients’ behavior 
changed from very infantile and docile, to asser-
tive and adult-like [ 8 ]. 

 Our results demonstrated that leptin therapy 
is associated with structural and functional 
changes in the brain, providing further evidence 
to the hypothesis that leptin plays an important 
role in brain development and cognition [ 48 ]. 
Furthermore, low leptin levels or leptin resis-
tance may be involved in the pathogenesis of 
neurodegenerative diseases such as Alzheimer’s 
disease [ 49 ,  50 ], as previously demonstrated in a 
study from the Framingham cohort [ 51 ].  

   Liver Steatosis 

 In the Turkish cohort, liver enzymes and other 
biomarkers of liver function were normal before 
and after leptin replacement was initiated. In the 
Austrian patient, severe hepatic steatosis was 
reported before treatment. After 23 weeks of 
leptin replacement, liver fat content was reduced 
from 49.7 to 9.4 %, with concomitant normaliza-
tion of serum transaminases [ 52 ]. This is in con-
cordance with previous animal [ 53 ] and human 
studies on the effects of leptin on the improve-
ment of liver steatosis in lipodystrophy patients 
[ 54 ], providing the basis for clinical trials evalu-
ating leptin as a potential therapeutic agent for 
nonalcoholic fatty liver disease [ 55 ].   

   Conclusions 

 Currently, very few cases of congenital leptin 
defi ciency caused by mutations in the leptin gene 
have been reported so far. However, as demon-
strated by Fatima et al. [ 17 ] and Saeed et al. [ 20 ], 
screening of severe early-onset cases of obesity 
may lead to the diagnosis of new cases of CLD. 

 Nevertheless, the study of leptin replacement 
therapy on these patients has provided insightful 
information on the roles of leptin, not only on the 
regulation of food intake, energy expenditure, 
and body weight (Table  16.2 ), but also of its 
extra-hypothalamic effects. It has been shown 

that leptin regulates hypothalamic-pituitary axes 
(thyroid, adrenal, somatotropic, and gonado-
tropic), lipid metabolism, glucose/insulin 
homeostasis, and hepatic steatosis (Table  16.3 ). 
Moreover, leptin therapy is associated with 
changes in immunological parameters, and deter-
mines structural and functional changes in the 
brain (Table  16.4 ).

    Continued studies on the effects of leptin 
replacement therapy on these patients with CLD, 
as well as novel studies on the effects of leptin in 
patients with lipodystrophy, will generate new 
knowledge on leptin’s physiology, providing the 
foundation for evaluating leptin in other disor-
ders, such as diabetes, fatty liver disease, and 
neurodegenerative diseases.     

   Table 16.3    Metabolic and endocrine changes following 
leptin replacement   

 Metabolic 
changes 

 Decrease in triglycerides 
 Increase in HDL-cholesterol 
 Decrease in insulin 
 Decrease in plasma glucose, with 
resolution of type 2 diabetes in one 
patient 
 Increase in insulin sensitivity 
 Decrease in insulin secretion 
 Increase in insulin hepatic extraction 
 Decrease in liver fat content and in 
serum transaminases 

 Endocrine 
changes 

 Reversal of hypogonadotropic 
hypogonadism 
   Increase in basal and stimulated LH 

and FSH levels to pubertal values 
   Initiation of nocturnal pulsatility 

of LH and FSH 
   Establishment of ovulatory 

menstrual cycles 
   Establishment of normal adult 

levels of testosterone and estrogens 
 Increase in mean 24-h serum cortisol 
 Changes in cortisol circadian rhythm: 
decrease in total number of pulses, 
increase in amplitude, increase in 
morning peak, increase in regularity 
 Increase in IGFBP-1 and in IGFBP-2 
 Resolution of subclinical 
hypothyroidism 

16 Leptin Therapy in People with Congenital Leptin Defi ciency



212

 

      References 

    1.    Ahima RS. Adipose tissue as an endocrine organ. 
Obesity (Silver Spring). 2006;14 Suppl 5:242S–9.  

    2.    Chen GC, Qin LQ, Ye JK. Leptin levels and risk of 
type 2 diabetes: gender-specifi c meta-analysis. Obes 
Rev. 2014;15:134–42.  

    3.    Chai SB, Sun F, Nie XL, Wang J. Leptin and coronary 
heart disease: a systematic review and meta-analysis. 
Atherosclerosis. 2014;233:3–10.  

    4.    Paz-Filho G, Lim EL, Wong ML, Licinio J. 
Associations between adipokines and obesity- related 
cancer. Front Biosci. 2011;16:1634–50.  

      5.    Mantzoros CS, Magkos F, Brinkoetter M, et al. Leptin 
in human physiology and pathophysiology. Am J 
Physiol Endocrinol Metab. 2011;301:E567–84.  

    6.    Boguszewski CL, Paz-Filho G, Velloso LA. 
Neuroendocrine body weight regulation: integration 
between fat tissue, gastrointestinal tract, and the brain. 
Endokrynol Pol. 2010;61:194–206.  

      7.    Paz-Filho G, Wong ML, Licinio J. Ten years of leptin 
replacement therapy. Obes Rev. 2011;12:e315–23.  

               8.    Licinio J, Caglayan S, Ozata M, et al. Phenotypic 
effects of leptin replacement on morbid obesity, dia-
betes mellitus, hypogonadism, and behavior in 
leptin- defi cient adults. Proc Natl Acad Sci U S A. 
2004;101:4531–6.  

   9.    Paz-Filho GJ, Ayala A, Esposito K, et al. Effects of 
leptin on lipid metabolism. Horm Metab Res. 
2008;40:572–4.  

           10.    Paz-Filho GJ, Babikian T, Asarnow R, et al. Leptin 
replacement improves cognitive development. PLoS 
One. 2008;3:e3098.  

     11.    Paz-Filho GJ, Andrews D, Esposito K, et al. Effects of 
leptin replacement on risk factors for cardiovascular 
disease in genetically leptin-defi cient subjects. Horm 
Metab Res. 2009;41:164–7.  

     12.    Paz-Filho GJ, Delibasi T, Erol HK, Wong ML, Licinio 
J. Cellular immunity before and after leptin replace-
ment therapy. J Pediatr Endocrinol Metab JPEM. 
2009;22:1069–74.  

    13.    Paz-Filho G, Mastronardi C, Wong ML, Licinio J. 
Leptin therapy, insulin sensitivity, and glucose 
homeostasis. Indian J Endocrinol Metab. 2012;16:
S549–55.  

    14.    Chan JL, Mantzoros CS. Role of leptin in energy- 
deprivation states: normal human physiology and 
clinical implications for hypothalamic amenorrhoea 
and anorexia nervosa. Lancet. 2005;366:74–85.  

           15.    Farooqi IS, Matarese G, Lord GM, et al. Benefi cial 
effects of leptin on obesity, T cell hyporesponsive-
ness, and neuroendocrine/metabolic dysfunction of 
human congenital leptin defi ciency. J Clin Invest. 
2002;110:1093–103.  

   16.    Farooqi IS, O'Rahilly S. Leptin: a pivotal regulator of 
human energy homeostasis. Am J Clin Nutr. 2009;89:
980S–4.  

    17.    Fatima W, Shahid A, Imran M, et al. Leptin defi ciency 
and leptin gene mutations in obese children from 
Pakistan. Int J Pediatr Obes. 2011;6:419–27.  

      18.    Gibson WT, Farooqi IS, Moreau M, et al. Congenital 
leptin defi ciency due to homozygosity for the 
Delta133G mutation: report of another case and eval-
uation of response to four years of leptin therapy. J 
Clin Endocrinol Metab. 2004;89:4821–6.  

   19.    Montague CT, Farooqi IS, Whitehead JP, et al. 
Congenital leptin defi ciency is associated with severe 
early-onset obesity in humans. Nature. 1997;387:
903–8.  

     20.    Saeed S, Butt TA, Anwer M, Arslan M, Froguel P. 
High prevalence of leptin and melanocortin-4 recep-
tor gene mutations in children with severe obesity 
from Pakistani consanguineous families. Mol Genet 
Metab. 2012;106:121–6.  

    21.    Mazen I, El-Gammal M, Abdel-Hamid M, Amr K. A 
novel homozygous missense mutation of the leptin 
gene (N103K) in an obese Egyptian patient. Mol 
Genet Metab. 2009;97:305–8.  

    22.    Fischer-Posovszky P, von Schnurbein J, Moepps B, 
et al. A new missense mutation in the leptin gene 

   Table 16.4    Immunological and neuroimaging fi ndings 
following leptin replacement   

 Immunological 
changes 

 Decrease in the absolute 
lymphocyte count 
   Decreases in CD3, CD4, and 

CD19 cells 
 Increase in T cell responsiveness 
 Switch from the secretion of 
predominantly Th2 to Th1 
cytokines 
 Increase in total white blood cell 
count 
 Normalization of CD4 cells count 
(from reduced numbers), and of 
CD8 and B cells counts (from 
increased numbers) 

 Neuroimaging 
changes 

 Increase in grey matter 
concentration in the anterior 
cingulate gyrus, parietal lobe, and 
medial cerebellum 
 Increase in grey matter 
concentration in the posterior half 
of the left thalamus (particularly 
the pulvinar nucleus), following 
treatment withholding/re-initiation 
 Decrease in activation of regions 
linked to hunger (insula, parietal, 
and temporal cortex) 
 Increase in activation of regions 
linked to inhibition and satiety 
(prefrontal cortex) 
 Increase in activation of posterior 
lobe of the cerebellum 

G. Paz-Filho and J. Licinio



213

causes mild obesity and hypogonadism without 
affecting T cell responsiveness. J Clin Endocrinol 
Metab. 2010;95:2836–40.  

        23.    Ozata M, Ozdemir IC, Licinio J. Human leptin defi -
ciency caused by a missense mutation: multiple endo-
crine defects, decreased sympathetic tone, and 
immune system dysfunction indicate new targets for 
leptin action, greater central than peripheral resistance 
to the effects of leptin, and spontaneous correction of 
leptin-mediated defects. J Clin Endocrinol Metab. 
1999;84:3686–95.  

     24.    Strobel A, Issad T, Camoin L, Ozata M, Strosberg 
AD. A leptin missense mutation associated with 
hypogonadism and morbid obesity. Nat Genet. 
1998;18:213–5.  

    25.    Pelleymounter MA, Cullen MJ, Baker MB, et al. 
Effects of the obese gene product on body weight 
regulation in ob/ob mice. Science. 1995;269:540–3.  

    26.    Licinio J, Negrao AB, Mantzoros C, et al. 
Synchronicity of frequently sampled, 24-h concentra-
tions of circulating leptin, luteinizing hormone, and 
estradiol in healthy women. Proc Natl Acad Sci U S A. 
1998;95:2541–6.  

         27.   Company B-MS. Myalept Package Insert. 2014.  
    28.    Williamson DA, Ravussin E, Wong ML, et al. 

Microanalysis of eating behavior of three leptin defi -
cient adults treated with leptin therapy. Appetite. 
2005;45:75–80.  

    29.    Licinio J, Milane M, Thakur S, et al. Effects of leptin 
on intake of specifi c micro- and macronutrients in a 
woman with leptin gene defi ciency studied off and on 
leptin at stable body weight. Appetite. 2007;49:
594–9.  

    30.    Galgani JE, Greenway FL, Caglayan S, Wong ML, 
Licinio J, Ravussin E. Leptin replacement prevents 
weight loss-induced metabolic adaptation in congeni-
tal leptin-defi cient patients. J Clin Endocrinol Metab. 
2010;95:851–5.  

    31.    Farooqi IS, Jebb SA, Langmack G, et al. Effects of 
recombinant leptin therapy in a child with congenital 
leptin defi ciency. N Engl J Med. 1999;341:879–84.  

    32.    Andreev VP, Paz-Filho G, Wong ML, Licinio J. 
Deconvolution of insulin secretion, insulin hepatic 
extraction post-hepatic delivery rates and sensitivity 
during 24-hour standardized meals: time course of 
glucose homeostasis in leptin replacement treatment. 
Horm Metab Res. 2009;41:142–51.  

    33.    Andreev VP, Dwivedi RC, Paz-Filho G, et al. 
Dynamics of plasma proteome during leptin- 
replacement therapy in genetically based leptin defi -
ciency. Pharmacogenomics J. 2011;11:174–90.  

    34.    von Schnurbein J, Moss A, Nagel SA, et al. Leptin 
substitution results in the induction of menstrual 
cycles in an adolescent with leptin defi ciency and 
hypogonadotropic hypogonadism. Horm Res Paediatr. 
2012;77:127–33.  

    35.    Paz-Filho G, Mastronardi C, Franco CB, Wang KB, 
Wong ML, Licinio J. Leptin: molecular mechanisms, 

systemic pro-infl ammatory effects, and clinical implica-
tions. Arq Bras Endocrinol Metabol. 2012;56:597–607.  

    36.    Wheatcroft SB, Kearney MT. IGF-dependent and 
IGF-independent actions of IGF-binding protein-1 
and -2: implications for metabolic homeostasis. 
Trends Endocrinol Metab. 2009;20:153–62.  

    37.    Hedbacker K, Birsoy K, Wysocki RW, et al. 
Antidiabetic effects of IGFBP2, a leptin-regulated 
gene. Cell Metab. 2010;11:11–22.  

    38.    Licinio J, Mantzoros C, Negrao AB, et al. Human 
leptin levels are pulsatile and inversely related to pitu-
itary- adrenal function. Nat Med. 1997;3:575–9.  

     39.    Mantzoros CS, Ozata M, Negrao AB, et al. Synchronicity 
of frequently sampled TSH and leptin concentrations 
in healthy adults and leptin defi cient subjects: evidence 
for possible partial TSH regulation by leptin in humans. 
J Clin Endocrinol Metab. 2001;86:3284–91.  

    40.    Moura EG, Moura CC. regulation of thyrotropin syn-
thesis and secretion. Arq Bras Endocrinol Metabol. 
2004;48:40–52.  

    41.    Matochik JA, London ED, Yildiz BO, et al. Effect of 
leptin replacement on brain structure in genetically 
leptin-defi cient adults. J Clin Endocrinol Metab. 
2005;90:2851–4.  

    42.    London ED, Berman SM, Chakrapani S, et al. Short- 
term plasticity of gray matter associated with leptin 
defi ciency and replacement. J Clin Endocrinol Metab. 
2011;96:E1212–20.  

    43.    Berman SM, Paz-Filho G, Wong ML, Kohno M, 
Licinio J, London ED. Effects of leptin defi ciency and 
replacement on cerebellar response to food-related 
cues. Cerebellum. 2013;12:59–67.  

     44.    Baicy K, London ED, Monterosso J, et al. Leptin 
replacement alters brain response to food cues in 
genetically leptin-defi cient adults. Proc Natl Acad Sci 
U S A. 2007;104:18276–9.  

    45.    Frank S, Heni M, Moss A, et al. Leptin therapy in a 
congenital leptin-defi cient patient leads to acute and 
long-term changes in homeostatic, reward, and food- 
related brain areas. J Clin Endocr Metab. 2011;96:
E1283–7.  

    46.   Frank S, Heni M, Moss A, et al. Long-term stabiliza-
tion effects of leptin on brain functions in a leptin- 
defi cient patient. PLoS One. 2013;8.  

    47.    Ishibashi K, Berman SM, Paz-Filho G, et al. 
Dopamine D2/D3 receptor availability in genetically 
leptin-defi cient patients after long-term leptin 
 replacement. Mol Psychiatry. 2012;17:352–3.  

    48.    Paz-Filho G, Wong ML, Licinio J. The procognitive 
effects of leptin in the brain and their clinical implica-
tions. Int J Clin Pract. 2010;64:1808–12.  

    49.    Clark I, Atwood C, Bowen R, Paz-Filho G, Vissel B. 
Tumor necrosis factor-induced cerebral insulin resis-
tance in Alzheimer’s disease links numerous treat-
ment rationales. Pharmacol Rev. 2012;64:1004–26.  

    50.    Paz-Filho G, Wong ML, Licinio J. Leptin levels and 
Alzheimer disease. JAMA J Am Med Assoc. 
2010;303:1478. author reply 9.  

16 Leptin Therapy in People with Congenital Leptin Defi ciency



214

     51.    Lieb W, Beiser AS, Vasan RS, et al. Association of 
plasma leptin levels with incident Alzheimer disease 
and MRI measures of brain aging. JAMA. 2009;302:
2565–72.  

    52.    von Schnurbein J, Heni M, Moss A, et al. Rapid 
improvement of hepatic steatosis after initiation of 
leptin substitution in a leptin-defi cient girl. Horm Res 
Paediatr. 2013;79:310–7.  

    53.    Paz-Filho G, Mastronardi CA, Parker BJ, et al. 
Molecular pathways involved in the improvement of 

non-alcoholic fatty liver disease. J Mol Endocrinol. 
2013;51:167–79.  

    54.    Javor ED, Ghany MG, Cochran EK, et al. Leptin 
reverses nonalcoholic steatohepatitis in patients 
with severe lipodystrophy. Hepatology. 2005;41:
753–60.  

    55.   NIH. Research Portfolio Online Reporting Tools 
(RePORT) 2014. Available from   http://projectre-
porter.nih.gov/project_info_description.cfm?aid 
=8600674          

G. Paz-Filho and J. Licinio

http://projectreporter.nih.gov/project_info_description.cfm?aid=8600674
http://projectreporter.nih.gov/project_info_description.cfm?aid=8600674
http://projectreporter.nih.gov/project_info_description.cfm?aid=8600674


215S. Dagogo-Jack (ed.), Leptin: Regulation and Clinical Applications,
DOI 10.1007/978-3-319-09915-6_17, © Springer International Publishing Switzerland 2015

      Abbreviations 

   BMI    Body mass index   
  CSF    Cerebrospinal fl uid levels   
  C max     Peak concentrations   
  IGF    Insulin-like growth factor   
  OB-R    Leptin receptor   
  PEG    Polyethylene glycol   
  PEG-OB protein     Pegylated recombinant native 

human leptin   
  REE    Resting energy expenditure   
  r-metHu-Leptin 
and metreleptin     Recombinant methionyl leptin   
  RQ    Respiratory quotient   
  SC    Subcutaneous   
  VLED    Very-low energy diet   

         Introduction 

 Late in 1994 Zhang et al. fi rst reported that a 
mutation in the mouse  obese  ( ob , aka  lep ) gene 
results in severe obesity and type II diabetes as 
part of a syndrome resembling morbid obesity in 
humans [ 1 ]. Zhang and her colleagues proposed 

that the  ob  gene product is part of the now-classic 
signaling pathway from adipose tissue that works 
to regulate fat depot stores and energy balance. 
Less than 1 year later, in 1995, Halaas et al. 
reported that the 167-amino acid protein  ob  gene 
product was present in mouse and human plasma 
but was absent from the plasma of obese ( ob/ob)  
mice and greatly increased in the plasma of dia-
betic ( db / db ) mice [ 2 ]. Intraperitoneal injection 
of recombinant OB protein, now referred to as 
leptin, had no effect in  db/db  mice but reduced 
food intake, increased energy expenditure, and 
reduced body fat stores and weight in  ob/ob  mice. 
On the 1 year anniversary of Zhang’s report, 
Tartaglia and his colleagues identifi ed and cloned 
the leptin receptor [ 3 ]. 

 These three publications within one year not 
only revolutionized energy balance and body 
weight regulation concepts, but signaled pharma-
cologic possibilities with the discovery of a 
receptor target and its natural ligand. The prom-
ise of therapeutic potential was further advanced 
3 years later in 1997 with the fi rst report of two 
severely obese children with a homozygous 
frame-shift mutation leading to deletion of a sin-
gle guanine nucleotide in codon 133 of the leptin 
gene [ 4 ]. Both children had very low leptin levels 
in the presence of a greatly expanded adipose tis-
sue compartment. Two years later, in 1999, the 
group reported treatment of the older child with 
subcutaneously administered recombinant methi-
onyl leptin (r-metHu-Leptin) [ 5 ]. The adminis-
tered dose was calculated to achieve a peak serum 
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concentration 10 % of that predicted for the 
child’s sex, age, and body composition. Treatment 
led to a sustained weight loss, primarily body fat, 
over the following year. 

 However, not all of these early studies sup-
ported the likelihood of leptin’s therapeutic 
potential in people without  ob  mutations. Two 
years following leptin’s discovery, Considine 
et al. in 1996 [ 6 ] used a newly developed radio-
immunoassay to measure serum leptin levels in 
normal weight and obese subjects. Serum leptin 
levels were signifi cantly positively correlated 
with percent body fat and adipocyte ob mRNA 
was also substantially elevated in obese subjects. 
Considine and colleagues concluded in their 
1996 report that most obese subjects are insensi-
tive to endogenous leptin production [ 6 ]. The 
question then remained if obese humans without 
leptin mutations would respond with weight loss 
to pharmacologic levels of exogenously adminis-
tered leptin. 

 The fi rst proof-of concept study in human sub-
jects without mutations in the  ob  receptor was 
started in 1997 and reported in 1999 [ 7 ]. This 
report was based on treatment with recombinant 
methionyl leptin, now referred to as metreleptin. 
A second series of reports fi rst appeared in 2000 
with treatment by pegylated recombinant native 
human leptin, now referred to as PEG-OB pro-
tein [ 8 ]. Our focus in the following sections is on 
the pharmacokinetics and weight-loss effi cacy of 
these two leptin preparations. Pivotal studies 
often included secondary endpoints and we also 
provide a summary of these observations in the 
broad context of leptin biology.  

   Weight-Loss Effects 

   Metreleptin 

   Pharmokinetics 
    Metreleptin is produced by  Escherichia coli  as a 
147 amino acid-16.2 kDa protein. Peak concen-
trations (C max ) are observed after subcutaneous 
(SC) administration 3–4 h post dose (0.1–0.3 mg/
kg) with a 1–3.5 h terminal half-life and 90 % bio-
availability [ 9 – 11 ]. Metreleptin is mainly elimi-

nated through the kidneys by glomerular fi ltration 
and no losses are recognized via degradation or 
systemic metabolism. 

 Fujioka et al. in 1999 [ 12 ] administered either 
SC metreleptin ( n  = 4, 1 mg/kg) or placebo ( n  = 2) 
to obese adults over a 1-week period and observed 
increased cerebrospinal fl uid levels (CSF, 0.36–
2.15 ng/mL vs. 0.18–0.24 ng/mL) with a signifi -
cant ( P  = 0.003) correlation observed between 
CSF and serum levels.  

   Clinical Trials 
 The fi rst human proof-of-concept study reported 
in 1999 [ 7 ] aimed to test the hypothesis that 
increasing administered doses of leptin will lead 
to dose-dependent weight loss. The study was 
designed as a double-blind, placebo-controlled 
escalating dose cohort trial in lean and obese 
adults with body weight and composition as end-
points (Table  17.1 ). 

  The study consisted of two parts with lean and 
obese subjects treated for 4 weeks in Part A and 
obese subjects continuing on for 20 additional 
weeks in Part B. The lean subjects were pre-
scribed a weight maintenance diet while the 
obese subjects were prescribed an energy defi cit 
diet of 500 kcal/day. Metreleptin was adminis-
tered SC to subjects stratifi ed by body mass index 
(BMI) into four cohorts at doses of 0.01, 0.03, 
0.10, or 0.30 mg/kg. Eight subjects were treated 
for 2 weeks at the specifi ed dose and the safety 
monitoring board allowed activation of the next 
dose cohort if no adverse event signals were pres-
ent. Six subjects (four active and two placebo) 
were evaluated for weight loss in each BMI 
strata. Subject enrollment was discontinued if the 
active-placebo weight-loss difference over 2 
weeks was >1.5 kg or <0.5 kg. 

 The 4-week Part A protocol was completed 
by 87 subjects in the metreleptin group and 36 
subjects in the placebo group. The correspond-
ing samples were 35 and 12 subjects in Part 
B. The range of weight loss averaged between 
−0.4 and −1.9 kg over the 4 weeks of Part A. The 
range of weight loss observed over 20 weeks 
across the groups in Part B averaged −0.7 to 
−7.1 kg. Dose–response relationships were sta-
tistically signifi cant for weight loss at 4 weeks 
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( p  = 0.02) and 24 weeks of treatment ( p  = 0.01). 
The difference in weight loss across doses was 
statistically signifi cant between lean and obese 
subjects in Part A ( p  = 0.03). Over 95 % of weight 
loss was accounted for by fat mass in the two 
highest dose cohorts. The pattern of weight 
change observed in the metreleptin-treated obese 
subjects over the 24 weeks of Parts A and B is 
shown in Fig.  17.1 .  

 Almost three-fourths of the metreleptin- 
treated obese subjects tested positive for anti- 
leptin antibodies, although antibody status did 
not infl uence weight loss or adverse events. 
Injection site reactions were the most common 
adverse event and these reactions (e.g., ecchymo-
ses, erythema, pruritus, etc.) showed a dose–
response relation. 

 This fi rst proof-of-concept study established 
that a dose–response relationship is present after 
4 weeks of metreleptin treatment in lean and 
obese subjects and after 24 weeks of treatment in 
obese subjects. Weight loss was dose-related and 
consisted mainly of body fat. 

 As shown by Fujioka et al. [ 12 ], exogenous 
peripheral metreleptin infusion leads to elevated 
CSF leptin concentrations in humans. Direct 
cerebrospinal fl uid administration of leptin in 
rodent models leads to weight loss [ 7 ], thus sug-
gesting that leptin’s weight-loss effects are cen-
trally mediated. 

 The highest metreleptin dose of 0.3 mg/kg 
administered in the study of Heymsfi eld et al. [ 7 ] 
translates to a volume of about 6 ml/day. This 
level of metreleptin administration was not well 

   Table 17.1    Weight-loss effects observed in leptin clinical trials in subjects without leptin gene mutations   

 Reference  Agent/dose  Subjects  Protocol  Results 

 Metreleptin 

 Heymsfi eld et al. 1999 [ 7 ]  Escalating SC 
doses of 
metreleptin up 
to 0.30 mg/kg 
or placebo 

 54 lean and 
73 obese 
adults 

 A. 4 weeks (lean and 
obese) 

 Dose–response 
for weight and fat loss 
in both lean and obese 
subjects 

 B. 20 weeks (obese). 
Obese subjects 
prescribed a 500 kcal/
day defi cit diet in Parts 
A and B 

 Zelissen et al. 2005 [ 13 ]  SC metreleptin; 
randomized 
double- blind trial 

 284 obese 
adults 

 12 weeks with 6 groups: 
20 mg/day with 
10 mg am and 
10 mg pm; 10 mg/day 
morning; 10 mg/day 
evening; matching 
placebo groups; 
500 kcal/day defi cit diet 

 No signifi cant weight 
loss vs. placebo 

 PEG-OB protein 

 Hukshorn et al. 2000 [ 8 ]  PEG-OB protein 
20 mg/week 

 30 obese men  12 weeks + 500 kcal/day 
energy restriction 

 No differences in delta 
or % weight loss 

 Lejeune et al. 2003 [ 16 ]  PEG-OB protein 
80 mg/week 

 24 overweight 
men 

 46 days + 500 kcal/day 
VLED. 

 With PEG-OB protein 
treatment and diet, 
additional weight loss 
(X ± SEM; 14.6 ± 0.8 
vs. placebo 
11.8 ± 0.9 kg;  p  < 0.03) 
was observed; during 
8 weeks follow-up 
weight increase was 
larger in the PEG-OB 
protein group 
( p  < 0.05). 

 Hukshorn et al. 2003 [ 14 ] 

   PEG-OB protein  Pegylated recombinant native human leptin,  r-metHu-Leptin and metreleptin  Recombinant methionyl 
leptin,  SC  subcutaneous,  VLED  very-low energy diet  
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tolerated, a problem that was addressed in the 
2005 study of Zelissen et al. in 2005 [ 13 ]. The 
authors examined if lower doses of metreleptin 
improve tolerance and promote weight loss if hor-
mone is administered at night in a paradigm that 
resembles leptin’s normal diurnal rhythm. The 
Zelissen study was a randomized, double- blind, 
placebo-controlled, investigation of 284 over-
weight or obese subjects that began with a 3-week 
dietary lead-in which was then followed by a 
12-week metreleptin or placebo treatment period. 
Subjects were allocated to three metreleptin treat-
ment groups or matching placebo groups. 
Metreleptin was given SC as 10 mg/morning, 
10 mg/evening, or 10 mg twice daily. As with the 
study of Heymsfi eld et al. [ 7 ], patients were coun-
seled to lower dietary intake by 500 kcal/day. 

 Upon completion of the 12-week protocol 
there were no signifi cant changes in body weight 
with metreleptin treatment versus placebo 
( p  = 0.68). As with the study of Heymsfi eld et al. 
[ 7 ], there were no important adverse effects other 
than an increase in injection-site reactions in 
patients with metreleptin treatment (83 %) com-
pared to placebo (36 %). Over 80 % of 
metreleptin-treated subjects developed antibod-
ies, although immunogenicity did not appear to 

be clinically signifi cant during the 12-week 
protocol. 

 The Zelissen study [ 13 ] confi rms the fi ndings 
of Heymsfi eld et al. [ 7 ] that metreleptin treatment 
of overweight or obese subjects is not effective as 
a means of promoting substantial weight loss at 
the selected doses. The study results do not sup-
port the author’s hypothesis that nocturnal admin-
istration of metreleptin will lead to specifi c 
weight-loss effects.   

   Pegylated OB-Protein 

   Pharmokinetics 
 The serum half-life of many proteins can be 
increased by covalent linkage to polyethylene 
glycol (PEG) polymers. Native human leptin can 
be expressed from  Escherichia coli  and chemi-
cally conjugated to a species of branched PEGs 
[ 8 ]. The resulting PEG-native human leptin poly-
mer (PEG-OB protein) has an increased molecu-
lar mass of 42 kDa compared to native leptin 
(16 kDa). PEG-OB protein has an extended half- 
life of >48 h with peak serum levels reached 72 h 
post SC dose and sustained increased blood 
 levels following weekly injections.  
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  Fig. 17.1    Pattern of weight change from baseline to 
week 24 in obese subjects who received recombinant 
metreleptin (methionyl human leptin). From Heymsfi eld 

et al. with permission [ 7 ].  Error bars  indicate SEM;  gray 
line  indicates baseline. The number of subjects is not con-
stant over the course of the study       
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   Clinical Trials 
 The fi rst PEG-OB protein study was reported by 
Hukshorn and colleagues in 2000 [ 8 ]. Thirty 
obese men were randomized to double-blind 
treatment with weekly SC injections of 20 mg 
PEG-OB protein or placebo for 12 weeks, in addi-
tion to a hypocaloric diet (defi cit, ~500 kcal/day). 
The study was powered to detect a 4 kg difference 
in weight loss between active and placebo groups 
at 12 weeks following randomization. 

 Weekly SC PEG-OB protein injections at a 
dose of 20 mg/week led to sustained serum 
PEG-OB protein and leptin concentrations 
throughout treatment. By contrast, leptin levels 
decreased with weight loss in the placebo-treated 
subjects. No signifi cant differences in the abso-
lute weight change (active, −4.3 kg vs. placebo, 
−6.4 kg) were observed between the PEG-OB 
protein and placebo groups. 

 The sponsor prematurely stopped the study 
after a planned interim analysis indicated the 
20 mg PEG-OB dose lacked weight-loss effi cacy. 
Additional doses beyond the 20 mg PEG-OB 
protein dose were therefore not evaluated in this 
study. 

 The authors concluded that weekly SC injec-
tion of PEG-OB protein leads to sustained serum 
concentrations of PEG-OB protein and leptin 
throughout the 12-week treatment period and that 
the drug is generally well tolerated. 

 The next series of studies with PEG-OB pro-
tein involved a higher dose with publications dis-
tributed across several reports that included 
secondary endpoints. In the primary study, 
Hukshorn and colleagues reported a randomized 
double-blind trial of PEG-OB protein at a SC 
dose of 80 mg/week versus placebo in 24 over-
weight men in 2003 [ 14 ]. Hukshorn et al. and 
Lejeune et al. reported additional details of this 
study in 2003 [ 15 ,  16 ], Hukshorn et al. in 2004 
[ 17 ], and Lejeune et al. in 2007 [ 18 ]. The six- 
week treatment protocol included a 500 kcal/day 
very-low energy-diet (VLED) that promoted 
rapid weight loss. Following the 6-week treat-
ment phase PEG-OB protein treatments were 
stopped and subjects were followed for several 
additional weeks as they transitioned from the 
VLED to regular foods. 

 Weight loss at the end of the 6-week phase 
was (X ± SEM) 14.6 ± 0.80 kg in the 12 complet-
ing PEG-OB-treated subjects and 11.8 ± 0.9 kg in 
the ten completing placebo-treated subjects 
( p  = 0.03) (Fig.  17.2 ). Both groups regained 
weight during the 8 weeks of follow up, increas-
ing by 2.7 kg in the active treatment group and by 
1.8 kg in the placebo group ( p  < 0.05).     

   Secondary Endpoints 

 While weight loss is the primary endpoint of clin-
ical interest, several metreleptin and PEG-OB 
protein studies also evaluated secondary end-
points that are of clinical or basic science inter-
est. These studies are summarized in Table  17.2 . 
As most of these studies are based on post-hoc 
analyses and were not powered to test secondary 
effects, caution should be used in their interpreta-
tion and replication of the fi ndings of interest in 
future studies is encouraged. 

    Appetitive Effects 

   Metreleptin 
 In a 1999 report, O’Neil et al. [ 19 ] examined eat-
ing behaviors and mood in obese subjects before 
and after a 4-week open label course of 
metreleptin at a twice-daily SC dose of 10 mg. 
The metreleptin treatment phase was proceeded 
by a 3-week diet phase with a 500-kcal/day- 
defi cit diet that was continued during the subse-
quent 4-week protocol. Analysis of behavioral 
questionnaires supported the hypothesis that 
metreleptin treatment promotes improvements in 
weight-loss management strategies, notably less 
negative emotional eating. Causal pathways 
could not be established as the study did not 
include a placebo group.  

   PEG-OB Protein 
 Active treatment with PEG-OB protein at a SC 
dose of 20 mg/week led to reduction in appetite 
( P  < 0.05) after 12 weeks even though weight loss 
did not differ signifi cantly from the placebo 
group [ 20 ]. 
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 Lejeune et al. [ 16 ] examined dietary restraint 
during and following 6 weeks of a VLED 
(500 kcal/day) combined with SC PEG-OB pro-
tein (80 mg/week) or placebo treatment in a cohort 
of overweight men. Dietary restraint was mea-
sured by the Three-Factor Eating Questionnaire. 
Weight loss during active treatment was signifi -
cantly greater than the placebo group ( p  < 0.03) 
while dietary restraint increased to the same extent 
in both groups. By contrast, the weight increase 
following cessation of the VLED and PEG-OB 
protein/placebo treatments was signifi cantly larger 
( p  < 0.05) in the PEG-OB protein group compared 
to placebo. 

 The regain in weight was inversely correlated 
with the increase in dietary restraint during treat-
ment. The authors concluded that PEG-OB pro-
tein treatment led to greater weight loss compared 
to placebo, but that weight maintenance thereaf-
ter was likely accomplished by dietary restraint 
that was more effective in the placebo-treated 
group. Lejeune et al. [ 16 ] speculated that leptin 
treatment might limit the lifestyle changes needed 
for long-term weight maintenance. The authors 

suggest that PEG-OB protein treatment, albeit at 
a reduced dosage, might have to be continued in 
order to achieve long-term weight maintenance.   

   Neuroendocrine Response 

   Metreleptin 
 Shetty et al. in 2011 [ 21 ] examined leptin and 
neuroendocrine changes in obese subjects during 
long-term (6-months) weight loss. The authors 
evaluated a small cohort ( n  = 24) of overweight 
and obese adults with comorbidities who were 
placed on a 500-kcal/day-defi cit diet and ran-
domly assigned to either SC metreleptin (10 mg/
day in two divided doses) or placebo. These sub-
jects were retrospectively selected from a larger 
pool of 208 subjects based on their moderate 
weight loss (≥8 % of initial weight) over the 
6-month active treatment phase. Weight loss at 
the end of 6 months did not differ signifi cantly 
between metreleptin (X ± SEM, 12.7 ± 1.2 %) and 
placebo groups (10.2 ± 1.7 %) even though active 
treatment increased serum leptin levels six- to 

  Fig. 17.2    Effect of 80 mg pegylated human recombinant 
leptin [polyethylene glycol–OB protein (PEG-OB)] ( fi lled 
circle ;  n  = 12) or matching placebo ( fi lled square ;  n  = 10) 
administered weekly and of severe energy restriction 
(500 kcal/day) 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-weeks follow-up period (day 57). 
( asterisk )Signifi cantly different from the PEG-OB protein 
group,  P  < 0.05 (interaction of time and treatment; two-
factor repeated-measures ANOVA with Scheffe’s F proce-
dure). From Hukshorn et al. [ 14 ] with permission       
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   Table 17.2    Secondary outcome effects observed in leptin clinical trials in subjects without leptin mutations   

 Reference  Dose  Subjects  Results 

 Metreleptin 

 O’Neil et al. 
1999 [ 19 ] 

 SC metreleptin 
10 mg 2×/day × 4 
weeks; 500 kcal/day 
defi cit diet beginning 
at 3-week lead-in 

 16 obese adults  Signifi cant improvement in Emotional Eating 
Factor of DIET and Disinhibition Scale of the 
Three Factor Eating Questionnaire. No 
signifi cant mood changes. There was no 
placebo group in this open-label trial 

 Chan et al. 
2005 [ 23 ] 

 SC metreleptin 
10 mg 2×/day 
or placebo; 500 kcal/
day defi cit diet × 16 
weeks 

 Initial short-term 
studies of lean 
and obese men; 
117 obese 
subjects with 
diet-controlled 
type 2 diabetes 
mellitus 

 Increasing leptin from low to high physiologic 
levels in lean men and from high physiologic 
to low pharmacologic levels in obese men over 
a 3 day period did not alter serum interferon-γ, 
IL-10, TNF-α, monocyte chemoattractant 
protein-1, or soluble intercellular adhesion 
molecule-1. Metreleptin treatment for 4 
or 16 weeks in subjects with diabetes did 
not activate the TNF-α system or increase 
cytokines or infl ammatory markers. These 
observations do not support a role for leptin 
in hyperleptinemic proinfl ammatory states 

 Shetty et al. 
2011 [ 21 ] 

 SC metreleptin 
10-20 mg/day 
or placebo; 500 kcal/
day defi cit diet × 24 
weeks 

 Post-hoc analysis 
of larger trial; 24 
overweight and 
obese adults 

 Changes in thyroid and IGF axes at 12 and 24 
weeks did not differ signifi cantly between 
placebo- and metreleptin-treated groups; leptin 
does not appear to mediate neuroendocrine 
changes in response to weight loss associated 
with a hypocaloric diet 

 Pegylated OB protein 

 Hukshorn et al. 
2003 [ 14 ] 

 SC PEG-OB protein 
80 mg/
week + 500 kcal/day 
VLED × 46 days 

 Overweight men  Between-group differences in percentage 
fat, fat-free mass, or fat mass reductions 
nonsignifi cant; lowering of REE, sleeping 
metabolic rate, or RQ did not differ between 
active and placebo groups 

 Lejeune et al. 
2003 [ 16 ] 

 Hukshorn et al. 
2003 [ 14 ] 

 Dietary restraint increased and hunger, REE, 
and RQ decreased similarly in PEG-OB 
protein and the placebo groups 

 Hukshorn et al. 
2004 [ 17 ] 

 No signifi cant between-group differences 
in thyroid, corticotropic, somatotropic axes, 
and sympathetic nervous system activity; 
fasting-induced reduction in luteinizing 
hormone levels attenuated after weight loss 
adjustment in the PEG-OB protein group 

 Lejeune et al. 
2007 [ 18 ] 

 The fi ndings did not support leptin’s 
proinfl ammatory role in obese subjects 
with a normal leptin gene 
 No signifi cant PEG-OB protein treatment 
effects observed over treatment course for 
changes in insulin, glucose, and adiponectin. 
No correlation observed between plasma levels 
of ghrelin and leptin 

   PEG-OB protein  Pegylated recombinant native human leptin,  REE  Resting energy expenditure,  r-metHu-Leptin and 
metreleptin  Recombinant methionyl leptin,  RQ  Respiratory quotient,  SC  subcutaneous,  VLED  Very-low energy diet  
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eightfold ( p  < 0.001). As in the previous 
metreleptin studies, anti-leptin antibodies were 
present and were observed in 56 % of subjects at 
3 and 6 months of treatment. Although serum lev-
els of free leptin were increased, thyroid and IGF 
axis hormones did not differ signifi cantly 
between the active and placebo treatment. The 
authors conclude that leptin is not a likely media-
tor of the neuroendocrine changes observed in 
response to the weight loss observed when over-
weight and obese subjects without leptin muta-
tions are placed on a hypocaloric diet.  

   PEG-OB Protein 
 Leptin levels decrease during a fast and the drop 
in hormone levels is thought to act as a feedback 
signal that promotes food intake and reduces 
energy expenditure as means of restoring energy 
equilibrium. Hukshorn et al. [ 15 ] examined this 
hypothesis by evaluating neuroendocrine signals 
in overweight men prescribed a 500 kcal/day 
VLED that induced a semi-starvation state for 46 
days. Subjects during this period were random-
ized to receive either 80 mg/week of PEG OB 
protein or placebo. Although subjects in the 
active treatment group lost more weight than in 
the placebo group (Δ2.8 kg.  p  = 0.027), there 
were no signifi cant between-group differences in 
semi- starvation induced changes in thyroid, cor-
ticotropic, somatotropic axes, and sympathetic 
nervous system activity. Compared to the pla-
cebo group, the fasting-induced reduction in 
luteinizing hormone levels was attenuated after 
weight loss adjustment in the PEG-OB protein 
group. Hukshorn et al. [ 15 ] conclude that reduced 
leptin levels accompanying semi-starvation in 
humans with a normal leptin gene might be a 
component of fasting-induced neuroendocrine 
inhibition of the reproductive axis. 

 Lejeune et al. [ 18 ] examined plasma levels of 
ghrelin, adiponectin, insulin, and glucose during 
semi-starvation (VLED, 500 kcal/day for up to 
46 days) in overweight/obese men who also 
received either leptin treatment (SC PEG-OB 
protein, 80 mg/week) or placebo. Weight loss at 
the end of treatment was signifi cantly greater in 
the PEG-OB protein group compared to the 
 placebo group (X ± SD, 14.6 ± 0.8 kg vs. 

11.8 ± 0.9 kg,  p  = 0.03). No signifi cant PEG-OB 
protein treatment effects were observed over the 
treatment course for changes in insulin, glucose, 
and adiponectin. Although ghrelin levels are 
reduced in the presence of high leptin levels [ 22 ], 
no correlation was observed in this study between 
plasma levels of ghrelin and leptin, a fi nding 
leading the authors to conclude that over the 46 
days treatment period the weight-loss effects on 
plasma ghrelin levels was dominant over the high 
plasma leptin levels.   

   Infl ammatory Marker Response 

   Metreleptin 
 Chan et al. in 2005 [ 23 ] examined the response of 
infl ammatory markers and other cytokines that 
are important in the T helper cell to metreleptin in 
lean, obese, and obese diabetic men. Short- term 
(3 days) dose-ranging metreleptin treatments did 
not alter serum interferon-γ, IL-10, TNF-α, 
monocyte chemoattractant protein-1, or soluble 
intercellular adhesion molecule-1 levels in lean 
and obese men. Metreleptin administration to 
the obese men with type 2 diabetes for up to 
16 weeks failed to activate the TNF-α system or 
increase cytokines or infl ammatory markers. The 
authors conclude that their observations do not 
support a pathophysiologic role for leptin in pro-
infl ammatory states such as is present in people 
who are obese and who do not have mutations in 
the leptin gene.  

   PEG-OB Protein 
 To examine the suggestion that elevated leptin 
levels are the basis of the low grade proinfl amma-
tory state observed in human obesity, Hukshorn 
et al. [ 17 ] determined if SC PEG-OB protein at a 
dose of 80 mg/week for 46 days prevents the 
reduction in cellular and humoral infl ammation 
mediators during VLED treatment in overweight 
men. The study rationale was that exogenous 
leptin treatment during rapid weight loss could 
potentially counteract the benefi cial weight-loss 
effects on the proinfl ammatory obese state. 
Treatment with PEG-OB protein failed to infl u-
ence the decrease in the total leukocyte count and 
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mononuclear subfractions during the VLED diet 
period. C-reactive protein levels increased 
( P  < 0.05) and was the only indication of a 
humoral proinfl ammatory leptin action. These 
fi ndings did not support leptin’s proinfl ammatory 
role in nonsyndromic human obesity and are 
complementary to those of the metreleptin stud-
ies of Chan et al. [ 23 ].   

   Metabolic Responses 

   PEG-OB Protein 
 At the 20 mg/day dose there were no between- 
group differences in fat loss, sleeping metabolic 
rate, or RQ [ 8 ]. Percent change in serum triglyc-
erides from baseline was signifi cantly correlated 
with body weight loss in the PEG-OB protein 
group ( p  < 0.01), but not in the placebo group. 
Although larger reductions in serum triglycerides 
were observed in the PEG-OB protein group 
compared with the placebo group, these differ-
ences were not statistically signifi cant. The trends 
observed in serum triglycerides suggest that a 
weekly 20-mg SC treatment with PEG-OB pro-
tein may have biological effects in obese men. 
However, there were no notable plasma triglycer-
ide effects reported in the 80 mg/week PEG-OB 
dose studies [ 17 ], thus suggesting these observa-
tions have limited clinical value. 

 At the 80 mg dose [ 14 ,  16 ] there were no 
between-group differences in percentage fat, fat- 
free mass, or fat mass reductions. The lowering 
of resting energy expenditure, sleeping metabolic 
rate, or respiratory quotient typically seen with 
weight loss did not differ between active treat-
ment and placebo groups.    

   Conclusions 

 There are two main groups of studies evaluating 
leptin therapy in subjects without mutations in 
the leptin gene, one based on metreleptin and the 
other on PEG-OB protein. While their half-lives 
differ substantially, both preparations raise blood 
leptin and with limited data, CNS leptin levels. 
Thus, the available publications provide a good 

foundation for testing proof-of-concept that 
exogenous leptin treatment in subjects without 
leptin gene mutations promotes weight loss. 
Indeed, statistically signifi cant weight-loss 
effects were observed with both hormone prepa-
rations, but the effect sizes were relatively small 
and were detected only at high exogenous leptin 
doses that were accompanied by prohibitive 
injection site reactions. Moreover, a scattering of 
secondary outcomes proved statistically signifi -
cant in these trials, but these fi ndings were usu-
ally found through post-hoc analyses and the 
reported studies were typically not powered with 
these endpoints as primary outcomes. Any such 
fi ndings, should they be of clinical or scientifi c 
interest, will thus require replication in appropri-
ately designed future trials. Our review thus sug-
gests that exogenous administration of leptin to 
subjects without leptin gene mutations meets 
with substantial hormone resistance and thus a 
future strategy to overcome this limitation is 
needed in order for leptin to prove clinically use-
ful as weight-loss treatment.     
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      Abbreviations 

   ACTH    Adrenocorticotropic hormone   
  AGL    Acquired generalized lipodystrophy   
  APL    Acquired partial lipodystrophy   
  BMI    Body mass index   
  CGL    Congenital generalized lipodystrophy   
  CRH    Corticotropin releasing hormone   
  FDA    Food and Drug Administration   
  fMRI    Functional magnetic resonance imaging   
  FPL    Familial partial lipodystrophy   
  GnRH    Gonadotropin releasing hormone   
  HIV    Human immunodefi ciency   
  HAART    Highly active antiretroviral therapy   
  IGF-1    Insulin-like growth factor-1   
  LH    Luteinizing hormone   
  NAFLD    Nonalcoholic fatty liver disease   
  NAS    NAFLD activity score   
  NASH    Nonalcoholic steatohepatitis   
  NIH    National Institutes of Health   
  PCOS    Polycystic ovary syndrome   
  PI3K    Phosphoinositide 3-kinase   
  TRH    Thyrotropin releasing hormone   
  TSH    Thyroid stimulating hormone   

          The discovery of the adipocyte-derived hormone 
leptin by Jeffrey Friedman’s laboratory in 1994 
was a seminal event in the history of science and 
medicine. Leptin acts as a signal of total body 
energy suffi ciency. Leptin defi ciency, either in the 
physiologic state of starvation or the pathophysio-
logic states of congenital leptin defi ciency and 
lipodystrophy, leads to hyperphagia and impaired 
reproduction. Pharmacologic treatment with leptin 
reverses the hyperphagia of leptin- defi cient states, 
but has little clinical effect in states of endogenous 
leptin suffi ciency or excess, such as obesity. The 
greatest success of leptin as a pharmaceutical 
agent has been in patients with lipodystrophy, who 
have leptin defi ciency as a result of defi cient adi-
pose mass. Based on the dramatic improvements 
in metabolic disease seen with leptin replacement, 
the FDA approved recombinant human methionyl 
leptin (metreleptin) for patients with generalized 
lipodystrophy in February, 2014, 20 years after the 
hormone was fi rst described. Leptin remains an 
experimental drug for all other conditions, includ-
ing partial forms of lipodystrophy. The clinical 
effects of leptin pharmacotherapy in both gener-
alized and partial forms of lipodystrophy are 
 discussed in this chapter. 

   Lipodystrophy Syndromes 

 The lipodystrophy syndromes are a heteroge-
neous group of disorders that are characterized 
by selective defi ciency of subcutaneous adipose 
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tissue. This defi ciency of subcutaneous fat may 
involve the entire body (generalized lipodystro-
phy) or selected fat depots, most commonly the 
limbs and buttocks (partial lipodystrophy) 
(Fig.  18.1 ). Lipodystrophies, either generalized 
or partial, may be genetic or acquired in origin 
(Fig.  18.2 ). All known inherited generalized lipo-
dystrophies are autosomal recessive, whereas the 
majority of inherited partial lipodystrophies are 
autosomal dominant [ 1 ]. Inherited forms of lipo-
dystrophy can also be associated with other syn-
dromic conditions, such as progeria, and may be 
associated with variable extent of adipose defi -
ciency. The most common form of acquired lipo-
dystrophy is associated with infection with the 
human immunodefi ciency virus (HIV) combined 
with use of highly active antiretroviral therapy 
(HAART). Acquired lipodystrophies that are not 
due to HIV/HAART are thought to be due to auto-
immune destruction of adipocytes, because they 
are commonly associated with other  systemic or 
organ-specifi c autoimmune diseases [ 2 ].

       Metabolic Disease in Lipodystrophy 

 The metabolic complications of lipodystrophy 
are shown in Table  18.1 . The primary physiologic 
abnormality in lipodystrophy is defi cient subcu-
taneous adipose tissue. This defi ciency in adipo-
cytes leads to low levels of adipocyte-derived 
hormones, including leptin, adiponectin, and oth-
ers. The low leptin is sensed by the brain as a 
starvation signal, leading to hyperphagia. Unlike 
obese patients, those with lipodystrophy cannot 
store excess caloric intake in subcutaneous fat, 
and hence these excess calories are stored as tri-
glyceride in ectopic locations, including the mus-
cle and the liver. Ectopic lipid in the liver leads to 
nonalcoholic fatty liver disease, and ectopic lipid 
in both the liver and the muscle contributes to 
insulin resistance. This insulin resistance may be 
extreme, and frequently results in diabetes as 
beta-cell function declines. Despite the presence 
of insulin resistance, lipodystrophy patients (just 
like those with the obesity-associated metabolic 
syndrome) retain selective sensitivity to insulin at 
certain tissues. In the liver, although insulin fails 

to suppress to glucose production, insulin continues 
to stimulate lipogenesis, further exacerbating 
fatty liver disease and leading to hypertriglyceri-
demia. The ovary similarly maintains sensitivity 
to insulin, and the extreme hyperinsulinemia of 
lipodystrophy can lead to ovarian enlargement 
and hyperandrogenism, analogous to the com-
mon polycystic ovary syndrome (PCOS). In 
addition to subfertility from PCOS, patients with 
generalized lipodystrophy also have signifi cantly 
reduced fertility resulting from abnormal secre-
tion of the gonadotropin hormones, luteinizing 
hormone, and follicle stimulating hormone; this 
is a direct result of leptin defi ciency.

   Overall, the metabolic disease of lipodystro-
phy is a result of the combination of both leptin 
defi ciency (as well as defi ciency of other adipo-
kines) plus ectopic lipid deposition. This combi-
nation results in more severe metabolic disease 
than that observed in patients with isolated con-
genital leptin or leptin receptor defi ciency, who 
have normal adipose tissue storage capacity [ 3 ,  4 ]. 
Likewise, patients with lipodystrophy have meta-
bolic disease that is analogous to, but more severe 
than that seen patients with the common, obesity-
associated metabolic syndrome [ 5 ]. Patients with 
the obesity-associated metabolic syndrome are 
thought to have ectopic lipid deposition as a result 
of exceeding the storage capacity of their subcuta-
neous adipose tissue; the mechanism of ectopic 
lipid storage in lipodystrophy is the same, but adi-
pose tissue stores are exhausted much sooner in 
lipodystrophy than in obesity.  

   Clinical Effects of Metreleptin 
in Lipodystrophy 

 Treatment of lipodystrophy with conventional met-
abolic therapies, such as insulin, oral hypoglyce-
mic agents, and lipid lowering agents, is extremely 
challenging. Some patients require thousands of 
units of insulin per day [ 6 ], and many have severe 
hypertriglyceridemia leading to pancreatitis despite 
maximal therapy with drugs such as fi brates, 
statins, or even plasmapheresis [ 7 ]. Since 2000, 
over 100 patients with lipodystrophy have been 
treated with leptin, most at the National Institutes 
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  Fig. 18.1    Physical 
phenotype of generalized 
versus partial lipodystro-
phy. ( a ) A young woman 
with congenital general-
ized lipodystrophy due 
to recessive mutation in 
AGPAT2. She exhibits 
generalized defi ciency 
of subcutaneous adipose 
tissue, leading to a 
muscular appearance 
with prominent veins. The 
increase in abdominal girth 
is secondary to organo-
megaly. ( b ) An adolescent 
girl with familial partial 
lipodystrophy due to 
dominant mutation in 
LMNA. She has absent 
subcutaneous adipose 
tissue in the legs and 
gluteal region, resulting 
in a muscular appearance 
with prominent veins, 
similar to the patient with 
generalized lipodystrophy. 
Subcutaneous fat is greatly 
diminished, but not absent, 
in the arms. There is 
increased fat present in the 
head, neck, and trunk, 
resulting in a Cushingoid 
appearance       
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of Health (NIH) in Bethesda, MD. The types of 
lipodystrophy treated with leptin at the NIH are 
shown in Table  18.2 . The initial investigation of 
leptin in lipodystrophy was designed as a proof of 
principle study to determine if leptin replacement 
in this hypoleptinemic state could act as a targeted 
therapy for the metabolic diseases of lipodystro-
phy. This uncontrolled study of nine patients with 
severe hypoleptinemia (leptin <4 ng/mL) showed 
such dramatic improvements in triglycerides and 
diabetes control that it was subsequently consid-
ered unethical to conduct placebo-controlled trials 
of leptin in this population [ 8 ]. Further studies have 
shown that leptin replacement in lipodystrophy 

leads to improvements in ectopic lipid, insulin 
resistance and diabetes, hypertriglyceridemia and 
its complications, fatty liver disease, and subfertil-
ity. While many of these effects may be mediated 
via reductions in hyperphagia, rodent data suggest 
that leptin likely has direct effects to improve meta-
bolic disease independent of central nervous sys-
tem mediated changes in food intake [ 9 ,  10 ].

Genetic

Acquired
Generalized

Generalized

Partial

Partial

Mandibuloacral dysplasia
Atypical Progeria

Other

HIV/HAART associated
Autoimmune

Autoimmune

Unknown etiology

  Fig. 18.2    Classifi cation scheme for lipodystrophies. 
Lipodystrophies are classifi ed according to their origin 
(genetic or acquired), and the distribution of body fat defi -
ciency (generalized or partial). Lipodystrophy may also 
occur in patients with progeroid (premature aging) disorders, 
including atypical progeria and mandibuloacral dysplasia. 
These disorders are classifi ed separately, as they may lead to 

either partial or generalized lipodystrophy. The most com-
mon form of acquired lipodystrophy arises in individuals 
treated with highly active antitretroviral therapy (HAART) 
for the human immunodefi ciency virus (HIV). Most other 
acquired lipodystrophies are thought to be secondary to auto-
immune destruction of adipocytes, as they are associated 
with systemic or organ-specifi c autoimmune conditions       

   Table 18.1    Metabolic complications of lipodystrophy   

  Glucose metabolism : 
 Insulin resistance 
 Diabetes 
 Acanthosis nigricans 
  Lipid metabolism : 
 High triglycerides 
  Eruptive xanthomata 
  Pancreatitis 
 Nonalcoholic fatty liver disease (NAFLD) 
   Steatosis → 

Nonalcoholic steatohepatitis (NASH) → 
Cirrhosis 

  Reproductive : 
 Polycystic ovary syndrome (PCOS) 
 Abnormal gonadotropin secretion 

   Table 18.2    Types of lipodystrophy treated with leptin at 
the National Institutes of Health   

 Inheritance 
(genes) 

 Endogenous leptin 
level mean ± SD 
(range) (ng/mL) 

 Congenital 
generalized 
lipodystrophy 
(CGL) 

 Autosomal 
recessive 
(AGPAT2, 
BSCL2) 

 1.17 ± 0.8 
(0.25–3.3) 

 Familial partial 
lipodystrophy 
(FPL) 

 Usually 
autosomal 
dominant 
(LMNA, PPARγ, 
unknown) 

 5.9 ± 3.0 
(0.95–12.3) 

 Atypical 
progeria 

 Autosomal 
recessive 
(LMNA, 
ZMPSTE24, 
unknown) 

 1.08 ± 0.5 
(0.33–1.8) 

 Acquired 
generalized 
lipodystrophy 
(AGL) 

 _  1.05 ± 0.7 
(0.25–3.3) 

 Acquired partial 
lipodystrophy 
(APL) 

 _  7.5 ± 6.8 
(0.61–16.9) 
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     Appetite, Weight, and Body 
Composition 

 In lipodystrophy, as in other models of leptin 
defi ciency, leptin replacement causes a reduction 
in spontaneous food intake by approximately 
50 % [ 11 ,  12 ]. The neural pathways involved in 
appetite regulation with leptin replacement in 
lipodystrophy were investigated by Aotani et al. 
using functional magnetic resonance imaging 
(fMRI) [ 13 ]. They demonstrated that leptin is 
most important for postprandial satiety via sup-
pression of neural activity in brain regions includ-
ing the amygdala, insulin, nucleus accumbens, 
caudate, putamen, and globus pallidus. 

 Despite the substantial reduction in food 
intake, lipodystrophy patients experience only 
modest weight loss with leptin replacement, 
averaging approximately 7.5 kg after 1 year, with 
most of the weight loss occurring during the fi rst 
4–6 months of treatment [ 11 ]. Some of this 
weight loss may be attributed to reduction in liver 
size (from 3,055 to 2,204 cm 3  after 1 year) [ 11 ]. 
Reductions in lean body mass occurred as well, 
but were not statistically signifi cant. Some 
patients with generalized lipodystrophy appear to 
be particularly sensitive to the appetite suppress-
ing effects of leptin, with weight loss of 20 kg or 
more, and the dose may need to be reduced to 
prevent excessive weight loss in these patients 
(unpublished data).  

   Lipid Metabolism 

 The most dramatic clinical effect of leptin treat-
ment in lipodystrophy is improvement in hypertri-
glyceridemia. The fi rst lipodystrophy patient 
treated with leptin, an adolescent with acquired, 
generalized lipodystrophy, had extreme hypertri-
glyceridemia, with serum triglyceride levels con-
sistently greater than 10,000 mg/dL, resulting in 
painful xanthomata and recurrent pancreatitis. 
Prior to leptin treatment, this patient required 
weekly plasmapheresis to maintain triglycerides 
at ~5,000 mg/dL. After initiating leptin treatment, 
the patient’s triglyceride level fell to ~1,000 mg/
dL, plasmapheresis was discontinued, and xan-

thomata resolved; triglycerides improved further 
to ~200 mg/dL with inpatient administration of a 
high mono-unsaturated fat diet. This patient was 
one of nine patients who participated in the fi rst 
study of leptin in lipodystrophy, which included 
eight patients with generalized lipodystrophy and 
one with partial lipodystrophy, all with endoge-
nous leptin less than 4 ng/mL (mean leptin 
1.3 ± 0.3 ng/mL). Thish study showed a 60 % 
reduction in serum triglycerides after 4 months of 
treatment [ 8 ]. Similar fi ndings have been observed 
in subsequent, larger and more heterogeneous 
cohorts. In 55 patients (36 with generalized lipo-
dystrophy and 19 with partial lipodystrophy) with 
endogenous leptin less than 12 ng/mL (mean 
leptin 2.8 ± 2.8 ng/mL), leptin treatment decreased 
triglycerides from 479 ± 80 mg/dL (geometric 
mean ± SEM) to 254 ± 40 after 4 months, and 
164 ± 26 after 3 years. Among the subgroup of 41 
patients who had hypertriglyceridemia (>200 mg/
dL) at baseline, the change was even more dra-
matic, with triglyceride levels falling from 
743 ± 123 mg/dL at baseline to 326 ± 59 after 4 
months and 197 ± 35 after 3 years.  

   Ectopic Lipid 

 Leptin replacement in lipodystrophy leads to 
substantial reductions in ectopic lipid, both in the 
liver and in the muscle. In patients with general-
ized lipodystrophy, magnetic resonance spectros-
copy demonstrated ~80 % reduction in hepatic 
triglyceride and ~40 % reduction in intramyocel-
lular triglyceride with 2–10 months of leptin 
treatment [ 12 ,  14 ].  

   Nonalcoholic Fatty Liver Disease 

 Patients with lipodystrophy typically have a form 
of liver disease that most resembles the nonalco-
holic fatty liver disease (NAFLD) seen in obesity. 
However, lipodystrophy patients appear to have a 
much greater prevalence of the later stages 
of NAFLD (nonalcoholic steatohepatitis [NASH] 
and cirrhosis) compared to patients with 
obesity- associated NAFLD (Table  18.3 ). 
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Patients with congenital generalized lipodystrophy 
due to mutations in the BSCL2 gene (encoding 
the protein seipin) appear to be at particularly 
high risk for advanced liver disease at an early 
age, with 9 of 10 patients, all under 18 years of 
age, having bridging fi brosis or cirrhosis at the 
time of pre- leptin liver biopsy.

   Leptin treatment reduces liver volume in 
 lipodystrophy by 28 % after 4 months of treat-
ment, presumably secondary to reduction in 
hepatic triglyceride content [ 8 ]. In 27 patients (15 
generalized, 12 partial), liver biopsies were per-
formed before and 26 ± 4 months (median 15 
months) after leptin treatment [ 15 ]. Although 
86 % of patients met histologic criteria for defi -
nite or borderline NASH prior to leptin, only 
33 % had NASH on biopsy after leptin. Mean 
NAFLD activity scores (NAS) decreased from 
4.3 (out of a maximum of 8) to 2.4. This improve-
ment in NAS was attributable to improvements in 
steatosis and infl ammation; no changes in fi bro-
sis were observed. Three of four patients with 
advanced cirrhosis at baseline remained clini-
cally stable over 2–6 years of follow-up, and the 
fourth died of liver failure after 17 months of 
leptin treatment.  

   Glucose Metabolism 

 The original study of leptin in lipodystrophy 
showed a 1.9 % reduction in A1c after 4 months 
of treatment [ 8 ]. This effect has been reconfi rmed 

as numbers of patients treated has grown, includ-
ing not only the international NIH cohort, but 
also a cohort in Japan [ 16 ]. In generalized lipo-
dystrophy patients, reductions in fasting glucose 
are seen rapidly after introduction of leptin treat-
ment, with statistically signifi cant declines (from 
172 to 120 mg/dL) by day 7 of treatment [ 16 ]. 
Moreover, the benefi cial effects on glycemia 
have been sustained over time [ 17 – 19 ]. The most 
recent publication based on the NIH cohort 
showed a 4 month reduction in A1c of 1.2 % 
( n  = 40), and a 2.1 % reduction after 3 years of 
treatment ( n  = 18) [ 18 ]. Reductions were most 
dramatic in patients with worse glycemia control 
at baseline; among patients with an initial 
A1c > 7 %, A1c decreased from 9.4 % at baseline, 
to 7.7 % after 4 months ( n  = 31), and to 6.3 % 
after 3 years ( n  = 14). These improvements in 
A1c were observed despite reductions in concom-
itant diabetes medications. In 32 patients with 
various forms of lipodystrophy, the percent taking 
insulin decreased from 40 to 22, and the percent 
using oral hypoglycemic agents decreased from 
72 to 59 after 12 months of leptin treatment [ 6 ]. 

 The benefi cial effects of leptin on glycemia in 
patients with partial lipodystrophy are a bit more 
ambiguous. Park et al. reported signifi cant 
improvement in fasting glucose (from 190 to 
151 mg/dL) but nonsignifi cant change in A1c 
(from 8.4 to 8 %) in six patients with familial 
parital lipodystrophy of the Dunnigan type [ 20 ]. 
In two of these patients, leptin withdrawal for 3 
months resulted in substantial worsening of A1c, 
suggesting it did have effi cacy in these patients. 
Simha et al. did not observe improvements in 
fasting glucose, insulin, glucose tolerance, or 
A1c in 24 patients with familial partial lipodys-
trophy of the Dunnigan type, although some 
improvement in insulin sensitivity was observed 
in the subgroup with more severe hypolepti-
nemia. In a single patient with familial partial 
lipodystrophy due to mutation in the PPARγ 
gene, leptin treatment for 18 months led to a 
2.7 % reduction in A1c. 

 The mechanisms responsible for improve-
ments in clinical glycemic endpoints with leptin 
treatment in lipodystrophy have not been well 
explored. Reduction in food intake is likely to 

   Table 18.3    Prevalence of the stages of nonalcoholic 
fatty liver disease in lipodystrophy versus obesity   

 Obesity [ 49 ]  Lipodystrophy [ 15 ] 

 Nonalcoholic 
fatty liver disease 
(NAFLD) 

 40–90 %  90 % 

 Nonalcoholic 
steatohepatitis 
(NASH) 

 10–20 % 
of NAFLD 

 70–90 % 

 Cirrhosis  0–4 % of 
NAFLD (over 
10–20 years) 

 17 % 

 Hepatocellular 
carcinoma 

 2–5 % per year 
in patients with 
cirrhosis 

 Not reported 
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play an important role, and a study to determine 
if leptin has effects independent of changes in 
food intake is ongoing (NCT01778556). In gen-
eralized lipodystrophy, leptin improves total 
body insulin sensitivity as measured by the 
hyperinsulinemic–euglycemic clamp [ 12 ,  16 ]. In 
three subjects, improvements in hepatic insulin 
sensitivity have been demonstrated as well [ 12 ].  

   Reproduction 

 Leptin is known to have a permissive role in 
pubertal GnRH secretion. Leptin replacement in 
patients with congenital leptin defi ciency nor-
malizes GnRH pulsatility [ 21 ] and allows normal 
pubertal development [ 22 ]. Lipodystrophic 
patients, even those with generalized lipodystro-
phy and very low leptin levels, appear to have 
suffi cient leptin secretion to permit normal 
pubertal development in the leptin-defi cient state. 
However, there remains some impairment of nor-
mal hypothalamic-pituitary-gonadal axis func-
tion in lipodystrophy. In the leptin-defi cient state, 
fi ve lipodystrophic women with severe leptin 
defi ciency (<4 ng/mL) had attenuated LH 
responses to LHRH stimulation, which improved 
after 4 months of leptin replacement [ 23 ], but this 
fi nding was not reproduced in a larger cohort of 
ten women [ 24 ]. Despite the uncertain changes in 
gonadotropin regulation, leptin therapy clearly 
normalizes menstrual cyclicity in women with 
lipodystrophy. Eighty percent of post-pubertal 
women with generalized lipodystrophy are amen-
orrheic or have menstrual irregularity in the 
leptin-defi cient state, and normal cycles are 
restored with leptin treatment [ 16 ,  23 ,  24 ]. 
Moreover, leptin replacement tends to increase 
estradiol levels in women [ 23 ,  24 ] and testoster-
one levels in men [ 24 ]. 

 Abnormal menstrual cycles in women with 
lipodystrophy are not solely attributable to 
impaired gonadotropin secretion. The hyperinsu-
linemia that results from insulin resistance in 
these patients increases ovarian volume and 
androgen production, analogous to the common 
polycystic ovarian syndrome (PCOS) [ 25 ]. 
Leptin reduced free testosterone levels in ten 

lipodystrophic women from 40 ± 11 ng/dL to 
19 ± 4 ng/dL after 1 year, although signifi cant 
reductions in ovarian volume were not observed. 

 The combination of abnormal gonadotropin 
secretion and PCOS signifi cantly impairs fertility 
in women with generalized lipodystrophy. In the 
NIH cohort, only 1 of 12 women over age 20 
years became pregnant in the leptin-defi cient 
state (unpublished data). During experimental 
leptin treatment, despite strong recommendations 
to use birth control, three additional women with 
generalized lipodystrophy had spontaneous preg-
nancies, with two live births. By contrast, fertility 
appears to be relatively normal in women with 
partial lipodystrophy, with a mean of 1.25 chil-
dren (median, 1) in women over 20 years of age 
prior to leptin treatment. This fi nding is, of 
course, consistent with the autosomal dominant 
pattern of inheritance of almost all forms of 
familial partial lipodystrophy. Very little is known 
about fertility in men with congenital generalized 
lipodystrophy, although there have been no cases 
of known or suspected paternity in the NIH 
cohort, either before or after leptin therapy.  

   Thyroid 

 In rodent and in vitro model systems, leptin regu-
lates the expression of thyrotropin releasing hor-
mone (TRH), and leptin-defi cient ob/ob mice 
have central hypothyroidism that is corrected with 
leptin replacement [ 26 ]. Humans with congenital 
leptin defi ciency have a milder phenotype, with 
disorganized TSH pulsatility and circadian 
rhythm [ 27 ], but the majority do not have overt 
hypothyroidism [ 28 ]. Lipodystrophy patients do 
not appear to have an overt thyroid phenotype, 
although TSH pulsatility has not been studied. 
The initial studies of leptin on the thyroid axis in 
lipodystrophy patients ( N  = 7) demonstrated sta-
tistically signifi cant (but not clinically signifi cant) 
declines in TSH (from 2.2 ± 1.1 to 1.2 ± 0.2 μU/
mL,  P  < 0.001) and total thyroxine (from 126 ± 27 
to 92 ± 19 nmol/L,  P  < 0.001), with no change in 
TSH response to TRH stimulation testing after 4 
months of leptin therapy [ 23 ]. However, these 
fi ndings were not reproduced in a larger cohort 
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( N  = 14) after 8–12 months of leptin treatment 
[ 24 ], suggesting that leptin replacement is unlikely 
to have clinically important effects on thyroid 
function in lipodystrophy.  

   Adrenal 

 Animal and in vitro models suggest multiple (and 
sometimes opposing) roles of leptin in regulation 
of the hypothalamic-pituitary-adrenal axis [ 26 ]. 
However, neither humans with congenital leptin 
defi ciency nor lipodystrophy have any measur-
able perturbation of adrenal function. In lipodys-
trophy patients, 4–12 months of leptin replacement 
did not result in any change in spontaneous adre-
nocorticotropic hormone (ACTH) or cortisol 
secretion, or in ACTH and cortisol responses to 
corticotropin releasing hormone (CRH) stimula-
tion [ 23 ,  24 ].  

   Growth Hormone and Insulin-Like 
Growth Factor-1 (IGF-1) 

 In rodents and in vitro studies, leptin stimulates 
growth hormone secretion, and leptin defi ciency 
results in impaired linear growth [ 26 ]. This does 
not hold true in humans. However, human models 
of leptin defi ciency including congenital leptin 
defi ciency, leptin receptor mutation, and starvation 
support the hypothesis that leptin may regulate the 
ability of growth hormone to stimulate secretion of 
IGF-1 and its binding proteins [ 26 ]. Data from 
lipodystrophy patients is consistent with other 
human conditions: leptin replacement in lipodys-
trophy had no effect on fasting (unstimulated) 
growth hormone levels, but increased IGF-1 levels 
by 30–53 % [ 24 ,  25 ]. This increase in IGF-1 may 
simply be a consequence of improved insulin sen-
sitivity, as IGF-1 is lower in insulin resistant states.  

   Bone 

 Rodent models have shown that leptin impacts 
bone metabolism via two distinct and opposing 
mechanisms. Leptin increases bone mass via 

direct stimulation of osteoblast differentiation 
and proliferation, and decreases bone mass via 
indirect neural circuitry involving the sympa-
thetic nervous system [ 29 ]. The phenotype of 
leptin defi ciency in the rodent skeleton is 
increased trabecular bone in the vertebrae [ 30 ], 
and decreased cortical bone in the vertebrae 
and limbs [ 31 ,  32 ], with overall decreased total 
body bone mass, due to the predominance of 
cortical bone in the skeleton . This phenotype is 
reversed by leptin replacement [ 32 ,  33 ]. In con-
trast, we have found that patients with congeni-
tal generalized lipodystrophy have  increased  
total body bone mass in the leptin-defi cient 
state, and bone mass is unchanged by leptin 
replacement in these patients [ 34 ]. This fi nding 
suggests that pathways linking leptin to bone 
metabolism in rodents may not be relevant for 
humans.  

   Kidney 

 Kidney disease is a common manifestation of 
lipodystrophy, particularly among patients with 
generalized lipodystrophy, and typically mani-
fests as proteinuria and hyperfi ltration. Among 15 
leptin-treated patients with generalized lipodys-
trophy, 11 (73 %) had reduction in urine protein 
excretion after leptin treatment [ 35 ]. This occurred 
in conjunction with a decrease in creatinine clear-
ance (from over 200 to ~120 mL/min), suggesting 
that improvements in protein excretion may be 
secondary to reduced hyperfi ltration.  

   Immune System 

 The leptin defi ciency of lipodystrophy is not 
associated with overt immunodefi ciency. Certain 
T lymphocyte subsets were lower in ten patients 
with generalized lipodystrophy compared to 
healthy control subjects, but were within the nor-
mal range [ 36 ]. Leptin replacement in these lipo-
dystrophy patients normalized both absolute and 
relative T cell subsets as well as normalizing 
peripheral blood mononuclear cell responsive-
ness to stimulation [ 36 ].   
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   Leptin Treatment in Patients 
with HIV/HAART-Associated 
Lipodystrophy 

 Four small studies of leptin replacement in men 
with HIV/HAART-associated lipodystrophy and 
hypoleptinemia (endogenous leptin <3 or 4 ng/
dL) have been conducted, studying a total of 41 
patients [ 37 – 40 ]. Three of the studies showed 
modest improvements in insulin resistance and 
lipids, while the fourth showed improvements in 
glycemia, but minimal change in fasting lipids or 
lipid turnover. Two of the studies also showed 
reductions in truncal or visceral fat.  

   Leptin Treatment in Patients 
with Insulin Receptor Mutations 

 Patients with mutations of the insulin receptor 
suffer from extreme insulin resistance and dysgly-
cemia, and patients are at high risk for early mor-
bidity and mortality due to microvascular 
complications of diabetes [ 41 ,  42 ]. In contrast to 
lipodystrophy, insulin receptor mutations do not 
cause NAFLD or hypertriglyceridemia, as intact 
insulin signaling through its receptor is required 
for de novo lipogenesis in the liver [ 43 ]. 
Hyperglycemia in these patients is very diffi cult 
to treat [ 44 ], and glucose-lowering therapies are 
needed that do not require signaling through the 
insulin receptor. The idea of treating patients with 
mutations of the insulin receptor with leptin arose 
from the discovery that the signal transduction 
cascades downstream of the insulin and leptin 
receptors overlap at the level of phosphoinositide 
3-kinase (PI3K). We hypothesized that pharmaco-
logic treatment with leptin could increase PI3K 
levels in patients with insulin receptors, thereby 
increasing post-receptor insulin signaling while 
bypassing the defective receptor. 

 The initial pilot study of leptin treatment in 
this population included two siblings with the 
Rabson Mendenhall syndrome due to homozy-
gous mutation of the insulin receptor [ 45 ]. Leptin 
therapy at doses of up to 0.06–0.09 mg/kg/day 
for 10 months resulted in declines in fasting 

 glucose of 62 and 139 mg/dL, and declines in 
A1c of 0.9 and 1.3 % in the two patients. After 
leptin withdrawal for 3 months, glycemia 
returned to the pre-leptin baseline. These two 
patients were subsequently followed for 10 years, 
and treated with escalating doses of leptin (up to 
0.22 mg/kg/day), and underwent three cycles of 
leptin withdrawal and reinitiation. With each 
withdrawal, A1c rose, and it declined again with 
each reinitiation, suggesting a lasting effect on 
glycemia [ 46 ]. A total of fi ve patients (including 
the original two) with this extremely rare condi-
tion were treated with leptin at doses of 0.22 mg/
kg/day for 1 year, resulting in a decrease in A1c 
from 11.4 ± 1.1 % at baseline, to 9.3 ± 1.9 % after 
6 months, and 9.7 ± 1.6 % after 12 months. This 
dose of leptin resulted in signifi cant weight loss 
(presumably due to appetite suppression), with 
declines in BMI  z -score from −1.4 ± 1.8 at base-
line to −2.6 ± 1.6 after 12 months. The presumed 
reduction in food intake likely accounted, at least 
in part, for the reduction in A1c. Although the 
1.8 % reduction in A1c with leptin still left 
patients considerably above glucose targets, this 
reduction would be anticipated to substantially 
reduce the risk of microvascular complications of 
diabetes.  

   Adverse Effects of Leptin Treatment 

 The most common adverse effects of leptin 
across all treatment studies (including those con-
ducted in obese, lipodystrophic, congenital 
leptin-defi cient, and other populations) include 
hypoglycemia (in insulin treated patients), weight 
loss, headache, and abdominal pain (  http://pack-
ageinserts.bms.com/pi/pi_myalept.pdf    ). Two adverse 
events of particular concern are listed as black 
box warnings in the package insert: neutralizing 
antibodies to leptin and T cell lymphoma. 
Neutralizing antibodies were observed in three 
lipodystrophy patients in the NIH cohort. The 
clinical consequences of these antibodies remain 
uncertain, but may include loss of effi cacy of the 
drug, as well as severe infection. T cell lym-
phoma has been observed in three patients in the 
NIH cohort, all with a diagnosis of acquired 
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generalized lipodystrophy. Two of these patients 
had preexisting neutropenia prior to initiating 
leptin, and were diagnosed with peripheral T cell 
lymphoma within a few months of starting leptin, 
suggesting that an active malignancy or precursor 
condition may have been present prior to initia-
tion of leptin. The third patient developed ana-
plastic large cell lymphoma after approximately 
2 years of leptin treatment. Because acquired 
generalized lipodystrophy is thought to be an 
autoimmune disorder, and patients with altered 
immune function are at increased risk for lym-
phoma, it is likely that the underlying diagnosis 
placed these patients at risk for lymphoma. In 
addition, peripheral T cell lymphoma has been 
reported in patients with acquired generalized 
lipodystrophy who never received leptin treat-
ment [ 47 ,  48 ]. However, a role for leptin treat-
ment in lymphoma development or growth 
cannot be entirely excluded.  

   Conclusions 

 The discovery of leptin provided a mechanism to 
explain how the body regulates energy balance. 
The fact that leptin is a circulating hormone sug-
gested that replacement of the defi cient hormone 
might provide benefi t fi rst in rodent models and 
then in humans in states of leptin defi ciency. 
Lipodystrophy, especially in its generalized form, 
is a state of severe leptin defi ciency and these 
patients, as a consequence, have severe metabolic 
derangements. Leptin replacement has a major 
effect to ameliorate hypertriglyceridemia, insulin 
resistance and diabetes, nonalcoholic fatty liver 
disease, and reproductive abnormalities, particu-
larly in the generalized forms of lipodystrophy 
where metreleptin is now an approved drug. 
Continued studies are needed in partial forms of 
lipodystrophy, but at this time it seems clear that 
patients with more severe metabolic derange-
ments do respond to metreleptin. Other issues 
remain a work in progress such as the limiting 
concentration of leptin in blood below which a 
therapeutic response can be expected, as well as 
further studies on optimal dosing, antigenicity, 
and continued safety monitoring.     
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         Hypothalamic amenorrhea (HA) is characterized 
by dysfunction of the hypothalamic–pituitary–
gonadal (HPG) axis, leading to anovulation and 
cessation of menstrual cycles in the absence of 
organic disease. Impaired pulsatile secretion of 
gonadotropin-releasing hormone (GnRH) with 
low amplitude and/or frequency leads to low or 
normal gonadotropin and, subsequently, low 
estrogen concentrations. This condition is associ-
ated with chronic energy defi ciency from dispro-
portionately high levels of energy expenditure 
and/or insuffi cient nutritional intake. More than 
30 % of cases of amenorrhea in reproductive 
women are attributed to HA [ 1 ]. 

 About 6–8 % of high school athletes experi-
ence amenorrhea [ 2 ,  3 ], and many more experi-
ence more subtle forms of menstrual dysfunction 
including oligomenorrhea and regular menses with 
inadequate luteal phase [ 4 ]. Training intensity 

and type of activity are important factors as up to 
40–50 % of long-distance runners, gymnasts, and 
ballet dancers have menstrual irregularities com-
pared to 12 % of swimmers and cyclists [ 4 ]. The 
difference has been attributed to lower body 
weight and body fat percentage associated with 
aerobic type activities [ 5 ]. 

 Although HA is one of the cardinal features of 
anorexia nervosa (AN), AN is also associated 
with severe restriction of food intake, distorted 
attitudes toward food, and altered body image, 
resulting in a body weight of less than 85 % of 
that expected for age and height. Patients with 
AN also have severe hypothalamic dysfunction, 
including abnormal responses to heat and cold 
and bradycardia [ 6 ]. HA can also be caused by 
subclinical nutritional defi ciency. Women with 
HA have been found to score higher on eating 
disorder questionnaires and tend to have 
decreased caloric and fat intakes [ 7 – 9 ]. 

 Psychosocial stress may also lead to HA in 
weight-stable, non-athletic women [ 10 ,  11 ]. 
These women tend to score higher on depression 
scales as well as eating disorder questionnaires, 
compared to eumenorrheic women and amenor-
rheic women due to an organic cause [ 12 ]. 
Unbalanced nutrient intake in psychogenic HA 
has been proposed to contribute to the develop-
ment of associated neuroendocrine and metabolic 
aberrations [ 7 ]. 

 In these conditions of chronic energy defi -
ciency, Frisch had proposed in 1974 that menstrual 
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function depends on a certain threshold of body fat 
(about 22 %) that serves as the minimal store of 
energy necessary for ovulation and menstruation 
[ 13 ]. Leptin, a product of adipose tissue discov-
ered in 1994 [ 14 ], eventually emerged as the pre-
dominant candidate linking adipose tissue, energy 
availability, and the reproductive system [ 15 ,  16 ]. 
Hypoleptinemia, observed in association with 
acute starvation, weight loss, and HA, indicates a 
state of energy defi ciency and mediates adaptive 
responses, such as amenorrhea. As discussed in 
detail below, replacement of leptin in women with 
HA has been shown not only to improve reproduc-
tion function but also to normalize neuroendocrine 
function [ 17 ,  18 ], increase bone mass [ 19 ], and 
improve immune function parameters [ 20 ]. 

   Leptin Levels in HA 

 Compared to weight-matched [ 8 ,  21 ] and activity- 
matched [ 22 ,  23 ] eumenorrheic controls, women 
with HA have lower leptin levels. Miller et al. 
showed that women with HA have leptin levels of 
7.1 ± 3.0 μg/L compared to 10.6 ± 4.9 μg/L in 
age-, weight-, and body fat-matched eumenor-
rheic controls [ 8 ]. Due to extremely low body 
weight and fat mass, patients with AN have even 
lower leptin levels, usually <2 μg/L [ 24 ], and 
may have an even lower free leptin index due to 
increased concentrations of the soluble leptin 
receptor [ 25 – 28 ], which is the main binding pro-
tein for leptin and may serve as an additional 
regulator of energy homeostasis [ 16 ]. Diurnal 
rhythm of leptin secretion is lost in female ath-
letes with HA [ 29 ,  30 ] and patients with AN [ 31 ], 
while patients with HA of the psychogenic type 
are less severely affected [ 7 ]. 

 As expected, leptin levels positively correlate 
with body weight, body mass index (BMI), and 
body fat percentage in women with HA, but other 
factors involved in energy balance also play a 
role. An increase in 1 kg/m 2  in BMI in women 
with HA corresponds to an increase in leptin lev-
els that is 50 % lower than that observed in con-
trol women [ 21 ]. Puder et al. found that 
independent of body fat the extent of physical 
activity correlates inversely with leptin levels 

[ 32 ]. Serum leptin concentrations are also very 
sensitive to acute energy deprivation. Complete 
fasting results in a rapid fall in leptin levels that is 
out of proportion to changes in fat mass [ 33 – 35 ] 
and is restored with feeding [ 36 ]. 

 Leptin levels also signifi cantly increase with 
recovery from HA and AN [ 27 ,  37 ,  38 ]. In a study 
of woman with HA and restrictive eating disorder 
undergoing a nutritional rehabilitation program, 
leptin levels were predictive of menstrual recov-
ery in univariate logistic regression but was no 
longer signifi cant when analyzed with change in 
BMI [ 38 ]. Interestingly, in another study of 
women with psychogenic HA, treatment with 
cognitive behavior therapy increased leptin levels 
and rate of ovarian recovery compared to obser-
vation without changing BMI [ 39 ].  

   Neuroendocrine Axes in HA 

 In addition to dysfunctional HPG axis resulting 
in anovulation and estrogen defi ciency, all other 
neuroendocrine axes are affected in women with 
HA (see Table  19.1 ). In response to stress, 
whether metabolic, physical, or psychological, 
the hypothalamic–pituitary–adrenal (HPA) axis 
is activated to stimulate lipolysis and glycoge-
nolysis [ 40 ]. Increased levels of corticotropin- 
releasing hormone (CRH), adrenocorticotropic 
hormone (ACTH), and cortisol have been consis-
tently observed in patients with HA [ 8 ,  29 ,  41 –
 44 ]; increased adrenal sensitivity to ACTH has 
been less consistently documented [ 41 ,  42 ,  45 , 
 46 ]. Hyperactivity of the HPA axis, in turn, sup-
presses GnRH and LH (luteinizing hormone) 
release directly as well as indirectly via stimula-
tion of central β-endorphin release [ 40 ].

   Also contributing to HPG axis dysfunction 
in HA are abnormalities in the hypothalamic–
pituitary–thyroid (HPT) axis. In general, these 
include low to normal levels of thyrotropin 
(TSH), decreased levels of thyroid hormone, and 
increased levels of the inactive reverse triiodo-
thyronine, all of which are consistent with sick 
euthyroid syndrome seen in chronic illness [ 9 , 
 22 ,  23 ,  40 ,  44 ,  47 – 49 ]. In HA total triiodothyro-
nine (T3) levels correlate with resting energy 
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expenditure (REE) corrected for fat free mass 
[ 49 ]. Furthermore, total T3 levels and REE fell 
across the continuum of menstrual function (from 
ovulatory to luteal phase defi ciency, anovulation, 
and amenorrhea) in a dose–response relationship 
[ 49 ]. These changes towards lower basal metabo-
lism are consistent with both the proposed role of 
leptin in regulating thyroid function in states of 
energy defi ciency and the underlying hypothesis 
that an adaptive response to conserve energy is 
activated in HA. 

 Women with HA also have acquired growth 
hormone (GH) resistance. Abnormalities in GH 
secretion range from distorted pattern of release 
with nocturnal elevations in psychogenic HA [ 7 , 
 47 ] to elevations throughout the day in amenor-
rheic athletes [ 50 ] and in women with AN [ 51 ]. 
Twelve hour overnight GH pulsatility profi les in 
women with exercise-induced HA reveal a pat-
tern with less distinct peaks and wider pulses 
compared to eumenorrheic controls [ 52 ]. Despite 
higher levels of GH, insulin growth factor-1 
(IGF-1) activity is lower. In weight-stable psy-
chogenic or exercise-induced HA, basal IGF-1 
levels may be lower [ 52 ] or similar to controls but 

with elevated IGF binding protein-1 (IGFBP-1) 
levels, resulting in reduced IGF-I:IGFBP-1 ratio 
that refl ects lower free IGF-1 concentrations [ 7 , 
 21 ,  50 ]. In women with weight-loss associated 
amenorrhea, basal IGF-1 levels are signifi cantly 
lower [ 53 ] as they are in women with AN [ 51 ]. 

 The mechanism of GH resistance in starva-
tion and chronic energy defi ciency is not well 
understood but has many contributing factors. 
Tissue GH receptor concentrations may be 
decreased in women with HA, as refl ected by 
low growth hormone binding protein (GHBP) 
levels [ 7 ,  52 ,  54 ]. Undernutrition also directly 
inhibits IGF-1 production from the liver, thereby 
increasing GH levels due to lack of negative 
feedback [ 51 ]. Metabolic signals also play a role 
as GH is positively regulated by ghrelin [ 55 ], 
which simulates appetite and is elevated in 
women with HA, and IGFBP-1 is negatively 
regulated by insulin [ 56 ], which is low in women 
with HA [ 57 ]. FGF-21, which increases with 
fasting to induce ketogenesis and decrease meta-
bolic activity, may also play a role as levels are 
positively correlated with GH levels and nega-
tively with IGF-1 levels in women with AN [ 58 ]. 

    Table 19.1       Neuroendocrine abnormalities in hypothalamic amenorrhea   

 Axis  Abnormalities 
 Effect of leptin replacement in hypothalamic 
amenorrhea 

 HPG  Low amplitude/frequency of GnRH pulses  Increased LH frequency, mean LH levels 
 Low/normal LH, FSH levels  No change in mean FSH levels 
 Low estradiol levels  Increased estradiol, progesterone levels 
 Anovulation  Increased number of dominant follicles, 

maximal follicular diameter, and 
endometrial thickness 

 Amenorrhea  Ovulation in 40 % 
 Menstruation in 70 % 

 HPA  Increased CRH levels  No acute change in ACTH pulses 
 Increased ACTH levels  

Decreased cortisol levels  Increased cortisol levels 
 Increased adrenal sensitivity to ACTH 

 HPT  Low/normal TSH levels  No acute change in TSH levels or pulses 
 Low thyroid hormone levels  Increased free T3, free T4 levels 
 Increased reverse triiodothyronine levels 

 Growth hormone  Increased levels of GH overnight to all day  Borderline increased mean GH levels, no 
acute change in pulses 

 Low IGF-1 levels or IGF-1:IGFBP-1 ratio  Increased IGF-1 levels, IGF- 1:IGFBP-3 
ratio 

   HPG  hypothalamic–pituitary–gonadal,  HPA  hypothalamic–pituitary–adrenal,  HPT  hypothalamic–pituitary–thyroid  
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Overall, the increase in GH activity may serve to 
prevent hypoglycemia while the reduction in 
IGF-1 activity may serve to slow growth-related 
processes [ 52 ] and further suppress GnRH 
secretion [ 21 ].  

   Leptin in Relation 
to Neuroendocrine Axes in HA 

 These changes in neuroendocrine function appar-
ently serve as an adaptive response to conditions 
of negative energy balance—decreasing repro-
ductive hormones levels to prevent pregnancy, 
decreasing thyroid hormone levels to slow 
metabolism, increasing growth hormone levels to 
mobilize energy stores, and decreasing IGF-1 
levels to slow growth [ 59 ]. Hypoleptinemia has 
been found to be a key mediator of these neuro-
endocrine adaptations [ 60 ]. Leptin levels posi-
tively correlate with LH, thyroid hormone, and 
IGF-1 levels and negatively correlate with 
IGFBP-1 and cortisol levels in women with HA 
[ 21 – 23 ,  29 ]. Levels of leptin and these neuroen-
docrine hormones also correlate with REE [ 49 ], 
further supporting the role of hypoleptinemia in 
adaptation to chronic energy defi ciency. With a 
goal of correcting hypoleptinemia, physiological 
doses of recombinant leptin have been shown to 
restore normal neuroendocrine physiology in 
clinical trials (see Table  19.1 ). 

 In addition to observational studies, the two 
pivotal clinical trials detailing the effects of leptin 
in women with HA are reviewed in this chapter—
a proof-of-concept, pilot study of 3 month dura-
tion [ 18 ] and a randomized, placebo-controlled 
trial of 9 month duration [ 17 ]. In the fi rst of these 
trials, the HPG axis and reproductive function 
were studied extensively in a 3-month open-label 
trial that used pelvic ultrasonography to follow 
dominant follicles and confi rm ovulation [ 18 ]. 
Participants were women with HA for a mean 
(±SD) of 5.1 ± 4.0 years and a normal BMI of 
20.5 ± 2.0 kg/m 2  with a stable weight of at least 
6 months and within 15 % of ideal body weight. 
Eight women were started on a leptin dose of 
0.08 mg/kg/day given twice a day for the fi rst 
2 months and, if ovulation had not yet occurred, 

an increased dose of 0.2 mg/kg/day for the third 
month. Leptin levels increased from 3.4 ± 1.5 to 
37.4 ± 30.1 ng/mL after 3 months in this study. 

 In the second study similar participants were 
randomized to receive leptin or placebo [ 17 ]. The 
ten participants receiving leptin had HA for 
5.1 ± 1.3 years and BMI of 20.9 ± 0.6 kg/m 2 , while 
the nine participants receiving placebo had HA 
for 4.0 ± 1.1 years and BMI of 19.8 ± 0.7 kg/m 2 . 
Starting dose for the treatment arm of this trial 
was the same at 0.08 mg/kg/day, given once in the 
evening, and increased to 0.12 mg/kg/day if par-
ticipants had not begun menstruating by week 12. 
Over the 9 months leptin levels increase from 
4.6 ± 0.6 to 59.3 ± 14.2 ng/mL in the treatment 
arm, while the placebo arm continued to have low 
levels (see Table  19.2  for summary of results).

     Leptin and the Gonadal Axis 

 In the open-label trial six women with HA where 
observed off treatment to serve as controls [ 18 ]. 
These women had similarly low levels of LH, 
FSH, and estradiol levels compared to the HA 
participants receiving leptin, and these levels 
remained low throughout the observational 
period. No changes in LH pulsatility parameters 
were noted either. In accordance, the control 
women with HA were not noted to have any dom-
inant follicles, withdrawal bleeding, or spontane-
ous menstrual cycles at any time during the study. 

 In contrast, the eight participants receiving 
leptin in the open-label trial had signifi cant 
increases in LH levels and LH pulse frequency 
but not amplitude; mean follicle-stimulating hor-
mone (FSH) levels did not change. Estradiol lev-
els also increased signifi cantly in these treated 
women. With these changes in gonadal hor-
mones, ovarian volume during the follicular 
phase was greater and endometrium was thicker 
on ultrasound, compared to baseline. Signifi cant 
increases in the number of dominant follicles and 
maximal follicular diameter were also observed. 
Ovulation was confi rmed in three out of the eight 
treated women, occurring 28, 35, and 58 days 
after the start of treatment. In these three women 
levels of LH, FSH, estradiol, and inhibin A 
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(a protein secreted by granulosa cells of the dom-
inant follicle and corpus luteum) during the ovu-
latory cycle were within 1 standard deviation of 
the mean for women with normal cycles; proges-
terone levels were within 2 standard deviations. 
An additional two treated participants had domi-
nant follicles that grew to preovulatory size; 
although these follicles regressed without ovulat-
ing, the women did have withdrawal bleeding. 
One participant had developed a dominant folli-
cle during the third month but did not ovulate or 
experience withdrawal bleeding. The participant 
with the lowest level of leptin during treatment 
(maximum of 12.4 compared to mean of 
37.4 ± 30.1 ng/mL) did not have a dominant fol-
licle. The last treated participant withdrew after 
1 month for reasons unrelated to the study. 

 Similar results were observed in the follow-up 
randomized, placebo-controlled trial of 36 weeks 
[ 17 ]. Although LH and FSH levels did not change 
signifi cantly with leptin compared to placebo, 
these were drawn every 12 weeks from trial ini-
tiation and were not coordinated with menstrual 
activity. Estradiol and progesterone levels did 
increase signifi cantly. Seven of ten participants 
receiving leptin therapy developed menses, com-
pared to two of nine participants on placebo 
( p  = 0.0046). Menstruation occurred 4–32 weeks 
after initiation of leptin therapy. Menses started 
out irregularly but became more regular with 
time. Of the fi ve treated participants who regained 
menses and completed the study, three continued 
to have menses 16 weeks after discontinuation of 
leptin. Four of the menstruating participants on 
leptin were determined to be ovulating based on 
elevated serum progesterone levels during the 
midluteal phase. One of these women became 
pregnant at 24 weeks. The improvements in 
reproduction function in these treated women 
were not due to changes in activity level, weight 
gain, or increase in fat mass. 

 The observed abnormalities in LH pulsatile 
secretion in HA are similar to that during prepu-
berty or peripuberty [ 16 ]. Puberty has been 
described to be “metabolically gated” as a means 
to prevent fertility in conditions of energy insuf-
fi ciency [ 61 ]. Administration of leptin has been 
shown to initiate puberty in individuals with 

congenital leptin defi ciency [ 62 ,  63 ]. Leptin 
likely plays a permissive role in the onset of 
puberty, especially in females in whom leptin 
levels rise prior to pubertal transition [ 61 ,  64 ,  65 ]. 
Likewise, leptin may also permit the return of 
reproductive function in HA. Leptin treatment 
increases LH pulse frequency, which also occurs 
with initiation of puberty, and the pattern of fol-
licular growth and regression without ovulation 
in the treated HA women is also reminiscent of 
that seen in puberty [ 18 ]. 

 As there are no leptin receptors on GnRH neu-
rons [ 66 ], the effect of leptin on GnRH regulation 
is indirect and has been shown to involve a large 
network of neurons, particularly in the hypothal-
amus. Leptin directly and/or indirectly activates 
Kiss1 neurons in the arcuate nucleus (ARC) of 
the hypothalamus, which then stimulate GnRH 
neurons [ 61 ]. A subpopulation of Kiss1 neurons 
are also infl uenced by their own secretion of neu-
rokinin B and dynorphin, which respectively 
stimulate and inhibit the release of kisspeptins 
via autocrine and/or paracrine signaling [ 67 ]. The 
effect of kisspeptin on GnRH neurons is further 
infl uenced by glutamatergic and GABAergic 
inputs [ 67 ]. Lack of leptin inhibition on another 
set of neurons in the ARC, the agouti-related pep-
tide (AgRP)/neuropeptide Y (NPY) neurons, 
results in increased levels of AgRP and NPY, 
which then inhibit LH release and reproductive 
function [ 68 ,  69 ]. In women with HA, activation 
of the HPA axis, including an increase in central 
β-endorphin levels, and suppression of IGF-1 
activity may also contribute to HPG dysfunction 
[ 57 ]. Finally, leptin has also been found to have 
both direct stimulatory and inhibitory effects at 
the levels of the pituitary and gonads, and the net 
effects of leptin on gonadotrophs and gonads 
may depend on the individual’s metabolic status 
and sensitivity to leptin [ 70 ,  71 ].  

   Leptin and the Adrenal Axis 

 Cortisol levels were elevated in the participants 
of the two clinical trials with a mean of 17.2 ± 3.3 
and 20.9 ± 1.1 μg/dL [ 17 ,  18 ]. During the open- 
label pilot trial, no signifi cant changes were 
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observed in either the level of cortisol or the pul-
satility parameters of corticotropin secretion over 
the 3 months of leptin replacement [ 18 ]. However, 
over 9 months of leptin treatment, there was a 
signifi cant progressive decline in cortisol levels 
compared a stable level of cortisol in the placebo- 
treated women (19.7 ± 0.9 in the placebo group; 
 p  = 0.019–19.7 ± 0.9 in the placebo group; 
 p  = 0.019) [ 17 ]. Cortisol levels increased after 
discontinuation of leptin and no longer differed 
from that of the placebo group. Improvement in 
cortisol levels may also have implications for 
bone health, immune function, mental health, and 
neurocognitive function (discussed below). 

 It is unclear if leptin directly regulates CRH 
neurons in the paraventricular nuclei (PVN) or 
indirectly via ARC neurons [ 72 ]. The effect of 
leptin on the HPA axis also involves several 
 neuropeptides, including neuropeptide Y (NPY) 
[ 57 ,  73 ] and neuromedian U [ 74 ]. The net effect 
may depend on metabolic status as well as stress 
level. In ex vivo hypothalamic explants and in rats, 
leptin has been show to stimulate CRH release 
[ 74 ]. However, in the setting of stress, administra-
tion of leptin has been shown to inhibit hypotha-
lamic CRH release and, subsequently, block 
increases in ACTH and cortisol in mice [ 75 ] and in 
ovariectomized female rhesus monkeys [ 76 ].  

   Leptin and the Thyroidal Axis 

 In the open-label trial, free T3 and free thyroxine 
(T4) levels started in the range of normal and 
increased signifi cantly within the normal range 
[ 18 ]. TSH levels trended up, but pulse frequency 
and amplitude did not change [ 18 ]. The random-
ized controlled trial confi rmed the increase in 
free T3 with leptin compared to placebo, but no 
signifi cant changes were seen in free T4 or TSH 
[ 17 ]. The effect of leptin on the HPT axis mir-
rored that seen in recovery of sick euthyroid syn-
drome and dissipated after discontinuation. 

 In vitro and in vivo rodent studies have shown 
that leptin directly and indirectly, via melanocor-
tins and AgRP, upregulates proTRH gene expres-
sion as well as prohormone convertases 1 and 2 to 
cleave TRH from proTRH in PVN neurons [ 77 ]. It 

may also be possible that leptin directly stimulates 
T4 release from the thyroid gland and/or increase 
the bioactivity of TSH since interventional human 
studies show that leptin increases thyroid hormone 
levels without changing TSH levels [ 78 ].  

   Leptin and the Growth Hormone Axis 

 In the open-label trial total and free IGF-1 levels 
were lower in HA women at baseline compared 
with eumenorrheic controls [ 52 ]. Leptin replace-
ment signifi cantly increased levels of IGF-1, 
which remained signifi cant after adjustment for 
estradiol and weight, and tended to increase free 
IGF-1, which became signifi cant after adjust-
ment for estradiol and weight [ 18 ,  52 ]. In the ran-
domized controlled trial IGF-1 levels trended up 
with leptin, and the ratio of IGF-1:IGFBP-3, the 
main circulating carrier protein for IGF-1, was 
signifi cantly higher in the treatment group com-
pared to the placebo group [ 17 ]. 

 The HA women in the open-label trial also 
had 24 h GH secretion profi led before and after 
2 weeks of leptin therapy [ 52 ]. Although not 
directly compared due to procedural differences, 
the GH pulsatility characteristics were similar in 
the HA women as the eumenorrheic, euleptin-
emic controls and the HA women did not have 
increased mean overnight GH levels. Two weeks 
of leptin treatment resulted in only borderline 
increases in mean GH concentration and area 
under the curve but did not change other GH pul-
satility characteristics. During these fi rst 2 weeks 
of leptin replacement, there were no signifi cant 
changes in estradiol levels. GH parameters were 
not studied later. 

 Leptin has been show to increase GH secre-
tion, particularly in the fasted compared to fed 
state, and decrease somatostatin secretion in 
ex vivo and in vivo animal studies [ 79 ,  80 ]. 
However, minimal changes in GH pulsatility 
characteristics were observed in response to 
leptin in women with HA [ 52 ]. The effects of 
leptin on IGF-1 levels may be independent of GH 
secretion as well as GH receptor expression. 
GHBP levels, which may refl ect that of GH recep-
tor, were low in women with HA at baseline, 
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compared to eumenorrheic controls, and did not 
change over the 3 months of leptin therapy. This 
is in contrast to women with AN after weight 
recuperation, when GHBP levels increase to nor-
mal [ 81 ]. Leptin may be directly increasing 
IGF-1 levels, and this occurred in the absence of 
changes in nutritional status in the clinical trial 
[ 52 ]. Leptin’s effect on FGF-21 levels in patients 
with HA has not been studied. However, in 
healthy, lean women undergoing 72 h fast, 
administration of leptin to restore physiological 
levels did not prevent the fasting-induced increase 
in FGF-21 levels [ 82 ].   

   Bone Metabolism 

 A large amount of energy is required for bone 
remodeling, and leptin may be the key hormone 
linking the regulation of energy homeostasis with 
bone metabolism [ 83 ]. Osteoporosis is part of the 
female athlete triad along with amenorrhea and 
disordered eating, and bone mineral density 
(BMD) has been found to be lower in amenor-
rheic athletes than eumenorrheic athletes. In one 
study 38 % of athletes with amenorrhea had lum-
bar BMD z-score below −1 compared to 11 % of 
athletes with eumenorrhea and 11 % of control 
subjects ( p  = 0.05) [ 84 ]. Furthermore, 24 % of 
athletes with amenorrhea reported a history of 
fractures compared to 5 % of athletes with 
eumenorrhea, though the difference was not sig-
nifi cant [ 84 ]. In addition to the lack of the antire-
sorptive and anabolic effects of gonadal steroids, 
women with HA have other risk factors for bone 
loss, including lack of the anabolic effects of 
IGF-1, high cortisol levels, high thyroid hormone 
levels, poor nutritional status, lack of suffi cient 
calcium and vitamin D intake, low lean body 
mass, and low fat mass [ 85 ]. In addition, female 
athletes with HA may not benefi t from weight- 
bearing exercise since estrogen may be required 
for the positive effects of mechanical loading on 
bone strength [ 86 ]. 

 Leptin, either via normalization of neuroendo-
crine hormones and/or directly, may help improve 
bone health. In the 3-month clinical trial leptin 
replacement increased levels of bone-specifi c 

alkaline phosphatase and osteocalcin, both bone 
formation markers, without signifi cantly chang-
ing levels of urinary N-telopeptide, a marker of 
bone resorption [ 18 ]. The 9-month trial con-
fi rmed a signifi cant increase in osteocalcin within 
4 weeks and stabilization of urinary N-telopeptide 
compared to placebo, but no signifi cant differ-
ences were seen in serum levels of bone-specifi c 
alkaline phosphatase, osteoprotegerin, or 
C-telopeptide [ 17 ]. Six participants of the 
9-month trial enrolled in an optional open-label 
extension of leptin treatment for another 
12 months; 4 of these participants completed the 
extension trial [ 19 ]. In intention-to-treat analysis 
lumbar bone mineral content (BMC) increased 
signifi cantly from baseline. In on-treatment anal-
ysis both lumbar BMC and BMD increased sig-
nifi cantly from baseline by 6 % and 4 %, 
respectively. Mean lumbar BMD z-score 
increased from the osteopenic range to the refer-
ence range with both analyses. Adjustments for 
changes in body weight intensifi ed the signifi -
cance of leptin’s effect since there was a non- 
signifi cant decrease in body weight. Whole-body, 
hip, and radial BMC and BMD were not affected 
by leptin replacement. These results suggest that 
the skeletal effects of leptin may be primarily on 
the trabecular bone, which predominates in the 
lumbar spine. It is also possible that with longer 
treatment duration, favorable effects at the hip 
and radius may be observed as vertebral bone has 
a faster turnover rate and changes are often 
observed at this location fi rst. 

 The effect of leptin on BMD appears to be bet-
ter than that of estrogen therapy, albeit no direct 
comparison studies are available. The use of 
estrogen supplementation has been controversial 
[ 87 ]. One of the largest randomized controlled 
trials studied the effects of oral contraceptives on 
BMD in oligo/amenorrheic runners over 2 years 
[ 88 ]. Only on-treatment analysis revealed a 1 % 
gain in spine BMD per year, which was similar to 
runners who regained periods spontaneously but 
signifi cantly greater than those for runners who 
remained oligo/amenorrheic [ 88 ]. Estrogen may 
have limited effects in amenorrheic athletes since 
estrogen has primarily anti-resorptive effects on 
bone and these women are often found to have 
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reduced markers of bone turnover [ 87 ]. A 
decrease in bone turnover is consistent with the 
need to conserve such high energy requiring pro-
cesses in women with HA. Estrogen therapy, 
unlike leptin replacement, also does not address 
the disturbances in thyroid hormone, IGF-1, and 
cortisol levels. Likewise, recombinant human 
IGF-1 [ 89 ] and androgens [ 90 ] have modest 
responses in bone metabolism in women with 
AN; a lesser response may be suspected in 
women with the less severe condition of HA. 

 Leptin may also have direct effects on bone 
(see Fig.  19.1 ). Centrally, leptin both positively 
and negatively regulates bone metabolism via 
hypothalamic expression of several  neuropeptides 
and regulation of sympathetic pathways [ 91 ,  92 ]. 
Leptin also interacts with bone marrow stromal 
cells and osteoblasts to increase overall bone 
mass. In leptin-defi cient  ob/ob  mice administra-
tion of leptin has been shown to increase 

expression of osteogenic genes in stromal cells to 
favor differentiation into osteoblasts over adipo-
cytes [ 93 ]. In women with HA, this effect of 
leptin does not seem to be mediated by preadipo-
cyte factor 1 (pref-1), which has been found to be 
increased in AN and HA, negatively associated 
with BMD, and positively associated with bone 
marrow fat [ 94 ,  95 ]; treatment with leptin did not 
affect pref-1 levels in women with HA [ 95 ]. 
Overall, the direct effect of leptin on bone is 
likely less important than the effect of normaliz-
ing neuroendocrine hormones in HA women. In 
patients with congenital leptin defi ciency, BMC 
and BMD are appropriate for age and gender and 
after treatment increase in line with normal age- 
related development [ 62 ]. In the general popula-
tion, no correlation between BMD and serum 
leptin levels has been found in normal-weight 
children and adolescents [ 96 ] or healthy post-
menopausal women [ 97 ].

b1 sympathetic
system 

b2 sympathetic system 

+
(maintenance of 

cortical bone)
(trabecular bone 

loss)

Direct differentiation of bone 
marrow stromal cells to 
osteoblasts over adipocytes
Increase expression of OPG and 
decrease expression of RANKL 
by bone marrow stromal cells to 
inhibit osteoclastogenesis
Increase osteoblast proliferation

Stimulate de novo collagen 
synthesis

Stimulate mineralization

Peripheral effects of lepin

+

¯NPY

+

�NMU

¯5HT

_

_ _

�IGF-1

+

Central effects of leptin

·

·

·
·

·

  Fig. 19.1    Proposed mechanisms of interaction between 
leptin and bone metabolism. In in vitro and in vivo mice 
studies, leptin has been found to regulate bone metabo-
lism through peripheral and central means [ 77 ,  92 ].  The 
peripheral effects of leptin increase bone formation, while 
the central effects seem to be more complex involving 
both stimulatory and inhibitory infl uences.  Overall, leptin 
treatment increased bone mineral content and density in 

leptin-defi cient  ob/ob  mice, which have otherwise 
decreased stature [ 131 ]. It is unclear though if the data 
will also apply to humans as patients with congenital 
leptin defi ciency have normal bone mineral content and 
density [ 62 ].  5HT  serotonin,  IGF-1  insulin growth fac-
tor-1,  NMU  neuromedin U,  NPY  neuropeptide Y,  OPG  
osteoprotegerin,  RANKL  receptor activator of NF-кB 
ligand       
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      Immune Function 

 As the helical structure of leptin is similar to that 
of cytokines, leptin has also been proposed to link 
energy metabolism with the immune response 
[ 98 – 100 ]. Individuals with congenital leptin defi -
ciency have more frequent childhood infections 
compared to their wild-type siblings and reduc-
tion in CD4 +  T cell number, particularly naïve 
CD4 +  T cells [ 62 ]. Leptin treatment not only nor-
malized the immune phenotype but also improved 
the proliferative and functional responses of CD4 +  
T cells [ 62 ]. Studies in women with AN show a 
reduction of total lymphocyte count and their sub-
populations [ 101 – 103 ]. However, the relative pro-
portions of lymphocyte subpopulations were 
found to be different with one study fi nding a 
reduction of naïve CD4 +  T cells [ 101 ] and another 
study fi nding a reduction of CD8 +  T cells, particu-
lar memory cells [ 102 ]; all improved with refeed-
ing. T cell activation and T-cell–B-cell cooperation 
have also been found to be impaired [ 101 ]. Indeed, 
AN patients are found to have a reduced response 
to delayed- hypersensitivity skin test, a marker of 
cell- mediated immune function [ 103 ]. 

 The women with HA in the randomized con-
trolled trial were found to have reduced total num-
ber of lymphocytes, B cells, and natural killer 
cells, and the administration of leptin restored 
their total lymphocyte count with increases in 
CD4 +  and CD8 +  T-cells [ 20 ]. In the placebo-treated 
HA subjects, lymphocyte count trended down 
from a mild degree of lymphopenia to frank lym-
phopenia over time. Women with HA were also 
found to have reduced T-cell proliferative capacity, 
compared to normoleptinemic control women, 
which was partially restored with leptin. No sig-
nifi cant changes in circulating survival cytokines 
such as IL-1, IL-7, or IL-15 were observed. In this 
small study these effects of leptin were not associ-
ated with signifi cant changes in serum hormone 
levels of cortisol, ACTH, or insulin; circulating 
cytokines; or metabolic/infl ammatory parameters 
such as CD40-CD40 ligand, soluble TNF recep-
tors, monocyte chemoattractant protein-1, myelo-
peroxidase, and C-reactive protein. In peripheral 
bone marrow cells leptin treatment was found to 

upregulate genes involved in lymphocyte survival, 
proliferation, and migration (e.g., IL-7, neuro-
trophin-3, ADAM-metallopeptidase-23 [ADAM-
23], and vascular adhesion molecule-1 [VCAM-1]) 
and downregulate genes involved in apoptosis 
(e.g., B-cell chronic lymphocytic leukemia/lym-
phoma 10 [BCL-10] and TP53- regulator of apop-
tosis-1 [TRIAP-1]).  

   Total Energy Expenditure 

 Women with exercise-induced HA have signifi -
cantly lower ratio of REE to fat-free mass com-
pared to eumenorrheic women who exercise, and 
this was predicted more by menstrual status than 
leptin levels [ 49 ,  104 ]. In accordance, leptin 
treatment did not affect REE by indirect calori-
metric testing in women with HA [ 17 ,  18 ]. Total 
body expenditure was not studied in the two clin-
ical trials.  

   Regulation of Appetite 

 The regulation of food intake involves complex 
neuronal circuits with input from the brain, gastro-
intestinal tract, and adipose tissue, converging at 
the ARC. There, leptin stimulates expression of 
the anorexigenic neuropeptides pro-opiomelano-
cortin (POMC) and cocaine- and amphetamine-
regulated transcript (CART) and inhibits the 
expression of orexigenic neuropeptides AgRP and 
NPY [ 77 ]. From the gut, insulin and polypeptide 
YY has similar affects, while ghrelin has the oppo-
site [ 105 ]. Furthermore, leptin and ghrelin together 
infl uence the mesolimbic dopamine system in the 
anticipation and motivation for food [ 106 ]. These 
hormones can also affect the HPG axis and bone 
metabolism [ 107 ]. 

   Gut Neuropeptides 

 Ghrelin, which is secreted by the stomach, has 
the opposite metabolic effects of leptin. Levels 
peak before each meal, fall following food 
 consumption, and increase following exercise 
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[ 107 ]. Ghrelin stimulates food intake, increases 
gastric motility and acid secretion, enhances the 
use of carbohydrates over fat, and reduces loco-
motor activity [ 105 ] and administration in rats 
induces weight gain [ 108 ]. Furthermore, ghrelin 
inhibits gonadotropin secretion, in contrast 
to leptin [ 109 ]. Ghrelin levels are elevated in 
women with exercise-induced HA [ 104 ] and AN 
[ 110 ]. However, ghrelin levels are not consis-
tently  associated with disordered eating psycho-
pathology [ 111 ]. It has been proposed that these 
women may be in a state of ghrelin resistance 
similar to leptin resistance seen in obesity [ 105 ]. 
Although the effect of leptin on ghrelin was not 
studied in women with HA, it has been studied 
in healthy lean men undergoing 72-h fasting. In 
these men neither fasting induced hypolepti-
nemia nor the replacement of leptin administra-
tion had an acute effect on the diurnal pattern of 
ghrelin secretion [ 112 ]. 

 Secreted by the endocrine pancreas, amylin 
and pancreatic polypeptide are important in 
energy homeostasis. Both are secreted in 
response to food and have been proposed to act 
as short- term satiety signals by decreasing appe-
tite, inhibiting gastric emptying, and reducing 
gastric acid secretion; weight loss in response to 
both have been shown in rodents [ 113 ]. Levels of 
amylin and pancreatic peptide are similar in 
woman with HA compared to weight-matched 
control subjects and did not change with treat-
ment of leptin [ 113 ]. 

 Polypeptide YY is another anorexigenic hor-
mone that is secreted by the intestine in response 
to food. Levels are elevated in women with AN 
and exercise-induced HA compared to healthy 
controls and are positively associated with disor-
dered eating psychopathology independent of 
BMI [ 111 ,  114 ]. Polypeptide YY in response to 
leptin has not been studied in HA. 

 Given the complexity of the control of appe-
tite, it is not surprising that in women with HA 
food intake was not affected by leptin treat-
ment, although this was only assessed by 3-day 
food diaries [ 17 ]. There were no differences 
in intake of total calories, fat, protein, or 
carbohydrate.   

   Metabolism 

 Insulin sensitivity increases with the severity of 
HA conditions [ 29 ,  115 ], and insulin levels are 
lower in women with HA than weight-matched 
controls and positively correlate with leptin lev-
els [ 8 ,  21 ,  22 ]. Insulin may stimulate leptin [ 116 ], 
and low levels of insulin may contribute to the 
low levels of leptin. Treatment with leptin did not 
affect insulin levels in women with HA; insulin 
sensitivity was not studied [ 19 ]. In contrast, chil-
dren with congenital leptin defi ciency [ 62 ,  63 ] 
and patients with lipodystrophy and relative 
hypoleptinemia [ 117 – 121 ] are insulin resistant, 
and leptin replacement improves insulin sensitiv-
ity. The cause of insulin resistance in these popu-
lations may be due to increased triglyceride 
content in liver and muscle, and administration of 
leptin has been shown to decrease triglyceride 
content and improve insulin sensitivity in these 
organs [ 119 ]. Leptin has also been shown to pro-
tect pancreatic β-cell from lipotoxicity and apop-
tosis [ 122 ]. 

 Aside from leptin, several other adipokines 
are involved in insulin sensitivity. Adiponectin is 
the most abundant hormone secreted from adipo-
cytes, and levels are low in obesity, typically 
increase with weight loss, and are positively 
associated with insulin sensitivity [ 107 ]. 
Adiponectin levels are elevated in women with 
AN but not HA and tend to decline with weight 
recovery [ 114 ,  123 – 125 ]. The effect of leptin on 
adiponectin levels in HA women is unknown. 
Two other hormones that augment the effects of 
insulin, vaspin and visfatin, do not seem to play a 
large role in HA as they are not affected by leptin 
administration [ 126 ].  

   Psychological Aspects 

 Adolescents with HA have a higher incidence of 
subclinical psychosomatic discomfort and mild 
depressive traits than eumenorrheic controls [ 44 ]. 
Leptin, but not ghrelin, has been found to be 
inversely associated with scores on depression and 
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anxiety scales, independent of body fat or weight 
[ 127 ]. The effect of leptin administration on mood 
in women with HA has not been studied yet.  

   Safety of Leptin 

 The major limitation of leptin as a therapeutic 
agent is the anticipated decrease in weight and fat 
mass. With careful monitoring and dose 
 adjustments, however, weight can be maintained 
and loss of total body fat mass and percentage 
can be minimized on leptin therapy [ 17 ]. Out of 
the ten leptin-treated participants who completed 
more than one follow up visit in the randomized 
controlled trial, one was removed from the study 
at week 28 and four required a decrease in leptin 
dosing due to weight loss. Although BMI did not 
change in the leptin group (20.8 ± 0.6 kg/m 2  at 
week 36 compared with 21.1 ± 0.6 kg/m 2  at base-
line) compared with the control group 
(19.6 ± 0.4 kg/m 2  at week 36 compared with 
19.8 ± 0.7 kg/m 2  at baseline) ( p  = 0.23), the leptin 
group did experience a progressive loss of total 
body fat mass and percentage with a mean loss of 
2 kg of fat. The loss of fat was noted from both 
peripheral and central compartments and reverted 
16 weeks after discontinuation of leptin. Lean 
body mass was not affected [ 128 ]. 

 Antileptin antibody levels developed in seven 
out of eight leptin-treated participants [ 17 ]. The 
antibodies were nonneutralizing; free leptin lev-
els increased signifi cantly and were maintained 
throughout the study duration. Antileptin anti-
bodies have also been observed transiently after 
treatment in children with congenital leptin defi -
ciency [ 62 ] and adults with obesity [ 129 ]. 
Neutralizing antibodies have been reported by 
others, however, in response to leptin used in sub-
jects treated for long periods of time for either 
obesity or lipodystrophy, and this has halted the 
development of leptin as a therapeutic for those 
indications [ 130 ]. 

 Finally, local injection-site reaction occurred 
in 1 participant who withdrew from the study 
[ 17 ]. Her symptoms resolved spontaneously 
within 1 week.  

   Conclusion 

 Based on limited but thorough studies, leptin 
treatment in physiological doses effectively nor-
malizes or improves HA-associated dysfunction 
of neuroendocrine axes, reproductive system, 
bone metabolism, and immune system. Leptin, 
however, does not address the underlying cause of 
HA—chronic energy defi ciency; it circumvents it, 
so weight loss is an unwanted effect for which 
careful monitoring is needed. The ideal treatment 
for HA should focus on lifestyle changes, includ-
ing cutting back the exercise regimen, eating a 
balanced diet, gaining weight, and reducing stress. 
In select patients who fi nd it diffi cult to make life-
style changes, those who need a temporizing mea-
sure while waiting for lifestyle changes to take 
effect, or otherwise healthy women with anovula-
tion who wish to become pregnant, leptin may be 
a potential option in the future. Thus, larger and 
longer studies are needed to verify the effi cacy 
and safety of leptin in women with HA.     

   References 

    1.    Reindollar RH, Novak M, Tho SP, McDonough 
PG. Adult-onset amenorrhea: a study of 262 patients. 
Am J Obstet Gynecol. 1986;155(3):531–43.  

    2.    Nichols JF, Rauh MJ, Lawson MJ, Ji M, Barkai 
HS. Prevalence of the female athlete triad syndrome 
among high school athletes. Arch Pediatr Adolesc 
Med. 2006;160(2):137–42.  

    3.    Thein-Nissenbaum JM, Rauh MJ, Carr KE, Loud 
KJ, McGuine TA. Menstrual irregularity and muscu-
loskeletal injury in female high school athletes. J 
Athl Train. 2012;47(1):74–82.  

     4.    Warren MP. Health issues for women athletes: 
exercise- induced amenorrhea. J Clin Endocrinol 
Metab. 1999;84(6):1892–6.  

    5.    Highet R. Athletic amenorrhoea. An update on aeti-
ology, complications and management. Sports Med. 
1989;7(2):82–108.  

    6.    Ahima RS. Body fat, leptin, and hypothalamic 
amenorrhea. N Engl J Med. 2004;351(10):959–62.  

         7.    Laughlin GA, Dominguez CE, Yen SS. Nutritional 
and endocrine-metabolic aberrations in women with 
functional hypothalamic amenorrhea. J Clin 
Endocrinol Metab. 1998;83(1):25–32.  

       8.    Miller KK, Parulekar MS, Schoenfeld E, Anderson 
E, Hubbard J, Klibanski A, et al. Decreased leptin 

19 Leptin Therapy in Women with Hypothalamic Amenorrhea



250

levels in normal weight women with hypothalamic 
amenorrhea: the effects of body composition and 
nutritional intake. J Clin Endocrinol Metab. 
1998;83(7):2309–12.  

     9.    Warren MP, Voussoughian F, Geer EB, Hyle EP, 
Adberg CL, Ramos RH. Functional hypothalamic 
amenorrhea: hypoleptinemia and disordered eating. 
J Clin Endocrinol Metab. 1999;84(3):873–7.  

    10.    Perkins RB, Hall JE, Martin KA. Aetiology, previ-
ous menstrual function and patterns of neuro- 
endocrine disturbance as prognostic indicators in 
hypothalamic amenorrhoea. Hum Reprod. 2001;
16(10):2198–205.  

    11.    Wiksten-Almstromer M, Hirschberg AL, Hagenfeldt 
K. Menstrual disorders and associated factors among 
adolescent girls visiting a youth clinic. Acta Obstet 
Gynecol Scand. 2007;86(1):65–72.  

    12.    Marcus MD, Loucks TL, Berga SL. Psychological 
correlates of functional hypothalamic amenorrhea. 
Fertil Steril. 2001;76(2):310–6.  

    13.    Frisch RE, McArthur JW. Menstrual cycles: fatness 
as a determinant of minimum weight for height nec-
essary for their maintenance or onset. Science. 
1974;185(4155):949–51.  

    14.    Zhang Y, Proenca R, Maffei M, Barone M, Leopold 
L, Friedman JM. Positional cloning of the mouse 
obese gene and its human homologue. Nature. 
1994;372(6505):425–32.  

    15.    Mantzoros CS, Magkos F, Brinkoetter M, 
Sienkiewicz E, Dardeno TA, Kim SY, et al. Leptin in 
human physiology and pathophysiology. Am J 
Physiol Endocrinol Metab. 2011;301(4):E567–84.  

      16.    Chan JL, Mantzoros CS. Role of leptin in energy- 
deprivation states: normal human physiology and 
clinical implications for hypothalamic amenorrhoea 
and anorexia nervosa. Lancet. 2005;366(9479):
74–85.  

                 17.    Chou SH, Chamberland JP, Liu X, Matarese G, Gao 
C, Stefanakis R, et al. Leptin is an effective treat-
ment for hypothalamic amenorrhea. Proc Natl Acad 
Sci U S A. 2011;108(16):6585–90.  

               18.    Welt CK, Chan JL, Bullen J, Murphy R, Smith P, 
DePaoli AM, et al. Recombinant human leptin in 
women with hypothalamic amenorrhea. N Engl J 
Med. 2004;351(10):987–97.  

      19.    Sienkiewicz E, Magkos F, Aronis KN, Brinkoetter M, 
Chamberland JP, Chou S, et al. Long-term metreleptin 
treatment increases bone mineral density and content 
at the lumbar spine of lean hypoleptinemic women. 
Metab Clin Exp. 2011;60(9):1211–21.  

     20.    Matarese G, La Rocca C, Moon HS, Huh JY, 
Brinkoetter MT, Chou S, et al. Selective capacity of 
metreleptin administration to reconstitute CD4+ T-cell 
number in females with acquired hypoleptinemia. 
Proc Natl Acad Sci U S A. 2013;110(9):E818–27.  

         21.    Andrico S, Gambera A, Specchia C, Pellegrini C, 
Falsetti L, Sartori E. Leptin in functional hypothalamic 
amenorrhoea. Hum Reprod. 2002;17(8):2043–8.  

      22.    Thong FS, McLean C, Graham TE. Plasma leptin in 
female athletes: relationship with body fat, repro-

ductive, nutritional, and endocrine factors. J Appl 
Physiol. 2000;88(6):2037–44.  

      23.    Corr M, De Souza MJ, Toombs RJ, Williams 
NI. Circulating leptin concentrations do not distin-
guish menstrual status in exercising women. Hum 
Reprod. 2011;26(3):685–94.  

    24.    Hebebrand J, Muller TD, Holtkamp K, Herpertz- 
Dahlmann B. The role of leptin in anorexia nervosa: 
clinical implications. Mol Psychiatry. 2007;12(1):
23–35.  

    25.    Monteleone P, Fabrazzo M, Tortorella A, Fuschino 
A, Maj M. Opposite modifi cations in circulating 
leptin and soluble leptin receptor across the eating 
disorder spectrum. Mol Psychiatry. 2002;7(6):
641–6.  

   26.    Krizova J, Papezova H, Haluzikova D, Parizkova J, 
Jiskra J, Kotrlikova E, et al. Soluble leptin receptor 
levels in patients with anorexia nervosa. Endocr Res. 
2002;28(3):199–205.  

    27.    Misra M, Miller KK, Almazan C, Ramaswamy K, 
Aggarwal A, Herzog DB, et al. Hormonal and body 
composition predictors of soluble leptin receptor, 
leptin, and free leptin index in adolescent girls with 
anorexia nervosa and controls and relation to insulin 
sensitivity. J Clin Endocrinol Metab. 2004;89(7):
3486–95.  

    28.    Kratzsch J, Lammert A, Bottner A, Seidel B, Mueller 
G, Thiery J, et al. Circulating soluble leptin receptor 
and free leptin index during childhood, puberty, and 
adolescence. J Clin Endocrinol Metab. 2002;87(10):
4587–94.  

       29.    Laughlin GA, Yen SS. Hypoleptinemia in women 
athletes: absence of a diurnal rhythm with amenor-
rhea. J Clin Endocrinol Metab. 1997;82(1):318–21.  

    30.    Ackerman KE, Slusarz K, Guereca G, Pierce L, 
Slattery M, Mendes N, et al. Higher ghrelin and 
lower leptin secretion are associated with lower LH 
secretion in young amenorrheic athletes compared 
with eumenorrheic athletes and controls. Am J 
Physiol Endocrinol Metab. 2012;302(7):E800–6.  

    31.    Stoving RK, Vinten J, Handberg A, Ebbesen EN, 
Hangaard J, Hansen-Nord M, et al. Diurnal variation 
of the serum leptin concentration in patients with 
anorexia nervosa. Clin Endocrinol (Oxf). 1998;48(6):
761–8.  

    32.    Puder JJ, Monaco SE, Sen Gupta S, Wang J, Ferin 
M, Warren MP. Estrogen and exercise may be related 
to body fat distribution and leptin in young women. 
Fertil Steril. 2006;86(3):694–9.  

    33.    Chan JL, Heist K, DePaoli AM, Veldhuis JD, 
Mantzoros CS. The role of falling leptin levels in the 
neuroendocrine and metabolic adaptation to short- 
term starvation in healthy men. J Clin Invest. 
2003;111(9):1409–21.  

   34.    Boden G, Chen X, Mozzoli M, Ryan I. Effect of fast-
ing on serum leptin in normal human subjects. J Clin 
Endocrinol Metab. 1996;81(9):3419–23.  

    35.    Chan JL, Matarese G, Shetty GK, Raciti P, Kelesidis 
I, Aufi ero D, et al. Differential regulation of meta-
bolic, neuroendocrine, and immune function by 

S.H. Chou and C. Mantzoros



251

leptin in humans. Proc Natl Acad Sci U S A. 
2006;103(22):8481–6.  

    36.    Kolaczynski JW, Considine RV, Ohannesian J, 
Marco C, Opentanova I, Nyce MR, et al. Responses 
of leptin to short-term fasting and refeeding in 
humans: a link with ketogenesis but not ketones 
themselves. Diabetes. 1996;45(11):1511–5.  

    37.    Kostrzewa E, van Elburg AA, Sanders N, Sternheim 
L, Adan RA, Kas MJ. Longitudinal changes in the 
physical activity of adolescents with anorexia ner-
vosa and their infl uence on body composition and 
leptin serum levels after recovery. PLoS One. 
2013;8(10):e78251.  

     38.    Dei M, Seravalli V, Bruni V, Balzi D, Pasqua 
A. Predictors of recovery of ovarian function after 
weight gain in subjects with amenorrhea related to 
restrictive eating disorders. Gynecol Endocrinol. 
2008;24(8):459–64.  

    39.    Michopoulos V, Mancini F, Loucks TL, Berga 
SL. Neuroendocrine recovery initiated by cognitive 
behavioral therapy in women with functional hypo-
thalamic amenorrhea: a randomized, controlled trial. 
Fertil Steril. 2013;99(7):2084–91.e1.  

      40.    Genazzani AD, Ricchieri F, Lanzoni C, Strucchi C, 
Jasonni VM. Diagnostic and therapeutic approach to 
hypothalamic amenorrhea. Ann N Y Acad Sci. 
2006;1092:103–13.  

     41.    Genazzani AD, Bersi C, Luisi S, Fruzzetti F, 
Malavasi B, Luisi M, et al. Increased adrenal steroid 
secretion in response to CRF in women with hypo-
thalamic amenorrhea. J Steroid Biochem Mol Biol. 
2001;78(3):247–52.  

    42.    Lindahl MS, Olovsson M, Nyberg S, Thorsen K, 
Olsson T, Sundstrom Poromaa I. Increased cortisol 
responsivity to adrenocorticotropic hormone and 
low plasma levels of interleukin-1 receptor antago-
nist in women with functional hypothalamic amen-
orrhea. Fertil Steril. 2007;87(1):136–42.  

   43.    Gordon CM. Clinical practice. Functional hypotha-
lamic amenorrhea. N Engl J Med. 2010;363(4):
365–71.  

      44.    Bomba M, Gambera A, Bonini L, Peroni M, Neri F, 
Scagliola P, et al. Endocrine profi les and neuropsy-
chologic correlates of functional hypothalamic 
amenorrhea in adolescents. Fertil Steril. 2007;87(4):
876–85.  

    45.    Loucks AB, Mortola JF, Girton L, Yen SS. Alterations 
in the hypothalamic-pituitary-ovarian and the 
hypothalamic- pituitary-adrenal axes in athletic 
women. J Clin Endocrinol Metab. 1989;68(2):
402–11.  

    46.    Meczekalski B, Tonetti A, Monteleone P, Bernardi F, 
Luisi S, Stomati M, et al. Hypothalamic amenorrhea 
with normal body weight: ACTH, allopregnanolone 
and cortisol responses to corticotropin-releasing hor-
mone test. Eur J Endocrinol. 2000;142(3):280–5.  

     47.    Berga SL, Mortola JF, Girton L, Suh B, Laughlin G, 
Pham P, et al. Neuroendocrine aberrations in women 
with functional hypothalamic amenorrhea. J Clin 
Endocrinol Metab. 1989;68(2):301–8.  

   48.    Couzinet B, Young J, Brailly S, Le Bouc Y, Chanson 
P, Schaison G. Functional hypothalamic amenor-
rhoea: a partial and reversible gonadotrophin defi -
ciency of nutritional origin. Clin Endocrinol (Oxf). 
1999;50(2):229–35.  

        49.    De Souza MJ, Lee DK, VanHeest JL, Scheid JL, 
West SL, Williams NI. Severity of energy-related 
menstrual disturbances increases in proportion to 
indices of energy conservation in exercising women. 
Fertil Steril. 2007;88(4):971–5.  

     50.    Laughlin GA, Yen SS. Nutritional and endocrine- 
metabolic aberrations in amenorrheic athletes. J Clin 
Endocrinol Metab. 1996;81(12):4301–9.  

      51.    Misra M, Miller KK, Bjornson J, Hackman A, 
Aggarwal A, Chung J, et al. Alterations in growth 
hormone secretory dynamics in adolescent girls with 
anorexia nervosa and effects on bone metabolism. J 
Clin Endocrinol Metab. 2003;88(12):5615–23.  

            52.    Chan JL, Williams CJ, Raciti P, Blakeman J, 
Kelesidis T, Kelesidis I, et al. Leptin does not medi-
ate short-term fasting-induced changes in growth 
hormone pulsatility but increases IGF-I in leptin 
defi ciency states. J Clin Endocrinol Metab. 
2008;93(7):2819–27.  

    53.    Genazzani AD, Petraglia F, Gastaldi M, Gamba O, 
Corazza F, D’Ambrogio G, et al. Growth hormone 
(GH)-releasing hormone-induced GH response in 
hypothalamic amenorrhea: evidence of altered cen-
tral neuromodulation. Fertil Steril. 1996;65(5):
935–8.  

    54.    Baumann G. Growth hormone-binding proteins: 
state of the art. J Endocrinol. 1994;141(1):1–6.  

    55.    Kojima M, Hosoda H, Date Y, Nakazato M, Matsuo 
H, Kangawa K. Ghrelin is a growth-hormone- 
releasing acylated peptide from stomach. Nature. 
1999;402(6762):656–60.  

    56.    Devesa J, Lima L, Tresguerres JA. Neuroendocrine 
control of growth hormone secretion in humans. 
Trends Endocrinol Metab. 1992;3(5):175–83.  

      57.    Meczekalski B, Podfi gurna-Stopa A, Warenik- 
Szymankiewicz A, Genazzani AR. Functional hypo-
thalamic amenorrhea: current view on 
neuroendocrine aberrations. Gynecol Endocrinol. 
2008;24(1):4–11.  

    58.    Singhal V, Misra M, Klibanski A. Endocrinology of 
anorexia nervosa in young people: recent insights. 
Curr Opin Endocrinol Diabetes Obes. 2014;21(1):
64–70.  

    59.    Kelesidis T, Kelesidis I, Chou S, Mantzoros 
CS. Narrative review: the role of leptin in human 
physiology: emerging clinical applications. Ann 
Intern Med. 2010;152(2):93–100.  

    60.    Khan SM, Hamnvik OP, Brinkoetter M, Mantzoros 
CS. Leptin as a modulator of neuroendocrine func-
tion in humans. Yonsei Med J. 2012;53(4):671–9.  

      61.    Sanchez-Garrido MA, Tena-Sempere M. Metabolic 
control of puberty: roles of leptin and kisspeptins. 
Horm Behav. 2013;64(2):187–94.  

          62.    Farooqi IS, Matarese G, Lord GM, Keogh JM, 
Lawrence E, Agwu C, et al. Benefi cial effects of 

19 Leptin Therapy in Women with Hypothalamic Amenorrhea



252

leptin on obesity, T cell hyporesponsiveness, and 
neuroendocrine/metabolic dysfunction of human 
congenital leptin defi ciency. J Clin Invest. 
2002;110(8):1093–103.  

     63.    Licinio J, Caglayan S, Ozata M, Yildiz BO, de 
Miranda PB, O’Kirwan F, et al. Phenotypic effects 
of leptin replacement on morbid obesity, diabetes 
mellitus, hypogonadism, and behavior in leptin- 
defi cient adults. Proc Natl Acad Sci U S A. 
2004;101(13):4531–6.  

    64.    Garcia-Mayor RV, Andrade MA, Rios M, Lage M, 
Dieguez C, Casanueva FF. Serum leptin levels in nor-
mal children: relationship to age, gender, body mass 
index, pituitary-gonadal hormones, and pubertal 
stage. J Clin Endocrinol Metab. 1997;82(9):2849–55.  

    65.    Mantzoros CS, Flier JS, Rogol AD. A longitudinal 
assessment of hormonal and physical alterations 
during normal puberty in boys. V. Rising leptin lev-
els may signal the onset of puberty. J Clin Endocrinol 
Metab. 1997;82(4):1066–70.  

    66.    Quennell JH, Mulligan AC, Tups A, Liu X, Phipps 
SJ, Kemp CJ, et al. Leptin indirectly regulates 
gonadotropin-releasing hormone neuronal function. 
Endocrinology. 2009;150(6):2805–12.  

     67.    Pinilla L, Aguilar E, Dieguez C, Millar RP, Tena- 
Sempere M. Kisspeptins and reproduction: physio-
logical roles and regulatory mechanisms. Physiol 
Rev. 2012;92(3):1235–316.  

    68.    Kalra SP, Kalra PS. Nutritional infertility: the role of 
the interconnected hypothalamic neuropeptide 
Y-galanin-opioid network. Front Neuroendocrinol. 
1996;17(4):371–401.  

    69.    Sheffer-Babila S, Sun Y, Israel DD, Liu SM, Neal- 
Perry G, Chua Jr SC. Agouti-related peptide plays a 
critical role in leptin’s effects on female puberty and 
reproduction. Am J Physiol Endocrinol Metab. 
2013;305(12):E1512–20.  

    70.    Tena-Sempere M. Roles of ghrelin and leptin in the 
control of reproductive function. Neuroendocrinology. 
2007;86(3):229–41.  

    71.    Bluher S, Mantzoros CS. Leptin in reproduction. 
Curr Opin Endocrinol Diabetes Obes. 2007;14(6):
458–64.  

    72.    Roubos EW, Dahmen M, Kozicz T, Xu L. Leptin and 
the hypothalamo-pituitary-adrenal stress axis. Gen 
Comp Endocrinol. 2012;177(1):28–36.  

    73.    Glaum SR, Hara M, Bindokas VP, Lee CC, Polonsky 
KS, Bell GI, et al. Leptin, the obese gene product, 
rapidly modulates synaptic transmission in the hypo-
thalamus. Mol Pharmacol. 1996;50(2):230–5.  

     74.    Jethwa PH, Smith KL, Small CJ, Abbott CR, Darch 
SJ, Murphy KG, et al. Neuromedin U partially medi-
ates leptin-induced hypothalamo-pituitary adrenal 
(HPA) stimulation and has a physiological role in the 
regulation of the HPA axis in the rat. Endocrinology. 
2006;147(6):2886–92.  

    75.    Heiman ML, Ahima RS, Craft LS, Schoner B, 
Stephens TW, Flier JS. Leptin inhibition of the 
hypothalamic- pituitary-adrenal axis in response to 
stress. Endocrinology. 1997;138(9):3859–63.  

    76.    Wilson ME, Fisher J, Brown J. Chronic subcutane-
ous leptin infusion diminishes the responsiveness of 
the hypothalamic-pituitary-adrenal (HPA) axis in 
female rhesus monkeys. Physiol Behav. 2005;84(3):
449–58.  

      77.    Dardeno TA, Chou SH, Moon HS, Chamberland JP, 
Fiorenza CG, Mantzoros CS. Leptin in human phys-
iology and therapeutics. Front Neuroendocrinol. 
2010;31(3):377–93.  

    78.    Rosenbaum M, Goldsmith R, Bloomfi eld D, Magnano 
A, Weimer L, Heymsfi eld S, et al. Low- dose leptin 
reverses skeletal muscle, autonomic, and neuroendo-
crine adaptations to maintenance of reduced weight. J 
Clin Invest. 2005;115(12):3579–86.  

    79.    Saleri R, Giustina A, Tamanini C, Valle D, Burattin A, 
Wehrenberg WB, et al. Leptin stimulates growth hor-
mone secretion via a direct pituitary effect combined 
with a decreased somatostatin tone in a median emi-
nence-pituitary perifusion study. Neuroendocrinology. 
2004;79(4):221–8.  

    80.    Watanobe H, Habu S. Leptin regulates growth 
hormone- releasing factor, somatostatin, and alpha-
melanocyte- stimulating hormone but not neuropep-
tide Y release in rat hypothalamus in vivo: relation 
with growth hormone secretion. J Neurosci. 
2002;22(14):6265–71.  

    81.    Argente J, Caballo N, Barrios V, Munoz MT, Pozo J, 
Chowen JA, et al. Multiple endocrine abnormalities 
of the growth hormone and insulin-like growth fac-
tor axis in patients with anorexia nervosa: effect of 
short- and long-term weight recuperation. J Clin 
Endocrinol Metab. 1997;82(7):2084–92.  

    82.    Foo JP, Aronis KN, Chamberland JP, Paruthi J, Moon 
HS, Mantzoros CS. Fibroblast growth factor 21 lev-
els in young healthy females display day and night 
variations and are increased in response to short-term 
energy deprivation through a leptin- independent 
pathway. Diabetes Care. 2013;36(4):935–42.  

    83.    Confavreux CB, Levine RL, Karsenty G. A para-
digm of integrative physiology, the crosstalk between 
bone and energy metabolisms. Mol Cell Endocrinol. 
2009;310(1–2):21–9.  

     84.    Christo K, Prabhakaran R, Lamparello B, Cord J, 
Miller KK, Goldstein MA, et al. Bone metabolism in 
adolescent athletes with amenorrhea, athletes with 
eumenorrhea, and control subjects. Pediatrics. 
2008;121(6):1127–36.  

    85.    Misra M. Bone density in the adolescent athlete. Rev 
Endocr Metab Disord. 2008;9(2):139–44.  

    86.    Lee KC, Lanyon LE. Mechanical loading infl uences 
bone mass through estrogen receptor alpha. Exerc 
Sport Sci Rev. 2004;32(2):64–8.  

     87.    Ducher G, Turner AI, Kukuljan S, Pantano KJ, 
Carlson JL, Williams NI, et al. Obstacles in the opti-
mization of bone health outcomes in the female ath-
lete triad. Sports Med. 2011;41(7):587–607.  

     88.    Cobb KL, Bachrach LK, Sowers M, Nieves J, 
Greendale GA, Kent KK, et al. The effect of oral con-
traceptives on bone mass and stress fractures in female 
runners. Med Sci Sports Exerc. 2007;39(9):1464–73.  

S.H. Chou and C. Mantzoros



253

    89.    Grinspoon S, Thomas L, Miller K, Herzog D, 
Klibanski A. Effects of recombinant human IGF-I 
and oral contraceptive administration on bone den-
sity in anorexia nervosa. J Clin Endocrinol Metab. 
2002;87(6):2883–91.  

    90.    Gordon CM, Grace E, Emans SJ, Goodman E, 
Crawford MH, Leboff MS. Changes in bone turn-
over markers and menstrual function after short-term 
oral DHEA in young women with anorexia nervosa. 
J Bone Miner Res. 1999;14(1):136–45.  

    91.    Dalamaga M, Chou SH, Shields K, Papageorgiou P, 
Polyzos SA, Mantzoros CS. Leptin at the intersec-
tion of neuroendocrinology and metabolism: current 
evidence and therapeutic perspectives. Cell Metab. 
2013;18(1):29–42.  

     92.    Hamrick MW, Ferrari SL. Leptin and the sympa-
thetic connection of fat to bone. Osteoporos Int. 
2008;19(7):905–12.  

    93.    Bartell SM, Rayalam S, Ambati S, Gaddam DR, 
Hartzell DL, Hamrick M, et al. Central (ICV) leptin 
injection increases bone formation, bone mineral 
density, muscle mass, serum IGF-1, and the expres-
sion of osteogenic genes in leptin-defi cient ob/ob 
mice. J Bone Miner Res. 2011;26(8):1710–20.  

    94.    Fazeli PK, Bredella MA, Misra M, Meenaghan E, 
Rosen CJ, Clemmons DR, et al. Preadipocyte factor-
 1 is associated with marrow adiposity and bone min-
eral density in women with anorexia nervosa. J Clin 
Endocrinol Metab. 2010;95(1):407–13.  

     95.    Aronis KN, Kilim H, Chamberland JP, Breggia A, 
Rosen C, Mantzoros CS. Preadipocyte factor-1 lev-
els are higher in women with hypothalamic amenor-
rhea and are associated with bone mineral content 
and bone mineral density through a mechanism 
independent of leptin. J Clin Endocrinol Metab. 
2011;96(10):E1634–9.  

    96.    Roemmich JN, Clark PA, Mantzoros CS, Gurgol 
CM, Weltman A, Rogol AD. Relationship of leptin 
to bone mineralization in children and adolescents. J 
Clin Endocrinol Metab. 2003;88(2):599–604.  

    97.    Goulding A, Taylor RW. Plasma leptin values in 
relation to bone mass and density and to dynamic 
biochemical markers of bone resorption and forma-
tion in postmenopausal women. Calcif Tissue Int. 
1998;63(6):456–8.  

    98.    Carbone F, La Rocca C, Matarese G. Immunological 
functions of leptin and adiponectin. Biochimie. 
2012;94(10):2082–8.  

   99.    Matarese G, Moschos S, Mantzoros CS. Leptin in 
immunology. J Immunol. 2005;174(6):3137–42.  

    100.    Chan JL, Moschos SJ, Bullen J, Heist K, Li X, Kim 
YB, et al. Recombinant methionyl human leptin 
administration activates signal transducer and acti-
vator of transcription 3 signaling in peripheral blood 
mononuclear cells in vivo and regulates soluble 
tumor necrosis factor-alpha receptor levels in 
humans with relative leptin defi ciency. J Clin 
Endocrinol Metab. 2005;90(3):1625–31.  

      101.    Allende LM, Corell A, Manzanares J, Madruga D, 
Marcos A, Madrono A, et al. Immunodefi ciency 

associated with anorexia nervosa is secondary and 
improves after refeeding. Immunology. 1998;94(4):
543–51.  

    102.    Mustafa A, Ward A, Treasure J, Peakman M. T lym-
phocyte subpopulations in anorexia nervosa and 
refeeding. Clin Immunol Immunopathol. 1997;82(3):
282–9.  

     103.    Marcos A, Varela P, Toro O, Lopez-Vidriero I, Nova 
E, Madruga D, et al. Interactions between nutrition 
and immunity in anorexia nervosa: a 1-y follow-up 
study. Am J Clin Nutr. 1997;66(2):485S–90.  

     104.    Scheid JL, Williams NI, West SL, VanHeest JL, De 
Souza MJ. Elevated PYY is associated with energy 
defi ciency and indices of subclinical disordered eat-
ing in exercising women with hypothalamic amenor-
rhea. Appetite. 2009;52(1):184–92.  

      105.    Gale SM, Castracane VD, Mantzoros CS. Energy 
homeostasis, obesity and eating disorders: recent 
advances in endocrinology. J Nutr. 2004;134(2):295–8.  

    106.    van Zessen R, van der Plasse G, Adan 
RA. Contribution of the mesolimbic dopamine sys-
tem in mediating the effects of leptin and ghrelin on 
feeding. Proc Nutr Soc. 2012;71(4):435–45.  

      107.    Russell M, Misra M. Infl uence of ghrelin and adipo-
cytokines on bone mineral density in adolescent 
female athletes with amenorrhea and eumenorrheic 
athletes. Med Sport Sci. 2010;55:103–13.  

    108.    Wren AM, Small CJ, Ward HL, Murphy KG, Dakin 
CL, Taheri S, et al. The novel hypothalamic peptide 
ghrelin stimulates food intake and growth hormone 
secretion. Endocrinology. 2000;141(11):4325–8.  

    109.    Kluge M, Schussler P, Uhr M, Yassouridis A, Steiger 
A. Ghrelin suppresses secretion of luteinizing hor-
mone in humans. J Clin Endocrinol Metab. 
2007;92(8):3202–5.  

    110.    Misra M, Miller KK, Kuo K, Griffi n K, Stewart V, 
Hunter E, et al. Secretory dynamics of ghrelin in 
adolescent girls with anorexia nervosa and healthy 
adolescents. Am J Physiol Endocrinol Metab. 
2005;289(2):E347–56.  

     111.    Lawson EA, Eddy KT, Donoho D, Misra M, Miller 
KK, Meenaghan E, et al. Appetite-regulating hor-
mones cortisol and peptide YY are associated with 
disordered eating psychopathology, independent of 
body mass index. Eur J Endocrinol. 2011;164(2):
253–61.  

    112.    Chan JL, Bullen J, Lee JH, Yiannakouris N, 
Mantzoros CS. Ghrelin levels are not regulated by 
recombinant leptin administration and/or three days 
of fasting in healthy subjects. J Clin Endocrinol 
Metab. 2004;89(1):335–43.  

     113.    Hwang JJ, Chan JL, Ntali G, Malkova D, Mantzoros 
CS. Leptin does not directly regulate the pancreatic 
hormones amylin and pancreatic polypeptide: inter-
ventional studies in humans. Diabetes Care. 
2008;31(5):945–51.  

     114.    Russell M, Stark J, Nayak S, Miller KK, Herzog DB, 
Klibanski A, et al. Peptide YY in adolescent athletes 
with amenorrhea, eumenorrheic athletes and non- 
athletic controls. Bone. 2009;45(1):104–9.  

19 Leptin Therapy in Women with Hypothalamic Amenorrhea



254

    115.    Bruni V, Dei M, Morelli C, Schettino MT, Balzi D, 
Nuvolone D. Body composition variables and leptin 
levels in functional hypothalamic amenorrhea and 
amenorrhea related to eating disorders. J Pediatr 
Adolesc Gynecol. 2011;24(6):347–52.  

    116.    Kolaczynski JW, Nyce MR, Considine RV, Boden G, 
Nolan JJ, Henry R, et al. Acute and chronic effects of 
insulin on leptin production in humans: studies 
in vivo and in vitro. Diabetes. 1996;45(5):699–701.  

    117.    Lee JH, Chan JL, Sourlas E, Raptopoulos V, 
Mantzoros CS. Recombinant methionyl human 
leptin therapy in replacement doses improves insulin 
resistance and metabolic profi le in patients with 
lipoatrophy and metabolic syndrome induced by the 
highly active antiretroviral therapy. J Clin Endocrinol 
Metab. 2006;91(7):2605–11.  

   118.    Magkos F, Brennan A, Sweeney L, Kang ES, 
Doweiko J, Karchmer AW, et al. Leptin replacement 
improves postprandial glycemia and insulin sensitiv-
ity in human immunodefi ciency virus-infected 
lipoatrophic men treated with pioglitazone: a pilot 
study. Metab Clin Exp. 2011;60(7):1045–9.  

    119.    Petersen KF, Oral EA, Dufour S, Befroy D, Ariyan 
C, Yu C, et al. Leptin reverses insulin resistance and 
hepatic steatosis in patients with severe lipodystro-
phy. J Clin Invest. 2002;109(10):1345–50.  

   120.    Paruthi J, Gill N, Mantzoros CS. Adipokines in the 
HIV/HAART-associated lipodystrophy syndrome. 
Metab Clin Exp. 2013;62(9):1199–205.  

    121.    Moon HS, Dalamaga M, Kim SY, Polyzos SA, 
Hamnvik OP, Magkos F, et al. Leptin’s role in lipo-
dystrophic and nonlipodystrophic insulin-resistant 
and diabetic individuals. Endocr Rev. 2013;34(3):
377–412.  

    122.    Lee YH, Magkos F, Mantzoros CS, Kang ES. Effects 
of leptin and adiponectin on pancreatic beta-cell 
function. Metab Clin Exp. 2011;60(12):1664–72.  

    123.    Misra M, Miller KK, Cord J, Prabhakaran R, Herzog 
DB, Goldstein M, et al. Relationships between 
serum adipokines, insulin levels, and bone density in 

girls with anorexia nervosa. J Clin Endocrinol 
Metab. 2007;92(6):2046–52.  

   124.    Terra X, Auguet T, Aguera Z, Quesada IM, Orellana- 
Gavalda JM, Aguilar C, et al. Adipocytokine levels 
in women with anorexia nervosa. Relationship with 
weight restoration and disease duration. Int J Eat 
Disord. 2013;46(8):855–61.  

    125.    Modan-Moses D, Stein D, Pariente C, Yaroslavsky A, 
Ram A, Faigin M, et al. Modulation of adiponectin and 
leptin during refeeding of female anorexia nervosa 
patients. J Clin Endocrinol Metab. 2007;92(5):1843–7.  

    126.    Kang ES, Magkos F, Sienkiewicz E, Mantzoros 
CS. Circulating vaspin and visfatin are not affected 
by acute or chronic energy defi ciency or leptin 
administration in humans. Eur J Endocrinol. 
2011;164(6):911–7.  

    127.    Lawson EA, Miller KK, Blum JI, Meenaghan E, 
Misra M, Eddy KT, et al. Leptin levels are associated 
with decreased depressive symptoms in women 
across the weight spectrum, independent of body fat. 
Clin Endocrinol (Oxf). 2012;76(4):520–5.  

    128.    Brinkoetter M, Magkos F, Vamvini M, Mantzoros 
CS. Leptin treatment reduces body fat but does not 
affect lean body mass or the myostatin-follistatin- 
activin axis in lean hypoleptinemic women. Am J 
Physiol Endocrinol Metab. 2011;301(1):E99–104.  

    129.    Heymsfi eld SB, Greenberg AS, Fujioka K, Dixon 
RM, Kushner R, Hunt T, et al. Recombinant leptin 
for weight loss in obese and lean adults: a random-
ized, controlled, dose-escalation trial. JAMA. 
1999;282(16):1568–75.  

    130.    Beltrand J, Lahlou N, Le Charpentier T, Sebag G, 
Leka S, Polak M, et al. Resistance to leptin- 
replacement therapy in Berardinelli-Seip congenital 
lipodystrophy: an immunological origin. Eur J 
Endocrinol. 2010;162(6):1083–91.  

    131.       Steppan CM, Crawford DT, Chidsey-Frink KL, Ke 
H, Swick AG. Leptin is a potent stimulator of bone 
growth in ob/ob mice. Regulatory peptides. 
2000;92(1–3):73–8.      

S.H. Chou and C. Mantzoros



255S. Dagogo-Jack (ed.), Leptin: Regulation and Clinical Applications,
DOI 10.1007/978-3-319-09915-6_20, © Springer International Publishing Switzerland 2015

           Introduction 

 The minute to minute participation of the central 
nervous system (CNS) in imposing glucose 
homeostasis for lifetime was fi rmly established 
in the early twentieth century when ablation of 
selected sites in the hypothalamus or interruption 
of afferent signals to the periphery reliably 
affected ingestive behavior, adiposity, and meta-
bolic balance, accompanied by accelerated secre-
tion and excretion of glucose [ 1 – 5 ]. On the one 
hand, this revelation led to an upsurge in research 
focused on a deeper understanding of the ways 
the brain regulates appetite and adiposity accre-
tion in response to ever-changing daily energy 
intake and disposal during lifetime, and on the 
other, it engendered an appreciation of the notion 
that hormones are indispensable for relaying reg-
ulatory signals between the CNS and peripheral 
organs for sustenance of metabolic homeostasis 
[ 2 – 6 ]. A major breakthrough emanating from 
these endeavors was the identifi cation, isolation, 
chemical characterization, and soon, thereafter, 
availability of pancreatic insulin for treatment of 
diabetic patients in the 1920s [ 3 ,  4 ,  7 ]. Following 
the recognition of insulin as the indispensable 

signal in sustaining glucose homeostasis and as a 
miracle molecule of modern medicine, multidis-
ciplinary research has been devoted to the better 
understanding of (1) the external and internal 
environmental factors at systemic, cellular, and 
molecular levels critical in regulation of insulin 
secretion, (2) delineation of pathways in the body 
that participate in integration of glucose disposal 
for glycemic control and (3) fi ne-tuning the insu-
lin delivery technology to optimally simulate the 
normal pattern of glucose fl uctuations on a 24-h 
basis in diabetics. Looking back on this history, 
one is stuck by the revelation that until the 1970s, 
there was a paucity of research aimed both at 
identifying the existence of additional signal 
molecules, as effi cient as insulin, that regulate 
glucose homeostasis and at mapping metabolic 
and neural pathways that orchestrate and mediate 
the homeostatic cues for tight glycemic control. 
Fortunately, history is replete with instances 
when serendipitous observations herald a revolu-
tion in our understanding of the etiology of dis-
eases that lead to the discovery of newer therapies. 
In this context, one can assign the serendipitous 
discovery of a few morbidly obese, diabetic 
mutants in a rodent colony and the diligent pur-
suit by elegant experimentation in vivo aimed to 
decipher the underlying pathogenesis of these 
metabolic aberrations, that culminated decades 
later, fi rst in the discovery and isolation of leptin 
hormone from adipocytes [ 6 ,  8 – 12 ], and subse-
quently establishing the adipocyte leptin- 
hypothalamus axis as obligatory in maintenance 
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of glucose homeostasis [ 5 ,  11 – 14 ]. The outcome 
as summarized here is an ongoing mini revolu-
tion in the newer and deeper understanding of the 
etiology of diabetes mellitus type 1 (T1DM) and 
type 2 (T2DM), coupled with the fi ndings from 
ingenious experimental paradigms that have 
compellingly endorsed the therapeutic potential 
of leptin.  

   New Conceptual Revelations 

   Pancreatic Insulin-Adipocyte Leptin- 
Hypothalamus Axis 

 Pancreatic insulin: Normally insulin is secreted in 
a pulsatile manner characterized by stable pulse 
frequency and wide amplitude fl uctuations 
throughout the day. The strength of pulse dis-
charge is quantitatively regulated by blood glucose 
concentrations, the higher range prevailing post-
prandially and return to basal range during the 
inter-meal interval. Hyperinsulinemia is invariably 
a consequence of increased episodes of insulin 
discharge in response to increments in quantity 
and quality of macronutrient intake [ 15 – 18 ]. 
Furthermore, substantial experimental evidence 
supports the emerging notion that sustenance of 
increased insulin pulse amplitude results in loss of 
target effectiveness engendered initially by down 
regulation of target receptor response followed 
sequentially by development of insulin insensi-
tivity, resistance and extinction of intracellular 
signaling, breakdown in glucose homeostasis, 
thereby, progressively precipitating T2DM, fat 
accumulation, and obesity [ 7 ,  17 ,  18 ]. This new 
understanding of the chain of events in the patho-
physiology of T2DM and obesity radically con-
trasts the widely prevailing conventional wisdom 
that it is the sustenance of increased fat depots 
over considerable periods that precipitates the 
development of insulin resistance leading to 
T2DM, instead of the antecedent increased energy 
intake-dependent hyperinsulinemia, insulin resis-
tance, hyperglycemia, and T2DM [ 7 ,  19 ,  20 ] being 
the initial etiologic sequences that promote 
increased accretion of body fat and obesity.  

   Adipocyte Leptin 

 A critical reappraisal of recent experimental 
 evidence has also affi rmed that insulin is adipo-
genic and stimulates the secretion of a host of 
adipokines, including leptin [ 12 ,  13 ,  16 ,  21 – 24 ]. 
Quantitatively, rhythmic fl uctuations in blood 
leptin levels are driven by pulsatile variations in 
insulin which, in turn, are dependent upon the 
strength of blood glucose signals generated in 
response to energy intake [ 25 – 28 ]. Further, just 
as observed in the case of hyperinsulinemia, 
hyperleptinemia readily engenders leptin recep-
tor down regulation, leptin insensitivity and/or 
resistance at peripheral targets [ 17 ,  25 ,  29 ].  

   Hypothalamus and Leptin 
Insuffi ciency 

 As expected, soon after the identifi cation of 
leptin as an anorexigenic peripheral signal, it 
became evident that the hypothalamus was the 
singular site of leptin action in inhibiting appe-
tite, an essential component of brain control of 
body weight homeostasis [ 5 ,  6 ,  17 ,  26 ,  30 – 33 ] 
mediated by activation of leptin receptors located 
on the interconnected network of orexigenic and 
anorexigenic neurotransmitter producing neu-
rons (Fig.  20.1 ) [ 5 ,  6 ,  17 ,  26 ,  30 – 33 ]. A major 
breakthrough that subsequently uncovered the 
etiology of hyperglycemia, diabetes, and aug-
mented rate of fat accretion was the obligatory 
participation of the blood–brain barrier (BBB) in 
the control of leptin transport into the CNS 
[ 34 – 42 ]. It was observed that a sustained rise in 
circulating leptin levels readily down regulated 
leptin receptors on endothelial cells involved in 
the transport of leptin, leading thereby to 
decreased availability of leptin in various CNS 
sites, including the hypothalamus. Indeed , the 
resultant leptin insuffi ciency for extended peri-
ods in the hypothalamus was shown to be inti-
mately associated with breakdown in glucose 
homeostasis as refl ected by hyperglycemia, 
hyperinsulinemia, and rise in circulating adi-
pokines titers, the major symptoms of T2DM 
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[ 19 ,  31 ,  41 ,  43 ], and increased rate of fat deposi-
tion . Remarkably, a similar hypothalamic insuf-
fi ciency manifests in T1DM primarily due to the 
prevalence of extreme leptinopenia attributed to 
lack of insulin-induced leptin secretion from adi-
pocytes [ 5 ,  12 ,  19 ]. That optimal leptin transport 
to the hypothalamus across BBB is mandatory 
was amply endorsed when leptin replenishment 
locally readily abrogated these metabolic disor-
ders and reinstated glucose homeostasis in T1DM 
models [ 5 ,  42 – 44 ].

      Leptin Targets in the Hypothalamus 

 A complex interconnected network of leptin 
receptor producing neurons spanning almost the 
entire basal hypothalamus was diligently mapped 
during the last decade (Fig.  20.1 ) [ 6 ,  17 ,  19 , 
 45 – 48 ]. Rostrally from the medial preoptic area 
(MPOA), this circuit projects caudally and ven-
trally to the arcuate nucleus (ARC) and caudally 
and laterally to the paraventicular nucleus (PVN), 
ventromedial hypothalamus (VMH), and lateral 

  Fig. 20.1    Schematically depicts the role of hypothalamic 
leptin insuffi ciency and suffi ciency reinstated with leptin 
gene therapy on glucose homeostasis. (I) Diabetes type 1 
( left ) ( a ) absence of insulin due to a loss of pancreatic 
b-cells secondarily results in leptinopenia, which, in turn, 
produces leptin insuffi ciency in the hypothalamus respon-
sible for neurally reducing (−) glucose disposal in liver, 
skeletal muscle, and brown adipose tissue (BAT) in the 
periphery, and facilitating the development of chronic 
hyperglycemia (for details see text). ( b ) Leptin suffi ciency 
in the hypothalamus transduced by leptin gene therapy 
optimally reinstates euglycemia by restoring enhanced 
rate (+) of glucose metabolism in peripheral sites, even in 
the absence of insulin (for details see text). (II) Diabetes 

type 2 ( right ) ( a ) through descending relays, leptin insuf-
fi ciency in the hypothalamus produced by imperviousness 
of BBB transduced by environmentally acquired hyper-
leptinemia due to obesity, curtails (−) the central restraint 
on pancreatic insulin secretion and glucose disposal in 
peripheral targets leading to the development of chronic 
hyperinsulinemia and hyperglycemia, respectively. These 
two metabolic abnormalities in concert, sustain diabetes 
type 2. ( b ) Leptin suffi ciency in the hypothalamus trans-
duced by leptin gene therapy reinstates euglycemia by 
neurally suppressing hyperleptinemia, restoring the regu-
latory restrain on insulin secretion and upregulation of 
glucose metabolism in peripheral sites (+) (for details see 
text, reproduced from [ 43 ])       
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hypothalamus (LH). The neurons within this 
 circuitry coexpress diverse neuropeptides and 
amino acid neurotransmitters that communicate 
with each other and relay regulatory messages to 
multiple peripheral targets for energy balance 
under the direction of the ever-changing leptin 
milieu in the hypothalamus. More recently, the 
existence and dynamic operation of a discrete 
anatomical substrate within this circuitry con-
cerned singularly with leptin-glucose homeosta-
sis, has been detailed extensively [ 5 ,  6 ,  12 – 14 , 
 17 ,  32 ,  48 ] and is presented in condensed form in 
the following sections.  

   Descending Neural Pathways 

 Extensive tracing studies aimed at delineating the 
paths of the leptin-induced descending relays 
from various nuclei in the hypothalamus revealed 
three distinct pathways namely, the appetite regu-
lating network (ARN) to the gastrointestinal tract 
to control energy intake, the energy expending 
network (EEN) to brown adipose tissue to stimu-
late nonthermogenic energy expenditure, and the 
fat accrual network (FAN) to the pancreas to con-
trol insulin effl ux and adipogenesis, and to skel-
etal muscles, liver, and white adipose tissue 
(WAT) to upregulate glucose disposal (Fig.  20.1 ) 
[ 48 – 55 ]. It is now well established that a coordi-
nated operation of these afferent signals to the 
periphery is necessary for maintaining glucose 
homeostasis and a breakdown in any of the affer-
ent relays rapidly precipitates hyperglycemia, 
diabetes, and fat accumulation [ 5 ,  12 ,  18 ,  19 ,  56 ].  

   Temporal Relationship Between 
Centrally Mediated Adipocyte-Leptin 
and Pancreatic-Insulin Feedback 
Underlying Glucose Homeostasis 

 Close evaluation of the temporal relationships 
among circulating concentrations of insulin and 
leptin and CNS leptin levels showed that either the 
complete absence or diminution of insulin secre-
tion as seen in T1DM or that infl icted experimen-
tally, is always concomitant with markedly low 

levels of leptin in the circulation as well as in the 
CNS [ 13 ,  15 ,  19 ,  21 ,  23 ,  34 ,  35 ,  38 ,  39 ,  57 – 59 ]. 
That this leptinopenia is the major etiologic cause 
of disruption in glucose homeostasis is reenforced 
by extensive experimental evidence showing that 
replenishment of leptin alone, either by systemic 
or by local central routes, reinstated glucose 
homeostasis, even in the complete absence of 
insulin in the circulation and unchanged fat depots 
[ 40 ,  43 ,  44 ,  57 ,  59 – 62 ]. On the other hand, insulin 
hypersecretion in response to increased energy 
intake is followed by augmented leptin secretion, 
but attenuated transport across BBB and disrup-
tion of glucose homeostasis in young and adult 
wild (WT) rodents [ 38 ,  41 ,  42 ,  60 ]. Under these 
conditions, whereas leptin administration by sys-
temic routes was found to be completely ineffec-
tive, direct delivery into the CNS rapidly decreased 
insulin secretion and corrected glucose homeosta-
sis along with a gradual decrease in body fat dur-
ing the entire course of treatment [ 5 ,  12 ,  13 ,  26 ,  27 , 
 29 ,  49 ,  55 – 57 ,  60 ]. Consequently, operation of the 
feedback loop between pancreatic insulin and adi-
pocytic leptin was found to be essential in the 
regulation of glucose homeostasis via the hypo-
thalamus [ 19 ,  32 ,  40 ,  43 ,  46 ,  56 ,  60 ]. This feed-
back loop is now known to normally operate as 
follows: rising blood glucose levels in response to 
food intake stimulate insulin secretion from pan-
creas, which in turn stimulates leptin secretion 
from adipocytes and transportation of leptin into 
the hypothalamus. Glucose homeostasis is then 
reinstated by activation by leptin of FAN and EEN 
afferent signaling in order to restrain insulin secre-
tion and activate glucose disposal, as elaborated in 
the preceding sections.   

   Leptin, a New Therapy for Diabetes 

 The highlights of the new insight enumerated 
above are that optimal leptin signaling to the 
hypothalamus is mandatory for sustaining glu-
cose homeostasis which is regulated by a tight 
centrally mediated feedback relationship between 
insulin and leptin. The follow-up discovery that 
leptin insuffi ciency in the hypothalamus is the 
common etiologic factor in causation of T1DM 
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and T2DM [ 19 ], has triggered research towards 
comprehensively evaluating leptin as a new ther-
apy to replace insulin for both types of diabetes 
in a variety of animal and clinical paradigms [ 5 ]. 
An account of these endeavors in the last decade 
is summarized in the following sections. 

   Type 1 Diabetes 

 Leptin mutant ob/ob mice are morbidly obese due 
to incessant hyperphagia in association with 
hyperglycemia and hyperinsulinemia [ 8 – 10 ]. 
Leptin replacement by systemic routes resulted in 
diminished energy intake, loss of fat depots, a 
slight diminution in insulin secretion accompa-
nied by euglycemia, all of these metabolic 
changes were initially attributed solely to the dis-
appearance of adiposity [ 3 ,  6 ,  7 ,  11 ,  22 ,  33 ]. In 
another leptinopenic rodent model exhibiting 
lipodystrophia but with severe hyperglycemia and 
hyperinsulinemia, daily leptin replacement sys-
temically also corrected these pathologies [ 5 ,  60 ]. 
Most interestingly , these metabolic benefi ts were 
reproduced by central infusion of leptin alone 
with a slightly disparate temporal sequence, an 
antecedent decrease in circulating insulin levels 
and euglycemia followed by decrements in 
appetite and weight in various T1DM paradigms 
[ 5 ,  14 ,  18 ,  21 ,  23 ,  26 ,  28 ,  29 ,  31 ,  32 ,  41 ,  46 ,  56 ,  59 ]. 
These revelations clearly reinforced the notion 
that leptin action alone in the hypothalamus, 
while restraining insulin secretion from the pan-
creas, concurrently augmented glucose metabo-
lism in order to impose a stable state of euglycemia 
(Fig.  20.1 ). To reaffi rm the singularity of central 
site of leptin action in promoting stable euglyce-
mia over extended intervals, a series of follow up 
investigations employed central leptin gene ther-
apy to replenish leptin selectively within the 
hypothalmic sites for local actions, without diffu-
sion either to adjoining brain sites or into the gen-
eral circulation for actions on the peripheral 
targets (Fig.  20.1 , Table  20.1 ).

   This novel paradigm of selective and stable 
availability of biologically active leptin in minute 
amounts not only corroborated the earlier fi nd-
ings of metabolic benefi ts, but further showed 

that even in WT young and aging rodents leptin 
action selectively in the hypothalamus sup-
pressed blood glucose and insulin levels 
(Table  20.1 ) [ 18 ,  19 ,  23 ,  26 ,  29 ,  32 ,  43 ,  57 ,  58 ]. 
Most surprisingly, similar central leptin gene 
therapy imposed euglycemia during the extended 
course of the experiment, lasting lifetime, in the 
T1DM rodent model, the insulin-defi cient dia-
betic Akita mice and the leptin-defi cient hyperin-
sulinemic diabetic ob/ob mice [ 44 ,  57 – 61 ]. 
Notably, whereas stable euglycemia manifested 
in both rodent models, it manifested independent 
of any appreciable change in energy consumption 
and body weight in Akita mice [ 58 ]. Recently, 
long-term normoglycemia was also established 
by hyperleptinemia induced in the progeny of 
these insulin defi cient Akita mice crossbred with 
leptin-expressing transgenic (lepTG) mice [ 63 ], 
another experimental modality affi rming that 
lack of leptin in insulin-defi cient Akita mice 
underlies the diabetic state. 

 The robust ability of leptin delivered by sys-
temic or central routes to ameliorate hyperglyce-
mia and early mortality in the absence of insulin 
in Akita mice was replicated in WT adult mice 
pretreated with streptozotocin (STZ) to induce 
insulitis following destruction of pancreatic beta 
cells [ 59 ]. In another paradigm, skin transplants 
from transgenic mice overexpressing leptin, also 
induced glycemia when grafted into the leptin- 
defi cient ob/ob mice, thereby reaffi rming the abil-
ity of systemic leptin in insulin-defi cient T1DM 
subjects [ 64 ]. As far as institution of stable glyce-
mic control, leptin therapy was found to be supe-
rior when compared with insulin therapy in the 
commonly employed T1DM model, the nonobese 
diabetic (NOD) mouse (Table  20.1 ) [ 44 ]. 

 Genetic defects in leptin signaling in target 
cells due to receptor gene mutation as in db/db 
mice, fa/fa Zucker rats and f/f Koletsky rats result 
in obesity, accompanied by hyperinsulinemia and 
hyperglycemia [ 19 ,  65 ]. Selective instillation of 
leptin receptor (OB-Rb) in discrete hypothalmic 
site(s) with the aid of leptin receptor gene therapy 
also markedly decreased body weight along with 
circulating insulin and normalization of glucose 
concentrations [ 65 ]. Consequently, all the adverse 
consequences on glucose homeostasis infl icted 
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by the loss of intracellular signal relay resulting 
from mutations in leptin receptor gene can be 
mitigated by reinstatement of leptin receptor, just 
in those hypothalmic sites previously found to be 
essential for glucose homeostasis [ 5 ,  32 ,  46 ]. 

 Seemingly, in diabetics displaying either 
coexistent hyperinsulinemia and leptinopenia or 
insulinemia and leptinopenia, leptin therapy is 
highly effective in restoring normoglycemia. 
Further, it is now well established that insulin 
stimulates leptin secretion from adipocytes and it 
is this lack of insulin stimulus due to loss of pan-
creatic beta cells, the hallmark of T1DM, pro-
duces a state of leptinopenia leading sequentially 
to leptin defi ciency in the hypothalamus and 
absence of neural afferents involved in sustenance 
of glucose homeostasis [ 5 ,  32 ,  46 ,  57 – 59 ,  61 ]. 
That leptinopenia is the singular etiologic factor 
of T1DM is further corroborated by the fi nding 
that leptinopenia due to experimentally induced 
lipodystrophia also results in breakdown in glu-
cose homeostasis and it is readily corrected by 
leptin replacement [ 20 ,  57 ,  60 ,  66 ]. Consequently, 
optimal supply of leptin to hypothalmic targets 
either by systemic routes or directly into the 
hypothalamus is the treatment of choice for 
T1DM (Table  20.1 ) [ 67 – 73 ] and it can replace 
the currently in-vogue insulin monotherapy 
which is riddled with a host of shortcomings due 
to diffi culties in simulating the normal minute- to-
minute blood glucose fl uctuations, ensuing fre-
quent episodes of hypoglycemia and several 

related multiple metabolic infl ictions emanating 
over the extended periods of energy imbalance 
[ 5 ,  12 ,  19 ,  32 ].  

   Type 2 Diabetes 

 The pathophysiology of T2DM characterized by 
high titers of circulating insulin and glucose, con-
comitant with insulin resistance and decrease in 
the rate of glucose disposal is commonly observed 
in association with obesity manifesting either 
gradually in an aged-related fashion or rapidly in 
response to consumption of calorie-rich high fat 
diet (HFD) [ 6 ,  17 ,  27 ,  46 ]. Furthermore, accord-
ing to the conventional notion, the onset and sus-
tenance of T2DM is engendered initially by a 
steady rise in the rate of visceral fat accumulation 
which impels the development of insulin resis-
tance and decrements in glucose disposal to cul-
minate in hyperglycemia [ 5 ,  7 ,  20 ,  24 ]. However, 
as described earlier, the age-related as well as 
HFD-induced obesity are also associated with the 
BBB-induced diminished leptin transport to the 
CNS in response to hyperleptinemia [ 19 ] and it is 
the ensuing insuffi cient leptin signaling within 
the hypothalmic targets that evokes diminished 
afferent relays to the periphery and breakdown in 
glucose homeostasis [ 5 ,  19 ]. That central leptin 
insuffi ciency in obese rodents may be the pri-
mary underlying cause of T2DM was amply 
affi rmed by the fi ndings that reinstatement of 

          Table 20.1    Effects of leptin on diabetes in animal paradigms   

 Paradigm  Pathophysiology  Route of administration  Benefi ts 

 T1DM  ob/ob  Hyperglycemia, hyperinsulinemia, 
leptinonemia 

 Systemic, central  Euglycemia 

 Akita  Hyperglycemia, insulinemia, leptinopenia  Systemic, central  Euglycemia 
 NOD  Hyperglycemia, insulinopenia  Systemic  Euglycemia 
 WT + STZ  Hyperglycemia, insulinemia  Central  Euglycemia 
 Congenital lipodystrophy  Hyperglycemia, hyperinsulinemia  Systemic  Euglycemia 

 T2DM  WT aging, obese  Hyperglycemia, hyperinsulinemia, 
hyperleptinemia 

 Central  Euglycemia 

 WT HFD, obese  Hyperglycemia, hyperinsulinemia, 
hyperleptinemia 

 Central  Euglycemia 

 UCD-T2DM  Hyperinsulinemia, hyperinsulinemia, 
hyperleptinemia 

 Systemic  Euglycemia 
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optimal leptin supply selectively in the hypothal-
mic targets ameliorated the age-related and HFD- 
induced T2DM, as refl ected by the observation of 
stable glycemia, normalization of insulin sensi-
tivity, and rate of glucose disposal (Fig.  20.1 , 
Table  20.1 ) [ 2 ,  17 ,  18 ,  23 ,  26 – 29 ,  61 ]. 

 In accord with these various lines of evidence 
gathered from WT animals, it was recently shown 
that UC Davis-type 2 diabetes mellitus (UCD- 
T2DM) rats that exhibit adult onset of obesity, 
diabetes, insulin resistance, and hyperglycemia 
when administered leptin subcutaneously for 
extended periods normalized blood glucose, by 
imparting increased insulin sensitivity in conjunc-
tion with diminution in insulin secretion in these 
rats [ 74 ]. Overall, it is clear that leptin insuffi -
ciency in the CNS engendered by imperviousness 
of the BBB due to increased adiposity- dependent 
hyperleptinemia underlies the development of 
T2DM (Fig.  20.1 , Table  20.1 ) [ 5 ,  17 ].   

   Mode of Action of Leptin 
in the Hypothalamus in Regulation 
of Glucose Homeostasis 

 Detailed mapping of neuronal targets in the hypo-
thalamus disclosed an interconnected network of 
two primary populations of neurons in the ARC, 
one that coexpresses neuropeptide Y, agouti-
related peptide, and gamma-aminobutyric acid 
(GABA) and the other that coexpress proopiomel-
anocortin and GABA. These populations project 
into various sites within the hypothalamus to reg-
ulate leptin-induced afferent relays along the 
ARN, EEN, and FAN pathways associated with 
energy homeostasis (Fig.  20.1 ) [ 6 ,  13 ,  17 ,  46 ]. 
Evidently, inhibition of appetite by leptin is medi-
ated by ARN that operates independently of its 
control on glucose homeostasis [ 18 ,  46 ]. 
Activation by leptin of EEN from the MPOA to 
brown adipose tissue controls nonthermogenic 
energy expenditure, while activation of FAN from 
ARC, VMH, and LH restrains pulsatile insulin 
secretion and insulin sensitivity, on the one hand, 
and stimulates glucose metabolism from skeletal 
muscles, liver, and WAT, on the other (Fig.  20.1 ) 
[ 18 ,  19 ,  32 ,  42 ,  60 – 62 ,  67 – 83 ]. Thus, diminution 

in leptin signaling in the hypothalamus, as it 
 manifests in response to either leptinopenia or 
impaired entry of leptin across BBB, results in the 
breakdown in these hypothalamic regulatory 
relays on energy intake and glucose homeostasis, 
all of which can be rapidly reinstated with resup-
ply of leptin [ 17 – 19 ,  30 ,  31 ,  42 ,  43 ,  46 ,  56 ,  57 ].  

   A Perspective: Future Clinical 
Testing 

 Early results of clinical studies to evaluate the 
benefi ts of leptin therapy delivered systemically 
on appetite and obesity were disappointing [ 7 , 
 12 ,  84 ]. These failures are attributable now to 
multiple shortcomings, such as dose and fre-
quency of administration in relation to preexist-
ing levels of leptin, combined with a lack of 
appreciation of the pivotal role of BBB in trans-
porting leptin to targets in the hypothalamus [ 12 , 
 14 ,  19 ,  22 ,  38 ,  39 ,  46 ]. Soon after, however, it 
was reported that both in patients harboring con-
genital leptin-defi ciency and a small population 
of obese patients displaying low circulating con-
centrations of leptin due to unknown causes, 
leptin replacement effectively imposed normo-
glycemia concomitant with reduced food intake 
and body weight [ 20 ,  22 ,  24 ,  33 ,  83 ]. Indeed, a 
small population of congenitally leptin-defi cient 
pediatric and adult patients on leptin therapy has 
displayed improved glycemia for years without 
any discernible untoward metabolic disruptions. 
In response to these reports, leptin replacement 
therapy has also been tested worldwide in patients 
suffering from impaired glucose homeostasis in 
association with either leptinopenia due to con-
genital lipodystrophy or hypoleptinemia of 
acquired lipoatrophy. Leptin administration read-
ily reinstated diverse centrally mediated meta-
bolic responses, notably diabetes, for the entire 
course of treatments lasting several months to 
years [ 20 ,  22 ,  24 ,  33 ,  59 ,  66 ,  69 ,  70 ,  73 ,  75 ,  79 –
 83 ]. Consequently, these clinical successes have 
boosted the discovery emanating from diverse 
experimental paradigms in rodents that the adi-
pocytic leptin is an obligatory signal in mainte-
nance of glucose homeostasis (Table  20.1 ). 
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 Another signifi cant outcome of these clinical 
investigations is that systemic administration of 
leptin only 2–3 times a day engendered stable 
glycemia. Because hypoleptinemia normally 
exists in newly diagnosed untreated T1DM 
patients and the fact that leptin under conditions 
of hypoleptinemia can restore euglycemia, leptin 
replacement therapy alone, or in adjunct with 
insulin therapy, is being clinically investigated. 

 In contrast, leptin administration systemi-
cally in obese, hyperleptinemic subjects suffer-
ing from T2DM has generally failed to exert any 
appreciable impact on blood glucose concentra-
tions [ 7 ,  12 ,  84 ]. This outcome is not surprising 
in view of the clear evidence expounded earlier 
that BBB is rendered impervious by hyperlepti-
nemia in humans and animals, alike. Therefore, 
one can easily surmise that raising blood leptin 
levels further in hyperleptinemic human sub-
jects is unlikely to provide optimal leptin sig-
nals to the hypothalamus required to reinstate 
glucose homeostasis. On the other hand, the 
possibility that leptin delivery directly to the 
hypothalamus, as demonstrated by irrevocable 
fi ndings from experiments in rodents (Table  20.1 , 
Fig.  20.1 ), would ameliorate T2DM remains to 
be tested clinically. 

 Collectively on balance, to ameliorate both 
types of diabetes and to reduce or alleviate the 
accompanying well-documented adverse meta-
bolic consequences, leptin therapy has immense 
potential to replace or be employed as a con-
junct to insulin monotherapy [ 5 ,  12 ,  18 ,  32 ,  33 ]. 
As the incidence of diabetes has attained epi-
demic status worldwide [ 85 ], the societal bur-
den of ever soaring treatment costs, in concert 
with the new expanding knowledge of the diabe-
tes-associated multiple metabolic and neurolog-
ical disorders, including cognition impairment 
[ 5 ,  12 ,  19 ], this discovery is highly signifi cant . 
Consequently, there is a dire urgency to improve 
and identify new long-acting leptin mimetics 
that can bypass BBB enroute to CNS, and rigor-
ously evaluate in humans the effi cacy of leptin 
and /or mimetics delivery directly to CNS sites 
via well-tested gene therapy and intranasal 
routes [ 5 ,  18 ,  19 ,  86 – 88 ].     
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           Introduction 

 The prevalence of global obesity has reached epi-
demic proportions with excess weight being a 
causal factor associated with the accelerated 
development of various chronic diseases, such as 
diabetes, cardiovascular diseases, and certain types 
of cancer [ 1 ]. The World Health Organization 
(WHO) estimates that in 2035, approximately 
300 million people will be obese [ 2 ] and in the 
United States alone, it is estimated that each year 
more than a quarter of a million adults die prema-
turely due to the consequences of obesity [ 3 ]. In 
light of the growing socioeconomic burden of 
obesity and diabetes, the development of new 
treatment options to safely and effi ciently combat 
this epidemic of “diabesity” is a global priority. 
Apart from bariatric surgery, which is expensive, 
mostly irreversible and not without risk, clinical 
approaches to tackle obesity have been disap-

pointing overall. To this end, selected groups of 
weight lowering drugs have been commercialized 
over the last few decades. Nearly all of them were 
withdrawn after a short time due to limited 
effi cacy and/or unacceptable adverse effects [ 4 ]. 
However, whereas the history of anti-obesity 
drugs is fi lled with disappointments, hope 
remains for recent advances in the development 
of novel combination therapies. Such poly-phar-
macotherapy can constitute adjunctive adminis-
tration of several hormones, each possessing 
benefi cial effects on body weight and/or glyce-
mic control, or the administration of single mol-
ecules engineered to simultaneously target 
multiple receptors. The approach to combine 
pharmacology in a single molecule of sustained 
action and improved pharmacokinetics rests upon 
the idea that simultaneous targeting of multiple 
signaling mechanisms improves overall metabo-
lism beyond what is achieved with single mole-
cule treatment alone. The ultimate goal is to 
administer low drug concentrations that sustain-
ably maximize the metabolic benefi ts while min-
imizing adverse effects [ 5 ]. In an ideal case, such 
poly-pharmacotherapy would enhance metabo-
lism in a synergistic manner, providing effi cacy 
and safety greater than the sum of the effects 
possible by the respective monotherapies. The 
aim of this chapter is to summarize recent 
advances in preclinical and clinical approaches to 
combat obesity and diabetes by either adjunctive 
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administration of several hormones, or by using 
unimolecular co-agonists, with a special empha-
sis on leptin.  

   Adjunctive Administration 
of Two Hormones 

 When used as monotherapy, most hormones have 
only limited effi cacy to improve metabolism in 
common forms of obesity, which is mainly life-
style/dietary-induced and does not result from 
rare single gene mutations. Increasing the dose 
of a single hormone therapy can improve the 
metabolic effi cacy but is often hampered by 
enhanced incidence of adverse effects [ 6 ]. 
Therefore adjunctive administration of more than 
one drug is an intuitively promising alternative to 
more safely improve systems metabolism beyond 
what can be achieved with monotherapies. 

 The strategy to coadminister two hormones is 
not completely novel and was already popularly 
practiced by physicians in the 1980s with pre-
scription of Fen-Phen, the combination of fenfl u-
ramine and phentermine [ 7 ]. However, in 1996 
fenfl uramine was withdrawn from clinical prac-
tice because of fatal pulmonary hypertension [ 8 , 
 9 ] and an increased risk for valvular heart disease 
[ 10 ]. Phentermine, however, remains available as 
monotherapy in many countries, including the 
United States and in 2012, the U.S. Food and 
Drug Administration (FDA) approved the use of 
Qsymia® (Vivus Inc., California), a combination 
of phentermine and topiramate, as an addition to 
diet and exercise for weight management. 
Depending on the dose, weight-loss attributed to 
treatment with Qsymia® is between 8.1 and 
10.9 % relative to 1.4–1.8 % in placebo-treated 
controls. The weight loss is accompanied by 
improvements in lipid, cholesterol, and glucose 
metabolism [ 11 ]. 

   The Use of Leptin as a Stand-Alone 
Therapy for Obesity 

    The discovery of leptin in 1994 [ 12 ] has pioneered 
our understanding of how peripheral signals, 
that rise or fall in response to fuel availability, 

integrate in a complex central network that 
controls systemic metabolism [ 13 ]. To this end, 
20 years of leptin research has revealed that leptin 
modulates energy metabolism via central regula-
tion of food intake and energy expenditure [ 13 ]. 
We have also witnessed how leptin is involved in 
regulating diverse biological functions including 
the immune system, endocrine systems, repro-
duction (see Chap.   13    ), glucose homeostasis (see 
Chap.   7    ), hematopoiesis, angiogenesis, and 
infl ammation (see Chap.   11    ). The discovery of 
leptin has furthermore not only revolutionized 
our view about the adipose tissue as an endocrine 
organ, it has also paved the way for a better 
understanding and targeting of lipid metabolism 
in general [ 14 ]. 

 Shortly, after leptin was discovered by posi-
tional cloning of the mouse  ob  gene [ 12 ] several 
studies reported that leptin replacement corrects 
the obesity of leptin-defi cient ob/ob mice [ 15 – 17 ]. 
Beyond the early notion that leptin promotes it’s 
biological action through central neuronal net-
works [ 16 ], these early studies also noted that 
leptin supplementation potently improves insulin 
sensitivity in leptin defi cient mice, remarkably 
even prior to leptin induced weight loss [ 15 ,  18 ]. 
Together, these fi ndings created much excitement 
for leptin as the pharmacological “silver bullet” 
to correct imbalances associated with the meta-
bolic syndrome. Indeed, it is nowadays solidly 
confi rmed that leptin replacement therapy cor-
rects obesity and insulin resistance in individuals 
with endogenous defi ciency of leptin, as occurs 
in ob/ob mice [ 15 – 17 ], in congenitally leptin- 
defi cient humans [ 19 – 22 ] and in individuals with 
lipodystrophy [ 23 – 27 ]. Unfortunately, however 
leptin has little to no anorectic or glycemic effect 
under conditions where endogenous leptin levels 
are elevated, which represents the vast majority 
of diet-induced human obesity [ 28 ,  29 ]. 

 The inability of leptin to promote weight loss 
in conditions of common obesity has eliminated 
its pharmacological use as a stand-alone therapy. 
Accordingly, administration of further enhanced 
doses of leptin or analogs of sustained pharma-
cokinetics failed to promote weight loss in com-
mon forms of human obesity [ 29 – 31 ]. Failure to 
respond to the anorectic action of the hormone 
is generally referred to as leptin-resistance (as 
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reviewed in [ 32 ]). The mechanisms leading to 
leptin-resistance are complex and might include 
impaired transport of leptin across the blood- brain 
barrier (BBB) [ 33 ,  34 ], impaired leptin signaling 
in fi rst-order CNS neurons [ 35 – 37 ], or impaired 
leptin signaling in downstream second- order neu-
rocircuits (as reviewed in [ 38 ]). The hypothalamic 
arcuate nucleus (ARC) seems to serve a major 
role in the development of leptin resistance, as 
exposure of mice to a high-fat diet (HFD) rapidly 
decreases phosphorylation of signal transducer 
and activator of transcription 3 (P-STAT3) in the 
ARC, while leptin-sensitivity is simultaneously 
maintained in other hypothalamic and extrahypo-
thalamic nuclei [ 35 ]. Whereas the cellular mecha-
nisms leading to leptin-resistance are still an area 
of intense scientifi c investigation (see also Chap.   6    ) 
there is growing evidence indicating that 
dietary macronutrients, especially fat and sugar 
are detrimental to leptin-sensitivity and impose 
leptin-resistance before the onset of obesity and 
hyperleptinemia [ 39 – 42 ]. Impaired levels of 
P-STAT3 in the ARC are accordingly observed as 
early as after 6 days of HFD exposure [ 35 ] and 
even short-term overfeeding of otherwise normal 
weight rats rapidly induces leptin-resistance and 
imbalances in glycemic control [ 42 ]. Consistent 
with these observations, leptin therapy does not 
prevent the development of obesity when lean 
mice are switched to a high- fat, high-sugar diet at 
the beginning of leptin therapy (Fig.  21.1 ), and 

long-term exposure of mice to HFD decreases 
POMC immunoreactivity in the hypothalamus 
[ 43 ]. In summary, these data indicate that leptin 
has only limited potential as a stand-alone therapy 
under conditions where endogenous leptin levels 
are elevated. Furthermore, dietary fat and sugar 
contribute to the development of leptin-resistance 
and thus constitute a major impediment for the 
development of leptin-based pharmacotherapies.

       The Use of Leptin in Combination 
Therapies 

 Adjunctive administration of leptin with therapy 
that might unlock the benefi cial pharmacology 
that endogenously resides in leptin, but remains 
suppressed in common obesity constitutes a 
promising approach to successfully address the 
“diabesity” epidemic. In an ideal case, such phar-
macotherapy would safely and sustainably 
unleash leptin pharmacology as a supplement to 
lifestyle change and diet modifi cation. 

   The Combination of Leptin 
and Metformin 

 Metformin is a drug reported to modestly improve 
leptin-sensitivity under conditions of common 
obesity [ 44 ]. Metformin promotes body weight loss 

  Fig. 21.1    Leptin therapy does not prevent the develop-
ment of diet-induced obesity in mice. Effect of daily 
administration of vehicle (PBS) or human recombinant 
(rh) leptin (1 mg/kg/day) on body weight ( a ), fat mass ( b ) 

and food intake ( c ) of lean 15 weeks old chow-fed 
C57BL/6J mice that were switched to HFD (56 % kcal fat, 
Research Diets, New Brunswick, USA) at study day 0. 
 N  = 8 mice each group. Data represent means ± SEM       
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while improving glycemic control via enhanced 
insulin-stimulated glucose uptake in skeletal 
muscle and adipose tissue with inhibition of 
hepatic gluconeogenesis [ 45 ,  46 ]. The mecha-
nism of how metformin promotes weight loss is 
not exactly clear, yet it’s ability to improve body 
weight and glucose metabolism under conditions 
of common obesity has been shown in a series of 
clinical studies [ 47 – 53 ]. Several studies suggest 
that metformin’s effects on systems metabolism 
are, at least in part, mediated via leptin signaling. 
Accordingly, metformin decreases hyperlepti-
nemia in morbidly obese individuals [ 47 ,  48 ], an 
effect seemingly independent of metformin’s 
effect on body weight [ 54 ]. Furthermore, met-
formin stimulates leptin receptor expression in 
the ARC [ 55 ] and treatment of obese rats with 
metformin increases levels of P-STAT3 in the 
hypothalamus while decreasing expression of 
neuropeptide Y (NPY) and agouti-related pro-
tein (AgRP) [ 56 ]. Interestingly, 4-weeks pre- 
treatment of leptin-resistant DIO rats with 
metformin restored the anorectic effect of intra-
cerebroventricular (icv) leptin infusion and 2-day 
treatment of rats with metformin enhanced the 
acute central effect of leptin on 24 h food intake 
and phosphorylation of STAT3 in the hypothala-
mus [ 44 ]. In summary, these data indicate that 
leptin-sensitivity can be enhanced using pharma-
cology and constitute a valuable adjunct to other 
weight lowering agents.  

   The Combination of Leptin 
and Amylin 

 Amylin (a.k.a. islet amyloid polypeptide; IAPP) 
is co-secreted with insulin from the pancreatic 
β-cells. Like insulin, plasma levels of amylin 
increase in response to ingested nutrients (espe-
cially glucose) and subsequently decrease upon 
fasting [ 57 ,  58 ]. In line with the β-cells being the 
primary source of amylin secretion, the increase 
of amylin in response to a meal is impaired in 
individuals with type 2 diabetes and is absent in 
individuals with type 1 diabetes (reviewed in 
[ 59 ]). Plasma concentrations of amylin are higher 
in obese compared to lean individuals [ 60 ,  61 ] 

and subsequently decrease upon weight loss 
[ 61 ,  62 ]. In the gastrointestinal tract amylin 
delays gastric emptying, decreases gastric acid 
secretion, and inhibits glucagon secretion from 
the pancreatic α-cells (as reviewed in [ 63 ]). 
When injected in either the brain or the periphery, 
amylin dose-dependently decreases food intake 
due to a reduction in meal size [ 64 ,  65 ]. Amylin 
seems to promote its anorectic action via the area 
postrema (AP), as administration of amylin into 
the AP decreases food intake whereas selective 
blockade of amylin in the AP has the opposite 
effect. Peripheral administration of amylin fur-
ther increases c-fos immunoreactivity in the AP 
whereas lesions of the AP abolish amylin’s effect 
on food intake and adiposity [ 66 – 69 ]. Due to its 
benefi cial effects on energy and glucose metabo-
lism, amylin has gained much attention for its 
pharmacological use to treat obesity and diabetes. 
Accordingly, in 2005, the FDA approved pram-
lintide (trade name Symlin®; Amylin Pharma-
ceuticals Inc., San Diego, USA), a synthetic 
amylin receptor agonist, for the treatment of type 
1 and type 2 diabetes. The mechanisms of how 
amylin affects systems metabolism are complex 
and remain an area of intense scientifi c investiga-
tion. However, amylin was shown to restore 
leptin-sensitivity in DIO rats and when com-
bined with leptin synergistically lowered body 
weight relative to treatment with the respective 
monotherapies alone [ 70 – 72 ]. Directionally sim-
ilar results were observed in calorie-restricted 
overweight/-obese humans that were treated with 
the combination of pramlintide and recombinant 
methionyl human leptin (a.k.a. metreleptin) [ 70 , 
 72 ,  73 ]. In a 24-week, randomized, double blind 
trial, treatment of overweight/obese individuals 
with a combination of pramlintide/metreleptin 
and a 40 % calorie-reduced diet led to greater 
body weight loss (−12.7 ± 0.9 %) relative to 
treatment with pramlintide (−8.4 ± 0.9 %) or 
metreleptin (−8.2 ± 1.3 %;) alone [ 73 ]. Notably, 
in DIO rats, leptin had no effect on body weight 
when administered to animals that were pair-fed 
to the amylin-treated group [ 70 ], thus indicating 
that the pharmacology of amylin rather than the 
weight loss in general accounts for the observed 
restoration of leptin sensitivity. The weight loss 
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induced by the amylin/leptin combination seems 
to be fat-specifi c [ 71 ,  72 ,  74 ] and attributable to a 
direct effect of amylin on leptin signaling. 
Accordingly, mice that lack amylin show 
decreased expression of the leptin receptor in the 
hypothalamus and impaired leptin stimulated 
levels of P-STAT3 in the ARC and in the ventro-
medial hypothalamus (VMH) [ 75 ]. In line with 
this fi nding, amylin potentiates leptin-stimulated 
phosphorylation of STAT3 in the ARC of lean 
rats [ 75 ] and in the VMH of DIO rats [ 72 ]. 
Pramlintide/metreleptin was generally well toler-
ated and no major adverse effects were reported 
in the clinical studies [ 59 ,  70 ,  72 ,  73 ]. Surprisingly, 
however, Amylin Inc. recently announced in a 
press release that the development of a pramlint-
ide/metreleptin combination therapy has been 
stopped due to potential safety concerns. Whether 
this relates to the reported instances of anti-leptin 
antibodies in a subset of the patients remains 
speculative. The potential of amylin/leptin to 
improve leptin-sensitivity spurred scientifi c inter-
est in combining leptin with other weight lower-
ing agents. Positive results, albeit with additive 
rather than synergistic effects, were already 
reported by Amylin Inc. with the combination of 
leptin with peptide YY (PYY 3–36 ) and the GLP-1 
analog AC3174 [ 70 ]. Whereas the data provided 
by Amylin Inc. are encouraging, it is noteworthy 
that only a moderate HFD (32 % kcal from fat) 
was used in the rodent studies [ 70 ,  71 ]. Likewise, 
the clinical studies used the combination of 
pramlintide/metreleptin along with a 40 % 
calorie- reduced diet [ 70 ,  73 ]. As dietary macro-
nutrients play an important role in the develop-
ment of leptin-resistance [ 39 – 42 ] it would be 
interesting to determine how this polypharmacy 
affects metabolism under exposure to a more 
pathological HFD.  

   The Combination of Leptin 
with Exendin4 or FGF21 

 Encouraged by the observation that leptin resis-
tance can be reversed by pharmacology, several 
subsequent studies assessed whether leptin 
responsiveness can also be restored by weight 

lowering agents independent of amylin signaling. 
Treatment of DIO mice with the GLP-1 analog 
exendin-4, which were switched from HFD to a 
chow diet at treatment initiation, restores leptin 
sensitivity after an initial weight loss of approxi-
mately 25 % [ 76 ]. Accordingly, the combination 
of exendin-4 with an optimized pegylated (PEG) 
leptin analog of sustained action and improved 
pharmacokinetics synergistically enhances weight 
loss, decreases food intake, and improves glucose 
tolerance beyond what can be achieved with the 
respective monotherapies alone. PEG- leptin 
monotherapy following the combination therapy 
was suffi cient to maintain a lower body weight, 
in line with restored leptin responsiveness [ 76 ]. 
Notably, treatment of DIO mice with fi broblast 
growth factor 21 (FGF21) likewise restores leptin 
sensitivity after an initial weight loss identical to 
what has been observed for exendin- 4. Using 
either combination, weight loss was enhanced 
compared with either exendin-4 or FGF21 mono-
therapy, and leptin monotherapy without prior 
combination therapy had no effect on body 
weight and glycemic control relative to saline-
treated controls [ 76 ]. Notably, and in line with 
the amylin/leptin combination, leptin monother-
apy proved ineffective when identical weight loss 
was induced over a comparable time by caloric 
restriction alone, thus indicating that restoration 
of leptin-sensitivity requires pharmacotherapy, 
but is not directly attributable to weight loss or a 
unique signaling mechanism. Supportive of this 
fi nding, treatment of DIO mice with exendin- 4 
decreased immunoreactivity of agouti- related 
protein (AgRP) in the ARC, an effect that was not 
seen in DIO mice that were calorie- restricted to 
match the body weight of the exendin- 4-treated 
group [ 76 ]. In summary, these data indicate that 
leptin-resistance can be reversed by pharmacol-
ogy but also indicate that restoration of leptin 
responsiveness does not appear to be restricted to 
a unique signaling pathway. Of appreciable note, 
restoration of leptin-sensitivity using either amy-
lin, PYY 3–36 , exendin4, or FGF21 were only 
shown in the presence of a moderately low con-
tent of dietary lipids [ 70 ,  76 ]. In fact, the combi-
nation of leptin with exendin-4 or FGF21 had no 
greater effect than the respective monotherapies 
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when DIO mice were continued on a high-fat, 
high-sugar diet comprising 58 % kcal fat [ 76 ], 
emphasizing once again that dietary fat and sugar 
are detrimental to leptin-sensitivity.   

   Unimolecular Co-agonists 
for the Treatment of the Metabolic 
Syndrome 

   GLP-1/Glucagon Co-agonism 
Reverses the Metabolic Syndrome 
in DIO Mice 

 The gastrointestinal peptide hormone GLP-1 acts 
directly on the pancreas to enhance glucose- 
stimulated insulin secretion [ 77 – 79 ] and to 
inhibit the release of glucagon [ 80 ]. Beyond this 
insulinotropic effect, GLP-1 increases β-cell pro-
liferation, and β-cell mass in rodents [ 81 – 87 ], 
enhances insulin sensitivity in skeletal muscle 
[ 88 – 90 ], inhibits hepatic gluconeogenesis [ 91 –
 95 ] and promotes body weight loss through inhi-
bition of food intake and by slowing down gastric 
emptying [ 96 ]. Collectively, this renders GLP-1 a 
uniquely attractive option for treatment of the 
metabolic syndrome. As of today, several dipep-
tidyl peptidase-IV (DPP-IV) resistant GLP-1 
analogs, such as exenatide (Byetta®; Eli Lilly & 
Co, USA) and liraglutide (Victoza®; Novo 
Nordisk, Denmark) are approved by the FDA for 
the treatment of diabetes. The effi cacy of these 
GLP-1 analogs to improve systems metabolism 
has been shown in numerous preclinical and clin-
ical studies (as reviewed in [ 97 ]). However, 
GLP-1 action confers dose-dependent adverse 
effects, most prominently nausea and vomiting 
[ 6 ], which limits the maximal pharmacological 
potential of such drugs. 

 A major breakthrough in the development 
of novel anti-obesity, anti-diabetic poly- 
pharma  cotherapies was the development of sin-
gle peptides with balanced co-agonism at the 
glucagon and GLP-1 receptors [ 98 ,  99 ]. The 
counterintuitive recruitment of glucagon ago-
nism in combination with GLP-1 agonism has 

transformed the perspective use of a hormone 
where its antagonism was broadly pursued. These 
GLP-1/glucagon co-agonists combined the gly-
cemic and anorectic effects of GLP-1 with the 
lipolytic and thermogenic properties of glucagon 
in single molecules of sustained action, with 
improved pharmacokinetics as compared to the 
native peptides. Accordingly, single subcutane-
ous treatment of persistently HFD-exposed DIO 
mice with 70 nmol/kg of a 40k pegylated GLP-1/
glucagon co-agonist (Aib2 C24 lactam 40k) 
decreased body weight within 7 days by 25.8 %, 
while body weight was notably unaffected in 
saline-treated controls [ 98 ]. The name “Aib2 C24 
lactam 40k” indicates that an aminoisobutyric 
acid (Aib) at position two protects from DPP-IV 
cleavage, and a lactam bridge is used to stabilize 
the secondary structure, with the cysteine residue 
24 (C24) conjugated to a linear 40k polyethylene 
glycol (PEG) to prolonged in vivo action. The 
weight loss induced by this nearly-balanced 
GLP-1/glucagon co-agonist was primarily the 
result of decreased body fat mass and was accom-
panied by decreased food intake. In a subsequent 
study, once-weekly treatment of DIO mice with 
70 nmol/kg of this co-agonist reversed diet- 
induced obesity and hepatosteatosis, and normal-
ized glycemic control within only 4 weeks of 
treatment [ 98 ]. In line with glucagon’s lipolytic 
and thermogenic effects, weight loss induced by 
the co-agonist was refl ected by enhanced energy 
expenditure and increased lipolysis, as indicated 
by increased phosphorylation of hormone sensi-
tive lipase (P-HSL) in the white adipose tissue. 
Albeit with lower potency, the co-agonist further 
lowered body weight and body fat mass in GLP-
1R- defi cient DIO mice, thus emphasizing the 
role of glucagon in the metabolic benefi ts 
achieved by this co-agonist [ 98 ]. Subsequent pre-
clinical and clinical studies are currently evaluat-
ing the mechanistic underpinnings as well as the 
translational value and safety of these molecules. 
More mechanistic data on e.g. post-receptor sig-
naling and clearance will further help to fully 
appreciate the therapeutic potential of these 
molecules.  
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   Restoration of Leptin Responsiveness 
by GLP-1/Glucagon Co-agonism 

 The mechanistic underpinnings underlying the 
synergistic effi cacy derived from the GLP-1/glu-
cagon co-agonist remain an object of intense sci-
entifi c investigation. However, a recent study that 
used the exact same GLP-1/glucagon co-agonist 
showed that this peptide restores leptin- sensitivity 
in otherwise leptin-resistant DIO mice [ 100 ]. 
Accordingly, treatment of DIO mice with a com-
bination of PEG-leptin and the GLP-1/glucagon 
co-agonist resulted in greater weight loss, 
decreased food intake, improved glucose and 
lipid metabolism as compared to treatment with 
PEG-leptin or the GLP-1/glucagon co-agonist 
alone [ 100 ]. It is noteworthy that the GLP-1/glu-
cagon co-agonist restored leptin action in DIO 
mice after an initial body weight loss similar to 
what has been reported for exendin-4 or FGF21 
[ 76 ,  100 ]. However, in contrast to exendin-4 and 
FGF21, the GLP-1/glucagon co-agonist restored 
leptin-sensitivity under chronic exposure to an 
extremely high-fat, high-sugar diet (58 % kcal 
from fat). Under similar dietary management 
exendin-4 and fi broblast growth factor 21 
(FGF21) failed to improve leptin-sensitivity and 
combinations such as amylin/leptin have yet to 
be tested [ 76 ].  

   Unimolecular Co-agonists at 
the Receptors for GLP-1 and GIP 

 The strategy to combine the pharmacology of 
several hormones into a single molecule of opti-
mized pharmacokinetics was recently extended 
to lead to the discovery of an unimolecular dual 
incretin co-agonist with balanced agonism at the 
receptors for GLP-1 and the glucose-dependent 
insulinotropic polypeptide (GIP) [ 101 ]. This 
“twincretin” potently reversed several hallmarks 
of the metabolic syndrome, such as obesity, 
hyperglycemia, and dyslipidemia, through syner-
gistic pharmacology in rodent models of com-
mon obesity, insulin resistance, and type 2 
diabetes, such as DIO mice, db/db mice, and 
ZDF rats. The balanced GLP-1/GIP co-agonist 

improved glycemic control through a potent 
effect on glucose-stimulated insulin secretion 
and this enhanced insulinotropic effi cacy trans-
lated from rodent models of obesity and diabetes 
to both nonhuman primates and humans [ 101 ]. 
The observations put to rest a long-standing con-
troversy regarding the wisdom of GIP agonism 
relative to antagonism. Accordingly, treatment of 
healthy nondiabetic human subjects with this 
balanced GLP-1/GIP co-agonist reduced blood 
glucose excursion through potentiation of glucose-
stimulated insulin secretion. Of particular note, 
and in contrast to exendin-4 was the absence of 
any effect on gut motility leading to gastric dis-
comfort, as assessed my acetaminophen absorp-
tion [ 101 ]. Improved glycemic control was also 
observed in a subsequent clinical study, in which 
type 2 diabetic individuals were treated for 6 
weeks with escalating doses of the GLP-1/GIP 
co-agonist. In this study, the GLP-1/GIP co-
agonist dose-dependently decreased plasma lev-
els of glycosylated hemoglobin A 1c  (HbA 1c ) in 
the range of −0.53 to −1.11 % relative to −0.16 % 
in placebo-treated controls [ 101 ]. Notably, no 
major adverse effects were reported from the 
clinical studies.  

   Targeted Delivery of Nuclear 
Hormones 

 Hormones acting via nuclear receptors, such as 
glucocorticoids, thyroid hormone, and testoster-
one are implicated in a myriad of key metabolic 
functions, such as the regulation of the 
hypothalamic- pituitary-gonadal (HPG) and adre-
nal (HPA) axis, thermogenesis, and infl ammation 
[ 102 ,  103 ]. Several of these nuclear hormones 
have benefi cial effects on glucose and lipid 
metabolism [ 102 ], such as e.g. estrogen, which 
acts on hypothalamic neurocircuits to inhibit 
food intake and to increase energy expenditure 
[ 104 – 107 ]. In mice, estrogen further protects 
from HFD-induced glucose intolerance and insu-
lin resistance [ 108 ] and several previous studies 
have highlighted the potential of estrogen recep-
tor agonists to treat obesity and diabetes [ 109 , 
 110 ]. However, the oncogenic potential and 
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gynecological action of estrogen limits its 
pharmacological use in weight management. 
Aiming to make estrogen therapeutically more 
viable, unimolecular biomolecules were gener-
ated, which covalently linked estrogen to the pep-
tide carrier GLP-1 using either an ether bond or 
an aromatic ester [ 111 ]. The resulting conjugates 
varied in linkage biostability, which renders the 
more stable ether-linked estrogen to be targeted 
only to cells in which there is GLP-1R-mediated 
uptake. The unstable ester-linked conjugate read-
ily decomposes to active peptide and free estro-
gen in circulating blood leading to nontargeted 
estrogen therapy [ 111 ]. Treatment of DIO mice 
for 14 days with escalating doses of these conju-
gates showed a more profound effect of the stable 
conjugate to reverse several acute hallmarks of 
the metabolic syndrome, such as obesity, insulin 
resistance, and abnormalities in cholesterol and 
lipid metabolism [ 111 ]. In contrast to the labile 
conjugate, the stable conjugate also showed no 
off-target effects in GLP-1R negative tissues. The 
off-target effects were assessed by uterine weight, 
as well as estrogen-dependent tumor growth in 
MCF-7 xenograft mice. Whereas subcutaneous 
treatment of ovarectomized lean mice for 7 days 
revealed a strong uterotrophic effect of the labile 
conjugate but even at doses tenfold greater than 
the maximally effective dose for weight lowering. 
There was no apparent difference in uterus weight 
between the GLP-1-treated negative controls and 
mice treated with the stable estrogen conjugate. 
Notably, neither GLP-1 nor the stable conjugate 
were able to induce weight loss in mice with 
CNS-specifi c GLP-1R deletion, demonstrating 
that the metabolic benefi ts of the stable conjugate 
are mediated by GLP-1R signaling in the CNS. 
Consistent with a primarily CNS-mediated mode 
of action, the stable conjugate increased expres-
sion of proopiomelanocortin (POMC) and the 
leptin receptor in the ARC to a greater extent as 
compared to treatment with GLP-1 or estrogen 
alone. Together these fi ndings suggest that GLP-
1- mediated estrogen delivery promotes its bene-
fi cial effects on systemic metabolism through the 
hypothalamic melanocortinergic system [ 111 ]. 
Whereas the preclinical data overall show no 
gynecological or mitogenic effect of the stabile 
conjugate in GLP-1R negative tissues, long-term 

toxicology studies are clearly warranted to assess 
the oncogenic potential of this conjugate in tis-
sues that express the GLP-1 receptor. More 
importantly, this strategy of using macromole-
cules to target conventional small molecule drugs 
for purposes of enhanced therapeutic outcome 
with greater safety should extend to other pep-
tides and nuclear hormones. It clearly warrants 
further clarifi cation whether and to what extent 
these studies translate to humans, and whether 
they can safely induce sustained effi cacy in large 
study cohorts and over a sustained time period.   

   Conclusion 

 The global epidemic of diabetes and obesity 
challenges us to rapidly identify an effective 
approach to address primary disease and the sub-
sequent chronic outcomes associated with ele-
vated body weight and blood glucose. The 
emergence of individual hormones such as GLP- 
1, leptin, and FGF-21 to name just a few hold 
appreciable promise, but have proven limited in 
their individual ability to correct excess body 
weight. A new class of tailored biomolecules has 
emerged that offer unique effi cacy and safety 
relative to traditional monoagonists. In certain 
instances such as GLP-1/GIP co-agonist the 
combination appears physiologically logically 
given the combined action of these two indepen-
dent incretins to improve systems metabolism. 
In other examples the combination is counterin-
tuitive such as the recruitment of glucagon as a 
therapeutic agonist in combination with GLP-1 
agonism, where for decades the focus for this 
same therapeutic application has been on gluca-
gon antagonism. Finally, the combination of a 
targeting peptide with a hormone such as estro-
gen might provide access to selective nuclear 
hormones that have proven so elusive for conven-
tional small molecule medicinal chemistry. These 
molecules emphasize the principle that new 
highly active peptides that simultaneously target 
multiple signaling pathways can be designed to 
safely and effi ciently improve systemic metabo-
lism, paving the way for a new era in obesity and 
diabetes research. Without doubt, extension of 
these principles to include additional endocrine 
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factors implicated in systems metabolism as well 
as transfer of these strategies to other diseases, 
such as cancer, cachexia, or cardiovascular dis-
eases, might lead to an enormous boom in the 
development of novel future pharmacotherapies.     
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