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Introduction

White adipose tissue (WAT) is mainly composed of
adipocytes, cells which store energy in the form of
triglycerides in times of nutritional affluence and release
free fatty acids during nutritional deprivation.2 WAT
mass is determined by the balance between energy
intake and expenditure and is controlled by genetic,
neuroendocrine, and environmental factors.»? Under
normal conditions the balance between energy intake
and expenditure is carefully regulated so that adipose
tissue mass remains constant and remains close to a
well-defined “set-point”. Alterations in body weight, such
as seen after weight reduction, are spontaneously cor-
rected, and weight tends to return to its original set-
point. This contributes, for example, to the low long-
term succes rate of weight reduction programs. Under
certain conditions, however, perturbances of this steady
state can lead to a chronically increased or decreased
quantity of WAT, such as seen in obesity or in lipodys-
trophic syndromes, respectively.12 Obesity affects be-
tween 25% and 30% of the population in industrialized
countries, and its frequency is still rising at an alarming
rate.®# It is associated with increased risk of death from
any cause® and is furthermore an independent risk
factor for insulin resistance, non-insulin-dependent
diabetes mellitus, and coronary artery disease. Con-
versely, decreased amounts of adipose tissue, such as
seen in malnutrition, cachexia, or anorexia nervosa, are
also associated with important morbidity and mortality.
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This tight coupling between energy intake and ex-
penditure implies the necessity of a regulatory system
that keeps the body constantly informed on its energy
stores. This formed the basis of a long quest to identify
such signaling molecules. In theory, such a regulatory
system needs to be capable of both sensing energy
intake, storage, and usage and relaying this sensory
input to an effector system, capable of integrating all
this information and of generating an adequate com-
pensatory response. Solid evidence for such a signaling
system in rodents was provided more then 20 years ago
by parabiosis (cross-circulation) experiments between
ob/ob and db/db mice.® In this condition only ob/ob
mice reduced their food intake and lost weight. This led
Coleman to suggest that the phenotype in the ob/ob
mouse was caused by the absence of a circulating
signaling molecule. The ob/ob mice can, however,
respond to this molecule when it is provided, whereas
db/db mice produce this signaling factor but cannot
respond to it. The obese gene, which is mutated in the
ob/ob mice and which codes for this signaling factor
later called leptin (Greek for ‘thin’), was isolated in 1994
by Jeffrey Friedman's group after a long positional
cloning effort.” Very few proteins received so much
scientific and media coverage as leptin. Between its
initial discovery at the end of 1994 and August 1998,
more than 1200 papers have appeared on the subject,
and its discovery completely changed our perception of
body weight homeostasis. This discovery furthermore
revitalized the obesity field, where new molecules play-
ing an important role in energy homeostasis are now
being reported almost monthly.
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In the present Perspective, we will summarize the
recent developments in the leptin field with particular
attention to clinical aspects and drug discovery strate-
gies. In view of the wealth of the existing literature,
many important contributions to this field cannot be
cited because of space limitations.

Leptin Biology

Leptin, a Cytokine Acting on a Cytokine-Type
Receptor. Mice homozygous for the obese mutation (ob/
ob mice) have several characteristics in common with
starved animals: hyperphagia, decreased energy ex-
penditure, reproductive deficiency, and delayed growth.
Leptin was first cloned in an effort to identify the
molecular defect underlying the phenotype in the ob/
ob mouse” and was suggested to be the signaling factor
from Coleman’s experiments.® The human leptin pro-
tein, a polypeptide of 167 amino acids, is encoded by a
gene on chromosome 7g31,871% which is composed of
three exons covering more than 15 kb.1°712 The sequence
coding for the leptin protein is contained in exons 2 and
3, whereas exon 1 codes for the 5'-untranslated re-
gion.19-12 | eptin transcription is controlled by a pro-
moter located 5' of the transcription initiation site in
exon 1.1112 The description of the gene structure in the
mouse also facilitated the definition of the genetic
abnormalities in the two types of ob/ob mice. The first
type has a nonsense mutation, resulting in the produc-
tion of a nonfunctional gene product (C57BI1/6J ob/ob).”
The second strain carries a genomic mutation resulting
in the complete absence of ob MRNA (SM/Ckc-+Pac-ob2)/
0b2J)_7

Considerable progress has been made in the deter-
mination of the tertiary structure of the leptin protein.
The crystal structure at 2.4-A resolution of a mutant
human leptin protein (leptin-E-100), which has compa-
rable biological activity to that of wild-type leptin but
crystallizes more readily, has been reported.’® The
structure reveals a four-helix bundle similar to that of
the long-chain helical cytokine family, which also in-
cludes IL-6, IL-11, IL-12, LIF, G-CSF, CNTF, and
oncostatin M.22 The leptin protein contains two cysteine
residues, Cys® and Cys!6, which form a disulfide bond
and hence are in close spatial proximity.® This disulfide
bond is crucial for structural integrity and stability of
the protein.1*

Leptin was originally thought to be exclusively pro-
duced in adipose tissue, with high levels in white
adipose tissue and low levels expressed in brown adipose
tissue.” Recently it was, however, shown that two other
tissues also produce significant amounts of leptin. In
pregnant women substantial amounts of leptin are
produced in the placenta,’>~17 resulting in an increase
in circulating leptin levels. Gastric epithelium is another
site of leptin production, although the levels of leptin
mRNA and protein seem somewhat lower than those
in white adipose tissue.’® After synthesis leptin is
secreted in a pulsatile fashion from adipose tissue into
the bloodstream.1%20 The release of leptin by the gastric
epithelium is triggered by food intake and CCK-4.18 In
the plasma leptin circulates, either free or complexed
to a binding protein,?22 which might be a truncated
form of its receptor.2® The proportion of bound/free leptin
varies with body mass. In humans, higher proportions
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Figure 1. Signaling by the leptin receptor. Leptin binding
induces dimerization of the receptor and activation of the
associated JAK-2 which phosphorylates tyrosine (Y) residues
on the receptor, creating phosphotyrosine docking sites for
STAT proteins. After phosphorylation, these STAT proteins
dissociate from the receptor and form dimers. STAT dimers
are transported into the nucleus and control expression of re-
sponsive genes via binding to response elements (black box).

of total leptin circulate in the bound form in lean,
relative to obese, subjects and free leptin increases with
body mass index (BMI).2%22 This property of leptin adds
to the variability in the determination of leptin concen-
tration and also affects the physiological impact of the
protein. During pregnancy the amount of bound leptin
also increases in the maternal circulation.?3

The multiple metabolic effects of leptin are achieved
by its interaction with specific leptin receptors, located
both in the central nervous system as well as in
peripheral tissues?*~26 (Figure 1). The leptin receptor
belongs to the class | cytokine receptor family, which
uses gpl30 as a signal-transduction component in its
receptor complex. Ligand activation of this group of
receptors, which also contains among others the IL-6,
LIF, GH, CNTF, and oncostatin M receptors, results
ultimately in activation of signal transducers and
activators of transcription (STATS) (reviewed in refs 27
and 28). Although induction of receptor oligomerization
by leptin still has to be demonstrated, the structural
similarity of the ligands of this class of cytokine recep-
tors suggests that leptin is no exception concerning its
interaction with its receptor. Once activated the leptin
receptor transmits its signal via janus kinase 2 (JAK-
2)2° to STAT 3, 5, and 6.20732 This subset of STATs has
received the name of “fat-STATS”.3* One additional
interesting aspect of the activation of the leptin receptor
is the fact that it induces a fast activation of ATP-
sensitive potassium channels both in the central ner-
vous system3® and in peripheral tissues.3637 It is at
present unknown how the activity of leptin on cellular
channels ties back to its reported activity on JAK-2 and
STAT action.

Multiple splice variants of the leptin receptor are
produced from the same gene, during a complex tissue-
specific splicing process.?526:38 The different leptin re-
ceptors include a long form, which is present in the
central nervous system,?4~26 on endothelial cells,33 and
on CD4+ T cells®® and which is presumed to mediate
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Figure 2. Schematic model of the various signaling pathways
in which leptin is implicated. Neuroendocrine effects include
effects on the reproductive system as well as effects on the
thyroid gland and adrenal gland. The metabolic effects include
effects on glucose homeostasis which could be mediated via
either the central nervous system or the peripheral nervous
system.

most or all of leptin’s effect. In addition, several shorter
forms of the leptin receptor have been described, which
although substantially weaker than the long form, are
still able to transmit signal transduction via the JAK/
STAT pathway.*° The leptin receptor has been shown
to be mutated in db/db mice?526:38 as well as in the
Zucker fatty (fa/fa) rat3841-43 and the spontaneously
hypertensive obese Koletsky rat,** and its malfunction-
ing underlies the extreme leptin resistance in these
animals.

Transport through the Blood—Brain Barrier
and Central Effects of Leptin. To reach its central
site of action (Figure 2), leptin crosses the blood—brain
barrier via a saturable transport system which might
involve the short form of the leptin receptor.#5-48 Leptin
concentration in the cerebrospinal fluid (CSF) is strongly
correlated in a nonlinear manner with plasma leptin
levels and BMI.4748 In obesity, there is a less important
increase in the CSF leptin levels relative to the increase
in serum leptin. When expressed as CSF/serum leptin
ratio, higher ratios are found in lean compared to obese
subjects, suggesting a reduced efficacy of brain leptin
transport and a relative leptin deficiency in the central
nervous system in obese individuals.*”#8 Therefore,
beyond a certain leptin level (estimated around 25 ng/
mL), the CSF leptin levels do not increase accordingly,
suggesting that exogenous administration of leptin or
stimulation of leptin production might be ineffective to
treat obesity.

The central nervous system in general and the
hypothalamus in particular have been suggested to be
the critical targets for the satiety effects of leptin (Figure
2), as supported by several arguments including: (1) the
loss of leptin’s satiety effects associated with lesions of
the ventromedial hypothalamus;*° (2) the reproduction
of the powerful anorexic and metabolic effects of leptin
after central administration of minute quantities of
leptin which do not influence circulating leptin levels;51-53
(3) the specific binding of leptin to hypothalamic plasma
membranes;®? (4) the modulation of neuronal activity
in the hypothalamus by leptin;355455 and (5) the expres-
sion of the full-length leptin receptor in the hypothala-
mus.24%6 The complete set of genes involved in mediat-
ing the downstream effects of activation of the central
leptin receptor and STAT transcription factors on
energy metabolism is currently unknown.
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One candidate effector molecule may be the hypotha-
lamic neuropeptide Y (NPY), which is a potent stimula-
tor of food intake and whose synthesis is inhibited by
leptin.5257:58 From studies in animals with a mutated
NPY gene, however, it became evident that NPY cannot
be the sole mediator of leptin’s actions.5”%° Another
signaling pathway, initially thought to be downstream
of the leptin receptor in the brain, includes the melano-
cortin system composed of melanocyte-stimulating hor-
mone and its receptor, the melanocortin-4 (MC-4)
receptor.5%.61 One set of experiments arguing for a
potential role of the melanocortin system in leptin
signaling relied on the use of a synthetic antagonist of
the MC-4 receptor, which blocked leptin's inhibitory
effect on food intake.52 Opposite data were, however,
obtained in animals carrying both the ob/ob mutation
and the lethal yellow (A¥/a) mutation, which results in
the constitutive ectopic expression of the agouti peptide,
a potent antagonist of the MC-4 receptor.®® In these
genetic studies both the leptin and melanocortin path-
ways were shown to have an independent and additive
effect on murine obesity,%* suggesting that obesity in
the lethal yellow mouse, caused by the agouti peptide,
is independent of leptin’s action on energy homeosta-
sis.®4 Other candidate genes, whose activity could be
modulated by leptin and are active in the brain, include
the glucagon-like peptide-1 (GLP-1),5% corticotropin-
releasing hormone (CRH or CRF) or the related factor
urocortin,®-68 orexins,®® and melanin-concentrating
hormone (MCH).”® However, until now, no experimental
evidence is available to support a role of these pathways
in leptin signaling.

Peripheral Actions of Leptin. In addition to its
actions in the central nervous system, leptin also has
direct effects on peripheral tissues (Figure 2). This
observation is supported by the expression of several of
the leptin receptor isoforms in peripheral tissues.2426:33.39
Opponents of this hypothesis, however, point out that
the majority of the leptin receptors present in peripheral
tissues are truncated and have less signaling capacity.*°
The observation that addition of leptin generates pro-
found biological responses in cultured hepatocytes,”®
adipocytes,’2~ > muscle cells,”87” hemopoietic cells,29:39.78.79
granulosa cells,8 adrenocortical cells,8! endothelial
cells,®® and pancreatic islet cells,36:37.74 however, sup-
ports a direct peripheral action of leptin. Further
support for a direct effect of leptin on peripheral tissues
came from its action on isolated soleus and extensor
digitorum muscles.82:83

The peripheral actions of leptin have been mainly
evaluated in a metabolic perspective. The effects of
leptin on lipid metabolism in cultured cells is especially
intriguing in this context. Leptin directly decreases
intracellular lipid concentration in several tissues
through a reduction of fatty acid and triglyceride
synthesis and a concomitant increase in lipid oxida-
tion.”8384 |t is postulated that this effect on lipid
metabolism is mediated by an inhibitory effect of leptin
on acetyl-CoA carboxylase (ACC) activity, the rate-
limiting enzyme in fatty acid synthesis, whose expres-
sion decreases after leptin administration.”284 Inhibition
of ACC leads to a reduction in malonyl-CoA levels, a
known inhibitor of carnitylacyltransferase | (CPT-1) and
mitochondrial 8-oxidation.84 In addition to this indirect
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stimulatory effect on CPT-1 activity, leptin also in-
creases the CPT-1 mRNA levels.8* Altogether the inhi-
bition of ACC and stimulation of CPT-1 will block fatty
acid synthesis and favor mitochondrial fatty acid uptake
and g-oxidation resulting in lower intracellular fatty
acid and triglyceride levels.”48384 Furthermore, also,
enzymes involved in peroxisomal g-oxidation, such as
acyl-CoA oxidase, are induced by leptin.8* Hence both
mitochondrial and peroxisomal -oxidation will favor the
lowering of intracellular lipid content.84 Unger and co-
workers therefore rightfully suggest that leptin, through
reversal of lipid accumulation in several tissues, could
have beneficial effects on insulin resistance via the
Randle cycle® and on pancreatic 3-cell function, via a
reduction of “lipotoxicity and lipoapoptosis” and inter-
leukin (IL)-13-mediated cytotoxicity,6:87 ultimately im-
proving glucose homeostasis.”*8* Furthermore mito-
chondrial oxidation could be uncoupled from ATP
synthesis, in view of the increase in uncoupling protein
(UCP-1, -2, and -3) expression induced by leptin, result-
ing in increased thermogenesis which will contribute to
energy dissipation.848-°1 The recent observation that
leptin has important angiogenic activity, an effect
mediated through the long form of the leptin receptor
which is expressed on endothelial cells, is also interest-
ing in this context.33 Leptin, produced in the adipocytes,
is not only secreted into the blood stream but could also
act locally upon endothelial cells in a paracrine fashion
to induce angiogenesis, which may assist in heat dis-
sipation at sites of active thermogenesis, such as the
adipose tissue.33

Besides these metabolic effects, leptin has several
other peripheral effects. One of the potential peripheral
effects of leptin, outside the metabolic arena, is its
effects on the hematopoietic and immune systems. In
fact, leptin has been reported to have a specific effect
on CD4+ T lymphocytes (Th cells), which express high
levels of the long form of the leptin receptor.3® Leptin
differentially modulates naive and memory CD4+ T
cells (Th).3° Furthermore, leptin seems to increase Thil
cytokine production (proinflamatory cytokines, such as
IL-2 and interferon y (IFNy)) and to decrease Th2
cytokine production (regulatory cytokines, such as IL-
4). Administration of leptin furthermore reverses the
immunosuppressive effects of starvation.3 In addition,
in view of its cytokine-like structure, it was no surprise
that leptin also has a role in proliferation, differentia-
tion, and functional activation of macrophages.2°78.79
Whether these proliferative effects in the hemopoietic
system are related to the capacity of leptin to induce
MAP Kkinase-dependent cell proliferation of certain
unrelated cell lines, such as C3H10T1/2 cells, awaits
further study.” Leptin also seems to affect steroid
hormone production, since it can directly inhibit cortisol
release from the adrenocortical cells gland®! and inhibit
insulin-induced progesterone and estradiol production
by granulosa cells.&

Leptin, from an “Adipostat” to a “Gauge of
Energy Reserves”. Classically, leptin is thought of as
an adipocyte-derived signaling molecule, which limits
food intake and increases energy expenditure’ (see also
Figure 2). Evidence for the “adipostat” hypothesis was
provided by leptin’s capacity to reduce body weight and
to improve metabolic control in rodents with either
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Figure 3. Correlation between leptin levels and BMI. Leptin
levels were measured in 65 subjects and plotted against BMI.
Correlation between BMI and leptin levels is evident.

genetic obesity®2927% or diet-induced obesity.% Interest-
ingly, leptin seemed even capable of decreasing adipose
tissue mass in normal weight animals.®”%8 Based on all
the above evidence, it has been suggested that leptin
has an adipostatic function and can reduce fat mass and
body weight in the obese.

Two key observations, however, questioned whether
prevention of obesity or weight gain is leptin’s prime or
only function and suggested that leptin might rather
serve as a gauge of body energy reserves. The first
observation was the close correlation between adipose
tissue leptin mMRNA and plasma leptin with the size of
the adipose tissue depot,®®~10% which suggested that
most forms of obesity, unlike the obesity in ob/ob mice,
are not caused by an absolute deficiency in leptin levels
itself but are instead associated with increased levels
of leptin (see Figure 3). These findings gave rise to the
“leptin resistance” hypothesis (reviewed in refs 51 and
104), which states that obesity might be the result of
inadequate levels of leptin signaling for a given leptin
concentration (Figure 4). A second piece of evidence, in
favor of leptin’s role as a gauge of energy reserves, came
from the discovery that leptin triggered an important
neuroendocrine and immune response, adapting the
function of several organ systems to changes in energy
reserves. In fact, from a number of studies of the
immune and endocrine systems, it became clear that
low levels of leptin, such as seen during starvation or
after weight loss, are perceived by the body as harmful
and lead to a number of compensatory changes mainly
mediated through inhibition of the hypothalamic—
pituitary axis'9%.195-111 and suppression of the finely
tuned cognate immune response, which requires energy-
expensive large-scale clonal expansion.3® Raising leptin
levels could bypass these effects and restore both a
normal hypothalamic—pituitary axis!05106.109 and im-
mune response.3°

Hence, both these arguments suggested that leptin
levels might merely reflect adipose tissue energy stores,
and leptin became a “signal of plenty” or an “antistar-
vation hormone”.1%* High leptin levels could inform the
body that energy reserves are sufficient. Low leptin
levels, in contrast, warn the body about limited energy
supplies and protect certain vital functions, such as the
central nervous system, whereas they suppress certain
functions such as reproduction and immune response,
which are considered less immediately essential.
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Figure 4. Leptin resistance in mice and humans. A. Distribution of leptin levels in humans: A relative leptin resistance is
observed in human obese subjects with high circulating steady-state leptin levels. Low steady-state leptin levels are associated
with inadequate adipose tissue mass and can cause neuroendocrine disturbances, such as abnormalities of the reproductive system.
B. Table giving examples of leptin deficiency and leptin resistance in humans and animals: Inadequate adipose tissue stores in
humans are seen in situations such as cachexia and anorexia nervosa. The animal models represent extreme situations: ob/ob
mice on one side and db/db mice or Zucker fatty rats on the other side. These last animals are extremely leptin-resistant.

Again, a Regulatory Role for Leptin? Most studies
addressing leptin’s role in obesity indicated an associa-
tion between established obesity and high levels of
leptin MRNA or protein at a certain given point in time
and reflect a static evaluation. Conclusions based on
such associations, however, tend to mask any regulatory
or dynamic effects which leptin might have in the early
development of changes in body weight. Therefore, we
feel that the characterization of the metabolic phenotype
before and during the onset of obesity will be of utmost
importance. Several recent studies start to address this
issue and demonstrate a dissociation between body fat
mass and leptin levels, suggesting a potentially impor-
tant regulatory role for leptin in the control of body
weight homeostasis.

An initial group of data relates to human studies. In
a first study leptin levels were measured in Pima
Indians, in whom weight evolution was prospectively
monitored.1? In persons with comparable initial body
weight, high leptin levels at the onset of the study
identified the subjects which remained slim, whereas
low leptin levels were predictive for the development of
obesity at a later age.!'? This observation seems,
however, dependent upon the genetic background of the
study population, since a similar study in Mexicans
failed to demonstrate such a relationship.113 The obser-
vation in the Pima Indians, however, suggests that
diminished production of leptin may, under certain
conditions, play a role in the pathogenesis of obesity and
that leptin levels before the development of obesity not
only reflect adipose tissue size as was suggested in
initial “steady-state” studies. Similar conclusions were
obtained from a second human study showing that, in
children with chronic renal insufficiency, elevated leptin
levels do not correlate with body weight. The high leptin

levels in these children, which could be due to disturbed
leptin clearance via the kidney,'14-116 might underlie
the anorexia and resulting body weight loss associated
with chronic renal insufficiency. Finally a recent genetic
study suggested that a polymorphic allele in the PPARy
gene (for a review, see ref 117) was associated with
increased serum leptin levels.1® Interestingly, the
increase in plasma leptin levels in the bearers of the
rare PPARYy allele was not associated with an increase
in BMI, as would have been expected from the elevated
leptin levels in these subjects. This suggests that the
relative higher leptin levels in the bearers of the rare
allele seemed to protect these subjects against the
further development of obesity.118

These human data, underscoring a regulatory role for
leptin in the control of body weight, are supported by a
number of studies in animal models also showing
discoordinate changes of leptin levels and body fat. A
good example of this is found in rodents treated with
thiazolidinedione insulin sensitizers. Thiazolidinedi-
ones, such as troglitazone or rosiglitazone (BRL 49,563),
bind to and activate the nuclear hormone receptor
PPARy (reviewed in ref 117). In rodents, these com-
pounds are known to induce weight gain mainly by
activating PPARy, a key trigger of adipogenesis (re-
viewed in refs 1 and 2). Interestingly, these PPARy
activators reduce leptin gene transcription resulting in
a decrease in leptin mRNA and plasma levels.1197121 |n
contrast to the well-documented effects of the thiazo-
lidinediones on rodent leptin expression, only two small
studies on this in humans are published. Whereas one
of these studies found no effect of thiazolidinediones on
weight gain or circulating leptin levels,'?? another study
demonstrated that thiazolidinediones reduce leptin
levels and increase BMI.123 Both data sets are, however,
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Figure 5. Hypothetical scheme illustrating the opposing effects of two adipogenic transcription factors, C/EBPo and PPARy, on
leptin transcription. C/EBPa induces whereas PPARy inhibits leptin gene transcription. Although it has been shown that C/EBPa
can bind to the leptin promoter, no evidence for binding of PPARy is present.

rather small, and a definite answer on the question
whether PPARYy activation affects leptin production in
humans will have to await a more comprehensive study.
It is, however, important to stress that the decrease in
rodent leptin levels after thiazolidinedione treatment
occurs despite the fact that these compounds induce
weight gain and increase adipose tissue mass and food
intake. Other examples in which body mass and leptin
levels are regulated in opposite fashion are provided by
treatment of animals with LPS,124 cytokines,?4 or high
doses of glucocorticoids,'?> which all induce leptin levels
despite a reduction in body weight.

These human as well as animal studies suggest that
one cannot reduce leptin to a simple “gauge of energy
stores” and suggest that leptin also has a regulatory
role. To establish such regulatory effects of leptin
unequivocally in humans, however, careful intervention
as well as longitudinal studies need to be performed in
different populations. The importance of evaluating the
dynamics of the leptin system needs to be stressed since
only consecutive leptin measurements will demonstrate
whether the changes in leptin levels precede the changes
in body weight. Conclusions about leptin’s role in body
weight control cannot rely only on single steady-state
plasma leptin measurements. Previous experience with
measurement of insulin or thyroxine levels during
development of NIDDM or thyroid disease, for example,
suggests that the measurement of a leptin response to
a challenge and the performance of multiple leptin
measurements over a period of time will undoubtly be
more informative than a single measurement.

Control of Leptin Gene Expression. In view of the
regulatory role of leptin in the control of metabolism, it
would be helpful to understand the genetic and envi-
ronmental factors contributing to the variability in basal
leptin mMRNA and plasma levels. Since basal leptin
levels are shown to be closely related to triglyceride
stores and adipose tissue mass, it was important to
define the molecular mechanism underlying adipose
tissue-specific gene expression. Leptin gene expression
is regulated in an opposite fashion by PPARy and
C/EBPa, two transcription factors controlling adipocyte
differentiation (Figure 5). Leptin gene expression is
induced by C/EBPq, an effect mediated by a C/EBP-
binding site in the proximal leptin gene promoter.11.126.127
In contrast antidiabetic thiazolidinediones, ligands and
activators of PPARS, reduce leptin expression,119-121 via
a direct effect on the leptin promoter!®127 (Figure 5).
Therefore, it seems that PPARy not only favors adipo-
cyte differentiation on a local adipocyte level but in
addition would also trigger a systemic response, medi-
ated by adipocyte-derived signaling molecules. Part of

this response consists of a decrease in leptin production,
associated with an increase in food intake, which will
provide substrate to be stored in these adipocytes.
Leptin hence also appears to be functioning in this
adipocyte-sustaining positive feedback loop. In addition
to this functional evidence supporting a role of PPARy
in controlling leptin levels, a large genetic study dem-
onstrated that a variant in the PPARy gene was
important to determine circulating leptin levels.'18

Furthermore, in addition to adipocyte transcription
factors, leptin gene expression is controlled by a nutri-
ent-sensing pathway. In fact, it was recently suggested
that leptin expression is induced by the end product of
the hexosamine biosynthetic pathway, UDP-N-acetyl-
glucosamine (UDP-GIcNAc).128 This regulation was
observed both in adipose tissue and in skeletal muscle,
where no leptin is found under basal conditions.'?8 The
hexosamine biosynthetic pathway is a cellular sensor
of energy availability and is responsible for mediating
the effects of glucose and lipids on the expression of
several genes. Further studies are, however, needed to
determine the relative contribution of this pathway to
the overall regulation of leptin gene expression and to
identify the transcription factors mediating this in-
crease.

Besides the evidence supporting a role for C/EBPa
and PPARy in controlling leptin production, a recent
genetic study demonstrated that a locus on chromosome
2p21 (D2S1788) is a major determining factor for
circulating leptin levels.1?® Although the exact gene
responsible for this regulation has not yet been identi-
fied, a possible candidate gene in this region is the pro-
opiomelanocortin (POMC) gene.’?® From a single pre-
cursor protein, POMC, prohormone-type cleavage can
generate several hormones. The melanocyte-stimulating
hormone, the primary agonist of the MC-4 receptor,
which has a tonic inhibitory role in feeding and energy
storage, is one of the products of the POMC gene.5!
POMC is also the precursor for adrenocorticotropic
hormone (ACTH), which regulates the production of
glucocorticoid hormones in the adrenal gland. High
levels of glucocorticoids have been demonstrated to
regulate leptin gene expression!2>130 and decrease food
in take in vivo.1?5 In addition, also in cultured adipocytes
of rat or human origin, glucocorticoids induce leptin
expression, arguing for a direct receptor-mediated effect
of glucocorticoids on leptin gene expression.130-133 Re-
cent studies in our laboratory, utilizing luciferase
reporter genes driven by the human leptin promoter,
confirm a direct transcriptional effect of glucocorticoids
on the leptin promoter activity. This effect seems not
to be mediated by the glucocorticoid receptor but rather
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Table 1. Inducers and Suppressors of Leptin Expression

inducer effect? species
feeding + rodent and human
fasting — rodent and human
obesity + rodent and human
excercise — rodent
insulin + rodent and human
glucosamine + rodent
pertussis toxin — rodent
cAMP - rodent
?-receptor agonists - rodent
thiazolidinediones - rodent
cytokines (TNF?) + rodent and human
androgens — human
glucocorticoids + rodent and human
thyroid hormones nc human

a Code: +, induction; —, suppression; nc, no change.

by an inhibitory effect of glucocorticoids on a negative
regulatory protein bound to the human leptin pro-
moter.134

In addition to regulatory phenomena linked with
adipose tissue, recently a placental enhancer for the
human leptin gene was identified in the 5'-regulatory
sequence of the gene.135 This enhancer element binds
nuclear proteins present in extracts of placenta and
choriocarcinoma cell lines, but not in adipocyte or HeLa
cell extracts.135 Identification of the exact transcription
factors interacting with this placental enhancer awaits
further study, and it will be interesting to see whether
fundamental differences between placental and adipose
tissue will be identified.

Besides the tissue-specific regulation associated with
adipose tissue and placenta, the expression of the leptin
gene appears tightly controlled by multiple environ-
mental and hormonal factors. A summary of regulatory
effects on leptin expression can be found in Table 1,
whereas more detailed information can be found in a
recent review focusing on the regulation of leptin
expression,136 as well as in the section dealing with
human biology.

Leptin and Glucose Homeostasis. One particularly
remarkable effect of leptin injection is its capacity to
improve glucose homeostasis and to reduce circulating
insulin levels in vivo. This effect was seen in animals
injected with recombinant leptin253.93-9598.137 gnd in
animals after adenovirus-mediated leptin gene thera-
py.26138 How this beneficial glucose-lowering effect
occurs is difficult to address since leptin’s effects on
glucose metabolism are easily confounded by its weight-
reducing effect and hence remain at present a matter
of debate. Kamohara et al. suggested that the improved
glucose homeostasis results mainly from the central
effects of leptin since both intravenous- and intracere-
broventricular-administered leptin had similar effects
on glucose metabolism.5® Leptin by both routes of
administration caused an increased glucose turnover
and glucose uptake, and it decreased hepatic glycogen
content,® suggesting that central leptin administration
increased not only metabolism of lipids and energy but
also metabolism of glucose.

The existence of a direct peripheral effect of leptin
on cellular lipid7483 and/or glucose’®7” metabolism has
provided an alternative hypothesis to explain the im-
provement in glucose homeostasis. Leptin-mediated
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reversal of lipid accumulation in several tissues’83
could improve insulin-stimulated glucose disposal via
a decrease in substrate competition as suggested by
Randle.® In addition, it could have a direct stimulatory
effect on pancreatic -cell function, via a reduction of
“lipotoxicity and lipoapoptosis” and cytotoxic effects,86:87
and as such also contribute to glucose homeostasis.”*84
Besides these effects on lipid metabolism, leptin is also
able to mimic certain insulin effects on glucose transport
and glycogen synthesis.”® This insulinomimetic effect
involves PI-3 kinase and JAK-2- and IRS-2-dependent
signaling pathways.”®77 However, all these peripheral
effects of leptin, which suggest that it stimulates directly
or indirectly glucose metabolism, are somewhat in
contradiction with some other in vitro observations,
which suggest that addition of leptin to cultured hepato-
ma cells,”* primary adipocyte cells,”® or isolated soleus
muscle®? interferes with the insulin signaling pathway.
It awaits therefore further study to determine whether
central, peripheral, or a combination of central and
peripheral effects explain the general effects of leptin
on glucose homeostasis.

Genetics of Leptin

After the initial discovery of the leptin gene, a large
number of studies have screened for mutations in the
coding region and evaluated linkage between the region
of the leptin gene and some markers of adiposity.
Potential linkage of obesity to the leptin gene has been
reported in some extremely obese Hispanic®® and
Caucasian49141 subjects. This association was, however,
not confirmed in a group of Pima Indians, in which
obesity and associated pathologies are extremely preva-
lent.142 Furthermore, several investigations failed to
identify abnormalities in the coding region of the leptin
gene.®9143-145 Recently, however, a mutation in the
leptin gene in two severely obese children from the same
highly consanguinous pedigree was identified.'® Their
serum leptin levels were very low despite their marked
obesity, and in both children a homozygous frame-shift
mutation involving codon 133 of the leptin gene was
present. The resulting leptin protein lacked the carboxy-
terminal cysteine that is required for intrachain disul-
fide bonding which is necessary for its biological ac-
tion.1314 These patients had, however, some interesting
differences relative to the metabolic phenotype observed
in the ob/ob mouse. Most notably, they had a normal
body temperature, unlike the reduced temperature seen
in the ob/ob mouse. Furthermore they did not display
hypercortisolism, which is a typical feature of the ob/
ob mouse. Although mutations such as this are most
likely extremely rare and do not significantly contribute
to the majority of obesity syndromes encountered in
clinical practice, the severe obesity in these two probands
provides direct genetic evidence that leptin plays a key
role in energy metabolism in man. Furthermore, the fact
that a mutated leptin gene can render both humans and
mice obese underscores the important conserved func-
tion of leptin through evolution. Further genetic studies
should not only aim to identify whether allelic variants
at the leptin locus are linked with obesity but also
address the genetics of the complex regulatory pathways
underlying the control of body weight.



5344 Journal of Medicinal Chemistry, 1998, Vol. 41, No. 27

From Basic Research to Human Physiology

Human research on leptin was boosted by the devel-
opment of reliable leptin immunoassays. These assays
allowed researchers to “get more miles” out of banked
serum samples of studies, often performed for totally
unrelated reasons. In this section we aim to relate these
human data on leptin to the clinic. Several more
carefully designed studies to evaluate leptin’s effects in
humans are currently underway and will soon comple-
ment the data from these initial studies.

Relation of Leptin to Body Fat and Body Fat
Distribution. One of the earliest observations concern-
ing leptin in human physiology was the correlation
between circulating leptin levels and BMI.147 This
correlation is already detectable in the newborn in
whom leptin concentration is correlated with weight and
length.148-150 |n normal weight humans serum leptin
is correlated positively with BMI and more particularly
with body fat content.100-103.147 This explains why in
serum of obese subjects leptin is detectable in much
higher concentration than in normal weight subjects.
The increase in circulating leptin in obese subjects is
associated with an increase in leptin mRNA in adipose
tissue and points to increased leptin gene expression
as the mechanism responsible for elevated leptin levels
in obesity.101-193 The lipid content of fat cells seems to
be, more than any other marker of obesity, the main
determinant of leptin production.102.151 These observa-
tions, together with the absence of frequently occurring
mutations in the leptin gene, led to the conclusion that
leptin deficiency is unlikely to play a major role in
human obesity.100.147

Furthermore leptin production seems to vary depend-
ing on the individual adipose tissue depots. Leptin
mRNA expression is higher in subcutaneous adipose
tissue than in the omental, retroperitoneal, and mesen-
teric fat depots.1527154 Interestingly, although visceral
adipose tissue produces less leptin than subcutaneous
adipose tissue, leptin seems to selectively decrease
visceral fat accumulation, suggesting that it might play
a role in the pathophysiology of visceral obesity and a
number of associated metabolic and hormonal alter-
ations, such as insulin resistance, non-insulin-depend-
ent diabetes, hyperlipidemia, and atherosclerotic vas-
cular disease.%

Leptin and Food Intake. It is noteworthy that
leptin expression itself is influenced by food intake. In
fact, in rodents leptin levels are markedly reduced after
fasting and increased by refeeding.110.155-158 These
changes in leptin expression with feeding patterns in
rodents are probably accounted for by changes in insulin
levels, since leptin gene expression is positively regu-
lated by insulin both in vivo and in vitro.155156.159 |n
contrast to these animal data, early feeding and feeding
experiments in humans failed to show any significant
changes in postprandial leptin levels!69-162 and adipose
tissue leptin mMRNA levels.103162 Several explanations
for the discrepancies between these early human studies
and the observations in rodents can be invoked. One
particular difference resides in the general short fol-
lowup of the feeding experiments in humans, where
leptin is generally measured within the first 3 h after
food intake.162 Another possible source of disagreement
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Figure 6. Leptin levels increase after a mixed meal (black
circles) and conversely decrease upon fasting. Twenty-six male
subjects were either given a mixed meal in the morning or
kept fasted. Leptin levels in serum were determined for 8
consecutive hours. ANOVA with repeated measures demon-
strated that values of both interventions were significantly
different from values at time O (p < 0.005 for the fasting and
p < 0.0001 for the postprandial leptin levels).

is the inclusion of obese subjects in the postprandial
experiments.169162 Most recent studies, however, sug-
gest that feeding has a sustained stimulating effect of
leptin production, which in humans shows a rather
delayed onset!63-165 (Figure 6). Conversely plasma leptin
levels decrease significantly during fasting in both
normal subjects and patients with NIDDM,21.161,166-168
Moreover, free and bound leptin appear to react differ-
ently to these physiological stimuli, since after fasting
a significant and rapid reduction in free leptin was
observed in both lean and obese subjects, whereas bound
leptin levels were not affected.?! This indicates that not
only leptin but the entire system regulating the leptin
levels responds to extremes of energy balance. Further-
more, the finding that leptin concentration decreased
with fasting and increased after feeding in humans,
when changes in adipose mass are trivial, suggests that
leptin secretion is determined not only by the number
and size of adipocytes but perhaps also by nutrient
intake, effects potentially mediated by changes in
insulin and glucosamine levels.128

As a result of the sensitivity of leptin levels to food
intake, the diurnal cycle of leptin levels that is observed
in humans appears to be highly dependent on the
feeding schedule!165 (Figure 6). Strong evidence for
physiological regulation by meal pattern is provided by
a meal-shift protocol, which showed an acute phase shift
that directly corresponded to the shift in the timing of
meals.6® These changes were independent of cortisol
and sleep-related hormones. Altogether, these results
indicated meal pattern as a physiological factor that
entrains the diurnal rhythm of leptin levels.

Leptin and Insulin. In rodents insulin was shown
to be a potent regulator of leptin gene expression, and
changes in insulin levels were shown to underlie the
regulation of leptin levels by food intake.'%® Because of
insulin’s close relationship to appetite and body weight
control, its role in controlling human leptin levels has
also been studied by several groups. In several studies,
insulin and insulin resistance were highly correlated to
serum leptin, independently of BMI and body fat
distribution.170-174 Adjustment of this relation for body
fat attenuated this relationship, suggesting that at least
part of it can be attributed to the collinearity of insulin
and BMI.
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Short-term studies in humans, using hyperinsuline-
mic clamp techniques, failed to demonstrate any stimu-
latory effect of insulin infusion on serum leptin160.175-177
or on leptin MRNA expression in adipose tissue.1%3 Most
of these studies were, however, not appropriately de-
signed to fully assess the impact of insulin on circulating
leptin, since the duration of insulin infusion was often
too short and the amount of insulin administered was
too small to provoke any stimulation of leptin produc-
tion. In more recent studies, the length of infusion and
the amount of insulin were increased, resulting in a
significant increase in leptin levels.166.178.179 The changes
in leptin levels were independent of changes in glucose
or fatty acid concentrations. Furthermore a direct
stimulatory effect of insulin on leptin production by
cultured human adipocytes was demonstrated.178.180 |t
was hence concluded from these studies that long-term
insulin exposure was associated in vivo and in vitro with
increased leptin secretion.

These studies therefore suggest that chronic alter-
ations in serum insulin levels, such as those that occur
in obesity, may be responsible, at least in part, for the
high leptin levels and positive correlation between leptin
and body fat mass.17®

Leptin and Excercise. In animals a single bout of
exercise seems to be associated with a clear decrease
in leptin MRNA levels.181 Furthermore, exercise training
of animals decreased leptin mMRNA and serum levels,
although the changes in leptin levels were paralleled
by changes in body mass.!®2 The physiological regulation
of leptin expression by exercise may be partially at-
tributed to the increase in activity of the sympathetic
nervous system associated with physical activity.183
Through increased levels in catecholamines and cAMP,
this sympathetic activity could reduce leptin expres-
sion.130.184.185 In humans the regulation of leptin levels
by exercise is less clear. As of yet, no acute effects of
exercise on leptin levels have been demonstrated.186
Furthermore chronic exercise training did not seem to
affect leptin levels independently of the reduction in
body mass.111.187

Gender Differences in Leptin. The higher serum
leptin levels in women relative to men are partially the
result of the increased total body fat content in women19°
and partially the result of the differences in body fat
distribution, with relatively more subcutaneous versus
omental adipose tissue.152-154 In addition, sex hormones
contribute to these gender differences in leptin levels.
Androgens have a potent suppressive effect on leptin
expression in adipocytes'®® and are negatively correlated
to plasma leptin levels.1’” Before puberty no gender
differences in leptin levels exist, but in late puberty and
adolescence plasma leptin levels decrease in boys and
increase in girls.18%1%0 This decline in leptin levels in
boys is concordant with the rise in testosterone concen-
tration, suggesting that androgens play an important
role in the regulation of serum leptin levels.'8% Further
evidence for an androgen effect on leptin levels is
provided by the observation that androgen treatment
in hypogonadal men®1192 or in female-to-male trans-
sexuals'® is always accompanied by a decrease in leptin
levels. Conversely, increased leptin levels are observed
in hypogonadal men with androgen deficiency.19! This

Journal of Medicinal Chemistry, 1998, Vol. 41, No. 27 5345

combined evidence suggests that higher testosterone
levels are associated with lower circulating leptin levels.

Studies in menopausal women are also suggestive of
some effects of female sex steroids. Leptin concentra-
tions are neither significantly different in pre- and
postmenopausal women®* nor affected by hormone
replacement,87.194 suggesting that female sex hormones
do not explain the sexual dimorphism in leptin levels.
However, when these analyses are adjusted for the
lower fat mass in premenopausal women, leptin con-
centrations were significantly lower in post- versus
premenopausal women, suggesting that leptin levels are
probably increased by estrogen and/or progesterone.19
In addition, since postmenopausal women still had
significantly higher leptin levels than men, it confirms
the concept that androgens have a suppressive effect
on leptin in vivo.19

Altogether these data suggest that the prevailing sex
steroid milieu as well as the differences in body com-
position, and not the genetic sex, are the main deter-
minants of the sex differences in leptin levels. This
difference becomes evident in early puberty in conjunc-
tion with the developing dimorphism in the production
of sex hormones.

Leptin and Thyroid Hormones. Thyroid hormones
increase the basal metabolic rate and have a permissive
effect on adaptive thermogenesis. The potential mech-
anism responsible for thyroid hormone-controlled energy
expenditure is not yet fully elucidated. Studies in
murine 3T3-L1 cells have shown that T3 increases the
expression of leptin mRNA and protein, whereas T4
does not.1% In primary rat adipocytes isolated from
hypothyroid rats, the effect of T3 was shown to be
dependent on the feeding status of the animal.>®” In fact,
T3 enhanced leptin accumulation in conditions mimick-
ing the fed state but inhibited leptin mRNA in condi-
tions similar to the fasted state.’®” The mechanism of
this in vitro stimulation is not yet clearly established.
Since there is no evidence for a thyroid hormone
receptor binding site on the flanking regions of the
leptin gene, it is possible that T3 exerts its effect
indirectly as a result of changes of other metabolites or
regulatory factors. Until now the results of the clinical
data on thyroid hormone and leptin are not very
informative. In an uncontrolled clinical study, short-
term thyroid hormone administration had no significant
impact on circulating leptin concentration despite clini-
cal evidence of treatment efficiency.®® In another study
leptin levels were reported to be higher in hyperthyroid
subjects, whereas leptin levels were not different from
those of control subjects in hypothyroidism.>® These
rather inconclusive findings suggest that the ability of
thyroid hormones to control energy expenditure does not
seem to operate through major changes in leptin levels.

Leptin and Steroid Hormones. Obesity is associ-
ated with both increased cortisol turnover and insulin
resistance. Since glucocorticoids promote obesity mainly
via a stimulation of energy intake, it was logical to
explore the potential relationship between glucocorticoid
hormones and leptin in humans. In patients with
Cushing’s syndrome, leptin levels are elevated compared
to those of control subjects with comparable amounts
of body fat.200-202 However, the acute decrease in cortisol
observed in Cushing's patients immediately after cura-
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tive surgery was not associated with changes in plasma
leptin levels.2%2 In the long term, however, adrenal or
pituitary tumor resection caused a marked reduction
in plasma leptin levels with a concomitant decrease in
cortisol and body weight.?0t

These observations in patients with Cushing’s syn-
drome go in line with the demonstration that the
induction of mild hypercortisolism by administration of
dexamethasone increased leptin mRNA levels,2% as well
as increased circulating leptin levels.201.203-206 Although
this effect was paralleled by an increase in plasma
insulin levels, multivariate statistical analysis demon-
strated that the increase in leptin was independent of
steroid-induced hyperinsulinemia.2% Since some of these
studies included a number of moderately obese subjects,
the data suggest that these subjects still have a leptin-
secretory reserve.205206 |n contrast with the studies
using dexamethasone, methylprednisolone, another syn-
thetic glucocorticoid, had no acute or prolonged effect
on plasma leptin concentration in lean individuals,
despite a 3-fold increase in plasma insulin levels,2%7
suggesting specific effects of different synthetic gluco-
corticoids.

Leptin and Reproduction. Chehab et al. were the
first to demonstrate that leptin had an impact on the
reproductive system, when they demonstrated that the
sterility defect in ob/ob female mice could be corrected
with leptin administration.'%® In followup studies it
became clear that leptin triggered the onset of pu-
berty and sexual maturity in both female and male
mice, supporting the hypothesis that fat accumu-
lation enhances the maturation of the reproductive
tract.106-108,111,208-210 These observations were extended
by the work of Ahima et al. who showed that leptin
controls reproductive functions and also many other
neuroendocrine functions, such as thyroid and adrenal
steroid production.1% From these studies it became clear
that low levels of leptin are perceived by the body as
harmful and preclude reproduction through a number
of adaptive changes mediated by the hypothalamic—
pituitary axis. Raising leptin levels could bypass these
effects and restore a normal hypothalamic-pituitary
axis.109

An interesting twist to leptin’s role in reproduction
was recently provided by the demonstration of the
elevation in leptin levels during pregnancy.?!l This
elevation in circulating leptin levels was attributed to
high-level leptin expression by the placental tropho-
blasts and amnion cells from the uteri of pregnant
women.?®17 Although the increase in body mass seen
during pregnancy could contribute to the rise in serum
leptin levels during pregnancy, placental and uterine
production accounts most likely for the majority of the
rise in plasma leptin in pregnancy in humans, although
different results were obtained in rodents.?*? Interest-
ingly the hyperleptinemia observed during pregnancy
is associated with an increased expression of the leptin
receptor'’-23 and the appearance of a circulating form
of the leptin receptor, which complexes with the excess
leptin.2® This might help to maintain free leptin levels
relatively normal (or even decreased) in the maternal
circulation, an effect compatible with the tendency for
weight gain during pregnancy. What role placental
leptin plays in the fetus is unknown at present, and
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further investigations are required to establish a role
for leptin in neonatal physiology.

In view of the leptin production in the placenta,
researchers recently also used plasma leptin levels as
a marker for hydatiform mole or choriocarcinoma, a
tumor derived from placental tissue.?'® Reduced tumor
load, produced by either surgical removal of the tumor
or chemotherapy, was associated with a fast reduction
in serum leptin levels.?13

Future Directions

Compared to leptin, very few proteins have benefited
from such a swift progress in understanding their
physiology. The major promise of the discovery of leptin
was that it might offer, in the not too distant future, an
efficient therapy for obesity and associated disorders,
diseases which occur in epidemic proportions at present
and which contribute significantly to mortality.> Stimu-
lation of the leptin signaling pathways could in fact be
beneficial for diseases associated with excessive adipose
tissue mass and, for instance, for inducing weight loss
and improving metabolic control. Conversely, inhibition
of the leptin signaling pathways could provide ways to
interfere with diseases associated with a reduced adi-
pose tissue mass, such as cachexia, anorexia nervosa,
lipoatrophy, and various wasting syndromes. Besides
its promise as a therapeutic agent in the metabolic
arena, recent discoveries suggest that leptin might have
applications in other fields, as different as reproduction,
angiogenesis, immunology, and hematology. In the
following we will give an overview of the current status
as well as the potential perspectives for the use of the
leptin system as a therapeutic target. Despite the fast
progress in this field, it is not yet clear whether and
when the potential therapeutic promise of the leptin
system will be fulfilled. Furthermore the complexity of
leptin’s biology offers multiple potential strategies for
using the leptin system therapeutically.

Since leptin is a cytokine-like signaling factor, recom-
binant leptin protein could be injected and used as a
therapeutic agent, as is the case for other cytokines such
as GM-CSF or erythropoitin. In this context, leptin has
undergone phase | clinical trials in the United States,
after an Investigational New Drug Application was
submitted to the Federal Drug Administration. None
of the results of these trials are published, and the brief
summary below is based on presentations at meetings
and press releases of the companies involved. This first
clinical trial was designed to establish the tolerability
of subcutaneous (sc) injections of leptin. The most
commonly reported adverse events were mild-to-moder-
ate injection site reactions, whereas no systemic toxici-
ties were reported at any dose. The development of
antibodies at higher doses of leptin in some subjects was
not considered relevant since they were not neutralizing.
Interestingly, preliminary results of this study using sc
leptin injection at a dose range with an acceptable safety
profile were already showing a moderate effect on body
weight reduction, suggesting its potential usefulness for
the treatment of obesity. We will, however, need to wait
until the results of the ongoing phase 11 efficacy trials
for leptin, in subjects with both obesity and type 2
diabetes, will be available before its efficacy can be
judged.
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One potential drawback of leptin as a therapeutic
could be its route of administration and pharmacoki-
netic properties. Developments exploring alternative
routes of administration, such as inhalation, which now
have been successfully used for insulin could, however,
remedy this inconvenience. In addition, several research-
ers also focused on the production of peptide analogues
or peptidomimetics of leptin, which might have better
pharmacological or pharmacokinetic characteristics.
Previous experience with modified protein drugs, such
as insulin lispro, suggests that relatively minor modi-
fications in structure can result in major differences in
absorption rate from the site of injection and duration
of action, relative to the original molecule. Several
peptides, corresponding to restricted domains within the
primary structure of leptin, are biologically active and
have the ability to alter feeding behavior and energy
balance in animal models.?'* These peptides localized,
leptin’s biological activity between amino acid residues
106 and 140.21 Interestingly, a mutant leptin protein,
with an Arg-to-Gln substitution at position 128 in this
active domain, lacks biological activity.?!5> Injection of
normal mice with this leptin mutant seems to have a
dominant negative effect on the activity of endogenous
leptin and results in a progressive increase in body
weight.??® This demonstrates that this mutant leptin
can potentially have therapeutic use for wasting disor-
ders, such as anorexia and cachexia.

Another approach for interfering with the leptin
signaling pathways would be to design small molecule
leptin receptor modulators with either agonistic or
antagonistic activity. Recently, the feasability of such
an approach has been demonstrated for a similar
cytokine signaling pathway controlled by the granulo-
cyte colony-stimulating factor (G-CSF).216 A small non-
peptidyl molecule, SB 247464, was identified which was
capable of mimicking G-CSF actions in inducing ty-
rosine phosphorylation of multiple signaling proteins,
in stimulating primary bone marrow cells to form
granulocytic colonies in vitro, and in increasing periph-
eral blood neutrophil counts in mice.?!6 Since the
extracellular domain of the G-CSF receptor was re-
quired for the activity of this compound, it was con-
cluded that it oligomerized receptor chains, proving that
a small molecule can activate a receptor that normally
binds a relatively large protein ligand. Similar ap-
proaches for the discovery of small molecule leptin
receptor modulators are worthwhile in view of the better
pharmacological properties of such small molecules.

Changing the expression or activity of either endog-
enous leptin or its receptor, by designing drugs specif-
ically affecting transcription, synthesis, or activity of the
various components of the leptin signaling pathway,
would be an alternative approach. Both the leptin gene
and the leptin receptor gene have been cloned. Therefore
tools are available for screening compounds which can
modulate the transcription rate of leptin or its receptor.
Most progress has been made toward changing the
transcription and hence expression of the leptin protein.
In fact, a number of studies have shown that the
expression levels of leptin can be modified by nutri-
tional, hormonal, and/or pharmacological interventions.
Although several compounds, such as insulin, glucocor-
ticoids, and thiazolidinediones, have been shown to

Journal of Medicinal Chemistry, 1998, Vol. 41, No. 27 5347

modulate leptin gene expression both in vivo and in
vitro, these compounds are not specific enough to be
used as drugs at present, and further pharmacological
developments are necessary before such compounds can
be evaluated for clinical use. In addition to changing
leptin gene expression itself, an alternative viable
approach might consist of modifying leptin secretion or
release from cells. The efficacy of agents affecting leptin
release was recently highlighted by the robust effects
of CCK-8, the biologically active carboxy-terminal end
of cholecystokinin, in releasing leptin from gastric stores
into the circulation.8

The expression or activity of the leptin receptor, or
other effector pathways in the leptin signaling cascade,
can also be targeted by drugs, but so far much less
progress has been made toward achieving this goal. An
approach, focused on receptor expression, could facilitate
central and/or peripheral leptin receptor levels and also
improve the transport of leptin through the blood—brain
barrier toward its central site of action. A final strategy
for therapeutic intervention could consist of modifying
the various effector pathways modified by leptin. A
thorough understanding of these pathways would,
however, be necessary to achieve this. Considering the
speed of discoveries in this field, several downstream
pathways will undoubtedly be identified soon. Modifying
leptin effector pathways might allow the design of
compounds which will only modify a subset of the
pleiotropic responses normally elicited by leptin and
hence achieve more specificity with less undesired side
effects.

Conclusions

Leptin was originally described as an adipocyte-
derived signaling factor which, after interaction with
specific cytokine-like receptors, induces a pleiotropic
response including control of body weight and energy
expenditure. Although leptin research is moving at a
rapid pace, there are still many more questions than
definite answers. The near future will be very exciting
since we will know the outcome of the clinical studies
using either leptin or leptinomimetics to determine
leptin’s effect on body weight and metabolic control in
humans. In addition to this, it will be important to
determine leptin’s exact role in neuroendocrine, repro-
ductive, hemopoietic, and metabolic control pathways
and to identify which other organ systems are affected
in addition to the central nervous system. The definition
of the full array of downstream effector molecules
transducing the leptin signal will be very important in
this respect. Finally, it will be important to determine
the regulatory pathways controlling leptin levels, since
they might provide ways to modulate leptin expression.
Therefore, we expect a wealth of new information to
become available in the years to come, not the least of
which will consist of the effect of leptin administration
in humans.
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