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Introduction
Long before I embarked on a career in 
science, I imagined that prize-worthy dis-
coveries were the product of a moment of 
deep insight, a “eureka” moment, when a 
person of genius conjures an explanation 
for the inexplicable. While some of the 
greatest discoveries — gravitation, natural 
selection, and general relativity — can be 
fairly described in this way, this romantic 

view of a singular genius upending the 
world is, in actuality, quite uncommon. 
Rather, most seminal discoveries through-
out history were made by multiple groups, 
simultaneously or near simultaneously, 
building on the work of others and cul-
minating in advances that are referred 
to as scientific multiples. For example, a 
comprehensive review of all of the great 
discoveries prior to 1922 by Ogburn failed 

to identify a single advance that was not 
made by more than one group. Examples 
include the discovery of oxygen by Lavois-
ier, Schiel, and Priestley; the development 
of calculus by Newton and Leibniz; and 
even the theory of natural selection by 
Darwin and, later, Wallace, etc.(1). Indeed, 
it is difficult to identify discoveries that do 
not hew to this “rule.” In modern times, 
multiples are less common, in part because 
of the rapid dissemination of information, 
which then has a chilling effect on compet-
ing work once a discovery is made (this is 
an example of what is referred to as a fore-
stalled multiple, of which there are several 
other different types)(2).

Historians of science interpret the 
high frequency of multiples as indicating 
that, in general, discoveries are built on 
what came before and that, when a ques-
tion is “in the air” and the needed technol-
ogy has been developed, the answer (and 
opportunity) generally becomes clear to 
more than one individual at more or less 
the same time(3). This reasoning even led 
Ogburn to wonder whether all discoveries 
might be inevitable (1).

Viewed in this way, science performed 
at a level that ultimately attracts recogni-
tion is typically the result of an individu-
al(s) finding themselves in a time and place 
that makes them aware of an opportunity, 
recognizing the importance of that oppor-
tunity (as compared to other competing 
ones) and then pursuing their goal with 
rigor and intensity and as much creativity 
as they are capable of bringing to bear on 
the problem Thus, the process of discovery 
is not necessarily about having an idea that 
no one else has had, but rather recognizing 
an important opportunity when it comes 
one’s way, choosing to focus on that objec-
tive to the exclusion of others and execut-
ing it capably.

This discovery of leptin and my path to 
it illustrate these points. It was my inten-
tion to become a physician, and toward 
that end, I entered the combined RPI Alba-
ny Medical College six-year medical pro-
gram. The program requires students to 
perform research during the first two sum-

Conflict of interest: Leptin is now an approved drug. While Rockefeller University owns the patent for leptin, the 
author is named as an inventor on the patent for leptin and, as per University policy, receives a portion of the mile-
stone and royalty payments made to Rockefeller University by Astra Zeneca, the company that owns the license to 
the patents.
Reference information: J Clin Invest. 2016;126(12):4727–4734. doi:10.1172/JCI91578.

Leptin is an adipose tissue hormone that functions as an afferent signal 
in a negative feedback loop that maintains homeostatic control of adipose 
tissue mass. This endocrine system thus serves a critical evolutionary 
function by protecting individuals from the risks associated with being too 
thin (starvation) or too obese (predation and temperature dysregulation). 
Mutations in leptin or its receptor cause massive obesity in mice and 
humans, and leptin can effectively treat obesity in leptin-deficient patients. 
Leptin acts on neurons in the hypothalamus and elsewhere to elicit its 
effects, and mutations that affect the function of this neural circuit cause 
Mendelian forms of obesity. Leptin levels fall during starvation and elicit 
adaptive responses in many other physiologic systems, the net effect of 
which is to reduce energy expenditure. These effects include cessation 
of menstruation, insulin resistance, alterations of immune function, and 
neuroendocrine dysfunction, among others. Some or all of these effects 
are also seen in patients with constitutively low leptin levels, such as 
occur in lipodystrophy. Leptin is an approved treatment for generalized 
lipodystrophy, a condition associated with severe metabolic disease, and 
has also shown potential for the treatment of other types of diabetes. In 
addition, leptin restores reproductive capacity and increases bone mineral 
density in patients with hypothalamic amenorrhea, an infertility syndrome 
in females. Most obese patients have high endogenous levels of leptin, 
in some instances as a result of mutations in the neural circuit on which 
leptin acts, though in most cases, the pathogenesis of leptin resistance is 
not known. Obese patients with leptin resistance show a variable response 
to exogenous leptin but may respond to a combination of leptin plus 
amylin. Overall, the identification of leptin has provided a framework for 
studying the pathogenesis of obesity in the general population, clarified 
the nature of the biologic response to starvation, and helped to advance our 
understanding of the neural mechanisms that control feeding.
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control behavior, with, in this case, pro-
found effects on food intake, body weight, 
and many other biologic processes. As a 
first step, Bruce, Don Powell, and I set out 
to test Yalow’s hypothesis by cloning the 
CCK gene (12) and, in studies performed 
by Peter D’Eustachio, determining its chro-
mosomal location. (These studies were 
performed at the same time that I pursued 
my PhD research on liver-specific gene 
expression.) Peter found that CCK did not 
map to chromosome 6, thus excluding it as 
an ob candidate gene, and we later showed 
that CCK mapped to mouse chromosome 9 
(13). This, of course, raised the question as 
to the identity of the ob gene, and it seemed 
possible that positional cloning could pro-
vide an answer. This approach enables the 
identification of genes by mapping their 
precise position on a genetic and physical 
map of the chromosome. Positional clon-
ing of single genes, however, is now large-
ly an atavism, as it has been replaced by 
whole-genome sequencing.

My excitement for this project was 
heightened further when I later became 
aware of work done in the 1960s and 
1970s by Doug Coleman, also at The 
Jackson Laboratory. Coleman used the 
technique of parabiosis to study ob mice 
and db mice, another genetically obese 
strain (14), and concluded that the ob 
gene encoded a novel appetite-suppress-
ing hormone, and db encoded its recep-
tor (15). Coleman had found that when 
ob mice are surgically joined to normal or 
db mice (on the same inbred strain back-
ground), they ate less and lost weight. In 
contrast, normal mice paired with db mice 
starved to death. From this, Coleman con-
cluded that ob mice lacked a circulating 
factor that could be provided by the con-
joined partner and that then 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, pro-
ducing levels so high that conjoined mice 
(who are sensitive 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 associated with increased levels of ob 
RNA and the protein it encoded. In time, 
all of these predictions proved to be cor-
rect. Learning about Coleman’s hypoth-
eses further heightened my interest in 

In Mary Jeanne’s laboratory, I quickly 
became fascinated with the possibility that 
molecules could control behavior. In my 
first year, Mary Jeanne introduced me to 
another investigator, Bruce Schneider, who 
was going to help me develop a radioimmu-
noassay for β endorphin. While this project 
didn’t pan out, I did learn about Bruce’s 
work on cholecystokinin and a controver-
sy that had erupted about whether this gut 
hormone played a role in the pathogene-
sis of the obesity in genetically obese ob/
ob mice. I learned that the ob mouse had 
been identified by chance by George Snell 
and colleagues at The Jackson Laboratory 
in 1950 (5). This fully penetrant autosomal 
recessive mutation causes extreme obesity 
and had been mapped to mouse chromo-
some 6, though the nature of the defective 
gene was unknown (6). Indeed, hundreds 
of different hypotheses had been put forth 
about the function or identify of the ob 
gene, but none proved correct (7).

One of the putative candidate genes 
for the ob gene was cholecystokinin (CCK). 
CCK is an intestinal hormone secreted 
from gut endocrine cells after a meal that 
then stimulates gall bladder contractions 
and pancreatic secretion. CCK was lat-
er found in brain and became the first of 
many brain-gut peptides (8). In the years 
before I joined the Kreek laboratory, CCK 
had also been shown to act as an endoge-
nous appetite suppressant (9). Later, Ros-
lyn Yalow, a Nobel Prize winner who devel-
oped RIAs (published in the JCI), reported 
decreased levels of CCK in the brains of 
ob mice and suggested that the defects in 
CCK might be the cause of the ob pheno-
type (10). However, Bruce, who had been 
Yalow’s trainee, had the opposite data (11), 
and the controversy between them about 
the role of CCK in the phenotype of ob 
mice festered. I became deeply interest-
ed in this topic, which served as a motiva-
tion to begin graduate school to learn the 
emerging tools of molecular biology.

While a graduate student, I attended 
a series of seminars by the pioneers in the 
evolving field of human molecular genet-
ics. On the basis of these seminars, I began 
to consider that it might be possible to 
isolate the defective gene in ob mice. The 
objective was similar to that which cap-
tured my attention in Mary Jeanne’s lab-
oratory, namely, how a defect in a single 
gene and the molecule it encoded could 

mers of their undergraduate years, after 
which a standard four-year medical school 
curriculum begins. I conducted two sepa-
rate research projects during these sum-
mers, both of which were distinguished by 
their profound lack of distinction. In the 
first, I was assigned a project to test the 
effect of glucocorticoids on animals sub-
jected to hypovolemic shock (unpublished 
data). I was instructed to work on dogs, 
but being a dog lover, refused, and instead 
worked on piglets (to which I also became 
attached). Unbeknownst to my advisor, I 
also rescued a German Shorthaired Point-
er that had been the subject of a nonlethal 
experiment performed by a lab mate. The 
culmination of that summer’s work was 
the monumental finding that there was 
not a beneficial effect of glucocorticoids 
for the treatment of shock and that I had a 
new dog (I named him Bernie).

In the second summer, I worked with 
Dr. Patrick Wong, a junior faculty member, 
who studied bradykinin. Under his tute-
lage, I performed a set of studies in rodents 
to test whether salt loading had an effect 
on bradykinin responsiveness and found 
that its hypotensive effect was equivalent 
in all three groups (unpublishable data, see 
below). For reasons I still cannot fathom, 
I thought this finding was of great impor-
tance and, together with Patrick, submitted 
a paper on our work to the Journal of Clini-
cal Investigation. We received two reviews. 
The first was negative but was intended to 
be helpful. The second simply read, “this 
paper should not be published in the JCI or 
anywhere else.” At this point, I was uncon-
vinced that I had the potential to be a scien-
tist and concluded that publishing a scientif-
ic paper represented a level of achievement 
that would likely elude me forever.

I was fortunate, however, because, for 
reasons known only to him, John Balint, 
Patrick’s chair, thought I might have some 
aptitude for research, and in 1980, after I 
completed an internal medicine residency, 
he introduced me to Mary Jeanne Kreek, 
who studied the molecular basis of addic-
tion at the Rockefeller University (4). My 
plan was to take a gap year before starting 
a fellowship in gastroenterology. However, 
in the course of this year, I became enam-
ored with research. Instead of continuing 
my medical training, I became a graduate 
student in James Darnell’s laboratory, with 
the aim of learning molecular genetics.
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and disappointments. Some of the key les-
sons from 20 years of research on leptin are 
summarized below.

Wiring diagram of a complex 
behavior
One can describe the phenotype of ob and 
db mice in several different ways. Histor-
ically, these animals have been described 
as obesity mutations, but one could also 
think of them as showing a behavioral phe-
notype with numerous abormalities (7). 
They are massively hyperphagic, show a 
dramatic decrease in locomotor activity, 
are quite gentle and nonaggressive, and 
are not sexually active. Thus, the identifi-
cation of leptin and, later, the leptin recep-
tor (LepR)(21, 22), encoded by the db gene, 
provided an entry point for delving into 
the neural mechanisms that control com-
plex behaviors. Moreover, the elucidation 
of the pathogenesis of the obesity result-
ing from the Ay (yellow agouti) mutation 
identified hypothalamic neurons express-
ing POMC, the precursor of αMSH, as key 
neural targets of leptin and, more general-
ly, integrators of numerous metabolic sig-
nals (23). αMSH acts on the MC4, a GPCR, 
and MC4 receptor (MC4R) mutations rep-
licate the obese phenotype of Ay mice (24). 
The subsequent identification of AGRP as 
an endogenous inhibitor of αMSH in a sec-
ond group of hypothalamic neurons, also 
expressing NPY, added another population 
of leptin-responsive neurons (25, 26). We 
now know that leptin acts in part by acti-
vating POMC neurons and inhibiting NPY/
AGRP neurons, though many other neural 
cell populations also play a role either as 
direct neural targets, or act downstream of 
these neurons (26–28). Indeed, enormous 
progress has been made in defining a set 
of overlapping neural circuits that control 
food intake and body weight. With time, 
these findings are likely to lead to a deeper 
understanding of how feeding behavior is 
controlled as well as advance our under-
standing of the control of other behaviors.

Indeed, leptin’s neurobiologic effects 
are not limited to feeding circuits. Extreme 
weight loss in humans has been shown to 
induce a set of emotional sequelae includ-
ing depression. A possible role for a reduc-
tion in leptin levels in mediating some por-
tion of this was suggested by the finding 
that leptin injection into the hippocampus 
can improve the performance of animals 

105 of this 167–amino acid protein (18, 
19). The marked overexpression of the 
ob gene in C57Bl/6J ob/ob adipose tissue 
further suggested that the gene was under 
feedback control, with an increased level 
of gene expression in the obese state, 
consistent with the data from the classic 
parabiosis experiments by Coleman (15). 
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 (20).

Putting this all together in that 
moment in a darkroom, it became evident 
in an instant that, not only had the ob gene 
been cloned, but the data were consistent 
with Coleman’s predictions. The data 
thus suggested the hypothesis that the ob 
gene encoded a novel adipocyte hormone 
that functioned as the afferent signal in 
a negative feedback loop that maintains 
homeostatic control of adipose tissue 
mass. This hypothesis thus explained how 
a stable weight could be maintained over 
long periods of time, precisely balancing 
caloric output to energy expenditure. We 
named the new hormone leptin, derived 
from the Greek root “leptos” for “thin,” 
the notion being that leptin kept a mouse 
(and humans) from becoming obese. 
While some of the features of this new hor-
monal system were predicted at the time, 
others were not. Science seldom proceeds 
in a straight line, and the field spawned by 
the identification of leptin and other genes 
that cause obesity is no exception.

There is no question that if we had not 
cloned the ob gene, someone else would 
have. This work can thus be considered 
a forestalled multiple; once we found the 
gene, others working on it stopped. Having 
had the opportunity to be the first to see how 
nature solved an age-old problem — how to 
maintain a stable weight while consuming 
millions of calories a year — was greater 
than anything I had ever dreamed. To a 
casual observer, the Northern blot showing 
that the ob gene had been identified would 
have appeared as a set of nondescript black 
blobs on a transparent background. But to 
me, it was beautiful, because it captured 
the essence of art: a somewhat abstract 
representation of a deeper truth. In the now 
35 years since I learned, by chance, about 
the ob mouse, there have been surprises 

cloning the ob gene and also led my group 
to begin efforts to also clone the db gene.

While no mouse genes had been 
cloned using positional cloning at this 
time, the muscular dystrophy and chron-
ic granulomatous disease genes had been 
identified (16, 17), and it seemed likely that 
additional genes such as the one for cystic 
fibrosis would follow. This set of technical 
advances put forth the possibility that the 
ob gene could be identified. Thus, when 
I completed my PhD studies in 1986 and 
started my own laboratory, my group 
began efforts to clone the ob and db genes. 
This endeavor occupied my attention of 
that of a large group of talented colleagues 
for the next ten years. This was a painstak-
ing, anxiety-provoking, repetitive, and in 
many ways stultifying process that, after a 
ten-year odyssey ended with a moment of 
discovery and a sense of exhilaration that 
is one of the defining moments of my life.

Early one morning, a little more than 
20 years ago, I developed a Northern blot 
showing changes in the levels of adipose 
tissue RNA detected by a probe named 
2G7 (18). The RNA in this experiment was 
prepared from both WT and ob (obese) 
adipose genes, and 2G7 was a clone that 
mapped to the region of chromosome 
6, where the ob gene had been found to 
reside. The 2G7 probe identified a 4.5-kB 
RNA in adipose tissue that was absent in 
RNA from CMC dac ob/ob mice but was 
increased by 20-fold in adipose RNA from 
C57Bl/6J ob/ob mice that was first charac-
terized by George Snell and colleagues in 
1950 (5). CMC dac ob/ob mice were unpub-
lished at the time but were kindly provided 
by Skippy Lane of The Jackson Laboratory, 
as were many other mice that were critical 
for this study.

The demonstration that the same RNA 
was absent in one mutant and induced in 
the second mutant provided definitive 
proof that 2G7 was an exon from the ob 
gene. These data confirmed that the ob 
gene had been isolated, because, had the 
observed RNA changes been secondary to 
some other genetic defect, the expression 
levels would have to be similar in both ob 
mutant strains. Further studies revealed 
that a viral insertion into CMC dac ob/ob 
mice interfered with ob expression, while 
in C57Bl/6J ob/ob mice, a point mutation 
in the second exon of the ob gene intro-
duced a nonsense mutation at amino acid 
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to fasting in mice (40). These findings 
and others suggest that a key function of 
leptin is to communicate information to 
the brain and other organs that there are 
adequate fat stores and that the organism 
is not starving. In the absence of leptin, or 
with the reduced levels seen after fasting, 
a set of physiologic responses are elicited, 
the aggregate effect of which is to reduce 
energy expenditure, at the same time that 
appetite is stimulated.

In addition to its intrinsic importance, 
this aspect of leptin function provides a 
framework for understanding the efficacy 
of treating a series of leptin-deficient states 
in humans. In each case, leptin treatment 
improves one or more abnormalities gen-
erally associated with starvation. Lipodys-
trophy, the complete or partial absence of 
fat, is a heterogeneous disorder associated 
with leptin deficiency, a severe, sometimes 
intractable insulin resistance, and diabetes, 
as well as hyperlipidemia and nonalcoholic 
steatohepatitis (NASH) (41–43). Leptin is 
currently an approved therapy for gener-
alized lipodystrophy and has also shown 
potential for the treatment of patients with 
partial lipodystrophy and severe metabolic 
abnormalities (though, at present, it is not 
approved for this indication) (44). Recent 
evidence has also suggested that lipodys-
trophy is a spectrum disorder and that 
there may be extensive overlap between 
a polygenic form(s) of lipodystrophy and 
patients previously described as being nor-
mal weight metabolically obese (NWMO) 
(45–47). This syndrome appears to contrib-
ute to the abnormalities in a nonobese sub-
group of as many as 15% of patients with 
insulin resistance.

Similarly, the leanness of young wom-
en who exercise often with great avidity is 
also associated with relative leptin defi-
ciency and hypothalamic amenorrhea 
(HA). This condition is characterized by 
a failure to menstruate, infertility, and 
premature osteoporosis. Leptin replace-
ment therapy improves the reproductive 
abnormalities associated with HA and 
even causes a significant improvement 
of bone mineral density in patients with 
HA (48, 49). Leptin confers these benefi-
cial effects, despite causing weight loss in 
treated patients (48). Similarly, patients 
with leptin mutations also show extreme 
weight loss after leptin therapy, while also 
showing improvements in the same abnor-

of respiration such as dinitrophenol, leads 
to weight loss (33, 34). Moreover, while a 
defect in leptin signaling is associated with 
hyperphagia and a marked decrease in 
energy expenditure in mice, the principal 
effect in humans is on appetite, with little or 
no discernible effect on metabolism (Sadaf 
Farooqi, personal communication).

The heritability of obesity has been 
reported to be between 0.7 and 0.8, which 
is higher than that for most other traits 
(35). That there is a substantial genetic 
contribution to obesity is also supported 
by adoption and familial aggregation stud-
ies (36, 37). However, while some fraction 
of obesity can be attributed to the afore-
mentioned Mendelian defects as well as 
to variation in genes identified in GWAS, 
such as FTO, there is reason to expect that 
many new genes remain to be discovered 
(38). The use of high-throughput genomic 
sequencing to look for variation in patients 
with extreme phenotypes is likely to lead to 
the identification of new genes (39). 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 thus 
quite likely that future reviews on leptin 
will need to take into account additional, 
as-yet unidentified components of the neu-
ral circuit that regulates food intake.

Defects in leptin signaling
Leptin-deficient ob mice show abnor-
malities in most, perhaps all, physiologic 
systems (7). Thus, these animals show 
defects in the entire neuroendocrine axis 
and are infertile or subfertile and euthy-
roid sick, with markedly increased cor-
ticosterone levels. In addition to these 
global effects on the neuroendocrine axis, 
ob mice are hypothermic and diabetic 
and have shown immune and hematolog-
ic dysfunction. Indeed, after they were 
first identified, the complex phenotype 
of these animals led some to question 
whether the identification of the ob gene 
would advance our understanding of how 
food intake and body weight are normally 
regulated. In retrospect, the complex phe-
notype of these mice can be most easily 
understood by noting that the abnormal-
ities they manifest are generally associat-
ed not with obesity, but rather with star-
vation. This prediction was supported by 
the observation that leptin administration 
suppresses the neuroendocrine response 

in a forced swim test (29). This assay pro-
vides a quantitative indication of the level 
of depression in animals and robustly pre-
dicts the efficacy of antidepressant drugs 
in humans. Other studies have shown that 
leptin has significant effects on reward 
processing by dopaminergic centers in the 
midbrain and that it can reduce the value 
of a sucrose reward (30). This is import-
ant, because it shows that the pleasure we 
derive from eating is not fixed but rather 
reflects the status of metabolic signals 
such as leptin, among others. Leptin also 
has potent effects on many other neural 
circuits including those controlling hor-
mones that regulate reproduction and 
reproductive behaviors, activity, aggres-
sion, thermoregulation, and stress.

Obesity has a substantial 
genetic component
The identification of mutant genes that 
cause obesity in mice provided a molecular 
framework for identifying mutant genes 
that cause obesity in humans. Thus, muta-
tions in leptin, the LepR (31), 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 more than 10% of morbid 
human obesity is a result of Mendelian 
defects in these (and other) genes, which, 
in the majority of cases, are in the MC4R 
and the LepR (31). This is a level of Men-
delian inheritance that exceeds that for 
nearly every other complex trait that has 
been studied. The realization that obesi-
ty is often the result of genetic mutations 
in humans 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 alterna-
tive to the widely held view that obesity 
develops from a failure of willpower or 
consequent to the modern environment.

Furthermore, it has been noted that all 
of the obesity genes identified thus far are 
expressed in the brain. This is despite the 
fact that there is a large body of evidence 
indicating that differences in metabolic 
rates can predict changes in weight (32) 
and that an increase in peripheral metabo-
lism, such as that which occurs after treat-
ment with thyroid hormone or uncouplers 
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of a hormone resistance syndrome, with 
an attenuated response to exogenous-
ly administered hormone and elevated 
endogenous levels. In addition, mutations 
in the genes PTP1B and SOCS3 in the leptin 
signal transduction pathway increase 
leptin signaling and lead to a resistance to 
obesity, identifying biochemical mecha-
nisms that potentially contribute to leptin 
resistance (57, 58). However, leptin resis-
tance is complex and can develop at many 
points in the neural circuit that regulates 
feeding. Thus, leptin resistance can also 
develop downstream of leptin target neu-
rons, as in Ay and MC4R-knockout mice, in 
which melanocortin signaling from POMC 
neurons is abrogated (23). As with other 
hormones, leptin resistance can also devel-
op in response to chronically elevated hor-
mone levels via tachyphylaxis (59). Finally, 
as mentioned above, in NZO mice, leptin 
resistance can develop because of impaired 
leptin transport, although little is known 
about the transcytotic mechanism (60).

In humans, leptin is highly potent 
in patients with low endogenous levels, 
though its effects in otherwise normal lean 
patients have never been comprehensive-
ly studied (41–43, 48). In contrast, leptin 
has variable effects as a monotherapy for 
obesity in the general population (61). Ini-
tial studies showed encouraging effects 
at very high doses (0.3 mg/kg b.i.d.), but 
this dose was too high for general usage, 
and a lower dose (0.1 mg/kg b.i.d.) did 
not show efficacy. However, a more recent 
study treating obese patients with an even 
lower dose (0.05 mg/kg) led to a weight 
loss of approximately 5%, with efficacy 
equivalent to that of other pharmacother-
apies for obesity (62). It is thus possible 
that higher doses of leptin led to tachy-
phylaxis and that a 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 do others. In light 
of the potency of leptin in patients with 
low endogenous leptin levels, it is possible 
that the one could enrich for a responder 
subset by selecting obese patients with low 
leptin levels. Indeed, while leptin levels are 
highly correlated with adipose tissue mass 
(r = 0.9), plasma leptin can still vary by ten-
fold or more among patients of the same 
BMI (56). Furthermore, mice with low lev-

can improve the diabetes of lipodystro-
phic mice independently of insulin (51–
53). This raised the possibility that leptin 
might show efficacy for the treatment of 
type 1 diabetes. This possibility has now 
been tested in streptozotocin-treated 
mice and rats that are either partially or 
completely insulin deficient. In both cas-
es, leptin markedly lowered blood glucose 
levels. Indeed, in one study, untreated 
animals all died within one month, while 
treated animals survived as long as leptin 
continued to be expressed from an ade-
noviral vector (54). Further evidence has 
suggested that leptin elicits its antidia-
betic effects by inhibiting glucagon. This 
has raised the possibility that leptin might 
also be of benefit for patients with type 1 
diabetes, who often present with weight 
loss and hyperphagia as a consequence of 
complete or partial insulin deficiency. In 
this setting, leptin could either alleviate 
the demands on β cells at the onset of the 
disease to extend the “honeymoon” peri-
od, and/or be used to supplement insulin 
at later stages of the disease as a means 
for smoothing glucose control with less 
hyperglycemia. Leptin therapy might also 
minimize the weight gain that is associat-
ed with increased doses of insulin. Fur-
ther studies will be necessary to evaluate 
these possibilities.

Physiologic increases in plasma leptin 
levels in WT mice lead to a dose-depen-
dent reduction of food intake and loss of 
weight (55). While leptin has potent effects 
on reducing food intake and body weight 
in ob and WT animals, its efficacy in obese 
animals is variable and reduced (55). Ani-
mals with mutations in the LepR fail to 
respond at all to leptin treatment, as do Ay 
mice that have a defect in melanocortin 
signaling (55). Diet-induced animals show 
only a small response, while New Zealand 
obese (NZO) mice, a strain that develops a 
polygenic form of obesity, fail to respond 
to leptin delivered peripherally but lose 
significant amounts of weight when leptin 
is delivered i.c.v. Each of these strains has 
high plasma levels of leptin, suggesting 
that they are leptin resistant. The most 
extreme case of leptin resistance is seen 
in the db mouse, which has a mutation in 
the LepR (21, 22). In the absence of leptin 
action, these animals become obese and, 
secondarily, overproduce the hormone 
(56). Thus, obesity satisfies the hallmarks 

malities that are typically associated with 
starvation. Thus leptin-deficient patients 
show marked improvements in their met-
abolic profile, a restoration of fertility, and 
improvements in immune function with 
leptin treatment, despite losing weight. In 
aggregate, these data strongly suggest that 
organismal sensing of the overall nutri-
tional state (i.e., adipose tissue mass) is 
conveyed by leptin and not by the actual 
amount of fat stored in adipose tissue.

In general, the more extreme the 
abnormalities of patients with low leptin 
levels, the more significant their clinical 
response to leptin therapy. This raises the 
possibility that leptin might have poten-
tial as a treatment for other pathologies 
that develop in settings of leptin deficien-
cy. For example, one female patient with 
leptin deficiency failed to enter puberty 
in adolescence, even though her bone 
age indicated that she should have, and 
leptin treatment led to the onset of men-
ses (Sadaf Farooqi, personal communica-
tion). This suggests that leptin might be 
used to induce puberty in very lean young 
women with a delayed onset of puberty. 
Both leptin-deficient and starved individ-
uals show immune abnormalities, with 
a shift from Th1 to Th2 immunity and an 
increased susceptibility to infectious dis-
ease (50). Here again, leptin treatment 
of leptin-deficient humans and starved 
animals reverses these changes. Thus, it 
is possible that leptin could be used as an 
immune adjuvant in settings of extreme 
cachexia such as starvation, cancer, or 
chronic inflammatory disease. It has even 
been proposed that leptin might be useful 
in patients with end-stage anorexia ner-
vosa, with the hope that low-dose leptin 
treatment could ameliorate some of the 
pathology associated with leptin deficien-
cy, without significantly reducing food 
intake (further), and/or as an adjunct to 
parenteral nutrition (C. Montzoros, per-
sonal communication).

Leptin might also be of benefit for 
patients who do not manifest signs or 
symptoms of pathologic deficiency of 
leptin (i.e., starvation) but who nonethe-
less are leptin sensitive (this would be in 
contrast to most obese patients, who are 
leptin resistant; see below). Prior studies 
in animals have shown that leptin stim-
ulates glucose metabolism in WT mice 
independently of weight loss and that it 
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nutritional state regulate (all) other physi-
ologic systems. (c) Leptin mutations cause 
a severe obesity that can be successfully 
treated with the recombinant protein. (d) 
Leptin reduces food intake by decreasing 
the reward value of nutrients. (e) There are 
several other leptin deficiency syndromes 
that are treatable with leptin replacement. 
This includes lipodystrophy, an underdi-
agnosed cause of diabetes. In HA, leptin 
can restore fertility and improve osteopo-
rosis. Leptin can also improve the immune 
abnormalities of starvation. (f) A substan-
tial fraction of morbid obesity is the result 
of Mendelian defects in the neural circuit 
that is modulated by leptin. (g) A subset of 
obese individuals lose weight with leptin 
monotherapy. The majority are leptin 
resistant, but some patients respond to a 
leptin-amylin combination. (h) Finally, the 
identification of leptin and the neural cir-
cuit that controls feeding provide a frame-
work for studying obesity and an alterna-
tive explanation to the notion that obesity 
is simply a lack of willpower that can be 
treated by advising patients to eat less and 
exercise more.
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