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Tell me what kind of food you eat, and I will tell
you what kind of man you are.

– Jean-Anthelme Brillat-Savarin, The Physiology
of Taste, 1825

To lengthen thy life, lessen thy meals.

– Benjamin Franklin, Poor Richard’s Almanack,
1737



Preface

Our generation bears witness to striking increases in childhood obesity and its co-morbidities
including type 2 diabetes, hypertension, dyslipidemia, sleep apnea, and fatty liver disease. Despite
a wealth of investigation, there is considerable controversy regarding the etiology of childhood obesity
and the optimal approaches for prevention and treatment.

This book has a number of features that should make it a unique resource for those who care for
obese children and their families. First, the perspective is international in scope; the distinguished
authors are drawn from Europe, Canada, and Israel as well as the United States. Second, the discussion
of etiology and pathogenesis is far-reaching and includes an analysis of historical and sociocultural
as well as biochemical, metabolic, neuroendocrinologic, and genetic determinants. Third, the short-
and long-term complications of childhood obesity are reviewed in depth. Fourth, there is a detailed
and lively discussion of therapeutic approaches including lifestyle counselling, pharmacotherapy, and
bariatric surgery, followed by a thoughtful assessment of the biological and sociocultural challenges
to success. Finally, the roles of globalization and governmental policy in the worldwide spread of
childhood obesity are explored and implications for social action are discussed.

I conclude many of the chapters with one or more comments and questions raised during my
editorial review. The authors’ responses highlight some of the problems that we continue to face in
understanding and coping with obesity and metabolic disorders in children.

For making this work possible I thank my wife Anne Slifkin, my soul mate, sounding board, and
source of inspiration.

Michael Freemark
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1 Global Dynamics in Childhood Obesity:
Reflections on a Life of Work in the Field

Barry Popkin

CONTENTS

INTRODUCTION

GLOBAL PATTERNS AND TRENDS

WHY THE BROAD SHIFT IN ENERGY BALANCE?
UNDERLYING CHANGES

BRIEF SUMMARY

REFERENCES

Key Words: Global, malnutrition, income, sugar, oil, meat, supermarkets

INTRODUCTION

One of the more profound shifts in the last two decades has been the marked increase in child obesity
in countries across the globe – rich and poor, urban and rural. The nature of this shift to a world that is
fat needs to be understood very broadly, but the obesity engine is driven by local and well as national
and international forces. In this chapter, I attempt to lay out the broad outlines of the shifts in obesity
among school-age children and adolescents. I do not address the issues of preschoolers because there
is currently a lack of reliable data in this age group.

After presenting an overview of global shifts, I examine some of the major trends in dietary and
activity patterns; the analysis is based on limited in-depth measurements of dietary patterns and trends
from a few countries with an overlay of cross-national comparisons. I draw extensively on a range
of books and articles that I have written on this topic but present in a few cases new or updated
information when available (1). As much as possible, I rely on nationally representative or nationally
sampled surveys and direct measurements of weight and height.

GLOBAL PATTERNS AND TRENDS

When I lived in India in the 1960s and traveled and worked in lower- and middle-income areas, the
developing world (then termed the Third World) was dominated by hunger and malnutrition. But these
problems were not confined to impoverished countries; my initial work in the USA related to feeding
low-income children and their families through programs such as the Food Stamp Program and School

From: Contemporary Endocrinology: Pediatric Obesity: Etiology, Pathogenesis, and Treatment
Edited by: M. Freemark, DOI 10.1007/978-1-60327-874-4_1,
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4 Popkin

Feeding Programs. It was only when I worked with a Presidential Select Panel for the Promotion of
Child Health during the Carter era that I recognized that obesity was emerging as a worldwide concern
(2,3).

In this regard, moderate- and upper-income countries have led the way. One very useful study
followed Danish schoolchildren from a national sample for 50 years (1930–1983). This study showed
a slow increase in child and adolescent overweight from the 1930s to 1950s, a plateau period until the
1960s, and a steep increase thereafter (4). Likewise, my research team and colleagues from Brazil have
shown remarkable rates of increase in overweight and obesity status among adults, children, and teens
globally; in other words, the percentage of adults and children in the USA, Europe, and Australia who
become overweight and obese each year has increased since 1994. In Brazil the annual rate of change
in the prevalence of child obesity doubled between 1990 and 2006.

However, in the past 20 years, obesity has also burst forth in the lower-income countries of Asia,
the Middle East, Africa, and Central and South America. For example, 5–15% of adult women in
the poorest countries of sub-Saharan Africa are overweight (5). In 38 lower-income countries, more
women are overweight than are underweight. Comparable data show similar trends in children in the
few countries studied (e.g., Mexico, China, Brazil) (6–11). Russia is the anomaly in which an increase
in adult obesity is not mirrored by an increase in childhood obesity.

Comparative Levels of Childhood Obesity
Elsewhere I have published a comparison of the shifts in prevalence of adult, child, and adolescent

overweight (9,12). I use for this work the International Obesity Task Force (IOTF) cutoffs for child
and adolescent obesity as they link better with those of NCHS-CDC and really do not show major
differences in trends (13).

Figure 1 shows the prevalence of overweight plus obesity in adults and children as measured
by BMI.

Fig. 1. The prevalence of overweight plus obesity (BMI > 25) children aged 6–17.9 and overweight and obese for
adults aged 18 and older (12, p. 61).
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Fig. 2. Annual absolute change in the prevalence of overweight and obesity in seven countries from 1985/1995 to
1995/2006 (BMI ≥ 25.0 for adults; IOTF equivalent for children) (12, p. 61).

Figure 2 shows the rates of increase in overweight and obesity in adults and children over time.
The rate of increase for children is not as rapid as the rate for adults but nonetheless is very high (9).
About 0.5% of all children in most high- and moderate-income countries have become overweight
or obese each year. Thus since 2006, approximately 9 million children and 30 million adults in these
moderate- and low-income countries became overweight each year. These estimates, while not precise,
approximate the global rates of change and total numbers per year of new overweight children and
adults.

Rich vs. Poor Sectors of Society
In the USA and other developed countries, poor people are more likely to be overweight than upper-

income people; they are also more likely to develop metabolic complications of obesity including
diabetes and cardiovascular disease (14–19). However, the inverse relationship between income and
obesity found among adults is not clearly replicated in children (20,21). Moreover, studies in China
between 1991 and 2004 (11) reveal that it is higher-income children and those living in urban areas
that have both the highest prevalence and the greatest annual and relative rates of increase in obesity.
This likely reflects recent changes in diet and energy expenditure fostered by globalization and rapid
urbanization.

WHY THE BROAD SHIFT IN ENERGY BALANCE?

The Sweetening of Child Diets
While there are a number of key global shifts during the last generation, a major one that stands out

is the increasing sweetness of what children eat and drink. Intake of caloric sweeteners has expanded
across the globe (22). This is particularly the case for beverages. For instance, in the USA in the 1960s
and 1970s more than two-thirds of caloric sweeteners came from food and one-third from liquids;
the ratio has reversed in the past few years (23). While the amount of sugar added to food has not
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Fig. 3. Daily beverage consumption trends of Mexican children, 1999–2006. Note: Sweetened juice drinks include
100% fruit juice with sugar added and agua fresca (water, juice, sugar). Sodas include carbonated and noncarbonated
sugar bottled beverages. Source: Barquera et al. (25).

declined, the level of caloric beverage intake has exploded. This is the case in the USA, Australia, and
South Africa. In Mexico, the intake of calories from beverages has doubled between 1999 and 2006
(see Fig. 3) (24–29).

Large Increases in Edible Oil
The use of vegetable oils has increased in the past 20 years in lower-income countries and in the

past half-century in higher-income countries. What is especially interesting to understand is that it is
the poorest countries with the most rapid increases in use of fats (1,30,31). Since vegetable oils are
inexpensive, adding oil to a food product by frying is a remarkably efficient way to add calories and
taste. In China, this has equated to a striking increase in the proportion of calories from fried foods
(replacing steamed and boiled foods) and with the increasing use of oil in stir-frying and other cooking
techniques. This is true in other Asian countries and in many other poor countries as well; cheap
vegetable oils have increased the intake of fats among the world’s poor to a level previously found
only in wealthier countries (31). In a country such as China, the average adult consumes more than
300 calories a day from vegetable oil alone (Fig. 4). Similarly, adults in Malaysia, all other Southeast
Asian countries, and the Middle East consume equal or higher amounts of vegetable oil. This increase
in oil-calorie intake has helped to fuel the rise in obesity worldwide.

Increased Intake of Animal Source Foods (Dairy, Beef, Pork, Poultry, Fish, and Eggs)
In 2002, the per capita intake of milk in developed countries was 202 kg in 2002; the relevant

level in lower-income countries was 46 kg. Comparative red meat intakes were 78 and 28 kg/capita,
respectively (32). Over the last decade, there have been marked increases in the intake of animal food
products in the developing world, led by China and India (33). This is the case for red meats as well
as dairy products, white meats, and processed meats. The high saturated fat content of red meat and
whole fat dairy products may have also contributed to population weight gain.
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Fig. 4. Edible oil consumption still rising in China (grams per day per capita). Source: China Health and Nutrition
Survey for adults aged 20–45 (57).

Marked Shifts in Patterns of Eating
Snacking is a relatively new phenomenon in the global diet. In the USA, the most marked change

for children aside from the shift to caloric beverages is that of snacking. Snacks now represent nearly
a quarter of an average American child’s energy intake (34–37). We have much less systematic data
in this regard in other countries. Nevertheless a recent study in China shows rapid expansion of the
processed food sector and an increase in the prevalence of snacking in adults as well as children (Fig. 5)
(38). As food companies explore new markets, I expect that the rapid growth of snacking in the USA
will be replicated in Central and South America, the Middle East, and Asia. Certainly this is occurring
in Europe already (39–43).

Fig. 5. The predicted probability of snacking behavior in China, 1991 and 2004. Source: CHNS 1991 and 2004;
adjusted for socio-demographic factors (57, p. 123).

A much bigger phenomenon with unclear impact on obesity is the shift to eating away-from-home
and purchasing prepared food for home consumption. Much of the research has documented the
dramatic shift in food expenditures to eating away and the potential adverse effects of fast food con-
sumption on weight and related metabolic consequences (44–48). As we have shown in one study of
child diets across four countries, there is enormous heterogeneity in the patterns of food consumption
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away-from-home (49). For instance in that study we found that Filipino and US children consumed
very large proportions of total energy away-from-home while Russian and Chinese children did not.

Lastly, as noted previously, there is a large shift to consuming more fried foods both at home and
away-from-home and fewer steamed and baked foods. We noted this emerging trend in China (38).

Concurrent Shifts in Physical Activity
While there is extensive research across the globe on the increase of inactivity among children,

particularly related to TV use, gaming, or computer use, clear overall patterns and trends in total child
activity are few and far between (50–53). Furthermore, few of these have been linked with shifts in
weight (54–58).

We know that energy expenditure matters; most interventions to prevent obesity in the preschool
and schoolage period address this. Unfortunately, large trials in the USA and elsewhere to increase
physical activity among children have been only marginally successful (59–63). However, long-term
monitoring of trends in overall activity is rare and much of the focus remains on means to decrease
sedentary behavior (64). Elsewhere I discuss in more depth the vast shifts in activity across all phases
of life – work and school, travel to both, work inside the household, and leisure activity (1).

UNDERLYING CHANGES

Major societal shifts affect how we eat, drink, and move. Clearly the globe has been urbanized; most
countries have major urban centers, and many aspects of modern urban life are now found even in many
small towns and villages (e.g., Cable TV, access to the Internet, roads linking them to more modernized
shopping and marketing). In the same vein, globalization has brought vast shifts in access to modern
food systems in terms of food shopping and away-from-home eating as well as wide exposure to food
ads. Elsewhere I have presented in-depth some of the ways that globalization has affected the lives of
individuals in the low- and middle-income world; these include ready access to modern supermarkets,
rapid transmission of all the technologies that affect physical activity, and exposure to modern media
(1,12,65).

Global access to supermarkets is a cornerstone of changes in food distribution (see also Chapter 30
by Christian and Gereffi, this volume). We do not know exactly how the introduction of the Wal-
Marts, Carrefour’s, Aholds, and many other global supermarkets is affecting dietary intake patterns in
low-income countries, but we are sure that the changes are mixed – some good and some bad. In the
USA, changes in food distribution have followed a similar but more gradual course; we began with
traditional supermarkets but have witnessed a sharp increase (to 40.3%) in the relative share controlled
by Wal-Marts and other mass merchandisers. The trend is toward increased dominance of the mass
merchandisers (66).

In the lower-income world, the effects of this change are much more profound. Fresh (farmer, “wet”)
markets and small stores are disappearing, replaced increasingly by multinational, regional, and local
large supermarkets – usually part of larger chains like Carrefour or Wal-Mart or in countries such
as South Africa and China by local chains that mimic Wal-Mart. China has all the global and huge
local chains, whereas a smaller country like South Africa has its own domestically developed chain
expanding across the urban areas of sub-Saharan Africa. Increasingly, large mega stores are found. In
Latin America, supermarkets’ share of all retail food sales increased from 15% in 1990 to 60% by
2000 (67–69). For comparison, 80% of retail food sales in the USA in 2000 occurred in supermarkets.
In one decade, the role of supermarkets in Latin America has expanded to be the equivalent of about
a half-century of expansion in the USA. Supermarket use has spread across both large and small
countries, from capital cities to rural villages, and from upper- and middle-class families to working-
class families (70). This same process is also occurring at varying rates and at different stages in Asia,
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Eastern Europe, and Africa. The chains function to cut costs and improve efficiencies, and as major
purchasers can bargain for lower prices and other economies with suppliers. Nevertheless, they provide
access to a wide array of inexpensive, calorically dense, packaged foods that may promote weight gain
in low-income as well as high-income populations.

Consider India, where the bulk of retail outlets are still neighborhood shops. Carrefour, Wal-Mart,
and others are spending billions to break into this market. From various reports, the India mass retailer
market appears to be growing by at least $27 billion/year – a size bigger than the Gross National
Product of half of the countries in the world (71). But the growing middle class of India want these
changes, want to shop more easily in air-conditioned comfort, and want many of the benefits in choice
and variety that come from being part of a global food conglomerate (71).

BRIEF SUMMARY

The shifts in obesity and related dietary and physical activity patterns across the globe during the
past two decades have been remarkable. The rate of increase in obesity has accelerated, particularly
for children and adolescents. The large-scale shifts in intake of calorically sweetened beverages, fried
foods, and animal food products are striking, accompanied by powerful changes in patterns of eating.
Concurrent trends toward reduced physical activity and increased sedentary behaviour have led to
dramatic shifts in energy balance. The worldwide increases in intake of caloric sweeteners (particularly
sweetened beverages) and the increased snacking and food consumption away-from-home are serious
causes for concern.
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INTRODUCTION

When discussing the causes of obesity, it is easy to point fingers at the individual. “Gluttony” and
“sloth” after all are two of the seven “deadly sins.” Obese adults and their children are assumed to
have “free choice” with regard to food intake and energy expenditure and are therefore “responsible”
for their metabolic “fates” (1). But no child chooses to become obese; indeed the quality of life of an
obese child is similar to that of children receiving cancer chemotherapy (2). Furthermore, the striking
increases in obesity prevalence in 2- to 5-year-old children (3) suggest that there are other explanations
for the obesity epidemic. Here I explore the biochemical determinants that control energy balance
and argue that difficulties in achieving and/or maintaining weight loss reflect the potency of central
reinforcement systems, the effects of stress, and the resilience of the body’s adaptive responses.

The discovery of leptin in 1994 (4) revealed a complex neuroendocrine axis regulating energy bal-
ance. Much of what we know about energy balance is derived from studies of animal models, but
clinical studies provide invaluable insights.
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Fig. 1. The homeostatic pathway of energy balance. Afferent (blue), central (black), and efferent (white) pathways
are delineated. The hormones insulin, leptin, ghrelin, and peptide YY(3–36) (PYY3–36) provide afferent information
to the ventromedial hypothalamus regarding short-term energy metabolism and energy sufficiency. From there, the
ventromedial hypothalamus elicits anorexigenic (α-melanocyte-stimulating hormone, cocaine–amphetamine-regulated
transcript) and orexigenic (neuropeptide Y, agouti-related protein) signals to the melanocortin-4 receptor in the par-
aventricular nucleus and lateral hypothalamic area. These lead to efferent output via the locus coeruleus and the nucleus
tractus solitarius, which activate the sympathetic nervous system, causing the adipocyte to undergo lipolysis; or the
dorsal motor nucleus of the vagus, which activates the vagus nerve to store energy, both by increasing pancreatic insulin
secretion and (in rodents) by increasing adipose tissue sensitivity to insulin. 5-HT, serotonin (5-hydroxytryptamine);
DMV, dorsal motor nucleus of the vagus; LC, locus coeruleus; LHA, lateral hypothalamic area; NE, norepinephrine;
NTS, nucleus tractus solitarius; PVN, paraventricular nucleus; VMH, ventromedial hypothalamus. From Lustig (21).
(Courtesy of Nature Publishing Group, with permission.)

The neuroendocrine axis is composed of three arms (Fig. 1). The first is the afferent arm, which
conveys peripheral information on hunger and peripheral metabolism (in the form of hormonal and
neural inputs) to the hypothalamus. The second is a central processing unit, consisting of various areas
within the hypothalamus. These include (a) the ventromedial hypothalamus (VMH; consisting of the
ventromedial (VMN) and arcuate (ARC) nuclei), which integrates afferent peripheral signals as well as
other central stimuli, and (b) the paraventricular nuclei (PVN) and lateral hypothalamic area (LHA),
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which serve as a gated neurotransmitter system to alter neural signals for changes in feeding and
energy expenditure. Other brain areas serve as neuromodulators of this system. The third component
is an efferent arm of autonomic effectors with origins in the locus coeruleus (LC) and dorsal motor
nucleus of the vagus (DMV), which regulate energy intake, expenditure, and storage (5,6). Anatomic
disruptions or genetic or metabolic alterations of either the afferent, central processing, or efferent
arms can alter energy intake or expenditure, leading to either obesity or cachexia.

There are three primary stimuli to eat: hunger, reward, and stress. While each of these internal phe-
nomena infer altered behavior, each is actually mediated through a complex cascade of biochemicals
that perturb the negative feedback pathway of energy balance and “drive” food intake in stereotypical
patterns.

COMPONENTS OF THE AFFERENT SYSTEM

Alimentary Afferents That Promote Hunger
The afferent vagus: The vagus nerve is the primary neural connection between the brain and the gut.

The afferent vagus nerve conveys information regarding mechanical stretch of the stomach and duo-
denum and feelings of gastric fullness to the nucleus tractus solitarius (NTS) (7). Of note, the effects
of alimentary neuropeptides (below) on hunger and satiety are obviated by concomitant vagotomy,
implicating the afferent vagus as the primary mediator of alimentary energy balance signals (8–10).

Ghrelin: Ghrelin, an octanoylated 28-amino acid peptide, was discovered serendipitously during a
search for the endogenous ligand of the growth hormone secretagogue receptor (GHS-R) (11). Ghrelin
induces GH release through stimulation of the pituitary GHS-R. The endogenous secretion of ghrelin
from the stomach is high during fasting and decreased by nutrient administration; volumetric stretching
of the stomach wall has no effect. In addition to interacting with pituitary GHS receptors, ghrelin
binds to the GHS-R in the VMH and thereby increases hunger, food intake, and fat deposition (12,13).
Ghrelin also increases the respiratory quotient (RQ) in rats, suggesting a reduction of fat oxidation.
Ghrelin appears to link the lipolytic effect of GH with hunger signals and is probably important in the
acute response to fasting. In humans, ghrelin levels rise with increasing subjective hunger and peak
at the time of voluntary food consumption (14), suggesting that ghrelin acts on the VMH to trigger
meal initiation. Ghrelin infusion increases food intake in humans (15). However, plasma ghrelin levels
are low in most obese individuals and increase with fasting (16), suggesting that ghrelin is a response
to, rather than a cause of, obesity. The Prader–Willi syndrome, an obesity disorder associated with
hyperghrelinemia, may be a unique exception (see Chapter 4 by Haqq, this volume).

Alimentary Afferents That Promote Satiety
Peptide YY3–36 (PYY3–36): PYY3–36 is a gastrointestinal signal to control meal volume (17). This

peptide fragment is secreted by intestinal L-cells following exposure to nutrients; PYY crosses the
blood–brain barrier and binds to the Y2 receptor in the VMH. Activation of this receptor reduces
neuropeptide Y (NPY) mRNA in neurons of the orexigenic arm of the central processing unit (below).
In non-obese humans, infusion of PYY3–36 during a 12-h period decreased the total volume of food
ingested from 2,200 to 1,500 k/cal but had no effect on food ingested during the next 12-h interval (17).
Although the pharmacology of this peptide is being elucidated, and agonists are being developed, its
specific role in obesity is not yet known.

Glucagon-like peptide-1 (GLP-1): Those same intestinal L-cells produce GLP-1 through post-
translational processing of the preproglucagon molecule. Two equipotent forms of GLP-1 are
generated: a glycine-extended form GLP-17–37 and the amidated peptide GLP-17–36 amide (18).
GLP-1 acts on the stomach to inhibit gastric emptying; this increases the time available for absorp-
tion of a meal. GLP-1 also activates its receptor on β-cells to stimulate cAMP production, protein
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Fig. 2. Central regulation of leptin signaling, autonomic innervation of the adipocyte and β-cell, and the starvation
response. (a) The arcuate nucleus transduces the peripheral leptin signal as one of sufficiency or deficiency. In leptin
sufficiency, efferents from the hypothalamus synapse in the locus coeruleus, which stimulates the sympathetic ner-
vous system. In leptin deficiency or resistance, efferents from the hypothalamus stimulate the dorsal motor nucleus of
the vagus. (b) Autonomic innervation and hormonal stimulation of white adipose tissue. In leptin sufficiency, nore-
pinephrine binds to the β3-adrenergic receptor, which stimulates hormone-sensitive lipase, promoting lipolysis of
stored triglyceride into free fatty acids. In leptin deficiency or resistance, vagal acetylcholine increases adipose tissue
insulin sensitivity (documented only in rats to date), promotes uptake of glucose and free fatty acids for lipogenesis,
and promotes triglyceride uptake through activation of lipoprotein lipase. (c) Autonomic innervation and hormonal
stimulation of the β-cell. Glucose entering the cell is converted to glucose-6-phosphate by the enzyme glucokinase,
generating ATP, which closes an ATP-dependent potassium channel, resulting in cell depolarization. A voltage-gated
calcium channel opens, allowing for intracellular calcium influx, which activates neurosecretory mechanisms leading
to insulin vesicular exocytosis. In leptin sufficiency, norepinephrine binds to α2-adrenoceptors on the β-cell membrane
to stimulate inhibitory G proteins, decrease adenyl cyclase and its product cAMP, and thereby reduce protein kinase
A levels and insulin release. In leptin deficiency or resistance, the vagus stimulates insulin secretion (105). Octreotide
binds to a somatostatin receptor on the β-cell, which is coupled to the voltage-gated calcium channel, limiting cal-
cium influx and the amount of insulin released in response to glucose (reprinted with kind permission of Springer
Science and Business media). α2-AR, α2-adrenergic receptor; β3-AR, β3-adrenergic receptor; AC, adenyl cyclase;
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kinase A activation, and insulin secretion (Fig. 2) and thereby improves glucose tolerance in patients
with type 2 diabetes. GLP-1 also stimulates β-cell replication and increases β-cell mass (19). Lastly,
GLP-1 reduces food intake by reducing gastric emptying and corticotropin-releasing hormone (CRH)
signaling in the PVN and increasing leptin signaling in the VMH (20).

Cholecystokinin (CCK): CCK is an 8-amino acid gut peptide released in response to a caloric load.
It circulates and binds to CCKA receptors in the pylorus, vagus nerve, NTS, and area postrema (7) to
promote satiety.

Metabolic Afferents Controlling Energy Balance
Leptin: The balance of energy intake and expenditure is normally regulated very tightly (within

0.15% per year) by the hormone leptin. Leptin is a 167-amino acid hormone produced by white
adipocytes. Leptin’s primary neuroendocrine role is to mediate information about the size of periph-
eral adipocyte energy stores to the VMH (4,21). As such, it is a prerequisite signal to the VMH for the
initiation of high-energy processes such as puberty and pregnancy (22,23). Leptin reduces food intake
and increases the activity of the sympathetic nervous system (SNS) (24). Conversely, low leptin levels
infer diminished energy stores, which impact on the VMH to increase food intake and reduce energy
expenditure. Serum leptin concentrations drop precipitously (and to a greater degree than fat mass)
during short-term fasting (25,26), and it seems likely that leptin functions more as a peripheral signal
to the hypothalamus of inadequate caloric intake than as a hunger or satiety signal per se (27).

In the fed state, circulating levels of leptin correlate with percent body fat (28,29). Leptin produc-
tion by adipocytes is stimulated by insulin and glucocorticoids (30,31) and inhibited by β-adrenergic
stimulation (27). Programming of relative leptin concentrations by early caloric intake may be one
mechanism that links early overnutrition with later obesity (32).

Leptin binds to its receptor (a member of the Class 1 cytokine receptor superfamily) on target VMH
neurons. There are four receptor isoforms formed by differential splicing: ObRa, an isoform with
a shortened intracellular domain, which may function as a transporter; ObRb, the intact full-length
receptor; ObRc, also with a short intracellular domain; and ObRe, which lacks an intracellular domain
and functions as a soluble receptor (33).

As leptin binds to its VMH receptor, three neuronal signals are transduced. The first is opening
of an ATP-sensitive potassium channel, which hyperpolarizes the neuron and decreases its firing rate
(34). The second is the activation of a cytoplasmic Janus kinase 2 (JAK2), which phosphorylates a
tyrosine moiety on proteins of a family called signal transduction and transcription (STAT-3) (35). The
phosphorylated STAT-3 translocates to the nucleus, where it promotes leptin-dependent gene tran-
scription (36). Third, leptin activates the insulin receptor substrate 2/phosphatidylinositol-3-kinase
(IRS2/PI3K) second messenger system in ARC neurons, which increases neurotransmission of the
central anorexigenic signaling pathway (37).

�
Fig. 2. (continued) ACh, acetylcholine; DAG, diacylglycerol; DMV, dorsal motor nucleus of the vagus; FFA, free
fatty acids; Gi, inhibitory G protein; GK, glucokinase; GLP-1, glucagon-like peptide-1; GLP-1R, GLP-1 receptor;
Glu-6-PO4, glucose-6-phosphate; Glut4, glucose transporter-4; HSL, hormone-sensitive lipase; IML, intermediolat-
eral cell column; IP3, inositol triphosphate; LC, locus coeruleus; LHA, lateral hypothalamic area; LPL, lipoprotein
lipase; MARCKS, myristoylated alanine-rich protein kinase C substrate; NE, norepinephrine; PIP2, phosphatidyli-
nositol pyrophosphate; PKA, protein kinase A; PKC, protein kinase C; PLC, phospholipase C; PVN, paraventricular
nucleus; SSTR5, somatostatin-5 receptor; TG, triglyceride; VCa, voltage-gated calcium channel; VMH, ventromedial
hypothalamus; SUR, sufonylurea receptor. From Lustig (21). (Courtesy of Nature Publishing Group, with permission.)
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Insulin: Insulin plays a critical role in energy balance (38). In peripheral tissues it promotes
glycogenesis, muscle protein synthesis, and fat storage and regulates the production and action of
neuroendocrine modulators of nutrient uptake and metabolism. But insulin is also transported across
the blood–brain barrier and binds to receptors in a subpopulation of VMH neurons (39,40), suggesting
that it acts centrally to regulate food intake. Indeed in animals, acute and chronic intracerebroven-
tricular insulin infusions decrease feeding behavior and induce satiety (41–43). The data on acute
and chronic peripheral insulin infusions are less clear. Studies of overinsulinized diabetic rats demon-
strate increased caloric intake (in order to prevent subacute hypoglycemia) and the development of
peripheral insulin resistance (44,45). Chronic peripheral insulin infusions in experimental animals
decrease hepatic and skeletal muscle glucose uptake by reducing Glut4 expression but do not alter
adipose tissue glucose uptake (46,47). One human study injecting short-term insulin peripherally dur-
ing meals did not demonstrate an effect on satiety (48). Insulin acutely activates the insulin receptor
substrate 2/phosphatidylinositol-3-kinase (IRS2/PI3K) second messenger system in arcuate nucleus
(ARC) neurons (49), which increases neurotransmission of the central anorexigenic signaling path-
way (see below). The importance of CNS insulin action was underscored by the phenotype of a brain
(neuron)-specific insulin receptor knockout (NIRKO) mouse, which cannot transduce a CNS insulin
signal (50). NIRKO mice become hyperphagic, obese, and infertile with age and have high peripheral
insulin levels. These findings suggest that peripheral insulin mediates a satiety signal in the VMH
to help control energy balance (51). Various knockouts of the insulin signal transduction pathway that
reduce insulin signaling lead to an obese phenotype (52,53), while those that increase insulin signaling
lead to a lean phenotype (54,55).

CENTRAL PROCESSING

Peripheral afferent (neural and hormonal) signals reaching VMH neurons are integrated by a
gated neural circuit designed to control both energy intake and expenditure (Fig. 2). This circuit
consists of two arms: the anorexigenic arm, which contains neurons expressing the co-localized pep-
tides proopiomelanocortin (POMC) and cocaine/amphetamine-regulated transcript (CART), and the
orexigenic arm, which contains neurons with the co-localized peptides neuropeptide Y (NPY) and
agouti-related protein (AgRP). Ghrelin receptor immunoreactivity co-localizes with NPY and AgRP
neurons, while insulin and leptin receptors are located on both POMC/CART and NPY/AgRP neurons
in the VMH (56), suggesting divergent regulation of each arm. These two arms compete for occupancy
of melanocortin receptors (MCRs; either MC3R or MC4R) in the PVN and LHA.

Anorexigenesis, POMC/α-MSH, and CART
POMC is differentially cleaved in different tissues and neurons. The ligand α-melanocyte-

stimulating hormone (α-MSH) is the primary product involved in anorexigenesis. Both overfeeding
and peripheral leptin infusion induce the synthesis of POMC and α-MSH within the ARC (57).
α-MSH induces anorexia by binding to melanocortin receptors within the PVN or LHA. CART is
a hypothalamic neuropeptide induced by leptin and reduced by fasting. Intrahypothalamic infusion
blocks appetite, while antagonism of endogenous CART increases caloric intake (58).

Orexigenesis, NPY, and AgRP
NPY and AgRP co-localize to a different set of neurons within the ARC, immediately adjacent to

those expressing POMC/CART (59). NPY has numerous functions within the hypothalamus, including
initiation of feeding, puberty, and regulation of gonadotropin secretion and adrenal responsiveness
(60,61). NPY is the primary orexigenic peptide. ICV infusion of NPY in rats causes hyperphagia,
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energy storage, and obesity (62,63). These actions are mediated through Y1 and Y5 receptors. Fasting
and weight loss increase NPY expression in the ARC, accounting for increased hunger, while PYY3–36
(through Y2 receptors) and leptin decrease NPY mRNA (17,64).

AgRP is the human homolog of the protein agouti, which is present in abundance in the yellow
(Ay-a) mouse (65). This protein is an endogenous competitive antagonist of all melanocortin receptors
(MCR), accounting for the yellow color in these mice. In the presence of large amounts of AgRP at
the synaptic cleft in the PVN, α-MSH cannot bind to the MC4R to induce satiety (66).

Other Neuroendocrine Modulators of Energy Balance
Norepinephrine (NE): NE neurons in the locus coeruleus synapse on VMH neurons to regulate food

intake (67). The actions of NE on food intake seem paradoxical, as intrahypothalamic NE infusions
stimulate food intake through effects on central α2- and β-adrenergic receptors (68), whereas central
infusion of α1-agonists markedly reduces food intake (69).

Serotonin (5-HT): Five lines of evidence impicate a role for 5-HT in the perception of satiety: (1)
Injection of 5-HT into the hypothalamus increases satiety, particularly with respect to carbohydrate
(70); (2) central administration of 5-HT2c receptor agonists increases satiety, while antagonists induce
feeding (71); (3) administration of selective 5-HT reuptake inhibitors induces early satiety (72); (4)
leptin increases 5-HT turnover (73); and (5) the 5-HT2cR-KO mouse exhibits increased food intake and
body weight (74). The role of 5-HT in the transduction of the satiety signal may have both central and
peripheral components, as intestinal 5-HT secreted into the bloodstream during a meal may impact GI
neuronal function and muscle tone while binding to 5-HT receptors in the NTS (see earlier) to promote
satiety (75).

Melanin-concentrating hormone (MCH): MCH is a 17-amino acid peptide expressed in the zona
incerta and LHA. MCH neurons synapse on neurons in the forebrain and the locus coeruleus.
MCH appears to be important in behavioral responses to food such as anxiety and aggression (76).
Expression of the peptide is upregulated in ob/ob mice. MCH knockout mice are hypophagic and lean
(77), while transgenic MCH-overexpressing mice develop obesity and insulin resistance (78). ICV
administration of MCH stimulates food intake, similar to that seen with NPY administration (79).

Orexins A and B: These 33- and 28-amino acid peptides, respectively, have been implicated in
both energy balance and autonomic function in mice (80). Orexin knockout mice develop narcolepsy,
hypophagia, and obesity (81), suggesting that orexins bridge the gap between the afferent and efferent
energy balance systems (82). Orexins in the LHA stimulate neuropeptide Y (NPY) release, which may
account for their induction of food intake; they also increase corticotropin-releasing factor (CRF) and
sympathetic nervous system (SNS) output to promote wakefulness, energy expenditure, learning and
memory, and the hedonic reward system (see later) (83). Conversely, orexin neurons in the perifornical
and dorsomedial hypothalamus regulate arousal and the response to stress.

Endocannabinoids (ECs): It has long been known that marijuana and its major constituent tetrahy-
drocannabinol stimulate food intake. Recently, endogenous ECs and the CB1 receptor have been linked
to energy balance and the metabolic syndrome (84). The CB1 receptor is expressed in corticotropin-
releasing factor (CRH) neurons in the PVN, in CART neurons in the VMN, and in MCH- and
orexin-positive neurons in the LHA and perifornical region. Fasting and feeding are associated with
high and low levels of ECs in the hypothalamus, respectively. CB1 receptor knockout mice have
increased CRH and reduced CART expression. Hypothalamic EC levels are increased in leptin-
deficient ob/ob mice; intravenous leptin reduces EC levels, indicating that a direct negative control
is exerted by leptin on the EC system. Glucocorticoids increase food intake in part by stimulating EC
synthesis and secretion, while leptin blocks this effect (85). Finally, the presence of CB1 receptors on
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afferent vagal neurons suggests that endocannabinoids may be involved in mediating satiety signals
originating in the gut.

Melanocortin Receptors (MCR) and Central Neural Integration
The human MC4R localizes to chromosome 2 and is a 7-transmembrane G-coupled receptor,

encoded by an intronless 1 kB gene. The binding of hypothalamic α-MSH to the MC4R in the PVN
and LHA results in a state of satiety, whereas ICV administration of MC4R antagonists stimulates
feeding. These observations suggest that the MC4R transduces satiety information on caloric suffi-
ciency. The role of the MC4R in human obesity is well known; in some studies, 2.5–5% of morbidly
obese adults had heterozygous mutations in the MC4R (86). In the MC3R knockout mouse, a different
phenotype is seen. These animals are obese but hypophagic and have increased body fat relative to
lean body mass. They gain weight on either low- or high-fat chow and do not change caloric oxidation
in response to changes in dietary fat content. These findings suggest a defect in energy expenditure
(87). The role of the MC3R in human obesity is less clear. Functional variants of the MC3R have been
noted in certain populations (88,89). One hypothesis is that the MC4R modulates energy intake, while
the MC3R modulates energy expenditure (90).

THE EFFERENT SYSTEM

The MCRs in the PVN and LHA transduce signals emanating from the VMH in order to modulate
activity of the sympathetic nervous system (SNS), which promotes energy expenditure, and the efferent
vagus, which promotes energy storage (Fig. 2).

The Sympathetic Nervous System (SNS) and Energy Expenditure
Anorexigenic pressure increases energy expenditure through activation of the SNS (91). For

instance, leptin administration to ob/ob mice increases brown adipose tissue thermogenesis, renovas-
cular activity, and spontaneous motor activity; all are associated with increased energy expenditure and
facilitate weight loss (92). Similarly, insulin administration acutely increases SNS activity in normal
rats and in humans (93,94).

The SNS increases energy expenditure by activating lipolysis in white and brown adipose tissue
and promoting energy utilization in skeletal and cardiac muscle. Binding of catecholamines to muscle
β2-adrenergic receptors (95) stimulates glycogenolysis, myocardial energy expenditure, and increases
in glucose and fatty acid oxidation and increases protein synthesis (96,97). Binding to β3-adrenergic
receptors in white and brown adipose tissue increases cAMP, which activates protein kinase A (PKA)
(98). In white adipose PKA activates hormone-sensitive lipase, which generates ATP from hydrolysis
of triglyceride. In brown fat PKA phosphorylates CREB, which induces expression of PGC-1α. PGC-
1α in turn binds to the uncoupling protein-1 (UCP-1) promoter and increases its expression (99,100).

UCP1 is an inner membrane mitochondrial protein that uncouples proton entry from ATP syn-
thesis (101); therefore, UCP1 expression dissipates energy as heat and thereby reduces the energy
efficiency of brown fat. UCP1 is induced by FFAs derived from triglyceride breakdown; FFAs released
from adipocytes are transported to the liver, where they are utilized for energy through ketogenesis.
Lipolysis reduces leptin expression; thus a negative feedback loop is achieved between leptin and the
SNS (Fig. 2).

The Efferent Vagus and Energy Storage
In response to declining levels of leptin and/or persistent orexigenic pressure, the LHA and PVN

send efferent projections residing in the medial longitudinal fasciculus to the dorsal motor nucleus of



The Neuroendocrine Control of Energy Balance 23

the vagus nerve (DMV), activating the efferent vagus (102). The efferent vagus opposes the SNS by
promoting energy storage in four ways: (a) it reduces myocardial oxygen consumption by reducing
heart rate; (b) it increases nutrient absorption by promoting GI peristalsis and pyloric opening; (c) it
increases insulin sensitivity by potentiating the uptake of glucose and FFA into adipose tissue; and (d)
it increases postprandial insulin secretion, which increases fat deposition (103–106).

Retrograde tracing of white adipose tissue reveals a wealth of efferents originating at the DMV
(106). These efferents synapse on M1 muscarinic receptors, which increase insulin sensitivity.
Denervation of white adipose tissue reduces glucose and FFA uptake and increases HSL expression.
Thus, vagal modulation of the adipocyte augments storage of both glucose and FFAs by improving
adipose insulin sensitivity and reducing triglyceride breakdown (107) (Fig. 2).

The DMV also sends efferent projections to the β-cells of the pancreas (108). This pathway is
responsible for the “cephalic” or preabsorptive phase of insulin secretion, which is glucose inde-
pendent and can be blocked by atropine (109). Overactive vagal neurotransmission increases insulin
secretion from β-cells in response to an oral glucose load through three distinct but overlapping mech-
anisms (Fig. 2; see the Chapter 26 on Hypothalamic Obesity for full discussion): (1) the muscarinic
activation of a sodium channel, resulting in increased β-cell depolarization; (2) the muscarinic acti-
vation of β-cell phospholipases which hydrolyze intracellular phosphatidylinositol to diacylglycerol
(DAG) and inositol triphosphate (IP3), inducing insulin vesicular exocytosis; and (3) the stimulation
of GLP-1 from intestinal L-cells, which activates protein kinase A and increases insulin exocytosis.
Vagal induction of insulin secretion promotes lipogenesis through increased expression of Glut 4,
acetyl-CoA carboxylase, fatty acid synthase, and lipoprotein lipase (110,111).

THE HEDONIC PATHWAY OF FOOD REWARD

Hypothalamic feedback systems are modulated by a “hedonic pathway” that mediates the pleasur-
able and motivational responses to food. The hedonic pathway comprises the ventral tegmental area
(VTA) and the nucleus accumbens (NA), with inputs from various components of the limbic system
including the striatum, amygdala, hypothalamus, and hippocampus. Food intake is a readout of the
hedonic pathway; administration of morphine to the NA increases food intake in a dose-dependent
fashion (112). Functional suppression of the hedonic pathway curtails food intake when energy stores
are replete; dysfunction or continuous activation of the hedonic pathway can increase food intake and
promote excessive weight gain.

The VTA appears to mediate feeding on the basis of palatability rather than energy need. The
dopaminergic projection from the VTA to the NA mediates the motivating, rewarding, and reinforc-
ing properties of various stimuli, such as food and addictive drugs. Leptin and insulin receptors are
expressed in the VTA, and both hormones have been implicated in modulating rewarding responses to
food and other pleasurable stimuli (113). For instance, fasting and food restriction (when insulin and
leptin levels are low) increase the addictive properties of drugs of abuse, while central leptin admin-
istration can reverse these effects (114). Food deprivation in rodents increases addictive behavior and
the pleasurable responses to a food reward, as measured by dopamine release and dopamine recep-
tor signaling (115). Conversely, insulin increases expression and activity of the dopamine transporter,
which clears and removes dopamine from the synapse; thus acute insulin exposure blunts the reward
of food (116). Furthermore, insulin appears to inhibit the ability of VTA agonists (e.g., opioids) to
increase intake of sucrose (117). Finally, insulin blocks the ability of rats to form a conditioned place
preference association to a palatable food (118).

The role of the hedonic pathway in human obesity is not yet elucidated, but can be surmised.
Dopamine D2 receptor abundance is inversely related to BMI; the depression of dopaminergic activity
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in obese subjects might trigger a “reward-seeking” increase in food intake that promotes further weight
gain. This may explain in part the higher risk of obesity in patients taking drugs that block D2 recep-
tors (e.g., antipsychotics (119)). Alternatively, the down-regulation of dopaminergic activity in obese
subjects may be an adaptive response to prior weight gain. Under normal circumstances, leptin and
insulin signal adipose and nutrient sufficiency to the VTA, suppressing dopamine neurotransmission
and the reward of food (113). However, these negative feedback loops are blocked in states of insulin
and leptin resistance that characterize obesity (120).

Positron emission tomography suggests that hunger and satiety neuronal circuits in the VMH con-
nect with other regions of the limbic system (121) that control primal emotions, reproductive activity,
and survival instinct; a primal “reward” or pleasure response might explain ingestive behavior in the
absence of hunger, a common finding in obese children and adults. It has been argued that much of
the impasse in efforts to both treat and prevent obesity stems from the intrinsic difficulty of overriding
instinct with reason (122).

THE AMYGDALA AND THE STRESS PATHWAY OF FOOD INTAKE

The VMH and VTA-NA mediate satiety when energy stores are replete, but appear to be overridden
by amygdala activation and the concomitant stress response associated with insulin resistance (123).
Stress hormones such as the glucocorticoids are essential for the full expression of obesity in rodents
and humans and may explain the disruptive role that stress plays in weight regulation (124).

Stress and glucocorticoids are integral in promoting the constellation of features characteristic of
the metabolic syndrome. Studies of adrenalectomized (ADX) rats supplemented with corticosterone
demonstrate that exogenous fat intake is directly proportional to circulating corticosterone concen-
trations (125,126). In intact rats, corticosterone stimulates intake of high-fat food; likewise, cortisol
administration increases food intake in humans (127). Human research shows increased caloric intake
of “comfort foods” (i.e., those with high energy density) after acute stress (128). Moreover, sev-
eral studies in children have observed relationships between stress and unhealthy dietary practices,
including increased snacking and an elevated risk of weight gain during adolescence and adulthood
(129,130).

NPY and catecholamines co-localize in sympathetic neurons in the peripheral nervous system as
well as the central nervous system. In response to chronic stress, peripheral neurons express more
NPY, which stimulates endothelial cell (angiogenesis) and preadipocyte proliferation, differentia-
tion, and adipogenesis by activating Y2 receptors in visceral adipose tissue. This causes abdominal
obesity, inflammation, hyperlipidemia, hyperinsulinemia, glucose intolerance, hepatic steatosis, and
hypertension, reproducing the features of the human metabolic syndrome. Conversely, local intra-fat
Y2R antagonists or adenoviral Y2R knock-down reverses or prevents fat accumulation and metabolic
complications (131). This suggests that acute stress causes lipolysis and weight loss, but chronic
stress “hijacks” the SNS, increasing NPY expression to cause visceral fat accumulation and metabolic
dysfunction.

NEGATIVE FEEDBACK OF ENERGY BALANCE – THE RESPONSE TO CALORIC
DEPRIVATION

The response to caloric deprivation serves as a model for understanding the regulation of energy
balance and the adaptation to weight loss. Everyone appears to have a “personal leptin threshold,”
probably genetically determined, above which the brain interprets a state of energy sufficiency (132).
The leptin-replete fed state is characterized by increased physical activity, decreased appetite, and
feelings of well-being. In response to caloric restriction, leptin levels decline even before weight
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loss is manifest (25,26). This is interpreted by the VMH as starvation. Gastric secretion of ghrelin
increases; this stimulates pituitary GH release, which promotes lipolysis to provide energy substrate for
catabolism. Ghrelin also stimulates the expression of NPY/AgRP, which antagonizes α-MSH/CART
and reduces MC4R occupancy. The resultant lack of anorexigenic pressure on the MC4R increases
feeding behavior, reduces fat oxidation, and promotes fat deposition. Fat storage is facilitated by
increases in insulin sensitivity.

Total and resting energy expenditure decline in an attempt to conserve energy (133); the fall in leptin
reduces plasma T3 levels, and UCP1 levels in adipose tissue decline (134) as a result of decreased SNS
activity (135). Yet, in spite of decreased SNS tone at the adipocyte, there is an obligate lipolysis due to
insulin suppression and upregulation of hormone-sensitive lipase. Lipolysis is necessary to maintain
energy delivery to the musculature and brain in the form of liver-derived ketone bodies.

Under conditions of fasting or caloric deprivation, vagal tone is increased. Together with the fall
in T3 levels, this slows the heart rate and reduces myocardial oxygen consumption. Heightened
vagal tone also increases β-cell insulin secretion and adipose insulin sensitivity; in sum, these effects
promote increased energy fat storage (135). The effects of fasting revert once caloric sufficiency is
re-established and leptin levels rise.

Thus the adaptive/compensatory response to fasting or caloric deprivation is designed to re-establish
homeostasis and recover lost weight by inducing food intake and reducing energy expenditure; this
explains the great difficulty that most obese people have in achieving or maintaining long-term weight
loss.

LEPTIN RESISTANCE

Most obese children have high leptin levels but do not have receptor mutations, manifesting what
is commonly referred to as “leptin resistance.” Leptin resistance prevents exogenous leptin adminis-
tration from promoting weight loss (136). The response to most weight loss regimens plateaus rapidly
due to the rapid fall of peripheral leptin levels below a personal “leptin threshold” (137), which
is likely genetically determined. Leptin decline causes the VMH to sense a reduction in peripheral
energy stores. This fosters a decrease in REE to conserve energy, analogous to the starvation response
described earlier (133) but occurring at elevated leptin levels.

The cause of leptin resistance in obesity is likely multifactorial. First, leptin crosses the blood–
brain barrier via a saturable transporter, which limits the amount of leptin reaching its receptor in
the VMH (138,139). Second, activation of the leptin receptor induces intraneuronal expression of
suppressor of cytokine signaling-3 (SOCS-3), which limits leptin signal transduction (54). Finally,
hypertriglyceridemia limits access of peripheral leptin to the VMH (140) and interferes with leptin
signal transduction upstream of STAT-3, its primary second messenger (141). Thus, factors that induce
hypertriglyceridemia, such as dietary fructose and insulin resistance, tend to promote leptin resistance
(21).

Two clinical paradigms have been shown to improve leptin sensitivity. After weight loss through
caloric restriction, exogenous administration of leptin can then increase REE back to baseline and
permit further weight loss (142,143). This suggests that weight loss itself improves leptin sensitivity.
Second, suppression of insulin correlates with improvement in leptin sensitivity and promotes weight
loss (144), suggesting that hyperinsulinemia promotes leptin resistance by interfering with leptin signal
transduction in the VMH and VTA (145). Indeed, insulin reduction strategies may be effective in
promoting weight loss in obese children by improving leptin sensitivity (146). This has led to the
hypothesis that chronic hyperinsulinemia functions to block leptin signal transduction at the VMH and
VTA, which turns a negative feedback cycle into a vicious feedforward cycle (Fig. 3) (147). However,
this hypothesis remains to be proven.
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Fig. 3. The “limbic triangle.” Three areas of the CNS conspire to drive food intake and reduce physical activity, result-
ing in persistent weight gain. The ventromedial hypothalamus (VMH) transduces the leptin signal from adipocytes to
reduce energy intake and increase energy expenditure; however, hyperinsulinemia inhibits leptin signaling, promoting
the “starvation response.” The ventral tegmental area (VTA) transduces the leptin signal to reduce dopamine neuro-
transmission to the nucleus accumbens (NA) to reduce palatable food intake; however, insulin resistance and leptin
resistance increase dopamine neurotransmission and promote the “reward” of food. The amygdala transduces fear
and stress, resulting in increased cortisol, which also drives energy-rich food intake and promotes insulin resistance,
further interfering with leptin signaling at the other two CNS sites. Thus, interference with any of the negative feed-
back aspects of the “limbic triangle” transforms it into a positive feedback loop, promoting continued weight gain and
obesity. From Mietus-Snyder and Lustig (147). (Courtesy of Annual Reviews, with permission.)

SUMMARY

It is clear that childhood obesity is not just the outcome of “gluttony” and “sloth.” Rather, genetic
and environmental factors alter the neurohormonal milieu, driving the propensity for both increased
energy storage and decreased energy expenditure. When this feedback pathway is perturbed, it
becomes a feedforward pathway, with resultant weight gain and worsening leptin resistance. The bio-
chemistry of energy balance and the psychology and sociology of food intake have thereby converged
to create an obesity epidemic with serious personal and public health ramifications.
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INTRODUCTION

Obesity is increasing dramatically worldwide and is projected to affect 1.12 billion people by 2030
(1). The epidemic of obesity is attributed to recent changes in the environment (easy access to high-
energy palatable food, combined with a decreased physical activity), whereas individual differences
in obesity risk are attributed to genetic differences between individuals: the heritability of body mass
index (BMI) has been estimated to approximate 70% in adults and is even higher (77%) for younger
people raised in an increasingly obesogenic environment (2). The prevalence of obesity (defined by a
BMI ≥ 30 kg/m2) in the United States increased by 24% between 2000 and 2005; the prevalence of
morbid obesity (BMI ≥ 40 kg/m2) and super obesity (BMI ≥ 50 kg/m2) increased by 50 and 75%,
respectively, during the same period (3). These data clearly indicate that the current environment acts
as a “catalyst” to reveal subjects with higher genetic susceptibility to obesity.

Whereas the key role of heredity in obesity was established from 1986 with seminal twin studies
by Stunkard and colleagues (4), the first discovery of a gene involved in human obesity came more
recently, with the discovery of mutations in the leptin gene in 1997 (5). Since then, seven additional
genes have been linked to human monogenic obesity, illuminating the alteration of central control of
food intake as a major causative mechanism leading to obesity (Fig. 1). The recent harvest of polygenic
genes influencing obesity and corpulence has confirmed the importance of neuronal influence on food
intake regulation in body weight regulation (6). Here we review the main advances in the elucidation
of monogenic forms of human obesity and offer a specific focus on the future directions of research in
the genetic dissection of obesity single gene disorders.
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Fig. 1. The leptin–melanocortin pathway (Modified from Walley et al., Nat Rev Genet 2009, with the permission of
Nat Rev Genet). The melanocortin 4 receptor (MC4R) is highly expressed in the paraventricular nucleus (PVN) of the
hypothalamus, where it has a key role in the control of appetite. Leptin released from adipose tissue binds to leptin
receptors (LEPR) on agouti-related protein (AGRP)-producing neurons and proopiomelanocortin (POMC)-producing
neurons in the arcuate nucleus (ARC) of the hypothalamus. Leptin binding inhibits AGRP production and stimulates
the production of POMC, which undergoes post-translational modification by prohormone convertase 1/3 (PC1/3) to
generate a range of peptides, including alpha-, beta-, gamma-melanocyte-stimulating hormone (MSH). AGRP and
alpha-MSH compete for MC4R–AGRP binding suppresses MC4R activity and alpha-MSH binding stimulates MC4R
activity. Decreased receptor activity generates an orexigenic signal, whereas increased receptor activity generates an
anorexigenic signal. Signals from MC4R govern food intake through secondary effector neurons that lead to higher cor-
tical centres, a process that involves single-minded homologue 1 (SIM1), brain-derived neurotrophic factor (BDNF),
and neurotrophic tyrosine kinase receptor type 2 (NTRK2; also known as tropomyosin-related kinase B, TRKB).

MONOGENIC OBESITY CAUSED BY MUTATIONS
IN THE LEPTIN/MELANOCORTIN PATHWAY

1-Leptin and Leptin Receptor Deficiency
Leptin is a cytokine secreted by adipocytes in proportion to body’s fat content. It binds to receptors

in two different specific populations of neurons (neuropeptide Y/agouti-related peptide-expressing
neurons and proopiomelanocortin/cocaine and amphetamine-related transcript-expressing neurons) of
the arcuate nucleus of the hypothalamus. The key role of leptin and its receptor in energy metabolism
was first demonstrated by the successful positional cloning of two mouse models of obesity (the ob/ob
and db/db mice). These seminal studies were rapidly followed by the analysis of candidate genes in
obese patients, which led to the identification of pathogenic mutations in both leptin (LEP) and its
receptor (LEPR) in extreme forms of early-onset obesity (5,7).
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Thus far, 13 patients of Turkish, Pakistani, and Egyptian origin have been found to have
congenital leptin deficiency. They are all homozygous carriers of a frameshift (deltaG133) or two
missense (R105Y and N103K) mutations in the LEP gene, resulting in very low circulating leptin
levels.

The first patients with congenital leptin receptor deficiency were three sisters from a consan-
guineous Algerian pedigree who had a homozygous G→A mutation in the splice donor site of exon 16
that results in a truncated leptin receptor lacking both the transmembrane and the intracellular domains
(7). The prevalence of patients with pathogenic LEPR mutations (homozygous/compound heterozy-
gous) was 2.7% in a highly consanguineous cohort of 300 severely obese children (8). Frameshift or
nonsense mutations result in the loss of all isoforms of the leptin receptor, whereas missense mutations
affect only the extracellular domain of the receptor (8).

Subjects with congenital leptin deficiency exhibit normal weight at birth but gain weight rapidly
in the early postnatal period. Leptin deficiency is associated with marked hyperphagia, impaired
satiety, and excessive fat deposition in the trunk and limbs (5). Complete leptin deficiency is also
associated with hypothalamic hypothyroidism (low free T4 and mildly elevated serum TSH) and
hypogonadotropic hypogonadism, with delayed or absent pubertal progression. Linear growth and
serum IGF-1 are normal but final height is reduced because of the absence of a pubertal growth
spurt. Children with leptin deficiency have altered T-cell number and function and suffer high rates
of childhood morbidity and mortality from infectious disease (9).

Leptin-deficient patients can be treated with daily injections of recombinant human leptin, which
reverses the obesity and associated phenotypic abnormalities (10,11). Leptin administration dra-
matically reduces food intake through the modulation of neural activation in key striatal regions,
suggesting that the hormone acts centrally to diminish the perception of food reward and to enhance
the response to satiety signals during food consumption (12). Leptin administration is also associated
with decreased food preference for carbohydrates (13). Long-term (4 years) leptin administration also
confers sustained beneficial effects on fat mass, hyperinsulinemia, and hyperlipidemia. Appropriately
timed pubertal development and restoration of T-cell responsiveness are also observed, allowing the
withdrawal of T4 treatment (14). Leptin replacement in patients with congenital leptin deficiency is
proposed to increase grey matter concentration in the anterior cingulate gyrus, the inferior parietal
lobule, and the cerebellum (15) and to induce changes in rates of development in many neurocognitive
domains (16).

Heterozygous carriers of deleterious mutations in LEP have a partial leptin deficiency associated
with an overweight or obese phenotype (85%) (17). Peripheral leptin supplementation was shown to
induce significant weight loss in the subgroup of subjects with low levels of leptin (18), suggesting
that leptin administration may be warranted in subjects with partial leptin deficiency to reduce their
propensity to develop obesity.

Patients with congenital leptin receptor deficiency consume three times the amount of energy eaten
by controls in a test meal, and they all become severely obese during childhood (8). They present
alterations in immune function and frequent childhood infections of the respiratory tract associated
with high rates of premature death. They also manifest delayed puberty due to hypogonadotropic
hypogonadism, and some are hypothyroid (7). However, their clinical features are usually less severe
(mean BMIz +5.1) than those of subjects with congenital homozygous leptin deficiency (mean BMIz
+6.8), and hypothyroidism is less common (8). Importantly, serum leptin levels in patients with leptin
receptor mutations (36–365 ng/ml at age 4–18 years) were not significantly different than those in
comparably obese subjects with no apparent mutations of the leptin receptor (8). Interestingly, the
body fat content is higher in heterozygous carriers of LEPR mutations than in their wild-type relatives
(8). Leptin treatment is ineffective.
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2-Proopiomelanocortin (POMC) Deficiency
POMC/CART neurons are activated by leptin (Fig. 1). In contrast to CART, there is clear evidence

that POMC peptides play critical roles in feeding behaviour. POMC is processed by prohormone con-
vertases 1/3 and 2 into five biologically active proteins: adrenocorticotropic hormone (ACTH), alpha-,
beta-, and gamma-melanocyte-stimulating hormone (MSH), and beta-endorphin. Mouse models with
disruption of both alleles of the POMC gene are characterized by obesity, defective adrenal develop-
ment, and altered pigmentation (19,20). Krude and colleagues provided the first description of human
obesity associated with congenital deficiency of all POMC gene products (21). To date, six patients
carrying either homozygous or compound heterozygous POMC mutations have been reported. Patients
with complete POMC deficiency present in early life with hypoadrenalism secondary to ACTH defi-
ciency, leading to hypoglycaemia, jaundice, and in one case neonatal death associated with severe
liver cholestasis. Treatment with glucocorticoids reverses hypocortisolemia in these patients, but they
develop severe early-onset obesity associated with hyperphagia.

As a result of the lack of ligand for melanocortin 1 receptors, POMC-deficient patients of European
ancestry have pale skin and red hair (21). However, two subjects of Turkish or Algerian origin had
normal hair and skin pigmentation despite congenital POMC deficiency (22,23). Chemical analysis of
hair pigment revealed an increased production of both pheomelanin and eumelanin, but these subtle
pigmentary features were not distinguishable during a clinical examination (23). This observation is
concordant with a polygenic control of hair and skin pigmentation (24) and suggests that the molecular
screening of POMC can be considered in patients with early-onset adrenal insufficiency and obesity,
even in the presence of normal pigmentation.

A Turkish pedigree including 1 homozygous and 12 heterozygous carriers of the C6906del mutation
of POMC was recently reported (22). The mutation was predicted to lead to the loss of all POMC-
derived products. Interestingly, 11 of 12 heterozygous carriers were obese or overweight, strongly
suggesting that loss of one copy of the POMC gene predisposes to obesity (22).

Heterozygosity for a variety of mutations in the region encoding alpha-MSH (25) or beta-MSH
(26,27) is also associated with a high risk of obesity. A missense mutation (R236G) disrupting the
dibasic cleavage site between beta-MSH and beta-endorphin resulted in a fusion protein that binds
to the melanocortin 4 receptor (MC4R) but has reduced ability to activate it (28). This mutation was
fourfold more prevalent in subjects with early-onset obesity than in lean controls (28).

3-Proprotein Convertase 1 Deficiency
Prohormone convertase 1/3 (PCSK1) represents the major processing enzyme of prohormones

involved in the regulated secretory pathway. This enzyme converts prohormones (like proinsulin,
proglucagon, or pro-POMC) into functional hormones that regulate central and/or peripheral energy
metabolism. To date, three patients with monogenic forms of human obesity due to PCSK1 defi-
ciency have been described (29–31). Complete PCSK1 deficiency due to compound heterozygous
or homozygous mutations leads to early-onset obesity (29–31), hyperphagia (31), reactive hypo-
glycemia (29,30), and an increased ratio of proinsuiln to insulin (29–31). In addition, PC1/3 mutations
are associated with an enteropathy with diarrhea, suggesting that enteroendocrine cell expression
of PC1/3 is essential for the normal absorptive function of the human small intestine (30,31).
Family members who are heterozygous for PC1/3 mutations are clinically unaffected and not obese
(29–31). In contrast mice heterozygous for a PCSK1 mutation are characterized by an intermediate
phenotype (32): N222D-heterozygous mice had increased body fat content compared to wild-type
mice.



Monogenic Obesity 39

4-Melanocortin 4 Receptor Deficiency
Of the five melanocortin receptors, only the melanocortin 4 receptor has been described as pivotal

in the control of energy balance in rodents. The melanocortin 4 receptor is a seven transmembrane-
spanning α-helices protein of the class A, G-protein-coupled receptors that include rhodopsin and the
adrenergic receptors. Targeted disruption of the melanocortin-4 receptor results in an allelic dosage-
dependent obesity phenotype in mice (33).

The first cases of human obesity caused by heterozygous MC4R mutations were identified in 1998
(34,35). Since then, more than 100 mutations in the coding sequence of MC4R have been reported
to cause familial forms of obesity. The prevalence of MC4R pathogenic mutations has been reported
to be as high as 5.8% in a cohort of children with extreme obesity and consanguinity (36), but more
commonly approximates 2% in more general obesity cohorts of European origin (37,38). In contrast,
pathogenic mutations are found in only 0.1% of the European general population (39,40). Indeed, the
penetrance of obesity in heterozygous mutated individuals is not complete and non-obese mutation
carriers have been occasionally described (37,41,42). Modifying factors like gender or generational
environment have been proposed to modulate substantially the obesity phenotype associated with
partial MC4R deficiency (37,43). In contrast, homozygous or compound heterozygous pathogenic
mutations lead to an obligatory severe obesity phenotype (36,37,44). Co-dominance is therefore the
most likely pattern of inheritance in case of MC4R deficiency (36,37).

MC4R deficiency is associated with early-onset hyperphagia (often in the first year of life) and
subsequent rapid increase in fat mass during childhood (36). However, hyperphagia and body fat
accumulation are also observed in adulthood (mean BMIz homozygotes +4.8–5.0, heterozygotes
+2.8) (8,37). Body fat mass averages 42 and 50%, respectively, in heterozygotes and homozygotes.
Accelerated linear growth and tall stature are apparent within the first year of life, possibly due to
exaggerated secretion of insulin associated with early-onset severe obesity; serum IGF-1 is normal
(36). Bone density is increased approximately 1.5 SD. Serum and urinary cortisol and serum lipids are
normal and the leptin levels correlate with fat mass. Gonadotropin secretion and pubertal development
are also appropriate for age. MC4R deficiency is paradoxically associated with lower systolic and dias-
tolic blood pressure (melanocortinergic signalling modulates the control of blood pressure through an
insulin-independent mechanism) (45).

Up to 80% of pathogenic mutations in MC4R cause an intracellular retention of the abnormal
receptor, but mutations affecting only agonist/antagonist-binding affinity or even causing constitu-
tive receptor activation have also been reported (46–48). Most MC4R mutations are more likely to
result in obesity through haplo-insufficiency (47) with the exception of the D90N mutation, which has
a dominant-negative effect due to abnormal receptor dimerization (49).

MC4R-deficient obese children treated with exercise counselling and behavioural and nutritional
therapy initially lose weight but fail to maintain weight loss after discontinuation of treatment (50).
No specific treatment currently exists to reverse the MC4R deficiency-associated obesity phenotype.
Nevertheless, small-molecule MC4R agonists might provide a personalized treatment for MC4R-
deficient patients (51). Interestingly, a recent case report suggests that early diagnosis of MC4R
deficiency followed up by lifestyle intervention may prevent the development of obesity (52).

II-MONOGENIC OBESITY WITH NEUROLOGICAL FEATURES

1-Brain-Derived Neurotrophic Factor and Its Receptor TrkB
Brain-derived neurotrophic factor (BDNF) and its receptor tropomyosin-related kinase B (TrkB) are

involved in proliferation, survival, and differentiation of neurons during development and postnatal
synaptic plasticity in the central nervous system, especially in hypothalamic neurons; BDNF is



40 Meyre and Froguel

expressed at high levels in the ventromedial hypothalamus, where it is regulated by nutritional state and
MC4R signalling. Partial deficiency of BDNF or TrkB in mice increases food intake and fat deposition
(53–55). In addition, BDNF haplo-insufficiency induces abnormalities in behavioural and locomotor
activity (53,54).

Human BDNF haplo-insufficiency was first described in a 8-year-old girl who harboured a de novo
chromosomal inversion, 46,XX,inv(11)(p13p15.3), which is the region encompassing BDNF. Clinical
phenotypes included hyperphagia, severe obesity, impaired cognitive function, and hyperactivity (56).
Hyperphagia and obesity are also observed in a subgroup of patients with the WAGR syndrome (the
main clinical features are Wilms’ tumor, aniridia, genitourinary anomalies, and mental retardation).
This syndrome is due to heterozygous, variably sized deletions on chromosome 11p14.1, in the vicinity
of the BDNF gene. Han and colleagues demonstrated that 58% of the 11p heterozygous deletions they
analyzed included the BDNF gene. These caused a 50% reduction in serum BDNF concentrations. In
patients with the WAGR syndrome and BDNF deletions, 100% were obese; in contrast, the rate of
obesity was 20% in those without BDNF deletions, which corresponds to the obesity prevalence in the
United States (57). A child with severe obesity, hyperactivity, and impairments in short-term memory,
learning, and nociception was found to be a de novo carrier of a NTRK2 (the gene coding for TrkB)
missense mutation (Y722C) that markedly impaired receptor autophosphorylation and signalling to
MAP kinase (58,59).

2-Single-Minded 1 Transcription Factor
SIM1, the mammalian homologue of Drosophila sim, is a transcription factor playing a major role in

neuronal differentiation of the paraventricular nucleus of the hypothalamus, a critical brain region for
food intake regulation. Mice haplo-insufficient for Sim1 develop hyperphagia and early-onset obesity
(60). Holder and colleagues described a de novo balanced translocation disrupting SIM1 in a patient
with hyperphagia and severe obesity (61). Additional evidence of a role of SIM1 haplo-insufficiency in
human obesity was provided by the finding of rare non-synonymous SIM1 mutations in severely obese
patients (6/379) in comparison with lean subjects (0/378) (62). Patients with obesity and a Prader–
Willi-like (PWL) syndrome harbour interstitial deletions in the 6q16 region that contains SIM1gene
(63). The critical region for 6q PWL syndrome encompasses about 10 genes or gene prediction apart
from SIM1 (63), but recent data have more specifically linked SIM1 haplo-insufficiency with the PWL
syndrome (64).

III-A CONTINUUM BETWEEN MONOGENIC AND POLYGENIC OBESITY?

Up till now, eight genes (LEP, LEPR, MC4R, POMC, PCSK1, BDNF, NTRK2, and SIM1) have been
convincingly linked to human monogenic obesity. In addition, the recent wave of genome-wide asso-
ciation studies (GWAS) has increased our knowledge of the polygenic background of more common
forms of obesity (65). A striking observation from GWAS is the existence of a partially overlapping
continuum between monogenic and polygenic forms of obesity. At least five genes causing monogenic
obesity also increase the risk for polygenic obesity. They are MC4R (66,67), POMC (68), PCSK1
(69), BDNF (70), and SIM1 (71). The case of MC4R, a “three-headed” Cerberus obesity gene, is really
illustrative from this point of view. Whereas loss-of-function mutations in the MC4R gene are the
commonest cause of monogenic forms of obesity (36), the two infrequent gain-of-function V103I and
I251L coding non-synonymous polymorphisms have been associated with protection against obesity
(66). Furthermore, a SNP located 188 kb downstream of the MC4R-coding sequence has been consis-
tently associated with a modest increase in the risk for obesity (67) and an altered eating behaviour
pattern (72).
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CONCLUSIONS AND PERSPECTIVES

Candidate gene approaches based on information from obesity mouse models have shown that
defects in eight genes involved in the neuronal differentiation of the paraventricular nucleus and in
the leptin/melanocortin pathway lead to monogenic forms of early-onset severe obesity with hyper-
phagia as a key feature (Fig. 1). Elucidation of these genes delineates obesity as an inherited disorder
of central regulation of food intake (73). Recent progress in the elucidation of polygenic predisposi-
tion to obesity also points to a key role of the central nervous system in body weight regulation (65).
This is not totally surprising, since food intake-related parameters are heritable (74) and are strongly
correlated to body mass index (75).

It remains for us to establish the proportion of “random” obese patients from different ethnic back-
grounds who carry rare pathogenic mutations in these eight genes. The presence of specific features
in some of these obese subjects (such as a low level of circulating leptin despite severe obesity, a sus-
ceptibility to infections, intestinal dysfunction, reactive hypoglycaemia, red hair and pale skin, adrenal
insufficiency) can guide our approach to gene sequencing (Fig. 2).

Fig. 2. Monogenic gene screening strategies during clinical examination. Early-onset obesity and hyperphagia are
general features of monogenic obesity. Specific features can be useful to prioritize which gene can be sequenced first.

The most effective preventive strategy may be stringent restriction of food access restriction for
monogenic mutation carriers. This will require the training and active participation of the parents and
the identification of critical environmental components (physical activity, rural/urban environment,
physical activity, dietary profile, tobacco consumption, family structure, socioeconomic status, social
network, and gender) that modulate the penetrance of obesity associated with pathogenic mutations.
Beyond the eight currently known genes, the high occurrence of Mendelian patterns of inheritance
observed in multigenerational pedigrees with extreme obesity suggests that many monogenic cases
remain to be elucidated (76).
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Fig. 3. Past and ongoing strategies for the identification of novel obesity single gene disorders.

Several innovative strategies may shortly lead to a more exhaustive picture of monogenic obe-
sity (Fig. 3). High-resolution homozygosity mapping in large consanguineous pedigrees is a powerful
approach to discover novel obesity loci with a recessive mode of inheritance, as recently exemplified
in syndromic forms of obesity (77). High-throughput gene resequencing strategies are now available
with the new generation of sequencers (Illumina/Solexa Genome Analyzer, Roche SOLID) and can
be used in different situations: candidate gene approach (78) (e.g. 103 genes are associated with a
frank obesity phenotype in mouse models of obesity and represent valuable candidate genes for muta-
tion screening in extremely obese humans); genes identified from genome-wide association studies
for BMI and obesity; and resequencing in regions of homozygosity (79) or regions with evidence of
linkage in multiple independent samples (80). Exome capture and parallel sequencing strategies in
carefully selected unrelated cases and controls have proven successful for gene identification (81) and
this approach should be successfully extended in the future to pedigrees with extreme obesity and a
Mendelian pattern of inheritance. Almost 20% of the heritable variation in gene expression has been
attributed to structural variation (e.g. copy number variations) (82). Recently, a 45 kb deletion in the
NEGR1 gene region has been associated with polygenic obesity risk (83). Structural variation has been
recently linked to Mendelian disorders (84); gene-centred (e.g. the currently identified monogenic obe-
sity genes) or genome-wide studies of structural variation in pedigrees may help to identify additional
Mendelian obesity genes.

Although we are aware that the elucidation of monogenic forms of obesity is only a first step in a
better prevention and management of this epidemic disease; it should provide novel hypotheses and
bio-markers that should help us to translate to the era of genomic personalized medicine.

REFERENCES

1. Olshansky SJ, Passaro DJ, Hershow RC, et al. A potential decline in life expectancy in the United States in the 21st
century. N Engl J Med. 17 Mar 2005;352(11):1138–45.

2. Wardle J, Carnell S, Haworth CM, Plomin R. Evidence for a strong genetic influence on childhood adiposity despite the
force of the obesogenic environment. Am J Clin Nutr. Feb 2008;87(2):398–404.

3. Sturm R. Increases in morbid obesity in the USA: 2000–2005. Publ Health. Jul 2007;121(7):492–96.
4. Stunkard AJ, Foch TT, Hrubec Z. A twin study of human obesity. J Am Med Assoc. 4 Jul 1986;256(1):51–54.
5. Montague CT, Farooqi IS, Whitehead JP, et al. Congenital leptin deficiency is associated with severe early-onset obesity

in humans. Nature. 1997;387(6636):903–8.
6. Hofker M, Wijmenga C. A supersized list of obesity genes. Nat Genet. Feb 2009;41(2):139–140.
7. Clement K, Vaisse C, Lahlou N, et al. A mutation in the human leptin receptor gene causes obesity and pituitary

dysfunction. Nature. 1998;392(6674):398–401.



Monogenic Obesity 43

8. Farooqi IS, Wangensteen T, Collins S, et al. Clinical and molecular genetic spectrum of congenital deficiency of the
leptin receptor. N Engl J Med. 18 Jan 2007;356(3):237–47.

9. Ozata M, Ozdemir IC, Licinio J. Human leptin deficiency caused by a missense mutation: multiple endocrine defects,
decreased sympathetic tone, and immune system dysfunction indicate new targets for leptin action, greater central than
peripheral resistance to the effects of leptin, and spontaneous correction of leptin-mediated defects. J Clin Endocrinol
Metab. Oct 1999;84(10):3686–95.

10. Farooqi IS, Matarese G, Lord GM, et al. Beneficial effects of leptin on obesity, T cell hyporesponsiveness, and
neuroendocrine/metabolic dysfunction of human congenital leptin deficiency. J Clin Invest. Oct 2002;110(8):1093–103.

11. Licinio J, Caglayan S, Ozata M, et al. Phenotypic effects of leptin replacement on morbid obesity, diabetes mellitus,
hypogonadism, and behavior in leptin-deficient adults. Proc Natl Acad Sci USA. 30 Mar 2004;101(13):4531–36.

12. Farooqi IS, Bullmore E, Keogh J, Gillard J, O’Rahilly S, Fletcher PC. Leptin regulates striatal regions and human eating
behavior. Science. 7 Sept 2007;317(5843):1355.

13. Licinio J, Ribeiro L, Busnello JV, et al. Effects of leptin replacement on macro- and micronutrient preferences. Int J
Obes (Lond). Dec 2007;31(12):1859–63.

14. Gibson WT, Farooqi IS, Moreau M, et al. Congenital leptin deficiency due to homozygosity for the Delta133G muta-
tion: report of another case and evaluation of response to four years of leptin therapy. J Clin Endocrinol Metab. Oct
2004;89(10):4821–26.

15. Matochik JA, London ED, Yildiz BO, et al. Effect of leptin replacement on brain structure in genetically leptin-deficient
adults. J Clin Endocrinol Metab. May 2005;90(5):2851–54.

16. Paz-Filho GJ, Babikian T, Asarnow R, et al. Leptin replacement improves cognitive development. PLoS ONE.
2008;3(8):e3098.

17. Farooqi IS, Keogh JM, Kamath S, et al. Partial leptin deficiency and human adiposity. Nature. 1 Nov
2001;414(6859):34–35.

18. Heymsfield SB, Greenberg AS, Fujioka K, et al. Recombinant leptin for weight loss in obese and lean adults: a
randomized, controlled, dose-escalation trial. J Am Med Assoc. 27 Oct 1999;282(16):1568–75.

19. Yaswen L, Diehl N, Brennan MB, Hochgeschwender U. Obesity in the mouse model of pro-opiomelanocortin deficiency
responds to peripheral melanocortin. Nat Med. Sept 1999;5(9):1066–70.

20. Challis BG, Coll AP, Yeo GS, et al. Mice lacking pro-opiomelanocortin are sensitive to high-fat feeding but respond
normally to the acute anorectic effects of peptide-YY(3–36). Proc Natl Acad Sci USA. 30 Mar 2004;101(13):4695–700.

21. Krude H, Biebermann H, Luck W, Horn R, Brabant G, Gruters A. Severe early-onset obesity, adrenal insufficiency and
red hair pigmentation caused by POMC mutations in humans. Nat Genet. 1998;19(2):155–57.

22. Farooqi IS, Drop S, Clements A, et al. Heterozygosity for a POMC-null mutation and increased obesity risk in humans.
Diabetes. Sep 2006;55(9):2549–53.

23. Clement K, Dubern B, Mencarelli M, et al. Unexpected endocrine features and normal pigmentation in a young adult
patient carrying a novel homozygous mutation in the POMC gene. J Clin Endocrinol Metab. Dec 2008;93(12):4955–62.

24. Sulem P, Gudbjartsson DF, Stacey SN, et al. Two newly identified genetic determinants of pigmentation in Europeans.
Nat Genet. Jul 2008;40(7):835–37.

25. Dubern B, Lubrano-Berthelier C, Mencarelli M, et al. Mutational analysis of the pro-opiomelanocortin gene in French
obese children led to the identification of a novel deleterious heterozygous mutation located in the alpha-melanocyte
stimulating hormone domain. Pediatr Res. Feb 2008;63(2):211–16.

26. Lee YS, Challis BG, Thompson DA, et al. A POMC variant implicates beta-melanocyte-stimulating hormone in the
control of human energy balance. Cell Metab. Feb 2006;3(2):135–40.

27. Biebermann H, Castaneda TR, van Landeghem F, et al. A role for beta-melanocyte-stimulating hormone in human
body-weight regulation. Cell Metab. Feb 2006;3(2):141–46.

28. Challis BG, Pritchard LE, Creemers JW, et al. A missense mutation disrupting a dibasic prohormone processing site
in pro-opiomelanocortin (POMC) increases susceptibility to early-onset obesity through a novel molecular mechanism.
Hum Mol Genet. 15 Aug 2002;11(17):1997–2004.

29. Jackson RS, Creemers JW, Ohagi S, et al. Obesity and impaired prohormone processing associated with mutations in
the human prohormone convertase 1 gene. Nat Genet. 1997;16(3):303–6.

30. Jackson RS, Creemers JW, Farooqi IS, et al. Small-intestinal dysfunction accompanies the complex endocrinopathy of
human proprotein convertase 1 deficiency. J Clin Invest. Nov 2003;112(10):1550–60.

31. Farooqi IS, Volders K, Stanhope R, et al. Hyperphagia and early-onset obesity due to a novel homozygous missense
mutation in prohormone convertase 1/3. J Clin Endocrinol Metab. Sep 2007;92(9):3369–73.

32. Lloyd DJ, Bohan S, Gekakis N. Obesity, hyperphagia and increased metabolic efficiency in Pc1 mutant mice. Hum Mol
Genet. 1 Jun 2006;15(11):1884–93.

33. Huszar D, Lynch CA, Fairchild-Huntress V, et al. Targeted disruption of the melanocortin-4 receptor results in obesity
in mice. Cell. 10 Jan 1997;88(1):131–41.



44 Meyre and Froguel

34. Vaisse C, Clement K, Guy-Grand B, Froguel P. A frameshift mutation in human MC4R is associated with a dominant
form of obesity. Nat Genet. 1998;20(2):113–114.

35. Yeo GS, Farooqi IS, Aminian S, Halsall DJ, Stanhope RG, O’Rahilly S. A frameshift mutation in MC4R associated
with dominantly inherited human obesity. Nat Genet. Oct 1998;20(2):111–112.

36. Farooqi IS, Keogh JM, Yeo GS, Lank EJ, Cheetham T, O’Rahilly S. Clinical spectrum of obesity and mutations in the
melanocortin 4 receptor gene. N Engl J Med. 2003;348(12):1085–95.

37. Stutzmann F, Tan K, Vatin V, et al. Prevalence of melanocortin-4 receptor deficiency in Europeans and their
age-dependent penetrance in multigenerational pedigrees. Diabetes. Sep 2008;57(9):2511–18.

38. Calton MA, Ersoy BA, Zhang S, et al. Association of functionally significant Melanocortin-4 but not Melanocortin-3
receptor mutations with severe adult obesity in a large North American case-control study. Hum Mol Genet. 15 Mar
2009;18(6):1140–47.

39. Hinney A, Bettecken T, Tarnow P, et al. Prevalence, spectrum, and functional characterization of melanocortin-4 receptor
gene mutations in a representative population-based sample and obese adults from Germany. J Clin Endocrinol Metab.
May 2006;91(5):1761–69.

40. Alharbi KK, Spanakis E, Tan K, et al. Prevalence and functionality of paucimorphic and private MC4R mutations in a
large, unselected European British population, scanned by meltMADGE. Hum Mutat. Mar 2007;28(3):294–302.

41. Vaisse C, Clement K, Durand E, Hercberg S, Guy-Grand B, Froguel P. Melanocortin-4 receptor mutations are a frequent
and heterogeneous cause of morbid obesity. J Clin Invest. 2000;106(2):253–62.

42. Farooqi IS, Yeo GS, Keogh JM, et al. Dominant and recessive inheritance of morbid obesity associated with
melanocortin 4 receptor deficiency. J Clin Invest. Jul 2000;106(2):271–79.

43. Dempfle A, Hinney A, Heinzel-Gutenbrunner M, et al. Large quantitative effect of melanocortin-4 receptor gene
mutations on body mass index. J Med Genet. Oct 2004;41(10):795–800.

44. Lubrano-Berthelier C, Le Stunff C, Bougneres P, Vaisse C. A homozygous null mutation delineates the role of the
melanocortin-4 receptor in humans. J Clin Endocrinol Metab. May 2004;89(5):2028–32.

45. Greenfield JR, Miller JW, Keogh JM, et al. Modulation of blood pressure by central melanocortinergic pathways.
N Engl J Med. 1 Jan 2009;360(1):44–52.

46. Lubrano-Berthelier C, Durand E, Dubern B, et al. Intracellular retention is a common characteristic of childhood obesity-
associated MC4R mutations. Hum Mol Genet. 2003;12(2):145–53.

47. Yeo GS, Lank EJ, Farooqi IS, Keogh J, Challis BG, O’Rahilly S. Mutations in the human melanocortin-4 receptor gene
associated with severe familial obesity disrupts receptor function through multiple molecular mechanisms. Hum Mol
Genet. 1 Mar 2003;12(5):561–74.

48. Xiang Z, Litherland SA, Sorensen NB, et al. Pharmacological characterization of 40 human melanocortin-4 recep-
tor polymorphisms with the endogenous proopiomelanocortin-derived agonists and the agouti-related protein (AGRP)
antagonist. Biochemistry. 13 Jun 2006;45(23):7277–88.

49. Biebermann H, Krude H, Elsner A, Chubanov V, Gudermann T, Gruters A. Autosomal-dominant mode of inheritance
of a melanocortin-4 receptor mutation in a patient with severe early-onset obesity is due to a dominant-negative effect
caused by receptor dimerization. Diabetes. Dec 2003;52(12):2984–88.

50. Reinehr T, Hebebrand J, Friedel S, et al. Lifestyle intervention in obese children with variations in the melanocortin 4
receptor gene. Obesity (Silver Spring). Feb 2009;17(2):382–89.

51. Wikberg JE, Mutulis F. Targeting melanocortin receptors: an approach to treat weight disorders and sexual dysfunction.
Nat Rev Drug Discov. 2008;7(4):307–23.

52. Melchior C, Kiess W, Dittrich K, Schulz A, Schoneberg T, Korner A. Slim despite a genetic predisposition for obesity–
influence of environmental factors as chance? A case report. Dtsch Med Wochenschr. May 2009;134(20):1047–50.

53. Lyons WE, Mamounas LA, Ricaurte GA, et al. Brain-derived neurotrophic factor-deficient mice develop aggres-
siveness and hyperphagia in conjunction with brain serotonergic abnormalities. Proc Natl Acad Sci USA. 21 Dec
1999;96(26):15239–44.

54. Kernie SG, Liebl DJ, Parada LF. BDNF regulates eating behavior and locomotor activity in mice. EMBO J. 15 Mar
2000;19(6):1290–300.

55. Xu B, Goulding EH, Zang K, et al. Brain-derived neurotrophic factor regulates energy balance downstream of
melanocortin-4 receptor. Nat Neurosci. Jul 2003;6(7):736–42.

56. Gray J, Yeo GS, Cox JJ, et al. Hyperphagia, severe obesity, impaired cognitive function, and hyperactivity asso-
ciated with functional loss of one copy of the brain-derived neurotrophic factor (BDNF) gene. Diabetes. Dec
2006;55(12):3366–71.

57. Han JC, Liu QR, Jones M, et al. Brain-derived neurotrophic factor and obesity in the WAGR syndrome. N Engl J Med.
28 Aug 2008;359(9):918–27.

58. Yeo GS, Connie Hung CC, Rochford J, et al. A de novo mutation affecting human TrkB associated with severe obesity
and developmental delay. Nat Neurosci. Nov 2004;7(11):1187–89.



Monogenic Obesity 45

59. Gray J, Yeo G, Hung C, et al. Functional characterization of human NTRK2 mutations identified in patients with severe
early-onset obesity. Int J Obes (Lond). Feb 2007;31(2):359–64.

60. Michaud JL, Boucher F, Melnyk A, et al. Sim1 haploinsufficiency causes hyperphagia, obesity and reduction of the
paraventricular nucleus of the hypothalamus. Hum Mol Genet. 2001;10(14):1465–73.

61. Holder JL Jr, Butte NF, Zinn AR. Profound obesity associated with a balanced translocation that disrupts the SIM1 gene.
Hum Mol Genet. 2000;9(1):101–8.

62. Ahituv N, Kavaslar N, Schackwitz W, et al. Medical sequencing at the extremes of human body mass. Am J Hum Genet.
Apr 2007;80(4):779–91.

63. Bonaglia MC, Ciccone R, Gimelli G, et al. Detailed phenotype-genotype study in five patients with chromosome 6q16
deletion: narrowing the critical region for Prader-Willi-like phenotype. Eur J Hum Genet. Dec 2008;16(12):1443–49.

64. Stutzmann F, Ghoussaini M, Couturier C, et al. Haplo-insufficiency of the SIM1 gene is related with Mendelian obesity
and a Prader-Willi-like syndrome. EASD Meeting, Vienna, Austria, September 29–October 2. 2009.

65. Walley AJ, Asher JE, Froguel P. The genetic contribution to non-syndromic human obesity. Nat Rev Genet. Jul
2009;10(7):431–42.

66. Stutzmann F, Vatin V, Cauchi S, et al. Non-synonymous polymorphisms in melanocortin-4 receptor protect against
obesity: the two facets of a Janus obesity gene. Hum Mol Genet. 1 Aug 2007;16(15):1837–44.

67. Loos RJ, Lindgren CM, Li S, et al. Common variants near MC4R are associated with fat mass, weight and risk of
obesity. Nat Genet. Jun 2008;40(6):768–75.

68. Baker M, Gaukrodger N, Mayosi BM, et al. Association between common polymorphisms of the proopiomelanocortin
gene and body fat distribution: a family study. Diabetes. Aug 2005;54(8):2492–96.

69. Benzinou M, Creemers JW, Choquet H, et al. Common nonsynonymous variants in PCSK1 confer risk of obesity. Nat
Genet. Aug 2008;40(8):943–45.

70. Thorleifsson G, Walters GB, Gudbjartsson DF, et al. Genome-wide association yields new sequence variants at seven
loci that associate with measures of obesity. Nat Genet. Jan 2009;41(1):18–24.

71. Traurig M, Mack J, Hanson RL, et al. Common variation in SIM1 is reproducibly associated with BMI in Pima Indians.
Diabetes. Jul 2009;58(7):1682–89.

72. Stutzmann F, Cauchi S, Durand E, et al. Common genetic variation near MC4R is associated with eating behaviour
patterns in European populations. Int J Obes (Lond). 2009;33(3):373–78. Epub 2009 Jan 20.

73. O’Rahilly S, Farooqi IS. Human obesity as a heritable disorder of the central control of energy balance. Int J Obes
(Lond). Dec 2008;32(Suppl 7):S55–S61.

74. Wardle J, Carnell S. Appetite is a Heritable Phenotype Associated with Adiposity. Ann Behav Med. 2009;Epub 3 Sept
2009.

75. Fricker J, Fumeron F, Clair D, Apfelbaum M. A positive correlation between energy intake and body mass index in a
population of 1312 overweight subjects. Int J Obes. 1989;13(5):673–81.

76. Stone S, Abkevich V, Hunt SC, et al. A major predisposition locus for severe obesity, at 4p15-p14. Am J Hum Genet.
2002;70:1459–68.

77. Harville HM, Held S, Diaz-Font A, et al. Identification of 11 Novel Mutations in 8 BBS Genes by High-Resolution
Homozygosity Mapping. J Med Genet. Apr 2010;47(4):262–7.

78. Nejentsev S, Walker N, Riches D, Egholm M, Todd JA. Rare variants of IFIH1, a gene implicated in antiviral responses,
protect against type 1 diabetes. Science. 17 Apr 2009;324(5925):387–89.

79. Reversade B, Escande-Beillard N, Dimopoulou A, et al. Mutations in PYCR1 cause cutis laxa with progeroid features.
Nat Genet. Sep 2009;41(9):1016–21.

80. Kremer H, Cremers FP. Positional cloning of deafness genes. Methods Mol Biol. 2009;493:215–38.
81. Ng SB, Buckingham KJ, Lee C, et al. Exome sequencing identifies the cause of a Mendelian disorder. Nat Genet.

2010;42(1):30–35. Epub 13 Nov 2009.
82. Stranger BE, Forrest MS, Dunning M, et al. Relative impact of nucleotide and copy number variation on gene expression

phenotypes. Science. 9 Feb 2007;315(5813):848–53.
83. Willer CJ, Speliotes EK, Loos RJ, et al. Six new loci associated with body mass index highlight a neuronal influence on

body weight regulation. Nat Genet. Jan 2009;41(1):25–34.
84. Balikova I, Martens K, Melotte C, et al. Autosomal-dominant microtia linked to five tandem copies of a copy-number-

variable region at chromosome 4p16. Am J Hum Genet. Jan 2008;82(1):181–87.



4 Syndromic Obesity

Andrea M. Haqq

CONTENTS

OVERVIEW

PRADER–WILLI SYNDROME (PWS)
ALBRIGHT HEREDITARY OSTEODYSTROPHY

BARDET–BIEDEL SYNDROME (BBS)
ALSTROM SYNDROME (AS)
SIM1 DELETION SYNDROME

BDNF AND TROPOMYOSIN-RELATED KINASE B
CONCLUSIONS

ACKNOWLEDGMENTS

REFERENCES

Key Words: Prader–Willi Syndrome, Albright’s hereditary osteodystrophy (AHO), Bardet–Biedl,
Alstrom, SIM1, BDNF

OVERVIEW

It is well established that genetic mutations or chromosomal abnormalities can lead to obesity.
The term “syndromic obesity” is used to describe obese children and adults with mental retardation,
dysmorphic features, organ-specific abnormalities, hyperphagia, and/or other signs of hypothalamic
dysfunction (1,2). Obesity syndromes may be inherited in either an autosomal or an X-linked pattern.

This chapter focuses on two of the most common obesity syndromes, Prader–Willi syndrome
and Albright hereditary osteodystrophy, and highlights other obesity syndromes (Bardet–Biedl and
Alstrom syndrome) whose pathogenesis has now been linked to dysfunction of the primary cilium.
Finally, focus is given to three genes, SIM1, BDNF, and TRKB, all implicated in the development and
neuronal plasticity of hypothalamic neurons (see Table 1).

PRADER–WILLI SYNDROME (PWS)

Overview: Prader–Willi syndrome (PWS) was originally described by Andrea Prader, Alexis
Labhart, and Heinrich Willi in 1956 (3). It is one of the most commonly recognized genetic obesity
syndromes (4).
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Incidence: PWS occurs in both sexes and all races with a frequency of approximately 1 in 10,000
to 1 in 15,000 live births (4).

Clinical Features: A characteristic facial appearance is noted in PWS, including narrow bifrontal
diameter, almond-shaped palpebral fissures, and down-turned mouth with a thin upper lip. Small,
narrow hands with a straight ulnar border and tapering fingers and short, broad feet are typical in
Caucasians with this disorder (4). One-third of patients with PWS are also fairer (lighter skin, hair,
and eye color) than other members of their family. Newborns with PWS have hypotonia, poor suck,
decreased arousal, and failure to thrive and often require tube feedings for several weeks to months.
This period is followed by progressive obesity by 1–6 years of age, insatiable appetite, short stature
secondary to deficient growth hormone (GH) secretion, further delayed motor and cognitive devel-
opment, behavioral difficulties, and sleep disturbances. A recent report showed that as many as 60%
of PWS patients have an insufficient ACTH response to metyrapone, consistent with central adrenal
insufficiency (5). Autonomic nervous system dysfunction is thought to be responsible for these indi-
viduals’ thick, viscous saliva, high pain threshold, skin picking, and high threshold for vomiting (6).
Additional common features include strabismus and scoliosis and/or kyphosis.

Etiology: PWS is due to lack of expression of paternally derived genes on chromosome 15q11-q13
(7). The genes within this region of the chromosome are imprinted: imprinted genes are modified by
methylation or histone acetylation in different ways depending on the gender of the parent from whom
they were inherited. The majority of PWS cases (∼70%) are due to deletions spanning 4–4.5 Mb of
the paternal 15q11-q13. The next most common cause of PWS is maternal uniparental disomy (UPD)
(20–30%), which is due to maternal meiotic nondisjunction followed by mitotic loss of a single
paternal chromosome 15 postzygotically. PWS caused by deletions or UPD does not recur in sibs.
Additionally, two types of imprinting defects occur in ∼5% of cases; in one case there is a sub-
microscopic deletion of a genetic element called the imprinting center (IC): in the other case, there
is an abnormal imprint but no detectable mutation (8,9). There is an up to 50% risk of recurrence in
these latter cases and prenatal diagnosis may be possible. In general, those individuals with UPD or
IC defects have a milder phenotype than those with deletions (4).

The exact gene(s) responsible for PWS is not known. However, the SNURF-SNRPN gene is one
major candidate gene that may play a role in causing PWS. This gene locus is very complex, span-
ning ∼465 kb and consisting of >148 exons, which can undergo alternative splicing (10). Several
additional paternally expressed imprinted genes have been identified in 15q11-q13 including NDN
(encoding NECDIN protein) and MAGEL2 and MKRN3 (Makorin 3) (11–13). Recently, additional
genes and transcripts have been identified in this region, but their involvement in the etiology of PWS is
unknown. Except for the function of NDN in neural differentiation and survival, the function of these
genes is poorly understood. One recent report describes gene expression studies of a novel translo-
cation t(4;15)(q27;q11.2) associated with Prader–Willi syndrome and concludes that the snoRNA,
PWCR1/HBII-85, may be the cause of PWS in this individual (14). The function of known snoRNAs
is to guide 2′-O-ribose methylation of mainly ribosomal RNA; however, this novel imprinted snoRNA
has no known target. It is postulated that snoRNAs might be involved in the posttranscriptional
regulation of a gene responsible for PWS.

Diagnostic Considerations: A diagnosis of PWS should be considered in infants with hypotonia
and failure to thrive at birth and developmental delays, mild cognitive impairment, early childhood-
onset obesity, hypogonadism with genital hypoplasia, short stature, and behavior disorders in early
childhood. All three forms of PWS are detected by methylation analysis. If the methylation pattern is
abnormal (signifying one parent of origin), then fluorescence in situ hybridization (FISH) can be used
to confirm a deletion and/or microsatellite probes may be used to verify maternal UPD. Note that high-
resolution chromosome analysis alone is insufficient because false positives and false negatives have
occurred with this method without FISH. Finally, an abnormal methylation pattern in the presence
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of normal FISH and uniparental disomy studies suggests an imprinting center mutation. Analysis for
mutations in the imprinting center can be performed in a few select research laboratories on a research
basis only.

Treatment and Future Research: The use of growth hormone (GH) in PWS is now FDA approved.
GH treatment of PWS infants and children has been shown in randomized trials to exert favor-
able effects on growth, body mass index, body composition, and motor and cognitive development
(15–17). Growth velocity is increased in childhood and final height augmented (18). GH reduces fat
mass, increases lean body mass and bone mineral density, and increases resting energy expenditure
(REE), with improved fatty acid oxidation (18–23). Improvements in physical strength, respiratory
muscle hypotonia, and peripheral chemoreceptor sensitivity to carbon dioxide have also been reported
(18,19,23). One study has also reported a trend toward improvement in overall sleep quality, including
reduction in the number of hypopnea and apnea events with administration of GH (23). Further studies
investigating the optimal dosage of growth hormone and use of growth hormone in children and adults
with PWS are needed.

Controversy continues about whether growth hormone treatment causes an excess of mortality
beyond that expected from PWS alone. There have been a total of approximately 28 cases of sud-
den death in PWS children undergoing treatment with GH (24,25). These sudden deaths have been
concentrated in young children with a history of respiratory obstruction/infection or severe obesity
(26–28) and have occurred early in the course of GH therapy. The exact cause of these sudden deaths
has not been determined. Possibilities include impaired ventilatory responsiveness to hypercapnea and
hypoxia, increased lymphoid tissue or tonsillar hyperplasia, and adrenal insufficiency. Alternatively,
there is no true increased mortality above the baseline expected from the PWS diagnosis alone. Indeed,
other studies suggest that GH increases ventilation responsiveness to carbon dioxide and improves
sleep quality in children with PWS (23). Until studies definitively address these issues, a pre-treatment
airway and sleep evaluation is recommended prior to, and possibly during, GH therapy. Finally, GH
treatment should be initiated by experienced centers and the dose of GH adjusted to maintain insulin-
like growth factor-I (IGF-I) levels in the normal range. Children receiving GH therapy should be
monitored for potential side effects including glucose intolerance and worsening scoliosis.

Recent advances in the pathogenesis of PWS (detailed later) will foster the development of new
therapeutic approaches for the control of hyperphagia and weight gain in this disorder.

1. Children and adults with PWS have high fasting and post-prandial levels of total ghrelin, an orexigenic
peptide produced in the stomach. In contrast, total ghrelin levels are suppressed in children and adults
with “exogenous” obesity or with obesity caused by mutations in leptin or the melanocortin-4 receptor
(29–31). Young PWS infants, who have not yet developed hyperphagia or obesity, have median fast-
ing total ghrelin levels similar to age- and sex-matched controls. However, a subset (33%) of young
PWS is already hyperghrelinemic (32). The high circulating concentrations of ghrelin may be criti-
cal for the pathogenesis of weight gain in PWS because ghrelin stimulates appetite and weight gain
in rodents and human adults. Octreotide treatment in children with PWS has been shown to decrease
fasting ghrelin concentrations, but does not alter body weight (33–35). Octreotide, however, is a non-
specific inhibitor of ghrelin and, therefore, might have affected levels of additional weight-regulating
neuropeptides. It will be important to develop future strategies that employ specific ghrelin antagonists,
leading to sustained ghrelin suppression and weight loss in this population.

2. PWS individuals demonstrate abnormal partitioning of body fat and lean mass. Whole-body magnetic
resonance imaging (MRI) has found PWS adults to have a greater fat mass relative to fat-free mass,
but significantly less visceral adiposity compared to controls (36,37). Our group has also demonstrated
higher total and high molecular weight adiponectin concentrations and increased ratios of HMW/total
adiponectin and higher insulin sensitivity in PWS children compared to BMI-matched controls (38).
The lack of visceral fat and the relative hyperadiponectinemia may protect PWS individuals against
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metabolic complications of obesity such as insulin resistance, type 2 diabetes, and hypertriglyceridemia
(36). Future studies are needed to understand the abnormalities which lead to abnormal partitioning of
body fat in PWS and its metabolic consequences.

3. Several features of PWS including abnormal temperature regulation, altered sleep control (excessive
daytime somnolence and a primary abnormality of the circadian rhythm of rapid eye movement sleep),
increased pain tolerance, decreased salivation and hypopigmentation suggest abnormalities in the auto-
nomic nervous system (ANS). However, the evidence for ANS dysfunction is inconclusive. One study
reported diminished parasympathetic nervous system function based on findings of higher resting pulse
rates and lesser increases in diastolic blood pressure upon standing (6). However, when controlling for
body mass index (BMI), other studies report no differences in ANS function (control of heart rate and
blood pressure) in PWS subjects (39). Interestingly, necdin-null mice have abnormal outgrowth of sym-
pathetic neurons predominantly from the superior cervical ganglion (the most rostral of the paravertebral
sympathetic ganglions innervating the pupil, lacrimal and salivary glands, and cerebrum). Therefore,
future studies examining the autonomic system in PWS will likely lead to further understanding of the
autonomic nervous system’s contribution to the control of energy homeostasis in PWS.

4. Finally, some preliminary evidence also points to alterations in fatty acid and branched chain amino acid
metabolism in individuals with PWS (Haqq, unpublished). Future studies are needed to explore the roles
of specific metabolites in the pathogenesis of obesity and insulin resistance in PWS.

ALBRIGHT HEREDITARY OSTEODYSTROPHY

Overview: Albright’s hereditary osteodystrophy (AHO) was first described in 1942 in a child with
short stocky build, round face, short metacarpals and metatarsals, and numerous areas of soft tissue
calcification. These patients were hypocalcemic and hyperphosphatemic despite high serum levels of
parathyroid hormone (PTH), and there was no calcemic or phosphaturic response after administration
of parathyroid extract (40). Thus, the disorder is associated with (variable) resistance of target organs
(bone and kidney) to the actions of PTH (psuedohypoparathyroidism).

Incidence: The incidence of AHO is approximately 1:20,000 individuals.
Clinical Features: Subjects with pseudohypoparathyroidism type 1a (PHP type 1a) have a gener-

alized form of hormonal resistance (resistance to PTH, thyroid stimulating hormone (TSH), growth
hormone-releasing hormone, and gonadotropins) and a constellation of developmental defects that is
referred to as AHO. This AHO phenotype includes short stature, round face, obesity, brachydactyly,
and subcutaneous calcification. In some individuals, dental and sensorineural abnormalities have also
been reported. Primary hypothyroidism (due to TSH resistance), GH deficiency (secondary to GHRH
resistance), and hypogonadism (due to gonadotropin resistance) are common (41). Hypocalcemia asso-
ciated with PTH resistance can in some cases lead to nervous excitability, cramps, tetany, hyperreflexia,
convulsions, and tetanic crisis. Some individuals with AHO are normocalcemic and lack hormone
resistance; these cases are termed pseudo-pseudohypoparathyroidism (42). Both isolated AHO and
PHP type 1a can occur in the same family and are due to a functional tissue deficiency of Gsα.
Generalized obesity develops in 50–65% of AHO patients (43). The etiology of the obesity is not
clear; however, it is possible that loss of signaling from various G-protein-coupled receptors such as
the melanocortin 4 receptor might lead to hyperphagia.

Etiology: Heterozygous inactivating mutations in the GNAS1 gene on chromosome 20q13.3 form
the basis for Gsα deficiency of patients with AHO, an autosomal dominant disorder (44). The GNAS1
gene consists of 13 exons and 3 alternate initial exons with different promoters allowing for formation
of 4 different isoforms via alternative splicing (45). Some mutations result in impaired expression of
Gsα mRNA, while others result in dysfunctional Gsα proteins. Several lines of evidence suggest that
genomic imprinting of GNAS1 explains the variable phenotypes that occur with identical GNAS1 gene
defects. First, PHP type Ia and pseudo-PHP frequently occur in the same family, but not in the same
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generation. Second, nearly all cases of maternal transmission of Gsα deficiency lead to PHP type 1a,
whereas paternal transmission of the same mutation leads to pseudo-PHP (46,47); this suggests that
variable AHO phenotypes originate from differential tissue-specific genomic imprinting.

Diagnostic Considerations: A diagnosis of AHO should be considered in an individual with func-
tional hypoparathyroidism (hypocalcemia and hyperphosphatemia) and increased PTH concentrations
or in those with clinical features of AHO such as obesity, round face, brachydactyly, or mental retar-
dation. Hypomagnesemia and vitamin D deficiency should be ruled out as these states can mimic the
biochemical features of AHO. Synthetic PTH (1–34) peptide is available and various protocols exist for
diagnosis of AHO based on intravenous infusion of PTH and measurement of resulting urine cAMP,
phosphorus, and creatinine concentrations. GNAS1 gene analysis is also available through various
commercial laboratories.

Treatment and Future Research: Treatment with oral calcium supplements and 1,25-
dihydroxyvitamin D is needed to normalize calcium, phosphate, and PTH levels and thereby prevent
hyperparathyroid bone disease. Blood chemistries and urine calcium excretion should be monitored at
least yearly to avoid hypercalciuria. Although a number of defects in GNAS1 are responsible for AHO,
the molecular mechanisms underlying hormone resistance and imprinting defects remain incompletely
understood. Further characterization of novel GNAS1 defects will likely further our knowledge of
this disorder, and additional characterization of the obese phenotype of AHO will likely aid in our
understanding of the molecular mechanisms of body weight regulation.

BARDET–BIEDEL SYNDROME (BBS)

Overview: Four affected siblings with retinal dystrophy, obesity, and cognitive impairment were
first described in 1866 by Laurence and Moon. The three males in this cohort also had small external
genitalia and an abnormal gait (48). A similar phenotype including polydactyly was then described by
Bardet and Biedl (49,50).

Incidence: BBS is rare; the prevalence ranges from 1 in 125,000–160,000 in Europe (51,52) to 1 in
13,500 in the Bedouin of Kuwait (53) and 1 in 17,500 in Newfoundland, Canada (54).

Clinical Features: BBS is characterized by five primary features including progressive rod–cone
dystrophy (93% prevalence), obesity (72%), post-axial polydactyly (extra digits) (69%), primary
hypogonadism (98%), and genitourinary tract malformations and progressive renal dysfunction (24%).
Additional secondary features include cognitive impairment (50%), speech delay (54%), behavior
abnormalities (33%), hearing loss (21%), ataxia/imbalance (40%), type 2 diabetes (6%), and, occa-
sionally, congenital heart disease (7%) (54,55). Polycystic kidney disease and complications of obesity
(type 2 diabetes, hypertension, and hypercholesterolemia) are the leading causes of premature death
in BBS (55). The obesity of BBS manifests as rapid progressive weight gain and hyperphagia in the
first year of life and has been associated with reduced physical activity compared to obese controls; no
differences in resting metabolic rate or body composition are reported (56).

Etiology: BBS is a genetically heterogeneous condition inherited in a recessive manner. Little evi-
dence of genotype–phenotype correlation is observed. In 2003, Ansley and colleagues were the first
to propose that BBS was caused by a defect at the basal body of ciliated cells (57). Thus far, 12
genes have been implicated in the etiology of BBS (55). BBS 1, 2, 4, 5, 6, and 8 localize to the basal
body and pericentriolar region; BBS 6, 10, and 12 are likely chaperones that facilitate protein folding
and account for one-third of cases. BBS 3 (a member of the Ras superfamily of small GTP-binding
proteins) and BBS 11 (an E3 ubiquitin ligase) encode known proteins (58–65) (see Table 1). BBS is
probably caused by a defect in primary cilia and the intraflagellar transport (IFT) process. Although
not proven, the renal abnormalities seen in BBS are thought to be secondary to disordered cilia func-
tion. This is supported by features of the oakridge polycystic kidney disease mouse mutant (orpkd)
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which exhibits dilated proximal tubules and cysts and has short and malformed cilia (66); the mutation
in this mouse maps to a gene encoding polaris, a protein required for assembly of renal cilia. Ciliary
defects in hypothalamic neurons may impair trafficking of leptin receptors and thereby reduce leptin
signal transduction; in theory, this would facilitate the development of obesity in BBS (67).

Diagnostic Considerations: The diagnosis of BBS is often delayed until visual deterioration man-
ifests; night blindness typically emerges around 8 years of age, followed by loss of peripheral vision
and blindness by 15 years of age (55). Renal disease remains a major cause of mortality in BBS.
Additionally, an excess of early-onset renal cell carcinomas in obligate carriers of BBS mutations
suggests that BBS patients need to be carefully monitored for development of malignancies (68).
The majority of adults have obesity complicated by hypertension, type 2 diabetes mellitus, and
dyslipidemia.

Treatment and Future Research: Chronic renal dialysis or transplantation is the only successful
mode of managing renal disease in most patients. Further studies examining long-term outcomes after
renal transplantation are needed. The precise role of BBS proteins in renal pathogenesis also needs to
be further delineated. Additionally, the cilium is now understood to control many key developmental
signaling cascades. For example, defects in ciliogenesis have now been implicated in effects on Sonic
Hedgehog (Shh) signaling (69). Further studies that lead to understanding of possible defective Shh
signaling in the limb bud of BBS patients as a cause of their polydactyly are also needed. The etiology
of the disordered satiety and obesity seen in BBS is not fully understood at this time. It is possible that
BBS proteins function in ciliated hypothalamic neurons that integrate nutrient information to control
energy homeostasis. In support of this theory, Davenport and colleagues recently showed that deletion
of cilia from pro-opiomelanocortin (POMC)-expressing hypothalamic neurons led to obesity in mice
(70). It is important to identify these key defective pathways in BBS so that more effective therapeutic
alternatives can be offered to patients in the future.

ALSTROM SYNDROME (AS)

Overview: Alstrom syndrome (AS), a rare autosomal recessive multiorgan disorder, was first
described in 1959 (71).

Incidence: AS has an estimated prevalence of <1:100,000 (72). Approximately 450 cases have been
described since first reported (73).

Clinical Features: AS exhibits much phenotypic variability, even within families. Some character-
istic features include progressive rod–cone dystrophy beginning in infancy and leading to juvenile
blindness (90% by age 16 years), sensorineural hearing loss (89%; mean age of 5 years), early-
onset childhood obesity (nearly 100%), and adult short stature (due to early rapid growth and early
fusion of growth plates) (74). Most patients have normal intelligence, although delayed fine and gross
motor and language development is described in some (73). Endocrinologic manifestations include
hyperinsulinemia (92%) and acanthosis nigricans (68%), diabetes mellitus (median age of onset of
16 years; 82%), hypertriglyceridemia (nearly 100%), infertility (hypergonadotropic hypogonadism;
77%), increased androgen production and hirsutism in females, primary hypothyroidism, growth hor-
mone deficiency, and bone-skeletal abnormalities (73,74). In younger patients, mortality is primarily
due to cardiac failure secondary to dilated cardiomyopathy (72). In older subjects, renal failure is the
most common cause of death (73). Fibrosis in multiple organs has been reported.

Etiology: The ALMS1 gene on chromosome 2p13 was identified by two independent research
groups in 2002. ALMS1 encodes a 4,169 amino acid protein which includes a large 47 amino acid
tandem-repeat domain (75,76). The function of the ALMS protein remains unknown. However, it is
expressed ubiquitously throughout all organ tissues and is thought to be involved in the function of
centrosomes or basal bodies (77). In support of this theory, ALMS1 knockout mice recapitulate many
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features of the human syndrome including obesity, hyperinsulinemia, hypogonadism, retinal degener-
ation, and renal dysfunction and demonstrate abnormal ciliary structure; this phenotype is rescued by
a prematurely truncated N-terminal fragment of ALMS1 (77,78). To date, approximately 80 different
ALMS1 mutations, located primarily in exons 8, 10, and 16, have been implicated in AS (79). The
majority of mutations described are nonsense or frameshift abnormalities that are predicted to cause
premature protein truncation; studies to date suggest no strong genotype–phenotype correlation (79).

Diagnostic Considerations: Diagnosis can be challenging in young children as many of the charac-
teristic clinical features (type 2 diabetes mellitus and hepatic, pulmonary, and renal dysfunction) do not
manifest until the teenage years. Alstrom syndrome is often confused with other diagnoses early on.
For example, photophobia in infancy might be misclassified as Leber congenital amaurosis or achro-
matopsia, and childhood obesity and type 2 DM often lead to an incorrect diagnosis of Bardet–Biedl
syndrome (BBS). The presence of dilated cardiomyopathy, early hearing loss, and absence of digit
abnormalities are often helpful in distinguishing between BBS and Alstrom syndrome. A diagnosis of
Alstrom syndrome is proven when two ALMS1 mutations (one from each parent) are identified in a
patient. However, lack of genetic confirmation does not exclude this diagnosis and repeated clinical
monitoring of these individuals is recommended.

Treatment and Future Research: Currently there is no treatment that will cure Alstrom syndrome or
delay or reverse the progression of disease. Management of photophobia in young children with red-
tinted glasses is helpful to alleviate distress with bright lights. Total vision loss should be anticipated
and early development of Braille or other non-visual language skills is very important. Monitoring
of cardiac function with echocardiography is essential in all patients; treatment with angiotensin-
converting enzyme (ACE) inhibitors is indicated in those with cardiomyopathy. Weight management
and exercise are important in managing the metabolic disorders in AS. Many patients eventually
require insulin sensitizers (metformin and/or thiazolidinediones) or insulin therapy. Hormonal replace-
ment with thyroxine and/or testosterone is useful when indicated. The benefits and risks of use of
growth hormone therapy in AS are not fully understood at this time; thus, GH treatment is still con-
sidered investigational. Further elucidation of the function of ALMS1 will provide insight into the
pathogenesis of AS and other common forms of obesity, diabetes, and retinal disease.

SIM1 DELETION SYNDROME

Overview: Human SIM1 (Single-minded) deletion syndrome caused by a de novo balanced translo-
cation between chromosomes 1p22.1 and 6q16.2 in a young girl with early-onset obesity, hyperphagia,
and increased linear growth was first described by Holder and colleagues in 2000 (80).

Incidence: Five individuals with SIM1 deletion syndrome have been reported in the literature.
Clinical Features: Subjects with SIM1 deletions exhibit features in common with Prader–Willi

syndrome including hypotonia, obesity, hyperphagia, developmental delay, almond-shaped eyes,
strabismus, thin upper lip, hypogonadism, and short extremities. However, patients with SIM1 dele-
tions may have additional findings including increased linear growth and cardiac (bicuspid aortic
valve, aortic stenosis, right branch block) and neurological abnormalities (polygyria, leukomalacia,
Arnold–Chiari malformation, seizures, and hearing loss).

Etiology: SIM1 is a mammalian homolog of the Drosophila transcription factor, Single-minded,
a member of the basic helix-loop-helix period aryl hydrocarbon receptor family of proteins.
Homozygous deletion of Drosophila Single-minded results in failure of formation of midline central
nervous system structures (81). The majority of patients with SIM1 deletion syndrome have a 6q16.2
deletion. In 2000, Holder et al. described a patient with profound obesity with a balanced translocation
between chromosomes 1p22.1 and 6q16.2 which disrupted the SIM1 gene (82). A mouse model of het-
erozygous SIM1 deletion also exhibits early-onset obesity with hyperphagia, increased linear growth,
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hyperinsulinemia, hyperleptinemia, normal energy expenditure, and a decreased number of neurons
in the paraventricular nucleus (PVN) (83). Further studies now show that the Sim1 gene is expressed
in the supraoptic (SON) and paraventricular nuclei (PVN) of the hypothalamus, both important areas
involved in the regulation of body weight (84). More recent studies show that SIM1 is required for
terminal differentiation of the neurons in the PVN and SON nuclei of the hypothalamus and suggest
that SIM1 might function downstream of the melanocortin-4 receptor to control energy balance (85).

Diagnostic Considerations: Deletion of the 6q16.2 region and SIM1 gene deletion should be sought
in patients who exhibit Prader–Willi syndrome-like features, but have a normal cytogenetic study of
the 15q11-q12 region.

Treatment and Future Research: Several genome-wide scans in various populations have shown
strong linkage of loci on chromosome 6q with obesity and type 2 diabetes-related traits (86,87). One
association study with common single-nucleotide polymorphisms (SNPs) in the SIM1 gene was per-
formed in two population-based cohorts, and mutations in SIM1 were not commonly found in these
individuals with early-onset obesity; an association between P352T/A371V haplotype and BMI in
males and in females homozygous for the P352T/A371V haplotype was found (88). However, fur-
ther studies to examine the relationship between common variants of SIM1 and body weight gain are
needed.

BDNF AND TROPOMYOSIN-RELATED KINASE B

Overview: An 8-year-old girl with severe early-onset obesity, hyperactivity, impaired cognition,
memory, and nociception due to haploinsufficiency of brain-derived neurotrophic factor (BDNF) was
described in 2006 (89). This child had a de novo chromosomal inversion 46, XX, inv(11)(p13p15.3),
a region encompassing the BDNF gene, and reduced serum concentrations of BDNF. Another report
described an obese, hyperphagic tall child with impairment in memory, cognition, and nociception
with a heterozygous missense mutation in the neurotrophin receptor TrkB, the receptor of BDNF
(90). Interestingly, among persons with Wilms’ tumor, aniridia, genitourinary anomalies, and men-
tal retardation (WAGR) syndrome, BDNF haploinsufficiency is associated with lower serum BDNF
concentrations and childhood-onset obesity (91).

Incidence: Mutations in BDNF and TrkB are rare genetic causes of human obesity.
Clinical Features: BDNF or TrkB haploinsufficiency leads to hyperphagia, morbid obesity, and a

complex neurobehavioral phenotype including impaired cognition, memory, and nociception.
Etiology: Acting through its receptor, tropomyosin-related kinase B (TrkB), BDNF regulates the

development, differentiation, and survival of neurons (92). BDNF is implicated in energy homeostasis;
BDNF expression is reduced by fasting, and BDNF administration causes weight loss in wild-type
mice via reduction in food intake (93). BDNF haploinsufficiency in mice leads to hyperphagia and
obesity and has been implicated in memory and various behavioral abnormalities (94).

Diagnostic Considerations: BDNF or TrkB deficiency should be considered in individuals with
early-onset morbid obesity and hyperphagia.

Treatment and Future Research: There is some evidence that BDNF-expressing neurons might lie
downstream of melanocortin 4 (MC4) neuronal pathways, since BDNF mRNA levels are reduced in
the ventromedial hypothalamus of MC4R knockout mice and levels are restored by administration of
an MC4R agonist, MT-II (93). Further research should elucidate the role of BDNF and its receptor,
TrkB, in regulation of energy balance in humans. Data by Pelleymounter and colleagues provide evi-
dence that BDNF might induce appetite suppression and weight loss via increases in hypothalamic
5-HIAA/5-HT (95). It is possible that BDNF influences energy balance via effects on development
of the hypothalamus or through modulation of synaptic plasticity in hypothalamic feeding circuits.
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Understanding BDNF and TrkB’s role in regulation of body weight will likely lead to novel therapeutic
approaches for the treatment of human obesity.

CONCLUSIONS

Currently the obesity associated with these syndromes is managed by caloric restriction. The genet-
ics involved in these syndromes is complex and multiple genes within a pathway can lead to the
same clinical phenotype. In order to develop future effective and innovative obesity treatments, it
will be imperative to further unravel the molecular defects leading to these various syndromic obese
conditions.
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Editor’s Comment
• One condition that can be confused with other syndromes associated with early-onset obesity (see

also Chapter 3 by Meyre and Froguel) is the so-called ROHHAD or ROHHADNET syndrome
(Ize-Ludlow et al., 2007; Bougneres et al., 2008). It is a complex multisystem disorder associated
with rapid onset of hyperphagia and obesity at 1.5–4.3 years of age and progressive accumulation
of fat in the face, trunk, and breasts. Interestingly, height velocity declines, suggesting a diag-
nosis of Cushing’s syndrome. Yet there is neither plethora nor striae and the diurnal rhythm of
plasma cortisol, the 24 h urine free cortisol levels, and the response to high-dose dexamethasone
are normal. Plasma IGF-1 levels are low in some patients, and there is variable hyperprolactine-
mia and TSH dysregulation. Leptin levels are comparable to those of age-matched children with
similar BMI. Gonadotropin levels are low and puberty is delayed or absent. Hypernatremia with-
out classic diabetes insipidus occurs in one-half of subjects. Major associated problems include
developmental delay, seizures, autonomic dysregulation (temperature instability, papillary dysfunc-
tion, and GI dysmotility), and central hypoventilation, which may lead to cardiopulmonary arrest.
Ganglioneuromas of the adrenal and posterior mediastinum develop in at least one-half of patients;
urine catecholamines, VMA, HVA, and plasma adrenal steroid levels are normal, and resection of
the tumors in two patients caused no change in phenotype or biochemical parameters. The etiol-
ogy of the ROHHAD syndrome is unclear. Phox 2 mutations in patients with congenital central
hypoventilation and hypothalamic dysfunction may be associated with neural tumors but not with
obesity.

Bougnéres P, Pantalone L, Linglart A, Rothenbühler A, Le Stunff C. Endocrine manifestations of the rapid-onset obe-
sity with hypoventilation, hypothalamic, autonomic dysregulation, and neural tumor syndrome in childhood. J Clin
Endocrinol Metab. 2008 Oct;93(10):3971–80. Epub 2008 Jul 15.

Ize-Ludlow D, Gray JA, Sperling MA, Berry-Kravis EM, Milunsky JM, Farooqi IS, Rand CM, Weese-Mayer DE.
Rapid-onset obesity with hypothalamic dysfunction, hypoventilation, and autonomic dysregulation presenting in
childhood. Pediatrics. 2007 Jul;120(1):e179–88.
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INTRODUCTION

A small number of major genes for human obesity have been identified by molecular genetic
analyses; the responsible mutations are rare and are therefore only of minor clinical importance. The
genetic mechanisms involved in the predisposition to obesity in most affected people are more likely
polygenic (1,2); detection of the first such polygenes has just recently been initiated. Each single
polygene makes only a small contribution, in the magnitude of a few hundred grams or less, to the
development of obesity. A number of such predisposing gene variants (alleles) should be found in
most obese subjects; however, the same alleles would, although at a lower frequency, also be found
in normal weight and even lean individuals. Evidently, these alleles can only be identified and vali-
dated as obesity risk alleles by statistical analyses (2). Currently, combined genome-wide association
(GWAS) analyses on more than 100,000 population-based individuals are under way. Functional in
vitro and in vivo studies will ensue and lead to a better understanding of the molecular genetic mech-
anisms involved in body weight regulation. Prevention and therapeutic approaches will presumably
benefit from this knowledge.
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POLYGENES FOR BODY WEIGHT

The term polygene is used for a gene known to harbor inter-individual sequence variation and to
account for a fraction of the variation of a specific quantitative trait. Each polygene contains one
allele predisposing to higher and the other to lower body weight. It is presumed that more than 100
polygenes play a role in body weight regulation. Based on the thrifty genotype hypothesis (3), those
alleles that predispose to a higher body weight are hypothesized to be more common than alleles giving
rise to lower body weight. This is because, in evolutionary terms, it was important to both survive
and reproduce during periods of food scarcity; as a consequence, mutations enabling a more efficient
storage of energy became common in both animals and humans. Obesity is the result of the interaction
of several or many of these polygenic variants and their combined interaction with environmental
factors. Inter-individual heterogeneity is most likely pronounced and implies that the specific set of
polygenes predisposing to obesity in any one individual is unlikely to be the same in another randomly
selected obese subject (1).

In contrast to most of the initially detected genetic influences on obesity, which are conferred
by a single gene with either a recessive or a dominant mode of inheritance, polygenic effects are
small. Polygenic obesity can only ensue if an individual harbors many such variants and lives in an
obesogenic environment. Associations between genetic variants and obesity could have implications
for diagnosis and risk prediction, prevention, and treatment. So far, 17 gene variants with small but
replicable effects on body weight have been identified and validated (4).

CANDIDATE GENE ANALYSIS AND GENOME-WIDE APPROACHES

Two major approaches have been used for the detection of genes involved in body weight regulation.
Candidate gene analyses: Genes considered “candidates” for BMI variance are analyzed because

prior research (biochemical, physiological, and/or clinical) implicates their roles in central or periph-
eral pathways controlling energy intake and expenditure. Pharmacological findings or the location of
a gene within a linkage region can also entail its classification as a candidate gene. A large number
of association studies for obesity involving cases and controls or, less frequently, families comprising
one or more affected children and both parents have been performed. For a limited number of genes,
meta-analyses are available.

Genome-wide approaches: Genome-wide linkage studies aim to identify chromosomal regions har-
boring one (or more) genes relevant for the respective phenotype. For candidate gene analyses, those
regions underlying linkage peaks are narrowed down by fine mapping. Over 40 microsatellite-based
genome-wide linkage scans have been performed for obesity. As in other complex disorders, the suc-
cess of linkage studies has been very limited. Interestingly, the region on chromosome 16 harboring
the currently most relevant polygene, the ‘fat mass and obesity-associated’ gene (FTO), proved to
be the strongest but nevertheless nonsignificant signal in a meta-analysis of 37 genome-wide linkage
studies comprising data on more than 31,000 individuals from over 10,000 families (5). This most
likely indicates that the effect sizes of genes influencing obesity are small and additionally suggests
substantial genetic heterogeneity and variable dependence on environmental factors.

Genome-wide association studies (GWAS) have far greater power to detect polygenes (6). Current
advances in DNA chip technology have made high-density single nucleotide polymorphism (SNP)-
based GWAS feasible and led recently to the identification of a number of confirmed genes for different
disorders (http://www.genome.gov/26525384). Within a brief period of time, they have revolutionized
the molecular genetic analyses of complex disorders.
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MELANOCORTIN-4 RECEPTOR GENE (MC4R)

The melanocortin-4 receptor gene (MC4R) has been a focus of intense investigation in obesity
research. Reduced melanocortinergic tone leads to obesity. More than 130 different infrequent non-
synonymous, nonsense, and frameshift MC4R mutations have been described thus far; most of these
mutations were identified in (extremely) obese individuals (7–11). In vitro assays showed that most
of these mutations lead to total or partial loss of MCR4 function. Among extremely obese individuals,
combined frequencies for all functionally relevant mutations range from 2 to 5%.

Interestingly, MC4R can also be considered a polygene. The minor alleles of two MC4R polymor-
phisms (Val103Ile, Ile251Leu) are negatively associated with obesity (12–15). Large study groups had
to be screened to detect these polymorphisms because they are relatively uncommon and have small
effect sizes.

Val103Ile polymorphism. Heterozygosity for the 103Ile variant (Val103Ile) of MC4R is found in
2–9% of people (12). A family-based association test (TDT; (16)) in 520 trios (ascertained via a young
obese offspring) revealed a reduced transmission of the Ile103 variant. A subsequent meta-analysis,
comprising a total of 7,713 individuals (3,631 obese cases and 4,082 controls), confirmed the negative
association of the Ile103 variant with obesity (odds ratio 0.69; 95% confidence interval 0.59–0.99).
An effect estimate of –0.48 kg/m2 was calculated for Ile103 carriers, which is approximately equiv-
alent to a reduction of 1.5 kg in a 1.8 m tall individual (12). The negative association of 103Ile with
obesity was subsequently confirmed in a single large epidemiological study group of approximately
8,000 individuals (13). Recently, two additional meta-analyses, encompassing a total of up to 29,563
individuals, also have confirmed the initial finding (15).

A recent study showed that the Ile103 polymorphism increased the response to agouti-related pep-
tide, which impairs melanocortin signaling and increases food intake, and reduced the response to
proopiomelanocortin-derived agonists, which increase melanocortin signaling and reduce food intake
(17). Hence, the polymorphism is associated with increased MC4R function, which could explain its
weight-reducing effect.

Ile251Leu polymorphism. Heterozygosity for the Ile251Leu variant of MC4R is found in 0.41–
1.21% of people. Its contribution to obesity was analyzed in 16,797 individuals of European origin.
In eight of nine studies, a consistent negative association of the 251Leu variant with both childhood
and adult extreme obesity (odds ratios 0.25–0.76) was detected; the variant was also associated with
reduced BMI in population-based samples. A meta-analysis provided strong evidence of the obesity
protective effect of MC4R-251Leu (odds ratio 0.52) (14).

rs17782313 downstream of MC4R. Recently, a large-scale international cooperation encompassing
DNA samples of over 90,000 individuals detected a SNP in the vicinity of the MC4R by a genome-
wide association study (GWAS; (18)). Initially, GWAS data from seven studies (a total of 16,876
Europeans) have been analyzed jointly. The second strongest association signal, after FTO (see below),
mapped 188 kb downstream of the MC4R (rs17782313). The location of rs17782313 suggests that
its effect on weight regulation may be mediated through effects on MC4R expression and may be
exerted in concert with variations in FTO (18). The association result was confirmed in an additional
60,352 adults and 5,988 children and 660 nuclear German families encompassing one or more obese
offspring and both parents. Among the adults, each copy of the rs17782313 obesity risk allele (C)
was associated with a difference in BMI of ∼0.22 kg/m2. A copy of the allele resulted in 8 and
12% increased risks for overweight and obesity, respectively. Interestingly, a copy of the C-allele also
resulted in a higher mean height (0.21 cm), suggesting that this SNP (or the functionally relevant
SNP(s) in linkage disequilibrium) influences overall adult size.

The association of the rs17782313 SNP with obesity was recently confirmed in a GWAS comprising
a total of more than 150,000 individuals (see (4)). Interestingly, genotyping of nearly 6,000 children
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of the Avon Longitudinal Study of Children and Parents revealed that the effect of the C-allele was not
detectable in children prior to age 7. However, in children aged 7–11, the effect size of a copy of the
C-allele was twice the amount observed in adults; no effect was observed for body height. The effect
on weight was disproportionately due to fat mass.

INSULIN-INDUCED GENE 2 (INSIG2)

A total of 694 individuals from 288 families of the Framingham Heart Study were screened by
a dense, whole-genome scan (100k Affymetrix). In both children and adults, homozygosity for a
common SNP (rs7566605) in the vicinity of the insulin-induced gene 2 (INSIG2) was found to be
associated with obesity. Confirmation of the initial finding was shown in four of five separate sam-
ples comprising individuals of Western European ancestry, African-Americans, and German children
and adolescents, respectively. Approximately 10% of the subjects harbored the CC-genotype that,
according to this study, predisposes to obesity (19).

Several attempts to replicate the INSIG2 finding have been or are currently being undertaken. Both
confirmations (20) and negative findings (21–23) have been reported. Currently, data are being com-
piled for a large-scale meta-analysis, which in the near future will help to determine if INSIG2 is an
obesity polygene. However, INSIG2 was not detected in any of the GWAS for obesity or body weight
regulation either from large population-based samples or meta-analyses or in case–control approaches
on individuals at the extremes of the body weight distribution (24–26).

FAT MASS AND OBESITY-ASSOCIATED GENE (FTO)

FTO was first identified in GWAS for type 2 diabetes mellitus (T2DM; (27,28)). By adjustment for
BMI, Frayling et al. (27) found that its association with T2DM was actually due to the higher BMI of
diabetic cases in comparison to non-diabetic controls. Confirmation of the BMI effect was obtained
in 13 study groups comprising 38,759 adults. A meta-analysis showed that the A-allele of the variant
rs9939609 (intron 1 of FTO) was associated with a 31% increased risk for developing obesity. The
16% of adults who were homozygous for the risk allele weighed on average about 3 kg more and had
a 1.67-fold increased odds for obesity when compared to individuals without risk allele.

Variations in FTO were also detected in the first GWAS for early-onset obesity, which was per-
formed in 487 extremely obese German children and adolescents and 442 lean controls (case–control
study). Because only individuals at the opposite ends of the BMI distribution were included, this
study was well powered to detect obesity polygenes despite the comparatively small sample size.
Six intronic SNPs in FTO showed the strongest evidence for association with obesity (best SNP:
rs1121980, odds ratios for obesity for heterozygosity and homozygosity for the T-allele were 1.67
and 2.76, respectively; (29)). Eleven SNPs (including two FTO SNPs) were subsequently genotyped
in 644 independent obesity families based on at least one young obese index patient. The association
with early-onset obesity was confirmed only for the two FTO SNPs (rs9939609 and rs1121980).

FTO rs9939609 was genotyped in a total of 17,508 middle-aged Danes. Again, the A-allele was
associated with overweight and obesity. Obesity-related quantitative traits such as body weight, waist
circumference, fat mass, and fasting serum leptin levels were significantly increased in A-allele carri-
ers. There was an interaction between the FTO rs9939609 genotype and physical activity; physically
inactive homozygous risk A-allele carriers had an increased BMI (1.95±0.3 kg/m2) compared with
homozygotes for the T-allele. Low physical activity thus seemingly accentuates the effect of FTO
rs9939609 on body fat accumulation (30).

The obesity risk variant of FTO at rs8050136 was associated with a reduced insulin effect on beta
activity measured by magnetoencephalography, which implicates a lower cerebrocortical response to
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insulin. Since the FTO gene is expressed in hypothalamic centers controlling appetite (see below),
this might be a mechanism by which variation in FTO contributes to the pathogenesis of obesity (31).
Wåhlén et al. (32) suggested that FTO may also play a role in fat cell lipolysis, providing a functional
link to body weight regulation.

Detailed computational analysis of the sequence and predicted structure of the protein encoded by
FTO has been performed. Human FTO is apparently a member of the non-heme dioxygenase (Fe(II)-
and 2-oxoglutarate-dependent dioxygenases) superfamily (33,34). Both 2-oxoglutarate and iron should
therefore be important for FTO function (34).

Very recently, the first individuals with a non-synonymous mutation (Arg316Gln) leading to
inactivation of FTO were described (35). The subjects were members of a large Palestinian Arab con-
sanguineous multiplex family. All affected individuals had postnatal growth retardation, microcephaly,
severe psychomotor delay, functional brain deficits, and characteristic facial dysmorphic features.
Structural brain malformations, cardiac defects, genital anomalies, and cleft palate were described in
some of the affected individuals. Death occurred at 1–30 months of age; it was caused by intercurrent
infection or unidentified causes.

The mutation in this family localizes to an evolutionarily conserved region of FTO and leads to
inactivation of its enzymatic activity. Functional data further implied that FTO is essential for normal
development of the cardiovascular and central nervous systems in humans. Detailed anthropometric
data were unfortunately not available on unaffected family members. However, none of the heterozy-
gous parents were obese; nor did they show any of the clinical features detectable in homozygotes.
It was speculated that carriers of loss-of-function mutations in FTO might be relatively resistant to
develop obesity (35).

A series of studies evaluated the functional role of FTO. Recombinant murine Fto cat-
alyzes the Fe(II)- and 2OG-dependent demethylation of 3-methylthymine in single-stranded DNA.
Concomitantly succinate, formaldehyde, and carbon dioxide are produced. Fto localizes to the nucleus
in transfected cells, which is consistent with a potential role in nucleic acid demethylation. In wild-
type mice, Fto mRNA is most abundant in the brain, particularly in hypothalamic nuclei governing
energy balance. In fasted mice Fto mRNA levels in the arcuate nucleus were reduced by approxi-
mately 60%. Future studies will identify the physiologically relevant FTO substrates and determine
how nucleic acid methylation status is linked to an elevated fat mass (33). Recently it was shown
that complete (homozygous knockout) loss of Fto in mice leads to postnatal growth retardation and a
significant reduction in adipose tissue and lean body mass. The leanness of Fto-deficient mice results
from increased energy expenditure and systemic sympathetic activation despite decreased spontaneous
locomotor activity and relative hyperphagia. Fto expression in heterozygous Fto± mice was reduced;
this led to reduced weight gain after 12 weeks. These observations suggest that the effects of Fto on
energy homeostasis are mediated, at least in part, through the control of energy expenditure (36).

In summary, complete Fto disruption leads to growth failure, with reductions in adipose tissue
and lean body mass. These effects appear to be mediated, at least in part, through central-dependent
increases in energy expenditure. Heterozygosity for FTO mutations may protect against obesity. The
association of obesity with intronic polymorphisms in FTO suggests that the polymorphisms may
increase FTO activity.

MORE POLYGENES IDENTIFIED IN RECENT GENOME-WIDE
ASSOCIATION STUDIES

In 2009 three groups reported novel obesity genes with small effect sizes (24–26); more than
150,000 individuals were analyzed in total.
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A meta-analysis of 15 GWAS for body weight regulation (n = 32,387) was performed by the
Genetic Investigation of ANthropometric Traits (GIANT) consortium based on approximately 2.4
million genotyped or imputed SNPs. The top 35 signals were followed up in 14 additional cohorts
(n = 59,082). A strong confirmation was detected for FTO and MC4R. Additionally, six novel loci
were identified near or within the following candidate genes: TMEM18 (transmembrane protein 18),
KCTD15 (potassium channel tetramerization domain), GNPDA2 (glucosamine-6-phosphate deami-
nase 2), SH2B1 (SH2B adaptor protein 1), MTCH2 (mitochondrial carrier 2), and NEGR1 (neuronal
growth regulator 1; a 45 kb deletion copy number variation is the candidate variant). Several of these
presumptive ‘obesity’ genes are highly expressed and/or known to play a role in the function of the
central nervous system. The effect of the variants on BMI ranged from 0.06 to 0.33 kg/m2 per allele,
which corresponds to 173–954 g of weight per allele in adults who measure ∼170 cm in height.
Together, the six newly discovered loci account for 0.40%, and in combination with FTO and MC4R
a total of 0.84%, of BMI variance in otherwise normal individuals. The combined impact of these loci
on BMI was also estimated: Individuals with 13 or more obesity predisposing alleles across eight loci
were on average 1.46 kg/m2 (equivalent to 3.7–4.7 kg for an adult 160–180 cm in height) heavier than
individuals with less than 3 of these alleles (24).

Another GWAS was performed in 25,344 Icelandic, 2,998 Dutch, 1,890 European American, and
1,160 African-American subjects and combined with results published by the Diabetes Genetics
Initiative (DGI) based on 3,024 Scandinavians. A total of 19 regions comprising 43 variants were
selected for follow-up in 5,586 Danish individuals. The results were compared with results of the
obesity GWAS of the GIANT consortium (see above; (24)). In 11 chromosomal regions a total of
29 variants reached a genome-wide significance threshold of p < 1.6 × 10–7. In addition to vari-
ants at seven loci that had previously not been associated with obesity, both FTO and MC4R were
reconfirmed; furthermore, the two obesity candidate genes BDNF and SH2B1 were reidentified (25).

The third GWAS on 1,380 Europeans with early-onset or late-onset morbid obesity and 1,416 age-
matched normal weight controls revealed 38 markers showing strong association. These were further
evaluated in 14,186 European subjects (26). In addition to FTO and MC4R, significant association
with obesity was detected for three new risk loci within the endosomal/lysosomal Niemann–Pick C1
gene (NPC1), near the transcription factor c-MAF gene (MAF) and near the phosphotriesterase-related
gene (PTER). Additionally, candidate genes were analyzed in the GWAS data set. Interestingly, the
association with Val103Ile of the MC4R was, among other genes, confirmed. Most of these results
were replicated in independent approaches (37,38).

CONCLUSIONS AND PERSPECTIVES

Initially, molecular genetic studies led to the identification of a small number of major genes for
human obesity. The relevant mutations have a profound influence on the development of excess body
weight, but they are rare and therefore only of minor clinical importance. The majority of confirmed
genes involved in the predisposition to obesity are of polygenic nature. The contribution of any single
polygene to the development of obesity is small; detection and confirmation of such variants require
screening of thousands of individuals.

In 2007 a variation in exon 1 of FTO was shown to be associated with obesity. Within a short period
of time it became evident that FTO represents a major polygene in populations of European, African,
and Asian descent. Clinical and experimental observations confirm its importance in energy homeosta-
sis. Sixteen other polygenes for body weight regulation have been reported. The 103Ile variant (minor
allele) of the MC4R is of interest as it confers protection from obesity. Other MCR4 variants also con-
tribute to obesity risk. Thus, genetic variation of genes expressed in the CNS plays a prominent role in
BMI variation. This is not surprising, given the role of the brain in behavior and energy balance.
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If genetic variation accounts for 50–70% of the variance in human BMI, we have far to go; only
1–2% of BMI variance is explained by the currently known polygenes. Realistically, we might assume
that the currently detected variants represent the tip of the iceberg; effect sizes of variants detected in
the future may be even smaller. Obviously, sample sizes have to be very large to detect these signals
and to confirm them independently. If BMI heritability results from the effect of hundreds of alleles,
many of which account for less than 50 g, we would have substantial genetic heterogeneity among
obese individuals. Assuming this scenario, simplistic ideas of genotype–phenotype correlations would
have to be dismissed.

In light of the low BMI variance explained by the polygenes detected in recent GWAS, we can spec-
ulate that infrequent alleles with stronger effect sizes, not readily detected in GWAS, may explain a
larger part of the variance of BMI. Another disconcerting idea pertains to genotype–environment inter-
actions. These may be rather specific, based on the genotype of an individual. While formal genetic
studies have taught us that non-additive factors play a prominent role in BMI heritability estimates, the
currently known variants seemingly act in an additive manner only. Future analysis of genetic factors
involved in body weight regulation will substantiate our understanding of the mechanisms leading to
obesity and hopefully lead to improved therapeutic approaches.
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Editor’s Questions and Authors’ Response
• BMI heritability appears to result from the effects of hundreds of alleles with small effects, and

there is substantial genetic heterogeneity among obese individuals. Moreover, recent inves-
tigations suggest that epigenetic effects on a number of imprinted genes are likely to play
important roles in disease risk (Kong et al., 2009). Given this complexity of regulation, is it
likely that future genetic analysis of parents or young people will be able to predict reliably
the risk of childhood or adult obesity?

• The predictive value of the detected obesity alleles varies between monogenic gene and polygenic
effects. The effect sizes (and thus the explained part of the respective individual’s body weight) are
in the magnitude of 30–50 kg or more for the monogenic forms. The polygenic variants increase
the body weight just by a few hundred grams to 1–2 kg. Hence, the predictive value of these genetic
variants is quite different. If a lot of these variants are indeed detected in the future, prediction will
potentially become feasible. However, we are currently far from being able to do so because the
BMI variance that can be explained currently by polygenic variants is only about 1–2%. Thus, a lot
of variance remains to be detected in order to explain the heritability estimates in the range of 0.5.

• More to the point, would a straightforward but detailed family history provide as much or
more predictive power?

• The answer currently is yes (see above). However, the analysis of a family history cannot give hints
to the involvement of specific genetic mechanisms. Hence, genetic tests could provide much more
detailed data pertaining to pathways predisposing to obesity within the analyzed family. Currently,
obese children and adolescents are in some cases being screened for MC4R mutations. We assume
that the obesity of such individuals is largely due to their respective mutation.
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INTRODUCTION

Race and ethnicity are terms used to categorize populations on the basis of shared characteristics.
Race is traditionally used to categorize populations on the basis of shared biological characteristics
such as skin color, other observable features, and the genetic determinants of such differences (1).
Ethnicity is used to categorize individuals on the basis of cultural characteristics such as shared lan-
guage, ancestry, religious traditions, dietary preferences, and history. Although ethnic groups can share
a range of phenotypic characteristics due to shared ancestry, the term is typically used to highlight cul-
tural and social characteristics instead of biological ones (1). Both race and ethnicity are frequently
used interchangeably and are constantly evolving concepts, especially in the United States, making
the task of comparing groups or following the same group over time quite challenging. There is an
emerging number of Americans who describe their race as “mixed” or “other,” and there are changes
in ethnic self-identification across generations. Such emerging patterns make it difficult to assign
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individuals to invariant categories of race or ethnicity. Nevertheless, we continue to use the terms
race and ethnicity because there is social importance given to these constructs, and because such clas-
sifications have revealed important biological differences in disease predisposition and complications
as well as inequalities in access to health care (1).

Obesity is a worldwide problem affecting all ethnic and social groups; however, there are important
racial differences in the prevalence as well as the health complications of obesity. Although child-
hood obesity is increasing in all ethnic and racial groups, there is a disproportionate rise among black
Americans and Hispanic/Mexican Americans. The reasons are complex, involving interactions among
genetic, biological, cultural, socioeconomic, environmental, and other influences (1,2). This chapter
will focus primarily on the biological differences between black and white children in risk of obesity
and its complications.

OBESITY AND RACE

Data from the National Health and Nutrition Examination Survey (NHANES) demonstrate that the
prevalence of overweight in American youth has increased in all age and racial groups during each
of the survey periods during the past 20 years. Between 1999 and 2004, the prevalence of “at risk of
overweight” (BMI ≥ 85th percentile) or “overweight” (BMI ≥ 95th percentile) in youth ages 12–19
years has increased from 30 to 34.4% and 14.8 to 17.4%, respectively (3). However, the increases in
childhood overweight were considerably greater in non-Hispanic blacks (13.4–23.6%) and Mexican
Americans (13.8–23.4%) than in American whites; 25% of black girls (12–19 years) are now over-
weight compared with 15% of white girls of similar age (3). The trends are similar in younger children
and adults. On the other hand, among a sample of preschool children drawn from 20 large US cities,
the prevalence of obesity was 25.8% among Hispanics, 16.2% among blacks, and 14.8% among whites
(4). These differences were not explained by racial/ethnic differences in socioeconomic indicators.

The National Heart, Lung, and Blood Institute Growth and Health Study shows that the racial diver-
gence in adiposity begins during adolescence and relates temporally to puberty, with the prevalence
increasing in blacks during pubertal maturation (5). Although the mechanisms responsible for these
differences are not fully understood, environmental factors such as high energy intake (6), low-physical
activity level (7), and sedentary behavior (e.g., increased television watching) have been reported in
black vs. white girls. However, in adult women, racial differences in the prevalence of obesity persist
after accounting for these environmental factors (8), suggesting that inherent metabolic/physiological
differences exist between the two racial groups (9). Thus, unmodifiable and modifiable risk fac-
tors, together or independent of each other, could explain the racial disparity in obesity. Among
the former would be genetic/biological/inherent factors predisposing to obesity, involving appetite
regulation, energy expenditure, and metabolic alterations; among the latter would be environmen-
tal/behavioral/sociocultural factors conducive to a positive energy balance. While the former may not
be amenable to therapy until such time that specific genetic alterations and their mechanism of action
are identified and lead to specific pharmacogenomic therapies, the latter could be targeted to correct
the racial disparity in childhood obesity and its consequences.

RACE AND GENETIC/BIOLOGICAL DIFFERENTIAL IN RISK OF OBESITY

Race, Obesity, and Genetics
Human adiposity is highly heritable, but only a few of the genes that predispose to obesity in most

humans are known (see the chapters in Part III). Less well understood are race-specific genes that
could modulate the risk of obesity in any group. Because the prevalence of higher obesity rates in
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minority populations persists even after adjusting for socioeconomic factors, genetic factors have been
implicated to explain some of the differences.

To identify genetic loci influencing BMI, a pooled analysis of genome-wide admixture mapping
scans was performed in 15,280 African-American adults from 14 epidemiologic studies (10). After
adjusting for age, sex, and study, BMI was analyzed both as a dichotomized and a continuous trait.
The results revealed that a higher percentage of European ancestry correlated with lower BMI. In
addition, in obese individuals there were two loci with increased African ancestry on chromosome X
(Xq13.1 and Xq25) and one locus with increased European ancestry on chromosome 5 (5q13.3).

The 5q13.3 and Xq25 regions both contain genes that are known to be involved in appetite regu-
lation; thus it is possible that genetic differences in the hormonal regulation of appetite and energy
intake play a role in race-related differences in obesity. Ghrelin is a “hunger” peptide whose levels
increase before meals and decrease postprandially (11). Conversely, peptide YY (PYY) is a “satiety”
hormone that is low preprandially and increases after meals (11). Therefore, impaired regulation of
ghrelin and PYY might lead to impaired hunger and/or satiety. We demonstrated that suppression of
ghrelin following an oral glucose load was attenuated in black children relative to whites. Additionally,
PYY levels were lower in blacks (11). Thus, lesser suppression of ghrelin and lower levels of PYY
after a meal could in theory promote subsequent food intake and thereby contribute to the higher risk
of obesity in black youth. However, there are no epidemiological data or well-controlled studies that
demonstrate differences in food intake between black and white children.

Other hormones and peptides likely contribute to obesity risk. A genome-wide association study in
a racially and ethnically diverse sample of 24,722 adults from four cohorts observed no variation in
the frequencies of the three insulin-induced gene 2 (INSIG2) single nucleotide polymorphism (SNP)
genotypes between white, Hispanic, and black American obese adults and non-obese individuals (12).
Association analysis of the FTO gene with obesity in children of Caucasian and African ancestry
revealed a common tagging SNP with some differences in allele frequencies (13). In contrast, an
association between obesity and a SNP of the MC4R locus in European American children was not
found in African-American obese youth (14). Thus, much work remains to be done to identify potential
genetic differences which could explain the higher rates of obesity in minority children.

RACE, OBESITY, AND BIOLOGY

Hyperinsulinemia/Insulin Resistance
There are convincing epidemiological data that black children are hyperinsulinemic compared with

their white peers. The Bogalusa Heart Study was the first to show that black children, 5–17-years-
old, have higher insulin responses than their white counterparts during an oral glucose tolerance test
(OGTT) (15). In another study, the higher insulin levels in black children remained significant after
controlling for adiposity differences (16). In well-controlled patient-oriented research in which healthy
black and white children were matched for age, puberty, total and visceral adiposity, and physical
fitness (variables that impact insulin sensitivity and secretion), black children were found to have
∼20% lower in vivo insulin sensitivity (17). This was accompanied by ∼150% higher first-phase
insulin secretion in blacks, which was over and beyond the expected compensatory response to lower
insulin sensitivity (Fig. 1).

Using genetic admixture analysis, others demonstrated that these differences in insulin sensitivity
and secretion could be explained both on genetic and environmental bases (19). In favor of the former
is the observation that low adiponectin levels in black vs. white children may be a biological marker
that predisposes them to a greater risk of insulin resistance (18). Adiponectin is an adipocytokine
that is exclusively expressed and secreted from adipose tissue. Its levels are low in obesity, states of
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Fig. 1. (a) Insulin concentrations during a 2-h hyperglycemic clamp (225 mg/dl). (b) In vivo insulin sensitivity mea-
sured during a 40 mU/m2/min hyperinsulinemic-euglycemic clamp. (c) Adiponectin levels, in black (B) and white (W)
youth. Adapted with permission (17,18).

insulin resistance, type 2 diabetes, and cardiovascular disease. The antidiabetogenic and antiathero-
genic properties of adiponectin are evident early in life because hypoadiponectinemia is a strong and
independent correlate of insulin resistance and β-cell dysfunction in youth. The low adiponectin level
in black youth is independent of visceral adiposity. Moreover, the race-related difference in insulin
sensitivity disappears after controlling for the lower adiponectin levels in blacks.

Lifestyle differences in dietary habits may also contribute to racial differences in insulin sensitivity.
High-fat diets have been implicated in the pathogenesis of insulin resistance in adults. Correlation
analysis reveals an inverse relationship between the higher fat/carbohydrate ratio in the diets of black
children and insulin sensitivity (17). Black children are reported to have high-fat intake in some but not
all studies (20). Low levels of physical activity and physical fitness might also play roles. However, in
one study, neither physical activity nor fitness could explain the racial difference in insulin sensitivity
(21).

Even when black and white youth are matched for degree of insulin sensitivity, insulin levels and
insulin secretion are higher in blacks (22). Although the mechanisms responsible for the up-regulation
of β-cell function in black youth are unknown, potential causes include dietary/lifestyle factors, genetic
differences, and inherent differences in neuronal and/or metabolic signaling for insulin secretion.
Increased dietary fat relative to carbohydrate was found to correlate positively with first-phase insulin
levels in children (17). On the other hand, genetic admixture was independently related to acute insulin
response to glucose, indicating that hyperinsulinemia in black youth may have a genetic basis (19).
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Thus, much work remains to be done to decipher the underlying causes for race-related differences in
insulinemia.

Lipid Metabolism
Irrespective of what causes the hyperinsulinemia in black youth, it is plausible that it plays a role in

the increased risk of obesity in blacks. Hyperinsulinemia inhibits lipolysis and leads over time to pro-
gressive fat accretion under conditions of excess energy intake or diminished physical activity. Indeed,
the rate of whole body lipolysis, measured by [2H5]glycerol stable isotope, was 40% lower in black vs.
white healthy prepubertal children (Fig. 2) (23). This may constitute an early metabolic phenotype in
blacks that may mediate fat trapping and susceptibility to obesity in a specific environmental context
of energy excess. Thus, both genetics and environment together may play a pathophysiological role in
the excess risk of development of obesity in blacks.

Fig. 2. Rates of total body lipolysis in black (B) and white (W) boys and girls. Adapted with permission (23).
Copyright 2001, The Endocrine Society.

Debate continues in the literature as to whether or not hyperinsulinemia is a consequence or cause
of obesity. In 1962, the so-called thrifty genotype hypothesis was proposed by Neel (24). Fundamental
to this theory is the hypothesis that hyperinsulinemia precedes obesity, with a differential in insulin
action on glucose vs. fat metabolism (23); the antilipolytic effect of insulin is increased and mobiliza-
tion of stored fat is inhibited, leading to lipid storage. In favor of this theory, fasting insulin levels in
5- to 9-year-old Pima Indian children were associated with higher rates of weight gain during a
10-year follow-up period. In a cohort of black and white children, fasting insulin levels were positively
associated with the rate of increase in fat mass (25).

Reduced postabsorptive fat oxidation also contributes to positive energy balance and, therefore,
future weight gain and obesity (26). Puberty is associated with increased fat oxidation. However, the
puberty-associated increase in fat oxidation is diminished in black girls compared with their white
peers (9). In addition we and others have shown reduced resting metabolic rates in black vs. white
youth (9). A two-year longitudinal study in 9- to 11-year-old black and white youth indicates that total
daily energy expenditure, resting metabolic rate, and substrate oxidation are predictors of gain in body
fatness (27). Collectively, these observations suggest that the lower metabolic rate and the reduced
fat oxidation during puberty in black girls may predispose them to future weight gain and obesity
in the context of an obesogenic environment. This metabolic phenotype could potentially explain the
divergence in adiposity in black girls during adolescence (5).
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Several factors influence resting substrate oxidation; these include genetic factors, the amount of
adipose tissue, level of activity, caloric intake, and composition of diet (28). However, the underly-
ing mechanisms of racial differences in fat oxidation are still unclear. A single recent study in adults
showed that the mass of metabolically active organs (e.g. brain, liver, heart, kidney, and spleen) was
significantly smaller in blacks than in whites, and the racial difference in resting metabolic rate dis-
appeared once the mass of these organs was accounted (29). It is currently unknown whether this
holds true in children. On the other hand, it is also plausible that higher inactivity levels and lower
cardiorespiratory fitness in black vs. white children (30) may contribute to lower metabolic rate and
fat oxidation.

It remains to be investigated whether the smaller mass of metabolically active organs, the lower
fat oxidation, and the lower cardiorespiratory fitness are biologically/genetically driven, environmen-
tally determined, or both. The skeletal muscles of obese or type 2 diabetic adults are characterized by
fewer mitochondria, smaller mitochondrial size, and reduced mitochondrial oxidative capacity (31);
these findings suggest that there could be race-related biological differences in mitochondrial charac-
teristics that underlie differences in fat oxidation, resting metabolic rate, and insulin sensitivity. In a
study of young adult black and white men, we demonstrated race-related variations in skeletal muscle
oxidative metabolism using 31phosphorous nuclear magnetic resonance spectroscopy. The results sug-
gested a lower proportion of type 1 oxidative fibers and a higher proportion of type 2 glycolytic fibers
in blacks, which explained their lower peak oxygen consumption (32). It remains to be determined
if similar black vs. white differences in skeletal muscle oxidative metabolism are present early in
childhood.

RACE, OBESITY, AND BODY FAT DISTRIBUTION

Racial differences in body composition and body fat topography are well documented in adults.
When matched for BMI, waist/hip ratio, or total adiposity, black adults have less visceral adipose
tissue than their white counterparts (33). This racial dimorphism in visceral adipose tissue accumu-
lation is evident in prepubertal children (34), and over time the growth in visceral fat is greater in
white children compared with blacks with a difference of ∼1.9 ± 0.8 cm2/year (35). We and others
have shown that black obese adolescents have significantly less visceral fat, measured by CT, than
white peers with similar BMI and total body adiposity (36,37). Furthermore, for a given BMI, whites
have higher waist circumferences than blacks. Additionally, for a given waist circumference, blacks
have more subcutaneous adipose tissue than white peers, with the magnitude of the difference increas-
ing with increasing waist circumference (37). Such information is of importance, given that visceral
obesity plays an important role in the metabolic complications of obesity including insulin resis-
tance, hypertension, dyslipidemia, type 2 diabetes, nonalcoholic fatty liver disease, and the metabolic
syndrome (36,38). Thus, racial differences in body composition and body fat topography could result
in race-related differences in obesity co-morbidities and the metabolic syndrome.

Our research shows that for similar degrees of BMI and total body adiposity, white obese
adolescents have a more atherogenic lipid risk profile, because of increased visceral adiposity,
than blacks. Conversely, blacks have a heightened diabetogenic risk (36). Triglyceride levels are
substantially lower in black children and adults than in whites, making the application of a uni-
form cutoff of triglycerides for the metabolic syndrome questionable. Thus, using BMI alone
may be misleading when children of different racial groups are evaluated, and future studies are
needed to develop race-specific anthropometric criteria for obesity-related co-morbidities and health
outcomes (37).
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RACE AND ENVIRONMENTAL/SOCIOCULTURAL DIFFERENTIAL
IN RISK OF OBESITY

Obesity and Socioeconomic Status (SES)
Socioeconomic status (SES) is a risk factor for obesity. There is an inverse association between

SES and obesity prevalence in children which is independent of parental weight status. The higher
prevalence of obesity in lower SES children is assumed to be due to greater exposure to risk factors for
positive energy balance both within the home (e.g., sedentary lifestyles, energy-dense diet, and per-
missive parental-feeding styles) and in the local neighborhood (e.g., availability of fast foods, limited
access to safe, and pleasant areas for physical activity) (39,40). In environments that facilitate positive
energy balance – as is likely to be true in lower SES environments – genetically susceptible individuals
will show even higher weight gain.

Parental SES is associated inversely with childhood obesity among whites: 40% of poor white
women and 34% of poor white men were obese in the 1999–2002 NHANES survey, compared with
23% of white women and 14% of men with family incomes greater than 400% of the poverty line. In
contrast, higher SES does not appear to protect black children against obesity. In this group, childhood
obesity is not associated significantly with parental income and education (41). Nevertheless, obe-
sity rates in whites vary inversely with educational status and are significantly higher in high school
dropouts than in high school graduates and twice as high as those in college graduates (42,43).

Obesity and Sociocultural Differences
Sociocultural factors play an important role in shaping body image and desirable weight and may

contribute to racial/ethnic differences in obesity. Body image is a multidimensional concept thought to
influence the desire to lose weight and the self-perception of body size (44). Racial/ethnic differences
in weight misperception have been reported; misperception among overweight people (that is belief
among overweight people that they are healthy weight) was more common in blacks than in whites
and more common in men than women (45). In addition, several studies demonstrate black/white
differences in consumption of regular soda, high-fat foods, and fast-food restaurant use, which could be
culturally mediated, enhancing the risk of obesity in black children (Table 1) (46,47). Limited evidence
suggests that blacks are more consistently exposed to food promotion and distribution patterns that
promote adverse health effects (48). Thus, ethnic, cultural, environmental, and economic factors might
enhance the inherent/genetic predisposition of black youth to obesity.

Table 1
Cultural Differences in Black Adolescents

Heavy black adolescents do not perceive themselves heavy

More black girls express a desire to be on the fat side

Black children have higher total fat and cholesterol intake

Black children prefer sweet taste in liquids

Black girls have higher total energy intake

Black children are physically less active

Black girls spent more time watching television

Black high school students have the highest consumption of
sugar-sweetened beverages, high-fat foods, and the highest frequency
of fast-food restaurant use
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RACE AND CO-MORBIDITIES OF OBESITY

Numerous co-morbidities are associated with childhood obesity, which serves as a segway to
adult morbidity and mortality (49). Here we provide information on race-related differences, mostly
focusing on black vs. white children.

Race and Nonalcoholic Fatty Liver Disease
Nonalcoholic fatty liver disease (NAFLD) encompasses a wide range of liver damage, from sim-

ple steatosis to steatohepatitis, advanced fibrosis, and cirrhosis (50) and is the most common cause
of pediatric liver disease (51). The prevalence of NAFLD increases with age and varies by race (52).
NAFLD prevalence is lowest in blacks, followed by whites, then Asians (variability among the sub-
groups), and is highest in Hispanics (52,53). The odds of a Hispanic child having fatty liver is five
times greater than that of a black child (52). The prevalence of cryptogenic cirrhosis is 3.1-fold higher
in Hispanic Americans compared with European Americans and 3.9-fold lower in black Americans
compared with European Americans (53,54). It is felt that NAFLD may play an under-recognized role
in cryptogenic cirrhosis (53,55). The lower prevalence of NAFLD in blacks is counterintuitive given
their increased risk for obesity and insulin resistance (51). However, it might be explained in part by
the smaller visceral adipose tissue compartment and the lower triglyceride levels (see later).

Race and Lipids
Black–white differences in lipids and lipoproteins occur early in childhood and are clearly estab-

lished by 9 years of age (56). Few studies have been carried out in neonates; these have not found
significant differences between blacks and whites (56,57). By age 2, total serum cholesterol approaches
young adult levels and further dynamic changes occur with sexual maturation, establishing adult pat-
terns (56,57). During sexual maturation, the most striking difference occurs in white males, with
progressive increases in the ratio of LDL-C to HDL-C (56). In both childhood and adolescence, blacks
have lower triglyceride and higher HDL levels compared with whites (57). Increased prevalence of
hypertriglyceridemia is also seen in Mexican Americans (1,58,59).

The elevated triglyceride level in whites has been related to an increased large VLDL subclass in
comparison to blacks (60); however, racial differences in particle sizes may be attributed to levels of
triglyceride and HDL cholesterol (61). Our research demonstrates that there are significant black/white
differences in lipoprotein particle size and concentrations in childhood. However, after adjusting for
visceral adiposity differences between black and white children, only VLDL size and concentration
remain significantly favorable in blacks (62). Moreover, analysis of lipoprotein particle size and con-
centration across in vivo insulin sensitivity quartiles revealed that in both racial groups, the most
insulin-resistant children had higher concentrations of small dense LDL, small HDL, large VLDL,
and smaller LDL and HDL sizes than their more insulin-sensitive counterparts (62).

Race and Cardiovascular Disease
Though the repercussions of cardiovascular disease are not usually seen until adulthood, the initia-

tion of cardiovascular disease occurs early in life and childhood risk factors are associated with adult
cardiovascular disease (63). The fatty streak is the earliest lesion of atherosclerosis and has been found
in aortas of children as young as 9 months of age and invariably after the age of 3 years (64). By the
age of 20, raised lesions have already appeared in the coronary arteries and are implicated in clinical
disease (57,65). In adolescence and early adulthood, blacks have more aortic fatty streaks than whites,
with 1.5 times greater surface involvement; this cannot be attributed to antemortem cardiovascular
risks (64–66) and is not as obvious in the coronary arteries (66). Interestingly, white adults have more
extensive raised lesions in the aorta than blacks (65) and have significantly higher rates of coronary
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heart disease (57). Thus the progression to advanced lesions from fatty streaks likely differs between
races; the mechanisms are yet to be elucidated (65).

Race and Prediabetes and Type 2 Diabetes (T2DM)
Based on population-based registries, the rates of type 1 diabetes are typically lower in black than

white children (67). On the other hand T2DM is disproportionately higher among blacks, Hispanics,
American Indians, and Asians/South Pacific Islanders (1,67–71). The earliest reports from pediatric
diabetes clinics found that 68–100% of children with T2DM were black (71–73). In the more recent
SEARCH for Diabetes in Youth Population Study, T2DM in 10- to 19-year-olds varied by ethnicity:
33% of patients were black, 76% American Indian, 40% Asians/Pacific Islanders, 22% Hispanic youth,
and 6% white (74). The TODAY (Treatment Options for type 2 Diabetes in Adolescents and Youth)
study found that 36% of adolescents with type 2 diabetes are black, 35% Hispanic, and 19% white
(75).

Reported rates of prediabetes [i.e., impaired fasting glucose (IFG) and/or impaired glucose tol-
erance (IGT)] in obese children vary tremendously, from 2 to 40%, depending on the population.
Adolescent data from the NHANES 2005–2006 using fasting and 2-h glucose during an oral glucose
tolerance test revealed unadjusted prevalence rates of IFG, IGT, and prediabetes of 13.1, 3.4, and
16.1%, respectively (76). Blacks had lower rates than non-Hispanic whites and Mexican Americans
(IFG: 9.7, 14.1, and 14.3%, respectively; IGT: 0.9, 3.7, and 3.5% respectively, prediabetes: 10.3, 17.2,
and 16.9%, respectively). The IFG prevalence of 13.1% among US adolescents in 2005–2006 was
∼87% higher than the 7% estimated from NHANES 1999–2000 (13% in Mexican Americans, 7% in
whites, and 4.2% in blacks) (77). The lower prevalence rate in blacks is surprising considering their
increased risk of obesity and insulin resistance. However, the data included adolescents who were nor-
mal weight and overweight without separation for only obese adolescents of different racial groups.
The results of the Studies to Treat or Prevent Pediatric Type 2 Diabetes (STOPP-T2D) revealed that
the prevalence of IGT was 4.1% among overweight eighth graders in four middle schools (78). In
contrast to the NHANES findings, the prevalence rates of IGT were highest in Native Americans and
Hispanics, followed by blacks and lowest in whites (7.3, 3.2, 1.3, and 0.9%, respectively). Prevalence
of IFG was lowest in blacks (32.4%) and highest in Native Americans and Hispanics (∼45%). In the
Princeton School District of Cincinnati rates of IGT were much lower, detected among only 0.5% of
5th–12th graders and more in non-Hispanic whites than blacks or whites (79). These highly variable
estimates, whether overall or race specific, may stem from sampling and geographic variations.

Race and the Metabolic Syndrome
The prevalence of the metabolic syndrome varies depending on the definition used in the litera-

ture. Applying four different criteria to a well-characterized population of children, we demonstrated
that the prevalence of the metabolic syndrome was significantly higher in overweight youth compared
with non-overweight black and white youth (80). The prevalence of metabolic syndrome was 31.3% in
overweight black and 42.9% in overweight white youth, compared with 0.7% in non-overweight blacks
and 2.8% in non-overweight whites. In overweight Hispanic children age 8–13 years, the prevalence of
three or more features of the metabolic syndrome was 30% (81). Path analyses of metabolic syndrome
components in black and white children, adolescents, and adults revealed that path coefficients were
generally greater in whites than blacks; this may account for the greater prevalence of metabolic syn-
drome in whites (82). Importantly, individual components of the metabolic syndrome differ between
races, especially abdominal adiposity and triglycerides (see previous sections for further details) (83).
Triglyceride levels increase significantly with enlarging waist circumference in whites but not in blacks
(Fig. 3) (84).
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Fig. 3. Triglyceride concentrations according to waist circumference (WC) categories in black and white youth; NS,
not significant. Adapted with permission (84).

In a study by Weiss et al., the prevalence of metabolic syndrome was lower in blacks than whites
when the groups were analyzed using the same criteria for lipid levels; however, when lipid thresholds
specific to blacks were used in the analysis, the prevalence of metabolic syndrome in blacks was com-
parable to that in whites (85). Independent of race, however, our research demonstrates that visceral
obesity, insulin resistance, hyperinsulinemia, and hypoadiponectinemia are the common characteris-
tics of youth with the metabolic syndrome (80). Irrespective of race, the prevalence of large waist
circumference, high triglycerides, low HDL, high blood pressure, and prediabetes is highest among
youth in the lowest quartile of in vivo insulin sensitivity (Fig. 4). However, in white but not black chil-
dren, the metabolic syndrome is associated with increased inflammatory markers (Fig. 5) (83). The
translation of such race-related differences remains to be determined based on long-term longitudi-
nal outcome studies in different racial groups. Further research in childhood metabolic syndrome is
needed not only to unify the definition of the syndrome, but also to test the validity of race-specific
criteria.

Fig. 4. The prevalence of the individual components of metabolic syndrome by quartiles of in vivo insulin sensitivity
in black and white youth. (WC, waist circumference; TG, triglycerides; BP, blood pressure; IFG, impaired fasting
glucose; IGT, impaired glucose tolerance.) Adapted with permission (83).
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Fig. 5. Circulating biomarkers of endothelial dysfunction and IL-6 in black and white youth according to quartiles of
insulin sensitivity. Adapted with permission (83).

RACE AND THE TREATMENT OF OBESITY

Considering that racial differences (biological, environmental, or both) influence the risks of child-
hood obesity and its complications, it may seem intuitive that obesity treatments be individualized
to specific racial/ethnic groups. Though guidelines exist for the treatment of obese children (see (86)
and treatment sections of this book), there is currently no justification for recommending race-specific
treatment (1). Limited data suggest that white adolescents may have more weight loss with either
metformin or the combination of sibutramine (an appetite suppressant that inhibits the reuptake of
norepinephrine and serotonin) and behavioral therapy than black adolescents (1). In adults, blacks lose
less weight after gastric bypass surgery than whites but have comparable improvements in cardiovas-
cular risk factors; these differences in weight loss post-gastric bypass may be related to differences in
energy expenditure rather than dietary intake (1). It is unclear whether these racial differences would
be replicated in large randomized, controlled studies or whether they reflect the influence of genetics
as opposed to cultural and environmental factors. In any case, providers caring for obese children must
consider many factors when making treatment decisions, including differences in the perception of
obesity, which may play a role in motivation; access to healthcare; availability and affordability of
treatment for obesity (lack of insurance is more common in Hispanics than blacks and more common
in blacks than whites); dietary preferences; and physical activity preferences (1).

CLOSING REMARKS AND FUTURE DIRECTIONS

Increases in obesity in childhood and adulthood will result in major morbidity and mortality and will
inflate health care costs at a time of severe financial deficits in the US economy. The medical profession
and its allies may very well be able to advance research in the field of obesity, but what is needed to
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stop the epidemic of obesity is societal change. The latter will require major policy change, akin to
the smoking campaign, combined with economic change and incentives and education. Racial/ethnic
factors must be considered in the overall approach to prevention and treatment of childhood obesity.
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Editor’s Questions and Authors’ Response
• Do you think that differences in rates of pubertal maturation among ethnic groups could

contribute to differential rates of obesity or co-morbidities?

• No. Actually I believe that differences in adiposity are important determinants of the onset of
puberty and its tempo. Differences in rates of pubertal maturation exist among ethnic groups with
black girls tending to enter puberty and experience menarche about 1 year before white girls.
Additionally, increased body mass index is associated with earlier sexual maturation. It is diffi-
cult to delineate cause and effect, especially with numerous confounding variables. Irrespective,
however, divergence in adiposity begins during adolescence and relates temporally to puberty. In
one of our studies we showed that lower increases in fat oxidation between prepubertal and puber-
tal black girls (puberty is characterized by higher rates of fat oxidation) could predispose them to
faster weight gain compared with their white peers. The definitive answer to your question requires
longitudinal studies to follow children from prepuberty to completion of puberty in different racial
groups.

• Do we have any data that compares the caloric intake or macronutrient composition of diets
of the various ethnic groups?

• Dietary intake trends are affected by many variables including socioeconomic status, education,
environment, food availability, individual preference, and culture. In children and adolescents, the
National Health and Nutrition Examination Surveys (NHANES) revealed no clear difference in
overall energy intake among racial groups; however, the percentage of energy from total fat was
highest among non-Hispanic blacks followed by Mexican Americans then non-Hispanic whites
without significant difference in saturated fatty acids (Troiano et al., 2000). According to self-
reported dietary recalls, Mexican American children aged 9 years ate higher than recommended fat
servings and had higher percent energy from fat and saturated fat and their daily fruit and vegetable
intake was half of that recommended by national guidelines (Trevino et al., 1999).

Trevino RP, et al. Diabetes risk factors in low-income Mexican-American children. Diabetes Care. 1999;22:202–7.
Troiano RP, et al. Energy and fat intakes of children and adolescents in the United States: data from the national

health and nutrition examination surveys. Am J Clin Nutr. 2000;72(5 Suppl):1343S–53S.
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INTRODUCTION

The mother’s genetic background and her metabolic status and behavior before, during, and after
pregnancy function as important determinants of obesity and related health outcomes in her child. A
substantial body of research has explored the roles of maternal factors in childhood obesity-related
outcomes; however, many questions remain as to how and when during development these factors
exert their influence. Thus, priorities for either clinical or public health action to reduce the risk for
childhood obesity are uncertain.

In this chapter, we discuss those maternal factors that appear to have the strongest influence on pedi-
atric obesity: these include maternal weight status, breastfeeding, and smoking. Limited information
on maternal dietary habits and physical activity is also presented. Some population sub-groups may
be more strongly influenced by these maternal factors than others. For example, African-American
girls are at substantially greater risk of becoming obese earlier in life (nearly one-third in 2003–
2006 NHANES) than African-American boys or youth of other races and ethnicities. Compared to
non-Hispanic white women, African-American women are at higher risk for being overweight at con-
ception (1), for developing gestational diabetes (2), and are less likely to breastfeed their offspring
(3). Similarly, Hispanic boys appear to be at greater risk of early obesity (more than 20% in 2003–
2006 NHANES) than boys of other races and ethnicities, and Hispanic women are more likely to
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be overweight at conception than their non-Hispanic white counterparts (1). Considering that genes
and environment can have powerful interactions, maternal factors may be particularly strong within
population subgroups at increased risk.

Throughout our discussion, it will be noted when maternal factors related to socioeconomic status,
race and ethnicity, and cultural influences may be acting in concert. However, socioeconomic status
and related topics will be discussed at greater length in other chapters of this book.

MATERNAL WEIGHT STATUS

Obesity in children is associated with maternal overweight prior to, during, or after pregnancy. The
potential public health impact of maternal weight status is quite high owing to the exceedingly high
prevalence of overweight among women. Based on National Health and Nutrition Examination Survey
(NHANES) 2003–2004 data, the most recent reports available from the Centers for Disease Control
and Prevention (CDC) reveal that approximately 33% of all adult women (≥20 years) in the United
States are obese and nearly 62% of all adult women are either overweight or obese (4).

Pregravid Weight Status
One of the stronger predictors of childhood overweight is presence of overweight or obesity in the

mother prior to pregnancy (5). Maternal obesity may serve as a proxy for the child’s genetic predis-
position to obesity and/or for early fetal exposure to a biochemical environment altered by maternal
overweight status.

Several studies have found pregravid obesity to be a consistently strong predictor of childhood obe-
sity. For example, the odds ratios (ORs) of childhood obesity at 7 years of age were 1.38 with pregravid
maternal overweight (BMI=26–29) and 2.56 with pregravid maternal obesity (BMI > 29); however,
an interaction between maternal underweight status and maternal weight gain was also reported, as
discussed later in this section (6). In a study examining 2- to 14-year olds, the odds of obesity were 3.6
among children with mothers who were obese (BMI ≥ 30) prior to pregnancy compared to the referent
group of children with non-obese mothers (BMI < 25) (5). When the same analysis was stratified by
age (2- to 6-year olds, 7- to 10-year olds, and 11- to 14-year olds), the most dramatic increase in odds
(OR: 5.7) was observed in the 7- to 10-year-old group (5). Among low income children, the odds ratios
for obesity were 2.28 among 2-year olds, 3.06 among 3-year olds, and 3.07 among 4-year olds with
obese mothers (BMI 30–39.9) compared to those with normal weight mothers (BMI 18.5–24.9) (7).

The impact of maternal obesity may extend through early adulthood; indeed, pregravid BMI has
been related to higher adult BMI by age 20 (8). Yet conflicting evidence exists, as a recent study
following children from birth to 5 years of age found that adjusting for prenatal factors including
pregravid BMI accounted for some of the BMI Z-score differences in normal versus obese children;
however, the effect was only observed until 24 months of age, having little or no further effect on BMI
Z-score from 24 months to 5 years (9).

The findings of this study are difficult to interpret, because maternal obesity is associated with births
of large-for-gestational-age (LGA) babies, which is in turn a predictor of childhood obesity (7,10–12).
In an extensive review of maternal obesity, metabolism, and pregnancy outcomes conducted in 2006,
obese women were more likely to have LGA/macrosomic infants (11).

Does the father’s weight function as a determinant of childhood weight gain? In one recent study,
the odds of overweight in children at age 4.5 years were nearly two to three times higher in those with
overweight or obese parents than in children with normal weight parents (13). This effect was noted
when maternal or paternal BMI was analyzed separately or in combination. Interestingly, same-sex
parental BMI, mother–daughter or father–son, may also predict child obesity risk (14).
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In addition to maternal overweight or obesity, maternal underweight may also lead to child obesity
if there is excess or inadequate gestational weight gain (see below) or rapid catch-up growth of the
child during infancy and early childhood (see Chapter 8 by Ong, this volume) (6,11).

Gestational Weight Gain
Excess gestational weight gain is associated with the birth of LGA infants (defined as birth weight

≥ 90th percentile for age) (10,15). Regardless of the woman’s weight status prior to pregnancy (15),
excess gestational weight gain may double the risk of macrosomia, although much of this effect may
be attributable to gestational diabetes (GDM) status (16,17). Key outcomes – high birth weight, LGA,
and macrosomia – associated with excess gestational weight gain are, in turn, predictors of childhood
obesity (11,12,15,18,19). The impact of gestational weight gain may extend well into childhood, as
suggested by the increase in odds of obesity at 7 years of age (OR: 1.48) in offspring of women with
excess weight gain during pregnancy compared to women with recommended weight gain (6). Despite
the increasing body of evidence, a full understanding of the association of gestational weight gain with
childhood obesity remains elusive due to complexities of gestational weight gain intertwined with
issues of maternal obesity and GDM, which also have strong effects on the intrauterine environment,
birth weight, and child obesity outcomes.

The impact of excess gestational weight gain may be most pronounced among underweight moth-
ers. Maternal overweight and maternal obesity, compared to normal weight, each increased odds of
childhood obesity at age 7 years (OR: 1.38 and 2.56, respectively), but a pronounced interaction (OR:
3.36) of low maternal BMI with excess gestational weight gain was reported when the model was
adjusted for the child’s sex, gestational age, first-born status, as well as the mother’s race, maternal
age, maternal prepregnancy BMI, smoking, and study site (6).

The relationship between absolute gestational weight gain and higher birth weight is less clear
among overweight and obese women than among normal weight women. This is because their pre-
existing weight status confers an increased risk of fetal macrosomia and childhood obesity even in the
absence of excess gestational weight gain; alternatively, their relative gestational weight gain is less
than that of normal weight women who gain equivalent amounts of excess weight during pregnancy
(15,18,20,21).

Even when gestational weight gain in overweight women is comparable to that in normal weight
women, the overweight women have significantly heavier offspring (21). It is possible (though not
established) that overweight/obese mothers, even in the absence of pre-existing diabetes or GDM,
transport excess glucose and fatty acids to the fetus and thereby contribute to fetal fat deposition (12).

New Guidelines for Pregnancy Weight Gain in Overweight and Obese Women
During the past two decades in the United States, the rise in obesity rates occurred in parallel

with increases in adverse maternal health and birth outcomes. Understandably, concerns were raised
regarding excess gestational weight gain, particularly among the growing number of overweight and
obese women. Indeed, analysis of trends from the Pregnancy Risk Assessment Monitoring System
(PRAMS) showed substantial excess in weight gain during pregnancy among those classified as
either overweight or obese. Previously, the guidelines for maternal weight gain formulated by the
Institute of Medicine (IOM) were designed primarily to reduce the risk of intrauterine growth retar-
dation. However, given recent findings, an update was released in May 2009. The new guidelines
recommended that obese women lower their targeted weight gain (see Table 1 based on the 2009
IOM guidelines). The new recommendations highlight the importance of prepregnancy weight and
gestational weight gain as determinants of metabolic outcome in the mother, fetus, and growing
child.
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Table 1
Total Pregnancy Weight Gain Recommendations by BMI Status

Prepregnancy BMI BMIa Range of Recommended
Total Weight Gainb

Underweight <18.5 28–40

Normal weight 18.5–24.9 25–35

Overweight 25.0–29.9 15–25

Obese ≥30.0 11–20
aBMI calculation based on World Health Organization (WHO) standards
bExpressed in pounds (lbs)

Effects of Maternal Undernutrition
Maternal undernutrition, manifested as low prepregnancy BMI, inadequate gestational weight gain,

or both, may negatively impact birth weight. The Dutch famine of 1944–1945 is an example of the
relationship between inadequate maternal nutrition and its relationship to later obesity in the offspring.
The timing of nutrient restriction was found to have important effects on birth weight and subsequent
adiposity. Short-term nutrient restriction in the second and third trimesters resulted in lower mean birth
weight (22). In contrast, nutrient restriction in early pregnancy resulted in higher mean infant birth
weights when compared to infants of unexposed mothers (23). If early trimester nutrient restriction
increases birth weight, and high birth weight increases the risk of childhood obesity, then nutrient
restriction early in pregnancy may contribute to the development of obesity in childhood.

More commonly, however, inadequate gestational weight gain results in small-for-gestational-age
(SGA) or low-birth-weight (LBW) infants. Interestingly, low birth weight may be a risk factor for
rapid weight gain in the first 5 months of life, which in turn may also increase childhood obesity risk.
Rapid catch-up growth from age 1–7 years has also been linked to adult BMI (8). The pathogenesis
of childhood obesity and metabolic dysfunction in growth retarded infants is discussed in detail in
Chapter 8 by Ong.

Postnatal Maternal Weight Status
It has been reported that women gaining the most weight while pregnant also experience increased

postpartum weight retention (24). Excess gestational weight gain has also been associated with
long-term obesity in the mother (25). This may predispose the mother to metabolic dysfunction or
gestational diabetes in subsequent pregnancies, creating a vicious cycle that sustains the obesity epi-
demic. Thus, the failure to shed excess gestational weight gain could impact both future maternal BMI
status and future offspring risk.

SMOKING

The relationship between maternal smoking and adverse outcomes such as intrauterine growth
restriction, LBW, and SGA has been established through much research over the past four decades
(26–28). More recently, researchers have explored the relationship between smoking and childhood
obesity. In one study, maternal smoking in early pregnancy was found to increase significantly the odds
of obesity in 5-year-old children (OR: 5.04) compared with children whose mothers were either former
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smokers or never smokers during early pregnancy (29). Other studies showed that maternal smoking
during pregnancy significantly increased odds of BMI ≥ 95th percentile at 4.5 years (OR: 1.8) (13).
Similar risks were noted at age 9–10 years (OR: 2.56) (29). Meta-analyses support the hypothesis that
maternal smoking is related to increased risk of early childhood overweight and obesity (30,31).

The vast majority of research to date collectively points in the same direction: that smoking
increases risks of LBW and SGA, that LBW and SGA infants experience rapid postnatal catch-up
growth with greater adiposity, and that each of these outcomes is associated with increased odds of
childhood obesity. As noted by Oken et al., studies that reported the amount of maternal smoking in
relation to childhood obesity provided evidence of a dose–response (30); the prevalence of childhood
obesity and the mean BMI and skinfold thickness at 5 years of age (32,33) correlated with the number
of cigarettes smoked by the mother per day.

A recent study by McCowan et al. examined the effects of smoking cessation on gestational length
and birth weight (26). Among women who stopped smoking prior to 15 weeks of gestation, there was
no increase in spontaneous preterm births or the number of children born SGA relative to non-smoking
mothers. However, among women who continued to smoke, there was threefold increase in the number
of preterm births and a 76% increase in the number of children born SGA.

The public health implications here are clear. Health professionals should continue to promote
smoking cessation, particularly among women as a part of early prenatal care.

BREASTFEEDING

Breastfeeding is the optimal form of nutrition for infants; however, evidence to support its role
in the prevention of childhood obesity remains controversial. Maternal behaviors that modulate the
relationship between infant consumption of breast milk, duration of breastfeeding, and risk of child-
hood obesity are complex, and studies often fail to control effectively for confounding factors. Indeed,
factors that may be considered confounders by some may be considered mediators by others. These
include the rate and timing of weight gain in infancy in response to early feeding practices, and the co-
occurrence of other health-promoting habits by the mother or the overall family. It has been therefore
difficult to determine if breastfeeding per se reduces the risks or severity of childhood obesity.

Nevertheless, meta-analyses largely support the hypothesis that breastfeeding reduces the odds of
childhood obesity (34–38). This is true if children who are breastfed exclusively are compared to
formula-fed children (OR: 0.66) (37) or if children who were breastfed at any time are compared
with non-breastfed subjects (OR: 0.78) (38). A recent meta-analysis showed a protective effect of
breastfeeding among the larger studies (>1,500 participants) despite evidence for publication bias (38).

Strong evidence for dose–response protection against development of child obesity with increased
duration of breastfeeding is described in Harder’s meta-analysis. Odds ratios were 0.81, 0.76, 0.67,
and 0.68 for periods of breastfeeding ranging from 1 to 3 months, 4 to 6 months, 7 to 9 months, and >9
months, respectively. However, in most cases significant effects were not observed until children were
breastfed for at least 3–6 months (5,37,39–42), and at least one study reported an unexpected increased
risk with breastfeeding duration <1 month compared to infants who never breastfed (OR: 1.36) (37).
Another study reported that when formula was used with breastfeeding, a significant dose–response
effect was not seen until 26 weeks (40).

Since there are obvious ethical concerns in conducting randomized controlled trials (RCTs) of
breastfeeding among infants, observational studies are the primary source of information. However,
one study was conducted as a breastfeeding promotion intervention using RCT methods (43).
Researchers found no protective effect for breastfeeding compared to formula feeding, but the results
should be interpreted with caution due to several methodological limitations. The study was conducted
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in a Belarusian population with very low obesity prevalence, the duration of breastfeeding did not
exceed 3 months in the intervention group, and only 43% were breastfed exclusively.

If breastfeeding protects against childhood obesity, breastfeeding may also have beneficial effects
on obesity-related health outcomes in childhood. From a case–control study, youth with type 2 dia-
betes were substantially less likely to have been breastfed as infants compared to their non-diabetic
counterparts (unadjusted OR for the association of breastfeeding (ever versus never) and T2DM, 0.26)
(37). Results were similar for non-Hispanic white, African-American, and Hispanic youth. The OR
after adjusting for 12 potential confounders was 0.43 (37). When current BMI Z-score was added to
the model, the OR was attenuated (OR: 0.82), suggesting possible mediation of the protective effect
of breastfeeding through current childhood weight status (37).

Exactly how breastfeeding confers protection, if any, is not well understood. Rapid weight gain
in the first 4 months of life is associated with childhood obesity (44), and breastfeeding has been
associated with slower weight gain during the first 12 months of life (45). Since bisphenol-A (BPA) has
been implicated in the development of obesity through its role as an endocrine disruptor (46), another
possible mechanism is that exposure to endocrine disruptors through use of baby bottles containing
BPA could be higher among formula-fed versus breastfed babies.

As discussed earlier, maternal prepregnancy overweight or obese status has been associated with an
increased risk of childhood obesity. Due to the high energy cost of producing milk, breastfeeding may
facilitate return to prepregnancy weight following delivery (47). Therefore, the decision to breastfeed
can play a role in determining the mother’s future weight status, possibly influencing future offspring
risk.

A variety of factors, including socioeconomic status and race/ethnicity, may influence the decision
to breastfeed. Low maternal education or low income status was associated with lower rates of breast-
feeding, and African-American infants were reported to have lower rates of breastfeeding compared
to all other race/ethnicities. Some evidence of differential effects of breastfeeding has emerged, as
studies of children whose mothers were white, black, or Hispanic reported that protection from child-
hood obesity was conferred only among children of white mothers (40,41). The reasons for this remain
unclear.

MATERNAL DIETARY HABITS AND PHYSICAL ACTIVITY

Interacting with breastfeeding are the physical activity and dietary habits of the mother. They
are important contributors to the environment in which a child is raised. Maternal dietary habits
will directly influence breast milk fat and protein content (47), and physical activity has the abil-
ity to indirectly influence breast milk nutrient content via its effects on energy balance and weight
status. Maintaining a healthier weight and balanced dietary habits can lead to the production of
breast milk containing a higher proportion of medium chain triglycerides (MCTs). Milk contains a
higher proportion of MCTs when mammary tissue synthesizes fatty acids (48) rather than incorpo-
rating fatty acids released into blood from maternal fat stores; the latter are composed primarily of
longer chain fatty acids and require bile for transport across intestinal cells. Infants have immature
digestive systems and MCTs do not require bile acids for intestinal absorption; this is clearly advan-
tageous in ensuring that the infant can meet caloric needs during the early and critical periods of
development.

As a child transitions to solid foods, the dietary habits and activity patterns of the mother are likely to
exert even more influence. Maternal dietary choices not only will affect the selection of foods available
to the child but also will provide a means through which the child will watch and learn eating behaviors
that may not be directly related to basic energy balance cues, such as satiety. Maternal activity patterns,
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including television viewing (49), will shape the child’s daily lifestyle. Maternal dietary and physical
activity habits thus seem likely to be critical in the development of childhood obesity, yet a strong
body of evidence examining their roles simply does not exist.

What has been studied are the roles played by parental education, income, and social environ-
ments, such as home and daycare, in modeling healthy behaviors and habits. Adolescents with
mothers having graduate or professional degrees had lower odds of being very inactive (OR:
0.61) compared to adolescents with mothers having less education (50) and are less likely to be
obese.

There is evidence showing that parental and peer modeling is crucial to early childhood devel-
opment of healthy eating behaviors. Extensive research in this area has been conducted by Birch
and colleagues. Among 3- to 5-year-old children, the strongest fat preferences and the highest fat
intakes were observed among those with heavier parents (51). In another study, children showing
dislike for a particular vegetable began choosing the non-preferred vegetable when placed into an
environment where peers were actively choosing and consuming the non-preferred vegetable (52). In
young children, food preferences increase with familiarity, and Birch notes that current “availability of
energy dense foods. . .provides an eating environment that fosters food preferences inconsistent with
dietary guidelines, which can promote excess weight gain and obesity” (53). Promotion of balanced
dietary habits and increasing physical activity among children through a combination of parental and
social context will remain important factors in reducing the alarming rates of overweight and obesity
currently observed in developed countries.

OTHER INFLUENCES

Some interesting factors related in general to maternal lifestyle, such as the child’s sleep duration,
television watching, and computer screen time, have recently emerged as potential determinants of
childhood obesity.

Short sleep duration has been associated with obesity via its association with a reduction in leptin
and an increase in ghrelin, which may lead to hormonal disregulation of appetite and satiety controls
(54) (see also the Chapter 17 by Verhulst, this volume). In a study to identify early-life risk factors
associated with childhood obesity in the United Kingdom, short sleep duration (<10.5 h compared to
>12 h at age 3) and television watching (>8 h/week at age 3) were associated with obesity at age 7
(OR: 1.45 and 1.55, respectively) (55). A recent meta-analysis examining short sleep duration and risk
of obesity in children found an OR of 1.89 for short sleep duration (defined as either <10 or <10.5 h
except in one study which used <8 h to classify short sleep duration) (56).

Since low-wage jobs usually involve long hours and a work schedule that may change week to
week, maternal lifestyle as modified by low socioeconomic status (SES) may inhibit the establishment
of both the mother’s and the child’s regular sleep patterns, adversely affecting the quality and duration
of sleep. It must, however, be noted that the inverse correlation between sleep duration and obesity
prevalence does not necessarily imply causation; no studies have shown that increasing sleep duration
can reduce body weight.

The birth weight of the mother and her early weight gain in childhood were recently reported as
predictive for next generation (her offspring’s) birth weight as well as obesity risk (57). Another study
found that grandparental obesity may influence childhood obesity independent of parental obesity
status (58). Among children with normal weight parents, prevalence of childhood overweight was
similarly elevated if the grandparents were obese (prevalence 17.4%, p < 0.0001) or if the grandparents
had missing BMI status (16.9%, p < 0.0001) (58). These findings suggest that genetic factors exert a
powerful influence on childhood weight gain.
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SUMMARY

Maternal weight status, whether prepregnancy or postpartum, appears to be the strongest indica-
tor of risk for childhood obesity. However, the offspring of underweight women gaining in excess
of the IOM pregnancy weight gain guidelines also experienced a marked increase in risk of child-
hood obesity. Maternal weight is modifiable through increased physical activity and balanced dietary
habits, but research associating maternal physical activity patterns with childhood risk of obesity is
lacking. The evidence for breastfeeding remains inconclusive, but the available data suggest a modest
benefit for protection against development of childhood obesity. Future studies must account fully for
confounding factors such as maternal behavior, family habits/environment, and genetic inheritance.

Children inherently rely on adults to model appropriate behaviors. Hence, it is imperative that we
gain a better understanding of high-risk factors through more research and translate that information
into targeted public health interventions to empower parents and children alike to stop the obesity
epidemic and improve the quality of life for generations to come.

Editor’s Question and Authors’ Response
• The research you (and others in this volume) cite makes it clear that the critical factors con-

trolling the risk of childhood obesity include the family history and the mother’s general
health, metabolic status, drug use (smoking), and approach to infant feeding. Family history is
immutable but the various other maternal factors should be modifiable if addressed effectively
long before pregnancy is even contemplated. This argues for a targeted approach to improve
the health and metabolic status of teenage girls, particularly those from high-risk families. Do
you agree?

• “Absolutely! A two-tiered approach could be considered in which nutrition and physical activity
education and programs are readily available to all youth as the first tier, with a second tier estab-
lished to target girls from high-risk families. Current research is exploring a variety of multi-level
approaches that will inform such programs to maximize effectiveness and sustainability to reduce
overweight and obesity which should, in turn, improve health outcomes for both mothers and their
offspring.”
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INTRODUCTION

The secular trends towards increasing prevalence of overweight and obesity are detectable even in
very young pre-school age children. For example, analysis of routine health check data in the UK
showed a steady rise in mean body weight and BMI between 1989 and 1998 in children aged just 3–4
years old (1). Such findings indicate that our attention to the aetiology, prediction and prevention of
obesity should start very early on in life to include even antenatal and early infancy factors.

In contrast to body weight in early childhood, there is little evidence that mean birth weight has
changed appreciably over time, at least in western Europe (2); however in countries in rapid devel-
opmental transition, the increasing prevalence of maternal obesity and gestational diabetes has led
to a rising incidence of neonatal macrosomia (birth weight > 4000 g) (3). Birth weight is positively
associated with later BMI in most studies, suggesting that larger babies are more likely to become
obese (4). However BMI is an imprecise marker of adiposity, and in studies that use more accurate
measures of body composition it is evident that larger babies are more likely to have greater lean body
mass but not greater fat mass as children (5), adolescents (6) and older adults (7). Rather, it appears
that low birth weight babies, born following intrauterine growth restriction, are more likely to become
fatter and have higher risks for obesity-related diseases in later life, an observation that was origi-
nally reported by David Barker and colleagues and which led to the eponymous “Barker Hypothesis”
described below.
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THE BARKER HYPOTHESIS

The observation that low birth weight is associated with increased risk of cardiovascular disease
was prompted by the strong geographical association between areas in England and Wales with the
highest infant mortality rates in 1921–1925 and the highest ischaemic heart disease mortality rates in
1968–1978 (8). Remarkably, Barker and Osmond’s initial proposition in 1986, that the transition from
poor nutrition in early life to a subsequent affluent diet might increase the susceptibility to obesity-
related disease (8), remains the most widely held explanation. Over the following decade, those authors
and others established the epidemiological associations between small size at birth and various adult-
hood disease risks, including cardiovascular disease (9), hypertension (10), type 2 diabetes (11) and
stroke (12). Other low birth weight associations include ageing (13), ovarian hyperandrogenism and
menstrual irregularities (14). The persistence of such associations after exclusion of preterm infants
and adjustment for gestational age meant that reduced or restricted fetal growth was the implicated
exposure, although more recent studies show that preterm infants also have increased risks for type 2
diabetes (15). Furthermore, the continuum in disease risks across the whole spectrum of birth weights
indicated that these associations reflected the effects of common determinants of fetal growth, rather
than maternal disease or severe placental dysfunction.

Large epidemiological studies using available birth records showed that the association between low
birth weight and coronary heart disease was independent of selection bias or potential confounding
due to social class or smoking (16). However, where more detailed parameters of fetal growth were
available there was no clear consistency regarding which measures of fetal weight, length, placental
weight or abdominal circumference were primarily associated with later disease. Furthermore, meta-
analyses showed that, as with many other associations, the initial reports tended to report far greater
effect sizes than subsequent larger studies (17).

Indeed, in many studies, the association between birth weight and later disease was not apparent
until after adjustment was made for adult body weight or BMI, leading to the suggestion that adult
size is a much stronger and more robust risk factor than birth weight (17). A more compromising
proposal was made by Lucas and colleagues who pointed out that “early size adjusted for later size”
is a measure of change in size between the earlier and later measurements, or more accurately centile
crossing between birth and adult life (18).

THE DEVELOPMENTAL ORIGINS OF HEALTH AND DISEASE HYPOTHESIS

The Developmental Origins of Health and Disease Hypothesis (DoHAD) arose in the early 2000s
from the growing realisation of the correct interpretation of adult body size-adjusted associations
with birth weight coupled with epidemiological studies that analysed available information on infant
and childhood growth, particularly from Scandinavian populations with remarkably detailed histori-
cal childhood records. Having started with a focus on birth weight as a marker of fetal growth, the
search for the early origins of health and disease now encompasses the full-range of childhood growth
and development and has spawned its own sub-discipline named “lifecourse epidemiology”. As antic-
ipated, the associations with postnatal growth and weight gain appear to be stronger than those with
birth weight alone. For example, in a study of men with birth and school records in Helsinki, Finland
the risk of death from coronary heart disease increased by 14% for each unit (kg/m3) lower pon-
deral index at birth and by 22% for each unit (kg/m2) higher childhood BMI (19). Such observations
supported the original postulate that adult disease might be a consequence of poor prenatal nutrition
followed by improved postnatal nutrition (8).

In addition to the case-control studies of adult disease outcomes, which made use of archival child-
hood data, supportive evidence for the role of postnatal growth and weight gain on later disease risks
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has come from more recent prospective birth cohort studies, which rely on measures of adiposity or
biochemical markers of future disease risks. Systematic reviews have summarised the consistent asso-
ciation between rapid weight gain during early life and later increased risks for obesity. There is a two-
to threefold increase in overweight or obesity risk in those individuals whose weight crossed upwards
during infancy by at least one centile band (e.g. 2nd to 9th centile, or 9th to 25th centile), which is
equivalent to a gain in weight SD score ≥ 0.67 (20). No interaction is seen with birth weight, and
therefore the effects of rapid infancy weight gain are similar in both SGA and normal birth weight
populations. Rather, the key factor linking these observations to low birth weight is that infants who
were growth restrained in utero are much more likely than other infants to show rapid postnatal growth,
often termed “catch-up” growth as it compensates for the earlier growth deficiency (21).

Rapid infant weight gain has also been associated with subsequent increased body fat, and partic-
ularly central or abdominal fat distribution, in studies using the gold standard 4-component model
for body composition (22) and MRI assessment of visceral fat in adults (23). Furthermore, even after
the completion of centile crossing in overall body weight and length, SGA infants who showed early
catch-up growth appear to show an ongoing propensity for gains in adiposity during childhood (24)
and even in adult life (25). Other associations of rapid infancy weight gain, which may be highly rele-
vant to its links with later disease risks include: insulin resistance (26), higher blood pressure (27) and
also markers of more rapid physical and sexual maturation including higher adrenal androgen levels
(28), more rapid skeletal maturation (29) and earlier age at menarche in girls (30). The latter outcomes
are particularly pertinent as earlier menarche is independently associated with low birth weight (30,31)
and predicts long-term increased risks of obesity and type 2 diabetes in later adult life (32).

While the epidemiological disease associations may appear to be stronger with postnatal growth
rather than fetal growth in such observational studies it may be difficult to disentangle the effects of
each exposure. Alternatively the two factors might lie on the same causal pathway to later disease.
However, efforts to identify and even quantify the relative contributions of antenatal and postnatal
factors are essential in order to inform future preventative strategies.

ANTENATAL PATHOGENESIS – ANIMAL MODELS

A variety of animal models have demonstrated that fetal growth restriction leads to increased blood
pressure, hyperinsulinaemia and impaired glucose tolerance (33). Intrauterine growth restriction may
be achieved by a variety of techniques including bilateral uterine arterial ligation, protein restric-
tion, caloric restriction or glucocorticoid exposure. There is some evidence that in the preimplantation
period the fetus may exhibit particular sensitivity to nutrient deficiencies. For example, maternal peri-
conceptional B vitamin and methionine status may influence offspring insulin resistance and blood
pressure in sheep (34). Simply changing maternal diet does not necessarily result in hypertensive off-
spring; the rise in blood pressure may depend critically on both the prevailing conditions and the
precise gestational timing. It has been suggested that long-term brain and cardiovascular function may
be most sensitive to the influences during the embryonic period, renal outcomes during maximal pla-
cental growth and development and adipose tissue and muscle outcomes during the fetal growth phase
during the late pregnancy (Fig. 1) (35).

The mechanisms linking early life insults to later disease risk may range from structural changes
in organ size and function, such as in kidney nephron numbers, to long-term molecular changes in
tissue sensitivity and receptor numbers, and levels of metabolite transporter molecules. There is much
interest in the potential role of epigenetics as a mechanism that could explain how short-term discrete
exposures during early life may have very long-lasting effects on metabolism and disease risks in later
life, and even on the transmission of these changes to future generations (36).
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Fig. 1. Summary of the main developmental windows during the reproductive period in sheep during which manipu-
lation of the maternal diet significantly modulates placental and fetal development. Upper bars represent windows of
developmental plasticity with respect to individual organs. CV, cardiovascular system. Adapted with permission from
Symonds et al. (35).

The identification of such long-lasting effects of discrete exposures during critical early develop-
mental periods of life has led to many interesting hypotheses as to why it may be beneficial for an
individual organism to make very long-term decisions on metabolism or organ function. Barker and
Hales coined the “Thrifty Phenotype” hypothesis to describe how the observed structural and physi-
ological responses to early nutritional insults might enhance fetal survival (33). For example, during
settings of overall fetal growth restriction the development in the fetus of peripheral resistance to
insulin or insulin-like growth factor-I (IGF-I) could beneficially divert sparse nutrients towards essen-
tial head or longitudinal growth. This hypothesis has been further developed in arguments that promote
adaptive developmental plasticity as a mechanism that evolved to enhance survival and reproductive
success (37).

ANTENATAL PATHOGENESIS – HUMAN STUDIES

The “Thrifty Phenotype” hypothesis was a play of words on the “Thrifty Genotype” hypothesis
which was originally proposed by Neel in 1962 to explain the remarkably high prevalence of type 2
diabetes in recently westernised, previously undernourished populations. Essentially, genetic predis-
position to type 2 diabetes may have conferred some advantages during earlier times of undernutrition
and would now be over-represented in these populations. Specific candidates have included genetic
defects in insulin secretion or insulin responsiveness that could link size at birth to later risk for type 2
diabetes. The initial illustration of low birth weight in humans with rare mutations in the glucokinase
gene, which cause maturity-onset diabetes in the young (MODY), has been followed up with reports
that common type 2 diabetes risk alleles at the CDKAL1 and HHEX-IDE loci are associated with lower
birth weight (38). Such genetic variants would not explain why low birth weight babies are more likely
to be overweight or fatter in later life, but they might contribute to or modify the risks of disease in
those who showed subsequent rapid weight gains.

With regard to antenatal nutritional restriction, the limited studies in humans provide some confir-
mation of the results of animal models; however the findings are often inconsistent. Ravelli reported
that infants exposed to the Dutch famine of 1944–1945 during the first half of pregnancy had higher
obesity rates at 19 years of age; in contrast, famine exposure during the last trimester of pregnancy
and the first months of life led to lower obesity rates (39). These findings are broadly consistent with
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a long-term effect of early nutritional deprivation on later regulation of weight gain and adiposity. The
precise mechanisms by which this effect is mediated are unclear, but epigenetic events may play a
role; for example, periconceptional famine exposure has been related to reduced DNA methylation
of the imprinted insulin-like growth factor-II gene (40). However, these findings do not explain why
lighter babies at birth are at greater risk of disease, as early gestation famine exposure was associ-
ated with slightly larger rather than lower birth weight. Furthermore, studies of other famines, such
as the Leningrad Siege, did not confirm these findings, and in rural Gambia, food supplementation
increased birth weights only during the wet season when women had negative energy balance due
to food shortages and high agricultural workload, but not during the dry season when energy intakes
were still only 60% of the recommended dietary allowance (41). This finding suggests that human
fetal growth is relatively protected against all except the greatest variations in macronutrient intakes.
Maternal micronutrient (such as in Vitamin B12 and folate) deficiencies may play a greater role in the
early determination of childhood insulin resistance, but results of early studies will need confirmation
in other settings.

Non-nutritional factors could link low birth weight to later risks of obesity-related disease. Fetal
growth may be restrained due to maternal smoking, primiparity, maternal disease, such as gestational
diabetes or pre-eclampsia, or by less severe increases in blood pressure. Identification of fetal growth
restriction by repeated ultrasound measurements is a potential advantage, but is limited by the accuracy
of the measurements and limited prediction of low birth weight. Use of individualised birth weight
standards that assess birth weight relative to gestational age, gender, maternal height and weight before
pregnancy, parity and ethnicity has been shown to provide better identification of “growth-restricted”
infants and better prediction of the associated long-term metabolic outcomes (42).

The eventual identification of potentially modifiable determinants of SGA and later obesity-related
disease will be informed by more accurate and more objective assessments of specific gestational
exposures in the mother, and also by better characterisation of the newborn growth-restricted phe-
notype. A promising approach is better assessment of body composition and body fat distribution in
the newborn. Using whole body magnetic resonance imaging (MRI), Modi and colleagues observed
that intra-abdominal adipose tissue depots are remarkably preserved in growth-restricted newborns at
birth, and there are wide differences in adipose tissue partitioning between infants of different eth-
nic backgrounds. Though smaller in weight, length and head circumference, Asian Indian newborns
born in India had greater visceral, deep subcutaneous and superficial subcutaneous fat than European
newborns born in the UK (43).

EARLY POSTNATAL PATHOGENESIS – ANIMAL MODELS

It is now clear that several of the original animal models of antenatal nutritional growth restric-
tion are accompanied by postnatal over-nutrition. For example, antenatal protein-restricted mice were
more susceptible than controls to the excess weight gain induced by postnatal weaning onto a highly
palatable “cafeteria” diet. In contrast, postnatal low-protein-restricted mice were resistant to the excess
weight gain from a highly palatable diet, indicating that the early environment has long-term conse-
quences for weight gain (44). The combination of antenatal growth restriction and postnatal growth
acceleration also leads to a shortened lifespan in mice; this contrasts with the increased longevity in
mice with limited growth during the suckling period (45).

The early postnatal period may therefore represent a specific window of opportunity to reset the
antenatal “metabolic programme” established in response to fetal growth restriction (37). The clear-
est evidence for a very specific window comes from studies of the postnatal leptin surge in rodents.
Leptin increases fivefold to tenfold during the second postnatal week independent of fat mass, before
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declining again after weaning. It is thought that this leptin surge may have neurotrophic effects on the
maturing neuroendocrine axis. Rats that received injections of leptin between days 3 and 10 showed
a transient reduction in weight gain. The effects were more marked in rats that had been severely
undernourished in utero (their mothers received 30% of ad libitum intakes); in this group postna-
tal leptin administration also completely blocked their predisposition to adiposity, insulin resistance
and other adverse metabolic parameters (46). However, in male rats of normal pregnancies, the same
neonatal leptin treatment increased diet-induced weight gain, hyperinsulinemia and total body adipos-
ity, indicating a complex inter-dependency between the effects of these antenatal and early postnatal
signals.

EARLY POSTNATAL PATHOGENESIS – HUMAN STUDIES

Infant growth is highly nutritionally dependent. Energy demands for growth constitute about 35%
of total energy requirement during the first 3 months of life, declining rapidly to 17.5% in the next
3 months and to 6% between ages 6 and 12 months, compared to only 1–2% during childhood (47).
The observation that earlier versus later timing of catch-up growth within the first 3 months of life is
related to more adverse cardiovascular and metabolic risk profiles in early adulthood (48) implicates
a role of postnatal nutrition in mediating, or at least moderating, these disease risk associations. The
influence of infant nutrition is exemplified by the marked slower weight gain and growth patterns of
breast-fed compared to formula-fed infants, at least in western settings (49), and the consistent (albeit
modest) protective effects of breast-feeding on later adiposity and obesity risks (50). In contrast, in less
developed settings, the protective effects of breast-feeding on gastro-intestinal and respiratory disease
advantages usually outweigh its relatively lower nutritional content (51).

With regard to specific infant nutrients, it has been suggested that higher protein intakes during
infancy may increase adiposity and subsequent obesity risks (52); however, such associations have not
yet been widely confirmed. The role of infant protein intake, and specifically dairy milk protein intake,
on infant growth and weight gain has been most robustly tested in a multicentre-randomised clinical
trial (53). Infants who were randomised to the lower-protein formula showed slower gains in weight
and BMI, but not in length, compared to infants on the high-protein, but isocaloric, formula, and their
weight-for-length was similar to a breast-fed reference group (53).

However, simple alterations in formula milk content or composition on their own may not have
major long-term effects on the trajectory of postnatal growth. It is unclear how postnatal catch-up
weight gain is regulated in infants who were growth restricted in utero, although their lower leptin
levels at birth point to an antenatal setting of infant appetite. Inheritance of common genetic variants
associated with lower satiety and increased susceptibility to obesity may also have very early postnatal
manifestations. Protein is generally agreed to be the most satiating macronutrient; therefore, potential
(side-)effects of lower infant intakes of total calories or protein on reduced levels of satiety (54) may
limit the reliance on such approaches to reduce rapid infant weight gain and prevent childhood obesity.
In addition to the traditional biological determinants of infant weight gain and growth, it is likely that
parental attitudes to infant feeding and growth (55) and policy factors may also contribute to the wide
variations in infant growth rates (56). In 2006 the WHO published the first international growth charts
which placed breast-fed infants as the standard for optimal growth and nutrition. The application of
such charts in the UK was estimated to increase the number of infants classified as overweight by 35%
and to reduce substantially the number of infants (wrongly) classified as underweight by around 85%
(56). These studies indicate the potential major impact of appropriate growth standards and policies to
set a lower trajectory of infant weight gain.
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FUTURE STRATEGIES – HEALTHY CATCH-UP GROWTH

Significant short- and long-term benefits of postnatal catch-up growth, particularly in developing
settings (57), contrast with the increased risks of future obesity-related disease, and this risk-benefit
balance for the fetal growth-restrained infant has been termed “the catch-up dilemma”. In SGA chil-
dren who remain short, there is evidence that growth hormone therapy may achieve the beneficial gains
in long-term height and even cognitive function, but without the increased adiposity and metabolic dis-
advantages normally associated with early spontaneous, appetite-driven, catch-up growth (58). While
a pharmaceutical approach in all SGA children should not be contemplated, those studies illustrate the
potential for different pathways of postnatal catch-up growth leading to differences in future disease
risks (Fig. 2).

Fig. 2. Schematic diagram of the common SGA pathway of rapid postnatal catch-up weight gain leading to increased
total and central adiposity (bold arrows). Alternative putative pathways to healthy catch-up growth are shown by the
dotted arrows. Reproduced with permission from Ong (58).

In general birth cohort studies, heterogeneity is also detectable between infancy gains in BMI and
adiposity versus growth in length and lean mass. These differences may be under endocrine or genetic
control (59). IGF-I is a major regulator of bone and skeletal muscle growth and is itself nutritionally
regulated during early infancy, with higher levels seen in formula milk-fed infants than in breast-
fed infants. In normal infants, higher IGF-I levels were associated with subsequent greater gains in
length and lesser gains in BMI and adiposity (59). IGF-I may therefore regulate the more favourable
partitioning of infant weight gain into greater statural growth rather than adiposity, or it may at least
represent an informative biomarker of those future growth patterns.

Finally, in addition to identifying the optimal nutrient composition and quantity, the promotion of
healthy infant growth will require recognition of antenatal and infant drivers of appetite and growth,
and also engagement with the prevailing parental attitudes and beliefs.

Editor’s Questions and Author’s Response
• Type 2 diabetes reflects the convergence of defects in insulin secretion and insulin action. Do

you think that intrauterine growth retardation limits beta cell replication in the perinatal
period and thereby predisposes to subsequent development of type 2 diabetes?

• Yes, this is a distinct possibility. Animal models show that fetal growth restriction leads to a reduc-
tion in beta cell numbers, which contributes to the subsequent beta cell failure and hyperglycaemia
(Gatford et al., 2008). Similarly, in a birth cohort study we reported that thinness at birth was associ-
ated with a lower childhood disposition index, which is a marker of beta cell function corrected for
degree of insulin resistance (Ong et al., 2004). It is conjectured that beta cell numbers do not regen-
erate after the perinatal period and therefore your insulin secretory capacity is fixed in response to
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the prevailing level of nutrition during fetal and early infant life. This could be one mechanism to
explain why low birth weight infants have a limited metabolic capacity to respond to large transitions
nutritional status if they become obese in later life.

There is evidence that neonatal administration of exendin-4, a pancreatic beta cell trophic fac-
tor and oral anti-diabetic agent, restores the defect in beta cell mass in fetal growth-restricted rats
(Stoffers et al., 2003). This raises the intriguing possibility that future interventions in low birth
weight babies during early infancy might prevent their later development of type 2 diabetes.

• Some have argued that caloric deprivation during pregnancy or intrauterine growth retarda-
tion can cause premature activation of the hypothalamic-pituitary-adrenal axis, exposing the
fetus and newborn infant to excessive glucocorticoid levels. Others find alterations in growth-
restricted animals that might enhance glucocorticoid action. How do you interpret the roles of
glucocorticoids in the intrauterine programming of metabolic disease?

• Elegant animal models of glucocorticoid administration, or genetic modification of cortisol
metabolism, demonstrate that increased glucocorticoid activity can link low birth weight to later
insulin resistance and associated disease risks (Seckl and Holmes, 2007). However, in humans the
role of the hypothalamic-pituitary-adrenal axis in explaining the epidemiological associations with
low birth weight is not yet clear. While there are some epidemiological studies linking low birth
weight to later cortisol levels such reports are inconsistent (Ong, 2005).

Repeated high-dose maternal corticosteroid therapy is now well established for the prevention of
neonatal respiratory distress syndrome following preterm labour and also for in utero prevention of
genital abnormalities in female infants with congenital adrenal hyperplasia. These treatments have
good safety profiles and appear to have little or no impact on birth weight (Crowther and Harding,
2007), growth or blood pressure in young children (Crowther et al., 2007). However, long-term
follow-up of such offspring is clearly needed to finally establish or refute these arguments.

Crowther CA, Doyle LW, Haslam RR, Hiller JE, Harding JE, Robinson JS. Outcomes at 2 years of age after repeat
doses of antenatal corticosteroids. N Engl J Med. 2007;357:1179–1189.

Crowther CA, Harding JE. Repeat doses of prenatal corticosteroids for women at risk of preterm birth for preventing
neonatal respiratory disease. Cochrane Database Syst Rev. 2007. CD003935.

Gatford KL, Mohammad SN, Harland ML, De Blasio MJ, Fowden AL, Robinson JS, Owens JA. Impaired beta-cell
function and inadequate compensatory increases in beta-cell mass after intrauterine growth restriction in sheep.
Endocrinology 2008;149:5118–5127.

Ong K. Adrenal function of low-birth weight children. Endocr Dev 2005;8:34–53.
Ong KK, Petry CJ, Emmett PM, Sandhu MS, Kiess W, Hales CN, Ness AR, the-ALSPAC-Study-Team, Dunger DB.

Insulin sensitivity and secretion in normal children related to size at birth, postnatal growth, and plasma insulin-like
growth factor-I levels. Diabetologia 2004;47:1064–1070.
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INTRODUCTION

The prevalence of obesity has been increasing dramatically in the United States over the past
decades in each race/ethnic group, in both men and women and in adults as well as children (1–3).
From NHANES 2003–2004 data, 18.8% of children aged 6–11 years were overweight, compared
to 6.5% of children in 1976–1980 (4). Among youth aged 12–19 years, prevalence of overweight
increased from 5% in the late 1970s to 17.4% in 2003–2004 (4). Moreover, the distribution of body
mass index (BMI) has shifted in a skewed fashion, such that the heaviest children have become even
heavier over time (5). Overweight is now present at increasingly younger ages, indicating that risk
factors for this condition start operating early in life (3). As in adults, obesity in childhood and adoles-
cence is associated with adverse short- and long-term chronic outcomes, such as the insulin resistance
syndrome, type 2 diabetes, cardiovascular disease, and increased cardiovascular mortality (6–8).

Fetal life is considered one of the critical periods when an exposure may have lifelong effects,
through biological programming, on the structure or function of organs, tissues, and body systems.
These early effects may be modified by later life exposures (through biological interaction) to deter-
mine future chronic disease risk (9). Determining which and how early-life factors operate among
youth to promote the development of obesity is the first step toward prevention of both childhood and
adult obesity.
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FETAL PROGRAMMING: A CONCEPTUAL FRAMEWORK

The notion that inadequate “nutrition” at critical periods of development in fetal life is a key deter-
minant of childhood and adult health has important implications (10–12). The hypothesis of fetal
over-nutrition or fuel-mediated teratogenesis (13) proposed in the 1950s by Pederson postulates that
intrauterine exposure to hyperglycemia causes permanent changes in the fetus of a woman with dia-
betes in pregnancy, leading to malformations, macrosomia, and an increased risk of developing obesity
and type 2 diabetes later in life. In the 1980s this hypothesis was broadened to include the possibility
that other fuels, such as free fatty acids, ketone bodies, and amino acids, also increase fetal growth
(13). Most studies of “fetal over-nutrition” have focused on maternal diabetes. Recent evidence, how-
ever, suggests that exposure to maternal diabetes represents the extreme of a distribution of altered
maternal fuels to which the fetus is exposed in pregnancies complicated by obesity.

CONSEQUENCES OF EXPOSURE TO DIABETES DURING PREGNANCY

Exposure to altered glucose–insulin metabolism (or frank diabetes) in utero predisposes to fetal
macrosomia and may increase the risks for obesity and metabolic consequences of obesity later in life,
including during childhood and adolescence (14).

Fetal Growth. Infants of diabetic mothers display excess fetal growth, often, but not always, result-
ing in macrosomia (15). This increases the risks for cesarean delivery and traumatic birth injury (15).
Excess fetal growth is thought to be caused by increased substrate availability, including but not nec-
essarily limited, to glucose. While maternal glucose freely crosses the placenta to the fetus, maternal
insulin does not (13). As a result, the fetus receives excess nutrients, and the fetal pancreas responds
by producing increased insulin to meet the excessive glucose load. Insulin acts as an anabolic hormone
in the fetus, promoting adiposity and, to a lesser extent, linear growth.

There is evidence that increased adiposity is already present at birth in infants of mothers with
gestational diabetes. Catalano et al. (16) studied a group of 195 infants of mothers with gestational
diabetes and 220 infants of mothers with normal glucose tolerance and found that fat mass, but not
birth weight or fat-free mass, was 20% higher in the infants exposed to diabetes in utero. Maternal
fasting glucose level measured during the oral glucose tolerance test was the strongest correlate of
infant adiposity, further supporting the hypothesis that the degree of hyperglycemia determines the
metabolic effects on the neonate. This suggests that, even in the absence of macrosomia, the exposure
to the diabetic intrauterine milieu causes alterations in fetal growth patterns, which likely predispose
neonatal overweight.

Childhood Growth and Obesity. The role of exposure to diabetes in utero on subsequent infant
and childhood growth, obesity, and type 2 diabetes has been prospectively examined in two studies:
the Pima Indian Study and the Diabetes in Pregnancy Study at Northwestern University in Chicago.
The offspring of Pima Indian women with pre-existent type 2 diabetes and gestational diabetes were
larger for gestational age at birth, and, at every age, they were heavier for height than the offspring of
prediabetic or non-diabetic women (14,17,18). Even in normal birth weight offspring of diabetic preg-
nancies, childhood obesity was still more common than among offspring of non-diabetic pregnancies
(19).

Researchers at The Diabetes in Pregnancy Center at Northwestern University have reported exces-
sive growth in offspring of women with diabetes during pregnancy (20). By age 8 years the children
were, on average, 30% heavier than expected for their heights. In this study, amniotic fluid insulin was
collected at 32–38 weeks of gestation. At the age of 6 years there was a significant positive association
between amniotic fluid insulin levels and childhood obesity, as estimated by the symmetry index. The
amniotic insulin concentrations in children who had a symmetry index of less than 1.0 (86.1 pmol/l,
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14.4 μU/ml) or between 1.0 and 1.2 (69.9 pmol/l, 11.7 μU/ml) at 6 years of age were only half of
those measured in the more obese children who had a symmetry index greater than 1.2 (140.5 pmol/l,
23.4 μU/ml, p < 0.05 for each comparison). Thus, this study demonstrated a direct correlation between
one measure of the altered diabetic intrauterine environment and the degree of obesity in children and
adolescents.

Not all studies have shown as clear an association between exposure to maternal diabetes in utero
and childhood adiposity (21,22). The Growing Up Today Study (21) measured rates of obesity among
9- to 14-year-old offspring of mothers with gestational diabetes. Each 1-kg increase in birth weight
was associated with a 40% increased odds of being overweight (>95th percentile) as an adolescent;
even when maternal BMI and other potential mediators were taken into account, there remained a
30% increased odds of being overweight per 1-kg increase in birth weight. Exposure to gestational
diabetes in utero was also associated with a 40% increased odds of being overweight as an adolescent,
although these odds were attenuated when further adjustments were made for birth weight (odds ratio
1.3, 95% confidence interval 0.9–1.9) and maternal BMI (odds ratio 1.2, 95% confidence interval
0.8–1.7). While these results suggest that any increase in childhood obesity associated with exposure
to gestational diabetes is not independent of birth weight and maternal obesity, there are important
limitations to this study. All data were collected by questionnaire, and self-reported weight may be
inaccurate. In addition, only about half of the mothers with children agreed to have the study contact
their children, and of the eligible children only 68% of the girls and 58% of the boys completed the
questionnaires, for an overall response rate of 34%. Moreover, a retrospective chart review by Whitaker
et al. (22) found no difference in overweight (≥85th percentile for weight) for children aged 5–10 years
according to maternal gestational diabetes status.

The inconsistencies in these results may be partly explained by differences in exposure prevalence
across populations studied. The rates of obesity and diabetes (including diabetes in pregnancy) in Pima
Indians exceed those of nearly all other populations. Additional studies are needed to evaluate the
effect of intrauterine diabetes exposure on fetal and childhood growth among different ethnic groups
and among populations with milder degrees of hyperglycemia.

Abnormal Glucose Tolerance and Risk for Type 2 Diabetes. For more than 30 years, Pima Indian
women have had routine oral glucose tolerance tests approximately every 2 years as well as during
pregnancy (18). Women who had diabetes before or during pregnancy were termed diabetic mothers;
those who developed diabetes only after pregnancy were termed prediabetic mothers. By age 5–9 and
10–14 years, type 2 diabetes was present almost exclusively among the offspring of diabetic women. In
all age groups there was significantly more diabetes in the offspring of diabetic women than in those of
prediabetic and non-diabetic women, and there were much smaller differences in diabetes prevalence
between offspring of prediabetic and non-diabetic women (23). Recently, the SEARCH Case–Control
Study (SEARCH CC) provided novel evidence that intrauterine exposure to maternal diabetes and
obesity are important determinants of type 2 diabetes in youth of other racial/ethnic groups (non-
Hispanic white, Hispanic, and African-American), together contributing to 47% of type 2 diabetes in
the offspring (24).

Cardiovascular Abnormalities. Animal studies have shown that exposure to diabetes in utero can
induce cardiovascular dysfunction in adult offspring (25). Few human studies have examined car-
diovascular risk factors in offspring of diabetic pregnancies. By 10–14 years, offspring of diabetic
pregnancies enrolled in the Diabetes in Pregnancy follow-up study at Northwestern University had sig-
nificantly higher systolic and mean arterial blood pressure than offspring of non-diabetic pregnancies
(20). Higher concentrations of markers of endothelial dysfunction (ICAM-1, VCAM-1, E-selectin)
as well as increased cholesterol-to-HDL ratio were reported among offspring of mothers with type
1 diabetes compared with offspring of non-diabetic pregnancies, independent of current body mass
index (26). Recently, the Pima Indian investigators have shown that, independent of adiposity, 7- to
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11-year-old offspring exposed to maternal diabetes during pregnancy have significantly higher
systolic blood pressure than offspring of mothers who did not develop type 2 diabetes until after the
index pregnancy (27). These data suggest that in utero exposure to diabetes confers risks for the devel-
opment of cardiovascular disease later in life that are independent of adiposity and may be exerted in
concert with genetic predisposition to diabetes or cardiovascular disease.

DOES MATERNAL DIABETES TYPE MATTER?

Several studies have found that the effects of exposure to diabetes in utero on future obesity are
similar for pregnancies complicated by pre-existing type 1, type 2, or gestational diabetes (14,20).
Weiss et al. (28) compared the offspring of women with type 1 diabetes to offspring of women with-
out diabetes and reported that at age 5–15 years they had significantly higher BMI, greater insulin
resistance, and more than a threefold increased odds of type 2 diabetes. Amniotic fluid insulin levels
were associated with offspring BMI and insulin resistance, further supporting the influence of the fetal
metabolic environment on development of obesity and type 2 diabetes.

In a study of impaired glucose tolerance in the offspring of mothers with type 1, type 2, and ges-
tational diabetes, Silverman et al. found that the risk of impaired glucose tolerance was not different
by type of maternal diabetes (29). Rather, impaired glucose tolerance was closely related to the amni-
otic fluid insulin levels, which are indicative of the degree of fetal hyperinsulinemia. Sobngwi and
colleagues also confirmed that impaired glucose tolerance and defective insulin secretory responses
in adults are associated with exposure to pre-gestational type 1 diabetes in utero (30). The control
population in this study was a group of adult offspring of fathers with type 1 diabetes; in theory, this
controls for confounding by genetic susceptibility. These results further support the conclusion that
hyperglycemia and other fuel alterations in pregnancies complicated by diabetes, and not the etiology
of the mother’s diabetes, are the important factors influencing risk of obesity and glucose metabolism
abnormalities in the offspring.

In the Pima Indian population, Franks and colleagues found that maternal glucose levels are asso-
ciated with excess fetal growth and later risk of diabetes even among women with normal glucose
tolerance (31). Birth weight was found to increase significantly with each standard deviation increase
in maternal blood glucose level, and the risk of type 2 diabetes in the offspring increased 30% with
each standard deviation increase in maternal glucose level. The presence of excess risk of metabolic
abnormalities in offspring even in glucose tolerant mothers suggests that exposure to hyperglycemia
is a continuous risk factor, and prevention of long-term consequences in the offspring may require
improvement in glycemia even in pregnancies uncomplicated by diabetes.

PROGRAMMING OF FETAL GROWTH AND ADIPOSITY BY MATERNAL OBESITY

Much less is known about whether and how fetal programming is driven by exposure in utero to
maternal obesity in the absence of diabetes. Multiple factors have been associated with fetal growth,
in addition to maternal glucose intolerance: age, parity, race/ ethnicity, weight, weight gain, smoking
status, and fetal gender (32,33). Black race, female infant gender, and younger maternal age are asso-
ciated with risk of fetal growth restriction (34–36) while advancing parity and higher maternal body
size are associated with larger babies (36). Interestingly, paternal contribution to fetal growth seems
less important (32). Maternal height and “frame size,” regarded as markers of lifelong nutritional sta-
tus, are important determinants of fetal growth (37). Birth weight was shown to increase linearly with
increasing pre-pregnancy BMI and with increasing weight gain during pregnancy (38,39).
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An important question is whether exposure to maternal obesity during pregnancy in the absence
of frank diabetes is also associated with increased obesity in the offspring, above and beyond genetic
susceptibility. Vohr et al. found that maternal pre-pregnancy weight and weight gain during pregnancy
were significant predictors not only of macrosomia but also of neonatal adiposity (based on skinfold
assessment) among both infants of GDM mothers and control infants (40). Moreover, these patterns
of adiposity at birth persisted at age 1 year (41). Using data from more than 3,000 children avail-
able through the National Longitudinal Survey of Youth, Salsberry et al. found that the risk that a
child would be overweight at a young age increases with maternal pre-pregnancy BMI (42). Recent
findings indicate that children exposed to maternal obesity, in the absence of gestational diabetes,
are at increased risk of developing the metabolic syndrome during adolescence (43). This suggests
that metabolic factors that affect fetal growth and perinatal outcomes are present in obese mothers
who do not fulfill the diagnostic criteria for gestational diabetes. Similarly, in SEARCH CC, expo-
sure to maternal obesity in utero was associated with 2.8-fold increased odds for type 2 diabetes in
multi-ethnic youth, independent of exposure to diabetes during pregnancy (24).

GENETIC, FAMILIAL, OR SPECIFIC INTRAUTERINE EFFECTS?

It is clear that the above associations are partly due to increased genetic susceptibility to obesity
and diabetes inherited by offspring from their mothers. Shared genes certainly account for some of
the similarity in maternal and offspring weight and risk for type 2 diabetes (44). However, there is
also strong evidence that excess growth experienced by offspring of diabetic mothers is not due to
genetic factors alone. First, obesity is no more common in the offspring of women in whom diabetes
developed after delivery than in those of non-diabetic women (14,45). Second, obesity and diabetes
in the offspring of diabetic women cannot be accounted for by maternal obesity (14,19,24). Third, the
excessive growth seen in the offspring of diabetic mothers is not found in offspring of diabetic fathers
in either the Joslin Clinic or the Pima Indian series (46).

While these findings provide evidence that genetic confounding does not explain all of the effects of
maternal diabetes during pregnancy on the risks of obesity and type 2 diabetes in the offspring, there
are genetic mutations which have been shown to cause obesity and type 2 diabetes and are maternally
transmitted (47). Therefore, the ideal way to remove possible confounding by genetic predisposition
is to examine sibling pairs in which one sibling is born before and one is born after the onset of their
mother’s diabetes (48). The Pima Indian studies have examined the effect of intrauterine exposure
to diabetes on risk for obesity among discordant siblings (48). The mean body mass index in the 62
Pima Indian non-diabetic siblings born after the onset of the mother’s diabetes, i.e., the offspring of
the diabetic woman, was significantly higher (mean BMI difference: 2.6 kg/m2) than among the 121
non-diabetic siblings who were not exposed to diabetes in utero, e.g., born before the onset of the
mother’s diabetes. In contrast, there was no significant difference between siblings born before or after
their father was diagnosed with type 2 DM (mean BMI difference: 0.4 kg/m2) (48). These data support
the hypothesis that exposure to DM in utero has effects on offspring body size that are distinct from,
or act in concert with, genetic susceptibility to obesity. They point toward the role of altered maternal
fuels, especially hyperglycemia, as mediators of fetal growth and risk of obesity in offspring exposed
to maternal diabetes in utero.

The Growing Up Today Study (21), on the other hand, found that the 40% increased odds of being
overweight among 9- to 14-year-old offspring of mothers with gestational diabetes was no longer
significant when adjustment was made for birth weight and reported maternal BMI; the latter is con-
sidered a surrogate for genetic susceptibility for obesity. These findings suggest that either shared
adverse lifestyle habits among mothers and daughters or maternal transmission of susceptibility genes
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account for part of the increased risk of obesity among offspring of mothers with gestational diabetes
in addition to the intrauterine exposure to diabetes per se.

Alternatively, since insulin resistance in the mother spares glucose, amino acids, and fatty acids
for placental-fetal transport (37,49), it can be hypothesized that obese or diabetic pregnant women,
who have severe insulin resistance, transport an excess of nutrients to the fetus. This results in fetal
adiposity (37). This hypothesis is entirely compatible with the original “fuel-mediated teratogenesis”
hypothesis (13), as long as the metabolic pathways responsible for the abnormal fetal growth and
development are also associated with an increased risk of later-life chronic disorders such as obesity,
type 2 diabetes, and cardiovascular disease. Data in rats (50) show that pre-gestational obesity induced
by overfeeding leads to obesity, metabolic alterations, and increased adipose tissue cellularity in the
offspring. Importantly, in these models, the process is independent of inherited genetic influences.

POSSIBLE MECHANISMS RESPONSIBLE FOR THE INTRAUTERINE EFFECTS

Despite the evidence from animal and human studies that exposure to maternal diabetes and obesity
in utero may have long-term programming consequences on the offspring, the specific mechanisms
responsible for these effects are not fully understood.

Dysregulation of the Adipo-insular Axis. One of the proposed mechanisms is a resetting of the
adipo-insular axis in exposed newborns. The adipo-insular axis is a bi-directional feedback loop
involving leptin released by adipocytes and insulin released by pancreatic β-cells (51). As body fat
stores increase, leptin levels increase, which in turn reduce insulin production. Increased levels of
insulin stimulate the biosynthesis and secretion of leptin from adipocytes (51). This feedback loop
found in animal studies (52,53) is now also supported by human data (51).

Several studies suggest that the adipo-insular feedback loop may be programmed in utero (54–56).
Elevated cord blood leptin concentrations were found in infants of mothers with type 1 diabetes
(24.7 ng/ml) and of mothers with gestational diabetes (29.3 ng/ml), as compared with controls
(7.9 ng/ml) (57), even after controlling for differences in birth weight. This suggests a direct influ-
ence of maternal hyperglycemia on fetal fat mass and leptin levels. In two other studies, exposure to
gestational diabetes was associated with both hyperleptinemia and hyperinsulinemia in the newborn
(54,58). This suggests that fetal over-nutrition by exposure to maternal diabetes and obesity in utero
may lead to increased insulin secretion and adiposity in the offspring despite an increase in plasma lep-
tin concentrations, which are unable to control the release of insulin and the increase in fetal adiposity
(54). Induction of leptin resistance in utero may therefore be hypothesized as a potential mechanism
for later development of obesity in offspring exposed to over-nutrition in utero. Inefficient leptin action
programmed in utero may lead to hyperphagia, decreased fat oxidation, increased tissue triglyceride
levels, insulin resistance, and obesity later in life (51,59,60).

Fetal Malprogramming of Hypothalamic Neurons. “Functional teratogenesis.” An interesting
hypothesis relating hormonal changes present at birth in offspring exposed to diabetes in utero has been
formulated by Plageman et al. (61). When present in increased concentrations during critical ontoge-
netic periods, hormones (such as insulin and leptin) can act as “endogenous functional teratogens”
(61,62). As example, untreated diabetes in pregnant rats leads to “malprogramming” of hypothalamic
neuropeptidergic neurons in offspring, leading to increased orexigenic neuropeptide Y and agouti-
related peptide, which could contribute to hyperphagia and later development of overweight. Islet
transplantation in pregnant rats with gestational diabetes normalizes blood glucose and prevents these
acquired alterations (63).

Defective Insulin Secretion in Offspring Exposed to Maternal Diabetes. In Goto-Kakizaki (GK)
rats, the diabetic syndrome is produced by streptozotocin injection or glucose infusion. These rats do
not have any genetic predisposition for diabetes nor can their diabetes be classified as type 1 or 2.
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In these studies, hyperglycemia in the mother during pregnancy leads to impairment of glucose
tolerance and decreased insulin action and secretion in adult offspring (64,65).

Impaired insulin secretion (66) has also been observed in human studies. Among 104 normal glu-
cose tolerant Pima Indian adults, the acute insulin response was 40% lower in offspring of diabetic
versus prediabetic mothers (67). In a different population, Sobngwi et al. (30) showed that adult off-
spring of women with type 1 diabetes during pregnancy had a significantly decreased insulin secretory
response to glucose when compared with offspring of type 1 diabetic fathers, while there were no
differences between groups with respect to insulin action. Based on the observations made in rats
and supported by the human findings, it may be hypothesized that exposure to hyperglycemia dur-
ing critical periods of fetal development “programs” the developing pancreas in a way that leads to a
subsequent impairment in insulin secretion. This, coupled with an increased risk for obesity, resulting
from over-nutrition in utero, may lead to an early onset of type 2 diabetes, especially in individuals at
high genetic risk.

CLINICAL AND PUBLIC HEALTH IMPLICATIONS

The long-term effects of exposure to maternal diabetes during childhood and over the life-course
have been described as a vicious cycle (68). Children whose mothers had diabetes during pregnancy
are at increased risk of becoming obese and developing diabetes at young ages. Many of these female
offspring already have diabetes or abnormal glucose tolerance by the time they reach their childbear-
ing years, thereby perpetuating the cycle. A remaining research need is to derive risk estimates for
childhood obesity, impaired glucose tolerance, and type 2 diabetes that are attributable to exposure to
maternal diabetes in utero, in various racial/ethnic groups.

If maternal obesity during pregnancy drives fuel-mediated teratogenesis, the public health conse-
quences are enormous, since obesity is widespread and increasing. Studies are needed to disentangle
the relative contributions of various fuels to the long-term effects on childhood risks for obesity and
impaired glucose metabolism in offspring of obese pregnant women.

Finally, more information is needed to determine the most effective strategies and interventions
to address the risk of chronic metabolic diseases in the infant of the diabetic mother. However, it is
increasingly clear that public health efforts to prevent obesity and type 2 diabetes should focus not
only on adult lifestyle risk factors but also on prenatal exposure to hyperglycemia and obesity in
utero. Reduced obesity in women of reproductive age and prevention of excessive weight gain during
pregnancy not only may decrease the risk of gestational diabetes in the mother but will likely also
reduce the risk of excess fetal growth, future obesity, and type 2 diabetes in the offspring.
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One of the few things certain about obesity is that weight is gained only when energy intake (EI)
exceeds energy needs for a prolonged period of time. However, EI must be considered in the context
of an individual’s energy requirements. When expressed per kilogram of body weight, energy needs in
children are much greater than those in adults owing to the demands of growth and development (1).
Obesity results not from a high absolute energy intake, which may match energy needs in a growing,
physically active child, but from intake which exceeds energy needs on a regular basis. Variation in
physical activity can mean that energy needs of children of the same age can differ by as much as
1 MJ (Fig. 1). It is the coupling of intake and expenditure that is key, and the search for specific dietary
factors that increase the risk of obesity is therefore a quest for factors that undermine the homeostatic
control of food intake.

Innate appetite control mechanisms in children appear to be more robust than in adults. Multiple
studies have shown that young children compensate well for excessive EI at one meal by reduc-
ing EI at the next meal whereas energy compensation in adults is less effective (2,3). However,
the efficiency of appetite control mechanisms declines with age even in childhood; by the time
of the “adiposity rebound” at age 5–7 years, the effect of poor diets on weight gain becomes
increasingly apparent. This may explain why the prevalence of obesity tends to be highest in older
children (4,5). Unfortunately, by this stage inappropriate eating habits may have become established
behaviours.

Moreover, individual variation in the precision of appetite regulation means that some children are
at higher risk even at a very young age (6,7). During infancy, formula feeding (8) and early weaning
(9) are associated with rapid weight gain, which is a strong risk factor for childhood obesity (10).
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Fig. 1. Variation in energy requirements among girls and boys by age and activity level (based on equations (1)).

Considering the marked increase in the prevalence of obesity in children over the last 20 years it is
unlikely that innate child appetite traits have altered significantly. In contrast, changes in diet have
been profound and likely explain, at least in part, the rapid increase in the prevalence of obesity in
recent times.
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DIETARY FAT

The role of dietary fat in the aetiology of obesity is a hotly debated topic (11,12). Mechanistically,
dietary fat is a obvious contender as a risk factor for obesity because it is the most energy-
dense macronutrient (supplying 9 vs. 4 kcal/g for carbohydrate), the most palatable, least satiating
macronutrient, and the last in the oxidative hierarchy to be used as fuel (13).

Prospective studies on the impact of fat intake on weight gain in children, however, have produced
equivocal results. In a study of US children, each extra 1% of energy from fat was associated with
a 0.18 kg/m2 increase in BMI; in contrast, a study of French children showed no evidence of an
association between fat intake and excessive growth (14,15). This is in spite of broadly similar study
designs which included children aged 2–8 years, a modest sample size (n = 70 or 112), detailed
measures of diet (diary or diet history), moderate % fat intakes (∼32% of total energy), and adjustment
for confounding factors. In the largest study of fat intake, which included 10,796 US children aged
9–14 years in the ‘Growing Up Today’ cohort, there was also no evidence of an effect on obesity (16).
If fat intake per se does have an effect on the risk of obesity in childhood then the impact appears to
be small.

FIBRE INTAKE

Fibre adds bulk to the diet, slows gastric emptying, lengthens transit time through the gastro-
intestinal tract, impedes digestion, and increases satiety (17). Prospective cohorts demonstrate that
high-fibre intakes attenuate long-term weight gain and reduce the risk of obesity in adults (17).
Conventionally, recommendations for a high-fibre intake have been avoided for children as too much
fibre may limit EI, retard growth, and reduce the absorption of minerals (18). However, at present
fibre intake among children is low, and in light of the growing childhood obesity epidemic a modest
increase in fibre intake may be beneficial (19).

Nevertheless, the evidence for a relationship between fibre and weight gain in children is limited.
Two prospective studies of US children found no evidence of an association between low-fibre intake
and excessive weight gain. In the first study 1,379 low-income preschool children in the WIC (Women,
Infants and Children) nutrition program were followed for 9 months; no association was found between
fibre intake (g/d) and annual weight gain (20). In the ‘Growing Up Today’ cohort of more than 10,000
children aged 9–14 years, fibre intake (g/d) was unrelated to annual body weight change after 3 years
of follow-up (16). A third study of 328 German children also found no evidence of an effect of fibre
intake on BMI or % body fat change from age 2 to 7 years (21). In these studies fibre intake ranged
from 10 to 16 g/d, which is well below the recommended 19–38 g/d for 1- to 18-year-olds in the United
States (22). If fibre intakes were higher then an effect on weight gain might be observed. Accordingly,
while there is paucity of evidence to suggest that fibre intakes have contributed to the rise in obesity in
children, studies of the effect of increasing fibre intakes to attenuate excess weight gain are warranted.

DIETARY ENERGY DENSITY

Dietary energy density (DED) refers to the amount of energy consumed per unit weight of food. The
effect of DED on energy intake (EI) has been assessed in laboratory-based experimental studies. Meals
with high DED lead to greater intakes of energy than meals with low DED because adults and chil-
dren tend to consume a constant weight of food when differences in energy density are unknown.
This concept is referred to as passive overconsumption (23,24). It is unclear if passive consump-
tion occurs outside the laboratory; some data suggest that free-living adults make conscious choices
to reduce portion sizes of more energy-dense foods when they know the energy content of those
foods (25).
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Fat is a key determinant of energy density and may explain the relationship between DED and EI.
However, adult studies that manipulated fat content while keeping DED constant found that the effect
of DED is independent of fat intake (26,27). Water contributes more to the weight of foods than any
macronutrient; thus energy-dense foods are not just high in fat but also dry (28). For example, a dry
food like biscuits (e.g. cream crackers, which is 13% fat, 10% protein and 4% water) and a high-fat
food like cheese (e.g. Cheddar, which is 35% fat, 26% protein, and 35% water) can have similar energy
densities (29). Importantly DED encompasses all foods likely to lead to an increase in EI and weight
gain and so may be a better measure of an obesogenic diet better than fat or fibre intake alone.

Evidence from observational studies supports the theory that DED has a greater impact on fat mass
as children get older (25). One prospective analysis of 2,275 English children aged 10 years enrolled
in the Avon Longitudinal Study of Parents and Children (ALSPAC) found a linear association between
DED and fat mass measured 3 years later. Each 1 kJ/g DED at age 10 years was associated with 0.16
± 0.06 kg more fat mass at age 13 years (30). In contrast data from 600 children in a sub-sample of
ALSPAC at the age of 5 years showed no evidence of a linear association between DED and fatness at
9 years. However, there was a non-linear association between DED at age 7 years and excessive fatness
at age 9 years (defined as the top quintile of fat mass index), so that each 1 kJ/g DED increased the
risk of excess adiposity by 36% (31). A similar non-linear association was observed in a small study
of Northern Irish children (n = 48), which found that each 1 kJ/g DED at age 7 years was associated
with a 90% increase in the risk of excess fat gain between the ages of 7 and 15 years (defined by the
top tertile of change in fat mass index) (32). The changing effect of DED on fatness with age suggests
that overconsumption in response to energy-dense foods may become more likely as children get older
because innate appetite control becomes more susceptible to disruption by external cues such as high
palatability.

FOODS

Focusing on single nutrients is potentially flawed as foods are made up of many nutrients that
may interact to affect the risk of obesity. For example, high-fat foods, but not high-fat intake, were
associated with increased weight gain, and high-fibre foods, but not high-fibre intakes, were associated
with decreased weight gain over a 1-year period in 2- to 5-year-old US children (20).

Two food groups that have received particular attention with respect to the risk of obesity are sugar-
sweetened beverages and fruits and vegetables. Sugar-sweetened beverages (SSB) increase EI and
promote weight gain since liquid calories elicit a poor satiety response relative to solid food (33). Birch
and Fisher reviewed studies in children in which ad libitum EI was measured following a high- or low-
calorie drink (2). Collectively this research shows that pre-school children consistently reduce their EI
in response to a high-energy drink compared to a low-energy drink; thus overall EI is not increased.
However, the ability to respond to energy from SSB may not be perfect; one study reported that the
reduction in EI at the subsequent meal was only 45% of the extra energy ingested (34). Furthermore,
energy compensation declines with age. It is possible that young children are less susceptible to the
effects of high-energy drinks compared with adolescents.

A wealth of research, summarised in seven reviews published in the last 3 years, suggests that
sugary drinks are associated with a small increase in the risk of obesity in children (35). However, two
different meta-analyses (36,37) found no effect of SSB on weight or BMI gain in children. Prospective
studies of the association between SSB consumption and direct measures of fat mass in children also
support a weak or null effect. A study of 208 Canadian adolescents (33), a study of 190 US girls aged
8–12 years (38), and data from the ALSPAC study when children were 5, 7, and 9 years old (39) all
found no evidence of a longitudinal association between SSB consumption and increased body fat.
In two of these studies SSB consumption accounted for just 3–4% of energy intake, which is much
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lower than that observed in US studies that did find evidence of an association with BMI. Overall the
case for a specific role of sugar-sweetened drinks in encouraging obesity in children is supported by
experimental studies but confirmation of an effect in observational studies of free-living children tends
to be limited to specific samples of US adolescents where consumption of SSB may be particularly
high. Nonetheless, such drinks add energy to the diet in the absence of other essential nutrients and it
is logical to replace SSB with water or low-energy alternatives.

A high consumption of fruits and vegetables may protect against excess weight gain as they are
high in fibre and water, both of which lower DED. The most recent data from the Health Survey for
England (5) indicate that although fruit and vegetable consumption has increased recently it is still low
in children and has declined over the last 40 years (40), suggesting that they may have a role in the
emergence of the obesity epidemic.

A recent review of fruit and vegetable intake and obesity in children has highlighted the need for
more research in this area (41). The only prospective analyses of the association between fruit and
vegetable intake and obesity in young people are from the United States (20,42,43). Data from the
‘Growing Up Today’ cohort describing food intake, physical activity, height, and weight on a yearly
basis over 3 years showed a small inverse relationship between vegetable intake and BMI among boys.
Each serving of vegetables was associated with a 0.003 kg/m2 decrease in annual BMI change, which
was attenuated by the inclusion of EI in the model. There was no evidence of a relationship between
fruit consumption and BMI in either boys or girls (43). In samples of 2- to 5-year-old children in the
Women, Infants and Children (WIC) special supplemental nutrition programs in New York and North
Dakota, neither vegetables nor fruits were associated with weight change (20,42).

Fruit and vegetable intake is almost universally lower than recommended levels in both the United
States and the United Kingdom and it is prudent to continue to promote increased consumption (5,44).
The absence of fruits and vegetables is associated with a lower DED and plays a significant role in
a dietary pattern associated with obesity (45). Moreover, intervention studies in adults have shown
promising results of increasing fruits and vegetables for weight loss and maintenance (46).

DIETARY PATTERNS

Identifying foods associated with obesity may account for interactions between nutrients but ignores
the inherent complexity of diets, which are composed of many foods eaten in varying combinations.
Analyses of patterns of food consumption or dietary patterns are a relatively new area of research in
relation to obesity in children but they offer a more comprehensive assessment of the role of diet in
obesity and may be more easily translated into food-based dietary guidelines.

Dietary patterns can be characterised in two ways: based on the data and based on hypotheses.
Data-driven methods, like factor or cluster analysis, produce common patterns of food consumption,
which may or may not be related to the disease of interest. In contrast, hypothesis-driven methods, like
diet indices or reduced rank regression, use prior knowledge of causal mechanisms to extract dietary
patterns that characterise specific features of consumption, e.g. an energy-dense, high-fat, and low-
fibre diet. For each child a dietary pattern score is calculated from intakes of all food groups so that
high scores represent consumption of a specific combination of foods.

Common patterns of food consumption have been characterised in four samples of UK, Korean, and
US children. Infant dietary patterns during weaning were assessed at age 6 months in the Southampton
Women’s Survey (SWS). An ‘infant guidelines’ pattern was observed that included high intakes of
breast milk, fruits, vegetables, meat, fish, and home-prepared foods. Surprisingly this pattern was
associated with both greater skinfold thickness at 12 months and a greater gain in skinfold thickness
between 6 and 12 months, which was independent of previous breastfeeding and age at introduction
of solids. In a sample of 5-year-old Korean children, a pattern that included many meats and fast
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foods such as hamburgers and pizza was associated with a 77% (95% CI = 6–294%) higher risk of
overweight (defined by BMI 85th Korean reference percentiles) (47). A small cluster (12%) of 9-
to 10-year-old girls in the National Heart, Lung, and Blood Institute Growth and Health Study ate a
‘healthy’ diet characterised by a high intake of fruits, vegetables, dairy, and grains and a low intake of
sweetened drinks, sweets, fried foods, burgers, and pizza. At 10 years follow-up white, but not black,
girls in this ‘healthy eating’ cluster had a lower waist circumference (48).

UK data from food frequency questionnaires completed at age 3, 4, 7, and 9 years of age in ALSPAC
suggested that a food pattern characterised by high consumption of soft drinks, crisps, chocolates, and
biscuits was common at all ages (49). However, there was no association between this dietary pattern
at age 3 and risk of overweight at age 7 years (50). Using more detailed data and a hypothesis-based
approach, an energy-dense, high-fat, and low-fibre dietary pattern was extracted from food diaries
collected in the same cohort at age 5 and 7 years (45). A high pattern score was associated with very
low intake of foods like fresh fruits and vegetables and high-fibre bread, alongside a high intake of
foods like crisps and snacks, chocolates, and confectioneries (as indicated by pattern loadings, Fig. 2).

Fig. 2. The contribution of different food groups to an energy-dense, high-fat, low-fibre dietary pattern in the ALSPAC
cohort (57).
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An increase of 1 SD of pattern score at ages 5 and 7 years, respectively, was associated with an extra
0.15 and 0.28 kg of fat mass at age 9 years.

The analysis of dietary patterns combines many small effects from individual foods and nutrients
and has produced the most consistent evidence to date for dietary causes of obesity. Figure 3 illustrates
the relative estimated impact of nutrients, beverages, and the whole diet consumed at age 5 or 7 years
on excess adiposity at age 9 years and shows that the effect of an energy-dense, high-fat, low-fibre
dietary pattern was larger than the effect of DED, fibre, or fat intake alone on the risk of excess
adiposity. These findings suggest that the diet as a whole is a more important determinant of obesity
risk than any single food or nutrient.

Fig. 3. Data from ALSPAC illustrating the relative impact of fat, fibre, energy density, sugar-sweetened beverages,
and dietary pattern score at age 5 or 7 years on the odds of excess adiposity (top quintile of fat mass index) at age
9 years after adjusting for sex, TV watching, maternal education, maternal BMI, child weight status at baseline, and
misreporting of EI (57).

EATING BEHAVIOUR

One explanation for the mixed findings in relation to diet and obesity is that the impact of diet
on excessive weight gain may be limited to those with an underlying behavioural susceptibility.
Behavioural traits proposed to encourage overconsumption such as a fast eating rate, poor sensitiv-
ity to satiety, heightened food responsiveness, and a tendency to eat palatable food in the absence
of hunger have been characterised in children using experimental methods and psychometric ques-
tionnaires (51). Some cross-sectional studies suggest that these eating behaviour traits are related to
weight, but few longitudinal studies have been performed to confirm an association with greater weight
gain over time (52). The Viva la Familia study measured how much palatable food was eaten in the
absence of hunger by 879 overweight Hispanic children and found an association with BMI at follow-
up 1 year later; interestingly, it was not independent of baseline BMI (53), suggesting that eating
behaviours are entrained at an early age and that the connection between appetite and food intake may
be dysregulated in overweight children.

Indeed, there is evidence that genetic variation underlies differences in obesogenic eating behaviour
traits (54), which could explain why some children seem to gain more weight than others when exposed
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to the modern food environment. One study of Swedish parents and their children indicated that con-
sumption of sweets and soft drinks was related to high scores on an external eating scale. If individual
eating behaviour increases exposure to an obesogenic-type diet this may create a synergistic effect (55).
However, data from ALSPAC exploring the interaction between DED at age 10 years and the FTO
gene, which has been associated with eating behaviour in children (56), found independent effects,
suggesting that eating behaviour and diet simply combine additively to increase the risk of obesity
(30). This is an emerging area of research that deserves more attention in the future.

SUMMARY

Establishing the role of diet in the aetiology of obesity in children is fraught with methodological
difficulties associated with self- or parent-reported measures of diet and reliance on indirect indicators
of fat mass such as BMI. Many studies of the impact of nutrients like fat and fibre report mixed results;
however, DED seems to be emerging as a strong risk factor. Single food groups tend to have a limited
impact on weight gain. The most consistent evidence is for sugar-sweetened beverages, though the
effect is small. The concept of dietary patterns combines the many small effects of various foods and
nutrients and provides a more reliable assessment of long-term obesity risk. Ultimately excess weight
gain is a consequence of surplus EI from any source. A balanced diet that combines many fruits,
vegetables, high-fibre cereals, wholemeal breads, and low-fat meats and limits energy-dense snacks
like chocolates, crisps, confectioneries, white bread, and processed meat is most likely to prevent
excessive weight gain in children.

Meanwhile, research to develop new approaches to facilitate dietary change is urgently required. An
increasing number of families are seeking to make healthier choices but are thwarted by the availabil-
ity, accessibility, and marketing of less healthy options, often with economic incentives to encourage
bulk purchases or supersizing. Changes in the wider food environment are a necessary component
alongside individual decision-making to drive population-wide changes in dietary habits to favour
weight control.

Editor’s Comment and Question and Authors’ Response

• As noted here and in Chapter 1 by Popkin, the consumption of sugar-sweetened beverages
by children has increased dramatically during the past generation. Indeed, simple elimina-
tion of sugary drinks can reduce body weight rapidly (though in many cases transiently) in
some obese teenagers. Much concern has been raised about the pathogenic role of fructose,
a major component of table sugar, high-fructose corn syrup, juice concentrates, and honey.
Unlike glucose, fructose is taken up rapidly by the liver after GI absorption and appears
to promote hepatic fat deposition and post-prandial hypertriglyceridaemia, particularly in
insulin-resistant subjects. LDL cholesterol levels may also increase in normoinsulinaemic sub-
jects (Schaefer et al., 2009). On the other hand, fructose raises insulin levels to a far lesser
degree than glucose; moreover, central metabolism of fructose may promote food intake, while
central metabolism of glucose suppresses feeding (Land and Cha, 2009).

As you note, there is considerable controversy over the role of fructose in body fat deposition
and weight gain. Some investigators using high levels of fructose feeding (25% of daily energy)
show induction of visceral adiposity and insulin resistance (Stanhope et al., 2008). Others are
not yet convinced (White, 2008) and argue, as you do, against focusing on single macronutrient
in the battle against weight gain (Schaefer et al., 2009).
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There is also much discussion about the roles of vitamins and micronutrients (vitamin D,
carotenoids, magnesium, selenium, etc.) in obesity pathogenesis. What is your view?

• Some micronutrients may be associated with obesity risk but this is most likely explained by the kind
of dietary pattern associated with obesity, which is energy dense, high in fat and low in fibre, and
also coincidentally nutrient poor. There is no convincing mechanistic evidence that any associations
between obesity and micronutrient intakes are causal.

Land MD, Cha SH. BBRC. 2009;382:1–5.
Schaefer EJ, et al. J Nutr. 2009;139:1257S–62S.
Stanhope KL, et al. Am J Clin Nutr. 2008;87:1194–203.
White JS. Am J Clin Nutr. 2008;88:1716S–21S.
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INTRODUCTION: ENERGY EXPENDITURE

By the law of conservation of energy, body fat increases when energy intake is consistently greater
than energy expenditure. Excess body fat and obesity are the result of sustained positive energy balance
(1). The pandemic of obesity has spread from the United States to Europe and is now emerging in
middle- and even low-income countries (2). In the United States, for example, since the 1970s the
weight of the average person has increased by ~12 kg; importantly this trend affects all ages, races,
and socio-economic groups (3). Because of the health (3,4) and economic costs of obesity (5) the
urgency to understand why humans are gaining weight has intensified.

It is accepted that nutritional quality is often poor (6). However, there is controversy as to whether
increased energy intake has accompanied the obesity epidemic. For example, in Britain, obesity rates
have doubled since the 1980s yet energy intake appears to have decreased (7). The NHANES surveys
in the United States are difficult to interpret because the method used to examine energy intake changed
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between surveys (8,9). In the absence of firm data that link increased dietary intake to obesity (10), the
role of energy expenditure in human energy balance has come under greater scrutiny.

Classically, there are three components of human daily energy expenditure (Fig. 1a): basal
metabolic rate, the thermic effect of food, and activity thermogenesis. Basal metabolic rate is the
energy required for core body functions and is measured at complete rest without food (15,16). It
accounts for about 60% of daily energy expenditure in a sedentary person. Nearly all of its variability
(~80% of the variance) is accounted for by body size – or more precisely lean body mass; the bigger
a person, the greater his/her basal metabolic rate (17). The thermic effect of food (TEF) is the energy
expended in response to a meal; it is the energy associated with digestion, absorption, and fuel storage
(17,18). The thermic effect of food accounts for about 10% of daily energy needs and does not vary
greatly between people. The remaining component, activity thermogenesis, can be sub-divided into
exercise and non-exercise activity thermogenesis (NEAT).

Fig. 1. (a) Components of total daily energy expenditure (TDEE) in a free-living sedentary adult. (b) The effect of
occupational intensity on energy expenditure [data from (11)]. (c) Work burdens for women and men from the Ivory
Coast versus age [from (12,13)]. (d) Energy expenditure above resting for a variety of activities [data from (14)].

Despite more limited information on energy expenditure in children compared to adults, there are
some key differences between children and adults. Children have a higher basal metabolic rate com-
pared to adults (19–21). As children mature, there is a gradual decrease in energy expenditure with
increasing age. The changes in energy expenditure appear to be related most closely to changes in
body composition that occur around the time of puberty. There also appear to be hormonal influences
such that there is a larger increase in fat-free mass in boys compared to girls. Energy requirements are
thus increased, with the greatest increase for boys, at the start of puberty. Variation in energy expendi-
ture has been explored in relationship to obesity in children. Although obese children spend less time



Energy Expenditure in Children: The Role of NEAT 139

engaged in physical activity, they do not have a reduced resting metabolic rate or thermic effect of
food.

MEASUREMENT OF ENERGY EXPENDITURE AND NEAT

The measurement of energy expenditure associated with rest, activity, the utilization of food, and
NEAT has been explained in-depth previously (22,23). There are, however, many important consid-
erations for performing these measurements in children compared to adults. General methods for
measurement of energy expenditure are described here with emphasis on appropriate procedures used
with children.

Basal Metabolic Rate and Resting Energy Expenditure
BMR should be measured in individuals who slept at the site of measurement overnight. For this

reason it is generally not practical to routinely perform this measurement in young children. A more
common approach would be to measure the energy expenditure associated with rest. Resting energy
expenditure (REE) should be performed in the postprandial state, at least 6 h after consumption of any
calories or performing any rigorous activity. For children, it is ideal to complete this measurement first
thing in the morning after an overnight fast. Children should be fully rested while supine for 60 min
prior to the measurement. A common technique is to allow the child to watch an age-appropriate video
while resting.

The measurement should be performed with the child supine. A single pillow may support the
child’s head and/or the head of the bed should be at a 10◦ vertical tilt. The child should be in thermal
comfort and the room should not be brightly lit. Children should be encouraged to lie motionless and
should not be allowed to talk. The age of the child may impair their ability to remain motionless for
long periods and researchers often develop creative approaches to encouraging appropriate behavior.
For example, a simple technique of giving a child a laboratory timer so that they know how much time
they have to lie still may be helpful. The measurement period should last for 20 min.

Thermic Effect of Food
Measurement of the thermic effect of food is also challenging in younger children. However, the

measurement may be more ideal in school-age children, ideally at the age of 10 and above. Optimally,
a measurement of resting energy expenditure should be performed first, then the child is provided a
meal. The energy content of the food should be known precisely and should be 400 kcal or greater.
Providing the child with food that they prefer to eat is critical. Parent involvement with food choices
is preferred over allowing the child to select the foods. Energy expenditure should then be measured
for 360 min or until energy expenditure falls to within 5% of the resting energy expenditure. For those
using hood-based systems (with response time 2 min), energy expenditure can be measured every
15 min out of 30 min to avoid subject agitation. The thermic effect of food is calculated from the area
under curve describing the energy expenditure above resting energy expenditure (EE-REE) versus
time. Some would argue that it is of value to also measure the thermic effect of non-caloric meals.

Energy Expenditure of Physical Activities
Points of reference are important. Resting energy expenditure should be measured first, and then

the energy expenditure of the posture of reference should be measured while the child is motionless.
For example, for measuring the energy expenditure of desk work at school, sitting energy expenditure
should be measured as the point of reference. For measuring the energy expenditure of standing in
the school play yard, standing energy expenditure should be measured as the point of reference. A
creative approach may be required: standing or sitting motionless is not the natural mode of activity.



140 Lanningham-Foster and Levine

Distraction is a common technique; children are frequently allowed to watch age-appropriate videos
during measurement of activity energy expenditure. Measurement of energy expenditure during the
performance of the activity of interest should be performed for 10–15 min if the calorimeter has a
response time of 2 min. Where calorimeter response times are longer, the measurement period needs to
be prolonged so that steady-state energy expenditure is reached. However, in working with children it
is ideal to use equipment with lower response times to minimize the length of the measurement period.
The energy expenditure for the activity can be calculated as the steady-state energy expenditure for
that activity minus (or divided by) either the energy expenditure of the posture of reference or the
resting energy expenditure.

Defining Exercise and NEAT
Exercise is defined as “bodily exertion for the sake of developing and maintaining physical fitness,”

for example, sport or visiting the gym (24). The vast majority of world-dwellers do not participate in
exercise as so defined, and for them, exercise activity thermogenesis is zero. Importantly too, the vast
majority of “exercisers” participate in exercise for less than 2 h/week and for them, exercise accounts
for an average energy expenditure of less than 100 kcal/day. Given that most children do not participate
in organized sport activity (see below), their energy expenditure from exercise (as defined above) per
se is low.

NEAT is the energy expenditure of all physical activities other than volitional sporting-like exercise.
NEAT includes all those activities that render us vibrant, unique, and independent beings such as
dancing, going to work or school, shoveling snow, playing the guitar, swimming, or walking in the
modern mall. NEAT is expended every day and can most easily be classified as NEAT associated
with occupation and NEAT associated with leisure. In children, the concept of NEAT may be slightly
different compared to adults as children more commonly engage in NEAT associated with leisurely
play. A child’s frequent participation in bouts of activity is important for proper development; this is
true not only in humans, but across several species. School-age children confined to the limitations of
their environments are likely to engage in NEAT associated with leisure and NEAT associated with
school. Indeed, for most children, the total energy expenditure associated with NEAT exceeds greatly
the energy expenditure associated with volitional sport-like exercise (see Energy Equivalents of Daily
Activity in the Appendix).

NEAT Energy Expenditure
NEAT is commonly measured by one of two approaches. The first is to measure or estimate

total NEAT. Here, total daily energy expenditure is measured using techniques such as the doubly
labeled water method (25–27) or gas and/or heat exchange (room calorimetry) and from it Resting
Energy Expenditure + Thermic Effect of Food + Exercise Activity Thermogenesis (EAT) is subtracted
[TOTAL NEAT = TEE – (REE+TEF+EAT)]. The second approach is the factorial approach whereby
the components of NEAT are quantified and total NEAT calculated by summing these components.
This approach is frequently used for estimating NEAT in free-living children. First, a child’s physical
activities are recorded over the time period of interest (e.g., 7 days), for example, using accelerometry
(28). The energy equivalent of each of these activities is determined. The time spent in each activity is
then multiplied by the energy equivalent for that activity. These values are then summed to derive an
estimate of NEAT. The advantage of this approach is that the components of NEAT can be defined. This
final point is critical because the components of NEAT in children and adults are likely different and
customization based on the individual’s activity patterns is beneficial in more accurately determining
NEAT.
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NEAT VARIABILITY

Daily energy expenditure varies substantially (11). In fact highly active adults expend three times
more energy per day than inactive adults (11) and this marked variability in daily energy expenditure
is even greater when data from non-industrialized countries are considered (29,12). Overall, for two
adults of similar size, daily energy expenditure varies by as much as 2,000 calories per day. As noted
above, basal metabolic rate is largely accounted for by body size and the thermic effect of food is small.
Thus, activity thermogenesis must vary by as much as 2,000 calories per day. Given that volitional
exercise makes only a minor contribution to activity thermogenesis in most people, this wide variation
in daily activity thermogenesis must be explained by NEAT.

In adults, occupation is a key determinant of NEAT. For someone of average age, sex, and weight,
occupational NEAT varies as shown in Fig. 1b. If an average person were to go and work in agriculture,
their NEAT could theoretically increase by 1,500 kcal/day (12).

Understanding the role of occupation on NEAT is far from straightforward, however, because
occupation-related NEAT is overlaid simultaneously by societal and biological drives. In Fig. 1c the
occupational NEAT of more than 5,000 dwellers from agricultural regions of the Ivory Coast is shown.
Each individual was followed for 7 days by a trained enumerator and all their daily tasks were recorded
using one of 200 numeric codes. First, the societal effect of sex on work burdens can be seen; women
work more than men. In these societies, the societal construct is that women conduct all (>95%) of
domestic tasks and about a third of agricultural tasks. Men work exclusively in agriculture and have
greater leisure time than women (12). Second, these data demonstrate the interaction of ageing on
work participation, noting that this population is unfettered by retirement policy. As ageing occurs,
occupational NEAT declines (Fig. 1c) (13). Across all species that have been studied, non-exercise
activity levels decline with ageing (30). These data thereby depict the interplay of both society and
biology. Other studies (11) and these suggest that occupation is the major predictor of NEAT in adults;
active work can expend 1,500 kcal/day more than a sedentary job (29,12).

Variability in leisure (31) also accounts for substantial variability in NEAT. The energy expended
in several activities is shown in Fig. 1d (14). Consider that a child returns home from school by parent
car at 4 pm. From then until bedtime at 9 pm the primary activity may be to operate the television
remote control or video game control in a semi-recumbent position. For these 5 h, the average energy
expenditure above resting would approximate 8% and the NEAT will thus approximate 25 kcal for the
evening (0.08 × 1,500 BMR × (5/24) h). Now imagine he/she becomes aware of the soccer tryouts
after school, the neighborhood park, and the possibility of walking to school. The child then decides
to undertake these tasks. The increase in energy expenditure would be equivalent to walking approxi-
mately 1–2 mph for the same period of leisure time (4–9 pm). NEAT then increases to 625–935 kcal
for the evening (2 or 3 × 1,500 BMR × (5/24) h). Thus, for this hypothetical child, the variance in
leisure time NEAT has the potential of impacting energy expenditure by almost 1,000 kcal/day. Thus
leisure activities range from almost complete rest to those that are highly energized. Since NEAT can
vary dramatically among individuals, could NEAT be important in weight gain?

NEAT IN WEIGHT GAIN AND OBESITY

In humans, the manipulation of energy balance is associated with changes in NEAT. In one study
(32), 12 pairs of twins were overfed by 1,000 kcal/day. There was a fourfold variation in weight
gain, which by definition must have reflected substantial variance in energy expenditure. Since the
changes in energy expenditure were not accounted for by changes in basal metabolic rate or sport-
like exercise, changes in NEAT were implicated indirectly. Interestingly, twinness accounted for a
substantial minority of the inter-individual variance in weight gain, suggesting that NEAT is under both



142 Lanningham-Foster and Levine

environmental and biological/genetic influences. When positive energy balance is imposed through
overfeeding, NEAT increases (33,34). Moreover, the change in NEAT is predictive of fat gain (35).
Those who with overfeeding increase their NEAT the most gain the least fat (Fig. 2a). Those who
with overfeeding do not increase their NEAT gain the most fat. Therefore, NEAT is fundamentally
important in human fat gain.

Fig. 2. (a) Fat gain versus changes in NEAT with 8 weeks of overfeeding by 1,000 kcal/day in 16 lean, sedentary vol-
unteers (35). (b) Posture and activity sensing undergarments (36). (c) Time allocation for components of NEAT in 10
sedentary lean and 10 obese individuals during weight maintenance feeding (36). (d) Time allocation for components
of NEAT in lean subjects before and after weight gain and obese subjects before and after weight loss (36).

If people who fail to increase NEAT with overfeeding gain excess body fat, could there be a NEAT
deficit in obesity? To examine this question, we integrated micro-sensors into undergarments (Fig. 2b).
These sensors allowed body postures and movements, especially walking, to be quantified every half
second for 10 days. The data (Fig. 2c) demonstrated that obese subjects were seated for 21/2 h/day
more than lean subjects. The lean sedentary volunteers stood and walked more than 2 h/day longer
than obese subjects. Importantly the lean subjects lived in a similar environment and had similar jobs
compared to the obese subjects. Because all the components of energy expenditure were measured
it could be calculated that if the obese subjects were to adopt the same NEAT-o-type as the lean
subjects, they might expend an additional 350 calories/day. Thus NEAT and specifically walking are
of substantial energetic importance in obesity. Lean individuals exploit opportunities to walk, where
the obese find opportunities to sit.

We have also quantified differences in daily standing/walking times between normal weight and
overweight children. These initial studies indicate that normal weight children stand for longer periods
of time each day compared to overweight children; however, the difference is slightly less (90 min
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compared to 2 h) than that in adults. The significance of this lower difference in standing/walking
time in children compared to adults needs to be explored, despite the complexity of performing such
evaluations. Our findings suggest that there are developmental influences on NEAT across the life span
and that these influences are different in lean compared to obese individuals.

It might seem obvious that because people with obesity are heavier, they sit more than lean people.
However, these differences do not reflect greater body weight alone. When lean adult subjects gained
weight through overfeeding, their tendency to stand/ambulate persisted (Fig. 2d). When obese subjects
became lighter, their tendency to sit did not change (Fig. 2b).

Thus, obesity is associated with a NEAT defect that predisposes obese people to sit (37). Lean
people have an innate tendency to stand and walk. These findings appear to be true in children as well
as adults.

NEAT CHILDREN

Obesity prevalence among children is at the highest levels measured; presently 15% of US boys and
girls aged 6–11 years are overweight (38). Obesity among children has increased more rapidly in the
last 30 years and this is now occurring worldwide. The situation, however, is projected to get far worse
because there are now three times more obese children than there were two decades ago (39–41).
Childhood obesity is a global epidemic with unheralded health consequences (42,43). These rising
obesity rates have been, in part, blamed upon increasing sedentariness (44–47). Sitting in front of a
television, video game, or computer screen has been consistently associated with low levels of physical
activity (47). Weekly screen time in children is as high as 55 h/week (48) and the average home in the
United States has a television on for 8 h/day (49). Although many programs have attempted to separate
children from the screen, these activities are highly valued and children are resistant to giving them up
(50). There is therefore an urgent need to devise approaches that render children active; the school is
the obvious place to start.

As to why physical activity became drained from school is uniformly explained by a decrease
in the prioritization of physical activity relative to other learning objectives on the school calendar.
This occurred concomitantly with decreased fiscal allocation of resources for physical activity. This is
equally true in the Unites States, European countries, China, North Korea, and Australia. Interestingly,
facilities for physical activity (e.g., gym, playground, or field) are often present and qualified teach-
ers are available (albeit often few in numbers). However, even elementary schools do not have daily
programmed activity; middle schools rarely have compulsory daily activity and most children report
that they do not get regular physical activity. In high schools the story is even worse, at least in the
United States; here many schools offer physical education as a one semester optional course to meet a
minimal state requirement for physical education. Most children do not participate in physical activity
most days of the week.

Of course, school systems cannot shoulder the blame for childhood obesity, but schools used to
compel daily activity and school is where our children spend most of their weekdays. Furthermore
children used to walk or ride their bikes to school, whereas now they invariably ride on a bus or in a
car. It only takes a moment of thought to realize that educational standards are irrelevant if children
grow up entrained to be sedentary and unhealthy.

It is imperative for both health and fiscal reasons that effective childhood obesity prevention and
intervention programs be developed immediately. Previous approaches to reverse low levels of phys-
ical activity in children have generally focused on impacting the behaviors that children and their
parents engage in at school and/or at home. However, these approaches in general vary in success and
overall have failed. Rather than trying to impact behavior one wonders whether a redesigned physical
infrastructure could impact how children behave.
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Despite efforts to promote NEAT and activity within the boundaries of the traditional school system,
there is a growing realization that these efforts have failed and are likely to continue to do so. That
being understood, focus is intensifying as to whether school infrastructure and operational systems can
be altered to promote NEAT and daily activity and reverse obesity. By examining this question under
the headings of (a) the student, (b) the classroom, (c) the school, and (d) the environment external
to school, the conclusion is drawn that a multifaceted approach can be readily applied to effectively
change the nature of school from chair imprisoned to NEAT enhanced.

NEAT SCHOOL

There are four aspects one needs to consider when redesigning the school to promote health. The
first is the individual. The second is their immediate space – the classroom. The third is the general
space – the school itself. The fourth is the external space – the out-of-school environment. Let us
consider these one by one.

THE INDIVIDUAL

The individual space of a pupil can most easily be summarized as a desk–chair space or more
pejoratively a “desk sentence.” Even from pre-school, students are conditioned to be desk-bound. The
focus on educational discipline for centuries has been to maintain children at their desks. This enables
a teacher to organize a group of individuals whose natural tendency is to move.

An important question is why we should contemplate changing desk-based learning when this
learning approach preceded the obesity epidemic. This argument ignores three issues. The first is that
desk-based learning evolved at the time when children would invariably walk to school and be active
in their leisure time. For example, many children had documented walk times of more than 4 h/day
in their commute to school prior to 1900. The second issue is the assumption that children learn best
while seated; the Socratic Peripatetic School in ancient Athens invoked ambulation as the standard
form of learning and a multitude of scholars have worked standing or in motion; Einstein was said to
solve the riddle of relativity while riding his bicycle. The third issue is that it is an assumption that
children learn best while seated; the evidence for this is absent. There is no education compulsion for
children to learn while seated at a desk. In fact our studies indicate that if you give a child a chance
to move, they will do so and will learn better. If the notion of a ‘student sitting at a desk’ is dispelled,
enormous educational possibilities result.

Examples of NEAT Solutions
1. It is possible for students to use lightweight podium desks that are height adjusted. This enables a student

to sit or stand as she wishes and also to define her work space as she chooses; desks can be moved to
where the student wishes to learn.

2. A student can use aluminum lightweight portable personalized white boards that she can move to her
chosen workspace. This enables a teacher (in motion too) to write personally for a student and for a
student to write on a board in response.

3. Mobile technologies can be applied. A student using a wireless Ethernet-connected portable computer
can gain and deliver knowledge anywhere in the school system. The weight of a portable laptop com-
puter is often less than standard book bags (51). The technologies allow a student and teacher to
communicate privately and at distance. Other mobile technologies (e.g., mobile audio devices) enable
a student to receive educational materials while in motion (e.g., audio materials heard while walking or
spelling words practiced while playing basketball).

4. Personalized health-sensing technologies can be worn by students. Students already oftentimes wear
identity cards. Similarly, students’ NEAT and cafeteria food choices can be logged on a portable device
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and fed back to students to provide them with information and feedback. For example, a student who
meets his activity goal for the week could be rewarded and a student who eats pizza everyday for a week
could be sent “an eat cool” advisory.

THE CLASSROOM

Once the chairs and desks have been removed from a traditional classroom, it looks very different
(Fig. 3). In fact, the role of the space itself comes under question. The Merriam-Webster definition of
a classroom is “a space where a body of students meeting regularly to study the same subject” (24).
As soon as the desks and chairs are dispensed with, we can consider changes in classroom setting. For
example, Can park land function as a classroom (San Francisco has city-wide wireless Internet and so
educational materials could be accessed at any time from anywhere in the city)? Can a walking track
be a classroom? Once desk and chairs are no longer needed the answers to these two questions could
be “yes.”

Fig. 3. A sample, NEAT-promoting school of the future.

Examples of NEAT Solutions
1. Open-format classrooms. An open-format classroom is a traditional classroom space from which the

desks and tables have been removed. An open-format classroom has several advantages over the tradi-
tional desk–chair approach. First students can define their own space and their own groupings; some
students like to work collaboratively, whereas other students do not. Second, a teacher can direct stu-
dents within the space so that different educational objectives can be mirrored by different physical
layouts. Third, different technologies (such as those described above) can be introduced but only as
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needed. For example, in a mathematics lesson, a teacher may want to teach students from a white board
(wall mounted) at the front of the classroom and so laptop computers would not be used inside the room.
Alternatively, a teacher may want to teach biology using video clips from a local hospital’s operating
room, and here students would need to have their laptop video-cams linked to the hospital.

2. Un-roomed classrooms. The theme of mobility can take students out of the traditional four-walled class-
room (noting the definition of a “classroom” above). The “classroom” can become a gymnasium, a park,
or a walking track. This approach has several advantages as well as drawbacks. A major advantage is
that a four-walled space is not needed, so this frees up traditional school classroom “real estate.” A
consequence of this could be that fewer classrooms are needed for a given school. Also, the un-roomed
classroom creates novel educational paradigms; for example, virtual classrooms can evolve to bring
geographically separated students under one educational environment and educators with unique skills
to students who would not otherwise benefit. Moving-wall systems can be used to “create” classrooms
ad hoc in undefined space as the need arises.

Drawbacks that educators report are the issues of acoustics and behavioral issues. Acoustics in
free-living space is difficult for three reasons: (a) noise transition from source to listener. This can
be helped using high-quality mobile transmission systems; (b) the effect of extraneous noise such as
traffic. Theoretically this is helped (but only to a degree) using noise-cancelling technology; and (c)
multi-person communication. Even though traditional teaching is from teacher to students [see (a)], an
important part of the educational experience is the vocal interchange between students; this can be chal-
lenging even with advanced mobile, acoustic systems. The second drawback of wall-less learning can
broadly be defined as “behavioral issues.” This does not necessarily refer to issue of disciplinary control
but rather to the nature of group-dynamics (52). There is a general belief that education benefits from the
process of group-dynamics and this can potentially be stultified by learning either while in motion (e.g.,
on a walking track) or with virtual learning environments. Although this is intuitively true, evidence is
lacking.

THE SCHOOL

When considering how the school itself (Fig. 3) can contribute to NEAT-enhanced active learning,
two broad categories need to be considered: the first is organizational infrastructure and the second is
physical infrastructure. At an organizational level there are several important areas. For example, Are
policies in place that promote NEAT and physical activity throughout the school day? Does lesson
organization permit or enhance NEAT? Does recess allocation and organization permit and promote
physical activity? Does the school week allocate time to physical activity?

Have safety and legal issues been anticipated?
What is important to appreciate is that organizational issues are often inexpensive or even cost-

neutral.
With respect to physical infrastructure, there are also several considerations. For example, Is there

adequate space to promote daylong physical activity? Are the resources available to recreate, redesign,
and retool classrooms to promote activity? Is the physical infrastructure used wisely to promote
daylong physical activity? Are new schools NEAT-compliant?

Possible NEAT Solutions
Let us examine NEAT solutions for an entire school first from an organizational perspective and

then with respect to physical infrastructure.

1. Leadership. The role of school leadership in promoting daylong physical activity and NEAT cannot
be understated. The school principal needs to drive the initiative for NEAT-enhanced active schooling.
Leadership invariably, however, needs to emanate from beyond the individual school itself; there needs
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to be support from regional and even national school authorities (see below). Within the school, there
must be support beyond the principal, including teachers, janitors, kitchen staff, mechanics, and grounds
staff.

2. Lesson organization to promote NEAT. There are obvious examples of how important lesson organiza-
tion can be. For example, say a biology teacher wishes to teach her biology class at a local nature reserve;
those lessons will need to be scheduled to enable the students to arrive on site in a timely fashion.
More radical approaches can be contemplated; for example, several sports- and arts-orientated schools
schedule all formal education in the morning to enable students to ski or learn ballet in the afternoon;
these students generally exceed educational standards. One could therefore envisage a health-promotion
school with the same educational organization, where half the day is allocated to healthy pursuits. On
a more subtle level, lessons can be organized in such a way as to maximize the distance between the
classrooms so that students have to walk the greatest possible distance between lessons. NEAT-based
scheduling has tremendous potential power to increase daytime NEAT.

3. Recess. In North American schools recess has contracted to the point where oftentimes it serves only
to enable children to eat and use bathrooms. Recreational time during the day is diminishing. This also
in part reflects the pressures that many educational systems impose with respect to meeting educational
goals. Increasing recess-associated physical activity necessitates that recess time is available to students
but also that the time is used efficiently.

4. Allocating time in the school week for physical activity. The obvious opportunity here is to reverse the
astonishing decline in compulsory physical education that has occurred in many high-income coun-
tries. What should the goal be? The NEAT deficit in children is about 90 min/day. The notion that all
children should be active in school for three 30-min sessions per day seems excessive. However, con-
sider a school in North Dakota that engages all children in 30-min walks at the beginning of the school
day, after lunch, and at the end of the school day. The walking segments at the beginning and end of
the school day are supervised through a volunteer program and the school bus system is not unduly
inconvenienced. In this model, school education time is unaffected. More subtle approaches can also be
used; for example, specific school corridors can be pre-allocated for specific classes so that lesson-time
walking is encouraged.

5. Recognizing non-traditional activities as being health positive is simply a state of mind. Most children
do not engage in formal sports. There is a need to encourage children to pursue activities that they enjoy
and that foster lifelong participation. Examples include skate-boarding, using rollerblades, dancing,
yoga, and talking to friends on the phone while walking. Emphasizing the pleasure of participating over
“winning” is often important too.

6. Contrary to expectations, it is not complicated to devise legal waivers for most activities at school; this
should not be seen as a barrier to promoting daylong, enjoyable, and healthy activities at school.

NEAT solutions for an entire school also involve infrastructural considerations.

1. Adequate space. A common misconception is that a school needs to be completely rebuilt to render
it activity promoting. Oftentimes reallocating preexisting resources and space can create a physical
infrastructure to promote NEAT and activity. For example, an old disused play area can be converted
into an engaging climbing play ground that invites and stimulates activity. Disused concrete areas can
be rebuilt into skateboard parks. An unused wall can become a climbing wall. Parts of walkways can be
designated for roller-blade use. Cycle paths can be designated and even mountain bike trails designed.
Walks between school areas can be made more engaging using culture and art projects. Unused open
spaces can be used as an arena to encourage music and outdoors dancing. Careful review of existing
spaces can yield remarkable results at little cost. Safety issues, however, must be considered.

2. Resource availability is often cited as the key limiting factor for promoting school-based physical
activity. This chapter, however, argues strongly against this. Nonetheless, increasing the resources avail-
able to a school can help promote physical activity. Such resources can range from small amounts of
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money to purchase equipment such as carts containing recess equipment through major grants to con-
vert schools into health-promoting environments. Fund raising from the student body, school districts,
funding agencies, and industry are all potential sources of funding. None should be overlooked.

3. The efficient use of physical infrastructure is important for promoting daylong activity. If a school elects
to build a skateboard park in its concrete area, will this wonderful area be used for only 1 h a day?
Could recess times be staggered to give more children more opportunities? Could sports facilities (e.g.,
gymnasiums) that are normally closed on weekends be opened (often using community volunteers) to
enable children to play in out-of-school hours and weekends? Conversely, could community facilities
such as swimming pools be better shared with schools that do not have such opportunities? The efficient
use of existing resources can oftentimes triple their use.

4. Building new schools. New schools are built in every major populous center every year. Without rebuild-
ing existing schools, it is self-evident to build new schools from the “bottom-up” (Wifi to bike track) to
be NEAT and activity promoting.

THE OUT-OF-SCHOOL ENVIRONMENT

Understanding the role of the school day in promoting a child’s physical activity cannot ignore the
role of the external world on the school and vice versa.

Possible NEAT Solutions
The external world affects how a school functions in many ways. Governmental and regional poli-

cies, for example, can create mandates to promote physical activity and health. Resource allocations
for children engaged in these programs can be diverted from health promotion budgets rather than
school ones. Play areas for out-of-school activities can be rendered safe through police allocation;
similarly children can be encouraged to walk or cycle to school assuming city planners recognize the
need for walkways and safe cycle paths that override busy streets. In the same way that school-based
solutions for obesity may exploit environmental re-engineering, so too can compatible programs be
derived for adult workplaces.

What is often overlooked is how a school can interface with its external environment. This occurs
in two ways. First, a program delivered to children can be complemented by a program delivered
to their families. There is widespread potential to use the school premises (and infrastructure) to
achieve this goal as well. In so doing, broad-based partnerships between schools and the commu-
nities they serve can be strengthened. The second element is even more important. Obese children
are likely to become obese adults. What happens in school today affects the nation tomorrow. If
children leave the school systems profoundly unhealthy, they are likely to remain this way for life.
On the other hand, an education that provides an approach to lifelong activity and fun could be one
of the most valuable educational elements a child takes away from the NEAT-enhanced school of
tomorrow.

CONCLUSION

It is recognized that the primary goal of school is to educate children. Since the inception of mod-
ern schooling, this mandate has been understood to represent the obligation to provide broad-based
education that serves a student lifelong. Examples include the commonplace inclusion of sex educa-
tion in the curriculum plus the presence of broadening experiences such as drama. It has long been
understood that the role of school extends beyond trigonometry and Shakespeare. There is also a uni-
versal recognition that childhood obesity is rising unabated at catastrophic rates. Since most children
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in developed countries attend school, our schools are an obvious place to consider obesity intervention
and prevention.

Over the last few decades, the emphasis in the sciences was on changes in nutritional quality being
the principal driver in the obesity epidemic. However, the emphasis has shifted over the last 5 years
toward the belief that energy expenditure, in particular NEAT, is at the crux of the obesity epidemic.

Exercise is associated with considerable health benefit including diminished rates of diabetes,
heart disease, and possibly cancer and is associated with prolongation of life span (53); the converse
appears to be true for inactivity (54). If so, increasing NEAT might confer health benefit and longer
life.
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Editor’s Comments and Question and Authors’ Response
• We face an educational crisis in the United States, with high school dropout rates approxi-

mating 35–40% in major urban centers. Measures of educational achievement appear to have
declined at the population level, and a significant percentage of children are under pharma-
cotherapy for behavior control. Thus educators MUST seek new approaches to improve school
satisfaction and performance.

“Open” schools and classrooms have been implemented successfully in some locales when sup-
ported strongly by parents, teachers, administrators, and the community. On the other hand,
open classrooms have been criticized for their failure to provide “structure” for children from
chaotic home situations and for those with attention deficit disorders and other learning dis-
abilities. Some teachers find it difficult or impossible to maintain a stable, tranquil, effective,
and safe learning environment in the open classroom setting.

Would an expanded traditional school day that includes three 30-min periods of vigorous
non-competitive play accomplish the NEAT goals that you seek to achieve, if combined with
(a) limits on “screen time” at home and (b) government policies and a built environment that
promote walking to and from school?

• An alternative to open classrooms, which in many school districts are untenable, is to modulate the
school day within the preexisting infrastructure. Examples include (a) “walk-to-school” programs,
(b) evening use of school gyms for urban sports activities, (c) changing unused concrete areas to
skateboard parks, (d) mandating certain classes to be walking based, or (e) “top-and-tail” programs
where the first and last 30 min of the school day are active. It is clear, however, whatever options
are selected, that school leadership is critical. Also, such activities need to be integrated across the
school workforce (e.g., a school walking program without support from the janitorial staff is likely to
fail). Government actions are viewed often as intrusive. However, in October of 2009 the Australian
Government recommended the ban of all screen time for under-2’s and a 1-h limit for 2–5-year olds;
these recommendations are likely to be implemented across all state-supported entities such as day
care centers.
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Certain endocrine and metabolic disorders cause mild to moderate weight gain and fat deposition.
Excess fat storage in turn can have profound effects on intermediary metabolism and endocrine func-
tion. We begin this section with a brief discussion of endocrine disorders that promote excess weight
gain. We then review the effects of obesity on linear growth and bone maturation, thyroid function,
sexual development, adrenal function, and calcium homeostasis and bone mineralization. Subsequent
chapters in this volume discuss the implications of obesity for insulin production and action and the
regulation of glucose tolerance, blood pressure, lipid metabolism and atherogenesis, sleep hygiene,
and hepatic function.

METABOLIC AND HORMONAL DISORDERS CAUSING EXCESS FAT DEPOSITION

Hormonal disorders commonly associated with weight gain and increases in the ratio of fat to lean
body mass include growth hormone (GH) deficiency, hypothyroidism, glucocorticoid excess, and the
polycystic ovarian syndrome (PCOS, Table 1). Fat deposition in GH deficiency results from heightened
insulin sensitivity, impaired lipolysis, sarcopenia, and induction of 11β-hydroxysteroid dehydroge-
nase 1 (11β-HSD1) in visceral or abdominal fat, which favors local overproduction of cortisol (1).
Hypothyroidism promotes weight gain by reducing resting energy expenditure, while glucocorticoid
excess causes hyperphagia, adipogenesis, and muscle wasting. Ovarian hyperandrogenism/PCOS is
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Table 1
Mechanisms of Weight Gain in Hormonal Disorders

GH deficiency

Increased insulin sensitivity

Increased lipogenesis, decreased lipolysis

Increased 11 beta HSD-1 in abdominal/viceral fat

Sarcopenia and decreased resting energy expenditure

Hypothyroidism

Reduced resting energy expenditure

Decreased exercise

? sarcopenia

Glucocorticoid excess

Hyperphagia

Increased adipogenesis

Sarcopenia

PCOS/Ovarian hyperandrogenism

? hyperinsulinemia

Hyperprolactinemia (variable weight gain)

Hypogonadism

? increased food intake

? increased adipogenesis

Hypothalamic obesity

Central leptin resistance with hyperphagia

Heightened vagal tone with hyperinsulinemia

GH deficiency, hypothyroidism, +/– precocious puberty, hyperprolactinemia

Glucocorticoid excess (surgical and post-op periods)

associated with insulin resistance and hyperinsulinemia; given the ability of insulin to stimulate ovarian
androgen production (see below), it may be a consequence as well as a cause of obesity.

Hypothalamic damage or disease can cause insatiable appetite and progressive weight gain.
Reductions in basal metabolic rate and physical activity contribute to hypothalamic obesity (see
Chapter 2 by Lustig). Deficiencies of GH, thyroid hormone, and glucocorticoids are common in this
setting and some patients have precocious puberty, which can promote fat deposition, particularly in
girls. The insatiable appetite and obesity probably result from central leptin resistance and heightened
vagal tone with hyperinsulinemia. The use of high-dose glucocorticoids around the time of surgery
facilitates weight gain; hyperprolactinemia, which has been associated with weight gain in adults and
children (2,3), may also contribute.
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GH deficiency, hypothyroidism, glucocorticoid excess, and pseudohypoparathyroidism (which can
be accompanied by hypothyroidism as well as GH deficiency) are associated with short stature and/or
decreased height velocity. In contrast, stature and height velocity are normal or increased in “exoge-
nous” obesity (see below). Laboratory testing in an obese child is unlikely to reveal an underlying
hormonal disorder (other than insulin resistance and glucose intolerance) if the height, growth veloc-
ity, pubertal development, and menstrual function are appropriate for age and family history. It should
be noted, however, that linear growth and bone maturation may not be reduced in children with adrenal
tumors that produce androgens as well as cortisol. Moreover, linear growth may appear normal or even
increased in GH-deficient or hypothyroid patients who also have precocious puberty.

EFFECTS OF OBESITY ON LINEAR GROWTH AND BONE MATURATION

Final adult height in otherwise normal obese children generally falls within two standard deviations
of target height. However, rates of linear growth and bone maturation are often increased in obese pre-
and peri-pubertal children despite marked reductions in basal and stimulated plasma growth hormone
(GH) concentrations and a reduction in circulating GH half-life (4). The reduction in GH secretion
in obese children and adults has been ascribed to negative feedback by free fatty acids, a reduction
in plasma ghrelin (a GH secretagogue produced by the stomach), and nutrient-stimulated increases in
IGF-1 production. Total IGF-1 and IGF binding protein (BP)-3 concentrations in obese subjects are
typically normal or only mildly elevated; this may reflect in part the production of IGF-1 and IGF BP-3
by white adipose tissue (5,6) and/or an increase in hepatic GH sensitivity, resulting from induction of
hepatic GH receptors by hyperinsulinemia (Fig. 1). Induction of GH receptor expression in obesity is
suggested by an increase in levels of GH binding protein (7), the circulating form of the extracellular
GH receptor domain, and by heightened production of IGF-1 following a single dose of GH (8).

Total IGF-2 concentrations were elevated in obese adults in two studies but were normal in a study
of obese adolescents (9). Many investigations find reductions in serum IGF binding proteins 1 and 2
(IGFBP-1 and BP-2), which correlate inversely with plasma insulin concentrations and liver fat content
(10,11). The reductions in IGFBPs 1 and 2 are postulated to increase the bioavailability of IGF-1,

Fig. 1. Mechanisms that may explain the normal or increased rates of growth and bone maturation in pre- and
peri-pubertal obese children. IGF, insulin-like growth factor; BP, binding protein. An increase in adrenal androgen
production in obese children with precocious adrenarche may also accelerate bone maturation.
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which may thereby maintain or increase linear growth in obesity despite diminished GH secretion.
“Free” IGF-1 levels have been found to be elevated in some, but not all, studies of obese adults (12,13);
however, a recent investigation found that the bioactivity of IGF-1, as assessed by a kinase receptor
activation assay, was normal in obese women. The ratio of bioactive IGF-1 to total IGF-1, however,
was increased (14).

Reductions in plasma IGF BP-1 or 2 concentrations in insulin-resistant obese subjects may facilitate
weight gain because overexpression of IGFBP-1 or 2 in transgenic mice reduces adipogenesis and
prevents diet-induced obesity. Interestingly BP-1 excess reduces insulin sensitivity but BP-2 excess
improves glucose tolerance (15,16)

The effects of IGF-1 on growth and bone maturation may be potentiated by insulin-induced
increases in adrenal androgen production (Fig. 1 and below); bone age may be advanced as much as
1 year in children with precocious adrenarche, which is more common in obese children. The hyper-
leptinemia of obesity also appears to play a role (Fig. 1). Circulating leptin levels rise in proportion
to body (particularly subcutaneous) fat stores and are higher in girls than in boys. Leptin stimulates
proliferation of isolated mouse and rat osteoblasts and increases the width of the chondroprogenitor
zone of the mouse mandible in vivo. Conversely, leptin deficiency in ob/ob mice reduces cortical bone
mass but increases trabecular mass (17); leptin treatment increases femoral length, bone area, and
bone mineral content (18) and may promote the differentiation of osteoblasts from bone marrow stem
cells (17). The effects of leptin may be exerted in concert with IGF-1 because leptin increases IGF-1
receptor expression in mouse chondrocytes (19). Nevertheless, linear growth is normal in patients with
congenital deficiencies of leptin or the leptin receptor (20,21).

THYROID FUNCTION

Plasma T4 and TSH levels generally fall within the normal range in obese subjects but tri-
iodothyronine concentrations are mildly elevated, a consequence of nutrient-dependent T4 to T3
conversion [(4), Fig. 2]. The elevation of T3 increases resting energy expenditure and may thereby
limit further weight gain. Caloric restriction and weight loss, on the other hand, decrease total and free
T4 and T3 levels, reducing energy expenditure and thereby facilitating weight regain.

The effects of caloric excess and deprivation on thyroid hormone levels are mediated in part by
leptin-dependent effects on hypothalamic TRH production (Fig. 2; see also Chapter 28 by Lechan
and Fekete). Thyroid hormone levels are variably low in leptin receptor-deficient humans and are
reduced in leptin receptor-deficient db/db mice. Leptin treatment reverses the loss of TSH pulsatility

Fig. 2. Hyperleptinemia and nutrient-dependent conversion of T4 to T3 can increase T3 levels in obesity; fasting
reduces T4 and T3 production and increases the conversion of T4 to inactive reverse T3 (rT3).
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that accompanies short-term fasting and normalizes thyroid hormone levels following longer-term
caloric restriction. These actions are mediated by direct effects of leptin/STAT-3 signaling on TRH
transcription and indirect effects on TRH production mediated by increases in ∝MSH and reductions
in agouti-related peptide (AgRP) and neuropeptide Y (22,23).

GONADAL FUNCTION AND PUBERTAL DEVELOPMENT

A recent study found that obesity in early childhood (age 36–54 months) and excessive weight gain
between 3 and 9 years of age increase the risks of precocious thelarche and may reduce the age of
menarche (24). Since leptin promotes gonadotropin secretion and rises transiently before the onset of
puberty in normal weight children, it is possible that the hyperleptinemia of obesity promotes early
sexual maturation, at least in girls.

More commonly, obese girls and boys develop precocious adrenarche without true puberty, and
teenage obese girls are prone to ovarian hyperandrogenism with mild hirsutism, acne, anovulation,
and menstrual irregularity. The pathogenesis of precocious adrenarche and ovarian hyperandrogenism
remains poorly understood. However, insulin and IGF-1 in excess act in synergy with adrenocorti-
cotrophic hormone (ACTH) and luteinizing hormone (LH) to stimulate the production of androgens
from adrenocortical cells and ovarian theca cells, respectively. These effects are mediated through
induction of P450c17α hydroxylase activity. The biologic availability of ovarian and adrenal andro-
gens is increased because insulin suppresses hepatic sex hormone binding globulin (SHBG) expression
and reduces plasma SHBG concentrations. Free androgens increase the frequency of gonadotropin-
releasing hormone (GnRH) pulses and the ratio of LH to follicle-stimulating hormone (FSH), thereby
exacerbating thecal androgen production. The increase in free androgens may induce precocious
adrenarche in pre-pubertal girls and boys and may cause anovulation and hirsutism in adolescent girls
and young women [(25,26), Fig. 3; see also Chapter 24 by Franks and Joharatnam].

Free and total testosterone levels are generally normal in obese boys but may decline with dramatic
weight gain in association with a fall in gonadotropin levels. These changes can reverse with weight

Fig. 3. Development of ovarian hyperandrogenism and gynecomastia in obese adolescents. IGF, insulin-like growth
factor; BP, binding protein; GHBP, growth hormone binding protein; SHBG, sex hormone binding globulin; LH,
luteinizing hormone; FSH, follicle-stimulating hormone.
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loss. Aromatization of androstenedione in adipose tissue increases plasma estrone concentrations,
causing gynecomastia in adolescent boys.

In rare cases the gynecomastia and ovarian hyperandrogenism in obese children are caused by
hyperprolactinemia. Prolactin levels are typically normal or low in obese children or adults. However,
hyperprolactinemia deriving from a pituitary tumor may be associated with weight gain in children as
well as adults (2,3).

GLUCOCORTICOID PRODUCTION AND TURNOVER

The abdominal weight gain, striae, hirsutism, and menstrual irregularity that may accompany obe-
sity are often confused with Cushing’s syndrome. In contrast to “exogenous” obesity, Cushing’s
syndrome is typically associated with linear growth failure and delayed bone maturation (unless
a primary adrenal tumor produces excess androgens as well as glucocorticoids) as well as hemor-
rhagic/violaceous, rather than pink, striae. Basal plasma, salivary, and urinary free cortisol concentra-
tions and basal ACTH levels in obese, non-Cushingoid children generally fall within the normal range,
and diurnal variation and the response to dexamethasone are maintained (27). However, body fat mass
correlates with total excretion of glucocorticoid metabolites, suggesting that obesity is accompanied
by increased cortisol secretion and turnover.

Changes in tissue glucocorticoid metabolism may modulate fat distribution and peripheral insulin
sensitivity (28). For example, polymorphisms in the glucocorticoid receptor have been associated
with obesity, hypertension, and insulin resistance in some studies in adults. Additional investigations
suggest that overexpression of 11 beta hydroxysteroid dehydrogenase type 1 (11βHSD1) in visceral
adipose tissue may exacerbate weight gain by increasing local production of cortisol from inactive
cortisone. In contrast, other studies find lower expression of 11βHSD1 in preadipocytes of obese, non-
diabetic adults (29); the expected reduction in tissue cortisol concentrations is postulated to counteract
the insulin resistance and weight gain in obese patients. An increase in 11βHSD1 expression after
weight loss may facilitate adipose cortisol production, adipogenesis, and weight rebound.

CALCIUM HOMEOSTASIS, BONE MINERALIZATION, AND FRACTURES

Adolescents and adults with severe obesity, particularly those with dark skin, often have reduced
circulating levels of 25-hydroxyvitamin D (25OHD). One study (30) found that 25OHD levels were
less than 20 ng/ml in 78.4% of markedly obese (BMI 43.3) African-American teenage girls (mean age
14 years). The prevalence of vitamin D deficiency is lower in obese whites than in black or Hispanic
children (31): in a total of 127 obese adolescents (mean age 13 years, BMI 36.4), vitamin D deficiency
was noted in 43.6% of Hispanics and 48.7% of African-Americans but only 10.2% of Caucasians;
levels of 25OHD correlated inversely with serum parathyroid hormone (PTH). A more recent inves-
tigation (32) showed that 17 of 58 obese adolescents (mean 14.9 years, BMI 36, 66% female, 14%
black) had 25OHD levels below 20 ng/ml; however, none had elevated (>65 ng/ml) PTH levels, and
bone mineral content and density fell within the normal range.

The reductions in 25OH vitamin D levels in obese children may be explained by decreased intake
of vitamin D-containing dairy products, decreased cutaneous synthesis of vitamin D3 (in persons
of color), and/or reduced bioavailability of vitamin D3 owing to deposition in adipose tissue (33).
25OHD levels in adults are inversely proportional to visceral and subcutaneous fat stores and mea-
sures of insulin sensitivity (34). Recent evidence suggests that 1,25 diOH vitamin D inhibits expression
of peroxisome-proliferator-activated receptor gamma (PPARγ) and c/EBPα, providing a mechanism
by which vitamin D deficiency may promote adipogenesis (35). However, no studies thus far have
demonstrated that Vitamin D treatment can prevent or reverse weight gain in obese subjects.
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Some studies show variable decreases in bone mineral content in obese subjects; others find that
overweight and obese children have normal or increased bone mass compared with lean children.
Yet the incidence of extremity fractures appears to be higher in obese than in lean children (36,37);
experiments in mice suggests that high-fat feeding increases bone density but reduces bone strength,
bending stiffness, and fracture resistance (38). Overall bone quality appears to reflect a number of
genetic and environmental factors including milk intake and sun exposure, consumption of carbonated
beverages, and physical activity, which promotes bone accrual and strength (39).
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Obesity in children and adults is associated with resistance to the metabolic effects of insulin. The
term “insulin resistance” is commonly used to describe the resistance of skeletal muscle and liver
to insulin-dependent glucose metabolism: insulin resistance reduces myocellular glucose uptake and
utilization, increases hepatic glucose production, and facilitates adipose tissue lipolysis. Reductions
in hepatic insulin clearance and a compensatory up-regulation of beta cell insulin secretion lead to
hyperinsulinemia.

It is important to recognize that the process of insulin resistance is tissue and pathway selective.
Thus certain actions of insulin in liver (e.g., lipoprotein synthesis and suppression of sex hormone
binding globulin and IGF binding protein-1), skin, ovary, and kidney are preserved; this explains in
part the clinical manifestations of insulin resistance, which include dyslipidemia, acanthosis nigricans,
hyperandrogenism, and hypertension. Together with glucose intolerance, these disorders are postu-
lated to drive the development of atherogenesis and to increase the risk of cardiovascular disease in
susceptible individuals (1).

Insulin resistance can be induced by changes in metabolic demand during the lifespan: exam-
ples include the transient insulin resistance of puberty (2), pregnancy, and acute illness. Sensitivity
to insulin declines progressively with age and may be influenced by the macronutrient composition of
the diet (3). The clinical manifestations of insulin resistance depend upon the duration of the underly-
ing disorder and on the susceptibility of the individual; thus the acute and long-term effects of insulin
resistance are modulated by familial, genetic, racial, and ethnic factors.
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PATHOPHYSIOLOGY OF INSULIN RESISTANCE

The most common cause of insulin resistance in the pediatric age group is obesity. Most obese chil-
dren and adults are insulin resistant; however even severely obese children can in some cases be highly
insulin sensitive, normotensive, normolipidemic, and euglycemic (4). The relationship between obe-
sity and peripheral insulin resistance depends more on the distribution of lipid (or “lipid partitioning”)
in specific fat depots than on the absolute amount of fat per se. Different lipid depots have distinct
metabolic characteristics reflected in their adipocytokine and cytokine secretion profiles (5), sensitiv-
ity to hormones such as norepinephrine or insulin, and anatomical blood supply and drainage (portal
vs. systemic) (6). Increased visceral fat accumulation in obese children is associated with increased
insulin resistance (7) and the clustering and heightened expression of cardiovascular risk factors (8)
(Figs. 1 and 2). Some obese children manifest a unique lipid partitioning pattern characterized by a
large visceral fat depot and a relatively smaller subcutaneous fat depot. Children with a predominance
of visceral fat have adverse metabolic profiles in comparison with those with larger subcutaneous

Fig. 1. Representative MRI images of Caucasian female subjects with low and high levels of visceral fat. Note the
inverse relationship between visceral fat and insulin sensitivity (Matsuda index). Adapted from Taksali et al. (9).

Fig. 2. Relation of tertiles of visceral fat and the prevalence of the metabolic syndrome. Adapted from Taksali
et al. (9).
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fat depots, even when the latter have greater BMI and percent body fat (9). Thus, the subcutaneous
fat depot, localized more in the lower body region than in the upper body region (10), serves as a
“metabolic sink” that accumulates fat in states of excess energy intake/low energy output. Individuals
with the ability to store excess fat in lower body subcutaneous depots appear to be able to gain excess
weight without developing significant insulin resistance. In contrast, those with low capacity to store
excess lipid in subcutaneous depots tend to accumulate fat in visceral depots and in insulin responsive
tissues such as muscle and liver and develop insulin resistance.

The skeletal muscle is the primary site for post-prandial glucose uptake and utilization.
Intramyocellular lipid deposition is higher in obese than in lean subjects (Fig. 3) and correlates
inversely with peripheral insulin sensitivity (11) (Fig. 4) and is increased in offspring of patients
with T2DM and in obese children with impaired glucose tolerance (12). The effect of lipid within
the myocyte on insulin signal transduction is indirect and probably mediated by several fatty acid
derivatives such as ceramide, diacylglycerol, and fatty acyl CoA as well as reactive oxygen species
that inhibit insulin signaling (13). Similarly, hepatic fat accumulation is strongly associated with obe-
sity and with hepatic resistance to the effects of insulin on glucose metabolism; it is also associated
with an adverse cardiovascular risk profile in children (see Chapter 15 by Alisi et al., this volume).

Fig. 3. Intramyocellular lipid (IMCL) and extramyocellular lipid (EMCL) content in lean and obese adolescents. From
Sinha et al. (11) with permission.
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Fig. 4. Relation of intramyocellular lipid (IMCL) and extramyocellular lipid (EMCL) content to whole-body insulin
sensitivity in lean and obese adolescents. Redrawn from Sinha et al. (11) with permission.
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As the liver governs glucose metabolism in the fasting state and the muscle affects glucose
metabolism mainly in the post-absorptive state, significant hepatic insulin resistance may have a
stronger impact on fasting glucose levels and on the early post-absorptive suppression of hepatic gluco-
neogenesis following a meal. In contrast, muscle lipid deposition has a greater impact on post-prandial
glucose levels. Combined resistance in skeletal muscle and liver induces a rise in blood glucose, which
is noted first in the post-prandial state. This triggers an adaptive increase in beta cell insulin secretion
and a reduction in hepatic insulin clearance. The net result is an increase in circulating insulin lev-
els (hyperinsulinemia). In early stages, hyperinsulinemia maintains euglycemia; however, persistent
insulin resistance imposes a continuous burden on beta cell insulin secretion. In the long run, this may
contribute to beta cell failure (14,15). The induction of adipose tissue lipolysis in insulin resistance
raises circulating free fatty acids, which stimulate insulin secretion initially but ultimately reduce beta
cell function in the presence of hyperglycemia. The high levels of insulin increase renal sodium reten-
tion, reduce uric acid clearance (16), and promote ovarian androgen production (17). Hyperinsulinemia
may also activate the sympathetic nervous system (18) and impact the metabolism and secretion of
pro-inflammatory cytokines as well as coagulation mediators (19).

Some suggest that hepatic deposition of lipid is not a primary process but a “normal” response
to elevated circulating insulin levels induced by muscle insulin resistance; they argue that hepatic
steatosis is a consequence, not a culprit, of the adverse metabolic phenotype characteristic of insulin-
resistant individuals. Exposure of the liver to hyperinsulinemia, along with increased free fatty acid
flux, likely contributes to the dyslipidemia observed in individuals with insulin resistance. This dys-
lipidemia consists of elevated triglycerides, reduced HDL-cholesterol, and an increased concentration
of small LDL particles, which are integral to the pathogenesis of atherosclerotic heart disease (20,21)
(see also Chapter 14 by McCrindle, this volume).

In summary, peripheral tissue resistance to the action of insulin, specifically in metabolic pathways
related to glucose metabolism in the muscle and liver, results in a compensatory hyperinsuline-
mia. Selective preservation of insulin signaling pathways yields a clinical picture characterized by
dyslipidemia (specifically elevated triglycerides, low HDL-cholesterol, and the presence of small
LDL particles), hypertension, and ovarian hyperandrogenism. Altered glucose metabolism, mani-
fested as impaired fasting glucose, impaired glucose tolerance, or overt diabetes, reflects the inability
of beta cells to secrete insulin in amounts sufficient to overcome insulin resistance. Insulin resis-
tance and hyperinsulinemia enhance the expression of pro-inflammatory cytokines and factors related
to hyper-coagulability. The clustering of these factors accelerates the process of atherogenesis and
cardiovascular disease.

EPIDEMIOLOGY OF ALTERED GLUCOSE METABOLISM IN CHILDHOOD

The epidemic of childhood obesity has been accompanied by a sharp increase in the incidence
of type 2 diabetes (T2DM) in the pediatric age group. T2DM represents the end of a spectrum of
altered glucose metabolism that includes at least two pre-diabetic conditions: impaired glucose toler-
ance (IGT) and impaired fasting glucose (IFG). As not all those with a pre-diabetic condition progress
to develop T2DM, the prevalence of these pre-diabetic conditions is much greater than that of overt
diabetes. Recent data from the SEARCH for Diabetes study in the United States showed that the preva-
lence of T2DM in Caucasians (at ages 10–19 years) was 0.18/1,000, with higher rates in female than
in male subjects (0.22 vs. 0.15 per 1,000, p = 0.01). The incidence of type 2 diabetes was 3.7/100,000,
with similar rates for female and male subjects (3.9 vs. 3.4 per 1,000, respectively, p = 0.3) (22).
Among African-American youth aged 10–19 years, the prevalence (per 1,000) of T2DM was 1.06
(0.93–1.22) and the annual incidence (per 100,000) was 19.0 (16.9–21.3). For T2DM, the rates were
6.9/105 (5.7–8.4) and 4.8/105 (3.8–6.0) for female and male subjects, respectively (23). It should be
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noted that the SEARCH study excluded all subjects in seropositivity to islet antigens, even if they had
a phenotype and family history characteristics of patients with type 2 diabetes. Nevertheless, among
Hispanic female subjects aged 15–19 years, the incidence of type 2 diabetes exceeded that of type 1
diabetes (p < 0.05). The incidence of type 1 and type 2 diabetes for Hispanic male subjects aged 15–19
years was not significantly different (24). In the most conservative estimate, more than 20,000 obese
children in the European Union have T2DM, while more than 400,000 have impaired glucose toler-
ance (25). Among US adolescents, the unadjusted prevalences of IFG, IGT, or either one were 13.1,
3.4, and 16.1%, respectively, with overweight adolescents having a 2.6-fold higher rate than those with
normal weight (1.3–5.1) (26). These data indicate that alterations in glucose metabolism, specifically
of pre-diabetic conditions, are common among obese children and adolescents. Moreover, T2DM, pre-
viously considered rare in childhood, must now figure prominently in the differential diagnosis of any
overweight or obese adolescent with hyperglycemia.

PATHOPHYSIOLOGY OF ALTERED GLUCOSE METABOLISM IN CHILDHOOD

The development of T2DM involves at least two mechanisms relevant to glucose metabolism
pathways: increased peripheral insulin resistance and a failure of beta cell function to compensate
adequately for such resistance. The most common cause of insulin resistance in childhood is obesity,
which reduces insulin action in otherwise healthy individuals and exacerbates pre-existing insulin
resistance in those with a predisposing condition. Predisposing factors include ethnic background
(African-American, Hispanic, Native American, Asian, and Pacific Islander), a family history of
T2DM in first-degree relatives, prematurity and intrauterine growth retardation, a history of expo-
sure to gestational diabetes, sedentary behavior, and, possibly, specific macro and micronutrients in
the diet (27).

Obese children and adolescents with pre-diabetic conditions have marked peripheral insulin resis-
tance in comparison to normal glucose tolerant peers (28). While glucose tolerant subjects have
varying degrees of insulin sensitivity (29), pre-diabetic subjects uniformly have very low insulin sensi-
tivity. Development of insulin resistance triggers a compensatory increase in circulating insulin levels
that is achieved by two independent mechanisms: increased secretion of insulin from pancreatic beta
cells and reduced clearance of insulin by the liver (30). The relation of insulin secretion to insulin
resistance is hyperbolic (best described as sensitivity×secretion = constant) and is called the dispo-
sition index (DI) (31). As an individual’s DI is largely genetically determined, one can have various
degrees of insulin sensitivity for a given DI during the lifespan; yet as the degree of insulin sensitivity
declines in a given individual, the demand for beta cell insulin secretion must increase (32) (Fig. 5).
Failure to maintain adequate insulin secretion will translate to a new and lower DI that manifests as a
relative hyperglycemia in comparison to the previous steady state.

Early defects in beta cell function have been demonstrated in obese children and adolescents with
IGT and with T2DM. In the face of comparable degrees of insulin resistance, individuals with IGT
display a pattern of first-phase insulin secretion that is reduced in comparison to those with nor-
mal glucose tolerance yet greater than those with T2DM. Second-phase insulin secretion is initially
preserved in those with IGT but is reduced in those with early T2DM (33). Thus, T2DM in obese
adolescents manifests a dual defect in both phases of insulin secretion following glucose challenge
and thus represents overt beta cell failure.

Mathematical modeling of beta cell function indices derived from oral glucose tolerance tests
(OGTTs) demonstrates subtle yet significant defects in beta cell function in the various pre-diabetic
conditions in obese youth. First-phase insulin secretion is progressively lower in IFG, IGT, and
IFG/IGT, respectively, compared with NGT. Second-phase insulin secretion is significantly reduced
only in the IFG/IGT group. Thus, IFG in obese adolescents is linked primarily to alterations in glucose
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Fig. 5. Relation of OGTT-derived indexes of insulin secretion and sensitivity and their interactions. As shown, for a
given DI, as insulin sensitivity is lower, early insulin response is higher. This translates to a greater BCDI (beta cell
demand index), reflecting the metabolic burden placed on the β-cell in order to maintain a constant DI and normal
glucose homeostasis. From Weiss et al. (15) with permission.

sensitivity of first-phase insulin secretion and liver insulin sensitivity. The IGT group has a more severe
degree of peripheral insulin resistance and reduction in first-phase secretion. IFG/IGT is hallmarked
by profound insulin resistance and by a new additional defect in second-phase insulin secretion. Thus,
although we tend to categorize degrees of glucose intolerance based on thresholds for clinical purposes,
the deterioration from normal glucose tolerance to T2DM represents a continuum that culminates as
a significant defect of beta cell function. Milder defects in beta cell function can be detected even in
subjects with glucose levels in the “high normal” range. However, beta cell function deteriorates fur-
ther as glucose tolerance worsens (34): isolated IGT, manifested as elevated 2-h glucose levels during
an OGTT, represents an early first-phase beta cell defect, while the combination of impaired fasting
glucose and IGT is associated with more profound beta cell dysfunction.

Reductions in peripheral insulin resistance, whether achieved by diet-induced weight loss, exercise,
or pharmacologic interventions, allow the affected individual to shift along the DI curve to a new
steady state in which beta cell capacity is sufficient to maintain euglycemia. It is currently unclear if
increases in insulin sensitivity can fully restore beta cell function once an individual has developed
overt glucose intolerance.

DYNAMICS OF PRE-DIABETIC CONDITIONS

Not all obese children and adolescents with a pre-diabetic status progress to develop overt dia-
betes. For example, some adolescents with pre-diabetes at mid-puberty revert to normal glucose
tolerance upon completion of pubertal development. The progression from IGT to T2DM is asso-
ciated with a continuous reduction in insulin sensitivity, tightly linked to significant weight gain
(35). Indeed, changes in insulin sensitivity, mostly associated with weight dynamics, are the main
predictors of changes in the 2-h glucose level during an OGTT. However, the progression from nor-
mal glucose metabolism to IGT or T2DM also reflects a defect in beta cell function manifest as
impaired responsiveness to a rapid dynamic change in glucose (36). The defect in beta cell function
can be demonstrated using the DI, which deteriorates progressively from normal to impaired glucose
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Fig. 6. Progression of glucose intolerance in insulin-resistant adolescents. NP, non-progressors, i.e., insulin-resistant
patients who did not develop impaired glucose tolerance (IGT); P, progressors, i.e., those who progressed to IGT.
Adapted from Cali et al. (36).

metabolism to overt diabetes (37). In combination with an increase in insulin resistance over time, a
fall in beta cell insulin secretion leads to deteriorating glucose tolerance and eventually to impaired
glucose tolerance (Fig. 6).

Persistent or progressive insulin resistance imposes a beta cell burden that is likely to translate to
beta cell failure in predisposed individuals. Long-term exposure to inflammatory factors and free fatty
acidemia play important contributory roles. On the other hand, those with good beta cell function
may compensate adequately for marked insulin resistance for prolonged periods of time. Importantly,
fasting levels of insulin or C-peptide are poor predictors of future deterioration in glucose tolerance;
it takes a glucose challenge (oral or intravenous) to uncover subtle defects in beta cell function that
reveal an individual’s vulnerability.

An OGTT is a useful tool for assessing glucose tolerance in obese youth. Adults with IGT have
residual beta cell function less than 50% of baseline; this may also be true in children. The repro-
ducibility of the OGTT has been questioned; however, documentation of IGT on even a single study
demonstrates the vulnerability of the patient to beta cell dysfunction in the advent of further weight
gain, pregnancy, or treatment with glucocorticoids. IGT is a dynamic condition and represents a nar-
row window of opportunity; children and adolescents with IGT should therefore be a primary focus of
preventive and therapeutic efforts.

INSULIN RESISTANCE (“METABOLIC”) SYNDROME IN CHILDHOOD

The metabolic syndrome, also known as “the insulin resistance” syndrome, describes a cluster of
cardiovascular risk factors that have been shown to predict the development of cardiovascular disease
(CVD) (38,39) and type 2 diabetes (T2DM) (40). The syndrome is characterized by abdominal adipos-
ity, dyslipidemia, hypertension, and glucose intolerance (41). Some have questioned the clinical utility
of the term in adults (42) and in children (43) and advocate addressing individual risk factors in their
clinical context. This debate has important clinical implications with regard to treatment decisions; yet
it must be understood that the pathophysiological changes that lead to the metabolic syndrome have
common features in people of all ages and are postulated to drive the development of atherogenesis
and cardiovascular disease.

One must also appreciate that cardiovascular risk factors such as elevated fasting glucose or the
degree of obesity represent continuous variables. For example, increasing BMI during childhood rep-
resents a continuous risk factor for the development of coronary heart disease in adulthood (44);
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nevertheless, severely obese children have a significantly worse metabolic phenotype in compari-
son with moderately obese children and are at higher risk for cardiovascular disease (45). Likewise,
a seemingly “upper normal” fasting glucose level in the context of obesity during late adolescence
may signify future risk of type 2 diabetes (46), and a rise in triglyceride levels within the “nor-
mal range” in late adolescence can predict the development of diabetes (47) and of coronary heart
disease (48).

Another issue that adds complexity to any definition of the metabolic syndrome is its generaliz-
ability for populations of different ethnic backgrounds. IGT and type 2 diabetes are more common in
ethnic minorities in the United States (49) and in some European countries (50). A potential expla-
nation is that ethnic minority youth are more obese and more insulin resistant than their Caucasian
peers (51) and have different lipid partitioning profiles when matched for BMI. Moreover, non-obese
Hispanic and African-American children have increased insulin secretion and reduced hepatic insulin
clearance relative to Caucasian children matched for degree of insulin sensitivity (52). Thus, assess-
ments of insulin sensitivity based on fasting or post-prandial insulin levels may in the future have to be
ethnicity-specific. Moreover, anthropometric measures such as visceral and subcutaneous fat content
should be ethnicity-sensitive and derived from outcome data of the relevant populations (53).

SUMMARY

Insulin resistance, which is common among obese children and adolescents, manifests as a cluster of
cardiovascular risk factors that include dyslipidemia, hypertension, and altered glucose metabolism.
While cardiovascular disease is rarely observed in childhood, altered glucose metabolism manifests
early and is commonly seen in obese youth. Obese individuals who exhibit an increase in the ratio of
intra-abdominal to subcutaneous fat and deposition of lipid in insulin responsive tissues are mostly
insulin resistant. Glucose intolerance reflects the confluence of severe insulin resistance and beta cell
dysfunction, emerging most commonly in those with a family history of T2DM, intrauterine exposure
to diabetes, or intrauterine growth retardation.

Editor’s Questions and Authors’ Response

• Visceral adipose tissue is said to be more “metabolically active” than subcutaneous tissue with
higher rates of lipolysis; this is said to explain the increases in free fatty acids and heightened
liver fat deposition in people with visceral adiposity. Given the overall mass of the visceral
fat depot, however, some investigators argue that circulating FFA are derived primarily from
non-visceral stores. In your opinion, why does visceral fat play such an important role in the
pathogenesis of insulin resistance?

• As previously shown by Jensen et al, visceral fat contributes free fatty acids to the circulation in
proportion to its overall size in comparison to total fat. The difference is that these free fatty acids
reach the liver via the portal and not via the systemic circulation. It is postulated that free fatty
acids reach the liver in high concentrations and have a local effect in various signal transduction
pathways. Moreover, visceral fat seems to have a different secretion profile of adipocytokines and
of inflammatory cytokines in comparison to subcutaneous fat. The pro-inflammatory molecules
secreted from visceral fat act locally in the liver and likely affect muscle glucose uptake and the
secretion of insulin from pancreatic beta cells.
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• The relative amount of visceral fat in obese African-American teenagers is significantly less
than that in BMI-matched Caucasians. Yet the rates of type 2 diabetes in African-American
adolescents are at least twofold to fourfold higher than those in Caucasians. How do you
explain this apparent paradox?

• Indeed, African-American children tend to have less visceral fat in comparison to their Caucasian
peers, yet have a greater prevalence of diabetes. This paradox can be explained by the fact that the
relation of insulin secretion and insulin sensitivity (i.e., the disposition index) is different between
these groups. This translates to a greater insulin response in the face of the same degree of insulin
sensitivity in African-American lean and obese children in comparison to Caucasians. That means
in the face of marked insulin resistance characteristic of severe obesity, African-Americans must
produce more insulin to maintain glucose tolerance. This greater beta cell demand predisposes them
to earlier beta cell failure. In addition, higher rates of type 2 diabetes in African-Americans might
be explained in part by dietary factors.

Editor’s Comments

• The discussion in this chapter focuses largely on the distribution and metabolic activity of white
adipose tissue, which is designed for energy storage. But newborn infants also contain large masses
of brown adipose tissue (BAT), which is essential for thermogenesis. The major depot of BAT
(interscapular) regresses after birth. Until recently, it was thought that stores of BAT in older chil-
dren and adults were too limited to exert a significant impact on energy balance. However, recent
investigations show that BAT can be detected in the supraclavicular and paraspinal regions in a
significant percentage of women and men (Saito et al., 2009; Au-Yong et al., 2009; van Marken
Lichtenbelt et al., 2009; Cypess et al., 2009). The BAT is a mixture of brown and white adipocytes
and stains positively for uncoupling protein-1 (UCP-1). The mass of BAT appears to correlate
inversely with age, ambient temperature, light exposure, BMI, and visceral fat mass. The role
of BAT in energy homeostasis in children and adolescents is currently unknown; but since BAT
appears to protect against obesity and diabetes in mice (Almind et al., 2007), it is possible that the
ratio of BAT/visceral fat may prove to be a determinant of childhood weight gain and metabolic
function.

• The authors demonstrate convincingly that type 2 diabetes is the end result of a process of metabolic
decompensation in which beta cell dysfunction is superimposed upon pre-existing insulin resistance.
Formal glucose tolerance testing is useful for assessing states of pre-diabetes [impaired fasting
glucose (100–125 mg%) and/or impaired glucose tolerance (2 h glucose 140–199 mg%)] and for
identification of overt type 2 diabetes. However, the validity and clinical utility of the OGTT have
been questioned: it may be difficult to bring certain adolescents to the clinic in early morning for a
2–4 h test and the results may vary over time. An American Diabetes Association expert panel
(Nathan et al., 2009) recently suggested that measurement of HbA1c provides a clinically useful
assessment of glucose intolerance in adults; values equal to or exceeding 6.5% were considered
diagnostic of diabetes. Others have argued that a combination of fasting blood glucose and HbA1c
may reduce the need for a formal GTT to diagnose impaired glucose tolerance (Manley et al., 2009).
HbA1c can be measured under random conditions and provides an assessment of glucose exposure
for the past 3 months. Values can be misleading in patients with hemoglobinopathies or in other
states of increased red blood cell turnover. Nevertheless, the test can provide valuable informa-
tion in children as well as adults; in our experience, HbA1c values equal to or exceeding 6.5% are
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commonly associated with impaired glucose tolerance or overt type 2 diabetes, and impaired fasting
glucose is common in patients with A1c values ranging from 6 to 6.4%. Still, the precise relationship
between HbA1c and the OGTT should be assessed in pediatric patients.
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INTRODUCTION AND SUMMARY

Lipid abnormalities are common in overweight and obese children and adolescents. The underlying
pathogenesis is complex, most closely related to visceral adiposity, and driven by insulin resistance
and high levels of circulating free fatty acids. Clinically, dyslipidemia is characterized by a triad of
abnormalities including elevated triglycerides, decreased high-density lipoprotein (HDL) levels, and
qualitative changes in low-density lipoprotein (LDL) particles, which become smaller, denser, and
more atherogenic. These lipid abnormalities cluster with other metabolic risk factors and contribute
to the definition of metabolic syndrome in adults and emerging definitions of metabolic syndrome in
children. The evaluation of overweight and obese children and adolescents should include a fasting
lipid profile and a detailed family history for risk factors and cardiovascular disease. Healthy lifestyle
and weight management counseling are essential. Exercise and activity interventions associated with
decreases in visceral adiposity and increases in muscle mass can improve lipid abnormalities even
before significant weight loss is achieved. Dietary strategies aimed at reducing refined carbohydrates
and fat intake, while increasing intake of fiber and fish oil, can have an important impact on triglyc-
eride levels. Few patients will meet criteria for starting lipid-lowering drug therapy unless there are
important concomitant morbidities such as diabetes or hypertension or an underlying familial dyslipi-
demia. Identification and effective management of lipid abnormalities in this setting are important in
order to prevent and reverse accelerated atherosclerosis.
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PATHOPHYSIOLOGIC ASPECTS

Basic Lipid Metabolism
Lipoprotein particles. In order for lipids to be transported in the hydrophilic environment of the cir-

culation they must be packaged within particles that give them a hydrophilic surface. Lipoprotein
particles consist of a hydrophobic core of triglycerides and cholesterol esters surrounded by a
hydrophilic bilayer of phospholipids facing outward and free cholesterol facing inward. Embedded
in the surface are various regulatory proteins responsible for receptor recognition and metabolic func-
tions. These particles are characterized by their internal density, which is lower if there is a greater
proportion of triglycerides and higher if there is a greater proportion of cholesterol esters. They are
also characterized by their size and by the types of proteins on their surface.

Transport and metabolism of exogenous lipids. Dietary triglycerides (broken down to monoglyc-
erides and free fatty acids [FFA]) and cholesterol (broken down to unesterified cholesterol and FFA) are
absorbed from the intestinal lumen into the intestinal villae where they are reassembled as triglycerides
and cholesterol esters. These are then packaged as very large buoyant particles called chylomicrons,
which enter the circulation via the lymphatic system. Chylomicrons are characterized primarily by the
presence of apolipoproteins B48, C-II, and E. As they circulate, the triglycerides are metabolized by
peripheral lipoprotein lipase residing on endothelial cells. Triglycerides are removed and hydrolyzed
to FFA and monoglycerol, with the FFA being taken up by muscle cells as an energy source and by
adipocytes for storage. The particle shrinks in size and increases in density to become a chylomicron-
remnant particle, which is cleared by the liver through interaction with particle surface apolipoprotein
E and hepatocyte low-density lipoprotein (LDL)-like receptors.

Transport and metabolism of endogenous lipids. FFA taken up by the liver serve as substrates for
triglyceride synthesis and stimulate production of apolipoprotein B. Endogenesis synthesis of free
cholesterol within hepatocytes from acetyl CoA is mediated by a rate-limiting enzyme, 3-hydroxy-3-
methyl-glutaryl coenzyme A (HMG-CoA) reductase. The triglycerides are incorporated with esterified
cholesterol into lipoprotein particles called very-low-density lipoproteins (VLDL), which have surface
apolipoproteins B100 and E. The triglycerides within circulating VLDL particles are metabolized
by lipoprotein lipase and apolipoproteins C-II and C-III, causing the particle to become smaller and
denser (higher proportion of cholesterol ester content). This forms an intermediate density lipoprotein
(IDL). IDL can be cleared by the liver via hepatocyte LDL receptors by recognition of apolipoprotein
E. Additionally, the triglyceride within IDL is further metabolized by lipoprotein lipase and hepatic
lipase, causing the particle to become even smaller and more denser, forming a low-density lipoprotein
(LDL). LDL particles may deliver their cholesterol esters to macrophages and other tissues through a
non-receptor-mediated uptake, often after oxidation. LDL particles are cleared from the circulation by
the liver through recognition of surface apolipoprotein B100 by the hepatocyte LDL receptor.

The pathway by which cholesterol is transported away from peripheral cells and tissues, such as
macrophages and arterial wall foam cells, to the liver for uptake and excretion into bile is referred
to as reverse cholesterol transport. Free cholesterol is removed from peripheral cells by the inter-
action of apolipoprotein A-I on the nascent HDL particle (a flattened disc-like structure) with the
ATP-binding membrane cassette (ABC) transporter, ABCA1. The cholesterol in the nascent HDL is
esterified by lecithin cholesterol acyl transferase (LCAT), with apolipoprotein A-I as a co-factor, pro-
ducing a more mature, larger, and more spherical HDL particle with cholesterol ester in its core. Less
than half the time, this HDL particle can deliver its cholesterol ester to the liver through the interaction
of apolipoprotein A-I with the HDL receptor (also called scavenger receptor type I). The cholesterol
delivered to the liver may be excreted into bile either as cholesterol or by conversion of cholesterol
into bile acids. Alternatively, HDL can transfer cholesterol esters to the apolipoprotein B-containing
lipoproteins (VLDL, IDL, and LDL) in exchange for their triglyceride by the cholesterol ester transfer
protein (CETP).
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Pathogenesis of obesity-related lipid abnormalities. The pathogenesis of the lipid abnormalities
associated with obesity has been well described, although the relative contributions of various driving
forces continue to be debated (1–4). The manifest lipid abnormalities, characterized by low levels of
HDL-C, high triglycerides, and the presence of qualitative changes in LDL, rendering it a smaller,
denser and more atherogenic particle, are referred to as the lipid triad. The triad is accompanied by a
host of other associated lipid abnormalities, which are listed in Table 1.

Table 1
Lipid Abnormalities Associated with the Metabolic Syndrome and

Obesity

Increased plasma VLDL-C

Increased plasma remnant particles

Elevated non-HDL-C

Elevated serum triglycerides

Preponderance of small, dense LDL particles

Elevated apolipoprotein B

Reduced concentration of HDL-C

Presence of small, dense HDL particles

Decreased apolipoprotein A-1

Increased apolipoprotein C-III

Increased plasma free fatty acid levels

Postprandial lipemia

VLDL-C, very-low-density lipoprotein cholesterol; HDL-C, high-density
lipoprotein cholesterol; LDL, low-density lipoprotein; apo, apolipoprotein.

The basic pathophysiology underlying the lipid triad is shown in Fig. 1.

Overproduction of VLDL. The features of the lipid triad are primarily explained by an increase in
the number of VLDL particles which have higher relative content of triglycerides. Overproduction
of VLDL is driven by increased delivery of FFA to the liver, with subsequent increased synthesis of
triglycerides as well as apolipoprotein B100. The excess FFA are derived from adipose tissue and from
hydrolysis of triglycerides from VLDL which, under normal circumstances, are taken up by muscle
as an energy source and by adipose tissue for storage. The insulin resistance associated with visceral
adiposity appears to be a key factor. Increased release of FFA from adipocytes occurs when visceral
adipose triglyceride stores are increased and insulin resistance results in lack of inhibition of hormone-
sensitive lipase. In extra-adipose tissues, the resistance to insulin impairs the activation of lipoprotein
lipase, which favors the accumulation of VLDL particles.

The lipid triad. The increased plasma triglyceride level is a direct reflection of overproduction and
inadequate uptake and utilization of VLDL particles. The fall in HDL results from chemical transfor-
mation of the particle. Cholesterol ester transfer protein mediates an exchange of triglyceride in VLDL
for cholesterol esters in HDL, resulting in a relative increase in triglyceride in HDL. The triglyceride
in HDL is then metabolized by the action of hepatic lipase, creating a smaller, denser particle, as well
as free apolipoprotein A-I. This altered HDL particle is more readily cleared from plasma or excreted
via the kidney, resulting in lower circulating HDL-C levels.

A similar process results in the production of small, dense LDL particles. Cholesterol ester transfer
protein-mediated exchange of triglyceride from VLDL with cholesterol ester from LDL results in a
triglyceride-enriched LDL particle, which becomes smaller and denser as triglycerides are metabolized
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Fig. 1. Pathophysiology of the obesity-related lipid triad. Lack of sensitivity of the metabolically active adipocyte to
the regulatory effects of insulin and acylation stimulating protein result in the increased release of circulating free fatty
acids. These contribute excessive substrate for triglyceride production, stimulate production of apolipoprotein B in the
liver, which are then incorporated into an increased production of triglyceride-enriched VLDL particles. Triglyceride
from VLDL is exchanged with cholesterol esters from both LDL and HDL particles, a process mediated by choles-
terol ester transfer protein. Hepatic lipase metabolizes the triglyceride content of both HDL and LDL, resulting in
smaller, denser particles. For LDL, this results in a more atherogenic particle, and for HDL, this results in increased
catabolism and clearance. Reproduced with permission from Mudd et al. (13). apo, apolipoprotein; ASP, acylation
stimulating protein; CE, cholesterol ester; CETP, cholesterol ester transfer protein; FFA, free fatty acids; HDL, high-
density lipoprotein; HL, hepatic lipase; IDL, intermediate-density lipoprotein; IR, insulin resistance; LCAT, lecithin
cholesterol acyl transferase; LDL, low-density lipoprotein; TG, triglyceride; VLDL, very-low-density lipoprotein.

by hepatic lipase. These particles are more atherogenic, in that they more easily enter and are retained
with the arterial wall, with subsequent oxidation and glycation, inducing foam cell formation and
endothelial dysfunction.

FFA and hyperglycemia. Incomplete oxidation of FFA can generate metabolites like kiacyglyc-
erol, ceramide, and reactive oxygen species which can increase hepatic gluconeogenesis, reduce
insulin-dependent glucose uptake in skeletal muscle, and impair glucose-stimulated insulin secretion in
pancreatic beta cells. In the aggregate, these effects contribute to hyperglycemia. Many of the effects of
increased FFA are similar to the effects of decreased adiponectin, another feature of increased visceral
adiposity. The effects of FFA and hypoadiponectinemia are potentiated by inflammatory cytokines
produced in response to chronic inflammation in visceral adipose tissue (see Chapter 13 by Weiss
et al., this volume).

CLINICAL ASPECTS

Assessment and Interpretation
When to assess. Recommendations for the assessment of lipid abnormalities for children and

adolescents differ depending on the context. For the general population, initial guidelines from an
NIH Expert Panel published in 1992 advocated both a population-based and a high-risk individual-
based strategies (5). The population-based strategy did not recommend universal lipid assessment,
but rather dietary goals to be applied to the general population. These aimed at shifting lipid levels
for all children and adolescents. The high-risk individual-based strategy was a selective screen-
ing and tiered intervention algorithm aimed at identifying those children most at risk of having
a clinically significant elevation of LDL. Decisions to screen were based on a family history of
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hypercholesterolemia and/or the presence of premature atherosclerotic cardiovascular disease events
or morbidity in first-degree relatives. Children without available family history data could be screened
if other risk factors were present, including obesity. Initial screening consisted of a fasting total
cholesterol assessment or a full lipoprotein profile. Stratification of abnormalities directing the inten-
sity of further assessment and intervention were based on the average of two fasting LDL results.
Primary criticisms of these guidelines included (a) the lack of reliability of family history as an
entry criterion for screening; (b) the limited focus on LDL; (c) the single cutpoint applied across
age, sex, and ethnicity; and, eventually (d) the failure to address the emerging epidemic of childhood
obesity.

Some of these concerns have led to recent modifications, including the addition of overweight and
obesity as entry criteria for screening, the confirmation of the safety but limited efficacy of fat and
cholesterol dietary restrictions, and a clarification of the role of lipid-lowering drug therapy (6). These
modifications were adopted into the recent guidelines from the American Academy of Pediatrics, with
minor differences (7). Most recently, the National Heart, Lung and Blood Institute has again convened
an Expert Panel to develop best evidence-based risk factor guidelines for children and adolescents that
can incorporate recommendations for each of the individual risk factors and behaviors in an integrated
approach. In this way, guidelines for management of lipid abnormalities (including abnormalities of
triglycerides and non-HDL) are more explicitly defined in relation to the presence and management of
other risk factors and risk conditions (http://www.nhlbi.nih.gov/guidelines/cvd_ped/).

Recommendations for the evaluation of overweight or obese children and adolescents (defined by
BMI percentile ≥85th percentile) now include assessment of a lipid profile obtained after at least a
12-h overnight fast (8,9). Canadian guidelines recommend that a fasting lipid profile be performed for
overweight and obese children aged 10 years and older, although earlier screening is recommended at
younger ages if the family history is positive for hyperlipidemia or premature atherosclerotic cardio-
vascular disease (9). US guidelines have no age restriction (8). The inclusion of waist circumference
as an additional indicator of risk of lipid abnormalities in the setting of childhood obesity has been
advocated (10).

What to assess. A fasting lipid profile includes assessment in plasma of total cholesterol, triglyc-
erides, and HDL-C, with calculation of LDL-C using the Friedewald formula (LDL-C = total
cholesterol – HDL-C – [triglycerides/5]; measurements in mg/dl) (11). For children with triglyceride
levels ≥400 mg/dl, the Friedewald calculation of LDL-C is invalid. While direct methods of LDL-C
measurement are more accurate than the Friedewald calculation, they remain primarily a specialized
tool (12).

These laboratory assessments measure the cholesterol content attributable to a class of lipoprotein
particles, but do not assess the number or characteristics of these particles. The addition of measure-
ment of apolipoprotein B has been advocated as measure of the number of atherogenic particles and a
more accurate assessment of LDL-C, as well as an indirect indicator of the presence of small, dense
LDL particles (13,14). Likewise, assessment of apolipoprotein A-I levels may be an indirect indica-
tor of the number and size of HDL particles. A number of specialized methods have been developed
to more directly determine lipoprotein particle size and concentration, but they are not widely avail-
able or utilized at present (15–17). Distributions of values, demographic correlates, and relationship
to measures of adiposity have been shown in children in the Bogalusa Heart Study, with a suggestion
that they may provide a better understanding of the relationship between early lipid abnormalities and
cardiovascular risk (18,19). They have been shown in adults to provide a more accurate assessment of
risk of cardiovascular disease and may identify patients with “normal” levels of LDL-C who may ben-
efit from LDL-lowering therapy (20). This may be of particular relevance for patients with overweight
and obesity. In children, variations in subclasses of VLDL have been noted in relation to measures of
adiposity, with significant racial differences (21).
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In summary, a standard fasting lipid profile may give an accurate evaluation of abnormalities of
triglyceride and HDL-C levels and a less accurate assessment of abnormalities of LDL-C levels, but
does not provide specific information regarding VLDL-C levels or qualitative abnormalities in HDL
and LDL particle characteristics and subclasses prevalent in the setting of the metabolic syndrome.
Nonetheless, it does provide sufficient information for screening and clinical decision-making.

Definition of abnormal. Normal lipid values are based on representative population-based stan-
dardized assessments of fasting lipid profiles. Definitions of abnormality for children and adolescents
are based on the magnitude of deviation from the central value of the distribution, usually based on
percentile cutpoints. Table 2 gives a classification scheme based roughly on LDL-C, non-HDL-C, and
triglyceride values above the 75th percentile (borderline) and 95th percentile (abnormal), or HDL-C
levels below the 10th percentile. The normal values derived from the Lipid Research Clinics (LRC)
Program Prevalence Study, which included a cross-sectional assessment of predominately white chil-
dren and adolescents and are the cutpoints used in the original NIH Expert Panel recommendations
(22,24–26). This study determined age and gender-related maturational associations with lipid values.
These cutpoints have been used as the basis for classifying dyslipidemia in both NIH Expert Panel
and AAP lipid guidelines for children and adolescents. They do not, however, take into account
maturational changes with age and differences with respect to sex and race.

Table 2
Classification of Plasma Lipid Concentrations (mg/dl) for Children

and Adolescentsa

Laboratory parameter Acceptable Borderline Abnormal

Total cholesterol <170 170–199 ≥200

LDL-C <110 110–129 ≥130

HDL-C >45 40–45 <40

Triglycerides

<10 years of age <75 75–99 ≥100

10–19 years of age <90 90–129 ≥130

Non-HDL-Cb <120 120–144 ≥145
aBased on a standard fasting lipid profile (22).
bFrom the Bogalusa Heart Study (23).

The National Health and Nutrition Examination Survey (NHANES) is a contemporary series of
cross-sectional assessments based on a sampling strategy within the general population and, thus, has
greater validity than the Lipid Research Clinics Program Prevalence Study. NHANES data have been
used to determine the distribution of lipid values and associations with age, sex and race, and trends
over time. Age and sex-specific normal values are linked to the cutpoints for young adults used for
the Adult Treatment Panel (ATP) III recommendations, which are calibrated to risk of cardiovascular
disease in adults (27,28). For males’ ages 12–20 years, high borderline and high cutpoints correspond
to the 86th and 97th percentiles respectively for total cholesterol, the 86th and 98th percentiles for
LDL-C, and the 89th and 95th percentiles for triglycerides, with low HDL-C defined as below the 26th
percentile. For females’ ages 12–20 years, high borderline and high cutpoints correspond to the 78th
and 94th percentiles respectively for total cholesterol, the 83th and 95th percentiles for LDL-C, and
the 89th and 95th percentiles for triglycerides, with low HDL-C defined as below the 26th percentile.
Growth curves are provided with these cutpoints modeled over the age spectrum. Comparison of the
lipid classification schemes from the LRC and NHANES as applied to several population-based cohort
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study datasets has shown that the age and sex-specific cutpoints from NHANES are more predictive of
low HDL-C levels in adults but less predictive of high total cholesterol, LDL-C and triglyceride levels
(29). It might be argued that for clinical purposes, the simpler cutpoints from the LRC be preferred
over the more complex cutpoints from NHANES, especially given that exact specification of future
risk of atherosclerotic cardiovascular disease remains unclear.

The role of race and sex in relation to lipid values has been addressed in several studies. After
puberty, young white males have been shown to have significant adverse changes in total cholesterol,
LDL-C, VLDL-C, and HDL-C levels, with less significant changes for white and black females and
black males (30). Race differences in triglycerides and VLDL-C between blacks and whites have been
noted, with higher VLDL-C and triglyceride levels in whites and slightly higher HDL-C in blacks
(21,31). White males have lower HDL-C levels than black males and white females. Although differ-
ences in lipid values are evident relevant to race and sex, the magnitude of these differences is felt to
be sufficiently small such that their specification regarding cutpoints would add complexity without
significantly enhancing relevance.

Lipid abnormalities and subsequent development of cardiovascular disease. The relationship of
lipid abnormalities identified in youth with the subsequent development of atherosclerotic cardiovas-
cular disease in adulthood is an important issue, which would provide the necessary imperative to
identify and treat lipid abnormalities in youth. Only indirect evidence is available. The Bogalusa Heart
Study performed serial cross-sectional assessments in a biracial community and has reported normal
lipid values and important correlates, including associations with the degree of atherosclerotic arte-
rial involvement both in pathologic studies and studies using non-invasive vascular markers (32–35).
This study and other similar studies were also instrumental in confirming tracking of lipid abnor-
malities from childhood and adolescence into adulthood, particularly when measures of adiposity are
taken into account (36–38). An autopsy analysis of 34 subjects (mean age 18 years) who had partic-
ipated in the Bogalusa Heart Study (39) showed that percent surface involvement of the aorta with
fatty streaks correlated with total cholesterol (r = 0.67) and LDL-C (r = 0.67). The relationship with
LDL-C was linear, suggesting the absence of a clear cutpoint for increased risk. Associations with
VLDL-C, HDL-C, and triglycerides were weaker and non-significant. Percent surface involvement of
the coronary arteries with fatty streaks correlated only with VLDL-C (r = 0.41). A later Bogalusa
Heart Study analysis of autopsies of 204 participants ages 2–39 (death from various causes) showed
similar correlations between vascular involvement and total cholesterol and LDL-C (35).

Importantly, the number of risk factors had an exponential and non-linear relationship with percent
surface involvement of the coronary arteries with fibrous plaques (35). This finding would suggest
that the clustering of lipid abnormalities and other obesity-related risk factors (as in the metabolic
syndrome) greatly accelerates the atherosclerotic process. This hypothesis is supported by studies of
carotid atherogenesis in living subjects. Carotid intima-media thickness (CIMT) was assessed in 486
adults ages 25–37 years who were serially assessed in the Bogalusa Heart Study (40). Increased CIMT
was independently related to childhood measures of higher LDL-C and BMI, adulthood measures
of higher LDL-C and systolic blood pressure and lower HDL-C, and long-term cumulative burden
of LDL-C and HDL-C. The relationships with LDL-C and CIMT appeared to slightly non-linear,
with some acceleration in the upper quartile of LDL-C values. In a study pooling data from several
cohorts, the presence of dyslipidemia in association with overweight and obesity in adolescents has
been shown to be associated with increased CIMT in young adulthood, more so than in the presence
of dyslipidemia alone (41). These observations provide an important imperative for prevention,
detection, and treatment of lipid abnormalities and associated metabolic co-morbidities in overweight
and obese youth.

Lipid abnormalities as components of definitions of the metabolic syndrome. The metabolic syn-
drome remains a controversial concept when applied to children and adolescents, and it is unclear
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what additional information is derived from its application to a population experiencing changes in
growth and development (42). The dichotomous categorization of what, in reality, is a continuous
marker of risk may oversimplify a complex pathophysiologic process that remains incompletely under-
stood. Some have argued that there is currently insufficient evidence to define the metabolic syndrome
in children and adolescents (43,44). The relationship of the metabolic syndrome to measures of adi-
posity appears to be non-linear, with the risk of metabolic syndrome increasing dramatically when
measures of adiposity exceed the 85th–95th percentile. A study using NHANES data showed preva-
lence of metabolic syndrome in 12–19-year-old adolescents to be 0.1% for those with BMI <85th
percentile, 6.8% for those with BMI at the 85th to <95th percentiles, and 28.7% for those with
BMI >95th percentile (45).

Yet, in terms of lipid abnormalities, the use of the concept of metabolic syndrome may raise the
imperative to evaluate and treat high-risk patients more aggressively. Therapies can be aimed at altering
the underlying pathophysiologic milieu generating the metabolic syndrome, which is the main goal
of lifestyle interventions aimed at reducing adiposity. Alternatively, therapies can be aimed at the
individual risk factor components, including lipid abnormalities, but in an integrated manner.

Despite controversy regarding the conceptualization of the metabolic syndrome in youth, many def-
initions have been proposed, leading to differing estimates of prevalence (46). Most of the definitions
are based on extrapolations of definitions developed for adults and differ in the components included
and their cutpoints for defining abnormalities (Table 3) (50). Definitions include values from a fasting
lipid profile, predominately HDL-C and triglyceride levels; patients taking lipid-lowering drugs are
considered to have met the lipid abnormality criteria. The definition proposed by the International
Diabetes Federation seems to be gaining popularity, mainly because it represents a compromise
between single cutpoints across age and gender groups and strict use of percentile cutpoints.

Table 3
Fasting Lipid Abnormalities Contributing to Definitions

of Metabolic Syndrome in Children

HDL-C Triglycerides

Cook (45) ≤40 mg/dl ≥110 mg/dl

De Ferranti (47) <50 mg/dl in girls

<45 mg/dl in boys ≥100 mg/dl

Weiss (48) <5th percentile >95th percentile

IDF (49)

6 to <10 years No cutpoint No cutpoint

10–16 yearsa ≤40 mg/dl ≥150 mg/dl

≥17 yearsa ≤50 mg/dl in girls ≥150 mg/dl

≤40 mg/dl in boys ≥150 mg/dl
aChildren and adolescents aged 10 years and older who are taking lipid-

lowering drugs are to be considered as having met the lipid abnormality criteria.
dl, deciliter; HDL-C, high-density lipoprotein cholesterol; IDF, International

Diabetes Federation; mg, milligrams.

Lipid abnormalities remain one of the most prevalent components in the setting of metabolic syn-
drome. From NHANES data, triglyceride levels >110 mg/dl were noted in 23.4% of the general
population of 12–19-year-old adolescents, with a prevalence of 17.6% for those with BMI <85th per-
centile, 33.5% for those at the 85th to <95th percentile, and 51.8% for those with BMI >95th percentile



Pathogenesis and Management of Dyslipidemia in Obese Children 183

(45). Likewise, HDL-C levels ≤40 mg/dl were noted in 23.3%, with a prevalence of 17.7% for those
with BMI <85th percentile, 32.3% for those at the 85th to <95th percentile, and 50.0% for those with
BMI >95th percentile. In a case-control study of children and adolescents, fasting triglyceride levels
were strongly associated with higher degrees of adiposity, but no differences were noted between mod-
erately versus severely obese subjects (Fig. 2) (48). A gradient of lower HDL-C was also noted, with
a less marked gradient for higher LDL-C. There was a non-linear association between lipid values and
insulin resistance. Of note, the 95th percentile of the LDL-C distribution for each adiposity category
did not exceed 110 mg/dl; thus, it would be unlikely for even a severely obese child or adolescent to
meet criteria for starting a lipid-lowering drug.

Fig. 2. Mean fasting lipid value related to level of adiposity. Non-obese = BMI <85th percentile; overweight = BMI
85th–97th percentile; moderately obese – BMI Z-score 2.0–2.5; severely obese = BMI Z-score >2.5. dl, deciliter;
HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; mg, milligrams.

Consideration has been given as to the inclusion of other lipid abnormalities in the definition of
metabolic syndrome. Non-HDL-C is a readily available parameter from a standard fasting lipid profile
and has some validity for measurement in non-fasting samples as well (51). It is felt to represent the
level of all classes of atherogenic lipoprotein particles. It has been shown to be a marker for diabetes
risk in adolescents, a relationship that is strengthened in the presence of obesity (52). Further study
using NHANES data suggests that non-HDL-C is significantly related to the number of components
of the metabolic syndrome present in adolescents (53). Non-HDL-C assessed during childhood has
been shown to be as predictive as other lipid parameters in relation to CIMT in young adults (51).
Population-based values from the Bogalusa Heart Study are available (23).

Contribution of obesity-related lipid abnormalities to other dyslipidemias and risk conditions.
The dyslipidemia associated with obesity may in some cases be superimposed upon the metabolic
abnormalities in other primary lipid disorders. For example, obese patients with primary hypercholes-
terolemia secondary to LDL-receptor mutations may have concomitant reductions in HDL-C and
elevations in plasma triglycerides (54,55). In other conditions, obesity may exacerbate or unmask
an underlying primary predisposition for lipid abnormalities, particularly those associated with
overproduction of VLDL and primary hypertriglyceridemias (Table 4) (56).

Familial combined hyperlipidemia is a genetically heterogenous condition; the inheritance pattern
is usually autosomal dominant (57–59). There is considerable variation of phenotypic expression both
within and between affected family members (60). Lipid features include elevations in total cholesterol
(more specifically associated with increased LDL-C or non-HDL-C), triglycerides (concomitantly
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Table 4
Etiology of Hypertriglyceridemia

Genetic disorders

Lipoprotein lipase deficiency

Apolipoprotein C-II deficiency

Familial hypertriglyceridemia
(hyperprebetalipoproteinemia)

Familial dysbetalipoproteinemia

Familial combined hyperlipidemia

Metabolic disorders

Diabetes mellitus

Obesity and insulin resistance

Fatty liver disease

Hypothyroidisma

Nephrotic syndromea

Drugs and medications (also see Appendix)

Alcohol

Estrogens

Androgens

Corticosteroids

β-blockers, thiazides

Isotretinoin

Valproic acid

Antiretroviral protease inhibitors

Atypical antipsychotics
aLess common; hypercholesterolemia dominant abnormality.

associated with decreased HDL-C), or both. It is also associated with an increased risk of prema-
ture cardiovascular disease, recently been shown to be manifest as increased carotid intima-media
thickness in children, and vulnerability to the metabolic syndrome (61). The phenotype has many
similarities to the lipid triad of abnormalities associated with the metabolic syndrome. Differentiating
familial combined hyperlipidemia from the classic dyslipidemia of obesity can be challenging, particu-
larly as they often coexist in the same patient (59). This is particularly true for children and adolescents,
where the metabolic abnormalities associated with obesity may be necessary for the clinical condition
to manifest (62). Indeed, the primary underlying pathophysiology is an overproduction of VLDL, a
feature that shares with obesity-related dyslipidemia. Clinical features that may distinguish familial
combined hyperlipidemia from obesity-related dyslipidemia are the presence of higher fasting levels
of LDL-C, apolipoprotein B, and non-HDL than would be seen in the metabolic syndrome, together
with a positive family history of variable lipid abnormalities and premature cardiovascular disease.

Familial dysbetalipoproteinemia is an autosomal recessive condition manifest as elevated total
cholesterol, non-HDL-C and triglycerides, with decreased HDL-C (63). Apolipoprotein E can exist
as three isoforms, designated ApoE2, ApoE3, and ApoE4. Homozygosity for ApoE2 occurs in about
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1 in 170 people and results in decreased hepatic clearance of VLDL and intermediate lipoprotein par-
ticles, as well as an overproduction of VLDL. It is associated with an increased risk of premature
cardiovascular disease. The lipid abnormalities are usually not manifest during childhood, but can be
unmasked in the presence of obesity and metabolic syndrome.

Lipid abnormalities associated with overweight and obesity can contribute important cardiovascular
risk in the setting of high-risk clinical conditions other than primary lipid disorders (64). High-risk
conditions are those that may be associated with coronary artery disease before 30 years of age;
these include type-1 diabetes (mixed dyslipidemia), chronic renal disease (mixed dyslipidemia), heart
transplantation recipients (lipid abnormalities associated with chronic inflammation and immunosup-
pressive medications), and patients who have had Kawasaki disease with persistence of coronary
artery aneurysms (low HDL-C associated with subclinical inflammation). Moderate-risk conditions
are those associated with accelerated atherosclerosis and cardiovascular disease; these include type-2
diabetes (mixed dyslipidemia), chronic inflammatory diseases such as systemic lupus erythematosus
and juvenile rheumatoid arthritis (lipid abnormalities associated with chronic inflammation and med-
ications), and patients who have had Kawasaki disease with regression of coronary artery aneurysms
(low HDL-C). At-risk conditions are those associated with accelerated atherosclerosis as assessed by
epidemiologic evidence; these include post-cancer treatment survivors, patients with congenital heart
disease, and patients who have had Kawasaki disease without detected coronary artery involvement.
Evaluation of children and adolescents with any of these conditions requires a fasting lipid profile
and attention to the level of adiposity. The magnitude of the risk may influence decisions regarding
aggressiveness of treatment for the lipid abnormalities and the target lipid levels to be achieved.

Intervention
Lifestyle management. Healthy behavior change remains the cornerstone of therapy for

obesity-related lipid abnormalities. Therapy is aimed at reducing adiposity and improving the
metabolic milieu, but therapy may also be targeted directly toward the lipid abnormalities.

Dietary management. Dietary management is aimed at restricting intake of saturated fat, choles-
terol, and simple carbohydrates, with consideration of increasing dietary fiber and omega-3 fatty acids.
Consultation and counseling with a registered dietician are recommended. Specific recommendations
are noted in Table 5.

The safety of the fat- and cholesterol-restricted diet in the general pediatric population has been
demonstrated in some large-scale clinical trials. The Dietary Intervention Study in Children (DISC)
was a randomized trial of an intensive fat- and cholesterol-restricted dietary intervention in prepubertal
children with increased LDL-C who were below the thresholds at which drug therapy would be con-
sidered (65). After 3 years, there was no impact of the dietary intervention on growth, development,
and nutritional indices. However, the degree of LDL-C reduction was modest (mean –3.2 mg/dl). The
effect was maintained for up to 7 years of follow-up (66). The Special Turku Coronary Risk Factor
Intervention Project (STRIP) randomized 7-month-old infants to an intervention aimed at restricting
dietary fat and cholesterol and increasing the proportion of mono- and polyunsaturated fat. At the age
of 5 years, boys had a 9% lower LDL-C level, with no significant difference noted in girls (67). There
was no impact on growth, development, or nutritional indices. A follow-up study at age 7 years con-
firmed persistence of the relative reductions in total cholesterol and LDL-C levels in boys, together
with larger LDL particle size, effects that were not observed in girls (68).

Small studies of dietary alterations in hyperlipidemic children have shown that substitution with
soy-based protein may increase HDL-C and lower VLDL-C levels and triglycerides and may lower
LDL-C levels (69,70). Dietary enrichment with rapeseed or canola oil has been shown to lower
triglyceride and VLDL-C levels (71). Higher fructose consumption has been linked to small, dense
LDL particles, and lower intakes of antioxidant vitamins may promote subclinical inflammation.
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Table 5
Dietary Recommendations for Targeting Lipid Abnormalities

Reducing LDL-C, non-HDL-C levels

– Restrict proportion of total calories to:

25–30% from fat

≤7% from saturated fat

– Restrict cholesterol intake to <200 mg/day

– Preferred use of monounsaturated fat

– Avoidance of trans fats

– Consideration of use of fat sources enriched with plant
sterol/stanol esters

– Increased consumption of dietary fiber

Reducing triglyceride levels

– Restrict proportion of total calories to:

25–30% from fat

≤7% from saturated fat

– Restrict cholesterol intake to <200 mg/day

– Preferred use of monounsaturated fat

– Avoidance of trans fats

– Increased consumption of dietary fiber

– Decrease sugar intake, particularly sugar sweetened drinks

– Increase dietary fish intake as a source of omega-3 fatty acids

HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol; mg, milligram.

Inflammation has increasingly emerged as an important factor in atherogenesis (72). Intake of antiox-
idant vitamins has not been shown to be of benefit in adults, but in children and adolescents with
familial hyperlipidemia, it has been associated with improvements in endothelial function and lipopro-
tein subclasses (73,74). A clinical trial of docosohexanoic acid in children and adolescents with
familial hyperlipidemia found increases in total cholesterol, LDL-C and HDL-C, and an improve-
ment in endothelial function (75). There is some clinical trial evidence to support the use of plant
sterol-/stanol-enriched fat sources and dietary fiber enrichment. Plant sterols/stanols have been shown
to result in modest reductions in LDL-C but no improvement in endothelial function (76–80), while
dietary fiber supplementation has been shown to have a variable effect in lowering triglyceride levels
(81,82). Increased fish consumption and fish oil (omega-3 fatty acids) supplementation has been rec-
ommended for lowering triglyceride levels, although clinical trial evidence in children is lacking (83).
The use of other nutritional supplements has not been well studied or, in the case of garlic extract
supplements, has been shown to be of no benefit (84).

Physical activity and sedentary pursuits. Increasing daily physical activity levels is an essential goal
in healthy lifestyle behavior change. Several studies have reported favorable changes in lipid abnormal-
ities in response to physical activity in children. A randomized trial in obese adolescents showed that
high-intensity training was more effective than no training in reducing plasma triacylglycerol levels,
total cholesterol to HDL-C ratio, and diastolic blood pressure (85). Subjects with the most severe lipid
abnormalities experienced the most marked effects of high-intensity training, including a beneficial
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effect on LDL particle size. However, the high-intensity program did not improve adiposity compared
to a moderate-intensity program. Another clinical study demonstrated that higher intensity physical
activity is more strongly associated with reductions in LDL-C in children than is the total energy spent
on physical activity (86). Exercise training in prepubertal children has been shown to reduce LDL-C
and increase HDL-C independent of changes in exercise capacity or adiposity (87). In an evaluation
of the use of a resistance exercise program in male adolescents, reductions in LDL-C and increases in
HDL-C were noted in the absence of changes in body composition (88).

Some clinical trials, particularly those with a predominant exercise training component, have shown
improvements in non-invasive vascular markers despite the lack of significant changes in indices of
adiposity other than improvements in visceral adiposity and increases in muscle mass (89,90). A recent
review suggests that aerobic physical activity, particularly higher intensity exercise, reduces visceral
adiposity, with attendant improvements in metabolic indices (91). Evidence was less compelling for
an independent effect of resistance training. Therefore, an ideal exercise prescription as part of the
management of lipid abnormalities in obese youth may be one that includes 30–60 min/day of higher
intensity physical activity combined with resistance exercise.

In concert with the promotion of physical activity there should be a reduction in the amount of time
spent in sedentary pursuits. Limitations on the amount of time spent on watching television, playing
video and computer games, and text messaging should be established. Media-based sedentary pursuits
should be limited to ≤1–2 h/day (92).

Drug therapy. Drug therapy for lipid abnormalities in the setting of childhood obesity should be
reserved for: (a) those with severe abnormalities that persist after attempts at reduction in adiposity
and adoption of healthy lifestyle behavior change or (b) those with additional risk factors and high-
risk conditions. Recommendations for decision-making regarding drug therapy independent of obesity
are available, including how to use these medications in children and adolescents (6). The goal of drug
therapy is to reduce lipid abnormalities ideally into the normal range, but minimally into the borderline
high range (Table 2).

Short-term clinical trials provide support for the use of several classes of medications in children
and adolescents with primary lipid disorders (Table 6). There have, however, been no clinical trials of
lipid-lowering therapy in obese children and adolescents.

Bile acid sequestrants bind bile acids in the intestinal lumen and prevent their enterohepatic reup-
take, thus removing them from the cholesterol pool. Synthesis of replacement bile salts leads to
depletion of intracellular cholesterol in hepatocytes; this in turn leads to upregulation of LDL receptors
in order to increase cellular uptake of cholesterol, which increases the clearance of circulating LDL.
These agents cause a modest decrease in LDL-C but increase in triglyceride levels. In addition, they
are associated with gastrointestinal symptoms and poor palatability, leading to poor compliance. They
are now used in patients with mild lipid abnormalities or in combination with a statin for those with
severe lipid abnormalities.

Cholesterol absorption inhibitors inhibit intestinal absorption of cholesterol and plant sterols, which
leads to upregulation of hepatic LDL receptors and increased LDL clearance. These agents cause a
modest decrease in LDL-C but have limited or no effect on triglycerides and HDL-C levels. They are
predominately used in combination with a statin, although recent studies of their use as monotherapy
are encouraging.

The primary therapy of obesity-related lipid abnormalities includes the use of the 3-hydroxyl-3-
methyl-glutaryl coenzyme A (HMG-CoA) reductase inhibitors, or statins. Statins inhibit HMG-CoA
reductase, a rate-limiting enzyme in pathway of endogenous cholesterol synthesis. This leads to
intracellular cholesterol depletion, resulting in upregulation of LDL receptors and increased LDL-C
clearance. These agents are very effective in lowering LDL-C, with some increase in HDL-C levels. In
addition, the statins have important beneficial pleotropic effects. Adverse effects are uncommon; they
include myopathy, rhabdomyolysis, and increases in serum hepatic transaminases. They have been
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shown to have no effect on growth and development but should not be used in prepubertal children
who do not have primary familial hyperlipidemia or severe hyperlipidemia.

Fibric acid derivatives, or fibrates, seem ideally suited for management of obesity-related lipid
abnormalities. As agonists for nuclear peroxisome proliferator-activated receptor (PPAR)-alpha, they
upregulate lipoprotein lipase and downregulate apolipoprotein C-III, which increase the degradation
of VLDL-C and triglycerides. They may also decrease hepatic synthesis of VLDL-C by stimulating
oxidation of free fatty acids and reducing their contribution to triglyceride synthesis. Fibrates increase
expression of the genes encoding for apolipoproteins A-I and A-II, impacting HDL metabolism. As
a result, they lower non-HDL-C and triglyceride levels, with increases in HDL-C levels and particle
size and increases in LDL particle size. Adverse effects are rare; they include myositis (particularly
when administered in combination with a statin), anemia, and gastrointestinal complaints. Despite
their theoretic potential, there are almost no pediatric data regarding their use.

Nicotinic acid formulations also seem ideally suited for treatment of obesity-related lipid
abnormalities, as they inhibit release of free fatty acids from adipose tissue and reduce VLDL-C and
LDL-C production and HDL-C degradation. They effectively lower non-HDL-C, LDL-C, and triglyc-
erides and raise HDL-C levels. Their main limitation is prevalent and symptomatic adverse effects,

Table 7
Risk Factors and Risk Conditions Influencing Decision-Making Regarding Management of Lipid

Abnormalities

Positive family history – The presence of premature (<55 years in males, <65 years in females)
cardiovascular disease in a parent or grandparent manifest as:

Events: sudden cardiac death, onset of angina, myocardial infarction, stroke

Objectively diagnosed disease

Related procedures: angioplasty or arterial stent placement, coronary artery bypass grafting

High-level risk factors

• Hypertension requiring drug therapy (blood pressure ≥99th percentile + 5 mm Hg)

• Current cigarette smoker

High-risk conditions

• Kawasaki disease with current coronary artery aneurysms

• Post-orthotopic heart transplantation

• Chronic renal disease

• Diabetes mellitus

Moderate level risk factors

• Hypertension not requiring drug therapy

• HDL-C < 40 mg/dl

Moderate-risk conditions

• Kawasaki disease with regressed coronary artery aneurysms

• Nephrotic syndrome

• HIV infection

• Chronic inflammatory disease (SLE, JRA)

BMI, body mass index; dl, deciliter; Hg, mercury; HIV, human immunodeficiency virus; JRA, juvenile rheuma-
toid arthritis; l, liter; mg, milligrams; mm, millimeters; mmol, millimoles; SLE, systemic lupus erythematosus.
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primarily flushing; there are also concerns about hepatic toxicity and poor glycemic control. They are
reserved for combination with a statin, and there are almost no pediatric data regarding their use.

Decision-making regarding drug therapy is complex and depends not only on the severity of lipid
abnormalities, but the presence and severity of associated risk factors and risk conditions (Table 7).
Drug therapy is not usually considered for obese children and adolescents with dyslipidemia until
an adequate attempt has been made at healthy lifestyle behavior change; nevertheless, lipid-lowering
drugs may be used in patients with severe lipid abnormalities while lifestyle interventions are being
pursued. In general, drug therapy is not considered in children younger than 10 years of age, although
children aged 8–9 years may be selectively treated if lipid abnormalities are very severe and there is
a strong family history of premature cardiovascular disease. Recommendations for patient selection
in the setting of obesity are given in Table 8, and guidelines for management of statin therapy for
pediatric patients exist (6).

Table 8
Recommendations Regarding Drug Therapy for Obese Children and Adolescents

1. Measure and average values from two fasting lipid profiles

2. Statin therapy may be initiated under the following circumstances (if triglycerides >200 mg/dl may
use non-HDL-C cutpoints):

BMI ≥97th percentile

– LDL-C ≥190 mg/dl (non-HDL-C≥205 mg/dl)

– LDL-C 160–189 mg/dl (non-HDL-C 175–204 mg/dl)

– LDL-C 130–159 mg/dl (non-HDL-C 145–174 mg/dl)

+ 1 high-level RF/RC or ≥2 moderate-level RF/RC or clinical CVD

BMI >95th and <97th percentile

– LDL-C ≥190 mg/dl (non-HDL-C≥205 mg/dl)

– LDL-C 160–189 mg/dl (non-HDL-C 175–204 mg/dl)

+ positive family history or 1 high- or moderate-level RF/RC

– LDL-C 130–159 mg/dl (non-HDL-C 145–174 mg/dl)

+ 2 high-level or 1 high- +1 moderate-level RF/RC or clinical CVD

3. The choice of statin is a matter of preference. Start with the lowest dose, monitor for adverse effects,
and titrate the dose upward if therapeutic targets are not achieved. Therapeutic target:

Minimal: LDL-C <130 mg/dl (non-HDL-C <145 mg/dl)

Ideal: LDL-C <110 mg/dl (non-HDL-C <125 mg/dl)

4. If LDL-C remains ≥130 mg/dl after a sufficient trial of a statin, and TG <200 mg/dl, consideration
may be given to adding a bile acid sequestrant or cholesterol absorption inhibitor

5. In high-LDL-C patients, if non-HDL-C remains ≥145 mg/dl after effective LDL-C treatment then
target therapy toward reducing triglycerides, by adding a fibrate or nicotinic acid. This should be
done in consultation with a lipid specialist

CVD, cardiovascular disease; dl, deciliter; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipopro-
tein cholesterol; mg, milligram; RF/RC, risk factor/risk condition.

There are concerns that recommendations for drug therapy of lipid abnormalities in the setting
of childhood obesity could lead to an epidemic of medication (particularly statin) use. However,
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a population-based study using NHANES data estimated that under current AAP guidelines, only
0.8% of adolescents would be potentially eligible for treatment of increased LDL-C (7,113). Further
analysis has shown that the prevalence of lipid abnormalities is greater in overweight than healthy
weight youth and that overweight is associated with lower self-reported health status but not increased
health-care expenditures (114). This suggests that lipid abnormalities in overweight youth are not
being addressed effectively within the context of the health-care system. Further information from
administrative data from 2004 for pediatric patients suggests that the prevalence of statin use cur-
rently is extremely low (115). The predominate statin in use was atorvastatin, with a prevalence of
use for those aged 12–19 years equal to 0.03%, or 3 per 10,000. With the prevalence of heterozygous
familial hypercholesterolemia at 1 in 500, it would appear that only a small proportion of eligible
children are currently being treated with drug therapy, despite a clear recommendation. It would seem
unlikely that recommendations for drug therapy in the setting of obesity would lead to an epidemic of
medication use.

Finally, the use of pharmacologic agents to improve insulin sensitivity as a means to manage lipid
abnormalities has not been well evaluated in the pediatric population. Metformin has been tested in
clinical trials and has shown equivocal results in terms of correction of lipid abnormalities (116–118).

SUMMARY

Lipid abnormalities are a major component of the metabolic syndrome related to childhood over-
weight and obesity and are characterized by high triglyceride levels, low HDL-C levels, and qualitative
changes in LDL particles that make them smaller, denser, and more atherogenic. These abnormalities
are primarily driven by elevation in plasma free fatty acids derived from metabolically active visceral
adipose tissue, resulting in increased hepatic triglyceride synthesis and overproduction of VLDL parti-
cles. Assessment of lipid abnormalities relies on a fasting lipid profile. Reduction in adiposity through
healthy lifestyle behavior change is the cornerstone of therapy of lipid abnormalities, although dietary
and physical activity interventions may have direct benefits. Rarely, drug therapy may be required,
particularly for those with severe lipid abnormalities and associated risk factors and risk conditions.
Evidence-based research in many areas is lacking; the intersection of clinical care recommendations
with the health-care system has assumed increasing importance (119–121).

Editor’s Comments
• Triglyceride levels exceeding 1,000 mg/dl can cause pancreatitis; chylomicrons in excess are postu-

lated to impair blood flow in pancreatic capillary beds, leading to ischemic changes, and hydrolysis
of TG by pancreatic lipase results in necrosis and inflammation. Concentrated preparations of
omega-3 fatty acids ethyl esters, which contain primarily eicosapentaenoic (EPA) and docosahex-
aenoic (DHA), are approved by the FDA for treatment of severe hypertriglyceridemia (>500 mg/dl)
in adults. At a dose of 3–4 g/day they reduce TG levels by 26–47%; this effect is mediated by
reductions in hepatic lipogenesis, increases in fatty acid oxidation, and degradation of apoB-100
(Bays et al., 2008). High doses of omega-3 fatty acids can also cause variable increases in LDL-C
(10–46%) and HDL-C. Increases in LDL-C levels are most common in patients with the highest
TG levels; concomitant use of a statin may be required to reduce cholesterol levels. Other possible
adverse effects of pharmacologic doses of omega-3 fatty acids include dyspepsia, decreased platelet
aggregation, increases in serum ALT levels, and a transient rise in blood glucose.
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• Fish oil, flax seed, and tree nuts contain omega-3 fatty acids, and fish consumption (1–2 servings
of oily fish per week, ~250–500 mg EPA and DHA) is associated with reductions in cardiovascu-
lar mortality in adults (Lee et al., 2008). However, certain predator fish (tuna, swordfish, shark,
mackerel) contain higher levels of methylmercury; consumption should be avoided in pregnant
women and young children. Non-predator fish (salmon, shrimp, sardines) contain lower levels of
methylmercury, and the levels of mercury in fish oil supplements are negligible.

• New markers of cardiovascular risk will no doubt emerge in the near future. For example, high
levels of Lp(a) lipoprotein are associated with coronary artery disease in adults (Clarke et al., 2009);
application of new markers in children awaits further study.

Bays HE, Tighe AP, Sadovsky R, Davidson MH. Prescription omega-3 fatty acids and their lipid effects: physiologic
mechanisms of action and clinical implications. Expert Rev Cardiovasc Ther. 2008 Mar;6(3):391–409.

Clarke R, Peden JF, Hopewell JC, Kyriakou T, Goel A, Heath SC, Parish S, Barlera S, Franzosi MG, Rust S, Bennett D,
Silveira A, Malarstig A, Green FR, Lathrop M, Gigante B, Leander K, de Faire U, Seedorf U, Hamsten A, Collins
R, Watkins H, Farrall M; PROCARDIS Consortium. Genetic variants associated with Lp(a) lipoprotein level and
coronary disease. N Engl J Med. 2009 Dec 24;361(26):2518–28.

Lee JH, O’Keefe JH, Lavie CJ, Marchioli R, Harris WS. Omega-3 fatty acids for cardioprotection. Mayo Clin Proc.
2008 Mar;83(3):324–32.
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INTRODUCTION

Fatty liver disease, also named hepatic steatosis, is characterized by the accumulation of fat in liver
cells. There are several causes of fatty liver in children, including chronic alcohol consumption, B
and C viral hepatitis, type-2 diabetes, obesity, and some metabolic aberrations (see Table 1) (1). The
most prevalent form of fatty liver is non-alcoholic fatty liver disease (NAFLD), which associates with
obesity and the metabolic syndrome (2,3).

NAFLD is a metabolic condition that ranges from liver fat deposition (simple steatosis) to non-
alcoholic steatohepatitis (NASH), which may progress to severe fibrosis, cirrhosis, and ultimately
hepatocarcinoma both in adults and in children (4,5). Thus, NAFLD broadly describes several dis-
eases which differ widely in prevalence, presentation, and aetiology. This necessitates a personalized
approach to diagnosis and treatment.

NAFLD is an increasingly recognized worldwide cause of liver disease (6,7). Even more impor-
tant may be the fact that NAFLD occurs in children and adolescents, with a prevalence estimated at
3–10% in some populations (8,9). This percentage increases up to 53% in obese children (10). Thus,
NAFLD is expected to become the most common cause of paediatric chronic liver disease in the near
future.
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Table 1
Possible Causes of Fatty Liver in Children and Adolescents

Nutrition Obesity
Severe weight loss due to starvation, and jejunoileal or gastric

bypass
Total parenteral nutrition
Malnutrition

Drugs Amiodarone; glucocorticoids; tamoxifen; methotrexate;
valproid acid; aspirin; antiretroviral therapy

Dysmetabolism Dyslipidemia, lipoatrophy; Insulin resistance; metabolic
syndrome; Type 2 diabetes, polycystic ovary syndrome

Genetic Lipodystrophy syndromes; cystic fibrosis; hereditary fructose
intolerance; galactosemia; α1-antitrypsin deficiency;
Wilson disease, etc.

Others Inflammatory bowel disease; hepatitis C and B infection;
human immunodeficiency virus infection; celiac disease

Alcohol
Other hepatotoxins

There is therefore an urgent need for early diagnostic measures to evaluate grade and stage of
disease, as well as effective and safe therapeutic approaches for the more advanced state of NASH
(i.e., the presence of mild and severe fibrosis) (11,12). Most therapeutic modalities, already available
or under investigation, target the major pathways thought essential in the pathogenesis of NASH (13).
Unfortunately, pathogenic mechanism(s) leading to fatty liver, necro-inflammation, and fibrosis in
children, as in adults, are incompletely understood (14).

In this chapter we summarize our understanding of the natural history, epidemiology, pathogen-
esis, and treatment of paediatric NAFLD/NASH and reflect on future diagnostic and therapeutic
approaches.

NATURAL HISTORY

The natural history of NAFLD is still a mystery, because of its complex nature and the scarcity
of prospective studies. Fatty liver may progress to NASH slowly over many years or decades, but
the prognosis may depend upon the histological subtype at the time of presentation. Adult patients
with simple fatty liver (with or without non-specific inflammation) have a generally benign prognosis,
whereas those whose having NASH may progress to fibrosis, cirrhosis, and in a few cases to hepa-
tocarcinoma (15,16). However, the precise percentage of patients with the advanced form of disease
and the possible predictors of progression are still undefined. Moreover, data on prognosis of NAFLD
and its progression in children are even more limited. Nevertheless, it is well documented that fatty
liver and steatohepatitis may occur in very young children (17,18). As in adults, paediatric NAFLD
presents a small but definite risk of cirrhosis (19,20).

EPIDEMIOLOGY

NAFLD is an increasingly recognized cause of liver disease throughout the world. However, the
precise incidence and prevalence of NAFLD, NASH, and hepatic fibrosis remain unknown due to lack
of prospective studies. Furthermore, estimates of prevalence vary widely across populations. Finally,
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screening approaches used to detect fatty liver, including measurements of serum aminotransferases
[ALT (alanine aminotransferase), AST (aspartate aminotransferase), and GGT (gamma glutamyl trans-
ferase)] and hepatic imaging (ultrasound and magnetic resonance), are insufficient for the estimation
of disease prevalence because definitive diagnosis of NAFLD and NASH requires liver biopsy (see
diagnostic approach paragraph for references and more details).

Table 2
Epidemiological Data on Paediatric NAFLD/NASH

References Number of
children

NAFLD/NASH
prevalence (%)

Diagnostic method

(22) 72 25
53

ALT
Ultrasound

(19) 742 9.6 Liver biopsy

(23) 332 10 ALT

(24) 3,280 2.2 Liver biopsy,
ultrasound, ALT

(25) 48 48 ALT

(21) 127 23 ALT

(26) 84 24
77

ALT
Ultrasound

Fatty liver and NASH have been reported in all age groups in North and South America, Europe,
Australia and Asia, but the disease is most common in obese children and adults (19,21). Studies of
obese adolescents conducted in Europe and America found that the prevalence of NAFLD ranged from
2 to 77% (Table 2); this variability reflects differences in diagnostic approach as well as variation in
the age, sex, race/ethnicity, and metabolic risk factors of the populations sampled (21–27). Data from
NHANES III indicated that 6% of overweight and 10% of obese adolescents had elevated ALT; the
CATCH study (Child and Adolescent Trial for Cardiovascular Health) demonstrated that a multivariate
model using the combination of sex, race, ethnicity, and BMI predicted serum ALT and accounted for
36% of the individual variance (21,23). The only population-based study using ultrasound documented
a prevalence of 2.6% in Japanese children aged 4–12 years; this value increased to 22% in obese
subjects (26). SCALE (Study of Child and Adolescent Liver Epidemiology), a 10-year retrospective
review of liver histology at autopsy of children aged 2–19 years, estimated that fatty liver occurs in 9%
of subjects (19). In all these reports, the ratio of boys to girls with paediatric NAFLD approximates 2:1.
The prevalence of paediatric NAFLD peaks at puberty, in association with increases in sex hormones
and insulin resistance (28,29).

NAFLD is more common in Hispanic and Asian children than in white and black children (21).
Racial/ethnic differences may be related to genetic, environmental, or sociocultural factors as well
as differences in body composition, insulin sensitivity, and adipocytokine profile (30–32). Visceral
adiposity and insulin resistance and type 2 diabetes are major risk factors.

HISTOLOGICAL FINDINGS

Histological assessments play an important role in the diagnosis and management of NAFLD. Thus
it is important to carefully evaluate and discriminate among the different histological features which
characterize NAFLD/NASH.
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Fig. 1. Major histological features of paediatric NAFLD/NASH. Steatosis is evident in (a) (40× magnification) and
(b) (10× magnification); ballooning and lipogranulomas are present in (c) and (d), respectively (40× magnification).

The main histological findings in NAFLD/NASH are steatosis, ballooning, inflammation, and fibro-
sis, but other liver lesions may also be presented (see Fig. 1). However, diagnosis of paediatric NASH
can be difficult because all histological features commonly seen in adults are less common in chil-
dren with definite NASH. The National Institutes of Health NASH Clinical Research Network (NASH
CRN) established the heterogeneity of paediatric NASH sub-phenotypes (11,33). Three distinct histo-
logical types were identified: type-1 NASH, characterized by steatosis with ballooning degeneration
and/or perisinusoidal fibrosis, without portal involvement; type-2 NASH, characterized by steatosis
with portal inflammation and/or fibrosis, in the absence of ballooning degeneration or perisinusoidal
involvement; and a NASH overlap type, in which characteristics from both types were present (11,34).
Most paediatric subjects have type-2 NASH, which is more likely to be associated with advanced
fibrosis (33).

Steatosis
Hepatocellular steatosis, the hallmark of NAFLD, is the accumulation of lipids within the cytoplasm

of hepatocytes. Two distinct patters of steatosis are recognized morphologically: macrovesicular and
microvesicular steatoses (Fig. 1a, b) (35). In macrovesicular steatosis, the hepatocytes are distended
by single large fat droplets that displace eccentrically the nucleus. In microvesicular steatosis, the
hepatocytes contain multiple small lipid droplets and the nuclei remain centrally placed within the
cytoplasm.

Very mild degrees of steatosis can be found in normal liver; lipid vacuoles involving ∼5%
of hepatocytes are common (36). Pathologic steatosis is most often macrovesicular, but a mixed
macro/microvesicular pattern is common. The accumulation of fat in NAFLD is typically concen-
trated in zone 3 of the acinus with relative sparing of zone 1, but in more severe cases may occupy the
whole acinus (Fig. 1a, b) (37).

The severity of steatosis is determined by the extent of parenchymal involvement. Semiquantitative
methods based on the percent of surface area involved are useful for grading the steatosis (38).
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Ballooning
Ballooning is the descriptive term used to indicate degenerative changes in hepatocytes.

Morphologically the ballooned cells show loss of their normal polygonal shape; the cells are swollen
and round but may sometimes be spindle shaped (Fig. 1c). Cellular borders are distinct. The cyto-
plasm is clear, rarefied, and vacuolated and can contain Mallory–Denk bodies, clumps of amorphous
eosinophilic or amphophilic intra-cytoplasmic material randomly scattered within the cytoplasm or
surrounding the nucleus as a slight irregular ring. Loss or marked diminution of immunohistochemical
cytoplasmic staining of Keratin 8/18 may be utilized as a marker of ballooning degeneration (39,40).
Light microscopy may not reveal fat vacuoles, but ultrastructurally the ballooned cells contain varying
numbers of lipid droplets. Like steatosis, ballooning degeneration in NASH is typically noted in zone
3 of the acinus (41).

Ballooning degeneration is considered to result from intracellular fluid accumulation, a conse-
quence of microtubule dysfunction and impaired protein secretion, and is not unique to steatohepatitis
(40,42).

Inflammation
Lobular inflammation is the third major component of NASH and is integral to the diagnosis, even

though it is usually mild. The presence of a marked mononuclear cell infiltrate should raise suspicion
of a superimposed chronic liver disease (43).

Mononuclear cell infiltration may be observed in lobules or in portal tracts in the active or resolving
phase of steatohepatitis. The composition of lobular infiltrates is a mix of lymphocytes and histiocytes,
frequently associated with small numbers of polymorphonuclear leukocytes. Lymphocytes are mainly
T cells of CD4 and CD8 phenotypes (44). Polymorphonuclear leukocytes may localize in the sinusoids
or may cluster around ballooned hepatocytes containing Mallory–Denk bodies (satellitosis) (39).

Histiocytic reactions include activation of Kupffer cells and lipogranulomas. A lipogranuloma is a
granulomatous reaction surrounding hepatocytes laden with broken lipids (Fig. 1d). Lipogranulomas
contain macrophages, occasional lymphocytes, eosinophils, and giant cells. They may be localized
near terminal hepatic venules, scattered throughout the acinus, or confined to the portal tracts. They
may be associated with fibrosis, which should not be confused with perisinusoidal fibrosis (39).

Macrophages containing phagocytosed cellular debris and fat vacuoles may be seen in the sinusoids
and within the portal tract. As they may persist even after resolution of steatosis in the parenchyma
they are useful as hallmarks of past damage (45). Portal chronic inflammation is not required for the
diagnosis of NASH even if may be presented in liver biopsies in varying degrees (46).

Fibrosis
Most pathologists do not consider fibrosis obligatory for the diagnosis of NASH; others disagree

(39). Classically the fibrosis of NASH manifests in a pericellular “chicken wire” pattern, by which it is
distinguished from other causes of steatohepatitis. This pattern results from the deposition of collagen
fibers in the perivenular, perisinusoidal spaces of Disse in acinar zone 3, usually in association with
the other lesions of steatohepatitis (39) (Fig. 2a). Special histochemical stains for collagen, such as
trichrome stain (Masson, Van Gieson) or picrosirius red stain, are required for the detection of fibrosis
in the initial stage (Fig. 2b). Hepatic stellate cells, the principal collagen-producing cells in the liver, are
considered responsible for the development of fibrosis in NASH, even though the exact pathogenetic
mechanism is not still clear.

Portal/periportal and bridging fibrosis can eventually progress to cirrhosis. During progression to
cirrhosis the steatosis disappears, while perivenular fibrosis is incorporated in the more extensive
bridging fibrosis. Thus the classical characteristics of steatohepatitis are no longer recognizable in
more advanced stages of cirrhosis.
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Fig. 2. Appearance of fibrosis in a paediatric patient with NAFLD/NASH. Van Gieson staining is shown in (a) (40×
magnification) and (b) (10× magnification).

Other histologic findings in NASH may include: acidophilic bodies, which result from hepato-
cyte apoptosis; megamitochondria; and vacuolated, glycogen-filled nuclei, which may also be seen in
Wilson’s disease or in diabetic liver disease.

ETIOPATHOGENESIS

The etiopathogenesis of NAFLD has been long disputed. Several authors have suggested a model
consisting of two or more hits. Liver fat accumulation, which is the suggested “first hit,” is thought
to increase vulnerability to possible “second hits,” which are responsible for progression to NASH
(47,48). All models of pathogenesis include fat accumulation, insulin resistance, adipocytokines,
oxidative stress, and the innate immune response (49,50,51,52).

In Fig. 3 we summarize some of the key pathogenic mechanisms involved in NAFLD/NASH.

Accumulation of Fat in the Liver
Liver fat accumulation is a consequence of at least three different phenomena: excessive triglyceride

accumulation caused by dietary free fatty acids (FFA), synthesis of hepatic lipids (de novo lipogenesis),
and imbalance influx (mainly dependent on insulin resistance) (49,53,54).

It is widely accepted that dietary habits influence intrahepatic fat accumulation and inflammatory
activity (55,56). Human and animal studies demonstrate that a diet enriched in saturated fat and choles-
terol and/or an excess intake of carbohydrates (especially fructose) may be important causes of fatty
liver (55,56,57,58,59). The pivotal role of diet in paediatric NAFLD pathogenesis has been further
validated in some recent studies (60,61).

The control of liver fat synthesis involves a complex network of molecules and nuclear receptors
that regulate enzymes involved in various steps of hepatic lipid metabolism, including FFA uptake
and oxidation, de novo lipogenesis, and triglyceride secretion. The association between hepatic fat
accumulation and insulin resistance does not establish the direction of causality (62). On one hand,
an imbalance between triglyceride synthesis/oxidation/export can increase cellular FFA derivatives
such as diacylglycerol and ceramide. These in turn activate protein kinases that phosphorylate serine
residues in insulin receptor substrate (IRS) proteins and can thereby impair hepatic insulin action.
On the other hand, hepatic insulin resistance caused by inflammatory cytokines and circulating lipids
might induce de novo lipogenesis and increase triglyceride exported as VLDL, thereby causing fatty
liver (62,63). Indeed, FFA derived from diet, adipose lipolysis, and/or de novo hepatic lipogenesis have
an important direct role in the pathogenesis of NAFLD. FFA interact with the receptors involved in
the control of the innate immune response, such as Toll-like receptors (TLR), which activate cellular
apoptosis, induce oxidative stress, and increase cytokine production (64,65,66).
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Fig. 3. Pathogenesis of fatty liver and its progression to steatohepatitis and fibrosis. A summary of pathogenetic
mechanisms and liver cell modifications during NAFLD/NASH development is shown in this scheme. HSC, hepatic
stellate cell; PMN, polymorphonuclear cell.

Role of Insulin Resistance
Insulin resistance is a major risk factor for the development of NAFLD and NASH. Serum ALT

levels and liver fat content correlate positively with HOMA-IR, a measure of insulin resistance, and
inversely with measures of insulin sensitivity, such as plasma adiponectin and sex hormone binding
globulin (67). Moreover, elevated intrahepatic triglyceride content in overweight adolescents is associ-
ated with dyslipidemia and with insulin-resistant glucose metabolism in both liver and skeletal muscle
(68). Adipose tissue lipolytic activity and serum FFA, markers of insulin resistance, are increased in
obese adolescents with NAFLD (69).

As noted previously, hepatic insulin resistance may be a consequence or cause of fatty liver disease.
In addition, however, the overproduction of FFA and inflammatory cytokines (tumor necrosis factor-
alpha, interleukin-6, nuclear factor kappa B, etc) and the fall in adiponectin levels in systemic insulin
resistance may predispose to hepatic insulin resistance and fatty liver disease; conversely, fatty liver
disease and hepatic insulin resistance may precede and contribute to insulin resistance in skeletal
muscle and other insulin target tissues, thereby creating a vicious cycle of metabolic dysfunction (50).

Impact of Oxidative Stress
Oxidative stress leads to chemical modification of biological molecules such as DNA, lipids,

and proteins (70). Under normal conditions the proper metabolism of liver cells creates a
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dynamic equilibrium between pro-oxidant molecules (reactive oxygen species, ROS) and antioxidant
molecules. Disruption of this balance in favor of pro-oxidant molecules is a phenomenon of cellular
oxidative stress that can impair cell function (70).

It is well known that oxidative stress plays a role in the development and progression of NAFLD
(71,72). Mitochondrial beta-oxidation is required to prevent fat accumulation in the liver, but exces-
sive and/or incomplete fatty acid oxidation alters physiological cell responses to oxidative stress. This
causes an imbalance between intrahepatic antioxidants and reactive oxygen species (73). Accordingly,
microvesicular steatosis in children is associated with changes in mitochondrial structure and func-
tion; mitochondrial hypertrophy was detected in hepatocytes of an asymptomatic paediatric patient
with NAFLD (74,75), and there is a strong interaction between mitochondrial dysfunction and insulin
resistance, cytokine production/release, and fibrogenesis (73,76,77). It has been proposed that steato-
sis makes the liver more susceptible to oxidative/nitrosative/nitrative stress, which is thought to be a
stimulus for the progression from simple fatty liver to NASH (77).

The redox state of the cell is conditioned by the ratio of reduced glutathione to oxidized glutathione
(GSH/GSSG). In liver cells, the maintenance of GSH levels and the redox state of the cell is a dynamic
process insuring the balance between synthesis and utilization of GSH and transport of extracellular
GSH and GSSG (78). There are several lines of evidence linking intracellular GSH/GSSG ratio to the
pathogenesis of NAFLD/NASH: (i) the level of hepatic GSH is abnormally low in patients with NASH;
(ii) GSH levels affect the activation of hepatic stellate cells (HSCs); (iii) paediatric patients with NASH
have a decrease in the ratio of blood GSH/GSSG; (iv) depletion of GSH renders the hepatocyte more
susceptible to the action of TNF-alpha (pro-apoptotic) and other cytokines, predisposing to the devel-
opment of NASH; and (v) paediatric patients with NASH exhibit increased hepatic glutathionylated
proteins that seem to be related to the state of fibrosis (79,80,81,82).

Function of Inflammatory Cytokines and Adipokines
Inflammatory cytokines implicated as pathogenetic factors in the development of NASH include

TNF-alpha and IL-6 (49,83,84). TNF-alpha is expressed and secreted by adipose tissue, stromovascu-
lar cells, and endotoxin-activated macrophages (84). A rise in TNF-alpha can induce hepatic insulin
resistance, interfering with hepatic glucose uptake and insulin signaling through serine phosphory-
lation of IRS (85,86). Conversely, a knockout of TNF-α in mice prevents the induction of insulin
resistance by a high fat diet. Through induction of cellular apoptosis and production of other inflam-
matory cytokines (such as TGF beta), TNF-alpha may also play a fundamental role in the pathogenesis
of hepatic fibrosis (87). Interestingly, studies in paediatric patients with NASH have revealed a strong
correlation between histological liver injury scores and serum TNF-alpha (88).

IL-6 is a cytokine with multiple biological effects ranging from inflammation to tissue injury (84).
Type 2 -diabetes and metabolic syndrome are associated with increased circulating levels of IL-6; it
is therefore not surprising that plasma IL-6 levels are also high in adult and paediatric patients with
NAFLD/NASH (89,90). Produced by adipose tissue, IL-6 can enter the liver portal vein and exert
its effects on hepatocytes by activation of IL-6 receptor-dependent pathways, such as suppressor of
cytokines-3 (SOCS-3) signaling. The activation of SOCS-3, in turn, inhibits tyrosine phosphorylation
of IRS and leads to insulin resistance (48,91). Like TNF-alpha, IL-6 also has pro-inflammatory and
pro-fibrogenic properties (85).

Dysregulation of adipocytokines may also play a role in the pathogenesis of fatty liver and steato-
hepatitis by interfering with insulin signaling and the inflammatory response (84,85,92). In this regard,
reductions in adiponectin are among the most important factors. Adiponectin is secreted by adipocytes;
it binds to hepatic receptors, increasing hepatic insulin sensitivity and exerting anti-inflammatory
effects (84,93,94). Serum adiponectin was decreased in patients with fatty liver disease and NASH,
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independent of BMI and glycaemia, and in mice with fatty livers (84,86). Serum levels of adiponectin
were inversely related to necro-inflammatory activity and grade of fibrosis, even if not clearly asso-
ciated with the severity of the histological damage (95). Thus adiponectin may normally defend
against the development of steatohepatitis; conversely, a fall in adiponectin in obesity and other
insulin-resistant states may contribute to progression of fatty liver disease (96,97).

Leptin, produced by white adipose tissue, regulates body weight and energy homeostasis (98).
Serum leptin levels are high in obese subjects. Leptin may prevent lipid accumulation in non-adipose
tissues such as skeletal muscle, pancreas, and liver through induction of FFA oxidation (99). In addi-
tion, leptin may exert beneficial effects on liver function and glucose homeostasis through increases
in hepatic insulin sensitivity and reductions in TNF-alpha production and macrophage activation (99).
Thus the hyperleptinemia of obesity may be an adaptive response that reduces hepatic inflammation
and limits the severity or progression of insulin resistance (100). This may explain why some stud-
ies found increased serum levels of leptin in adults and children with NAFLD and steatohepatitis
(101,102). No correlation with fibrosis was found in NASH patients, even though leptin is a critical
fibrogenic factor in animal models (101,103). Other studies have found no changes in serum leptin
levels or associations with the histopathologic profile of NAFLD (49,104).

Resistin in humans circulates as monomeric peptides that may generate oligomeric structures (105).
Circulating levels of resistin are increased in mouse models of obesity and in obese humans, at least in
some studies (105,106). Resistin is also associated with insulin resistance, diabetes, and inflammation
in mice, although in humans its role is not well established (100,107). Recent studies demonstrated that
serum resistin levels are increased in patients with NAFLD and associated with histological severity
of liver damage (i.e., fibrosis) (108,109). These results have not been confirmed in obese children with
NAFLD (110).

Other adipokines associated with NAFLD/NASH in adults include retinol-binding protein-4
(RBP4), plasminogen activator inhibitor (PAI)-1, and visfatin (111,112). Decreased serum levels of
RBP4 and increased circulating PAI-1 might be novel markers of severity of paediatric NAFLD (113).

DIAGNOSTIC APPROACHES

Mild enlargement and tenderness of the liver are occasionally noted in NAFLD, but most chil-
dren are asymptomatic. Detection of NAFLD and assessment of disease severity therefore necessitate
laboratory investigation.

Serum Markers
Serum levels of ALT, AST, and GGT are usually (but not always) increased in NAFLD, but values

may range from slightly above the normal range to a tenfold increase (9,114). Other forms of liver
disease associated with elevated ALT levels and/or steatosis (e.g., viral and autoimmune hepatitis,
drug or toxic liver injury including alcohol abuse, Wilson’s disease, and alpha1-anti-trypsin deficiency)
must be excluded.

Other circulating factors associated with NAFLD/NASH include TNF-alpha, IL-6 and 8, hyaluronic
acid (HA), and type-VI collagen (115,116,117). Markers of liver fibrosis include apolipoprotein A1,
haptoglobin, alpha2-macroglobulin, HA, and procollagen peptides. Various biochemical markers of
fibrosis have been grouped into laboratory panels that have been used for increasing their predictive
power. These include: the BARD score, the NAFLD score, the FibroMeter, the Fibrotest/FibroSure,
and ELF (enhanced liver fibrosis) markers (118,119,120). Our group has recently demonstrated that
ELF markers (HA, procollagen III amino terminal peptide, and tissue inhibitor of metalloproteinase 1)
predict liver fibrosis in children with NAFLD (121).
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Imaging Techniques
In adults, ultrasound has a sensitivity of 60–94% and a specificity of 73–93% for the diagnosis of

liver fat (122). However, ultrasound is unable to detect fat infiltration below 33% or to assess disease
severity or the presence or absence of NASH.

Hepatic MRI has a number of advantages including operator independence and reproducibility and
includes the possibility of acquiring in-phase (water) and opposed-phase (fat) images in one breath
hold. Like ultrasound, MRI cannot distinguish NASH from simple steatosis or detect the presence of
fibrosis.

An interesting technique under development is transient elastography (TE) by FibroScan. The detec-
tion accuracy of the method increases with worsening grades of fibrosis (123). FibroScan has recently
been shown to be an accurate and reproducible technique for identifying significant degrees of fibrosis
in children and adults (124) (Table 3).

Table 3
Current Non-invasive Techniques for Diagnosis of Paediatric NAFLD/NASH

Serum biomarkers ALT, AST, and GGT predict the presence of
NAFLD but may be normal in some cases

Abdominal ultrasound Unable to detect fat infiltration below 33% or to
differentiate among degrees of the disease and
the presence of NASH

Computerized
tomography

More sensitive and specific than ultrasound but
limited by radiation exposure and the masking
effect of iron overload

Does not differentiate steatosis from NASH or
fibrosis

Magnetic resonance
imaging

The most sensitive and specific imaging
technique but cannot distinguish simple
steatosis from steatohepatitis and/or fibrosis

High cost

New approaches – Markers of extracellular matrix that are related
to fibrosis and the development of liver
cirrhosis, such as “ELF MARKERS”

– Transient elastography (FibroScan) assessment
of disease progression

Liver Biopsy
Liver biopsy remains the only reliable way to precisely diagnose NASH and establish the severity

of liver injury and presence of fibrosis. Histologic criteria required for the diagnosis of NASH are
summarized in Table 4.

Grading and Staging of NAFLD
In an attempt to define and standardize the histopathological diagnosis of NAFLD, a number of

systems have been elaborated. Matteoni et al. proposed four specific histological patterns of NAFLD:
type 1, fatty liver alone; type 2, fatty liver plus lobular inflammation; type 3, steatosis and balloon-
ing degeneration; and type 4, steatosis plus ballooning degeneration plus Mallory body or fibrosis
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Table 4
Diagnostic Criteria for NASH

Major criteria Minor criteria

Steatosis (>5% of hepatocytes) Mallory–Denk bodies

Ballooning Apoptosis and necrosis

Lobular inflammation Megamitochondria

(Fibrosis) Glycogenated nuclei

Iron deposition

(125). The grading and staging scheme for NASH proposed by Brunt et al. in the same year is
based on semiquantitative evaluation of multiple histologic features using the concepts and terminol-
ogy employed in chronic hepatitis (126). In this scheme 10 histological variables were evaluated for
necro-inflammatory activity: macrovesicular steatosis, hepatocellular ballooning and disarray, lobular
inflammation, portal inflammation, Mallory’s hyaline, acidophil bodies, PAS-D Kupffer cells, glyco-
genated nuclei, lipogranulomas, and hepatocellular iron. Fibrosis was characterized as perisinusoidal
fibrosis, portal fibrosis, and bridging fibrosis.

Table 5
Grading System for NASH

Mild (grade1) Steatosis (predominantly macrovesicular)
involving up to 66% of biopsy; occasional
ballooning in zone 3 hepatocytes; scattered
intra-acinar inflammation (PMNs or
lymphocytes); no portal inflammation

Moderate (grade2) Steatosis of any degree; obvious ballooning in
zone 3; lobular (PMNs or lymphocytes); and
portal inflammation mild to moderate;
pericellular fibrosis

Severe (grade3) Panacinar steatosis; obvious ballooning and
disarray predominantly in zone 3; mild to
moderate intra-acinar inflammation and portal
inflammation

A three-tier grading system for pathological diagnosis of NASH was proposed (see Table 5) (126).
A limitation of this system is its designation for NASH and not for the full spectrum of NAFLD. To
achieve consensus among hepatopathologists and to provide a simplified scoring system for NAFLD,
the Pathology Committee of the NASH CRN designed and validated a scoring system applicable to
the entire spectrum of NAFLD. Moreover, an NAFLD activity score (NAS) for use in clinical trials
was proposed (127).

In developing this scoring system, the semiquantitative system proposed by Brunt was refined and
the three features of active injury (steatosis, lobular inflammation, and ballooning) were used to derive
a scoring system. The activity score (NAS) was defined as the un-weighted sum of scores of steatosis
(graded from 0 to 3), lobular inflammation (graded from 0 to 3), and ballooning (graded from 0 to 2).
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Thus the NAS ranges from 0 to 8. An NAS<3 excludes NASH (simple steatosis alone); 3≥NAS<5 is
considered borderline; and NAS≥5 is considered diagnostic of NASH (127).

TREATMENT OF FATTY LIVER DISEASE

Therapeutic interventions seek to limit the progression from fatty liver to steatohepatitis and to
reverse histological features of necro-inflammation and fibrosis. Limitations of previous therapeutic
studies include small numbers of patients and significant differences in diagnostic methods, defini-
tions of fatty liver or steatohepatitis, study design, and outcome measures. An additional limit of
existing therapeutic strategies comes from poor understanding of the pathophysiology of fatty liver
and steatohepatitis, which confines therapeutic approaches to the treatment of morbidities associated
with NAFLD (i.e., obesity, dyslipidemia, insulin resistance, and disordered carbohydrate metabolism)
and reduction of oxidative damage (13,128). No treatments target the disease per sè.

Lifestyle Changes
Initial management of an obese child with raised levels of aminotransferases and imaging evidence

of fatty liver should focus on gradual weight loss, using a combination of diet and exercise. Indeed, the
few available studies demonstrate reductions in aminotransferases and indices of insulin resistance fol-
lowing diet-induced weight loss and changes in lifestyle, which combine calorie-restricted nutritional
programs and regular physical exercise (129).

Nevertheless, the particular type of dietary modification that may be beneficial in treating young
patients with fatty liver is yet unclear. A pragmatic approach may be to recommend a reduced calorie,
balanced diet. Saturated fats and high glycemic foods, including simple sugars, refined grains, rice,
and potatoes, should be limited or avoided in favor of whole grains, legumes, and low-glycemic index
fruits and vegetables.

Consumption of low-glycemic meals reduces glucose-stimulated insulin secretion, thereby promot-
ing nutrient oxidation and reducing hepatic lipid synthesis and storage. Conversely, simple sugars
boost insulin secretion. High consumption of fructose (especially in sweetened beverages) leads to
increased de novo lipogenesis and post-prandial hypertriglyceridemia. Fructose consumption induces
significant changes in the plasma lipid profile and reduces insulin sensitivity as compared with a
glucose-enriched diet. Of note, fructose consumption causes fat to accumulate viscerally, and vis-
ceral fat is a strong predictor of intrahepatic fat deposition (130). As compared with other sugars,
fructose directly enters the glycolytic/gluconeogenic pathway, resulting in the production of lipogenic
substrates such as glucose, glycogen, lactate, and pyruvate. Fructose also promotes lipogenesis via
enhanced expression of the sterol regulatory element binding protein 1-c (SREB 1-c). Finally, high
consumption of fructose can alter gut microbiota, thus affecting intestinal permeability and pro-
moting metabolic endotoxemia, which can play a pivotal role in the progression from NAFLD to
NASH (56).

Consumption of a low-carbohydrate diet (less than 60 g/day) associates with early amelioration of
hepatic insulin resistance, as estimated by rate of hepatic glucose production, and with a 30% reduction
in the intrahepatic content of triglycerides (131). However, low-carbohydrate regimens may promote
excessive consumption of fats, which may be detrimental for intermediate metabolism. Saturated
fatty acids stimulate glucose-dependent insulin secretion and promote chronic hyperinsulinemia (132).
Conversely, consumption of polyunsaturated fats from fish and flax seed oils has beneficial effects on
insulin sensitivity and promotes anti-inflammatory prostaglandin metabolism (132). Essential polyun-
saturated fatty acids can reduce fat depots by through activation of peroxisome-proliferator-activated
receptors (133), which promotes fatty acid catabolism, and down-regulation of de novo lipogenesis
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through SREBP pathways (134). On the other hand, arachidonic acid activates Kupffer cells and mod-
ulates the fibrogenic response of hepatic stellate cells (135). Moreover, it should be borne in mind
that both saturated and unsaturated fats may promote lipid peroxidation, thus exacerbating hepatocyte
damage.

Therefore, it seems reasonable to reduce fat intake to less than 20% of total energy intake in obese
subjects with NAFLD. Low-glycemic index foods and fibers can help in achieving this goal while
avoiding chronic hyperinsulinemia and reducing post-prandial insulin excursions. Intake of antiox-
idants and vitamins might be beneficial for reversing oxidative damage, though this remains to be
established (see below).

It is unknown what percentage of starting weight must be lost or what rate of weight loss must occur
to induce significant improvement in hepatic disease in children with NAFLD, but there is consensus
that weight loss should be gradual. Preliminary results suggest that the BMI must change by at least
0.5 units (136). Patients should refrain from alcohol or reduce intake to levels less than 20 g/day.

A strategy combining diet and physical exercise seems to be more successful than traditional
approaches of fat energy restriction (42). Physical exercise reduces hyperinsulinemia and increases
insulin sensitivity and substrate oxidation even without affecting body weight (137). A multidis-
ciplinary approach, which includes the expertise of an endocrinologist, hepatologist, cardiologist,
psychologist, and dietician, can ensure weight loss and long-term weight maintenance through
permanent change of lifestyle (138).

Bariatric Surgery
The Roux-en-Y-gastric (RYGB) bypass is the only bariatric technique whose use is approved for

treatment of morbidly obese adolescents (BMI>40 kg/m2 or BMI>35 kg/m2 plus two co-morbidities)
by the Food and Drug Administration. RYGB can reverse disordered carbohydrate metabolism and
type-2 diabetes and ameliorate features of the metabolic syndrome such as dyslipidemia and hyper-
tension (139). Because of the associations among obesity, insulin resistance, and NASH, bariatric
surgery has been proposed as potential treatment in obese adolescents also with NASH (140). However,
studies of NASH outcome after bariatric surgery in adolescents are currently lacking. A multicenter
study for the follow-up of adolescent bariatric surgery (FABS) is on-going and will conclude in April
2010 (NCT00776776). Experience in adults undergoing bypass surgery demonstrates that fatty liver
improves or resolves in most cases, but data on the effects of surgery on necro-inflammation or fibrosis
are inconsistent (141,142,143). A transient worsening of liver function may occur early after surgery,
probably because rapid weight loss causes a massive flux of fatty acids to the liver (144,145).

Cytoprotective and Antioxidants Agents
Cytoprotective agents and antioxidants have been studied in children with fatty liver as means of

addressing the second hit thought to be caused by increased oxidative stress.
Large population surveys found that obese children had lower circulating levels of vitamin E than

normal weight subjects (146). Thus, the effectiveness of vitamin E supplementation in the treatment of
fatty liver was first investigated in a pilot study, and, then, in follow-up controlled trials (147,148,149).

The first pilot study was uncontrolled and open label. Eleven children who had NASH were pre-
scribed a dose of vitamin E varying from 400 to 1,200 IU/day. Treatment led to improvements in serum
aminotransferase levels with no change in BMI or in hepatic fat accumulation on sonogram (149). A
subsequent randomized, double-blind placebo-controlled trial comparing vitamin E plus vitamin C
versus placebo found treatment with antioxidants to be no better than diet alone in improving lev-
els of liver enzymes and indices of insulin sensitivity after 1 year of treatment (148). The study was
prolonged in an open-label fashion for an additional 12 months. At the end of the 2-year follow-up,
changes in histological features were assessed in 25 patients treated with vitamin E (600 IU/day) plus
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vitamin C (500 mg/day) and in 28 patients treated with placebo. All patients were prescribed a diet
and regular physical activity. The degree of steatosis, inflammation, and NAS score improved in all
patients independent of pharmacological treatment (147).

Other antioxidant agents of potential interest include S-adenosyl-methionine, betaine,
N-acetylcysteine, and lazaroids. Betaine acts as a methyl donor in an alternative pathway for
re-methylation of homocysteine to methionine. We are not aware of any controlled studies using these
agents in adults or children with fatty liver.

Insulin Sensitizers
Most children with fatty liver disease have hepatic and systemic insulin resistance; this provides

a rationale for using insulin sensitizers such as metformin and thiazolidinediones in treatment of
NAFLD.

Metformin reduces hepatic glucose production and, to a lesser extent, glycogenolysis and thereby
reduces fasting glucose and insulin levels. Metformin alone was administered in a pilot study enrolling
10 children with NAFLD. Use of metformin (500 mg twice/day) was well tolerated and caused
reductions in liver fat stores as assessed by MRI after 24 weeks of treatment (150).

However, a follow-up study found no added benefit of metformin on levels of serum aminotrans-
ferases, insulin sensitivity, or liver histology in children controlled on diet. The study was double blind
in the first 12 months and open in the last 12 months. Controls were the 30 patients who served as
controls in the clinical trial for the use of vitamin E (148,150). Twenty-seven patients with biopsy-
proven fatty liver and/or steatohepatitis were treated with metformin 1.5 g/day. Twelve patients treated
with metformin and 15 controls underwent liver biopsy at the end of the 2-year period. No significant
differences were observed between the two arms in terms of laboratory and histological parameters.
However, several factors flawed the study, including experimental design, recruitment of controls, and
the limited number of patients undergoing liver biopsy.

Hence, there is a strong need for controlled studies to assess the effectiveness of metformin in
paediatric NAFLD. Of note, a large, multicenter trial of vitamin E and metformin is underway as part
of the NASH clinical research network to evaluate outcomes of treatment in paediatric fatty liver (143).

The PPAR-gamma agonists thiazolidinediones (TZD) are under investigation as treatment for
NASH in adults, but have not been studied yet in childhood (151). Apart from their capacity for low-
ering plasma glucose, TZD have important anti-inflammatory and anti-atherogenic properties (110).
Indeed, 55 patients with impaired glucose tolerance or type-2 diabetes and liver biopsy-confirmed
non-alcoholic steatohepatitis underwent 6 months of treatment with a hypocaloric diet (a reduction of
500 kcal/day in relation to the calculated daily intake required to maintain body weight) plus pioglita-
zone (45 mg daily) or a hypocaloric diet plus placebo. Hepatic histologic features, hepatic fat content
(assessed by magnetic resonance spectroscopy), and glucose turnover during an oral glucose tolerance
test were evaluated prior to and following treatment. Diet plus pioglitazone, as compared with diet plus
placebo, improved glycemic control and glucose tolerance, normalized liver aminotransferase levels,
decreased hepatic fat content, and increased hepatic insulin sensitivity. Treatment with pioglitazone,
as compared with placebo, was associated with improvement in histologic findings with regard to
steatosis, ballooning necrosis, and inflammation. Nevertheless, the reduction in fibrosis did not differ
significantly from that in the placebo group (152). Thus, TZDs might be useful in the treatment of
fatty liver. However, TZDs can cause weight gain, edema, anemia, and bone loss, making them less
suitable for use in growing children.

LIPID-LOWERING DRUGS

Lipid-lowering drugs of potential interest for the treatment of fatty liver include fibrates, statins,
and resin-binding agents. Fibrates alter lipoprotein metabolism through binding to PPAR alpha, while
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statins reduce cholesterol synthesis by inhibiting HMG CoA reductase. The effects of fibrates and
statins have been investigated in various conditions associated with steatohepatitis in adult patients,
but with uncertain results (153,154). A pilot study assessed the effect of simvastatin in a small cohort
of adults with NASH followed for 12 months (155). The study was double blind, randomized, and
placebo controlled, but included a small number of subjects (N=16). Liver biopsy was assessed before
and after treatment in 10 patients. Although the treated arm showed a 26% reduction in low-density
lipoprotein, there were no statistically significant improvements in serum aminotransferases, hepatic
steatosis, necro-inflammatory activity, or stage of fibrosis within or between groups.

Caution must be exercised when prescribing statins to patients with liver disease. Their poten-
tial hepatotoxicity requires frequent monitoring of biochemical parameters of hepatic cytolysis and
cholestasis. Administration of statins may be contraindicated in patients with advanced or end-stage
parenchymal liver disease or with acute liver disease (156).

New Perspectives
The association between small intestinal bacterial overgrowth and steatohepatitis may support the

use of prebiotics and probiotics as means for the prevention of steatohepatitis. Modulators of toll-like
receptors (TLR) are of potential interest as well (157). Pentoxyfilline, a methylxanthine compound that
attenuates TNF-alpha production in peripheral blood and mononuclear cells, represents a potentially
interesting approach, as preliminary results in adult patients are encouraging (158,159). The rationale
for the use of modulators of TLR or pentoxyfilline comes from evidence supporting a role for the innate
immune system in the pathogenesis of NASH, and, particularly, for TNF-alpha in the progression from
simple fatty liver to NASH (157,160).

Editor’s Questions and Authors’ Response
• What are your indications for liver biopsy in an obese child with elevations in serum ALT,

AST, and/or GGT?

• Assuming that there is nothing to suggest another explanation for hepatic dysfunction, liver biopsy
is indicated only in case of persistently elevated liver enzymes following several months of lifestyle
intervention. However, the length of this observation period is controversial. In our centre, biopsy is
performed after 6 months of unsuccessful lifestyle intervention before starting any pharmacological
treatment. In any case, to date, the vast majority of pediatricians do not perform a liver biopsy in
this population, thus making a precise estimate of NASH rather difficult.

• How might the findings of liver biopsy alter your approach to treatment?

• To date, there is no consensus for pharmacologic treatment of NAFLD. However, there is general
agreement on the need for counseling all subjects with NAFLD regarding diet and exercise in order
to reduce the underlying insulin resistance. If liver biopsy shows a picture of inflammation or fibro-
sis, it could be suggested to start a treatment using an antioxidant agent (vitamin E) or metformin
(if there is associated IR). Obviously, children showing fibrosis must be monitored carefully during
the follow-up period for early signs of liver failure.
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INTRODUCTION

Obesity, hypertension, and renal injury are linked by complex inter-relationships. Obesity-
associated metabolic abnormalities promote both systemic hypertension and renal injury; hypertension
in turn results from, and contributes to, progressive renal damage, regardless of primary cause. It is now
well established that obesity dramatically increases the risks of type-II diabetes and diabetic nephropa-
thy; yet even in the absence of diabetes, obesity predisposes to chronic kidney disease and accelerates
its progression. In this chapter we discuss the pathogenesis of hypertension and renal disease in obese
adults and children and reflect on their implications for therapy.

HYPERTENSION

Epidemiology
Elevated systemic blood pressure (BP) is a leading contributor to the global disease burden, promot-

ing the development and progression of heart disease, stroke, and kidney damage. The life-threatening
complications of chronic hypertension rarely manifest during childhood, but elevated BP among
children and adolescents predicts the development of hypertension in adulthood (1), and several inter-
mediate endpoints of hypertensive end-organ damage, including left ventricular hypertrophy, carotid
artery intima-media thickness, endothelial dysfunction, proteinuria, and renal scarring are now seen
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with increasing frequency in obese children (2). Recent projections indicate that childhood hyperten-
sion will contribute significantly to the overall future burden of cardiovascular and renal diseases in
adulthood and hasten development of these complications in the pediatric population.

Childhood obesity is now recognized as one of the strongest predictors of hypertension in young
adulthood (2–4). Compared with the 25% prevalence of hypertension in adults, only about 3–5%
of children are affected. However, establishing pediatric norms and defining hypertension have been
complicated by difficulties in obtaining pressure readings in children, a lack of standardization of the
measurements, and changes in pressure levels that occur during normal maturational development. The
most recent normative BP tables used data acquired from the 1999–2000 National Health and Nutrition
Examination Survey (NHANES). BP recordings in 8–17-year olds, collected between 1963 and 1988,
documented a decreasing trend for hypertension (3). By contrast, data collected after 1988 revealed
a reversal in the downward trend, with both hypertension and pre-hypertension levels increasing in
the childhood population. This reversal in the hypertension trend is widely believed to reflect the
increasing prevalence of childhood adiposity.

The association between adiposity and hypertension is well established in adults. The prevalence
of hypertension is 3 times higher and the incidence 5 times higher in obese adults than in normal
weight individuals. It is estimated that at least 50% of the rise in the prevalence of hypertension is
attributable to escalating BMI. The obesity–hypertension relationship has now also been convincingly
demonstrated in children and adolescents (2–5). Obese children are at threefold higher risk for devel-
oping hypertension than non-obese children. As in adults, the risk occurs across the range of BMIs.
Thus, some 20–30% of 5–11-year olds with weight >120th percentile of ideal have elevated systolic
or diastolic pressure. Overweight adolescents (BMI >75th percentile) have an eightfold increased risk
of developing hypertension as adults. The strong association between childhood obesity and hyper-
tension has been confirmed in many parts of the world. As in adults, the prevalence of overweight
and elevated blood pressure is higher in Native Americans, African-Americans, Hispanics, and Asians
than in white children (2,3,5–7). Citing potential differences and inadequacy in blood pressure mea-
surement techniques and differences in definition of hypertension, some reservations had been raised
as to whether obesity-related hypertension in children has affected the overall prevalence of hyperten-
sion in the pediatric population. However, using the newest blood pressure criteria for hypertension
and pre-hypertension in children, Din-Dzietham et al. demonstrated that development of hypertension
lagged behind the uptrend in obesity by 10 years (6). The report concluded that obesity is indeed the
most important driving force in childhood hypertension, especially in African-American and Hispanic
children. Figure 1 illustrates the recent trends in the impact of obesity on childhood hypertension.

Fig. 1. Impact of obesity rise on hypertension in children. High blood pressure prevalence and 95% confidence interval
obtained in 8–17 year olds in the National Health and Nutritional Examination Survey 1963–1988 (NHANES III) (open
columns) and 1988–1999 (NHANESIV) (black columns). Adapted from Din-Dzietham et al. (6).
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Blood Pressure Homeostasis
Blood pressure is the force exerted by the blood against a unit area of vessel wall and is defined as

BP = CO × TPR = (HR × SV) × TPR

where BP is blood pressure, CO is cardiac output, HR is heart rate, SV is stroke volume, and TPR is
the total peripheral resistance. CO and TPR are intimately dependent on the extracellular fluid volume,
which is determined primarily by the renal excretion of sodium and water.

Adiposity affects all of these parameters (8). Obese and overweight individuals have increased rest-
ing CO by virtue of increased heart rate, which reflects heightened sympathetic tone and reduced
vagal tone. Perturbed autonomic regulation has been implicated in obesity-related blunting in heart
rate variability that is linked to cardiovascular disease, including hypertension. Obesity also increases
stroke volume; this results from expansion in the circulatory volume necessary to perfuse the increased
adipose tissue mass and fat-free mass that accompany weight gain. The increased stroke volume also
reflects increased ventricular filling pressure and blood volume that follows an increase in tubular
sodium reabsorption. As in all hypertensive states, obesity-associated hypertension is associated with
impaired pressure natriuresis, a mechanism that normally allows the kidney to regulate systemic BP.
Thus, obese individuals have an inappropriately limited natriuretic response to a saline load; this neces-
sitates that obese individuals require a higher blood pressure than those of normal weight to excrete a
given sodium load. The mechanisms for impaired renal pressure natriuresis in this setting include aug-
mented sympathetic nervous system activity, activation of the renin–angiotensin–aldosterone system,
and increased intrarenal pressure.

The homeostatic mechanisms that maintain the balance between cardiac output and peripheral vas-
cular resistance are disrupted in obesity. Compared with normal weight or obese individuals who are
normotensive, peripheral vascular resistance is increased in hypertensive obese individuals despite
the increase in CO. This abnormal vascular response is especially apparent in obese/overweight indi-
viduals whose fat is centrally distributed. Indeed, even in the absence of overt obesity, there is an
independent association between central adiposity and increased CO and/or increased (or insufficiently
reduced) vascular resistance. This suggests that the metabolically active visceral fat contributes directly
or indirectly to body requirements for blood flow supply.

The underlying mechanisms include enhanced vasoconstriction, endothelial dysfunction with
impaired vasodilation, and vascular wall remodeling associated with deposition of lipids, advanced
glycation end-products, and extracellular matrix components that impair normal adjustments in
vasomotor tone. Early stages of overweight and obesity are characterized by an exaggerated vasocon-
strictive response. However, as obesity becomes severe, there ensues a progressive impairment in the
vascular response. Such findings suggest that the initially heightened vasomotor response is followed
by vascular remodeling that limits the hemodynamic response. Markers of endothelial dysfunction and
vessel remodeling, including impaired brachial artery flow-mediated dilation and increased carotid
artery intima-media thickness, previously established in adults, have now been well documented in
obese children.

Pathophysiologic Mechanisms
SYMPATHETIC NERVOUS SYSTEM ACTIVITY

Direct and indirect evidence supports an important pathophysiological role for an overactive sym-
pathetic nervous system in obesity-associated hypertension (9). Experimental studies show that a
high-calorie diet that leads to obesity also causes hypertension. This effect is not observed in obese
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animals with pharmacologic blockade of α- and β-receptors or animals with bilateral renal denervation
that achieve similar weight gain (10). Obese humans have elevated plasma and urinary catecholamine
levels as well as heightened sympathetic neural activity (11). A cross-sectional study found that BMI
and plasma norepinephrine levels independently predict vasoconstriction and blood pressure elevation
in obese hypertensive individuals. This association is especially apparent in children and adults with
central obesity (12).

Obesity-related changes in sympathetic tone not only promote vasoconstriction but also impair
vasodilation, as assessed by the response to cold stress, mental stress, or handgrip. All vascular beds
(e.g., skeletal, mesenteric, renal) may be impacted though their responses to adrenergic stimulation
are heterogeneous, modulated by local as well as systemic factors. The physiological mechanisms
by which activated sympathetic tone can increase BP include direct vasoconstriction, increases in
heart rate and stroke volume that increase cardiac output, and expansion of the extracellular vol-
ume by increases in renal tubule sodium reabsorption. These effects are mediated by reductions in
insulin sensitivity and concomitant changes in plasma leptin, insulin, adiponectin and free fatty acids,
which in combination with activation of the renin–angiotensin system (9) heighten sympathetic tone
(Fig. 2).

Fig. 2. Mechanisms contributing to obesity-associated hypertension.
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Pharmacologic blockade of sympathetic activity with a combined α- and β-adrenergic recep-
tor blocker causes greater reduction in BP in obese than in lean individuals. It is interesting that
Pima Indians, who have increased propensity for obesity, do not have heightened sympathetic
tone and do not develop hypertension to the same degree as other racial groups. These observa-
tions suggest that BP is modulated by ethnic/genetic factors that may counteract the effects of
adiposity on sympathetic drive. These factors may promote the differential reactivity of vascular
beds. Thus, normotensive obese individuals have elevated sympathetic nerve activity in skeletal
muscle but a normal vasodilatative response to α-adrenergic receptor blockade (13). Similar coun-
terbalancing effects may be provided by other vasodilators including nitric oxide and natriuretic
peptides or local regulators of sympathetic nerve activity, such as insulin or leptin. Thus, while obe-
sity is regularly accompanied by enhanced sympathetic outflow, the heightened sympathetic tone
may be modulated by compensatory mechanisms and/or local factors to achieve the final/sustained
vascular tone.

RENIN–ANGIOTENSIN–ALDOSTERONE SYSTEM (RAAS)

The renin–angiotensin–aldosterone system (RAAS) has a causal role in obesity-related hyperten-
sion (Fig. 2). Even in the setting of the volume-expanded state that characterizes obesity, all the
components of the RAAS are inappropriately normal or elevated (14). Conversely, weight reduction is
followed by decrease in RAAS activity. For example, dietary restriction that produced a 5% reduction
in weight led to a 7-mmHg reduction in ambulatory systolic blood pressure that was accompanied
by a 27% decline in angiotensinogen, 43% decline in renin, 12% reduction in adipose tissue ACE
activity, and 20% reduction in the angiotensinogen expression in adipose tissue (15). Mice deficient
in components of the RAAS are leaner and gain less weight when fed a high-fat diet than mice with
an intact RAAS. White adipose tissue itself (particularly visceral as opposed to subcutaneous adipose)
has all the molecular machinery for local angiotensin II (Ang II) generation and Ang II-stimulated
signal transduction. Indeed, adipose tissue overexpression of angiotensinogen increases blood pres-
sure in mice (16). Furthermore, an autocrine positive feedback loop for the RAAS appears to amplify
generation of its components. Activated RAAS may potentiate obesity by stimulating appetite and by
acting as a trophic factor for adipocytes; this increases adipocyte mass and preadipocyte differentiation
and fuels a vicious cycle.

Ang II is a powerful stimulus for aldosterone synthesis; yet elevated plasma levels of aldosterone
in obesity cannot be explained solely by renin or by elevated potassium levels (17). Moreover, other
aldosterone-activating factors originating from adipocytes, including leptin, adiponectin, interleukin-
6 (IL-6), or tumor necrosis factor-α (TNF-α), are not involved. Instead, fat cell activation of Wnt-
signaling molecules stimulates frizzled receptors in the adrenals to increase secretion of aldosterone
as well as cortisol (18). These observations suggest a direct link between adiposity, aldosterone, and
hypertension.

HYPERINSULINEMIA/INSULIN RESISTANCE

Hypertension is regularly associated with increased plasma levels of insulin, and experimental and
clinical studies find that increased adiposity promotes hyperinsulinemia. Such observations led to
the idea that insulin is a key factor underlying obesity-related hypertension. It is true that insulin
increases sodium reabsorption and expands extracellular fluid volume but this is not sufficient to pro-
duce sustained hypertension. Rather, obesity-associated insulin resistance contributes to hypertension
(Fig. 2). The effects of insulin resistance are exerted in combination with other metabolic, hormonal,
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and hemodynamic disturbances of obesity, such as activated sympathetic tone and increased activity
of the RAAS, and increased levels of fatty acids, leptin, resistin, and glucocorticoids.

OBSTRUCTIVE SLEEP APNEA (OSA)

In adults, OSA is an independent risk factor for the presence as well as future development of
hypertension. As many as 30% of hypertensive adults have obesity-linked OSA, the severity of which
parallels the elevation in blood pressure (19). Even in the absence of obesity, OSA predicts hyper-
tension; conversely, its treatment can in some cases reduce blood pressure. Experimentally, cyclical
intermittent upper airway obstruction in non-obese rats and dogs led to hypertension during the waking
periods.

OSA in childhood has long been linked to neurocognitive and behavioral problems, but recent
studies reveal an association with metabolic and hemodynamic abnormalities, especially in the setting
of obesity. Children with OSA have elevated diurnal and nocturnal systolic and diastolic pressure (20).
Interestingly, even individuals with primary snoring, which is considered a mild form of OSA, have
increased daytime blood pressure with reduced arterial distensibility. It is therefore possible that the
link between OSA and hypertension demonstrated in adults begins early in childhood, especially in
obese children.

The pathogenesis of increased blood pressure and hypertension with OSA includes recurrent
episodes of apnea and intermittent hypoxia/carbon dioxide retention and negative intrathoracic pres-
sures, which depress myocardial contractility, elevate heart rate, and activate the sympathetic nervous
system and RAAS. In addition, OSA has been linked to enhanced inflammation and oxidative stress,
which likely disrupt nitric oxide bioactivity and lead to endothelial dysfunction and elevated blood
pressure.

ADIPOSE TISSUE-RELATED METABOLIC FACTORS

Adiposity. Although increased weight is regularly accompanied by increased blood pressure, there
is considerable inter-individual variability and not all obese individuals become hypertensive. As noted
above, the divergence between obesity and hypertension has been taken to reflect ethnic and genetic
factors as well as the differential impact of varying components of adiposity. There is now strong
evidence that fat distribution, specifically visceral adiposity, is a key determinant of hypertension (21).
Even normal weight individuals who demonstrate insulin resistance and hypertension have increased
intra-abdominal fat mass. Waist circumference and waist-to-height ratios are also good predictors of
hypertension in children, especially obese children, suggesting a pathophysiologic role of visceral fat
per se (22). Fat mass assessed by bioimpedence correlated not only with established hypertension but
also with blood pressure within the entire normal range in healthy children (23).

Visceral fat, as opposed to subcutaneous or intramuscular fat, has strong associations with many
pathophysiologic features. Accumulation of large poorly differentiated preadipocytes in visceral
fat augments production of bioactive molecules including angiotensinogen, plasminogen activator
inhibitor (PAI-1), endothelin, and reactive oxygen species that can vasoconstrict and remodel blood
vessels. Moreover, visceral fat is often infiltrated by macrophages that constitute an important source
of pro-inflammatory mediators including TNF-α, IL-6, monocyte chemoattractant protein 1 (MCP-
1), and inducible nitric oxide synthase (iNOS). Fatty acids released by adipocytes stimulate TNF-α
released by macrophages which, in turn, can enhance production of IL-6 by fat cells, further amplify-
ing the inflammatory response. Notably, mice deficient in IL-6 have a blunted hypertensive response
to stress (24). Many of the bioactive substances produced by macrophages also inhibit preadipocyte
differentiation, further expanding a population of large, dysfunctional, insulin-resistant adipocytes that
may fuel the vicious cycle between obesity and hypertension.
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Free fatty acids. Non-esterified free fatty acids (NEFFA) derived from lipolysis of triglycerides are
major secretory products of adipose tissue. Acute elevation in plasma NEFFA increases blood pres-
sure in experimental animals and humans (25,26). Chronic elevation of NEFFA observed in those with
central obesity correlates with elevated blood pressure. Baseline elevation of NEFFA is a highly signif-
icant independent risk factor for developing hypertension in non-diabetic, non-hypertensive men. The
pathophysiological mechanisms involve stimulation of α-adrenergic tone which causes vasoconstric-
tion, reduces baroreflex sensitivity, and enhances tubular sodium reabsorption. NEFFA also stimulate
expression of angiotensinogen in preadipocytes and aldosterone in adrenal cells that can increase blood
pressure through vasoconstriction, vascular remodeling, and sodium reabsorption. NEFFA reduce
endothelial nitric oxide synthase and thus nitric oxide(NO)-mediated vasodilatation as well as insulin-
induced vasodilatation, which is NO-dependent. Finally, NEFFA increase oxidative stress in vivo and
in vitro, another mechanism postulated for development of hypertension.

Leptin. Leptin is an adipocyte gene product that regulates food intake, energy expenditure, and intra-
cellular lipid homeostasis. Circulating levels of leptin parallel fat stores, increasing with overfeeding
and decreasing with fasting or caloric deprivation. Absence of leptin or a mutation in the leptin recep-
tor causes massive hyperphagia in animals and humans. Yet these mutations are not accompanied by
hypertension; this underscores the complexity of leptin modulation of blood pressure.

Increased leptin levels in obesity are associated with increased blood pressure. However, the
relationship is modulated by the duration of hyperleptinemia and its site(s) of action (centrally or
systemic) (27). Leptin’s pressure effect also depends upon the relative contributions of sympathetic
tone, endothelin-1, reactive oxygen species, activation of endothelial nitric oxide synthase, and renal
regulation of sodium-volume balance. For example, while both intracerebral and systemic infusion of
leptin increased sympathetic nerve activity to a similar degree, the lack of pressure elevation following
systemic administration indicates a counter-regulatory systemic vasodilation that likely reflects NO
production (28–30).

Leptin also modulates renal handling of sodium and water (29). The normal leptin-induced increase
in urinary sodium and water excretion is blunted in obesity. The perturbation appears independent of
systemic or even renal hemodynamics and may reflect a direct tubular effect. The increase in sodium
and water reabsorption appears to reflect enhanced renal sympathetic tone and decreased local NO.

Adiponectin. In contrast to other adipocytokines which are elevated in obesity, adiponectin lev-
els are depressed. Plasma levels are inversely related to obesity and suggest that adiponectin may
have protective or adaptive functions. Indeed, adiponectin has insulin-sensitizing, anti-diabetic, anti-
inflammatory, and anti-atherogenic effects. Hypoadiponectinemia was shown to be an independent
risk factor for hypertension in cross-sectional and prospective studies in lean and obese hyperten-
sive adults and adolescents, even after adjustments for BMI, age, glucose, and cholesterol levels
(31,32). It is notable that antihypertensive treatment (ACE inhibition with ramipril or angiotensin
receptor antagonism with valsartan) elevates circulating adiponectin level and insulin sensitivity in
parallel with their effects on blood pressure. It is of further interest that a subset of obese individuals
with adiponectin concentrations similar to those of normal weight subjects did not have metabolic
abnormalities including hypertension (33). Experimentally, adiponectin replenishment ameliorated
obesity-related hypertension in the KKAy mouse model, while hypertension in salt-fed adiponectin-
deficient mice was reversed by adiponectin treatment (34). Hypoadiponectinemia likely contributes
to hypertension by way of endothelial dysfunction that is independent of insulin resistance, BMI, or
lipid status; adiponectin upregulates endothelial NO synthase expression and reduces ROS produc-
tion, resulting in heightened NO production and bioavailability in endothelial cells. Experimental
and clinical hypoadiponectinemias are associated with endothelial cell dysfunction and impaired
endothelium-dependent vasodilation as well as disinhibition of leukocyte–endothelium adhesion and
activation of the RAAS.
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RENAL DISEASE

Clinical Spectrum of Obesity-Related Glomerulopathy (ORG)
High-grade proteinuria in obese adults that remitted with weight loss and returned with weight gain

was first described in 1974 (35). The renal histology was comparable to idiopathic focal segmental
glomerulosclerosis (FSGS). The term obesity-related glomerulopathy (ORG) is now used to describe
this secondary form of FSGS. From the 1980s to the 1990s, a 10-fold increase in biopsy-proven ORG
was noted in adults (36). Underscoring the gravity of ORG in obese adults, the progression to end-stage
renal disease occurs in 3% of patients at 2-years follow-up and in 33% at 10 years (36,37).

ORG is increasingly recognized in the pediatric population. One report documented ORG in an
8-year-old child with BMI 58.1 kg/m2, but in most series ORG is detected in the second decade of
life (36,38–40). The clinical characteristics of ORG in pediatric patients are similar to those in adults.
The condition is milder than idiopathic FSGS; daily protein excretion is lower (1.8–4.5 g/day), serum
albumin is normal or only minimally depressed, and edema is absent or mild. About half of pediatric
patients with ORG are hypertensive or hyperlipidemic. Some also have obstructive sleep apnea. Many
have been shown to respond to inhibition of the renin–angiotensin system with marked reduction in
proteinuria, though as in adults, this may not prevent progressive glomerulosclerosis (37–39). While
this chapter focuses primarily on ORG, there is accumulating evidence that obesity potentiates pro-
gression of other renal diseases including IgA nephropathy, transplant nephropathy, and renal damage
associated with congenitally reduced endowment of nephron number (41,42).

In clinical practice, proteinuria is a well-accepted indicator of renal injury and comprises a spectrum
from microalbuminuria (30–300 mg/g creatinine; not detectable by routine urinalysis) to overt protein-
uria (>300 mg/g creatinine, detectable by dipstick). As in other glomerulopathies, obesity-associated
microalbuminuria appears to be an early indicator of renal damage (43). The prevalence of microalbu-
minuria in obesity is increased and parallels the BMI. Further, even among normoglycemic first-degree
relatives of type-II diabetics, central obesity has been found to be an independent risk factor for
microalbuminuria (44). Likewise, in 10,000 young adults, BMI>35 showed significant increases in
albuminuria compared to lower BMI groups (45). Albuminuria correlates with substantial renal struc-
tural alteration even with normal renal function (see below) (43). As with any renal injury, the presence
of hypertension accelerates glomerular injury.

Thus, it is reasonable to assess urine albumin excretion in obese pediatric patients. Children and
adolescents with BMI>95th percentile should be assessed for microalbuminuria and glomerular fil-
tration rate by serum creatinine. Thereafter, urine microalbumin should be followed yearly. Currently
there are limited data to guide therapeutic interventions, although reports of efficacy by inhibition of
the renin–angiotensin system in advanced obesity-related glomerulopathy suggest a potential benefit.
Control of hypertension is essential to limit progression of renal disease.

Renal Hemodynamics
There are significant changes in renal hemodynamics even at the early stages of obesity. One study

showed that adults with mean BMI 43.8 kg/m2 had glomerular filtration rate (GFR) 51% higher than
that of normal weight controls. The renal plasma flow (RPF) is also elevated, though not to the same
degree (46). As a result, the filtration fraction (defined as GFR/RPF) is increased, a hemodynamic
adjustment that parallels the degree of BMI and adipose mass (47,48).

Glomerular filtration is determined by the pre- and post-glomerular arteriolar tone, both of which
are altered by obesity. Molecular sieving experiments in obese individuals suggest that afferent arte-
riolar vasodilatation together with efferent arteriolar vasoconstriction contribute to the increase in
filtration fraction (46). Experimentally, obese rats have been found to have heightened renal vascu-
lar resistance in response to infusions of Ang II. As the Ang II type-I receptor density is highest
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in the efferent arteriole, these data suggest that obesity promotes renal efferent arteriolar vasocon-
striction (49). Furthermore, inhibition of Ang II action in obese subjects increases renal plasma flow,
again pointing to efferent arteriolar vasoconstriction as a prominent renal response to obesity (50).
Increased filtration fraction has been linked to glomerular injury and scarring through mechanisms
that include elevated glomerular pressure and stimulation of local growth factors. In this connection,
obesity-induced GFR increase is not fixed. Several studies report that hyperfiltration may normalize
following gastroplasty (51,52).

Tubuloglomerular Feedback
Tubuloglomerular feedback (TGF) describes the coupling of each nephron’s distal tubule flow to

glomerular filtration. Nephron anatomy dictates that the distal tubule signals to its originating glomeru-
lus and contributes to the formation of the macula densa, which encompasses specialized tubular
cells abutting the afferent and efferent arterioles. The stimulus to adjust GFR includes the rate of
distal tubular flow and the composition of tubular fluid. The signal is perceived in the macula densa
and transmitted to the vascular structures of the nephron, particularly the afferent arteriole, which
adjusts the rate of filtration. An inverse relationship between tubular flow and filtration is thus estab-
lished, such that an increase in tubular flow decreases glomerular filtration and vice versa. In simplest
terms, increased luminal NaCl leads to a decrease in glomerular filtration through afferent arteriolar
vasoconstriction (53).

In obesity, volume expansion is due, at least in part, to increased salt reabsorption in the proximal
tubule; this is mediated by increased sympathetic tone, Ang II, adipokines, and increased oncotic
pressure of the tubular blood supply caused by glomerular hyperfiltration. By lowering tubular NaCl
relative to GFR, these obesity-dependent change mechanisms disrupt the TGF response, preventing
suppression of GFR (54). Given the high rate of hypertension in obese individuals, the inadequacy of
TGF feedback and failure to constrict the afferent arteriole may allow transmission of systemic BP to
the glomerulus, contributing not only to increased GFR but eventually to renal damage (55).

Proteinuria
A hallmark of renal manifestations of obesity/ORG is proteinuria, the magnitude of which is

relatively modest and not usually associated with nephrotic syndrome. Thus, presentation with hypoal-
buminemia and edema is rare (36–38). The lack of edema may delay detection of proteinuria and
increase the chance for progressive glomerulosclerosis and loss of renal function. Indeed, in one study
of ORG, those who progressed to end-stage renal failure (ESRD) had elevated serum creatinine at
presentation (37). In a Chinese cohort of patients with ORG, protein excretion rose with increasing
BMI (56). Yet, the severity of glomerulosclerosis on biopsy was similar across the range of BMI, sug-
gesting that additional intrarenal hemodynamic derangements contributed to excess proteinuria with
increasing adiposity.

It should be emphasized, however, that a third of the cohort with biopsy-proven ORG had only
mild proteinuria (400 mg/24 h). These findings suggest that the renal pathophysiologic processes that
culminate in ORG are already present at a time when proteinuria is only modestly elevated or even
before overt proteinuria is detected.

Proteinuria in ORG can in some cases be dramatically lessened with weight loss (35,57). Bariatric
surgery has in some studies normalized protein excretion in adult and pediatric patients with ORG
(39,58). However, enthusiasm for surgery is tempered by its association with oxalate nephropathy and
renal failure post-op (59). As noted previously, pharmacologic agents that reduce blood pressure may
(in some but not all cases) reverse microalbuminuria and limit the progression of renal disease in obese
subjects.
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Renal Morphology
The primary light microscopic feature of ORG that differentiates it from primary FSGS is glomeru-

lomegaly (36,37,60) (Fig. 3). Increased glomerular filtration due to increased transcapillary hydraulic
pressure likely contributes to glomerulomegaly (60). Glomerulomegaly has been linked to the patho-
genesis of glomerulosclerosis, with a correlation between glomerular size and degree of sclerosis in
a given glomerulus during the early stages of injury (61). Increased glomerular size may not directly
cause sclerosis, but may be an early manifestation of processes that promote cell growth and extracel-
lular matrix synthesis. Additionally, the link of glomerulomegaly and sclerosis may reflect the limited
capacity of mature podocytes to divide. Thus, with increasing glomerular size, the resulting reduc-
tion in relative podocyte density may become a stimulus for further injury. In this regard, a study of
patients with ORG found that glomerulomegaly was accompanied by a 45% reduction in podocyte
density (60). Experimentally, loss of podocytes (through immune targeting) has been shown to induce
glomerulosclerosis (62).

Fig. 3. Morphologic changes of obesity-related glomerulopathy. (a) Glomerulomegaly and focal small segmental
adhesion with early sclerosis (Jones silver stain, ×100). (b) Glomerulomegaly and hilar segmental sclerosis at the
vascular pole (periodic acid–Schiff, ×400). (c) Transmission electron microscopy showing subtotal foot process
effacement (×4,000) (39).

It is important to underscore that progressive glomerular destruction, regardless of cause, will cul-
minate in tubulointerstitial fibrosis. It is therefore of interest that compared with idiopathic FSGS,
obesity-associated FSGS has less interstitial alpha smooth muscle actin and TGF beta and lower inter-
stitial volume, suggesting relative preservation of the tubulointerstitium (63). Such observations may
explain the lower rates of progression to ESRD of ORG compared to idiopathic FSGS.

It is interesting that glomerular pathology is also observed in obese patients without clinically appar-
ent renal disease. Thus, autopsies of two boys with Prader–Willi syndrome without renal dysfunction
or proteinuria revealed marked glomerulomegaly (64). Similarly, examination of renal morphology in
extremely obese adults (mean BMI 52 kg/m2) revealed that 5% of patients had segmental glomeru-
losclerosis in 6% of glomeruli. Mean glomerular planar area was 50% higher compared to normal
weight controls (43). As noted in other studies, only 4% of these individuals had significant protein-
uria (none >500 mg/day). Even obese individuals, considered well enough to serve as renal transplant
donors, had 15% larger glomeruli compared to non-obese donors. No data exists as to persistence of
glomerulomegaly in these donor kidneys in non-obese recipients, though the possibility of correction
in a non-obese milieu seems plausible (65).
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Pathophysiologic Mechanisms
RENIN–ANGIOTENSIN–ALDOSTERONE SYSTEM (RAAS)

The RAAS is a major regulator of systemic and renal vasomotor tone that affects renal blood flow
and glomerular filtration and promotes the growth of renal cells. As noted previously, the adipocytes
and infiltrating macrophages of adipose tissue constitute important sources of RAAS components.
For example, per weight of tissue, visceral fat expression of angiotensinogen (Aog) is comparable
to that of the liver. Circulating levels of Aog correlate with increasing BMI both at normal and ele-
vated weight. Conversely, fasting dramatically reduces adipocyte expression of Aog in experimental
animals. Weight loss also reduces the serum levels of angiotensin-converting enzyme (ACE), the pre-
dominant enzyme necessary for production of the effector ligand angiotensin II (66). The Ang II type-1
receptor (AT1), primarily responsible for post-glomerular (efferent) anteriolar vasoconstriction, is dra-
matically elevated in the renal cortex of obese Zucker rats compared to lean Zucker controls (67). Renal
AT1 is also upregulated in transgenic mice overexpressing angiotensinogen exclusively in adipocytes
(68). These studies suggest that an adipose-derived increase in circulating RAAS ligands and an
adipose-driven increase in renal AT1 receptor provide a powerful combination for increasing effer-
ent arteriolar vasoconstriction, glomerular pressure, and cellular proliferation that promote structural
damage.

As with other chronic proteinuric glomerulopathies, inhibition of the renin–angiotensin system has
been employed successfully to treat obesity-related glomerulopathy. Likewise, aldosterone blockade
lessens renal injury in the vascular, glomerular, and tubulointerstitial compartments. These benefits are
independent of its antihypertensive effects; presumably, the drugs block the effects of aldosterone on
plasminogen activator inhibitor-1 and TGF-β, reactive oxygen intermediates, inflammatory mediators,
and podocyte function (69). Aldosterone antagonism attenuates obesity-induced glomerular hyperfil-
tration in high fat-fed dogs (70). While the role of aldosterone in renal damage in obese humans has
not yet been explicitly demonstrated, the compelling nature of animal data has prompted suggestions
to use aldosterone antagonism for obesity-related kidney injury (71). The antiproteinuric benefits of
angiotensin-converting enzyme inhibition or aldosterone blockade may be reversed by progression of
obesity or weight re-gain (37–39).

METABOLIC/ADIPOCYTE FACTORS

Receptors for leptin have been demonstrated in the renal inner medulla and in vascular structures
of the renal corticomedullary region. Rapid diuresis follows a single intraperitoneal injection of lep-
tin; this may serve to counterbalance its effect on adrenergic activity. Leptin also affects renal cellular
growth. Cultured glomerular endothelial cells proliferate when stimulated by leptin and increase TGF-
β production (72). In mesangial cells, leptin increases collagen type I production, cellular hypertrophy
(but not proliferation), and the expression of TGF-β receptors, thereby sensitizing them to the increased
TGF-β produced by adjacent glomerular endothelial cells (73). Chronic leptin infusion resulted in
increased glomerular type-IV collagen as well as an increase in proteinuria in rats. Conversely, in
a mouse model of renal tubulointerstitial injury, leptin deficiency was protective. Thus, after unilat-
eral ureteral obstruction, the leptin-deficient mice had less cellular infiltrate, less TGF-β expression,
less alpha smooth muscle actin and fibronectin staining, and less interstitial fibrosis than wild-type
controls (74).

As noted previously, hypoadiponectinemia is associated with insulin resistance, inflammation,
atherosclerosis, and hypertension (32,75). In the kidney, adiponectin supports normal function of the
podocyte (76). Thus, adiponectin-null mutant mice have podocyte foot process effacement and albu-
minuria, both of which normalize with adiponectin treatment. Even wild-type podocytes in culture
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become more impermeable to albumin when treated with adiponectin. Not surprisingly, adiponectin-
null mutant mice have poorer outcomes following renal injury, including increased inflammatory
mediators, increased TGF-β, increased glomerular collagen deposition, glomerulomegaly, and albu-
minuria (77). Taken together, these findings suggest that hypoadiponectinemia may contribute to
obesity-related renal injury. Indeed, among obese African-Americans, there is a strong negative cor-
relation between plasma adiponectin levels and albuminuria, pointing to potential podocyte injury
(76). Adiponectin deficiency leads to an increase in NADPH oxidase; renal injury augments this dele-
terious response with increases in urinary reactive oxygen species (76,77). Conversely, adiponectin
stimulates phosphorylation of glomerular AMP-activated protein kinase, which inhibits oxidative
stress and maintains normal podocyte architecture (76,78) (Fig. 4). Pharmacologic maneuvers to
raise adiponectin levels (such as PPAR-γ agonists) have been proposed as a potential treatment for
ORG (76).

Fig. 4. Adiponectin is essential to normal podocyte function. Low adiponectin in obesity triggers glomerular podocyte
effacement and albuminuria. Potential mechanisms include increased oxidative stress through NADPH oxidase 4
(Nox4) enhancement and reduction of 5AMP-activated protein kinase (AMPK) activation. Adapted from Zoccali
et al. (78).

Other adipocytokines have relevance for renal damage. For example, TNF-α levels rise with
increasing adiposity (79) and reduce adiponectin levels. Glomeruli from ORG patients have increased
expression of TNF-α and a doubling of TNF receptor 1 (80). These observations suggest that TNF-
α may directly contribute to obesity-induced renal damage, possibly through stimulation of TGF-β,
macrophage infiltration, and apoptosis.

Circulating levels of interleukin-6 (IL-6) increase with obesity, with as much as 30% derived from
adipose tissue (81). IL-6 is the most important regulator of the hepatic acute phase response, which
includes C-reactive protein (CRP). Strong epidemiologic data connect CRP with poor cardiovascular
outcomes, and CRP may participate directly in vascular wall pathology (82). Visceral adipose volumes
were highly correlated with circulating IL-6 and CRP levels in Framingham subjects, and even obese
children show dramatic elevation of CRP compared to normal weight controls (83,84). Evidence for
IL-6 involvement in vascular and renal disease beyond CRP is found in IL-6 induction of AT1 receptor
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in vitro and in vivo and subsequent increase in angiotensin-mediated oxidative stress (79). Glomeruli
from patients with ORG show a twofold increase in expression of IL-6 signal transducer, pointing to
the possibility of direct IL-6 pathogenicity in glomeruli (80). However, whether increased IL-6 plays
a pathogenic role in ORG or is only an epiphenomenon is currently not known.

Obesity causes other metabolic disturbances that may contribute to renal damage. Excess intracel-
lular free fatty acids are thought to be shunted toward the production of reactive intermediates such
as fatty acyl CoA, diacylglycerol, and ceramide which are cytotoxic. LDL has numerous glomeru-
lar effects, promoting mesangial cell proliferation and mesangial cell production of extracellular
matrix, plasminogen activator inhibitor (PAI-1), and TGF-β. Sterol regulatory element binding tran-
scription factor-1 (SREBP-1) is upregulated in high-fat-fed, obese C57BL/6 J mice that develop
glomerulosclerosis and proteinuria (85). Transgenic overexpression of SREBP-1a resulted in increased
lipid accumulation in glomeruli and tubular cells as well as glomerulosclerosis. Conversely, mutant
mice with inactivated SREBP-1c were protected from glomerulosclerosis when fed a high-fat diet.
Glomerular expression of these lipid-related transporters was upregulated in glomeruli from patients
with ORG: fatty acid-binding protein was upregulated fourfold, LDL-receptor twofold, and SREBP-1
twofold (80). Thus, lipid disturbances often associated with obesity provide additional mechanisms
for glomerular injury.

SUMMARY

While hypertension and renal damage have long been recognized to be interrelated, obesity dramati-
cally amplifies each of these abnormalities. The obesity epidemic, now well entrenched in the pediatric
population, is expected to increase these complications. Current therapies aimed at lessening elevated
blood pressure and slowing progressive renal damage will likely be supplemented by interventions
aimed at obesity-specific targets.

Editor’s Questions and Authors’ Response
• What are the indications for renal biopsy in an obese child with microalbuminuria?

• Renal biopsy is commonly performed in children with urine albumin excretion exceeding 1 g/day.
However, significant renal damage may occur in obese subjects with lower levels of proteinuria and
normal renal function; the mean level of proteinuria in a recent series of adults with biopsy-proven
ORG was only 400 mg/day. It seems reasonable therefore to consider renal biopsy in obese children
and teens with urine albumin excretion >400 mg/g creatinine.

• Do we have long-term data on the benefits of pharmacologic treatment of microalbuminuria
in children?

• While data on the long-term benefits of treatment with inhibitors/antagonists of the renin–
angiotensin system do not exist, biopsy findings of significant structural changes in obese patients
with only microalbuminuria suggest a benefit for such intervention. Thus, even in the absence of
hypertension or increased creatinine, persistent or increasing microalbuminuria (albumin to creati-
nine ratio of >30 μg/mg creatinine in a first morning void documented at least 3 times in a 6-month
period) warrants treatment with an angiotensin-converting enzyme inhibitor or receptor antagonist.
There is currently little data on the use of aldosterone inhibitors in this setting.
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GENERAL INTRODUCTION

The increasing prevalence of childhood obesity during the past generation has been accompanied by
profound changes in daily lifestyle. Computer-related activities, video games, cell phones, and other
diversions have promoted a more sedentary existence, reducing energy expenditure and facilitating
weight gain. Much of the screen and cell time is spent during the evening hours at the expense of
sleep. Thus, behaviors that foster the development and progression of obesity in children may dis-
rupt fundamental biological rhythms that are vital to child and adolescent health. Obesity in turn is
a major risk factor for sleep-disordered breathing (SDB), which may facilitate further weight gain
and promote the development of metabolic and cardiovascular morbidities in obese children as well
as adults. This underscores the importance of exploring the relationship between childhood obesity
and sleep.

The first part of this chapter will review the evidence that obesity is an anatomical and functional
risk factor for SDB in children and discusses its consequences and management. The second part
of the chapter discusses the relationship between sleep duration and the development of childhood
obesity. Sleep duration may be an important determinant of body weight, as it modulates changes in
several obesity-related hormones and affects daytime physical activity and the time available for food
consumption. This suggests that good sleep hygiene should be added to the list of measures that may
assist in the prevention of childhood obesity.
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SLEEP-DISORDERED BREATHING AND OBESITY IN CHILDREN

Introduction
Sleep-disordered breathing (SDB) is defined as a clinically relevant disturbance of breathing during

sleep. The two most common respiratory events are apneas and hypopneas, which are documented
by a formal sleep study or polysomnography. Apnea is defined as a complete cessation of respiratory
airflow for at least two respiratory cycles. Hypopnea is defined as a reduction in respiratory airflow by
50% or more of baseline for at least two respiratory cycles. Apneas and hypopneas are then further
classified as central, obstructive, or mixed. A respiratory event is classified as central when there is a
cessation of all respiratory efforts (measured at the level of thorax and abdomen). During an obstructive
event, there is a continuous or even increased respiratory effort. A mixed event has both central and
obstructive components. An example of a sleep study showing some of these respiratory events is
presented in Fig. 1.

Fig. 1. Screen print of a polysomnography showing an obstructive apnea (purple box) and hypopnea (light blue box),
central apnea (pink box), and mixed apnea (blue box). Second, following repetitive apneas and hypopneas oxygen
saturation intermittently drops (red box) which is also referred to as intermittent hypoxia.

Much of the study of SDB has focused on obstructive sleep disorders. Obstructive sleep apnea
syndrome (OSAS) is characterized by recurrent events of partial and/or complete upper air-
way obstruction that disrupt normal ventilation and sleep patterns. The diagnosis of OSAS in
children is based on normative data in healthy children without snoring or other symptoms sug-
gesting sleep apnea. Based on these normative data, the current diagnostic threshold is one or
more obstructive events per hour of sleep. OSAS is distinguished from primary snoring, a more
benign expression of abnormal upper airway resistance that occurs in 3–12% of the general pedi-
atric population. Primary snoring is not associated with obstructive events or desaturations during
sleep.

Central sleep apnea has not been studied extensively in children. Reference studies demonstrate that
central apneas lasting less than 20 s occur normally in children. These events are rarely accompanied
by serious oxygen desaturation; a level of oxygen saturation below 90% following a central apnea event
is considered abnormal. We therefore classify children as having central sleep apnea if they present
with central events lasting more than 10 s and are accompanied by more than one bradytachycardia
event or more than one desaturation below 90%.
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Obesity as a Risk Factor of Sleep-Disordered Breathing in Children
Various studies have shown that obese children and adolescents have a higher prevalence of all types

of SDB compared to their normal-weight peers. For example, an Italian review of questionnaires from
more than 2,000 teenagers found that the frequency of snoring was significantly higher in children
with body mass index (BMI) in the 90th percentile or greater. Furthermore, subjects with a BMI
exceeding the 95th percentile were 2.6 times more likely to snore than children with a BMI below
the 75th percentile (1). Similar findings were noted in a German study which demonstrated that obese
children had more than 4 times the risk of snoring when compared to their peers with a BMI in the
75th percentile or less (2).

A number of population-based studies have used nocturnal cardiorespiratory monitoring or polyg-
raphy to delineate factors that predispose to OSAS in children. In the Cleveland Family Study, both
African-American race and obesity in children aged 2–18 years were associated with a three- to five-
fold higher likelihood of SDB (3). The predisposition of African-Americans to OSAS was confirmed
in a follow-up study of 8–11-year-old children; preterm birth was also a significant risk factor but
obesity per se was not (4). Sánchez-Armengol found that snoring adolescents, as assessed by ques-
tionnaire, expressed higher weights and higher waist-to-hip ratios and were more frequently obese as
a group than their non-snoring peers (5).

Various studies have used nocturnal polysomnography in hospital settings to determine the
prevalence of OSAS (6). Three general conclusions are warranted.

First, obese children are at greater risk of OSAS. However, there are large variations in observed
prevalence rates among studies, ranging from 13 to 59%. The observed differences in prevalence
probably reflect a number of factors, including differences in the ethnicity, age, and pubertal status
of the studied subjects and, more importantly, the use of different diagnostic criteria for childhood
obesity and for childhood OSAS. These factors make the calculation of a pooled estimate for the
prevalence of OSAS in childhood obesity very difficult, if not impossible.

Second, in the majority of cases the OSAS is generally mild and non-debilitating.
Finally, not all studies found the expected association between BMI and the apnea–hypopnea

index – the classical marker of the severity of OSAS. However, the apnea–hypopnea index may corre-
late more strongly with the distribution of body fat than with BMI per se. For instance, we reported a
significant association between waist-to-hip ratio and the apnea–hypopnea index in one of our studies
but failed to find a significant association with BMI.

Moreover, the apnea–hypopnea index is not the only marker of the severity of sleep apnea; var-
ious studies have demonstrated that the degree of obesity is associated with other consequences
of SDB, such as oxygen desaturation. Our study, for instance, reported a correlation between BMI
and the minimal oxygen saturation during sleep; this finding had been described previously by
Marcus et al. (7). From a pathophysiological point of view, an association with oxygen desatu-
ration is perhaps more important than a correlation with the number of apneic events, because
intermittent hypoxia is the primary mediator of most of the complications associated with sleep
apnea.

In contrast to evidence that OSAS is more prevalent in obese children, there are limited data on
the prevalence of central apnea. We found that 13% of obese children had central sleep apnea; of all
the groups of children we studied, those with central apnea had the most severe oxygen desaturation
events (8). Marcus et al. also described three subjects with central apneas associated with desaturation
(7). A recent investigation found that high body mass index (BMI) predicted central sleep apnea in a
mixed cohort of normal-weight and overweight children (9).



244 Verhulst

Pathogenesis of Sleep Apnea in Obesity
The classical risk factor for obstructive sleep apnea in normal-weight children is enlargement of

the adenoids and/or tonsils. In obese children, both lymphoid hypertrophy and adiposity can com-
promise the upper airway. For example, obese children with OSAS were 7 times more likely to
have enlarged tonsils and 4 times more likely to have enlarged adenoids (10), while subjects with-
out adenotonsillar hypertrophy had a milder spectrum of respiratory abnormalities (11). In a mixed
group of normal-weight and overweight subjects, Brooks et al. demonstrated that the degree of obe-
sity was the only predictor of the apnea–hypopnea index but lymphoid hyperplasia affected the
duration of the obstructive apneas and the severity of the subsequent desaturation (12). Data from
the Cleveland Family Study also showed the importance of both obesity and respiratory disorders
(sinusitis and a history of bronchiolitis, bronchitis, or asthma) as risk factors for sleep apnea in
children (3).

Numerous studies in adults have shown that waist circumference or visceral fat content correlate
strongly with the severity of OSAS, and often more so than BMI (13–16). However, little is known
about the importance of fat distribution as a risk factor for sleep apnea in obese children and adoles-
cents. A questionnaire study in children documented that waist circumference correlated with the risk
of SDB (17). In a population-based study of 101 adolescents, snoring was associated with a higher
waist-to-hip ratio, reflecting a more central body fattening (5). In a study by Li et al., the association
between the waist circumference and the presence of OSAS was borderline significant (18).

In our prevalence study, tonsillar hypertrophy was the only significant covariate for obstructive
sleep apnea. On the other hand, BMI z-score, waist circumference, waist-to-hip ratio, and percent
fat mass predicted central apnea (8). Moreover, abdominal adiposity was associated with increasing
values of the “respiratory disturbance index (RDI),” which combines all central and obstructive events
(Fig. 2).

Fig. 2. The severity of sleep-disordered breathing is associated with abdominal obesity, as expressed by the waist-to-
hip ratio (RDI = respiratory disturbance index, which is defined as the total number of apneas and hypopneas per hour
of sleep) (6).
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Although a number of imaging studies in children with SDB have been performed, only one study
included overweight subjects. Fregosi et al. failed to find any correlation between BMI and sleep
apnea severity, pharyngeal airway dimensions, and soft tissue anatomy (19). However, data from our
laboratory (see below) show narrowing of the airway in the region of the adenoids in some obese
children with OSAS. It seems likely therefore that the severity of sleep apnea in obese children is
mediated both by adenotonsillar hypertrophy and by fat distribution. Recent data suggest that adeno-
tonsillar hypertrophy is particularly important in the development of OSAS in young obese children,
while progressive upper body fat deposition plays a major role in the obese adolescent. Normal vari-
ations in craniofacial anatomy may also contribute to the higher risks of OSAS in certain ethnic
groups.

The pathogenesis of central apnea in obese children is unexplained except in children with cen-
tral nervous system dysfunction following hypothalamic surgery for brain tumors and genetic obesity
disorders such as the Prader–Willi syndrome.

Complications of Sleep-Disordered Breathing
The main consequence of repetitive apneas and hypopneas during sleep is intermittent hypoxia,

which is a potent trigger of oxidative stress and inflammation (20). Indeed, several studies have doc-
umented increased markers of oxidative stress and inflammation in obese children who exhibit sleep
apnea (21–23). SDB is also associated with increased sympathetic activity (24), higher serum cortisol
levels (25), and other hormonal changes resulting from secondary sleep debt (26–28) (see below).

The neurocognitive and behavioral consequences of SDB in children are the best studied. Common
problems include restless sleep, morning headache, and daytime fatigue and sleepiness. Furthermore,
children with sleep apnea are at higher risk for concentration problems and learning disabilities,
deficits in school performance, and behavioral problems including hyperactivity (29).

In obese children, sleep apnea may augment metabolic and cardiovascular morbidity. Cross-
sectional studies indicate that increasing severity of SDB in obese children and adolescents is
associated with an increased risk of the metabolic syndrome (30,31), increases in diastolic blood pres-
sure, blunting of the nocturnal fall in blood pressure (32,33), and increases in left ventricular mass
and decreases in function (34,35). Moreover, several studies show a positive correlation between sleep
apnea and insulin resistance and dyslipidemia in children (30,31,36). However, it must be noted that
other studies failed to find a similar relationship (37–39). These conflicting results could be explained
by variations in the magnitude of obesity and the ages of study subjects, reflecting varying severity
and/or duration of disease; in addition, pubertal status likely plays an important role.

In general, SDB appears to have modest effects on metabolic function in children, and the long-
term consequences of childhood sleep apnea on metabolic morbidity in early adulthood remain to be
demonstrated in longitudinal investigations. It should be emphasized that no randomized controlled
trials of the effects of OSAS treatment on metabolic function have been conducted to date; cross-
sectional studies of patients prior to and following treatment have yielded conflicting results (40–42).

Treatment of Sleep-Disordered Breathing in Obese Children and Adolescents
Because obese children have a high prevalence of OSAS, and because OSAS can exacerbate the

co-morbidities of obesity, an optimal treatment strategy should target OSAS and obesity simulta-
neously. A multidisciplinary approach to treatment is essential: an obese child with OSAS should
be evaluated by a pediatric sleep physician, an ENT specialist, and a pediatric endocrinologist and
should be enrolled in a weight management program staffed by physicians and nutritionists, exercise
physiologists, and counselors providing psychological support.
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Treatment should be individualized. Adenotonsillectomy can be considered in obese children with
adenotonsillar hypertrophy and other signs compatible with chronic upper airway problems, including
mouth breathing, chronic rhinitis, recurrent ear infections, and respiratory allergies. In such cases,
surgery can provide immediate benefit, though long-term resolution of OSA may depend on concurrent
weight loss. Other treatments are preferred when there is little or no obvious upper airway obstruction;
these include weight loss for mild cases and continuous positive airway pressure (CPAP) plus weight
loss for more severe cases.

Adenotonsillectomy is the first-line treatment for sleep apnea in the child with significant adeno-
tonsillar hypertrophy. But a recent meta-analysis showed that adenotonsillectomy reverses OSAS in
less than half of obese children with the condition (43). Moreover, several studies indicate that obese
children may gain weight after adenotonsillectomy (6). This post-operative weight gain can result in
treatment failure and an increase in insulin resistance after surgery (42,44).

This does not imply that adenotonsillectomy should be completely abandoned. However, additional
studies are required to identify those children most likely to benefit from adenotonsillectomy. In our
center, we have begun to use ultra-low-dose CT scans and functional imaging to identify the subset
of obese children who are most likely to benefit from surgery. Figure 3 presents a CT scan from an
overweight child with moderate OSAS; it clearly shows that airway narrowing is most severe at the
level of the adenoids. Using sophisticated mathematical techniques we can simulate flows through a
3D computer model generated from the CT scan and calculate velocities, pressures, and resistances
across the airway. The second part of the figure shows that the pressure drop indeed coincides with
narrowing in the region of the adenoids. It is our intention to implement this technique in future clinical
practice in order to create an individualized treatment plan for each obese child with OSAS. Should
the child undergo adenotonsillectomy, it is mandatory to assess the efficacy of the procedure with a
follow-up sleep study.

Systematic studies of the effect of weight loss on the severity of SDB in children are scarce.
However, Kalra et al. studied 34 morbidly obese adolescents who underwent bariatric surgery (45).
Prior to surgery, 55% of the subjects were diagnosed with OSAS. After surgical weight loss only one
subject had sleep apnea.

Our group studied the effect of weight loss on sleep-disordered breathing in 61 obese teenagers
enrolled in an inpatient weight loss program (46). Thirty seven subjects were diagnosed with sleep
apnea; SDB resolved in 23 of the 37 subjects, but 14 had residual sleep-disordered breathing despite

Fig. 3. CT scan and 3D reconstruction with velocity and pressure profile of an overweight child with OSAS.
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Fig. 3. (continued)

a median weight loss of 24 kg. Interestingly, the apnea–hypopnea index of the baseline screening
study correlated significantly with the amount of weight loss that was achieved during the treatment
program, suggesting that children with sleep apnea lost more weight than their peers without sleep
apnea. Although our weight loss data seem promising, we have no data from obese children less than
10 years of age and no long-term results thus far. Nevertheless, weight loss is an essential component
of any treatment regimen for obese children with sleep apnea and represents the first-line approach in
those without adenotonsillar obstruction. Whether or not adenotonsillectomy is indicated in subjects
resistant to weight loss remains to be determined.

Finally, the use of non-invasive ventilation (CPAP) should be considered in children with severe
OSAS. However, CPAP is often poorly tolerated in children. Therefore, children using CPAP should
undergo close follow-up to ensure maximal compliance. The additional value of upper airway surgery
and/or weight loss in these subjects requires further study.

Conclusions for Daily Practice
1. Childhood obesity is associated with an increased prevalence of all types of sleep-disordered breathing

(SDB), including habitual snoring, obstructive sleep apnea, and central sleep apnea. At this moment,
there are no valid screening instruments for pediatric SDB. Pediatricians should therefore be aware of
its presence in obese children and screen for it through a detailed history, physical examination, and
timely referral for polysomnography.

2. The severity of obstructive sleep apnea syndrome (OSAS) in obese children is determined both by ade-
notonsillar hypertrophy and by adiposity. Future imaging studies are necessary to sort out the individual
contribution of these risk factors.
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3. Adenotonsillectomy is indicated for adenotonsillary hypertrophy but its success rate is highly variable
and there is a risk of a post-operative weight gain.

4. Weight loss seems to be a promising alternative as first-line treatment. However, there are no data on its
effects in young obese children and its long-term success rates.

5. CPAP can be considered in children with severe SDB.
6. SDB is associated with the metabolic syndrome. Intervention and longitudinal studies are warranted to

assess its effect on long-term metabolic and cardiovascular morbidity.

SLEEP DURATION AND CHILDHOOD OBESITY

Introduction
Calorie intake and energy expenditure are the two fundamental targets in the prevention and treat-

ment of childhood obesity. In recent years, sleep has received much attention since it might affect
both energy intake and expenditure. Indeed, sleep plays a major role in the growth and general
health of children through its effects on the diurnal rhythms of many hormones related to growth and
energy homeostasis. In this section, we review epidemiological evidence suggesting an association
between shortened sleep and childhood obesity and discuss possible pathophysiological mechanisms
and recommendations for daily clinical practice.

Epidemiological Evidence
A meta-analysis published in 2008 showed that children with shorter sleep duration had a 58%

higher risk for overweight or obesity; children with the least sleep had an even higher risk (92%) when
compared with children who slept for longer periods of time (47). For each hour increase in sleep,
the risk of overweight/obesity was reduced on average by 9%. The study found a significant linear
dose–response relationship only in children less than 10 years of age. Boys had a stronger inverse
association than girls.

Mechanisms Linking Short Sleep Duration to Obesity
Figure 4 presents a concise overview of possible mechanisms linking sleep curtailment to obesity

in children (26,48).

Fig. 4. Possible mechanisms linking sleep restriction with obesity (26,48).
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Epidemiological investigations and laboratory studies that subjected young adults to experimen-
tal sleep restriction have shown that sleep disruption is associated with adverse changes in several
obesity- and appetite-regulating hormones; these include reductions in leptin and growth hormone,
and increases in ghrelin, insulin, and cortisol (26,48). The fall in leptin and rise in ghrelin, insulin, and
cortisol promote food intake and fat deposition; the fall in growth hormone limits fat breakdown. In
concert, these changes might promote the development of obesity and insulin resistance.

Sleep deprivation may also cause emotional distress and daytime fatigue and sleepiness, which may
limit daytime physical activity. Interestingly, physical activity has a positive influence on sleep (49),
conversely, obesity and emotional distress can disrupt sleep. Thus sleep deprivation may generate a
vicious cycle that initiates or perpetuates weight gain.

It is important to note that much of the above evidence originates in studies in adults; little is
known about the effects of sleep restriction on hormonal status in children. However, two recent cross-
sectional studies in children found that sleep duration was negatively associated with insulin resistance
(27,28). It also remains unclear if sleep disruption is a cause or a consequence of obesity; no studies to
date have demonstrated that prolongation of sleep can prevent or reverse childhood obesity or reduce
its severity (49).

Conclusions for Daily Practice
As noted above, no studies to date have shown that an increase in sleep duration can reduce body

weight in obese children; indeed, it is unclear how much a person’s sleep would have to be prolonged
to exert such an effect. Nevertheless, it seems reasonable to include good sleep hygiene as a preventive
measure or as one of the general lifestyle changes necessary to treat childhood obesity. In my opinion
this is warranted in view of the consistent epidemiological relationship between sleep duration and
obesity in children. General recommendations for good sleep hygiene for children should include:
assume a regular bedtime routine; provide a quiet, dark, and relaxing bedroom environment in which
there is no place for other activities (television, computer, cell phone); avoid caffeinated drinks during
evening hours; avoid bright light in the evening but provide exposure to bright light on awakening in
the morning; and finally, do not disrupt the circadian clock by staying up all night and sleeping in
during weekends.

Editor’s Comments
• As noted by Dr. Verhulst, SDB is associated with deficits in memory, learning, attention, and cogni-

tive function. A recent small study (Kohler et al., 2009) of middle-class Caucasian children (mean
age ∼7 year) in Australia suggested that SDB is accompanied by a 10-point deficit in IQ relative
to age- and gender-matched controls (Controls 110.3, SDB 99.8). The data are difficult to inter-
pret because (a) there was no correlation between intellectual performance and the apnea–hypopnea
index either prior to or following surgery; (b) the IQs of the parents and siblings were not measured;
and (c) the socioeconomic status of the SDB group was lower than that of the control group.

• Chronic sinusitis/rhinitis, turbinate hypertrophy, and nasal drainage appear to increase the risk of
sleep-disordered breathing, particularly in its milder forms [see, for example, Ref. (3) and (Bixler
et al., 2009)]. Treatment of nasal congestion with anti-inflammatory agents such as intranasal glu-
cocorticoids and/or montelukast can reduce SDB in mild cases (Goldbart et al., 2005; Kheirandish
et al., 2006) but appears to have limited benefit in more severely affected subjects (Kohler et al.,
2007).
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Bixler EO, et al. Sleep-disordered breathing in children in a general population sample: prevalence and risk factors.
SLEEP. 2009;32:731–6.

Goldbart AD, et al. Leukotriene modifier therapy for mild sleep-disordered breathing in children. Am J Respir Crit Care
Med. 2005;172:364–70.

Kheirandish L, et al. Intranasal steroids and oral leukotriene modifier therapy in residual sleep-disordered breathing
after tonsillectomy and adenoidectom in children. Pediatrics. 2006;117:61–6.

Kohler M, et al. The role of the nose in the pathogenesis of obstructive sleep apnoea and snoring. Eur Respir J.
2007;30:1208–15.

Kohler M, et al. Adenotonsillectomy and neurocognitive deficits in children with sleep disordered breathing. PloS One.
2009;4:e7343.

• Large-scale surveys report that daily sleep duration among American adolescents and adults has
declined by 1.5–2 h during the past 40 years (www.sleepfoundation.org). As noted here, severe sleep
deprivation can have dramatic effects on human metabolic function: sensitivity to insulin declines,
in association with hypercortisolemia and increased sympathetic tone, and a fall in the ratio of leptin
to ghrelin may promote excessive daytime caloric intake. This may explain in part the association
of night shift work with increased BMI and higher rates of diabetes in adults (see Ruger and Scheer,
2009). Interestingly, sleep deprivation in mice causes weight loss rather than weight gain (Laposky
et al., 2008), possibly because forced activity is required to keep the mice awake during the day
(when mice normally sleep). Nevertheless, deletion of the circadian Clock gene in mice causes
hyperphagia, obesity, glucose intolerance, and fatty liver, findings suggesting a mouse “metabolic
syndrome” (Turek et al., 2005). As noted by Dr. Verhulst, it is wise to get yourself and your kids to
sleep at a reasonable hour (at least before they go off to college and you have lost all control).

Laposky AD, et al. Sleep and circadian rhythms: key components in the regulation of energy metabolism. FEBS Lett.
2008;582:142–51.

Rüger M, Scheer FA. Effects of circadian disruption on the cardiometabolic system. Rev Endocrinol Metab Disord.
2009 Dec;10(4):245–60.

Turek F, et al. Obesity and metabolic syndrome in circadian Clock mutant mice. Science. 2005;308:1043–5.
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INTRODUCTION

Childhood obesity and associated insulin resistance (IR) and hyperinsulinemia (1–6) have
broad-ranging metabolic effects that have profound impacts on adult health. They are associated with
cardiovascular risk factors, including hypertension, hypertriglyceridemia, low HDL levels, and high
cholesterol (HDL-C) levels, which track with time and are central to the long-term development of
impaired fasting glucose (IFG), type 2 diabetes mellitus (T2DM), and the metabolic syndrome (2,7,8)
(Fig. 1).

Sound models are required to predict which children are at increased risk for subsequent glucose
intolerance and cardiovascular disease (CVD) (9). An understanding of the joint roles of childhood
hyperinsulinemia and obesity on this process should illuminate approaches to deal simultaneously
with both, with a goal of preventing or ameliorating metabolic disease in adolescence and adult-
hood. The studies summarized in this chapter suggest complex interrelationships between obesity and
hyperinsulinemia in children and the subsequent development of glucose intolerance and T2DM.
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Fig. 1. Centrality of childhood obesity, insulin resistance, and hyperinsulinemia to adult cardiovascular diseases, type
2 diabetes mellitus, and metabolic syndrome.

Obesity and Insulin Resistance (IR) as Chicken and Egg
In response to nutrient-dependent weight gain, humans and experimental animals develop resis-

tance to insulin action in skeletal muscle, liver, and adipose tissue. The insulin resistance triggers a
compensatory increase in insulin secretion and reduces hepatic insulin uptake, thereby increasing fast-
ing and post-prandial insulin concentrations (hyperinsulinemia). Insulin resistance also attenuates the
lipogenic effect of insulin in white adipose tissue and thereby limits further progression of weight
gain. Thus, most investigators have considered insulin resistance and hyperinsulinemia to be adaptive
responses to adiposity.

On the other hand, several investigators have postulated that hyperinsulinemia may be a primary
factor in the development of obesity through its induction of fat deposition. The latter hypothesis is
supported by four lines of evidence: (1) vagal-dependent hyperinsulinemia appears to play a central
role in the development of hypothalamic obesity (see Chapter 2 by Lustig on energy balance); (2) the
risks of adult obesity and type 2 diabetes in Pima Indians correlate with plasma insulin concentrations
at 5–10 years of age; and (3) the risks of obesity, T2DM, and the metabolic syndrome in black and
white American adults correlate with plasma insulin concentrations measured at 9–10 years of age
(see below); and (4) there is mounting evidence that the insulin-sensitizing drug metformin manages
weight gain in patients taking antipsychotic drugs and in obese adolescents (see below). Given that
plasma insulin levels may be determined by familial/genetic and well as environmental factors, it is
conceivable that the roles of insulin resistance and hyperinsulinemia in the development or progression
of obesity may vary according to racial, ethnic, socioeconomic, and cultural background. A variety of
genes have been implicated in the development of obesity in children and adults; studies from our
group suggest that polymorphisms in the AGT and CYP11 B2 genes may play roles in white and
black youths (unpublished data, 2009).

Tracking of Obesity and IR from Childhood into Adulthood
It is well known that the risk of adult obesity in an obese child correlates with the age of the child;

in other words, adolescent obesity is more predictive of adult obesity than obesity in early childhood
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(10). Yet childhood BMI does predict adult obesity. The NHLBI Growth and Health Study (NGHS)
analyzed a cohort of 9- and 10-year-old black and white girls to study the development of obesity
and its effects on CVD risk factors during a 10-year follow-up. The clinical centers in Cincinnati and
Washington DC elected to conduct an ancillary project, collecting fasting bloods for the measurement
of glucose and insulin in years 1 and 10 in addition to measures of body composition. Data from this
ancillary project showed that pre-teen BMI was associated with BMI and HOMA-IR (a measure of
insulin resistance) at age 19 (11). Interestingly, high-fat, high-calorie diets led to greater adolescent
weight gain, but more so in participants with higher BMI and IR at age 10 (8).

Over the 10-year study period obesity was more persistent in black than white girls: 88.2% of black
girls who were obese at ages 9 and 10 were obese at ages 18–19, compared to 61.2% of white girls (11).
Importantly, mean BMI was greater in the girls who were obese at both visits (39.8 and 37.1 kg/m2

in black and white girls, respectively) than in girls who were obese at age 18–19 but not at age 9–10
(34.6 and 33.5 kg/m2).

A second longitudinal study, The Princeton Follow-up Study (PFS), was designed to assess changes
in CVD risk factors from childhood into the fourth and fifth decades of life and changes in the familial
lipoprotein correlations from the period of shared households to separate households (12–16). PFS
participants included students in grades 1–12 of the public and parochial schools of the Cincinnati
Princeton School District (LRC 1,2) and a 50% sample of their parents. The original student popu-
lation was 73% white and 27% black, 52% male and 48% female (LRC 1). Adult BMI was strongly
associated with pediatric BMI, with an overall tracking coefficient of 0.59; 63% of participants at risk
of overweight at enrollment were obese at follow-up (16).

Black–White Differences in Plasma Insulin and Obesity and Progression Over Time
It is known that black adolescents have significantly higher insulin levels than their white counter-

parts (11,17). Interestingly, the association of insulin levels with BMI is similar in black and white
children (r = 0.44 in both black and white girls at ages 9–10 and r = 0.48 and 0.56 respectively at
ages 18–19, all p < 0.0001), but the insulin distribution is shifted to the right in black girls (11). The
9-year-old black girls in NGHS had significantly higher fasting insulin (11.5 μU/mL vs. 8.7 μU/mL in
white girls, p = 0.002; HOMA-IR = 2.7 vs. 2.1, p = 0.01) prior to puberty and prior to the appearance
of racial differences in BMI (11). The median insulin level in black girls equates roughly to the 75th
percentile of insulin levels in white girls (Morrison et al. 2009, unpublished data). In both black and
white girls, insulin and BMI increase sharply with onset of puberty, but the increase in insulin and
BMI is sharper in black girls than white girls (17). Even after pair-matching black and white girls in
the cohort by BMI, insulin, and pubertal status at age 9–10 (8), black girls had higher BMI, insulin,
and glucose (black girls higher) at age 19. White girls had lower lean body mass and greater adiposity
than black girls matched for BMI at ages 9 and 10, but black girls had marginally greater adiposity as
well as higher BMI at age 19.

Insulin levels are strongly and positively associated with glucose levels in both black and white
girls at ages 9–10 and 18–19 years, but (11) the slopes were steeper in black than white girls, showing
that at any level of fasting glucose, black girls have higher insulin levels. The hyperinsulinemia in
black children may be explained by heightened insulin secretion and reduced hepatic insulin clearance
(see also Chapter 6 by Haidet et al., this book) (18). In both black and white girls, there is a stepped
increase in fasting insulin levels and HOMA-IR with pubertal maturation, but insulin sensitivity in
blacks is lower than that in whites at all time points studied (19–24). The black–white differences in
insulin levels and insulin resistance (HOMA-IR) persist after controlling for BMI and pubertal stage
(11). Finally, the magnitude of the post-pubertal decrease in IR is less in black than white girls.

Although black girls have higher insulin levels than white girls overall, obese black and white girls
have similar insulin levels (8). This finding suggests that when white girls become obese, they attain
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the same level of IR as black girls. Furthermore, although the interaction of IR and fat calories was a
highly significant independent predictor of 10-year change in BMI in both black and white girls, the
interaction term accounted for 27% of the variability in the 10-year change in BMI in white girls but
only 3.6% of the variability in black girls (8). IR may have less discriminating power in black girls
since black girls are more insulin resistant than white girls (8).

Our finding that HOMA-IR at age 10 interacts with fat calories to increase BMI during 10-year
follow-up (8) is congruent with a report by Mosca et al. (25), whose 14-year longitudinal study in
adults showed that weight gain over time was positively associated with fat intake in both insulin-
resistant and insulin-sensitive subjects, but the slope of the fat intake–weight gain association was
greater in the subjects with IR (25). Kahn and Flier (26) have proposed that IR and hyperinsulinemia,
in addition to being caused by obesity, can contribute to the development of obesity via an interaction
with total and fat calories. Our findings reviewed are consistent with this hypothesis (8).

Long-Term Risks of Childhood Obesity and Insulin Resistance (IR): Impaired Fasting
Glucose, Impaired Glucose Tolerance, and T2DM

During the past 25 years, the prevalence of T2DM has increased markedly and its age of onset has
declined dramatically, especially in black females (27,28). T2DM now presents in the teenage years
with increasing frequency; that this reflects the effects of prolonged obesity and IR in childhood and
early adolescence is suggested by older studies in Pima Indians (28) and by more recent clinic-based
and population-based studies from Yale and from our group reviewed below.

The Pima subjects whose glucose metabolism deteriorated during a 25-year longitudinal study were
older, and more obese, and had presented with higher fasting and 2-h glucose and insulin concentra-
tions at the time of enrollment (29). Factors that predicted the progression from normal to impaired
glucose tolerance (IGT) included age, higher BMI, and increased 2-h plasma glucose and insulin con-
centrations. Predictors of progression from IGT to diabetes included an increased 2-h plasma glucose
level and a fall in 2-h plasma insulin concentration. Importantly, higher BMI was not a predictor of pro-
gression from carbohydrate intolerance to diabetes, but the duration of obesity was highly correlated
with the development of diabetes after adjustment for current BMI (28). Although IR was not identi-
fied as a separate stage in this study, the pattern of higher fasting insulin and BMI prior to progression
from normal to carbohydrate intolerance supports the existence of IR as a stage preceding carbohydrate
intolerance. Biochemical (silent, preclinical) diabetes preceded overt diabetes (29). These longitudi-
nal data document the progression through specific stages in the development of T2DM and identify
predictors of progression at each stage of developing diabetes.

More recently, clinic-based studies of obese adolescents by Weiss, Caprio, and colleagues at Yale
(30) are consistent with the earlier Pima studies. These studies have focused on obesity, insulin, glu-
cose, and inflammatory markers in children and adolescents (30–32). Of particular importance here is
the report by Weiss et al. (32) on 117 obese white, African-American, and Hispanic youth who were
followed over a 2-year period to assess metabolic changes (see also Chapter 13 by Weiss and Caprio
et al., this volume). All participants had oral glucose tolerance tests at enrollment and follow-up. Of
the 117 youth, 84 youth had normal glucose tolerance (NGT) and 33 had IGT at enrollment. Mean
baseline BMI did not differ between the NGT (35.5 kg/m2) and IGT (36.6 kg/m2) groups (32). After 2
years, eight subjects had T2DM; all eight had had IGT at baseline. In addition, eight subjects with NGT
at baseline had IGT at follow-up and 15 subjects with IGT at baseline had NGT. Analyses focused on
factors contributing to the development of T2DM in the cohort. The best predictors of T2DM in the
cohort were severe obesity (mean baseline BMI was 44.8 kg/m2 in the eight subjects that developed
T2DM), African-American background (seven of the eight were African-American females and one
white case), and IGT (all subjects developing T2DM had IGT at baseline). Baseline insulin was not a
significant predictor (32), but it should be noted that all subjects had hyperinsulinemia (fasting mean
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insulin levels in the NGT and IGT groups were 27 and 42 μU/mL respectively, and 40 μU/mL in the
eight T2DM subjects). Since most individuals with insulin resistance do not develop T2DM and all
subjects were hyperinsulinemic, the significant predictor of future T2DM in this study was evidence
of failing glucose tolerance at enrollment.

The ancillary project of the NGHS study assessing pre-teen fasting insulin and glucose as predictor
of subsequent IFG and T2DM (see above) produced epidemiological results that partially support the
clinical findings of Weiss et al. (32). The differences in findings can be attributed to a large extent to
differences in study design and study populations. NGHS recruited black and white girls with a wide
range of BMI. Weiss et al. recruited only obese (BMI > 95th percentile for age and sex) subjects. As
a large, epidemiological study, NGHS measured BMI and fasting insulin and glucose, while Weiss
et al. in their clinical study conducted oral glucose tolerance tests on subjects recruited from the Yale
Pediatric Obesity Clinic. In the NGHS ancillary study, high baseline insulin and elevated glucose pre-
dicted the development of T2DM and IFG at age 19. In multivariate analyses there was a sevenfold
increase in the risk of T2DM in pre-teens with IFG (8). In the study Weiss et al. (32), in which all sub-
jects were obese and hyperinsulinemic at baseline, static tests of fasting insulin and glucose failed to
predict the outcome (T2DM); only the dynamic test of IGT did. In both studies, T2DM predominated
in black girls.

Recent population-based cross-sectional studies in general populations have examined the rela-
tionship between childhood obesity, IR, and glucose intolerance. Analysis of the NHANES data
shows that adolescents with hyperinsulinemia have a fourfold higher prevalence of IFG, IGT, and
pre-diabetes than those without hyperinsulinemia. Interestingly, neither overweight nor the number
of cardio-metabolic risk factors was significantly associated with pre-diabetes after adjustment for
hyperinsulinemia (33). Hyperinsulinemia may therefore account for the association of overweight and
clustering of cardio-metabolic risk factors with pre-diabetes (33).

The risk of future T2DM in children with IFG or IGT is likely a graded one as it is in adults, with
risk increasing with increasing evidence of glucose dysregulation. A longitudinal follow-up study is
that 8.1% of adults with glucose values ranging from 100 to 109 mg/dL progressed to T2DM during a
9-year follow-up period (1.34% per year) compared to 24.3% of subjects with fasting glucose values
of 110–125 mg/dL (5.56% per year) (34). The association of IR with T2DM in adolescents, as in
adults, depends, in large part, upon a positive family history of diabetes (35). IR is robustly associated
with development of T2DM in adult offspring of two parents with T2DM, but not in adults whose
parents did not have T2DM. Thus a strong family history of diabetes is an ominous finding in an
obese, insulin-resistant adolescent or child.

Childhood Obesity, Insulin Resistance (IR), and the Metabolic Syndrome
The concept of a metabolic syndrome (36) as a predictor of future T2DM and CVD in adults

grew out of Reaven’s 1988 Banting Lecture (37). Reaven (37) showed that a cluster of metabolic
risk factors, including obesity, dyslipidemia, hypertension, and glucose intolerance predisposed to
cardiovascular disease. Despite widespread use of the phrase “metabolic syndrome,” there is consid-
erable variability in its definition (38) and controversy over its theoretical and clinical applicability.
Nevertheless, our recent investigations suggest it has utility as an organizing tool for assessment of
long-term cardiovascular and diabetes risk in children (2,7,8).

In a series of reports on the PFS and NGHS cohorts and subsequent disease outcomes, we defined
pediatric metabolic syndrome using age-specific cutoffs for its various components (39) and calculated
a metabolic syndrome z-score that normalized data for triglycerides, HDL-C, glucose, systolic blood
pressure, diastolic blood pressure, and waist circumference according to gender and race. Longitudinal
follow-up of black and white girls, first seen at ages 9 and 10 years of age, showed that IR interacts
with BMI to predict metabolic syndrome 10 years later (2). Subjects in the highest tertiles for both
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BMI and HOMA-IR at baseline had the highest mean metabolic syndrome z-score at age 19, while
subjects in the lowest tertiles for both BMI and HOMA-IR at ages 9–10 had the lowest aggregate
z-score. Within the top BMI tertile, there was a progressive increase in aggregate z-score (reflecting
increasing risk of metabolic syndrome) as HOMA-IR increased (2).

Childhood Metabolic Syndrome and Adult T2DM and CVD
In the Princeton Follow-Up Study, described above, we found that metabolic syndrome in childhood

predicted adult metabolic syndrome and the development of T2DM (7) and CVD during the ensuing
25–30 years (16).

Diabetes in the former students and their parents was determined by report of the participants and/or
fasting blood glucose ≥126 mg/dl. There were 44 cases of T2DM in the Princeton cohort. The inci-
dence of adult T2DM was 15.6% (n = 5) among the 32 subjects who had metabolic syndrome as
children, compared to 5% in subjects who did not have metabolic syndrome as children (p < 0.0001).
In the multivariate model pediatric metabolic syndrome (OR = 11.5, p = 0.005), parental history of
diabetes (OR = 5.0, p = 0.0003), age at follow-up (OR = 1.12, p = 0.01), and black race (OR = 2.2,
p = 0.03) were significant explanatory variables; the interaction of pediatric metabolic syndrome and
parental history of diabetes was not significant at p < 0.05, but was suggestive (OR = 6.5, p = 0.08).
Thus, pediatric metabolic syndrome predicts T2DM in the fourth and fifth decades of life.

CVD in participants and their parents was determined by report of the participants and included
myocardial infarction, coronary artery by-pass graft, angioplasty, or stroke. There were 17 cases of
CVD in the Princeton sample. The incidence of CVD in subjects who had metabolic syndrome as
children was 19.4% (n = 6), compared to 1.5% in subjects who did not have metabolic syndrome as
children. In multivariate logistic analysis, pediatric metabolic syndrome (OR = 14.7, p < 0.0001) and
age (OR = 1.2, p = 0.03) were significant predictors of CVD; sex, race, and parental history of CVD
were not. When change in BMI percentile was added to the final model, it was not significant. Finally,
CVD at follow-up was not associated with a glucose level above 100 or 110 mg/dL in childhood (p =
0.13). Thus, pediatric metabolic syndrome, rather than BMI or fasting glucose alone, predicts CVD in
the fourth and fifth decades of life.

Obesity is the driving force underlying the metabolic syndrome on a population basis. The preva-
lence of BMI above the 90th age-specific percentile was 77% in students with metabolic syndrome,
with an additional 13% of cases with BMI above the 85th percentile, but below the 90th. Thus 90%
of pediatric cases were at risk of obesity or worse. Adult metabolic syndrome was even more strongly
associated with BMI at follow-up: 95% of cohort members with adult metabolic syndrome had BMI
≥ 25 kg/m2 (at risk of obesity) and 72% were obese (BMI ≥ 30 kg/m2). In multivariate analysis,
with adult metabolic syndrome as the dependent variable, pediatric metabolic syndrome (OR = 9.4),
parental history of diabetes (OR = 2.4), age at follow-up (OR = 1.06), and the change in weight (age-
specific BMI percentile) (OR = 1.025) were significant explanatory variables. A positive parental
history of diabetes was strongly associated with overweight status in both childhood and adulthood:
24.6% of participants reporting a positive parental history of T2DM had BMI ≥ 85th percentile in
childhood compared to 11.7% of participants who did not (p < 0.0001), and in adulthood the prevalence
of overweight (BMI ≥ 25 kg/m2) was 72.2% in participants who reported parental diabetes compared
to 60.6% in those who did not (p < 0.0004). The prevalence of adult metabolic syndrome was 69% in
subjects with pediatric metabolic syndrome compared to 24% in subjects without metabolic syndrome
as children (p < 0.0001). Thus, pediatric BMI predicts adult BMI, and pediatric metabolic syndrome
predicts adult metabolic syndrome.

Finally, we examined the progression of glucose intolerance in a cohort of 568 black and white
school children followed from ages 9–10 to ages 24–25 with nine measures of insulin and glucose.
Our recent findings (Arch Pediatr Adol Med, in press, 7/09) indicate that metabolic syndrome rarely
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developed (1.2% of subjects) in the absence of hyperinsulinemia. The combination of hyperinsuline-
mia and metabolic syndrome increased the risk of IFG + T2DM almost 3.3-fold compared to girls
with normal insulin levels and no metabolic syndrome at ages 9–10 years. Of the five factors defining
metabolic syndrome only elevated fasting glucose (100 ≤ glucose < 126) and waist circumference
were significant predictors of future IFG + T2DM.

Our findings are consistent with those of the Bogalusa Heart Study, which reported that high insulin
levels (40,41) and overweight were associated with higher levels of the component factors in the
metabolic syndrome later in life. The role of familial factors in development of the metabolic syn-
drome was explored by Srinivasan et al. (42), who examined the timing and the course of development
of the components of the metabolic syndrome from childhood to adulthood in the offspring of parents
with diabetes. The study enrolled a community-based cohort with (n = 303) and without (n = 1,136)
a parental history of type 2 diabetes; subjects were followed longitudinally since childhood (aged
4–17 years; mean follow-up period, 15 years) by repeated surveys (42). Relative to offspring with-
out parental diabetes, offspring with parental diabetes had excess generalized and truncal adiposity
beginning in childhood, higher levels of fasting insulin and glucose and HOMA-IR from adolescence,
and higher levels of low-density lipoprotein (LDL) cholesterol and triglycerides, and lower levels of
high-density lipoprotein (HDL) cholesterol in adulthood (42). Many of these risk variables changed
adversely at an increased rate in offspring of diabetic parents.

In a multivariate analysis, parental diabetes was an independent predictor of longitudinal changes
in adiposity, glucose, insulin, HOMA-IR, systolic and diastolic blood pressure, and LDL cholesterol
in the offspring, regardless of race and gender (42). As young adults, the offspring of diabetic parents
had a higher prevalence of generalized (BMI > 30, 36% vs. 16%), visceral obesity (waist > 100 cm,
15% vs. 6%), hyperinsulinemia (insulin > 18 μU/mL, 15% vs. 8%), hyperglycemia (≥110 mg/dl,
2% vs. 0.5%), high LDL cholesterol (≥160 mg/dl, 11% vs. 7%, p = 0.02), low HDL cholesterol
(<40 mg/dl for males and <50 mg/dl for females, 40% vs. 31%), high triglycerides (≥150 mg/dl,
23% vs. 15%), and hypertension (>140/90 mmHg, 11% vs. 6%) (42). Thus, the offspring of diabetic
parents displayed excess body fatness beginning in childhood and accelerated progression of adverse
risk profile characteristics of insulin resistance syndrome from childhood to young adulthood (42).

Polycystic Ovary Syndrome
Polycystic ovary syndrome (PCOS), which affects ∼6% of white and 8–10% of black and Hispanic

adolescent girls (43), has its genesis in IR and hyperinsulinemia (see also the Chapter 24 by Franks and
Joharatnam, this volume). PCOS in adults is strongly associated with obesity, hyperinsulinemia, dys-
lipidemia, and glucose intolerance. In addition, obesity may mimic or exacerbate PCOS and increase
the likelihood of gestational diabetes both in PCOS and in non-PCOS women.

We compared BMI, fat patterning, insulin, lipids, and blood pressure in 39 adolescent girls with
PCOS and 229 schoolgirl controls with normal menses. As expected the PCOS patients had signifi-
cantly higher BMI, waist circumference, insulin, systolic and diastolic blood pressure, triglycerides,
and free testosterone and lower HDL-C. After matching PCOS patients and controls for BMI or waist
circumference, the differences in all risk factors except free testosterone were no longer significant,
suggesting that if and when adolescent girls achieve BMI and central adiposity similar to PCOS girls,
they acquire similar CVD risk profiles, except for free testosterone (44).

Intervention with Diet, Exercise, and Metformin in Obese, Hyperinsulinemic Children
Reduces Metabolic Complications of Childhood Obesity

Given the cumulative findings of studies from our group and others, we consider obese, hyperin-
sulinemic children to be at risk for metabolic decompensation, particularly if there is a strong family
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history of T2DM or early cardiovascular disease. In such cases, we believe that measures to restrict
diet, increase physical activity, and decrease insulin and IR (45) may be warranted.

In some cases, lifestyle intervention can have beneficial effects on BMI and metabolic function. For
example, supervised exercise in obese Chinese children reduced glucose, insulin, and IR, along with
BMI, but 3 months after completion of the exercise program, glucose, insulin, and IR returned to pre-
intervention levels (46). Exercise alone can reduce IR in obese children independently of changes in
body composition (47) (see also Chapter 21 by Eliakim and Nemet, this volume). Dietary counseling
and psychological support may also prove useful and effective in motivated subjects (see Chapter 20
by Wilfley et al.).

On the other hand, an intensive nutrition program combined with strength training failed to pro-
duce changes in insulin sensitivity or body composition in obese Latino adolescents (48). Moreover,
lifestyle changes did not produce significant weight loss in obese adolescents in Tennessee; however,
the combination of metformin and lifestyle intervention caused significant weight loss (49). In a ran-
domized, double-blind, placebo-controlled trial in adolescents with IR, diet–exercise modification did
not lead to weight loss, but addition of metformin increased weight loss in girls (50). In Australian
obese children, a randomized, double-blind, cross-over trial showed that metformin therapy resulted
in significant improvement in body composition and fasting insulin (51). In normo-glycemic morbidly
obese adolescents, a randomized double-blind, placebo-controlled trial revealed that combined met-
formin treatment and low-calorie diet had a significant anti-obesity effect in hyperinsulinemic obese
adolescents compared to low-calorie diet alone (52). Freemark and Bursey (53) found that metformin
reduced fasting insulin and BMI z-score in obese adolescents. Finally, Glueck et al. (54,55) reported
that metformin, when combined with diet, reduces IR and weight in obese, hyperinsulinemic ado-
lescent girls with polycystic ovary syndrome (PCOS). Moreover, Arslanian et al. (56) reported that
metformin treatment reduced plasma insulin and androgen concentrations and improved glucose tol-
erance in obese adolescents with PCOS. We speculate that diet, exercise, and, if needed, metformin
have promise in primary prevention of metabolic syndrome if initiated in hyperinsulinemic obese
adolescents. This hypothesis is explored in more detail in Chapter 23 by Freemark.

Finally, previous (57) and recent (58–60) reports suggest that metformin may moderate the weight
gain that frequently accompanies the use of atypical antipsychotic drugs. Findings suggest that the
combination of metformin and lifestyle intervention is more effective than lifestyle intervention alone.

CONCLUSIONS

Childhood obesity promotes development and amplification of obesity, IR, and the metabolic syn-
drome into young adulthood and increases adult risks of IFG, T2DM, and CVD. Reductions in
adiposity and hyperinsulinemia through diet, exercise, and insulin-sensitizing agents may reduce the
long-term risks of metabolic disease.

Editor’s Question and Authors’ Response
• The use of the term “metabolic syndrome” has generated controversy. However, your findings

suggest that the metabolic syndrome in childhood predicts the development of T2DM and
CVD later in life. How do you respond to those who argue that the long-term risks of metabolic
syndrome are no greater that the sum of the risks of its component parts?

• Whether diagnosis of the metabolic syndrome has diagnostic implications for development of
cardiovascular disease and type 2 diabetes beyond its component parts remains an unanswered
question. However, we found that the presence of the metabolic syndrome was an independent
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risk factor for IFG, T2DM, and CVD, increasing the probability of the outcomes in insulin-resistant
and non-insulin-resistant participants alike. Moreover, and most important in our opinion, treating
the individual factors one-factor-at-a-time (with prescribed drugs) may constitute a less efficient,
less effective approach to the problem than addressing the underlying problem, which, on a popu-
lation basis, is obesity-related insulin resistance. The success of the lifestyle intervention arm in the
Diabetes Prevention Program suggests that a holistic approach is the better way to go.
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PEDIATRIC OBESITY AND ATHEROSCLEROSIS

Atherosclerosis and Cardiovascular Disease
Natural history of atherosclerosis – Atherosclerosis was described as a medical curiosity in human

arteries by numerous observers over the last three centuries. Early in the twentieth century, atheroscle-
rosis of the coronary arteries was linked to thrombosis, arterial occlusion, and myocardial infarction
(1) and is now known to be the arterial lesion underlying most forms of adult cardiovascular disease
[coronary heart disease (CHD), stroke, abdominal aortic aneurysm, peripheral arterial disease]. The
frequency of cardiovascular disease due to atherosclerosis increased in the United States and in the
other industrialized countries until it became the leading cause of disability and death by the 1950s
(2).

The natural history of atherosclerosis was established by examining arteries of autopsied individuals
of all ages. Atherosclerosis begins in childhood, progresses during adolescence and young adulthood,
and results in arterial obstruction and ischemic organ injury in middle age and later. Deposits of choles-
terol and its esters, described as fatty streaks, appear in the intima of the aorta of the first decade of life
(Fig. 1) (3) and in the coronary, cerebral, and peripheral arteries in the second and third decades. Lipid
continues to accumulate in some fatty streaks, primarily during the third and fourth decades but earlier
in some individuals, and the resulting core of extracellular lipid is covered by a cap of smooth muscle
and connective tissue to form a fibrous plaque. In subsequent years, fibrous plaques undergo various
complications. They may continue to increase in thickness and protrude into the arterial lumen, but
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Fig. 1. Natural history of atherosclerosis beginning with the development of the fatty streak in childhood and ado-
lescence. Some fatty streaks accumulate more lipid with age and begin to develop a fibromuscular cap, forming the
lesion termed a fibrous plaque. In subsequent years, fibrous plaques enlarge and undergo calcification, hemorrhage,
ulceration or rupture, and thrombosis. Thrombotic occlusion precipitates one of the clinical disease, depending on
which artery is affected. Reproduced from McGill et al. (3).

usually the artery is simultaneously remodeled and obstruction to blood flow is minimized. Fibrous
plaques may become calcified, a change that renders them detectable by X-ray but does not cause
obstruction to blood flow. Small vessels may grow into the plaque and rupture, causing hemorrhage,
rapid swelling of the plaque, and obstruction to blood flow. The most frequent serious change is rupture
of the fibromuscular cap of the plaque, resulting in exposure of blood to the lipid-rich core, throm-
bosis, and rapid occlusion of the artery. The appearance of the fatty streak early in life led to the
suggestion that atherosclerosis was a pediatric problem and that long-range prevention should begin
in childhood (4).

The risk factors for cardiovascular disease – Even as the frequency of its clinical manifestations
began to increase, atherosclerosis was considered an inevitable consequence of aging, but population
comparisons showed large differences in both clinically manifest atherosclerotic disease (5) and sever-
ity of atherosclerosis (6). Longitudinal epidemiologic studies begun at mid-twentieth century showed
that certain conditions called “risk factors” (dyslipoproteinemia, hypertension, smoking, and diabetes
mellitus) not only predicted clinical disease (7) but were also associated with the extent and severity of
atherosclerosis (8). The ability of the risk factors to predict clinical CHD and the association of the risk
factors with advanced atherosclerosis were confirmed by the results of similar studies in many differ-
ent populations. These results led to the concept that atherosclerosis was not inevitable with aging and
that advanced atherosclerosis and its clinical sequelae might be prevented by preventing or modifying
the risk factors.
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Control of the risk factors in order to reduce the incidence of CHD, stroke, and peripheral arterial
disease became major objectives of preventive and clinical medicine after clinical trials demonstrated
that reducing serum low-density lipoprotein (LDL) cholesterol concentration with cholestyramine (9)
and simvastatin (10) reduced the incidence of CHD. Control of hypertension and cessation of smoking
showed similar beneficial effects (11,12).

Obesity as a risk factor – The relation of obesity to atherosclerosis and CHD has a checkered and
controversial history. Early reviews (13,14) concluded that, except through its contribution to hyperten-
sion and type-2 diabetes, obesity had no effect on cardiovascular disease. However, as the prevalence
of obesity increased and as the results of long-term (>25 years) follow-up studies became available
(15–17), evidence of an independent association emerged (that is, an association that remained statis-
tically significant in multivariable analyses that accounted for the effects of other risk factors) (18).
In a meta-analysis of 21 cohort studies involving 300,000 persons, overweight [25≤ body mass index
(BMI) <30] compared to normal weight showed a risk ratio for CHD events (adjusted for age, sex,
physical activity, and smoking) of 1.32 (95% CI, 1.24–1.40); and obesity (BMI≥30) compared to
normal weight, a risk ratio of 1.81 (95% CI, 1.56–2.10) (19). Adjustment for blood pressure and
serum cholesterol concentration reduced the risk ratios to 1.17 (95% CI, 1.11–1.23) for overweight
and 1.49 (95% CI, 1.32–1.67) for obesity, indicating a substantial increased risk of CHD due to obe-
sity independent of the other traditional risk factors. Obesity is now firmly established as a contributor
to dyslipidemia, hypertension, and diabetes and also as an independent contributor to cardiovascular
disease through other yet unrecognized mechanisms.

Cardiovascular risk factors in children and adolescents – In the 1970s, surveys of children and ado-
lescents showed substantial variation among individuals in serum lipid concentrations, blood pressure,
smoking status, and adiposity (20–22). In the 1990s, the association of these conditions with the early
stages of atherosclerosis and with their progression to advanced lesions was investigated by autopsy
and cohort studies of young persons.

Risk Factors and Atherosclerosis in Youth: Autopsy Studies
The Pathobiological Determinants of Atherosclerosis in Youth (PDAY) Study collected arteries,

tissue, and selected data from 2,876 individuals 15–34 years of age dying from external causes (acci-
dents, homicide, and suicide) and autopsied in eight medical examiners’ laboratories between 1987
and 1994. Central laboratories measured the extent and severity of atherosclerosis in the aorta and
coronary arteries; total and high-density lipoprotein (HDL) cholesterol in serum; glycohemoglobin in
red blood cells for hyperglycemia and diabetes; and thickness of small renal arteries as an indicator
of hypertension (mean arterial blood pressure ≥110 mmHg). We calculated BMI from body mea-
surements at autopsy and calculated non-HDL cholesterol by subtraction. Data analyses evaluated the
association of each cardiovascular risk factor with the extent (percent intimal surface involvement) of
each stage of atherosclerosis in the coronary arteries and the aorta. Fatty streaks were divided into flat
fatty streaks, the earliest grossly detectable structural change, and raised fatty streaks, which represent
lesions in transition to fibrous plaques. Complicated lesions were not encountered in PDAY cases.
Coronary artery lesions were evaluated microscopically using the American Heart Association classi-
fication system. The results summarized below were presented in publications between 1990 and 2008
(23–34).

The immutable risk factors: age, sex, and race – Both types of fatty streaks and raised lesions
increased with age. Women and men had about the same extent of fatty streaks in the coronary arteries
and abdominal aorta as men, but women had about half as extensive raised lesions in the coronary
arteries. Women also had about half as frequent advanced microscopic atherosclerotic lesions as did
men. Coronary artery lesions in women lagged about 10 years behind lesions in men and corresponded
with the lag in rate of CHD among women as compared with men during middle age. There were minor
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differences in lesions between whites and blacks after adjustment for sex, age, and risk factors, but the
relationships of the risk factors to atherosclerosis were similar in both groups.

The mutable risk factors – The extent of both types of fatty streaks and of raised lesions and the
frequency of advanced microscopic lesions were associated positively with non-HDL cholesterol con-
centrations and negatively with HDL cholesterol concentrations. The extent of raised lesions and the
frequency of advanced microscopic lesions in the coronary arteries were associated with hyperten-
sion. All measures of atherosclerosis were strongly associated with glycohemoglobin levels above
8%, a value approximately equal to a HbA1c level of 7%. Smokers had higher microscopic grades of
lesions in the coronary arteries, and more extensive fatty steaks and raised lesions in the abdominal
aorta.

Obesity – Fatty streaks, raised lesions, and advanced microscopic lesions were strongly associated
with obesity (BMI ≥ 30) in men (Fig. 2) (31). The associations were independent of other risk factors
in multivariable analyses. There was no association of BMI with extent or quality of atherosclerosis
in women, but there was a trend for an association of extent of coronary artery fatty streaks with
increasing BMI in women with a thick panniculus adiposus. The lack of association in women was
probably due in part to the slower progression of atherosclerosis in women than in men.

Obesity was associated directly with non-HDL cholesterol concentration, inversely with HDL
cholesterol concentration, directly with glycohemoglobin, directly with hypertension, and inversely
with smoking prevalence. Adjustment for the effects of these risk factors in multivariable analyses
accounted for only about 15% of the effect of obesity on atherosclerosis.

Fig. 2. Mean (+SE) extent of right coronary artery lesions by BMI, panniculus thickness, and sex, adjusted for race
and 5-year age group. Light gray bars denote panniculus thickness ≤ median for sex and BMI. Black bars denote
panniculus thickness > median for sex and BMI. Reproduced from McGill et al. (31).
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Combined risk factor effects – Individuals often had more than one risk factor, and their effects
were cumulative. The PDAY study developed a coronary artery risk score which provided a weighted
summary of the effects of the risk factors on atherosclerosis (Table 1) (33). Increasing risk score was
associated with increasing probability of advanced coronary artery lesions.

Although the PDAY risk score was developed to predict advanced atherosclerotic lesions, it was
associated with all stages of lesions including the transition from normal tissue to the earliest detectable
anatomic lesion (34).

Table 1
Pathobiological Determinants of Atherosclerosis in Youth (PDAY) Study Risk

Score for Predicting Advanced Atherosclerotic Lesions in the Coronary
Arteries

Risk factor Category Risk score

Coronary arteries

Age, year 15–19a 0

20–24 5

25–29 10

30–34 15

Sex Malea 0

Female –1

Non-HDL cholesterol, mg/dl <130a 0

130–159 2

160–189 4

190–219 6

≥220 8

HDL cholesterol, mg/dl <40 1

40–59a 0

≥60 –1

Smoking Nonsmokera 0

Smoker 1

Blood pressure Normotensivea 0

Hypertensive 4

Obesity (BMI, kg/m2) Men ≤30a 0

>30 6

Women ≤30 0

>30 0

Hyperglycemia (glycohemoglobin, %) <8a 0

≥8 5

To convert mg/dl to mmol/l, multiply values for non-HDL and HDL cholesterol by
0.0259

aReference category
Reproduced from McMahan et al. (33). Copyright © 2005, American Medical

Association. All rights reserved.
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The PDAY risk score also predicted the extent of advanced coronary artery lesions in persons 36–55
years of age from another sample of autopsied persons (35). This result was consistent with the concept
that atherosclerosis progresses seamlessly from youth through middle age as indicated in Fig. 1 and
that the major established CHD risk factors influence the rate of progression.

Risk Factors and Atherosclerosis in Youth: Cohort Studies
Three cohort studies [Muscatine Study (36), Cardiovascular Risk in Young Finns Study (37),

Bogalusa Heart Study (38)] measured cardiovascular risk factors in childhood or adolescence and
followed the subjects into adulthood. All three studies found that the risk factors measured in child-
hood or adolescence (between 4 and 18 years of age) predicted either carotid artery intima-media
thickness (IMT) or coronary artery calcification, both of which are widely accepted as noninvasive
markers of atherosclerosis, when the subjects reached 30–40 years of age. Serial measurements of risk
factors over a substantial number of years did not predict adult carotid IMT appreciably better than
the measurements of risk factors in childhood (37,38). In two cohort studies [Coronary Artery Risk
Development in Young Adults (CARDIA) (39) and Cardiovascular Risk in Young Finns Study (40)],
the PDAY risk score predicted atherosclerosis measured 15 years later; and the change in the PDAY
risk score over the 15-year interval (both positively and negatively) also predicted atherosclerosis.

Childhood obesity was associated with adult carotid IMT in adulthood independently of adult BMI
and the other risk factors (41). Obesity was associated with carotid IMT in 10–24 year-old youth
and the relationship was only partially explained by the traditional risk factors (42). Childhood or
adolescent BMI has consistently been a strong and independent predictor of markers of atherosclerosis
in adults.

A study of 277,000 Danish children showed that BMI measured between 10 and 13 years of age
was positively associated with CHD risk in adults >25 years of age (43). Childhood obesity between
2 and 14 years of age predicted a twofold greater risk of CHD mortality after 57 years (44).

Taken together, the results of both autopsy and cohort studies leave little doubt that childhood and
adolescent obesity are major contributors to adult CHD through both recognized and unidentified
mechanisms and that the epidemic of obesity will lead to higher rates of CHD among adults in the
future (45).

Endothelial Dysfunction and Atherosclerosis
In the early 1980s, the role of endothelial cells in relaxation of arterial smooth muscle in response to

increased blood flow was discovered (46) and traced to release of nitric oxide (47). Intense interest in
this endothelial function has led to an enormous number of related publications during the 3 decades
since its discovery. As currently measured, the brachial artery is briefly occluded by a pneumatic cuff
and released, and dilation of the distal artery and increased blood flow are assessed by ultrasound (48).
The percent change in flow after ischemic stress is called flow-mediated dilation and diminution of
the response is termed endothelial dysfunction. A similar phenomenon occurs in the coronary arteries
after administration of acetylcholine during coronary angiography (48).

Acetylcholine-induced relaxation was impaired in aortic rings from cholesterol-fed hypercholes-
terolemic rabbits (49) and this effect was confirmed in other animal models. Endothelial dysfunction
in adults was associated with the established risk factors for CHD (50) and with coronary artery
atherosclerosis (51). These observations led to the suggestion that endothelial dysfunction may rep-
resent an early stage of atherosclerosis (52). This view was amplified to suggest that endothelial
dysfunction summarizes the effects of all the causes of atherosclerosis, known and unknown, and
therefore is a comprehensive marker for the progression of atherosclerosis and for the risk of clinically
manifest CHD (53). The possibility that an easily performed noninvasive procedure might be a marker
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for the early stages of atherosclerosis led to many studies of endothelial dysfunction in children and
adolescents.

Endothelial dysfunction was associated with hypercholesterolemia and with active and passive
smoking in children and adolescents (54–56). Endothelial function was enhanced and serum choles-
terol concentrations were lower in 11-year-old children who had consumed a low-saturated-fat diet
from infancy (57). Statin therapy restored normal endothelial function in 9–18-year-old children
with familial hypercholesterolemia (58). Leisure-time physical activity in adolescent boys (59) and
increased physical activity and fitness were associated with improved endothelial function (60–62).
However, exercise restored endothelial function with minimal, if any, change in body mass index
(60,61,63).

Minimum forearm vascular resistance, which is correlated with endothelial dysfunction, was
increased in obese adolescents and was associated with insulin resistance (64). Both variables
improved after a 20-week weight loss program. Subsequently, a number of reports described studies
of endothelial dysfunction in obese children. A 6-month exercise regimen involving 11–16-year-old
obese children reduced body fat mass, improved carotid IMT and endothelial function, and led to
favorable changes in blood pressure, blood lipids, and insulin (63). In a survey of children averaging
about 14 years of age, obesity was associated with endothelial dysfunction, hypertension, carotid IMT,
and markers of endothelial inflammation (65).

A number of studies have examined the association of endothelial dysfunction with carotid artery
IMT in children with type-1 diabetes (66), in young adults (67), and in other obese children among
whom the association was weaker (63,65,68). These associations constitute the only evidence relating
endothelial dysfunction directly to the pre-clinical stages of atherosclerosis in youth.

The major problem in linking endothelial dysfunction with atherosclerosis is the wide variety of
conditions with which it is associated, including infections, postmenopause in women, trauma, peri-
odontitis, low birth weight, and many others [reviewed by Félétou (50)]. This lack of specificity is
reflected in the weaker relation of endothelial dysfunction to CHD risk factors in generally healthy
children (68–71). Thus, there is clearly an association of impaired vascular function with obesity in
youth, but this effect may be mediated by both the established CHD risk factors and the other con-
ditions not associated with CHD. Although endothelial dysfunction is associated with carotid IMT,
which in turn is associated with atherosclerosis of the coronary arteries, no data relate endothelial
dysfunction directly to coronary atherosclerosis in children, adolescents, or young adults. More specif-
ically, no data indicate whether endothelial dysfunction is associated with or precedes the earliest
anatomic lesion of atherosclerosis, the fatty streak, or whether it is associated with progression to the
fibrous plaque in adolescence and early adulthood. Finally, no data show that endothelial dysfunction
measured in childhood predicts arterial lesions years later, as do the traditional risk factors.

In summary, endothelial dysfunction is a complex physiological response to a wide variety of con-
ditions which include obesity and the other established CHD risk factors. It is associated with coronary
atherosclerosis in adults, but its relationship to the initial lesions of atherosclerosis in childhood and
adolescence is not known. Its usefulness in decision making for individuals has not been established
and it should not be used as a surrogate marker of atherosclerosis in young persons (72).

PREVENTION OF ADULT CORONARY HEART DISEASE

Prevention programs for adult CHD – After the demonstration that reducing LDL cholesterol, blood
pressure, and smoking in adults reduced the risk of CHD, programs directed almost exclusively at
adults were initiated by voluntary and government health agencies. From the peak mortality rates of
CHD mortality in 1968, the US CHD mortality rate fell by about 50% by 1990. About half of the
decline was attributed to risk factor control and about half to improved treatment of CHD. However,
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the rate of decline has slowed and some investigators predict that the epidemic of obesity will cause it
to rise.

Prevention of adult CHD by risk factor prevention in childhood – As evidence accumulated showing
that the adult risk factors were present in children and adolescents and that they tracked into adulthood,
suggestions were made that CHD prevention should begin in childhood (73–76). The validity of these
recommendations was strengthened when autopsy studies (PDAY and Bogalusa Heart Study) showed
the association of the risk factors with all stages of atherosclerosis in youth, a finding indicating that
they probably drive progression; when cohort studies showed that the risk factors measured in child-
hood or adolescence predicted the prevalence of markers of advanced atherosclerosis in adults; and
when changes in risk factors also predicted adult atherosclerosis.

Preventive measures adopted in early middle age, as recommended by programs targeting adults,
are too late because advanced plaques, vulnerable to rupture and thrombotic occlusion, have already
formed by this age and the opportunity for prevention is limited. Not allowing the risk factors to
develop would prevent or at least retard progression of the initial lesion, and this expectation supports
the concept of primordial prevention, that is, not allowing the risk factors to develop in the first place
(77).

The 50% myth – A popular objection to the concept of preventing CHD by preventing or modifying
risk factors is the belief that the risk factors explain only 50% of CHD. Adults who do not have one or
more of the risk factors have a very low probability of developing CHD. Estimates of lifetime CHD risk
(to age 95) showed that individuals with no risk factors at age 50 in the Framingham population had
a lifetime risk of CHD of 5.2% for men and 8.2% for women compared to 51.7% for men and 39.2%
for women in the entire cohort (78). Individuals who attained age 50 without risk factors probably
never had risk factors (except possibly smoking). In several longitudinal studies, men without any of
the major risk factors and followed for 16–22 years had 77–92% lower CHD mortality, and women,
79% lower CHD mortality (79). On the basis of these results, it should be possible to reduce CHD
incidence by 90% (instead of 50%) if we could prevent the appearance of the risk factors in youth or
control them if they develop (80).

All risk factors are important – The points assigned to each risk factor in the PDAY risk score
indicate the relative effect of each risk factor. No established risk factor can be safely ignored, and
more aggressive intervention is indicated for persons with multiple risk factors. The evaluation of
“importance” depends on whether it pertains to a population, where importance is determined by
a combination of prevalence and effect; or whether it pertains to an individual, where an impor-
tant risk factor is the one that the person has. Any risk factor present in an individual is important
not only because all contribute to atherosclerosis and CHD, but because most of them – particu-
larly obesity – have other adverse effects on health as well. Obesity in youth is an important target
for the prevention of CHD in the industrialized societies because of its high prevalence and its
effects on the progression of atherosclerosis in addition to its other demonstrated adverse health
effects.

CONCLUSIONS

All of the established major risk factors for clinically manifest adult CHD accelerate the progression
of atherosclerosis from the initial fatty streaks in childhood and adolescence to the advanced fibrous
and complicated plaques of middle age and later. Obesity is a major contributor to accelerated progres-
sion and subsequent increased risk of CHD both by predisposing to other risk factors (dyslipidemia,
hypertension, and diabetes) and independently by other yet unidentified mechanisms. High risk of
future adult CHD can be easily evaluated in children and adolescents by assessment of family history,
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serum lipoprotein profile, blood pressure, blood glucose, smoking status, and adiposity. Effective pre-
vention of adult CHD must begin by preventing the mutable risk factors or controlling them if they do
develop.

Editor’s Questions and Authors’ Response

• Why does obesity predict a higher risk of atherosclerosis in men than in women?

• Many investigators have been intrigued (baffled may be a better word) by the sex differences in
atherosclerosis and its clinical manifestations. We can suggest few possible reasons for the differ-
ences and fewer possible reasons for the difference in effect of obesity on atherosclerosis between
young men and young women. Proving which, if any, of the reasons is true is more difficult. The
differential obesity effect is part of the overall problem of the sex differential in atherosclerosis and
coronary heart disease.

• In 1979 an extensive review of the topic concluded “It is not possible to extract a single unifying
hypothesis out of the numerous observations on the sex difference in coronary heart disease. . .”
and listed nine possible mechanisms, none of which could be definitively supported (McGill and
Stern, 1979). Estrogen prevented atherosclerosis in cholesterol-fed chickens (Stamler et al., 1974),
but a few years later estrogens given to men led to increased mortality (Coronary Drug Project
Research Group, 1973). The heart and arteries contained estrogen and androgen receptors (McGill
and Sheridan, 1981) but their presence did not explain the sex differential in atherosclerosis. Results
of the Women’s Health Initiative overturned the clinical dogma derived from observational stud-
ies that postmenopausal estrogen and progesterone prevented coronary heart disease (Nelson et al.,
2002). Investigation of this issue continues, but the mechanism of the sex difference in atheroscle-
rosis and coronary heart disease between premenopausal women and men of the same age remains
an enigma.

• Atherosclerosis progresses much more rapidly in young men than in young women, independently
of the established risk factors. In the PDAY data, the extent of coronary artery fatty streaks is about
equal in men and women between 15 and 34 years of age, but the lesions progress more rapidly
to fibrous plaques in men than in women so that, by age 30–34 years, men have about twice as
extensive fibrous plaques, even when adjusted for the traditional risk factors (McGill et al., 2002).
Thus, women lag behind men in the progression of fatty streaks to fibrous plaques by about 10 years,
corresponding to the lag in onset of coronary heart disease later in life. Curiously, young women
(15–34 years) have more extensive fatty streaks in their abdominal aortas than do men, but they
develop an equal extent of fibrous plaques.

• With no explanation for the sex difference in atherosclerosis and with no explanation for the inde-
pendent effect of obesity on atherosclerosis, we are unable to suggest a credible physiological
mechanism for the selective effect of obesity on the early stages of atherosclerosis in young men.
Probably young women simply do not have sufficiently advanced atherosclerosis to show an effect
of obesity within the 15–34 year age range.
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• What do we know about the reversibility of fatty streaks or raised lesions in young people? At
what point does an atherosclerotic lesion become irreversible?

• The histologic characteristics of atherosclerotic lesions at various stages suggest that simple fatty
streaks, particularly those seen in persons <20 years, should be reversible. Lipid is predominantly
in macrophages and smooth muscle cells, there are scattered lipid droplets in the interstitial spaces,
and there is little or no fibrosis. In the third decade, fatty streaks accumulate more extracellular lipid
deposits and proliferation of fibroblasts and smooth muscle cells increases. These seem partially
reversible, and if progression were halted they would leave innocuous stigmata. In subsequent years,
fibrous plaques accumulate larger deposits of extracellular lipid and thicker fibromuscular caps and
appear to have much less potential for regression. Calcification, which begins in the fourth decade,
is probably not reversible (Stary et al., 1995).

• Experiments in cholesterol-fed rabbits, chickens, and dogs yielded conflicting results. In 1970, coro-
nary artery lesions produced by feeding cholesterol to rhesus monkeys were reduced in thickness by
80% after 40 months of cholesterol-free diets, but lesions did not disappear completely (Armstrong
et al., 1970). These results were widely hailed at the time as encouraging for the programs aimed at
controlling serum cholesterol levels to prevent coronary heart disease. Other regression experiments
in monkeys yielded similar results (Clarkson et al., 1984; Strong et al., 1994).

• In the first study of regression of human coronary atherosclerotic lesions, colestipol-niacin treatment
reduced LDL cholesterol by 43%, and coronary angiograms showed reductions in atherosclerotic
lesions in 16% of treated subjects (Blankenhorn et al., 1987). Intensive statin treatment reduced
LDL cholesterol to 60 mg/dL (half the baseline value), and intravascular ultrasound showed a 10%
reduction in coronary artery lesion volume (Nissen et al., 2006). There are no data regarding regres-
sion of fatty streaks or fibrous plaques in young humans. With development of better non-invasive
imaging methods, it may be possible in the future to assess the effects of risk factor modification in
young persons.

• In conclusion, fatty streaks and early fibrous plaques in young persons <30 years are probably
reversible to a limited degree if the established mutable risk factors are controlled. Complete restora-
tion of normal arterial intimal structure does not seem feasible, but is not essential. Stabilizing
lesions in young persons and preventing progression should be effective in reducing risk of adult
atherosclerotic disease. The most effective long-range prevention of atherosclerotic disease is to
prevent the occurrence of risk factors in childhood.
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IMPORTANCE OF EARLY INTERVENTION

The phenomenon of the tracking of pediatric overweight across the lifespan is well documented (1).
Elevated childhood height and body mass index (BMI) are robust predictors of young adult BMI (2),
as findings show that overweight children (BMI >85th percentile) are more likely to continue to gain
weight and to be overweight as adolescents than normal weight children (3). While the popular notion
is that children will simply outgrow their overweight status, the reality is that childhood overweight
is one of the most compelling risk factors for overweight in adulthood (1) and the risk of develop-
ing obesity later in life increases progressively with child age and increasing child BMI (1–3). This
tendency for overweight status to track into later childhood, adolescence, and adulthood necessitates
early intervention, as pediatric overweight clearly does not resolve spontaneously with age.

Childhood is an ideal point of intervention for several reasons. First, adult interventions tend to
lead to only modest weight losses (4) and it is more difficult to reverse obesity with time, suggesting
that overweight becomes more intractable later in life. Second, addressing overweight early in life
has the potential to reduce or even reverse the deleterious effects of excess weight and decrease the
associated psychosocial and medical sequelae that can persist into adulthood (5,6). Third, weight loss
interventions implemented early in life may be more efficacious because younger children’s dietary
and physical activity habits are not yet fully ingrained and tend to be more amenable to change. Fourth,
children can benefit from early intervention due to natural increases in height, which make it easier to
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show a reduction in percent overweight even while maintaining the same weight. Finally, traditional,
universal prevention programs (e.g., in-school physical activity) for children who are already over-
weight are not sufficient, as they have shown little efficacy (7). Thus, treating overweight and obese
children with a multi-component intervention is a promising avenue to induce weight loss and to slow
the weight gain trajectory in youth (ages 1–18) (7,8).

The purpose of this chapter is to review the literature on family-based lifestyle interventions for
pediatric obesity, which are currently the most well-established treatments for pediatric obesity to
date (9,10). This chapter also explains the specific role of parents as key partners in child weight loss
within these interventions, critically reviews the components of family-based behavioral interventions,
and finally makes recommendations on how best to expand the current scope, duration, and intensity of
treatment to enhance the traditional approaches to losing weight by including weight loss maintenance
components within a socio-ecological framework.

FAMILY-BASED BEHAVIORAL INTERVENTIONS

Lifestyle interventions are defined as active treatment approaches that focus on modifying over-
weight children’s daily practices, such as improved dietary intake and increased physical activity. By
definition, lifestyle interventions are meant to be compatible with daily living; therefore, associated
behavior changes are sustained better over time (5). Family-based behavioral interventions are one
example of a lifestyle intervention and are often regarded as the first line of treatment for childhood
overweight due to their empirically demonstrated efficacy (8,11–16) and for their relative safety, com-
pared to pharmacotherapy or bariatric surgery (8). However, pharmacotherapy or bariatric surgery
may be warranted in some cases dependent on child age, severity of obesity, and presence of obesity-
related comorbidities (17). Even with severely overweight children, the efficacy of pharmacotherapy
or bariatric surgery can be enhanced by implementing these approaches in consort with lifestyle inter-
ventions. (For a review of pharmacotherapy and bariatric surgery, see Chapters 12 and 23 by Freemark
and Chapter 27 by Yurcisin and Demaria in this volume.)

Numerous randomized controlled trials (RCTs) and meta-analyses have demonstrated that active
lifestyle interventions are superior to no-treatment control or education-only conditions (18), the
results of which are summarized in Table 1. A recent meta-analysis indicated that lifestyle interven-
tions result in an average decrease in percent overweight of 8.9%, as compared to education-only
controls that result in an average increase of 2.7% at follow-up (18). Recent work by Kalarchian and
colleagues (19) reinforces the need for active intervention for pediatric overweight. Those receiving a
targeted, multi-component family-based intervention demonstrated significant decreases in percent
overweight, as well as improvements in overweight-related medical comorbidities, while children
receiving usual care showed no changes in percent overweight (19). Furthermore, the positive effects
of family-based behavioral interventions are not limited to changes in child weight; these approaches
produce significant reductions in blood pressure and cholesterol levels (17) while producing significant
psychosocial health benefits (6,13,20).

Evidence also suggests that usual care is not effective in treating overweight (21). For example,
investigators in the LEAP (Live, Eat, and Play) trial offered a brief program, in which children
attended visits with their primary care physician and parents received educational materials. This usual
care intervention had little to no effect on child BMI or other outcome measures, such as physical
activity level or parent BMI (21). Clearly, education-only or usual care is not sufficient to produce
significant changes in child weight seen in behavioral interventions. Overall, the existing literature
provides support for the use of multi-component lifestyle interventions in the treatment of pediatric
obesity.
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Table 1
Recent Reviews and Meta-Analyses of Pediatric Weight Loss Studies

Author Type of review
and number of
studies

Target population Conclusions

American Dietetic
Association (20)

Review of 29
RCTs and 15
other types of
studies

Overweight children
(ages 2–12) and
adolescents (ages
13–18)

Positive effects for
multi-component,
family-based programs
especially for children
ages 5–12

McGovern et al.
(72)

Meta-analysis of
61 randomized
trials

Overweight children
and adolescents
(ages 2–18)

Small to moderate treatment
effects of combined
lifestyle interventions on
BMI

Snethen et al. (113) Meta-analysis of
seven
interventions

Overweight children
(ages 6–16 with an
overall mean age
not older than 12)

Multi-component lifestyle
interventions that include
parental involvement can
be effective in assisting
children to lose weight

Tsiros et al. (114) Review of 34
RCTs

Overweight or obese
adolescents (ages
12–19)

Lifestyle interventions with
behavior/cognitive-
behavioral components
are promising particularly
for long-term
maintenance

Wilfley et al. (18) Meta-analysis of
14 RCTs

Overweight youth
(ages 19 or
younger)

Lifestyle interventions
produce significant
changes in weight status
in the short term with
encouraging results for
the persistence of effects

Reprinted with permission from TODAY Study Group (34).

The rationale for including parents in lifestyle interventions for overweight children is twofold. First
and foremost, parental obesity has been identified as a significant risk factor for childhood obesity (22),
with one study reporting that children with obese parents are at a two- to threefold increased risk for
being obese themselves (1). This concordance of parent–child weight status, which is likely due to
shared genetic and environmental factors, suggests that parents have a strong influence on the weight
status of their offspring and could have a powerful positive influence in family-based lifestyle inter-
ventions. Second, family-based interventions recognize that the child’s weight-related behaviors are
developed and maintained within the context of the family (23); therefore, lifestyle interventions aim
to capitalize on the influence parents have over the weight-related behaviors of their young children
and the structure of the family environment (24,25).

Parents or caregivers are seen as necessary partners in pediatric weight loss (25,26) due to their
role as key agents of change and due to the impact of parent behavior change on child weight out-
comes. Most commonly, parents are conceptualized in a “helper” or “facilitator” role and are taught to
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encourage their children to exercise and to make healthy choices as well as modify the shared home
environment, utilizing behavioral techniques learned in treatment (24). Parental involvement is sup-
ported by behavioral economics theory, which suggests that individuals will choose behaviors that are
less effortful and highly reinforcing. Therefore, inducing child behavior change is contingent upon
the parent providing healthful, reinforcing alternatives while limiting access to less healthy options.
Social cognitive theory (27) also provides a strong argument for including parents in treatment, as it
posits that parental modeling is a potent contributor to the success of interventions for pediatric obesity
because children learn through observing their parents’ behaviors. In addition, the benefits of parents
and children modeling healthier behaviors in the shared home environment may generalize to at-risk
siblings (16). Overall, harnessing parental influence has the potential to beneficially affect the weight
status of the entire family by creating an environment that is supportive of a healthy lifestyle.

In summary, the most effective interventions for childhood overweight incorporate multiple com-
ponents, and parental involvement is imperative to the success of these interventions. Intensive
family-based behavioral interventions can have powerful treatment effects and provide a promising
alternative to more invasive procedures.

KEY TREATMENT COMPONENTS OF FAMILY-BASED BEHAVIORAL
INTERVENTIONS

The goal of family-based behavioral interventions is either (1) to induce weight loss or (2) to pre-
vent excess weight gain and normalize growth by slowing the trajectory of weight gain relative to
height. In order to determine the intensity, duration, and scope of treatment, the child’s severity of
obesity and age are taken into consideration. Although further research to develop specific treatment
algorithms is needed, experts have suggested a staged approach to weight management (28). Within
a staged approach, the primary treatment consideration is whether to target weight gain prevention
or weight loss. It is recommended that weight gain prevention be used for very young children and
youth with lower levels of obesity (i.e., those who are overweight, between the 85th and 95th BMI per-
centile). Cost-effective interventions such as internet-based prevention psycho-education programs and
TV allowance devices, which limit access to screen time, may be sufficient to prevent excess weight
gain. Weight loss, achieved through a family-based lifestyle intervention, would be indicated for older
children and adolescents, especially those above the 95th percentile. The second treatment consid-
eration is deciding how intensive the intervention should be. In general, interventions that are more
intense, longer in duration, and wider in their scope are likely to benefit children with more severe obe-
sity. Children may advance through stages of care to increasingly more comprehensive interventions
such as pharmacotherapy or bariatric surgery based on age, as well. For instance, bariatric surgery
would not be indicated for a very young obese child, but an adolescent may benefit from bariatric
surgery accompanied by an intensive family-based behavioral intervention.

Within family-based behavioral interventions, the energy balance equation is used to conceptual-
ize weight gain, weight loss, and weight maintenance. Positive energy balance, when energy intake
exceeds energy expenditure, results in weight gain over an extended period of time. Conversely, neg-
ative energy balance occurs when energy expenditure exceeds energy intake, resulting in weight loss.
Achieving negative energy balance is the goal of behavioral weight loss interventions; therefore,
participants are encouraged to decrease energy intake while increasing energy expenditure. Within
weight maintenance and behavioral prevention programs, the primary goal is to prevent excess weight
gain and make the child leaner through achieving a stable energy balance. In general, family-based
behavioral interventions promote small, successive changes in children’s dietary and physical activity
behaviors through the use of behavior change strategies and familial support. Specifically, the most
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efficacious lifestyle treatment approaches include a focus on the following components: dietary mod-
ification, changes in energy expenditure, behavior change techniques, and parental involvement at all
levels of change (24).

Dietary Modification
Given evidence that obese children have greater daily caloric intake than non-obese peers (5,29)

(effects of social context), dietary modification (i.e., reducing caloric intake) is fundamental to the
weight loss and the prevention of excess weight gain within the context of a lifestyle intervention (5).
Effective dietary modification strategies aim to result in an overall negative energy balance; however, it
is imperative to ensure that children receive proper nutrition when modifying both the quantity and the
quality of food consumed. One strategy to achieve such a caloric deficit is to increase intake of low-
energy density (LED) foods (i.e., highly nutritious, low-calorie-dense foods) while simultaneously
decreasing intake of high-energy density (HED) foods (i.e., high fat, high sugar foods) (30–32). The
most widely studied dietary modification approach of this kind is the Traffic Light Program (33,34),
which classifies foods into three categories: red (low in nutrients/HED; STOP), yellow (nutrient-dense,
yet HED; CAUTION), and green (nutrient-dense/LED; GO). This strategy enables children and their
parents to moderately restrict their caloric and fat intake and gradually replace unhealthy foods in their
diets with healthful ones.

Interventions focused on increasing LED foods have been associated with decreased energy intake,
successful weight loss outcomes, and the prevention of excess weight gain (8,30,35). Fruits and vegeta-
bles are often targeted to decrease energy intake, and it is recommended that children should consume
5 servings of fruits and vegetables daily (20,30). Increased fruit and vegetable intake may also lead
to decreased intake of HED foods (36). Additionally, studies have shown that targeting increases in
“good” fats (e.g., nuts, fish) and high-fiber foods (e.g., raisins, multi-grain breads) may also be effec-
tive for reducing caloric intake (30,37). Such dietary approaches have been found to increase nutrient
density (e.g., protein, calcium, iron) and decrease density of fat intake in children aged pre-school
to adolescence (8,30). Overall, these types of strategies have been shown to decrease overall energy
intake needed to achieve a caloric deficit.

Decreasing HED food intake is the most commonly used strategy in pediatric weight loss programs
and is found to be effective in children and adolescents (8,30). In order to reduce the frequency of HED
foods, precise, well-defined behavioral targets are used to improve the efficacy of dietary modification
strategies (17). These include decreases in sugar-sweetened beverage (SSB) consumption and HED
snacking, and fewer meals outside of the home.

Consumption of SSBs has increased dramatically during the past generation, and overweight chil-
dren get a higher proportion of their caloric intake from SSBs than normal weight peers (38). Research
suggests that substituting water in the place of SSBs can decrease average daily caloric intake by as
much as 235 kCal (39). Likewise, children and adolescents have increased their energy intake from
daily snacking between 1977 and 1996 (40). To avoid HED snacking, dietary interventions recommend
that foods containing 5 g or more of fat, sugary cereals, and fast food items be eaten sparingly and lim-
ited to no more than 10–15 servings/week (41). The rise in proportion of meals eaten outside the home
is one factor that contributes to the higher saturated fat and cholesterol consumption in children (42).

Targeting these specific behaviors through a lifestyle approach has the potential to decrease over-
all caloric intake, increase the likelihood of meeting pediatric standards of nutrient intake, and result
in long-term weight maintenance (43). For example, an on-going weight loss trial (34) for overweight
adolescents with type-2 diabetes sets adaptable caloric intake goals, typically between 1,200 and 1,500
kCal/day, adjusted based on baseline weight and ensuing weight loss. Limiting portion sizes is also
an effective way to gradually reduce caloric intake, as one recent study indicates that children served
larger entrees consumed 25% more food than those served smaller portions (44). Dietary modification
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strategies which employ a more flexible, “free-choice” approach may be effective because interven-
tionists are able to take into account individual taste preferences, beliefs surrounding food, and customs
from diverse cultural and ethnic backgrounds (34,45). For example, interventionists can recommend
cooking methods to lower the caloric value of preferred foods (e.g., baking chicken rather than frying
it) (34). Regardless of the dietary modification strategy employed in the intervention, these recom-
mendations are always complemented by strong behavior change components reinforced by the parent
(described in more detail later in this chapter).

Energy Expenditure Modification
Changes in patterns of energy expenditure are critical to inducing an overall negative energy bal-

ance needed for sustained success within family-based behavioral interventions. Research indicates
that adopting an active lifestyle is an important step that families can take to promote weight loss and
prevent excess weight gain (46,47). Targeting changes in activity levels may include increasing physi-
cal activity (e.g., walking, sports), reducing sedentary activity, in which a minimal number of calories
are burned (e.g., television watching, computer time), or both to achieve successful weight loss or
weight management. Consistent with dietary modification strategies, behavior change techniques and
parental support are instrumental in promoting sustainable changes in physical activity.

Interventions focusing on increases in physical activity have been associated with significant weight
loss in family-based approaches for children and adolescents (48). Current recommended guidelines
for physical activity are 60 min/day for children and adolescents (46). Most of this activity should
be moderate- to vigorous-intensity (46), such as playing soccer, riding a bike, or running. It is also
recommended that youth should include muscle- and bone-strengthening physical activity, which may
include activities that involve running or jumping (e.g., basketball), playing on playground equipment,
or resistance training, such as push-ups (46). Children and adolescents who are initially inactive need to
gradually increase their activity to prevent injuries and work toward maintaining ideal levels. Further,
it is important to encourage families to find activities their children enjoy, that are age-appropriate, and
that offer variety.

Another method for modifying energy expenditure levels in children is to focus on reducing time
spent in sedentary behaviors, which is particularly important given that children find sedentary behav-
iors more reinforcing than physically active alternatives (36). It is recommended that children should
engage in no more than 2 h of sedentary time per day outside of school (49) and should try to reduce
overall sedentary behavior time by 50%. Reduced time spent in sedentary behavior leads children to
reallocate time to physical activity (41,50–52). Decreased sedentary behavior and increased physical
activity in turn lead to long-term reductions in zBMI (50). Notably, reducing sedentary behavior has
been shown to reduce overall energy intake, since many children snack while watching television (53).

Evidence suggests that encouraging increases in lifestyle activity (e.g., taking the stairs instead
of the escalator) effectively sustains behavior change and weight maintenance. Findings from one
study suggest that unstructured, flexible lifestyle activity is more effective in the long term than struc-
tured and higher intensity aerobic or calisthenics exercise (8,54). There were no differences in weight
maintenance during the first year of treatment; however, in the second year of follow-up, the lifestyle
activity group maintained weight loss and the participants in the calisthenics and aerobic exercise
groups gained significant amounts of weight (54). Data also indicate that long-term diet plus increased
lifestyle activity is superior to diet plus increased aerobic exercise (8,55).

Behavior Change Techniques
Components of behavior therapy and behavior change are vital to family-based behavioral weight

loss interventions. Standard behavioral weight loss methods include goal setting, self-monitoring and
logging, family-based reward systems, and stimulus control strategies (8,43,56). It has been shown
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that interventions that incorporate behavior change strategies are more successful at achieving weight
loss and the prevention of excess weight gain than education alone (41,50,57).

Goal setting includes setting specific targets for eating and activity behaviors and is central for the
achievement of behavioral goals in effective behavioral interventions (41,58). Sample goals include
consuming less than 15 servings of HED foods per week, engaging in 60 min of activity per day,
reducing time spent in sedentary behavior by 50%, or achieving projected weight loss or weight
maintenance. Over the course of an intervention, goals change gradually to accommodate participant
progress. Findings suggest that the frequency of goal setting – both during treatment and after treat-
ment cessation – predicts the use of behavioral strategies and is associated with sustained behavior
change and weight maintenance (58).

Self-monitoring and logging approaches teach parents and children to pay close attention to their
dietary and activity behaviors and to record their daily patterns in a diary. Logging is a simple way
to determine if behavioral goals are being met (i.e., “Did I consume more than 15 servings of HED
foods this week?”). Mastering both behavioral techniques is imperative for families in the short and
long term, as data suggest that regular self-monitoring and logging help parents and children to become
more aware of their energy balance behaviors and are associated with successful weight outcomes (59).
Both caregivers and children are instructed to self-monitor and log various aspects of their eating (e.g.,
daily intake of fruits, vegetables, and calorie-dense foods) and activity (e.g., time spent in moderate
to vigorous activity, television and computer time). Additionally, through weekly weight monitoring,
children are taught to learn the association between their eating and activity behaviors and changes in
their weight.

Research also suggests that it is helpful to reinforce behaviors with a family-based incentive
system (Fig. 1), in which parents develop a list of acceptable reward items/privileges and provide
contingent rewards to their children for goal achievement (e.g., giving stickers for improvements in
self-monitoring). Rewards may include contracting and incentives (e.g., spending time with parent
playing a game), which are provided as reinforcement for having met goals. It is strongly recom-
mended that parents do not use food as a reward and instead try to increase the reinforcing value of
physical activity or peer interactions.

Stimulus control is defined as restructuring the home and environment to increase the likelihood
of engaging in desired behaviors. Parents play particularly important roles in enforcing stimulus con-
trol strategies by controlling the availability of healthful foods, the access to unhealthy foods, and
the amount of physical activity and screen time in which children engage. Specifically, parents can
promote healthy energy balance behaviors by encouraging and facilitating physical activity, limiting
screen time (which reduces snacking and sedentary behavior), reducing home/school availability of, or
access to, nutrient-poor, energy-dense foods, and providing ready access to low-energy, nutrient-rich
foods including fruits and vegetables. These are discussed in more detail below.

Family Involvement and Support
Parental and family involvement in pediatric obesity interventions is considered crucial, as several

studies suggest that a greater degree of parental involvement leads to greater child weight loss and
management outcomes (15,60–64). Targeting both the parent and the child has been shown to be more
effective than targeting the child alone (60,65,66). In addition, parent weight loss is an independent
predictor of child weight loss, suggesting that youth benefit from more intensive targeting and commit-
ment of the parents. The relationship between child and parent outcomes likely operates through the
following mechanisms. Primarily, parents can effect change through shaping the home environment,
modeling healthy eating and activity behaviors, and using enhanced parenting skills acquired through
family-based intervention. See Table 2 for a summary of specific ways that parents can support their
children in changing their energy balance behaviors.
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Fig. 1. Family-based incentive system.

Parents play an important role in laying a foundation for sustaining health-promoting eating and
activity behaviors by building a home environment where healthy eating and activity are the norms.
They can do so by monitoring healthful lifestyles in themselves and their children (as described above)
and by utilizing stimulus control strategies (as described above) to provide sufficient opportunities and
motivation for the consumption of low-energy-dense foods and participation in active events for their
families within the home environment.

In addition, modeling healthy eating and activity behaviors and attitudes for their children likely
contributes to the effectiveness of parental involvement (68,69). Parents who model healthful behav-
iors, such as regular engagement in physical activity, low levels of sedentary behavior, high fruit and
vegetable intake, and low fat and sweet intake, accordingly influence the behaviors of their children
(68,69). Promoting weight loss in parents is likely to be an effective behavior change strategy in addi-
tion to modeling, with data demonstrating a high concordance between parent and weight outcomes
(67,70,71).

Familial support for the overweight child is also imperative to sustaining healthful behavior change
and to improving weight loss outcomes, and so parenting skills training is a common component of
treatment (10,24,72). During this training, parents learn and practice skills needed to support their
overweight child to ensure that behavior change has occurred and is maintained (see Table 2 for a
description of parental involvement). Parents are taught to provide consistency within the home and to
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Table 2
Parental Involvement in Family-Based Behavioral Interventions

Supporting healthy eating
behaviors

Supporting physical and
lifestyle activity

Supporting healthful
behavior change

Increase low-energy
density foods

• Plan for healthy meals
• Shop for fruits and

vegetables and nutritious
foods with “good” fats
and high fiber

• Prepare healthy meals
• Serve fruits and

vegetables at meals and
for snacks

Decrease high-energy
density foods

• Limit high-energy
density foods in the
home

• Limit access to fast food
restaurants

• Limit eating away from
the kitchen and dining
room

• Replace sugar-sweetened
beverages with water or
serve low-fat milk
products at home

Use a lifestyle approach

• Serve healthy portion
sizes

• Involve child in
preparing meals

• Cook traditionally
unhealthy foods in a
healthier way

Increase physical activity

• Make a weekly activity
schedule

• Provide equipment and
clothing for exercise

• Set up active play dates
with child’s peer group

• Join a local community
recreation center

• Make use of local parks
and playgrounds

Increase lifestyle activity

• Plan fun activities for the
family

• Model for and encourage
their children to take the
stairs instead of
escalators or elevators

• Walk instead of drive
with family, when
possible

Decrease time spent in
sedentary behaviors

• Limit child’s TV and
computer time to 2 h/day

Use behavior modification
strategies

• Set goals for weight and
behavioral change targets

• Create a family-based
rewards system

• Engage in
self-monitoring and
logging

• Use stimulus control
strategies in the shared
home environment

Target changes in the
parent

• Focus on weight loss in
parents

• Model healthful
behaviors for child

Provide support for child

• Hold family meetings
• Review self-monitoring

logs
• Praise healthy behaviors
• Encourage healthy

behaviors, and minimize
attention to unhealthy
behaviors

• Explain the family-based
behavioral intervention
to family and friends

establish stable meal and snack times for their children (43). Parents are also taught to identify common
barriers to behavior change (e.g., gatherings/parties with unhealthy food) (43) and to acquire skills to
overcome these challenges (56,73). Furthermore, parents learn to provide positive reinforcement by
praising and encouraging healthy, desired behaviors while simultaneously minimizing attention to
unhealthy, negative behaviors (43,50,74).
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PROBLEM OF WEIGHT REGAIN

While weight loss during family-based behavioral interventions has been clearly demonstrated,
weight regain after lifestyle change is a common phenomenon among adults and is a challenge for
children as well (8,62,75). Studies have tracked long-term weight change in families in intervals as
long as 10 years and found that children lose significant weight during the initial family-based behav-
ioral intervention but have difficulty with weight loss maintenance; thus the magnitude of treatment
effect declines over time (13,14,73). Findings also suggest that parents show weight change, but their
maintenance is not as strong, so the majority of parents return to baseline levels of adiposity by the
10-year follow-up (13,14).

Contextual learning laboratory research sheds light on the potential behavioral mechanisms of
weight regain, indicating that previously learned behaviors are not replaced by newly learned behav-
iors, but rather coexist with them (76). In addition, newly learned behaviors are less generalizable
across contexts, and old, previously learned behaviors are particularly susceptible to contextual cues
for activation (76). This coexistence of new learning with old behavior patterns creates an ambiguous
situation for individuals when faced with a behavior choice, and this ambiguity results in increased
likelihood that old obesity-related behaviors (e.g., poor eating habits, sedentary behaviors) will be
activated, especially in novel contexts (77,78). Therefore, concerted efforts must be made to ensure
that new learning is practiced across most or all relevant contexts, that appropriate support and cues
for healthful behaviors are in place, and that there is sufficient time devoted to the mastery and practice
of these strategies.

There is also mounting evidence that behavior change may be particularly challenging for a certain
subset of genetically susceptible individuals that possess particular obesogenic genotypes (79–82).
Evidence has illustrated the impact of genes on the metabolic and physiological aspects of obesity.
Only recently research has indicated that behavioral phenotypes are also genetically influenced. These
phenotypes are often expressed as appetitive traits, including satiety responsiveness (82), motivation
to eat (80,83,84), and binge eating (79,81,85,86). These appetitive traits are highly heritable and
have been shown to be strongly related to increases in energy intake and predictive of obesity risk.
Behavioral phenotypes interact with obesogenic genotypes to determine one’s weight status, thus ren-
dering a subset of the population particularly susceptible to developing and maintaining obesity within
the pervasive obesogenic environment (87). In other words, obese individuals with these high-risk
genotypes and behavioral phenotypes may be more vulnerable to relapse in environmental contexts
that promote obesity-related behaviors. Although it is not possible to alter an individual’s genetic
makeup after birth, it is possible to change one’s immediate surrounding environment (e.g., the home
environment) through interventions designed to decrease the likelihood of the phenotypic expression
of obesity-related behaviors.

Given the difficulty of establishing new eating and activity behaviors, likely even more so for genet-
ically susceptible individuals, it is not surprising that weight regain occurs following the end of brief
(i.e., 4–6 months) family-based behavioral interventions; there is little time available for the intensive
practice across contexts necessary for enduring change. One approach to preventing weight regain in
the long term is to expand the scope, intensity, and duration of family-based interventions to enhance
the generalization of newly acquired behaviors across contexts. Generalization of new habits to multi-
ple contexts increases the likelihood that weight loss maintenance will continue after contact with the
treatment provider ends.

FAMILY-BASED WEIGHT LOSS MAINTENANCE TREATMENT

In order to overcome the problem of weight regain, it is critical to extend the focus of family-based
behavioral interventions to sustaining weight maintenance behaviors and extending the length of
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treatment. Maintenance approaches build on what is learned in family-based behavioral interventions,
but assume that the skills needed to lose weight are distinct from those required to maintain weight.
Weight maintenance among both adults (4,62,88–90) and children (13,14) is associated with long-
term adherence to healthy eating behaviors and regular physical activity. In addition, a meta-analysis
of adult behavioral weight loss interventions (91) and a review of pediatric weight loss treatment (92)
indicated that duration of treatment is the most important predictor of weight change in the short
and long terms (91). Thus, an extended treatment plan which promotes weight maintenance behav-
iors across multiple contexts should significantly reduce the number of children who relapse into old
behaviors and gain weight following weight loss interventions.

Wilfley and colleagues (18) were the first to target weight loss maintenance in children through
extended contact following traditional family-based treatment. Two distinct approaches, behavioral
skills maintenance treatment (BSM) and social facilitation maintenance treatment (SFM), were com-
pared to a control condition, which consisted of a written plan for continuing healthy behaviors learned
in family-based treatment with no further contact. BSM emphasizes maintaining healthful changes
within the individual context and focuses on self-regulation behaviors and relapse-prevention strate-
gies (e.g., self-monitoring weight status and returning to weight loss behaviors if weight gain occurs,
cognitive restructuring, coping with high-risk situations). SFM extends the scope of the intervention to
the family’s social context; it uses empirically supported techniques to help parents bolster child peer
networks that support health behaviors and targets peer (e.g., teasing) and self-perceptual (e.g., body
image) factors (18,93). Both maintenance approaches highlight the importance of the family treatment
milieu, as parents have great potential to increase the generalizability of new behaviors learned in the
clinic by making changes across multiple contexts (e.g., the home, school lunches, play dates).

Findings indicate that children receiving either BSM or SFM maintain relative weight significantly
better than the control group in the short term (18); however, BSM was no more effective than control
at long-term follow-up. These results suggest that attention to multiple contexts (familial, social, envi-
ronmental) and extension of treatment duration may be imperative for achieving sustainable weight
loss outcomes and behavior change. Further, long-term results of this trial indicate that children receiv-
ing SFM demonstrated significantly greater improvements in their ability to cope with teasing and to
enlist friends to support physical activity over the short and long term, compared to both BSM and con-
trol (18). There was also a specificity of effect, suggesting that children with few social problems (e.g.,
ability to get along with others, no participation in bullying or teasing, obedience at home or school)
particularly benefited from the SFM approach of focusing on gaining and maintaining social support
for maintenance behaviors (18). However, children with higher levels of social problems may need
more intensive treatment to achieve long-term weight maintenance (18). Clearly, weight loss main-
tenance approaches like SFM are effective ways to promote sustainable behavior change; however,
improvements are needed to further enhance their long-term efficacy (78).

Expanding the Scope of Maintenance Treatment: A Multi-Level Approach
One promising approach for enhancing long-term childhood weight loss maintenance is to uti-

lize a socio-ecological framework of health behavior change that extends the scope of treatment into
additional socio-environmental settings. Socio-ecological models acknowledge the multiple contexts
within which weight-related behaviors are fostered and constrained (94) and posits that obesity is the
result of individual/family, peer/social, and community factors that interact dynamically with genetic
susceptibilities (94,95). According to the socio-ecological model (78), weight regain (Fig. 2) occurs
following the conclusion of traditional family-based behavioral interventions because the contextual
stimuli that set the occasion for previously learned, obesity-related behaviors are not modified, cuing
the child and caregiver to relapse into old behavior patterns (78). Family-based maintenance inter-
ventions with a socio-ecological focus are thought to produce sustainable behavior modifications by
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Fig. 2. Socio-ecological model of weight regain.

effecting change across multiple contexts (see Fig. 2), thus enhancing the efficacy of treatment in the
long term (78).

Wilfley and colleagues (78) have applied this theory in the design of an enhanced version of
SFM, which expands its interpersonal focus at the peer/social level, includes additional self-regulation
strategies at the individual/family level, and promotes environmental change at the community level
(see following text and Fig. 3 for a more comprehensive description of treatment components). The
projected efficacy of enhanced SFM is based upon computer simulation models of change in child
percent overweight over time. Using data from the original RCT (18), including weight loss outcome,
weight maintenance, and follow-up, results of biosimulation analysis indicate an anticipated decrease
of 12.9% overweight at the most distal timepoint (30-month follow-up) (78). Ultimately, this simu-
lated approach supports the use of an intervention that is longer in duration, higher in intensity, and
extended further into the environmental context, which should further enhance long-term weight main-
tenance outcomes. Enhanced SFM, with its focus on social ecology and multiple behavioral contexts,
is a promising approach for improving weight maintenance treatment outcomes and is currently being
evaluated in an on-going randomized controlled trial.

Components of a Family-Based, Multi-Level Maintenance Intervention
In order to successfully implement family-based, multi-level maintenance interventions, interven-

tionists need to focus on both the parent and the child and their ability to sustain newly learned
eating and activity behaviors. Factors on the individual/family, peer/social, and community levels all
impact the family’s ability to adhere to treatment components and to maintain these changes after
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Fig. 3. Enhanced social facilitation maintenance treatment: a social-ecological model.

treatment cessation. Attention to these factors will create a more tailored treatment approach; promis-
ing treatment components at each level are described below. In particular, individuals with obesogenic
genotypes and associated behavioral phenotypes may benefit from a multi-level approach because
altering the obesogenic environment across multiple contexts can constrain the expression of these
traits and therefore decrease the risk of relapsing into old behaviors.

At the individual/family level, persistent self-regulation is required to maintain long-term adherence
to healthy eating behaviors and regular physical activity associated with successful weight mainte-
nance in both adults (4,88) and children (13,96,97). Specific self-regulation behaviors are distinct from
weight loss skills and include comparing one’s current weight with a maintenance weight (through
regular self-weighing and using a weight graph), adhering to healthy eating and activity behaviors,
planning for high-risk situations, and returning to weight loss behaviors if needed (97). These self-
regulation behaviors have consistently shown to help with weight maintenance in children (18) and
adults (97), while failure to maintain these behaviors is associated with weight regain (96). It is impor-
tant for the caregivers and children to engage in these behaviors, particularly in light of the evidence
indicating that parent weight outcomes are strongly associated with child weight outcomes (67,71).

At the peer/social level, expanding the contexts that support, reward, and encourage healthy behav-
iors can have a powerful influence on whether or not healthful behaviors are sustained (98,99). Peer
factors, such as a lack of social support for physical activity and healthy eating (14,93) and teasing
related to physical activity (100), are likely to contribute to weight regain. However, peers can also
reinforce behaviors that prevent weight regain. For example, overweight youth make healthier eating
and activity choices in the presence of supportive peers than when they are alone (29,101,102). In
addition, social connectedness (i.e., being satisfied with one’s social network) among children and
adolescents is positively correlated with greater physical activity (103) and healthy dietary practices
(104).

Thus, the nature or choice of one’s peers is a critical factor in long-term weight control. The over-
arching goal of a peer/social component is to increase the ratio of individuals that are supportive of a
healthier lifestyle rather than to change the attitudes and behaviors of all individuals within the social
network (e.g., a grandmother who is unwilling to change) (105). Family-based approaches are an
obvious source of social support for healthful behaviors, and incorporating an interpersonal focus can
help families create a supportive health-oriented social network. Parents can also foster healthful peer
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networks by organizing active play dates for children and exposing them to healthful events within
their communities. Overall, the data suggest that family and peer support of healthful behaviors are
critical targets for long-term weight loss maintenance in children.

At the community level, aspects of the built environment may affect an individual’s choice to engage
in energy balance behaviors (106). Environmental features of one’s neighborhood are associated with
rates of obesity and physical activity in children (107,108). Important environmental factors include
access to healthy foods, proximity to fast food restaurants, relative cost of healthy and unhealthy
foods, perceived safety and neighborhood walkability, and access to community recreation facilities
and local parks (95,106). For example, access to parks is a strong predictor of children’s physical
activity (108,109), and distance to the nearest food store is significantly associated with a greater pref-
erence for vegetables (110). Within a family-based, multi-level maintenance treatment, parents are
encouraged to practice self-regulatory skills in high-risk environmental contexts (e.g., school parties).
It is also important that families learn to create a lifestyle that capitalizes on healthful environmental
opportunities (e.g., local parks) while limiting access to obesity-promoting aspects of the environment
(e.g., fast food restaurants). Families can develop lists of community resources and events that are sup-
portive of weight maintenance behaviors and make plans to increase the utilization of those resources.
Overall, weight loss maintenance treatment would be enhanced by encouraging parents and children
to modify, where possible, the stimuli present in the contexts of school, neighborhood, and community
that facilitate or constrain their use of newly acquired weight maintenance skills.

CONCLUSIONS AND FUTURE DIRECTIONS

Obesity is a major public health threat to society that requires a multi-pronged approach. Family-
based behavioral interventions are the current gold-standard treatment for pediatric obesity, and it is
clear from the extant literature that parents should be used as partners to enact and support healthful
behavior change in their children. To enhance the long-term intervention effects, it is necessary to
expand the intensity, duration, and scope of treatment. Preliminary evidence suggests that extending
the length and amount of contact produces better long-term weight outcomes in children. To further
improve intervention efficacy, it is crucial that future researches identify the treatment components
associated with the most broad-based and persistent effects as well as the biological, social, environ-
mental characteristics and factors that constrain or prompt weight-regulating behaviors. Focusing on
weight loss maintenance and the practice of new behaviors across multiple contexts has been shown
to be effective. In particular, socio-ecological approaches are promising and merit further evaluation.

There is also a need for more personalized, tailored intervention approaches with particular atten-
tion given to individual vulnerabilities, including: (1) genotypes and associated behavioral phenotypes
such as satiety responsiveness (82), motivation to eat (16,84), and binge eating (79,81,85,86,111,112);
(2) severity of obesity status; (3) age of the child; (4) risk factors such as having an overweight par-
ent, race/ethnicity, or socioeconomic status; and (5) co-morbid problems such as type-2 diabetes (34).
Future research evaluating a range of delivery options, such as the Internet, Smartphone, or residential
treatment, for behavioral approaches is warranted. Finally, further investigation of cost-effective meth-
ods for dissemination of family-based behavioral interventions into community settings and primary
care practices is sorely needed, given the vast numbers of children suffering from pediatric obesity.

ACKNOWLEDGMENTS

Funding sources to be acknowledged: K24MH070446; R01HD36904; R01DK065757;
R01MH081125; R01MH064153. The authors wish to thank Dr. Dorothy Van Buren and Rachel
Goldstein in their invaluable assistance in the preparation of this chapter.



Family-Based Behavioral Interventions 295

Editor’s Comments
• The findings summarized in your chapter dovetail quite nicely with the conclusions reached by

other authors in this volume. Your focus on energy density in dietary treatment complements the
findings of Johnson and Debb, who note the central role of energy density in the development of
childhood obesity. Likewise, your review of the long-term benefits of lifestyle activity (as opposed
to formal exercise) complements the views of Lanningham-Foster and Levine, who postulate a crit-
ical role for non-exercise activity thermogenesis in obesity development and maintenance. Your
focus on the parents and family strengthens and extends the findings of genetic investigations and
of studies (summarized by Mayer) implicating a critical role for maternal health and behavior prior
to, during, and after pregnancy. And your emphasis on positive reinforcement and reward as criti-
cal components of behavior change recapitulates the central role of reward mechanisms in appetite
control, as noted by Lustig. It is interesting that the paths of family counseling and public health
have now converged in a therapeutic approach that focuses on social ecology and multiple behav-
ioral contexts. School/community programs for obesity prevention are discussed in more detail in
Chapter 22 by Gittelsohn and Park.

• Intensive treatment for obesity is discussed in the chapters on exercise (Nemet and Eliakim), phar-
macotherapy, and bariatric surgery. I agree with your opinion about the value of intensive dietary
approaches. Studies in adults show that low-carbohydrate diets are most effective for short-term (≤6
months) weight loss. However, long-term studies suggest that the major determinants of weight con-
trol are total caloric intake and dietary compliance, not macronutrient composition; a comparison of
low-fat, low-carb, and low-glycemic diets showed few or no differences after 12 months (Dansinger
et al., 2005; Gardner et al., 2007) Similar observations have been made in children (Demol et al.,
2008).

Dansinger ML, Gleason JA, Griffith JL, Selker HP, Schaefer EJ. Comparison of the Atkins, Ornish, Weight
Watchers, and Zone diets for weight loss and heart disease risk reduction: a randomized trial. JAMA. 2005;293:
43–53

Demol S, Yackobovitch-Gavan M, Shalitin S, Nagelberg N, Gillon-Keren M, Phillip M. Low-carbohydrate (low &
high-fat) versus high-carbohydrate low-fat diets in the treatment of obesity in adolescents. Acta Paediatr. 2009;98
2:346–51; Sondike SB, Kay GA, Emmett MK. Weight loss regimens that control for carbohydrate quality or quantity:
a review. Pediatr Diabetes. 2008;9 3 Pt 2:33–45.

Gardner CD, Kiazand A, Alhassan S, Kim S, Stafford RS, Balise RR, Kraemer HC, King AC. Comparison of the Atkins,
Zone, Ornish, and LEARN diets for change in weight and related risk factors among overweight premenopausal
women: the A to Z weight loss study: a randomized trial. JAMA. 2007;297:969–77.

Editor’s Question and Authors’ Response

• What is your opinion of alternative dietary regimens including low-carbohydrate, vegetarian,
and very low calorie diets, for the management of obese children?

• The recent popularity of several alternative diets focused on making changes in macronutrient
intake [including high protein, low carbohydrate, Mediterranean, and vegetarian] among adults has
raised the question of whether such intensive dietary modification approaches are appropriate for
children. Studies with obese adults adhering to either high-protein, low-carbohydrate, low-fat or
Mediterranean diets suggest that altering the specific macronutrient content alone does not seem to
have a differential impact on weight in the long term (Due et al., 2004; Shai et al., 2008; Sondike
et al., 2008; Sacks et al., 2009). However, preliminary evidence suggests that vegetarian or vegan
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diets may be effective: in one trial, women randomized to a vegan diet lost more weight than women
on a low-cholesterol diet, and this weight loss was maintained over 2-year follow-up (Turner-
McGrievy et al., 2007). Long-term success is predicted by the ability to maintain compliance to
a specific diet (Sacks et al., 2009; Dansinger et al., 2005), and many adult participants are unable to
adhere to the recommended macronutrient guidelines after treatment cessation (Katan, 2009). Thus,
it appears that a long-term reduction of total energy intake, rather than adhering to alternative diets
targeted at drastically altering macronutrient content, is the key determinant of weight loss in adults.

• Although the majority of research in this area has been conducted with adults, recent studies have
begun to evaluate differential interventions with alternative dietary regimens for youth. Similar to
findings in adults, research with obese youth comparing diets that reduce overall caloric intake but
have distinct dietary regimens is successful, but do not result in significant long-term differences
in weight (Demol et al., 2009; Epstein et al., 1998) or waist circumference (Sacks et al., 2009). In
line with this, Epstein and colleagues’ (1998) systematic review found that total energy intake is the
key determinant of weight loss, rather than macronutrient content. It is noteworthy, however, that
obese adolescents adhering to a low-carbohydrate diet demonstrated a significant drop in insulin
levels and homeostasis model assessment in the long term (HOMA) as compared to a low-fat, high-
carbohydrate diet (Demol et al., 2009). These preliminary results suggest that it may be important
to tailor dietary interventions based on metabolic considerations, and further research is needed
to determine the impact of specific dietary regimens altering macronutrient content in obese and
insulin-resistant youth.

• Given the dearth of evidence in support of dietary regimens altering macronutrient content, it is
important to consider the feasibility of intensive dietary interventions that emphasize extreme over-
all reductions in energy intake (i.e., very low calorie, VLC, diets) for obese children and adolescents.
Such dietary approaches have been shown to lead to significant short-term reductions in percent
overweight (Demol et al., 2009; Epstein et al., 1994; Amador et al., 1990) and other improvements
in health indicators (Sothern et al, 2009; Due et al., 2004; Shai et al., 2008). However, the long-term
sustainability of these intensive dietary strategies has yet to be determined (Gibson et al., 2006).
Data from randomized controlled trials have also indicated that the presence of a controlled envi-
ronment (e.g., weight loss camps), which includes a VLC dietary component, can lead to greater
sustainability of behavior change and better weight outcomes in children and adolescents in the
long term (Kirschenbaum et al., 2009). Another key consideration while implementing VLC diets
is ensuring that children continue to receive adequate vitamins and nutrients, especially when daily
caloric intake is so minimal. VLC diets may be sufficient to produce initial weight loss in youth,
yet a lifestyle approach in the weight loss maintenance phase of treatment warrants evaluation as a
method for prolonging the benefits of dietary modification.

• Encouraging lifestyle dietary changes, which emphasize an overall reduction in caloric intake,
appears to be a more sustainable approach to reducing child overweight rather than aiming for a
specific macronutrient composition or extreme reductions in energy intake. Utilizing a dietary sys-
tem, such as the Traffic Light diet, that broadly divides foods (with appropriate serving sizes) into
easily recognizable “green,” “yellow,” and “red” categories allows children to understand the nutri-
tional value of food and reduce their overall caloric intake. Moreover, this system may encourage
greater flexibility with food selection and does not require parents and children to vigilantly track
calorie counts and fat content, which likely increases adherence to dietary changes in the long term.
In conclusion, achieving negative or stable energy balance, regardless of the specific dietary method
used, is the key to producing sustained reductions in child overweight while attending to a child’s
nutrition for overall growth and development.



Family-Based Behavioral Interventions 297

Amador M, Ramos LT, Morono M, Hermelo MP. Growth rate reduction during energy restriction in obese adolescents.
Exp Clin Endocrinol. 1990;96:73–82.
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INTRODUCTION

The mechanisms responsible for the increasing prevalence of childhood obesity are not entirely
understood, yet lifestyle changes associated with increased caloric intake and decreased energy expen-
diture probably play central roles, especially in genetically predisposed populations (1–3). This
indicates that preventive health education and therapeutic programs for childhood obesity require a
multi-disciplinary approach that includes lifestyle/behavioral modification, nutritional education, and
changes in physical activity patterns (4,5). In this chapter we will focus on the relationships between
children’s exercise knowledge and preferences and obesity; habitual activity and fitness level of obese
children; the effect of exercise on appetite and nutritional preferences; the hormonal effects of exer-
cise in obese children; and the role of exercise training as part of a multi-disciplinary approach to treat
childhood obesity.

WHAT DO YOUNG CHILDREN KNOW ABOUT NUTRITION AND EXERCISE
AND HOW DOES THIS AFFECT THEIR PREFERENCES?

Intervention programs for the treatment of childhood obesity must take into account the existing
nutritional and physical activity knowledge and preferences of children. In light of the fact that the
roots of obesity begin early in children’s lives, it is interesting that only a few studies have examined
the nutritional and physical activity knowledge of elementary school-aged and kindergarten children.
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Two older studies in schoolchildren raised concerns regarding lack of knowledge about food
composition; findings noted their inability to choose foods low in fat and/or saturated fat and their
limited understanding of fiber (6,7). A third investigation (8) in kindergartners assessed nutritional and
physical activity knowledge and preferences using a photo-pair food and exercise questionnaire devel-
oped by Calfas et al. (9). Physical activity knowledge scores were found to be significantly lower than
nutrition knowledge scores. However, while food preferences were not consistent with food knowl-
edge in kindergarten children, physical activity knowledge and preference were concordant (Fig. 1).
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Fig. 1. Nutrition and physical activity knowledge and preferences of kindergarten children [data from Nemet et al.
(8)]. ∗p < 0.0001 nutrition knowledge vs. preference. ∗∗ p < 0.006 nutrition knowledge vs. physical activity knowledge.

Previous studies in kindergarten children also reported that food preferences were not consistent
with knowledge of dietary guidelines (10). This suggests that dietary education should not only focus
on delivering nutritional information to children; rather it should develop new ways to reinforce
existing nutritional knowledge so that children can make better and healthier food choices.

Nutritional intervention studies in kindergarten children have been associated with positive effects
on food selection (11,12). In order to promote physical activity, efforts should concentrate on increas-
ing children’s knowledge about the importance of physical activity and fitness on health. Since exercise
knowledge correlates positively with exercise preference, the expansion of exercise knowledge will
probably beget more active lives. Promoting physical activity in kindergartens and schools may limit
the frequency and/or severity of common childhood diseases (obesity, diabetes, lipid abnormalities,
asthma, etc.) and might also be associated with increased academic performance and improved quality
of life (13,14).

Interestingly, gender differences were found in the kindergartners’ nutritional and physical activ-
ity knowledge and preference scores. Nutritional knowledge and preference scores were significantly
higher in females, while physical activity preferences were significantly higher in males. This finding
indicates that the development of gender-specific favorite interests and inclinations occurs as early as
the pre-school and kindergarten years. Therefore, health-care providers should concentrate on devel-
oping new methods to increase nutritional knowledge in young boys and to improve physical activity
preferences and the motivation to exercise in young girls.

Finally, there were no differences in nutritional and physical activity knowledge and preferences
scores between overweight (BMI > 85 percentile) and normal weight kindergarten children. This sug-
gests that there might still be a gap between knowledge or preference and its actual implementation in
overweight youth. Therefore, efforts should be made to create environments that will encourage obese
pre-school and kindergarten children to eat healthier foods and exercise. Strategies might include
additional physical exercise classes for children and/or homework that includes physical activity.
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However, since obese children may feel embarrassed to exercise with their normal weight peers, and
since obese children tend to increase their physical activity and improve their fitness when trained in
small groups of only obese partners (15), referral to structured programs for obese children might be
required.

OBESITY AND HABITUAL PHYSICAL ACTIVITY

The increased prevalence of childhood obesity in recent decades occurred despite little or no change
in overall energy intake and a decrease in fat consumption, suggesting that reduced energy expenditure
probably plays a major role. Increased sedentary behaviors such as television viewing and computer
games no doubt contribute to this trend (16); the likelihood of developing overweight increases dramat-
ically as a function of hours of television watching (five times higher for watcher of >5 h/day compared
to <2 h/day) (17). Moreover, Viner et al. demonstrated that television viewing in early childhood can
predict adult body mass index (18): each additional daily hour of television viewing (mainly during
the weekends) at the age of 5 years increased by 7% the risk of having BMI above 30 kg/m2 at the
age of 30 years. The cause for these relationships is reduced energy expenditure during TV watching
and enhanced intake of high-caloric foods, which rises in proportion to the number of food-related
commercials (19,20).

There is some evidence to support the idea that obese children are usually less active when compared
to normal weight children; one well-cited investigation of a small number of subjects found that obese
children spent more time sitting, standing, and walking during the day while normal weight children
spent far more time running (21). Yet the total energy expenditure of obese children, estimated by
oxygen cost or the doubly labeled water technique, is not reduced when measured in absolute terms;
however, it is lower when normalized to body mass (21,22), consistent with normal or increased basal
metabolic rate (reflecting muscle metabolism) and an excess of body fat.

There are a number of possible explanations for these findings. First, it is likely that apparent or
observed activity patterns do not accurately reflect energy expenditure. Second, it is possible that the
link between reduced physical activity and obesity is indirect, mediated by other factors that promote
obesity such as increased food intake. Third, measurements of energy expenditure in obese children
would not detect prior reductions in energy expenditure that led to the development of obesity in
the first place. In this regard, Roberts et al. demonstrated that total energy expenditure (TEE), but
not resting energy expenditure, of 12-month-old overweight infants of obese mothers was lower at
the age of 3 months (23). However, other studies in normal weight mothers failed to demonstrate a
relationship between TEE at the age of 3 months and obesity at 2–3 years (24). Finally, measurements
of energy expenditure in obese children (and adults) reflect in part the body’s adaptive responses to
weight change (see the Chapter 4 by Lustig and Chapter 28 by Lechan and Fekete) and therefore
cannot determine if hypoactivity is a cause or consequence of obesity.

Recently, Ischander et al. (25). assessed patterns of daily life (e.g., participation in high school
sports) in a group of normal weight adolescent girls to determine whether or not levels of habitual
physical activity per se influenced anatomic indices of body composition, circulating inflammatory
mediators, and growth factors. Sedentary and physically active girls were matched for BMI (mean
58.7 percentile, none > 85th percentile); as expected from the recruitment/selection strategy, the two
groups differed substantially in habitual physical activity (sedentary: ≤ three 20-min bouts of vigor-
ous physical activity per week and ≤ five 30-min bouts of moderate physical activity per week; active:
≥60 min of moderate-to-vigorous physical activity per day). Lower levels of inflammatory mediators
and leptin and higher levels of adiponectin and fitness were found in the active girls. Moreover, active
girls had significantly higher lean body mass and reduced fat mass. These data demonstrate that habit-
ual levels of physical activity influence inflammatory and growth mediators in adolescent girls and can
alter body composition in a way that is not detectable by measuring BMI alone. As there is mounting
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evidence that a variety of adult diseases originate from lifestyle patterns during childhood and adoles-
cence (26), the beneficial effects of exercise-associated reduced inflammatory mediators and increased
adiponectin levels in this important period must be appreciated.

OBESITY AND FITNESS

Many (but not all (29)) laboratory and field-based studies report that the fitness level of obese
children is lower than that of non-obese children, and that reduced fitness is related to the degree
of obesity. For example, maximal oxygen consumption (VO2max) normalized to body weight, an
indicator of aerobic fitness, correlated inversely with percent body fat estimated either by skinfold
measurements or by abdominal and thigh MRI (27). However, variability in the relative proportion of
fat and muscle can confound the determination of fitness when VO2max is normalized to body weight.
This is because VO2max is determined primarily by the metabolically active exercising muscle, while
body weight includes both muscle and fat.

To interpret this data it is useful to consider two separate components of fitness: muscle size depen-
dent and muscle size independent. In the former, training-induced increases in measurements like
VO2max are mediated by increases in muscle mass; in the latter, increases result from other factors
such as greater muscle tissue capillary or mitochondrial density and/or alterations in muscle fiber type.
To evaluate the roles of muscle and fat mass in body fitness we assessed the relationship between
VO2max/kg body weight and thigh muscle volume and fat content in adolescents during cycle ergom-
etry. As shown in Fig. 2, aerobic fitness as measured by VO2max/kg body weight was inversely related
to thigh (and abdominal) fat content; however, this relationship was abolished when VO2max/kg body
weight was normalized for thigh muscle volume. Moreover, VO2max scaled directly (i.e., a scaling
factor not different from 1.0) with muscle volume in this population.
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Fig. 2. Cross-sectional relationship between fitness determined by VO2max normalized to body weight and mean
thigh fat percent assessed by MRI (upper panel, r = –0.57, p < 0.002). Cross-sectional relationship between VO2max
normalized to thigh muscle volume and mean thigh fat percent (lower panel, r = 0.06, NS). Size-independent
components of VO2max were not related to adiposity [data from Eliakim et al. (27)].

These observations suggested that size-independent components of VO2max are not related to fat-
ness. The decrease in VO2max/kg with increasing fatness occurred because the proportion of muscle
volume to fat volume in the thigh decreases as weight increases. Simply put, while obese children
might have an increased muscle mass, this mass is not great enough to support and carry their increased
body weight. The same applies for muscle strength. No differences were found in isokinetic muscle
force per muscle cross-sectional area, and there were no differences in contractile characteristics except
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for lower activated motor unit percentage during maximal voluntary contraction (28). Therefore, the
reduced performance of obese children in tasks that require lifting/carrying their own bodies does not
result from reduced muscle contractile ability but from reduced muscle mass relative to excess body
mass.

Another reason for the decreased performance of obese children during aerobic tasks is reduced
economy of movement (higher O2 uptake during sub-maximal effort). Reduced economy of movement
is evident mainly during weight bearing activities (e.g., walking) and at high speeds. The cause for the
high cost of locomotion in obese children is the higher fat mass and a “wasteful activity pattern”
accompanied by gait asymmetry, longer gait cycle and stance duration, and reduced velocity (29,30).

Finally, obese children and adolescents rate the intensity of exercise higher than normal weight peers
(31). A higher rating of perceived exertion may result in reluctance to pursue intense or prolonged
exercise activities.

HORMONAL EFFECTS OF EXERCISE IN OBESE CHILDREN

Very few studies have examined the hormonal effects of exercise in obese children and adolescents.
A recent investigation (32) assessed the effects of intense exercise on the growth hormone (GH)/IGF
axis and neuroadrenergic hormones in obese compared with normal weight children and adolescents.
The exercise consisted of ten 2-min bouts of constant work rate cycle ergometry at a level 50% between
the anaerobic threshold and maximal oxygen consumption, with a 1-min rest interval between each of
the 10 exercise bouts. The major finding of the study was that GH and catecholamine responses to exer-
cise were attenuated in obese subjects (Fig. 3). In contrast, peak heart rate, respiratory exchange ratio,
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Fig. 3. The effect of exercise on growth hormone (GH, Upper panel) and dopamine (Lower panel) in obese and
normal weight children. Peak levels of both GH and dopamine were significantly reduced in obese children [data from
Eliakim (32)]. ∗ Within group differences (p < 0.05). ∗∗ Between group differences (p < 0.05).
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serum lactate levels, and peak VO2 normalized to lean body mass were comparable to those of normal
weight subjects, indicating that the cardiovascular responses to maximal exercise were equivalent in
the two groups.

The mechanisms underlying the blunted GH response to exercise in obese children are not com-
pletely understood, but may reflect baseline reductions in ghrelin, increases in insulin and free IGF-1,
and the general attenuation of GH responses to stimulation characteristic of obesity. The reduced
epinephrine and norepinephrine responses and the absent dopamine response to exercise in obese
subjects suggest the possibility of a centrally mediated attenuation of sympathetic adrenomedullary
function. Reduced central dopaminergic tone could explain the blunted catecholamine and GH
responses to exercise in obese subjects. There are indirect data suggesting that dopamine-2 recep-
tor (D2) gene expression may be abnormal in obese subjects (33); in theory, this could lead to reduced
central dopaminergic tone.

Several investigators (e.g., Kanaley and coworkers (34)) speculate that the attenuation of GH
responses in obese subjects might limit the benefits derived from exercise. However, it is now well
established that many of the effects of exercise training are mediated by IGF-I and are GH indepen-
dent (35,36). Despite the reduced GH response to exercise in obese subjects, levels of total IGF-I did
not differ between the two groups, and IGF-I increased significantly with exercise in the obese as
well as the normal weight subjects. Thus, the attenuated GH response to exercise in obesity appears
to be compensated by other hormonal mechanisms. Nevertheless, exercise might have less impact in
obese children with true GH deficiency, low baseline IGF-I levels, and low IGF-I responses to exercise
(as, for example, in children with Prader–Willi syndrome (37)). Such children might benefit from an
intensive approach that includes both exercise and exogenous GH.

Interestingly, both pre- and post-exercise insulin levels were significantly elevated in obese chil-
dren. The combination of hyperinsulinemia with suppressed GH and catecholamine responses could
in theory increase the risk of hypoglycemia during and after exercise. Hypoglycemia is rare in this
setting, but the lower GH and catecholamine levels in obese children may reduce carbohydrate and
fat utilization during exercise and thereby increase protein utilization (38–44). This may explain,
at least partially, the difficulty in reducing fat stores and increasing muscle mass in obese subjects
through exercise alone. Consistent with this hypothesis, previous studies demonstrated that elevated
BMI was associated with reduced responses to prolonged resistance training (39). It is possible that the
baseline GH and catecholamine responses to exercise might predict the response to weight reduction
interventions; an insufficient GH or catecholamine response might presage a need for more intense
intervention. Further studies are needed to clarify the extent to which these hormonal abnormalities
persist after weight loss and/or exercise training programs in obese children and adolescents.

Finally, the relationship between pre-exercise food consumption and hormonal responses was
recently examined in children (40). The GH response to exercise was severely attenuated when chil-
dren were given a fatty meal 45 min before exercise. Therefore, exercise intervention programs for
obese children should account for the content of pre-exercise meals.

OBESITY AND EXERCISE-RELATED FOOD CHOICES

Animal and human adult studies suggest that appetite is suppressed and total energy intake reduced
immediately after strenuous exercise (41,42). However, macronutrient choices are also modulated by
exercise. Exercise-induced increases in catecholamines, growth hormone, and free fatty acids acutely
increase carbohydrate intake and decrease fat intake (43).

Very few studies have examined the relationships between physical activity and nutrition in child-
hood obesity. The effects of different types of physical activity (e.g., aerobic, resistance and swimming)
on appetite and food choices were recently studied in normal weight and obese pre-pubertal children
(44). The immediate effects of exercise on macronutrient choices were found to differ significantly
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between normal weight and overweight pre-pubertal children. Total energy intake was reduced fol-
lowing resistance-type exercise in the normal weight children. Moreover, all forms of exercise were
associated with increased relative consumption of carbohydrate and decreased consumption of fat in
the normal weight children. In contrast, all types of exercise increased the relative consumption of
protein in overweight children, and total energy intake normalized to body mass was significantly
increased in the obese children following the swimming practice. This suggests that swimming might
be less effective than other forms of aerobic exercise in achieving negative energy balance and reducing
body weight in obese children.

The mechanisms controlling the post-exercise increase in energy and protein intake in obese chil-
dren are not known. As noted previously, the blunted GH and catecholamine responses to exercise
may reduce carbohydrate and fat utilization and increase protein utilization; this may explain why
appetite was not suppressed in the obese children immediately following exercise and why protein
intake increased.

It is important to point out that our study tested only the immediate effects of a single bout of
exercise on food intake. It is possible that the various forms of exercise have intermediate or long-term
effects as well or that both the normal weight and the obese children compensate for immediate effects
during the rest of the day.

Very little is known about the effects of chronic exercise training on food and macronutrient con-
sumption. It was thought that an increase in physical activity would be accompanied by increases in
appetite and food intake. However, the few studies of obese children found that increased activity was
accompanied by a decrease in energy intake; even if intake increases with exercise, negative energy
balance persists (45). It is speculated that increased appetite occurs only above a threshold level of
physical activity. The activity level of obese children in exercise intervention programs is probably
below this threshold (46).

EXERCISE TRAINING AND TREATMENT OF CHILDHOOD OBESITY

The short- and long-term effects of lifestyle behavioral, nutritional, and physical activity interven-
tions for the treatment of childhood obesity were recently assessed in a Cochrane review (47). Only
randomized, controlled trials were selected for evaluation, with a minimum of 6 months follow-up.
The primary outcome of the review was BMI standard deviation scores (SDS) and percentage over-
weight. Sixty-four studies were included in the review, and only 12 studied the effect of lifestyle
interventions that focused on physical activity and sedentary behavior. Nine of the interventions were
performed in pre-pubertal children (defined as <12-year-old) and were compared to standard care.
Of these, some (48,49) found beneficial effects on adiposity and pedometer walking with no signif-
icant between group differences. Weintraub et al. (50) compared an after school soccer program to
an active placebo (health and nutrition education program) and found that the subsequent increase in
BMI was significantly smaller in the soccer group. Three studies compared an experimental activity
program to an active placebo or control intervention for the treatment of adolescent obesity (defined as
>12-year-old). The authors (51–53) found that an after school activity program had no effect on BMI-
SDS compared to an active placebo or control group. The conclusion of the Cochrane review authors
was that “. . . a combined dietary, physical activity and behavioral intervention appears effective.
Family-based, lifestyle interventions with a behavioral program aimed at changing diet and physi-
cal activity thinking patterns provide significant and clinically meaningful decrease in overweight in
both children and adolescents compared to standard care or self help in the short and long-term.”

We recently demonstrated (15) the short (3 months) and longer term (1 year) beneficial effects of a
combined nutritional–behavioral–physical activity intervention in obese children and adolescents. The
3-month intervention included four evening lectures (childhood obesity, general nutrition, therapeutic
nutritional approach for childhood obesity, and exercise and childhood obesity) for the children and



310 Eliakim and Nemet

their parents. Participants met with the dietitian six times during the program and received a balanced
hypocaloric diet. The diet consisted of 1,200–2,000 kcal depending on the age and weight of the child;
this equated to a caloric intake 30% below reported intake or 15% less than estimated daily required
intake. In addition participants received dietary information by working sheets/flyers on important
nutritional issues.

All intervention subjects participated in a twice-weekly, endurance type training program
(1 h/training session). Subjects were instructed to include an additional 30–45 min of walking/other
weight bearing sport activities at least once a week. Subjects were encouraged throughout the program
by the physicians, nutritionist, and coaches to reduce sedentary activities (e.g., television viewing,
video games, use stairs instead of elevators, play outside instead of inside).

The intervention was associated with significant weight loss, reduced BMI, reduced body fat,
increased habitual physical activity and improved fitness, and reduced total and LDL-cholesterol
(Fig. 4). In contrast, obese children who received standard of care treatment gained weight, increased
their body fat percent, did not change their habitual physical activity level, and had a lesser
improvement in fitness. More importantly, the favorable effects on body weight, BMI, body fat, and
habitual physical activity and fitness were maintained in the intervention participants compared to the
control subjects after a 1-year follow-up. These results highlight the importance of multi-disciplinary
programs for the treatment of childhood obesity and emphasize the value of long-term studies to
assess success.
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Fig. 4. The short- (3 m) and long (12 m)-term effects of a 3-month multi-disciplinary program for the treatment of
childhood obesity. There was a significant reduction in BMI percentile in the intervention group compared to control
[data from Nemet et al. (15)]. ∗p < 0.05.

The mean decrease of 5–6% in age-adjusted BMI percentiles observed in this study is impres-
sive; some of the obese children and adolescents were no longer categorized as overweight at the
1-year follow-up, and many with marked obesity (BMI > 95%) were reclassified as overweight (BMI
85–95%). Moreover, serum cholesterol and LDL levels declined, and the level of fitness improved.
This is of great importance, since increased physical fitness, even without weight loss, can improve
insulin sensitivity and lipid profiles, reduce blood pressure, and reduce the risk of coronary heart
disease later in life (54).

Although not measured in our study, an important, often neglected, effect of exercise interven-
tions in obese children and adolescent is psychological in nature. Training-related changes include
improvement in self-esteem, body image, self-confidence, and ability to adjust to peer society (52).

In summary, childhood obesity has reached epidemic proportions worldwide despite major efforts
to promote weight reduction. The mechanisms responsible for the increasing prevalence of childhood
obesity are not completely understood, but lifestyle changes associated with increased caloric intake
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and decreased energy expenditure likely play critical roles. In the future we will need to better
understand the knowledge, preferences, and capabilities of young children and must delineate the
relative roles of food intake and habitual physical activity in childhood weight gain and fitness. This
will require a more comprehensive understanding of the hormonal effects of exercise in obese children
and the role of exercise training in treatment. New information will help us to optimize exercise
interventions for obese children and to select the best exercise protocols to achieve the desired energy
balance.

Editor’s Comment

• Winston Churchill once attributed his success in life to “conservation of energy: never stand up
when you can sit down, and never sit down when you can lie down.” Nevertheless, exercise reduces
visceral fat mass and increases lean body mass, thereby augmenting resting energy expenditure.
Aerobic training increases insulin sensitivity, reduces fasting and post-prandial glucose, free fatty
acid, and TG concentrations, and increases plasma HDL levels. Muscle oxidative enzyme activity
is induced, possibly via increases in mitochondrial size, the resulting induction of AMP-activated
protein kinase (AMPK) promotes Glut-4-dependent glucose uptake. In the aggregate, these effects
improve fitness, which in adults is related inversely to cardiovascular mortality (Jakicic, 2009).

Editor’s Question and Authors’ Response

• In concert with dietary modification, exercise can promote and maintain weight loss in obese
patients (Klem et al., 1997; Jakicic et al., 2008) and may help to prevent weight gain in high-
risk subjects. Yet there is controversy regarding the ability of exercise per se to reduce body
weight. This is because the effects of physical activity in isolation on BMI are modest and can
be neutralized by subsequent food intake (see, for example, Jakicic, 2009; Melanson et al.,
2009). Your studies of the effects of swimming on food intake in children are therefore of
interest. Can the differential effects of swimming and other forms of aerobic exercise on food
intake be explained?

• It is a popular belief that swimming stimulates appetite and energy intake. Interestingly, our results
supported this notion, but only in obese children. Although high adiposity makes floating easier
and may lead to less energy expenditure in overweight children, we found that energy intake was
significantly greater in the overweight compared to the normal weight children even after normal-
ization to body weight. Previous studies suggested that a possible mechanism for the increased
energy intake immediately post-swimming is related to the effects of cold immersion. This, how-
ever, cannot explain why only obese children overeat after swimming. Other studies suggested that
the post-swimming increase in energy intake may be related to changes in leptin, catecholamines
and dopamine. This requires additional study.

Jakicic JM, et al. Effect of exercise on 24-month weight loss maintenance in overweight women. Arch Int Med.
2008;168:1550–9.

Jakicic JM. The effect of physical activity on body weight. Obesity (Silver Spring). 2009 Dec;17 Suppl 3:S34–8.
Klem ML, Wing RR, McGuire MT, Seagle HM, Hill JO. A descriptive study of individuals successful at long-term

maintenance of substantial weight loss. Am J Clin Nutr. 1997 Aug;66(2):239–46.
Melanson EL, Gozansky WS, Barry DW, Maclean PS, Grunwald GK, Hill JO. When energy balance is maintained, exer-

cise does not induce negative fat balance in lean sedentary, obese sedentary, or lean endurance-trained individuals.
J Appl Physiol. 2009 Dec;107(6):1847–56.
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INTRODUCTION

For decades, school-based programs have constituted the primary approach for addressing the child-
hood obesity epidemic at the population level. School programs have the potential to reach many
children and affect many factors in the causal path to obesity (i.e., diet, physical activity, knowledge,
and other psychosocial factors); in theory, they have great promise for long-term sustainability through
institutionalization of intervention components (1–4).

On the other hand, the effectiveness of school-based interventions has for the most part been disap-
pointing. Most school programs have been associated with only modest impacts on childhood behavior
and weight gain (5–8). Some success has been observed in school intervention trials that have had
strong program champions, but the beneficial effects in children are often reversed if staff members
who championed the program leave the school (9,10). These findings have led us and other investiga-
tors to question the school-centered approach to child obesity prevention (11–15). One of the primary
critiques has been that school-centered programs are unlikely to be successful if not heavily reinforced
by strong interventions in the community.

Children are influenced by the wide range of choices and factors that constitute the food and physical
activity environments outside of schools; these include the presence and proximity of retail food stores,
the availability of prepared and “fast” foods, the variety and quantity of foods available and served
within the home, and the accessibility of parks and recreation centers. Parents and other caregivers
can influence greatly the foods consumed by their children, particularly at a young age (16,17). In
recent years, a growing number of school-based intervention trials have sought to expand beyond
the confines of the school to engage the broader community. We term these interventions “school–
community programs.” In addition to school-based interventions, they include community and family
components that invoke community involvement, nutrition environment intervention near schools, and
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family education and participation. Here we review the literature on “school–community” intervention
trials to answer three questions:

(1) What types of “school–community intervention trials” are found in the literature? How do these pro-
grams vary in terms of program components, emphasis on school versus community, strategies, and
study size, etc?

(2) How successful have “school–community” programs been? What components appear to be most
successful overall?

(3) What are future directions for school-based and school–community programs to prevent childhood
obesity?

To identify the relevant literature for school–community programs, we conducted a literature search
for the years from 1990 to 2009 using Medline, PubMed, PsycINFO, and the Cochrane Database of
Systematic Reviews. The following inclusion criteria were used to select articles for the review: (1)
selected studies should have both school-based intervention programs and substantial components
outside the school aimed at preventing childhood obesity; (2) the overall goal of studies should be pre-
venting unhealthy weight gain or obesity among children through increased physical activity, better
nutrition, and/or environmental policy changes in schools and communities; (3) evaluation outcomes
must include obesity, physical activity, and/or energy intake to be included in this review. We excluded
studies that sent home materials and/or had activities within the school for family members as their pri-
mary form of community engagement (e.g., Pathways (18), CATCH (19)). In addition, recent review
articles (2000–2007) on school-based and community-based childhood obesity prevention program
were manually checked to be sure that any studies mentioned in the reviews would meet the inclu-
sion criteria for this study. A total of eight intervention studies were found matching these criteria
and 22 articles were reviewed. Additional searches were performed to identify the relevant literature
for school–community-based diabetes prevention studies. Two additional studies were reviewed and
included in the tables.

Therefore, a total of ten intervention studies were reviewed. In addition to reference to published
articles, we contacted the lead authors when information was missing and included the information
provided by the authors to provide a more complete description of the studies.

SUMMARY OF THE LITERATURE

Summary of Articles of School–Community Programs for Obesity Prevention
Tables 1 and 2 summarize our findings from the review of the literature. Table 1 describes the back-

ground, target population, and intervention approach of each program. Table 2 outlines the methods of
evaluation used and the primary results and recommendations.

General Description of the Intervention Trials
Of ten studies reviewed, six were implemented in the USA, one in Canada, one in Australia, one

in New Zealand, and one in France. The intervention periods ranged from 1 to 3 years, with two
exceptions (9,28). With the exception of one study by Perman and colleagues (27), all interventions
were controlled trials with comparison groups; three of the studies (TAAG (10), SNPI (34), Switch
(38)) randomly assigned schools as intervention and control.

One study conducted in France, titled Fleurbaix-Laventie Ville Santé (FLVS (26)), has a different
approach than others included here. Unlike the other studies, which were designed as school–
community interventions, the French study was initiated in 1992 as a school-based nutrition education
intervention and evolved into a school–community intervention beginning in 1999. The program was
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still ongoing in 2007 when the evaluation paper was published; the reviewed paper summarized the
intervention effect through 2004.

Target Populations
Most of the studies reviewed here targeted elementary school students, most of whom ranged from

4 to 12 years of age. SNPI study targeted 4th–6th graders, whereas, SUS mainly focused on 1st–3rd
graders. TAAG worked mainly with middle school girls and ZDPP study targeted high school students.

The trials included in this review included children from a wide range of ethnic groups. Many of the
studies focused on low-income populations; for example, the two studies designed to reduce diabetes
risk factors were conducted in American Indian and First Nation children (9,29). Of the remaining
seven investigations, two specifically targeted populations with relatively lower socio-economic sta-
tus. Jumpin’ Jaguars worked with one elementary school in a community in which 57% of households
earned less than $10,000 annually; among participating children, 80% were either African-American
or Hispanic (27). Similarly, more than 50% of the SNPI participants were eligible for federally subsi-
dized, free, or reduced-price meals. The majority were ethnic minorities: 44% African-American, 17%
Asian, and 22% Hispanic children (34). On the other hand, the BAEW study population (Australia)
and the Switch population were mostly white (25,39).

Theoretical and Participatory Approaches
Not surprisingly, all ten studies mentioned community engagement as a key component of the for-

mative phase of the intervention. The TAAG study obtained detailed information on formative research
with community and school members as well as youth and family members (40–44). The SUS and the
SNPI formed advisory councils to assist in assessing community needs and designing the program
(34,35). The community-based intervention components in the FLVS study were proposed by com-
munity members and organizations that had previously participated in an earlier school-based nutrition
education intervention in the community. The communities themselves suggested and organized events
for increasing physical activity levels targeting whole communities (26). Lastly, all the diabetes pre-
vention studies in native communities emphasized partnership between research teams and community
leaders for a successful intervention; this is well documented in KSDPP (28,30,49).

Intervention Components Inside and Outside Schools
All the studies included in this review have both school-based and out-of-school components

(Table 3). While studies that solely emphasized family materials/workshops were not considered
sufficient for inclusion, most investigations included parent outreach programs and events (except
TAAG (10)). Most of the studies (7/10) included policy and environmental changes as components
of school-based programs. For example, the SNPI study (34) used a coalition of community-based
organizations to focus on changing food and nutrition environments in schools. After-school programs
were incorporated to increase physical activity levels [BAEW (25), SUS (35), TAAG (10), and APPLE
(20)] and to target overweight or obese children by collaborating with other local agencies [Jumpin’
Jaguars (27)].

The types and intensities of community programs varied considerably (Table 3). However, more
than half of the studies (6/10) endeavored to change the food environments in their communities.
For example, the SUS study devoted a substantial part of the intervention to developing community
gardens and farmers’ markets and recruiting SUS “approved” restaurants in the city (35). SNPI also
worked with local food stores to help customers identify healthier food options by providing point of
purchase information (34). Half of the studies (5/10) focused on environmental factors that encour-
age physical activity in communities. With the support of the town councils, the FLVS study led
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Table 3
Types of Intervention Strategies Used in the Studies Included in This Review

APPLE BAEW FLVS JJ KSDPP SNPI SUS SWITCH TAAG ZDPP

Classroom
curriculum

x x x x x x x x x x

School policy
developmenta

x x x x x x

Before school
programb

x x x x x

After-school
program

x x x x x

Parent outreach x x x x x x x x x

Community
components

Participatory
research

x x x x x x x x

Advisory
council
formed

x x x

Changing food
environmentsc

x x x x x x

Changing PA
environments

x x x x x

Working with
various local
stakeholdersd

x x x x x x x x x

Collaboration
with local
health offices

x x x

Community
events

x x x x x x

Mass media
campaigns

x x x x x x

aIncluding a wide variety of school policies with regard to better nutrition and higher physical activities (school food
service, vending machines, cooled water filters, improvement of school physical activity facilities, etc).

bIncluding breakfast program, walk to school campaign.
cIncluding farmers market, community gardening, working with local food stores and restaurants.
dIncluding local physician, clinic staff and city employers training, and involvement of other community-based
organizations.

to the construction of new sporting facilities; new sport educators were employed as a part of the
intervention (26). The KSDPP study held various promotional events on increasing physical activi-
ties targeting the whole community (28). The SUS study worked closely with the city government to
increase walkability and bikeability in the community (35).
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Most of the interventions (8/10) worked closely with various local stakeholders. The TAAG study
implemented intervention components for increasing physical activity among girls both on and off
school property, working with small advisory groups of school staff and community organizations
and members. Community organizations, such as the YMCA or YWCA, local health clubs, and
community recreation centers, were identified in intervention schools and invited to plan and imple-
ment programs and events. Moreover, the study recruited and trained Program Champions from
intervention schools and communities to take ownership of the program for the purpose of sus-
tainability after researchers from outside the community leave the study (10). The Jumpin’ Jaguars
study enlisted the support of various local community-based organizations (e.g. YMCA, Community
Trust Bank, and God’s pantry) for their after-school program (27). Lastly, the SNPI study worked
with local food stores to promote intake of healthy foods (34). The SUS trained local physicians
and clinic staff to increase awareness of childhood obesity and formed collaborations with ethnic-
minority group in the community (35). The Zuni Diabetes Prevention Program (ZDPP) developed
supportive social networks by forming a Teen Task Force, which helped to recruit youth par-
ticipants into the study and served as peer mentors for other students (9). Three of ten studies
included collaboration with local health offices or support from government organizations. For exam-
ple, the BAEW strategies were incorporated into the Municipal Public Health Plan and Integrated
Health Promotion Plan (25). Most studies (7/10) reported that the intervention attempted to reach
the whole community in order to increase awareness of the programs through various mass media
campaigns.

Process Evaluation
Most of the studies (8/10) collected process evaluation data [except (27,26)], with great variation

in methods and documentation. Process evaluation measures included changes in schools’ and in
communities’ environments as well as dose, reach, and fidelities of intervention activities (28,35,45).
Two papers from the SUS study presented the results of food environment modification efforts in the
community, focusing on food service at schools and local restaurants (36,37).

Psychosocial Measures and Behavioral Impacts
We compared the forms of evaluation used by the different trials. Psychosocial factors were

measured in more than half of the studies reviewed. The BAEW (25) and the SNPI (34) studies
administered body dissatisfaction questionnaires to monitor adverse effects of the interventions. The
KSDPP (28), Switch (39), TAAG (46), and ZDPP (9) studies measured psychosocial factors such as
self-efficacy, outcome expectations, knowledge, perceptions, and/or attitudes.

Seven studies measured both dietary intake and physical activity. The TAAG study measured only
physical activity levels among participating girls using accelerometers and observations (10). FLVS
and Jumpin’ Jaguars did not include behavioral assessments (27,26). Most of the studies of physical
activity level and dietary intake used self-reported questionnaires. Some specific behaviors, such as
intake of fruits and vegetables or screen time, were reported separately in some studies [KSDPP (29),
Switch (39), and ZDPP (9)].

Health Outcomes
BMI and BMI z-scores were the most common health outcomes measured. In addition, some studies

included other anthropometric measures such as waist–hip ratio, percent body fat, and physiological
measures such as blood pressure and pulse rate. Overweight or obesity prevalence and incidence were
also reported in some studies [FLVS (26), SNPI (34)].
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Community Measures
Impacts at the community level were assessed in some trials. One study measured sustainability of

the program effect after 2 years of program completion by interviewing school principals [APPLE
(22)]. Other studies (28,45,36) mentioned environmental and policy changes as a measure of the
impact of intervention. The Switch study performed community surveys before and after the inter-
vention to measure the changes on community awareness of the study’s target healthy behaviors (38).
The SUS study team described efforts to change food environments in restaurants and schools. The
compliance rate of restaurants that followed approval criteria was not high (∼50%); however, school
food environments improved after implementation, with increased availability of fruits, vegetables,
whole grains, and low fat dairy products (36,37).

STUDY RESULTS

Impact on Psychosocial Factors and Behavior
Three studies assessed the psychosocial impacts of intervention: two studies found no increase in

body dissatisfaction or eating disorders among participants [BAEW (25), SNPI (34)], and one study
reported that participants perceived positive changes in their behaviors (39).

Among five studies that reported nutrition-related behavioral changes, three had positive results
(9,20,39) while two found no changes in dietary intake (34,29). The APPLE project documented lower
consumption of carbonated beverages and higher consumption of fruit among intervention children
and the ZDPP noted lower consumption of sugared beverages. Lastly, the parents of children from the
Switch intervention communities reported higher consumption of fruits and vegetables (39). Only one
study reported dietary results at the nutrient level (KSDPP); no significant impacts were observed.

Among five studies that reported effects on physical activity, four had a positive impact. The
APPLE intervention increased physical activity level (20), SNPI and Switch reduced sedentary behav-
ior (34,39), and the TAAG study increased the activity levels of adolescent girls (10). The KSDPP
study showed increases in physical activity during the initial study period (1994–1999); however,
these changes were not sustained in a 3-year follow-up (29).

Impact on BMI and Anthropometric Measures
Six of the ten studies demonstrated positive albeit small impacts on BMI and related anthropometric

measures (Table 4). Children undergoing the BAEW intervention gained less weight and had smaller
increases in waist circumference, BMI z-score, and waist–hip ratio than children in the comparison
group. Even though the program did not analyze changes in the prevalence and incidence of overweight
and obesity between intervention and comparison groups, the changes in BMI and other anthropomet-
ric measures are encouraging (25). The SUS (35) and the APPLE project also showed promising
outcomes (20,22): mean BMI z-scores were reduced. Moreover, BMI z-scores and the prevalence of
overweight remained lower in the APPLE intervention group for 2 years. The SNPI program (34),
which focuses on changing nutrition environment at schools, showed that the predicted odds of inci-
dence and prevalence of overweight were lower for the intervention group. The KSDPP showed some
early positive effects on skinfold thickness but not on BMI or fitness (29). Glucose/insulin ratios were
increased in the ZDPP study; the significance of this finding is unclear without proper comparison
groups and without controlling for other factors in the analysis (9).

Impact on Community
Most of the studies sought to work with community groups to reduce unhealthy weight gain or dia-

betes risk factors; however, little information on how the intervention changed communities was found
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Table 4
Study Impact and Target Age Summary

Study Age (years) Effect on BMI z or rates of overweight/obesity

APPLE 5–12 –0.11 to –0.26

BAEW 4–12 –0.11

FLVS 5–12 Odds Ratio overweight: 0.72 boys, 0.52 girls

Jumpin’ Jaguars Elementary school Mean BMI percentile lowered in T

KSDPP 6–12 (1st–6th graders) None

SNPI 9–12 (4th–6th graders) Odds ratio overweight 0.67/No effect on obesity

SUS 6–9 (1st–3rd graders) –0.10

SWITCH 8–11 (3rd–5th graders) None in BMI mean value

TAAG 11–14 (6th–8th grade girls) None

ZDPP 14–18 (9th–12th graders) None (lowered BMI post-intervention but NS)

NS: Not statistically significant, T: Treatment group.

in the papers. One follow-up study of APPLE explicitly addressed sustainability issues: whether the
intervention components in schools and communities were still in place 2 years after program cessation
(50). Some studies mentioned that they followed environmental and policy changes in communities as
part of process evaluation but results were not documented [e.g., KSDPP (38), TAAG (26)].

DISCUSSION

Our review of the literature identified a limited number of school-based obesity prevention programs
that had a substantial community component. It is clear that a great deal of work remains to expand this
area of intervention research as a means of addressing the child obesity epidemic. Some large-scale
interventions with extensive community involvement are underway: the SUS study is being replicated
in six urban communities in the USA (renamed BALANCE) and is being adapted and implemented
in eight rural communities in the USA (renamed CHANGE) (51). We expect to see more evaluation
results in a few years; this should provide more definitive information regarding the effectiveness
of school–community intervention programs. Nevertheless, on the basis of the work reviewed, some
limited conclusions can be drawn.

In general, the school–community trials reviewed in this chapter have had a limited but significant
impact in reducing BMI z-scores or obesity rates in children. Limited success has also been achieved
with efforts to change food and physical activity environments in order to increase the choices available
to children and their caregivers, such as working with food stores to increase the availability of healthy
foods. However, more work needs to be done to tie these school-external changes to those that have
been made to curriculum and to activities within the schools so that children and their adult caregivers
are aware of the changes made.

It should be noted that eight of the ten studies we reviewed were conducted in elementary school
children; the two studies of teenagers found no effect on weight gain or fat mass, although the TAAG
intervention increased activity levels in adolescent girls. The preferential responses of prepubertal
children to a lifestyle intervention likely reflect greater parental supervision and tighter control of food
intake and selection. Other studies have noted the difficulty in changing weight-related behaviors in
obese adolescents (50,52,53).
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Changing the environment around schools and in communities is enormously challenging and
requires a great deal of focused effort and community support and engagement. Community
engagement and participatory approaches are central features of the successful “school–community”
intervention trials reviewed in this chapter. No single approach appears to have been highly effective,
and in fact the level of engagement ranged considerably.

Many of the programs reviewed stressed and incorporated policy changes both inside and outside
schools (34,25,35,20). Policy changes may be viewed as another form of community engagement.
Policy changes would lead to institutionalization of program activities in schools and community
settings, which may lead to long-term sustainability.

Serious deficiencies exist for most of the intervention trials reviewed in terms of evaluation method-
ologies. While the studies included community intervention components, there is significant room
for improvement in assessing change at the community and environmental levels pre- and post-
intervention. A further weakness is the lack of substantial process evaluation of each component of
the intervention implemented in the community. These are major gaps that should be addressed in
future trials of school–community programs. Furthermore, most of the studies did not provide data
on the impact of their programs on dietary intake at the nutrient level. Behavioral outcomes like
diet and physical activity are required to explain the mechanisms for change in weight status or lack
thereof.

In addition, it is important to document and disseminate information regarding costs for future
assessment of trials in this area. Only one study conducted a cost analysis (23); a second mentioned
the total cost of intervention implementation (27). We contacted the original authors of the studies to
gather more information on cost (Table 5). Due to the complex nature of school–community-based
interventions, including variation in study size, geographical differences, and evaluation methods, it
was challenging to make any comprehensive comparisons using the data provided by the authors. The
variation that we observed was substantial: costs of intervention ranged from 2 euro (∼ 2.9 USD) to
429 USD per child per year. This can be explained by program differences. One was an intensive 2-year
intervention beginning with building partnership with other stakeholders in the community to working
with school cafeterias to alter food choices (23); the other capitalized on an established collaboration
with the community and did not require many external resources (26).

Table 5
Intervention Cost Summary

Study Total cost

APPLE $239,518 for 2 years; $429/children/year

BAEW $326,806 for 4 years

FLVS $2.84/person/year

Jumpin’ Jaguars $14,000–16,000/school/year

KSDPP N/A

SNPI $30,000/school/year

SUS N/A

SWITCH $1.2 million for the whole program; $35–40/family

TAAG N/A

ZDPP N/A
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Two studies found no adverse effects on children’s psychological health. Stigmatization of children
in school-based programs is a potential concern and led to the termination of one reportedly successful
approach that targeted overweight children (54,55). Only one of the ten studies reported here (Jumpin’
Jaguars) included a specific intervention for overweight children. On the one hand, the inclusion of
the entire school population represents a strength of school–community programs. On the other hand,
the lack of targeting may limit the effectiveness of school-based obesity interventions for overweight
or high-risk children. More detailed investigation will be required to resolve this conundrum.

An additional challenge lies in the area of study design. We emphasized intervention strategy as the
primary criterion by which we selected studies for this review; this enabled us to include many studies
with various forms of school–community interventions. However, limitations in design of some of the
studies (such as lack of a control group) weaken our ability to draw firm conclusions. In addition,
many school-based studies, such as CATCH (19) and Pathways (18), took the unit of analysis and
randomization as the school itself. This is not possible when extensive community engagement and
changes become an additional focus of the intervention. Instead the unit of analysis becomes the com-
munity. Rigorous statistical analytical methods are needed to capture the unique aspects of community
involvement and social engagement.

As noted, the reductions in mean BMI z observed in these studies were modest and variable, and
the interventions are time consuming and, in some cases, expensive. Should we then abandon our
efforts with school and communities and focus on targeting families and children at the highest risk
for obesity and its complications? Strong evidence indicates that these targeted efforts can be effective
(56,57). We would argue, however, that the sheer size, scope, and progression of the obesity epidemic
will not permit us to focus our efforts solely on the small number at greatest risk.

To conclude, the experience with school-based interventions has been discouraging, and an emerg-
ing body of literature reveals strong associations between the obesogenic environment and the
prevalence of childhood obesity. Our findings suggest that school–community interventions provide
one possible solution to the problem. Ongoing studies with strong design and evaluation plans will
provide more information regarding the efficacy and costs of school–community programs for pre-
vention (and management) of childhood obesity. In the meantime, the positive trends noted in our
review provide support for continued and expanded research trials that intervene in both schools and
the communities that surround them.
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BACKGROUND

The use of pharmacologic agents for treatment of obesity has a checkered history. A vari-
ety of drugs and hormones have been shown to cause short-term weight loss in obese adults;
however, attempts to reduce body weight with powerful stimulants and appetite suppressants – exam-
ples include amphetamines, phenmetrazine, thyroid hormone, dexfenfluramine, and rimonabant –
ultimately proved disastrous when the drugs were found to cause life-threatening cardiovascular
complications and/or psychological decompensation (1).

Yet, the pediatric community faces a serious challenge: The obesity epidemic has generated a ris-
ing tide of major metabolic complications, including impaired glucose tolerance (IGT) and type 2
diabetes, hypertension, dyslipidemia, ovarian hyperandrogenism, hepatic steatosis, and sleep apnea
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in adolescents and young adults; yet the traditional approaches to weight reduction, in the form of
diet and exercise counseling, have been inconsistently or marginally effective. This has renewed inter-
est in “safer” pharmacologic approaches that might complement the effects of lifestyle intervention
and thereby reduce the incidence or severity of co-morbidities. This chapter assesses the benefits and
potential risks of pharmacologic agents for treatment of childhood obesity and presents a conceptual
approach to patient and drug selection, timing of intervention, and the setting of short- and long-term
therapeutic goals.

THE RATIONALE FOR PHARMACOTHERAPY

The Limits of Lifestyle Intervention
The classic approach to reducing body weight in obese subjects consists of diet and exercise coun-

seling (so-called lifestyle intervention). Lifestyle intervention can reduce rates of weight gain and fat
deposition in children [see (2) and Chapter 20 by Wilfley et al. and Chapter 21 by Eliakim and Nemet,
this volume] and delay or prevent the development of type 2 diabetes in obese adults during trial peri-
ods lasting as long as 4 years (see below). However, lifestyle intervention is effective only if applied
intensively and continuously in highly motivated subjects. Indeed, a recent Cochrane analysis (3) of 62
investigations showed that responses of children and adolescents to diet and exercise counseling have
been highly variable and often disappointing: The mean reductions in BMI z score were 0.05 and 0.14
in pre-adolescents and adolescents, respectively. The Cochrane data are representative, but compar-
isons among studies must be interpreted with caution because of variations in patient populations and
study designs. In general, “intensive” lifestyle intervention, with obligatory caloric restriction, mul-
tiple individual and/or group counseling sessions, daily exercise, and numerous clinic visits, reduces
body weight by as much as 4.3–7 kg (∼4.5–6.5% of body weight) during the first year, while the stan-
dard lifestyle approaches delivered to nearly all obese people, namely dietary recommendations and
regular clinic visits, have little benefit for the majority of kids (2,3).

Most studies demonstrating clinical benefit of lifestyle intervention in children have been short-
term (6 months to 2 years) investigations, and rebound weight gain has in some cases obliterated prior
weight loss (2). Nevertheless, at least one controlled trial provides evidence for long-term (5–10 years)
weight maintenance in children who received intensive intervention, including dietary, exercise, and
family counseling [see (4) and Chapter 20 by Wilfley et al.].

It should be noted that published studies of the benefits of lifestyle intervention have selected for
highly motivated families and children willing (and often eager) to participate in investigational proto-
cols. On the other hand, children referred by their general pediatricians to specialty clinics for “obesity
treatment” may lack the motivation and/or resources necessary to achieve weight control; many (if not
most) such people have difficulty losing weight or sustaining weight loss. Time commitments and
the costs of lifestyle changes may play important roles (5) in treatment failure, and some people may
simply tire of living with, or may rebel against, dietary restrictions. However, there are also important
biological considerations: As noted in Chapter 26 by Lustig and Chapter 28 by Lechan and Fekete,
weight loss is accompanied by reductions in plasma leptin, insulin, and tri-iodothyronine and increases
in plasma ghrelin, adiponectin, and insulin sensitivity. These adaptations stimulate appetite and pro-
mote food craving, reduce sympathetic tone and energy expenditure, and enhance lipogenesis, thereby
facilitating rebound weight gain. Consequently, short-term weight loss cannot be sustained without
considerable effort. Many will fail.

What Happens if Lifestyle Intervention Fails and Obesity Persists or Worsens Over Time?
As described in detail in various chapters in this volume, progressive obesity in children and

adolescents is associated with impaired glucose tolerance (IGT), hypertension, dyslipidemia, ovarian
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hyperandrogenism, hepatic steatosis, and sleep apnea. Long-term risks include type 2 diabetes (T2D),
cardiovascular disease, and malignancy.

T2D is a progressive condition that appears to begin with insulin resistance. Progression to glucose
intolerance is associated with expansion of body (particularly visceral) fat mass, declining insulin
sensitivity, and a reduction in glucose-stimulated insulin secretion.

What are the long-term risks of T2D in people who were obese as children? In markedly obese
adolescents studied at Yale Medical Center (6), the prevalence of T2D rose from 2 to 6% within a
20-month period between the ages of 12.5 and 14.5 years. In the Bogalusa study (7), the prevalence
of T2D was 13.5% by age 32 years in subjects who were obese at age 9–11 years; in the Princeton
(Cincinnati) study (8), the prevalence of T2D was 15.6% by age 37 years in those who had metabolic
syndrome as children.

But those data tell only a part of the story. The prevalence of T2D in young American blacks is more
than twice as high as that in whites, and in African-American children with preexisting co-morbidities,
the rates of development of T2D are impressive. In the Princeton study (8), diabetes developed in more
than one in four African-American young adults (25.8%) who had metabolic syndrome as children;
the rates were even higher in those who had a family history of the disease. In the group studied
at Yale (6), 7 of 10 African-American tweens (mean age 12.5 years) who had marked obesity and
impaired glucose tolerance developed diabetes within a 20-month period. So, severe obesity, insulin
resistance, and impaired glucose tolerance are prone to progress to frank T2D in high-risk groups.
Failure to intervene in a timely and effective manner may therefore have serious long-term metabolic
consequences.

Insulin resistance and impaired glucose tolerance increase the risk for development of cardiovas-
cular disease as well as diabetes. As discussed in Chapter 19 by McGill et al., obesity and insulin
resistance are associated with carotid intimal medial thickness (CIMT) in 5- to 14-year-old children
and with CIMT, arterial fatty streaks, right carotid atherosclerosis (PDAY study), and coronary artery
fibrous plaques (Bogalusa study) in 15- to 24-year-old young men. This explains why the risk of
coronary artery disease in adults increases 10–15% for every 1 unit increase in BMI z in childhood
(9,10).

Finally, severe obesity in adults predisposes to malignancies of the liver, colon, pancreas, and breast.
Whether or not childhood obesity predisposes to adult malignancy is unclear. One long-term follow-
up study (10) showed that middle-aged men (not women) who had been obese as children were at
higher risk for colon cancer; the odds ratios were highly variable (OR 9.1, CI 1.1–77.5). A more
recent investigation (11) found a twofold increase in the rates of pancreatic cancer in adults who had
been obese between the ages of 14 and 29 years.

Thus, intensive lifestyle counseling may be successful in some children referred to pediatricians
or pediatric specialists for treatment; but those with persistent obesity, severe insulin resistance,
and impaired glucose tolerance (IGT) who fail to respond to lifestyle intervention are at risk for
life-threatening complications as adults. This has stimulated interest in pharmacologic and surgical
approaches for treatment of childhood obesity and prevention or reversal of complications. In a sub-
sequent chapter (Chapter 27) Drs. Yurcisin and DeMaria discuss the benefits and risks of surgical
intervention in obese adolescents. Here I analyze the benefits and risks of pharmacologic agents for
obese children and teenagers and present a conceptual approach to tailored drug selection and timing
of intervention.

EFFECTS OF PHARMACOLOGIC AGENTS IN OBESE SUBJECTS

Can pharmacologic agents complement the effects of lifestyle intervention and reduce the risks of
complications in those who fail to respond adequately to lifestyle change? This review focuses on three
major classes of medications used to treat obesity and its complications. The drugs have differential
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mechanisms of actions and, as will be seen, differential benefits and adverse effects. Sibutramine
acts centrally to inhibit reuptake of serotonin, norepinephrine, and, to a lesser extent, dopamine. It
reduces hunger and increases satiety (12). Orlistat inhibits intestinal lipases and reduces by 25–30%
the gastrointestinal absorption of fat (12). Finally, through activation of AMP-activated protein kinase
(AMPK), metformin reduces hepatic glucose production and fasting insulin concentrations and inhibits
fat cell lipogenesis (13). It can increase peripheral insulin sensitivity and may reduce food intake by
raising levels of glucagon-like peptide 1 and/or reducing hypothalamic expression of neuropeptide Y
(14–16). Newer drugs that may prove useful for obesity treatment in the future are discussed briefly at
the end of the chapter.

SIBUTRAMINE

Sibutramine ((±)-1-[1-(4- chlorophenyl) cyclobutyl]-N,N,3-trimethylbutan-1-amine, Figs. 1 and 2)
is approved by the FDA for treatment of obese adolescents (≥16 years) and adults. Following oral
administration the medication is metabolized (CYP3A4) by the liver; peak plasma levels of the drug
and its two active metabolites are achieved at 1 and 3–4 h, respectively. The active metabolites have
half-lives of 14–16 h; inactive metabolites are excreted in the urine.

Sibutramine acts centrally to reduce appetite and increase satiety; these effects are mediated in part
by serotonergic (5-HT2c receptor) activation of POMC neurons and release of α-MSH, an anorex-
igenic peptide, in the hypothalamic arcuate nucleus. In addition, binding of serotonin to 5-HT1B
receptors inhibits the release of the orexigenic peptide AgRP and (possibly) neuropeptide Y (17);
see also Chapter 2 by Lustig and Chapter 28 by Lechan and Fekete. Weight reduction is facilitated by
increases in energy expenditure, mediated in part by sympathetic induction of brown adipose tissue
thermogenesis (18).

In overweight and obese adults, sibutramine reduces BMI and waist circumference; in combination
with a low-calorie diet, the drug can reduce body weight as much as 10–12 kg within the first 6 months
of treatment. The effect of the drug tends to plateau thereafter; discontinuation of medication leads to

Fig. 1. Chemical structures of anti-obesity agents.
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Fig. 2. Mechanisms of action of anti-obesity agents. Major sites of action are indicated in italics. GLP-1, glucagon-
like peptide 1; FFA, free fatty acids; HGP, hepatic glucose production.

rebound weight gain within 2 months (19). Meta-analyses of trials lasting 1–2 years show a mean
weight loss ranging from 3 to 5 kg. Waist circumference declines by 4 cm, with reductions in visceral
fat (20).

The drug is most effective when combined with behavior therapy and caloric restriction; a 12-month
randomized study in obese adults (21) showed that sibutramine alone was as effective as intensive
lifestyle intervention in reducing weight (mean ± SD weight loss for sibutramine alone 5.0 ± 7.4 kg,
amounting to 4.6% of body weight; intensive lifestyle 6.7 ± 7.9 kg, 6.4% of body weight); the addi-
tion of so-called brief lifestyle intervention to sibutramine therapy provided no additional benefit,
while the effects of sibutramine plus intensive lifestyle intervention (12.1 ± 9.8 kg, 11.4% of body
weight) exceeded the benefits of either intervention alone. These findings suggest that lifestyle change
plus pharmacotherapy may act in concert when lifestyle intervention is pursued with resolve. Recent
reviews suggest that the combination of sibutramine and lifestyle intervention can limit weight regain
after weight reduction.

Factors in adults that predict weight loss in response to sibutramine include higher baseline BMI,
younger age, lower depression scores, and lower energy intake at baseline (17). Moreover, certain
genes may influence the response to the drug; in obese women, the GG and AA genotypes of the
phenylethanolamine N-methyltransferase gene (the rate-limiting enzyme in catecholamine biosynthe-
sis) were associated with greater weight loss with sibutramine than the AG genotype. Other studies
suggest possible effects of polymorphisms of the GNβ3 gene, which encodes the β3 subunit of the
G-proteins, the α2A adrenoreceptor, and the serotonin transporter protein (17).

Sibutramine-induced weight loss in adults is accompanied by variable increases (2.5–11%) in HDL-
cholesterol (HDL-C) levels and small reductions in serum triglycerides (17). Improvements in insulin
sensitivity and liver fat content tend to parallel the magnitude of weight loss. Effects on serum lep-
tin and adiponectin levels are inconsistent; HbA1c levels were not reduced in adults with type 2
diabetes (17).
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The effects of sibutramine in obese adolescents are consistent with those in adults. A placebo-
controlled trial (22) in 82 obese adolescents receiving behavior therapy demonstrated that sibutramine
reduced body weight by 4.6 kg relative to placebo after 6–12 months. In a second study (23) of 60
obese teens, sibutramine reduced body weight and BMI by 7.9 kg and 2.7 kg/m2, respectively, rel-
ative to placebo. There were no effects of the drug on serum lipids or insulin sensitivity in either
study. A recent 12-month investigation (24) in 498 obese adolescents receiving behavior therapy
showed that sibutramine (10–15 mg/day) reduced body weight by 8.4 kg, BMI by 2.9 kg/m2, and
waist circumference by 6.4 cm relative to placebo; HDL levels increased 3.1 mg%, triglyceride levels
declined 25.2 mg%, fasting insulin levels fell (–7 μU/ml), and insulin sensitivity improved. A recent
meta-analysis (25) demonstrated that the drug reduced mean BMI in obese teens by 2.4 kg/m2.

No studies to date have demonstrated that treatment with sibutramine can reduce the prevalence or
severity of obesity co-morbidities. Indeed, long-term use of sibutramine may be problematic, because
medication use is associated with a number of adverse effects. Meta-analyses show that sibutramine
increases pulse rate by 4–8 bpm and blood pressure by 1–3 mmHg in adult subjects (12,25–27). In a
major placebo-controlled study of sibutramine in obese adolescents (22), hypertension forced 19 of 43
subjects to reduce the dose of the drug and 5 of 43 (11.6%) to discontinue the medication altogether.
The follow-up multicenter study (24) excluded subjects with baseline systolic and/or diastolic blood
pressures exceeding 130 and 85 mmHg, respectively. Nevertheless, sibutramine increased mean sys-
tolic and diastolic blood pressure by 1 mm and 1.7 mmHg, respectively, and 2.1% of patients developed
hypertension during treatment. A total of 6.3% of patients became tachycardic, and mean pulse rate
increased by 2.5 bpm. No patients developed arrhythmias, but there are reports of ventricular ectopy
and prolonged QT syndrome in a few patients treated with sibutramine (28). The drug may interfere
with the metabolism of erythromycin and ketoconazole. Sibutramine can also cause insomnia (3.2%
of adolescents), dizziness (4%), dry mouth, and constipation and must not be used in combination
with monoamine oxidase inhibitors, selective serotonin reuptake inhibitors (SSRIs), ergot alkaloids,
or a variety of other medications that can cause the serotonin syndrome (29) The long-term effects of
sibutramine on behavior and cognition are unknown.

ORLISTAT

Orlistat [(1S)-1-[(2S,3S)-3-hexyl-4-oxo-oxetan-2-yl]methyldodecyl] (2S)-2-formamido-4-methyl-
pentanoate, Figs. 1 and 2] is approved by the FDA for treatment of obese teenagers (>12 years of
age) and adults. An over-the-counter preparation (60 mg capsules) contains half the dose of the usual
prescription regimen. The drug has a short half-life (∼1–2 h) and must be administered three times per
day with meals. Gastrointestinal absorption is negligible; the drug is excreted in the stool.

Orlistat inhibits intestinal lipases and thereby blocks hydrolysis of triglycerides; intestinal absorp-
tion of fatty acids and monoglycerides is reduced by 25–30%. In adults, the drug reduces body
weight by a mean of 2.7 kg (∼2.9%) relative to placebo; there are variable reductions (0.7–3.4 cm) in
waist circumference (30). The response to treatment and compliance with therapy are highly variable;
approximately one in five subjects achieves weight loss >5%. Nevertheless, the effect may persist for
as long as 4 years in compliant patients (31), and drug treatment may limit weight regain (32,33).

Orlistat therapy in adults is associated with reductions in total cholesterol (–12.7 mg%) and LDL-
cholesterol (–10.4 mg%) and only minimal reductions in HDL-cholesterol (–0.8 mg%); consequently,
the cholesterol/HDL and LDL/HDL ratios decline. There are small reductions in systolic and diastolic
pressure (∼1.5–2 mmHg) and insignificant reductions in fasting glucose (–1.8 mg%) and insulin (1.8
μU/ml). HbA1c declined 0.5% in adults with type 2 diabetes but not in non-diabetic patients (34).
Preliminary studies suggest that serum ALT levels may decline in patients with fatty liver disease (35).

The effects of orlistat in obese adolescents appear to be similar to those in obese adults. A yearlong
multi-center trial (36) comparing orlistat (N = 357) to placebo (N = 182) in obese teens showed that



Pharmacotherapy of Childhood Obesity and Pre-diabetes 345

BMI decreased in both groups at 3 months and then stabilized in orlistat-treated patients but increased
in the placebo-treated group. At study completion, BMI decreased by 0.55 kg/m2 in those treated with
orlistat and increased by 0.31 kg/m2 in those in the placebo group, and waist circumference declined
with orlistat but increased with placebo. However, a subsequent 6-month randomized trial in 40 obese
adolescents showed no effect of orlistat on BMI (37). Orlistat had no effects on fasting glucose, insulin,
or lipids in either study.

No studies to date have examined the effect of long-term orlistat treatment on the development or
severity of cardiovascular disease. However, three reports suggest that orlistat may reduce the rate of
development of type 2 diabetes mellitus in high-risk adults. The first (38), a post hoc analysis of 675
obese adults with impaired glucose tolerance, showed that the combination of orlistat and a low-energy
diet was associated with a reduction in the rate of development of type 2 diabetes (orlistat 3%, placebo
7.6%). The subsequent prospective XENDOS study (31) compared the effect of orlistat plus lifestyle
changes (800 kcal deficit + daily physical activity) with that of lifestyle modification alone in 3,305
Swedish adults with BMI >30 kg/m2. Over the 4-year study period, orlistat reduced the incidence of
new-onset type 2 diabetes by 37.3% in the group as a whole and by 45% in those with impaired glu-
cose tolerance at baseline. The reductions in diabetes were accompanied by relative reductions in body
weight (∼2 kg more than placebo) and visceral fat mass. These findings were confirmed in a follow-up
investigation (39), which showed that orlistat reduced by ∼50% the incidence of new-onset type 2 dia-
betes in obese adults (n = 309) who had lost weight previously on a very low-calorie diet (8/153 cases
with orlistat vs. 17/156 cases with placebo). Drug-dependent reductions in diabetes prevalence could
reflect reductions in body fat mass and/or increases in post-prandial levels of glucagon-like peptide 1
(GLP-1), which promotes glucose-stimulated insulin secretion and reduces food intake (40). Orlistat is
considered safe because it is minimally absorbed. It can, however, cause flatulence, fecal incontinence,
diarrhea, and malabsorptive stools. This limits its acceptability, particularly in adolescents. The drug
may reduce vitamin A, D, E, and K levels and increase bone turnover in some patients (12,41). Serum
25OH vitamin D levels should be monitored during treatment; a multivitamin (administered 2 h before
or after orlistat) may help to prevent osteopenia. The lower dose over-the-counter preparation of orli-
stat may have fewer side effects but may also have less potent effects on body weight and associated
co-morbidities.

Of possible concern was the development of seven new cases of gall bladder disease among the
357 children who took orlistat for a single year (36). One of these children required cholecystectomy.
Among the placebo-treated patients, only 1 of 182 developed new gall bladder disease. Since chole-
cystitis occurs more commonly even in untreated obese individuals (42), it is unclear whether orlistat
increases the risk of gall bladder disease or whether long-term use of the drug should be discouraged
for patients with preexisting gall stones.

In theory, delivery of free fatty acids to the lower gastrointestinal tract may increase oxalate absorp-
tion and heighten the risk of kidney stones (43). Preliminary research in rats showing that orlistat
increases colonic preneoplastic markers (44) must be confirmed in humans.

Finally, orlistat may reduce absorption of thyroxine, amiodarone, and cyclosporine. Malabsorption
of vitamin K may potentiate the anti-coagulant effect of warfarin.

METFORMIN

Metformin (N,N-dimethylimidodicarbonimidic diamide, Figs. 1 and 2) is an oral hypoglycemic
agent approved for treatment of type 2 diabetes in children and adults. Peak plasma levels are achieved
1–3 h after oral administration of immediate-release metformin and 4–8 h after intake of extended-
release formulations. The drug is not metabolized; with a half-life approximating 6 h, it is excreted in
the urine. The clinical response to metformin may be modulated by genetic variation in the organic
cation transporter Oct 1, which transports metformin into hepatocytes (45).
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Metformin reduces hepatic glucose production by inhibition of gluconeogenesis and (to a lesser
extent) glycogenolysis. These effects are mediated by induction of 5′-AMP-activated protein kinase
(AMPK), a metabolic sensor of energy deficit. AMPK activation triggers a cascade of events which
include phosphorylation and activation of an atypical protein kinase c, phosphorylation and nuclear
exclusion (inactivation) of CREB binding protein and the forkhead protein FoxO1, suppression
of PGC1α and the gluconeogenic enzymes phosphoenolpyruvate carboxykinase and glucose 6-
phosphatase, and induction of hepatic fatty acid oxidation (46). Activation of AMPK requires the
upstream serine–threonine kinase LKB1 (STK11) (47). Small increases in skeletal muscle glucose
uptake and peripheral insulin sensitivity may reflect changes in hepatic metabolism rather than direct
effects of metformin on skeletal myocytes; in contrast to the thiazolidinediones, metformin causes
only slight (and in some cases no) increase in plasma adiponectin levels and has no effect on plasma
visfatin or the levels of inflammatory cytokines (48,49). Nevertheless, reductions in hepatic glucose
production decrease fasting and post-prandial glucose concentrations, facilitating glycemic control,
and reduce fasting insulin levels. Together with a reduction in food intake (50), the relative hypoinsu-
linemia reduces lipogenesis and limits fat deposition. Preliminary evidence suggests that metformin
suppression of food intake may be mediated by increases in plasma GLP-1 or PYY levels and/or
suppression of hypothalamic NPY expression (13–16).

Metformin is not approved by the FDA for the treatment of obese non-diabetic children or adults.
Yet numerous studies demonstrate that the drug has beneficial effects on weight and metabolic function
in obese subjects (2). A recent meta-analysis (51) of studies of a total of 4,570 non-diabetic obese
adults showed that metformin caused significant reductions in BMI (–5.3%), fasting glucose (–4.3%),
fasting insulin (–14.4%), serum LDL (–5.6%), and serum triglycerides (–5.3%); serum HDL levels
rose 5.0%.

The results of studies in obese children and teenagers are similar to those in adults. The literature
records 10 randomized, controlled trials (52–61) of metformin in a total of 534 obese non-diabetic
children and adolescents; at 4–12 months the drug reduced BMI by a mean 1.4 kg/m2 relative to
lifestyle and placebo alone. Waist circumference was reduced by 2–6 cm, and fasting insulin levels
and/or HbA1c declined in the majority of studies in which they were measured. There were variable
(and small) reductions in serum lipids.

Although not dramatic, these effects appear to confer long-term therapeutic benefit and defense
against the development and progression of metabolic and cardiovascular disease, at least in adults.
Two major studies demonstrate that metformin reduces the rate of progression to type 2 diabetes
in obese subjects. The Diabetes Prevention Program (62) was a randomized, double-blind, placebo-
controlled trial comparing intensive lifestyle intervention and metformin for the prevention of type
2 diabetes in an ethnically mixed group of obese adults with impaired glucose tolerance (total n =
3,234, mean age 51 years, BMI 34, 68% women, 45% minorities). The intensive lifestyle intervention
included 16 clinic visits during the first 6 months and additional clinic visits every 1–8 weeks there-
after. Patients received personal supervision from lifestyle coaches and attended an additional four to
eight group educational/counseling sessions per year. They were also strongly encouraged to attend
physical activity sessions twice per week. Finally they received small monetary supplements (mean
$100) for books and food vouchers. Patients in the metformin group received metformin 850 mg
bid (blinded to placebo) and “standard” lifestyle counseling. The control group received standard
counseling plus placebo.

The trial lasted 3 years. At study end, intensive lifestyle intervention and metformin had reduced
body weight by 5.5 and 2.0 kg, respectively, relative to the placebo (standard lifestyle) control. The
rates of progression to new-onset type 2 diabetes were reduced 57% by intensive lifestyle intervention
and 31% by metformin. Thus intensive lifestyle change was more effective than metformin overall.
However, metformin was as effective as intensive lifestyle intervention in the youngest (25–44 years)
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and heaviest (BMI > 34.9) patients and in women who had a previous history of gestational dia-
betes (62,63); in these groups metformin reduced the rate of progression to type 2 diabetes by ∼50%.
Reductions in body weight during metformin therapy were comparable among the men and women of
the various racial groups studied; in contrast, black women responded less well than white women to
intensive lifestyle intervention (64).

The results of the 3-year Indian Diabetes Prevention Program (65) were similar to those of the
Diabetes Prevention Program. A low dose (250 mg bid) of metformin reduced by 26% the rate of
progression to type 2 diabetes in Asian Indian adults with impaired glucose tolerance (total n =
531). The trial lasted 3 years; the cumulative incidence of diabetes was 55% in the control group and
39–40% in the intensive lifestyle and metformin groups. Body weight increased 0.5–1 kg in the control
and intensive lifestyle groups but not in patients taking metformin. The effect of metformin was not
potentiated by dietary counseling.

A recent 10-year follow-up (66) of the DPP (Diabetes Prevention Program Outcomes Study,
DPPOS) showed long-term clinical benefits of intensive lifestyle intervention and metformin treat-
ment in obese adults with IGT. After a 2-week medication washout at the end of the DPP, the lifestyle,
metformin, and placebo groups were monitored for an additional 5.7 years; the dose of metformin was
850 mg bid. During that time, the intensive lifestyle intervention was maintained, while the metformin
and placebo groups were offered group educational sessions every 3 months. Patients in the lifestyle
group regained most of the weight lost (∼7 kg) during the first year of the DPP; in contrast, the less dra-
matic weight loss (∼2.5 kg) in the metformin group was maintained. By the end of the 10-year study
period, the lifestyle and metformin groups had lost approximately 2 and 1.7 kg of weight, respectively,
from baseline; weight loss in the placebo group approximated 0.6 kg. The rates of development of
T2D during the DPPOS were comparable in the three groups (5.9, 4.9, and 5.6 cases/100 person years
in the lifestyle, metformin, and placebo groups, respectively); the overall 10-year cumulative rates of
type 2 diabetes (DPP + DPPOS) were 5.3, 6.4, and 7.8 cases/100 person years in the lifestyle, met-
formin, and placebo groups, respectively. Thus long-term lifestyle intervention and metformin reduced
the 10-year incidence of T2D by 34 and 18%, respectively. Metformin did not reduce overall rates of
diabetes in older patients (>60 years at initial enrollment); however, as in the DPP, metformin was as
effective as intensive lifestyle intervention in those enrolled at age 25–44 years. At study end, overall
mean fasting glucose levels approximated 6.18, 6.33, and 6.40 mM in the metformin, lifestyle, and
placebo groups, respectively; overall HbA1c levels in the metformin, lifestyle, and placebo groups
were 5.90, 5.96, and 6.02, respectively. Blood pressure and serum triglycerides did not differ among
the three groups at study end.

Does metformin therapy defend against the development of cardiovascular disease? We do not
know. The UKPDS study of adults with diabetes (67) showed that metformin reduced all-cause mor-
tality and stroke by 32–42% relative to treatment with placebo (diet), sulfonylureas, or insulin. In a
study of 12,272 Canadian diabetic adults treated only with oral agents, the rate of all-cause mortal-
ity with metformin was 40% lower than that with sulfonylureas (68); moreover, patients treated with a
combination of metformin and sulfonylurea had mortality rates comparable to that of metformin alone.
Finally, the addition of metformin to insulin treatment reduced by 39% the incidence of macrovascular
disease in diabetic adults after a follow-up period of 4.3 years (69). The effect was explained in part by
weight reduction (–3.1 kg relative to placebo), but preliminary evidence suggests that metformin may
also protect against cardiac hypoxia/ischemia through AMPK activation and induction of endothelial
cell nitric oxide synthesis (70).

As discussed in Chapter 24 by Franks and Joharatnam, a number of studies show that metformin
reduces free testosterone levels and increases ovulation rates in adolescents and adults with PCOS,
most of whom are obese. Metformin also decreases blood pressure and LDL levels in adults with PCOS
and decreased BMI and insulin resistance in hyperandrogenic girls (71,72). A series of studies (73) by
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Ibanez and deZegher in Spanish girls with precocious adrenarche and a history of intrauterine growth
retardation showed that metformin can reduce pubertal weight gain, visceral fat deposition, glucose
intolerance, and hyperandrogenemia. A recent pilot study (n = 22) found that metformin treatment
of low birth weight girls for 36 months beginning at the onset of puberty (age 8–9 years) reduced
BMI z score and abdominal fat mass, increased insulin sensitivity, delayed the onset of menarche, and
increased adult height prediction (74,75).

Finally, there is tantalizing evidence, requiring confirmation, that metformin may reduce the risks of
malignancy in obese adults with type 2 diabetes. A meta-analysis of 62,809 diabetic adults showed that
treatment with insulin or sulfonylureas was associated with a 40% higher rate of total malignancies
than treatment with metformin. Moreover, the addition of metformin appeared to reverse the effect of
sulfonylureas on rates of total solid tumors, pancreatic cancer, and possibly colon cancer (76,77). It
has been proposed, but not established, that induction of AMPK may inhibit tumor development or
progression. However, it is unclear if metformin treatment of obese or diabetic children or teenagers
would reduce their subsequent risks of malignancy as adults.

Metformin is generally well tolerated but the drug may have adverse side effects. Ten to fifteen
percent of patients develop nausea or diarrhea; these may resolve within the first 2 weeks if the drug
is given with meals. Persistent GI distress may respond to a reduction in dose. Metformin can also
limit gastrointestinal absorption of B vitamins; a daily multivitamin should be administered to patients
taking the drug. Liver function studies should be monitored during therapy.

Lactic acidosis occurs rarely in diabetic adults treated with metformin; there were no cases of lactic
acidosis in 7,227 patient years in the COSMIC study and one episode of lactic acidosis in an HMO
study of 9,875 patients followed for 20 months (78). Baseline lactate levels do not predict the devel-
opment of disease. Lactic acidosis has not been described in children; nevertheless, the drug should
not be used in pediatric patients with renal insufficiency, hepatic disease, cardiac disease, chronic
respiratory insufficiency, or severe infection and should be discontinued during IV contrast studies.

NEW DEVELOPMENTS IN OBESITY PHARMACOLOGY: INCRETIN MIMETICS
AND SELECTIVE SEROTONIN RECEPTOR AGONISTS

Exenatide and liraglutide. In response to a meal, the gastrointestinal tract releases a number of
peptides that play roles in nutrient intake and utilization. These include cholecystokinin, peptide
YY, oxyntomodulin, glucose-dependent insulinotropic peptide (GIP), and glucagon-like peptide 1
(GLP-1). GLP-1 is produced by the L-cells of the terminal ileum. In rodents and humans it promotes
glucose-stimulated insulin secretion, delays gastric emptying, and reduces appetite and energy intake,
possibly through binding to GLP-1 receptors expressed in brainstem nuclei (Figs. 1 and 2). However,
the native peptide has a circulating half-life of only 1–2 min. GLP-1 mimetics with longer half-lives
have been used for the treatment of type 2 diabetes and obesity in adults. Exenatide, which has 53%
homology with native GLP-1, causes modest reductions in body mass index in diabetic adults (79);
a dose of 10 μg bid reduced weight by an average of 1.25 kg in four large placebo-controlled trials
(80). More significant, though variable, weight loss (3–5 kg) has been observed in uncontrolled trials.
A pilot investigation (total n = 60) found that exenatide reduced BMI and increased insulin sensitivity
and ovulation rates in women with PCOS; interestingly the combination of metformin and exenatide
was more effective than either drug alone (81).

Liraglutide (Arg34Lys26-(N-ε-(γ-Glu(N-α-hexadecanoyl)))-GLP-1 (7–37)) is a synthetic peptide
with 97% homology with native GLP-1; following subcutaneous injection it has a half-life of 13 h
and can be administered once daily. A recent randomized 20-week trial (82) in obese non-diabetic
adults (n = 564) showed that the combination of liraglutide and mild caloric restriction (500 kcal
deficit) reduced body weight 2.1–4.4 kg relative to caloric restriction alone. Waist circumference and
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blood pressure declined and the percentage of subjects with metabolic syndrome and pre-diabetes
decreased significantly. There were no changes in serum lipids or measures of insulin resistance and
only minimal reductions in HbA1c.

The most common side effects of the GLP-1 agonists are nausea (10–47%) and vomiting (4–14%).
The frequency and duration of these effects are dose dependent (82). Other possible complications
include insomnia and palpitations; scattered reports of pancreatitis in patients treated with exenatide
require further study, but GLP-1 agonists should be discontinued if patients develop unexplained
abdominal pain.

Oxyntomodulin and peptide YY are released from intestinal enteroendocrine cells in response to
a meal. They reduce food intake, fat deposition, and body weight and increase energy expenditure
in rodents; thus they appear to serve as satiety signals. The effects of oxyntomodulin are mediated
through binding to GLP-1 and glucagon receptors. Short-term studies in small numbers of human
subjects suggest that their effects in humans (83,84) are similar to those in rodents, but the long-term
efficacy and safety of these preparations are unknown.

Lorcaserin is a selective serotonin 5-HT2c receptor agonist; preliminary short-term studies in adults
(85) showed that it can reduce body weight by 1.8–3.6 kg. Side effects include headaches, nausea, and
dizziness; no cardiac valvulopathy was noted during a 12-week investigation.

OTHER DRUGS/HORMONES THAT HAVE BEEN USED TO TREAT OBESITY

Phentermine, mazindol, ephedrine, and diethylpropion are sympathomimetic agents approved for
short-term (several weeks) weight reduction in adolescents (>16 years) and adults. Chronic use can
lead to dependence; adverse side effects include insomnia, palpitations, hypertension, irritability,
nervousness, seizures, diarrhea, and dry mouth. The drugs should not be used in patients with car-
diac or psychiatric disorders, hyperthyroidism, or hypertension or in those taking MAO inhibitors or
serotonergic agents.

Rimonabant is a selective inhibitor of cannabinoid receptor 1. In a recent series of studies in obese
adults (2), the drug caused significant reductions in body weight and increased HDL levels and reduced
serum triglycerides. However, rimonabant was removed from the US commercial market because its
use was associated with psychiatric and nervous system disorders including anxiety, depression, and
insomnia.

Topiramate is an anti-epileptic that reduces appetite and weight gain. It should not be used to treat
obesity in non-epileptic patients because it can cause paresthesias, concentration/attention problems,
depression, memory difficulties, language problems, nervousness, and psychomotor slowing.

Finally, growth hormone, octreotide, and leptin have been used to limit weight gain in patients
with Prader–Willi syndrome, hypothalamic obesity, and leptin deficiency, respectively; their use is
discussed in other chapters in this volume.

SUMMARY OF THE BENEFITS AND RISKS OF PHARMACOLOGIC AGENTS

In summary, pharmacologic agents provide modest to moderate, short-term reduction in body
weight and (in some cases) cardiovascular risk factors. The effects of the drugs appear to be facili-
tated by lifestyle change. Their efficacy appears highly variable among individuals, which may reflect
genetic influences, perinatal programming, parental motivation, and past and current behavior. The
medications have differential effects on weight and metabolic function. Adverse effects are concern-
ing in a subset of patients, and attrition rates from experimental studies are high. The length of time
required for treatment is unclear, and the long-term risks of anorectic agents are unknown. Importantly,
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certain agents (metformin and orlistat) delay the development of type 2 diabetes in high-risk adults,
but the long-term benefits for cardiovascular disease or malignancy remain unclear.

CAN WE IDENTIFY PEDIATRIC CANDIDATES
FOR PHARMACOLOGICAL THERAPY?

The major goals of any intervention or treatment for childhood obesity are (1) to prevent or reverse
metabolic co-morbidities, (2) to reduce the risk of long-term complications including cardiovascular
disease and malignancy, and (3) to improve psychosocial function and quality of life. Thus the author
believes that prevention and treatment of co-morbidities supersedes the treatment of obesity per se.
Accordingly pharmacotherapy should be considered if obesity and co-morbidities persist or worsen
despite formal counseling and a good faith effort at diet and exercise. In general, anti-obesity drugs
should be reserved for peripubertal children and adolescents with BMI equal to or exceeding the 95th
percentile for age and gender and should be avoided in young children.

The risk of metabolic complications correlates with the severity of obesity and insulin resistance
(42,86,87) and with the presence of abdominal adiposity and/or ovarian hyperandrogenism/PCOS,
which predispose to glucose intolerance. A family history of maternal gestational diabetes or of
early-onset glucose intolerance or cardiovascular disease also bodes poorly (2,86). Consequently,
the author believes that peripubertal children and adolescents with impaired fasting glucose (IFG),
impaired glucose tolerance (IGT), HbA1c ≥6.0%, the metabolic syndrome, and/or ovarian hyper-
androgenism/PCOS are potential candidates for pharmacotherapy, particularly if there is marked
abdominal adiposity and/or a strong family history of gestational diabetes, early-onset type 2 dia-
betes, myocardial infarction, or stroke. No absolute guidelines can be provided for the selection of
pediatric patients for pharmacologic therapy; the decision to begin medication(s) should be under-
taken only after a comprehensive evaluation of the child’s metabolic status and family history and an
assessment of the current and previous responses to lifestyle intervention. An open and sympathetic
discussion with the parents or caretakers is obligatory.

WHEN SHOULD WE INTERVENE?

Lifestyle intervention represents the core treatment for obese and insulin-resistant children and
adults. In the opinion of the author and many other clinicians, lifestyle changes should be undertaken
before pharmacotherapy and maintained during pharmacotherapy (Fig. 3). The addition of a pharma-
cologic agent may be considered if diet and exercise fail to achieve the medical objectives established
by the health-care professional and family. The use of medication early in the course of adiposity
might in theory prevent the progression to severe obesity and metabolic complications; nevertheless,
such an approach would likely treat many children without due cause or benefit, raise the rates of
“unwarranted” side effects, and increase the costs to individuals and to society. On the other hand,
initiation of medication very late in the course of obesity may run the risk of irreversible weight gain
and long-term morbidity. One approach that reconciles these difficulties is to begin pharmacotherapy
when the risk of co-morbidities is very high or soon after complications emerge (denoted by the dot-
ted vertical line in Fig. 3). Such complications include impaired fasting glucose (IFG), IGT, and the
metabolic syndrome. The timing of pharmaco-intervention could in theory be moved to the left (in
other words slightly sooner) if the family history of a major co-morbidity such as type 2 diabetes is
particularly strong.
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Fig. 3. Timing of intervention with pharmacotherapy and bariatric surgery. IGT, impaired glucose tolerance.

WHICH MEDICATION SHOULD BE USED?

The available evidence suggests that drug selection should be tailored to the individual patient, with
strong attention paid to the family history and potential adverse effects.

Metformin reduces the rates of type 2 diabetes (and possibly cardiovascular disease and malig-
nancy) in high-risk adults and increases ovulation rates in patients with ovarian hyperandrogenism;
thus the author considers metformin a valuable adjunct to the treatment of obese patients with severe
insulin resistance, IFG, IGT, the metabolic syndrome, or PCOS. Metformin is tolerated by the major-
ity of patients and is the least costly of currently used pharmacologic agents. The incretin mimetics,
which reduce food intake and increase glucose-stimulated insulin secretion, may (in the future) also
prove useful for treatment of obese adolescents with pre-diabetes. Like metformin, orlistat reduces
rates of adult-onset diabetes and might prove beneficial in obese children with glucose intolerance.
Dyslipidemic patients may benefit from orlistat or metformin, which reduce LDL levels and the
LDL-to-HDL ratio in adults.

Of the medications tested thus far in children, sibutramine is most effective at reducing body weight,
at least in the short term. However, its tendencies to raise blood pressure and pulse are concerning,
given the high rates of systolic hypertension among obese adolescents. Sibutramine should not be
used in children with poorly controlled hypertension or cardiovascular disease and is contraindicated in
adolescents with preexisting psychiatric disorders. The long-term safety of anorectic agents in children
has not been established, and, in the author’s opinion, sibutramine remains an experimental approach
for the treatment of pediatric obesity, requiring long-term study in carefully controlled clinical
trials.

In the future, other classes of pharmacologic agents (e.g., centrally/vagally active melanocortin 4
receptor agonists, ghrelin antagonists) may be used for the treatment of obesity or maintenance of
weight loss in adolescents or adults. All such drugs will require systematic investigation and careful
consideration of their potential risks, as well as benefits, before they can be used in the general pediatric
population.
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HOW LONG DO WE NEED TO TREAT?

Obesity is a chronic, and in many cases lifelong, condition. Yet, pharmacotherapy might be dis-
continued or the dose of medication reduced significantly if short-term objectives of treatment are
achieved, i.e., reduction in BMI z score and normalization of blood pressure, plasma lipids, and hepatic
and renal function and, in girls with PCOS, reduction in hirsutism scores and restoration of ovulatory
menses.

A recent investigation (61) in obese adolescents showed that discontinuation of metformin was
accompanied by partial weight regain during the subsequent 6 months. Weight regain has also been
observed following discontinuation of sibutramine and rimonabant (88). Thus, some patients may
require long-term pharmacotherapy for long-lasting benefit. If an anti-obesity medication is discontin-
ued or its dose reduced, it is essential that lifestyle intervention be maintained throughout; this may
limit rebound weight gain and might prevent relapse of co-morbidities.

REFERENCES

1. Colman E. Anorectics on trial: a half-century of federal regulation of prescription appetite suppressants. Ann Int Med.
2005;143:380–5.

2. Freemark M. Pharmacotherapy of childhood obesity: an evidence-based, conceptual approach. Diabetes Care.
2007;30:395–402.

3. Luttikhuis HO, Baur L, Jansen H, et al. Interventions for treating obesity in children. Cochrane Database Syst Rev.
2009;1:CD001872.

4. Epstein LH, Valoski A, Wing RR, McCurley J. Ten-year outcomes of behavioral family-based treatment for childhood
obesity. Health Psychol. 1994;13:373–83.

5. Turrell G, Kavanagh AM. Socio-economic pathways to diet: modeling the association between socio-economic position
and food purchasing behaviour. Public Health Nutr. 2006;9:375–83.

6. Weiss R, Taksali SE, Tamborlane WV, Burgert TS, Savoye M, Caprio S. Predictors of changes in glucose tolerance
status in obese youth. Diabetes Care. 2005;28:902–9.

7. Nguyen QM, Srinivasan SR, Xu JH, Chen W, Berenson GS. Changes in risk variables of metabolic syndrome since
childhood in pre-diabetic and type 2 diabetic subjects: the Bogalusa Heart Study. Diabetes Care. 2008;31:2044–9.

8. Morrison JA, Friedman LA, Wang P, Glueck CJ. Metabolic syndrome in childhood predicts adult metabolic syndrome
and type 2 diabetes mellitus 25–30 years later. J Pediatr. 2008;152:201–6.

9. Baker JL, Olsen LW, Sorensen TIA. Childhood body mass index and the risk of coronary heart disease in adulthood. N
Eng J Med. 2007;357:2329–37.

10. Must A, Jacques PF, Dallal GE, Bajema CJ, Dietz WH. Long-term morbidity and mortality of overweight adolescents:
a follow-up of the Harvard Growth Study of 1922–1935. N Engl J Med. 1992;327:1350–5.

11. Li D, Morris JS, Liu J, Hassan MM, Day RS, Bondy ML, Abbruzzese JL. Body mass index and risk, age of onset, and
survival in patients with pancreatic cancer. JAMA. 2009;301:2553–62.

12. Leung WYS, Thomas N, Chan JCN, Tomlinson B. Weight management and current options in pharmacotherapy: orlistat
and sibutramine. Clin Ther. 2003;25:58–80.

13. Zhou G, Myers R, Li Y, Chen Y, Shen X, Fenyk-Melody J, Wu M, Ventre J, Doebber T, Fujii N, Musi N, Hirshman
MF, Goodyear LJ, Moller DE. Role of AMP-activated protein kinase in mechanism of metformin action. J Clin Invest.
2001;108:1167–74.

14. Lindsay JR, Duffy NA, McKillop AM, Ardill J, O’Harte FP, Flatt PR, Bell PM. Inhibition of dipeptidyl peptidase IV
activity by oral metformin in type 2 diabetes. Diabet Med. 2005;22:654–7.

15. Tsilchorozidou T, Batterham RL, Conway GS. Metformin increases fasting plasma peptide tyrosine tyrosine (PYY) in
women with polycystic ovarian syndrome (PCOS). Clin Endocrinol. 2008;69:936–42.

16. Chau-Van C, Gamba M, Salvi R, Gaillard RC, Pralong FP. Metformin inhibits adenosine 5′-monophosphate-activated
kinase activation and prevents increases in neuropeptide Y expression in cultured hypothalamic neurons. Endocrinology.
2007;148(2):507–11.

17. Halford JC, Harrold JA, Boyland EJ, Lawton CL, Blundell JE. Serotonergic drugs : effects on appetite expression and
use for the treatment of obesity. Drugs. 2007;67(1):27–55.

18. Connoley IP, Liu YL, Frost I, Reckless IP, Heal DJ, Stock MJ. Thermogenic effects of sibutramine and its metabolites.
Br J Pharmacol. 1999;126(6):1487–95.



Pharmacotherapy of Childhood Obesity and Pre-diabetes 353

19. Hansen D, Astrup A, Toubro S, et al; Goulder For The STORM Study Group M. Predictors of weight loss and main-
tenance during 2 years of treatment by sibutramine in obesity. Results from the European multi-centre STORM trial.
Sibutramine Trial of Obesity Reduction and Maintenance. Int J Obes Relat Metab Disord. 2001;25(4):496–501.

20. Rucker D, Padwal R, Li SK, Curioni C, Lau DC. Long term pharmacotherapy for obesity and overweight: updated
meta-analysis. BMJ. 2007;35:1194–9.

21. Wadden TA, Berkowitz RI, Womble LG, Sarwer DB, Phelan S, Cato RK, Hesson LA, Osei SY, Kaplan R, Stunkard A.
Randomized trial of lifestyle modification and pharmacotherapy for obesity. N Engl J Med. 2005;353:2111–20.

22. Berkowitz RI, Wadden TA, Tershakovec AM, Cronquist JL. Behavior therapy and sibutramine for the treatment of
adolescent obesity: a randomized controlled trial. JAMA. 2003;289(14):1805–12.

23. Godoy-Matos A, Carraro L, Vieira A, Oliveira J, Guedes EP, Mattos L, Rangel C, Moreira RO, Coutinho W, Appolinario
JC. Treatment of obese adolescents with sibutramine: a randomized, double-blind controlled study. J Clin Endocrinol
Metab. 2005;90:1460–65.

24. Berkowitz RI, Fujioka K, Daniels SR, Hoppin AG, Owen S, Perry AC, Sothern MS, Renz CL, Pirner MA, Walsh JK,
Jasinsky O, Hewkin AC, Blakesley VA. Effects of sibutramine treatment in obese adolescents: a randomized trial. Ann
Int Med. 2006;145:81–90.

25. McGovern L, Johnson JN, Paulo R, et al. Treatment of pediatric obesity. A systematic review and meta-analysis of
randomized trials. J Clin Endocrinol Metab. 2008;93(12):4600–5.

26. Padwal R, Li SK, Lau DCW. Long-term pharmacotherapy for overweight and obesity: a systematic review and meta-
analysis of randomized controlled trials. Int J Obes. 2003;27:1437–46.

27. Ioannides-Demos LL, Proietto J, McNeil JJ. Pharmacotherapy for obesity. Drugs. 2005;65:1391–1418.
28. Harrison-Woolrych M, Clark DWJ, Hill GR, Rees MI, Skinner JR. QT interval prolongation associated with sibutramine

treatment. Br J Clin Pharmacol. 2006;61:464–69.
29. Basu D, Gillman PK, Gnanadesigan N, Espinoza RT, Smith RL, Claassen JAHR, Gelissen HPMM, Boyer EW, Shannon

M. The serotonin syndrome. N Engl J Med. 2005;352:2454–6.
30. Drew BS, Dixon AF, Dixon JB. Obesity management: update on orlistat. Vasc Health Risk Manag. 2007;3(6):817–82.
31. Torgersen JS, Hauptman J, Boldrin MN, Sjostrom L. XENical in the prevention of Diabetes in Obese Subjects

(XENDOS) Study: a randomized study of orlistat as an adjunct to lifestyle changes for the prevention of type 2 diabetes
in obese patients. Diabetes Care. 2004;27:155–61.

32. Padwal RS, Majumdar SR. Drug treatments for obesity: orlistat, sibutramine, and rimonabant. Lancet. 2007;369:71–7.
33. Richelsen B, Tonstad S, Rossner S. Effect of orlistat on weight regain and cardiovascular risk factors following a

very-low-energy diet in abdominally obese patients: a 3-year randomized, placebo-controlled study. Diabetes Care.
2007;30:27–32.

34. Norris SL, Zhang X, Avenell A, et al. Long-term non-pharmacologic weight loss interventions for adults with type 2
diabetes. Cochrane Database Syst Rev. 2005;2:CD004095. Also Norris SL, Zhang X, Avenell A, et al. Pharmacotherapy
for weight loss in adults with type 2 diabetes mellitus. Cochrane Database Syst Rev. 2005;1:CD004096.

35. Zelber-Sagi S, Kessler A, Brazowsky E, et al. A double-blind randomized placebo-controlled trial of orlistat for the
treatment of nonalcoholic fatty liver disease. Clin Gastroenterol Hepatol. 2006;4:639–44.

36. Chanoine J-P, Hampl S, Jensen C, Boldrin M, Hauptman J. Effects of orlistat on weight and body composition in obese
adolescents: a randomized controlled trial. JAMA. 2005;293:2873–83.

37. Maahs D, de Serna DG, Kolotkin RL, et al. Randomized, double- blind, placebo-controlled trial of orlistat for weight
loss in adolescents. Endocr Pract. 2006;12:18–28.

38. Heymsfield SB, Segal KR, Hauptman J, et al. Effects of weight loss with orlistat on glucose tolerance and progression
to type 2 diabetes in obese adults. Arch Intern Med. 2000;160:1321–26.

39. Richelsen B, Tonstad S, Rössner S, et al. Effect of orlistat on weight regain and cardiovascular risk factors following
a very-low-energy diet in abdominally obese patients: a 3-year randomized, placebo-controlled study. Diabetes Care.
2007;30:27–32.

40. Damci T, Yalin S, Balci H, Osar Z, Korugan U, Ozyazar M, Ilkova H. Orlistat augments postprandial increases in
glucagon-like peptide 1 in obese type 2 diabetic patients. Diabetes Care. 2004;27(5):1077–80.

41. Gotfredsen A, Westergren Hendel H, Andersen T. Influence of orlistat on bone turnover and body composition. Int J
Obes Relat Metab Disord. 2001;25:1154–60.

42. Artz E, Haqq A, Freemark M. Hormonal and metabolic consequences of childhood obesity. Endocrinol Metab Clin
North Am. 2005;34:643–58.

43. Singh A, Sarkar SR, Gaber LW, et al. Acute oxalate nephropathy associated with orlistat, a gastrointestinal lipase
inhibitor. Am J Kidney Dis. 2007;49:153–7.

44. Garcia SB, Barros LT, Turatti A, et al. The anti-obesity agent Orlistat is associated to increase in colonic preneoplastic
markers in rats treated with a chemical carcinogen. Cancer Lett. 2006;240:221–4.



354 Freemark

45. Shu Y, Sheardown SA, Brown C, Owen RP, Zhang S, Castro RA, Ianculescu AG, Yue L, Lo JC, Burchard EG, Brett
CM, Giacomini KM. Effect of genetic variation in the organic cation transporter (Oct-1) on metformin. J Clin Invest.
2007;117:1422–31.

46. White MF. Metformin and insulin meet in a most atypical way. Cell Metab. 2009;9(6):485–7.
47. Shaw RJ, Lamia KA, Vasquez D, Koo SH, Bardeesy N, Depinho RA, Montminy M, Cantley LC. The kinase LKB1

mediates glucose homeostasis in liver and therapeutic effects of metformin. Science. 2005;310(5754): 1642–6.
48. Tiikkainen M, Hakkinen AM, Korsheninnikova E, Nyman T, Makimattila S, Yki-Jarvinen H. Effects of rosiglitazone

and metformin on liver fat content, hepatic insulin resistance, insulin clearance, and gene expression in adipose tissue
in patients with type 2 diabetes. Diabetes. 2004;53:2169–76. See also Orchard TJ, Temprosa M, Goldberg R, Haffner
S, Ratner R, Marcovina S, Fowler S. The effect of metformin and intensive lifestyle intervention on the metabolic
syndrome: the Diabetes Prevention Program randomized trial. Ann Int Med. 2005;142:611–9.

49. Erdem G, Dogru T, Tasci I, Bozoglu E, Muhsiroglu O, Tapan S, Ercin CN, Sonmez A. The effects of pioglitazone and
metformin on plasma visfatin levels in patients with treatment-naïve type 2 diabetes mellitus. Diabetes Res Clin Pract.
2008;82(2):214–8.

50. Paolisso G, Amato L, Eccellente R, Gambardella A, Tagliamonte MR, Varricchio G, Carella C, Giugliano D, D’Onofrio
F. Effect of metformin on food intake in obese subjects. Eur J Clin Invest. 1998;28(6):441–6.

51. Salpeter SR, Buckley NS, Kahn JA, Salpeter EE. Meta-analysis: metformin treatment in persons at risk for diabetes
mellitus. Am J Med. 2008;121:149–57.

52. Freemark M, Bursey D. The effects of metformin on body mass index and glucose tolerance in obese adolescents with
fasting hyperinsulinemia and a family history of type 2 diabetes. Pediatrics. 2001;107:e55–67.

53. Kay JP, Alemzadeh R, Langley G, D’Angelo L, Smith P, Holshouser S. Beneficial effects of metformin in normo-
glycemic morbidly obese adolescents. Metabolism. 2001;50:1457–61.

54. Srinivasan S, Ambler GR, Baur LA, Garnett SP, Tepsa M, Yap F, Ward GM, Cowell CT. Randomized, controlled trial of
metformin for obesity and insulin resistance in children and adolescents: improvement in body composition and fasting
insulin. J Clin Endocrinol Metab. 2006;91:2074–80.

55. Burgert TS, Duran EJ, Goldberg-Gell R, Dziura J, Yeckel CW, Katz S, Tamborlane WV, Caprio S. Short term metabolic
and cardiovascular effects of metformin in morbidly obese adolescents with normal glucose tolerance. Pediatr Diabetes.
2008;9(6):567–76.

56. Klein DJ, Cottingham EM, Sorter M, Barton BA, Morrison JA. A randomized, double-blind, placebo-controlled trial
of metformin treatment of weight gain associated with initiation of atypical antipsychotic therapy in children and
adolescents. Am J Psychiatry. 2006;163(12):2072–9.

57. Love-Osborne K, Sheeder J, Zeitler P. Addition of metformin to a lifestyle modification program in adolescents with
insulin resistance. J Pediatr. 2008;152(6):817–22.

58. Atabek ME, Pirgon O. Use of metformin in obese adolescents with hyperinsulinemia: a 6-month, randomized, double-
blind, placebo-controlled clinical trial. J Pediatr Endocrinol Metab. 2008;21(4):339–48.

59. Clarson CL, Mahmud FH, Baker JE, Clark HE, McKay WM, Schauteet VD, Hill DJ. Metformin in combination with
structured lifestyle intervention improved body mass index in obese adolescents, but did not improve insulin resistance.
Endocrine. 2009;36(1):141–6.

60. Yanovski JA, Sorg RA, Krakoff J, Kozlosky M, Sebring NG, Salaita CG, Keil M, McDuffie JR, Calis KA. A randomized,
placebo-controlled trial of the effects of metformin on body weight and body composition in children with insulin
resistance. Abstract presented at the 90th annual meeting of the Endocrine Society, San Francisco, CA. 2008

61. Wilson DM, Abrams SH, Aye T, Lee PD, Lenders C, Lustig RH, Osganian SV, Feldman HA; Glaser Pediatric Research
Network Obesity Study Group. Metformin extended release treatment of adolescent obesity: a 48-week randomized,
double-blind, placebo-controlled trial with 48-week follow-up. Arch Pediatr Adolesc Med. 2010 Feb;164(2):116–23.

62. Knowler WC, Barrett-Connor E, Fowler SE, Hamman RF, Lachin JM, Walker EA, Nathan DM. Reduction in the
incidence of type 2 diabetes with lifestyle intervention or metformin. N Engl J Med. 2002;346:393–403.

63. Ratner RE, Christophi CA, Metzger BE, Dabelea D, Bennett PH, Pi-Sunyer X, Fowler S, Kahn SE; Diabetes Prevention
Program Research Group. Prevention of diabetes in women with a history of gestational diabetes: effects of metformin
and lifestyle interventions. J Clin Endocrinol Metab. 2008;93(12):4774–9.

64. West DS, Elaine Prewitt T, Bursac Z, Felix HC. Weight loss of black, white, and Hispanic men and women in the
Diabetes Prevention Program. Obesity (Silver Spring). 2008;16(6):1413–20.

65. Ramachandran A, Snehalatha C, Mary S, Mukesh B, Bhaskar AD, Vijay V. The Indian Diabetes Prevention Programme
shows that lifestyle modification and metformin prevent type 2 diabetes in Asian Indian subjects with impaired glucose
tolerance (IDPP-1). Diabetologia. 2006;49:289–97.

66. Diabetes Prevention Program Research Group; Knowler WC, Fowler SE, Hamman RF, Christophi CA, Hoffman HJ,
Brenneman AT, Brown-Friday JO, Goldberg R, Venditti E, Nathan DM. 10-year follow-up of diabetes incidence and
weight loss in the Diabetes Prevention Program Outcomes Study. Lancet. 2009;374(9702):1677–86.



Pharmacotherapy of Childhood Obesity and Pre-diabetes 355

67. UKPDS Group. Effect of intensive blood-glucose control with metformin on complications in overweight patients with
type 2 diabetes (UKPDS 34): UK Prospective Diabetes Study (UKPDS) Group. Lancet. 1998;352:854–65.

68. Johnson JA, Majumdar SR, Simpson SH, Toth EL. Decreased mortality associated with the use of metformin compared
with sulfonylurea monotherapy in type 2 diabetes. Diabetes Care. 2002;25:2244–8.

69. Kooy A, de Jager J, Lehert P, Bets D, Wulffelé MG, Donker AJ, Stehouwer CD. Long-term effects of metformin on
metabolism and microvascular and macrovascular disease in patients with type 2 diabetes mellitus. Arch Int Med.
2009;169:616–25.

70. Calvert JW, Gundewar S, Jha S, Greer JJ, Bestermann WH, Tian R, Lefer DJ. Acute metformin therapy confers
cardioprotection against myocardial infarction via AMPK-eNOS-mediated signaling. Diabetes. 2008;57:696–705.

71. La Marca A, Artensio AC, Stabile G, Volpe A. Metformin treatment of PCOS during adolescence and the reproductive
period. Eur J Obstet Gynecol Reprod Biol. 2005;12:3–7.

72. Arslanian SA, Lewy V, Danadian K, Saad R. Metformin therapy in obese adolescents with polycystic ovary syndrome
and impaired glucose tolerance: amelioration of exaggerated adrenal response to adrenocorticotropin with reduction of
insulinemia/insulin resistance. J Clin Endocrinol Metab. 2002;87(4):1555–9.

73. Ibanez L, Lopez-Bermejo A, Diaz M, Marcos MV, de Zegher F. Pubertal metformin therapy to reduce total, visceral,
and hepatic adiposity. J Pediatr. 2010;156(1):98–102.

74. Ibanez L, Valls C, Ong K, Dunger DB, deZegher F. Metformin therapy during puberty delays menarche, prolongs
pubertal growth, and augments adult height: a randomized study in low-birth-weight girls with early-normal onset of
puberty. J Clin Endocrinol Metab. 2006;91:2068–73.

75. Ong K, deZegher F, Vallis C, Dunger DB, Ibanez L. Persisting benefits 12–18 months after discontinuation of pubertal
metformin therapy in low birthweight girls. Clin Endocrinol. 2007;67:468–71.

76. Currie CJ, Poole CD, Gale EA. The influence of glucose-lowering therapies on cancer risk in type 2 diabetes.
Diabetologia. Sept 2009;52(9):1766–77.

77. Libby G, Donnelly LA, Donnan PT, Alessi DR, Morris AD, Evans JM. New users of metformin are at low risk of
incident cancer: a cohort study of people with type 2 diabetes. Diabetes Care. Sept 2009;32(9):1620–5.

78. Cryer DR, Nicholas SP, Henry DH, Mills DJ, Stadel BV. Comparative outcomes study of metformin intervention versus
conventional approach: the COSMIC Approach Study. Diabetes Care. 2005;28:539–43. See also Selby JV, Ettinger
B, Swain BE, Brown JB. First 20 months’ experience with use of metformin for type 2 diabetes in a large health
maintenance organization. Diabetes Care. 1999;22:38–44.

79. Pi-Sunyer FX. The effects of pharmacologic agents for type 2 diabetes mellitus on body weight. Postgrad Med.
2008;120(2):5–17.

80. Norris SL, Lee N, Thakurta S, Chan BKS. Exenatide efficacy and safety: a systematic review. Diabetic Med.
2009;26:837–46.

81. Elkind-Hirsch K, Marrioneaux O, Bhushan M, Vernor D, Bhushan R. Comparison of single and combined treatment
with exenatide and metformin on menstrual cyclicity in overweight women with polycystic ovary syndrome. J Clin
Endocrinol Metab. 2008;93(7):2670–8.

82. Astrup A, Rossner S, Van Gaal L, Rissanen A, Niskanen L, Al Hakim M, Madsen J, Rasmussen MF, Lean ME. Effects of
liraglutide in the treatment of obesity: a randomized, double-blind, placebo-controlled study. Lancet. 2009;374:1606–16.

83. Pocai A, Carrington PE, Adams JR, Wright M, Eiermann G, Zhu L, Du X, Petrov A, Lassman ME, Jiang G, Liu F,
Miller C, Tota LM, Zhou G, Zhang X, Sountis MM, Santoprete A, Capito’ E, Chicchi GG, Thornberry N, Bianchi E,
Pessi A, Marsh DJ, SinhaRoy R. Glucagon-like peptide 1/glucagon receptor dual agonism reverses obesity in mice.
Diabetes. 2009;58(10):2258–66.

84. Wynne K, Park AJ, Small CJ, Meeran K, Ghatei MA, Frost GS, Bloom SR. Oxyntomodulin increases energy expenditure
in addition to decreasing energy intake in overweight and obese humans: a randomised controlled trial. Int J Obes
(London). 2006;30(12):1729–36.

85. Smith SR, Prosser WA, Donahue DJ, Morgan ME, Anderson CM, Shanahan WR; APD356-004 Study Group. Lorcaserin
(APD356), a selective 5-HT(2C) agonist, reduces body weight in obese men and women. Obesity (Silver Spring).
2009;17(3):494–503.

86. Freemark M. Pharmacologic approaches to the prevention of type 2 diabetes in high-risk pediatric patients. J Clin
Endocrinol Metab. 2003;88:3–13.

87. Nguyen QM, Srinivasan SR, Xu J-H, Chen W, Kieltyka L, Berenson GS. Utility of childhood glucose homeostasis
variables in predicting adult diabetes and related cardiometabolic risk factors: the Bogalusa Heart Study. Diabetes Care.
2010;33(3):670–5.

88. Pi-Sunyer F, Aronne LJ, Heshmati HM, Devin J, Rosenstock J. Effect of rimonabant, a cannabinoid-1 receptor blocker,
on weight and cardiometabolic risk factors in overweight or obese patients: RIO-North America. JAMA. 2006;295:
761–75.



24 Pathogenesis and Management of Adiposity
and Insulin Resistance in PCOS: Prevention
and Treatment of the Metabolic Disease
Components

Stephen Franks and Jalini Joharatnam

CONTENTS

INTRODUCTION: POLYCYSTIC OVARY SYNDROME (PCOS)
DEVELOPMENTAL ORIGIN OF PCOS AND ITS EVOLUTION

DURING CHILDHOOD

GENES AND PCOS
METABOLIC DYSFUNCTION IN PCOS
MECHANISM OF INSULIN RESISTANCE IN PCOS
ADIPOSITY IN PCOS
METABOLIC SYNDROME IN ADOLESCENTS WITH PCOS
DIAGNOSTIC INVESTIGATION

MANAGEMENT OF ADOLESCENTS WITH PCOS
SUMMARY

REFERENCES

Key Words: Free androgen, testosterone, hirsutism, anovulation, insulin resistance, metabolic
syndrome, oral contraceptives, spironolactone, cyproterone

INTRODUCTION: POLYCYSTIC OVARY SYNDROME (PCOS)

PCOS is the commonest endocrine disorder of women; it affects 5–10% of the female population
and typically presents during adolescence. It is a heterogeneous syndrome, but the classic features are
anovulation (irregular menstrual cycles) and symptoms of androgen excess such as hirsutism, acne, and
alopecia. The most consistent biochemical abnormality is hyperandrogenaemia, as most commonly
defined by higher than normal serum concentrations of testosterone (or androstenedione) and/or an
elevated-free androgen index (see below). Many subjects with PCOS also have elevated serum levels
of LH but normal FSH levels. Importantly, PCOS is also associated with metabolic abnormalities,
notably insulin resistance and hyperinsulinaemia, which are associated with a high risk developing
type 2 diabetes in later life (1). Obesity is of course an important amplifier of metabolic disturbance
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and worryingly, the escalating incidence of childhood obesity means that an increasing number of
adolescents with PCOS have metabolic dysfunction.

The diagnostic criteria for PCOS are somewhat controversial. The NIH multi-disciplinary “con-
sensus” conference of 1990 recommended that the diagnosis be based on the classic combination of
oligo- or anovulation and hyperandrogenism (2). However, the recognition that many hyperandrogene-
mic women with polycystic ovaries have regular, ovulatory cycles led to a reappraisal of the diagnostic
criteria at the 2003 consensus conference sponsored jointly by the American Society for Reproductive
Medicine (ASRM) and the European Society for Human Reproduction & Embryology (ESHRE). The
so-called Rotterdam criteria require two of the following three criteria for diagnosis: clinical or bio-
chemical hyperandrogenism, polycystic ovaries on ultrasonography, and menstrual irregularities (3).
This classification has the advantage of highlighting the heterogeneity of the disorder but has been
controversial because, by definition, women with polycystic ovaries and anovulation who have no
obvious evidence of androgen excess can be labelled as having PCOS. Whilst there is good evidence
that this subset of women with polycystic ovaries are indeed part of this syndrome (4), it is clear
that the women who are most at risk of metabolic sequelae of PCOS are those with both anovulation
and hyperandrogenism (5–7). It is primarily for this reason that the Androgen Excess Society (AES)
criteria for definition of the syndrome emphasize that androgen excess is the foundation of PCOS (8).

DEVELOPMENTAL ORIGIN OF PCOS AND ITS EVOLUTION
DURING CHILDHOOD

There is plentiful evidence that the etiology of PCOS involves a major genetic component (see
below) but environmental factors, particularly diet, play an important part (9). The fact that PCOS
presents in adolescence suggests that the origins of the disorder occur in childhood, perhaps even in
foetal life. Animal models of PCOS support this hypothesis. Female Rhesus monkeys exposed to high
concentrations of testosterone in utero develop many of the features of human PCOS as adults, such
as high LH levels, ovarian hyperandrogenism, and anovulation in association with increased body
weight and insulin resistance (10,11). Similar findings apply to the prenatally androgenized sheep
model of PCOS (12,13), and even rodents exposed to excess androgen during early development
show a characteristic metabolic phenotype (14,15). This suggests that the PCOS phenotype could be
a direct result of androgen exposure, which “programmes” the foetal hypothalamic-pituitary-ovarian
(HPO) axis as well as fat deposition and function in utero (16). With regard to the possible effects of
androgen programming on reproductive hormones, there is emerging evidence that the high LH levels
seen in many women with PCOS may be influenced by androgen. Defects in negative feedback of
progesterone and oestrogen on gonadotropins have been described (17) and, importantly, these abnor-
malities can be reversed by treatment with the anti-androgen flutamide. This highlights the role of
hyperandrogenaemia in sustaining this abnormal hypothalamic sensitivity to feedback inhibition (18).

In the case of the Rhesus monkey model of PCOS, it is important to note that the doses of andro-
gen that were used were high enough to exceed two normally very efficient physiological barriers:
first, placental aromatase, which converts excess androgen to oestrogens, and second, high circulating
sex hormone binding globulin (SHBG) which binds testosterone and prevents placental transfer. It is
therefore unlikely that, in pregnant women with PCOS, any excess maternal androgen would be able
to cross the placenta in significant amounts (19). So “vertical transmission” of PCOS from mother
to foetus probably does not occur. It is therefore suggested that the source of excess androgen is the
foetal ovary (and/or adrenal) which may either be actively secreting excess androgen in utero or, per-
haps more plausibly, be genetically predisposed to produce high ovarian androgen levels at the time
of activation of the hypothalamic-pituitary-ovarian axis in infancy or at puberty (16). If the adrenal is
contributing to excess androgen in PCOS, the normal burst of androgen secretion at adrenarche may
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be advanced or enhanced; indeed, there is indeed evidence for links between premature adrenarche,
premature pubarche, and the appearance of PCOS in adolescence (20).

It is not surprising that symptoms of PCOS appear in adolescents. Normal pubertal development
is characterized by activation of the hypothalamic-pituitary-ovarian axis and is associated with phys-
iological reductions in insulin sensitivity. In girls with a predisposition to PCOS, these changes are
exaggerated by higher than normal levels of LH and, significantly, by hyperinsulinaemia that is further
amplified by obesity.

GENES AND PCOS

The etiology of PCOS is unknown but heritability studies suggest a strong genetic susceptibility
(9,21). Familial clustering has been noted (22,23) and greater concordance in features of PCOS is
observed between monozygotic than dizygotic twins (24). Studying complex endocrine diseases such
as PCOS and diabetes is difficult due to their likely genetic heterogeneity (25). Several genes are likely
to be implicated in the etiology of PCOS, but despite a plethora of candidate gene (mostly case-control)
studies, few loci have been convincingly shown to be associated with the condition. Methodological
problems have contributed to the confusion since many of the published studies have paid insufficient
attention to the importance of having large enough and ethnically homogeneous populations.

However, two genes have recently been highlighted as potentially important. It is known that com-
mon variants in a 47 kb region of the first intron of the fat mass and obesity-associated gene (FTO)
influence susceptibility to type 2 diabetes, via a substantial effect on BMI and fat mass (26). Barber
et al. showed a significant link between the FTO genotype and PCOS status in a UK case–control
analysis (27). The association was most evident in obese PCOS patients. Using linkage analysis, an
association has also been found between PCOS and a dinucleotide repeat marker D19S884 (close
to, but not in linkage disequilibrium with, the insulin receptor gene) on chromosome 19p13.2 (28).
Fine mapping places this polymorphism in the region of intron 55 of the fibrillin 3 gene (FBN3) (25).
Moreover this locus is associated with metabolic features of the syndrome in reproductive age women
and their brothers (21). The function of FBN3 is not clear but fibrillins are transforming growth factor
beta (TGFβ) binding proteins, and growth factors in the TGFβ family have been implicated in early
follicle development and theca formation in the ovary (29). The poor yield of well-characterized, plau-
sible susceptibility loci, using the candidate gene approach, has been disappointing and there is likely
now to be greater focus on genome-wide association studies of the sort undertaken for identification
of genes contributing to type II diabetes and other endocrine/metabolic traits (30).

METABOLIC DYSFUNCTION IN PCOS

The central metabolic abnormality in PCOS is impaired insulin sensitivity and its associated hyper-
insulinaemia (31). Insulin sensitivity is reduced when compared with weight-matched controls without
PCOS and there is an important interaction of insulin sensitivity with BMI so that there is a steeper
decline with increasing BMI when compared to control women. The increased insulin resistance
accounts for the high prevalence of impaired glucose tolerance in obese women with PCOS and the
increased risk (32) (probably 3–4 fold) of developing type 2 diabetes (33–35). Dyslipidaemia has also
been reported in women with PCOS and may be a factor in the presumed increase in risk of cardiovas-
cular disease (36). At the moment, however, there is no clear evidence that these risk factors translate
into an increase in cardiovascular events in PCOS. Insulin resistance in PCOS is also related to an
abnormality of energy balance, notably reduced post-prandial thermogenesis (37), which itself may
have an impact on the development of obesity (see below).
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Fig. 1. Insulin sensitivity in BMI-matched groups of women with oligomenorrhea and PCOS (n = 53) or in hirsute
women with polycystic ovaries and regular cycles (n = 19), compared with values in BMI-matched normal controls
(n = 31). The two groups of women with PCO were equally hyperandrogenemic. Only the group with PCO and
oligomenorrhea was insulin resistant (p < 0.01 compared with controls). Values shown are means + SEM. Data from
Robinson et al. (32).

It is important to emphasize that metabolic abnormalities in PCOS are a feature of women who
have both anovulation and androgen excess, whereas weight-matched and equally hyperandrogenemic
women with polycystic ovaries, but who have regular menses, have normal insulin sensitivity and
serum insulin concentrations (32) (Fig. 1). This has implications for prediction of women at risk of
long-term metabolic sequelae (7). Another implication of the association between anovulation and
metabolic dysfunction is that insulin resistance may be involved in the mechanism of anovulation
in hyperandrogenemic women with PCOS; indeed, there is evidence, from both in vitro and clinical
studies, that this is the case (38). For example, therapies that lower insulin levels such as weight loss
and insulin sensitizing drugs significantly improve menstrual cyclicity, fertility, and hyperandrogenism
(39–41).

MECHANISM OF INSULIN RESISTANCE IN PCOS

The cause(s) of reduced insulin sensitivity in PCOS remains unclear. Abnormalities of the insulin
receptor itself are rare causes of PCOS and the weight of evidence points to a post-receptor defect
in insulin signalling pathways (31,42,43). It is likely that the signalling defect is located proximally
in the pathway, involving serine phosphorylation of the insulin receptor (IR) and/or insulin receptor
substrates 1 and 2 (IRS1/2) (31,43). In about 50% of women with PCOS who had insulin resistance
documented by euglycaemic clamp studies, there appeared to be constitutive activation of serine phos-
phorylation of the insulin receptor in skin fibroblasts that, in turn, inhibited insulin-stimulated tyrosine
phosphorylation and hence normal insulin signalling (44).

In cultures of skeletal muscle in obese women with PCOS, IRS-1 protein abundance was found
to be significantly increased, resulting in decreased activity of phosphotidyl inositol 3-kinase (PI3K)
(43). Phosphorylation of IRS-1 Ser (312) (equivalent to Ser (307) in rat) was increased in PCOS, but
despite these defects, cultured myotubules showed normal insulin responsiveness. No differences in
IR tyrosine phosphorylation were seen between women with PCOS and controls. Thus, in contrast to
skin fibroblasts, the defects in skeletal muscle seen in vivo are not reproduced in culture, suggesting
that the in vivo environment is the major determinant of muscle insulin resistance in PCOS. However,
certain defects in insulin signalling persist (43). Serine phosphorylation of IRS1 inhibits its tyrosine
phosphorylation and therefore its ability to recruit PI3K (45). Another feature of insulin target tis-
sues in women with PCOS is that expression of the insulin-dependent glucose transporter GLUT4 is
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abnormally low. This has been shown in adipocytes from subjects with PCOS (46) as well as in skeletal
muscle from type 2 diabetics (47).

The mechanism of insulin resistance in the ovary also appears to involve a post-receptor abnormality
leading to a selective signalling defect. The effect of insulin on glucose metabolism in granulosa-lutein
cells from women with anovulatory PCOS is attenuated whilst the steroidogenic response to insulin is
preserved (48). Glucose metabolism is needed for efficient oocyte maturation and function (49), and
this defect may contribute to infertility seen in PCOS patients.

ADIPOSITY IN PCOS

The relationship between adiposity and PCOS is complex. It is legitimate to pose the questions:
(1) Are females with PCOS more likely to gain weight and deposit adipose tissue than those without
PCOS? (2) Is there preferential deposition of visceral (i.e. more metabolically active) fat in women
with PCOS? and (3) Does excess androgen affect the accumulation and site of adipose deposition?
There is some evidence to support the notion that adolescents or adults with PCOS are relatively
more prone to gain weight for any given calorie intake. The difference in post-prandial thermogenesis
between obese subjects with and without PCOS was 42 kJ; we calculated that if this difference in
energy expenditure was maintained daily for 1 year, it would be equivalent to an excess of 735, 000 kJ
or 1.9 kg of fat for the same calorie intake (37). Nevertheless, this effect is unlikely to represent a
major factor in the genesis of obesity in PCOS.

In comparison with women with normal ovaries and regular cycles, women with PCOS have
been thought to be prone to central adiposity, i.e. preferential accumulation of visceral fat deposits.
However, results of our recent studies have cast doubt upon this “accepted” view. Barber et al. used
systematic magnetic resonance imaging (MRI) to quantify visceral and subcutaneous fat accumula-
tion in women with normal and polycystic ovaries, across a wide range of BMI (50). Surprisingly,
it was found that visceral fat depots increased similarly with increasing total body fat in both PCOS
patients and controls (Fig. 2) despite clear differences between the groups in indices of androgenicity
and insulin sensitivity. Intriguingly, although the relationship between visceral fat and total body fat
was similar in the two groups, the relationship of insulin sensitivity to visceral fat area was different
between normal and PCOS, suggesting that insulin resistance in PCOS cannot be attributed simply to
altered body fat distribution.

Fig. 2. Area of visceral and gluteal subcutaneous fat (cm2) (geometric mean and SD) as measured by MRI in 44 BMI-
matched obese women with PCOS (n = 22) or controls (n = 22). Note similar relationship of visceral to subcutaneous
fat in both groups. Data from Barber et al. (50).
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The best evidence that exposure to excess androgen leads to adiposity comes from the studies of
prenatally androgenized animals, as discussed above. Correlations between serum androgen concentra-
tions and body fat mass (or truncal fat) can be found in women with PCOS but such an association does
not establish cause and effect. The most consistent relationship is between fat mass and free testos-
terone index but this phenomenon is most likely to reflect the impact of obesity (via hyperinsulinaemia)
on suppression of SHBG, as detailed below.

Whether or not women with PCOS are more likely to accumulate fat, it is quite clear that weight
gain and increased fat deposition are associated with a worsening of clinical and biochemical fea-
tures of PCOS (51,52). Thus, women who are overweight or obese are more likely to have anovulatory
cycles or amenorrhea and have a greater degree of hirsutism. Total and, particularly, non-SHBG-bound
testosterone concentrations are elevated. The increase in the so-called free testosterone index (calcu-
lated by T/SHBG x100) is mainly a function of lowered SHBG concentrations. Serum levels of SHBG
are inversely related to BMI and to fasting insulin concentrations and there is evidence for a direct
inhibitory effect of insulin on hepatic production of SHBG (53,54).

METABOLIC SYNDROME IN ADOLESCENTS WITH PCOS

Metabolic syndrome (MBS) is associated with increased cardiovascular risk. It is defined by the
presence of a cluster of features derived from measurements including waist circumference, blood
pressure, fasting glucose, and lipid profile. The prevalence of metabolic syndrome in obese adults
with PCOS has been reported to be between 30 and 45% (7,55–58). There are few such studies in
adolescent girls with adequate numbers of subjects but a recent publication from Rossi and colleagues
has reported the prevalence and features of metabolic syndrome in a group of 43 obese girls (mean age
15.6 years) with PCOS and compared their results with a group of 31 control girls with similar BMI
(59). Using adult criteria for diagnosis of MBS, 26% of the PCOS group and 29% of controls had MBS.
The authors therefore concluded that obesity, rather than PCOS per se, was the major determinant of
MBS in adolescents.

DIAGNOSTIC INVESTIGATION

The diagnosis of PCOS is largely made clinically, but in adolescents with symptoms of hyperandro-
genism, measurements of total and free testosterone and adrenal androgens may help to exclude other,
more severe causes of androgen excess. Serum 17OH progesterone levels can differentiate patients
with non-virilizing 21OHase deficiency from those with PCOS. In those with oligo- or amenorrhea,
measurements of LH, FSH, and prolactin should be undertaken. A trans-abdominal ultrasound is useful
in some cases; however, some clinicians argue that girls with both hyperandrogenism and menstrual
disturbance are likely to have PCOS and that a scan is not essential in further management (3). In
patients with BMI exceeding 30 kg/m2 an oral glucose tolerance test should be performed.

MANAGEMENT OF ADOLESCENTS WITH PCOS

The management of adolescents with PCOS has two main objectives: first to control symptoms of
androgen excess and/or anovulation and second to reduce the risk of long-term complications such
as type 2 diabetes. It is very important to make an early diagnosis of PCOS so that girls who are
symptomatic, but of normal weight, can be given advice about keeping their body weight under control.
This is the best way to prevent symptoms of androgen excess and anovulation from escalating and to
limit the risk of metabolic complications.



Pathogenesis and Management of Adiposity and Insulin Resistance in PCOS 363

Treatment is tailored to the needs of the patient. Hirsutism and acne cause deep distress in adoles-
cent girls, as does weight gain. Treatment of cutaneous problems should be instituted without delay.
Treatment of infertility is, of course, rarely an issue in this age group, although many girls will wish to
be reassured about the future prospects of fertility. The preferred and most effective method of treat-
ment for obese adolescents with PCOS is lifestyle modification. It produces an improvement in all the
features of PCOS (39,60). This approach is safe and non-pharmacological; unfortunately, weight loss
programmes in children are notoriously unsuccessful (61).

Treatment of menstrual irregularities in adolescents centres on re-establishing a predictable cycle
of menstruation. This can be attained with the combined oral contraceptive pill (COCP), which is con-
sidered first-line therapy for adolescent PCOS by most paediatric endocrinologists (62) or by cyclical
progestogens. In addition to regulating the cycle, which will prevent future complications resulting
from endometrial hyperplasia, the COCP has an anti-androgenic effect by elevating SHBG levels and
reducing LH-driven ovarian androgen production. In the overweight or obese population, education
about the beneficial effects of weight loss on the menstrual cycle (as well as on future long-term
health) should be stressed, and practical advice on diet and exercise should be given.

Symptoms of androgen excess are best treated with a combination of cosmetic management
and, if necessary, anti-androgen therapy (63). Cosmetic management includes shaving (very effi-
cient but not popular), waxing, and epilation by electrolysis or laser. The most commonly used
anti-androgen in the UK is cyproterone acetate, often used in combination with ethinylestradiol (as
in co-cyprindiol: ethinylestradiol 35 μg + cyproterone acetate 2 mg, often prescribed as Dianette
in the UK). If necessary, additional cyproterone acetate (25–50 mg daily) can be combined with
co-cyprindiol.

Cyproterone acetate is not available in the United States, where the pharmacologically similar
spironolactone is preferred. Spironolactone is an equally effective anti-androgen; doses as low as
50 mg daily have produced efficient reduction in hyperandrogenism in adolescents (64). Flutamide
is a potent, non-steroidal anti-androgen that is not routinely used in the UK, but is effective in the
treatment of hyperandrogenism in adolescents (65,66). Its high cost and potential hepatotoxicity pre-
clude its widepread use; although there is little evidence for liver damage at chronic low doses, it is
probably best avoided (67). Acne can be treated with both topical and oral antibiotics. Those with
more severe disease often respond to anti-androgen therapy. In resistant cases, treatment with retinoic
acid derivatives under the supervision of a dermatologist is recommended.

Treatment with the COCP and/or anti-androgens corrects hyperandrogenism and menstrual irreg-
ularities but these agents have little effect on insulin resistance and its metabolic consequences. If
lifestyle modification is unsuccessful, drugs which improve insulin sensitivity and lower insulin levels
can be useful. Metformin has been shown to reduce central adiposity and free testosterone levels and
to increase insulin sensitivity and menstrual regularity in obese adolescents with PCOS (66,68–70).
The recommended starting dose is 500 mg daily, increasing to a maximum of 2 g daily in divided
doses. However, there are few adequately powered short-term studies of efficacy and a serious lack
of data on the long-term effects of metformin on the metabolic complications of PCOS in adults.
There are even fewer such studies in adolescents. Recently, a large and well-conducted randomized
controlled trial comparing metformin and clomiphene (either alone or in combination) showed no
benefit of metformin on ovulation induction (71), which although not usually relevant in adolescents,
highlights the importance of large randomized trials in clarifying the potential benefits of metformin.
Thiazolidinediones, although successful in adults in improving androgen levels, insulin resistance, and
lipid profiles, are not likely to overtake metformin in their use in adolescents due to their side effect
profile. They cause weight gain and may have adverse long-term effects on the cardiovascular system
and bone development (72,73).
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SUMMARY

PCOS is very common and typically presents in adolescent girls. It is the major cause of hirsutism
and menstrual abnormalities but is also an important risk factor for development of metabolic abnor-
malities. Insulin resistance and hyperinsulinaemia are more prevalent in girls with PCOS than in the
general population and these metabolic abnormalities are amplified by obesity. Women with PCOS are
at higher than normal risk of developing metabolic syndrome (MBS) and type 2 diabetes but in ado-
lescents the risk of MBS appears to be mainly related to obesity rather than PCOS per se. Prevention
or treatment of metabolic complications in PCOS is ideally best achieved by modification of diet and
lifestyle but this is not easy in teenagers. Insulin sensitizing agents may have a part to play in managing
metabolic sequelae of PCOS but there have been, as yet, few large-scale, controlled trials to help guide
clinical practice.

Editor’s Questions and Authors’ Response
• Precocious adrenarche and/or obesity in childhood predisposes to PCOS in adolescent girls

and young women (see, for example, Rosenfield, 2007; Kousta, 2006; Chapter 18 by Glueck
and Morrison and Chapters 12 and 23 by Freemark, this volume). How much (or what
percent) weight loss is required to reverse anovulation and hirsutism in PCOS?

• Weight loss in excess of 5% is usually enough to improve ovulation rate. Impact on hirsutism is
there but less easily defined – no very good long-term studies.

Kousta E. Premature adrenarche leads to polycystic ovary syndrome? Long-term consequences. Ann NY Acad Sci.
2006;1092:148–57.

Rosenfield RL. Identifying children at risk for polycystic ovary syndrome. J Clin Endocrinol Metab. 2007;92:787–96.

• What are the long-term prospects for fertility in an adolescent with PCOS?

• Prospects for fertility are generally pretty good. In our studies using clomiphene (or FSH in
clomiphene non-responders) the overall pregnancy rate is in excess of 80%. Obesity is a major
barrier, so weight loss is important.

Editor’s Comment
• PCOS may be accompanied by dyslipidaemia, hypertension, impaired fibrinolysis, arterial stiff-

ness, and endothelial dysfunction, and decreased insulin-mediated vasodilatation (e.g. see Glueck
et al., 2008). In theory (not yet demonstrated in PCOS), these may increase the long-term risks
of cardiovascular disease. Preliminary studies suggest that metformin may reduce arterial stiffness
and improve endothelial function in young women with PCOS (e.g. see Agarwal et al., 2010). These
effects may be mediated in part by weight loss, since similar changes can be demonstrated following
weight reduction in type 2 diabetes (Barinas-Mitchell et al., 2006).

Agarwal N, Rice SP, Bolusani H, Luzio SD, Dunseath G, Ludgate M, Rees DA. Metformin reduces arterial stiffness and
improves endothelial function in young women with polycystic ovary syndrome: a randomized, placebo-controlled,
crossover trial. J Clin Endocrinol Metab. 2010 Feb;95(2):722–30.

Barinas-Mitchell E, Kuller LH, Sutton-Tyrrell K, Hegazi R, Harper P, Mancino J, Kelley DE. Effect of Weight Loss and
Nutritional Intervention on Arterial Stiffness in Type 2 Diabetes. Diabetes Care. 2006;29:2218–22.
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Glueck CJ, Morrison JA, Wang P. Insulin resistance, obesity, hypofibrinolysis, hyperandrogenism, and coronary heart
disease risk factors in 25 pre-perimenarchal girls age < or =14 years, 13 with precocious puberty, 23 with a first-
degree relative with polycystic ovary syndrome. J Pediatr Endocrinol Metab. 2008 Oct;21(10):973–84.
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INTRODUCTION

Obesity in childhood increases the risks of adult obesity and predisposes to metabolic compli-
cations including glucose intolerance, type 2 diabetes mellitus, hypertension, dyslipidemia, and the
development of cardiovascular disease (1–4). Obesity also impacts physical appearance and may
have profound psychosocial consequences including low self-esteem, lack of self-confidence, and
social alienation. It is also associated with depressive symptoms and experiences of shame (1). Obese
children are often diagnosed with anxiety disorders (2) and are more likely to become victims or
perpetrators of bullying behavior than their normal-weight peers (3).

Conversely, psychologic and psychiatric disorders can predispose to obesity and metabolic com-
plications. For example, adults with schizophrenia have higher rates of obesity, type 2 diabetes,
hypertension, and coronary artery disease than those without psychiatric illness (4,5–7). Three major
factors appear to contribute to obesity and co-morbidities in patients with psychiatric disease. First,
social isolation and demoralization can lead to poor dietary habits and lack of physical activity. Second,
medication-related increases in appetite, especially carbohydrate craving, boost caloric intake while
sedating drugs reduce baseline energy expenditure (8). Finally, access to medical care and use of
medical resources is often inadequate (and in some cases, non-existent).
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EFFECTS OF PSYCHOTROPIC MEDICATIONS AND OTHER DRUGS ON BODY
WEIGHT AND METABOLIC FUNCTION

A variety of medications are associated with weight gain in children as well as adults. These are
listed in Table 1 and include the so-called “atypical” antispychotic agents. Psychotropic medications
have traditionally been used to treat a wide-range of psychologic and psychiatric illnesses includ-
ing mood, anxiety, externalizing, and psychotic disorders. To those ends, psychotropic drugs have
been used with increasing frequency in young patients in the United States (9). But newer “atypical”
antipsychotic agents are increasingly employed to treat a widening array of neurologic and psychiatric
disorders such as autism (10), tic disorders (11), and obsessive-compulsive disorders (12) as well as
schizophrenia and bipolar disease (13). Indeed, in 1992 only 4% of all antipsychotic prescriptions in
the United States were for atypical antipsychotics; the percentage now approximates 70% (14). Thus
the use of atypical antipsychotics by children and teenagers has considerable impact on public health.

Table 1
Drugs Commonly Associated with Weight Gain

• Atypical antipsychotics

• Glucocorticoids (including high-dose inhaled)

• Sex steroids: medroxyprogesterone, oral contraceptives

• Hypoglycemic agents: insulin, sulfonylureas, and thiazolidinediones

• Tricyclic antidepressants

• Anti-epileptics: valproate, gabapentin

Although studies suggest that atypical antipsychotics may exert beneficial effects on mood, cog-
nition, and behavior in various psychiatric and neurologic conditions, there is increasing concern
regarding tolerability and long-term adverse effects of these agents, particularly in young patients
(15,16). Indeed, children and adults are at risk for antipsychotic-related adverse complications includ-
ing excess weight gain, insulin resistance, glucose intolerance, and dyslipidemia (5–7,17). These
effects are mediated, at least in part, through central induction of appetite and inhibition of sati-
ety, manifest as food craving, binge eating, and, ultimately, fat deposition. The actions in the central
nervous system are exerted through antagonism of hypothalamic histaminergic H1 receptors and (pos-
sibly) serotoninergic 5HT2c receptors, which normally suppress appetite, food intake, and weight gain
and increase energy expenditure (18). The risks of glucose intolerance and type 2 diabetes correlate
best with the ability of the atypical antipsychotics to antagonize pancreatic beta cell muscarinic M3
receptors and thereby reduce glucose-stimulated insulin secretion (18).

Newer antipsychotics generally cause more weight gain than the older agents. Case reports and
clinical trials have linked olanzapine and clozapine in particular with significant weight gain in adults
(19–23). A meta-analysis estimated that the average increase in weight of subjects treated with antipsy-
chotic agents over a 10-week period ranged from 0.04 kg with ziprasidone and 0.39 kg with molindone
to 2.10 kg with risperidone, 2.92 kg with sertindole, 3.19 kg with thioridazine, 4.15 kg with olanzapine,
and 4.45 kg with clozapine (4). In comparison, placebo-treated subjects gained an average of 0.74 kg.
In a 5-year natural history study, some patients treated with clozapine continued to gain weight for up
to 46 months (24). Data from the CATIE trial showed that olanzapine-treated subjects experienced the
greatest amount of weight gain, with the highest percentage of subjects gaining 7% or more of their
total body weight (25).



Obesity and Metabolic Dysfunction in the Child with a Major Behavioral Disorder 371

Atypical antipsychotics that produce the greatest weight gain in adults are associated with the high-
est rates of glucose intolerance and type 2 diabetes (26). Combination of antipsychotics may have
additive or synergistic effects; compared with antipsychotic monotherapy, polytherapy is associated
with elevated rates of obesity and the metabolic syndrome (27). Weight gain in turn is an emotionally
distressing side effect that contributes to nonadherence with antipsychotic agents (5–7). Antipsychotic-
treated patients who have experienced weight gain have a reduced quality of life, poorer self-reported
general health, and decreased vitality (5).

As in adults, weight gain and metabolic complications are common in pediatric patients treated
with atypical antipsychotics. Antipsychotic-naïve children and teenagers appear to be at highest risk
(28,47). Although larger, longer term studies are clearly needed to better define the relative risks
of weight gain in children and adolescents, available data suggest that clozapine, olanzapine, and
risperidone are most potent in their ability to promote weight gain and development of the metabolic
syndrome. For example, a randomized, double-blind trial in adolescents showed that while 90%
gained weight on antipsychotics, the largest increases were noted with olanzapine (0.99 kg/week)
and risperidone (0.77 kg/week) (29). Quetiapine has less dramatic effects, followed by aripiprazole
and ziprasidone (29). Correll et al. (30) reported that 14% (of 131) of antipsychotic-naïve adoles-
cents treated with new atypical antipsychotic agents developed hyperlipidemia, while 22% developed
hyperinsulinemia, and 33% developed insulin resistance, which in some cases progresses to type 2 dia-
betes (31,32). A South Carolina Medicaid database study of 4,140 antipsychotic-treated children and
adolescents showed that treatment increased the risks of obesity (OR: 2.13), T2DM (OR: 3.23), and
cardiovascular complications (OR: 1.64) (33). Polytherapy was associated with increased prevalence
of weight gain and obesity, dyslipidemia, and T2DM.

Weight gain causes significant emotional distress in adolescents and often results in medication
discontinuation and relapse. A linear relationship exists between weight status and nonadherence, with
patients reporting weight gain as the second most predominant life problem (34). Therefore, weight
gain poses a dual risk: it increases symptom relapse through nonadherence and exposes patients to
medical and emotional problems.

MANAGEMENT OF EXCESS WEIGHT GAIN IN PATIENTS TREATED
WITH ATYPICAL ANTIPSYCHOTICS

The standard of obesity treatment is a lifestyle modification designed to encourage healthy eating
behaviors, reduce a sedentary lifestyle, and increase physical activity. Patient management involves
a delicate balance between stabilizing psychiatric symptoms, improving functioning, and preventing
and managing medication side effects such as obesity and obesity-related complications. Initially,
consideration is given to conservative approaches toward weight control – providing education on
healthy lifestyle changes and encouraging diet and exercise (35). If these measures prove inade-
quate, more intensive strategies must be explored. Before and during any intervention for obesity,
it is recommended that anthropometrics and metabolic profile be carefully assessed.

Nonpharmacologic Interventions
Most pediatric obesity intervention studies in psychiatric patients are not randomized controlled tri-

als. Few, if any, psychosocial intervention studies exist for obese, mentally ill children and adolescents.
Consequently, no standardized educational, nutritional, family-based, multi-modal, or behavioral
intervention studies have been established for this population of pediatric patients.

Most weight loss programs for the general population have weight loss as the specific goal of the
intervention, and sessions focus on learning and adapting healthy diets and increasing activity levels.
Managing stress and enhancing motivation to maintain lifestyle modifications is a critical component.
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Self-regulation skills, such as self-observation, self-instruction, self-evaluation, and self-reward, can
be learned and utilized. Designing a personal plan for managing eating habits can be helpful (36).
The goals are modest lifelong lifestyle modifications. However, the effectiveness may be limited in
children receiving medications that cause sedation and increase appetite. Additionally, the struggles of
dealing with typical issues of childhood and adolescence along with those of a psychiatric illness may
limit the time and energy necessary to participate in such a program.

Group programs for obese children may sometimes be helpful. For example, in a school-based
exercise program of 9-month duration, improvement of body composition and insulin sensitivity was
noted in a group of middle school children who were randomized to a fitness-oriented gym class
compared to a group taking regular gym class (37). However, as stated above, it may be difficult for
children and adolescents with psychiatric illness to successfully participate in such programs.

On the other hand, drastic changes in diet or exercise are generally not recommended. Data on the
use of a very low-calorie diet (38) (400–800 kcal/day) in morbidly obese adolescents without psy-
chiatric illness indicate that weight improvement lasts less than 12 months. Most weight loss occurs
early; but over time, weight is usually regained toward baseline levels or even higher. Short-term inter-
ventions, discontinuation of treatment, or withdrawal from the treatment likely results in subsequent
weight increases (39). Severe dietary restriction is even less likely to be successful in children with
psychiatric illness because they often have eating disorders and food cravings.

No bariatric surgery data are available for obese pediatric patients with mental illness. Any surgery
can potentially lead to significant adverse consequences, and it remains debatable whether an obese
youth with a psychiatric illness (especially if symptoms are unstable) should undergo this procedure.
The safety and success of the surgery is dependent on the individual’s ability to comply with the
post-surgery aftercare recommendations, which include eating small meals at a slow pace, chewing
each bite dozens of times before swallowing, avoiding certain foods, and taking a complex array of
vitamins.

Pharmacologic Interventions
Pharmacologic intervention for medication-induced weight gain begins first with evaluating the

risks and benefits of continuing the medication being used to treat the psychiatric disorder. When there
is significant weight gain on a medication, consideration should be given to discontinuing the agent
or switching to another medication.

There is increased interest in prescribing anti-obesity agents to prevent or reverse excess weight
gain in patients treated with atypical antipsychotics. The results are summarized in Miller et al.
(40). Brief (3–24 week), small (n = 12–50) trials found that the histamine 2 receptor antagonists
Nizatidine and Amantadine or the histamine 1 receptor agonist Modafinil can reduce body weight in
olanzapine-treated adults. However, Amantadine is known to exacerbate mood disorders in patients
with schizophrenia, and Modafinil can cause insomnia, headache, nausea, nervousness, hypertension
and, rarely, severe dermatologic reactions. Likewise, the anti-convulsant Topiramate reduced BMI in
adults taking various atypical antipsychotics but caused paresthesias and memory disturbances. The
serotonin reuptake inhibitor Fluoxetine had no benefit in adults treated with olanzapine. None of these
drugs is approved for the treatment of obesity in children.

Currently, only orlistat and sibutramine have been approved by the United States Food and Drug
Administration for long-term weight control in adolescents (41). Orlistat is a reversible inhibitor of
gastric and pancreatic lipases which blocks absorption of digestive lipids (42). Limited evidence sug-
gests that orlistat can reduce BMI in obese adolescents when combined with diet and exercise (43)
(see Chapter 23 by Freemark), but no studies have examined the effects of the drug in children with
psychiatric disease. A 4-month trial showed that orlistat reduced body weight by 1.7 kg in adult males
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(not females) taking clozapine (44). Diarrhea and flatulence are major side effects. Fatty foods must
be avoided, making its use in many psychiatric patients problematic.

Sibutramine is a selective inhibitor of serotonin and noradrenaline reuptake (45). A number of
studies show that sibutramine can reduce BMI in obese teenagers without psychiatric disease; for
example, a 6-month randomized, double-blind, placebo-controlled trial (N = 60, 14–17 years old)
found that sibutramine (10 mg daily) combined with diet and exercise led to weight loss on average
of 10.3 ± 6.6 kg; in comparison, the placebo group lost 2.4 ± 2.5 kg (p < 0.001) (46) (see Chapter
23 by Freemark). A double-blind, placebo-controlled trial (45) in adult schizophrenia patients found
that sibutramine was an effective and well-tolerated adjunct to behavior modification for olanzapine-
associated weight gain. At week 12, the sibutramine group had significantly greater weight loss than
the placebo group (mean = 8.3± 2.4 lb versus mean = 1.8± 1.6 lb). However, sibutramine raises
mean heart rate and blood pressure and can cause insomnia and dry mouth; in combination with other
drugs, sibutramine may also cause the serotonin syndrome.

Metformin, a biguanide oral hypoglycemic, decreases endogenous hepatic glucose production and
intestinal glucose absorption, thereby lowering fasting glucose and insulin concentrations; it may also
increase insulin sensitivity (47). It is approved for the treatment of type 2 diabetes mellitus in pediatric
and adult patients (48). Recent studies show that metformin may reduce BMI and fasting glucose and
insulin levels in non-diabetic obese adolescents and adults with insulin resistance and the polycystic
ovary syndrome (see Chapters 12 and 23 by Freemark and Chapter 24 by Franks and Joharatnam).

There are a total of 6 double-blind, placebo-controlled studies (total n = 353) of the effects of
metformin on weight gain in adults treated with atypical antipsychotics; in 4 of the 6 studies metformin
had no effect on body weight. However, the two largest studies (total n = 208) found that metformin
reduced body weight relative to placebo in patients taking olanzapine or another atypical antipsychotic
agent (40).

Three studies constitute the pediatric literature on the subject (40). In the first, Morrison and asso-
ciates (49) studied the effects of metformin (500 mg three times daily) in a 12-week, open-label
investigation in patients (10–18 years old, n = 19) who had more that 10% weight gain during treat-
ment with an atypical antipsychotic. The mean weight loss on metformin was 2.93 ± 3.13 kg and
mean BMI decrease was 2.22 ± 1.98 kg/m2 (p = 0.003). The effect was achieved after only 4 weeks.
In a 16-week, add-on, parallel-design study in 39 adolescents (10–17 years old) under treatment with
an atypical antipsychotic agent, Klein and associates (50) found that those assigned to placebo gained
an average of 0.31 ± 0.44 kg per week (total 4.01 ± 6.23 kg) and had a BMI increase of 1.12 ± 2.02,
compared to no change in weight and an average BMI decline of 0.43 ± 1.07 (p = 0.0006) in patients
treated with metformin (up to 850 mg twice daily). Because the study was conducted in growing
children, there was a reduction in z scores for weight and BMI. Metformin also reduced waist cir-
cumference 2.51 cm; in contrast, waist circumference increased 3.64 cm in the placebo group. Finally,
a 12-week, placebo-controlled trial in 49 teenagers taking risperidone for schizophrenia or schizoaf-
fective disorder found no effect of metformin on body weight. Common side effects (10–15%) of
metformin include nausea and mild-to-moderate gastrointestinal distress; lactic acidosis is rare and
has not been described in children (see Chapter 23 by Freemark).

CONCLUSION

The introduction of atypical antipsychotic agents represents a major advance in the management of
psychiatric illnesses. However, the weight gain associated with most of these medications is contribut-
ing to an increased rate of obesity in this patient population. With rising prescription rates for atypical
antipsychotics, an even higher incidence of obesity in patients on these agents may be expected in
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the future. Given the limited availability of clearly effective means of managing antipsychotic-induced
weight gain, it is important to balance the risks and benefits carefully prior to initiating antipsychotic
treatment. Once treatment is started, careful monitoring of body weight, BMI, blood pressure, glucose
tolerance, and serum lipids is obligatory. From the onset of treatment, healthy lifestyle counseling and
interventions should be initiated. A risk assessment (such as previous treatment and side effect experi-
ences, current weight and metabolic state, family history, population-based risk) should be conducted
and the medication with the lowest possible risk should be considered first. If unsuccessful, then the
next lowest risk medication should be considered. If an adverse event, such as significant weight gain,
occurs, then more intensive healthy lifestyle counseling and interventions should be initiated, and one
should consider switching the medication. More targeted weight loss interventions, including the use
of adjuvant medications, may be considered in certain cases.

The anthropometric and metabolic profile should be integrated into the patient’s psychiatric and
medical management. Appropriate monitoring will help determine whether it is better to postpone
or initiate immediately an intervention, especially one that is intensive. Preventing obesity involves
promoting healthy eating behaviors and regular physical activity, enabling patients to achieve and
maintain appropriate energy balance. Treatment of obesity should be realistic, as psychiatric patients
may not be able to control weight fluctuations as tightly as individuals in the general population.

Finally, the use of pharmacologic interventions may be warranted in only certain individual patients.
Given the insufficient and inconsistent data, these agents should not be used as preventive or first-line
treatment. Such interventions should be undertaken with caution and close monitoring until further
studies are reported in youth with psychiatric illness taking atypical antipsychotics. Communication
between the psychiatric treatment team and the pediatric treatment team is essential for prevention and
early intervention.
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INTRODUCTION

The ventromedial hypothalamus (VMH; consisting of the arcuate and ventromedial nuclei) is the
anatomic seat of control of energy balance (see Chapter 2 by Lustig, this volume). When the VMH
is damaged, a syndrome of intractable weight gain ensues. This syndrome, termed “hypothalamic
obesity,” originally described by Babinski (1) and Frohlich (2) at the turn of the twentieth century, is
a prime example of the “organicity” of obesity; that is, a pathophysiologic weight gain that is neurally
and biochemically driven, rather than driven by dysfunctional behavior.

Hypothalamic obesity occurs most commonly as a sequel of cranial insult due to supra/parasellar
brain tumors, surgery, or radiation (3–5). Less commonly, severe obesity manifests in children fol-
lowing surgery and/or radiation therapy for tumors localized to the posterior fossa (6). Rarely,
hypothalamic obesity can manifest after blunt head trauma or in association with hypothalamic
granulomatous, infectious, or vascular disorders.

INCIDENCE AND RISK FACTORS

Numerous assessments of late effects following cancer therapy in children document an increased
incidence of obesity (7). Most of these evaluations have been performed in the acute lymphoblastic
leukemia (ALL) survivor population (8–15), in which obesity may be due to several factors (16),
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Table 1
Obesity in Acute Lymphoblastic Leukemia (ALL) Survivors

Author, year,
journal

Patient
population, n

Percent obese,
definition

Risk factors, comments

Sainsbury et al. (14) ALL, n = 86 Increased
weight/height
within 1 year of
therapy

Did not standardize for
treatment, CrXRT,
steroids

Zee et al. (13) ALL, n = 414 30% with BMI >
80th percentile

Correlated with CrXRT.
No controls

Odame et al. (11) ALL, n = 40 57% for girls, BMI >
2 SD

Especially in females.
Age-matched controls

Didi et al. (15) ALL, n = 114 46% with BMI >
85th percentile

Especially in females,
correlation with
chemotherapy, CrXRT
18 vs. 24 Gy no
difference. No controls

Craig et al. (10) ALL, n = 298 12% for girls, 10%
for boys, BMI
z-score > 2

Severe obesity only in
females. CrXRT
18–20 Gy worse than
22–24 Gy. Used chemo
only as controls

Nysom et al. (8) ALL, n = 95 Direct body fat (BF)
measurements.
26% had BF above
90th percentile

Correlated with CrXRT,
GH deficiency. Used
local controls

Sklar et al. (9) ALL, n = 126 40% with BMI >
85th percentile

CrXRT 24 Gy worse than
18 Gy. Used chemo
only as controls

only some of which involve hypothalamic dysfunction. Table 1 recounts the results of these studies.
Routinely, ALL patients are treated with long-term high-dose glucocorticoid therapy, which can lead
to differentiation of mesenchymal stem cells away from muscle and bone and into adipocytes (17); the
adipocytes then accumulate energy, leading to long-term excess adiposity. Furthermore, ALL survivors
exhibit less physical activity, which may be due to biochemical, behavioral, or parental factors (18).
Thus, the ALL population is at particular risk for increased weight gain after completion of therapy.
However, the majority of studies of risk factors for obesity after ALL therapy point to cranial radiation
as at least one risk factor.

However, severe, intractable obesity occurs most frequently after direct hypothalamic insult associ-
ated with death of VMH neurons. For instance, a frequency of hypothalamic obesity of 30–77% has
been documented in survivors after craniopharyngioma treatment (19–22) (Fig. 1). It is not clear from
these studies whether the hypothalamic damage is due to the tumor, the surgery, or the hypothalamic
irradiation that such patients inevitably receive.

We analyzed the BMI curves of 148 children with brain tumors who survived longer than 5 years
post-therapy, in order to determine risk factors for the development of obesity (23). We identified four
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Fig. 1. (a) CT scan (coronal view) showing punctate calcifications within a craniopharyngioma, demonstrating its
hypothalamic location. (b) Sagittal T1-weighted MRI image without contrast. A multilobulated mass is seen in the
suprasellar region. (c) Sagittal T1-weighted image following gadolinium. The suprasellar solid component enhances
while the cystic areas do not.

parameters as being predictive. First, those with tumors localized to the hypothalamus or thalamus,
along with those originating in the temporal lobe (due to stereoscopic position of the hypothala-
mus during radiation for this area) gained weight much more rapidly than did those with tumors in
the posterior fossa or other hemispheric areas. Second, those with tumor histologies prominent in
the diencephalon (craniopharyngioma, germinoma, optic glioma, prolactinoma, hypothalamic astro-
cytoma) also gained weight more rapidly. Third, those with quantitative direct radiation exposure of
the hypothalamus of greater than 51 Gy gained excessive weight twice as rapidly after the comple-
tion of tumor therapy, even when those with hypothalamic or thalamic locations were removed from
the analysis. Lastly, those with some other form of hypothalamic endocrinopathy (i.e., GH deficiency,
hypothyroidism, precocious or delayed puberty, ACTH deficiency, diabetes insipidus) exhibited a BMI
curve with a steeper upward slope. Thus, each significant risk factor was either linked to hypothalamic
location, damage, or dysfunction. Factors not associated with future development of obesity included
hydrocephalus, initial high-dose glucocorticoids, and peripheral or intrathecal chemotherapy.

PATHOGENESIS

Hypothalamic obesity results from the inability of leptin to transduce its signal to leptin-receptor
positive neurons in the arcuate nucleus, owing to their death. Thus, hypothalamic obesity is an example
of “organic” leptin resistance (see Chapter 2).

Rat models of hypothalamic damage, either due to bilateral electrolytic lesions or due to deaf-
ferentation of the VMH, lead to intractable weight gain (24–28), even upon food restriction (29).
Originally, the obesity was felt to be due to damage to a “satiety” center, which promoted hyper-
phagia and increased energy storage (30). In the syndrome of “hypothalamic obesity,” hypothalamic
insult prevents integration of peripheral energy and adiposity signals; the VMH cannot transduce these
signals into a sense of energy sufficiency and a subjective state of satiety (5,6,26,31).

Children with hypothalamic obesity exhibit weight gain, even in response to forced caloric restric-
tion to the tune of 500 kcal/day (5,32). This seems paradoxical, as one would expect that if hyperphagia
were the reason for the obesity, then caloric restriction would be effective in preventing further weight
gain. In fact, analysis of energy intake in children with hypothalamic obesity demonstrates no differ-
ence versus control patients with simple obesity (33). Instead, both resting energy expenditure (34)
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and voluntary energy expenditure as measured by accelerometry (33) are severely compromised in
these patients. Thus, defective leptin signal transduction leads to a state of “CNS starvation” that
drives decreased peripheral energy utilization. Indeed, the most prominent and concerning complaints
in patients with hypothalamic obesity are persistent fatigue, lack of energy, and lack of physical activ-
ity. This generalized malaise is not due to hypopituitarism, as it persists even after full hormonal
replacement.

Sympathetic Nervous System Hypofunction
The decrease in both resting and voluntary energy expenditure is mediated through suppression

of peripheral SNS activity. Recent reports demonstrate an impaired ability of such patients with
hypothalamic obesity to mount an epinephrine response to insulin-induced hypoglycemia (35,36) and
document decreased 24-h epinephrine excretion (although norepinephrine excretion was similar to
controls) (36), along with decreased urinary homovanillic acid and vanillylmandelic acid (37). All of
these point to decreased SNS tone in subjects with hypothalamic obesity. It is thought that the malaise
and decrease in sympathetic tone may account for decreased rates of lipolysis through the adipocyte
β3-adrenergic receptor (38), which results in decreased resting and voluntary energy expenditure (39).

Vagal Hyperfunction
Defective leptin signaling in hypothalamic obesity also results in overactivation of the vagus nerve

(40). Vagal activation results in increased appetite, increased pancreatic β-cell insulin secretion, and
excessive peripheral energy storage into energy storage.

The hypothalamus sends efferent projections residing in the medial longitudinal fasciculus to the
dorsal motor nucleus of the vagus nerve (DMV) (41). The DMV in turn sends efferent projections
throughout the alimentary system, including the β-cells of the pancreas (42). This pathway is respon-
sible for the “cephalic” or preabsorptive phase of insulin secretion, which is glucose-independent and
can be blocked by atropine (43). VMH lesions damage this pathway, leading to an increase in vagal fir-
ing rate (44). For example, rats with VMH lesions exhibit both increased insulin levels and food intake;
however, this can be prevented by pancreatic vagotomy (27,45,46). Increased vagal neurotransmission
increases from β-cell insulin secretion through three distinct but overlapping mechanisms (47) (see
Chapter 2):

1. Vagal firing increases acetylcholine availability and binding to the M3 muscarinic receptor on the β-cell,
which is coupled to a sodium channel within the pancreatic β-cell membrane (48). Under resting con-
ditions, the ATP-dependent potassium channel within the β-cell membrane remains open and leads to a
negative β-cell resting membrane potential of approximately –70 mV, with essentially no insulin release.
In this state, activation of the sodium channel by acetylcholine only minimally increases β-cell resting
membrane potential to –65 mV and has relatively small effects on insulin secretion and peripheral insulin
levels. This phenomenon is responsible for the vagally mediated “cephalic” or preabsorptive phase of
insulin secretion, which is glucose-independent and can be blocked by atropine (43). As glucose enters
the β-cell after ingestion of a meal, the enzyme glucokinase phosphorylates glucose to form glucose-
6-phosphate. This increases the generation of intracellular ATP, which induces closure of the β-cell’s
ATP-dependent potassium channel. Upon channel closure, the β-cell experiences an ATP concentration-
dependent β-cell depolarization (49,50), and the opening of a separate voltage-gated calcium channel
within the membrane. Intracellular calcium influx increases acutely, which results in rapid insulin vesic-
ular exocytosis. Concomitant opening of the sodium channel by acetylcholine augments the β-cell
depolarization, which in turn augments the intracellular calcium influx, and results in insulin hyper-
secretion (24,27,51). Conversely, knockout of the β-cell M3 receptor in mice reduces vagal-mediated
insulin secretion and results in a hypophagic and lean phenotype (52).
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2. Vagally mediated acetylcholine increases phospholipases A2, C, and D, within the β-cell, which
hydrolyze intracellular phosphatidylinositol to diacylglycerol (DAG) and inositol triphosphate (IP3)
(47). DAG is a potent stimulator of protein kinase C (PKC) (53) which phosphorylates myristoylated
alanine-rich protein kinase C substrate (MARCKS), which then binds actin and calcium-calmodulin,
and induces insulin vesicular exocytosis (54). IP3 potentiates release of calcium within β-cells from
intracellular stores, which also promotes insulin secretion (55).

3. The vagus also stimulates the release of glucagon-like peptide-1 (GLP-1) from intestinal L-cells, which
circulates and binds to a GLP-1 receptor within the β-cell membrane. Activation of this receptor induces
a calcium-calmodulin-sensitive adenyl cyclase, with conversion of intracellular ATP to cAMP, which
then activates protein kinase A. PKA causes both the release of intracellular calcium stores and the
phosphorylation of vesicular proteins, each contributing to an increase in insulin exocytosis (56,57).

In rodents, the vagus also directly innervates adipocytes to increase energy storage (although con-
firmation of a similar neural pathway in humans remains elusive). Retrograde tracing of white adipose
tissue reveals efferent neurons whose perikarya originating in the DMV (58). These efferents synapse
on the M1 muscarinic receptor on the adipocyte, which increases insulin sensitivity of the adipocyte.
Denervation of white adipose tissue results in reduction of glucose and FFA uptake in response to a
euglycemic hyperinsulinemic clamp and also results in the induction of HSL, which promotes lipoly-
sis; in concert, these reduce the efficiency of insulin-induced energy storage. Thus, vagal modulation
of the adipocyte augments storage of both glucose and FFAs by improving adipose insulin sensitivity
(59). Furthermore, the amplitude and duration of pancreatic insulin secretion, and the activity of the
insulin molecule at the adipose insulin receptor, play integral roles in the genesis of lipogenesis and
weight gain. Within the adipocyte, insulin increases (a) Glut4 expression; (b) acetyl-CoA carboxylase;
(c) fatty acid synthase; and (d) lipoprotein lipase (60). Thus, between the direct effect of the vagus
on the adipocyte and the indirect effects of the vagus through insulin secretion, rapid and excessive
clearance and storage of circulating glucose and lipid promote intractable obesity.

Thus, hypothalamic obesity due to VMH damage from the tumor or trauma, surgery, or radiation
results in death of VMH neurons, with resultant “organic” leptin resistance. The brain cannot transduce
the peripheral leptin signal, thus activating the “starvation response” (see Chapter 2). The result is
decreased sympathetic tone, with energy conservation, and increased vagal tone, with energy storage;
in concert, these result in intractable weight gain.

PRESENTATION

Patients with hypothalamic obesity often manifest other cranial endocrinopathies (61).
Hypothalamic tumors or their therapy can affect virtually all pituitary hormones, including growth
hormone (75%), luteinizing hormone (LH) or follicle stimulating hormone (FSH) (40–44%), and thy-
roid stimulating hormone (TSH) (25–64%). Growth hormone (GH) deficiency can lead to fatigue,
muscle wasting, and excess adiposity, while gonadotropin deficiency can lead to loss of libido or sec-
ondary amenorrhea. Subtle endocrinopathies often escape clinical detection for long periods of time
and are apparent only in hindsight. Despite the high incidence of GH deficiency, some of these patients
continue to exhibit normal linear growth. While some have postulated the existence of an endogenous
factor that maintains linear growth in the absence of growth hormone (62), a role for obesity per
se or for hyperleptinemia, hyperinsulinemia, or increases in free IGF-1 levels has not been excluded
(21,63). It should be noted that patients with combined GH deficiency and tumor- or treatment-induced
precocious puberty may have “normal” rates of linear growth. Hyperprolactinemia occurs in approx-
imately 20% of cases from impingement on the pituitary stalk (also known as the “stalk effect”), due
to reduced amounts of prolactin inhibitory factor (mainly dopamine) reaching the lactotrophs of the
anterior pituitary. Diabetes insipidus occurs in approximately 16% of patients prior to surgery (64,65)
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and is even more common (70–95%) postoperatively. The immediate postoperative course may also
be complicated by excess secretion of vasopressin (SIADH) or cerebral salt wasting (CSW) syndrome.
Diabetes insipidus is particularly problematic when complicated by thirst dysregulation or complete
adipsia (66). Lastly, adrenocorticotropic hormone (ACTH) deficiency manifests in 25–56% of subjects
after therapy (67).

Aside from the symptoms of tumor-induced increased intracranial pressure, patients with hypotha-
lamic obesity may exhibit signs of limbic system involvement, such as hypogonadism, somnolence,
rage, and hyperphagia (68). However, the majority of patients actually exhibit normal or only slightly
increased daily caloric intake. Indeed, caloric restriction of either VMH-lesioned animals or humans
with hypothalamic obesity rarely attenuates the weight gain, suggesting a critical role for reduced
energy expenditure in disease pathogenesis (69).

Although occasional patients with hypothalamic obesity are already clinically obese upon presen-
tation, most have a milder initial phenotype, with increased body mass index (BMI) at presentation,
due to continued weight gain in the presence of attenuated growth (70). The latter may reflect GH
and/or thyroid hormone deficiencies. However, the obesity is likely to worsen post-therapy due to
VMH damage; the first 6 months appears to accrue the greatest increases in adiposity (71). Rates
of weight gain can range from 12 to 20 kg/year, and obesity often becomes the most debilitating
aspect of the postoperative course. Patients with hypothalamic obesity also exhibit a high prevalence
of obstructive sleep apnea (72). Metabolic complications of the obesity are frequent and can manifest
early (73,74). In some cases, lack of appreciation of the syndrome of hypothalamic obesity by physi-
cians has led them to incorrectly deduce that the hydrocortisone dosage is contributing to the patient’s
weight gain, leading to well meaning but potentially dangerous reductions of hydrocortisone dosage
below 10 mg/m2/day. This accentuates the symptoms of malaise and lethargy.

DIAGNOSIS

A retrospective analysis of growth records of children with craniopharyngioma (70) indicates that
increased weight and BMI gain is evident even before the diagnosis of the tumor. However, after
surgery or radiotherapy, the weight gain is immediate and rapid. Evidence of aberrant energy deposi-
tion is obvious within the first month, although physicians sometimes confuse this weight gain with the
pharmacologic effects of glucocorticoids. Children with hypothalamic obesity frequently have normal
fasting insulin levels, but on oral glucose tolerance testing (OGTT) demonstrate insulin hypersecretion
(as measured by an increased corrected insulin response, or CIR (75)); particularly notable is a marked
increase in the 15 min insulin response on the OGTT, suggesting a neural etiology for the early rise in
insulin. Patients with hypothalamic obesity tend to manifest increased insulin sensitivity (as measured
by an increased composite insulin sensitivity index, or CISI (76)) as compared with BMI-matched oth-
erwise healthy obese children (77) (Fig. 2a, b). However, other studies suggest that some hypothalamic
obesity patients may also manifest signs of metabolic syndrome (73,74).

TREATMENT

Bray first demonstrated the futility of lifestyle intervention by noting weight gain even with severe
caloric restriction (32). Thus, treatment needs to be early and intensive to have any chance at success.
Perhaps the best treatment is prevention. The hypothalamus is extremely sensitive to both surgical
intervention and/or external beam radiation. Rather than employing gross total or subtotal resection
as a primary therapy for some supra/parasellar tumors, newer strategies have been developed which
treat them more conservatively, using stereotactic biopsy and conformal irradiation (78–80). Recently,
Hamilton has instituted a strict lifestyle regimen for patients with hypothalamic obesity, with some
cases demonstrating successful weight stabilization (personal communication).
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Fig. 2. Scatterplots of insulin secretion (CIRgp) vs. sensitivity (CISI) in 113 obese non-diabetic children. (a) CIRgp
vs. CISI. (b) CIRgp vs. CISI plotted logarithmically. Different racial and etiopathogenic groups tended to plot in
different areas. Arbitrary cutoffs (dashed lines) for CIRgp (1.5) and CISI (1.7) divide the plot into four quadrants. The
majority of Caucasian children (open squares) plotted in the lower right quadrant, with a CIRgp less than 1.5 and a
CISI greater than 1.7, indicating lower insulin secretion and better insulin sensitivity. The preponderance of children
with hypothalamic obesity (gray squares) plotted in the upper right quadrant, with a CIRgp of greater than 1.5, and
with a CISI of greater than 1.7, indicating insulin hypersecretion with better insulin sensitivity. Finally the majority of
African-American children (filled squares) plotted in the upper left quadrant, with a CIRgp of greater than 1.5 and a
CISI of less than 1.7, indicating both insulin hypersecretion and resistance (77). From Elsevier, with permission.

Pharmacotherapy
Since the hypothalamus is not amenable to therapy, and afferent leptin signal transduction cannot

be corrected, pharmacotherapy must instead address the dysfunction in the efferent pathways. Several
attempts to use serotonin or norepinephrine reuptake inhibitors (e.g., phen-fen, fluoxetine, and sibu-
tramine) have been met with only salutary efficacy. These medications work centrally and do not
increase energy expenditure. Mason et al. used dextroamphetamine 5 mg PO bid (81), which acts both
centrally and peripherally, and achieved weight stability. We have also seen improvement in affect
and alertness in treated patients, which is a major benefit. Side effects of dextroamphetamine include
tachycardia, hypertension, anxiety, and decreased sleep; however, in low dosage, these effects are less
common.

The voltage-gated calcium channel of the β-cell is coupled to a somatostatin (SSTR5) recep-
tor (82,83). In order to reduce insulin hypersecretion, we examined the effects of the somatostatin
analogue octreotide, which limits the opening of this channel, and the amount of insulin released
acutely for any specific amount of glucose (84). In a pilot trial (63), eight patients received subcuta-
neously administered octreotide for 6 months, at a dose of 5 μg/kg/day ÷ tid, escalating in monthly
5 μg/kg/day increments to a maximum of 15 μg/kg/day ÷ tid by the third month. Insulin responses
to glucose were normalized over 6 months. Of the eight patients, three lost substantial weight, two
lost moderate amounts of weight, and three stabilized their weight. The degree of weight loss corre-
lated both with changes in insulin response and with changes in leptin levels. The weight loss also
appeared to correlate with decreases in appetite, and caloric intake in this cohort decreased by approx-
imately 700 kcal/day. Interestingly, an unexpected but welcome side effect of the treatment was the
resumption of normal physical activity by four patients, including vigorous exercise. A double-blind,
placebo-controlled, 6-month trial of octreotide in 18 subjects with hypothalamic obesity followed (85).
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Before treatment, annualized weight gain in this population was 16 kg/year. Although the weight loss
in this trial was not as pronounced as in the pilot (probably due to a delay in achieving maximum
dosage until the fifth month), octreotide was effective in stabilizing weight and BMI as compared to
placebo. Insulin secretion during the first 60 min was clearly suppressed by octreotide. Finally, treated
children demonstrated marked improvements in physical activity as compared with those treated with
placebo, and the improvement in quality of life correlated with the degree of insulin suppression.
These findings suggested that insulin hypersecretion may be responsible for lack of physical activity
as well as weight gain, which can be improved by normalizing their insulin responses. A retrospective
analysis demonstrated that octreotide was most effective in those patients who exhibited both insulin
hypersecretion with continued insulin sensitivity (86).

Surgery
The severity and co-morbidities of patients with hypothalamic obesity, and the relative lack of alter-

natives, have led to various attempts at bariatric surgery. Inge et al. (87) reported a 25 kg weight
loss after Roux-en-Y gastric bypass in one subject, but whose weight stabilized at an unacceptable
level. Recently, Muller et al. reported his experience with four subjects who underwent laparoscopic
adjustable gastric banding, with reductions in food intake and slow reductions in BMI (88). The
appreciation of the role of dysfunctional vagal tone and insulin hypersecretion in the pathogenesis
of hypothalamic obesity originally led to anecdotal case reports of successful treatment with pancre-
atic vagotomy (89). However, subsequent experience with the procedure was inconsistent (90) and it
fell out of favor. We have recently resurrected this procedure and have performed laparoscopic truncal
vagotomy without pyloromyotomy in four subjects with hypothalamic obesity, with early results being
supportive of this procedure, and with relatively few complications or side effects (91).

SUMMARY

In this review, we elaborate the role of the VMH in interpreting energy balance afferent signals and
their transduction into autonomic efferent signals to either expend or store energy. When this negative
feedback system breaks down, hypothalamic obesity ensues. While this disorder is a defect in the
afferent pathway, treatment focuses on the efferent pathway, as it is modulable with currently available
drugs and surgical techniques. Physicians need to explain the risks of this disorder to patients prior to
tumor therapy and must be willing to act quickly and decisively once intractable weight gain is noted.
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Editor’s Questions and Author’s Response
• Children with hypothalamic obesity are predisposed to fatty liver disease, which may progress

to cirrhosis. How common is this in your experience? Does the pathogenesis of fatty liver
disease in children with hypothalamic obesity differ from that in other obese children?

• Most children early in the course of hypothalamic obesity maintain insulin sensitivity during the
period of rapid weight gain, as shown in Fig. 2. However, eventually, their degree of adiposity
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and hyperinsulinemia generates significant insulin resistance. Some may develop metabolic syn-
drome, of which fatty liver disease is a possible marker, but in our experience it is less frequent in
hypothalamic obesity than in the general obese population.

• I have taken to recommending that children with craniopharyngiomas or other hypothala-
mic tumors begin caloric restriction prior to surgery to prepare them for continuing the diet
after they leave the hospital. This approach has proved somewhat successful in limiting postop
weight gain in a minority of subjects. We also have anecdotal evidence that metformin, which
reduces insulin secretion, may limit the progression of weight gain in post-surgical patients.
What is your opinion of these approaches?

• Dr. Jill Hamilton in Toronto has a cohort of patients with hypothalamic obesity that she is treat-
ing with super-intensive lifestyle intervention. The rate of weight gain seems to be lower, but the
patients gain weight nonetheless. She has also tried a combination of metformin (to improve insulin
sensitivity) and diazoxide (to reduce insulin secretion and mimicking octreotide). These maneuvers
seem to slow the rate of weight gain as well, but do not stop the process. We have tried metformin
in combination with octreotide in a few patients in a non-protocolized fashion and have sometimes
seen a salutary additive effect on weight loss or stability.
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INTRODUCTION

It is estimated that 18% of children and adolescents in the United States are now obese (1).
According to the NHANES surveys of 1976–1980 and 2003–2006, the prevalence of obesity has risen
from 5 to 12.4% in 2–5-year-old children, from 6.5 to 17% in children aged 6–11 years, and from 5 to
17.6% in teenagers (2). The implications are serious and have both immediate and long-term effects.
Childhood obesity increases the incidence of hypertension, hyperinsulinemia, and dyslipidemia, which
raise the risks of cardiovascular disease. A cross-sectional and longitudinal study of more than 6,000
Louisiana children found that 39% of obese subjects (BMI >95th percentile) had two or more cardio-
vascular risk factors; cardiovascular risk was even higher in those with BMI at the 99th percentile (3).
A major epidemiologic investigation suggested that obesity may reduce life expectancy by as much
as 8 years; more importantly, for any given level of overweight, younger adults have greater reduction
in life expectancy than older adults (4). Obese children become obese adults (3,5,6), and as many as
a quarter of obese adults were overweight as children (3). The earlier in life a person becomes over-
weight, and the more severe his or her obesity, the more likely he or she is to remain obese as an adult
(3). Metabolic disturbances in adolescence seem to have a shorter latency period and younger onset,
and are more virulent (7,8).
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Prevention remains an important strategy for weight management in the pediatric population.
Treatment options to be considered once a child becomes obese are behavior modification, pharma-
cotherapy, and weight loss surgery (WLS). Behavioral modification incorporates increased activity
and decreased caloric intake. This approach is time intensive, yielding unexceptional and short-lived
results (9–12). When directly compared, Roux-en-Y gastric bypass (RYGB) was shown to be more
effective in reducing BMI than a 1-year family-based pediatric behavioral treatment program (13).
In combination with behavioral modification, pharmacotherapy with orlistat or sibutramine is moder-
ately effective (see Chapter 23). However, any benefit gained is often reversed when the drug is stopped
either voluntarily or because of side effects (14,15). Unfortunately, the drugs may be less effective in
those with higher BMI and more co-morbidities (11,16). Bariatric surgery has been shown to cause
more significant and durable weight loss than diet/exercise and pharmacotherapy regimens (11,13,16).
Indeed, WLS is the most effective means for reducing obesity-related co-morbidities among adults
(17,18) and adolescents (10).

A variety of co-morbidities are associated with overweight and obesity in the children; among the
most notable are type 2 diabetes mellitus, dyslipidemia, metabolic syndrome, hypertension, pseu-
dotumor cerebri, steatohepatitis, obstructive sleep apnea, depression, and low self-esteem. Early
retrospective study results for WLS in pediatric patients have demonstrated a co-morbidity and
weight loss impact that is at least similar to, if not better than, that seen in adults (19). Increasing
length of exposure and severity of disease decrease the likelihood that WLS will lead to resolution
of co-morbidities (20–22). Key considerations in safety and patient selection include timing of the
intervention in relationship to physical development/maturation; method of consent/assent; surgical
approach; pre-operative work-up; and post-operative compliance.

PATIENT/PROCEDURE SELECTION

Expert committees comprised of pediatric surgeons, endocrinologists, and psychiatrists have
recently updated practice guidelines for weight loss surgery in adolescents (23,24). Criteria for patient
selection emphasize the importance of obesity-related co-morbidities. Published guidelines propose
that candidates for WLS include those with (a) BMI > 35 and serious co-morbidities such as type
2 diabetes mellitus, moderate or severe obstructive sleep apnea, pseudotumor cerebri, and/or severe
steatohepatitis; or (b) BMI ≥ 40 with other co-morbidities such as mild obstructive sleep apnea,
hypertension, insulin resistance, glucose intolerance, dyslipidemia, and/or impaired quality of life or
activities of daily living. Surgical candidates must have achieved 95% of estimated final height (espe-
cially prior to malabsorptive procedures) and sexual maturity (Tanner stage IV or V). In theory, they
must have the capacity for mature decision-making and the ability to comply with dietary and physical
activity changes needed post-operatively. There should be no untreated or poorly controlled psychiatric
disorder and the home environment should be stable and supportive (Table 1). Children with genetic
obesity disorders with insatiable appetite and obstreperous behavior are rarely suitable for weight loss
surgery (25).

SURGICAL APPROACHES

There is a paucity of data supporting the superiority of any one surgical approach to weight loss in
obese patients under 18 years of age; multiple studies provide evidence that both the adjustable gastric
band (AGB) and Roux-en-y gastric bypass (RYGB) are safe and efficacious (23). Currently, the only
bariatric procedure that should be performed outside of IRB-approved protocols is the RYGB. The
use of AGB devices in adolescents requires off-label use of the implant. The sleeve gastrectomy (SG)
is being studied as a possible stand-alone procedure in this population, with favorable early results
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Table 1
Candidates for adolescent obesity surgerya

BMI > 35 kg/m2 with severe co-morbidity

– Type 2 diabetes mellitus

– Moderate or severe obstructive sleep apnea

– Pseudotumor cerebri

– Severe steatohepatitis

BMI ≥ 40 kg/m2 with other co-morbidity

– Mild obstructive sleep apnea

– Hypertension

– Insulin resistance/glucose intolerance

– Dyslipidemia

– Steatohepatitis

– Venous stasis

– Panniculitis

– Urinary incontinence

– Gastroesophageal reflux

– Weight-related arthropathies

– Severe psychosocial distress

– Impaired quality of life/activities of daily living

Candidates should also (must satisfy all)

– Have attained ≥95% of adult stature

– Failed previous organized weight loss attempts

– Commit to psychological pre- and post-operative evaluation

– If psychiatric condition present, it is under treatment

– Agree to avoid pregnancy for at least 1 year post-operatively

– Commit to nutritional guidelines post-operatively

– Demonstrate decisional capacity to give informed assent

– Have a stable and supportive home environment
aAll candidates should be evaluated on a case-by-case basis.

(26,27). The biliopancreatic diversion and duodenal switch procedures are not recommended in the
adolescent population due to the risks of long-term vitamin deficiencies and poor compliance, which
create unacceptable risks.

AGB. In 2001, the Food and Drug Administration approved the AGB for use in the United States in
adults. The AGB represents a solely restrictive procedure; it causes weight loss by physically limiting
the ability to digest calories. Two approved band systems exist (Lap-Band, Allergan, Irvine, CA and
Realize, Ethicon Endosurgery, Cincinnati, OH). The AGB is placed around the proximal stomach.
Post-operatively the circumference of the band can be changed by altering the amount of saline in the
bladder via a subcutaneous port (Fig. 1).

Weight loss following AGB in adults has been reported to range from 56 to 59% of excess body
weight (EBW) (28,29); American trials, however, have yielded varied results (30,31). Studies in
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Fig. 1. Adjustable gastric banding (AGB).

pediatric patients have demonstrated reductions of 37–63% EBW after AGB (32–35). The re-operative
rate for AGB, however, is not insignificant (8–10%) (32,33,35). Early post-operative complications
include gastric or esophageal perforation and bleeding. Late complications include band slippage,
gastric obstruction, port malfunction or infection, and band erosion.

A major theoretical advantage of AGB for adolescents is its reversibility. Moreover, surgical com-
plications and vitamin deficiencies are less frequent and less severe than those observed after RYGB
(see “Outcomes, Complications, and Post-operative Considerations”). Nevertheless, more long-term
investigations are needed to fully assess the role of AGB in children.

RYGB is the most common bariatric surgical procedure performed in the United States. RYGB is
a technically demanding procedure (36) that combines restriction and malabsorption to assist weight
loss. A small, 15- to 30-ml gastric pouch is created along the lesser curve of the stomach near the
gastro-espophageal junction, followed by construction of a gastrojejunostomy with a 1-cm stoma to
drain the pouch (Fig. 2). A 50-cm jejunal limb provides moderate malabsorption and limits bile reflux.
This alimentary limb can be tunneled through the mesocolon (retro-colic) or allowed to pass anterior
to the colon and stomach (ante-colic).

Significant weight loss has been achieved in the super-obese population (BMI ≥ 50 kg/m2) with
a 150-cm Roux limb, referred to as long-limb gastric bypass (37). At 2 years, adults undergoing
successful gastric bypass can expect between 69 and 82% EBW loss (38,39). Similarly, adolescents
undergoing RYGB can exhibit ∼60% EBW reduction after RYGB (18,23).

Surgical complications of RYGB include leak, internal hernia, marginal ulceration, and a dumping-
like syndrome with postprandial hyperinsulinemia and hypoglycemia (see Post-op Complications,
below).

Sleeve Gastrectomy (SG). Originally a component of the biliopancreatic diversion with duodenal
switch, the sleeve has evolved from use as a staged procedure for super-obese or high-risk patients to
a stand-alone operation. During SG the stomach is freed from its lateral attachments and the greater
curvature of the stomach is removed. This effectively creates a tubular “sleeve” of remaining gas-
tric tissue (Fig. 3). The attractiveness of this procedure is based on significant initial weight loss
and the suggestion that peri-operative risk is reduced for some high-risk patients when compared to
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Fig. 2. Roux-en-Y gastric bypass (RYGB).

Fig. 3. Sleeve gastrectomy (SG).
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gastric bypass. Nevertheless, complications of SG may include leak, stricture, nausea and vomiting,
pulmonary embolism, and hemorrhage.

Loss of 59% EBW has been reported in adults 1 year after surgery (40). Long-term results for this
procedure are pending, but a growing body of evidence suggests 3–5-year weight loss results similar
to other bariatric procedures. Pediatric studies have shown that the SG may be safe with less chance
of nutritional deficiencies than the RYGB (26,27,35).

PRE-OPERATIVE CONSIDERATIONS

The Operative Team
Surgeons and institutions that have low operative volumes often have less favorable patient out-

comes after WLS (41,42). The American Society of Metabolic and Bariatric Surgery (ASMBS)
has recommended that bariatric surgery should be performed at Surgical Review Committee (SRC)
centers of excellence (COE). Adolescent WLS requires knowledge of both pediatric medicine and
bariatric surgery. Thus, pediatric surgeons performing WLS can find great benefit by integrating
their efforts with an adult WLS program (23). Combining of resources, including equipment, nurs-
ing, and institutional expertise, can improve outcomes, reduce costs, and facilitate the transition
into an adult follow-up program (since these surgeries require life-long monitoring). In order to
obtain the COE designation, an institution and its surgeons must adhere to specific safety and vol-
ume guidelines established by the SRC. Centers performing adolescent bariatric surgery should also
participate in prospective data collection into large multicenter databases. For pediatric patients, the
Teen-Longitudinal Assessment of Bariatric Surgery (Teen-LABS) represents such a database (43).
SRC mandates that all WLS data from COE be reported in their central data system called BOLD
(Bariatric Outcomes Longitudinal Database).

It stands to reason that availability of an organized multi-disciplinary care team trained to evaluate
bariatric adolescent patients will allow for appropriate patient selection. The current standard of care
requires primary evaluations of the potential patient by a bariatric surgeon, pediatric obesity special-
ist, dietitian, exercise physiologist, and mental health specialist (44,45). Sub-specialists in pediatric
pulmonology, gynecology, endocrinology, and gastroenterology should be available for consultation.
The ultimate goal of the pre-operative work-up is to identify modifiable risk factors and incorporate
appropriate treatment strategies to reduce peri-operative adverse events. Despite the aforementioned
criteria for surgery, the pediatric candidate for bariatric surgery should be assessed on a case-by-case
basis taking into account obesity-related co-morbidities, physiologic and psychologic maturity, and
the family support system (23).

Pre-op Assessment
The pre-operative evaluation begins with the identification and management of secondary causes

of obesity including genetic, neurologic, psychological, drug-induced, and endocrine disorders. The
physician should focus on co-morbidities of obesity including but not limited to type 2 diabetes
mellitus, hypertension, hyperlipidemia, sleep apnea, orthopedic complaints, and psychiatric sequelae.
Significant findings during this evaluation should trigger sub-specialty evaluation and treatment.

Laboratory studies used to identify co-morbidities include echocardiogram, complete blood count,
fasting and postprandial glucose levels and HbA1c, lipid panel, urinary assessment, and liver function
tests. The serum β-human chorionic gonadotropin should be measured in females. Additional tests to
rule out hypothyroidism, Cushing’s syndrome, and gall bladder disease are obtained on an as needed
basis. An endocrinologist should be consulted in cases of impaired fasting glucose (100–125 mg%),
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impaired glucose tolerance (2 h glucose 140–199), or frank diabetes. Elevated fasting total triglyc-
erides (> 200 mg/dl) or low levels of HDL may herald metabolic syndrome. Transaminase levels
exceeding twice normal require an evaluation by a gastroenterologist.

Questions Regarding Patient Age and Informed Consent
The mortality risk of bariatric surgery increases with increasing BMI and number of co-morbidities

(46,47). WLS performed at an earlier time point in disease progression may reduce the risk during and
after the surgical procedure (19). Belle et al. performed a longitudinal study comparing mortality rates
between groups of extremely obese adults less than 40 years of age. One group underwent WLS; the
other did not. The WLS group had 3% mortality over the 13-year follow-up while the non-operated
group had a mortality of 13.8% (48). Although this study does not directly demonstrate the benefit of
WLS in adolescents as compared with young adults, it does suggest that earlier intervention may have
better long-term outcomes.

A recent study (49) of 61 consecutive RYGB procedures in obese adolescents (BMI 40–95)
showed that pre-operative BMI served as an accurate predictor of nadir BMI 1 year post-operatively.
Interestingly, BMI decreased by 37% irrespective of baseline BMI; consequently; 1 year after surgery,
only 17% of patients achieved a BMI in the non-obese range (<30 kg/m2). The authors concluded
that “late” referral for bariatric surgery may preclude reversal of obesity and co-morbidities. Bariatric
surgeons treating obese pediatric patients have long called for WLS to be performed earlier in life at a
lower BMI, in order to achieve long-term benefit (19,50).

The problem of obtaining informed consent in this patient population is repeatedly noted in the
literature. The guardian of the obese child should be counseled as to the risks of persistent (or pro-
gressive) obesity: parental obesity, length of exposure to a high BMI in childhood, and increasing age
increase the risks of adult obesity (23). The surgical options (as noted above) should be discussed in
detail, with full consideration given to the pros and cons of each in relation to peri-operative risks,
co-morbidity resolution, and weight loss. There should be congruent perceptions on the part of the
family and adolescent as to the desire for WLS and the expected outcomes; quite often this is not the
case (11,51). The multidisciplinary team should be attuned to any signs of coercion on the part of the
family. Parents are asked to give consent for the procedure; however, the patient should be assessed
for the capacity to make an informed decision and given every opportunity to do so. Under nearly all
circumstances, the patient, although a minor and therefore unable to give legally appropriate consent,
should give his or her assent to the procedure (52).

OUTCOMES, COMPLICATIONS, AND POST-OPERATIVE CONSIDERATIONS

BMI and Co-morbidities
As noted previously, bariatric surgery can reduce excess body weight by 50–80% in adolescents, at

least in the short-term (18,23,28–40). Preliminary studies suggest that weight loss surgery may also
reverse or reduce the severity of co-morbidities associated with severe obesity. For example, Inge et al.
(49) reported significant reductions in systolic (–8.8%) and diastolic (–13.5%) blood pressure, fasting
insulin (–75.8%), total cholesterol (–16.8%), LDL (–17.7%), and triglyceride (–37.3%) levels in 61
obese adolescents (mean BMI 51) who underwent RYGB. Moreover, HbA1c was normalized (from
7.3 to 5.6%) in 10 of 11 patients with pre-surgical type 2 diabetes (53). Similar findings have been
recorded in other studies (23,54). Sleep apnea resolves or may improve significantly; left ventricular
mass decreases and diastolic function may improve (55). Short-term data demonstrate improvements
in depression, eating disturbances, and quality of life (10,23,56).
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It should be noted that available studies in adolescents are underpowered; larger numbers are
required to confirm actual resolution rates of co-morbidities. The inclusion of outcomes data into
large databases (teen-LABS) will help to answer these questions.

Mechanisms of Weight Loss
Restriction of caloric intake and (in the case of RYGB and SG) malabsorption of nutrients clearly

contribute to weight loss and subsequent increases in insulin sensitivity and improvement or resolution
of co-morbidities. However, changes in secretion of gastrointestinal hormones may also play roles
in the metabolic adaptation to surgery. A review (57) of studies suggests that diversion of nutrients
from, or resection of large parts of, the stomach, may blunt the rise in ghrelin that would normally be
expected after caloric restriction or weight loss. Moreover, postprandial levels of peptide YY levels are
increased following RYGB. Since ghrelin simulates food intake and PYY inhibits appetite, the relative
decrease in ghrelin and increase in PYY may facilitate long-term weight loss.

Glycemic control in glucose-intolerant subjects can improve significantly following RYGB even
before weight loss is demonstrable. Possible explanations include the catabolic state associated with
caloric deprivation and/or an increase in post-prandial levels of glucagon-like peptide 1 (GLP-1) (57),
which promotes glucose-stimulated insulin secretion and decreases food intake. The rise in GLP-1
may derive from delivery of nutrients to the GLP-1-secreting L cells in the distal ileum and proximal
ascending colon.

Complications
A recent LABS consortium study reported that the 30-day operative mortality rate post-bariatric

surgery has been reduced to ∼0.3%, which is equal to or less than that of cholecystectomy. Extremes
of BMI, a history of or factors that increase the risk of deep-vein thrombosis or pulmonary embo-
lus, a diagnosis of obstructive sleep apnea, and/or impaired functional status are each independently
associated with an increased risk morbidity and mortality (58). The two most common causes of
post-operative mortality are leak (either at the gastro-jejunal or jejuno-jejunal anastomoses, or divided
stomach staple line) and peritonitis and lethal pulmonary embolus (PE) (59). It is recommended that
patients receive prophylaxis for deep vein thrombosis (DVT) and PE with either heparin or enoxa-
parin peri-operatively. No optimal regimen has been adopted by consensus at this time, but the
ASMBS recommends the use of sequential compression stockings and chemical prophylaxis when
no contraindication exists.

As noted previously, patients undergoing RYGB can develop postprandial hypoglycemia associated
with hyperinsulinemia (60). The latter may respond to a low carbohydrate diet and/or an inhibitor of
alpha-glucosidase like Acarbose (60). Rapid and dramatic weight loss following bariatric surgery has
also been associated with the development of cholecystitis (61). Post-operative vitamin deficiencies
are more common after malabsorptive procedures than with AGB: a university-based study (62) of
366 adults revealed deficiencies of vitamins A (11%), C (34.6%), 25OH D (7%), B1 (18.3%), B2
(13.6%), B6 (17.6%), and B12 (3.6%) 12–24 months after RYGB. Some patients have developed
beriberi (63) with peripheral polyneuropathy or Wernicke’s encephalopathy; others have bone dem-
ineralization and are at risk for osteoporosis (64). Iron and zinc deficiencies are common. Nearly
all patients undergoing malabsorptive surgery will require standard multivitamin preparations as well
as specific supplements of vitamin B12, iron, calcium/vitamin D, and folic acid. This highlights the
need for vigilance in managing patients post-operatively (65). Non-compliance with preventative nutri-
tional supplementation regimens is of particular concern in the adolescent population (10,23); strict
adherence to supplementation protocols is important to prevent complications.
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Pregnancy is safe after RYGB and AGB (66–68), provided the patient delays conception until at
least 18 months after surgery when body weight typically stabilizes. There is a significant rate of teen
pregnancy in young female post-operative RYGB patients; whether this is due to increased self-esteem,
increased number of sexual encounters, poor contraceptive compliance, or increased fertility due to a
weight loss effect is unclear (23).

Follow-Up
Life-long follow-up with a bariatric surgery program is necessary to optimize outcomes. The first

post-operative visit for adolescents should occur during the first month, then monthly over the first 3
months, followed by quarterly visits thereafter.

Bariatric surgery as a specialty has been troubled with high rates of medicolegal liability actions;
this is believed to be even more of an issue when bad outcomes occur in adolescents undergoing
WLS. The three most common issues underlying bariatric surgery litigation are death, post-operative
complications, and failure to obtain informed consent. The team dealing with the adolescent bariatric
patient and his/her family is advised to thoroughly document each interaction (23,52). The importance
of diligent follow-up for prevention and detection of vitamin deficiencies and for monitoring of dietary
compliance in this population cannot be overstated (23,62–65).

SUMMARY

WLS has emerged as the most effective and durable method to achieve weight loss and resolution
of co-morbidities of obesity. RYGB, AGB, and SG are safe and provide significant resolution of co-
morbidities. Many clinicians are enthusiastic about the AGB procedure for obese adolescents because
it has lower risks of life-threatening complications and nutritional deficiencies, and is reversible. The
obese pediatric patient considered for WLS should be evaluated by a multidisciplinary team; surgery
should be performed in a registered bariatric surgery COE with significant experience with bariatric
surgery and appropriate non-surgical specialists available for the care of adolescents. Post-operative
follow-up is of great importance as adolescents are at risk for sequelae of poor compliance post-
operatively. The inclusion of patient data in large, multicenter, national databases will likely provide
important information going forward to answer many of the questions facing those who provide both
WLS care and non-surgical care for obese children.

Editor’s Questions and Authors’ Response
• The decision to consider bariatric surgery revolves in large part around the question of co-

morbidities. Do we have evidence that bariatric surgery can reverse or reduce the severity
of atherosclerotic lesions in adults or children? Such evidence would provide even stronger
support for surgical intervention in teenagers or young adults.

• There have been many reports linking weight loss with reduction of cardiovascular risk factors and
atherosclerosis in adults (Droyvold et al., 2005; Huang et al., 1998; Moore et al., 2005; Stevens et al.,
2001; Truesdale et al., 2008). Meta-analysis demonstrated the reduction or elimination of hyperten-
sion (62%), diabetes (82%), and hyperlipidemia (70%) following bariatric surgery (Buchwald et al.,
2004). Weight loss surgery as a mechanism to reduce body mass index (BMI) and the aforemen-
tioned factors was evaluated in 500 patients after roux-en-Y gastric bypass (RYGB). After 1 year, the
absolute risk reduction of cardiac events was a mean of 63% in diabetics and 56% in men (Torquati
et al., 2007). Another study to evaluate the impact of bariatric surgery on carotid artery atheroscle-
rosis measured by ultrasound imaged carotid bulb intima-media thickness (IMT) compared lean
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controls to obese patients undergoing gastroplasty and those receiving only dietary management.
At 3–4 years, obese patients who had surgery had progression of their IMT equal to lean controls
while the IMT progression rate in obese, diet-controlled individuals was three times higher (Karason
et al., 1999). In a recent prospective study evaluating 50 consecutive patients undergoing RYGB,
subjects were followed for markers of coronary atherosclerosis pre-operatively and 6, 12, and 24
months post-operatively. At 2 years, reductions were noted in BMI (47–29.5 kg/m2), carotid IMT
(0.84–0.50 mm), and C-reactive protein (1.23–0.35 mg/dl); mean brachial artery flow-mediated
dilation favorably increased (6.0–14.9%) (Habib et al., 2009). The impact of weight loss surgery on
atherosclerosis has yet to be fully elucidated, but the available data indicate an improvement of risk
factors of cardiovascular disease and progression of atherosclerosis.

Buchwald H, Avidor Y, Braunwald E, et al. Bariatric surgery: a systematic review and meta-analysis. JAMA.
2004;292(14):1724–37.

Droyvold WB, Midthjell K, Nilsen TI, Holmen J. Change in body mass index and its impact on blood pressure: a
prospective population study. Int J Obes (Lond). 2005;29(6):650–5.

Habib P, Scrocco JD, Terek M, et al. Effects of bariatric surgery on inflammatory, functional and structural markers
of coronary atherosclerosis. Am J Cardiol. 2009;104(9):1251–5.

Huang Z, Willett WC, Manson JE, et al. Body weight, weight change, and risk for hypertension in women. Ann
Intern Med. 1998;128(2):81–8.

Karason K, Wikstrand J, Sjostrom L, Wendelhag I. Weight loss and progression of early atherosclerosis in the carotid
artery: a 4-year controlled study of obese subjects. Int J Obes Relat Metab Disord. 1999;23(9):948–56.

Moore LL, Visioni AJ, Qureshi MM, et al. Weight loss in overweight adults and the long-term risk of hypertension:
the Framingham study. Arch Intern Med. 2005;165(11):1298–303.

Stevens VJ, Obarzanek E, Cook NR, et al. Long-term weight loss and changes in blood pressure: results of the Trials
of Hypertension Prevention, phase II. Ann Intern Med. 2001;134(1):1–11.

Torquati A, Wright K, Melvin W, Richards W. Effect of gastric bypass operation on Framingham and actual risk of
cardiovascular events in class II to III obesity. J Am Coll Surg. 2007;204(5):776–82; discussion 782–3.

Truesdale KP, Stevens J, Cai J. Effect of 3-year weight history on blood pressure: the atherosclerosis risk in
communities study. Obesity (Silver Spring). 2008;16(5):1112–9.

• In theory, a candidate for bariatric surgery should have the capacity for mature decision-
making and the ability to comply with dietary and physical activity changes needed post-
operatively. There should be no untreated or poorly controlled psychiatric disorder, and the
home environment should be stable and supportive. After surgery, the child must be available
for regular clinic visits, and in the case of a malabsorptive procedure will likely have to take a
minimum of 3–4 vitamin supplements to prevent critical nutrient deficits, even if there are no
major surgical complications.

• Admittedly this is a tall order for a teenager who presumably has made some errors in judg-
ment in becoming severely obese in the first place. Compliance with recommendations is often
a major and longstanding problem in this age group. In your experience or in the experience of
others, what makes it likely that teenagers (and families) in a real-world setting (outside a clin-
ical research unit) will change their eating behaviors and comply with complicated medication
regimens and regular post-op clinic visits following surgery?

• Compliance assessment is an important component of the evaluation for bariatric surgical treatment
in patients of all ages, but is of particular importance in the adolescent patient. Many adolescents
exhibit non-compliance with healthy behaviors recommended by both their parents and other adult
authorities. When confronted by life-altering major GI surgery, the potential consequences of non-
compliance increase exponentially and include vitamin and essential nutrient deficiencies, weight
loss failure or weight regain, etc. Assessment of an individual adolescent patient’s ability to under-
stand and comply with treatment recommendations after bariatric surgery therefore becomes a key
issue with great potential impact on the safety of surgical treatment.
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• The best estimate of an individual patient’s potential for adherence to treatment recommendations
comes from evaluating the individual’s history of compliant behavior rather than simply asking the
individual to understand or describe the desired behaviors. Non-compliance is typically a chronic
condition rather than one which develops suddenly. Patients who can be predicted to demonstrate
non-compliance after bariatric surgery typically demonstrate a chronic history of missed office
appointments, failure to take recommended medications, etc. They may also exhibit failure in other
venues such as skipping school or failing to do homework resulting in failing grades.

• Verbalization of understanding the consequences of non-compliance should generally not reassure
the multidisciplinary bariatric care team that an individual will comply with recommendations.
Emotional maturity should be assessed by confronting adolescent patients when they deviate from
expected behaviors. Oppositional defiance when confronted with irresponsible behavior is a par-
ticularly worrisome response from an adolescent candidate for bariatric surgery and should raise
significant concerns about the individual’s maturity. Of course, in the setting of an underage patient,
unreliability of the parents becomes a complicating factor in assessing the adolescent’s ability to
attend appointments, fill prescriptions, etc. However one might logically argue that whether blame
rests with the adolescent patient or the unreliable guardian(s) does not alter the end product result
and raises concerns regarding the patient’s ability to adhere to treatment recommendations no matter
the cause.

• Many adolescent patients, particularly in the late teen years, are highly motivated to do well and can
be expected to comply with treatment recommendations following bariatric surgery (Nadler et al.,
2008). However, those candidates with a track record of non-compliance should be required to prove
their adherence to treatment recommendations before proceeding with life-altering surgery.

Nadler EP, Youn HA, Ren CJ, Fielding GA. An update on 73 US obese pediatric patients treated with laparoscopic
adjustable gastric banding: comorbidity resolution and compliance data. J Pediatr Surg. 2008;43(1):141–6.

Editor’s Comments
• Meta-analyses [e.g. (10,23) in the text and (Dixon et al., 2009)] demonstrate that bariatric surgery

reduces BMI in adolescents as well as adults and can revere or reduce the severity of metabolic
complications including type 2 diabetes, dyslipidemia, hypertension, sleep apnea, and steatohep-
atitis. RYGB appears to be more potent than AGB in reducing BMI but is associated with higher
rates of serious complications such as pulmonary embolus, shock, intestinal obstruction, bleeding,
and profound vitamin and nutrient deficiencies. Nevertheless, data from the Swedish obesity study
(Sjostrom et al., 2007) and the Utah gastric bypass study (Adams et al., 2007) suggest that long-term
mortality rates are lower in surgically treated than in non-surgically treated obese adults. Reductions
in mortality were ascribed to reductions in deaths from cardiovascular disease, cancer, and diabetes.

• Proponents of surgical intervention in obese adolescents often argue that obesity co-morbidities
such as type 2 diabetes may become irreversible if we do not intervene aggressively at an early
age. This may be true, but it is difficult to reconcile that hypothesis with the surgical data that
shows apparent reversal of longstanding type 2 diabetes in young and middle-aged adults. The
development of cardiovascular disease might follow a course similar to that of type 2 diabetes,
with a long prodrome (beginning in childhood or adolescence) terminating in major clinical illness.
The rationale for early surgical intervention would be strengthened by demonstrating that bariatric
surgery is more effective than lifestyle intervention and pharmacotherapy in reversing or preventing
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progression of atherosclerotic lesions. As noted by Drs. Yurcisin and Demaria, recent studies in
adults show that bariatric surgery can reduce carotid intimal medial thickness and brachial artery
flow-mediated vasodilation (see references above and Habib et al., 2009; Sturm et al., 2009); similar
findings in adolescents would provide even stronger support for early surgical intervention.

• The authors of this chapter take a balanced and reasonable approach that reserves surgical interven-
tion for obese adolescents with serious co-morbidities. Careful selection of surgical candidates and
availability of multidisciplinary teams of experts in centers of excellence are essential components
of success in the pediatric population.

Adams TD, et al. Long-term mortality after gastric bypass surgery. N Engl J Med. 2007;357:753–61.
Dixon JB, Jones K, Dixon M. Medical versus surgical interventions for the metabolic complications of obesity in

children. Semin Pediatr Surg. 2009 Aug;18(3):168–75.
Habib P, Scrocco JD, Terek M, Vanek V, Mikolich JR. Effects of bariatric surgery on inflammatory, functional and

structural markers of coronary atherosclerosis. Am J Cardiol. 2009 Nov 1;104(9):1251–5.
Sjostrom L, et al. Effects of bariatric surgery on mortality in Swedish obese subjects. N Engl J Med. 2007;357:

741–52.
Sturm W, et al. Effect of bariatric surgery on both functional and structural measures of premature atherosclerosis.

Eur Heart J. 2009;30:2038–43.
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INTRODUCTION

Obesity is reaching epidemic proportions, yet short of surgical approaches, other modalities of treat-
ment, in particular dietary restriction and behavioral modification, have been largely unsuccessful (1).
At best, only ∼20% of overweight individuals are able to maintain at least a 10% weight reduction
with diet for more than 1 year (2). The explanation for this largely dismal outlook is the remark-
able nature of potent, compensatory, homeostatic systems in the brain that function to maintain body
weight, uncoupling energy intake and output by increasing appetite, reducing energy expenditure, and
promoting the hedonistic aspects of feeding behavior. As shown in studies by Rosenbaum et al. (3),
maintaining a 10% reduced weight in men or women is accompanied by a reduction in resting and non-
resting energy expenditure out of proportion to changes in body composition, decreases in sympathetic
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nervous activity as measured by heart rate analysis and urinary catecholamine excretion, a reduction
in circulating levels of thyroid hormones (T3 and T4), and an increase in skeletal muscle work effi-
ciency. In addition, functional MRI in obese subjects shows that maintenance of reduced body weight
activates regions of the brain associated with hedonic aspects of energy homeostasis (4). Presumably,
these biologic responses are evolutionarily conserved survival mechanisms, intended to allow energy
conservation and promote food-seeking behavior at times of nutrient insufficiency. While the central
mechanisms involved in these biologic responses are complex and involve a number of different regu-
latory pathways which will be described below, it has become clear that at the crux of this homeostatic
response is the circulating, largely white adipose tissue-derived hormone, leptin. Indeed, humans with
mutations of the leptin gene resulting in leptin deficiency, or with mutations of the leptin receptor, are
markedly obese as a result of intense hyperphagia with food-seeking behavior, abnormalities in sympa-
thetic nervous function, alteration in thyroid function, and reduced ability to discriminate between the
rewarding properties of food (5). Furthermore, exogenous administration of leptin to obese subjects
maintaining a 10% weight loss can reverse neuroendocrine, autonomic, skeletal muscle, and neural
activity responses back to pre-weight loss levels (3,4).

LEPTIN–BRAIN INTERACTIONS DURING FASTING/CALORIC RESTRICTION

The discovery of leptin in 1994 (6) revolutionized thinking on the mechanisms governing appetite
and satiety. Leptin serves as an important humoral signal that reflects body fat stores and, by acting on
discrete regions in the hypothalamus, brainstem and perhaps other regions of the brain (7), orchestrates
metabolic, neuroendocrine, and behavioral adaptations to nutrient availability. Thus, during nutrient
abundance, leptin secretion is increased, leading to decreased appetite and increased caloric disposal.
Flier and Ahima (8), however, proposed that the decline in leptin associated with fasting or nutrient
insufficiency (such as dieting) is the most important function of this hormone, increasing appetite and
energy conservation and shifting to a neuroendocrine profile that facilitates metabolic adaptation to
maintain body weight.

Leptin Signaling
A major site of leptin action is the mediobasal hypothalamus, primarily the hypothalamic arcu-

ate nucleus, where it binds to specific receptors (Ob-Rb) that influence the activities of two separate
groups of neurons with opposing functions: α-MSH-producing neurons that co-express CART and
AGRP neurons that co-express NPY (9). When circulating leptin levels decline, the expression of
genes that promote weight loss and energy expenditure, including α-MSH and CART, is suppressed;
simultaneously there is a marked increase in the expression of genes that promote weight gain and
reduce energy expenditure, including AGRP and NPY.

After binding to Ob-Rb, leptin induces activation of the JAK/STAT and phosphoinositide-3 kinase
(PI3-K) signaling pathways. STAT3 signaling is of particular importance in α-MSH/CART neurons
since POMC-specific STAT3-deficient mice develop obesity (10), whereas leptin signaling through
PI3-K may be of critical importance for both α-MSH/CART and AGRP/NPY neuronal populations
(11). PI3-K activation results in Akt-mediated phosphorylation of the transcription factor, FoxO1, and
the shuttling of FoxO1 out of the nucleus and into the cytoplasm (12). When leptin levels decline
during fasting, FoxO1 is dephosphorylated in the cytoplasm of both α-MSH/CART and AGRP/NPY
neurons and then translocates back to the nucleus where it inhibits POMC transcription (13,14) and
induces transcription of both the AGRP and NPY genes (12,13). Reduced circulating levels of lep-
tin also increase AMP-activated protein kinase (AMPK) activity in arcuate nucleus neurons and, by
suppressing mammalian target of rapamycin complex (mTOR), similarly lead to inhibition of POMC
while activating AGRP and NPY gene expression (15).
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Leptin also affects synaptic remodeling of α-MSH/CART and AGRP/NPY neurons, providing yet
another mechanism whereby POMC-expressing neurons are suppressed and AGRP/NPY neurons
activated during fasting. Thus, when leptin levels decline, there are significantly greater num-
bers of excitatory postsynaptic currents (EPSCs) and an increased ratio of excitatory vs inhibitory
synapses on AGRP/NPY neurons, but a greater number of inhibitory postsynaptic currents (IPSCs) on
α-MSH/CART neurons (16).

Effects of Leptin on Appetite, Energy Homeostasis, and Behavior
Leptin-responsive arcuate nucleus neurons send monosynaptic projections to identical targets within

discrete regions of the hypothalamus where the signals are integrated and then relayed by independent
pathways to regions of the brain governing appetite, hypophysiotropic function, and energy expendi-
ture. NPY is a potent orexigen and when injected into the brain rapidly increases body weight as a
result of increased food consumption and a simultaneous decrease in energy expenditure, the latter
mediated through effects on the sympathetic nervous system and the hypothalamic-pituitary-thyroid
axis (17). By inhibiting the sympathetic nervous system, NPY not only decreases heat production
by brown adipose tissue (18) but also stimulates insulin secretion (19) and increases the respiratory
quotient (VCO2/VO2). These actions promote catabolism of carbohydrate in favor of fat synthesis and
lipid deposition in white adipose tissue (20). The effects of NPY on the hypothalamic pituitary-thyroid
axis are described in detail below.

It is becoming increasingly apparent, however, that the melanocortin signaling system may be the
predominant regulatory system governing appetite and energy expenditure. Whereas animals with
targeted deficiency of NPY or AGRP have an essentially normal phenotype and intact responses to
fasting (21,22), animal models with targeted deletion of the melanocortin 4 receptor (MC4R) and
humans bearing mutations that interfere with the function of the MC4R, POMC gene, or processing
enzymes necessary to generate a fully mature α-MSH develop a severe obesity syndrome (23–25).
Down-regulation of α-MSH is of major importance in the drive to feed as indicated by the loss of typi-
cal compensatory feeding responses following a fast in animals with selective inactivation of STAT3 in
POMC neurons (10). In addition, selective ablation of POMC-expressing cells is sufficient to produce
obesity and reduce energy expenditure (26). As AGRP functions as both a competitive antagonist and
an inverse agonist at the MC4R (27), the rise in AGRP during fasting or caloric deprivation cooperates
in down-regulation of melanocortin signaling by antagonizing the action of α-MSH concurrently with
inhibition of the POMC gene. Direct, synaptic connections between the arcuate nucleus NPY/AGRP
neurons and α-MSH/CART neurons also are present (28), further contributing to the suppression of
POMC gene expression with fasting.

CNS Targets for Leptin-Regulated Neurons in the Arcuate Nucleus
A. HYPOTHALAMIC PARAVENTRICULAR NUCLEUS

One of the main output targets of leptin-responsive arcuate nucleus neurons is the hypothalamic
paraventricular nucleus (PVN), a major hypothalamic center where integration of neuroendocrine and
autonomic information takes place (29). The PVN consists of two major parts: a magnocellular and
a parvocellular division. Neurons in the magnocellular division project to the posterior pituitary and
release vasopressin and oxytocin. The parvocellular division is more complicated and contains ante-
rior, periventricular, medial, ventral, dorsal, and lateral parvocellular subdivisions. These neurons are
involved in regulating the anterior pituitary and mediating a number of neuroendocrine and autonomic
functions. The importance of the PVN in the regulation of body weight is implicit in the observations
by Kablaoui et al. (30) and Michaud et al. (31) that disruption of the Sim1 gene, which is essential
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for the normal development of the PVN, causes severe obesity in both man and experimental ani-
mals. Both melanocortin (MC3R and MC4R) and NPY (Y1 and Y5) receptors are present in the PVN
(32,33), establishing the significance of the melanocortin and AGRP/NPY signaling systems in the
regulation of the PVN.

The PVN has a particularly important role in mediating the actions of melanocortin signaling on
food intake. If the MC4R is reintroduced into the PVN of the MC4R knockout mouse but excluded
from other hypothalamic or brainstem nuclei, control of food intake can be completely restored to
normal (34). A particularly attractive locus for the regulation of food intake in the PVN is the ventral
parvocellular subdivision (PVNv), which is densely innervated by α-MSH- and AGRP-containing
axons and shows a marked increase in c-fos activity 2 h after fasting animals have been refed;
c-fos induction can be prevented by intracerebroventricular administration of AGRP (35). The PVN
is also involved in the regulation of the autonomic nervous system through descending projections to
brainstem and spinal cord targets (36), contributing to the regulation of energy disposal by controlling
heat loss from brown adipose tissue through effects on uncoupling protein-1 (UCP-1) and by affecting
lipolysis and proteolysis in white fat and muscle (37,38). Nevertheless, in contrast, to the effect on
food intake, restoring the MC4R in the PVN of MC4R knockout mice has no effect on their reduced
energy expenditure, suggesting that other brain targets are involved.

In addition to the PVN, leptin-responsive α-MSH/CART and AGRP/NPY arcuate nucleus neurons
project to the hypothalamic dorsomedial nucleus (DMN), ventromedial nucleus (VMN), and lateral
hypothalamus (LH) (39). Each of these regions also expresses leptin receptors (40), indicating that
leptin can influence the activity of VMN, DMN, and LH neurons by both indirect and direct pathways.
In fact, the demonstration that selective disruption of leptin receptors in either POMC or AGRP/NPY
arcuate nucleus neurons results in only a modest obesity syndrome (compared to that of animals with
complete leptin receptor deficiency) suggests that leptin signaling must be mediated by both indi-
rect and direct pathways. In contrast, the PVN expresses few to no leptin receptors, indicative of its
complete dependence on leptin actions exerted in other regions of the brain.

B. HYPOTHALAMIC DORSOMEDIAL NUCLEUS

The hypothalamic DMN is well known to be involved in the regulation of food intake (41) that can
be altered by its disconnection from the arcuate nucleus (42). In addition, both dorsal and ventral subdi-
visions of the DMN show c-fos activation following the refeeding of fasting animals that can be dimin-
ished by pretreatment with AGRP (35). This supports a role for DMN neurons in mediating the effects
of melanocortin signaling, presumably by way of their extensive projections to the PVN (43) and/or
descending projections to brainstem autonomic centers (41). The DMN may also participate in the reg-
ulation of thermogenesis in brown adipose tissue (44,45), recently demonstrated to be present in adult
humans (46,47). Brown adipose tissue has an important role in the regulation of energy expenditure by
short circuiting the proton gradient across the inner mitochondrial membrane through the activation of
UCP-1, which uncouples fuel oxidation from the synthesis of ATP to generate heat (48). As UCP-1
is regulated by leptin in experimental animal models and reduced by fasting (49), a reduction in the
efficiency of mitochondrial respiration may contribute to weight regain following caloric restriction.

C. VENTROMEDIAL NUCLEUS

The VMN has long been implicated in the regulation of feeding behavior as lesions of the VMN
produce hyperphagia (50), but these observations were likely due to transection of surrounding fiber
pathways. Recent studies in transgenic animals in which the leptin receptor is selectively removed from
VMN neurons, however, reveal that these animals develop obesity (51) and have defective adaptive
thermogenic responses to a high-fat diet, gaining weight, and increasing oxygen consumption only
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∼50% of that of wild-type mice (52). Relatively little is known, however, about the factors that mediate
the effects of leptin signaling in the VMN and the precise mechanisms involved in its regulation of
energy balance.

One potential VMN mediator is brain-derived neurotrophic factor (BDNF), an anorectic peptide that
is highly concentrated in the dorsomedial part of the VMN (53). Conditional mutants in which BDNF
is removed in the post-neonatal brain (54) or mutations of its receptor in animals or humans (55,56)
result in a severe obese phenotype due to hyperphagia and reduced energy expenditure, suggesting an
important role in the regulation of body weight. BDNF-expressing neurons in the VMN are inversely
regulated by leptin (53) such that with fasting or caloric restriction, BDNF mRNA is markedly sup-
pressed (56). Evidence that BDNF may be regulated by melanocortin signaling is shown by a reduction
in BDNF gene expression in mice overexpressing the MC4R antagonist, agouti, and its increase
following the intraventricular administration of the MC4R agonist, MTII, to fasting animals (56).

D. LATERAL HYPOTHALAMUS

Both α-MSH/CART and AGRP/NPY neurons from the arcuate nucleus have extensive neuronal
connections with the lateral hypothalamus and innervate two groups of leptin-responsive neurons that
produce either melanin-concentrating hormone (MCH) or orexin (57). Both neuronal populations are
inversely regulated by leptin. MCH acts as an endogenous stimulator of food intake and its mRNA
is increased during fasting (58), whereas orexin promotes arousal responses, contributing to food-
seeking behavior during periods of nutrient deficiency (59). While both neuronal populations project to
a number of different regions of the brain including the cerebral cortex and brainstem, MCH-producing
neurons also project to the nucleus accumbens (60) and orexin-producing neurons project to the ventral
tegmental area (VTA) (61), well-recognized reward centers involved in hedonic eating and addiction.
Orexin also increases gastric contractility through projections to the dorsal vagal complex and, by
reducing gastric distension, suppresses satiety signals carried by the vagus nerve (62). Thus, during
caloric restriction, activation of orexin- and MCH-producing LH neurons would have several actions
to promote increased food ingestion and promote weight gain through effects on appetite, behavior,
and the incentive to feed. Leptin signaling may also have direct effects on neurons in the VTA itself
(63), contributing to the regulation of food-associated reward by regulating the content of dopamine
in the striatum, amygdala, and prefrontal cortex (64). Dopamine has a major role in the regulation
of reward processing including the desire for sweet foods and drugs of abuse (65). In concert with
animal studies, human studies using functional MRI have shown leptin deficiency to be associated with
increased neuronal activation in the nucleus accumbens when subjects are exposed to food images; this
is abolished following leptin treatment (66).

Effects of Leptin on Thyroid Hormone Regulation
The leptin-responsive, arcuate-PVN projection pathway has a particularly important role in the reg-

ulation of the hypothalamic-pituitary-thyroid axis by influencing the set point for feedback regulation
by thyroid hormone (67). Fasting and caloric restriction reduce circulating thyroid hormone levels in
both experimental animals and man; these can be restored to normal by the administration of lep-
tin (67,68). Since thyroid hormone has an important role in the regulation of energy expenditure by
affecting obligatory thermogenesis (energy expenditure necessary to sustain basal homeostatic func-
tions) and adaptive thermogenesis (additional heat produced in response to triggering signals to sustain
core temperature), a decline in circulating thyroid hormone levels would serve to conserve calories.
Indeed, basal metabolic rate can be reduced by as much as 30% in the absence of thyroid hormone and
adaptive thermogenesis in cold exposed animals is markedly impaired (69). Although the molecular
mechanisms are not precisely known, thyroid hormone has an important role in activation of UCP-1
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in brown adipose tissue (70) and may also influence thermogenesis by acting on uncoupling proteins
in muscle (71).

The effects of leptin on the hypothalamic-pituitary-thyroid axis are mediated through the
α-MSH/CART- and AGRP/NPY-producing arcuate nucleus neurons (72). Both α-MSH and CART
have activating effects on hypophysiotropic TRH neurons and when administered intracerebroventric-
ularly to fasting animals restore TRH mRNA to levels in ad lib feeding animals (73). The mechanism
involves the phosphorylation of the transcription factor CREB, as shown by the ability of α-MSH to
increase the number of phospho-CREB-containing TRH neurons in the PVN when given to fasting
animals (74) and by the loss of TRH promoter activation by α-MSH in vitro in the presence of a
dominant-negative inhibitor of CREB that cannot be phosphorylated (75). The mechanism by which
CART activates TRH neurons in the PVN remains unknown.

Conversely, both NPY and AGRP have profound inhibitory effects on TRH gene expression in
hypophysiotropic neurons. When administered intracerebroventricularly to ad lib feeding animals, a
state of central hypothyroidism is created that closely compares to that observed in fasting animals
(76,77). The inhibitory effects of AGRP on TRH gene expression are the result of antagonizing the
activating effects of α-MSH at MC4Rs and/or by suppressing constitutively active melanocortin recep-
tors by functioning as an inverse agonist (73). While NPY and the melanocortins act through different
receptors, the two peptidergic systems can interact at a post-receptor level and, by inhibiting cAMP
production, attenuate α-MSH-induced CREB-phosphorylation in the nucleus of TRH neurons (78).

Thus during fasting or caloric restriction, when circulating leptin levels decline, the simultaneous
inhibition of α-MSH production and increase in AGRP and NPY production in arcuate nucleus neu-
rons reduce the availability of phospho-CREB for binding to the TRH promoter. Since liganded thyroid
hormone receptor may interact with phospho-CREB at the TRH promoter (79), the inhibitory feed-
back effects of thyroid hormone bound to its receptor on the TRH promoter may become enhanced
due to reduced competition by lower intranuclear concentrations of pCREB, lowering the set point
for feedback inhibition of the TRH gene by thyroid hormone. A direct action of leptin signaling on
hypophysiotropic TRH neurons has been proposed (75) but is less likely due to the paucity of leptin
receptors in the PVN (40).

Thyroid hormone may also contribute to weight gain by direct effects on the hypothalamic arcuate
and ventromedial nuclei. Although caloric restriction leads to a decline in circulating thyroid hormone
levels, tissue levels of thyroid hormone in the mediobasal hypothalamus may increase (80). It is pro-
posed that this increase is secondary to a modest increase in type 2 iodothyronine deiodinase (D2)
in tanycytes (81), specialized ependymal cells lining the walls of the third ventricle (82). The major
function of D2 is to regulate local bioavailability of tri-iodothyronine (T3) in tissue by converting thy-
roxine (T4) to its more potent biologically active metabolite. As tanycytes lie at the interface of the
blood/CSF–brain barrier, they are capable of extracting T4 from the bloodstream or CSF, converting
T4 to T3, and then releasing T3 into the adjacent hypothalamic neuropil through long cytoplasmic
projections that extend into the adjacent arcuate and ventromedial nuclei. Thyroid hormone-induced
hyperphagia may arise as a result of a T3-mediated increase in NPY in the arcuate nucleus (80,83) or
through direct effects on the hypothalamic ventromedial nucleus (VMN) (84).

INSULIN–BRAIN INTERACTIONS DURING FASTING/CALORIC RESTRICTION

Prior to the discovery of leptin, insulin was believed to be the major effector of energy homeosta-
sis (see Niswender et al. (85) for review). When infused into the brain, insulin reduces food intake;
conversely, eradication of insulin signaling, achieved by central administration of insulin antibod-
ies (86) or a reduction in hypothalamic insulin receptors (87), causes hyperphagia and weight gain.
Leptin has more profound effects on the central nervous system than insulin, as demonstrated by a
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less severe obesity phenotype in brain-specific knockouts of the insulin receptor as compared to the
leptin receptor (88,89). However, circulating levels of insulin, like those of leptin, decline with fasting.
In addition, like leptin, insulin is capable of regulating PI3-K in both α-MSH/CART and AGRP/NPY
neurons (12,14), such that a decline in insulin levels might be expected to reduce POMC and acti-
vate AGRP/NPY in arcuate nucleus neurons. Indeed, decreasing hypothalamic insulin receptors using
antisense RNA has been shown to increase the expression of both NPY and AGRP (87).

There is also a substantial literature implicating a role for insulin in the modulation of food reward
(90). Insulin receptors have been identified in the VTA and on dopamine neurons (91), suggesting
the VTA as yet another site where leptin and insulin signaling could converge. Insulin, however, is
believed to regulate dopamine secretion by increasing the expression and activity of the dopamine
uptake transporter (DAT), rapidly clearing dopamine from the synapse (90). Thus, when insulin levels
decline in association with fasting or caloric restriction, the resulting down-regulation of DAT may
promote increased dopamine signaling at synapses, thereby contributing to hedonic eating.

ADIPONECTIN–BRAIN INTERACTIONS DURING FASTING/CALORIC
RESTRICTION

Adiponectin is also believed to have an important role in the regulation of appetite and energy
expenditure and has been proposed to serve as a starvation signal to preserve fat reserves (92). Like
leptin, adiponectin is a white adipose tissue-derived adipokine but exists as multimeric forms and
enters the CNS from the circulation as both trimers and hexamers (92). In contrast to leptin, how-
ever, adiponectin increases in the plasma with fasting, thereby functioning inversely to leptin in the
brain (92). Adiponectin binds to the adiponectin receptor 1 (AdipoR1) in the arcuate nucleus where
AGRP/NPY neurons reside (see previously) and activates AMPK (93). This results in an increase in
food intake that can be prevented by overexpression of a dominant-negative AMPK selectively in the
arcuate nucleus, as well as a reduction in energy expenditure by suppressing UCP-1 in brown adipose
tissue (93).

GHRELIN–BRAIN INTERACTIONS DURING FASTING/CALORIC RESTRICTION

In addition to leptin and insulin, a number of gut peptides contribute to the central regulation of
appetite and satiety (Table 1), either by acting directly on the hypothalamic arcuate nucleus or by
transmitting information to the dorsal vagal complex, an important relay center in the brainstem for
visceral sensory information carried by the vagus nerve (see (94,95) for recent reviews). While a
fasting-induced decline in any of these anorexic peptides could contribute to increased eating, the
associated rise in ghrelin, the only gut peptide with known orexigenic activity, has generated particular
interest.

Ghrelin is a 28 amino acid octanoylated peptide (acyl ghrelin) synthesized primarily by the stom-
ach (96). In a variety of animal models, systemic or intracerebroventricular administration of ghrelin
increases feeding and decreases energy expenditure through effects on the sympathetic nervous system
and brown adipose tissue, ultimately increasing fat mass and reducing the use of lipids for generation
of energy (97–99). These actions are mediated by direct binding of ghrelin to receptors (GHS-R)
expressed on arcuate AGRP/NPY neurons and its activation of AMPK (100,101), through effects on
endocannabinoids within the PVN (see below), and through effects on vagal afferents to the dor-
sal vagal complex in the brainstem (102). Like leptin, ghrelin contributes to synaptic remodeling in
the arcuate nucleus; but in contrast to leptin, ghrelin increases the number of excitatory inputs and
decreases inhibitory inputs on AGRP/NPY neurons (16).
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Table 1
Gut Peptides Affecting Appetite and Satiety

Peptide Origin Action

Ghrelin Gastric X/A-like cells O

Amylin Pancreatic β cells A

CCK Intestinal I cells A

GLP-1 Intestinal L cells, DVC A

Insulin Pancreatic β cells A

Nesfatin-1 Gastric X/A-like cells A

Obestatin Gastric X/A-like cells A

Oxyntomodulin Intestinal L cells A

Pancreatic polypeptide Pancreatic F cells A

PYY3–36 Intestinal L cells A

A = anorexigenic, O = orexigenic.

Ghrelin also has effects on reward centers in the mesolimbic system, contributing to food intake
through activation of dopaminergic neurons in the VTA or through effects on orexin-producing neurons
in the lateral hypothalamus (103,104). Conversely, when ghrelin receptor-null mice are fed a high-fat
diet, they accumulate less body fat than controls and preferentially use fat as an energy substrate
(105). In addition, central administration of the ghrelin receptor antagonist BIM28163 attenuates the
refeeding response following fasting (103).

In humans, ghrelin has a similar potent effect on appetite and increases just prior to meals, sup-
porting its role in the initiation of feeding (106). In addition, plasma ghrelin levels rise with caloric
deprivation (107). Thus energy deficit and weight loss are accompanied by a fall in plasma leptin and
insulin and a rise in ghrelin, which in concert hinder or prevent further weight loss and promote weight
regain.

ENDOCANNABINOID–BRAIN INTERACTIONS

The endocannabinoid system, a relatively recently discovered signaling system of the brain, has also
been implicated in the regulation of energy homeostasis and may play a role in the desire to eat during
fasting and caloric deprivation (108,109). Of the two known cannabinoid receptors, type 1 (CB1) and
type 2 (CB2), CB1 is the primary cannabinoid receptor in the central nervous system (110). CB1 has
a widespread distribution in most areas of the brain including the hypothalamus and limbic structures
and localizes to presynaptic axons (111,112). Endogenous ligands for CB1 include anandamide (AEA)
and 2-arachidonoyl glycerol (2-AG) (108,110). These arachidonic acid derivatives inhibit the synaptic
release of transmitters in both excitatory and inhibitory terminals (111). Since the endocannabinoids
are synthesized by neurons postsynaptic to axon terminals containing CB1 receptors, the endocannabi-
noid system is actually a retrograde signaling system (111). Neuronal release of endocannabinoids,
therefore, regulates the activity of the cells’ own CB1-containing innervation.

The importance of cannabinoids in the regulation of the energy homeostasis was well known
even before the discovery of the endocannabinoid system. Low doses of exogenously administered
�9-tetrahidrocannabinol (�9-THC) increase food intake and, if administered chronically, increase
body weight (113). Conversely, decreased CB1 receptor function reduces food intake and results
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in weight loss (108). In humans, the CB1 antagonist, rimonabant (SR141716), causes clinically
significant weight loss and reduces waist circumference (114).

The main action of the central endocannabinoid system to control energy homeostasis is mediated
through axons and neuronal groups in the hypothalamus and the reward circuitry of the mesolimbic
system (109). Feeding-related nuclei in the hypothalamus, like arcuate, ventromedial, and paraven-
tricular nuclei, synthesize endocannabinoids and are innervated by CB1-containing axon terminals
(112,115,116). Indeed, injection of cannabinoid agonists directly into the ventromedial nucleus, lat-
eral hypothalamus, or PVN results in increased food intake, indicating that endocannabinoids can exert
orexigenic effects at multiple sites of the hypothalamus (117–119). The activity of the hypothalamic
endocannabinoid system correlates negatively with the status of peripheral energy stores such that fast-
ing increases endocannabinoid levels in the hypothalamus, while refeeding decreases it (108). These
changes may be mediated by both leptin and ghrelin, as leptin decreases, while ghrelin increases,
hypothalamic levels of endocannabinoids (115). In addition, loss of CB1 in CB1 KO mice completely
prevents orexigenic effects of ghrelin (115), suggesting that the endocannabinoid system may play
crucial role in mediating the action of peripheral hormones on energy homeostasis. Furthermore, in
accord with the retrograde signaling nature of the endocannabinoid system, endocannabinoids block
the inhibitory input to orexigenic MCH neurons in the lateral hypothalamus (120) and attenuate the
excitatory input of the anorexigenic parvocellular neurons in the PVN (115).

Endocannabinoids also activate the mesolimbic dopamine system: CB1 receptors are expressed in
both the VTA and nucleus accumbens (109), and rimonabant reduces intake of sweet food in non-food-
deprived animals (121) and prevents novel palatable food-induced dopamine release in the accumbens
shell (122). Furthermore, microinjection of anandamide into the nucleus accumbens increases licking
behavior induced by the intraoral administration of sucrose (109). Thus, in addition to contributing
to orexigenic drive through action on the hypothalamus during periods of caloric restriction, the
endocannabinoid signaling system may also make it more difficult to lose weight by increasing the
rewarding properties of food.

ROLE OF NUTRIENT SENSING DURING FASTING/CALORIC RESTRICTION

Nutrient sensing of glucose, fatty acids, and the amino acid, L-leucine, by the brain also contributes
to the regulation of appetite and satiety. When injected into the cerebral ventricles, each of these
substances induces anorexia (123). Depending on the type of diet, therefore, reduction in delivery of
one or more nutrients to the brain might be expected to trigger hypothalamic responses that favor
weight maintenance.

Hypoglycemia or interference with glucose transport or phosphorylation in neurons increases
feeding, presumably through brainstem neurons in the dorsal vagal complex that project to the
hypothalamus (PVN and arcuate nucleus) to regulate NPY gene expression (124). Since intracere-
broventricular administration of glucose to fasting animals reduces NPY mRNA in arcuate nucleus
neurons (125), the fasting-associated decline in glucose is presumably a necessary step to permit
proper signaling in NPY neurons by other mediators such as leptin and insulin. AMPK activa-
tion would appear to be the main mechanism by which hypoglycemia increases gene expression of
AGRP/NPY in arcuate nucleus neurons (126), since mice lacking the AMPK α2-subunit selectively in
AGRP/NPY neurons lose normal electrophysiological responses to low glucose levels (127). Increased
AMPK may also reduce malonyl-CoA levels in the cytoplasm of neurons to affect lipid signaling (see
below) and causes cell depolarization by inactivating plasma membrane ion channels (128,129). Direct
effects of hypoglycemia on hypothalamic AGRP/NPY- and orexin-producing neurons may also occur
(129,130).
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Long chain fatty acids (LCFAs) also affect food intake by regulating AGRP and NPY in arcuate
nucleus neurons (131,132). As a result of AMPK-induced inhibition of acetyl-CoA carboxylase dur-
ing fasting, malonyl-CoA is reduced in arcuate nucleus neurons. This prevents LCFAs from entering
mitochondria for oxidation. Since lowering malonyl-CoA by overexpressing malonyl-CoA decarboxy-
lase causes hyperphagia and weight gain (133), the entry of LCFA into the mitochondria would appear
to be an important step in the regulation of AGRP and NPY gene expression.

Following a mixed meal, L-leucine increases in the cerebrospinal fluid and hypothalamus (134)
and reduces food intake without affecting energy expenditure (135). The ability to block the anorexic
effects of leucine by pretreatment with the MC4R antagonist, SHU9119 (135), indicates an effect on
POMC neurons, although leucine-induced activation of the mTOR pathway simultaneously reduces
AGRP and NPY in arcuate nucleus neurons (136). Presumably, therefore, a reduction in tissue levels
of leucine in the brain may contribute to activation of AGRP/NPY neurons and may explain the obser-
vation that a diet reduced in protein increases daily cumulative food intake and increases both AGRP
and NPY gene expression in the arcuate nucleus (137,138).

INTEGRATION: THE NEUROENDOCRINE RESPONSE TO CALORIC
DEPRIVATION AND WEIGHT LOSS

Attempts to lose weight by caloric restriction are met with a series of potent counter-regulatory
responses mediated by humoral and neuronal signals that act in concert to prevent weight loss and
promote weight regain. These are summarized in Fig. 1. While these systems are homeostatic and

Fig. 1. Simplified schematic representation of some of the regulatory factors and pathways involved in neuroendocrine
and metabolic adaptations to weight loss and their response to fasting or caloric restriction. Circulating factors derived
from fat, pancreas, liver, and the gastrointestinal tract converge on the hypothalamus and/or brainstem to orchestrate
a series of responses that promote increased appetite, decreased energy expenditure, activation of mesolimbic reward
centers, and reduce circulating thyroid hormone levels. Note similarities of target regions in the brain by several
regulatory factors, particularly for AGRP/NPY and α-MSH/CART neurons in the hypothalamic arcuate nucleus. The
endocannabinoid system exerts regulatory effects on neurons in multiple regions of the brain. ARC = arcuate nucleus,
DMN = dorsomedial nucleus, DVC = dorsal vagal complex, LH = lateral hypothalamus, PVN = paraventricular
nucleus, SNS = sympathetic nervous system, VMN = ventromedial nucleus (Courtesy, Dr. Praful Singru).
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beneficial for survival when food sources are scarce, they present a formidable problem for any individ-
ual who wishes to reduce his/her weight by dietary restriction alone. The counter-regulatory systems
responding to weight loss are redundant; it is therefore not surprising that anti-obesity therapies using
pharmacologic agents that target only one part of the regulatory system are largely unsuccessful in the
long term.

Restoration of circulating levels of leptin or induction of leptin receptor signaling would seem an
essential component of therapy, given the central role of the hormone in decreasing appetite, increas-
ing energy expenditure, and reducing hedonic patterns of eating. Yet, obesity is associated with leptin
resistance (139). Thus combination therapy using agents that potentiate leptin signaling, target recep-
tors downstream of leptin signaling, and/or target other regulatory mechanisms may be required to
completely override the compensatory responses of caloric restriction. One such approach using a
long acting leptin preparation together with a GLP-1 agonist with known anorexigenic activity has
already been shown effective in experimental models (140) and is currently entering clinical trials
(141). Ghrelin receptor antagonists and drugs that prevent the acylation of ghrelin by inhibiting gastric
O-acyl transferase (GOAT) are also under development, allowing targeting of a separate regulatory
pathway. CB1 receptor antagonists would seem to be particularly attractive although its prototype,
rimonabant, was removed from the commercial market in the USA due to behavioral side effects. It
is anticipated that as a result of rapidly advancing knowledge about the mechanisms involved in the
regulation of body weight, however, new, safe, and effective combination treatments that overcome
compensatory responses will soon be forthcoming, allowing more promising approaches to weight
control.

Editor’s Question and Authors’ Response

• How do you think the contrasting peripheral and central actions of insulin are balanced
to achieve weight homeostasis?

• During fasting, plasma levels of insulin fall, allowing for the release of glucose from peripheral
stores. This action is critical to assure that adequate amounts of glucose are available for the brain.
Nevertheless, despite depletion of energy stores that contribute to weight loss, the simultaneous
effect of low insulin levels on the brain increases appetite and reduces energy expenditure, dimin-
ishing the severity of weight loss during fasting or caloric restriction as part of an important survival
mechanism. With continued fasting, however, the weight-sustaining central effects of low insulin
levels will eventually be overcome. In contrast, obese patients have both peripheral and central
insulin resistance, which in the fed state, may promote weight gain by activating similar pathways
as observed during fasting.

• Do you think that circulating endogenous ligands for cannabinoid receptors play a physiologic
role in the brain?

• Circulating levels of endocannabinoids in plasma are very low compared to concentrations in the
brain. In addition, 2-AG and anandamide are rapidly cleared in the brain due to the widespread
expression of cannabinoid metabolizing enzymes. Furthermore, peripheral administration of even
large pharmacological doses of anandamide results in only a minimal increase in brain endocannabi-
noid levels. Accordingly, it is unlikely that plasma endocannabinoids exert much of an effect, if any,
in the brain.
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INTRODUCTION

Obesity prevention and treatment programs in children and adolescents attempt to establish and
reinforce eating and physical activity behaviors that foster healthy growth and development for both
physical and mental health (1,2). Long-term effectiveness requires that contextual influences on food
and eating, and physical activity and sedentary behavior, in the child’s immediate and surrounding
environments be recognized and, where possible, accounted for in interventions. These influences
include behaviors of family caregivers, school personnel, and day care providers. Particularly for
younger children, these caregivers make decisions about what foods and physical activity options
are available to children and which behaviors are encouraged, discouraged, allowed, modeled, or
restricted. Eating and physical activity behaviors are strongly influenced by socio-cultural variables
(i.e., norms, values, and beliefs) and social structural contexts (i.e., physical and economic characteris-
tics, policies, and practices) in homes, neighborhoods, schools, and media environments. This chapter
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will consider the interactions of socio-cultural/environmental factors with race/ethnicity (referred to
as “ethnicity”) and gender and will discuss their impacts on obesity risk in children. The chapter con-
cludes with a discussion of the need to account for socio-cultural and environmental variables in efforts
to improve the effectiveness of interventions.

BACKGROUND

The context for pediatric obesity prevention and treatment has changed in recent decades due to
major societal trends associated with increases in children’s caloric consumption: increases in food
and beverage portion sizes, total energy intake from foods obtained away-from-home, the intake of
added sugars, and consumption of sweetened beverages (1,3). These trends have emerged against a
background of inadequate levels of physical activity, declines in the numbers of children enrolled in
physical education classes and walking to school, and dramatic increases in the amount of time spent
on sedentary entertainment (1,4). This scenario, which has also occurred in other countries (3,5,6),
paints a challenging picture for achieving obesity prevention and treatment goals. Contexts for eating
and physical activity are now overwhelmingly “obesogenic,” meaning that the default choices, that is,
what people do without thinking, and the most heavily promoted lifestyles are conducive to overeating
and inactivity. These pervasive socio-cultural and environmental influences on obesity development
are difficult to overcome even with deliberate actions by those so motivated (6). Human regulatory
systems for appetite control and the achievement of energy balance are simply no match for current
environmental challenges to achieving energy balance. Thus, obesity prevention and treatment – which
were never considered easy for either patient or provider – have become even more difficult. It is
doubtful that long-term success in obesity treatment will be achieved without interventions that directly
address this added difficulty (1,7).

Addressing contextual issues that may complicate or limit the effectiveness of obesity prevention
and treatment will be critical for eliminating ethnic disparities in obesity and related health risk fac-
tors and outcomes. Obesity levels are higher in black/African-American, Hispanic/Latino, American
Indian, and Pacific Islander children and adolescents compared to white children and adolescents
(8–10). US National Health and Nutrition Examination Survey (NHANES) estimates of obesity preva-
lence rates for non-Hispanic white, non-Hispanic black, and Mexican American children are shown
in Table 1 (8). The effect of gender differs by ethnicity. Obesity prevalence is notably higher in
non-Hispanic black girls than in non-Hispanic white girls and non-Hispanic black boys. By con-
trast, in Mexican Americans, obesity prevalence is notably higher in boys than in girls; and Mexican
American boys have the highest obesity prevalence among all boys. More non-Hispanic black and
Mexican American children are in families with incomes below the federal poverty level: 43 and 40%,
respectively, compared with 16% of non-Hispanic white children (11). The ethnic disparity (higher
obesity levels in non-Hispanic black and Mexican American than in non-Hispanic white children)
is evident at nearly all income levels (Table 2). However, in these data with ages and sexes com-
bined, the inverse gradient in obesity prevalence among non-Hispanic white and to some extent in
Mexican American children is not evident among non-Hispanic black children. In fact, obesity preva-
lence in non-Hispanic black children, particularly girls, is highest among children in families with
incomes three to four times the poverty level. In data for 4-year-old children in the Early Childhood
Longitudinal Study, 22.2 and 21.8% of Hispanic boys and girls, respectively, had body mass index
(BMI) levels in the obese range, compared to 17.4 and 14.3% of non-Hispanic whites of the same
sex (10). Among American Indian/Alaska Native children, obesity prevalence was 37% for boys and
25.8% for girls. Asian American children had a lower percentage of obesity (15.8% in boys and 10.0%
in girls) than the non-Hispanic white children. However, based on data for adults, BMI-related risks
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Table 1
Obesity Prevalence Among US Children by Age, Ethnicity, and Gender, 2003–2006

Age group Ethnic subgroup

Males Females

Non-
Hispanic
white (%)

Non-
Hispanic
black (%)

Mexican
American
(%)

Non-
Hispanic
white (%)

Non-
Hispanic
black (%)

Mexican
American
(%)

Children aged
2–5 years

11.1 13.3 18.8 10.2 16.6 14.5

Children aged
6–11 years

15.5 18.6 27.5 14.4 24.0 19.7

Children aged
12–19 years

17.3 18.5 22.1 14.5 27.7 19.9

– Based on height and weight measurements of child respondents in the National Health and Nutrition Examination
Survey.

– Obesity is defined as ≥95th percentiles of the sex- and age-specific BMI charts of the CDC Growth Charts.
Source: Ogden et al. (8).

Table 2
Obesity Prevalence in Children Age 2–19 Years by Ethnicity and Income Level, 1999–2004

Poverty income ratio Non-Hispanic white(%) Non-Hispanic black(%) Mexican American(%)

Less than 100% 17 18 22

100–199% 15 19 18

200–299% 15 17 21

300–399% 14 27 21

400% or more 11 21 12

The poverty income ratio expresses family income as a ratio of the federal poverty level for a family of that size.
Source: Freedman et al. (11).

may be higher among people of Asian descent than would be expected based on data for European
descent populations, for example (12).

While there are clear differences in individuals’ biological predispositions to obesity, ethnic dis-
parities and to some extent gender differences reflect differences in the socio-cultural, environmental,
and behavioral rather than genetic determinants of weight gain and obesity (6). This is reflected in
relatively steep trends of increasing obesity within the same ethnic group, for example, in African-
American girls (13). Although high levels of obesity have been observed in black women for several
decades (14), higher than average levels of obesity in African-American girls are a relatively recent
phenomenon. Also suggesting environmental influences, obesity prevalence in people of the same eth-
nic group is higher in environments where the average overall level of obesity is higher. For example,
data for people of African descent indicate that obesity prevalence is progressively higher, when com-
paring those living in West Africa, the Caribbean, the United Kingdom, and the United States (15).
Obesity levels of immigrants of diverse backgrounds increase with increasing duration of US residence
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(16). The opposite directions of the gender difference in black compared to Mexican American chil-
dren and the relatively small gender differences in obesity among white children suggest that gender
differences, when observed, are environmentally or culturally mediated.

PHYSICAL ENVIRONMENTS

The environmental exposures in the neighborhood, school, home, and media environments may
contribute to the ethnic disparities or gender differences in obesity risk or prevention and treatment
contexts. In addition, male and female children may generally experience the same environments dif-
ferently with respect to physical, social, or cultural influences on eating and physical activity behaviors.
Some examples of these differences follow. Also, even where obesity prevalence is similar by ethnicity
and gender, different approaches may be needed for successful prevention or treatment because of the
different environments or responses of children in different ethnic, gender, and socioeconomic status
(SES) groups.

Neighborhood and Community Environments
Neighborhood food and fitness resources vary greatly in communities of different ethnic and socioe-

conomic composition; these may foster disparities in obesity (17). With respect to food availability
and access, studies have demonstrated that ethnic minority neighborhoods had more than double the
number of grocery stores, half the number of supermarkets (18), and almost two-thirds more fast-
food restaurants per square mile (19) compared to predominantly white neighborhoods. Studies have
shown a significant inverse association between supermarket availability and BMI in adolescents,
especially for African-Americans (20), and of the number of residents per fast-food restaurant with
obesity prevalence (21). In addition, a systematic review (22) concluded that availability of food stores,
products within stores, and food promotions within stores in communities with high proportions of
African-American residents were consistently less conducive to healthful eating compared to those in
predominantly white neighborhoods.

Both gender and ethnic differences have been reported regarding aspects of or responses to the
neighborhood environment in relation to outdoor physical activity, including walkability, recreational
facilities, and crime. Studies have found sex-specific effects for neighborhood design, with preschool
girls less likely to be overweight or obese in “walkable” neighborhoods with a greater number of
intersections (23). In a different study, adolescent girls made more active trips per week in communities
with more traffic lights; boys were more active if living on a cul-de-sac rather than off a main road and
in neighborhoods with more speed bumps (24). With respect to the availability of recreational facilities,
data from the National Longitudinal Study of Adolescent Health reveal less access in neighborhood
block groups with high proportions of minority or low SES residents (25). Crime is another key factor
in neighborhood environments; youth in high crime areas may be less likely to walk to the store or
play outside. Areas around schools with greater poverty and Hispanic student populations have been
shown to have higher crime rates (26). A meta-analysis of environmental factors that affect obesity
found that crime was inversely associated with adolescent physical activity in two out of three studies
(27).

School Environments
Food and activity options available in schools impact the weight status of children and adolescents.

In the large, nationally representative Monitoring the Future annual survey of 8th, 10th, and 12th
grade students, African-American students were found to have less availability of healthier sweet and
savory snacks, and Hispanic students had greater availability of ice cream, fruit, and vegetables (28).
While almost all students had access to soft drinks in schools, Hispanic youth were most likely to have
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access to them at school during the entire school day (29). Competitive foods and drinks sold outside
of meals were most often high-calorie and low-nutrient density (30) and are relatively more available
in low SES schools (28). With respect to school physical activity, physical education requirements and
participation decrease from middle to high school, and only a small sub-sample of students participate
in sports, with lower participation among African-American and Hispanic students compared to white
students (31).

Home Environments
The home is a critical environment for children, since the food and activity options in the home not

only affect behaviors in the setting but also serve as the context for learning behaviors from a young
age (32). Fruit and vegetable intake, considered to be obesity protective, serves as a prime example
of socio-cultural variation in the interface between dietary behaviors and the home environment. The
Project EAT data demonstrated that household availability was positively associated with fruit and
vegetable intake for girls, but not boys, suggesting a gender difference in the way children relate to
the food environment (33). In the High 5 Intervention to increase fruit and vegetable intake, girls were
more likely than boys to have fruits and vegetables at home (34). African-American children not only
had increased odds of having several fruits and vegetables in the home compared to white children
but also had a higher prevalence of obesity, which is contrary to expectation. This suggests a need to
investigate variables such as food preparation styles and other potential covariates of BMI within the
relevant socio-cultural context (34).

Resources and cues for physical activity or inactivity at home, such as television and computer
screens, play equipment, and outdoor space, are also important environmental considerations related
to child obesity, but influences may differ by gender. For example, a longitudinal study of 10 to
12-year-olds found that access to video games and television was associated with subsequent higher
BMI for boys; greater access to physical activity equipment was associated with decreased BMI in
girls (35). In a study of preschool children, outdoor play equipment and back yard size were positively
associated with outdoor playtime with no gender difference (36). Ethnic differences in television avail-
ability and use are frequently reported, in a direction less favorable for African-American and Hispanic
children, as discussed below.

Technology, Media, and Advertising Environments
The effects of technology and information are pervasive in all of the settings reviewed above.

Marketing of products that encourage unhealthy eating and activity behaviors persists in neighbor-
hoods, schools, and homes. The Institute of Medicine confirmed the effects of food advertising on
children’s food preferences and food intake (37). Children of different socio-cultural backgrounds
have different exposures to advertising and experience different effects based on those exposures (38).
A Kaiser Family Foundation survey found that among children and adolescents age 8 to 18, African-
Americans, Latinos, and children with lower family incomes or lower parental education were more
likely to have one or more of the following: television constantly on; television in their bedroom; or
meals in front of the television (4). Taveras et al. reported that African-American and Hispanic children
between 2 and 13 years were over three times more likely (70%/74% vs. 22%) to have a television
in their bedroom compared to white children. Reviews by Grier and Kumanyika (22) and Grier (39)
found consistent evidence of greater than average frequency and intensity of advertisements for less
healthful foods and beverages in television and digital media markets that reach African-Americans.
Television advertising exposures of Latino children appear to be similarly adverse (40,41).

Outdoor and in-school advertising reflect additional exposures that may contribute to disparities.
Yancey and colleagues (42) reported that African-American neighborhoods had the highest densi-
ties of obesity-promoting outdoor advertisements (i.e., fast food and sedentary entertainment), closely
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followed by Latino neighborhoods. Hillier et al. (43) found disproportionate clustering of outdoor
advertisements for less healthful products around schools in black neighborhoods in Philadelphia. The
Monitoring the Future survey reported an inverse relationship between the SES of the school and the
amount of advertising and promotion of soft drinks (29).

SOCIO-CULTURAL VARIATION

US ethnic minority populations have different socio-political and ethnocultural histories and influ-
ences, related to factors such as region or neighborhood of residence, food culture, family and
intergenerational relationships, social institutions, language, and media exposures, with varying gen-
der dimensions. Some potentially important influences on excessive weight gain and obesity are
highlighted below.

Infant Feeding
Obesity development may be influenced by breastfeeding and by the timing of formula feeding and

introduction of other foods. Exclusive breastfeeding for 6 months is recommended by the American
Academy of Pediatrics (44), There is consistent evidence of ethnic differences in prevalence and dura-
tion of breastfeeding. African-American mothers are less likely to initiate and continue breastfeeding
compared with white mothers (45). By contrast, Mexican American mothers are more likely than non-
Hispanic white mothers to initiate breastfeeding and continue for longer periods of time (46). Teen
mothers, i.e., women who are under age 20 years at the time of the baby’s birth, are the least likely
to breastfeed for 3 months or more. About twice as many African-American and Latino mothers give
birth before age 20 years compared with white or Asian American mothers (47).

Supplementing breastfeeding with formula early on has been linked to less successful breastfeeding
and early discontinuation of breastfeeding (48). Among low-income women who participate in the
Supplemental Nutrition program for Women, Infants, and Children (WIC), the African-American and
Hispanic participants who breastfeed are more likely to take the supplemental formula package than
the supplemental food package (48). Employment considerations, e.g., the need to return to work and a
lack of breastfeeding support in the workplace, may also discourage low-income mothers from breast-
feeding. Full-time employment and earlier return to work have also been noted as a factor associated
with shorter breastfeeding duration in African-American women (49).

Caregiver, Family, and Peer Influences
The behavior of caregivers influences children’s food intake and food habit development during

infancy, throughout the preschool and school age years and even in adolescence. In addition to breast-
feeding, behaviors of interest for child weight status may include those that encourage receptivity
to and consumption of healthful foods and discourage frequent consumption of energy-dense foods
and sweetened beverages. “Non-responsive parenting” has been associated with indulgent feeding and
overfeeding as well as excessive restriction and with child overweight (32,50). This type of parent-
ing is controlling, insensitive to the child’s behavioral cues, and/or developmentally inappropriate.
Available studies do not clearly identify parenting styles that may be associated with child obesity
development in African-American and Latino families (51). Based on studies in WIC participants,
low-income mothers may be more concerned about hunger and underweight than about childhood
overweight, leading to the types of feeding practices that are associated with child overweight (52).

Early involvement of caregivers other than parents is associated with a lesser tendency to initiate
and continue breastfeeding (53). Involvement of non-parental or multiple caregivers may be associated
with single parenthood and sole wage earner status, which is more common among African-American
mothers (53). Intergenerational caregiving may result in a clash of cultural norms or inconsistencies
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in infant and child feeding practices; for example, grandparents or older relatives may have beliefs
about infant feeding that differ from those of parents and from recommendations made by health-
care providers. Bentley (54) reported that in a sample of teen mothers, the infant’s grandmother often
controlled decisions about infant feeding; this may perpetuate cultural norms such as the addition of
cereal in the infant’s bottle as early as 1–2 weeks of age and the introduction of semisolid foods within
the first month of life.

As youth move into and through the stage of adolescence their interactions with both family and
friends evolve, creating dynamics that affect weight status. Although the role of peers in their lives
increases, research has demonstrated that interactions with family members, particularly parents,
remain paramount. Parents serve as gatekeepers, role models, and sources of social support. In many
qualitative studies, youth identify mothers as gatekeepers of food in the home. Focus groups with
low-income, African-American youth revealed that children identified an “external locus of control
at home” in food choices at home, with a mother or grandmother mentioned most often as decision
makers (55, p. 249). Social support and healthy role modeling from family members have been found
to correlate positively with healthful food choices (56) and activity (35). However, interviews with
low-income parents revealed a stressful work–family balance that constrained healthy family food
choices (57), highlighting an important socio-cultural consideration. In contrast to the supportive role
of parents, peers may contribute negative support for making healthy food choices (55). While weight-
related teasing from both family and peers is a problem for youth of all ethnicities and genders, girls
are socially marginalized and teased more often than boys regarding weight issues (58).

Gender differences also emerge as adolescent girls play a greater role in shopping and food prepa-
ration, which in turn affects their food choices and weight status. Cross-sectional data from 4,764
adolescents demonstrate that female adolescents helped with both food shopping and preparation more
than males; preparation was associated with more healthful food choices, whereas food shopping was
associated with some less healthful food choices (59).

A socio-cultural influence on obesity that may be shared by children in several ethnic groups is
maternal or female caregiver obesity. Although levels of obesity are high among adults in the US pop-
ulation as a whole, obesity prevalence among women in non-Hispanic black, Mexican American, and
American Indian and Pacific populations is substantially above that in non-Hispanic white populations
(9). Prevalent maternal obesity indicates that many children will have been exposed to obesogenic
environments during gestation (60). It also means that excess weight gain and obesity are norma-
tive among children’s female caregivers and role models. Effective obesity prevention and treatment
interventions for children may, therefore, require that we address the problem of adult (particularly
maternal) obesity.

Food Intake and Physical Activity
Key dietary behaviors as youth age include breakfast consumption, fast food intake, and sugar-

sweetened beverage intake. Many studies show that skipping breakfast increases as children age and
correlates with obesity in females and males (61,62). Breakfast skipping may differ by ethnicity and
SES. A longitudinal study following 2,216 adolescents over a 5-year period found that breakfast
consumption was more common among white and higher SES youth (63). Intake of fast foods and
sugar-sweetened beverages rises during late childhood and puberty, with relatively greater increases in
ethnic minority youth (64,65).

Activity levels of children are lower than recommended in all ethnic and gender groups and envi-
ronmental influences supportive of physical activity are less common, on average, in ethnic minority
and low-income communities (1,17). Gender and ethnic differences in patterns of physical activity
in children and adolescents become prominent during the transition into adolescence. Decreases in
physical activity have been linked with increases in BMI, especially for girls (66), and more so for
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African-American than white girls. Following a cohort of girls over 10 years, the National Heart,
Lung, and Blood Institute Growth and Health study revealed that activity decreased over time for
all girls; nevertheless, white girls were more active at the beginning and throughout the 10-year study
compared to African-American girls (67). In addition to activity, decreases in sedentary behaviors such
as screen time correlated with lower prevalence of obesity (68) only for girls – suggesting a possibly
important focal point for gender-specific intervention.

Body Image and Weight Concern
Weight concerns may emerge very early in childhood (69) and become particularly important dur-

ing the pubertal transition. Both gender and ethnic differences in body image have received significant
attention in the obesity literature. For example, among adolescents in Project EAT (58), body satisfac-
tion was highest among African-American girls and boys and lowest among Hispanic girls and Asian
American boys. African-American girls and boys had the highest prevalence of desire to gain weight,
while current attempts at weight loss were most prevalent in Hispanic girls and boys. Unhealthy
weight control behaviors (i.e., fasting, skipping meals, smoking cigarettes) were most common in
Native American girls and Asian American boys. Overall for weight-related concerns and behaviors,
African-American girls had fewer and girls of all other ethnicities had greater concerns compared to
white girls, while boys from all other ethnicities had equal or greater concerns compared to white
boys. These differences between girls and boys of different socio-cultural backgrounds illustrate the
need for an understanding of the complex, multi-ethnic picture of social norms regarding weight and
body size. This will permit development of acceptable measures to address weight issues. Since social
constructs of body size are associated with overweight status and mental health in adolescence, they
are crucial in designing appropriate interventions. Potential aggravation of inappropriate weight con-
cern or dieting behaviors is a key reason that obesity interventions for children and adolescents tend
to focus on developing positive eating and physical activity behaviors rather than on weight per se.

ADDRESSING SOCIO-CULTURAL AND CONTEXTUAL INFLUENCES
IN INTERVENTIONS

Obesity prevention and treatment programs may focus on high-risk children for individually ori-
ented or group counseling programs or may attempt to reach all children in the community by changing
the aforementioned environmental determinants of excessive weight gain. Elements of behavioral
change theories that are commonly used to inform the development of interventions make explicit ref-
erence to the reciprocity of individual behaviors and environmental influences and the need to consider
multilevel influences and the interactions across levels (70,71). The socio-ecological model conceptu-
alizes five levels of influence: intrapersonal level (taste preferences, habits, and nutritional knowledge
and skills); interpersonal level/social environment (processes whereby culture, social traditions, and
role expectations impact eating practices and patterns within peer groups, friends, and family); and
organizational, community, and public policy levels/physical environment (environmental factors that
affect food access and availability) (72). Interventions that address multiple levels of intervention
and person–environment interactions are particularly important for effective intervention with eth-
nic minority and low SES populations, because – as described above – these populations are more
likely to confront environmental challenges, e.g., targeted marketing of unhealthful foods and limited
options for safe outdoor activity (7,17,25). Addressing behavior at the individual or family level alone
may be inadequate and even unethical if the environmental supports for the desired behaviors are not
improved.



Influences of Ethnicity and Gender 431

Both prevention and treatment programs for children and adolescents are more likely than those
in adults to include family members; in some cases programs may work directly with family care-
givers and only indirectly with the children themselves (73). This potentially provides opportunities to
address family context variables that are particularly salient in ethnic or socioeconomic status groups,
including gender-related influences. As already noted, a high proportion of caregivers and role models
of children in ethnic minority populations may be obese, and their concerns about child overweight
may be relatively low (69). On the other hand, it may be possible to leverage the strong familial ori-
entation in some ethnic groups to improve intervention effectiveness. For example, although a prior
study in whites indicated that treating obese adolescent girls and their mothers together in group ses-
sions was less effective than treating them in separate groups (74), treating girls and mothers together
was more effective when a similar study was conducted with African-Americans (75).

The concepts of cultural targeting and cultural tailoring refer to deliberate attempts to account for
ethnocultural variables in program design and implementation. The distinction made by Kreuter (76)
of targeting as addressing cultural variables at the group level and tailoring as addressing cultural
variables at the individual level is a useful one. Targeting recognizes the commonalities of ethnocul-
tural groups and the possible advantages of culture-specific programming and intra-group support.
Tailoring recognizes the individual heterogeneity within groups, including individual differences in
the ways that socio-cultural contextual variables affect attitudes and behaviors. Also implicit in tailor-
ing is the reality that individuals function simultaneously in several cultures defined, for example, by
age or developmental stage as well as gender and ethnicity. Both targeting and tailoring may be useful
for maximizing and sustaining intervention effects.

What constitutes cultural targeting and tailoring has been described by Resnicow (77) and Kreuter
(76). Distinctions are made between accounting for surface or peripheral influences to increase famil-
iarity, salience, or accessibility of an intervention and accounting for deeper cultural constructs in
ways that may invoke different paradigms. That is, interventions that attempt to work with cultural
“deep structure,” to use Resnicow’s terminology, frame or re-frame intervention concepts, processes,
and desired outcomes to align with the ethos of the group in question and attempt to leverage cultural
assets and strengths to facilitate positive outcomes. However, these approaches may be underspecified
if culture is defined too narrowly to refer only to attitudes, beliefs, and values without acknowledging
the extent to which culture interacts with the relevant social and environmental contexts.

It is necessary to identify nutritional, physical activity, and other obesity interventions that are
effective with children and adolescents (as well as adults) in ethnic minority and low-income popula-
tions; this effort must determine how cultural adaptations add value to theoretically sound intervention
approaches (78–80). Some evidence suggests that trade-offs made in attempts to culturally adapt pro-
grams may inadvertently have an unfavorable effect on the strength of intervention in other respects.
Promising models for interventions targeted or tailored for ethnic minority populations in afterschool,
preschool, or school settings include Dance for Health in 8-to-10-year-old African-American and
Latino children (81); the Girls Health Enrichment Multi-site Studies (GEMS) pilot studies for obesity
prevention in pre-adolescent girls (82–85); the Hip Hop to Health program with African-American
and Latino children in Head Start (86); Planet Health, a school-based study in 11-to-13-year-old
predominantly African-American boys and girls (87); Eat Well and Keep Moving in 4th and 5th
grade African-American students (88); Pathways – an obesity prevention program in 8-to-11-year-
old American Indians (89); and the El Paso Child and Adolescent Trial for Cardiovascular Health in
3rd grade, low-income Latinos (90). Two examples of models for working with parents of infants or
toddlers at home may also be of interest: a mother–child intervention for reducing obesity prevalence
in toddlers in a Native American community (91) and a model that incorporates nutrition education
into the Parents as Teachers program, a general parent education program offered free to parents of
children between birth and age 3 (92).
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With respect to gender, group level interventions that reach both sexes may have differential effec-
tiveness with girls and boys. For example, in the Planet Health study with 6th and 7th grade students
(87), reductions in obesity and improvements in fruit and vegetable consumption were observed in
girls but not in boys; reductions in hours of TV viewing were observed in both sexes. Whether
gender-specific interventions are feasible and superior to gender-nonspecific approaches depends on
the setting and other factors. What specific approaches work better in boys vs. girls is uncertain and
should be considered by developmental stage. The GEMS studies cited above were all specific to
African-American girls. The Trial of Adolescent Activity in Girls study (TAAG) was also gender spe-
cific, motivated by the lower levels of physical activity in girls (93). Modest improvements in physical
activity were observed, but were somewhat less notable in the African-American and Hispanic girls.

CONCLUSION

This chapter has highlighted ethnic, gender, and SES differences in obesity prevalence. These differ-
ences reflect variation in environmental contexts and socio-cultural aspects of eating, physical activity,
and weight gain that have important influences on the design and outcomes of obesity prevention
and treatment programs. Recognizing the greater challenges posed by the physical contexts of chil-
dren in ethnic minority populations and for children and families in low SES groups is important
for setting realistic expectations of what can be accomplished by counseling individual children or
family members and for identifying needs and opportunities for intervention at the community level.
Group-targeted programs, particularly those that are community based and community partnered, offer
opportunities to influence environmental context variables, e.g., to change food availability or physi-
cal activity options and to shift social norms away from those that promote overeating and inactivity.
Gender variation within and across ethnic groups argues for paying close attention to differences in
responses to physical environments. In addition, differences in socio-cultural expectations, roles, and
concerns for male and female children and adolescents appear to have important implications for
weight status, particularly during the pubertal transition and in adolescence. Examples of interven-
tion approaches relevant for addressing these variables have been cited, although research related to
how best to use knowledge of environmental and socio-cultural variations in obesity influences is very
limited. Greater emphasis in this area of clinical and public health practice and research will improve
the long-term effectiveness of obesity prevention and treatment programs during childhood and ado-
lescence and will have the potential to reduce the numbers of children who become or remain obese
during adulthood.
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INTRODUCTION

Today childhood obesity is widely recognized as a global health crisis; obesity rates in children have
risen dramatically in developed countries since the 1960s and in developing countries since the 1980s.
Recent conferences, NGO initiatives, and academic publications testify to increasing awareness of the
problem. There is an emerging consensus that the study of childhood obesity should go beyond the
medical interventionist model and incorporate multiple levels of analysis. Investigators from diverse
social and scientific backgrounds now argue that “obesity should be framed as a complex system in
which behavior is affected by multiple individual-level and socioenvironmental factors (1, p. 1),” rather
than solely by individual choice.

Glass and McAtee (2) were among the first to call for an integration of the natural, behavioral, and
social sciences to study childhood obesity. They argue that individual behavior choices are embedded
within a social context that places “constraints,” “inducements,” and “pressures” upon their environ-
ment and their ability to act independently. They propose a “stream of causation” model of nested lev-
els of analysis that highlight different social factors that induce and constrain health-related behaviors
for all individuals. Glass and McAtee’s original thesis was bolstered by a series of articles in the July
2009 edition of Preventing Chronic Diseases (see, 1) that incorporates a systems-based analysis.

This chapter seeks to advance the multilevel approach to studying childhood obesity by focusing
on the “macro” level of corporations in the global economy. We use a global value chains (GVC)
framework to explain how the structure of food and agricultural value chains, with an emphasis on
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the fast-food segment, affects individual consumption choices. Food value chains shape consump-
tion habits in various ways: they have a direct impact on the availability of foods; they foster the
international dissemination of consumption patterns through the interplay between global and local
food chains; they highlight the key role of transnational corporations (TNCs) in using marketing to
define the consumer’s perceptions of food; and they show where leverage can be exercised throughout
the chain to push for change. (For a more detailed analysis of GVC methodology and its linkage to
consumption see (3).)

The GVC model is based on a series of steps that can be applied to any global industry to understand
how it is organized and evolves (4). First, we identify the lead firms in the industry, and how their
strategies and roles are changing. Second, we show the linkages between economic activities that
constitute the input–output structure of the chain, from raw materials to the production, distribution,
and sale of the final product, which helps us understand how value is distributed across the chain and
who captures value at each stage. Third, we reveal the governance structure that dictates how the chain
operates and who controls the diffusion of technology, standards, and business practices within the
chain. Lastly, we analyze the institutions (i.e., governments, unions, non-governmental organizations,
and multilateral agencies) that establish the rules, incentives, and norms that guide the behavior of
firms in the chain.

The global value chain for food operates at both the global and the local levels. In Fig. 1, we
highlight the interaction of global and local food value chains between developed and developing
countries. There are different types of lead firms at the global level, including the fast-food franchises
that are household brand names in the United States (e.g., McDonald’s, KFC, Wendy’s, and Pizza
Hut), the TNC food and beverage manufacturers (e.g., Kraft, PepsiCo, Coca Cola, Nestlé), and large
supermarkets and food retailers (e.g., Kroger, Costco, and Wal-Mart). These corporations develop
elaborate global sourcing and production networks to procure agricultural and food inputs from around
the world that go into their final products.

Interaction of Global and Local Food Value Chains

Local value chain –Developing Country

Fast-food
Franchises

(McDonald’s, KFC)

Local Farmers

TNC Franchises
(fast-food chains)

Local Franchises
(fast-food & traditional)

Food
Consumption

Patterns 

Agri-Business
(Cargill, ADM)

Food
Manufacturers
(Kraft, Nestlé)

Retailers
(supermarkets, discount foods,

Wal-Mart)

Local Retailers
(supermarkets, convenience

stores, street vendors)

Local Food
Producers 

Global value chain –Developed country

Trade flows

Fig. 1. Global and local food value chains.
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The retail end of the chain includes fast-food chains and retailers that sell directly to consumers.
Within the food and agricultural GVC, we focus on the organization of the fast-food segment because
of the concerns often raised about the industry’s impact on childhood obesity. Researchers have corre-
lated the rise of fast food over the past couple of decades to the growth in high-caloric, energy-dense
consumption and eating away from home, which has paralleled the rise in obesity rates. Survey results
from the United States Department of Agriculture (USDA) chronicle how the proportion of total calo-
ries consumed in the United States that comes from fast-food has quadrupled from 3 to 12% from 1977
to 1995 (5). In another USDA survey, away-from-home consumption for children aged 2–19 averaged
around 26% between 1994 and 1996, accounting for 32% of total daily energy, with researchers sug-
gesting that children eat bigger proportions with higher caloric intake of fat and saturated fat away
from home (6).

In the remainder of the chapter, we highlight four areas of the fast-food industry that exhibit the
influence and power of large branded fast-food firms in shaping food production, distribution, and
consumption. First, we document the rise of the industry in the United States and explain the linkages
between the firms along the chain. Second, we address the international expansion of leading fast-food
companies and the imitation effects that followed their global rise. Third, we chronicle how the market-
ing strategies of fast-food firms helped to expedite the growth of the industry and its direct relationship
to children. Lastly, we discuss recent initiatives by the fast-food industry to provide healthier food
options due to the public outcry that fast food is unhealthy. We focus on two companies (McDonald’s
and KFC) to show how fast food has revolutionized consumption, and also how societies, institutions,
and consumers can have an impact on some of the world’s largest companies.

THE RISE OF FAST FOOD IN THE UNITED STATES

According to Austin et al., fast-food sales soared 900% from US $16 billion in 1975 to US $153
billion by the mid-2000s (7). In 2007, the value of US fast-food sales grew by 5% to reach $179
million with restaurants totaling 248,400 units (8). Since 2002, the chained fast-food subsector, which
includes top brands such as McDonald’s, Yum! Brands (KFC, Taco Bell, Pizza Hut), and Burger
King, represented over 60% of fast-food units and total sales (see Figs. 2 and 3). McDonald’s is the
clear leader in chained fast food in its percentage of global brand owner shares, followed by Yum!
Brands (see Fig. 4).

Fig. 2. Fast food by subsector, foodservice value 2002–2007, US$ million.
Source: Euromonitor International 2008.
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Fig. 3. Fast food by subsector, unit restaurants 2002–2007.
Source: Euromonitor International 2008.

Fig. 4. Global brand owner shares of chained fast food in the United States.
Source: Euromonitor International 2008.

The top fast-food chains influence and shape the manufacturing segments that support their huge
demand for staple products like processed French fries, chicken, and hamburger patties. Lead firms
in the fast-food sector have dominant shares of the market, which gives them the power to set the
performance standards for other firms along the chain. While purchasing power is key (9), the strength
of lead firms also comes from their direct and/or indirect control of production, market concentration,
brand recognition, and technological innovation (10). Multidimensional control of market forces is
integral to lead firm status.

The origin of fast-food chains began with the franchising of McDonald’s in the 1960s, and since
then the strength of fast-food brands has grown at a meteoric rate. The largest fast-food chains (such
as McDonald’s and Yum! Brands) brought the mass production concept to foodservice, and in the
process, changed how food is produced, distributed, and marketed. The activities of each segment of
the chain are determined by the specifications of the lead firms, the branded fast-food restaurants, and
their suppliers. The fast-food brands determine the production of food through their requirements for
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how food products should be cultivated, manufactured, packaged, distributed, and displayed. They
work directly with food processors, who in turn work with farmers (see Fig. 1).

The stringent standards placed on farmers and food suppliers spearheaded the rise of industrialized
agriculture and food processing. The industrial uses of corn are a good example of food technology
conforming to buyer demands. Refining corn into corn meal, corn starch, or corn sweetener by com-
panies like ConAgra has bolstered corn sales, with 530 million bushels every year going into high
fructose corn syrup alone. Furthermore, 60% of corn production goes into feed for beef, cattle and
chicken, which caters to the needs of the food service industry, particularly fast food (11).

KFC is an example of a fast-food brand impacting the entire chicken supply chain configuration.
Because KFC is one of the largest buyers of chicken in the world, it specifies what type of chickens
it expects farmers to raise, and manufacturers to process, under exacting quality and safety standards.
Because these standards require a high level of technological sophistication and efficiency, only the
largest food processors (known in industry jargon as “integrators”), such as Tyson’s and Pilgrim’s
Pride, can compete as a global supplier for KFC. Due to the scientific management required by modern
chicken breeding, hatching, growing, and processing, the largest integrators handle most segments of
the chain in-house and require the agricultural industry (like corn growers and processors) to meet
their quantity and quality standards for chicken feed.

The demands of fast-food brands on their suppliers facilitated the further concentration of giant
firms throughout the chain (a process known as “co-evolution”). French fries are a good example. The
French fries served by fast-food chains (e.g., McDonald’s, Burger King, and Wendy’s) are supplied by
a few very large manufacturers of French fries (e.g., McCain Foods and J.R. Simplot), which purchase
russet potatoes from big growers/shippers (e.g., United Fresh Potato Growers of Idaho) that receive
seeds, herbicides, and pesticides from a specialized corps of crop science firms (e.g., Bayer Crop
Science and Monsanto). McDonald’s is the largest purchaser of potatoes in the United States, with
McCain Foods being its biggest supplier followed by J.R. Simplot. These two potato processors have
globally expanded to meet McDonald’s exacting standards as they enter new markets.

Another by-product of concentration is that the food varieties that manufacturers are producing and
the fast-food that restaurants are selling spur imitation by competitors. Therefore, the rise of fast-food
created a platform for the proliferation of processed food varieties that typically are higher in saturated
fats and sodium, and lower in fiber, iron and other nutrients (6). Highly processed inputs are attractive
to fast-food chains because they have longer shelf life, can travel further distances without degradation,
can be produced in large scale, and yield higher profit margins. Processed chicken (i.e., patties, breaded
strips, and nuggets) is emblematic of the shift from whole foods toward processed varieties channeled
through fast-food venues. Chicken fast food represents 55% of all chicken consumed outside of the
home (12).

INTERNATIONAL EXPANSION OF FAST FOOD

Fast-food chains have fueled their rapid growth through global expansion. This pace has increased
exponentially in developing economies since the 1990s, where the gradual removal of market barriers
and trade restrictions made the process of internationalization smoother for leading companies. Yum!
Brands is a conglomerate that includes KFC, Pizza Hut, Taco Bell, Long John Silver, and A&W.
In 2008 the company boasted 36,000 units in more than 110 countries and territories. KFC is the
company’s strongest brand with 5,253 units in the United States and 10,327 internationally, including
2,497 in Mainland China alone (13). However, McDonald’s is by far the global fast-food brand leader.
In 2008 the company’s total system units were 31,967, with 56% of those units being internationally
based (14) (see Fig. 5). Like KFC, China leads the international market for McDonald’s with 1,021
units in 2008, doubling since 2003.
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Fig. 5. McDonald’s global operations.
Source: McDonald’s Annual Reports 1994–2008.

Other countries like Mexico, Brazil, India, Vietnam, and the Philippines have quickly adopted the
fast-food revolution. McDonald’s operates 379 units in Mexico and 562 in Brazil. India, a country
with a rich spice tradition and many varieties of local cuisine, is experiencing a “fascination” with
fast food (15). Since 2006, KFC has opened more than 45 restaurants with projections to surpass 120
by 2010. Pizza Hut operates 120 stores in 34 cities and McDonald’s 132 stores, with further expan-
sion planned in the coming years (16). Entrepreneurs in Vietnam, now a member of the World Trade
Organization, are trying to push forward franchise agreements with Carl’s Jr. and Round Table Pizza
(17), while by the year 2000, the Philippines had 2,000 national and global brand chained fast-food
restaurants (18).

When fast-food firms enter emerging markets, they have the strength, technological prowess, and
modern Western image to impact local food production in various ways. Matejowsky claims that the
“efficiency and regimentation” of fast-food production styles reinforce the idea that fast food is often
superior to local food because it is “scientifically designed” (18).

Interaction effects between global and local fast-food value chains are seen in the global agro-
businesses that buy products from local farms around the world or else they set up their own farms
where they lease out plots to local growers to cultivate the crops the agro-businesses want. These local
farms may supply internationally based fast-food units, local food manufacturers, or transnational
corporations that have set up operations in developing countries in order to serve the domestic market.
In developing economies, TNCs are certainly not the only actors that are practicing industrialized
farming, making processed foods, and setting-up fast-food restaurants. Domestic companies do this
as well. However, the global and local food chains are connected because the standards, practices,
and technological achievements that local farmers, manufacturers, and fast-food companies are using
were generally adopted from Western firms. Thus, there is an interaction effect. Schlosser argues that
McDonald’s and other fast-food chains impart to developing countries new systems of agriculture and
food production, which reorient local food systems from staple domestic crops to externally induced
needs (19).

For example, when J.R. Simplot entered China in 1993 and created the first commercial French fry
for the Chinese market, agricultural producers began cultivating potatoes to meet this new demand



The Marketing and Distribution of Fast Food 445

for processed food (20). Similarly in India, after importing processed French fries for several years,
by 2010 each McDonald’s French fry is expected to come from Indian soil but processed by McCain
Foods. McCain worked with Indian growers for 9 years to change their potato crop to the Shepody
variety to meet McDonald’s exacting standards (21). This is a switch from the typical Indian potato
varieties that are low in solids and high in water. Both companies see emerging economies as
cornerstones for the frozen food market.

The dissemination of global fast-food production and consumption through local imitators is evident
in the rapid growth of local fast-food brands in developing countries, as well. Jollibee, southeast Asia’s
version of McDonald’s, is considered one of the region’s most profitable corporations with over 1,655
franchises, branches, and subsidiaries across Asia-Pacific (18).

China symbolizes the penetration of fast foods in developing countries and the interaction between
global and local dynamics. KFC is one of the most successful fast-food chains in China. As of 2008,
there were over 2,497 restaurants in Mainland China. Five hundred or more restaurants are planned
for 2009. The emergence of KFC and other leading fast-food chains in China is shaping local food
systems in lasting ways. Agricultural imports have increased because foreign firms are demanding
particular commodities as key ingredients for their fast-food staples. The food-processing industry in
China has grown at high double digits over the past 5 years. Large foreign food manufacturers have
continued to set up facilities and expand their Chinese operations to cater to the demand from both
global and local firms in China. For example, Tyson’s, a top supplier to KFC, had two acquisitions
in 2008. As with poultry farmers in the United States, Tyson pushes standards onto Chinese poultry
farmers (e.g., types of feed and antibiotics used) and in the process impacts local agricultural suppliers
(e.g., farmers switching to soy bean cultivation which is used as feed for poultry).

THE POWER OF MARKETING

What has spurred the meteoric rise of fast-food chains and allowed them to solidify their market
power while not being food producers themselves is the role of marketing and brands. For the past 50
years, the fast-food revolution was buoyed by the top brands’ ability to mold marketing messages in
multiple media that impacted how consumers perceived fast-food. Corporations like McDonald’s and
KFC expanded their brand image with extensive marketing and advertising.

Image creation for food products and brands, domestically and internationally, is one of the most
powerful tools that affect food choices. In 2001 the global advertising budget for food products was
around $40 billion, with confectionary, sweetened breakfast cereals, and fast-food restaurants rep-
resenting the most frequently advertised food options (22). Lang and Millstone argue that selective
advertising of foods high in fat, sugar, and salt undermines the ability of individuals to make healthy
food choices.

Rather than being passive consumers subject to adult wishes, children are often the target in the
messaging and creation of fast-food brand identities. They are also more vulnerable to the marketing
messages being transmitted. Story and French document how fast-food companies influence purchas-
ing behavior through television advertisements and school marketing programs. Food advertisers are
second only to automakers in television advertising expenditures, with campaigns targeted toward
children estimated to cost $1 billion (23). Ninety-five percent of US fast-food restaurants’ budgets are
allocated to television placements with children typically viewing one food commercial every 5 min.
According to TNS Media Intelligence, in 2007 overall TV spending by McDonald’s, Kellogg, General
Mills, and Campbell Soup rose to $1.7 billion; 12% ($204 million) of this was spent for advertise-
ments on children’s television channels like Nickelodeon and the Cartoon Network (24). Furthermore,
children are inundated with food marketing at schools through product placements, soft drink pouring
rights, and sole vendor contracts.
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Fast-food marketing campaigns oriented toward children remain strong, particularly within the
realm of movies. McDonald’s 2008 total marketing budget was $1.7 billion and in 2009 they launched
a major promotional campaign linked to the blockbuster movie Avatar (25). Since 1997, McDonald’s
has had a global alliance with the Walt Disney Co. whereby they shared exclusive marketing rights
for films like Toy Story and A Bug’s Life. As children enjoyed their Chicken McNugget Happy
Meals, they also were able to play with toys of Buzz Lightyear. McDonald’s moved their partner-
ship to DreamWorks studios in 2007 to take advantage of the immense popularity of the Shrek movie
franchise (26). Thus, children associate fun and exciting entertainment with particular brands and food
choices.

Strong marketing and promotional initiatives in the United States by the largest fast-food compa-
nies parallel the marketing campaigns that follow a fast-food company’s entry into foreign markets.
These companies have continued to target children in their global operations. The marketing strategy
“think global, act local” has become the rallying cry of global marketing campaigns (27) with children
and youth representing a key part of this “glocalisation.” Both McDonald’s and KFC have marketing
campaigns, particularly in East Asia, that appeal to children and teenagers through the use of Internet
texting, in-store prizes inspired by the summer Olympics, and the marketing of “cool.” Li highlights
how KFC marketing strategies in China have a dual strategy that keeps KFC “hip” for young con-
sumers who want a Western brand experience and culturally sensitive for adults who appreciate the
Chinese-style menu items like the Old Beijing Chicken Roll (28).

FAST-FOOD COMPANIES ON THE DEFENSIVE

During the past decade, consumer and public health advocates and government bodies have begun
to highlight the health dangers of excessive consumption of fast foods and the irresponsibility of fast-
food marketing campaigns oriented toward children. This public outcry has spurred an attempt by
fast-food firms to “rebrand” themselves by offering healthier food options. These shifts could lead
to significant changes along the value chain if fast-food buyers begin to demand healthier products
(including additives and other inputs) from their suppliers, but many are skeptical that these “healthy
choice” changes are in fact superficial.

The launching of health-conscious initiatives by fast-food firms followed a series of well-publicized
reports and lawsuits criticizing the marketing practices of the top firms and the lack of nutritional value
in their food options. In 2008 the Center for Science in the Public Interest and the California Center
for Public Health Advocacy released a study that concluded that most of the kids’ options at venues
such as McDonald’s, KFC, and Wendy’s are too high in calories (29). In addition, in 2004 the World
Health Organization launched its Global Strategy on Diet, Physical Activity, and Health that called
on governments and private industry to curb the marketing of unhealthy dietary practices. However,
most actions by the industry regarding standards for marketing practices are merely voluntary. The
Children’s Advertising Review Unit (CARU) of the National Council of Better Business Bureaus sets
guidelines for policies and standards for food advertisers in the United States, but it has no enforcement
authority.

The most visible government actions to change fast-food industry practices have involved the regu-
lation of trans-fats, a common component of fast-food products, and required nutritional labeling. This
has mainly been handled on a state-by-state basis. California, New York City, and Texas have already
enacted or put forward legislation banning trans-fats in chained restaurants. In addition, the Labeling
Education and Nutrition (LEAN) Act, a recent 2008 federal legislation that would create one standard
for disclosing information in chain restaurants nationwide, is garnering some industry support, but
many companies still oppose detailed labeling such as listing grams of saturated and trans-fats and
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sodium levels as menu items (30). With greater public awareness about fast-food health issues and
the push for government regulation, the industry has sought to deflect this new market pressure. As
of 2008, according to Euromonitor International, almost all the leading fast-food chains have either
eliminated or are attempting to eliminate trans-fat (31).

Both McDonald’s and KFC have begun new marketing campaigns to highlight their moves toward
more nutritious meals. Fast-food brands still struggle, however, between new healthier claims and the
core brand messaging of their classic meals, while trying to avoid formal regulation. Yum! Brands,
KFC’s parent company, leads the industry in putting forward calorie count menu boards, and KFC
touts their trans-fat-free chicken items. KFC has also created new healthier items, such as boneless
and grilled chicken options, salads, and wraps. These initiatives have accelerated since 2003 when the
company began to push the idea that chicken is part of a healthy diet, particularly in comparison to
the offerings of their fast-food competitors. Marketing analysts have praised the effectiveness of this
strategy, since consumers now think that fast-food chicken is better than fast-food beef (32).

McDonald’s, more than any fast-food company, was subject to harsh criticism for the low nutritional
value of its food. Public exposes with lawsuits, the 2004 documentary “Supersize Me,” and bestseller
books and documentaries that excoriate the economic and social abuses of our industrialized fast-
food culture and the agricultural systems that support it (e.g., Food Inc., Fast Food Nation, Omnivore’s
Dilemma, and In Defense of Food) have all spotlighted the fast-food industry and its top representative,
McDonald’s. Originally McDonald’s went on the defensive, but in the last few years the company has
attempted to rebrand itself as a restaurant that offers food options for a balanced diet. They started
educational campaigns in 2004 where Ronald McDonald touted four key messages that range from
making balanced food choices to embracing an active lifestyle (33). Diverse salad menu options, new
forms of wraps, and fruit options for kids’ Happy Meals are also part of the rebranding effort. Similar
to KFC, McDonald’s has used its Web site as a medium to push its initiatives, such as providing
nutritional facts of meals and recommending to customers “simple steps to trim fat,” “save on sodium,”
or “cut calories.”

The initiatives from KFC and McDonald’s demonstrate how lead firms can be pressured to modify
some of their business practices. Nevertheless, many questions remain regarding the significance of
these changes. Are these initiatives merely part of what Simon labels “nutriwashing” (34) or attempts
to cover up what Brownell calls the epidemic of a “toxic food environment” (35). Euromonitor
International points out that most of the growth and profits of fast-food firms are still generated by sales
of fatty food options. Moreover, McDonald’s executives are quick to highlight personal responsibility
and choice as the reasons why individuals make bad dietary decisions and to assert that “advertis-
ing is not the issue” in influencing food choices (36). These statements seem to contradict the value
McDonald’s puts on marketing and advertising, as witnessed by its nearly $2 billion marketing bud-
get, revitalized campaigns for the classic McDonald’s Big Mac, its dollar menu, and its global brand
positioning. Critics argue McDonald’s products are not as healthy as claimed and that calorie counts
are an inadequate basis to determine the nutritional quality of food (37).

The US fast-food industry’s attempts to counter criticism need to be placed in a global perspective.
The chains’ practice of opening up restaurants abroad, particularly in developing countries, brings
fast-food menu items to new markets but changes local food production systems through global–
local interaction effects. At the beginning of the twenty-first century a new McDonald’s was opening
somewhere in the world every 8 h (19). The size, influence, and modern image of fast-food business
practices change how local foods are produced, marketed, and distributed, with long-term effects for
food and agriculture systems beyond the fast-food industry in these countries. The lax regulatory
environment in many developing countries and the value placed on economic development, often to
the detriment of social and environmental protection, underscore the multiple dimensions of fast food’s
meteoric rise.
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CONCLUSION

The severity of the global childhood obesity pandemic calls for new theoretical frameworks and
research agendas that take into account the broad factors that affect consumption patterns and behav-
ioral choices related to public health crises. The GVC paradigm gives us a foundation to examine how
some of the main corporate strategies and international processes relating to the production, distribu-
tion, and the marketing of fast-food companies are linked to consumption patterns around the world
and to childhood obesity as a health problem.

The rise of the fast-food industry has influenced the social conditions of life in developed and
developing countries in ways that can contribute to childhood obesity. Many fast-food companies have
already been compelled to change certain practices within the fast-food global value chain, but research
is still needed to assess whether the health-related initiatives of top firms are merely superficial. The
structural environment that these companies shape, nationally and globally, continues to constrain,
induce, and pressure how individuals, and especially children, make food choices that can adversely
affect their health.
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Editor’s Question and Authors’ Response
• Global corporations wield enormous power over the worldwide production, distribution, and

consumption of food. You have argued that corporate decisions and practice promote the
dissemination and consumption of fast food and thereby contribute to the epidemic of child-
hood and adult obesity. A growing movement now focuses on support of local producers of
fresh fruits, vegetables, and meats. Do you think that this “locavore” movement can compete
effectively with global corporations for a share in the global food market?

• The “go local” approach to food consumption has gained a lot of momentum with the publica-
tion of books like Eric Schlosser’s Fast Food Nation (2001) and Michael Pollan’s The Omnivore’s
Dilemma (2006), and Robert Kenner’s newly released film, “Food, Inc.” (2009). These materials
highlight the vast power of contemporary food and agricultural multinational companies and the
growing health, safety, and environmental concerns that our mechanized, highly concentrated, and
increasingly global agricultural and food production systems have generated. While the “locavore”
movement is a welcome countertrend to the commodification of our food choices, it is by itself
inadequate to address the larger issues at hand.

• For all the criticisms that can be made of our industrialized food system, it has one big advantage: it
has staved off (at least for the time being) the earlier and dire Malthusian fears of an inadequate food
supply. The scientific advancements that have led to improved seed varieties for staple crops like
rice, corn, and wheat and the manufacturing and logistical advances in producing and distributing
food to reach both urban and rural population centers around the world mean that a small fraction
of our workforce (less than 1% of the US population of 285 million are farmers) (39) is producing
vast quantities of relatively inexpensive food accessible to everyone.

• A major value of the “locavore” movement is that it is making clearer the hidden costs of our
industrialized food system. Not only are the low nutritional value and dietary abuses of “cheap
calories” in our fast-food culture being critically evaluated but the environmental dangers of this
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system are also being exposed. Buying local reduces the “food miles” (and thus the carbon footprint)
of our food choices, and it also promotes economic diversity and a healthier local ecosystem, which
are important steps toward sustainable consumption.

• However, local food systems will not replace globalized food and agriculture for various reasons.
There is a scaling up problem, which is also related to costs. To feed the ever larger urban popu-
lations of the world, there is no substitute for the concentrated and highly coordinated production
and distribution system put in place by global agribusiness companies. Perhaps even more surprising
than the “backlash” to these giant firms represented by the locavore movement is the pervasive imita-
tion of modern fast-food concepts in the developing world. Equally distressing is the fact that some
of the icons in the healthy food counterculture movement are themselves conglomerates. Whole
Foods, Ben & Jerry’s, Danone and Starbucks are now transnational firms, not so dissimilar from the
fast-food and standardized brands they railed against.

• The locavore movement is a positive trend, but it is more of social movement than an economic
counterweight to our global food and agriculture system. The healthy food culture will need to be
buttressed by supportive government legislation, which makes healthy diets and preventive health
care more affordable and accessible to our entire population, rather than an attractive option for
small subsets of our population.
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Government agencies have great power to improve public health through federal, state, and local
policies. Many examples illustrate how government involvement can help protect or improve the pub-
lic’s health, including mandated car seats for children, child immunizations, smoking bans in public
places, and high tobacco taxes.

Among the most pressing health issues today is the rise in childhood obesity, and again, public
health experts are looking to government policies as a means to promote better nutrition for children
(1). Because of the multiple contributors to poor diet and inactivity among children, many policy
approaches have been suggested. Some are primarily activity focused (e.g., safe routes to school, man-
dating recess and gym, keeping schools open for town sports programs) and others emphasize nutrition
(e.g., improving school food, increasing access to grocery stores, changing government subsidies). The
challenge is to identify policies that will have greatest impact (2).

This chapter reviews key policy options to improve children’s nutrition that may be implemented
at local, state, and federal levels. We discuss: (a) why policy change may be more cost-effective
and have a greater impact than programs aimed at individuals; (b) how federal feeding pro-
grams can be strengthened; and (c) which policies have potential to change the food industry’s
behavior.
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WHY CHANGE FOOD POLICIES?

A common belief is that eating behavior is driven by personal and individual factors, such as
emotional experiences with food, flavor preferences, nutrition knowledge, and plain old willpower.
Overweight people, the assumption goes, do not know the proper way to eat or have no self-discipline.
The resulting approach to reducing obesity involves educating and imploring people to change, partly
through a vast array of diets. Even the best of these that deal with systematic behavior change have
disappointing long-term results (3). In the absence of some pharmacologic miracle, it will never be
possible to affect prevalence rates through treatment because the small number of successes is offset
by the vast number of people in the population becoming overweight.

Many health professionals and organizations have called for a shift away from the medical model
of treating obesity to a public health approach for preventing obesity (4,5). Policy then becomes an
important tool. Public health approaches often use the strategy of changing the environment so healthy
behavior becomes more likely, even the default (6). Fluoride in the water creates better defaults and
does not rely on educating people about fluoride use. Educating and motivating people to improve
eating behavior may be desirable, even necessary, but is clearly insufficient or obesity rates would
have been reversed by now. It is essential to create environmental conditions that make healthy eating
an easy behavior (7).

Many studies document how default environments have a powerful impact on behavior. A striking
example is the case of organ donor rates across countries. In some European countries, people must
opt in to become organ donors, while in others they are automatically considered donors unless they
opt out. Even though the choices are the same in both conditions, about 15% become donors when
the default is not to be a donor, compared to approximately 98% with the opposite default (8,9). It is
unlikely that any amount of education about the importance or desirability of becoming an organ donor
could ever approach the impact of simply changing the default. Furthermore, education costs money
and in many cases, changing the default does not. Indeed, it can even raise revenue; one example would
be a tax on sugar-sweetened beverages (10,11).

The default nutrition environment has a substantial impact on children. One key venue is the school
environment; there is strong evidence that children’s diets are influenced by the foods served and
sold in school cafeterias and vending machines, the schools’ nutrition policies, and the availability
of unhealthy snacks in the area surrounding schools (12–16). Changing what is sold may be more
effective than nutrition education, or at the very least, must be a necessary companion to education.
The following sections examine the actions that federal, state, and local governments can take to
improve children’s nutrition.

STRENGTHENING FEDERAL FEEDING PROGRAMS

The federal government has several programs designed to ensure adequate nutrition for American
children. Most noteworthy are: (a) the Women Infants and Children Program (WIC), (b) the
Child and Adult Care Feeding Program (CACFP), and (c) the National School Lunch Program
(NSLP) and Breakfast Program (NSBP). These are federal programs but are administered by the
states, typically through the state departments of health or education. Depending on the assign-
ment of regulatory authority within a state, some state or city agencies will have authority to
strengthen the nutrition standards of each program. For school food in particular, individual
school districts have the authority to set their own nutrition standards through local school well-
ness policies. Opportunities to improve nutrition through each of these programs are described
below.
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Women, Infants, and Children Program
The mission of the WIC program is to provide nutritious foods to supplement the diets of low-

income, nutritionally at-risk women, infants, and children up to age 5. In addition to providing food,
the program delivers information on healthy eating, conducts screenings, and makes referrals to health,
welfare, and social services (9). WIC has tremendous reach, currently serving 45% of all infants born
in the United States (9).

The WIC food package was originally designed to supplement diets of the participants with foods
rich in five target nutrients: vitamins A and C, calcium, iron, and protein. These nutrients had been
identified as key dietary deficiencies in the target populations; therefore, the specific foods promoted
through the WIC food packages were infant formula, juice, cereal, milk, cheese, eggs, dried beans/peas
and/or peanut butter, tuna, and carrots. Undernutrition was the chief concern.

The WIC program has been successful in meeting its initial goals. WIC participation improves
children’s general health status, decreases the likelihood of anemia, and increases rates of consuming
a nutrient-rich diet (17,18). Yet, obesity rates among children participating in WIC are alarmingly high.
A 2004 study in New York found that 40% of children aged 2–5 were overweight or obese (19). A
2008 government report found that WIC children take in more nutrients than eligible non-participants,
but also consume more high-fat and high-sugar foods, and have lower intakes of whole grains and
produce.

At USDA’s request in 2003, the Institute of Medicine reviewed nutritional needs of the WIC popu-
lation and developed scientifically based, cost-neutral recommendations for WIC food packages (20).
A primary goal was to reduce excessive and inadequate nutrient intakes among WIC participants and
improve overall diet to be consistent with the Dietary Guidelines for Americans. In December 2007,
the USDA announced an interim final rule that revised WIC food packages. Only 2% or lower fat
milk is authorized for children aged 2 and older and a number of foods have been added to the pack-
age including fruit and vegetables, whole grains, and milk alternatives (e.g., soy-based beverages and
tofu). Whole grain options include a variety of nutritious foods such as whole wheat or whole grain
bread, soft corn and whole grain tortillas, brown rice, oatmeal, bulgur, and barley. Fruit and vegetables
are specifically encouraged through cash-value vouchers ($6, $8, and $10 per month depending on a
participant’s category) that can be used to purchase a wide variety of fresh, canned, or frozen products.

States may use the WIC requirements as a minimum standard and promote even better nutrition.
In some cases, states are able to pilot innovative strategies that later inspire federal policy change.
For example, in 1988 New York State conducted a pilot program to allow WIC coupons to be used
at farmer’s markets (21). By 1992 Congress had established and funded a USDA farmer’s market
nutrition program that today funds 38 states to allow WIC vouchers at farmer’s markets (22).

The reformulation of the WIC food package represents a significant step in improving the diets of
WIC participants and will hopefully provide inspiration for other federal feeding programs to improve
nutrition standards. It is also important to test for spillover effects in communities. For instance, com-
pared with stores in higher income areas, those in low-income neighborhoods are less likely to have
low-fat dairy, whole wheat bread, and high-quality produce (23); the new guidelines may improve the
food landscape in low-income neighborhoods as WIC participating stores are required to carry these
foods. Research is underway to evaluate the effect of these changes, but the WIC program leads the
way in promoting better nutrition by changing defaults (24).

Child and Adult Care Feeding Program
The CACFP supports foodservice operations for child-care centers enrolling at least 25% of children

from low-income families (17). CACFP nutrition standards require centers to provide adequately sized
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servings of four food groups at each meal: (a) meat/meat substitute, (b) dairy, (c) fruit/vegetable, and
(d) grain. For snacks, two of these components must be served. While these standards ensure some
variety in the children’s meals and snacks, they are not specific enough to guarantee that menus meet
current dietary recommendations. For example, Oakley and colleagues surveyed 92 child-care centers
in Mississippi and found that almost all center menus met these requirements, but the mean amount
of energy and some nutrients were lower than recommended and the percent calories from fat was
significantly higher than recommended (40.8% instead 30%) by the Dietary Guidelines for Americans
(25).

CACFP standards could be improved in a number of ways. Current guidelines list the foods that
must be available but do not address the importance of excluding additional high-calorie, low-nutrient
foods. Hence, centers can serve calorie-dense snacks such as chips and donuts that compete with the
CACFP foods and may thereby decrease consumption of healthier options. Second, CACFP require-
ments are inconsistent with the Dietary Guidelines for Americans (26) and the National Health and
Safety Performance Standards (27), which recommend that at least half of all grains consumed be
whole grains and that children aged 2–8 years should consume only fat-free or low-fat dairy products.
CACFP also does not address the problem of serving milks or yogurts flavored with added sugars.
Finally, juice can be served instead of whole fruit as a fruit serving, and there is no clear limit to the
amount of juice served. The American Academy of Pediatrics currently recommends a maximum of
4–6 ounces per day based on the age of the child (28). This weak juice policy warrants particular
attention due to research examining the links among juice consumption, overall dietary quality, and
overweight in children (29–34).

CACFP is under the umbrella of the Federal WIC Reauthorization Act. Federal programs have the
opportunity to set minimum national nutrition standards, which is the most efficient way to have a
large impact on children’s health. At the same time, this program is administered at the state level,
typically through the Department of Health or the Department of Education. Therefore, a faster and
potentially more politically feasible avenue to create very strong nutrition standards may be to write
state regulations.

There are two current examples of activities to strengthen CACFP guidelines in states. The
California Food Policy Advocates released recommendations in January 2009 for state legislation
to strengthen CACFP standards, focusing on limiting juice, sugared cereals, fried potatoes, and sweet
grains and increasing low-fat milk and vegetable servings (35). In New York, regulations adopted in
October 2009 by the Department of Health strengthened CACFP requirements and made additional
recommendations. Notably, flavored milk is not allowed for children 5 and under, all milk for children
over 2 years of age must be skimmed or 1%, juice is limited to 1 serving per day, sweet grain products
and sweet cereals may not be served at lunch or supper (and are limited to two per week), and yogurt
must be low-fat or fat-free and made without artificial sweeteners (36). Some of the additional recom-
mendations include having three or more servings of fresh fruit and vegetables per week, serving only
whole grain breads and cereals, and limiting processed and high-fat meat to only once per week (36).

National School Breakfast and Lunch Programs
Thirty million children per day participate in the National School Lunch Program (NSLP) and 10

million participate in the National School Breakfast Program (NSBP). The meals served in each of
these programs have always been required to meet federal nutrition standards, and since 1995 must
be consistent with the Dietary Guidelines for Americans. Recent research from the School Nutrition
Dietary Assessment-III study, however, found that meals typically met the standards for protein, vita-
min A, vitamin C, calcium, and iron, but exceeded the limits on fat and saturated fat (37). At the present
time, the USDA has sponsored the Institute of Medicine to update the meal patterns and nutrition
standards for the NSLP and NSBP (38).
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In addition to the reimbursable breakfast and lunch in these programs, nearly all school districts
sell additional foods, termed “competitive foods.” These are sold in many ways, including a la carte
sales in lunch lines, vending machines, school stores, and fundraisers. Competitive foods are virtually
unregulated, which has allowed foods like ice cream, potato chips, baked goods, and sports drinks to
be sold in competition with the school lunch. The only foods excluded from sale during the lunch
period are those defined as foods of minimal nutritional value (FMNV), which were identified over 30
years ago and are limited to four categories: soda water, water ices, chewing gum, and certain candies
(39).

Much needs to be done to remedy the problematic nutrition environment in schools. The definition
of FMNV must be updated and expanded to include the array of nutritionally poor foods that currently
compete with school lunches. In 2007, the Institute of Medicine released a report with specific recom-
mendations for competitive foods in elementary, middle, and high schools (40), but these guidelines
have not been adopted by the USDA.

While waiting for the federal government to update its nutrition standards for the NSLP, NSBP, and
FMNV, states are free to create stronger regulations, and in the last 6 years many have. According to
the 2009 Trust for America’s Health “F as in Fat” report, nineteen states now have stricter NSLP and
NSBP standards than the USDA requires, and 27 states have set standards for competitive foods and
beverages sold in schools (41).

School Wellness Policies. Beyond state regulation, a unique opportunity has emerged to use local
policies to improve the school environment. In 2004, Section 204 of the Child Nutrition and WIC
Reauthorization Act required all school districts participating in federally funded school meal pro-
grams to create a school wellness policy (SWP) by the start of the 2006–2007 school year (42). The
federal law required policies to have five features: (1) goals for nutrition education, physical activity,
and other school-based activities; (2) nutrition guidelines for all foods available on each school cam-
pus during the school day; (3) an assurance that guidelines for reimbursable school meals shall not be
less restrictive than federal regulations and guidance; (4) a plan for measuring implementation of the
local wellness policy, including designation of one or more responsible persons; and (5) the involve-
ment of parents, students, and representatives of the school food authority, the school board, school
administrators, and the public in the development of the school wellness policy (43).

The strategy of placing the responsibility on school districts to establish their own policies has both
benefits and risks. On the positive side, part of the federal mandate is that the policies must be written
by a committee that includes representatives from many stakeholders, including parents, students, the
public, school administrators, the board of education, and the food service. This sets the stage for each
district to hear viewpoints from relevant parties and achieve buy-in, cooperation, and better compliance
with implementation. On the other hand, there are no minimum national standards for the nutritional
value of competitive foods or the amount of time devoted to physical activity, which enables the cre-
ation of some weak policies and creates a national landscape with considerable variability among
districts (44).

The impact of requiring local districts to write their own policies is still unknown. Research to date
suggests that districts have been able to meet the minimum requirements in their policies. The strongest
parts of the policies tended to be the sections on school meals (44), likely because the mandate came
through the USDA and the food service director was ultimately responsible for the policy. A compre-
hensive review of the policies from a national sample of approximately 600 school districts concluded
that the quality of policies varied, and many were underdeveloped, fragmented, and lacked sufficient
plans for implementation and monitoring (45). There is substantial opportunity for local districts to
strengthen the policies and for states to require such action. However, in order for these changes to
be consistent throughout the country, it will likely require adequate funding and a revision to the fed-
eral mandate that includes minimum nutrition standards for meals and snacks, minimum standards for
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physical education and opportunities for physical activity, and a standard mechanism for oversight and
evaluation.

One idea is to manage the oversight of local wellness policies at the state level. Models of this exist
because some states have taken additional steps to encourage compliance and stronger policies from
their districts (46). Pennsylvania required all districts to submit their policies to the Department of
Education for review (47). Florida posted all policies on a central website to ensure transparency (48).
The most involved state may be Connecticut, which collected and coded all policies on compliance
and strength using a validated evaluation tool then sent reports back to the districts with directions on
how they can improve their policies (49).

POLICY INTERVENTIONS DESIGNED TO CHANGE FOOD INDUSTRY ACTIONS

Much of the work to address obesity has focused on changing the behavior of individuals. It is also
important to change behavior of the food industry. The industry states that it responds to consumer
demand, but there are instances where consumers have requested changes but the industry has refused
to comply. Two examples are menu labeling and marketing to children.

Menu labeling. The issue of chain restaurant menu labeling has received a substantial amount of
attention by policy makers and the restaurant industry (50). In 2006, the City of New York broke new
ground by requiring chain restaurants to provide calories on their menus and menu boards. A flurry
of litigation followed, with the restaurant industry twice suing the city to block the regulation, but the
city prevailed and the regulation was enforced in July 2007.

Other states and localities have followed suit, and at the present time, menu labeling is enacted
in California, Massachusetts, Maine, and Oregon, as well as four New York counties (Ulster,
Suffolk, Westchester, and Albany), Nashville, Philadelphia, and King County (Seattle) Washington.
Connecticut also introduced menu labeling bills in 2007 and 2009. The 2009 Connecticut bill passed
the House and Senate, but was vetoed by the Governor. These successes may motivate other states and
cities to pursue menu labeling legislation.

The restaurant industry notes that different menu labeling laws throughout the country leads to
confusion and expense (as there are different requirements for menus and menu boards), the ostensible
reason it sought federal legislation that would create a national standard. An alternative explanation is
that the industry predicted a wave of action at state and local levels and therefore lobbied for federal
legislation to lock in a weak national standard that would preempt non-federal action. In early 2009,
the industry worked with federal legislators to create a unified federal law. Initially two competing
bills were introduced; one sponsored by Rep. Rosa DeLauro (D-CT) and Senator Tom Harkin (D-IA),
called the Menu Education and Labeling (MEAL) Act, and an industry-supported bill sponsored by
Rep. Jim Matheson (D-UT) and Senator Thomas Carper (D-DE), called the Labeling Education and
Nutrition (LEAN) Act. Later in the session in 2009, the sponsors of the competing bills announced that
a compromise had been reached and the new language was attached to health-care reform legislation.
The national health care reform law passed in late 2009 – officially called The Patient Protection and
Affordable Care Act – contains a section (4205) that requires all chain restaurants with 20 or more
locations to provide clear labeling of the calories counts of their standard menu items by March 2011.
Restaurants must also display a statement that the average individual should consume 2000 calories
per day. Other information such as fat, cholesterol, sodium, carbohydrates, sugars, fiber, and protein
must be provided upon request. Further, vending machines from companies that operate 20 or more
machines will be required to display the calories per item in a way that the prospective buyer can read
the information prior to purchase (51).

Food marketing to youth. The food industry spends enormous sums to market its products; in 2006
they spent $870 million marketing to children aged 2–11 and $1.05 billion marketing to adolescents
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aged 12–17 (52). Food marketing is often cited as a contributing factor to childhood obesity (53–56).
The research tracking the prevalence and impact of marketing has grown, but scientists must chase a
moving target because marketing has evolved with the quickly growing world of web-based entertain-
ment, social networking, and cell phone text communications (57,58). There is more food marketing
than ever through media that parents do not monitor or control (such as website game sites) and sub-
tle methods that individuals may not recognize as marketing (such as product placements in popular
television shows, movies, and video games).

Industry has responded in a number of ways to increasing public disapproval of marketing unhealthy
foods to children. Food companies focused on the importance of physical activity and invested in
promoting more activity for children by sponsoring events and putting branded playgrounds in schools
(59). In 2007, a group of food companies appeared to acknowledge that marketing unhealthy foods
to children is a problem and announced through the Council of Better Business Bureaus that child
marketing practices would change (60,61). Evaluation of the impact of this effort is needed.

Local, state, and the federal governments can and must take action to protect children from food
marketing. A series of reports from the Education and the Public Interest Center and Commercialism
in Education Research Unit has documented the vast branded marketing that occurs inside school
buildings and on school grounds (62). Locally, school wellness policies can include language that pro-
hibits branding on the school grounds (e.g., branded score boards, books that teach counting through
branded candy, “free” book covers that contain food company logos, and nutrition education materials
that contain food company logos). Districts can also set policies to disallow commercial television in
school (such as Channel One) and targeted commercial radio programs on school buses (such as Bus
Radio).

At the state or city level, school-based policies such as those described above may be established
as law. States may also broaden marketing regulations to apply to other sites that serve children and
receive government funding, such as child-care programs, after school programs, and community cen-
ters. Some other ideas that have been put forward include local ordinances to restrict mobile vending
of unhealthy foods near playgrounds and schools, zoning regulations to limit the density of fast food
restaurants, and incentive programs to encourage retail outlets to reduce point-of-sale marketing of
unhealthy foods (e.g., candy-free check out aisles) (1).

CONCLUSIONS

The early history of using public policy for the prevention of obesity is being written now. Until
recently, the nation focused decades of effort on treating obesity and on various approaches to indi-
vidual behavior change. Research monies went to basic research on genetics, pathophysiology, and
pharmacology on one hand, and treatment research on the other, with little attention paid to changing
conditions that drive obesity.

This picture began to change as prevalence statistics soared and realization set in that existing
approaches were not working. Especially since the turn of the century, there has been growing con-
ceptualization of obesity as a public health matter, greater emphasis on prevention, and vitally needed
discussions of public policy. A public health approach has begun to dominate.

Obesity does not represent a biological abnormality nor a failure of personal will – neither can
explain rapidly rising prevalence in every corner of the world. Food and physical activity environments
have changed dramatically with rampant obesity, an understandable consequence. Changing these
environments must be the top priority if prevalence is to decrease.

We believe that public policy must be placed at the heart of a national (and global) effort to prevent
obesity and that policies should strive to create better defaults. The person who eats the recommended
diet and/or has the recommended levels of physical activity is now the exception because modern food
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and activity conditions make healthy behavior difficult and encourage unhealthy choices. Portions
are too large, food prices promote overconsumption, a tidal wave of marketing overwhelms good
judgment, schools sell unhealthy foods, and have subtracted activity from the curriculum, just to begin
the list of toxic influences.

A number of public policy options have been discussed in this chapter, and our coverage is not
exhaustive. A key question is what will be most effective and what approaches will produce greatest
benefit at lowest cost. Sadly guesswork is more plentiful than data. There are clear gaps in knowledge
that must be addressed with an aggressive funding strategy by government that produces research on
the factors contributing to obesity at the population level, models for policies that change these factors,
and immediate and thorough evaluation of policies once implemented.

It is essential that science and policy work together. Demanding perfect science before implement-
ing policy change, and yielding to arguments that many factors contribute to obesity and hence no
single policy will solve the problem, will permit paralysis to prevail over invention, lock in the status
quo, and let death and disability continue unabated. On the other hand, science should be an ally to pol-
icy and stronger connections between the scientific community and elected leaders will be necessary.
We feel encouraged by signs that this is happening.

Editor’s Comment
• A campaign (“Let’s Move”) to target childhood obesity has recently been initiated by the White

House under the direction of First Lady Michelle Obama. In March, 2010, a White House Task
Force on Childhood Obesity issued a comprehensive report that recommends a variety of federal,
state, and local policy changes that may be helpful in reversing the obesity epidemic and improving
child health. The Task Force Report (called Solving the Problem of Childhood Obesity Within a
Generation) can be accessed online at http://www.letsmove.gov/taskforce_childhoodobesityrpt.html
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Table 1
Valuable Reference Sites

CDC growth charts

– http://www.cdc.gov/growthcharts/

BMI and BMI z-calculations

– http://stokes.chop.edu/web/zscore/

Obesity gene databases

–http://www.ncbi.nlm.nih.gov/projects/mapview/ map_ search.cgi?
taxid=9606&query=obesity&qchr=&strain=All

– Hofker M, Wijmenga C. Nat Genet. 2009;41(2):139–40

Estimates of risks of type 2 diabetes and metabolic syndrome in obese
adolescents and adults

– Narayan KM, et al. Diabetes Care. 2007;30(6):1562–6

– Hariri S, et al. Genet Med. 2006;8(2):102–8

– Schubert CM, et al. J Pediatr. 2009;155(3):S6.e9–13

Tables of glycemic index and glycemic load of foods

– Atkinson FS, et al. Diabetes Care. 2008;31(12):2281–3

White House Task Force Report on Childhood Obesity (“Solving the
Problem of Childhood Obesity Within a Generation”)

– http://www.letsmove.gov/taskforce_childhoodobesityrpt.html
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Fig. 1. Waist circumference in children of varying ethnicities. Adapted from Fernandez JR, et al. J Pediatr. 2004;
145:439–44.

Table 2
Energy Equivalents of Some Daily Activities

(Approximate)

Activity Met

Sleeping 0.9

Watching television 1.0

Sitting quietly 1.0

Desk work 1.8

Walking <2 mph 2.0

Housework 2.5–3.5

Home exercises 3.6

Lifting continuously 4.0

Biking <10 mph 3–6

Walking 3–5 mph 4–8

Hiking cross-country 6

Swimming 6–10

Jogging 7

Tennis, soccer 6–10

Biking >10 mph 8–12

Vigorous calisthenics 8

Aerobic step, 10–12 in. 7–10

Running 8–18

MET (metabolic equivalent) = multiple of resting metabolic
rate (∼ 1 kcal (4.184 kJ)/kg/h).

Adapted from Ainsworth BE, et al. Med Sci Sports Exerc.
2000;32(9 Suppl):S498–516.
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Table 3
Medications That Can Alter Triglyceride and HDL

Levels

Medication Triglycerides HDL

Estrogens Increased Increased

Androgens Increased Decreased

Progestins Decreased Decreased

Glucocorticoids Increased Increased

Thiazides Increased Decreased

Beta-blockers Increased Decreased

Valproic acid Increased Decreased

Isotretinoin Increased Decreased

Cyclosporin Increased Increased

Tacrolimus Increased Increased

Protease inhibitors Increased –

Adapted from Brunzell JD. Hypertriglyceridemia. N Engl J
Med. 2007;357:1009–17.
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biochemical, 256



470 Subject Index

early-onset type 2, 350
frank, 114, 117, 395
gestational. see Gestational diabetes
insipidus (DI), 379, 381–382
maternal, 114–119
mellitus (DM), 86, 184t, 191t, 266
overt, 166, 168–169, 256
parental history of, 258–259
pre-diabetes, 83–84, 165–172, 256–260, 340–341
in pregnancy or gestational, 93, 95–96, 103, 107, 113–119, 167,

259, 347, 350. see also Gestational diabetes
type 1 diabetes, 83, 115–116, 118–119, 167, 185, 271
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high-fat, 78, 208, 227, 235, 408, 412
highly palatable “cafeteria,” 107
hypocaloric, 214, 310
intervention for
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nutrient-rich, 453
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“free-choice” approach, 286
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Traffic Light Program, 285
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Drugs/hormones for treating obesity, 349
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ephedrine, 349
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Topiramate, 349
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Dyslipidemia, pathogenesis and management of, 175–193. see also
Lipid metabolism

clinical aspects
assessment and interpretation, 178–185
intervention, 185–193

pathophysiologic aspects
basic lipid metabolism, 176–178

Early intervention, importance of, 281–282
Early weaning, 125
Eating behavior, 131–132

obesogenic-type diet, 132
Viva la Familia study, 131

Education and the Public Interest Center and Commercialism in
Education Research Unit, 457

Efferent system
efferent vagus and energy storage, 22–23
sympathetic nervous system (SNS) and EE, 22

“Efficiency and regimentation” of fast-food production
styles, 444

El Paso Child and Adolescent Trial for Cardiovascular Health, 431
Endocannabinoids (EC), 21–22

–brain interactions, 412–413
cannabinoid receptors, type 1 (CB1), 412
importance of cannabinoids in regulation of energy

homeostasis, 412
mesolimbic dopamine system, activation of, 413
type 2 (CB2), 412

Endothelial dysfunction and atherosclerosis, 270–271
acetylcholine-induced relaxation, 270
endothelial dysfunction, 270
flow-mediated dilation, 270
hypercholesterolemia, 271
problem in linking, 271

Energy balance, 15–26
concurrent shifts in physical activity, 8
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endocannabinoids (EC), 21–22
equation, 284
increased intake of animal source foods, 6–7

daily beverage consumption trends of Mexican children, 6f
dairy/beef/pork/poultry/fish and eggs, 6f
edible oil consumption still rising in China, 7f
predicted probability of snacking behavior in China, 7f

large increases in edible oil, 6
marked shifts in patterns of eating, 7–8
melanin-concentrating hormone (MCH), 21
norepinephrine (NE), 21
orexins A and B, 21
serotonin (5-HT), 21
sweetening of child diets, 5–6

Energy density
dietary energy density (DED), 127–128
high-energy density (HED) foods, 285, 289t
low energy density (LED) foods, 285, 289t

Energy expenditure above resting energy expenditure (EE-REE) vs.
time, 139

Energy expenditure (EE) in children, role of NEAT, 137–149
classroom

examples of NEAT solutions, 145–146
components of TDEE

activity thermogenesis, 138f
basal metabolic rate, 138
thermic effect of food, 138

individual
examples of NEAT solutions, 144–145

measurement
basal metabolic rate and REE, 139
defining exercise and NEAT, 140
energy expenditure of physical activities, 139–140
NEAT energy expenditure, 140
thermic effect of food, 139

NEAT children, 143–144
NEAT in weight gain and obesity, 141–143
NEAT school, 144
NEAT variability, 141
out-of-school environment

possible NEAT solutions, 148
school

possible NEAT solutions, 146–148
Energy expenditure modification, 286

decreased sedentary behavior and increased physical activity, 286
focus on reducing time spent in sedentary behaviors, 286
moderate- to vigorous-intensity activities, 286

Energy intake (EI), 7, 17, 19–20, 22, 26f, 66, 76–77, 79, 81t, 107,
125, 127–129, 131, 137, 165, 213, 248, 284–286, 290, 305,
308–309, 316, 343, 348, 379, 405, 424

Energy requirements, 108, 125, 126f, 138
Ethnicity

and gender, obesity prevalence among US children by age,
423–432

and race. see Race
racial differences, 75–86. see also Racial differences,

pathogenesis and complications
European Society for Human Reproduction & Embryology

(ESHRE), 358
Exercise

effects of chronic exercise training on food and macronutrient
consumption., 309

hormonal effects of exercise in obese children, 307–308
blunted GH response to exercise, reasons, 308
effects of intense exercise on growth hormone (GH)/IGF,

307, 307f
pre- and post-exercise insulin levels, 308
reduced central dopaminergic tone, 308

obesity and fitness, 306–307
cross-sectional relationship between fitness determined by

VO2max, 306f
maximal oxygen consumption (VO2max), 306
reduced economy of movement, 307
“wasteful activity pattern,” 307

and lipids, 186–187
obesity and habitual physical activity, 305–306

increased sedentary behaviors, 305
patterns of daily life, 305

post-exercise increase in energy and protein intake, 309
training and treatment of childhood obesity, 309–311

endurance type training program, 310
3-month multi-disciplinary program, 310f
nutritional–behavioral–physical activity intervention, 309

young children knowledge about nutrition and exercise, 303–305
nutritional intervention studies in kindergarten, 304
photo-pair food and exercise questionnaire, 304

Exercise activity thermogenesis (EAT), 138, 140, 427, 430
“Exogenous” obesity, 53, 157, 160
Extramyocellular lipid (EMCL) content, 165, 165f

Familial combined hyperlipidemia, 183–184, 184t, 190t
Familial dysbetalipoproteinemia, 184–185, 184f
Family involvement and support, 287–289
Family-based behavioral interventions and dietary counseling,

282–284. see also Behavioral interventions (family-based)
family-based weight loss maintenance treatment, 290–294

components of family-based, multi-level maintenance
intervention, 292–294

expanding scope of maintenance treatment, multi-level
approach, 291–292

goal of, 284
importance of early intervention, 281–282
key treatment components of family-based behavioral

interventions
behavior change techniques, 286–287
dietary modification, 285–286
energy balance equation, 284
energy expenditure modification, 286
family involvement and support, 287–289
internet-based prevention psycho-education programs

(cost-effective interventions), 284
meta-analyses of pediatric weight loss studies, 283t
parental obesity, 283
parents in lifestyle interventions, 285
problem of weight regain, 290

behavioral phenotypes/appetitive traits, 290
new eating and activity behaviors, 290

social cognitive theory, 284
Family-based incentive system, 287, 288f
Family-based weight loss maintenance treatment, 290–294

components/multi-level maintenance intervention, 292–294
expanding scope/multi-level approach, 291–292

Fast foods
China, penetration of, 445
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companies on defensive, 446–447
global production and consumption, dissemination of, 445
industry practices, changing, 446
marketing and distribution. see Marketing and distribution of fast

food
revolution, 444
in US, rise of fast-food chains

demands of fast-food brands on their suppliers, 443
fast food by subsector, food service value (2002–2007), 441f
fast food by subsector, unit restaurants (2002–2007), 442f
global brand owner shares of chained fast food in U S, 442f
KFC, 443
origin and influence of, 442
spur imitation by competitors, 443
standards placed on farmers and food suppliers, 445

Fasting
adiponectin-brain interactions during, 410–411
caloric deprivation, 25, 407, 412
glucose level, 114
impaired fasting glucose (IFG), 166
levels of insulin or C-peptide, 169
lipid abnormalities, 182t
lipid profiles, 175, 179–180, 182–183, 185, 192t
mean fasting lipid value, 183f
or post-prandial insulin levels, 170
state and muscle affects glucose metabolism, 166
“upper normal” fasting glucose level, 170

Fat
dietary, 127

energy dense macronutrient, 127
‘Growing Up Today’ cohort, 127

distribution, race/obesity and body, 80
in liver, accumulation of, 206

dietary free fatty acids (FFA), 206
hepatic lipids (de novo lipogenesis), 206
insulin receptor substrate (IRS) proteins, 206
Toll-like receptors (TLR), 206
triglyceride accumulation, 206

Fat mass and obesity-associated gene (FTO), 66, 68–69
early-onset obesity, 68
fat cell lipolysis, 69
Fto catalysis on Fe(II), 69
Fto disruption, 69
loss-of-function mutations, 69
non-synonymous mutation (Arg316Gln), 69
rs9939609, 68
T2DM, 68

Fatty liver disease, 201–215
causes of fatty liver, 202t
diagnostic approaches

grading and staging of NAFLD, 210–212
imaging techniques, 210
liver biopsy, 210
serum markers, 209

epidemiology, 202–203
etiopathogenesis

accumulation of fat in liver, 206
function of inflammatory cytokines and adipokines, 208–209
impact of oxidative stress, 207–208
role of insulin resistance, 207

histological findings
ballooning, 204f, 205

fibrosis, 205–206
inflammation, 205
steatosis, 204

lipid-lowering drugs, 214–215
NAFLD/NASH

appearance of fibrosis, 206f
current non-invasive techniques for diagnosis, 210t
diagnostic criteria, 211t
epidemiological data, 203t
grading system, 211t
histological features, 204t

natural history, 202
pathogenesis of, 207f
treatment of fatty liver disease

bariatric surgery, 213
cytoprotective and antioxidants agents, 213–214
insulin sensitizers, 214
lifestyle changes, 212–213

Federal feeding programs, 452–456
Federal WIC Reauthorization Act, 454
Fetal growth, 114

and adiposity, programming of, 116–117
frank diabetes, 117
GDM mothers, 117
maternal glucose intolerance, factors associated, 116
metabolic syndrome during adolescence, 117
National Longitudinal Survey of Youth, 117
risk of fetal growth restriction, 116

cesarean delivery and traumatic birth injury, 114
degree of hyperglycemia, 114
increased adiposity, 114
insulin, 114
macrosomia, 114
maternal fasting glucose level, 114

Fetal malprogramming of hypothalamic neurons, 118
endogenous functional teratogens, 118
functional teratogenesis, 118
malprogramming of hypothalamic neuropeptidergic

neurons, 118
Fetal over-nutrition, 114, 118
Fibrates, 191, 192t, 214–215
Fibre/fiber

high-fibre cereals/foods, 128, 132, 185–186, 186t, 285, 289t
intake, 127, 175

high-fibre intake, 127
WIC (Women, Infants and Children) nutrition program, 127

low-fibre dietary pattern, 129–130, 130f
type 2 glycolytic fibers, 80
type 1 oxidative fibers, 80

Fibric acid derivatives. see Fibrates
Fibrosis, 205–206

“chicken wire” pattern, 205
portal/periportal and bridging fibrosis, 205
steatohepatitis, 205

Filtration fraction, definition, 230
Fish oil/consumption, 175, 186
Fitness and obesity, 306–307

cross-sectional relationship between fitness determined by
VO2max, 306f

maximal oxygen consumption (VO2max), 306
reduced economy of movement, 307
wasteful activity pattern, 307
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Fleurbaix-Laventie Ville Santé (FLVS), 316, 317t, 322t, 326, 327t,
328, 330t, 331t

Flow-mediated dilation, 270
Fluorescence in situ hybridization (FISH), 52–53
Focal segmental glomerulosclerosis (FSGS), 230, 232
Follicle-stimulating hormone (FSH), 159, 159f, 357, 362, 381
Food, 128–129. see also Fast foods

and agriculture systems, 447
ALSPAC study, 128
comfort, 24
competitive, 427, 455
composition, 304
and dietary patterns, 129–131

contribution of different food groups, 130f
data from ALSPAC, 131f
data-driven methods, 129
energy-dense, high-fat, and low-fibre diet, 129
food frequency questionnaires, 130
‘healthy eating’ cluster, 130
‘infant guidelines’ pattern, 129
National Heart, Lung, and Blood Institute Growth and Health

Study, 130
Southampton Women’s Survey (SWS), 129

‘Growing Up Today’ cohort, 129
high consumption of fruits and vegetables, 129
high- or low-calorie drink, 128
high-energy density (HED), 285, 289t
high-fat foods, 128
high-fibre foods, 128
industry, 451, 456–457
intake and physical activity, 429–430

fast foods and sugar-sweetened beverages, 429
National Heart, Lung, and Blood Growth and Health study,

results, 430
low energy density (LED), 285, 289t
low-glycemic index foods, 213
sugar-sweetened beverages (SSB), 128
value chains, interaction of global and local, 440f
Women, Infants and Children (WIC), 129

Food and Drug Administration, 213, 372, 391
Food Policy (California), 454
Food Stamp Program, 3–4
Foods of minimal nutritional value (FMNV), 455
Formula feeding, 97, 125, 428
Framingham Heart Study, 68
Free androgen index, 357
Free fatty acids (FFA), 18f–19f, 22–23, 114, 157, 166, 169,

175–178, 177t, 178f, 191, 206–207, 226, 229, 232f, 233, 234f,
235, 308, 343f, 345, 381

Free testosterone index, 362
Friedewald formula, 179
Fructose

dietary, 25, 132
higher, 185, 212

Fuel-mediated teratogenesis hypothesis, 118

Gamma glutamyl transferase (GGT), 9, 20, 203, 210t
Gastric band, 390, 392f. see also Adjustable gastric band (AGB)
Genes and PCOS, 359

fibrillin 3 gene (FBN3), 361
obesity-associated gene (FTO), 359

Genetic Investigation of ANthropometric Traits (GIANT)
consortium, 70

Genetic/familial or specific intrauterine effects, 117–118
discordant siblings, 117
fuel-mediated teratogenesis, 117
Growing Up Today Study, 117
insulin resistance, 117
non-diabetic siblings, 117
offspring of diabetic woman, 117
sibling pairs, examining, 117

Genome-wide association studies (GWAS), 40, 42, 65–71, 359
Gestational diabetes, 113–119

clinical and public health implications, 119
consequences

abnormal glucose tolerance and risk for type 2 diabetes, 115
cardiovascular abnormalities, 115–116
childhood growth and obesity, 114–115
fetal growth, 114

fetal programming, 114
genetic/familial or specific intrauterine effects, 117–118
maternal diabetes, 116
mechanisms for intrauterine effects

defective insulin secretion in offspring, 118–119
dysregulation of adipo-insular axis, 118
fetal malprogramming of hypothalamic neurons, 118

programming of fetal growth and adiposity, 116–117
Gestational weight gain, 95

gestational diabetes (GDM) status, 95
and higher birth weight, 95
LGA infants, 95
low maternal BMI, 95
in overweight women, 95

Ghrelin, 17, 249–250, 308, 340, 351, 396, 411–413, 415
–brain interactions during fasting/caloric restriction, 411–412

direct binding of ghrelin to receptors (GHS-R), 411
gut peptides affecting appetite and satiety, 412t
in humans, 412

Girls Health Enrichment Multi-site Studies (GEMS) studies,
431–432

Global dynamics in childhood obesity, 3–9
broad shift in energy balance

concurrent shifts in physical activity, 8
increased intake of animal source foods, 6–7
large increases in edible oil, 6
marked shifts in patterns of eating, 7–8
sweetening of child diets, 5–6

global patterns and trends
comparative levels of childhood obesity, 4–5
rich vs. poor sectors of society, 5

underlying changes, 8–9
Global food chain, 440, 444
Global patterns and trends, childhood obesity

comparative levels, 4–5
annual change in prevalence of overweight and obesity, 5f
prevalence of overweight plus obesity, 4f

rich vs. poor sectors of society, 5
studies in China between 1991 and 2004, 5

Global Strategy on Diet, Physical Activity, and Health, 446
Global value chains (GVC) model, 439–441
Glocalisation, 446
Glomerulopathy. see Obesity-related glomerulopathy (ORG)
Glucocorticoids, 110, 160
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production and turnover, 160
Cushing’s syndrome, 160
11βHSD1, overexpression of, 160
polymorphisms in glucocorticoid receptor, 160

use of high-dose, 156
Glucosamine-6-phosphate deaminase 2 (GNPDA2), 70
Glucose metabolism, altered

epidemiology of, 166–167
impaired fasting glucose (IFG), 166
impaired glucose tolerance (IGT), 166
SEARCH study, 167
type 2 diabetes (T2DM), 166

pathophysiology of, 167–168
disposition index (DI), 167
euglycemia, 168
failure of beta cell function, 167
first-phase insulin secretion, 167
IFG/IGT, 168
increased peripheral insulin resistance, 167
oral glucose tolerance tests (OGTT), 167
pre-diabetic conditions, 167
predisposing factors, 167
relation of OGTT-derived indexes, 168f
second-phase insulin secretion, 167

Glucose tolerance and risk for T2DM, abnormal, 115
oral glucose tolerance tests, 115
prediabetic mothers, 115
SEARCH Case–Control Study (SEARCH CC), 115

Gonadal function and pubertal development, 159–160
ACTH and LH, 159
early sexual maturation, 159
free and total testosterone levels, 159–160
FSH, 159
GnRH, increased, 159
gynecomastia, 159f, 160
hyperprolactinemia, 160
insulin suppresses hepatic SHBG expression, 159
ovarian hyperandrogenism, 159, 159f
precocious adrenarche, 159
prolactin levels, 159
risks of precocious thelarche and reduce age of menarche, 159

Gonadotropin releasing hormone (GnRH), 159
Growth hormone (GH), 52, 155–157. see also Exercise

hormonal effects of exercise in obese children
blunted GH response to exercise, reasons, 308
effects of intense exercise on growth hormone

(GH)/IGF, 307, 307f
pre- and post-exercise insulin levels, 308
reduced central dopaminergic tone, 308

Growth hormone secretagogue receptor (GHS-R), 17, 411
Growth-restricted infants, 107
Gynecomastia, 159f, 160

Habitual physical activity and obesity, 305–306. see also Physical
activity(ies)

increased sedentary behaviors, 305
patterns of daily life, 305

Harder’s meta-analysis, 97
Healthy catch-up growth, future strategies, 109

IGF-I levels, 109
SGA pathway of rapid postnatal catch-up weight gain, 109f
“the catch-up dilemma,” 109

Hedonic pathway of food reward, 23–24
Hedonic reward system, 21
Hemoglobin A1c (HbA1c), 171, 268, 343–344, 346–347, 349–350,

394–395
Hepatic steatosis. see Fatty liver disease
High-density lipoprotein (HDL) levels, 82, 84, 115, 166, 175–176,

177t, 178f, 179–182, 180t, 181–187, 182t, 183f, 183t, 185t,
186t, 188t, 190t, 191, 192t, 253, 257, 259, 267–268, 269t,
343–344, 346, 349, 351, 395, 463t

High-energy density (HED) foods, 285, 287, 289t
Higher fructose consumption, 185
Highly palatable “cafeteria” diet, 107
High-risk individual-based strategy, 178
Hip Hop to Health program, 431
Hirsutism and acne

in adolescent girls, 159
cause deep distress, 363
in females, 56
management of adolescents with PCOS, 362
reduction in, 352
symptoms of androgen excess, 357

Home environments, 427
High 5 Intervention, 427
Project EAT, 427
resources and cues for physical activity or inactivity, 427
technology, media, and advertising environments,

427–428
Hormonal disorders/effects

causing excess fat deposition, 155–157
of exercise in obese children, 307–308

blunted GH response to exercise, reasons, 308
effects of intense exercise on growth hormone

(GH)/IGF, 307, 307f
pre- and post-exercise insulin levels, 308
reduced central dopaminergic tone, 308

mechanisms of weight gain in, 156f
Human BDNF haplo-insufficiency, 40
3-Hydroxyl-3-methyl-glutaryl coenzyme A (HMG-CoA) reductase,

176, 187, 189t
11β-Hydroxysteroid dehydrogenase 1 (11β-HSD1), 155, 160
Hyperandrogenaemia, definition, 357
Hyperinsulinemia, 25, 77–79, 118, 157, 227–228

Bogalusa Heart Study, 77
insulin concentrations/in vivo insulin sensitivity/adiponectin

levels, 78f
lifestyle differences in dietary habits, 78
low adiponectin levels in black vs. white children, 77
oral glucose tolerance test (OGTT), 77
primary factors, 254

Hyperleptinemia, 118
Hyperprolactinemia, 59, 156, 156t, 160, 381
Hypertension, 223–229

blood pressure homeostasis, 225
definition, 225
homeostatic mechanisms, 225
perturbed autonomic regulation, 225

epidemiology, 223–224
adiposity and hypertension, 224
impact of obesity rise on hypertension in children, 224f
obesity–hypertension relationship, 224

mechanisms, obesity-associated hypertension, 226f
pathophysiologic mechanisms, 225–229
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adipose tissue-related factors, 228–229. see also Adipose
tissue-related metabolic factors

Ang II is, 227
hyperinsulinemia/insulin resistance, 227–228
obstructive sleep apnea (OSA), 228
renin–angiotensin–aldosterone system

(RAAS), 227
sympathetic nervous system activity, 225–227

Hypertriglyceridemia, 25, 54, 56, 82, 183, 184t,
212, 253

Hypocalcemia, 54–55
Hypoparathyroidism, 49t, 55
Hypopnea

and apneas, 53, 242, 244f, 245
definition, 242
respiratory event, 242

Hypothalamic damage or disease, 156, 378–379
Hypothalamic feedback systems, 23
Hypothalamic obesity, 23, 156, 156t, 254, 349, 377–385

diagnosis, 382
oral glucose tolerance testing (OGTT), 382

incidence and risk factors, 377–379
acute lymphoblastic leukemia (ALL), 377
hypothalamic insult with death of VMH neurons, 378
obesity in ALL survivors, 378t
predictive parameters, 379

occurrence, 377
pathogenesis, 379–381

children with, 379–380
organic leptin resistance, 379
sympathetic nervous system hypofunction, 380
syndrome of hypothalamic obesity, 379
vagal hyperfunction, overlapping mechanisms, 380–381

presentation
adrenocorticotropic hormone (ACTH) deficiency, 382
cerebral salt wasting (CSW) syndrome, 382
gonadotropin deficiency, 381
growth hormone (GH) deficiency, 381
stalk effect, 381
syndrome of hypothalamic obesity, 382

treatment, 382–384
insulin secretion (CIRgp) vs. sensitivity (CISI) in, 383f
pharmacotherapy, 383–384
Roux-en-Y gastric bypass, 382
serotonin or norepinephrine reuptake inhibitors, 383
surgery, 384

ventromedial hypothalamus (VMH), 377
Hypothalamic tumors. see Hypothalamic obesity
Hypothalamus

arcuate nucleus (ARC) of, 36f, 37
dorsomedial, 21
lateral hypothalamus (LH), 408–409,

412–413, 414f
mediobasal, 406, 410
paraventricular nucleus (PVN) of, 16f, 19–22, 36f, 40–41, 58,

407–411, 413, 414f
ventromedial hypothalamus (VMH), 16, 16f, 17, 19–22, 19f,

24–25, 26f, 40, 58, 377–382
Hypothyroidism

hypothalamic, 37
primary, 54, 56
state of central, 410

Hypoxia
cardiac, 347
intermittent, 228, 242f, 243, 245

Imaging techniques, 210
hepatic MRI, 210
transient elastography (TE) by FibroScan, 210
ultrasound, 210

Imprinting center (IC), 48t, 52–53
Inadequate nutrition, 114
Income

high/higher, 5–6, 9, 147, 453
low/lower, 3–6, 8–9, 94, 98, 127, 137, 326, 428–429, 431, 453
middle, 3, 8
moderate, 5
parental, 81
poverty, 425t
upper, 4

Incretin mimetics and selective serotonin receptor agonists,
348–349

exenatide, 348
liraglutide, 348–349
lorcaserin, 349
oxyntomodulin and peptide YY, 349

Infant
feeding, 428

exclusive breastfeeding, 428
Supplemental Nutrition program for Women, Infants, and

Children (WIC), 428
mortality rates, 104

Inflammatory bowel disease, 202t
Inflammatory cytokines and adipokines, function of, 208–209

adiponectin, 208–209
dysregulation of adipocytokines, 208
IL-6 is cytokine, 208
leptin, 209
plasminogen activator inhibitor (PAI)-1, 209
resistin, 209
retinol-binding protein-4 (RBP4), 209
rise in TNF-alpha, 208
visfatin, 209

Insulin. see also Insulin resistance (IR)
acute and chronic intracerebroventricular insulin infusions, 20
–brain interactions during fasting/caloric restriction, 410–411

dopamine uptake transporter (DAT), 411
hyperphagia, 410

chronic peripheral insulin infusions, 20
CNS insulin action, 20
defective secretion in offspring, 118–119

fetal development programs, 119
impaired insulin secretion, 119
streptozotocin injection or glucose infusion, 118

regulate food intake, 20
role in energy balance, 20
sensitizers, 214

Diet plus pioglitazone, 214
metformin and thiazolidinediones, 214

short-term insulin, 20
signal transduction pathway, 20

Insulin resistance (IR). see also Hyperinsulinemia
and glucose intolerance, pathogenesis of, 163–170

dynamics of pre-diabetic conditions, 168–169
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epidemiology of altered glucose metabolism, 166–167
insulin resistance (metabolic) syndrome, 169–170
pathophysiology of altered glucose metabolism, 167–168
pathophysiology of IR, 164–166

and long-term risks of childhood obesity, 254, 256–258
population-based cross-sectional studies/risk of

future T2DM, 257
prevalence of T2DM, studies on, 256

metabolic syndrome, 169–170, 257–259
cardiovascular risk factors, 169
degree of insulin sensitivity, 170
fasting or post-prandial insulin levels, 170
insulin resistance syndrome, 169
rise in triglyceride levels, 170
upper normal fasting glucose level, 170

and metabolic syndrome
Bogalusa Heart Study, 259
parental diabetes, 259
prevalence of BMI and, 258
visceral fat, 164f

and obesity, 254
pathophysiology of, 164–166

beta cell insulin secretion, 166
dyslipidemia, 166
effect of lipid, 165
fasting state and muscle affects glucose metabolism, 166
hepatic fat accumulation, 165
hepatic steatosis, 166
hyperglycemia, 166
hyperinsulinemia, 166
IMCL and EMCL content, 165f
increased visceral fat accumulation, 164
lipid partitioning, 164
metabolic sink, 165
post-prandial glucose, 165
preservation of insulin signaling pathways, 166
relation of IMCL and EMCL content, 165f
sensitivity to hormones, 164
visceral fat and insulin sensitivity, 164f

role of, 207
hepatic insulin resistance, 207
measure of, 207

tracking of obesity and IR from childhood into adulthood,
254–255

Insulin-induced gene 2 (INSIG2), 68
SNP (rs7566605), 68
whole-genome scan (100k Affymetrix), 68

Insulin-like growth factor-I (IGF-I) levels, 53, 106–107, 109,
157–159, 308

Insulin-like growth factor binding proteins, 157–159
Intergenerational caregiving, 428–429
Intermittent hypoxia, 228, 242, 242f, 243, 245
International Diabetes Federation, 182, 182t
International expansion of fast food, 443–445
International Obesity Task Force (IOTF), 4, 5f
Internet-based prevention psycho-education programs

(cost-effective interventions), 284
Intima-media thickness (IMT), 223, 225, 270–271
Intraflagellar transport (IFT) process, 50t, 55
Intramyocellular lipid (IMCL) content, 165, 165f
Intrauterine effects. see Genetic/familial or specific intrauterine

effects

Intrauterine growth retardation (IGUR), 103–109
antenatal pathogenesis

animal models, 105–106
human studies, 106–107

Barker hypothesis, 104
early postnatal pathogenesis

animal models, 107–108
human studies, 108

future strategies, healthy catch-up growth, 109
health and disease hypothesis, developmental origins,

104–105
Ischaemic heart disease mortality rates, 104

Kahnawake School Diabetes Prevention Project (KSDPP), 318t,
323t, 326–331, 327t, 330t, 331t

Kaiser Family Foundation survey, 427
Kawasaki disease, 185, 191t

Labeling Education and Nutrition (LEAN) Act, 446, 456
Lap band, 391. see also Adjustable gastric band (AGB)
Large-for-gestational-age (LGA) babies, 94
Lecithin cholesterol acyl transferase (LCAT), 176, 178f
Leptin. see also Melanocortin/leptin pathway

167-amino acid hormone, 19
on appetite/energy homeostasis and behavior, effects of, 407

effects of NPY on hypothalamic pituitary-thyroid axis, 407
brain interactions during fasting/caloric restriction, 406–410
effect on blood pressure, 229
effects on growth, 157–158
effects on thyroid function, 158–159
melanocortin pathway, 36f
neuronal signals

activation of cytoplasmic Janus kinase 2 (JAK2), 19
ATP-sensitive potassium channel, 19
insulin receptor substrate 2/phosphatidylinositol-3-kinase

(IRS2/PI3K), 19
signal transduction and transcription (STAT-3), 19

production by adipocytes, 19
receptor isoforms by splicing, 19

ObRa/ObRb/ObRc and ObRe, 19
resistance, 25–26

leptin threshold, 25
limbic triangle, 26f

serum leptin concentrations, 19
signaling, 406–407

AMP-activated protein kinase (AMPK) activity, 406
excitatory postsynaptic currents (EPSC), 407
inhibitory postsynaptic currents (IPSC), 407
mammalian target of rapamycin complex (mTOR), 406
PI3-K activation, 406
STAT3 signaling, 406

on thyroid hormone regulation, effects of, 409–410
effects on hypothalamic arcuate and ventromedial nuclei, 410
fasting or caloric restriction, 410
on hypothalamic-pituitary-thyroid axis, 410
regulation of EE by obligatory/adaptive thermogenesis, 409
TRH gene expression in hypophysiotropic neurons, 410

Leptin–brain interactions during fasting/caloric restriction,
406–410

CNS targets for leptin-regulated neurons in arcuate nucleus. see
Central nervous system (CNS)
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effects of leptin on appetite, energy homeostasis,
and behavior, 407

NPY on hypothalamic pituitary-thyroid axis, 407
effects of leptin on thyroid hormone regulation, 409–410

fasting or caloric restriction, 410
hypothalamic arcuate and ventromedial nuclei, 410
on hypothalamic-pituitary-thyroid axis, 410
regulation of EE by obligatory/adaptive

thermogenesis, 409
TRH gene expression in hypophysiotropic neurons, 410

leptin signaling, 406–407
AMP-activated protein kinase (AMPK) activity, 406
excitatory postsynaptic currents (EPSC), 407
inhibitory postsynaptic currents (IPSC), 407
mammalian target of rapamycin complex (mTOR), 406
PI3-K activation, 406
STAT3 signaling, 406

Lifestyle changes, 212–213, 249, 260, 281–292, 298, 301, 303,
310–311, 318t, 340, 345, 350, 371

Lifestyle interventions, definition, 282
Lifestyle management, 185
Linear growth and bone maturation, 157–158

effects of IGF-1 on growth and bone maturation, 158
“free” IGF-1 levels, 158
leptin deficiency, 158
plasma growth hormone (GH) concentrations, 157
plasma insulin concentrations, 157
reductions in plasma IGF BP-1 or 2 concentrations, 158
total IGF-1 and IGF binding protein (BP)-3 concentrations, 157
total IGF-2 concentrations, 157

Lipid metabolism, 79–80
abnormalities

assessment, 177–180
as components of definitions of metabolic syndrome, 181–183
definition of abnormal, 180–181
familial combined hyperlipidemia, 183–184
familial dysbetalipoproteinemia, 184–185
to other dyslipidemias and risk conditions, 183
and development of cardiovascular disease, 181

basic, 176–178
FFA and hyperglycemia, 178
lipid triad, 177–178
lipoprotein particles, 176
overproduction of VLDL, 177
pathogenesis of obesity-related lipid abnormalities, 177
transport and metabolism of endogenous/exogenous lipids, 176

hyperinsulinemia, 79
intervention

bile acid sequestrants, 187
cholesterol absorption inhibitors, 187–191
dietary management, 185–186
drug therapy, 187, 188t–190t
fibric acid derivatives or fibrates, 191
lifestyle management, 185
nicotinic acid formulations, 191
physical activity and sedentary pursuits, 186–187
recommendations, drug therapy, 192t
risk factors and risk conditions, 191t

31phosphorous nuclear magnetic resonance spectroscopy, 80
puberty, 79
rate of whole body lipolysis, 79, 79f
reduced postabsorptive fat oxidation, 79

skeletal muscles of obese or type 2 diabetic adults, 80
substrate oxidation, factors influencing, 80
thrifty genotype hypothesis, 79

Lipid triad, 177–178, 177t, 178f, 184
Lipid-lowering drug therapy, 175, 179
Lipodystrophy syndromes, 202t
Lipolysis, 16f, 18f, 22, 24–25, 69, 79, 155, 156t, 163, 166, 206,

229, 380–381, 408
Lipoprotein particles, 82, 176, 179, 183, 185
Liraglutide, 342f, 348–349
Liver

biopsy, 203, 203t, 210, 214–215
cirrhosis, 210t
ELF (enhanced liver fibrosis) markers, 209
non-alcoholic fatty liver disease (NAFLD), 82, 201

cryptogenic cirrhosis, 82
histological patterns, 210
NAFLD activity score (NAS), 211
necro-inflammatory activity, 211
pediatric liver disease and liver damage, 82
scoring system, 211
semiquantitative system, 211
three-tier grading system, 211

Study of Child and Adolescent Liver Epidemiology
(SCALE), 203

Lobular infiltrates composition, 205
Long-limb gastric bypass, 392
Long-term metabolic complications of childhood obesity

black–white differences in plasma insulin and obesity and
progression over time, 255–256

glucose levels and insulin levels, 255
centrality of childhood obesity, 254f
childhood metabolic syndrome and adult T2DM and CVD,

258–259
childhood obesity/insulin resistance (IR) and metabolic syndrome

Bogalusa Heart Study, 259
parental diabetes, 259
prevalence of BMI and metabolic syndrome, 258

hyperinsulinemia, primary factors, 254
intervention with diet/exercise, and metformin, 259–260

intensive nutrition program combined with strength
training, 260

long-term risks of childhood obesity and insulin resistance (IR),
256–257

population-based cross-sectional studies/risk of future
T2DM, 257

prevalence of T2DM, studies on, 256
obesity and insulin resistance (IR), 254
polycystic ovary syndrome (PCOS), 259
tracking of obesity and IR from childhood into adulthood,

254–255
Low energy density (LED) foods, 285, 289t
Low-density lipoprotein (LDL) particles, 82, 166, 175–176, 177t,

178–181, 178f, 183–185, 183f, 186t, 187, 188t, 190t, 192t,
193, 215, 235, 259, 267, 271, 310, 344, 346–347, 351, 395

Luteinizing hormone (LH), 159, 159f, 357–359, 362–363, 381,
408–409, 414f

Macronutrient composition, 163
Macrosomia, 114

fetal, 95, 114
neonatal, 103
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214, 306f, 361, 379f, 406

Magnetic resonance spectroscopy, 80, 214
Mallory–Denk bodies, 205, 211t
Malnutrition, 3, 202t
Marketing and distribution of fast food

fast-food companies on defensive, 446–447
attempts to counter criticism, 447
Center for Science in the Public Interest and the California

Center for Public Health Advocacy, 446
fast-food industry practices, changing, 446
Global Strategy on Diet, Physical Activity, and Health, 446
McDonald’s, criticism for low nutritional value, 447
modification of business practices, 447
trans-fat, eliminating, 447

global value chains (GVC) model, 439–441
interaction of global and local food value chains, 440f
international expansion of fast food, 443–445

dissemination of global fast-food production and
consumption, 445

efficiency and regimentation of fast-food production
styles, 444

fast-food revolution, 444
penetration of fast foods, China, 445

McDonald’s global operations, 444f
power of marketing, 445–446

marketing campaigns/promotional initiatives, 446
rise of fast food in US, 441–443
stream of causation model, 439

Maternal determinants, weight gain/smoking/breastfeeding, 93–100
breastfeeding, 97–98
maternal dietary habits and physical activity, 98–99
maternal weight status

effects of maternal undernutrition, 96
gestational weight gain, 95
postnatal maternal weight status, 96
pregnancy weight gain in overweight and obese women,

guidelines, 95–96
pregravid weight status, 94–95

other influences, 99
grandparental obesity, 99
low socioeconomic status (SES), 99
short sleep duration, 99
television watching, 99

smoking, 96–97
Maternal diabetes, 116

amniotic fluid insulin levels, 116
birth weight, 116
degree of fetal hyperinsulinemia, 116
impaired glucose tolerance, 116
pre-existing type 1/type 2 or gestational diabetes, 116
pre-gestational type 1 diabetes, 116

Maternal obesity, 94–95, 103, 115–117, 119, 429
Meat

high-fat, 454
low-fat, 132
meat/meat substitute, 454
processed, 6, 132
red, 6
white, 6

Melanin-concentrating hormone (MCH), 21, 409, 413
Melanocortin receptors (MCR), 20–22, 39, 67, 70, 410

melanocortin (MC3R and MC4R)
paraventricular nucleus (PVN), 407–408

melanocortin-4 receptor gene (MC4R), 67–68
Ile251Leu polymorphism, 67
rs17782313 downstream of MC4R, 67
Val103Ile polymorphism, 67

Melanocortin/leptin pathway
leptin and leptin receptor deficiency, 36–37

carriers of frameshift or two missense mutations, 37
heterozygous carriers of deleterious mutations in LEP, 37
heterozygous carriers of LEPR mutations, 37
homozygous G→A mutation, 37
hyperphagia, 37
hypogonadotropic hypogonadism, 37
hypothalamic hypothyroidism, 37
leptin administration, 37
neurons, types, 36
pathogenic mutations, 36
positional cloning, 36

melanocortin 4 receptor deficiency, 39
D90N mutation, 39
gonadotropin secretion and pubertal development, 39
heterozygous MC4R mutations, 39
homozygous or compound heterozygous pathogenic

mutations, 39
hyperphagia and body fat accumulation, 39
non-obese mutation carriers, 39
rhodopsin and adrenergic receptors, 39

proopiomelanocortin (POMC) deficiency, 38
alpha-MSH (25) or beta-MSH, 38
biologically active proteins, 38
heterozygous carriers of C6906del mutation, 38
pheomelanin and eumelanin, 38
treatment with glucocorticoids, 38

proprotein convertase 1 deficiency, 38
heterozygous or homozygous mutations, 38
PC1/3 mutations, 38
prohormones into functional hormones, converts, 38

α-Melanocytestimulating hormone (α-MSH), 20, 36f, 38
Menarche, reduce age of, 105, 159, 348
Menu Education and Labeling (MEAL) Act, 456
Metabolic and hormonal disorders

causing excess fat deposition, 155–157
overproduction of cortisol, 155
precocious puberty, 156
use of high-dose glucocorticoids, 156

Metabolic rate
basal, 138
components of TDEE, 138
and resting energy expenditure (REE), 139

Metabolic syndrome (MBS) in adolescents, 169–170, 181–185, 362
childhood obesity, insulin resistance (IR)

Bogalusa Heart Study, 259
parental diabetes, 259
prevalence of BMI and metabolic syndrome, 258

definitions, 181–183
Metformin, 214, 345–348, 351

adverse side effects, 348
and cardiovascular disease, 347
effects of, 346–347
fatty liver, 214
intervention with
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long-term metabolic complications of childhood obesity,
259–260

lactic acidosis, 348
reduction of hepatic glucose production, 346

Mitochondrial carrier 2 (MTCH2), 70
Monogenic obesity, 36–42

caused by mutations in leptin/melanocortin pathway
leptin and leptin receptor deficiency, 36–37
melanocortin 4 receptor deficiency, 39
proopiomelanocortin (POMC) deficiency, 38
proprotein convertase 1 deficiency, 38

gene screening strategies, 41f
monogenic obesity with neurological features

brain-derived neurotrophic factor and its receptor TrkB, 39–40
single-minded 1 transcription factor, 40

and polygenic obesity, continuum between, 40
gain-of-function V103I and I251L, 40
genome-wide association studies (GWAS), 40
loss-of-function mutations in MC4R gene, 40
risk for polygenic obesity, 40
“three-headed” Cerberus obesity gene, 40

Mood disorders, 372
Multiorgan disorder, 50t, 56
Muscatine Study

risk factors and atherosclerosis in youth, cohort studies, 270

NASH Clinical Research Network (NASH CRN), 204, 214
National Health and Nutrition Examination Survey (NHANES), 76,

81, 83, 93–94, 137, 180–183, 193, 203, 224, 257, 424
National Heart, Lung, and Blood Institute Growth and Health

Study, 76, 130, 179
National Longitudinal Study of Adolescent Health, 426
National school breakfast and lunch programs,

454–456
competitive foods, 455
foods of minimal nutritional value (FMNV), 455
National School Breakfast Program (NSBP), 452, 454–455
National School Lunch Program (NSLP), 452, 454–455
school wellness policy (SWP), 455

features, 455
local districts to write their own policies, impact of, 455
responsibility on school districts, 455

2009 Trust for America’s Health, 455
National School Breakfast Program (NSBP), 452, 454–455
National School Lunch Program (NSLP), 452, 454–455
NEGR1 (neuronal growth regulator 1), 42, 70
Neighborhood and community environments. see also Physical

environments; School and community based interventions
crime, 426
gender and ethnic differences, 426

Neonatal macrosomia, 103
Nephrotic syndrome, 184t, 191t, 231
Neuroendocrine and metabolic adaptations in CNS facilitating

weight regain
adiponectin–brain interactions during fasting/caloric

restriction, 411
adiponectin receptor 1 (AdipoR1), 411

CNS targets for leptin-regulated neurons in arcuate nucleus,
407–409

effects of leptin on appetite, energy homeostasis,
and behavior, 407

effects of leptin on thyroid hormone regulation, 409–410

endocannabinoid–brain interactions, 412–413
cannabinoid receptors, type 1 (CB1), 412
importance of cannabinoids in regulation of energy

homeostasis, 412
mesolimbic dopamine system, activation of, 413
type 2 (CB2), 412

ghrelin–brain interactions during fasting/caloric restriction,
411–412

direct binding of ghrelin to receptors (GHS-R), 411
gut peptides affecting appetite and satiety, 412t
in humans, 412

insulin–brain interactions during fasting/caloric restriction,
410–411

dopamine uptake transporter (DAT), 411
hyperphagia, 410

integration, neuroendocrine response to caloric deprivation and
weight loss, 414–415

gastric O-acyl transferase (GOAT), 415
induction of leptin receptor signaling, 415

leptin–brain interactions during fasting/caloric restriction,
406–410

nutrient sensing during fasting/caloric restriction, role of,
413–414

hypoglycemia, 413
long chain fatty acids (LCFA), 414

Neuroendocrine axis, 16
afferent arm, 16

hunger and peripheral metabolism, 16
central processing unit, 16–17

hypothalamus. see Hypothalamus
efferent arm, 17

dorsal motor nucleus of the vagus (DMV), 16f, 17,
18f, 380

locus coeruleus (LC), 17
Neuroendocrine control of energy balance, 15–26

amygdala and stress pathway of food intake, 24
central processing

anorexigenesis, POMC/α-MSH, and CART, 20
MCR and central neural integration, 22
neuroendocrine modulators of energy balance, 21–22
orexigenesis, NPY, and AgRP, 20–21

components of afferent system, 15–26
metabolic afferents controlling energy balance, 19–20
promoting hunger, 17
promoting satiety, 17–19

efferent system
efferent vagus and energy storage, 22–23
SNS and energy expenditure, 22

hedonic pathway of food reward, 23–24
homeostatic pathway of energy balance, 16f
leptin resistance, 25–26
negative feedback–response to caloric deprivation, 24–25

Neuropeptide Y (NPY) mRNA, 17, 20
NHLBI Growth and Health Study (NGHS), 255
Nicotinic acid, 191, 204
Niemann–Pick C1 gene (NPC1), 70
NIH Expert Panel recommendations, 180
NIH multi-disciplinary “consensus” conference of 1990, 358
Nocturnal polysomnography, 243
Non-alcoholic fatty liver disease (NAFLD), 82, 201

cryptogenic cirrhosis, 82
grading and staging
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histological patterns, 210
NAFLD activity score (NAS), 211
necro-inflammatory activity, 211
scoring system, 211
semiquantitative system, 211
three-tier grading system, 211

pediatric liver disease and liver damage, 82
Nonalcoholic steatohepatitis (NASH), 201

type-1 NASH, 204
type-2 NASH, 204

Non-esterified free fatty acids (NEFFA), 228
Non-exercise activity thermogenesis (NEAT), 138

children, 143–144
daily activity and school, 143
health and fiscal reasons, 143
physical activity, 143
school infrastructure and operational systems, 144
screen time in children, 143

EE, 140
doubly labeled water method, 140
gas and/or heat exchange (room calorimetry), 140
TOTAL NEAT = TEE – (REE+TEF+EAT), 140

measurement of energy expenditure
basal metabolic rate and resting energy expenditure, 139
defining exercise and NEAT, 140
energy expenditure of physical activities, 139–140
NEAT energy expenditure, 140
thermic effect of food, 139

school, 144
variability, 141

role of occupation, 141
substantial, 141

in weight gain and obesity, 141–143
fat gain vs. changes in NEAT, 142f
human fat gain., 142
NEAT-o-type, 142
standing/walking time in children, 143

Non-HDL-C, 183
Non-responsive parenting, 428
Norepinephrine (NE), 21
Normal glucose tolerance (NGT), 256
Nucleus tractus solitarius (NTS), 17
Nutrient sensing during fasting/caloric restriction,

role of, 413–414
hypoglycemia, 413
long chain fatty acids (LCFA), 414

Nutrition
inadequate, 114
and physical activity knowledge and preferences, 304, 304f

nutritional intervention studies in kindergarten, 304
photo-pair food and exercise questionnaire, 304

“Obesogenic,” 424, 429
Obesity, definition, 425t
Obesity prevention. see School and community based interventions

and treatment in children and adolescents. see Socio-cultural
context for obesity prevention and treatment in children and
adolescents

Obesity single gene disorders, 35
fast and ongoing strategies, 42f

Obesity-related glomerulopathy (ORG), 230, 232f, 233
idiopathic focal segmental glomerulosclerosis (FSGS), 230

microalbuminuria and glomerular filtration rate, 230
proteinuria, 230

Obesity-related lipid abnormalities
contribution of, 183
cornerstone of therapy for, 185
management of, 191
pathogenesis of, 177
primary therapy of, 185, 187
treatment of, 191

Obsessive-compulsive disorders, 370
Obstructive sleep apnea (OSA), 228, 230, 242, 244, 247, 382, 390,

391t, 396
Obstructive sleep apnea syndrome

(OSAS), 242–246
Octreotide, 18f, 53, 349, 383–385
Oil

-calorie intake, 6
consumption, 7f
edible, 6–7
fish, 175, 186
flax seed, 212
rapeseed or canola, 185
vegetable, 6

Oligo- or anovulation and hyperandrogenism,
combination of, 358

Oral contraceptives, 370
Orexins A and B, 21
Orlistat, 344–345, 351

development of cases of gall bladder disease, 345
effects in obese adolescents, 344–345
intestinal lipases, 344
malabsorption of vitamin K, effect of, 345
reduction of absorption of thyroxine/amiodarone and

cyclosporine, 345
therapy in adults, 344

Out-of-school environment, 144, 148
possible NEAT solutions, 148

Over-nutrition or fuel-mediated teratogenesis,
fetal, 114

Overweight, 4
adolescents, 4, 167
in American youth, 76
among women, 94
“at risk of overweight,” 76
childhood, 76
children’s daily practices, 282
eighth graders, 83
Hispanic children, 83
infants, 305
maternal, 94
non-overweight black and white youths, 83
or obese phenotype, 37
parent, 294
pediatric, 281
plus obesity, 4, 4f
predispose neonatal, 114
pre-pregnancy, 98
pre-pubertal children, 309
white youths, 83

Oxidative stress, impact of, 207–208
development and progression of NAFLD, 208
glutathione to oxidized glutathione (GSH/GSSG), 208
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intracellular GSH/GSSG ratio to pathogenesis of
NAFLD/NASH, 208

mitochondrial beta-oxidation, 208
mitochondrial hypertrophy, 208
reactive oxygen species (ROS), 208

Pancreatitis, 193, 341
Parathyroid hormone (PTH), 54, 160
Paraventricular nucleus (PVN), 16, 36f, 40–41, 58, 407, 414f

melanocortin (MC3R and MC4R), 408
Parental diabetes, 258–259
Parental involvement in family-based behavioral interventions, 289t
Parental obesity, 283, 395

grandparental obesity, 99
Passive overconsumption, 127
Pathobiological Determinants of Atherosclerosis in Youth (PDAY)

Study, 267–270, 269t
Pediatric candidates identification for pharmacological therapy, 350

goals of any intervention or treatment, 350
Pediatric metabolic syndrome, definition, 257
Pediatric weight loss studies, meta-analyses of, 283t
Peers, role of, 428–429
Pentoxyfilline, 215
Peptide YY, 16f, 17, 77, 348–349, 396
Peptidergic systems, 410
Peroxisome proliferator-activated receptor (PPAR), 160, 191, 212,

214, 234
Personal leptin threshold, 24
Phosphotriesterase-related gene (PTER), 70
Physical activity(ies)

energy expenditure of, 139–140
standing energy expenditure, measuring, 140
steady-state energy expenditure, 140

and nutrition, knowledge and preferences of kindergarten
children, 304

and obesity, 305–306
increased sedentary behaviors, 305
patterns of daily life, 305–306

and sedentary pursuits, 186–187
Physical environments, 426–428

home environments, 427
High 5 Intervention, 427
Project EAT, 427
resources and cues for physical activity or inactivity, 427
technology, media, and advertising environments, 427–428

neighborhood and community environments, 426
crime, 426
gender and ethnic differences, 426

school environments, 426–427
competitive foods and drinks, 427
food and activity options, 427

technology, media, and advertising environments, 427–428
effects of food advertising, 427
outdoor and in-school advertising, 427–428

Pima Indians, 79, 114–117, 119, 227, 254, 256
Planet Health study, 432
Plant sterols/stanols, 186–187
Plasma lipid concentrations, classification of, 180t
Podocyte foot process effacement, 233
Policy-based interventions (local and national) to improve

children’s nutrition
food policies, changes in, 452

default nutrition environment, impact of, 452
policy interventions to change food industry actions, 456–457

Council of Better Business Bureaus, 457
food marketing to youth, 456–457
Labeling Education and Nutrition (LEAN) Act, 456
Menu Education and Labeling (MEAL) Act, 456
menu labeling, 456

strengthening federal feeding programs, 452
child and adult care feeding program (CACFP), 452
national school breakfast and lunch programs, 454–456
women, infants, and children program (WIC), 453

Polycystic kidney disease, 55
Polycystic ovary syndrome (PCOS), 155, 156t, 201t, 259–260,

347–348, 350–352, 357–364, 373
adiposity in, 361–362

area of visceral and gluteal subcutaneous fat, 361f
central adiposity, 361
free testosterone index, 362
relationship between, 361

features, 357–358
management of adolescents with, 362–363

combined oral contraceptive pill (COCP), 363
cosmetic management, 363
cyproterone acetate, 363
hirsutism and acne, 363
objectives, 362
symptoms of androgen excess, 363
treatment with COCP and/or anti-androgens, 363

mechanism of insulin resistance in, 360–361
glucose metabolism, 361
inhibited insulin-stimulated tyrosine

phosphorylation, 360
insulin-dependent glucose transporter GLUT4, 360–361
in ovary, 361
serine phosphorylation of IRS1, 360

metabolic dysfunction in, 359–360
dyslipidaemia, 359
insulin sensitivity and hyperinsulinaemia, 359
Insulin sensitivity in women with oligomenorrhea

and PCOS, 360f
Polygenes

for body weight, 66
inter-individual heterogeneity, 66
thrifty genotype hypothesis, 66

identified in genome-wide association studies, 69–70
Polygenic obesity, 65–71

candidate gene analysis and GWAS, 66
fat mass and obesity-associated gene (FTO), 68–69
insulin-induced gene 2 (INSIG2), 68
melanocortin-4 receptor gene (MC4R), 67–68
more polygenes identified in recent (GWAS), 69–70
polygenes for body weight, 66

Polysomnography, 242
nocturnal, 243
obstructive apnea and hypopnea, 242f

Postnatal pathogenesis, early
animal models, 107–108

antenatal growth restriction and postnatal growth
acceleration, 107

antenatal metabolic programme, 107
highly palatable “cafeteria” diet, 107
postnatal leptin administration, 108
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human studies, 108
first international growth charts, 108
influence of infant nutrition, 108
postnatal catch-up weight gain in infants, 108
role of infant protein intake, 108
role of postnatal nutrition, 108

Potassium channel tetramerization domain (KCTD15), 70
Power of marketing, 445–446
Prader-Willi syndrome (PWS), 17, 47–54, 48t–51t, 57–58, 232,

245, 308, 349
clinical features, 52
diagnostic considerations, 52–53
etiology, 52
incidence, 52
overview, 47
treatment and future research, 53–54

Precocious adrenarche, 157f, 158–159, 348
Pre- and peri-pubertal obese children

normal or increased rates of growth and bone
maturation, 157f

Pre-diabetes, 83–84, 163–172, 256–260, 340–341, 346–347,
350–351. see also Race

background, 339–340
major metabolic complications, 339–340
powerful stimulants and appetite suppressants, 339
safer pharmacologic approaches, 340

chemical structures of anti-obesity agents, 342f
dynamics conditions, 168–169

beta cell dysfunction, 169
defect in beta cell function, 168
fasting levels of insulin or C-peptide, 169
IGT to T2DM, 168
at mid-puberty, 168
progression of glucose intolerance, 169f

effects of pharmacologic agents in obese subjects, 341–342
incretin mimetics and selective serotonin receptor agonists,

348–349
kind of medication, 351
length of treatment, 352
metformin, 345–348

adverse side effects, 348
and cardiovascular disease, 347
Diabetes Prevention Program, 346–347
effects of, 346–347
Indian Diabetes Prevention Program, 347
lactic acidosis, 348
reduction of hepatic glucose production, 346

orlistat, 344–345
development of cases of gall bladder disease, 345
effects of orlistat in obese adolescents, 344–345
intestinal lipases, 344
malabsorption of vitamin K, effect of, 345
reduction of absorption of thyroxine/amiodarone and

cyclosporine, 345
therapy in adults, 344

other drugs/hormones, 349
diethylpropion, 349
ephedrine, 349
mazindol, 349
phentermine, 349
rimonabant, 349
topiramate, 349

pediatric candidates identification for pharmacological
therapy, 350

goals of any intervention or treatment, 302
rationale for pharmacotherapy, 340

intensive lifestyle counseling, 341
limits of lifestyle intervention, 340
long-term risks of T2D, 341
prevalence of T2D, 341
progression to glucose intolerance, 341
time commitments and costs of lifestyle changes, 340

sibutramine, 342–344
appetite reduction and increase satiety, 342
brief lifestyle intervention, 343
effects of sibutramine in obese adolescents, 344
factors in adults predicting weight loss, 343

timing of intervention with pharmacotherapy and bariatric
surgery, 350–351, 351f

Pregnancy
consequences of exposure to diabetes during, 114–116. see also

Gestational diabetes
early, 96
first half of, 106
index pregnancy, 116
last trimester of, 106
late, 105
low pre-pregnancy BMI, 96
maternal obesity during, 116
maternal pre-pregnancy, 98
maternal smoking in early, 96
or gestational diabetes, 93, 95–96, 103, 107, 113–119, 167, 259,

349, 352. see also Gestational diabetes
weight gain in overweight and obese women, guidelines,

95–96, 96t
Institute of Medicine (IOM), 95
Pregnancy Risk Assessment Monitoring System

(PRAMS), 95
in young female post-operative RYGB patients, 397

Pregnancy Risk Assessment Monitoring System (PRAMS), 95
Pregravid obesity, 94

weight status, 94–95
BMI and odd ratios (OR), 94
BMI Z-score differences, 94
large-for-gestational-age (LGA) babies, 94
maternal obesity, 94
pregravid obesity, 94

Premature atherosclerotic cardiovascular disease, 179
Preventing Chronic Diseases, 439
Primary snoring, 242
Princeton Follow-up Study (PFS), 255, 258
Prohormone convertase, 35, 36f, 38
Prolactin, 156, 160, 362, 381

inhibitory factor, 381
Prolonged QT syndrome, 344
Pro-opiomelanocortin (POMC), 20, 36f, 38, 40, 56, 342, 406–408,

411, 414
3-Proprotein convertase 1 deficiency, 38
Proteinuria, 223, 230–233, 235

in ORG, 231
Pseudohypoparathyroidism, 49t, 54, 157
Psychiatric disorders, autism, 370
Psychiatric illness. see Atypical antipsychotics, major behavioral

disorder
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Psychotropic medications, effects of. see Atypical antipsychotics,
major behavioral disorder

PsycINFO, 316
Puberty

changes in body composition, 138
delayed, 37, 379
energy requirements, 138
with increased fat oxidation, 79
mid-puberty, 168
onset of, 159, 255, 348
precocious, 156–157, 381
reduced fat oxidation, 79
transient insulin resistance of, 163

Race. see also Racial differences, pathogenesis and complications
and cardiovascular disease, 82–83

aortic fatty streaks, 82
fatty streak, lesion of atherosclerosis, 82

and lipids, 82
ratio of LDL-C to HDL-C, 82
total serum cholesterol, 82
VLDL subclass, increased, 82

and metabolic syndrome, 83–85
characteristics of youths, 84
circulating biomarkers of endothelial dysfunction and IL-6, 85f
higher in overweight vs. non-overweight youths, 83
by quartiles of in vivo insulin sensitivity, 84f
triglyceride concentrations, 83, 84f

and nonalcoholic fatty liver disease, 82
obesity, and genetics, 76–77

genome-wide admixture mapping scans, 77
ghrelin, hunger peptide, 77
insulin-induced gene 2 (INSIG2), 77
peptide YY (PYY), 77
single nucleotide polymorphism (SNP) genotypes, 77

and prediabetes and type 2 diabetes (T2DM), 83
NHANES (1999–2000/2005–2006), 83
rates of prediabetes, 83
SEARCH for Diabetes in Youth Population Study, 83
STOPP-T2D, 83
TODAY study, 83

socio-cultural/environmental factors with race/ethnicity, 424
Racial differences, pathogenesis and complications, 75–86

and body fat distribution, 80
environmental/sociocultural risk

obesity and sociocultural differences, 81
obesity and socioeconomic status (SES), 81

obesity and race, 76
race and co-morbidities

cardiovascular disease, 82–83
hypertension, 224
lipids, 82
metabolic syndrome, 83–85
nonalcoholic fatty liver disease, 82
prediabetes and type 2 diabetes (T2DM), 83, 171, 255–256

race and genetic/biological differential in risk of obesity
and genetics, 76–77

race, obesity, and biology
hyperinsulinemia/insulin resistance, 77–79
lipid metabolism, 79–80

treatment of obesity, 85
Rationale for pharmacotherapy, 340–341

intensive lifestyle counseling, 341
limits of lifestyle intervention, 340
long-term risks of T2D, 341
prevalence of T2D, 341
progression to glucose intolerance, 341
time commitments and costs of lifestyle changes, 340

Regulation of growth/thyroid function/sexual development and
calcium homeostasis, 155–161

calcium homeostasis, bone mineralization, and fractures,
160–161

effects of obesity on linear growth and bone maturation, 157–158
glucocorticoid production and turnover, 160
gonadal function and pubertal development, 159–160
metabolic and hormonal disorders causing excess fat deposition,

155–157
thyroid function, 158–159

Renal disease, pathogenesis of, 230–235
adiponectin is essential to normal podocyte function, 234f
clinical spectrum of ORG, 230

idiopathic FSGS, 230
microalbuminuria and glomerular filtration rate, 230
proteinuria, 230

hemodynamics, 230–231
Ang II action in obese subjects, 231
glomerular filtration rate (GFR), 230

metabolic/adipocyte factors, 233–235
morphology, 232

of ORG, 232f
proteinuria, 231
renin–angiotensin–aldosterone system (RAAS), 233
tubuloglomerular feedback (TGF), 231

Renal disease, pathophysiologic mechanisms, 232
adiponectin is essential to normal podocyte function, 234f
metabolic/adipocyte factors, 233–235

adipocytokines, relevance for damage, 235
levels of interleukin-6 (IL-6), rise of, 234
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