
risk of diabetes mellitus, insulin resistance, dyslipidemia,
hypertension, osteoarthritis, sleep apnea, cardiovascular
disease and some cancers (10, 11).

Body weight is stabilized when a balance between
energy intake and energy expenditure is achieved. A net
excess in energy (positive energy balance), caused by
either higher intake or lower expenditure, results in weight
gain. In most individuals, however, only a small amount of
positive energy balance occurs on a daily basis.
Therefore, obesity is a slowly developing disease that
results when energy intake exceeds energy expenditure
for an extended period of time.  Unfortunately, the weight
loss required for its management is also achieved slowly. 

It is clear that weight loss requires negative energy
balance, i.e., a state in which energy expenditure
exceeds food intake. The etiology of obesity is multifacto-
rial and arises from complex interactions among genetic,
environmental and psychosocial factors. For this reason,
it has proven to be very difficult, even with comprehensive
multidisciplinary programs which combine diet, exercise
and behavior modification, to sustain the negative energy
balance required for obesity reduction. In recent years,
much attention has been given to pharmacological inter-
vention as an additional treatment option within this core
therapy (12-14).  

Regulation of body weight

As our understanding of the molecular mechanisms
involved in the regulation of body weight increases,
potential targets for pharmacological intervention in the
treatment of obesity are being identified.  Although most
of these advances have come from studies utilizing spon-
taneous monogenic mutant or transgenic rodent models
of obesity, the potential application of this information to
the understanding and management of human obesity is
becoming more evident (15, 16). Some of these efforts
have, within a relatively short time, resulted in the identi-
fication of drugs, or drug targets, that are now in various
phases of pharmaceutical development (13, 17-21).

Currently, the regulation of body weight is understood
to involve a feedback system composed of four separate
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Introduction

Obesity, a chronic and stigmatized disease in both
children and adults, has reached epidemic proportions in
industrialized and developing countries throughout the
world (1-3). The basis underlying the spread of obesity,
however, remains unclear. Heritability studies indicate
that as much as 70% of the variability in human body
weight may be related to genetic factors (4, 5). Although
this contribution is significant, it is unlikely that changes in
genetic background alone are responsible for the world-
wide trend toward increased body weight. There is no
doubt that lifestyles which have become less physically
active, increasingly sedentary, and fueled by energy-
dense diets, have enhanced the expression of a genetic
background which may favor weight gain.  

Obesity is defined as a significant increase (greater
than 20%) in body weight above the ideal body weight,
i.e., a body weight which maximizes life expectancy (6).
Actuarial tables have shown life expectancy to be
reduced when body mass index (BMI), an indicator of adi-
posity (calculated as body mass in kilograms divided by
the square of height in meters), is significantly increased
above the ideal level (7, 8). The magnitude of the effect of
obesity on life expectancy has been demonstrated by
studies which show a BMI of 30 to be associated with a
1.5- to 2.0-fold increase in the risk of premature mortality
when compared to a BMI of 20-25 (9). Obesity also
increases morbidity and is associated with an elevated
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appetite suppressants, on weight loss were promising,
their association with an increased incidence of valvular
heart disease resulted in their withdrawal from clinical use
in 1997 (27). This disappointing event has left only two
drugs currently available for the long-term treatment of
obesity in the United States. One of these, sibutramine,
suppresses appetite by altering norepinephrine and 5-HT
metabolism in the brain (28), and is the only FDA-
approved drug that has been evaluated in long-term,
prospective, randomized clinical trials (29). The other
drug, orlistat, reduces fat absorption by inhibiting gastric,
pancreatic and other gastrointestinal lipases (30). Data
from four long-term clinical trials with orlistat have been
published (31-34), and extensive information on its clini-
cal effectiveness and side effects is available. The results
of these studies, however, indicate that both of these
drugs are of limited efficacy, and that the redundant phys-
iological and molecular pathways that appropriately
defend humans against negative energy balance will
make it difficult, if not impossible, for any single pharma-
cological approach to manage obesity effectively.

Leptin: a potential approach to the management
of human obesity

Leptin, the protein product of the ob gene, exerts its
influence on food intake, energy expenditure, body
weight and neuroendocrine function through actions on
neuronal targets in the hypothalamus (35). The ob gene
is expressed predominantly by white adipocytes,
although leptin synthesis has also been demonstrated in
the gastric epithelium and placental trophoblast (36, 37).
Plasma leptin concentrations are positively correlated
with body mass index, and are elevated in obesity (38)
and decreased in anorexia nervosa (39). A similar corre-
lation exists between serum leptin concentrations and ob
mRNA levels in adipose tissue of obese individuals (40).
In addition to its effects on energy balance, leptin has
been shown to influence the regulation of FSH, LH,
ACTH, cortisol and GH concentrations (41-43), to stimu-
late hematopoiesis (44), and to induce both proliferation
of CD4+ T-cells and cytokine biosynthesis (45). In
humans, the ob gene is expressed almost exclusively in
adipose tissue, and codes for a protein that is 84%
homologous to mouse leptin (46).

Because leptin concentrations are high in the serum
of most obese humans, but decrease with weight loss,
human obesity has been characterized as a disease
resulting from a state of leptin resistance (47).
Furthermore, since obese humans have only modestly
elevated cerebrospinal fluid levels of leptin, although their
plasma concentrations may be fivefold higher than non-
obese individuals, the rate-limiting factor contributing to
leptin resistance in obese humans appears to be related
to defective leptin transport into the CNS (48).

The ob gene is normal in most cases of human obe-
sity (49). Frameshift mutations (50, 51) and polymor-
phism in the 5�-untranslated region of the human ob gene

elements: 1) afferent signals of peripheral and central
origin; 2) a central controller in the brain; 3) neural and
hormonal efferent signals; and 4) a controlled system that
processes, absorbs and stores food energy (22). This
model suggests a number of possible approaches for
pharmacological intervention in the treatment of obesity
and eating disorders. These include, but probably will not
be limited to, the development of drugs that reduce food
intake either by augmenting the suppressive effects of
anorexigenic signals, or by suppressing the stimulatory
effects of orexigenic signals; drugs that increase energy
expenditure by stimulating thermogenesis; drugs that
alter metabolism by either mobilizing fat or decreasing its
synthesis; and drugs that affect nutrient partitioning,
either at the preabsorptive or absorptive phase. Some of
these pharmacological approaches have been tried, and
their successes (and limitations) have been the subject of
a number of recent reviews (12-14, 18).   

The basis of obesity management is theoretically
simple: achieving and sustaining energy balance.
Because the underlying mechanisms regulating energy
balance are much more complex in humans than in
rodents, and not yet fully understood, reaching this goal
in a climate where changing lifestyles make it even more
elusive, is a significant challenge to healthcare profes-
sionals. Acknowledgement of the epidemic proportions of
obesity, however, together with the unrealistic expecta-
tions of conventional approaches to its management, has
generated an increasing awareness of the necessity to
improve the quality and effectiveness of currently avail-
able treatments for this disease, and to explore new
approaches. 

Pharmacological approaches to obesity managemnt

Because of the significant health risks associated with
obesity, the most important medical goal of weight loss is
the reduction of comorbidities. There is now good evi-
dence that a loss of 5-10% of body weight, if sustained,
can result in a significant decrease in risk for cardiovas-
cular disease (23), diabetes (24) and mortality (25) in
obese individuals. Currently available therapies for the
treatment of obesity, however, are at best palliative, that
is, effective only while they are being used, and the abili-
ty to achieve long-term weight loss by behavior modifica-
tion (diet and exercise) is limited. These realizations have
resulted in intensified efforts to develop new pharmaco-
logical approaches to the treatment of obesity, most of
which have arisen from what has been learned about the
pathophysiology of obesity in rodent models. Because of
the chronic nature of this disease, however, it is clear that
the design of new antiobesity drugs must focus on formu-
lations that: 1) are active when taken orally; 2) reduce
subcutaneous and visceral body fat; 3) have few or no
adverse side effects; 4) are inexpensive to produce; 5)
have long half-lives; and 7) are nontoxic (26).  

Although the effects of fenfluramine and phentermine,
two Food and Drug Administration (FDA)-approved
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Clinical trials wth leptin

The effectiveness of leptin treatment in rodent models
of obesity suggested its possible application to human
obesity. The results of two clinical trials with recombinant
human leptin have been published. The data from phase
I and phase II studies which examined the safety of leptin
therapy in 73 obese subjects indicated that daily subcu-
taneous (s.c.) administration of recombinant human leptin
induced modest, dose-related weight loss in most but not
all subjects, with injection-site erythema the only adverse
side effect reported (74). Glycemic control during the
course of treatment, however, was unchanged. 

In a second study, s.c. administration of recombinant
human leptin to a leptin-deficient child with severe early-
onset obesity suppressed food intake and induced signif-
icant weight loss (75). An initial improvement in gonado-
tropin responsiveness, however, could not be sustained,
and the anticipated reduction in circulating plasma insulin
levels never occurred. Anti-leptin antibodies were also
detected.  Although promising, the results of these pre-
liminary trials demonstrate a distinct difference in leptin
responsiveness between rodents and humans, and
emphasize the need for caution when attempting to
extrapolate the results of animal studies to human
applications.

Although the findings of these initial trials in humans
have generated a number of clinical questions regarding
appropriateness of dose, route of delivery, patient compli-
ance and potential side effects associated with prolonged
leptin administration, they do suggest that there may be a
role for leptin, more than likely in combination with other
therapies, in the management of at least some forms of
human obesity. Whether these initial results will be con-
firmed in larger phase III and phase IV clinical trials eval-
uating the therapeutic efficacy of exogenous leptin admin-
istration to obese and diabetic human subjects remains to
be determined.

Leptin agonists and obesity

New insights into the physiology and pathophysiology
of energy homeostasis have resulted in the identification
of a number of potential targets for pharmacological
approaches to the regulation of body weight in humans.
Most interest has focused on NPY (76), the uncoupling
proteins (77), the melanocortin system (78) and leptin
(79).  These studies have indicated that, because of the
complexity and redundancy of the systems regulating
energy balance, successful therapies for obesity will
probably impact on both energy intake and energy expen-
diture. As required for the effective treatment of hyperten-
sion, in many instances combination therapy involving
two or more drugs with different mechanisms of action
may be needed for the successful management and
reduction of human obesity.

In spite of the limited success of leptin in early clinical
trials, the potential usefulness of leptin-like drugs which

(52), however, have been reported in rare cases of mor-
bidly obese humans with low serum leptin concentrations.
The possible linkage of extreme obesity to markers flank-
ing the human ob gene has also been proposed (53, 54). 

Theoretically, leptin resistance could result from muta-
tions in the db gene (which codes for the leptin receptor
OB-R), or in genes downstream of OB-R, such as genes
for  pro-opiomelanocortin (POMC) or the melanocortin 4
(MC4) receptor which have also been implicated in
human obesity. In this regard, rare cases of morbidly
obese individuals with mutations in the db gene have now
been identified (55, 56), and mutations in the POMC gene
(57) and MC4-R gene (58) have been demonstrated in a
cohort of severely obese children. These recent findings
suggest that administration of recombinant leptin, or lep-
tin agonists or mimetics of even higher potency than lep-
tin, may be possible approaches to the treatment of at
least some forms of human obesity.

Leptin administration has been shown to induce
weight loss in all mammalian species tested to date (59).
Although leptin therapy is expected to benefit obese
humans whose disease is associated with leptin deficien-
cy, its usefulness in individuals with hyperleptinemia is not
yet known. Therefore, it will be clinically important in the
management of these individuals to determine their level
of resistance to exogenously administered leptin. In
cases where leptin resistance is not complete, it is possi-
ble that administration of high doses of leptin may be suf-
ficient to increase leptin sensitivity and induce weight
loss. If leptin resistance is complete, however, as would
be the case for individuals carrying db gene mutations
(55, 56), it is clear that neither high doses of leptin, nor of
leptin agonists or mimetics which act through OB-R to
achieve their effects on energy homeostasis, will be
useful.

Leptin influences energy homeostasis through activa-
tion of OB-R-expressing neurons in specific nuclei of the
hypothalamus. It is now known that the post-receptor
effects of leptin are mediated principally through its mod-
ulation of the synthesis and release of a number of neu-
rotransmitters involved in food intake and energy expen-
diture. In rodents, leptin administration inhibits the
expression of neuropeptide Y (NPY) (60, 61), agouti-
related protein (AGRP) (62) and corticotropin-releasing
hormone (CRH) (63), all of which stimulate appetite.
Conversely, leptin has been shown to increase the
expression of POMC (61, 64), the precursor of α-melano-
cyte-stimulating hormone (α-MSH), and the peptide prod-
uct of cocaine- and amphetamine-regulated transcript
(CART) (65), which are appetite suppressants. Leptin
also stimulates thermogenesis by increasing sympathetic
outflow to brown and white adipose tissue (66, 67).

The relationship of leptin to other hypothalamic neu-
ropeptides, which include orexin, neurotensin, melanin-
concentrating hormone (MCH) and cholecystokinin
(CCK), has recently come under investigation (68-73).
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loss in rodents, an event known to be mediated by leptin
action in the hypothalamus.

In another early report, three peptide fragments corre-
sponding to selected sequences in human leptin were
administered for two days into the lateral cerebral ventri-
cle (i.c.v.) of adult Sprague-Dawley rats (85). The pep-
tides used in this study were selected on the basis of pre-
dicted biological cleavage sites. These peptides included
a cyclized analog of a linear peptide corresponding to
amino acid residues 116-167 [which encompassed the
region of rat leptin previously identified as having leptin-
like activity (83, 84)], a peptide corresponding to amino
acid residues 57-92, and a peptide toward the N-terminus
of leptin corresponding to amino acid residues 22-56.
Significant, although transient, dose-related inhibition of
food intake was noted only in response to the N-terminal
peptide (22-56), but the short duration of the study pre-
cluded any evaluation of the effect of the active peptide
on body weight gain. Based on these results, these inves-
tigators suggest that, in contrast to rat leptin, the activity
of human leptin is at the N-terminus of the molecule,
between amino acid residues 22 and 56.  

Although not discussed in these papers, a number of
explanations may be given for the divergent results of
these two studies. Although the C-terminal domains of rat
and human leptin between amino acid residues 127 and
167 are highly homologous (80% identity; Table I), the
few differences within this region may be sufficient to
modify the activity of the peptides such that only one, a
peptide corresponding to this domain of rat leptin, adopts
a conformation in solution that is compatible with receptor
binding and activation. Assessment of the activity of a
synthetic peptide corresponding to amino acids 127-167
of human leptin would be needed to confirm this hypoth-
esis.

A similar consequence could result from cyclization of
the linear peptide, or the presence of additional amino
acids at the N-terminus. Such modifications could induce
the conversion of an active conformation (that corre-
sponding to the domain between amino acid residues 127
and 167 of rat leptin) into an inactive conformation (that
corresponding to the domain between amino acid
residues 116 and 167 of human leptin). These observa-
tions emphasize the importance of conformational con-
straints to the stereospecificity of peptides in solution, a
factor which contributes greatly to the challenges associ-
ated with the design and development of receptor ago-
nists or antagonists.

The disparity in the outcome of these studies may
also be related to the different routes of peptide adminis-
tration used by the investigators. The possibility that
intravascular processing of peripherally administered
peptides may be required for activity at the level of the
hypothalamus warrents some consideration, since such
processing is not likely to occur when peptides are intro-
duced directly into cerebral ventricles. This is an impor-
tant issue related to peripheral conversion/activation of
leptin-related synthetic peptides and biological activity,
and has not yet been addressed. It is also worthy of note

utilize the same or similar pathways to mimic leptin�s
effects on energy balance has not gone unnoticed. The
development of leptin-related synthetic peptide agonists
and nonpeptide mimetics, which will be orally active,
independent of a saturable transport system to cross the
blood-brain barrier, and of even greater potency than
leptin, remains a viable strategy.  It is possible that such
drugs may have efficacy not only in the treatment of obe-
sity that is characterized by leptin deficiency, but also be
beneficial to the larger population of obese individuals
who are leptin-resistant. 

Positional cloning of the mouse ob gene and its
human homolog, and elaboration of the amino acid
sequences of the protein products of these genes (80),
initiated rapid and intensive interest in the biochemistry of
the leptin molecule. The methodologies of solid-phase
peptide synthesis and molecular biology, proven and
powerful tools which have been used to produce protein
and peptide molecules in large quantities and to elucidate
their structure-function characteristics, have now been
applied to the study of leptin. These efforts have generat-
ed a number of potential candidates for pharmaceutical
development.

Protein chemists have long known that functional
epitopes of a protein ligand are often much smaller than
structural epitopes, and that the full activity of a protein is
the product of its active site(s) and the conformational
constraints conferred upon this site by structural epitopes
within the sequence (81, 82). Thus, the initial task in the
development of a peptide analog of a biologically active
protein is to identify the domain within its primary struc-
ture which contains the active sequence(s). A number of
laboratories have used solid-phase peptide synthesis to
address this question for the leptin molecule, and the
results of some of these studies are contradictory.

The first reports in this area described the effects of
peptide fragments corresponding to the entire amino acid
sequence of secreted rat leptin on body weight and ther-
mogenesis (83, 84). In these studies, pools of 5 peptides,
each 15 amino acids in length and overlapping at the
N-terminus by 5 amino acids, were given intraperitoneal-
ly (i.p.) for 2 days to adult male Wistar rats. Only one pool,
which contained five peptides encompassing the domain
between amino acids 127 and 167, had any significant
effects on body weight and rectal temperature. From
these observations, the authors concluded that the active
domain of rat leptin is at the C-terminus, between amino
acid residues 127 and 167.

It is unfortunate that the experimental design of at
least one of these studies did not include individual
administration of each peptide in the active pool, thus
permitting a more restricted localization of leptin-like
activity. Even with this limitation, however, these studies
were significant in that they were among the first to show
that the entire leptin molecule was not required for at least
partial expression of its effects on body weight and ther-
mogenesis. Of equal importance, they also indicated that
peripherally administered peptides could induce weight
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that optimize receptor binding and activation. It is inter-
esting to note that the biological activity of one of these
peptides, the leptin analog corresponding to amino acids
116-130 [LEP-(116-130)], has been confirmed by other
laboratories, using in vivo and in vitro approaches, central
and peripheral administration, and measuring a number
of other biological endpoints known to be modulated by
leptin action (91-95). 

Initial studies to examine the mechanism of action of
LEP-(116-130) generated some unsuspected and intrigu-
ing results (96). Utilizing cell lines expressing either the
short or long isoform of OB-R, these studies indicated
that the observed effects of LEP-(116-130) on food intake
and body weight gain in ob/ob mice (86, 90) did not
appear to be mediated by peptide binding and activation
of OB-R. Additional support for a mechanism of action
independent of OB-R was provided by the observed abil-
ity of LEP-(116-130) to reduce food intake, body weight
gain and blood glucose levels in the db/db mouse, a
hyperleptinemic rodent model of obesity that is genetical-
ly deficient in functional OB-R (97, 98). 

The clinical significance of these observations may be
great. Because most cases of human obesity are associ-
ated with hyperleptinemia and leptin resistance (35),
drugs that use pathways independent of that of leptin to
restore energy balance and reverse other metabolic dys-
functions associated with the obese syndrome may have
the potential to be even more effective in the treatment of
human obesity than recombinant leptin. Such drugs may
also be helpful in those rare cases of human obesity aris-
ing from mutations in the ob or db gene. 

An essential element in the design of biologically
potent peptides is an understanding of the contribution of
each amino acid within a peptide sequence to receptor
recognition or to overall peptide conformation. As previ-
ously mentioned, amino acid residues which do not con-
tribute to receptor binding often serve a structural role
which enables the peptide to assume a conformation
facilitating optimal interaction with receptor, or protects
the active site(s) of the peptide from proteolysis. These
amino acid residues can often be totally or partially delet-
ed from a sequence with the remaining peptide fragment
retaining full or partial activity (99). It is clear that isolation
of the biological activity of a peptide to a small number of
amino acid residues not only has biological advantages,
i.e., facilitates transport into the CNS, but also chemical
and economic advantages related to the design and
development of drugs for which the peptide may serve as
a lead compound. 

The activity of LEP-(116-130) has recently been local-
ized to a restricted domain consisting of seven amino

that these early studies utilized nonobese rodents with
normal levels of circulating endogenous leptin as test ani-
mals, rather than genetically obese animal models.
Therefore, the efficacy of the peptide fragments used in
these studies, in the presence of an obese phenotype
and its related pathophysiologies, is unknown.

The first report describing antiobesity effects of leptin-
related synthetic peptides in an obese animal model
came from our laboratory in 1997 (86). The C57BL/6J
ob/ob mouse was selected for this and follow-up studies
because of its wide use in characterizing the effects of
full-length leptin on the obesity syndrome (20, 30, 87-89),
and the nature of the mutation responsible for its obesity
(80). The ob/ob mouse is leptin-deficient. A single base
mutation at codon 105 of the ob gene results in substitu-
tion of a premature stop codon in place of the codon for
the arginine residue at this position. The consequence of
this point mutation is excessive production of an mRNA
species that encodes an inactive isoform of mouse leptin
which is truncated at amino acid residue 105.

This information led us to suspect that the activity of
mouse leptin may be localized toward its C-terminus, in
domains distal to amino acid 105.  To test this hypothesis,
6 peptide amides corresponding to amino acids 106-167
of mouse leptin, each 15 amino acids in length and over-
lapping at the N-terminus by 5 residues, were synthe-
sized. The peptides were individually administered (i.p.,
28 days) to female ob/ob mice, and their effects on food
intake and body weight gain assessed. Only three of the
peptides, encompassing the domain between  amino acid
residues 106 and 140, demonstrated significant antiobe-
sity effects, although of a lesser magnitude than reported
for leptin.

The reduced potency of the active peptides (approxi-
mately 30-fold lower on a molar basis than recombinant
mouse leptin) suggested that full expression of leptin
activity might require additional active sites toward the N-
terminus of the molecule proximal to amino acid residue
106. To test this hypothesis, 14 peptides encompassing
the entire sequence of secreted mouse leptin, each 15
amino acids long and overlapping at the N-terminus by 5
residues, were synthesized. Each peptide was individual-
ly administered (i.p., 7 days) to female ob/ob mice. As
observed in our original study (86), only peptides corre-
sponding to amino acid residues 106-120, 116-130 and
126-140 induced significant reductions in food intake and
body weight gain (90). Thus, in contrast to the functional
epitopes encompassed by amino acids 106-140, the
N-terminus of mouse leptin appears to contain only struc-
tural epitopes. These epitopes may contribute to full
activity of leptin by providing conformational constraints
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Table I: Amino acid residues 127-167 of rat and human leptin.

Rat 127 K P E S L D G V L E A S G Y S T E V 144
Human 127 T L D S L G G V L E A S L Y S T E V 144

Rat 145 V A L S R L Q G S L Q D I L Q Q L D L S P E C 167
Human 145 V A L S R L Q G S L Q D M L K Q L D L S P G C 167

Nonidentical residues are underlined.



associated with long-term use of some antiobesity drugs,
and the potential of abuse for purely cosmetic reasons, it
is clear that approval of future therapies will demand very
high safety standards. Nevertheless, new insights into the
dynamics of regulated energy balance, provided mostly
by rodent models of obesity, have numerous implications
for the understanding and management of human obesi-
ty. Given these recent advances, and the potential for the
discovery of additional genes and/or regulatory pathways
involved in energy balance, the development of new
pharmacological approaches to the treatment of the
obese patient seems inevitable. 

Acknowledgements

This research was supported by a grant from the
Willard B. and Lulah Warring Memorial Fund.

References

1. Flegal, M.D., Carroll, R.J., Kuczmarski, R.J.. Johnson, C.L.
Overweight and obesity in the United States: Prevalence and
trends, 1960-1994.  Int J Obes Relat Metab Disord 1998, 22:
39-47.

2. World Health Organization. Obesity: Preventing and managing
the global epidemic. Report of a WHO consultation on obesity
June 3-5, 1997. Geneva, Switzerland. Publication WHO/
NUT/NCD/98.1.

3. Troiano, R., Flegal, K. Overweight children and adolescents:
Description, epidemiology, and demographics. Pediatrics 1998,
101: 497-504.

4. Allison, D.B., Kaprio, J., Korkeila, M., Koskenvuo, M., Neale,
M.C., Hayakawa, K. The heritability of body mass index among
an international sample of monozygotic twins reared apart. Int J
Obes Relat Metab Disord 1996, 20: 501-6.

5. Stunkard, A.J., Harris, J.R., Pedersen, N.L., McClearn, G.E.
The body-mass index of twins who have been reared apart.
N Engl J Med 1990, 322: 1483-7.

6. Friedman, J.M. Obesity in the new millennium. Nature 2000,
404: 632-4.

7. Kuczmarski, R., Flegal, K., Campbell, S., Johnson, C.
Increasing prevalence of overweight among U.S. adults. J Am
Med Assoc 1994, 272: 205-11.

8. Allison, D.B., Fortaine, K.R., Manson, J.E., Stevens, J.,
VanItallie, T.B. Annual deaths attributable to obesity in the United
States. J Am Med Assoc 1999, 282: 1530-8.

9. McGoey, B.V., Deitel, M., Saplys, R.J., Kliman, M.E. Effect of
weight loss on musculoskeletal pain in the morbidly obese. J
Bone Joint Surg 1990, 72: 322-3.

10. Must, A., Spadano, J., Coakley, E.M., Field, A.E., Colditz, G.,
Dietx, W.H. The disease burden associated with overweight and
obesity. J Am Med Assoc 1999, 282: 1523-9.

11. Pi-Sunyer, F.-X., Laferrere, B., Aronne, L.J., Bray, G.A.
Obesity � A modern-day epidemic. J Clin Endocrinol Metab
1999, 84: 3-7.

acids at its N-terminus, between residues 116 and 122
(100). In addition to its leptin-like effects on food intake
and body weight gain, OB3, a synthetic peptide amide
corresponding to these residues, was shown to reduce
blood glucose levels in both ob/ob and db/db mice. These
findings suggest a potential benefit associated with
glycemic control, which may have clinical significance in
the treatment of both leptin-resistant and leptin-deficient
models of human obesity, and of diabetes mellitus in the
absence or presence of an obese phenotype.  Replace-
ment of the leucine residue at position 4 of OB3 with its
D-isoform, [D-Leu-4]-OB3, significantly improved the
potency of OB3 with respect to its anorexogenic activity,
effects on weight loss and antihyperglycemic action
(100). Most recently, we have shown that the antiglycemic
effects of [D-Leu-4]-OB3 in ob/ob mice are independent of
its effects on caloric intake (101). 

Future perspectives

The recent upsurge of interest in the design and
development of leptin agonists suggests that their appli-
cation to the management of human obesity and its asso-
ciated metabolic dysfunctions may not be left unexam-
ined much longer. Before this can happen, however, a
significant amount of work is needed to address ques-
tions related to potency, bioavailability, kinetics, half-life,
clearance, toxicity and route of administration.
Nonetheless, the development of leptin agonists remains
a viable strategy. 

Formulated to be orally available, such small-mole-
cule therapeutics have the potential to be more potent
agonists of OB-R than recombinant leptin, since access
into the CNS would not be limited by saturable transport
across the blood-brain barrier, a suggested locus of leptin
resistance in humans (36). Also worthy of special note,
the recently discovered activity of some of these agonists
in db/db mice indicates that their mechanism of action
involves the recruitment of signaling pathways that are
different from leptin (96). The benefits of this divergence
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tance is the result of defective receptor signaling, or in
cases resulting from leptin or leptin receptor deficiency,
are obvious. 

Conclusions

In the United States, an estimated 300,000 people die
annually as a result of obesity, mostly from its effects in
promoting diabetes, hypertension, cardiovascular dis-
ease and cancer (23). Therapies based on nutritional and
behavioral modification have only partial and usually
temporary benefits, and existing pharmaceutical interven-
tions which target central serotonergic and adrenergic
pathways, or inhibit fat absorption, are of limited efficacy.
Because of the necessity for chronic therapy in the treat-
ment of obesity, a past history of unsuspected toxicity

878 Leptin agonists for the treatment of obesity



33. Davidson, M.H., Hauptman, J., DiGirolamo, M. et al. Weight
control and risk factor reduction in obese subjects treated for 2
years with orlistat. J Am Med Assoc 1999, 281: 235-42.

34. Hollander P.A., Elbein, S.C., Hirsch, I.B. et al. Role of orlistat
in the treatment of obese patients with type 2 diabetes. Diabetes
Care 1998, 21: 1288-94.

35. Friedman, J.M., Halaas, J.L. Leptin and the regulation of
body weight in mammals. Nat 1988, 395: 663-700.

36. Bado, A., Levasseru, S., Attous, S. et al. The stomach as a
source of leptin. Nat 1998, 394: 790-3.

37. Masuzaki, H., Ogawa, Y., Sagawa, N. et al. Non-adipose tis-
sue production of leptin: Leptin as a novel placenta-derived hor-
mone in humans. Nature Med 1997, 3: 1029-32.

38. Considine, R.V., Sinha, M.K., Heiman, M.L. et al. Serum
immunoreactive-leptin concentrations in normal-weight and
obese humans. N Engl J Med 1996, 334: 292-5.

39. Grinspoon, S., Gulick, T., Askari, M. et al. Serum leptin lev-
els in women with anorexia nervosa. J Clin Endocrinol Metab
1996, 81: 3861-3.

40. Maffei, M., Halaas, J., Ravussin, E. et al. Leptin levels in
human and rodent: Measurement of plasma leptin and the ob
mRNA in obese and weight-reduced subjects. Nat Med 1995, 1:
1155-61.

41. Ahima, R.S., Dushay, J., Flier, S.N., Prabakaran, D., Flier,
J.S. Leptin accelerates the onset of puberty in normal female
mice. J Clin Invest 1997, 99: 391-5.  

42. Licino, J., Mantzoros, C. Negard, A.B. et al. Human leptin lev-
els are pulsatile and inversely related to pituitary-adrenal func-
tion. Nat Med 1998, 3: 575-9.

43. Halaas, J.L., Gajiwala, K.S., Maffae, M. et al. Weight-reduc-
ing effects of the plasma protein encoded by the obese gene.
Science 1995, 269: 543-6.

44. Cioffi, J.A., Shafer, A.W., Zupancic, T.J. et al. Novel B219/OB
receptor isoforms: Possible role of leptin in hematopoiesis and
reproduction. Nat Med 1996, 2: 585-9.

45. Lord, G.M., Mathrese, G., Howard, J.K., Bakere, R.J., Bloom,
S.R., Sechler, R.I. Leptin modulates the T-cell immune response
and reverses starvation induced immunosuppression. Nature
1998, 394: 897-901.

46. Masuzaki, H., Ogawa, Y., Isse, N. et al. Human obese gene
expression: Adipocyte-specific expression and regional differ-
ences in the adipose tissue. Diabetes 1995, 44: 855-8.

47. Lonnqvist, F., Arner, P., Nordfors, L., Shalling, M.
Overexpression of the obese (ob) gene in adipose tissue of
human obese subjects. Nat Med 1995, 1: 950-3.

48. Caro, J.F., Kolaczynski, J.W., Nyce, M.R. et al. Decreased
cerebrospinal fluid/serum leptin ration in obesity: A possible
mechanism for leptin resistance. Lancet 1996, 348: 159-61.

49. Considine, R.V., Considine, E.L., Williams, C.J. et al.
Evidence against either a premature stop codon or the absence
of obese gene mRNA in human obesity. J Clin Invest 1995, 95:
2986-8.

50. Considine, R.V., Considine, E.L., Williams, C.J. et al.
Mutation screening and identification of a sequence variation in
the human ob gene coding region. Biochem Biophys Res
Commun 1996, 220: 735-9.

12. Scheen, A.J., Lefebrve P.J. Pharmacological treatment of
obesity: Present status. Int J Obes Relat Metab Disord 1999, 23:
47-53.

13. Bray, G.A., Greenway, F.L. Current and potential drugs for
treatment of obesity. Endocrine Rev 1999, 20: 805-75.

14. Mertens, I.L., VanGaal, L.F. Promising new approaches to
the management of obesity. Drugs 2000, 60: 1-9.

15. Echwald, S.M. Genetics of human obesity: Lessons from
mouse models and candidate genes. J Intern Med 1999, 245:
653-66.

16. Augustine, K.A., Rossi, R.M. Rodent mutant models of obe-
sity and their correlations to human obesity. Anat Rec 1999, 257:
64-72.

17. Mantzoros, C.S. The role of leptin in human obesity and dis-
ease: A review of current evidence. Ann Intern Med 1999, 130:
671-80.

18 Campfield, L.A., Smith. F.J., Burn, P. Strategies and potential
molecular targets for obesity treatment. Science 1998, 280:
1383-7.

19. Shang, Y., Proenca, R., Maffei, M., Barone, M., Leopold, L.,
Friedman, J.M. Positional cloning of the mouse obese gene and
its human homologue. Nature 1994, 372: 425-32.

20 Tartaglia, L.A., Dembski, M., Weng, X. et al. Identification and
expression cloning of a leptin receptor, OB-R. Cell 1995, 83:
1263-71.

21. Huszar, D., Lynch, C.A., Fairchild-Huntress, V. et al. Targeted
disruption of the melanocortin-4 receptor results in obesity in
mice. Cell 1997, 88: 131-41.

22. Bray, G.A., Tartaglia, L.A. Medicinal strategies in the treat-
ment of obesity. Nature 2000, 404: 672-7.

23. Kopelman, P.G. Obesity as a medical problem. Nature 2000,
404: 635-43.

24. Goodpaster, B.H., Kelley, D.E., Wing, R.R., Meier, A.,
Theate, F.L. Effects of weight loss on regional fat distribution and
insulin sensitivity in obesity. Diabetes 1999, 48: 839-47.

25. Williamson, D.F., Pamuk, E., Thun, H., Flanders, D., Byers,
T., Heath, C. Prospective study of intentional weight loss and
mortality in never-smoking overweight US white women aged
40-64 years. Am J Epidemiol 1995, 141: 1128-41.

26. Bray, G.A. Evalulation of drugs for treating obesity. Obes Res
1995, 3: 4255-345.

27. Connolly, H.M., Crary, J.L., McGoon, M.D. et al. Valvular
heart disease associated with fenfluramine-phentermine. N Engl
J Med 1997, 337: 581-8.

28. Ryan, D.H., Kaiser, P., Bray, G.A. Sibutramine: A novel new
agent for obesity treatment. Obes Res 1995, 3: 553S-9S.

29. Jones, S.P., Smith, I.G., Kelly, F., Gray, J.A. Long-term weight
loss with sibutramine. Int J Obes Relat Metab Disord 1995, 19:
41.

30. Guerciolini, R. Mode of action of orlistat. Int J Obes Relat
Metab Disord 1997, 21: S12-S23.

31. Hill, J.O., Haupman, J., Anderson, J.W. et al. Orlistat, a lipase
inhibitor, for weight maintenance after conventional dieting: A
1-year study. Am J Clin Nutr 1999, 69: 1108-16.

32. Sjostrom, L., Rissanen, A., Andersen, T. et al. Randomized
placebo-controlled trial of orlistat for weight loss and prevention
of weight regain in obese patients. Lancet 1998, 352: 167-72.

Drugs Fut 2001, 26(9) 879



68. Matson, C.A., Ritter, R.C. Long-term CCK-leptin synergy
suggests a role for CCK in the regulation of body weight. Am J
Physiol 1999, 45: 1038-45.

69. Mantzoros, C.S. Leptin and the hypothalamus: Neuro-
endocrine control of food intake.  Mol Psychiatry 1999, 4: 8-16.

70. Beck, B., Ridhy, S. Hypothalamic hypocretin/orexin and neu-
ropeptide Y: Divergent interaction with energy depletion and lep-
tin. Biochem Biophys Res Commun 1999, 258: 119-22.

71. Kokkotou, E.G., Tritos, N.A., Mastaitis, J.W., Slidker, L.,
Maratos-Flier, E. Melanin-concentrating hormone receptor is a
target of leptin action in the mouse brain. Endocrinology 2001,
142: 680-6.

72. McMinn, J.E., Sindelar, D.K., Navel, P.J., Schwartz, M.W.
Leptin deficiency induced by fasting impairs the satiety response
to cholecystokinin. Endocrinology 2000, 141: 4442-8.

73. Richy, S., Burlet, A., Max, J.-P., Burlet, C., Beck, B. Effect of
chronic intraperitoneal injections of leptin on hypothalamic neu-
rotensin content and food intake. Brain Res 2000, 862: 276-9.

74. Hemysfield, S.B., Greenberg, A.S., Fujioka, K. et al.
Recombinant leptin for weight loss in obese and lean adults: A
randomized, controlled, dose-escalation trial. J Am Med Assoc
1999, 282: 1565-75.

75. Farooqi, I.S., Jebb, S.A., Langmack, G. et al. Effects of
recombinant leptin therapy in a child with congenital leptin defi-
ciency. N Engl J Med 1999, 341: 879-84.

76. Zimanyi, I.A., Poindexter, G.S. NPY-ergic agents for the treat-
ment of obesity. Drug Dev Res 2000, 51: 94-111.

77. Silva, J.E. Uncoupling proteins 2 and 3 and their potential
role in human obesity. Drug Dev Res 2000, 51: 112-23.

78. Spiegelman, B.M., Flier, J.S. Obesity and the regulation of
energy balance. Cell 2001, 104: 531-43.

79. Walder K., deSilva A. Leptin and the treatment of obesity.
Drug Dev Res 2000, 51: 66-79.

80. Zhang, Y., Proenca, R. Maffei, M., Leopold, L., Friedman,
J.M. Positional cloning of the mouse obese gene and its human
homologue. Nature 1994, 372: 425-32.

81. Bryan, W.M. Design of minimum active fragments of biologi-
cally active peptides. Meth Enzymol 1991, 202: 436-48.

82. Hruby, V.J. Conformational and topographical considerations
in the design of biologically active peptides.  Biopolymeres 1993,
33: 1073-83.

83. Martinez, J.A., Garcia-Granero, M., Fruhbeck, G. Role of
fragment peptides from ob protein on body weight and thermo-
genesis control: A screening. J Physiol Biochem 1996, 52:
123-4.

84. Fruhbeck, G.,  Garcia-Granero, M., Martinez, J.A. Age-relat-
ed differences in the thermogenic and ponderal effects following
the administration of fragment peptides from the rat ob protein.
Regul Pept 1998, 73: 83-7.

85. Samson, W.K., Murphy T.C., Robison, D., Vargas, T., Tau, E.,
Chang, J.K. A 35 amino acid fragment of leptin inhibits feeding in
the rat. Endocrinology 1996, 137: 5182-4.

86. Grasso, P., Leinung, M.C., Ingher, S.P., Lee, D.W. In vivo
effects of leptin-related synthetic peptides on body weight and
food intake in female ob/ob mice:  Localization of leptin activity
to domains between amino acid residues 106-140.
Endocrinology 1997, 138: 1413-8. 

51. Strobel, A., Issad, T., Camdin, L., Ozata, M., Strosberg, A.D.
A leptin missense mutation associated with hypogonadism and
morbid obesity. Nat Genet 1998, 18: 213-5.

52. Hager, J., Clement, K., Franke, S. et al. A polymorphism in
the 5�-untranslated region of the human ob gene is associated
with low leptin levels. Int J Obes Relat Metab Disord 1998, 22:
200-5.

53. Clement, K., Garner, C., Hager, J. et al. Indication for linkage
of the human OB gene mutation with extreme obesity. Diabetes
1996, 45: 687-90.

54. Reed, D.R., Ding, F.Y., Xu, W., Cather, C., Greem, E.D.,
Price, R.A. Extreme obesity may be linked to markers flanking
the human OB gene. Diabetes 1996, 45: 691-4.

55. Clement, K., Vaisse, C., Lahlou, N. et al. A mutation in the
human letpin receptor gene causes obesity and pituitary dys-
function. Nature 1998, 392: 398-401.

56. Oksanen, L., Kaprio, J., Mustajoki, P., Kontula, K. A common
pentanucleotide polymorphism of the 3�-untranslated part of the
leptin receptor gene generates a putative stem-loop motif in the
mRNA and is associated with serum insulin levels in obese indi-
viduals. Int. J Obes Relat Metab Disord 1998, 22: 634-40.

57. Krude, H., Biebermann, H., Luck, W., Horn, R., Brabant, G.,
Gruthers, A. Severe early onset obesity, adrenal insufficiency
and red hair pigmentation caused by POMC mutations in
humans. Nat Genet 1998, 19: 155-7.

58. Yeo, G., Farooqi, S., Aminan, S., Halsall, D.J., Stanhope,
R.G., O�Rahilly, S. A frameshift mutation in MC4-R associated
with dominantly inherited obesity. Nat Genet 1998, 20: 111-2.

59. Friedman, J.M. Leptin, leptin receptors, and the control of
body weight. Nutr Rev 1998, 56: 538-46.

60. Stephens, T.W., Basinski, M., Bristow, P.K. et al. The role of
neuropeptide Y in the antiobesity action of the obese gene prod-
uct. Nature 1995, 377: 530-2.

61. Elias, C.F., Aschkenasi, C. Lee, C. et al. Leptin differentially
regulates NPY and POMC neurons projecting to the lateral hypo-
thalamic area.  Neuron 1999, 23: 775-86.

62. Wilson, B.D., Ollmann, M.M., Barsh, G.S. The role of agouti-
related protein in regulating body weight. Mol Med Today 1999,
5: 250-6.

63. Uehara, Y., Shimizu, K., Ohtani, K., Sato, N., Mori, M.
Hypothalamic corticotropin-releasing hormone is a mediator of
the anorexigneic effect of leptin. Diabetes 1996, 47: 890-3.

64. Korner, J., Chur,  S.C. Jr., Williams, J.A., Liebel, R.L.,
Wardlaw, S.L. Regulation of hypothalamic proopiomelanocortin
by leptin in lean and obese rats. Neuroendocrinology 1999, 70:
377-83.

65. Kristensen, P., Judge, M.E., Thim, L. et al. Hypothalamic
CART is a new anorectic peptide regulated by leptin. Nature
1998, 393: 72-6.

66. Commins, S.P., Watson, P.M., Levin, N., Beiler, R.J., Gettys,
T.W. Central leptin regulates the UCP1 and ob genes in brown
and white adipose tissue via different β-adrenoreceptor sub-
types. J Biol Chem 2000, 275: 33059-67.

67. Commins, S.P., Watson, P.M., Padgett, M.A., Dudley, A.,
Argyropoulos, G., Gettys, T.W. Induction of uncoupling protein
expression in brown and white adipose tissue by leptin.
Endocrinology 1999, 140: 292-300.

880 Leptin agonists for the treatment of obesity



inhibits the growth and glucocorticoid secretion of rat adrenal
cortex. Endocr Res 2000, 26: 141-53.

95. Tena-Sempere, M., Pinilla, L., Gonzalez, L.C., Narvarro, J.,
Dieguez, C., Casaneuva, F.F., Aguilar, E. In vitro pituitary and
testicular effects of the leptin-related synthetic peptide leptin
(116-130) amide involves actions both similar to and distinct from
those of the native leptin molecule in the adult rat. Eur J
Endocrinol 2000, 142: 406-10.

96. Grasso, P, White, D.W., Tartaglia, L.A., Leinung, M.C., Lee,
D.W. Inhibitory effects of leptin-related synthetic peptide 116-130
on food intake and body weight gain in female C57BL/6J ob/ob
mice may not be mediated by peptide activation of the long iso-
form of the leptin receptor. Diabetes 1999, 48: 2204-9.

97. Chen, H., Charlat, O., Tartaglia, L.A. et al. Evidence that the
diabetes gene encodes the leptin receptor: Identification of a
mutation in the leptin receptor gene in db/db mice. Cell 1996, 84:
491-5.

98. Lee, G.H., Proenca, R., Montez, J.M. et al. Abnormal splic-
ing of the leptin receptor in diabetic mice. Nature 1996, 379:
632-5.

99. Bryan, W.M. Design of minimum active fragments of biologi-
cally active peptides. Meth Enzymol 1991, 379: 632-5.

100. Rozhavskaya-Arena, M., Lee, D.W., Leinung, M.C., Grasso,
P. Design of a synthetic leptin agonist: Effects on energy
balance, glucose homeostasis, and thermoregulation.
Endocrinology 2000, 141: 2501-7.

101. Grasso, P., Rozhavskaya-Arena, M., Leinung, M.C., Lee,
D.W. [D-Leu-4]-OB3, a synthetic leptin agonist, improves hyper-
glycemic control in C57BL/6J ob/ob mice. Regul Pept 2001, 101:
123-9.

87. Pellymounter, M.A., Cullen, M.J., Baker, M.B., Hecht, R.,
Winters, D., Boone, T., Collins, F.  Effects of the obese gene
product on body weight regulation in ob/ob mice. Science 1995,
269: 540-3.

88. Weigle, D.S., Bukowski, T.R., Foster, D.E. et al. Recombinant
ob protein reduces feeding and body weight gain in the ob/ob
mouse. J Clin Invest 1995, 96: 2056-70.

89. Campfield, L.A., Smith, F.J., Guisez, Y., Devos, R., Burn, P.
Recombinant mouse OB protein: Evidence for a peripheral sig-
nal linking adiposity and central neural networks. Science 1995,
269: 546-9.

90. Grasso, P., Leinung, M.C., Lee, D.W. Epitope mapping of
secreted mouse leptin utilizing peripherally administered syn-
thetic peptides. Regul Pept 1999, 85: 93-100.

91. Gonzalez, L.C., Pinilla, L., Tena-Sempere, M., Aguilar, E.
Leptin 116-130 stimulates prolactin and luteinizing hormone
secretion in fasted adult male rats. Neuroendocrinology 1999,
70: 213-20.

92. Malendowicz, L.K., Neri, G., Jedrzejczak, N., Nussdorfer,
G.G., Hochol, A. Leptin (116-130) enhances the proliferative
activity of immature rat adrenal cortex. Med Sci Res 1999, 27:
675-6.

93. Malendowicz, L.K., Neri, G., Jedrzejczak, N., Hochol, A.,
Nussdorfer, G.G. Effects of recombinant murine leptin [1-147]
and leptin fragment 116-130 on steroid secretion and prolifera-
tive activity of the regenerating rat adrenal cortex. Endocr Res
2000, 26: 109-18.

94. Malendowicz, L.K., Tortorella, C., Nowak, K.W., Nussdorfer,
G.G., Hochol, A., Majchrzak, M. Leptin prolonged administration

Drugs Fut 2001, 26(9) 881


	Introduction
	Regulation of body weight
	Pharmacological approaches to obesity managemnt
	Leptin: a potential approach to the management of human obesity
	Clinical trials wth leptin
	Leptin agonists and obesity
	Future perspectives
	Conclusions
	Acknowledgements
	References

