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The worsening global obesity epidemic, particularly the
increase in childhood obesity, has prompted research into
the mechanisms of appetite regulation. Complex pathways
modulate energy balance, involving appetite centres in the
hypothalamus and brain stem, and hormonal signals of
energy status released by the gut and by the periphery.
Better understanding of appetite regulation improves
understanding of the aetiology of obesity. Manipulation of
this homoeostatic system offers potentially useful treatments

for obesity.
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obesity as an epidemic, and the associated

healthcare costs pose a vast financial bur-
den." Adult definitions of overweight and obesity
use body mass index (BMI) cut-off points of 25
and 30 kg/m” related to long term adverse
outcomes. The prevalence of obesity in adults
has increased by over 75% worldwide since
1980.* In the UK, between 1980 and 2000, the
prevalence of obesity rose from 6% of men and
8% of women to 21% and 21.4% respectively.
About 55% of the adult population is overweight
or obese.’

The World Health Organisation has classified

EPIDEMIOLOGY OF OBESITY

The definition of obesity in children is complex
as endpoints of mortality and disease are less
common. The current definition is based on age
and gender specific 85th and 95th centiles of
BMI. Around 22 million children under 5 world-
wide are obese,* and in the UK the prevalence of
childhood obesity rose from 1.2% in 1984 to 6%
in 2002-03.

Adult obesity increases the risk of type 2
diabetes, hypertension, stroke, cardiovascular
disease, respiratory problems, gallbladder dis-
case, osteoarthritis, sleep apnoea, and certain
cancers. Over two thirds of children aged 10
and older who are obese will become obese
adults, and the rise in medical complications in
adults is mirrored in children. One in four
overweight children aged 6-12 has impaired
glucose tolerance, and 60% of these children
have at least one risk factor for heart disease.*
Currently 4% of all adolescents and 30% of
overweight adolescents in the USA have the
metabolic syndrome.®

BACKGROUND TO OBESITY

The increasing prevalence of obesity in developed
countries is driven by changes in diet, in
particular, the availability of calorie dense,
palatable food. In recent decades the prevalence
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of snacking and soft drink consumption has
increased.” Dietary changes have been accompa-
nied by reduced physical activity. Only 22% of
American children meet the recommendations
for basic activity levels, and 25% are classed as
completely sedentary.®* The combined increase in
energy consumption and decrease in expenditure
predispose to weight gain.

The effect of the environment on weight gain
interacts with a genetic contribution to obesity.
In evolutionary terms survival is favoured by a
genetic predisposition for fat storage in times of
plenty to aid survival in times of famine.’
Family, twin, and adoption studies indicate that
obesity is highly heritable, with the estimated
genetic contribution to BMI ranging from 60% to
84%."

Identification of polygenic determinants of
obesity in the general population is complex.
However, significant advances in understanding
the appetite regulation system have occurred
through the study of individuals with severe
obesity inherited in a Mendelian pattern. While
these include pleiotropic syndromes such as
Bardet-Biedl syndrome, Albright’s hereditary
osteodystrophy, and fragile X, in which the
link between defective gene product and regula-
tion of energy balance is unclear, there are also
important monogenic disorders discussed later."
The commonest syndromal cause of human
obesity is Prader—Willi syndrome, caused by
lack of the paternal segment of a section of
chromosome 15. The region of the affected
chromosome contains several candidate genes,
but their role in obesity is not yet defined.
One proposed mediator is the gut hormone
ghrelin."

APPETITE AND ENERGY HOMOEOSTASIS
A complex physiological system balances energy
intake and expenditure, comprising afferent
signals and efferent effectors. Hunger leads to
initiation of eating. When a meal is ingested,
satiety hormones contribute to digestion and a
feeling of fullness. Central circuits in the brain
integrate satiety signals and signals of long term
energy status to produce a coordinated response
to the change in nutritional status.

CENTRAL REGULATION

The nuclei of the hypothalamus (shown in fig 1)
and brain stem are important regions for regula-
tion of energy homocostasis. The arcuate nucleus
(ARC) can access signals from the periphery. The
signals act on two distinct neuronal populations.
One population co-expresses the orexigenic
agouti-related peptide (AgRP) and neuropeptide
Y (NPY); the other population releases cocaine
and amphetamine regulated transcript (CART)
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Figure 1 Diagram representing sagittal section through a rodent brain
to show the nuclei of the hypothalamus involved in appetite regulation.
ARC, arcuate nucleus; VMH, ventromedial nucleus of the hypothalamus;
DMH, dorsomedial nucleus of the hypothalamus; LH, lateral
hypothalamus; SCN, suprachiasmatic nucleus; OC, optic chiasm; PVN,
paraventricular nucleus.

and proopiomelanocortin (POMC), both of which inhibit
feeding (fig 2). Both of these populations project to the
paraventricular nucleus (PVN) and other nuclei involved in
energy regulation." (However, there may be more than one
population of CART neurones in the hypothalamus with
different effects on food intake.')

Defects in neuropeptide appetite circuits can deregulate
energy homoeostasis, resulting in obesity. Examples of the
effects of dysfunction of appetite regulation can be seen in
the melanocortin system. The POMC molecule is the
precursor for several cleavage products known as melano-
cortins. The most important of these in the ARC is alpha-
MSH which inhibits food intake. Homozygous mutations in
the POMC gene cause early onset obesity, adrenal insuffi-
ciency, and red hair pigmentation in humans.”” "
Heterozygous mutations in POMC may cause more subtle
defects contributing to inherited obesity."* Obesity can also
result when, despite normal POMC transcription and
translation, there is a problem with peptide processing, such
as congenital deficiency of the processing enzyme prohor-
mone convertase 1."” '* The receptors for the POMC cleavage
product play a role in energy balance. The MC4 receptor is
implicated in as much as 6% of severe early onset human
obesity,” while a particular variant of the receptor is
negatively associated with obesity."® MC4 receptor abnorm-
alities result in a distinct obesity syndrome with variable
clinical severity. Features include increased ad libitum food
intake without deficit in basal energy expenditure, hyper-
insulinaemia, and normal puberty and fertility.”” MC4R
agonists are in development as an obesity therapy. The role
of the MC3 receptor is less clear, but mutations of this
receptor have also been found in humans with morbid
obesity."

Various hypothalamic nuclei other than the ARC also play
a role in the control of appetite and body weight. Several
neuropeptides are involved, including melanin concentrating
hormone (MCH) and the orexins. The brain stem is also
important in the control of food intake.'" The rewarding
nature of food may act as a stimulus to feeding, even in the
absence of an energy deficit. The reward circuitry involves
interactions between several systems, including opioids, the
dopaminergic system, endocannabinoids, and serotonin."”
CB1 (endocannabinoid) receptor antagonists are in trial in
humans and have been shown to reduce appetite and body
weight.”

www.archdischild.com

Druce, Bloom

PERIPHERAL REGULATION

Gut hormones

Hunger and meal initiation

Ghrelin

Ghrelin is synthesised predominantly by the stomach. It is
the endogenous ligand for the growth hormone secretagogue
receptor which is expressed in brain stem and hypothalamic
nuclei including the ARC.”!

In rodents, ghrelin is a potent stimulus to feeding with the
maximum effect observed within an hour of peripheral
administration. The resulting plasma levels are comparable to
those observed after a 24 hour fast.*® Chronic ghrelin
administration induces adiposity,” > and CNS injection of
anti-ghrelin antibodies inhibits the normal feeding response
after fasting.”* While early gene expression suggests an action
via the ARC,” ghrelin action also requires an intact vagus
nerve, with an absence of feeding effects in vagotomised
rodents.*

Human data support a role for ghrelin in appetite
regulation. Plasma levels are high in the fasted state and
fall after eating,”” and exogenous infusion of ghrelin
increased food intake at a buffet meal by 28% compared
with saline control.”®

A role for ghrelin in the aetiology of human obesity has
been proposed. Ghrelin levels are lower in obese subjects
compared to lean, and weight loss results in an increase in
ghrelin level, which may contribute to difficulties in
maintaining the reduced weight. Food fails to suppress
ghrelin levels in obese humans,” which again could impair
postprandial satiety and contribute to overeating. Indeed
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Figure 2 Schematic representation of appetite control—actions of gut
hormones and long term adiposity signar: on neuronal populations in
the arcuate nucleus and the integrated response of anorexigenic and
orexigenic populations of neurones in the ||:')|y othalamus. ARC, arcuate
nucleus; PYN, paraventricular nucleus; LHA, lateral hypothalamic areq;
CRF, corticotroph releasing factor; TRH, thyrotropin releasing factor
(form part of integration with energy expenditure); NPY, neuropeptide Y;
AgRP, agouti related peptide; POMC, proopiomelanocortin; CART,
cocaine and amphetamine regulated transcript; MCH, melanin
concentrating hormone; CCK, cholecystokinin; GLP-1, glucagon-like
pertide 1; PYY, peptide YY; Oxm, oxyntomodulin; PP, pancreatic
polypeptide.
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individuals with Prader-Willi syndrome have grossly
increased ghrelin levels, and this could be a cause of their
hyperphagia." Ghrelin metabolism during fetal development
suggests a contribution to programming of mechanisms
involved in energy balance. Ghrelin decreases during child-
hood and adolescence, then in adolescence is proportional to
BMI. These findings raise questions regarding the role of
ghrelin in growth and development.*

Meal termination and satiety factors

Control of meal size is largely determined by the onset of
satiety. This involves messages from mechano- and chemor-
eceptors from the oral cavity and gastrointestinal tract. In
addition, gut peptides (summarised in fig 3) are released in
response to a meal. These optimise digestion and signal a
change in energy status, with subsequent influence on both
physiology and behaviour. Several gut hormones are thought
to play a part in the process.

Peptide YY (PYY)

PYY is produced by the L-cells of the gastrointestinal tract,
especially in the distal intestine, and is released into the
circulation after meals in proportion to calories ingested.
Administration of the active form, PYY 3-36, causes marked
inhibition of food intake in rodents and man.”' ** PYY 3-36
appears to inhibit appetite by acting directly on the Y2
receptor in the ARC—a presynaptic inhibitory autoreceptor.*!
Although there has been variability in reproducing the
anorectic effects of PYY 3-36 in rodents, this may be due to
the confounding effects of stress, which can itself reduce food
intake via the arcuate nucleus.”

Obese subjects have a lower fasting basal PYY and a
diminished postprandial rise, but remain sensitive to the
inhibitory effects on appetite following exogenous adminis-
tration. Thus PYY 3-36 might constitute a candidate target
for anti-obesity therapy.”

Glucagon-like peptide 1 (GLP-1)

GLP-1 is produced by processing of the proglucagon gene in
the gut and brain. The active form of the peptide is GLP-1(7-
36) amide. GLP-1 is released into the circulation after eating
in proportion to the amount of food consumed and acts on
the pancreas to release insulin.”* Secretion may be regulated
by sensing the luminal concentration of lipids and carbohy-
drates—in particular luminal glucose.”

Ghrelin
Gastrin

Pancreatic
polypeptide

GLP1

Oxyntomodulin
PYY
GLP1
Oxyntomodulin
PYY

Figure 3 Summary of main gut hormones involved in appetite
regulation and their sites of production. CCK, cholecystokinin; PYY,
peptide YY; GLP1, glucagon-like peptide 1; GLP2, g(:cqgon-“ke
peptide 2.
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In rodents, peripheral and central administration of GLP-
1(7-36) inhibits food intake, while administration of the
GLP-1 receptor antagonist exendin 9-39 increases food
intake. In humans, GLP-1 inhibits food intake in healthy
individuals, diabetics, and non-diabetic obese men."

GLP-1 secretion is reduced in obese subjects, and weight
loss normalises the levels.”® The anorectic effects of GLP-1
are, however, preserved in obesity.”” Reduced secretion of
GLP-1 could therefore contribute to the pathogenesis of
obesity and agonists of the GLP-1 receptor are potential
obesity treatments. The therapeutic potential of GLP-1 is
limited by its rapid breakdown by dipeptidyl peptidase IV
(DPP-1V). However, DPP-IV inhibition may be an effective
treatment for type 2 diabetes mellitus and various GLP-1
analogues in development which resist degradation may
prove to affect food intake in addition to their effects on
insulin.”®

Oxyntomodulin (Oxm)

Like GLP-1, Oxm is produced by processing of preprogluca-
gon in the gut and brain, and is released after eating in
proportion to nutrient ingestion.”” CNS administration of
Oxm inhibits food intake in the rat. The anorectic actions are
blocked by co-administration of exendin 9-39, suggesting a
mechanism of action via the GLP-1 receptor.*

Although Oxm is thought to act via the GLP-1 receptor, the
sites and mode of action may differ from those of GLP-1.
Peripheral administration of Oxm results in activation of the
arcuate nucleus (measured via the expression of the early
activation gene c-fos). This contrasts with the brain stem
activation seen following peripheral GLP-1. When Oxm is
administered to rodents intraperitoneally, its effects on food
intake can be blocked by administration of the GLP1
antagonist exendin 9-39 directly into the ARC. In contrast,
arcuate administration of exendin 9-39 does not inhibit the
inhibition of food intake caused by GLP-1 administered
peripherally.*'

In humans, intravenous infusion of oxyntomodulin sig-
nificantly reduced food intake at a free-choice buffet meal.”
Chronic administration over a month led to an significant
2.3 kg reduction in body weight.” While the place of Oxm in
physiological weight regulation is not clear, these findings
show its therapeutic potential.

Cholecystokinin (CCK)

CCK is rapidly released from the gastrointestinal tract
postprandially. It stimulates gall bladder contraction, pan-
creatic secretion, and gut motility, and also inhibits food
intake via the brain stem in humans and rodents. However,
its therapeutic potential is limited by its short half-life.**

Pancreatic polypeptide (PP)

Pancreatic polypeptide is produced in the pancreatic islets
and distal gut and released postprandially in proportion to
calories ingested.” Evidence from rodents suggests a role for
PP in appetite control.** In humans, levels of PP are lower in
obese subjects. PP administration reduces food intake in
normal weight individuals and in obese subjects with Prader—
Willi syndrome. Further investigations may indicate potential
as a therapy for other obese subjects."

Hormones released by other tissues

Insulin

Several hormones play a role in signalling the overall
nutritional status of the body to the brain. The first hormone
suggested for this role was insulin. Insulin circulates at levels
proportional to fat mass and can cross the blood-brain
barrier. Insulin receptors are expressed by brain neurones
involved in energy intake.” Insulin within the brain acts as
an anorexigenic signal. However, insulin levels are sensitive
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to the acute effects of food ingestion, and its principal
physiological function is control of glucose homoecostasis
rather than body weight.*

Leptin

The adipocyte hormone leptin is the protein product of the
obese (0b) gene.” It is synthesised in white adipose tissue and
circulates at concentrations proportional to body fat mass.
Food restriction lowers leptin levels, and this is reversed by
re-feeding. CNS and peripheral administration of leptin to
rodents results in inhibition of food intake and decreased
body weight.® Leptin acts on neurones in the ARC to
stimulate anorexigenic neurones and to inhibit orexigenic
neurones. It is thought that the main function of leptin is to
signal starvation when levels are low (conversely high levels
signal the levels of body fat stores to the CNS in an
environment of nutritional plenty).”

The ob/ob mouse is completely leptin deficient, and is
hyperphagic, hyperinsulinaemic, and obese. This phenotype
can be normalised by the administration of leptin. The db/db
mouse has a similar phenotype, but in this case is deficient in
the leptin receptor and circulating levels of leptin are high.>

Human cases of leptin deficiency, identified in at least five
families (often consanguineous) have been successfully
treated with recombinant leptin. The principal effect of the
leptin is reduction in hyperphagia. Leptin is also a permissive
factor for pubertal development in humans. A clinical
problem in treating leptin deficient individuals has been
the development of anti-leptin antibodies—this has so far
been overcome by increases in dose of leptin administered.”
A family has also been described with mutations in the leptin
receptor resulting in obesity.>

For the majority of cases of obesity, no causes of receptor
dysfunction are found, but circulating levels of leptin are
increased in obese humans. Indeed recombinant leptin
administered subcutaneously to obese adults results in only
a modest effect on body weight. Thus leptin, while pivotal in
our understanding of the homoecostatic control of body
weight, has failed to live up to its original promise as a
therapeutic agent.”

Other hormones produced by fat

Other hormones such as adiponectin and resistin may play a
part in energy homoeostasis, affecting appetite, fat distribu-
tion, and insulin sensitivity.”

TREATMENTS FOR OBESITY

Strategies available for the management of obesity include
appetite inhibition, reduction in nutrient absorption, increase
in energy expenditure, and alteration of fat distribution.
Many treatments are effective in the short term, but long
term efficacy in maintaining weight loss is crucial.

Food intake

Low calorie diets (800-1500 kcal/day) have variable impact
on weight loss. The best macronutrient composition of a diet
for weight management is debated. Effectiveness of many of
these measures have not been investigated in children.
Hypocaloric diets containing less than 20 g carbohydrate
have been used in paediatric patients, but need oversight and
monitoring by a physician.*

Energy expenditure

While the largest component of energy expenditure is resting
energy expenditure, the most variable component is physical
activity, accounting for 20-30% of the total.> Increasing
physical activity is particularly important for maintenance of
weight loss in conjunction with dietary changes.*

www.archdischild.com
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Pharmacology

Two classes of anti-obesity drug are currently available in the
UK. One class inhibits pancreatic lipase and reduces fat
absorption. Orlistat (the best known) has several gastro-
intestinal side effects and is only licensed for use for a period
of two years at present. A 54 week clinical trial of orlistat in
adolescents found a significantly greater reduction in BMI in
patients on orlistat compared to placebo.”” The other class of
drugs acts centrally to suppress appetite. This group includes
sibutramine, use of which is restricted to one year. It has
several side effects, particularly tachycardia and hyperten-
sion. In a six month trial of sibutramine in adolescents,
patients on treatment lost 4.6 kg more weight than those on
placebo.”

Weight maintenance is likely to require ongoing therapy,
and until more safety and efficacy data are available, use of
pharmacological agents in children and adolescents is best
limited to clinical trials.

Surgical treatment of obesity

Three operative procedures are currently in use for surgical
treatment of obesity: gastric restriction, gastric bypass, and
biliopancreatic diversion. Surgery is usually successful in
inducing substantial weight loss in most obese patients,
primarily by a necessary reduction in calorie intake. However,
there may be an endocrine component to post-surgical
weight loss, such as reduction of ghrelin or increase in
PYY.”” There have been limited reports of experience with
bariatric surgery in the paediatric age group,” and the long
term sequelae of such procedures at critical stages in
development are unknown. Available recommendations
suggest limitation to adolescents with a BMI of 40 or more
with coexisting obesity associated illness.*'

FUTURE DIRECTIONS

The normal homocostatic mechanisms which operate to
tightly regulate the balance between energy intake and
energy expenditure break down in obesity, and this may in
part reflect the relative deficiency of satiety signals (PYY,
GLP1, and PP.) Manipulation of gastrointestinal hormones
holds the promise of effective and well tolerated therapies.
However for the moment, and specifically with respect to the
obesity epidemic in the paediatric population, the first line of
management should be prevention. The most effective and
safe treatments remain modifications of food intake and
increase in energy expenditure. For the future, agents based
on gut hormones and which target specific appetite circuits in
the brain are awaited.
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