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Abstract

The pathophysiology of obesity is complex with many different pathways in-
volved. A better understanding of these weight-regulating mechanisms has lead
to the identification of new targets for anti-obesity agents. Most attention has been
giventothecentrally acting neuropeptidesregul ating food intake. Leptin, playing
akey-role, exerts its action through several neuropeptides such as neuropeptide
Y, a-melanocyte stimulating hormone and agouti related protein. Cocaine— and
amphetamine-regulated transcript peptide and the orexins are the latest discov-
ered peptidesacting at thelevel of the hypothalamus. Targetsfor new drugsacting
on peptides secreted from the periphery are cholecystokinin and glucagon-like
peptide 1. Another potential target in the treatment of obesity isincreasing energy
expenditure via 33 adrenoceptors or uncoupling proteins. These new pharmaco-
logical agents in development could be valuable adjuncts to more traditional
treatment strategies such as dietary treatment, behavioural/psychologica coun-
selling and physical activity.

Obesity isamajor problem in our modern soci-
ety and recent data indicate that the prevalence of
obesity is still increasing, for both children and
adults, not only inindustrialised countries but also
in developing countries.[2 The agetiology of obe-
sity ismultifactorial and isthe result of a complex
interaction between genetic, environmental (pre-
dominantly dietary) and psychosocial factors. Be-
cause of thiscomplexity, obesity isdifficult to treat
and comprehensive treatment programmes com-
bine diet, exercise and behavioural therapy. In the
morbidly obese patient surgical treatment can be a
valuable treatment option.l3 In recent years, a lot
of attention hasbeen given to therole of pharmaco-
therapy as an additional treatment option with new
drugs such as orlistat and sibutramine being mar-
keted. With the discovery of the ob gene and its
product leptin,[4 a boom of research has emerged
in the field of genetics and molecular biology, in-
creasing our understanding of the physiology of

weight regulation mechanisms. Thisin turn haslead
totheidentification of aseriesof promising new phar-
macological approaches for the treatment of over-
weight and obesity. Inthisarticlewefocusonafew
of these new potential targets and compoundsin de-
velopment for pharmacological treatment of obesity
which can be divided into those that act on energy
intake and those that act on energy expenditure.
Recently, reviewswere published inthisjournal on
the new drugs orlistat!® and sibutramine,!®! and for
this reason they are not discussed in this article.

1. Drugs Altering Energy Intake

Food intake is regulated by several key neuro-
transmitters which are in acomplex interaction with
each other. In the last few years, alot of research
has been performed in this area with the devel op-
ment of new agonists or antagonists acting on spe-
cific receptors. Peptidesregulating food intake can
bedivided into orexigenic peptidesincreasing food
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intake and anorexigenic peptides leading to a de-
crease in food intake (table).

1.1 Peptides Secreted from the Periphery

1.1.1 Leptin

The discovery of leptin in 1994 by Friedman and
colleagued¥ has been a landmark in the field of
obesity research. Leptin, the product of the ob gene,
is secreted by adipocytes and signals to the brain
about the fat stores of the body (fig. 1). Since its
discovery, it has been shown that leptin is more
than a simple adipocyte-derived factor playing an
important role in energy balance. It also acts as a
mediator of different endocrine and metabolic path-
ways such as the onset of puberty and insulin se-
cretion.[”]

Unlikein the obese ob/ob mouse, where no leptin
secretion could be demonstrated due to a mutation
intheob gene,l obese humansshow increased levels
of leptin, correlating with the amount of bodly fat.!8l

Table I. Peptides decreasing or increasing energy intake

Peptides decreasing food intake Peptides increasing food
intake

Neuropeptide Y (NPY)
Melanin concentrating
hormone (MCH)

Agouti related protein (AGRP)
Orexins/hypocretins

Galanin

B-Endorphin

Glucagon-like peptide-1 (GLP-1)
a-Melanocyte-stimulating
hormone (a-MSH)
Corticotropin-releasing hormone
(CRH)

Cocaine- and
amphetamine-regulated
transcript (CART)
Cholecystokinin (CCK)
Bombesin

Glucagon

Amylin

Enterostatin

Anorectin

It has been suggested that the failure of leptin to
normalise fat stores in obese humans is the result
of the presence of leptin resistance in obese humans,
analogousto insulin resistance in type 2 (non-insulin
dependent) diabetes mellitus. However, there seems
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Fig. 1. Secretion of leptin by adipocytes and post-signalling effects of leptin at the level of the hypothalamus. AGRP = agouti related
protein; LEPR = leptin receptor; MC3R = melanocortin 3 receptor; MC4R = melanocortin 4 receptor; MSH = a-melanocyte stimulating
hormone; NPY = neuropeptide Y; Y1R = neuropeptide receptor 1;YsR = neuropeptide receptor 5.
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to be little direct evidence supporting this hypoth-
esis as recently reviewed by Arch et al.[9

In humans, only afew reportshave been published
on mutations in the ob genel1% or the leptin re-
ceptor gene.[12 In 1997, Montague et al.[19 identi-
fied two nine-year old cousins homozygous for a
frame-shift mutation in the leptin gene, resulting
in severe obesity. Treatment of one of these girls
with recombinant leptin, administered subcutane-
ously, led to a sustained reduction in bodyweight,
which was predominantly a reduction of body
fat.[13]

The post-receptor signalling effectsof leptin are
mediated through different neurotransmittersinclud-
ing neuropeptide Y (NPY), glucagon-like peptide-1
(GLP-1), a-melanocyte stimulating hormone (a-
MSH), corticotrophin releasing hormone (CRH)
and cocaine— and amphetamine—regulated tran-
script (CART), each of these being apossibletarget
for anti-obesity treatment.[2415 Whether leptin it-
self may show some possibl e therapeutic benefit ill
remains an open question, although initial prelimi-
nary findings only suggest limited success.!1®! Im-
portant limitations are that leptin has to be given
subcutaneoudly and in very high doses, which could
result in inflammatory reactions at the injection site.
L eptin analogues and | eptin receptor agonists, such
as LY-355101117 are currently under investigation
and could offer more promising perspectives.

1.1.2 Cholecystokinin

Cholecystokinin (CCK) isan endogenous gastro-
intestinal hormone and neurotransmitter which
seems to play an important role as a peripheral sa-
tiety factor (fig. 2). It is secreted from the duode-
num in the presence of food, and has both central
and gastrointestina effects such as inhibition of
gastric emptying, contraction of thepyloric sphincter,
stimulation of gallbladder contraction and pancre-
atic exocrine secretion.!8l Clinical studiesin humans
have shown that intravenous infusion of cholecys-
tokinin significantly reduces feelings of hunger and
increases sati ety in bothlean and obesevolunteers.[29]
Two types of cholecystokinin receptor have been
identified, CCK-A and CCK-B. TypeA receptorsare
found mainly inthe periphery (gallbladder, pancreas,
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Fig. 2. Schematic representation of food-regulating peptides se-
creted from the periphery. Two major systems can be identified:
the short term regulation of food intake with cholecystokinin
(CCK) and glucagon-like peptide-1 (GLP-1) and the long term
regulation of food intake through the leptin system.

pyloric sphincter and vagal afferent fibres), but are
also found in some areas of the central nervous sys-
tem. ThetypeB receptor isfound predominantly inthe
brain.[18 The satiety effects of cholecystokinin are
thought to be mediated through the type A recep-
tor.[20] Cholecystokinin stimulates CCK-A receptors
on the vagus nerve passing signals to the hypo-
thalamus.[2] Recently a synergistic interaction be-
tween chol ecystokinin and leptin has been demon-
strated, 22231 suggesting an i nteraction between the
short term, meal -related satiety signal with CCK and
the long term regulator of bodyweight, leptin.[24

Cholecystokinin agonists are potential anti-obesty
agents targeting CCK-A receptors. The challenge
isto find orally active and CCK-A selective ago-
nists that have along biologica half-life, show no
adaptive responses and are effective in obese hu-
mans.[?5] Butabindide, which blocks an enzyme
that metabolises CCK, could a so be of therapeutic
value.[2]

1.1.3 Glucagon-Like Peptide 1

GLP-1, a peptide with a 50% sequence homology
with glucagon, is produced in and secreted from
the L-cells of the intestinal mucosa after intake of
amixed meal (seefig. 2).121 GLP-1is an incretin
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hormone, which meansthat an oral load of glucose
elicits a greater insulin response than an intrave-
nous glucose infusion.!?8! For this reason, GLP-1
has been extensively studied as an anti-diabetic
agent.[?°! Studies have shown that an intravenous
infusion of GLP-1 also slows gastric emptying in
obese men,[3% and reduces energy intakein lean(3
and obese men32 and in male patients with type 2
diabetes.[33] Obese women seem to have attenuated
GLP-1 secretion in response to an ora carbohydrate
load compared with |ean women.[34 A recent study
by Flint et al.[3® showed that peripherally infused
GLP-1in healthy males decreased diet-induced ther-
mogenesis and carbohydrate oxidation, most prob-
able secondary to aretarded absorption of nutrients.
It is not clear whether the effect on food intake
is mainly a result of reduced gastric emptying or
whether it ismainly acentral effect. GLP-1 and its
receptors are present in the hypothalamusg'3¢! and it
has been shown that GL P-1 can crossthe blood brain
barrier.[37 In a recent paper by Turton et al.,[38 it
has been shown that intracerebroventricular injec-
tion of GLP-1 inhibitsfeeding in rats and injection
of the specific GLP-1 receptor antagonist exendin
(9-39) blocked this effect. However, knock out of
the GLP-1 receptor gene is not associated with the
development of obesity or glucose intolerance.[3!
GLP-1 could be used to treat obese patientswith
type 2 diabetes, by acting on both hyperglycaemia
and food intake.[33 Unfortunately the effects of
GLP-1 are very short-lived, sinceit is metabolised
very quickly by the dipeptidyl-peptidase IV (DPP-
V) enzyme.[“?! DPP-1V, or CD 26, seemsto play a
role in many physiological processes such as in
immune, inflammatory and endocrine responses.[4
Different approachesarecurrently being investigated
to turn GLP-1 into a clinically useful therapeutic
agent.[29! DPP-1V resistant analogues of GLP-1[42
and DPP-1V inhibitord#3! are being developed for
use in type 2 diabetes. Exendin 4, a 39 amino acid
polypeptideisolated from the salivary secretions of
the Gila monster (Heloderma suspectum), shows
53% amino acid identity to mammalian GLP-1 and
isafull GLP-1 receptor agonist. Exendin 4 has been
shown to have prolonged duration of glucose |ow-
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ering action, and is being explored asan anti-diabetic
agent.[*¥ These types of agents could also havein-
hibitory effects on food intake and in this way be
of potential benefit for obese patients.

1.2. Peptides Mainly Found Centrally

1.2.1 Neuropeptide Y

NPY, a 36 amino acid peptide, seems to play a
rolein different biological functions such as regu-
lation of blood pressure, anxiety and memory.[49] |t
is also one of the most potent stimulators of food
intake,[“6l with a most prominent effect on carbo-
hydrate consumption.[”l Central administration of
NPY inratsincreases lipoprotein lipase activity in
white adi pose tissue and decreases sympathetic nerv-
ous system activity leading to a decrease in brown
adi posetissuethermogenesis.[“8 Administration of
leptin to mice resultsin inhibition of NPY synthe-
sisand release, explaining in part the hypothalamic
anorectic effect of leptin.[*9] However, the fact that
leptin still inhibits food intake in NPY knockout
mice, suggeststhat other peptidesthan NPY also play
arolein the leptin signalling system.[50

NPY issynthesised mainly in the hypothalamus
and 6 different receptor subtypes have been cloned
of which type 1 and type 5 seem to be the most im-
portant in the regulation of food intake.l51.52 Dif-
ferent NPY receptor antagonistsarebeing devel oped;
selective for the Y 1[5354 or the Y 5 receptor.[5

1.2.2 a-Melanocyte Stimulating

Hormone/Agouti-Related Protein

Another pathway through which leptin exertsits
actionsisthe pro-opiomelanocortin (POMC) system,
with an effect opposite to that of the NPY pathway,
leading to adecreaseinfoodintake.l5¢ Melanocortins
are peptides cleaved from the pro-opiomelanocortin
(POMC) precursor with a-MSH playing the most
important role in the regulation of food intake.[57]
0-M SH bindsto the melanocortin receptors (MC-R),
MC3-R and MC4-R[58 and a-MSH agonists have
been shown to promote satiety.[5% Evidencefor the
importance of MC4-R in bodyweight regulation
was obtai ned from the AW/-agouti mouse, ayellow-
coated obese mouse model, which ectopically ex-
presses the agouti protein. This protein was found
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to be a potent antagonist of MC1-R, causing the yel-
low coat colour, and MC4-R, |eading to obesity.[60
Micelacking M C4-R become hyperphagic and de-
velop obesity.[61

Agouti-related protein (AGRP), a protein nearly
identical to the agouti protein has been shown to
beapotent, selective antagonist of MC3-R and M C4-
R, increasing food intake.[62 Leptin injection in
ob/ob mice inhibits AGRP mRNA expression and
AGRP mRNA expression is stimulated by fasting
inwild-type mice.3 These datashow that the pro-
opiomelanocortin system is a very interesting tar-
get for pharmacol ogical intervention.

1.2.3 Melanin Concentrating Hormone

Melanin concentrating hormone (MCH) is a neu-
ropeptide involved in different physiological pro-
cesses. Recently, arolefor MCH infeeding behavi-
our wassuggested asoverexpression of MCH mRNA
was found in ob/ob mice.l¥ Fasting increases ex-
pression of MCH mRNA in both the ob/ob mice
and control animals, and intracerebroventricular ad-
ministration of MCH to rats stimulates feeding.[64
MCH-deficient mice have been shown to have a
reduced bodyweight dueto hypophagia.[55 Recently,
Chambers et al 1561 showed that MCH binds to the
orphan G-protein coupled somatostatin-like recep-
tor SLC-1. MCH and a-M SH arefunctional antag-
onists, but unlike AGRP which antagonises a-MSH
by acting on the same receptor, MCH and a-M SH
act on different receptors.[68] Antagonistsof SLC-1
may be useful in the treatment of obesity.

1.2.4 Cocaine- and Amphetamine-Regulated

Transcript Peptides

CART wasoriginaly discovered asmRNA whose
levels were increased after administration of co-
caine and amphetamine.[67 The peptide products of
CART have been shown to play an important role
in different physiological processes, including feed-
ing behaviour.[58° Different CART peptides affect
feeding with different potencies, of which CART
55-102 seems to be the most important.[79 Intra-
cerebroventricular administration of CART peptide
fragment(®8] or recombinant CART peptidel® in-
hibits feeding in rats.[®8 In addition, CART pep-
tides have been shown to completely block the
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feeding response induced by NPY.[89 |n the ob/ob
mouse and the Zucker rat, 2 animal models with
disturbancesin the leptin system, CART mRNA lev-
els are almost absent from the arcuate nucleus.[®!
Peripheral administration of leptin to obese mice
stimulates CART mRNA expression.[%9 Further re-
search will haveto establish whether thereisarole
for a synthetic CART agonist in the treatment of
obesity.

1.2.5 Orexins/Hypocretins
The newest family of hypothalamic peptidesare

the orexind” or hypocretind 2 which were iden-
tified almost simultaneoudly by two different groups.
Both orexin A and orexin B! (or hypocretin | and
11172y are derived by proteolytic processing from
the same precursor prepro-orexin. When adminis-
trated to the rat brain, the peptides bind to the or-
exin receptors OX ;R and OX2R to stimulate feeding
behaviour.[7™ A 48-hour fast upregul ates hypotha-
lamic prepro-orexin mRNA expression.[”?! Leptin
injected intraperitoneally in Long-Evans rats sig-
nificantly decreased orexin A levels in the lateral
hypothalamus, leading to adecreasein food intake
and bodyweight.[74

The orexin receptors, which belong to the G-
protein coupled receptor superfamily, have been
shown to be broadly distributed intherat brain, sug-
gesting additional functions for orexins.[? A re-
cent paper by Lin et al.[”® has shown that a muta-
tion in the hypocretin (orexin) receptor 2 genein
dogs causes narcolepsy. This suggests a broader
role for orexins than the regulation of feeding and
amajor physiological role could be in the regula-
tion of sleeping behaviour.

1.2.6 Other Peptides

Many other central peptidesmay play aroleinthe
regulation of feeding behaviour (table I). Galanin
increasesfood intake, with amost prominent effect
on fat intake.[’8] Corticotropin-releasing hormone
(CRH; corticorelin), or its relative urocortin, reduce
food intake and their rel ease seemsto be increased
by leptin.[77]
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2. Drugs Altering Energy Expenditure

2.1 B3 Adrenoceptor

Theexistenceof an* atypical’ adrenoceptor, which
isnow referred to as 33 adrenoceptor next to 31 and
[32 adrenoceptors, was first suggested in the early
eighties,[78 and the receptor was cloned in 1989.[79
The 33 adrenoceptor is located mainly in adipose
tissue and plays an important rolein the adrenergic
stimulation of lipolysisand thermogenesisin white
and brown adipose tissue. The role of 33 adrenocep-
torsin human obesity and type 2 diabetes has been
suggested by the fact that a Trp64Arg mutation in
the B3 adrenoceptor gene has been associated with
weight gain in morbidly obese patients,[8 with fea-
turesof theinsulin resistance syndrome!8Y and with
thetimeof onset of type 2 diabetes.[82 However, there
is still alot of controversy concerning the impor-
tance of the polymorphism in the pathophysiology
of obesity or type 2 diabetes.[8384

In the last 15 years, different 33 agonists have
been developed by several pharmaceutical compa-
nies with positive results in different animal mod-
€ls.[8586] However, clinical studiesin humans with
these early compounds were rather disappointing,
which could partly be explained by the fact that
there are substantial differences between the ani-
mal and the human receptor, and that it is difficult
to find a compound with sufficient bioavailability
that is highly selective and afull agonist at the hu-
man receptor.[87.881 Some of these early studies dem-
onstrated increased thermogenesis and weight loss
in obese participants treated with B3 agonists,8
but also produced tachycardia and tremor, attribut-
ableto additional 32 agonist properties.

New B3 adrenergic compounds specifically tar-
geted to human the 33 adrenoceptor are currently
being investigated.[88 One of these compounds, L-
755507 has been shown to stimul ate energy expen-
diture in rhesus monkeys.[8¢! However, it can still
be argued that the amount of brown fat tissuein the
adult human body isinsufficient for 33 adrenocep-
tor agonists to produce a substantial weight loss
effect.[87] A recent randomised controlled trial with
CL-316243 (BTA-243)[% in |ean male volunteers
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showed an increase in insulin-stimulated glucose
disposal, fasting free fatty acid concentration and
24-hour fat oxidation. However, no effects on energy
expenditure or bodyweight were observed. Another
study with this compound in patients with upper
body obesity, could not show an effect on body-
weight.[°1

2.2 Uncoupling Proteins

Uncoupling proteins (UCPs) are inner mito-
chondrial membrane transporters which uncouple
mitochondriarespiration from ATP synthesi sthereby
dissipating energy as heat. UCP1 has been known
for several years and is found only in brown adi-
posetissue.[¥2 There does not seem to be any direct
evidence for asignificant role for brown adiposetis-
sue and UCP1 in regulation of energy expenditure
and bodyweight in adult humans.[%3l However, some
genetic studies suggested alink between UCP1 poly-
morphism and weight gain in morbid obesity!®4! or
body fat gain in adulthood,® while more recent
studies could not find any association with obesity-
related phenotypes.[96:97]

Recently two new uncoupling proteins have been
discovered: UCP2whichiswidely expressedin hu-
man tissues' %! and UCP3 which is found predom-
inantly in skeletal muscle.[% UCP3 gene expres-
sion in rodents has been shown to be regulated by
thyroid hormone, leptin and 3 adrenergic ago-
nists.[190 Different papers have focused on UCP2
and UCP3 gene expression and polymorphismsin
human obesity and type 2 diabetes. Bouchard et
al 1191 found asignificant linkage between markers
in the vicinity of the UCP2 gene and resting meta-
bolic rate (RMR) in humans. However, no linkage
could be demonstrated between obesity markers and
UCP2 polymorphism in patientswith type 2 diabe-
tes.[192] Schrauwen et al.[103] showed anegative cor-
rel ation between skeletal muscle UCP3 gene expres-
sion and BMI, and a positive correlation between
UCP3 mRNA levelsand RMR in Pima Indians.

Even if no defectsin the UCP2 or UCP3 genes
can be associated with human obesity, UCPs are
still promising targets for anti-obesity drugs by in-
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creasing energy expenditure[1%4 but no data on
clinicd studiesin humans are available yet.

3. Conclusion

These are exciting timesfor researchersand cli-
niciansworking in thefield of obesity. Obesity has
been recognised as a chronic disease, requiring life-
long treatment in which pharmacological agents
could play an important role. The increasing knowl-
edge about the systems regulating food intake and
energy expenditure haslead to theidentification of
different potential targetsfor drug treatment. How-
ever, the gap between the identification of these
new targetsfor weight management and the devel -
opment of effective compoundswith an acceptable
safety profile that can be used for the treatment of
human obesity remains. As has been shown for
leptin and 33 adrenergic agonist, findingsin rodents
are not always reproduciblein humans. Hopefully,
the boom of research in the field of genetics and
molecular biology will, inthelong term, lead to the
availability of different types of medications for the
long term treatment of human obesity. This will
probably makeit easier to match theindividual pa-
tient with the most effective treatment.
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