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Obesity is one of the prime contributors to ill health in modern society,

affecting around 20–25% of the population. It can cause or exacerbate a variety

of health problems and is often associated with several other diseases

including type 2 diabetes, coronary heart disease and certain types of cancer.

Significant progress has been made in understanding the role of the nervous

system and, in particular, the complex interplay between a range of orexigenic

and anorectic agents within specific hypothalamic nuclei in the regulation of

energy balance, appetite and adiposity. Several different neuronal pathways,

neurotransmitters and hormones have been identified as major players in the

regulation of feeding behavior and body weight and these are now being

targeted as having therapeutic potential. Written for academic researchers and

graduate students, Neurobiology of Obesity is a concise overview of recent

developments in this field, written by leading international experts.
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Preface

In the twenty-first century, obesity affects around 20–25% of the

population and it is now one of the prime contributors to ill health in modern

society. Obesity can cause or exacerbate a variety of health problems and it is

often associated with a number of other diseases including type II diabetes

mellitus, coronary heart disease and certain types of cancer. The incidence of

obesity and related diseases is steadily increasing such that obesity is now

regarded as a global epidemic. In recent years, major advances have been made

in determining the role of the central nervous system, in particular specific

hypothalamic nuclei, in regulating energy balance. From such studies it is

apparent that a highly intricate neural system involving a complex interplay

between a range of orexigenic and anorectic agents controls food intake and

body weight. Thus, a greater understanding of the key neurotransmitter

molecules, their related signal transduction pathways and molecular targets,

as well as the neuronal pathways that control release of these neurotrans-

mitters is vital if novel therapeutic targets for the treatment of obesity and

related diseases are to be uncovered. This book provides a concise overview of

recent developments in this field. As an introduction, Professor Bloom gives an

outline of the factors that are known to play a key role in regulating energy

balance and the development of obesity in humans. Professor Clement con-

siders the genetics of human and rodent body weight regulation as the use of

genetic technologies has markedly increased our understanding of dysfunc-

tions in body weight regulation. The hypothalamus is a key region of the brain

that adjusts both the drive to eat and energy expenditure in response to a

range of signals. Professor Ahima reviews the role of particular medial hypo-

thalamic structures in this regulatory process, and introduces the concept that

a range of distinct, but molecular signals interact to control food intake. In the

following chapter, Dr Niswender reviews the evidence implicating leptin and

insulin as key hormones that provide afferent information to the brain as well
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as the recent advances made in determining the sites and mechanisms of

action of these adipostats. This aspect is expanded on by Dr Sutherland and

Professor Ashford, who provide an overview of the signaling capability of

leptin and insulin receptors and discuss how specific signaling pathways may

impact on feeding behavior. The potential development of specific therapeutic

agents directed against signaling pathways regulated by leptin and insulin for

the treatment of obesity is also discussed. This is followed by a detailed review

by Dr Strack and Professor Levin of various animal models of diet-induced

obesity and how these compare with human obesity. In addition to leptin and

insulin, findings from both genetic and pharmacological studies have impli-

cated melanocortins, opiates and the gut hormone ghrelin in hypothalamic

regulation of energy homeostasis. The role of these agents is dealt with

in depth in reviews by Professors Low, Levine and Horvath, respectively.

Drs Della-Fera and Baile discuss the role of the CNS in regulating the levels of

adipose tissue, whereas in the final review, Dr Halford provides a detailed

overview of the therapeutic strategies to treat obesity.

viii Preface



Contributors

Rexford S. Ahima

University of Pennsylvania School of Medicine

Department of Medicine

Division of Endocrinology, Diabetes and Metabolism

Philadelphia

Pennsylvania 19104

USA

Mike Ashford

Division of Pathology and Neurosciences

University of Dundee

Ninewells Hospital and Medical School

Dundee DD1 9SY

UK

Clifton A. Baile

University of Georgia

444 Animal Science Complex

Athens

GA 30602–2771

USA

Stephen R. Bloom

Department of Metabolic Medicine

Division of Investigative Science

Imperial College London

Hammersmith Campus

Du Cane Road

London W12 0NN

UK

ix



Richard J. Bodnar

Department of Psychology and

Neuropsychology Doctoral Sub-Program

Queens College

City University of New York

USA

Karine Clément

Hôtel-Dieu Service de Nutrition

Place du Parvis Notre-Dame

75004 Paris

France

Mary Anne Della-Fera

University of Georgia

444 Animal Science Complex

Athens

GA 30602–2771

USA

Benjamin C. T. Field

Department of Metabolic Medicine

Division of Investigative Science

Imperial College London

Hammersmith Campus

Du Cane Road

London W12 0NN

UK

Jason C.G. Halford

School of Psychology

Eleanor Rathbone Building

Bedford Street South

University of Liverpool

Liverpool, L69 7ZA

UK

Mark W. Hamrick

Medical College of Georgia

Augusta

GA 30912–2000

USA

x List of contributors



Tamas Horvath

Department of Obstetrics, Gynecology and Reproductive Sciences

Yale University School of Medicine

New Haven

Connecticut 06520

USA

Barry E. Levin

Neurology Service (127C)

Veterans Affairs Medical Center

385 Tremont Avenue

East Orange

New Jersey 07018–1095

USA

Allen S. Levine

Minnesota Obesity Center

Department of Food Sciences and Nutrition

University of Minnesota

St. Paul

MN 55108

USA

Malcolm J. Low

Center for the Study of Weight Regulation

Mail code L481

Oregon Health & Science University

3181 SW Sam Jackson Park Road

Portland

OR 97239–3098

USA

Kevin D. Niswender

Diabetes, Endocrinology and Metabolism

715 Preston Research Building

Vanderbilt University Medical Center

2220 Pierce Avenue

Nashville

TN 37232–6303

USA

List of contributors xi



Neel S. Singhal

University of Pennsylvania School of Medicine

Department of Medicine

Division of Endocrinology, Diabetes and Metabolism

Philadelphia

Pennsylvania 19104

USA

Caroline J. Small

Department of Metabolic Medicine

Division of Investigative Science

Imperial College London

Hammersmith Campus

Du Cane Road

London W12 0NN

UK

Alison M. Strack

Neurology Service (127C)

Veterans Affairs Medical Center

385 Tremont Avenue

East Orange

New Jersey 07018–1095

USA

Calum Sutherland

Division of Pathology and Neurosciences

University of Dundee

Ninewells Hospital and Medical School

Dundee DD1 9SY

UK

Virginie Tolle

UMR. 549 INSERM-Université Paris V
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Introductory chapter

benjamin c. t. field, caroline j. small

and stephen r. bloom

Obesity is a global phenomenon, a disease which is spread by

increasing urbanization and which causes major morbidity and mortality. Over

the last two decades it has reached unprecedented and dramatic levels in

industrially developed countries but the rise in prevalence affects almost every

part of the world. It is already placing huge burdens on the health systems of

many countries. Its potential to cause disability amongst working-age popu-

lations worldwide, particularly as a result of complications of diabetes, makes

it imperative to work towards both preventative and curative solutions.

Yet, despite the fact that obesity has become such a widespread disease,

there remains within the medical community a tradition of stigmatizing

individual sufferers. Doctors and other health professionals have tended to

provide what is seen as self-evident advice, namely, to consume less food and

to expend more energy through physical activity. The subsequent failure of

patients to lose weight, despite good advice, and in the face of complications of

their condition, is then viewed as evidence of an inability to control lifestyles

and to resist urges. At the root of this view lies an historical absence of

knowledge of the hugely complex and fascinating innate homeostatic mech-

anism which controls satiety and energy balance: a mechanism that has

evolved over millions of years, has seen humankind through feast and famine,

and has run into trouble only since the advent of mechanization. This absence

of knowledge, and the resulting lack of effective remedies, has made it con-

venient for doctors to blame their patients for perceived failings of self-control.

Neurobiology and Obesity, ed. Jenni Harvey and Dominic J. Withers. Published by Cambridge

University Press. � Cambridge University Press 2008
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Nonetheless, the last decade has seen a number of important advances in

understanding of the anatomical and molecular basis of the satiety circuits. This

knowledge has been translated rapidly into a wide range of drug development

programs, offering the prospect that a range of safe and effective antiobesity

treatments will become available within the next 10 years. The current chapter

aims to set the scene for discussion of these advances by describing the scale,

medical consequences and causes of the global obesity crisis, and by reviewing

how the development of novel antiobesity compounds may be informed by

knowledge of the relative merits of currently available treatments.

1. Definition of obesity

Adipose tissue functions as an energy store, the principal role of which is

to improve the chance of survival during prolonged food deprivation. This fact

underlies the celebration of obesity as an indicator of health in some rural African

cultures and may explain in part the ambivalence of many in Western cultures

towards the categorization of obesity as a disease. Nevertheless, an excess of body

fat is causally associated with an increased risk of developing diabetes, hyper-

tension, cardiovascular disease, respiratory disease, osteoarthritis and cancer and

it is this association which is crucial to the medical definition of obesity.

TheWorld Health Organization (WHO) currently recommends that body mass

index (BMI) is used as the standard tool for both clinical and epidemiological

assessment of adiposity. This is a pragmatic choice which is acceptable to

patients and proven to be robust when performed by trained personnel (WHO,

1995). The association between BMI and total adiposity, body fat distribution and

risk of complications is strong but nonetheless varies between populations.

In particular, in comparison to Europeans, individuals in some Asian popula-

tions tend, at any given BMI, to have greater amounts of total body fat, greater

ratios of visceral to subcutaneous fat and, hence, a greater risk of developing

complications (WHO Expert Consultation, 2004). In recognition of this, a modi-

fication to the previous international classification of obesity has been agreed

(see Table 1.1) (WHO Expert Consultation, 2004; WHO Global InfoBase Team,

2005) and work on the utility of waist circumference measurement in addition to

BMI is in progress. Recently published epidemiological surveys, such as the

INTERHEART study (Yusuf et al., 2005), may hasten the process of incorporating a

measure of abdominal obesity into an international classification.

The rapid rise in prevalence of obesity in the developed world is well-

documented. In the UK the prevalence in adults almost tripled between 1980

and 1998 (National Audit Office, 2001) and similar increases have been

observed in the USA (Flegal et al., 1998, 2002), Canada (Katzmarzyk, 2002;
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Tremblay et al., 2002; Katzmarzyk & Ardern, 2004) and Australia (de Looper &

Bhatia, 2001). It was estimated recently that obesity is responsible for 30 000

deaths per annum in the UK (National Audit Office, 2001). This figure is likely

to rise as a result of the increasing prevalence of obesity in children and,

hence, of the development of complications at ever younger ages (Bundred

et al., 2001; McCarthy et al., 2003; Lobstein et al., 2004).

Whilst the prevalence of obesity in developed countries has been sys-

tematically studied for several decades, it is only since the introduction of

the WHO classification that global comparisons have been possible. The

first truly global survey of body weight (WHO Global InfoBase Team, 2005)

showed that 75.6% of males aged 15 years and over living in the USA are

overweight (BMI� 25) and 36.5% of the same population are frankly obese

(BMI� 30). The corresponding figures for the UK are 65.7% and 21.6%

respectively. These results come as no surprise but an unwelcome finding of

the report is that obesity is not confined to the developed world but is also

becoming prevalent in middle and low income countries (see Figure 1.1).

Table 1.1 World Health Organization classification of body weight including additional

subdivisions of BMI introduced in 2004, intended to provide additional ‘public health

action points’, particularly for Asian populations (WHO Expert Consultation, 2004).

Principal

categories Sub-categories BMI (kg/m2)

Additional BMI

subdivisions for

epidemiological

reporting

Underweight < 18.50

Severe thinness < 16.00

Moderate thinness 16.00–16.99

Mild thinness 17.00–18.49

Normal range 18.50–24.99 18.50–22.99

23.00–24.99

Overweight � 25.00

Pre-obese 25.00–29.99 25.00–27.49

27.50–29.99

Obese � 30.00

Obese class I 30.00–34.99 30.00–32.49

32.50–34.99

Obese class II 35.00–39.99 35.00–37.49

37.50–39.99

Obese class III � 40.00
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Figure 1.1 Prevalence of obesity (BMI�30.00; dark grey bars) and pre-obesity

(BMI 25.00 to 29.99; light grey bars) in males aged 15 years and above in

selected countries. The combined length of the dark and light grey bars is

representative of the proportion of each population classified as overweight

i.e. BMI�25.00. Data from World Health Organization SuRF Report 2 (WHO Global

InfoBase Team, 2005).
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In particular, heavily populated countries such as China and India have

experienced rapid changes in recent years. The absolute increase between

2002 and 2005 in numbers of overweight adult males in the two countries

combined was almost ten times greater than the increase seen in the

USA (WHO Global Infobase Team, 2005). The implication of these findings

and of predicted increases in prevalence is that, whilst obesity has until

recently been viewed as predominantly affecting developed countries, it is

rapidly becoming widespread throughout the world. The inevitable conse-

quence is that huge, global health problems are being stored up for the near

future.

2. Complications of obesity

The most devastating human and economic consequences of the rise

in prevalence of obesity are likely to arise from an increased incidence of type

2 diabetes mellitus. Obesity is well established as a prime risk factor for the

development of insulin resistance and diabetes (Sims et al., 1973; Wannamethee

& Shaper, 1999; Stevens et al., 2001). The strength of the association is particu-

larly well illustrated by a prospective cohort study of 114281 women (Colditz

et al., 1995) in which subjects with a BMI between 22.0 and 22.9 had a threefold

increase in risk of developing type 2 diabetes compared with those with a BMI

less than 22. For individuals with BMIs from 25.0 to 26.9, from 29.0 to 30.9 and

in a range above 35.0, the risks were 8 times, 27 times and 93 times greater

respectively. Type 2 diabetes mellitus, already a common illness in developed

countries, is becoming increasingly common worldwide (Amos et al., 1997; King

et al., 1998; Wild et al., 2004). The inevitable consequence of this is that diabetic

complications, including retinopathy, nephropathy, neuropathy, peripheral

vascular disease, stroke and ischaemic heart disease, will become increasingly

common.

Of even greater concern is the fact that obesity and, hence, diabetes are

occurring at ever younger ages. Complications of diabetes, which have hitherto

been confined mainly to the elderly population, are thus beginning to appear

earlier in life. Type 2 diabetes mellitus is increasingly being reported in chil-

dren (Fagot-Campagna et al., 2000; Ramachandran et al., 2003; Lobstein &

Jackson-Leach, 2006) and a recent study of Canadian adults aged 18 to 33 who

had developed type 2 diabetes in childhood revealed the devastating damage

which may be caused. In a group of 58 patients, seven had died, two of whom

had been on dialysis, another three were still alive on dialysis, one had become

blind and one had had a toe amputated. The rate of pregnancy loss amongst

the women was 38% (Dean & Flett, 2002).
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In addition to its role in causing diabetes mellitus, obesity is an important

independent risk factor for hypertension and dyslipidemia (Brown et al., 2000;

Wilson et al., 2002) and for pro-inflammatory states (Ford, 1999), which

together are components of the metabolic syndrome and are implicated in

atherogenesis (Ridker et al., 1997; Pickup &Mattock, 2003). It is thus unsurprising

that obesity is strongly associated with the risk of developing cardiovascular

disease (Fang et al., 2003), acute thrombotic events (Wolk et al., 2003), atrial

fibrillation (Wang et al., 2004) and heart failure (Kenchaiah et al., 2002). Indeed,

in a 20-year epidemiological study of the inhabitants of two Scottish towns,

obesity was associated with 9 additional cardiovascular deaths and 36 additional

cardiovascular hospital admissions for every 100 affected subjects (Murphy

et al., 2006).

Obesity results in impaired respiratory function both through mechanical

forces, including inhibition of diaphragmatic movement by intra-abdominal

fat, and by reducing the capacity of individuals to undertake physical activity.

Epidemiological studies have demonstrated a clear association between obesity

and asthma (Ford, 2005), obstructive sleep apnea (Resta et al., 2001) and

obesity hypoventilation syndrome (Olson & Zwillich, 2005). Both obstructive

sleep apnea and obesity hypoventilation syndrome are risk factors for the

development of cor pulmonale, diabetes and hypertension. Prospective studies

have shown that weight loss results in improvement of symptoms (Avenell

et al., 2004; Ford, 2005; Kalra et al., 2005).

Obesity is a major cause of reproduction-related morbidity in women. It

reduces the safety of some commonly used forms of contraception, increases

the risk of anovulatory infertility (Linné, 2004) and reduces the likelihood of

successful in vitro fertilization treatment (Fedorcsák et al., 2004; Lintsen et al.,

2005). Fortunately, weight loss improves outcomes in women undergoing

treatment for anovulatory infertility (Crosignani et al., 2003). In women who

become pregnant, obesity increases the risk of gestational diabetes, hyper-

tension, pre-eclampsia, foetal macrosomia, intrauterine death, emergency

caesarean section, wound infection, genital tract infection, postpartum

hemorrhage and birth trauma (Sebire et al., 2001; Nohr et al., 2005).

There is also an extensive literature, derived from large cohort studies,

describing the increased risk that obese individuals run of developing various

cancers, in particular, carcinomas of the esophagus, stomach, colon, rectum,

liver, gallbladder, pancreas and kidney and hematopoietic malignancies

including leukemia, myeloma and non-Hodgkin’s lymphoma. In addition,

obese men are at increased risk of developing prostate carcinoma and obese

women are at increased risk of cancers of the breast, endometrium, cervix and

ovary (Calle et al., 2003; Batty et al., 2005; Hampel et al., 2005). There are several
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potential mechanisms by which obesity may result in malignancy. The risk of

esophageal cancer is likely to be derived mainly from gastro-esophageal reflux

but other alimentary tract cancers have been postulated to occur more com-

monly as a result of hyperinsulinaemia causing increased mitogenic signalling

at the insulin-like growth factor-1 (IGF-1) receptor (Giovannucci, 1995). Post-

menopausal breast and endometrial carcinoma, as well as prostate carcinoma,

may occur more commonly because excess adipose tissue is a major source of

circulating sex hormones (Bianchini et al., 2002; Calle & Kaaks, 2004).

The mechanical stress exerted by obese individuals on their lower limbs is

responsible for a large increase in risk of developing osteoarthritis of the knees

(Hart & Spector, 1993; Stürmer et al., 2000). Furthermore, weight loss reduces

the risk of osteoarthritis (Felson et al., 1992) and, especially in combination

with exercise, has been shown to ameliorate symptoms and improve the

functional capacity of sufferers (Messier et al., 2004).

Lastly, obese individuals in most societies are disadvantaged socio-

economically and psychologically. They are more likely to take long-term sick

leave (Vingard et al., 2005), more likely to be depressed (Heo et al., 2005; Sjöberg

et al., 2005; Herva et al., 2006) and have reduced earning potential compared

with the non-obese (Baum & Ford, 2004). Whether the latter observation

reflects a causal relationship is unclear but further study of trends in the USA

may provide useful information since, although it continues to affect lower

income groups disproportionately, the prevalence of obesity has increased

more quickly over the last 30 years in higher than lower income social groups

(Chang & Lauderdale, 2005).

3. Causes of obesity

A recent review of genetic studies of obesity concluded that over 600

separate genes, markers and chromosomal regions are linked to obesity

phenotypes (Pérusse et al., 2005). A small number of these constitute recently

described monogenic obesity syndromes, including leptin and leptin receptor

mutations, which are characterized principally by severe early onset obesity.

Another small group is known to be responsible for the classical pleiotropic

obesity syndromes, such as Bardet–Biedl and Prader–Willi syndromes, in

which obesity is just one of several diagnostic characteristics (Farooqi &

O’Rahilly, 2005). Although the study of such syndromes sheds considerable

light on the pathophysiology of obesity, they are nonetheless exceptional:

BMI is a continuous variable within populations and, although obesity tends

to run in families, it is not, with few exceptions, inherited in classical

Mendelian fashion.
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It follows that the vast majority of genes identified by linkage studies may

have only small individual effects on body weight. Nonetheless their additive

effects, as judged from twin, family and adoption studies, are likely to account

for between 40% and 70% of variation in BMI within populations (Maes et al.,

1997). This view is reinforced by a prospective study of chronic overfeeding in

monozygotic twins which found that the variance in weight gained was three

times greater between unrelated subjects than within twin pairs (Bouchard

et al., 1990).

If inheritance is such an important factor though, why should there have

been an unprecedented increase in the prevalence of obesity over the last 30

years? The most likely explanation is that evolutionary pressure exerted over

many millennia of uncertain food supply has favored the survival of indi-

viduals possessing ‘thrifty’ genotypes, a term originally coined by J. V Neel in

relation to the risk of developing diabetes mellitus (Neel, 1962). According to

the thrifty genotype hypothesis, individuals who were adept at storing excess

energy as adipose tissue in times of plenty would have been protected from the

worst ravages of famine.

It is only in recent decades that the mechanization of food production and

transport, along with a prolonged period of relative peace, has rendered food

shortages virtually non-existent for the populations of developed countries. At

the same time, marketing pressures have tended to favor the production

of highly palatable, energy-dense, cheap, processed foods which are widely

available and intensively advertised, especially to children. Fast food has

become an increasingly prominent component of modern diets (Nielsen et al.,

2002) and seems to play a role in promoting excessive energy intake (Ebbeling

et al., 2004). These environmental changes have revealed a widespread pre-

disposition to obesity which has been propagated by the erstwhile evolution-

ary advantage of the thrifty genotype. Furthermore, there is preliminary

evidence that increases in energy intake in pre- and postnatal life may have

long-term programming effects on hypothalamic satiety centers, thus enhan-

cing the effect of a pre-existing genetic predisposition to obesity (Prentice,

2005). Within the space of just one or two generations, the thrifty genotype has

been rendered not simply irrelevant but positively harmful.

It would be wrong, however, to view technology and prosperity, or, indeed,

our genetic inheritance, as the villains of the piece. We are stuck with our

thrifty genotypes and would not wish to compensate by returning to a more

precarious food supply system. On many levels the situation might be ameli-

orated by education and re-education: of national and local policy-makers, of

schoolteachers, of parents and of children. In particular, progress on prevention

may be made by reducing exposure to snacks, confectionery, fast food and
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vending machines (Vereecken et al., 2005; Rolls et al., 2006). Such measures are

far less expensive than dealing with the medical consequences of obesity. For a

rapidly increasing number of people, however, preventative measures will have

come too late: the need for effective obesity treatments has never been greater.

4. Treatments for obesity

The current range of choices for treating obesity is limited, the central

problem being that appetite must continue to be controlled after initial loss of

weight. A combination of dieting and increased physical activity is effective

only when pursued vigorously and consistently. There has been a renewal of

medical interest recently in the optimum constituents of weight-reducing

diets, in part at least because of the commercial success of highly restrictive

diets such as that proposed by Atkins (1972). It is likely that diets rich in

protein have a greater satiating effect than other forms of weight-reducing diet

(Rolls et al., 1988; Barkeling et al., 1990) but this does not necessarily translate

into greater weight-reducing efficacy. Furthermore, even patients enrolled in

randomized controlled trials have difficulty adhering to weight-reducing diets

and typically achieve very modest weight loss (Dansinger et al., 2005).

Unexpected adverse effects have led to the withdrawal of several antiobesity

drugs in recent years, including phentermine, fenfluramine and dexfen-

fluramine, and regulatory scrutiny has thus become particularly stringent on

potential newcomers to the market. This approach is entirely justifiable, par-

ticularly since patients may need to continue treatment for several decades. Of

the treatments currently available, orlistat (Xenical, Roche Products Ltd), a

pancreatic lipase inhibitor which works by reducing intestinal absorption of

dietary fats, has been shown to cause an additional 3–4% weight loss over and

above that achieved by diet alone in a 2-year period but at the expense of

adverse effects which include anal leakage of oily faeces. Rebound weight gain

occurs after cessation of treatment (Foxcroft & Milne, 2000). Sibutramine

(Reductil, Abbott Laboratories Ltd), an inhibitor of serotonin and noradrenaline

reuptake in the central nervous system (CNS), which reduces appetite and

increases energy expenditure (Hansen et al., 1998), has been shown to result in

a similar amount of weight loss (Finer, 2002). Its use is limited by side effects

including tachycardia and hypertension and it is licensed for a maximum of

one year’s treatment in the UK. Again, rebound weight gain occurs after ces-

sation of treatment (Wirth & Krause, 2001).

Apart from the licensed antiobesity medications, a number of currently

available drugs, including fluoxetine, sertraline, buproprion, zonisamide and

topiramate, are used on an unlicensed basis. A recent meta-analysis of
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published trials (Li et al., 2005) found that there was little evidence to support

the use of either fluoxetine or sertraline but that buproprion and topiramate

have weight-reducing effects broadly similar to both sibutramine and orlistat.

The same may also be true for zonisamide but the supporting data comprise

only a single randomized controlled trial at present (Gadde et al., 2003).

Bariatric surgery is the only treatment currently available which routinely

results in substantial, permanent weight loss. Procedures may be purely

restrictive, for instance gastric banding or gastroplasty, or use a more com-

plicated reconstructive technique incorporating gastric bypass, for instance

Roux-en-Y gastric bypass or biliopancreatic diversion. The latter operations are

more efficacious in terms of initial weight loss, sustainability of weight loss

and resolution of pre-existing metabolic conditions such as type 2 diabetes

mellitus and hyperlipidemia (Biertho et al., 2003; Sjöström et al., 2004;

Scopinaro et al., 2005). The perioperative mortality rate in experienced centers

for Roux-en-Y gastric bypass is typically about 0.5% (Buchwald et al., 2004). A

recent study has raised concern about hospital readmission rates after Roux-

en-Y gastric bypass (Zingmond et al., 2005) but the procedure is nonetheless

considered by many to offer the most appropriate compromise between efficacy

and operative safety (Sjöström et al., 2004; Haslam & James, 2005; le Roux &

Bloom, 2005).

The mechanism by which Roux-en-Y gastric bypass cause sustained weight

loss are intriguing. The reduction in gastric volume required for a successful

result is less than that required for purely restrictive procedures. Furthermore,

post-operative malabsorption is usually transient because of gut adaptation.

Nonetheless, not only does Roux-en-Y gastric bypass result in a dramatic

reduction in appetite, as assessed by meal frequency and preference for calorie-

dense substances (Halmi et al., 1981; Kenler et al., 1990; Brolin et al., 1994), it

also causes rapid resolution of hyperglycemia and hyperinsulinemia, typically

within a few days of the operation and well in advance of significant weight

loss (Kellum et al., 1990; Schauer et al., 2003). It is likely that these advanta-

geous metabolic changes are caused by profound alterations in gut hormone

secretion which occur as a direct result of the procedure (Cummings et al.,

2004; le Roux et al., 2006). A greater understanding of these changes will be

vital to the ongoing search for novel treatments.

The development of novel antiobesity medications has become a very active

research area over the last decade, propelled by a recognition of the growing

scale of the clinical problem, by the current lack of safe and effective

treatments, and by the discovery of leptin, which invigorated the whole field

and led to an understanding of the molecular basis of the hypothalamic satiety

circuits. The targets of compounds currently under development include
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intestinal nutrient absorption, stimulation of metabolic rate and modulation

of either CNS neurotransmitter systems or peripheral signals of satiety and

energy balance ( Jandacek &Woods, 2004; Wasan & Looije, 2005; Powell, 2006).

While these approaches all offer some promise, they may not all bear the same

risk of adverse effects.

With regard to compounds targeting intestinal nutrient absorption, it is

likely that gastrointestinal effects will be prominent, either as a result of util-

ization of nutrients by colonic bacterial flora or, as with orlistat, because of anal

leakage. In contrast, adverse effects of drugs which stimulate metabolic rate

are unlikely to be confined to the gut. Thyroxine has long been misused as a

weight loss drug, despite the attendant risks of cardiac arrhythmia and loss of

lean body mass, while amphetamine and related compounds were withdrawn

because of concerns over their addictive potential (Colman, 2005). Several

other approaches to stimulating metabolic rate are under consideration,

including 3-adrenoceptor stimulation, modulation of uncoupling protein activ-

ity, and tissue-specific alteration of type 2 iodothyronine deiodinase activity. The

challenge will be to develop compounds which avoid cardiovascular effects in

particular.

The identification of many of the neurotransmitter systems associated with

hypothalamic and extrahypothalamic satiety circuits has led to the development

of a plethora of compounds, with the neuropeptide Y and serotonin receptors

being particularly closely studied ( Jandacek & Woods, 2004). The principal

drawback of targeting CNS neurotransmitters is that each neurotransmitter

typically possesses multiple functions in many different centers within the CNS.

Apparently specific compounds may thus have diverse effects, some of which

may be undesirable. An example of this is rimonabant, a cannabinoid-1 receptor

antagonist manufactured by Sanofi-Aventis which has been the subject of

prolonged scrutiny by European and American drug licensing agencies: in two

phase III trials, the most common reason for discontinuation of treatment was

depression (Després et al., 2005; Van Gaal et al., 2005).

Perhaps the most promising approach is to reduce appetite by modulating

satiety signals emanating from the gut, the principal advantage being that,

unlike neurotransmitters, circulating gut hormones do not typically have a

wide range of unrelated effects. Furthermore, adverse effects are likely to be

limited to the gastrointestinal tract and will mainly consist of amplification

of the sensations associated with eating a large meal, such as nausea. Gut

hormone-based therapies may thus provide novel antiobesity medications

which combine the efficacy and durability of bariatric surgery but avoid the

associated risks. Small-scale randomized controlled trials examining the use of

peptide YY3-36 (Batterham et al., 2003) and oxyntomodulin (Wynne et al., 2005)
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in obese humans show promising results. Exenatide, a peptide with glucagon-

like peptide-1 (GLP-1) receptor agonist properties which is resistant to break-

down by dipeptidyl peptidase IV (DPPIV), was recently approved for use as a

treatment for type 2 diabetes mellitus in the USA. It has been shown in phase

III studies to combine an insulinotropic effect on glycaemic control with the

capacity to cause weight loss (DeFronzo et al., 2005; Kendall et al., 2005). A

further small-scale trial in lean volunteers suggests that the use of combina-

tions of gut hormones may, by mimicking normal physiology more closely, be

even more effective than using single hormones (Neary et al., 2005).

Lastly, in addition to peripheral hormonal signals, attempts are also being

made to modulate neural signals from the gut, either directly, using vagus

nerve electrodes, or indirectly, by using electrical stimulation to slow gastric

emptying. Whilst work on direct vagal stimulation remains at a preclinical

stage, trials of a gastric stimulation system, the rights to which were purchased

by Medtronic in 2005, are in progress.

5. Conclusions

The history of drug treatment for obesity is litteredwith stories of dashed

hopes andmedical disasters. To reflect on this is no bad thing, since it reminds us

of the scale of scientific endeavor still required and also of the paramount

importance of patient safety. Nonetheless, anxieties over potential adverse

effects, along with a desire to adhere closely to an evidence-based ethic, have led

to a number of perverse licensing decisions in recent years. No treatment, past or

present, provides durable weight loss beyond the end of the course, except for

bariatric surgery. The very reason for the success of bariatric surgery is likely to be

that the hormonal, as well as anatomical, changes persist. There should therefore

be an expectation that novel medications will be licensed for indefinite use in

patients shown to respond during an appropriate trial period. Furthermore,

whilst for some patients it will be advantageous for their physicians to insist on

substantial weight loss prior to commencing treatment, for others the same

approach may be perceived as alienating and counterproductive.

Whatever the eventual identities of successful treatments, there can be no

doubt that research into the neurobiology of obesity has become vigorous

and hugely productive. The imperative to develop successful preventative

strategies and effective treatments is absolutely clear and yet, in many ways,

the insights provided by research in this area are more interesting still: the

study of the control of appetite and of its interactions with other behavioral

and metabolic systems offers a fascinating glimpse into the inner workings of

the brain.
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Genetics of human and rodent body
weight regulation

karine clément

1. Introduction

Obesity has become a major public health problem owing to its

prevalence, which stands at more than 25% in certain countries, and its

alarming increase in children. Classically, obesity results from the interaction

between environmental factors such as overeating and/or reduction in physical

activity and hereditary factors. The role of environmental, behavioral and

socioeconomic factors in individuals with different biological susceptibilities

has been recognized. Although the complexity of obesity was noted early in

the last century (Mayer, 1953), the contribution of genetic factors in deter-

mining obesity has been emphasized by numerous epidemiological studies

carried out in large and different populations (twins brought up together or

separately, adopted children, nuclear families, etc.). These studies have been

extensively reviewed elsewhere (Sorensen, 1995). According to such studies,

30–80% of weight variation might be attributed to genetic factors.

Obesity is also characterized by a high phenotype heterogeneity linked to

the different stages in weight evolution. Each stage in the development

towards obesity (weight gain, weight maintenance and chronicization, variable

response to treatment, comorbidities occurrence) could presumably be asso-

ciated with different molecular mechanisms (Figure 2.1). At present we do not

know any of the molecular mechanisms regulating the passage from one stage

to another. Molecular approaches in obesity have been predominantly aimed

at discovering whether there are naturally occurring mutations that influence

Neurobiology and Obesity, ed. Jenni Harvey and Dominic J. Withers. Published by Cambridge

University Press. � Cambridge University Press 2008
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the rapidity and severity of fat mass accumulation, as well as genetic variations

in candidate genes or genomic regions that are generally associated with some

obesity phenotypes, and not to a specific phase in the evolution toward obesity.

The contribution of genetic factors in obesity can be summarized as below

(Figure 2.2):

� Single mutations contribute to the development of obesity in humans

and rodents. These forms of monogenic obesity are rare, very severe

and generally commence in childhood (Farooqi & O’Rahilly, 2004).

Research concerning single mutations was conducted within indivi-

duals characterized by specific biochemical or hormonal abnormalities

(Farooqi & O’Rahilly, 2004).

� Several genetic variants interact with an ‘‘at risk’’ environment in

common obesities (i.e. polygenic obesity). Here each susceptibility

gene, taken in isolation, would only have a slight effect on weight,

however the cumulative contribution of these genes would become

significant when interacting with environmental factors predisposing

their phenotypic expression (e.g. overeating, reduction in physical

activity, hormonal changes, socioeconomical factors etc.). Thus, the

common disease/common variant hypothesis has been proposed

(Lander, 1996) and suggests that the genetic risk for obesity is due to

disease-promoting common alleles. As a consequence, the percentage

of obesity attributed to them (attributable risk) could be high. This

hypothesis is a popular one in multifactorial diseases. Alternatively,

Monogenic
Complete penetrance
(LER, LEPR, POMC, PC1,

SIM1, TrkB) 

Environment

Genes

Oligogenic
Incomplete penetrance
Variable expression
(MC4R)

Polygenic

Functional genomicsGenetic of index cases Genetic of population

Figure 2.1 Role of genetics in human obesity and common approaches.
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Figure 2.2 Evolution of body mass index in LEPR deficient patients and leptin

levels. (a). Curves in orange, brown and green are body mass index (BMI) curves

of patients carrying the LEPR mutation. For comparison, the pink and the black

diamonds are the BMImeasured in the two leptin deficient cousins at 2 years and9 years
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the risk for common obesity could also be due to the cumulative effect

of several loci, each with multiple disease-predisposing alleles but of

low frequency (oligogenic obesity) (Pritchard, 2001).

Herein an up-to-date survey of genes that have been studied in human obesity

is presented, with more emphasis placed on studies where the role of genes in

the central nervous system, notably in the leptin/melanocortin axis, is dis-

cussed. Focus will be given on naturally occurring mutations in mice and

humans. We do not discuss here the different genetic syndromes associated

with obesity, as reviewed in Chung & Leibel (2005). We will conclude the

chapter on the role of genetic variations in common forms of obesity.

2. Rare monogenic obesity

Linkage studies, mouse models (knock-out, transgenesis) and spontan-

eous mutations as well as pharmacological studies, have discovered the primary

role of the leptin/melanocortin pathway in regulating energy homeostasis (Coll

et al., 2004). The physiological importance of these pathways is thoroughly dis-

cussed in the other book chapters. The role of these pathways in humans has

been unraveled by the discovery that naturally occurring mutations in mice

have their human counterparts (Figure 2.3).

2.1 Leptin and leptin receptor deficiencies

Several mouse and rat models of obesity stem from single gene muta-

tions that affect the production or signaling of the leptin hormone. The discovery

Caption for Figure 2.2 (cont.)

(Montague et al., 1997) and the curve in blue is the BMI evolution of a patient carrying

a homozygous MC4R mutation. Black line is BMI reference curve for the French

populations (50th percentile). Grey lines are reference BMI curves. Upper grey/ brown

lines are 99, 97, 95, 90, 75th percentiles. Lower grey/ brown lines are 25 and 5th

percentiles.

(b). Leptin levels in a French family carrying the leptin receptor mutation. Orange

circles are the level of leptin in the three homozygous carriers of the leptin receptor

mutation and triangles depict leptin levels in heterozygous carriers of the family.

The leptin levels are compared with that of 800 subjects with a wide BMI range

(black crosses). One subject of the family (triangle in the black cloud of dots) with

the leptin receptor wild type allele has leptin levels related with corpulence. The

high leptin levels in the family is related to this particular homozygous mutation in

the human leptin receptor gene that results in a truncated leptin receptor lacking

both the transmembrane and the intracellular domains. The truncated receptor is

secreted into blood and binds the majority of serum leptin, markedly increasing

bound and total leptin as demonstrated in Lahlou et al. (2000).
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of the leptin (LEP) and leptin receptor (LEPR) gene mutations in ob/ob and db/db

mice was a result of 40 intense years of research where the animal phenotypes

were first described and then after careful and elegant investigations into the

dysfunctional biology underlying these animals, the hypothesis was raised

regarding their perturbed regulation of body weight. Then exploiting the pro-

gress made with modern molecular tools in genome sequencing and genome

wide scanning, positional cloning led to the discovery that the LEP and LEPR

genes were mutated. All mutations lead to nonfunctional LEP or LEPR in these

mice or rats as summarized in Table 2.1. The resulting consequence of these

mutations is an early massive increase in fat mass related to an abnormal control

of energy balance and endocrine abnormalities, as illustrated in Table 2.2.

Depending on the genetic background, some mice develop glucose intolerance,

dyslipidemia and diabetes. Major perturbations in the CNS pathways regulating

food intake and energy expenditure have been largely described in obese rodents

(Table 2.1).

Membrane expression

Receptor activity

Genotype-phenotype relationships

AGRP

AC

N

C

cAMP

?

X

aMSH

Intracellular retention of MC4R
=> 56% of MC4R mutations

Deficit of αMSH response
=> 80% of MC4R mutation 

Decreased basal activity
=> 76% of MC4R mutations 

Intracellular retention associated with
early onset obesity 

Food Intake

Energy
homeostasis

Gs

+–

Figure 2.3 Summary of functional anomalies found in MC4R mutations. Five

melanocortin receptors, termed MC1R through MC5R, have been characterized thus

far. As illustrated by MC4R, they belong to the G protein-coupled receptor (GPCR)

superfamily and signal through adenylyl cyclase-proteine kinase A (AC) activation

by coupling to Gs. After stimulation, cAMP is produced. This figure summarizes the

principal functional consequences associated with the mutations in humans. The

percentages shown here refer to Lubrano-Berthelier et al. (2003a). AGRP: agouti-

related peptide.
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A few years after the discovery of leptin, families carrying LEP gene muta-

tions were recognized (Montague et al., 1997; Strobel et al., 1998; Farooqi et al.,

2001) in addition to families with a mutation in the LEPR gene (Clement et al.,

1998). Similar to animal models, carriers of these mutations have severe early

onset obesity, within the first few months of life, and several endocrinal dys-

functions. Additionally, afflicted individuals had impulsive patterns of eating

behavior and food-seeking disorder similar to those observed in patients with

Prader–Willi syndrome. Evaluating body composition in LEPR mutation car-

riers showed a large amount of total body fat mass (> 50%). Resting energy

expenditure was related to the level of corpulence in humans, which is in

contrast with animal models typically characterized with a decrease in energy

expenditure and hypothermia. In patients with a mutation in LEP or LEPR

genes, the complete failure to enter puberty was related to hypogonadotrophic

Table 2.1 Major steps leading to the discovery of leptin and leptin receptor mutations

Study Description Main hypothesis or findings

(Kennedy, 1953) Experiments in rats Signals produced by adipose

tissue could influence food intake

(Coleman, 1973) Parabiosis of ob and db mice

with normal mice

Mouse phenotype results in loss

of function of a circulating

molecule or of its receptor

(Bahary et al., 1990),

(Friedman et al., 1991)

Genetic crossing in db and ob

mice

Molecular maps of db and ob

regions. Human homologous

regions are on chromosome 1

(LEPR) and 7 (LEP)

(Zhang et al., 1994) Positional cloning in the leptin

gene region

Leptin gene sequencing in

ob/ob mice

LEP gene and leptin hormone are

discovered. LEPob/ob mice carries a

C105T mutation converting an

Arg to stop codon in the LEP gene.

(Tartaglia et al., 1995) Positional cloning of leptin

receptor gene

LEPR is discovered. LEPRdb/db mice

carries a G106T mutation leading

to nucleotide insertion and stop

codon.

(Montague et al., 1997)

(Strobel et al., 1998)

Sequencing human subjects with

morbid obesity and low leptin

Consanguineous families with

children carrying homozygous

mutations in LEP gene

(Clement et al., 1998) Sequencing human subjects with

morbid obesity and high leptin

Consanguineous families with

sisters carrying homozygous

mutation in the LEPR gene
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hypogonadism. Thyrotrophic insufficiency of central origin was also observed.

Insufficient somatotrophic secretion was described in females with a leptin

receptor mutation. Such findings are in agreement with data produced in mice

with a nonfunctional LEP and LEPRwhere a stunted growth curvewas observed. A

high rate of infection associated with a deficiency in T cell number and function

was identified, suggesting a role of leptin in immunity (Farooqi&O’Rahilly, 2005).

The prospective follow up of some patients carrying LEP (Ozata et al., 1999)

or LEPR mutations revealed that spontaneous pubertal development might

occur as well as the normalization of thyroid mild dysfunction in adulthood

(K. Clément, unpublished observation). In contrast to ob/ob and db/dbmice with

hypercorticosteronemia, humans with leptin and leptin receptor deficiency

scored normal in tests for hypothalamic-pituitary-adrenal function although

some mild alteration could not be excluded, as described below.

Leptin-deficient children and adults, similar to that seen in rodents (Halaas

et al., 1997) greatly benefited from subcutaneous injections of leptin which

resulted in a loss of fat mass with a major effect on reducing food intake and

improving other dysfunctions such as immune functions (Farooqi et al., 2002).

In humans, an interesting detailed microanalysis of eating behavior of three

leptin-deficient adults prior to and following 3 months of leptin treatment,

revealed a reduction in overall food consumption, a slower rate of eating and a

decreased duration of eating at every meal (Ozata et al., 1999; Williamson et al.,

2005). These findings supported a role for leptin in influencing an individual

motivation to eat before each meal (Williamson et al., 2005). In a separate

study, hormonal and metabolic changes were evaluated before and after leptin

treatment (Licinio et al., 2004). Leptin treatment was able to induce aspects of

puberty even in adults, as illustrated by the effect of leptin treatment in one

27-year-old adult male with hypogonadism. In two women aged between 35–40

years, leptin treatment led to regular menstrual periods and hormonal peaks

of progesterone evoking a pattern of ovulation. Although cortisol deficiency

was not initially found in leptin-deficient patients, 8 months of leptin treat-

ment modified the pulsatility of cortisol with a greater morning rise of cortisol.

Leptin could have a previously unsuspected impact on human hypothalamic-

pituitary-adrenal function in humans. Metabolic parameters of leptin-deficient

patients improved in parallel with weight loss.

Because of a nonfunctional LEPR, leptin treatment is useless in LEPR defi-

cient females. Since 1998, the clinical situation of the two sisters in the family

under study (Clement et al., 1998) deteriorated with an exacerbation of weight

that reached more than 220kg at 20 years of age. The oldest sister rapidly

developed renal insufficiency leading to dialysis one year later. Further investi-

gation including kidney biopsy under polarized light and immunohistochemistry
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led to the diagnosis of kidney amyloidosis AA. Exhaustive clinical, biological and

radiological investigations did not detect any common cause of secondary

amyloidosis. However, serum amyloid A (SAA) depositions were found in the

adipose tissue of both sisters. The coincidence of SAA overexpression in the

adipose tissue and renal amyloidosis in extreme adiposity related to LEPR

mutation prompted a series of investigations which showed that SAA is pro-

duced by adipocyte cells and suggested that it might contribute to the systemic

complications associated with human obesity. The presence of SAA in adipose

tissue was also found in morbidly obese subjects with a normal LEPR sequence

(Poitou et al., 2005b).

Factors that could possibly bypass normal leptin delivery systems are being

developed but are not yet currently available for the treatment of these

patients. The ciliary neurotrophic factor (CNTF) is nevertheless one of these

candidate molecules; it activates downstream signaling molecules such as

STAT-3 in the hypothalamus area that regulates food intake, even when

administered systemically. Treatment with CNTF in humans and animals,

including db/db mice induced substantial loss of fat mass (Sleeman et al., 2000).

The neurotrophic factor, Axokine, an agonist for CNTF receptor, is under

development by the Regeneron Company, for the potential treatment of

obesity and its metabolic associated complications (Preti, 2003).

Recent studies suggest that the phenotype in mice, and perhaps humans

deficient in LEP and LEPR, is due primarily to a default in leptin signaling in

the CNS rather than in the periphery. Short isoforms of LEPR are found in

peripheral organs while the physiologically active long isoform of LEPR (Ob-Rb)

is considered to be mainly expressed in the CNS. In addition to its central

action on food intake and energy expenditure, leptin may also have direct

peripheral effects on non-adipose tissues (i.e. muscle, liver, hematopoetic,

bone cells) to exert a role in different functional pathways such as angiogen-

esis, inflammation and immunity, fat oxidation and bone remodeling. In an

elegant recent study, the targeted deletion of the LEPR gene in peripheral

tissues (thus expression was maintained in the brain) did not lead to obesity,

suggesting that the peripheral effect of leptin could be predominantly mediated

via the CNS (de Luca et al., 2005).

2.2 Proopiomelanocortin-derived peptides deficiency

The proopiomelanocortin (POMC) protein participates in transmitting

the leptin signal from the periphery to the hypothalamus during a central

homeostatic response. The production of POMC in the CNS is stimulated by

leptin and the post-translational process of the protein gives rise to the
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production of different peptides harboring many functional properties (Seeley

et al., 2004). The nature of the POMC-derived peptides depends on the type of

endoproteolytic enzymes which are specific to certain areas of the brain. In the

anterior pituitary, the presence of proconvertase 1 (PC1) enzyme allows the

production of ACTH and �- lipotropin peptides, while the presence of both PC1

and PC2 in the hypothalamus regulates the production of �-, �-, c-MSH and

�-endorphins. The peptides derived from POMC exert their action via different

melanocortin receptors located throughout the organism such as melano-

cortin 4 receptor, MC4R and MC3R (brain), MC2R (adrenal gland) and MC1R

(skin). Antagonizing these receptors with either naturally occurring molecules

or simply through removal of the ligand leads to a highly recognizable

phenotype. The lethal yellow agouti, the first mouse model of monogenic

obesity, recapitulated aspects of this phenotype with severe obesity and yellow

coat color (Bultman et al., 1992). The mutation results in a widespread ectopic

expression of the agouti protein. The molecular defined mechanism for the

expression of the agouti protein is due to a chromosome deletion at the agouti

locus that results in the fusion of agouti coding sequence with the promoter

elements of the Raly gene which encodes a ubiquitous protein. The yellow coat

color is due to the antagonism by agouti of MC1R in the skin and obesity

related to MC4R blockade in the brain (Michaud et al., 1994). The character-

ization of the agouti protein also led to the discovery of agouti-related protein

(AGRP) which can competitively antagonize POMC-derived peptides at the

MC4R in the hypothalamus (Ollmann et al., 1997; Stutz et al., 2005). Genetic

manipulation of POMC produced a phenotype resembling that of lethal yellow

agouti mice. POMC-knockout mice become obese through a loss of anorexi-

genic action of �-MSH on MC4R expressing neurons. They have no adrenal

functions due to the lack of ACTH production and they present variable

alterations in coat pigmentation as a consequence of the absence of �-MSH in

the skin where it acts through MC1R (Slominski et al., 2005). Thus, blocking

MC1R function with either the agouti protein or through the absence of

�-MSH, results in a lack of production of a dark pigment, eumelanin and the

production of the red pigment pheomelanin.

The phenotype of children with mutations that completely prevent POMC-

derived peptides production is similar to that of POMC-deficient mice. Six

families carrying a POMCmutation (Krude et al., 1998, 2003) have been described

(Farooqi et al., 2006) Obese children with a POMC deficiency have an adreno-

corticotrophic hormone deficiency that can lead to acute adrenal insufficiency

from birth. The patients coming from Germany, Slovenia, the Netherlands and

Switzerland are homozygous or compound heterozygous for POMC gene

mutations. Similar to leptin signal-deficient patients, POMC-deficient children
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have a normal resting metabolism. They display mild central hypothyroidism

that necessitates hormonal replacement (Krude et al., 2003). The reason for this

mild anomaly in the thyrotrophic axis is unknown despite the proposed

influence of the melanocortin peptides on the hypothalamic pituitary axis

(reviewed in Martin et al., 2005). Most, but not all, POMC-deficient children

have red hair and hypopigmentation. In some POMC-deficient mice, a normal

pigmentation and hair color phenotype suggests that either the mouse MC1R

has sufficient basal activity to trigger and sustain in vivo eumelanogenesis or

that redundant non-melanocortin pathways compensate for this deficiency

(Slominski et al., 2005). Pigmentation varies greatly between individuals and

particularly among ethnic groups, because of several differences in melanin

(size, shape, density and type) and multiple polymorphisms in MC1R that

influence its basal activity (Carroll et al., 2005). Several observations, including

an unpublished one from our group, suggest that the skin and hair phenotype

might vary according to the ethnic origin of POMC mutation carriers (Challis

et al., 2002; Farooqi et al., 2006) however further clarification on the skin

phenotype is required prior to drawing conclusions. In the POMC-deficient

children, a 3-month trial using a MC4R agonist had little effect on either

weight or food intake (Krude et al., 2003; Faroogi et al., 2006) possibly due to the

low affinity of the agonist. Nevertheless, POMC-deficient individuals might

benefit from the new MC4R agonists currently under development.

2.3 Proconvertase deficiency

Mutations in enzymes involved in the processing of prohormones

have also been described. Proconvertases such as carboxypeptidase E (Cpe) are

essential for many prohormones processing including POMC, proinsulin and

other gut hormones. The recessive fat mouse (Cpefat), characterized with

hyperinsulinemia and the late onset of obesity, carries a Ser202Pro missence

mutation in the Cpe gene (Naggert et al., 1995). This Cpefat phenotype is rem-

iniscent of the phenotype of an obese English patient in whom a mutation of

Prohormone Convertase 1 (PC1) was found (Jackson et al., 1997).

This woman displayed postprandial hypoglycemic malaises and fertility

disorders. The delayed postprandial malaise was explained by the accumula-

tion of proinsulin stemming from the lack of PC1 which is involved in insulin

maturation. The absence of POMC maturation due to the PC1 mutation causes

a dysfunctional melanocortin pathway and explains the obese phenotype

(Jackson et al., 1997). The discovery of a second case of PC1 deficiency has

revealed default of processing of other hormones (Jackson et al., 2003). A

congenital PC1 deficiency leading to severe diarrhea due to severe small
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intestinal dysfunction was found in a very young obese girl, suggesting a possible

role for PC1 in human intestinal absorptive function. To reinforce this hypoth-

esis, the first PC1-deficient patient was re-examined and a milder intestinal

phenotype was discovered. The processing of several intestinal prohormones –

progastrin and proglucagon –was found to be altered, explaining, at least in part,

the intestinal phenotype.

2.4 Other rare monogenetic forms

Naturally occurring mutations in mice have their human counterpart

except the tubby mouse that displays late onset obesity, hyperinsulinemia and

neuro-sensory defects (Carroll et al., 2004). Nevertheless the tubby gene (TUB) is

a plausible candidate gene notably because of its expression in CNS areas

playing a role in energy metabolism, its proposed role in insulin signaling and

the contribution of TUB gene in the accumulation of fat in experimental

models of Caenorhabditis elegans (Mukhopadhyay et al., 2005). The precise

function of the TUB protein remains to be identified and the discovery of obese

individuals lacking a functional TUB gene would help in validating its role in

human body weight regulation.

In this regard, the role of new candidate genes was illustrated by the recent

discovery of rare cases of monogenic obesity.

A severely obese young female who has a de novo balanced translocation

between chromosomes 1p22.1 and 6q16.2 was identified. At 6 months the baby

had a rate of early weight gain comparable to that of LEP or LEPR-deficient

subjects and a voracious appetite but an increased linear growth. This trans-

location underlying her phenotype was due to the disruption of the single-

minded homologue 1 (SIM1) gene located on chromosome 6 (Figure 2.3). This

gene codes for a transcription factor that has a demonstrated role in murine

development of the supraoptic and paraventricular nuclei of the hypothal-

amus (Holder et al., 2000).

The neurotrophic tyrosine receptor (TRKB) for the brain-derived neuro-

trophic factor (BDNF) is involved in the central regulation of food intake (Xu

et al., 2003). The genetic manipulation of BDNF revealed that haploinsuffi-

ciency leads to obesity, hyperphagia and aggressiveness in mice (Lyons et al.,

1999). A de novo heterozygous mutation in the NTRK2 gene, that encodes

TRKB, was also described in an 8-year-old boy with early onset obesity, a

mental retardation, developmental delay and anomalies in higher neurological

functions such as early memory, learning and nociception (Yeo et al., 2004).

This mutation leads to impairment in receptor autophosphorylation and alters

the signaling to MAP kinase.
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These studies emphasize the specific interest in exploring subgroups of

obese phenotype in order to discover the role of novel candidate genes and

gene products in the etiopathogenicity of obesity. In future genetic screening,

the role of gene-encoding transcription factors and their target genes with a

role in hypothalamus nuclei formation may be considered candidates in

patients with obesity and hypothalamic hormonal dysfunctions. Whether or

not these genes, including SIM1, might modulate the function of leptin and

melanocortin in the control of food intake and energy expenditure is currently

being investigated by specialists in the field. This line of research seems

especially promising following the findings in which BDNF signaling via its

receptor TRKB was found to be part of the MC4R mediated pathway (Xu et al.,

2003).

3. Obesity with monogenic influence

3.1 Mutations in the melanocortin 4 receptor

Considering the pivotal role of the melanocortin pathway in the con-

trol of food intake and the discovery of syndromic obesity associated with

melanocortin dysfunction, the MC4R gene became a candidate of choice for

genetic studies in human obesity. The hypothesis that a dysfunction of MC4R

could lead to obesity was reinforced by the study of MC4R knockout mice.

These mice develop a morbid obesity and increased linear growth. Heterozy-

gous mice display signs of intermediate obesity with variable degrees of

severity with males being less affected than females. The use of MC4R

pharmacological agonists in rodents reduces food intake, while antagonists of

this receptor increase it (Huszar et al., 1997; Butler, 2006).

These findings were followed by the discovery of mutations in the human

MC4R gene. In 1998, together with the group of Steve O’Rahilly in Cambridge,

we reported one of the first two frameshift mutations in MC4R that resulted in

a truncated form of this protein in severely obese families (Vaisse et al., 1998;

Yeo et al., 1998). Since then, more than 90 different mutations affecting the

amino-acid composition in the protein have been described in different

populations of German, French, English, Danish and American children and

adults (Vaisse et al., 1998; Hinney et al., 1999; Farooqi et al., 2000; Vaisse et al.,

2000; Dubern et al., 2001a; Jacobson et al., 2002; Miraglia Del Giudice et al.,

2002; Larsen et al., 2004). They include frameshift, inframe deletion, nonsense

and missense mutations, located throughout the coding sequence of the MC4R

gene. To date, no mutation with a functional consequence has been described

in the promoter region. The frequency of these mutations has been assessed as

being between 0.5–3% of obesity cases (Carroll et al., 2005).
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Functional studies of MC4R mutations provided arguments for the patho-

genicity of such genetic alterations that are not common polymorphisms. The

response to a melanocortin agonist of mutant MC4R was commonly assayed.

After ligand binding, MC4R activation stimulates Gs protein with a subsequent

increase in cAMP levels. The production of intracellular cAMP in response to

�MSH demonstrated a broad heterogeneity in the activation of the different

MC4R mutants, ranging from normal or partial activation to a total absence of

activation (Vaisse et al., 2000; Yeo et al., 2003). More thorough functional

investigations were also performed for many, but unfortunately not all,

mutations. An intracellular transport defect of the mutated receptor, by

intracellular retention, was identified for the majority of MC4R mutations

found in childhood obesity (Lubrano-Berthelier et al., 2003a, 2003b), which

proffers a possible explanation for the impaired response to the agonist. MC4R

is constitutively active, meaning that it is basally active in the absence of a

ligand. Agouti-related peptide (AGRP) acts as an inverse agonist (Nijenhuis

et al., 2001). Therefore MC4R could have an inhibitory action on food intake, in

the absence of the ligand. The systematic study of basal activity of several

MC4R mutations has shown that an alteration in this activity may be the

only functional anomaly found, in particular for mutations located in the

N-terminal extra-cytoplasmic domain of this receptor (Srinivasan et al., 2004).

Thus, a tonic satiety signal, provided by the constitutive activity of MC4R could

be required for the long-term regulation of energy balance. It is generally

accepted that MC4R mutations cause obesity by a haploinsufficiency mech-

anism rather than a dominant negative activity. Since the role of homo- and

hetero-dimerization in G protein synthesis and maturation is proposed, some

dominant negative effect of MC4R mutations cannot be fully excluded. A

previous study has suggested a dominant negative effect for the D90N mutant

of MC4R (Biebermann et al., 2003). Efforts are now being made towards a

classification of MC4R mutations based on their functional consequences and

association with the subphenotypes of obesity (Lubrano-Berthelier et al., 2006).

Subjects homozygous for MC4R mutations develop severe forms of obesity

with very early development (Farooqi et al., 2000; Lubrano-Berthelier et al.,

2004). In contrast to the alterations in leptin and melanocortin pathways

described above, no endocrine abnormalities have been described in carriers of

MC4R gene alteration. The obese phenotype of MC4R mutations in heterozy-

gotic carriers remains a matter of debate. Obesity usually has an autosomal

codominant mode of transmission in most of the families studied. Penetrance

of the disease is incomplete and the clinical expression associated to MC4R

mutations vary. Nevertheless a role for MC4R mutations in the facilitation of

early-onset obesity is widely accepted. An association between disorders of
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feeding behavior such as "binge eating" and MC4R gene sequence changes have

been described (Branson et al., 2003), however, this finding currently remains

very controversial (Farooqi et al., 2003b; Gotoda, 2003; Herpertz et al., 2003;

Hebebrand et al., 2004). Noteworthy to this study, patients with both MC4R

mutations and common MC4R with and without functional consequences

were grouped together to analyze genotype–phenotype correlations. The study

of resting metabolic rate in some children or adults carrying MC4R mutations

revealed that the basal energy expenditure was always related to the level of

corpulence. This finding is in close agreement with a recent study in animal

models (Cre/lox MC4R mice) showing that MC4R-expressing neurons in the

paraventricular hypothalamus control food intake but not energy expenditure

(Balthasar et al., 2005). In children, bone mineral density increases in carriers of

MC4R mutants were observed (Farooqi et al., 2003b). The increased bone

density observed in MC4R-deficient patients may be caused, at least in part, by

a decrease in bone resorption. A decrease in bone resorption markers was

indeed identified in patients with MC4R homozygous mutations (Elefteriou

et al., 2005). As a general rule, clinical analysis, even if carefully performed,

does not allow for the easy detection of obesity stemming from MC4R muta-

tion from the phenotype of common forms of early-onset obesity. After

examining more than 769 obese adults and lean subjects, we recently showed

that obese adults carrying functionally relevant MC4R mutations are not

significantly characterized with either binge-eating disorder or a history of

early-onset obesity. Rather, the onset and severity of the obesity in the carriers

is related to the functional severity of the MC4R mutations (Lubrano-Berthelier

et al., 2006). The absence of a distinguishable phenotype in adults does not

exclude that children carrying a MC4R mutation might express a phenotype

(accelerated growth, hyperinsulinemia, anomalies of food intake behavior)

that attenuates during adulthood (Farooqi et al., 2003a). Overall MC4R muta-

tions might be strong predictors for the development of obesity but the role of

the environment as well as other genetic variants might be not negligible in

the phenotypic expression of obesity. As shown by Irani and colleagues, the

obese phenotype of MC4R KO mice can be overcome if regular exercise is

started at an early stage (Irani et al., 2005). Hyperphagia is particularly observed

when fed with a high fat diet. Potentially modulating genetic factors located

either in MC4R gene or other candidate genes might also modulate the

phenotype (Dempfle et al., 2004). A common V103I variant studied in more

than 7500 subjects was negatively associated with obesity but no functional

consequence of this variant on MC4R function was described (Heid et al., 2005).

The search for MC4R mutations in large general populations is also necessary

to estimate their global frequency in populations not especially recruited for
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obesity gene studies (Govaerts et al., 2005) and to explore possible gene–gene,

gene–environment interaction. It is also essential to pursue the precise func-

tional characterization of naturally occurring MC4R mutations carried by

obese subjects. This will be useful in therapeutic intervention aiming at

improving melanocortin action in the control of body weight homeostasis.

3.2 Other suspected genes

The MC3R gene has been the source of genetic investigation in obese

and diabetic subjects because of its recognizable role in the control of body

weight homeostasis (Tao, 2005). However, different functions in controlling

body weight homeostasis were attributed to MC3R and MC4R. MC3R appears to

be involved in increasing feeding efficiency while having only minor effects on

the control of food intake itself. MC3R KO mice have increased fat and reduced

lean body mass. In contrast with MC4R KO animals, MC3R KO mice are not

hyperphagic (Huszar et al., 1997; Marsh et al., 1999; Chen et al., 2000) and are

prone to high fat diet-induced obesity.

Rare genetic data have been produced regarding naturally occurring muta-

tions in the MC3R gene as reviewed by Tao (2005). One published study

reported the occurrence of a MC3R mutation (Ile183Asn) in a nuclear family

originating from India. This mutation was not found in the small number of

lean subjects examined by the authors. The Ile183Asn mutation was observed

in a severely obese 13-year-old girl and her obese father, but the other mem-

bers of the family carrying the wild type allele were also obese or overweight.

This case report is insufficient to reach a conclusion concerning the definitive

role of MC3R I183N mutation in the pathogenesis of obesity within this family.

Nevertheless the functional analysis of this mutation revealed a defect in the

activation of MC3R in response to an agonist. Further genetic and functional

studies are necessary to clarify the role of MC3R in the pathogenesis of obesity

and abnormalities of fat partitioning, especially in humans.

Rare mutations in the POMC genes were also found in obese individuals

with no other visible phenotype. In children from the UK, the frequency of an

Arg236Gly mutation in POMC was mildly increased in obese subjects and a

functional analysis revealed that the mutation prevented the normal pro-

cessing of �-MSH and B-endorphin, resulting in an aberrant fusion protein

(Challis et al., 2002). Although able to bind MC4R, this aberrant peptide leads to

a decrease in the activation of the receptor. In the same cohort, five unrelated

probands were heterozygous for a rare missense variant in the region encoding

beta-MSH, Tyr221Cys. The mutation was not found in lean controls suggesting

association with obesity. The variant peptide was impaired in its ability to
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activate signaling through MC4R (Lee et al., 2006). A loss-of-function missense

mutation within the coding region for �-MSH (Y5C-�-MSH) was found in obese

members of a family. It was suggested that the lack of functional �-MSH crit-

ically reduces the amount of MSH peptide in the POMC/MC4R signaling path-

way, leading to mismanagement in weight (Biebermann et al., 2006).

Functional mutations in �-MSH might then be associated with obesity. The

question remains whether POMC and MC3R may be considered as oligogenes

such as MC4R.

4. Polygenic obesity

4.1 General and theoretical approach

The genetic study of common forms of obesity is based on the analysis

of variations in genomic DNA (genetic polymorphism or single nucleotide

polymorphism, SNP) situated within or near candidate genes (Figure 2.2). Dif-

ferent strategies are utilized; linkage and association studies in family or in

unrelated individuals. The aims are to determine whether an association exists

between an allele of a gene and obesity traits (Hebebrand et al., 2003; Perusse

et al., 2005). For this purpose, DNA and clinical data banks have been consti-

tuted in Europe and in the USA. A summary of these genetic studies, which

concern a large number of genes and chromosomal regions, is reported each

year in the international journal Obesity (Perusse et al., 2005). It is impossible to

provide details into all these studies; therefore we have focused on some genes

encoding adiposity signals and specific brain factors.

4.2 Genomic regions

With the concept of genetic polymorphism and the development of

powerful molecular tools, it is feasible to ‘‘rapidly’’ explore the genome of the

families with common obesity. The objective is a systematic examination of all

chromosomes in the families of obese subjects thanks to highly polymorphic

markers and methods of analysis capable of detecting increased allelic sharing

in obese sibpairs. This task is performed in the absence of knowledge regard-

ing gene functions and aims at identifying known or novel genes predisposing

an individual to obesity. The use of powerful molecular and statistical tools

allows the genes to be positioned and eventually cloned; however it is not

trivial to identify the specific gene when certain genomic linked regions are

composed of thousands of nucleic acids. Nevertheless, these approaches have

been applied to different cohorts throughout the world such as in families

with extreme obesity occurring during adulthood or childhood (European and
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American studies), families recruited from the general population (Quebec

family study), and particular groups (Pima Indians, Mexican Americans, Afri-

can Americans and Amish), among others (Perusse et al., 2005). This strategy

has revealed several chromosomal locations linked with obesity. At least seven

genes located on chromosomes 2, 5, 6, 10, 11, 19 and 20 have been signifi-

cantly implicated in common obesity (all references in Perusse et al., 2005).

Some loci might be more specific to morbid obesity or a childhood obesity

(Saar et al., 2003; Meyre et al., 2005). A few regions have been confirmed in

different populations; for example the 2p21 region seems to play a role in the

variability of circulating leptin levels in French, Mexican American and African

American people. The region on chromosome 10 is a region linked to obesity

in French, German Caucasian and Amish cohorts. When considered together

linking all chromosomal regions with obesity is far more complex than con-

sidering the results individually. All chromosomes, with the exception of Y,

have been implicated and more than 200 chromosomal regions have been

linked to different phenotypes such as fat mass, the distribution of adipose

tissue, the occurrence of a metabolic syndrome, resting energy expenditure,

energy and macronutrient intake, weight variation, the levels of circulating

leptin and insulin; however it is important to note that most studies are based

on the crude assessment of body mass index (BMI). Interactions between seve-

ral chromosomal regions such as on chromosomes 10 and 20, and 2 and 13,

have been found. These regions may interact to influence extreme obesity

(Dong et al., 2004). This is a Sisyphean task to keep an updated view of all

regions linked to obesity, particularly because a large number of non-

significant and unreplicated results are produced. A further challenge is to

identify the genes explaining the increase in polymorphism allele sharing in

linked regions. When this has been completed and potential candidate genes

hypothesized, the predisposing allelic variations must then be determined.

The confirmation of the gene implication in the pathogenesis of the disease is

another key issue.

4.3 Candidate genes

The choice of a candidate gene in obesity research is based on several

criteria including the physiological role of its encoded protein in the mecha-

nism of obesity, its chromosomal location in a region linked to obesity in

human or animal models, the phenotypic consequences of its genetic

manipulation (Knockout, transgenesis, floxed) in rodent models and eventually

the in vitro functional characteristics of mutations or variations in this gene. The

pattern of gene expression in critical tissues regulating weight management, or
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even itsmodification of expression in response to an environmental stress, can be

used. However, it is rare that all these criteria are considered.

To briefly summarize 15 years of genetic analysis in obese populations in

different countries, the "candidate gene" approach has not revealed the pre-

ponderant and unambiguous role of genes in the etiopathogenicity of common

obesity and even recent studies are not definite, as illustrated with glutamate

decarboxylase-2 GAD2 (discussed below). The reasons for this lack of repro-

ducibility with most association and linkage studies tend to lie with a poor

statistical power to detect modest effect, a lack of control over type 1 error

rate, population stratification and an over-interpretation of marginal data.

Other influencing factors may also affect reproducibility such as environ-

mental factors which may vary within a population and are known to strongly

influence the development of obesity. Similarly to the issues raised with

linkage studies, it is rather difficult to isolate substantial results from sets of

noisy data.

A very large number of genes and polymorphisms have been examined.

These genes are implicated in controlling food intake, energy expenditure,

lipid and glucose metabolism and more recently in inflammatory processes

(Table 2.3). Table 2.3 shows examples of the most studied genes in independent

populations. Of note, positive but also negative associations were found for all

the gene variants. As with many other candidates, the genes implicated in the

monogenic forms of obesity do not seem to play a more preponderant role in

the development of common forms of obesity than others. Nevertheless they

might not be excluded as potential targets for multi-factorial obesities and

have been studied in different populations as previously reviewed (Poitou et al.,

2005a).

4.4 Genes involved in the leptin/melanocortin axis

Some associations and linkage between obesity phenotypes and the

leptin or leptin receptor gene regions have been found (Table 2.3 and Poitou

et al., 2005a). POMC was also considered as a strong positional candidate. In

Mexican Americans, variants located in the 30 and 50 untranslated region, with

no functional impact on the protein, and haplotypes revealed association with

leptin levels (Hixson et al., 1999). How genetic variation in POMC (or another

nearby gene) could contribute to leptin serum levels’ variability remains to be

discovered. In other populations, most of the polymorphisms located in the

POMC gene were initially not associated with obese-related phenotypes and no

functional influence could be predicted. In a larger recent study comprised of

1428 subjects from 248 non-obese families in the UK, not specifically recruited

38 Karine Clément



T
ab

le
2
.3

E
xa
m
pl
es

of
ca
nd

id
at
e
ge
ne
s
as
so
ci
at
ed

w
it
h
ob
es
it
y
ph

en
ot
yp
es

in
hu

m
an

s

G
en

es
(C
o
d
e)

Lo
cu

s
A
n
im

al
m
o
d
el
/p
h
en

o
ty
p
e

H
u
m
an

o
b
es
it
y

lo
cu

s
(N

)
Fu

n
ct
io
n
al

g
en

et
ic

va
ri
an

ts

Fo
o
d
in
ta
k
e

Le
p
ti
n
(L
E
P
)

7
q
3
1

ob
/o
b
m
ic
e/

se
ve

re
o
b
es
it
y

Y
es

N
o

Le
p
ti
n
re
ce
p
to
r
(L
E
P
R
)

1
p
3
1

d
b/
d
b
m
ic
e/

se
ve

re
o
b
es
it
y

Y
es

N
o

A
g
o
u
ti
-r
el
at
ed

p
ep

ti
d
e
(A
G
R
P
)

1
6
q
2
2

T
ra
n
sg
en

ic
/
o
b
es
e
K
O
/
n
o
n
-o
b
es
e

Y
es

Y
es

(p
ro
m
o
te
r
ac
ti
vi
ty
)

D
o
p
am

in
e
D
2
re
ce
p
to
r
(D

R
D
2
)

1
1
q
2
3
.2

K
O
/
n
o
n
-o
b
es
e

N
o

D
ec
re
as
ed

n
u
m
b
er

o
f

re
ce
p
to
r

E
n
er
g
y
m
et
ab

o
li
sm

U
n
co

u
p
li
n
g
p
ro
te
in

1
(U
C
P
1
)

4
q
2
8
-q
3
1

K
O

an
d
tr
an

sg
en

ic
s/

re
d
u
ce
d

ad
ip
o
si
ty

N
o

N
o

U
n
co

u
p
li
n
g
p
ro
te
in

(U
C
P
2
)

1
1
q
1
3

K
O
/
n
o
n
-o
b
es
e

Y
es

Y
es

(c
h
an

g
e
in

U
C
P
2
m
R
N
A
)

U
n
co

u
p
li
n
g
p
ro
te
in

(U
C
P
3
)

1
1
q
1
3

K
O
/
n
o
n
-o
b
es
e

Y
es

N
o

�
3
ad

re
n
er
g
ic

re
ce
p
to
r
(B
3
-A
R
)

9
p
1
2

K
O
/
in
cr
ea

se
d
ad

ip
o
si
ty

Y
es

D
ec
re
as
ed

ac
ti
vi
ty

G
p
ro
te
in

b
et
a
3
su

b
u
n
it

g
en

e

(G
N
B
3
)

1
2
p
1
3
.3

n
o

Y
es

Y
es

(m
o
d
ifi
ed

G
p
ro
te
in

ac
ti
va

ti
o
n
)

A
d
ip
o
se

ti
ss
u
e
m
et
ab

o
li
sm

A
d
ip
o
n
ec
ti
n
(A
C
D
C
)

3
q
2
7

K
O
/
d
ie
t-
in
d
u
ce
d
in
su

li
n
re
si
st
an

ce
Y
es

ye
s

P
er
o
x
is
o
m
e
p
ro
li
fe
ra
to
r
ac
ti
va

te
d

re
ce
p
to
r
c
(P
P
A
R
c)

3
p
2
5

K
O
/
d
ec
re
as
ed

b
ro
w
n
ad

ip
o
se

ti
ss
u
e

N
o

D
ec
re
as
ed

ac
ti
vi
ty

T
u
m
o
u
r
n
ec
ro
si
s
fa
ct
o
r
�
(T
N
F�

)
6
p
2
1
.3

K
O
/
in
cr
ea

se
d
ad

ip
o
si
ty

u
n
d
er

h
ig
h
fa
t
d
ie
t

Y
es

Y
es

(t
ra
n
sc
ri
p
ti
o
n
al

ac
ti
vi
ty
)

�
2
ad

re
n
er
g
ic

re
ce
p
to
r
(�
2
-A
R
)

5
q
3
1
-q
3
2

K
O
/
in
cr
ea

se
d
ad

ip
o
si
ty

u
n
d
er

h
ig
h
fa
t
d
ie
t

Y
es

D
ec
re
as
ed

ac
ti
vi
ty

39



T
ab

le
2
.3

(c
on
t.
)

G
en

es
(C
o
d
e)

Lo
cu

s
A
n
im

al
m
o
d
el
/p
h
en

o
ty
p
e

H
u
m
an

o
b
es
it
y

lo
cu

s
(N

)
Fu

n
ct
io
n
al

g
en

et
ic

va
ri
an

ts

In
te
rl
eu

k
in

6
(I
L6

)
7
p
2
1

K
O
/
m
at
u
re

o
n
se
t
o
b
es
it
y

N
o

Y
es

Li
p
as
eh

o
rm

o
n
e
se
n
si
ti
ve

(L
IP
E
)

1
9
q
1
3
.2

K
O
/
re
d
u
ce
d
ab

d
o
m
in
al

fa
t
m
as
s/

re
si
st
an

ce
to

d
ie
t-
in
d
u
ce
d
o
b
es
it
y

Y
es

Y
es

in
1
st
u
d
y
(d
ec
re
as
ed

ad
ip
o
cy
te

li
p
o
ly
si
s)

G
lu
co

co
rt
ic
o
id

re
ce
p
to
r
(N

C
R
3
C
1
)

5
q
3
1

Fl
o
x
ed

/
ag

e-
d
ep

en
d
en

t
m
o
d
ifi
ed

ad
ip
o
si
ty

Y
es

D
if
fe
re
n
ti
al

re
sp

o
n
se

to

g
lu
co

co
rt
ic
o
id
s

Li
p
id

an
d
g
lu
co

se
m
et
ab

o
li
sm

In
su

li
n
(I
N
S
)

1
1
p
1
5
.5

N
o

Y
es

Y
es

LD
L
re
ce
p
to
r

1
9
p
1
3

N
o

Y
es

N
o

N
ot
es
:T

h
is
li
st

o
f
ca
n
d
id
at
e
g
en

e
is
n
o
t
ex

h
au

st
iv
e
an

d
th
e
cl
as
si
fi
ca
ti
o
n
b
y
fu
n
ct
io
n
is
ar
b
it
ra
ry

si
n
ce

th
es
e
g
en

es
m
ay

p
ar
ti
ci
p
at
e

in
se
ve

ra
l
fu
n
ct
io
n
s.
T
h
e
g
en

es
se
le
ct
ed

ar
e
am

o
n
g
th
e
m
o
st

st
u
d
ie
d
o
n
es

in
th
e
g
en

et
ic
s
o
f
h
u
m
an

o
b
es
it
y.

W
e
se
le
ct
ed

g
en

es

sh
o
w
in
g
p
o
si
ti
ve

as
so
ci
at
io
n
in

m
o
re

th
an

5
in
d
ep
en
d
en
t
st
u
d
ie
s.
T
h
e
‘‘
an

im
al

m
o
d
el
’’
co

lu
m
n
sh

o
w
s
a
sp

o
n
ta
n
eo

u
s
an

im
al

m
o
d
el

o
r
o
n
e
cr
ea

te
d
b
y
g
en

et
ic

m
an

ip
u
la
ti
o
n
s
o
f
in
va

li
d
at
io
n
(K
n
o
ck

o
u
t,

K
O
),
o
ve

re
x
p
re
ss
io
n
o
r
fl
o
x
ed

.
P
o
si
ti
ve

as
w
el
l
as

n
eg

at
iv
e

as
so
ci
at
io
n
s
h
av

e
b
ee

n
fo
u
n
d
b
et
w
ee

n
si
n
g
le

n
u
cl
eo

ti
d
e
p
o
ly
m
o
rp

h
is
m
s
(S
N
P
s)
lo
ca
te
d
in

al
l
g
en

es
an

d
o
b
es
it
y
p
h
en

o
ty
p
es
.
T
h
e

‘‘
fu
n
ct
io
n
al

g
en

et
ic

va
ri
an

t’
’
co

lu
m
n
sh

o
w
s
th
e
ex

is
te
n
ce

o
f
g
en

et
ic

va
ri
an

ts
w
it
h
fu
n
ct
io
n
al

co
n
se
q
u
en

ce
s
d
es
cr
ib
ed

in
vi
tr
o
.

40



for the genetic study of obesity, an association was found between variants

spanning the POMC gene (variants located in the 30 and 50 region) and the

waist/hip ratio (WHR) but not with BMI or leptin levels. However, the pro-

portion of the variance in WHR attributed to the genetic variation was rela-

tively small (1.1%) (Baker et al., 2005). As described in Chapter 3, the potential

contribution of POMC in the genetic predisposition to obesity mainly stems up

to now from direct gene screening that revealed several rare mutations of low

frequency associated with obesity (Carroll et al., 2005). Studies in AGRP were

also performed. Mutation screening of the AGRP gene coding region in obese

children did not reveal significant mutations (Dubern et al., 2001). A non-

conservative amino acid substitution, Ala67Thr in the AGRP gene was mod-

erately associated with abdominal adiposity in middle-age subjects

(Argyropoulos et al., 2002). This polymorphism was also associated with lower

body weight in a small group of subjects belonging to the Quebec family study

with the largest effect being observed on body fat mass; however no functional

effect for this mutation was found in the various studies (Marks et al., 2004; de

Rijke et al., 2005). In black populations, a functional �38C>T mutation (Bai

et al., 2004) in the AGRP gene promoter was also associated with leanness and

type of macronutrient intake (Loos et al., 2005).

Common polymorphisms of MC4R and MC3R were also found in both obese

and lean populations. As noted above, a meta-analysis and a large screening of

the Val103Ile variant of MC4R revealed that this variant is associated with a

decreased BMI. Chromosome 20q13, where the MC3R gene is located, is a

region that has been linked with obesity and type 2 diabetes in several studies

(Perusse et al., 2005). Attempts to associate common MC3R variants with

obesity-related phenotypes, including body fat partitioning, were generally

disappointing or irreproducible (Li et al., 2000; Boucher et al., 2002; Schalin-

Jantti et al., 2003) even if recent studies suggested the possible association

between MC3R common variants and obesity (Yiannakouris et al., 2004;

Feng et al., 2005). Regarding the TUB gene, in type 2 diabetic subjects it showed

significant associations between several SNPs and the level of corpulence (Mak

et al., 2006; Shiri-Sverdlov et al., 2006). In general, more systematic investigation

of SNPs spanning genes in the melanocortin pathway in large obese and non-

obese populations is still needed to decipher their role in the contribution to the

polygenic nature of obesity.

4.5 Genes identified by positional cloning

The identification of new genes implicated in obesity may also be

achieved by an alternate strategy: positional cloning. Three recent studies have
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revealed a significant difference in the SNP frequency between populations

of obese subjects and controls. These SNPs are located in the gene encoding

SLC6A14 (solute carrier family 6 [neurotransmitter transporter], member 14)

on chromosome X (Suviolahti et al., 2003), GAD2 on chromosome 10 (Boutin

et al., 2003) and ecto-nucleotide pyrophosphatase/phosphodiesterase 1 gene

(ENPP1/PC-1) on chromosome 6 (Meyre et al., 2005). The SLC6A14 gene is of

interest because it codes for an amino acid transporter able to regulate the

availability of tryptophan during the synthesis of serotonin and thus may

affect the regulation of appetite and mood. The genetic association with

the SLC6A14 gene was replicated in an independent French population

(Durand et al., 2004), but other screening in the large cohort collected in

Europe and North America is necessary, as are functional studies aimed at

unraveling the physiopathological role of variations in SLC6A14 (Tiwari &

Allison, 2003).

The gene GAD2 encodes the 65kDa subunit of the glutamic acid de-

carboxylase enzyme (GAD65) which catalyzes the formation of GABA

(c-aminobutyric acid) that interacts with neuropeptide Y (NPY) in the hypo-

thalamus to stimulate food intake. Three SNPs showed an association with

morbid obesity in a French population. In the families, the SNPs segregate

with obesity and an association was observed in a case-control study

prompting a protective effect to be attributed to the wild-type allele. The role

of one SNP located in the GAD2 promoter was strengthened by a functional

study revealing that the allele most frequently found in obese subjects

exhibits greater transcriptional activity than the wild allele (Boutin et al.,

2003). This offers a possible explanation for the increase in hypothalamic

GABA and the subsequent increase in food intake. This success story derived

from a positional cloning strategy was dampened by the findings in a very

large population of 2359 subjects comprised of more than 600 families of

German origin, i.e. four times as many subjects as in the first report. In two

independent case-control studies, the authors were unable to confirm the

association of GAD2 gene with severe obesity. No detectable effect for the

GAD2 promoter SNP was observed on transcription in cell lines using a

reporter gene assay (Swarbrick et al., 2005). This study illustrates once again

the issues raised by genetic studies in humans affected by multifactorial

diseases. If the reasons for the conflicting GAD2 results may be attributed to

usual caveats complicating the interpretation of genetic studies, the dis-

crepancies in functional data are more problematic and will require clari-

fication. Whether the linkage previously found on chromosome 10 is due to

the impact of another candidate gene will also need to be investigated in

the future.
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4.6 Gene–environment interaction

Although the essential role of gene–gene and gene–environment

interactions is fundamental to the progression of obesity, it is amazing to find

that these interactions are little covered in genetic studies. This holds par-

ticularly true for genes involved in the leptin and melanocortin-signaling

pathways. Most studies explored the effect of candidate gene variants on

spontaneous weight gain or on the response to intervention promoting weight

loss by either diet or gastric surgery in humans. Genetic variations of adre-

noceptors, uncoupling proteins and PPARc were the most investigated, yet the

number of subjects studied remain limited (Perusse et al., 2005) as reviewed by

Verdich (Verdich et al., 2004)

5. Lessons learned from genetic studies

Combined genetic studies in rodents and rare human cases opened a

new avenue of research in the field of obesity. Thanks to the characterization

of some human mutations, it is clear that leptin and its target pathway have a

fundamental role in energy balance and in the regulation of endocrine func-

tions in humans. Monogenic obesity related to LEP and LEPR dysfunctions

represent biological models of extreme obesity. Most of these cases associating

severe obesity and endocrine abnormalities are very rare. In contrast, obesity

associated with MC4R mutations is the most frequent situation of human

obesity with identified genetic influence discovered to date. Classically a trait is

considered to be oligogenic when two or more genes work together to produce

a given phenotype. In the obesity context, this would imply that few genes

might be determining the obese phenotype. Whether or not there are forms

of obesity equivalent to MC4R-linked ones is yet to be discovered. Further

investigation of genes implicated in the melanocortin pathway will probably

provide this information in the future.

By looking at the complex picture of susceptibility genes in frequent cases

of obesity, one might keep in mind that most genetic studies have mainly

produced a large repertoire of predisposing alleles of diverse importance.

Allelic gene variations are not necessarily sufficient for the expression of an

obese phenotype. This might be true both for genes involved in the CNS and in

the peripheral control of body weight regulation. Apart from the issues related

to statistics as discussed above, one can note that the studies discussed here

produced a list of common variants that may modify the risk of obesity

occurring but only with a small degree of certainty. Even if confirmed or rep-

licated in independent studies, these susceptibility alleles have to be incorpor-

ated in the overall picture of the many possible contributing environmental

Genetics of human and rodent body weight regulation 43



factors that may equally have strong effects (Ardlie et al., 2002). The genetic

background (characterized by the combination of multiple allelic variations),

epigenetic or environmental factors that may include diet, exercise, stress,

hormonal, socioeconomic factors and the developmental stage of epigenetic

events may intervene in the occurrence, development and maintenance of

obesity (Figure 2.1). Furthermore, it is conceivable individuals with a high gen-

etic susceptibility to weight gain will have a potential to react to their envi-

ronment only at certain points during their lifetime. This raises the issue of the

appropriateness of future genetic testing for complex diseases such as obesity in

which prevention is not a trivial task.

6. Conclusion

With the establishment of DNA and clinical databanks of disparate

cohorts of unrelated patients and of families, decisive progress in the under-

standing and management of obesity can be expected; however the best suc-

cess has come from the study of extreme forms of obesity and syndromic

obesity. The integrated study of hereditary characteristics within the genome

and the function, regulation and interaction of genes is improving our

approach to disease management with the ultimate goal of impacting on

public health.
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Hypothalamic control of energy
homeostasis

neel s. singhal and rexford s. ahima

1. Introduction

The hypothalamus is a critical integrator of peripheral and central

signals that mediate energy homeostasis. Over the last two decades, substantial

progress has been made in elucidating the details of how neural, hormonal and

nutrient signals from the gut and adipose tissue act on specific hypothalamic

pathways to control energy balance and various physiologic processes. These

hypothalamic circuits affect not only appetite, but through their diverse pro-

jections to the autonomic nervous system, brainstem and higher centers also

influence motivational and motor function, and the endocrine system via the

pituitary gland. Although the details of the interacting factors and effector

mechanisms remain an area of active research, it is clear that neuropeptides at

the level of the hypothalamus modulate key aspects of feeding behavior,

energy expenditure and neuroendocrine function (Grill & Kaplan, 2002). In this

chapter, we provide an overview of the hypothalamic circuitry within a

framework for understanding its role as a sensor, integrator and effector of

energy homeostasis and diverse physiologic processes.

2. Classical role of the hypothalamus in feeding regulation

A crucial involvement of the base of the diencephalon in energy

homeostasis was first suggested by clinical observations in patients with

Neurobiology and Obesity, ed. Jenni Harvey and Dominic J. Withers. Published by Cambridge

University Press. � Cambridge University Press 2008
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pituitary tumors associated with excessive fat deposition and hypogonadism

(Bramwell, 1888; Frolich, 1901). Several animal studies confirmed the

importance of this region in body weight regulation, but it was not until the

experiments of Hetherington and Ranson that the role of the hypothalamus

rather than that of the pituitary gland was firmly established. In their classic

study, large bilateral electrolytic lesions spanning the optic chiasm to the

mammillary body (rostral-caudal), and into the lateral hypothalamic area and

third ventricle (lateral-medial) were performed in rats. Remarkably, these

lesions resulted in up to a doubling in body weight and marked lipid accu-

mulation and fatty infiltration of tissues. The authors commented that,

‘‘symmetrical destruction of the ventral portion of this area, including the

nuclei and possibly other structures near the base, seems to be more important

than injury to the more dorsal structures for the production of maximum

adiposity.’’ Several studies also reported that lesions in the adjacent lateral

hypothalamic areas could lead to a decrease in food intake (Clark et al., 1939;

Hetherington & Ranson, 1940). Further pursuing these initial findings, Anand

and Brobeck found that bilateral destruction of the lateral hypothalamus led to

an abolishment of spontaneous eating, which prompted the designation of the

lateral hypothalamus as a ‘‘feeding center’’ (Anand & Brobeck, 1951). From

these observations arose the dual center model of neural regulation of feeding

(Stellar, 1954), with the feeding center in the lateral hypothalamus and a

satiety center in the ventromedial nucleus. While this model was influential in

guiding investigation on feeding regulation, more refined experimental

methodology and further analysis of the extent of lesions created in the initial

studies led investigators to revise and challenge the dual center model

(Ungerstedt, 1970; Gold, 1973). Modern cell biological techniques and the

discovery of the adipocyte hormone, leptin and its receptors, led to the elu-

cidation of a network of hypothalamic nuclei involved in feeding, satiety, and

energy expenditure. Although substantial advances have made it clear that the

regulation of energy balance is much more complex that the dual center model

suggested by early research, many of the details of how peripheral and central

signals specifically interact with hypothalamic and extra-hypothalamic circuits

to regulate energy balance remain an area of active investigation.

3. The hypothalamus mediates metabolic adaptations

The homeostatic systems regulating body weight display remarkable

stability over long periods of time in spite of day-to-day variations in caloric

intake and energy expenditure. To achieve long-term constancy of weight,

coordinated networks of regulatory systems have evolved which allow for an
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individual to appropriately balance food intake and energy expenditure. Dur-

ing the post-absorptive state of energy sufficiency, changes in specific per-

ipheral signals sensitive to nutrient status engage hypothalamic circuits,

which via central, peripheral, and neuroendocrine targets coordinate meta-

bolic, behavioral, and cognitive states that allow for energy expenditure and

reduce food intake. Conversely, during fasting, altered concentrations of

various peripheral signals activate hypothalamic circuitry involved in stimu-

lating anabolic metabolic pathways as well as energy-conserving and food-

seeking responses (Figure 3.1). Thus, although food availability and energy

expenditure demands vary greatly in the short term, body weight can be stably

maintained over long periods.

4. Overview of hypothalamic circuits controlling energy

balance

As demonstrated by early lesion studies and supported by a diverse

array of modern approaches, regulation of the metabolic processes maintaining

Nutrients
Glucose, FFAs,

AAs

Insulin

Adipose
tissue

Pancreas

Leptin

Ghrelin

PYY3-36Gastrointestinal
Tract

CCK
Mechanical Distension
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Energy
Expenditure 
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Intake 

Anabolic 
Pathways

Catabolic
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Figure 3.1 Brain-gut-adipose interactions in energy homeostasis. Nutrient,

hormonal and neural signals act directly or indirectly on the hypothalamus.

Hypothalamic nuclei coordinate metabolic adaptations which favor energy storage

or expenditure. AAs, amino acids; CCK, cholecystokinin; DVC, dorsal vagal complex;

FFAs, free fatty acids; PYY, peptide Y Y.
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energy balance requires intact hypothalamic function. However, rather

than specific hunger and satiety centers located in discrete hypothalamic

nuclei as suggested by early research, energy homeostasis is regulated by

interconnected and redundant neuronal circuits which signal via various

neuropeptides as well as classical neurotransmitters. The hypothalamus

coordinates metabolic responses in large part through sensing of peripheral

signals sensitive to metabolic status, such as leptin and insulin (Table 3.1).

The arcuate nucleus of the hypothalamus (ARC) contains receptors for

leptin, insulin and various peptides and is able to integrate the metabolic

information they provide, although other hypothalamic as well as extra-

hypothalamic areas contain receptors for numerous peripheral signals

(Figures 3.1, 3.2, 3.3). Utilizing a network of neuropeptides and neurotrans-

mitters, the ARC relays this information to second-order hypothalamic sites

such as the paraventricular nucleus (PVN), lateral hypothalamus/perifornical

area (LHA), dorsomedial nucleus (DMN), and ventromedial nucleus (VMN)

(Table 3.2; Figure 3.3). These second-order neurons also allow for an additional

point of regulation prior to activation of third-order projections to extra-

hypothalamic areas.

Three major effector mechanisms, which are not entirely independent, are

utilized by the hypothalamus to appropriately modulate energy balance:

(1) control of appetite, (2) endocrine modulation of thermogenesis and (3) auto-

nomic/involuntary modulation of energy expenditure (Figure 3.3). The ability of

Table 3.1 Peripheral factors involved in energy homeostasis.

Adipokines Pancreatic hormones Other signals

Leptin Insulin Urocortin

Tumor necrosis factor-a Amylin IGF

Interleukin-6 Glucagon Galanin-like peptide

? Adiponectin Other hormones

? Resistin Glucocorticoids

Gut hormones Thyroid hormone

Cholecystokinin Gonadal steroids

Ghrelin Nutrients

Glucagon-like peptide 1 and 2 Glucose, Pyruvate

Gastric inhibitory polypeptide Lactate

Oxyntomodulin Free fatty acids

Peptide-YY Amino acids

Vasoactive intestinal peptide
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the hypothalamus to respond to changes in peripheral signals and control

appetite has been well established; however, the details of how hypothalamic

nuclei and their downstream projections lead to a reduction in appetite and

cessation of feeding remain an area of active investigation. Equally as

important as the control of appetite, the hypothalamus is also able to

modulate thermogenesis via endocrine modulation of peripheral targets such

as the thyroid gland and adrenal gland. This is accomplished primarily by

neurons of the PVN which can modulate release of stimulatory hormones by

the pituitary gland. The third mechanism which the hypothalamus utilizes to

alter energy expenditure involves downstream projections to nuclei critical

to regulating autonomic output as well as those controlling involuntary

motor behaviors. Second-order hypothalamic regions such as the PVN and

LHA are a source of preganglionic autonomic projections, which can alter

metabolism and energy expenditure by shifting the balance between sym-

pathetic and parasympathetic nervous output to skeletal muscle and other

targets such as brown adipose tissue. In adult humans, who lack brown adi-

pose tissue, more important may be the ability of the hypothalamus to drive

involuntary movements such as fidgeting which is associated with non-

exercise activity thermogenesis, a key determinant of energy expenditure in

humans (Levine, 2002).

Figure 3.2 Hypothalamic nuclei involved in energy homeostasis. ARC, arcuate

nucleus; DMH, dorsomedial hypothalamus; LHA, lateral hypothalamic area; MB,

mammillary body; ME, median eminence; OC, optic chiasm; PVN, paraventricular

nucleus; VMH, ventromedial hypothalamus.
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5. Peripheral nutrient-related signals and vagal inputs

inuence hypothalamic output

The arcuate nucleus (ARC) in particular is essential to integrating the

numerous peripheral signals that allow for the fine control of appetite and

energy expenditure. Peripheral signals access the ARC and other hypothalamic

nuclei via two mechanisms: (i) transport mechanisms across the blood–brain

barrier (BBB) or (ii) diffusion through the fenestrated capillaries present at

circumventricular organs (CVO) such as the median eminence (Broadwell &

Brightman, 1976). Specific, saturable transport mechanisms across the BBB

have been characterized for insulin and leptin (Banks et al., 1996), while other

peripheral hormones such as peptide YY and glucagon-like peptide 1 (GLP-1),

are able to cross the BBB via a non-saturable mechanism (Kastin et al., 2002).

Diffusion of peripheral hormones through CVOs like the median eminence

Figure 3.3 Hypothalamic neuronal circuitry. PVN, paraventricular nucleus; ORX,

orexins; OXY, oxytocin; SpVZ, subparaventricular zone; SCN, suprachiasmatic

nucleus; AMPK, AMP-activated protein kinase; AGRP, agouti-related protein; CART,

cocaine- and amphetamine-regulated transcript; CRH, corticotropin releasing

hormone; DMH, dorsomedial hypothalamus; LHA, lateral hypothalamic area; MCH,

melanin-concentrating hormone; NPY, neuropeptide Y; TRH, thyrotropin-releasing

hormone; VMH, ventromedial hypothalamus.
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also provides a means of access to adjacent hypothalamic nuclei. Circumven-

tricular organs outside of the hypothalamus such as the area postrema contain

receptors for many of these peripheral signals which also contribute to their

effects on energy regulation.

Much of what is currently known about the details of the hypothalamic

circuitry controlling food intake and energy expenditure comes from exam-

ination of the neural mediators of leptin action. However, as shown in

Table 3.1, a myriad of other hormones, gut-derived peptides and nutrients also

shape the output of the hypothalamic circuitry regulating energy homeostasis.

One of the first peripherally synthesized hormones found to alter energy

homeostasis was insulin. Similar to leptin, centrally administered insulin

decreases food intake by acting on specific receptors expressed in the arcuate

nucleus. Other adipocyte-derived factors including adiponectin as well as gut-

derived peptides such as cholecystokinin, ghrelin, proglucagon products, and the

PP-fold peptides also appear to play a role in the regulation of food intake and/or

energy expenditure in part by acting on the arcuate nucleus (Elias et al., 1999).

The vagus nerve is another important afferent signal regulating energy

balance. Vagal nerve sensory afferents from the upper-gastrointestinal tract

project in a viscerotopic manner to the nucleus of the solitary tract (NTS).

These afferents relay information about luminal distension, nutritional con-

tent, and are also sensitive to locally released gut peptides and neurotrans-

mitters. Although integration of these signals at NTS is sufficient to partially

modulate meal size, second-order vagal afferents terminate in regions of the

basal forebrain which relay information critical to energy balance regulation.

Table 3.2 Central mediators of energy homeostasis.

Orexigenic peptides Anorexigenic peptides

Neuropeptide Y (NPY) a-melanocyte-stimulating hormone (a-MSH)

Agouti-related peptide (AGRP) Cocaine and amphetamine-regulated transcript (CART)

Orexin A/B Corticotropin-releasing hormone (CRH)

Melanin-concentrating

hormone (MCH)

Urocortin

Opioids Neurotensin

Endocannabinoids Ghrelin

Galanin Glucagon-like peptide 1 (GLP-1)

Glucagon

Bombesin

Histamine
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6. Integration of peripheral signals by the arcuate nucleus

Within the hypothalamus, attention has focused on the ARC as the key

site of integration of peripheral metabolic cues (Figure 3.3). Neurons of the

ARC express an assortment of receptors for various metabolically active per-

ipheral factors. Thus, by responding dynamically to multiple hormonal signals,

the ARC acts as an integrator of metabolic information as well as a relay of this

integrated metabolic information to other hypothalamic and neural regions

which participate in initiating the appropriate metabolic response. The details

of how the ARC and other hypothalamic areas participate in the processing of

multiple peripheral signals is still an active area of investigation, however,

substantial evidence indicates that integrative properties at both the circuit

and single-neuron level play a critical role.

The ARC is located at the base of the hypothalamus immediately above the

median eminence bordering the third cerebral ventricle and extending from

the posterior edge of the optic chiasm to the mammillary bodies. The median

eminence, a CVO, by virtue of its position near the third ventricle and prox-

imity to the portal vasculature provides access to a wide range of hormonal

and nutrient signals (Broadwell & Brightman, 1976). The ARC consists of two

major subpopulations of neurons which express distinct sets of neuropeptides

(Figure 3.3). Neurons located in the medial half of the ARC express both

neuropeptide-Y (NPY) and agouti-related protein (AGRP), which are potent

orexigens and also stimulate other relevant aspects of endocrine and auto-

nomic function discussed in subsequent sections. The lateral half of the ARC

contains neurons co-expressing the anorexigenic cocaine and amphetamine-

regulated transcript (CART) and proopiomelanocortin gene (POMC), which is

the precursor for both beta-endorphin and the melanocortin-3/4 receptor

(MC3/4R) agonist, a-melanocyte-stimulating hormone (a-MSH). These opposing

sets of neuronal populations in the ARC send projections to target regions

within the hypothalamus including the PVN and LHA. These other hypothal-

amic sites then relay information to other hypothalamic areas as well as to

cortical, brainstem and autonomic circuits involved in the execution of the

appropriate metabolic response (Figure 3.3).

The discovery of leptin and its receptors in the hypothalamus has greatly

aided our understanding of the neurocircuitry regulating feeding and energy

expenditure. The anorexigenic actions of leptin stem from its effects on ARC

neurons expressing the long form of the leptin receptor (LRb), which signals

via the JAK/STAT-3 pathway to modulate gene expression (Tartaglia, 1997).

Leptin receptor mRNA is highly expressed in the hypothalamus, including

NPY- and POMC-containing cells of the ARC (Elmquist et al., 1998). Although
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both populations of ARC neurons contain LRb, leptin stimulates the tran-

scription of the orexigenic peptides POMC/CART, while it inhibits transcription

of the anorexigenic peptides NPY/AGRP. The details of this differential regu-

lation remain to be determined but likely involve activation of distinct intra-

cellular targets downstream of JAK/STAT-3 in NPY and POMC cells such as

suppressor of cytokine signaling-3 (SOCS-3) (Elias et al., 1999), PI3K (Niswender

& Schwartz, 2003), or FoxO1 (Kitamura et al., 2006). Thus, by repressing NPY/

AGRP expression and increasing that of POMC/CART, leptin promotes satiety

and increases energy expenditure. The differential regulation of POMC/CART

as compared to NPY/AGRP induces hyperphagia and energy conservation dur-

ing fasted states when leptin levels are reduced. In contrast, the divergent

effects of leptin on NPY/AGRP and POMC/CART increase energy expenditure

and induce satiety in post-absorptive states when leptin levels are elevated.

The ARC also contains a dense concentration of insulin and ghrelin recep-

tors (growth hormone secretagogue receptor: GHS-R) (Tannenbaum et al.,

1998). Similar to leptin, insulin inhibits NPY/AGRP while stimulating POMC/

CART, resulting in appetite suppression and increased energy expenditure

(Schwartz et al., 2000). Ghrelin, on the other hand, increases expression of NPY,

leading to an increase in food intake (Nakazato et al., 2001). Other metabolic-

ally relevant nutrients and hormones have been found to modulate expression

of these peptides including oleic acid (Obici et al., 2002a), PYY (Acuna-Goycolea

& Van den Pol, 2005), and pancreatic amylin (Lutz, 2006; Table 3.1). Some of

these signals are known to have receptors expressed in the ARC, however, the

degree to which they participate in regulating neural circuits and intracellular

signals overlapping with those of leptin and insulin requires further study.

This reciprocal regulation of ARC neurons by leptin has served as a model by

which the orexigenic/anorexigenic actions of other hormones and peptides are

evaluated. However, it is clear that several other peripheral and central factors

continuously provide input to the ARC. Moreover, areas outside of the ARC are

also responsible for integrating peripheral and central metabolic information

adding an additional layer of complexity. Thus, regulation of hypothalamic

circuits is a dynamic phenomenon, the output of which can be modulated by a

multitude of inputs.

7. Hypothalamic signal transduction

Further specificity and complexity in the hypothalamic regulation of

energy balance also resides at the level of single neurons, where multiple

metabolically active signals may converge to ultimately modulate common

intracellular molecules. Although still currently an active area of investigation,
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candidate molecules that may be important integrators of multiple metabolic

signals such as leptin and insulin include phosphatidylinositol-3-OH-kinase

(PI3K), AMP-activated protein kinase (AMPK), and ATP-sensitive potassium

(K-ATP) channels (Figure 3.4). Leptin activates the JAK-STAT pathway (Tartaglia,

1997). Jaks associate constitutively with conserved box 1 and 2 motifs in the

intracellular domain of LRb. Binding of leptin to the LRb extracellular domain

results in autophosphorylation of JAK2, phosphorylation of tyrosine residues

on the LRb cytoplasmic domain, and activation of downstream transcription

factors, named STATs. LRb has three conserved tyrosine residues, Y985, Y1077

and Y1138, in the intracellular domain. Leptin phosphorylates Y1138 recruit-

ing STAT3 via its SH2 domain. Tyrosyl-phosphorylated STAT3 then undergoes

homodimerization, is translocated into the nucleus and regulates transcription

of neuropeptide and various mediators of leptin (Figure 3.4).

As in peripheral tissues, neuronal activation of the insulin receptor, a

tyrosine kinase and member of the growth factor receptor family, induces the

Figure 3.4 Leptin and insulin signal transduction in the hypothalamus. AGRP,

agouti-related protein; CART, cocaine- and amphetamine-regulated transcript; JAK2,

janus kinase-2; K-ATP, ATP-sensitive potassium channel; IRS, insulin receptor

substrate; NPY, neuropeptide Y; PI3K, phosphatidylinositol-3-OH-kinase; PIP2,

phosphatidylinositol-bisphosphate; PIP3, phosphatidylinositol-trisphosphate;

POMC, proopiomelanocortin; SOCS3, suppressor of cytokine signaling-3; STAT3,

signal transducer and activator of transcription-3.
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recruitment and tyrosine phosphorylation of insulin-receptor substrate (IRS)

proteins (Figure 3.4). In the hypothalamus, IRS-2 is highly expressed in the

ARC and is strongly implicated in hypothalamic control of food intake (Obici

et al., 2002). Tyrosine phosphorylated IRS proteins bind to the regulatory

domain (p85) of a key enzyme known as PI3K. Activated PI3K phosphorylates

phosphatidylinositol-bisphosphate (PIP2) generating phosphatidylinositol-

trisphosphate (PIP3), thus indirectly resulting in activation of protein kinase B

(Akt) and other downstream mediators (Figure 3.4).

There is an overlap between leptin and insulin targets, such as IRS-1 and 2,

MAP kinase, ERK, Akt and PI3K (Niswender et al., 2004; Morton et al., 2005). Of

particular importance, leptin and insulin both stimulate IRS-2-mediated acti-

vation of PI3K in hypothalamus (Figure 3.4), leading to inhibition of feeding

and weight loss (Niswender et al., 2004). Conversion of PIP2 to PIP3, catalyzed

by PI3K, activates KATP channels, which are also important regulators of energy

balance. The overlap between leptin and insulin signaling in the hypothalamus

provides a molecular basis for how these hormones that are related to energy

stores in adipose tissue may converge to integrate metabolism. Though not yet

well-examined, it is possible that other peripheral hormones related to energy

stores and gut function signal in the hypothalamus through similar intracel-

lular signaling mechanisms as leptin and insulin.

AMP-activated protein kinase (AMPK) acts a sensor of cellular energy stores.

Increasing evidence suggests that this pathway plays a crucial role in the

hypothalamic coordination of metabolic responses (Kahn et al., 2005). AMPK in

the hypothalamus is phosphorylated and activated by fasting, hypoglycemia,

AGRP and ghrelin. Conversely, feeding, hyperglycemia, insulin, leptin and

melanocortin agonists suppress AMPK (McCrimmon et al., 2004; Minokoshi

et al., 2004). Likewise, inhibitors of fatty acid synthase or carnitine palmitoyl

transferase (CPT)-1 suppress hypothalamic AMPK (Obici et al., 2003; Landree

et al., 2004). Thus, regulation of hypothalamic AMPK activity appears to be

coupled to the status of energy balance, leading to alterations in feeding,

thermogenesis and weight. It is plausible that AMPK activation mediates dif-

ferential changes in the levels of orexigenic versus anorexigenic peptides;

however, the specific neuronal circuits are yet to be delineated.

ATP-sensitive Kþ channels (KATP) belong to the family of inward rectifier (Kir)

channels, which are important stabilizers ofmembrane potential (Nichols, 2006).

KATP channels are found in various tissues throughout the body, including the

pancreas and hypothalamus. High ATP concentrations inhibit the KATP channel,

while decreasing ATP concentrations allow the channel to open. Thus, these

channels act as sensors of cellular metabolism. In the pancreatic islets, the

presence of glucose leads to increased ATP and cell depolarization which causes

62 Neel S. Singhal and Rexford S. Ahima



insulin to be released. Spanswick and colleagues first demonstrated that hypo-

thalamic KATP channels open in response to peripheral signals such as leptin and

insulin in normal rats leading to neuronal hyperpolarization (Spanswick et al.,

1997). Obese Zucker rats have defective LRb and KATP channel (Spanswick et al.,

1997, 2000). The activation of KATP channels stems from the effects of leptin and

insulin on increasing PIP3 via PI3K activity (Shyng & Nichols, 1998; Plum et al.,

2006; Figure 3.4). While the specific means whereby leptin and insulin exert

their hyperpolarizing effects are unclear, most ARC NPY cells contain Kir6.2, a

subunit of the KATP channel, suggesting this may be a potential target. Recent

studies have also found that free fatty acids, lactate and pyruvate can modify the

activity of KATP channels, which leads to alterations in food intake as well as

glucose homeostasis (Obici et al., 2002a; Lam et al., 2005). Thus, KATP represents

another molecule on which hormones and nutrient signals may converge

(Figure 3.4).

Leptin and insulin both induce suppressor of cytokine signaling (SOCS)-3 in

hypothalamic neurons. SOCS-3 is a member of a family of proteins which

inhibits JAK-STAT signaling and acts as a negative regulator of leptin and

insulin signaling (Figure 3.4). As predicted, haploinsufficiency of SOCS-3 and, in

particular, neuronal deletion of SOCS-3 led to enhancement of leptin-induced

hypothalamic STAT3 phosphorylation, an increase in POMC levels in the

hypothalamus, and reductions in food intake and body weight (Howard et al.,

2004; Mori et al., 2004). The increase in leptin sensitivity in SOCS-3 deficiency

was associated with enhancement of insulin sensitivity (Mori et al., 2004).

Direct sensing of nutrients, especially glucose, has long been thought to be

critical to initiating food-seeking responses. Glucose is the primary fuel utilized

by the brain, and as even a few minutes of glucose deprivation will cause irre-

versible damage, the brain is especially sensitive to hypoglycemia. As such

several biochemical processes have evolved that help maintain glucose at nearly

constant physiological concentrations, even after longer periods of fasting.

Nevertheless, to prevent hypoglycemia the brain must be able to sense falling

serum glucose levels and coordinate the appropriate metabolic and behavioral

responses. Glucose-sensing neurons are specialized cells located in the hypo-

thalamus (Oomura et al., 1969) and brainstem (DiRocco & Grill, 1979), which

respond to changes in extracellular glucose by altering their firing rate. Within

the hypothalamus, the glucose-sensing properties of VMN cells have received

the most attention, although it is now also apparent that the orexin- and MCH-

containing cells in the LH also display alterations in electrophysiological prop-

erties under conditions of varying glucose concentration (Burdakov et al., 2005).

Subpopulations of neurons within the VMN are thought to be particularly

important in sensing falls in glucose and initiating autonomic and endocrine

Hypothalamic control of energy homeostasis 63



responses such as increased sympathetic outflow and the release of glucagon,

epinephrine and corticosterone which facilitates an increase in serum glucose

(Borg et al., 1997). Elevations in extracellular glucose levels in a physiological

range increases firing rate of a subpopulation of glucose-responsive VMN

neurons, while decreasing the action potential frequency of glucose-sensitive

neurons (Routh, 2003). Local stimulation or glucose deprivation in the VMN

(Borg et al., 1995) results in activation of counter-regulatory responses, while

lesions of VMN lead to increased parasympathetic tone (Yoshimatsu et al., 1984),

further supporting a role for this region in responding to glucose levels and

coordinating the appropriate metabolic response. While the details of how

changes in extracellular glucose result in altered neuronal electrical activity are

not fully understood, glucose-responsive neurons, like pancreatic b-cells, may

utilize glucokinase to sense physiological changes in glucose concentrations

(Routh et al., 2002).

Several reports have suggested that fatty acids’ permeability across the

blood–brain barrier is very high (Miller et al., 1987; Rapoport, 1999). In add-

ition, several hypothalamic nuclei express enzymes involved in fatty acid

metabolism including fatty acid synthase (FAS), acetyl coenzyme A carboxylase

(ACC), CPT1, and malonyl-CoA decarboxylase (MCD; Kim et al., 2000). Recent

studies have suggested that intraneural accumulation of long-chain fatty acyl

CoA (FACoA) molecules via central infusion of oleic acid or inhibitors of CPT1

or FAS, leads to sustained anorexia, weight loss, and inhibition of hypothal-

amic NPY gene expression (Loftus et al., 2000; Obici et al., 2002b, 2003). While

these studies link changes in neuronal fat metabolism to alterations in feeding

and neuropeptide expression, further clarification of the regulation of neur-

onal FACoA content in physiological conditions and the mechanism by which

it alters neuronal function are needed for a more complete understanding of

this nutrient-sensing system in energy homeostasis.

8. Electrophysiological responses of hypothalamic neurons to

energy fluxes

While alterations in the expression levels of neuropeptides in

response to peripheral metabolic cues are critical to initiating metabolic

responses, as in other neural circuits, it is important to consider the rapid

electrophysiological responses of hypothalamic cells to metabolic cues. In

normal mice, fasting induces a rapid increase in action potential frequency in

NPY/AGRP neurons (Takahashi & Cone, 2005). Lepob/ob and Leprdb/db mice have

higher action potential frequency in NPY/AGRP neurons, and they display no

further increase during fasting (Takahashi & Cone, 2005). Interestingly, leptin
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treatment reduces the action potential frequency in fasted and Lepob/ob mice,

demonstrating that leptin is an important modulator of neurotransmission in

these cells.

Recordings in hypothalamic slice preparations taken from mice genetically

engineered to express fluorescent proteins in specific cell types have demon-

strated that leptin acutely increases action potential frequency in POMC

neurons, directly by leading to the opening of non-specific cation channels and

indirectly by decreasing inhibitory GABA-mediated tone from local ARC NPY-

expressing neurons (Cowley et al., 2001). Leptin also hyperpolarizes and

decreases action potential firing in NPY/AGRP neurons, although the mech-

anism has not been characterized. Insulin is known to produce changes similar

to leptin in hypothalamic neuropeptide expression, but it is not currently

known whether it causes similar electrophysiological effects.

Ghrelin, which stimulates feeding and NPY expression in the ARC, has been

found to dose-dependently stimulate action potential firing in a large pro-

portion of cells that leptin inhibits (Van den Top et al., 2004). Bath application

of ghrelin to hypothalamic slices increases spontaneous action potentials in

NPY/AGRP neurons. Ghrelin was found to increase burst firing in NPY/AGRP

neurons, which is a more effective stimuli for neuropeptide/neurotransmitter

release. Contrary to leptin action, ghrelin decreases spontaneous activity in

POMC neurons, which is dependent on the presynaptic activation of NPY/AGRP

neurons. Calcium imaging studies also support a role for ghrelin in increasing

activity of NPY neurons (Kohno et al., 2003).

9. Role for hypothalamic plasticity in energy balance?

Leptin-deficient Lepob/ob mice differ from wild-type mice by having

greater excitatory than inhibitory synapses in NPY and POMC neurons (Pinto

et al., 2004). This difference is reversed by leptin treatment and precedes the

inhibition of feeding (Pinto et al., 2004). This suggests that hypothalamic cir-

cuits exhibit some degree of plasticity in response to adiposity signals such as

leptin. Leptin is known to have a crucial role in brain development based on

earlier reports of smaller brains in Lepob/ob and Leprdb/db mice (Sena et al., 1985;

Ahima et al., 1999), and more importantly, leptin treatment also reverses

structural deficits in the brains of genetically leptin-deficient patients

(Matochik et al., 2005). Neurotrophic actions of leptin have been demonstrated

in vivo and in vitro. Lepob/ob mice manifest a delay in maturation of the arcuate-

PVN projection, which is corrected by leptin treatment during the postnatal

period (Bouret et al., 2004). Leptin may also play a role in neuronal survival by

preventing apoptosis (Russo et al., 2004). A neonatal leptin surge has been
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implicated in obesity and insulin resistance during adulthood (Yura et al.,

2005). These results in conjunction with the close correlation between the

ontogeny of hypothalamic neuropeptides and timing of leptin’s effects on

thermogenesis and feeding, suggest that leptin may be involved in obesity by

controlling neuronal structure and function (Ahima et al., 1999; Bouret et al.,

2004).

Recently, brain-derived neurotrophic factor (BDNF), a neurotrophin that is

critical for brain development and neuroplasticity in mature neurons, has

been implicated as an important modulator of energy status. Central infusion

of BDNF reduces food intake (Lapchak & Hefti, 1992). In addition, mice lacking

the BDNF gene or its receptor, trkB, are hyperphagic and demonstrate exces-

sive weight gain on a high-fat diet (Rios et al., 2001; Xu et al., 2003). BDNF is

expressed throughout the hypothalamus, however, its expression in the VMN

appears to be specifically regulated by nutritional status, leptin adminis-

tration, and melanocortin signaling (Xu et al., 2003). The mechanism by which

BDNF/trkB signaling leads to reduced food intake and the extent to which the

effect results from altered neuropeptide synthesis and release remains to be

determined.

10. Neuropeptide and neurotransmitter mediators

of energy balance

Table 3.2 shows a list of hypothalamic and other CNS factors which

inhibit feeding and decrease weight and fat content (anorexigenic), or stimu-

late feeding and weight gain (orexigenic).

10.1 Arcuate nucleus

Neuropeptide Y

Neuropeptide Y (NPY) is one of the most abundant neuropeptides and

is widely expressed throughout the brain (Adrian et al., 1983). In spite of its

diffuse expression, NPY is a potent stimulator of feeding (Stanley & Leibowitz,

1985), an effect which appears to be specific to the hypothalamus. In the

hypothalamus, NPY is expressed in the medial arcuate nucleus and released in

the PVN and LHA. Neuropeptide Y expression and release in the hypothalamus

increases with fasting and decreases with feeding (Kalra et al., 1991). Neuro-

peptide Y administration in the brain reduces energy expenditure through

suppression of brown adipose tissue thermogenesis (Billington et al., 1991),

inhibition of the thyroid axis (Fekete et al., 2002) and reduced sympathetic

nerve activity (Egawa et al., 1991). While these data support NPY’s role as an
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important orexigenic signal, genetic experiments have produced conflicting

results. Mice lacking NPY from birth have normal body weight, but have a

blunted hyperphagic response to fasting and hypoglycemia (Bannon et al.,

2000). In contrast, leptin-deficient mice lacking NPY are less hyperphagic and

have a milder obesity phenotype (Erickson et al., 1996).

Detailed pharmacological and genetic studies by Herzog and colleagues

have found much of the orexigenic effect of NPY to be mediated by stimulation

of a synergistic response in multiple NPY receptor types (Lin et al., 2004).

Postsynaptic NPY Y1 receptors may be particularly important for increasing

appetite. The most potent orexigenic actions of NPY are seen with micro-

injection in the perifornical area and LHA. It has been suggested that NPY

stimulates appetitive rather than consummatory behavior in the LHA, pre-

sumably through interaction with neurons expressing MCH and orexins

(Ammar et al., 2000).

Melanocortins

Proopiomelanocortin (POMC) is expressed by neurons in the medial

arcuate nucleus and gives rise to several bioactive peptides, including a- and

c-melanocyte-stimulating hormone, which have been shown to have potent

anorexigenic effects when administered centrally. POMC mRNA and a-MSH

levels are reduced in the fasted animal and increased by feeding (Schwartz et al.,

1997). The effects of these peptides are mediated by MC3/4 receptors, which are

expressed in the ARC, VMN, and PVN (Mountjoy et al., 1994). The critical role of

melanocortin signaling is evident as mice lacking POMC or MC4R develop early-

onset obesity. In addition, mutations in the POMC and MC4R have been asso-

ciated with morbid obesity in humans (Krude et al., 1998; Farooqi et al., 2000).

MC4R and to some extent MC3R mediate the thermogenic effect of a-MSH by

increasing sympathetic nerve activity in brown adipose tissue and stimulating

the thyroid axis (Kim et al., 2000). These actions are opposed by AGRP co-

expressed in NPY neurons in the arcuate nucleus. AGRP is released in the PVN

and other hypothalamic areas and acts as an endogenous antagonist of a-MSH at

the MC3/4R, leading to hyperphagia (Kim et al., 2000). AGRP also decreases

energy expenditure by reducing TRH expression and brown adipose thermo-

genesis (Small et al., 2003). In contrast to the short action of a-MSH, these

responses to AGRP can persist for up to one week, possibly due to interaction

with syndecans (Rossi et al., 1998).

Cocaine and amphetamine-regulated transcript

Cocaine and amphetamine-regulated transcript (CART) was identified

in rat hypothalamus as a transcript acutely regulated by cocaine and
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amphetamine administration (Douglass et al., 1995). CART is highly conserved

between rodents and humans. It is widely expressed in the brain, but is par-

ticularly abundant in the hypothalamus including LH, VMN, PVN, supraoptic

nucleus, DMN, and ARC, where it is co-expressed with a-MSH (Kristensen et al.,

1998). Alternative splicing yields four CART transcripts, and a majority of studies

on its role in energy balance have focused on CART55–102, the putatively active

form. Although the CART receptor has not been identified, CART immuno-

reactivity has been demonstrated in dendritic dense core vesicles and CART

release in hypothalamic explants is calcium-dependent (Murphy et al., 2000).

Similar to POMC, CART mRNA expression within the ARC is stimulated by

feeding and leptin, and decreased by fasting (Kristensen et al., 1998). Antibodies

against CART peptide fragments administered in the cerebral ventricle or the

ARC and VMN increase feeding (Kristensen et al., 1998). Third ventricle

administration of CART inhibits feeding in 24-hr fasted rats as well as sup-

pressing NPY-induced feeding (Kristensen et al., 1998; Vrang et al., 1999). Some

hypothalamic regions demonstrate increased CART immunoreactivity follow-

ing fasting (Wang et al., 2000). CART increases release of NPY and AGRP, and

reduces the release of a-MSH from hypothalamic explants (Lambert et al., 1998;

Stanley et al., 2001). Similar to a-MSH, CART increases brown adipose

thermogenesis (Wang et al., 2000), and is also able to modulate the effects of

TRH (Stanley et al., 2001; Raptis et al., 2004). While CART clearly has a role in

energy homeostasis, whether these effects are its primary role remains to be

seen (Kuhar et al., 2005).

Endocannabinoids

Cannabinoids have long been suspected of playing a role in the regulation

of appetite. However, only recently has the participation of endogenous canna-

binoids, including anandamide and the more abundant 2-arachidonyl glycerol

(2-AG), in the hypothalamic and peripheral regulation of energy balance been

appreciated (Di Marzo et al., 2001). Endogenous cannabinoids are lipid-related

molecules derived from the hydrolysis of arachidonic acid. They function as the

ligands for either of two cannabinoid receptors (CB1 and CB2). Endocannabinoids

are synthesized in several neural regions including theARC, andCB1 receptors are

present in the hypothalamus, including LHA cells expressing MCH.

Consistent with a role in energy balance, leptin treatment lowers hypo-

thalamic cannabinoid levels, whereas interventions that reduce leptin sig-

naling have the opposite effect (Di Marzo et al., 2001). Hypothalamic levels of

2-AG have also been found to vary with nutritional status as they increase

with fasting and return to baseline levels when animals are refed (Kirkham

et al., 2002). Administration of CB1 antagonists or genetic deletion of CB1
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receptors reduce body fat mass, increase leptin sensitivity, and attenuate

both refeeding hyperphagia and diet-induced obesity (Ravinet Trillou & Matias,

2004; Di Marzo & Matias, 2005).

The mechanism of action of cannabinoids in the hypothalamus is still

controversial, and many of its effects on appetite may also be related to

rewarding properties of food (Harrold & Williams, 2003). Also of great interest

are the potential peripheral actions of cannabinoids. CB1 receptors are present

in numerous metabolically important tissues such as liver and adipose tissue.

Intestinal anandamide content is closely related to nutritional status and its

peripheral but not central administration promoted feeding in partially sati-

ated rats (Gomez et al., 2002). Thus, although further clarification on the

mechanisms of action is required it can be concluded that both central and

peripheral endocannabinoids are involved in regulation of appetite and energy

balance.

10.2 Paraventricular nucleus

The PVN is located on either side of the dorsal border of the third

ventricle and consists of a magnocellular and parvocellular division. The lat-

eral magnocellular division consists predominantly of vasopressin- and oxy-

tocin-containing neurosecretory cells which project to the posterior pituitary

gland. The parvocellular region is located medially and can be further divided

into anterior, medial, periventricular, ventral, dorsal and lateral subdivisions.

Neurons of this region express a variety of peptides including TRH, CRH,

enkephalin, somatostatin and VIP. Of particular importance to coordinating

metabolic adaptations in response to input from the ARC as well as other

regions are the hypophysiotropic TRH located neurons in the medial and

periventricular PVN (Lechan & Fekete, 2006) and the hypophysiotropic CRH

neurons located throughout the PVN (Masaki et al., 2003). The PVN is a critical

integration site of ARC projections as well as projections from the NTS and

DMN (Sawchenko & Swanson, 1983). The parvocellular subdivision of the PVN

receives dense afferent input from the NTS as well as the DMN and other

catecholamine-containing nuclei in the dorsal and ventral medulla (Knigge &

Scott, 1970).

Thyrotropin-releasing hormone

The majority of TRH neurons in the PVN receive afferent input from

axons of the ipsilateral ARC. Both a-MSH- and AGRP-containing ARC neurons

project to similar regions of the PVN, which highly express MC3/4Rs. In vivo and

in vitro studies suggest that a-MSH input to the PVN activates hypophysiotropic
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TRH neurons (Fekete et al., 2000) via cAMP-dependent phosphorylation of the

transcription factor, CREB (Sarkar et al., 2002). In contrast to a-MSH, AGRP has

potent inhibitory effects on these neurons, as central infusion of AGRP greatly

reduces TRH mRNA in the PVN and consequently causes circulating thyroid

hormone levels to fall (Fekete et al., 2004). Administration of NPY counteracts the

ability of a-MSH to induce CREB phosphorylation on TRH neurons (Fekete et al.,

2002), further suggesting an integrative role of PVN-TRH neurons in energy bal-

ance. In addition to hypothalamic input, approximately 20% of TRH neurons in

the PVN receivemedullary afferent input (Fekete et al., 2005). Most of these axons

contain catecholamines as well as CART (Wittmann et al., 2004), however their

functional role in regulation of the hypothalamic–pituitary–thyroid axis remains

to be determined.

Corticotropin-releasing hormone

Corticotropin-releasing hormone-expressing cells are concentrated

predominantly in the medial parvocellular region, a proportion of which also

express MC4R (Lu et al., 2003). When infused centrally, CRH and related pep-

tides such as urocortin have anorectic actions and potently stimulate sympa-

thetically mediated thermogenesis and lipolysis (Richard et al., 2000). In

addition, central infusion of melanotan (MTII), a melanocortin agonist at doses

that suppress food intake, rapidly increases expression of CRH in the PVN (Lu

et al., 2003). Pre-treatment of rodents with a CRH receptor antagonist blunts

but does not completely suppress the effect of MTII on food intake (Lu et al.,

2003), indicating that CRH is a downstream mediator of the effects of mela-

nocortins on feeding. However, phosphorylation of CREB in CRH neurons has

also been reported to be increased by the orexigenic peptide NPY (Sarkar &

Lechan, 2003). While this may seem incompatible given that NPY and POMC

have opposing effects on energy balance, it may indicate that distinct sub-

populations of TRH and CRH neurons may be differentially regulated by

similar metabolic states.

10.3 Dorsomedial nucleus

The DMN is implicated in a wide variety of physiological behaviors

including the stress response, ingestive behaviors and energy balance, repro-

duction and circadian rhythms. Most inputs to the DMN arise from other

hypothalamic regions (Thompson & Swanson, 1998), particularly the ARC.

Recent studies suggest that the DMN may serve as an important additional

integrator in between ARC neurons responding to peripheral signals and PVN

neurons executing autonomic and neuroendocrine responses (Elmquist et al.,
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1998b). The DMN itself is rich in leptin receptors as well as those for ARC

neuropeptides such as MC4R, Y1 and Y5 receptors. Recent studies in rodents

have also suggested the DMN may regulate sympathetic nerve activity in

intrascapular brown adipose tissue, via the periaqueductal gray and medullary

raphe (Yoshida et al., 2005). Interestingly, the DMN may also play a role in

coordinating the circadian rhythm to feeding and energy expenditure as

expression of c-fos as well as period genes are specifically enhanced during

food-entrained periods (Gooley et al., 2006; Mieda et al., 2006) and discrete

lesions of the DMN abolish food-entrainable circadian rhythms (Gooley et al.,

2006).

10.4 Lateral hypothalamic and perifornical areas

As suggested by early lesion and glucoprivation studies, the LHA/

perifornical area is critical to mediating orexigenic responses. NPY, AGRP and

a-MSH terminals are abundant in the LHA and are in contact with neurons

expressing the orexigenic peptides, MCH- and orexin. Central orexin neurons

also express NPY and leptin receptors and are thus able to integrate adiposity

signals. Notably, the perifornical area is more sensitive to NPY-elicited feeding

than the PVN (Stanley et al., 1993).

Fasting increases MCH mRNA, and repeated intracerebroventricular

administration or transgenic overexpression of MCH increases food intake and

results in mild obesity (Qu et al., 1996). Conversely, chronic administration of

an antagonist to the MCH-1 receptor reduces feeding and results in a sustained

reduction in body weight (Borowsky et al., 2002), whereas mice with a dis-

ruption of the MCH gene are hypophagic, lean and have increased energy

expenditure, despite reduced ARC POMC and circulating leptin (Marsh et al.,

2002). Furthermore, hyperphagia and obesity are attenuated in mice deficient

in MCH and leptin (Segal-Lieberman et al., 2003).

Orexin A and B (or hypocretin 1 and 2) are peptide products of prepro-

orexin. These peptides are produced in the LHA/perifornical area and zona

incerta by neurons distinct from those which produce MCH (Broberger et al.,

1998). Orexin neurons exert their effects via wide projections throughout the

brain including the PVN, ARC, NTS and dorsal motor nucleus of the vagus

(Peyron et al., 1998). The VMN contains a high concentration of the orexin-1

receptor, which has a much greater affinity for orexin A. PVN neurons highly

express the orexin-2 receptor, which has similar affinity for both orexin A and

B (Sakurai et al., 1998). Expression of prepro-orexin mRNA is increased during

fasting and its central administration has been found to result in both orexigenic

behavior and generalized arousal (Sakurai et al., 1998). Central administration of
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orexin A, but not orexin B, has a potent effect on feeding (Haynes et al., 1999) and

vagally mediated gastric acid secretion (Takahashi et al., 1999). Although intra-

cerebroventricular administration of orexin A increased daytime feeding, there

was no overall change in 24-h food intake (Haynes et al., 1999). Furthermore,

chronic administrationof orexinA alonedid not increase bodyweight (Yamanaka

et al., 1999). Orexin plays an important and well-characterized role in arousal and

attention, and together with its role in increasing daytime feeding indicates that

in circumstances of starvation, the orexin neuropeptidesmaymediate an arousal

and food-seeking behavior.

10.5 Ventromedial nucleus

The VMN has long been known to play a role in energy homeostasis

and glucose-sensing. Bilateral VMN lesions produce hyperphagia and obesity.

These earlier lesion studies also demonstrated its involvement in both regu-

lation of food intake and energy expenditure, as even pair feeding fails to

prevent VMN-lesion induced obesity. Although it is no longer thought of as a

‘‘satiety center,’’ the VMN is a critical relay in hypothalamic circuits of energy

homeostasis, by virtue of its afferent and efferent connections and expression

of receptors for various neuropeptides. NPY and MC4R expression is upregu-

lated in the VMN of obese rodents (Huang et al., 2003). Recent work has also

demonstrated that BDNF is highly expressed within the VMN, and is a critical

downstream mediator of melanocortin signaling (Xu et al., 2003). In addition to

expressing receptors for NPY and melanocortin input from the ARC, VMN

neurons also express receptors for histamine and monoamines as well as

leptin and insulin. VMN neurons project to the nucleus tractus solitarius (NTS)

and other brainstem areas to regulate energy balance, glucose homeostasis and

secretomotor activity.

11. Brainstem pathways

There are extensive reciprocal connections between the hypothalamus

and brainstem, particularly the dorsal vagal complex (DVC), which includes

the NTS and dorsal motor vagal nucleus (Swanson & Sawchenko, 1980). Like

the ARC, the NTS is in close anatomical proximity to a CVO, the area postrema,

and therefore is accessible to peripheral circulating signals. NPY levels within

the NTS fluctuate with feeding, and NPY neurons from this region feedback on

to the hypothalamus. The NTS, dorsal vagal nucleus, and associated brainstem

nuclei are critical to executing several metabolically important autonomic

responses including modulating hormonal release, brown adipose tissue
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thermogenesis and hepatic glucose production. Thus, coordinated feedback

between hypothalamic and the DVC are critical to modulating peripheral

metabolic responses.

12. Cognitive and reward pathways

In addition to the homeostatic mechanisms that drive food intake and

energy expenditure, we are all keenly aware of the cognitive mechanisms

driving energy balance. The motivation to eat or abstain from eating is

ultimately the result of the processing of sensory information, stored mem-

ories, and emotional state in addition to homeostatic information. Hypothal-

amic nuclei project to several areas involved in these ‘higher order’

phenomena including the ventral tegmental area, nucleus accumbens and

cortical areas. Functionally, these projections may allow for energy status to

influence the sensation of reward or motivational states. As one may predict,

subjective palatability of food is altered in the fed as compared with the fasting

state (Berridge, 1991). Interestingly, fasting enhances while leptin adminis-

tration attenuates LHA self-stimulation (Fulton et al., 2000). This effect may be

related to effects of leptin on neural circuits mediating reward, as dopamine

release in the nucleus accumbens is altered by feeding or leptin administration

(Krugel et al., 2003). Along these lines, in primates hunger alters electro-

physiological properties of orbitofrontal cortex neurons in response to visual

or olfactory cues (Critchley & Rolls, 1996). Recent studies also suggest that

orexin neurons may modulate mesolimbic reward circuits (Harris & Aston-

Jones, 2006). Thus, signals of energy status via the hypothalamus are

important regulators of neural circuits involved in hedonic and motivational

processes.

13. Summary

Since the discovery of leptin over a decade ago, rapid progress has

been made in uncovering the details of the hypothalamic control of energy

balance. It is now clear that discrete as well as overlapping hypothalamic

pathways are critical to sensing metabolic status and effecting the appropriate

metabolic adaptations to ensure that body weight is maintained. Peripheral

factors responsive to energy stores as well as circulating nutrients are

dynamically integrated by the ARC, PVN and various hypothalamic nuclei.

Together with input from cortical, subcortical and brainstem sites, the hypo-

thalamus coordinates feeding behavior, and hormonal and autonomic com-

ponents of energy homeostasis.
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4

Leptin and insulin as adiposity signals

kevin d. niswender

1. Summary

Obesity is an epidemic in the USA and worldwide. Despite a rapid

increase in the burden of obesity, scientific evidence indicates that body

adiposity is a tightly regulated physiological variable. Current models

implicate a classical endocrine feedback loop in the process termed energy

homeostasis. Both the pancreatic b cell-derived hormone insulin and the

adipocyte-derived hormone leptin are secreted in proportion to fat mass

and, thus, signal the status of body energy stores to the hypothalamus.

Key hypothalamic nuclei contain neurons that respond directly to insulin

and leptin and integrate these and other signals in order to regulate food

intake and energy homeostasis through a series of complex neuronal

circuits.

Although the personal, societal and economic costs of obesity are stagger-

ing, the medical research community has yet to develop definitive therapies.

Recent advances in our understanding of the interactions of insulin and leptin

with hypothalamic target neurons has shed light upon potential pathophy-

siological mechanisms and therefore therapeutic targets. In this chapter, basic

mechanisms of energy homeostasis will be presented in the context of an

adiposity negative feedback model with the hormones insulin and leptin

serving an important role. This model will then be extended and discussed in

the context of the pathophysiology of obesity.
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2. Introduction

Obesity is an international health epidemic (Kopelman, 2000; Mokdad

et al., 2001) afflicting 1.7 billion people worldwide (James, 2003) and has sur-

passed infectious disease and under-nutrition as the major threat to health in

most parts of the world. Increased body fat mass increases relative risk for the

development of cardiovascular disease, hypertension, diabetes mellitus,

obstructive sleep apnea, degenerative joint disease, depression and other

conditions that collectively combine to greatly increase morbidity and mor-

tality (Willett et al., 1999). The health-related costs of obesity (Rosenbaum et al.,

1997) and diabetes (Association, 2000) in the USA are estimated to exceed US$

240 billion per year, and as such, these disorders and their comorbidities

constitute a significant medical and financial burden.

The rapidity with which obesity has developed within so many populations

is one of the most alarming aspects of this problem. United States Centers for

Disease Control statistics document a dramatic increase in the prevalence of

obesity over the last 15 years (Mokdad et al., 2001). Highly alarming is the

relative rate of increase over the last several years (Control, 2003) and the

increasing prevalence of obesity in children (Ogden et al., 2002) suggesting that

current efforts at curbing the problem are wholly ineffective. The accelerating

and seemingly self-perpetuating nature of this disorder has raised the concern

of scientists, clinicians, epidemiologists and governmental agencies, whose

collective response will ultimately determine our success in improving public

health (Kopelman, 2000; Mokdad et al., 2001).

Unequivocally, an improved understanding of the neurobiology of energy

homeostasis and pathophysiological mechanisms of obesity will be required to

develop effective therapy. It could be argued that the relative lack of efficacy of

currently approved drugs is due to a lack of understanding and therefore tar-

geting of fundamentally relevant pathophysiology. This is despite an ever-

increasing understanding of the critical roles of a number of molecular

determinants and CNS circuits in energy homeostasis (Schwartz et al., 2000;

Spiegelman & Flier, 2001).

The concept of adiposity negative feedback, wherein hormonal signals

generated in proportion to fat mass and recent energy balance provide feed-

back to the brain (Figure 4.1) is fundamental to the biology of energy

homeostasis (Schwartz et al., 2000; Spiegelman & Flier, 2001). This generally

accepted model is the focus of this chapter, although it must be pointed out

that other models have been proposed (Flier, 1998; Leibel, 2002; Speakman

et al., 2002). In this chapter, the roles for insulin and leptin as adiposity signals

in normal energy balance and in the context of the pathophysiology of obesity
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will be discussed. Both historical and recent findings will be highlighted that

support a key role for insulin, leptin and downstream signal transduction

pathways in the central nervous system (CNS) regulation of energy homeo-

stasis. Key unanswered questions will be highlighted and hypotheses for the

pathophysiology of obesity proposed.

3. Is obesity a disease?

Implicit in a discussion of the role of insulin and leptin in energy

homeostasis is the concept that body adiposity is a regulated physiological

variable and that obesity must represent a ‘‘pathophysiological’’ or ‘‘disease’’

process (Niswender et al., 2004b; Schwartz & Niswender, 2004). Yet common

public perception and, unfortunately, the perception of many medical practi-

tioners is that obesity is a ‘‘disorder’’ of willpower, a character flaw or a cog-

nitive choice. Intriguingly, predecessors of several centuries realized that

‘‘Corpulency, when in extraordinary degree, may be reckoned a disease, as it
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Figure 4.1 Insulin and leptin function as adiposity signals in an endocrine negative

feedback loop to regulate energy balance. Insulin and leptin circulate in proportion

to body fat stores and regulate the activity of key target neurons found in the

mediobasal hypothalamus and elsewhere. Catabolic circuits are activated and

anabolic circuits suppressed in response to increased insulin and leptin levels

resulting in reduced food intake, increased energy expenditure, and restoration of

body adipose stores.
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in some measure obstructs the free exercise of animal functions; and hath

a tendency to shorten life, by paving the way to dangerous distempers’’

(M Flemyng 1760, quoted in Bray, 2003). Abundant evidence, mentioned above,

indicates that increased adiposity is a powerful risk factor for the development

of a variety of diseases, including metabolic disease and ‘‘metabolic syndrome’’

(Eckel et al., 2005).

Scientifically, it has been proposed that the role of leptin in neuroendocri-

nology is to organize the potent response to energy deficit and that little

effect of this system would be expected under conditions of energy excess

(Flier, 1998; Leibel, 2002). Mechanistically, it may be true that the response to

energy excess is less robust than the potent response to starvation (Schwartz

et al., 2003) under certain situations and particularly in obesity. Reviewing

statistics on obesity, it could easily be concluded that body adipose mass is an

unregulated physiological variable at the upper end (Flier, 1998; Leibel, 2002;

Berthoud, 2004); increased caloric availability appears to result in increased

adiposity in the majority of humans. A variation of this hypothesis suggests

that humans evolved under conditions of chronic caloric deprivation and that

individuals who could efficiently acquire and store energy in the form of fat

would have a selective survival advantage and their genes positively selected

over time. This concept is often termed the ‘‘thrifty genotype hypothesis’’

(Neel et al., 1998; Neel, 1999).

Thus, whether body fat mass is regulated is a critical issue in our attempt to

define research questions aimed at understanding the role of insulin and leptin

as adiposity signals and of addressing the obesity epidemic. If obesity indeed

represents the ultimate manifestation of thrifty genes exposed to caloric

excess, then we may be destined for an ever-more obese existence. In this

context, obesity could be viewed as the efficient and ‘‘normal’’ function of a

regulatory system whose primary objective is to obtain and store energy or at

the very least is not designed to efficiently respond to energy excess (Flier,

1998; Leibel, 2002; Schwartz et al., 2003; Berthoud, 2004).

The counter hypothesis, to be discussed in this chapter, is that body weight

in normal individuals is tightly regulated and that pathological changes in the

regulatory system must occur in order to develop obesity. The role of insulin

and leptin as key regulators of energy balance are fundamental to this

hypothesis and will be discussed at length.

4. Evidence in favor of tight regulation of energy balance

Firstly, the observation that not all individuals express an obese

phenotype in today’s sedentary and calorically dense milieu suggests that
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energy balance can be tightly regulated. Even accounting for age-associated

weight gain, it is estimated that energy intake is balanced to within less than

0.2% of energy expenditure over time. Such precision in the matching of a

caloric intake with expenditure seems implausible in the absence of a

physiological system designed to perform this function (Weigle, 1994). Further,

while it is elegantly argued that the neurohormonal response to energy deficit

is potent (Flier, 1998; Leibel, 2002), numerous experimental systems have

demonstrated a similarly potent response to ‘‘acute’’ overfeeding in ‘‘normal’’

volunteers. For example, in the ‘‘Experimental Obesity in Man’’ series of

studies, volunteers were able to achieve significant weight gain when provided

with sufficient external motivation (Sims et al., 1968, 1972, 1973; Saad et al.,

1993). The caloric intake necessary to maintain the excess body weight was

higher than the caloric intake necessary to maintain excess body weight in

individuals expressing typical human obesity, implying that the ‘‘normal’’

volunteers exhibited markedly increased energy expenditure in the face of

increased fat mass, i.e. exhibited responses that would be predicted if energy

homeostasis was intact. Of course, once the external motivation to overfeed

was discontinued the volunteers spontaneously consumed very few calories for

many weeks, and caloric intake only approached pre-study intake when body

weight dropped to the pre-study body weight. This set of observations had

essentially been made 50 years prior, albeit in a far more crude fashion (Gulick,

1922).

Similarly vigorous responses have been observed in a unique series of

observations made in Cameroonian society where male coming of age includes

a ‘‘fattening ceremony’’ or ‘‘Guru Walla.’’ In this culture, obesity is viewed as a

positive social trait, eliminating such factors as confounders, and yet when

observed after the period of inactivity, overfeeding and obesity, the individuals

had returned to their initial body weight and body composition (Pasquet et al.,

1992; Pasquet & Apfelbaum, 1994). Other, more sophisticated studies of less

dramatic overfeeding in humans have generally confirmed these observations;

i.e. that overfeeding results in adaptive responses including reduction in

spontaneous food intake until excess adiposity is dissipated (Roberts et al.,

1990).

Abundant evidence in a variety of animal models has also indicated the

potential for potent responses to overfeeding. Whether it be monkeys (Wilson

et al., 1990), or rodents (Bernstein et al., 1975), a period of forced over feeding

by gavage or gastric catheter results in the absence of spontaneous food

intake. When the gavage feeding is discontinued, spontaneous feeding does

not occur until body fat mass returns to normal levels, a potent response

reminiscent of those observed in humans just described. Thus, in a selected
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group of ‘‘normal’’ individuals, the catabolic or anorexic response to experi-

mentally induced obesity is demonstrated to be both robust and accurate. The

situation in humans expressing typical forms of obesity (i.e. non-monogenetic),

or common human obesity, or similar rodent models of diet-induced obesity

(DIO) are fundamentally different in that individuals are not externally

motivated or experimentally forced to overfeed, rather obesity occurs in the

setting of ad libitum feeding. Of course, human and rodent obesity typically

develops over a different (longer) time-course than the forms of experimental

obesity just discussed, and it would be interesting to determine whether long-

term slight overfeeding results in typical obesity with maintenance of excess

adiposity. Nonetheless, the remainder of this chapter will focus on the fun-

damental key question, what is different between the ‘‘experimental’’ obe-

sities just mentioned and typical human obesity, and will do so in the context

of the role of insulin and leptin as adiposity signals.

5. Adiposity signals

Although the regulated nature of body adiposity has been recognized

for over 100 years (Neumann, 1902; Gulick, 1922), our current understanding

of body weight regulation, incorporating the notion of negative adiposity

feedback signaling arose nearly 50 years ago in an insightful article by Gordon

Kennedy entitled ‘‘The role of depot fat in the hypothalamic control of food

intake in the rat’’ (Kennedy, 1953). Kennedy put forth the hypothesis that body

adiposity is regulated by a feedback loop in which the status of body fat stores

is sensed and a signal sent to the hypothalamus to regulate the intake of

calories and the storage of energy in the form of fat. Of course, CNS lesioning

experiments had identified the mediobasal hypothalamus as a key site for the

regulation of energy balance (Brobeck et al., 1943; Marshall et al., 1955; Mayer

et al., 1955). Thus, the basic structure of the systems involved in energy balance

as understood today (Figure 4.1) were appreciated prior to the discovery of

specific hormones that function as adiposity negative feedback signals. It took

nearly 50 years for such a signal to be identified and widely appreciated; in

1994 the fat derived ‘‘adiposity’’ signal leptin was cloned and its critical role in

body weight regulation established (Zhang et al., 1994). It should be noted,

however, that work focusing on adipostatic signals occurred well before the

discovery of leptin.

Although the cloning of leptin (Zhang et al., 1994) and elucidation of its

critical role in energy homeostasis (Halaas et al., 1995) were clearly seminal

events for energy homeostasis research, Woods and Porte demonstrated the

existence of neural circuits that respond to insulin and regulate food intake
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and adipose mass many years prior (Woods & Porte, 1978; Woods et al., 1979;

Woods & Seeley, 2001). Chronic infusion of insulin into the cerebral ventricles

of baboons was noted to reduce food intake and body adiposity as far back as

the 1970s and early 1980s (Woods et al., 1979). Coupled with evidence that

insulin circulates in proportion to adiposity (Bagdade et al., 1967), this work

provided crucial early evidence in support of the feedback loop model of

energy homeostasis on which current models are based (Woods & Porte, 1978;

Schwartz et al., 2000; Spiegelman & Flier, 2001).

6. Adiposity signal definition

In a feedback loop model of energy homeostasis, an afferent ‘‘adi-

posity’’ signal to the CNS should meet several requisite criteria. Indeed, both

insulin and leptin fulfill several requirements of such a signal. Both hormones

are secreted and circulate in proportion to body fat mass (Bagdade et al., 1967;

Considine et al., 1996). In particular, both fasting and integrated circulating

insulin levels correlate well with adiposity (Bagdade et al., 1967). Next, recep-

tors for both hormones are expressed on key neurons found in important

regulatory centers in the brain and these hormones can be demonstrated to

bind their receptors in these brain regions (Corp et al., 1986; Marks et al., 1990;

Schwartz et al., 1996b). Experimentally, delivery of either hormone into the

brain reduces food intake (Halaas et al., 1995; Sipols et al., 1995; Sindelar et al.,

1999; Air et al., 2002) and deficiency of either hormone results in hyperphagia

and/or obesity (Zhang et al., 1994; Sipols et al., 1995; Farooqi et al., 1999;

Sindelar et al., 1999) both as one would predict for an adiposity signal. Finally,

the hyperphagia due to insulin or leptin deficiency can be reversed by treat-

ment with either hormone (Sipols et al., 1995; Farooqi et al., 1999; Sindelar

et al., 1999). Thus, fundamental negative feedback principles are clearly met by

both insulin and leptin supporting the concept that both hormones participate

in energy homeostasis via roles as negative adiposity signals. After a brief

description of the structure–function relationships in current models of

energy homeostasis, the roles of insulin and leptin as adiposity signals will be

elucidated further.

7. Current model of energy homeostasis

A current and well-accepted model for the regulation of adipose tissue

stores is reviewed in detail elsewhere (Schwartz et al., 2000; Spiegelman & Flier,

2001). The basics will be briefly presented here to provide context for the

remaining discussion, and key features are summarized in Figures 4.1 and 4.2.
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In this basic model, both leptin, the adipocyte-derived hormone, and insulin,

the pancreatic beta-cell-derived hormone, function as adiposity signals (criteria

mentioned above) in the negative feedback regulation of adipose mass

(Schwartz et al., 2000; Spiegelman & Flier, 2001). Both hormones circulate in

the bloodstream in proportion to adipose mass (Considine et al., 1996; Bagdade

et al., 1967) and regulate the activity of neurons found in regions of the brain

associated with body weight regulation. In particular, neurons found in the

hypothalamic arcuate nucleus (ARC) express receptors for and bind both
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Figure 4.2 Structure and function of the hypothalamic arcuate nucleus. The

arcuate nucleus is found in the mediobasal hypothalamus and is one important

nucleus involved in energy balance. Neurons found in the arcuate nucleus express

insulin and leptin receptors and respond directly to these hormones. The

proopiomelanocortin (POMC) expressing neuron is catabolic in nature; when

activated by insulin and leptin it releases a-MSH on downstream receptors to lower

food intake and increase energy expenditure. The anabolic neuropeptide Y (NPY),

agouti-related protein (AGRP) co-expressing neuron releases NPY and AGRP on

downstream neurons when insulin and leptin levels are decreased robustly

increasing food intake and lowering energy expenditure. It is this dual, coordinate

regulation of NPY/AGRP and POMC neurons by insulin and leptin that, in part,

generates robust counter-regulatory responses to changes in body energy stores.
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insulin and leptin (Marks et al., 1990; Schwartz et al., 1996b) and are increas-

ingly well characterized as targets for both hormones (Spanswick et al., 1997,

2000; Cone et al., 2001) (Figure 4.2). The ARC is bilaterally located at the base

(ventral) aspect of the hypothalamus on either side of the third ventricle and

above the median eminence (Figure 4.2). Arcuate nucleus neurons project to

many other key brain areas, including the paraventricular nucleus, lateral

hypothalamic area, hindbrain and directly to the spinal cord, and are thought

to function as primary neurons in a series of neural circuits that regulate

food intake, energy expenditure, hypothalamic–pituitary function and sym-

pathetic outflow. Intriguingly, insulin and leptin receptors are expressed in

many of these other brain regions as well (Grill & Kaplan, 2002; Berthoud,

2004). Mechanisms by which insulin and leptin interact with these other

neurons and how signaling from multiple brain areas is ultimately integrated

into physiological output has yet to be fully understood, although compelling

inroads have been made (Figlewicz et al., 2001, 2003, 2004; Grill et al., 2002,

Faulconbridge et al., 2003, 2005; Figlewicz, 2003b; Georgescu et al., 2005;

Dhillon et al., 2006).

Discussion on the role of insulin and leptin will be limited to the ARC

herein both for simplicity’s sake and because most is known about their role in

ARC (as above). Further, while other brain areas express insulin and leptin

receptors, the activity of these brain regions are potentially modulatory in some

sense and overlaid upon the signals from the ‘‘primary’’ and/or dominant

neurons and neural circuits originating in the ARC (Schwartz et al., 2000;

Spiegelman & Flier, 2001). Situated in the ARC are at least two distinct neuronal

cell types that respond to adiposity signals and exert opposing effects on energy

balance; one being anabolic, while the other is catabolic in nature (Schwartz

et al., 2000; Cone et al., 2001) (Figure 4.2). Anabolic neurons are those that, when

activated by reduced insulin and leptin levels, promote increased food intake

and decreased energy expenditure, leading to the storage of energy. In the ARC,

these neurons co-express the orexigenic neuropeptides neuropeptide Y (NPY)

and agouti-related protein (AGRP). NPY/AGRP neurons are inhibited by rising

leptin and insulin levels, and this inhibition is believed to mediate a portion of

the anorectic actions of these hormones. For example, insulin or leptin infusion

directly into the third cerebral ventricle reduces NPY gene expression in fasted

or STZ-diabetic rats or ob/ob mice in effect blocking the increase of NPY gene

expression that would otherwise occur (Schwartz et al., 1991, 1996a, 1996b).

Antisense ‘‘knockdown’’ of hypothalamic insulin receptors increases both food

intake and NPY and AGRP gene expression (Obici et al., 2002a) and NPY and

AGRP gene expression are elevated in ob/ob (Stephens et al., 1995; Erickson et al.,

1996; Schwartz et al., 1996a; Mizuno et al., 1998), db/db (Mizuno et al., 1998),
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Zucker (Beck et al., 1990) and Koletsky rats (Keen Rhinehart et al., 2004), all

genetic models of deficient leptin input to ARC neurons. These findings add

neuropeptidergic significance to the observation that intracerebroventricular

(icv) insulin or leptin reduces food intake (Woods et al., 1979; Foster et al., 1991;

Campfield et al., 1995; Weigle et al., 1995; Air et al., 2002; Niswender et al., 2003b)

by suggesting that the tonic action of leptin and insulin to inhibit the produc-

tion and release of a potent orexigenic neuropeptide, NPY, normally constrains

food intake (Niswender & Schwartz, 2003).

Further, in an isolated neuronal preparation, the firing rate (and thus

release of neuropeptide) of a subset of ARC neurons hypothesized to be NPY/

AGRP neurons is reduced by insulin treatment and similar effects are induced

by leptin (Spanswick et al., 1997, 2000). The effect of both insulin and leptin to

hyperpolarize this population of hypothalamic neurons is dependent upon

signaling through phosphatidylinositol 3-kinase (PI3K), a classic insulin sig-

naling target, and upon the opening of ATP sensitive potassium channels

(Spanswick et al., 1997, 2000). Thus, a portion of the effect of insulin and leptin

to regulate energy homeostasis is based upon their ability to regulate NPY/

AGRP neuronal function.

Acting in opposition to the NPY/AGRP neuron is the catabolic proopiomela-

nocortin (POMC)-expressing neuron. According to current models, these cells

release the anorexic neuropeptide, a-melanocyte stimulating hormone (a-MSH),

when stimulated by insulin and leptin, and thereby promote decreases of food

intake and body weight. Insulin, like leptin, increases POMC gene expression

(Elias et al., 1999; Benoit et al., 2002), and activates downstream melanocortin

‘‘target’’ neurons (Benoit et al., 2002). Further, in all of the genetic obesity

models mentioned above with deficient leptin input to ARC neurons, POMC

gene expression is suppressed (in contrast to elevated NPY gene expression)

(Mizuno et al., 1998; Kim et al., 2000; Keen Rhinehart et al., 2004). A great deal of

genetic evidence is available in support of a primary role of the so-called

‘‘melanocortin’’ pathway in energy homeostasis, including the fact that muta-

tions in the POMC gene and downstream melanocortin-3 (MC3R) and melano-

cortin-4 receptors (MC4R), cause obesity in rodents (Butler, 2006) and humans

(Coll et al., 2004). Fundamental to insulin and leptin action in energy homeo-

stasis, therefore, is their ability to activate POMC-expressing neurons.

Data such as those just summarized were utilized to develop the model

(Figures 4.1, 4.2) of dual catabolic and anabolic neural circuits that are differ-

entially regulated by insulin and leptin to control energy balance. Although

presented as parallel circuits for the sake of simplicity, in point of fact,

much cross-talk occurs and numerous other inputs enter these circuits at vari-

ous levels. For example, AGRP, produced in the anabolic NPY/AGRP neuron
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functions as an endogenous antagonist of the catabolic pathway by antagoniz-

ing downstream MC4R (Ollmann et al., 1997). Furthermore, important studies

have identified intra-ARC innervation of POMC neurons by NPY neurons, util-

izing both NPY and GABA neurotransmission. For instance, leptin depolarizes

(activates) the POMC neuron, while hyperpolarizing the NPY cell body, in turn

reducing inhibitory GABA release onto the POMC cell (Cowley et al., 2001).

Another example of the complexity of this system is that ARC neurons

respond to a number of additional stimuli besides insulin and leptin. Intri-

guingly, ARC neurons appear to receive input from nutritional signals (glucose,

fatty acids, amino acids) and all of these inputs, of course, must be integrated

to generate an efferent signal (Schuit et al., 2001; Obici et al., 2002b, 2002c; Lam

et al., 2005; Lopez et al., 2005; He et al., 2006; Pocai et al., 2006), a concept

termed metabolic sensing. A final example of the ultimate complexity of

energy homeostasis arises from the fact that animals and humans feed for a

variety of reasons, including for ‘‘reward’’ or ‘‘hedonism.’’ Reward centers are

found in the limbic system, and such nuclei clearly innervate and are capable

of modulating the output of hypothalamic ‘‘homeostatic’’ nuclei (Berthoud,

2004). Interestingly, both insulin and leptin have also been implicated in the

cognitive aspects of feeding (reward, learning and memory) via receptors in

these cortico-limbic sites (Figlewicz, 2003a), an emerging area of interest that

may be particularly pertinent to populations that become obese in association

with consumption of highly palatable diets (Niswender et al., 2004b). This

concept will be discussed in more detail later.

The conceptualization of energy homeostasis as an endocrine negative

feedback loop with insulin and leptin serving a primary role as adiposity sig-

nals both derives from ongoing observations and serves as an intellectual

framework within which to develop and test new hypotheses. That it has

survived 50 years and the recent explosion in our understanding of the

molecular mechanisms of energy homeostasis is a testament to the insight of

those who initially proposed and refined such an idea. Thus, this widely

accepted negative adiposity feedback model of energy homeostasis will be

used as a framework for further discussion, but, it should be again noted that

other models and interpretations have been proposed (Flier, 1998; Leibel, 2002;

Speakman et al., 2002).

8. Insulin as an adiposity signal: the catabolic nature of

insulin action in the CNS

Before adding detail to a discussion of insulin and leptin action as

key determinants of energy balance, further comment specific to insulin is
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warranted. Although leptin is recognized as a major regulator of fat mass, the

concept that insulin functions as a catabolic ‘‘adiposity’’ negative-feedback

signal through the regulation of key hypothalamic neurons is relatively less

appreciated even though the strength of evidence in support of this

hypothesis is robust (Niswender & Schwartz, 2003; Niswender et al., 2004a).

Confusion may surround the notion of insulin as a centrally acting catabolic

hormone because of its well-recognized role as the prototypical anabolic (and

glucoregulatory) hormone in peripheral tissues. For example, clinical

administration of insulin can lead to hypoglycemia and counter-regulatory

increases in food intake and, if repeated, can cause weight gain via this

mechanism; i.e. ‘‘feeding the insulin’’ (Dryden et al., 1998). Of course, insulin

functions in the periphery to promote storage of energy in the forms of

carbohydrate, protein and fat; it potently stimulates glucose uptake, protein

synthesis, and lipogenesis and inhibits lipolysis. A combination of these

factors likely explains the general clinical observation that insulin usage can

lead to weight gain in patients with diabetes (Carlson & Campbell, 1993),

rather than the weight loss predicted to occur with administration of an

‘‘adiposity signal.’’ It has been further postulated, that as beta-cell function

declines over the course of diabetes, relative insulin deficiency would yield a

CNS signal of energy deficit, activate anabolic circuits, and potentially con-

tribute to diabetes-associated weight gain (Schwartz & Porte, 2005). The idea

that central insulin action is fundamentally catabolic (i.e. reduces food intake

and body weight), whereas its peripheral actions are anabolic (i.e. increasing

energy storage and potentially increasing body weight if a patient is over-

insulinized), is ultimately consistent with and illustrative of the concept of an

endocrine feedback loop in the control of energy stores (Schwartz et al., 2000).

Like many physiological systems, the peripheral and central actions of

insulin are balanced to promote (i) euglycemia, (ii) optimal body composition

and (iii) reproductive fitness.

A reversal of the situation just mentioned is evident in the condition known

as diabetic hyperphagia, a prominent behavioral manifestation of uncon-

trolled human type I diabetes or experimental animal diabetes. When beta

cells have been destroyed, an absolute lack of insulin results in hyperglycemia

and an inability to store energy in peripheral tissues, ultimately causing a

dramatic loss of body weight due to renal glucose wasting. The lack of cata-

bolic insulin action in the brain coupled with decreased serum leptin levels

that accompany weight loss, however, leads to dramatic increases in food

intake that compensates in part for energy wasting and prevents a more rapid

demise. Thus, if the ‘‘catabolic’’ tone of hypothalamic insulin and leptin action

were not relieved by the absence of these hormones, weight loss would be
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more dramatic and death would occur more rapidly. In proof of ‘‘adiposity

negative feedback’’ principles, either insulin or leptin given directly into

the third cerebral ventricle of rats with streptozotocin-induced diabetes

completely blocks this compensatory hyperphagia (Sipols et al., 1995; Sindelar

et al., 1999) and results in more rapid weight loss. The observation that either

hormone given alone can block diabetic hyperphagia is compelling evidence

of the overlap in the function of insulin and leptin in the CNS as adiposity

signals.

9. Adiposity signal access to the CNS

Although not the focus of this chapter, a few words about CNS access

of peripheral signals is warranted. The hypothesis that circulating insulin and

leptin provides a physiological signal to brain areas involved in energy

homeostasis implies either a mechanism whereby these peptides traverse the

blood–brain barrier (BBB) to enter the brain or that key regulatory centers are

located in brain regions without a rigorous blood–brain barrier. After intra-

venous insulin infusion, increases of plasma insulin are reflected by propor-

tionate but smaller increases in cerebrospinal fluid insulin concentrations in

animals (Woods & Porte, 1977) and humans (Wallum et al., 1987). Subsequent

studies demonstrated that the insulin uptake process involves a saturable

transport mechanism (Baura et al., 1993) and similar transport mechanisms

have been identified and proposed for leptin access to the CNS (Banks et al.,

1996). The observation that insulin and leptin transport into the brain is

attenuated by consumption of a high-fat diet (Kaiyala et al., 2000; Banks &

Farrell, 2003) raises the possibility that acquired reductions of brain insulin

and leptin delivery would yield decreased hormone action and favor weight

gain. However, the extent to which insulin and leptin access to key neuronal

targets such as the ARC requires a regulated transport mechanism continues to

be discussed (Kurrimbux et al., 2004). The ARC is situated adjacent to the

median eminence, which lacks a BBB, and it is not yet clear whether ARC

neurons are protected by the BBB (Krisch & Leonhardt, 1978; Merchenthaler,

1991). Capillary permeability may vary extensively across the ARC, being

greater in its mediobasal than its lateral aspect (Shaver et al., 1992). Thus,

either increased permeability to adiposity signals in the ARC or specific

transport mechanisms explain insulin and leptin access to these key neurons

and, of course, defects in these mechanisms may ultimately be involved in the

pathophysiology of obesity as decreased exposure of target neurons to circu-

lating insulin and leptin would translate into a neuroendocrine signal of

energy deficit.
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10. Evolutionary basis of adiposity signaling

The hypothesis that insulin acts in the CNS to control energy homeo-

stasis, first proposed in the 1970s, has enjoyed a resurgence of interest in

response to several novel models of insulin action in the CNS. Interestingly,

nematodes such as Caenorhabditis elegans express homologues of insulin, insulin

receptors, and insulin signal transduction molecules (Wolkow et al., 2000, 2002).

Although C. elegans functionally regulate body fat stores, they do not express

leptin-signaling homologues, suggesting that the insulin signaling system may

be more primitively involved in energy homeostasis than leptin. An insulin

receptor homologue null mutant, referred to as Daf-2, has increased fat storage

in the intestine, increased longevity, and reduced reproductive function

(Wolkow et al., 2000, 2002). The ‘‘obesity’’ in this C. elegans mutant appears to

reflect a role for insulin signaling in the nervous system where insulin action

has the ‘‘catabolic’’ effect of limiting energy storage. It is also noteworthy that

these primitive organisms do not appear to actively regulate carbohydrate flux,

suggesting that insulin homologues played an important role in the control of

energy balance, life cycle and reproduction prior to the evolution of its role in

the regulation of glucose homeostasis (Wolkow et al., 2000, 2002; Lee et al., 2003).

Likewise, the fruit fly, Drosophila melanogaster, expresses insulin-signaling

homologues that may have a similar role in the regulation of energy metabolism

and lifespan (Garofalo, 2002). Homologues of the leptin system have not been

identified in such primitive organisms suggesting that it evolved later, after the

evolutionary establishment of a mechanism to control energy balance. As dis-

cussed later, leptin utilizes insulin signal transduction mechanisms (i.e. PI3K), in

part, to control energy homeostasis in mammals. Since leptin and its signaling

components are evolutionarily related to cytokine/immunity systems, it seems

that a role in energy balance evolved as an ‘‘overlap’’ function in relation to

insulin. This redundancy further implies significant evolutionary pressure for

the phenotype of efficient control of energy balance such that two distinct

hormonal systems have evolved to overlap in this function.

11. Insulin as an adiposity signal: other evidence

Although nematodes and flies provide an intriguing evolutionary

perspective, recently developed molecular genetics models in rodents have

shed additional light on the role played by both insulin and leptin (next sec-

tion) in both reproduction and energy balance. Both brain-specific knockouts

of the insulin receptor and animals lacking insulin receptor substrate-2 (IRS-2;

a key molecule linking activated insulin receptors to signal transduction via
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PI3K, Figure 4.3) exhibit a phenotype of obesity and reproductive dysfunction

(Bruning et al., 2000; Burks et al., 2000). Similarly, knockdown of insulin

receptor expression locally in the mediobasal hypothalamus using antisense

technology (Obici et al., 2002a) resulted in cumulative food intake of 152% and

fat mass of 186% compared with nonsense treated controls (Obici et al., 2002a).

The consensus from a variety of molecular genetics approaches, therefore, is

that insulin action in the hypothalamus plays an essential role in the regula-

tion of energy homeostasis.
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Figure 4.3 Insulin and leptin signal transduction and ‘‘cross-talk’’ in the activation

and termination of signaling. Upon ligand binding and activation of its intrinsic

tyrosine kinase, the insulin receptor couples to phosphatidylinositol 3-kinase (PI3K;

p85 regulatory subunit, p110 catalytic subunit) for the majority of its physiological

effects and does so via insulin receptor substrate (IRS) proteins. Downstream targets

include 3-phosphoinositide-dependent kinase-1 (PDK1), glycogen synthase kinase-3

(GSK3), protein kinase B (PKB/Akt), and protein kinase C (PKC). The effects of insulin

on food intake and membrane potential have been demonstrated to be PI3K

dependent. Leptin, a cytokine family member, signals via a cytokine type receptor;

after ligand binding and dimerization an extrinsic kinase ( Janus kinase; JAK2) is

recruited and phosphorylates the intracellular portion of the receptor. This creates a

binding site for signal transducers and activators of transcription-3 (STAT3) that

once phosphorylated translocates to the nucleus and induces gene transcription.

Additionally, leptin has been shown to activate PI3K signaling in numerous cell

types, perhaps via JAK2, a phenomenon referred to as ‘‘cross-talk.’’ Both suppressor

of cytokine signaling-3 (SOCS3) and protein tyrosine phosphatase-1B can terminate

signaling by both insulin and leptin via dephosphorylation and targeting of

signaling proteins for degradation. Of course, both insulin and leptin activate

additional signal transduction mechanisms.
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A broader perspective reveals that neurochemical (Schwartz et al., 1991;

Benoit et al., 2002), electrophysiological (Spanswick et al., 2000), behavioral

(Woods et al., 1979; Air et al., 2002; Clegg et al., 2003; Niswender et al., 2003b)

and molecular genetics (Bruning et al., 2000; Burks et al., 2000; Obici et al.,

2002a) approaches each support a role for insulin in the regulation of hypo-

thalamic neurons and therein of energy homeostasis.

12. Leptin as an adiposity signal: other evidence

The cloning of leptin (Zhang et al., 1994) and its receptor (Lee et al.,

1996) and validation of their roles in the respective obesity phenotypes of ob/ob

and db/db mice made obvious the potent role of leptin in energy balance. The

discovery of leptin mutations in a small number of children with dramatic

obesity syndromes (Montague et al., 1997) validates the relevance of the leptin

axis to energy balance in humans, but ultimately does not explain a significant

proportion of human obesity. That the majority of leptin’s actions on energy

balance are mediated by the CNS are confirmed by studies in which deletion of

leptin receptors specifically in neurons (Cohen et al., 2001) recapitulates to a

large extent the db/db phenotype and studies in which leptin receptors trans-

genically expressed specifically in neurons of db/db mice virtually completely

rescues the phenotype (de Luca et al., 2005). Similarly, treatment of morbidly

obese, leptin-deficient children with recombinant leptin has largely reversed

all of the neuroendocrine manifestations of leptin deficiency including hypo-

gonadotropic hypogonadism (Farooqi et al., 1999).

13. Insulin and leptin signal transduction

Conceptualization of energy balance as a negative feedback loop

involving insulin and leptin and specific neuronal subpopulations has allowed

numerous specific hypotheses to be developed and tested. Yet much remains to

be understood about the systems responsible for maintenance of energy bal-

ance. Relevant to an improved understanding of the pathophysiology of obesity,

is determination of the mechanisms by which insulin and leptin receptor sig-

naling couples to changes in neuronal function that are ultimately responsible

for the adaptive response to changes in energy availability. Given the strength of

evidence for their respective roles and similarities in their physiological actions

in the hypothalamus, an exploration of the intracellular signal transduction

mechanisms utilized by insulin and leptin in hypothalamus is warranted.

Although both function as adiposity signals, they are traditionally associated

with divergent signal transduction pathways (Banks et al., 2000; Kido et al., 2001)
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(Figure 4.3). The insulin receptor is a heterodimer of a and b subunits; ligand

binding activates an intrinsic tyrosine kinase leading to the autopho-

sphorylation of multiple tyrosine residues on the intracellular portion of the

receptor. Receptor autophosphorylation, in turn, recruits one of a family of

proteins known as insulin receptor substrate (IRS) molecules that are phos-

phorylated, activated and subsequently interact with the enzyme phosphatidy-

linositol 3-kinase (PI3K). A major isoform of PI3K (class IA (Vanhaesebroeck et al.,

2005)) that is heavily involved in insulin action and metabolic control consists of

a p85 regulatory subunit and p110 catalytic subunit. Binding of the p85 subunit

by a phosphorylated IRS molecule results in the activation of the p110 subunit,

which catalyzes the phosphorylation of membrane-localized phosphatidylino-

sitol 4,5 bisphosphate (PIP2) to phosphatidylinositol 3,4,5 trisphosphate (PIP3).

PIP3 serves as a cofactor and active signal transduction moiety leading to the

activation of several downstream targets such as 3-phosphoinositide dependent

kinase 1 (PDK1), glycogen synthase kinase 3 (GSK3) and protein kinase B, among

others (PKB/Akt) (Kido et al., 2001; Saltiel & Pessin, 2002). Of course, PI3K is a

ubiquitously expressed signal transduction mechanism utilized by multiple

hormones and signaling systems (Katso et al., 2001; Vanhaesebroeck et al., 2005).

In contrast, leptin is a cytokine-like molecule and its receptor is homolo-

gous with the Type 1 cytokine receptor family (Banks et al., 2000). While

multiple isoforms of the leptin receptor exist, the fully active signaling isoform

is referred to as the long form or the B form (Myers, 2004). Leptin binding leads

to the recruitment of a cytosolic tyrosine kinase known as Janus kinase 2

(JAK2). JAK2 tyrosine phosphorylates critical residues on the intracellular

portion of the leptin receptor, resulting in the recruitment and subsequent

activation of molecules known as signal transducer and activator of tran-

scription 3 (STAT-3). STAT molecules are transcription factors that when acti-

vated by phosphorylation dimerize and translocate to the nucleus to regulate

gene transcription. Both the leptin and insulin receptors also couple to add-

itional signal transduction pathways (Banks et al., 2000; Saltiel & Pessin, 2002)

although evidence is currently only available for the critical role of PI3K and

JAK-STAT signaling. Because cross-talk, or modulation of one pathway by

another, is increasingly described, it is likely that other critical signal trans-

duction mediators of energy balance will be characterized in the coming years.

14. Cross-talk between leptin and insulin action in

hypothalamus

Most of our understanding of insulin and leptin signaling arose from

studies in peripheral tissues and cell culture. In several of these models, leptin
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has the ability to activate both the JAK-STAT and the classically insulin-like

PI3K pathway (Kellerer et al., 1997; Harvey et al., 2000; Zhao et al., 2000;

Anderwald et al., 2002), a phenomenon referred to as ‘‘cross-talk’’ (Figure 4.3).

Given the overlapping physiological effects of insulin and leptin in the hypo-

thalamus, the hypothesis that signaling cross-talk occurs in key brain areas

such as the ARC is attractive (Niswender & Schwartz, 2003). Addressing this

possibility, Spanswick and Ashford performed a series of electrophysiological

studies in hypothalamic slice preparations, and demonstrated that both leptin

and insulin acutely regulate the membrane potential and firing rates of a

specific subset of neurons (Spanswick et al., 1997, 2000). Interestingly, for both

hormones, this effect was dependent upon signaling through PI3K (Spanswick

et al., 1997, 2000), a clear demonstration of ‘‘cross-talk’’ in the CNS. These

studies have intriguingly also demonstrated a requirement for cytoskeletal

rearrangement in coupling the PI3K signal to membrane potential via the ATP

sensitive potassium channel (Mirshamsi et al., 2004).

The behavioral overlap of CNS insulin and leptin signaling has further been

explored in the in vivo context. We and others have demonstrated that insulin

activates the IRS-PI3K signaling cascade in mediobasal hypothalamus of intact

rats, and further, that PI3K signaling is required for inhibition of food intake

by icv insulin (Carvalheira et al., 2003; Niswender et al., 2003b). Insulin activates

PI3K signaling, as detected via an immunohistochemical stain for the PI3K

catalyzed reaction product (PIP3) (Niswender et al., 2003a), in ARC neurons that

co-express IRS-2, as predicted by current models of insulin signaling (Figure

4.3) (Niswender et al., 2003b). The hypothesis that at least a portion of the

hypothalamic effects of leptin may be mediated by PI3K signaling was tested

based on the rationale of their overlap in function, and that the acute effects of

leptin observed in slice preparations occurred within minutes rather than

hours as predicted from a wholly transcriptional mechanism (JAK-STAT). Like

insulin, leptin activates PI3K in hypothalamic neurons and this activation is

required for the ability of intracerebroventricular leptin to reduce food intake

(Niswender et al., 2001), an observation that has been confirmed by other

groups (Zhao et al., 2002). These findings in toto support a model in which

activation of IRS-PI3K signaling in hypothalamic neurons is a critical event in

the ability of adiposity signals to regulate energy homeostasis, or at least

control food intake. As discussed before, insulin-related signaling in C. elegans

and Drosophila also utilizes a pathway involving IRS and PI3K homologues and

regulates energy homeostasis (Wolkow et al., 2000, 2002). The overlap in

physiological function of insulin and leptin in the CNS and overlap in signal

transduction mechanisms used importantly suggests potential common

mechanisms for the development of CNS resistance to both insulin and leptin.
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15. Important unanswered questions: relative role

of JAK-STAT vs. PI3K signaling

A number of important questions regarding hypothalamic adiposity

signal function remain unanswered; three key issues will be mentioned here.

First, what is the relative contribution of PI3K pathway vs. JAK-STAT signaling

to insulin and leptin action and ultimately to integrated energy homeostasis?

For example, leptin (ob/ob) or leptin receptor (db/db) mutant mice have a more

severe obesity phenotype than the insulin signaling pathway mutants men-

tioned above suggesting a differential participation by insulin vs. leptin sig-

naling in the processes underlying energy homeostasis. Some insight into this

question is provided by a germ-line altered mutant leptin receptor mouse that

is genetically defective specifically in its ability to activate STAT signaling

(Bates et al., 2003). The observation that these animals are hyperphagic and

obese (more obese than insulin signaling mutants, but not as obese as db/db

control mice) suggest an important role for JAK-STAT signaling in leptin-

mediated control of body adiposity. Unlike db/db mice that lack all leptin

receptor function, however, these mice do not have reproductive defects

(hypogonadotropic hypogonadism) and have an attenuated diabetes phenotype

(Bates et al., 2003). The conclusion by inference is that STAT3 activation is

necessary for some, but not all of leptin’s signaling functions. As mentioned

above, brain-specific knockouts of the insulin receptor and animals lacking

insulin receptor substrate-2 exhibit a phenotype of milder obesity with

reproductive impairment and glucose intolerance (Bruning et al., 2000; Burks

et al., 2000). One interpretation of these data yields a model in which insulin/

PI3K signaling and reproduction may be ‘‘localized’’ predominantly to the NPY/

AGRP neuron/circuit in the ARC, whereas the control of energy expenditure,

food intake and fat mass may rely more heavily on signaling via the POMC

neuronal subtype (Myers, 2004). An alternative, but not mutually exclusive,

hypothesis states that insulin and leptin neuronal signal transduction are

intricately related and, for example, that defects in leptin signal transduction

lead to insulin resistance, as is observed in the db/dbmouse model (Niswender &

Schwartz, 2003). Thus, current data have yet to clarify how both insulin and

leptin input to a specific neuron is integrated in the control of either repro-

duction or energy homeostasis. A critical dissection of the individual contribu-

tions of physiological insulin vs. leptin and PI3K vs. JAK-STAT signaling in the

hypothalamus will require novel approaches given the interrelatedness of these

systems. Neuronal cell-type specific (i.e. NPY vs. POMC) modulation of insulin

and leptin signaling will be required to address such questions, and models

sufficient for addressing these questions are in development (Xu et al., 2005).

Leptin and insulin as adiposity signals 101



16. Differential coupling in anabolic (NPY) vs. catabolic (POMC)

neurons

Another related and compelling basic question is whether PI3K or JAK-

STAT signaling is required for the response of NPY/AGRP neurons, POMC

neurons, or both sets of neurons to adiposity signals. Because POMC neurons

are activated, whereas NPY/AGRP neurons are inhibited by insulin and leptin,

it seems counterintuitive to suggest that both responses involve either a PI3K

or JAK-STAT dependent mechanism given that signal transduction would have

to couple to opposing membrane effects in these opposing cell types. What key

difference might allow this regulation to occur in opposite directions in

adjacent cell populations? For example the work of Spanswick and Ashford,

conducted in a subset of glucose responsive neurons (presumably NPY/AGRP)

suggests that PI3K activation by insulin and leptin couples to ATP sensitive

potassium channel, membrane hyperpolarization and inhibition of firing

(Spanswick et al., 1997, 2000). Several recent studies have shed new light upon

this question.

Xu et al. (2005) utilized mice in which fluorescent probes for PI3K activation

were targeted specifically to NPY/AGRP or POMC neurons and performed real-

time ‘‘field’’ fluorescence microscopy of reporter fluorescence in slices treated

with insulin or leptin. In these studies, insulin and leptin both activated PI3K

signal transduction in POMC neurons which resulted in activation of neuronal

firing as detected by calcium flux. The situation is more complex in the NPY/

AGRP neuron where insulin also activates PI3K signaling but leptin inhibits, or

decreases signaling, albeit indirectly. Despite the presence of leptin receptors

on NPY/AGRP neurons, the effect of leptin to decrease PI3K signaling is

dependent upon synaptic transmission perhaps via input from the POMC

neuron. To be precise, leptin withdrawal activates PI3K signaling in the NPY/

AGRP neuron. Further, these studies showed that leptin stimulation of PI3K

signaling in POMC neurons is not dependent upon STAT3 signaling, as the

effect is observed in STAT3 knock-out slices (Xu et al., 2005).

In a second comprehensive set of recent experiments, Mirshamshi et al.

(2004) examined insulin and leptin signaling in rat ARC wedges in vitro. They

observed that both insulin and leptin were capable of activating PI3K, MAPK,

GSK3 and STAT3 signaling in this preparation and further that both insulin

and leptin activation of PKB, GSK3 and MAPK were blocked by PI3K inhibition.

This data set suggests that cross-talk is bidirectional with insulin likewise

being able to activate leptin-like STAT3 signaling. Finally, and the most intri-

guing aspect of this work, is the fact that insulin and leptin coupling to ATP

sensitive potassium channel activation is not only PI3K dependent, but
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dependent upon cytoskeletal rearrangement, as stabilizers of actin filaments

prevent this coupling. While this work sheds significant light upon signal

transduction mechanisms and on coupling to membrane potential, it does not

address the neuronal phenotype in which these events occur (Mirshamsi et al.,

2004). As the basic structure and function of the systems regulating energy

balance become better understood, studies such as those just described indi-

cate increasing levels of complexity in the coupling of insulin and leptin

membrane receptor activation to neuronal cellular responses.

17. Termination of adiposity signaling

Negative feedback is a critical regulatory mechanism for many

physiological and intracellular signaling pathways. Just as insulin and leptin

provide negative feedback signals in organismal energy balance, mechanisms

exist at the cellular level to provide negative feedback upon activation of

insulin and leptin signal transduction. Inferred from the existence of such

systems is the concept that adiposity signaling must ordinarily be tightly

regulated given that it is subject to feedback regulation at several levels. Fur-

ther, just as pathways involved in activation of adiposity signaling must be

considered to be candidate targets for dysruption in obesity, pathways

involved in negative feedback to insulin and leptin signaling are also candi-

dates for involvement in obesity pathogenesis.

Like activation of signaling pathways, overlap also exists in mechanisms for

termination of signaling via insulin and leptin. Protein tyrosine phosphatase-1B

(PTP-1B) is capable of terminating both leptin and insulin signal transduction by

dephosphorylation of key tyrosine residues in molecules in the signaling cas-

cade (e.g. insulin receptor, IRS, JAK2; Figure 4.3); molecules ordinarily activated

by tyrosine phosphorylation. Consistent with this proposed role, PTP-1B

knockout mice have increased sensitivity to both leptin and insulin (Elchebly

et al., 1999; Zabolotny et al., 2002), indicating that this enzyme physiologically

constrains adiposity signaling since the signals are magnified in its absence.

Suppressor of cytokine signaling-3 (SOCS3) is a second molecule implicated

in the termination of cell signaling by both insulin and leptin (Bjorbaek et al.,

1999) (Figure 4.3). SOCS3 expression is transcriptionally induced via the JAK-

STAT pathway in response to leptin or other cytokines, and it inhibits further

signaling by binding to and inactivating key molecules such as JAK2 and IRS-2.

Intriguingly, it appears that insulin also activates SOCS3 (Emanuelli et al., 2000,

2001; Peraldi et al., 2001) and that, importantly, SOCS3 dampens signaling by

both the insulin receptor-IRS-PI3K pathway (Emanuelli et al., 2000) as well as

the JAK-STAT pathway (Figure 4.3). SOCS3 binds to phosphotyrosine residues
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on the insulin receptor and inhibits insulin-mediated tyrosine phosphorylation

of IRS proteins (Ueki et al., 2004a) and also promotes ubiquitin-mediated deg-

radation of IRS proteins (Rui et al., 2002). By way of example, overexpression of

SOCS3 in liver causes marked insulin resistance and steatosis in mice (Ueki

et al., 2004b). In further proof of this principle, mice with SOCS3 hap-

loinsufficiency or neuron-specific SOCS3 deletion are both resistant to diet-

induced obesity (DIO) and have increased sensitivity to insulin and leptin

(Howard et al., 2004; Mori et al., 2004). This phenotype is similar to the PTP-1B

deletion (Elchebly et al., 1999; Zabolotny et al., 2002) and similarly indicates a

role for SOCS3 in the basal regulation of energy homeostasis.

That regulatory systems exist to dampen neuronal signal transduction by

both insulin and leptin has potentially important implications for the patho-

physiology of obesity. Since both proteins are expressed in key hypothalamic

areas involved in energy homeostasis (Bjorbaek et al., 1998; Zabolotny et al.,

2002), the data just mentioned suggest that SOCS3 and PTP-1B signaling

regulate the amplitude of adiposity signal transduction in neuronal targets.

Based upon these principles, over-activity of SOCS3 or PTP-1B would be pre-

dicted to cause neuronal resistance to both insulin and leptin. Thus, if either or

both are induced during high-fat feeding, attenuated signal transduction via

the JAK-STAT and IRS-PI3K pathways would be the expected outcome.

Decreased signaling would favor increased food intake, decreased metabolic

rate and weight gain and consistent with this rationale, elevated SOCS3

expression in the hypothalamus of diet-induced obese animals has been

reported (Bjorbaek et al., 1998; Munzberg et al., 2004). It has been proposed that

the markedly elevated leptin (and presumably insulin) levels associated with

obesity would be sufficient, via JAK-STAT3 signaling, to over-induce SOCS3

resulting in phenotypical and biochemical leptin resistance (Munzberg &

Myers, 2005). Given that inhibition of upstream insulin and leptin signaling in

this model should, in turn, decrease SOCS3 stimulation, a different mechanism

of sustained SOCS3 elevation should also be considered, such as inflammatory

cytokines. Stimulation of SOCS3 expression by IL-6 or TNF-a, both known to be

elevated in obesity, would dampen leptin (and insulin) signaling while

stimulating and maintaining high levels of SOCS3 expression independent of

insulin and leptin (Munzberg & Myers, 2005).

18. Insulin and leptin as adiposity signals, energy homeostasis

and obesity

To summarize the basic structure–function of this model (Schwartz

et al., 2000), decreased body fat mass, as might occur in starvation, leads to

104 Kevin D. Niswender



decreases in serum insulin and leptin levels, activation of ‘‘anabolic’’ NPY/

AGRP neurons and, simultaneously, suppression of ‘‘catabolic’’ POMC neurons

(Figure 4.1). Since AGRP is an endogenous antagonist of the downstream

receptor for the POMC derived catabolic peptide, a-MSH, activation of NPY/AGRP

neurons simultaneously increases ‘‘anabolic’’ tone and decreases ‘‘catabolic’’

tone, resulting in a robust hyperphagic response to caloric deprivation.

Conversely, increased body fat mass increases serum insulin and leptin

levels in direct proportion with the increased fat mass (Bagdade et al., 1967;

Considine et al., 1996). In ‘‘normal’’ subjects, increases in insulin and leptin

levels function to inhibit NPY neurons and activate POMC neurons resulting in

decreased food intake, increased energy expenditure, and the loss of excess

body fat stores. Indeed, in the ‘‘Experimental Obesity in Man’’ and ‘‘Guru

Walla’’ subjects, this is exactly the response that was observed in the setting of

overfeeding and obesity. However, it is evident that the compensatory

responses to these signals are blunted or absent in typical human obese indi-

viduals who have markedly elevated serum insulin and leptin levels, but

nonetheless remain hyper- or normophagic. The observation that food intake

is regulated by insulin and leptin in ‘‘normal’’ but not obese individuals, leads

to the question of whether typical obesity represents resistance to the action of

adiposity signals as a result of pathological dysregulation of neuronal signal-

ing, or is an appropriate biological phenomenon that primarily generates a

rigorous defense against body weight loss? In the context of a discussion on the

role of insulin and leptin as adiposity signals, this is a fundamentally

important question.

19. What is the difference between ‘‘experimental obesity’’ and

common human obesity or rodent diet-induced obesity?

A prediction of the model that insulin and leptin function as adiposity

signals is that resistance to the negative feedback effect of these hormones

would lead to relative hyperphagia, decreased energy expenditure and obesity.

The ‘‘Experimental Obesity in Man,’’ Guru Walla, other human studies

(Tremblay et al., 1992) and animal studies (Bernstein et al., 1975; Rothwell &

Stock, 1979; Rolls et al., 1980; Rogers, 1985; Harris et al., 1986; Hill et al., 1989)

all support the existence of a physiological system that potently defends

against body weight gain in ‘‘normal’’ individuals. Common human obesity

and the best animal model thereof, diet-induced obesity, are fundamentally

different because hyperphagia and weight gain occurs not with external

motivation or manipulation but with ad libitum feeding. Further, ‘‘experi-

mental’’ subjects achieving weight gain with overfeeding have no appetite and
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require far more calories than typical obese subjects to maintain similar

degrees of adiposity, indicating activation of catabolic circuits, whereas obese

individuals are known to have reduced metabolic rates and obviously are

feeding ad lib. Thus, the analysis and interpretation of an array of experi-

mental approaches supports the concept of adiposity negative feedback that

becomes disrupted in the setting of obesity.

20. Typical obesity and CNS adiposity signal resistance

From a molecular perspective, these examples lead to the hypothesis

that whereas leptin and insulin normally act within the CNS to suppress

appetite, increase energy expenditure, and ultimately reduce feeding and

adiposity in ‘‘experimental obesity,’’ exposure to ad libitum consumed obesity-

inducing diets generates resistance to adiposity signals by blunting their nor-

mal signaling mechanisms. It is clear that leptin and insulin levels rise in direct

proportion with increased adipose mass (Bagdade et al., 1967; Considine et al.,

1996). In the context of involuntary feeding and obesity, the action of these

markedly elevated hormones in the ARC (and elsewhere) to potently inhibit

food intake is readily observed when ad libitum feeding resumes and food

intake drops precipitously. In rodent diet-induced obesity and common human

obesity, insulin and leptin levels are likewise dramatically elevated and yet

food intake remains elevated or normal (Considine et al., 1996). Because the

ARC is one of the major sites of action of insulin and leptin, this finding

defines hypothalamic insulin and leptin resistance from a behavioral per-

spective, analogous to peripheral insulin resistance in type II diabetes. In this

case, instead of resistance to the glucose-lowering effects of insulin typical of

diabetes, resistance to the food intake-lowering effects of insulin and leptin is

observed. A currently accepted hypothesis is that brain insulin and leptin

resistance represents a primary acquired ‘‘pathological’’ defect in adiposity

regulation.

21. Concordance of diabetes and obesity: a commonmechanism

for the development of adiposity signal resistance?

While obesity is often referred to as a distinct entity, obesity per se is

strongly associated with insulin resistance and diabetes (Mokdad et al., 2000;

Anderson et al., 2003). Epidemiological and interventional studies of human

populations (Houmard et al., 2002; Knowler et al., 2002; Anderson et al., 2003)

and animal models of obesity support this relationship (Woods et al., 2003). The

converse is likewise true, weight loss results in dramatic improvements in
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peripheral insulin sensitivity (Houmard et al., 2002; Uusitupa et al., 2003). These

observations have led to the term ‘‘diabesity’’ in describing the concordance of

these pathological states (Astrup & Finer, 2000). Peripheral insulin resistance

associated with obesity has similarities with hypothalamic insulin and leptin

resistance, and leads to the question of whether similar mechanisms may

contribute to the observed resistance in both the periphery and the CNS.

The IRS-PI3K pathway that is at least partially responsible for insulin and

leptin’s feeding effects is also responsible for the majority of insulin action in

peripheral tissues (Kido et al., 2001; Saltiel & Pessin, 2002). The major effect of

insulin signaling to recruit and activate the intracellular pool of glucose

transporter molecules (Saltiel & Pessin, 2002), for example, is a requisite action

of insulin in the periphery and is PI3K-dependent. Recent work implicates

defects in IRS-PI3K signaling as a significant contributor to insulin insensitiv-

ity. Thus, in the setting of obesity and type II diabetes (Cusi et al., 2000;

Houmard et al., 2002; Vollenweider et al., 2002) and intravenous fat infusion

models (Dresner et al., 1999; Griffin et al., 1999; Kim et al., 2001; Yu et al., 2002),

the ability of insulin to activate PI3K, and thus glucose transport, is impaired.

The molecular mechanism for this impairment appears to involve the

intracellular accumulation of long chain fatty acyl CoA (LCFA) molecules

(Griffin et al., 1999). LCFAs appear to activate ‘‘pathological’’ signal transduc-

tion systems when chronically elevated, including PKC (Griffin et al., 1999) and/

or a pathway initiated by IjB kinase-b (IKK-b) (Kim et al., 2001). These pathways

are ‘‘pathological’’ in the setting of insulin action because they act to dampen

insulin signal transduction by serine/threonine phosphorylation of targets

such as the insulin receptor and IRS proteins, molecules normally activated by

tyrosine phosphorylation (Saltiel & Pessin, 2002). Thus, muscle cell insulin

resistance is a common effect of exposure to high fat or obesity, and the

molecular mechanism for this defect results in an inability to activate IRS-PI3K

signaling (Griffin et al., 1999; Kim et al., 2001; Houmard et al., 2002). Because

IRS-PI3K appears to be an important target for CNS insulin and leptin signal-

ing, the hypothesis that hypothalamic resistance at the level of PI3K may at

least partially account for CNS insulin and leptin resistance is intriguing.

While IRS-PI3K signaling appears to be critical for the food intake-lowering

response to insulin and leptin, JAK-STAT signaling in response to leptin is

similarly fundamental to energy balance (Bates et al., 2003), and is also an

attractive candidate as a target of resistance (Bjorbaek et al., 1999; El-Haschimi

et al., 2000; Bates & Myers, 2003; Bates et al., 2003; Niswender & Schwartz,

2003). In the model of diet-induced obesity published by El-Haschimi et al.,

however, leptin resistance to STAT3 activation was not observed until well

after the animals had become obese (El-Haschimi et al., 2000). An impaired
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ability of peripherally administered leptin to activate STAT3 was observed at 4

weeks, implicating a defect of leptin access to the CNS; however, high-fat fed

animals were significantly heavier even at this time-point (El-Haschimi et al.,

2000). If a defect in hypothalamic adiposity signal transduction is proposed to

cause obesity it should occur prior to or concomitant with the onset of obesity.

Recently, regional hypothalamic resistance to leptin has been described that

adds compelling support to a causal role of leptin resistance in obesity.

Munzberg et al. (2004) have reported decreased STAT3 activation specifically in

ARC of mice fed a high-fat diet in as early as 6 days whereas other hypothal-

amic and extrahypothalamic sites maintained sensitivity to leptin in terms of

STAT3 activation at 14 weeks of high-fat feeding. In the context of the current

discussion on the role of insulin and leptin as adiposity signals, these data are

consistent both with an important role of the ARC in energy balance and of the

concept that pathophysiological changes proposed to result in obesity should

precede its development (Schwartz & Niswender, 2004). The observation of

increased SOCS3 expression in ARC in these studies (Munzberg et al., 2004)

further supports the concept presented earlier that the presence of mechan-

isms to terminate insulin and leptin signaling are yet another ‘‘target’’ or

potential mechanism for dysfunction in obesity (Munzberg & Myers, 2005).

Despite recent gains in our understanding of the pathophysiology of obesity,

clearly a number of unresolved questions remain regarding potential inter-

actions of leptin-JAK-STAT signaling and IRS-PI3K signaling in the pathological

transition to frank obesity (Niswender & Schwartz, 2003).

22. Dietary induction of adiposity signal resistance and

propensity to weight gain

The ‘‘Western lifestyle’’ is hypothesized to be a major predisposing

factor to the rapid development of obesity within human populations. The

Western lifestyle typically consists of the consumption of calorically dense,

high fat, high carbohydrate foods (Tseng & DeVillis, 2000) coupled with the

absolute absence of a requirement for physical exertion for survival. A fre-

quently cited example of the metabolic effects of this lifestyle are the Pima

Indians of Northern Mexico and Arizona (Lillioja & Bogardus, 1988a). While

maintaining a traditional lifestyle in Mexico, Pima remain relatively lean

(Valencia et al., 1999), however on exposure to a ‘‘Western’’ lifestyle in the

southwestern USA, the rates of obesity and diabetes increase dramatically

(Lillioja & Bogardus, 1988b; Pratley, 1998). This dramatic phenotype may rep-

resent the ultimate manifestation of thrifty genes; however, available evidence

suggests that Mexican Pima exhibit intact energy homeostasis (i.e. match
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caloric intake with expenditure) without true caloric restriction (Valencia et al.,

1999) and rapidly acquire hypothalamic defects in response to energy dense

diets and relative inactivity. According to this hypothesis, a dosage of leptin

would likely reduce food intake in Mexican Pima, but would have little or no

effect in obese US Pima given acquired ‘‘resistance.’’ Pima may be an example

where inherited ‘‘thrifty’’ genes potently predispose to pathological changes in

insulin and leptin signal transduction resulting in diabetes and obesity but

only under certain environmental conditions. Thus, Pima appear to demon-

strate a genetic–environment interaction. Likewise, a similar ‘‘Western’’ life-

style has been developed by rodent obesity researchers, who have determined

that in many rodent strains the most efficient mechanism to generate obesity

is to feed a diet high in both fat and simple carbohydrate (Surwit et al., 1988).

Because of these observations, it is worthwhile to examine the effects of

dietary fat and carbohydrate on body adiposity.

While a detailed review of macronutrient composition and weight gain is

well beyond the scope of this chapter, a molecular model that may yield

insight into ‘‘diabesity’’ is related to cellular intermediary metabolism

(Niswender et al., 2004b). As discussed, insulin resistance in tissues such as

muscle (Shulman, 2000) appears to involve the intracellular accumulation of

LCFA (long chain fatty acyl) molecules. Both insulin resistance and relative

pancreatic beta cell secretory failure must occur to develop overt diabetes

(De-Fronzo, 1988). It is increasingly recognized that a similar mechanism

involving LCFA accumulation and toxicity may be responsible for beta cell

failure (Prentki et al., 2002; El-Assaad et al., 2003). This concept has been

referred to as ‘‘glucolipotoxicity’’ (Unger, 1995; Prentki et al., 2002; El-Assaad

et al., 2003; Robertson et al., 2003), given that glucose metabolism and/or tox-

icity is closely linked to lipotoxicity mediated by LCFA (Poitout et al., 2001).

Muscle and pancreatic beta cells are both susceptible to functional toxicity

mediated by LCFA. Furthermore, hypothalamic neurons share both intracel-

lular signal transduction mechanisms (IRS-PI3K) with muscle and a number of

secretion-coupling mechanisms with pancreatic beta cells. It is compelling to

hypothesize, therefore, that since the CNS would also be exposed to the same

metabolic milieu, neurons could be susceptible to the same ‘‘glucolipotoxic’’

mechanisms that would function to generate CNS adiposity signal resistance.

In brief, LCFAs can be synthesized both de novo via citrate efflux from the

TCA cycle, malonyl CoA and the fatty acid synthase complex and by the

assimilation of exogenous free fatty acids into LCFA (Semenkovich, 1997). In a

general sense, cellular metabolism under normal physiological conditions

tends to be either glucose predominant, such as in the fed state, or fatty acid

predominant, such as in fasting and starvation (Sugden et al., 2001). In the fed
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state, glucose fuels glycolysis and the TCA cycle and citrate efflux generates

malonyl CoA via acetyl CoA carboxylase (Sugden et al., 2001). Malonyl CoA is

thought to function as a cellular fuel sensor by virtue of its ability to inhibit the

mitochondrial LCFA transporter carnitine palmitoyl transferase 1 (CPT-1)

(Ruderman et al., 1999; McGarry, 2001), thereby inhibiting LCFA oxidation,

while also being a substrate for the de novo synthesis of LCFA, in total favoring

the accumulation of LCFA. Low malonyl CoA levels, such as in the fasted state

when cellular glucose metabolism is decreased via several mechanisms

(Semenkovich, 1997), leads to disinhibition of CPT-1 and the oxidation of LCFA

for energy. Therefore, in this simple model, LCFA is stored in times of glucose

plenty and burned in times of relative glucose deficit based upon cellular

malonyl CoA levels. A variety of data exists to suggest that physiological

equilibrium between LCFA production and consumption is critical for normal

cellular function and the avoidance of ‘‘toxicity,’’ particularly in metabolic

sensing cell types (Corkey et al., 2000).

In obesity and diabetes, both glucose levels and circulating free fatty acids

are elevated due to insulin resistance at various levels (Hawkins et al., 2003).

The target tissues include muscle, liver, pancreatic beta cells, and hypothal-

amic neurons, an expansion of the ‘‘triumvirate’’ of diabetes (Defronzo, 1988).

According to this model, susceptible tissues are exposed to both substrates

leading to inhibition of CPT-1 and accumulation of LCFA via de novo synthesis

and exposure to free fatty acids. The model proposes that the obesity metabolic

milieu disrupts the physiological equilibrium between LCFA production and

consumption leading to pathological accumulation in susceptible tissues and

finally to cellular dysfunction. While this model is clearly oversimplified, it can

also be utilized in a discussion about the effect of macronutrient diets on

weight loss and adiposity signal sensitivity.

23. Macronutrient composition and weight loss

The number of diets proposing a macronutrient preference for the

induction of weight loss has increased dramatically over the years and several

have now been studied in randomized clinical trials (Bravata et al., 2003). Two

of these diets are worthy of comment in comparison to the obesity-producing

Western diet in the context of LCFA toxicity. One diet, originally developed

for the prevention of coronary artery disease, is vegetarian based, and could

be characterized as ultra-low fat. ‘‘Experimentally’’ the ‘‘Ornish’’ diet could

be considered a ‘‘Western diet’’ minus fat. The second diet, the ketotic or

‘‘Atkin’s’’ diet consists of very little or no carbohydrate with the objective of

minimizing prandial insulin secretion and of reaching a mild ketotic state.
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By virtue of being low in carbohydrate content, this diet is necessarily high in

fat (and protein), and ‘‘experimentally’’ represents our ‘‘Western diet’’ minus

carbohydrate.

In controlled trials, patients randomized to the Ornish diet lost on average

10 kg and > 10% of their body weight at one year (Ornish, 1998; Ornish et al.,

1998). The subjects achieved a decrease in dietary fat from 30% to 8.5% and

went from 53% to 76.5% dietary carbohydrate content (all as a percentage of

calories). Thus, low fat intake in the context of high carbohydrate intake

results in significant short-term weight loss in this and in other low fat clinical

trials (Pirozzo et al., 2003).

Surprisingly to many investigators, the ‘‘Atkins’’ diet also demonstrated

efficacy for weight loss in randomized controlled trials. Foster et al. (2003)

observed a significant weight loss of approximately 7% and greater than that of

‘‘standard’’ low-fat diet approaches at 3 and 6 months although these differ-

ences were no longer statistically significant at one year. Likewise, Samaha

et al. (2003) and Brehm et al. (2003) demonstrated an approximately 5% and 10%

weight loss in patients following the Atkins diet in these trials respectively, but

these patients were only studied for 6 months. With the molecular model

described above in mind, it is interesting to note that in short-term trials, both

very low-fat and very low-carbohydrate consumption have similar efficacy in

leading to loss of body weight, loosely supporting the hypothesis that fat and

carbohydrate combined increases susceptibility to obesity in humans, and by

inference results in adiposity signal resistance.

It is important to note that caloric restriction was not necessarily the goal of

these dietary interventions. For weight loss to occur, fewer calories must be

consumed than expended. Under normal conditions and especially in obesity,

compensatory changes in energy homeostasis result in hunger, decreased

energy expenditure and, most often, the reaccumulation of lost body weight

(Schwartz et al., 2000). In these studies patients ate the diets essentially ad

libitum, implying that they became sated with fewer calories consumed

(i.e. became sensitive to insulin and leptin) (Brehm et al., 2003), although sig-

nificant limitations of self-reporting of food intake and appetite are recog-

nized. Such observations do raise the interesting possibility that hypothalamic

insulin and leptin resistance induced by high-fat and high-carbohydrate con-

sumption may be reversible by consuming either very low fat or very low

carbohydrate diets, at least in the short term. This is clearly a controversial

issue and a difficult point to prove experimentally in human studies. Data

concerning long-term weight loss certainly suggest that re-establishing

the sensitivity of the CNS to insulin and leptin is not common, given the very

small percentage of individuals maintaining weight loss. Nonetheless, the
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integration of recent work regarding the molecular biochemistry of insulin

resistance, data from humanmacronutrient diet trials and the model of insulin

and leptin as adiposity signals leads to potentially testable new hypotheses.

24. ‘‘Reward’’ and potentiation of obesity; role of insulin

and leptin

The proposed roles of insulin and leptin as long-term, day to day, week

to week, and year to year regulators of energy homeostasis, described thus far

as the ‘‘homeostatic’’ feeding system, need to potentially be expanded. It is

clear that animals and humans consume food for reasons other than these

‘‘homeostatic’’ cues related to hunger and satiety. Certainly, most individuals

reading this chapter can likely personally relate to the ‘‘dessert’’ phenomenon,

having divulged in a ‘‘rewarding’’ rich dessert despite being quite full from the

prior meal. For those that treat obese patients, it is clear that for a significant

proportion of patients seen in this setting, food is used as a rewarding and

soothing adaptation to life stress (Dallman et al., 2003). Thus, it is also clear that

certain food traits have rewarding or ‘‘hedonistic’’ qualities to both animals

and humans (Levine et al., 2003a, 2003b; MacDonald et al., 2003).

Rewarding and motivational aspects of feeding have been localized to

important CNS structures such as the limbic system, cortical areas, hippo-

campus, amygdala and striatonigral structures (Figlewicz, 2003a). Palatability

(defined here as an indication of food’s hedonic value) is known to influence

both the amount and type (Levine et al., 2003a, 2003b; MacDonald et al., 2003)

of food that is ingested (Berridge & Grill, 1983; Berridge, 1991, 1996). For

example, it is well known that even non-caloric solutions will elicit drinking

behavior in sated rats if they are made to taste sweet (Capaldi et al., 1997). Thus,

palatability can be a major factor driving ingestion and an intriguing

hypothesis is that reward- or palatability-mediated food intake accounts for the

hyperphagia observed in some models of diet-induced obesity. Upon presen-

tation with a palatable and obesity-inducing diet, rodents initially exhibit a

marked hyperphagia for several days that precedes obesity and that may be

mediated by the reward aspects of the diet itself. This is followed by a subse-

quent, lower magnitude hyperphagia that is hypothesized to be mediated by

relative hypothalamic adiposity signal resistance (Ricci & Levin, 2003; Woods

et al., 2003).

Collectively, these observations question whether the leptin/insulin feed-

back loop is able to adequately regulate food intake that is controlled by non-

regulatory factors such as reward, motivation, hedonics or learning (Figlewicz,

2003a, 2003b). If the answer to this question is, at least in some circumstances,
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‘‘no,’’ then it would be important to understand the role that such non-

regulatory factors play in the development of diet-induced obesity.

In fact, ‘‘hypothalamic feeding’’ circuits and ‘‘reward feeding’’ circuits are

not structurally and functionally distinct; it is likely that central regulators of

food intake also influence palatability mechanisms and vice versa (Figlewicz,

2003a, 2003b). Intriguingly, Figlewicz et al. have recently demonstrated that

both central insulin and leptin reduce the reinforcement potency of palatable

foods (Figlewicz et al., 2001, 2003). The doses of leptin and insulin used in these

studies were insufficient to reduce daily food intake or body weight, suggesting

that CNS reward centers are more sensitive to these hormones than are

hypothalamic centers. Thus, adiposity signals per se, presumably based upon

their action in reward brain areas, appear to also negatively regulate the

reward aspects of certain foods.

As mentioned above, it is hypothesized that acquired defects in the ability of

key hypothalamic neurons to sense and respond to adipostatic signals is one

potential mechanism for the maintenance of excess body fat. A related, but

slightly different, question is what drives the initial hyperphagia necessary to

generate the metabolic milieu proposed to lead to both peripheral and central

insulin and leptin resistance. The clear possibility that arises from an under-

standing of the role of reward systems addressed here is that under certain

circumstances, ingestive behavior is the result of systems that operate inde-

pendently of the hypothalamically based regulatory systems. This leads to the

hypothesis that consumption of high-calorie, high-fat, high-carbohydrate

foods, which appear to be the perfect substrate to generate the insulin and

leptin resistant milieu, are highly rewarding to consume, and may in fact,

based upon the work of Figlewicz, also generate resistance to the reward

dampening effects of insulin and leptin signaling (Figlewicz, 2003a, 2003b;

Figlewicz et al., 2003b).

One consideration for this hypothesis is that the rate of development of

leptin or insulin insensitivity in brain areas that control these motivated

behaviors may be different than systems (e.g., hypothalamus) that regulate

body weight. If, for example, these reward centers were even more susceptible

to the development of insulin and leptin resistance leading to uncontrolled,

reward-based feeding, powerful potentiation of the development of resistance

in hypothalamic centers could ensue. Such a model for the rapid potentiation

of obesity is attractive, given the rapid pace of the development of obesity in

human populations. This hypothesis, importantly, allows for the possibility

that defects in insulin and leptin action in CNS structures other than the

hypothalamus participate in the pathological transition to frank obesity. The

efficacy of agents targeting this system in animals (Ravinet Trillou et al., 2003),
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and currently in clinical trials (Despres et al., 2005; Van Gaal et al., 2005;

Pi-Sunyer et al., 2006), lend credence to this hypothesis.

25. Conclusions

A compelling body of work, both historical and more recent, utilizing

a variety of model systems and experimental approaches strongly supports the

idea that insulin and leptin play a fundamentally important role as adiposity

signals in the hypothalamic control of energy homeostasis. Given the current

prevalence and societal cost of obesity and diabetes, an improved under-

standing of homeostatic mechanisms involving insulin and leptin may yield

new therapeutic targets and ultimately new treatments.
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5

Convergence of leptin and insulin
signaling networks in obesity

calum sutherland and mike ashford

1. Introduction

Leptin (a 146 residue peptide) and insulin (a 30 amino acid dipeptide)

are synthesized in distinct locations in the periphery but share a common

function of long-term regulation of body weight and energy balance through

direct alterations in hypothalamic arcuate nucleus (ARC) signaling (Sahu, 2004;

Cone, 2005). Insulin is synthesized as a prohormone almost exclusively by

pancreatic b-cells, and secreted into plasma in response to rising glucose levels.

The mRNA for insulin has been found in some brain areas, suggesting that

specific neurons may be capable of producing an ‘insulin-like’ peptide.

Meanwhile leptin is synthesized and secreted mainly by adipocytes, and cir-

culating levels are normally related to adiposity (Zhang et al., 1994; Frederich

et al., 1995; Considine et al., 1996). There is some evidence that leptin is also

produced by cells of the immune system such as T-cells and macrophages,

bone, skeletal muscle, placenta, stomach, hypothalamus and by stellate cells of

the liver. Direct administration of either hormone to the ARC has significant

effects on feeding and body weight, while both hormones can cross the blood–

brain barrier, probably via specific and saturable transport systems (Niswender

& Schwartz, 2003; Niswender et al., 2004). Leptin and insulin stimulate pro-

opiomelanocortin (POMC) expressing neurons in the ARC, resulting in pro-

cessing of POMC to a-melanocyte-stimulating hormone (a-MSH) and

subsequent activation of the melanocortin-3 and -4 receptors, leading to

anorexigenic outputs. Leptin and insulin also inhibit neurons in the ARC that
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express neuropeptide Y (NPY) and agouti-related peptide (AGRP) (Morton &

Schwartz, 2001; Niswender & Schwartz, 2003; Niswender et al., 2004). Neuro-

peptide Y is a 36 amino acid neuropeptide and the most potent appetite-

stimulating agent identified to date (Stanley et al., 1986; Zarjevski et al., 1993),

while AGRP, a powerful and long-lasting orexigenic agent directly inhibits

melanocortin-3 and -4 receptors (and thus inhibit melanocortin-driven appetite

suppression) (Fong et al., 1997; Ollmann et al., 1997). This is a major part of the

mechanism by which these hormones repress food intake (for reviews see

Niswender & Schwartz, 2003; Niswender et al., 2004; Sahu, 2004; Cone, 2005).

These common functions of insulin and leptin suggest overlapping intracel-

lular signaling processes and recent work has confirmed a high degree of

homology in the major events initiated by these hormones. These will be the

focus of this chapter.

In the periphery the primary function of insulin is to regulate glucose

homeostasis in response to increasing glucose load (e.g. feeding). Meanwhile,

leptin modulates insulin action through control of body fat, since excess adi-

posity promotes insulin resistance (Hotamisligil et al., 1993; Ahmad et al., 1997;

Bray et al., 2002; Kern et al., 2003). In addition, leptin has a direct effect on

glucose homeostasis through hepatic expression of leptin receptors and the

CNS-mediated regulation of hepatic glucose production. Indeed leptin and

insulin can act directly on the hypothalamus to regulate hepatic glucose pro-

duction (Liu et al., 1998; Pocai et al., 2005a, 2005b). The importance of the loss

of this latter function on the generation of insulin resistance in obesity (where

leptin resistance is present) may not yet be fully appreciated. There is some

controversy in the literature over the nature of the cross-talk between leptin

and insulin in hepatocytes. Some studies suggest that direct application of

leptin to liver cell lines antagonizes insulin signaling (Cohen et al., 1996;

Benomar et al., 2005), while others identify insulin sensitizing or insulin

mimetic effects of leptin (Szanto & Kahn, 2000; Zhao et al., 2000; Carvalheira

et al., 2003).

This chapter will introduce the molecular signaling mechanisms known to

mediate at least some of the effects of insulin and leptin both in the periphery

and the ARC. Particular attention will be given to common signaling compon-

ents that explain the overlapping cellular effects of both hormones. However,

we will also highlight the obvious differences in the signaling cascades, as well

as the subtle variation in signal kinetics that permit the cells to respond in

different ways to each agent. Defects in these signaling processes that contribute

to obesity and diabetes will be discussed. Finally, we will review recent attempts

to manipulate signaling processes common to both leptin and insulin in order to

identify therapeutics for both obesity and diabetes.

128 Calum Sutherland and Mike Ashford



2. Signaling networks

2.1 Distinct insulin and leptin signaling components

Receptors

The expression of cell surface insulin or leptin specific receptors is the

major determinant on whether the cell will respond to either agent. A specific

transmembrane protein for each allows sensing of ligand and initiation of

intracellular signaling (Figure 5.1). There is no cross reactivity between the two

receptor types, that is, leptin does not bind to the insulin receptor and vice

versa, however once activated each receptor can influence the signaling cap-

acity of the other (see later). This specificity of receptor proteins represents a

major distinction between the two signaling pathways.

The insulin receptor (IR) is a heterotetrameric membrane glycoprotein

composed of two a subunits and two b subunits linked by disulphide bonds.

Binding of insulin to the a subunit leads to a conformational change that

activates the intrinsic intracellular tyrosine kinase domain of the b subunit.

The resultant receptor autophosphorylation on specific tyrosine residues

enhances the ability of the IR to recruit and regulate target proteins (Kahn &

White, 1988; White & Kahn, 1994; Withers & White, 2000). The liver, muscle

and adipose tissue represent the major sites of expression of the IR, however it

is found in several other tissues including the CNS. It is expressed in many

regions of the brain, but predominantly in the hypothalamus, hippocampus,

cerebellum and olfactory bulb (Havrankova et al., 1978; Marks et al., 1990).

Neuronal IR expression decreases with age. Interestingly, the glycation of the

neuronal IR appears different from that found in peripheral tissues (or glial

cells) but the functional outcome of this is not clear. Neuron-specific deletion

of the IR renders the animal more sensitive to diet-induced obesity (Bruning

et al., 2000), implicating neuronal IR in the satiety response.

The leptin receptor (Ob-R) is a member of the cytokine class 1 type receptor

family (Baumann et al., 1996) and is encoded by the diabetes gene (db)

(Tartaglia et al., 1995). It contains four fibronectin Type III domains and one

Ig-like domain. At least six splice variants of the human receptor have been

reported, with the major signaling form thought to be ‘the long form’ also

known as Ob-Rb (120 kDa) (Chen et al., 1996; Lee et al., 1996; Friedman &

Halaas, 1998). It is the lack of a functional Ob-Rb isoform that underlies the

obese phenotype of the db/db mouse and the fa/fa rat (Chua et al., 1996; Phillips

et al., 1996). Upon binding of leptin the receptor homodimerizes resulting in

interaction with various intracellular signaling components (Sweeney, 2002;

Hegyi et al., 2004; Sahu, 2004). The main differences between the splice vari-

ants lie in the intracellular domain of the receptor. However, all Ob-R proteins
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yellow. Due to limitations of space the molecules involved in insulin induction of
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contain a proline rich box1 that mediates association with members of the Jak

family of tyrosine kinases, primarily Jak2 (Jiang, et al., 1996). The Ob-Rb iso-

form has additional proline rich boxes that are required for full Jak-STAT sig-

naling capability. The exact function of the shorter isoforms remains unclear,

although ObRa and ObRc may function as leptin transport proteins (Hileman

et al., 2002) and the secreted soluble isoform, ObRe may act as a protein buf-

fering system for free circulating leptin (Lammert et al., 2001).

JAK-STAT signaling

The first signaling pathway identified downstream of the leptin receptor

was the JAK-STAT pathway (Ihle & Kerr, 1995; Baumann et al., 1996; Bates et al.,

2003). The Ob-Rb protein (which unlike insulin does not have intrinsic tyrosine

kinase activity) activates an associated tyrosine kinase (JAK2) upon binding of

leptin, thereby initiating phosphorylation of a number of tyrosine residues within

the Ob-Rb sequence (see (Hekerman et al., 2005; Munzberg et al., 2005 for review).

These phosphotyrosines act as docking sites for the phosphotyrosine phosphatase

SHP2 (at Y985) and the transcription factor STAT3 (at Y1138). The coordinated

recruitment of JAK2 and STAT3 results in phosphorylation of STAT3 by JAK2,

promoting STAT3 dimerization, nuclear translocation and activation. Numerous

genes have been identified as STAT3 targets, including the neuropeptide POMC

and the Ob-Rb antagonist SOCS3 (Bates et al., 2003; and see later). Other STAT

family members may also be regulated by Ob-Rb (e.g. STAT5 through interaction

with phosphoY1077), however STAT3 activation is the best characterized to date.

Athough insulin increases STAT3 phosphorylation in liver (Carvalheira et al.,

2003; Benomar et al., 2005), SH-SY5Y cells (Benomar et al., 2005) and rat

hypothalamus (Mirshamsi et al., 2004) the mechanism by which this is medi-

ated is uncertain. Although some studies have implicated JAK2 in insulin-

induced STAT3 activation (Carvalheira et al., 2003; Benomar et al., 2005), work

on myoblasts and cell lines indicate the possible involvement of other sig-

naling proteins (such as the tyrosine kinase Fer and the adaptor RACK1) as

effectors of insulin-stimulated STAT3 activation (Taler et al., 2003; Zhang et al.,

2006). It has also been reported that insulin-mediated activation of STAT5

requires JAK family kinases and IRS1 phosphorylation (Le et al., 2002).

2.2 Signalling molecules common to insulin and leptin action

The receptor substrates

Proximal substrates of the insulin receptor include members of the

insulin receptor substrate family (IRS). There are four closely related IRSs,

namely IRS1, IRS2, IRS3 and IRS4 (White, 1998; Uchida et al., 2000), as well as
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the functionally related Shc (Pelicci et al., 1992), and p62dok (Yamanashi &

Baltimore, 1997; Wick et al., 2001), that all act as molecular adapters to relay

the insulin signal (see Pawson, 1995, 2004 for reviews). IRS1 and IRS2 are

widely expressed while IRS4 is expressed in brain, kidney and thymus. Rodents

express IRS3 predominantly within the adipose tissue, however this isoform

does not appear in human tissue. Although originally identified as substrates

of the insulin receptor, the IRS1 and IRS2 proteins are now known to be

important in leptin signaling (Burks et al., 2000; Suzuki et al., 2004), however

IRS2 is not required for the CNS actions of leptin (Kubota et al., 2004;

Choudhury et al., 2005). Indeed, deletion of IRS2 in the hypothalamus promotes

increased food intake and obesity (Kubota et al., 2004; Lin et al., 2004; Choudhury

et al., 2005). The leptin receptor does not contain an intrinsic tyrosine kinase

activity therefore the mechanism that links this receptor to IRSs is not identical

to the IR. The non-covalent interaction between the tyrosine kinase Jak2 and the

leptin receptor, and the ligand-induced recruitment of the adaptor protein SH2-B

probably facilitates the phosphorylation of IRSs.

All IRSs possess an N-terminal pleckstrin homology (PH) domain that is

necessary for protein–lipid interaction and is involved in targeting the IRS to the

membrane in proximity to the receptor. Adjacent to this domain lies a phospho-

tyrosine binding domain (PTB) followed by a variable length C-terminal tail

(White, 1998). The IRSs are phosphorylated by the insulin receptor tyrosine

kinase on a number of tyrosine residues that lie in YMXM or YXXM motifs

within the C-terminal tail. Activated IRS proteins subsequently interact with

various effector proteins that contain src homology (SH) 2 domains (White,

1998; Kaburagi et al., 1999; Cantley, 2002). These include Grb-2 (growth receptor

bound protein-2), the regulatory subunit of PI 3-kinase (see later), the tyrosine

kinases fyn and csk and the tyrosine phosphatase SHP2 (see later). These

interactions initiate further downstream signaling events. In addition to phos-

phorylation, IRS1 protein levels in the periphery are induced acutely by insulin,

thereby increasing the capacity of the signaling network (Ruiz-Alcaraz et al.,

2005). It is not known if this occurs in the brain or if leptin promotes the same

induction. Conversely, chronic insulin exposure, or obesity, promotes degrad-

ation of IRS1, and this has been hypothesized to be a potential mechanism for

the generation of insulin and leptin resistance (Greene et al., 2003; Harrington

et al., 2004; Kim et al., 2004; Um et al., 2004; Hers & Tavare, 2005; Morino et al.,

2005; Ueno et al., 2005).

Inositol lipid signaling

Phosphoinositide 3-kinase (PI 3-kinase) is activated by insulin and

leptin, as well as many growth factors and cytokines (Kapeller & Cantley, 1994;

132 Calum Sutherland and Mike Ashford



Vanhaesebroeck et al., 1997; Shepherd et al., 1998; Cantley, 2002; Foukas et al.,

2006). The PI 3-kinase family consists of three classes of enzymes with related

but distinct structural features and substrate specificities (Vanhaesebroeck

et al., 1997, 2001). The Class Ia subgroup of the PI 3-kinases represent the major

form of this enzyme activated by insulin (Vanhaesebroeck et al., 2001). The

Class Ib PI 3-kinase subgroup contains only one member, p110c, that trans-

duces signals that originate from G-protein coupled receptors (GPCRs). Mean-

while, the Class II PI 3-kinase family can also be activated by insulin, and

although less well defined, may therefore play a role in insulin signaling

(Domin et al., 1997; Brown & Shepherd, 2001; Katso et al., 2001) and leptin can

activate the Class IIa PI3K isoform (Ktori et al., 2003). The Class III PI 3-kinases

are the homologues of the yeast vesicular sorting protein and are widely

expressed. However there is currently little evidence that they are involved in

insulin or leptin signaling with respect to physiological outputs. Indeed little

work has been performed to assess the PI 3-kinase family that is regulated by

leptin.

PI 3-kinase catalyses the phosphorylation of the 3’ hydroxyl of the phos-

phatidylinositols. In vitro, phosphatidylinositols (PtdIns), PtdIns(4)P and PtdIns

(4,5)P2 can all serve as substrates for the Class I PI 3-kinases. Upon PI 3-kinase

stimulation, cellular levels of PtdIns(3,4)P2 and PtdIns(3,4,5)P3 but not PtdIns(3)

P are elevated (Stephens et al., 1991; Hawkins et al., 1992; Cantley, 2002).

Although PtdIns(3,4)P2 can be produced from PtdIns(4)P via the activation of PI

3-kinase, the bulk of this product is actually generated from the dephos-

phorylation of PtdIns(3,4,5)P3 by a Type II 5’phosphatase, termed SHIP2. Thus,

PtdIns(3,4,5)P3 is the major phosphatidylinositol that is generated directly

upon activation of PI 3-kinase, and PtdIns(3,4)P2 levels are dictated by the

combined activity of PI 3-kinase and SHIP2.

Wortmannin (Ui et al., 1995) and LY294002 (Vlahos et al., 1994) are two cell

permeable compounds that are widely used to elucidate the cellular actions of

PI 3-kinase. Wortmannin is a fungal metabolite that potently inhibits PI

3-kinase with an IC50 of around 5 nM. LY294002 (2–4(-Morpholinyl)8-phenyl-4H-

1benzopyran-4-one) inhibits Class I family with an IC50 of 1 lM, however Class II

PI 3-kinases are relatively resistant to this compound (Domin et al., 1997). The

employment of these inhibitors has established a role for PI 3-kinase in almost

all the major actions of insulin such as glycogen synthesis, protein synthesis,

lipolysis, glucose uptake, membrane trafficking, cytoskeletal arrangement and

apoptosis (Shepherd et al., 1998; Vanhaesebroeck et al., 2001; Fisher & White,

2004). Interestingly, the regulation of transcription of genes involved in

metabolism by insulin also appears predominantly dependent on PI 3-kinase

activation (Sutherland et al., 1995; Gabbay et al., 1996; Dickens et al., 1998; Patel

Convergence of leptin and insulin signaling networks in obesity 133



et al., 2003). Leptin activates PI 3-kinase in a wide variety of cells, and this

pathway is key for the leptin activation of ATP-sensitive Kþ (KATP) channels

present in insulin-secreting cells (Harvey et al., 2000) and hypothalamic neurons

(Mirshamsi et al., 2004), activation of BK channels (Shanley et al., 2002), hippo-

campal synaptic plasticity (Shanley et al., 2001; Durakoglugil et al., 2005) and

inhibition of glucagon signaling (Zhao et al., 2000). Furthermore, icv adminis-

tration of PI3K inhibitors has been reported to inhibit the actions of leptin and

insulin to suppress food intake in rats (Niswender et al., 2001, 2003), and to

reduce some leptin- and insulin-mediated sympathoactivation processes

(Rahmouni & Haynes, 2004). Importantly in diet-induced obesity leptin induc-

tion of hepatic PI 3-kinase is impaired (Huang et al., 2004), suggesting a block in

the pathway upstream of PI 3-kinase activation. Such a defect would simultan-

eously reduce leptin and insulin signaling (see later).

The products of the PI 3-kinase reaction, PtdIns (3,4,5)P3 and PtdIns (3,4)P2,

regulate cellular processes through interactions with proteins that contain PH

domains. The best-characterized targets for these lipids are members of the

AGC subfamily of protein kinases (Alessi & Downes, 1998; Williams et al.,

2000). These include PDK1 (3’-phosphoinositide-dependent kinase 1) and PKB

(protein kinase B). The activation of other members of this family, such as SGK

(Serum and glucocorticoid-induced kinase), S6K (S6 kinase), p90rsk and MSK

(mitogen and stress activated protein kinase), requires phosphorylation by

PDK1 (Williams et al., 2000), therefore they are indirectly regulated by the

binding of PtdIns(3,4,5)P3 to PDK1. However, each of these protein kinases also

receives signaling inputs from other insulin-regulated pathways (Lizcano &

Alessi, 2002). For example, S6K requires mTOR activity (see below and Chung

et al., 1992), while p90rsk requires p42/p44 MAPK activity (see below and

Sturgill et al., 1988). Thus, inhibitors of mTOR (rapamycin) and the p42/p44

MAPK pathway (e.g. PD98059, U0126) block activation of S6K and p90rsk,

respectively. Both of these inhibitors are known to antagonize some aspects of

insulin and leptin action.

The p42/p44 MAPK cascade

The adaptor molecules Shc and Grb2 bind to the IRSs via their SH2

domain or their PTB domains either singly or in combination (Pawson & Scott,

1997). Grb2 is complexed to the Ras guanine exchange factor mSOS (son of

sevenless). Recruitment of mSOS from the cytosol to the plasma membrane

activates Ras (a 21 kDa GTPase). In its active GTP bound form Ras associates

with the N-terminal region of the serine/threonine kinase Raf, bringing it to

the plasma membrane to become activated (Moodie et al., 1993; Stokoe et al.,

1994). Activated Raf forms a stable complex with another protein kinase
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termed MKK1 (Mitogen activated protein kinase kinase1, also known as MEK1).

Phosphorylation of MKK1 by Raf increases MKK1 activity (Dent et al., 1992;

Kyriakis et al., 1992; Zheng & Guan, 1994). MKK1, in turn, phosphorylates and

activates p42/p44 mitogen activated protein kinase (MAPK). This pathway can

be activated by insulin and leptin, however these are relatively weak activators

in comparison to the growth factors (e.g. BDNF, NGF, PDGF, EGF etc.). Inter-

estingly, leptin can activate this pathway independently of the IRSs, through

the phosphotyrosine phosphatase SHP2, which binds directly to phospho-Y985

of the activated LRb and to phosphotyrosine sites in JAK2 (Banks et al., 2000;

Bjorbaek et al., 2001). Interestingly, mice lacking the gene for p44 MAPK

(namely ERK1) demonstrate decreased adiposity, fewer adipocytes, resistance

to diet-induced obesity and protection from insulin resistance (Bost et al., 2005).

p42/ p44 MAPKs are members of the MAPK superfamily that also include the

p38 MAPK and jun N-terminal protein kinase ( JNK) isoforms (Chang & Karin,

2001). These latter MAPKs are activated predominantly by cellular stresses such

as osmotic stress, oxidative stress, UV irradiation, heat stress and cytokines.

There are reports that leptin increases phosphorylation and activation of p38

MAPK in human mononuclear cells (van den Brink et al., 2000) and muscle

cells, which in smooth muscle and heart induces hypertrophy (Maroni et al.,

2003; Shin et al., 2005). Leptin has also been reported to increase JNK activity in

human smooth muscle cells (Bouloumie et al., 1999) and in prostate cancer

cells (Onuma et al., 2003). In some cells insulin is a very weak activator of p38

MAPK and JNK, but their role in insulin action is unclear as strong activation of

either of these molecules can promote insulin and leptin resistance (Hirosumi

et al., 2002; Lee et al., 2003; Hers & Tavare, 2005). Indeed genetic deletion of

JNK1 protects animals from diet-induced obesity and associated leptin and

insulin resistance (see Bost et al., 2005 for review).

Once activated, p42/p44 MAPK phosphorylates many downstream sub-

strates that are involved in numerous cellular processes such as proliferation,

differentiation, cell survival and gene transcription. Indeed, MAPK can trans-

locate to the nucleus upon activation (Whitehurst et al., 2002) suggesting that it

has important nuclear substrates. In addition, MAPK is involved in the acti-

vation of several downstream serine/threonine protein kinases, such as the

p90rsk isoforms (RSKs 1-3), MSK1/MSK2 (mitogen and stress activated protein

kinases) and MNK1/MNK2 (MAPK interacting kinases) (Pearson et al., 2001). The

three p90rsk isoforms also require PDK1 in order to become activated (Frodin

& Gammeltoft, 1999; Williams et al., 2000). Once activated p90rsk phosphor-

ylates downstream targets that are involved in gene transcription, cell cycle

regulation and cellular metabolism. The p42/p44 MAPK is linked to the regu-

lation of many immediate early genes, and as its name suggests, is key in the
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mitogenic actions of many hormones and growth factors. Indeed, this mol-

ecule appears crucial in the regulation of immediate early genes by insulin, in

a variety of tissues. It also mediates regulation of NPY gene expression by

growth factors (Williams et al., 1998). Shc, Grb2, and the SH2 containing pro-

tein tyrosine phosphatase (SHP2) bind directly to the leptin receptor following

its phosphorylation by Jak2 at Y985. Receptors that lack Y985 have a greatly

reduced ability to activate p42/p44 MAPK (Bjorbaek et al., 2001). Therefore

there are potentially two mechanisms that link the leptin receptor to this

pathway, one requiring IRS phosphorylation and one mediated by Shc, Grb2

and SHP2 binding to Y985. Leptin activates p42/p44 MAPK in the hypothal-

amus, pancreatic b-cells, adipose, skeletal muscle and liver (Bjorbaek et al.,

2001; Machinal-Quelin et al., 2002; Benomar et al., 2005; Maroni et al., 2005; Cao

et al., 2006), and in the b-cells at least this induces proliferation (Tanabe et al.,

1997). Insulin has been shown to activate p42/p44 MAPK in the hypothalamus

(Mirshamsi et al., 2004; Carvalheira et al., 2005), although it is presently unclear

what the underlying functional role of this may be. However, recent work does

indicate that p42/p44 MAPK plays a significant role in insulin and leptin

regulation of brain ion channel and receptor functions. For example, insulin

activation of recombinant and native hippocampal neuron BK channels is

dependent on MAPK activation (O’Malley & Harvey, 2004), which contrasts to

the PI3K dependent action of leptin on this channel type (Shanley et al., 2002).

Furthermore, leptin has been reported to enhance N-methyl-D-aspartate

receptor mediated calcium influx in cerebellar granule cells via a MAPK

dependent signaling process (Irving et al., 2006). Leptin can also inhibit voltage-

gated calcium channels in lateral hypothalamic neurons by activation of JAK2

and p42/44 MAPK ( Jo et al., 2005). Consequently, both leptin and insulin appear

capable of coupling to a variety of ion channel proteins utilizing either PI3K or

MAPK pathways.

SH2-B

The cytoplasmic adaptor protein SH2-B is ubiquitously expressed,

multiply phosphorylated and contains both an SH2 domain and a PH domain

(Rui et al., 1997). It interacts with many tyrosine kinase receptors including

the IGF-1, NGF and PDGF receptors (Wang & Riedel, 1998; Rui et al., 1999;

Kong et al., 2002). Most interestingly this protein binds to the insulin recep-

tor, IRS2 and to JAK2 via the SH2 domain of SH2-B (Wang & Riedel, 1998;

O’Brien et al., 2002; Duan et al., 2004). It plays a pivotal role in leptin acti-

vation of PI 3-kinase following IRS2 phosphorylation by JAK2 (Duan et al.,

2004), and can sensitize cells to insulin (Ahmed & Pillay, 2003). Mice deficient

in SH2-B develop insulin and leptin resistance, hyperphagia, obesity, diabetes
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and reproductive defects (Ohtsuka et al., 2002; Duan et al., 2004; Ren et al.,

2005). In particular, leptin activation of hypothalamic Jak-STAT is defective,

while expression of hypothalamic NPY and AGRP is increased (Ren et al.,

2005). Therefore this protein clearly plays an important part in both insulin

and leptin signaling, although it remains to be seen if both the glucose

homeostasis and hyperphagic defects are due to central and/or peripheral

loss of this protein.

Suppressor of cytokine signaling (SOCS)-3

SOCS-3 is a protein that can bind to the activated leptin receptor at

both of the major signaling phosphotyrosines (Y1138 and Y985), as well as to

phosphorylated JAK2 (Bjorbaek et al., 1999; Eyckerman et al., 2000; Dunn et al.,

2005). This antagonizes the binding (and therefore activation) of STAT3, SHP2

and the IRSs both to LRb and to JAK2 (Bjorbaek et al., 2001; Dunn et al., 2005;

Fruhbeck, 2005; Munzberg & Myers, 2005). STAT3 activation actually induces

SOCS3 expression (Dunn et al., 2005) providing a negative feedback mechanism

to regulate leptin signaling, by ultimately reducing tyrosine phosphorylation

of ObRb. Consistent with this model, overexpression of SOCS3 in cultured cells

blocks leptin action, while RNAi knockdown of SOCS3 enhances leptin sig-

naling (Dunn et al., 2005). In addition, heterozygous deletion of SOCS3 in

mouse CNS increases leptin sensitivity, reduces body weight and confers

resistance to diet-induced obesity (Howard et al., 2004; Mori et al., 2004). This

role for SOCS3 in the antagonism of leptin action suggests that abnormal

SOCS3 expression could promote leptin resistance and obesity. Indeed, SOCS3

expression is high in several animal models of obesity, however the inter-

pretation of this observation is complicated by the fact that leptin regulates

SOCS3 expression. Whether increased SOCS3 expression predates the hyper-

leptinemia and/or leptin resistance in these models or in obese humans is not

known. Interestingly, inflammatory mediators such as IL6 and TNFa (Starr

et al., 1997; Fasshauer et al., 2004; Rieusset et al., 2004), or fatty acids themselves

(Gual et al., 2005), can induce SOCS3 expression, and this may suggest that

increased SOCS3 expression is a consequence of obesity or inflammation.

Increased SOCS3 expression is also found in muscle after exercise, and this is

also likely to be linked to increased IL-6 production (Spangenburg et al., 2006).

Importantly, SOCS3 over-expression antagonizes insulin as well as leptin sig-

naling, possibly through direct binding to the phosphorylated IR (Emanuelli

et al., 2000), and reduction in IRS-1 levels and subsequent signals (Shi et al.,

2006), and the heterozygotic deletion of SOCS3 increases insulin sensitivity in

the CNS (Howard et al., 2004). Therefore, the abnormal SOCS3 expression in

obesity or inflammation represents a potential molecular link between leptin
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and insulin resistance (Rieusset et al., 2004; Dunn et al., 2005; Fruhbeck, 2005;

Gual et al., 2005; Munzberg & Myers, 2005).

The mTOR pathway

The mammalian Target of Rapamycin (mTOR) lies downstream of PI

3-kinase signaling (for review see Fisher & White, 2004; Martin & Hall, 2005).

Activation of PKB promotes phosphorylation and inhibition of the TSC1-TSC2

complex (Figure 5.1). The result is activation of the small G-protein Rheb and

stimulation of mTOR. Interestingly this pathway receives additional infor-

mation from a nutrient sensing pathway (Gingras et al., 2001; Beugnet et al.,

2003), as well as the AMP-activated protein kinase (AMPK), which acts as a

cellular energy status monitor (see later). Hence mTOR can be regulated by a

number of environmental cues, and is key to coordinating responses to the

overall nutritional status of the cell (Fisher & White, 2004).

The immunosuppressant rapamycin is a highly specific inhibitor of mTOR,

indeed it was fundamental in the original identification of the protein

(Heitman et al., 1991). Rapamycin blocks insulin activation of p70S6 kinase and

subsequent phosphorylation of the S6 ribosomal protein (Chung et al., 1992;

Jefferies et al., 1994; von Manteuffel et al., 1997) thereby demonstrating a

requirement for mTOR in their regulation. This pathway controls the rate of

translation of specific mRNA species ( Jefferies et al., 1997). Interestingly, a

recent report (Cota et al., 2006) demonstrates that icv administration of rapa-

mycin inhibits icv leptin-induced inhibition of food intake and body weight

gain. These authors show that phosphorylated forms of mTOR, S6 and S6K are

present in the ARC, particularly NPY neurons, and that their levels are

modulated by fasting (decreased) and by icv leucine (increased), corresponding

to orexigenic and anorexigenic outputs, respectively. The leucine-induced

anorexia was also inhibited by rapamycin indicating that mTOR signaling may

be an important component of the ARC sensing and integration system for

nutrients and hormones. It has also been suggested that the mTOR pathway

connects leptin regulation of AMPK (see below) to appetite control (Flier, 2006).

Interestingly, hyperactivation of the mTOR pathway can promote serine/

threonine phosphorylation of the IRSs (Potashnik et al., 2003; Harrington et al.,

2004; Khamzina et al., 2005; Ueno et al., 2005). Prolonged stimulation of cells

with activators of mTOR (3-24h) results in increased ser/thr phosphorylation of

IRS1 and IRS2, which antagonizes tyrosine phosphorylation by the insulin

receptor, as well as inducing ubiquitin-mediated degradation (see Shulman,

2000; Withers & White, 2000; White, 2002; Gual et al., 2005 for reviews). The

obesity-induced degradation of IRSs has been proposed as a potential site of

insulin and leptin resistance, and could also be a point of cross-talk between
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the two pathways. For example, long-term exposure to insulin would reduce

the ability of leptin to promote IRS-dependent signaling, and vice versa. Rather

paradoxically, inhibitors of mTOR are thus potential sensitizers of some

actions of insulin and leptin.

AMP kinase

The AMP-activated protein kinase (AMPK) is a ubiquitously expressed

protein kinase that was first identified as a regulator of acetyl CoA carboxylase

(ACC) in response to changing energy status of the cell (for review see Hardie

et al., 1999; Kahn et al., 2005). AMPK activity is increased by 5’-AMP and antag-

onized by ATP hence it is a molecular sensor of the chemical energy of a cell. Its

major cellular roles appear to be to reduce ATP utilizing processes and increase

ATP repletion. Leptin activates AMPK in skeletal muscle thereby inducing fatty

acid oxidation (Merrill et al., 1997; Minokoshi et al., 2002), mitochondrial bio-

genesis (Zong et al., 2002) and glucose uptake (Merrill et al., 1997). Meanwhile

supraphysiological concentrations of leptin promote an oxidative phenotype in

adipocytes, and this correlates with alterations in AMPK activity (Orci et al.,

2004). Therefore leptin signaling through AMPK may contribute to induction of

fat utilization and removal in the periphery.

Interestingly, activation of AMPK in the hypothalamus (either pharmaco-

logically or by overexpression) induces food intake (Andersson et al., 2004;

Minokoshi et al., 2004). Since leptin injection into the 3rd ventricle inhibits

AMPK activity in the ARC (Andersson et al., 2004; Minokoshi et al., 2004), it

seems reasonable to hypothesize that leptin regulation of AMPK contributes to

its inhibitory effects on food intake. The mechanisms underlying this diver-

gent tissue specific regulation of AMPK by leptin (activation in muscle,

inhibition in ARC) remain undefined. There is also evidence to link leptin,

AMPK and the control of blood glucose levels. Chemical activation of AMPK

during hypoglycemia, by intra-VMH injection of AICAR, stimulated hepatic

glucose production (McCrimmon et al., 2004). In addition, inhibition of hypo-

thalamic AMPK by icv administration of compound C or by intrahypothalamic

injection of dominant negative AMPK results in impaired counter-regulatory

responses to hypoglycemia (Han et al., 2005). As AMPK activity is reported to be

reduced by leptin in the hypothalamus (Andersson et al., 2004; Minokoshi et al.,

2004) it might be expected that this hormone would therefore act to depress

hepatic glucose output and suppress the counter-regulatory responses to

hypoglycemia (and so exacerbate the hypoglycemic condition). These CNS

actions appear counter-intuitive as defective compensatory response to sys-

temic hypoglycemia is associated with type I diabetes, an insulin-deficient

state. Furthermore, central activity of leptin is important for maintaining
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peripheral glucose homeostasis (Liu et al., 1998; Pocai et al., 2005a, b). However,

recent studies complicate the picture further, as deletion of liver AMPKa2

subunit indicates that this AMPK isoform is required for maintenance of

regulation of hepatic glucose fluxes by leptin (Andreelli et al., 2006).

Insulin inhibition of AMPK activity has been reported in muscle cells (Witters

& Kemp, 1992; Gamble & Lopaschuk, 1998). Meanwhile, pharmacological AMPK

activation antagonizes insulin up-regulation of glucose transport in adipocytes

(Salt et al., 2000) but mimics the effect of insulin on hepatic gene transcription

(although insulin did not activate AMPK in this system) (Lochhead et al., 2000).

Furthermore, loss of hepatic AMPKa2 did not alter insulin sensitivity of this

tissue with respect to glucose production or transcriptional regulation of

enzymes (Andreelli et al., 2006). Therefore AMPK does not appear to be required

for normal insulin action. This enzyme clearly influences both leptin and insulin

action, however it appears to be a mediator of leptin action and a modulator of

insulin action.

The most commonly prescribed treatment for T2DM is metformin, an insulin-

sensitizing agent that also activates AMPK in cells and in vivo (Fryer et al., 2002;

Hawley et al., 2003). Indeed the glucose-lowering effects of metformin appear

to require AMPK activation, at least in rodents (Shaw et al., 2005). Therefore

AMPK has attracted attention as a therapeutic target for diabetes and obesity (see

later).

PDE3B

Cyclic nucleotide phosphodiesterases (PDE) are a large group of

enzymes, derived from 11 different gene families (Francis et al., 2001). PDE3B is

localized to several tissues involved in metabolic homeostasis, including adi-

pocytes, liver, pancreatic b-cells and the hypothalamus. Studies on pancreatic

b-cells have shown that leptin causes a PI3K-dependent increase in PDE3B

activity, which results in reduced levels of cAMP and suppression of glucagon-

like peptide 1 induced insulin secretion (Zhao et al., 1998). PDE3B activation in

the hypothalamus may also play a role in leptin signaling, as icv injection of

cilostamide, a selective PDE3B inhibitor, is reported to reverse the actions of

leptin on food intake and body weight and to inhibit leptin-mediated increased

STAT3 phosphorylation and DNA binding (Zhao et al., 2002). Furthermore, leptin

increases the activity of hypothalamic PDE3B in a PI3K-dependent manner and

chronic central leptin infusion in rats, which induces central leptin resistance,

uncoupled the leptin and cAMP signals, in contrast to that of the STAT3 pathway

(Sahu & Metlakunta, 2005). At present, it is unclear which hypothalamic

neurons are responsible for transducing these signals, or whether PDE3B is also

involved in other aspects of leptin function such as glucose homeostasis.
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Insulin also activates PDE3B and the mechanism is more clearly established.

Tyrosine phosphorylation of IRS1 promotes activation of PI 3-kinase and a PKB-

mediated phosphorylation of S273 of PDE3B (Kitamura et al., 1999). Since leptin

also increases PKB activity it is plausible that the same mechanism links leptin

and PDE3B activation. Although an insulin-induced increase in PDE3B activity

inhibits lipolysis and hepatocyte glycogenolysis (Manganiello & Vaughan,

1973; Beebe et al., 1985), it has not yet been demonstrated whether PDE3B is

also associated with any hypothalamic-mediated insulin action.

Other signaling molecules

There are multiple protein kinase C (PKC) isoforms, all of which

require phosphorylation by PDK1 for activity (see Parekh et al., 2000 for

review). There is increasing evidence that PKC’s have an important role in

some aspects of insulin action (Messina & Weinstock, 1994; Toker et al., 1994;

Bandyopadhay et al., 1997; Le Good et al., 1998; Parekh et al., 1999). In par-

ticular, the activation of the atypical class of PKC isoforms in adipocytes may

involve interaction with PtdIns(3,4,5)P3 (the product of the PI 3-kinase reaction)

(Standaert et al., 1997). In addition, many of the actions of insulin can be

observed when cells are incubated with phorbol esters (which activate classical

and novel PKCs). Leptin can induce PKC activity in muscle and this promotes

phosphorylation of S318 of IRS1 resulting in reduced insulin signaling

(Hennige et al., 2006). Therefore it is possible that PKC activation due to

hyperleptinemia contributes to both leptin and insulin resistance.

Meanwhile, insulin treatment of cells can lead to the generation of hydro-

gen peroxide (H2O2) (Krieger-Brauer & Kather, 1992; Prasad & Ismail-Beigi,

1999; Mahadev et al., 2001a, 2001b). Treatment of cells with this agent can

mimic many of the effects of insulin (Sutherland et al., 1997). The mechanism

of H2O2 generation is not fully understood, however this molecule is one of

many reactive oxygen species known to influence the activity of the tran-

scription factor NFkB (for review see Morel & Barouki, 1999) and the phos-

phatase PTP1B. Recent studies have also indicated that leptin can drive the

increased production of reactive oxygen species in heart (Hu et al., 2006) and

endothelial cells (Bouloumie et al., 1999; Yamagishi et al., 2001). In human

cultured hepatic stellar cells, leptin increases production of H2O2 in a JAK2

dependent manner and this acts as a signal to cause p42/p44 and p38 MAPK

activation (Cao et al., 2006). Studies like these have led to suggestions that high

levels of circulating leptin observed in obesity may be increasing oxidative

stress in certain tissues leading to adverse cardiovascular effects. It is not clear

whether leptin or insulin induced production of ROS occurs centrally and is

involved in energy and glucose homeostatic mechanisms. However, mice that
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over-express glutathione peroxidase 1, an enzyme responsible for reducing H2O2

in vivo, develop elevated leptin levels, hyperglycemia, hyperinsulinemia

coupled with increased body weight and adiposity (McClung et al., 2004). This

insulin resistance was demonstrated to be associated with reduced liver IR and

PKB phosphorylation. Thus, leptin and insulin induction of H2O2 as a second

messenger may play a role in the maintenance of cellular leptin and insulin

sensitivity.

Common gene targets

An important aspect of insulin and leptin action in the ARC is the

regulation of expression of the neuropeptides NPY, POMC, AGRP and CART.

Insulin and leptin inhibit NPY and AGRP expression, while inducing POMC and

CART production (Niswender et al., 2004; Sahu, 2004; Wynne et al., 2005). Little

is known about the mechanisms of repression of NPY other than that PI

3-kinase activation is required (Niswender et al., 2003). However there is strong

evidence that leptin (and possibly insulin) induction of POMC is mediated by

activation of the JAK2-STAT3 pathway (Bates et al., 2003; Munzberg et al., 2003)

and possibly by SHP2 (Zhang et al., 2004). A recent study indicates a role for the

forkhead protein, Foxo1 in the leptin-mediated control of AGRP (and possibly

POMC) mRNA expression (Kitamura et al., 2006). Glucose injection (ip) can alter

the expression of NPY and AGRP within 30 min, independently of changes in

leptin or insulin (Chang et al., 2005). The effects of leptin and insulin on NPY

and POMC expression are less rapid, peaking between 6 and 12 h, and are

independent of glucose. Meanwhile, NPY mRNA levels are abnormally high in

the hypothalamic neurons of the obese Zucker rats, presumably reflecting the

leptin and insulin resistance of these animals (Bogacka et al., 2004). Therefore,

there appears to be a complex interplay between food intake, body adiposity

and ARC neuropeptide expression.

2.3 Negative regulation of the pathways

SHP2

As discussed above, the protein tyrosine phosphatase, SHP2, physically

associates with LRb by docking to Y985 and acts as a positive regulator of p42/

p44 MAPK (Bjorbaek et al., 2001). Brain-specific knock-out of SHP2 results in

early-onset obesity and an accelerated body weight increase, an action that was

linked to deficient leptin regulation of NPY expression (Zhang et al., 2004).

Consequently, although this phosphatase has been suggested to negatively

regulate JAK2/STAT3 signaling, it may enhance leptin signaling through the

MAPK pathway.
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PTP1B

The phosphotyrosine phosphatases PTP1B and TCP1a are key modu-

lators of insulin and leptin action, as they dephosphorylate the phosphotyr-

osine residues targeted by the insulin receptor as well as leptin receptor

associated kinases. PTP1B knockout mice display an overt metabolic pheno-

type, characterized by resistance to diet-induced obesity and insulin resistance,

with higher energy expenditure and enhanced whole body glucose disposal

(Elchebly et al., 1999; Klaman et al., 2000). Studies of these mice coupled with

use of antisense oligonucleotide knock-down of PTP1B in rodents demon-

strated increased insulin sensitivity, with prolonged phosphorylation of the

insulin receptor and enhanced signaling through the IRS–PI3K–PKB pathway

(Zinker et al., 2002; Gum et al., 2003). There is also evidence to suggest that

PTP1B affects leptin signaling. PTP1B knockout mice display increased sensi-

tivity to leptin and an increase in leptin driven hypothalamic STAT3 phos-

phorylation (Zabolotny et al., 2002). In vitro studies indicate that PTP1B

negatively regulates leptin signaling by targeting JAK2 and STAT3 causing their

dephosphorylation (Myers et al., 2001; Kaszubska et al., 2002; Lund et al., 2005).

Thus the levels, activity and cellular location of PTP1B may well play crucial

roles in tissue sensitivity to leptin and insulin levels, as well as resistance to

these hormones. The mechanisms that control these aspects of PTP1B function

are presently unclear, with conflicting data present in the literature. Indeed,

insulin has been reported to cause inactivation of PTP1B activity in three dis-

tinct ways; via H2O2 production (Mahadev et al., 2001a), by phosphorylation of

Ser-50 of PTP1B by the insulin (and leptin) induced kinase PKB (Ravichandran

et al., 2001) and by direct phosphorylation of PTP1B by the insulin receptor (Tao

et al., 2001). Conversely, direct phosphorylation of PTP1B by the insulin

receptor has also been reported to cause activation of this enzyme (Dadke et al.,

2001). Complete elucidation of these mechanisms is vital if we are to under-

stand whether insulin regulation of PTP1B enhances signaling or is a negative

feedback mechanism. The results of the PTP1B depletion studies do suggest

that PTP1B inhibitors would be potential anti-obesity and anti-diabetic thera-

peutics.

PTEN

The generation of PIP3 by the action of PI 3-kinase is opposed by the

lipid phosphatase PTEN (phosphatase and tensin homologue deleted on

chromosome 10; for review see Leslie & Downes, 2004). The amount of PIP3

present in the cell is a measure of the relative activity of these two enzymes.

Insulin and leptin both activate PI 3-kinase, however it is becoming clear that
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PTEN activity is also regulated. Leptin, but not insulin, stimulation of the

hypothalamic cell lines GT1-7 and N29/4 promotes phosphorylation of PTEN at

C-terminal residues, and this reduces the activity of PTEN towards PIP3 (Ning

et al., 2006). This partially explains differences in signal strength and duration

following insulin or leptin stimulation of cells (Ning et al., 2006). In addition, the

leptin signal in these cells also appears to require inhibition of PTEN protein

phosphatase activity, to induce further downstream effector outputs such as

cytoskeletal rearrangement and opening of KATP channels in pancreatic b-cells

(Ning et al., 2006). Thus, the detection of leptin-induced co-incident signals may

differ from that of insulin in certain cells and allow differential coupling to

cellular effectors and hence separate outputs. Inhibition or deletion of PTEN in

liver (Stiles et al., 2004), adipose (Butler et al., 2002; Kurlawalla-Martinez et al.,

2005) or muscle (Wijesekara et al., 2005) improves insulin sensitivity and glucose

disposal leading to suggestions that PTENmay be a useful target for treatment or

prevention of insulin resistance and diabetes. Amazingly, improved insulin

sensitivity in any single tissue (muscle, liver or adipose) appears sufficient to

protect against the development of diabetes. It remains to be seen whether

reduction of PTEN in the hypothalamus also provides improved whole body

insulin and leptin sensitivity. As increased expression of PTEN is associated with

muscle insulin resistance in rats (Lo et al., 2004) and a specific polymorphism in

the PTEN gene that results in higher PTEN expression is linked with type 2

diabetes in a Japanese cohort (Ishihara et al., 2003), dysregulated PTEN activity

due to leptin resistance would be predicted to reduce insulin sensitivity.

SHIP2

There is a second lipid phosphatase capable of limiting insulin sig-

naling by hydrolysing the PI 3-kinase product, PI(3,4,5)P3. This protein, SH-2

containing inositol phosphatase 2 (SHIP2), displays 5’ phosphatase activity to

PI(3,4,5)P3 resulting in the formation of PI(3,4)P2, an important regulator of

PKB. Overexpression of wild-type SHIP2 in 3T3-L1 adipocytes reduces insulin-

induced metabolic signaling, whereas the 5’-phosphatase defective SHIP2

causes increased insulin sensitivity (Murakami et al., 2004; Sasaoka et al., 2004).

An initial attempt to produce a SHIP2 knockout mouse resulted in an animal

with severe postnatal hypoglycemia (Clement et al., 2001), which appeared to

fit well with the idea of SHIP2 acting as a negative regulator of insulin action.

However, the targeting construct for this study actually caused the loss of two

proteins, the second, PHOX2A is a transcription factor, which confused the

outcome considerably. A more specific SHIP2 knockout mouse has since been

generated and rather surprisingly displayed normal fasted glucose and insulin

levels with no evidence of impaired glucose or insulin tolerance (Sleeman
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et al., 2005). However, these mice were highly resistant to weight gain on a

high-fat diet and did not display the insulin resistance observed in the wild-

type littermates. Thus, SHIP2-deficient mice show normal glucose homeostasis,

despite enhanced insulin signaling. The lean phenotype, which appears to be

due to enhanced energy expenditure, is intriguing and it should be instructive

to determine the effects of SHIP2 deletion on insulin and leptin signaling in

the hypothalamus. Recent studies have shown that polymorphisms in the

SHIP2 gene are associated with increased incidence of metabolic dysregulation,

including diabetes and obesity (Kaisaki et al., 2004; Kagawa et al., 2005).

3. Signaling mechanisms as therapeutic targets

3.1 Interplay between insulin and leptin signaling

As discussed in detail above there are numerous signaling molecules

that are key for both insulin and leptin action (Figure 5.1). Of course in many

cases it is not yet known whether the strength or duration of regulation of all

of these molecules by each agent is identical or indeed whether the regulation

by each agent occurs in the same cell type in all cases. Initial studies in

hypothalamic and pancreatic cells suggest important kinetic differences in the

regulation of the PI 3-kinase pathway by insulin and leptin (Ning et al., 2006).

Although insulin and leptin both induce PIP3 production in these cells the

mechanisms by which this is achieved by each are subtly different. For

example leptin controls PTEN activity, while insulin relies on a large induction

of PI 3-kinase activity. The result is differences in the duration of downstream

signaling events, with a prolonged activation of PKB by insulin and a much

more transient activation by leptin (Ning et al., 2006).

However, there is clear evidence that insulin and leptin stimulation of cells

has a distinct outcome to incubation of cells with either agent in isolation. For

example prolonged stimulation by leptin induces SOCS3 expression (Dunn

et al., 2005), and activates PKC (Hennige et al., 2006) to promote IRS1 serine-318

phosphorylation, a mechanism considered to underlie impaired insulin sig-

naling (Hennige et al., 2006). All of this negatively regulates both insulin and

leptin signaling. Hence prior exposure to leptin would result in an insulin

resistant phenotype and it is clearly possible that one or more of these pro-

cesses contributes to insulin resistance found in hyperleptinemic obese indi-

viduals (Shulman, 2000; Kim et al., 2004). Similarly, prolonged exposure to

insulin can promote IRS degradation (Ueno et al., 2005), and this would also

compromise leptin action. Meanwhile, leptin can regulate AMPK, and acti-

vation of this protein kinase modulates insulin sensitivity and can promote

‘‘insulin-like’’ beneficial effects on glucose homeostasis. Therefore, in leptin
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resistance there would be loss of a potential modulation of insulin action that

could contribute to the co-existence of insulin and leptin resistance.

Finally, the fact that there are so many common mediators of leptin and

insulin action provides multiple potential molecular links between insulin

and leptin resistance. For example a single molecular defect (either genetic or

environmental) could reduce both insulin and leptin signaling (e.g. reduced

IRS1 expression). In such a case the leptin resistance would result in obesity

and the same defect would result in insulin resistance, and ultimately T2DM.

The obesity would occur simultaneously with the insulin resistance (which is

asymptomatic), and only when increased insulin secretion could not over-

come the insulin resistance would the T2DM become apparent. This may

provide an explanation for the close association between obesity and T2DM.

It is not yet clear what percentage of the clinically obese are already insulin

resistant.

3.2 Novel therapeutic strategies for the treatment of obesity and T2DM

There is a major effort to identify novel therapeutics to combat the

obesity epidemic in order to address the major health implications of this

condition. The development of leptin and insulin ‘‘sensitisers’’ has focused on

the signaling pathways discussed in this chapter. For example, depletion of

PTP1B by antisense or genetic ablation produces an animal that is resistant to

weight gain and exhibits high sensitivity to insulin and leptin (Elchebly et al.,

1999; Klaman et al., 2000; Zinker et al., 2002; Gum et al., 2003). Indeed reduction

of PTP1B in animal models of obesity and insulin resistance has dramatic

benefits both to BMI and glucose homeostasis. However, the development of

potent, selective inhibitors for this enzyme has proven difficult (Pei et al., 2004;

Taylor & Hill, 2004). This is primarily due to the high homology between PTP1B

and other members of the phosphotyrosine phosphatase family, and the

relatively large size and hydrophilicity of the PTP1B active site. However,

although highly selective small molecules with drug-like physiochemical

properties remain elusive, antisense oligonucleotide therapeutics for PTP1B

have progressed to the clinic (Liu, 2004). Similarly, inhibition of PTEN would

clearly improve both leptin and insulin sensitivity of cells, however as this

enzyme was initially identified as a tumour suppressor protein it may prove a

risky strategy for long-term therapy. Additionally, targeting PTEN generally is

likely to lead to an increased risk of hepatic steatosis and hepatomegaly (Horie

et al., 2004; Stiles et al., 2004). Inhibition of SHIP2 may prove to be a better

prospect for development of small molecule inhibitors as this lipid phosphatase

demonstrates higher substrate specificity and regulates stimulated rather than
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basal PtdIns(3,4,5)P3 levels and does not appear to be linked to cancer in humans

(Lazar & Saltiel, 2006).

Possibly the most exciting breakthrough in recent years is the identification

of AMPK as the target of the insulin-sensitizing drug metformin (Fryer et al.,

2002; Hawley et al., 2003). This has validated AMPK activators for the treatment

of T2DM and as this enzyme is activated by leptin (in non-neuronal tissues)

these activators would presumably also have beneficial effects on leptin

resistant individuals. Metformin is a relatively weak activator of AMPK and

therefore the search is on for more potent AMPK activators. However, such

compounds may have potential deleterious effects on weight gain, mediated

by AMPK action in the hypothalamus (Andersson et al., 2004; Minokoshi et al.,

2004), so tissue specific AMPK activation may be required. This highlights the

need to understand the variable signaling that results in opposite actions of

leptin on central and peripheral AMPK.

Finally, there is a strong body of evidence linking obesity to reduced sig-

naling through the IRS proteins (see earlier). Protein kinases induced by fatty

acids (e.g. PKC), inflammation (e.g. p38MAPK, JNK, IKK, PKC) or hyper-

insulinemia (e.g. p70S6K) are known to phosphorylate IRS on serine residues,

resulting in ubiquitination and degradation. Therefore inhibitors of these

protein kinases are being investigated as agents that could reverse leptin and

insulin resistance through the stabilization of IRS molecules. However, there is

still much debate as to the contribution of each of these protein kinases to

resistance in humans. It will require more detailed molecular analysis of

human tissues at different stages of the development of obesity and insulin

resistance to establish how effective such inhibitors would be for the treat-

ment of T2DM. If it became possible to diagnose individuals as having hyper-

activation of one or more of these IRS kinases, then there would be more

confidence to move inhibitor programs forward to clinical trials.

Conclusions

Much remains to be learned regarding the mechanisms by which

leptin and insulin coordinate mammalian energy balance. However the iden-

tification of numerous signaling molecules regulated at least at some level by

both agents suggests that single defects could promote both leptin and insulin

resistance. It remains to be seen if such defects account for more than a small

percentage of T2DM in the human population, or are fundamental to altered

body mass. In the meantime, those molecules with key roles in both leptin and

insulin action will be the focus of heightened attention for the immediate

future.
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6

Diet-induced obesity in animal models
and what they tell us about human
obesity

barry e. levin and alison m. strack

1. Introduction

Animals have been used extensively as surrogates for the study of

factors that contribute to the development and persistence of obesity in

human beings. Each model has its own set of advantages and disadvantages

in relation to its similarities and differences from humans. In fact, obesity

rarely occurs in feral animals outside of the pre-hibernating period. For the

majority of individuals obesity is a relatively recent event in human history

because food availability was generally limited and a relatively high degree

of physical activity was required to procure sufficient food to maintain sur-

vival. The switch from hunter-gatherer to agricultural societies has allowed

increasing numbers of individuals to obtain food with reduced expenditure of

energy. In the developed world, the prevalence of obesity has increased

precipitously in the last 20–30 years as the availability of cheap, highly

palatable, energy-dense food has become more widely available and physical

activity has declined (Popkin & Doak, 1999). Clearly, the gene pool has not

changed substantially over such a short period of time to explain the rapid

increase in obesity prevalence. Thus, environmental factors must be the

critical variable which has promoted the current epidemic of human obesity.

Animal models of obesity have become a useful tool in our quest to under-

stand the factors contributing to the recent obesity epidemic in humans.

Although other animals differ from humans in many ways, they share many

common physiological properties that assure their survival during periods of
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famine. It is these similarities that make animal models valuable for under-

standing the basic mechanisms underlying the regulation of energy homeo-

stasis and its physiological, metabolic and neuroendocrine underpinnings.

Because of their relatively low cost and ease of use, rodents have gained

wide acceptance as models of human obesity. For this reason, this review will

focus primarily on rodent models of diet-induced obesity (DIO). However, we

will also provide an overview of some of the other animal models of DIO

which have been used for this purpose although the data in such models are

much more limited. We will not include genetically modified rodent models

since those will be covered in other chapters.

1.1 Survival, the ‘‘thrifty phenotype’’ and obesity

Survival of the species depends upon the ability of an organism to

ingest and store as much energy as possible during times of plenty against

times of scarcity. Even more important is the ability to preserve existing

energy stores when little food is available. Those individuals who are most

efficient at both of these tasks are the most likely to survive cycles of

feast and famine. Such individuals have been said to have a ‘‘thrifty geno-

type’’ (Neel, 1962) or ‘‘thrifty phenotype’’ (Hales & Barker, 1992). Virtually all

mammals share the common ability to reduce energy expenditure when food

is scarce by utilizing a series of physiological and metabolic processes.

However, the ability to ingest more calories than one needs to meet ongoing

metabolic demands is unique to those individuals with the thrifty phenotype.

Lean individuals monitor their caloric intake, make appropriate corrections

in subsequent intake and energy expenditure and maintain their defended

body weights within relatively narrow limits over long periods of time (Levin

et al., 1985, 2003; Weinsier et al., 1995). However, such tight regulation of

adipose stores is not necessarily the best survival strategy in times of inter-

mittent famine. The most efficient survivors are able to eat beyond their

metabolic needs to store as much energy as fat as possible when food is

abundant to act as a buffer against times when the food supplies become

scarce. One way of accomplishing this is to have an elevated threshold for

sensing and responding to hormonal and metabolic cues from the periphery

which normally limit food intake (Levin & Dunn-Meynell, 2002c; Levin et al.,

2003; Ricci & Levin, 2003; Levin, 2004). On the other hand, when food is

scarce, virtually all individuals are able to minimize catabolic processes and

maximize the anabolic drive to eat and conserve stored calories by reducing

their metabolic rate (Levin & Dunn-Meynell, 1997a; Levin, 1999; MacLean

et al., 2004).
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1.2 Neural plasticity and the defended body weight

Energy homeostasis is the balance between intake and expenditure

where adipose stores represent the major buffer in which energy is stored

when intake exceeds expenditure and which supplies energy during periods of

negative energy balance. In obesity-prone individuals the ‘‘set-point’’ or ‘‘set-

tling-point’’ (Davis & Wirtshafter, 1978; Stunkard, 1982) about which energy

homeostasis is regulated tends to rise throughout life. At each successively

higher level, the defended body weight can be permanently lowered by caloric

restriction or pharmacotherapy in only �10% of individuals (Kramer et al.,

1989). This unidirectional movement of the defended body weight suggests

that some permanent change occurs in the pathways involved in the regula-

tion of energy homeostasis. The brain is the major controller of energy

homeostasis through its interactions with the periphery and is a likely location

for such permanent change since it is capable of forming new neural pathways

throughout life as occurs during the formation of long-term memories (Levin &

Keesey, 1998; Levin, 2000). In fact, long-term changes in dietary composition

and body weight do lead to permanent changes in neural circuits involved in

energy homeostasis (Wilmot et al., 1988; Levin, 1990a, 1990b, 1994; Levin &

Hamm, 1994). Also, a variety of lesions within some of these same circuits can

markedly and permanently alter the level about which body weight is

defended (Keesey et al., 1979; King et al., 1993; Bellinger & Bernardis, 2002).

Thus, there is good evidence that certain alterations in the connectivity and

function of pathways regulating energy homeostasis, whether naturally

occurring or experimentally imposed, can lead to major changes in the level of

defended body weight and adiposity.

1.3 Metabolic sensing neurons and the regulation of energy homeostasis

The brain requires neural, hormonal and metabolic signals from the

body and external environment to enable it to regulate energy homeostasis.

Animal models provide a convenient and accessible means to study these

interactions. From such models we have learned that mammals have evolved a

unique set of ‘‘metabolic-sensing’’ neurons which receive these multiple

inputs from the periphery (Levin, 2002a; Levin et al., 2004). Metabolic sensing

neurons are arrayed in a distributed network of multiple interconnected sites

throughout the brain (Levin, 2001, 2002a, 2002b). Originally described as

‘‘glucose-sensing’’ because they alter their firing rate when ambient glucose

levels change (Anand et al., 1964; Oomura et al., 1964), it is now clear that many

of these same neurons can also utilize metabolites such as lactate (Yang et al.,

1999; Yang et al., 2004; Song & Routh, 2005), ketone bodies (Minami et al., 1990)
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and fatty acids (Oomura et al., 1975; Wang et al., 2005) as signaling molecules.

They also have receptors for and respond to hormones such as leptin

and insulin (Spanswick et al., 1997; Kang et al., 2004; Wang et al., 2004).

Collectively, these signals inform the brain of the status of adipose and glucose

stores and visceral function. Hindbrain areas such as the nucleus tractus

solitarius, area postrema, raphe pallidus and obscurus and A1/C1 and C3 areas

contain such metabolic-sensing neurons (Adachi et al., 1984; Dallaporta et al.,

1999; Ritter et al., 2000; Levin et al., 2004; Sanders et al., 2004). These neurons

express the monoamines norepinephrine (NE), epinephrine (Epi) and serotonin

(5HT) (Ritter et al., 2000) and neuropeptides such as the neuropeptide Y (NPY),

proopiomelanocortin (POMC; Li & Ritter, 2004) and glucagon-like peptide-2

(Tang-Christensen et al., 2000). Some receive direct neural inputs from sensors

in peripheral organs such as the gastrointestinal tract and hepatic portal vein

(Niijima, 1969; Adachi et al., 1984) but also have receptors for and respond to

leptin (Grill et al., 2002). These hindbrain sensing neurons relay information

from the periphery to hypothalamic and other forebrain areas which mediate

feeding behavior and metabolic processes involved in the control of energy

homeostasis (Tang-Christensen et al., 2000; Ritter et al., 2001). They also project

to limbic and forebrain structures involved in the affective and rewarding

properties of food (Ricardo & Koh, 1978). Metabolic-sensing NPY and POMC

neurons in the hypothalamic arcuate nucleus (ARC) receive some of these

hindbrain inputs as do several neuropeptide and neurotransmitter expressing

neurons within the paraventricular nucleus (PVN) and lateral hypothalamus

(LH). The PVN and LH are major effector areas involved in neuroendocrine

function, food intake, energy assimilation and expenditure (Ritter et al., 2001;

Dunn-Meynell et al., 2002).

2. Animal models of diet-induced obesity

While there is good evidence that metabolic-sensing neurons do exist

and that they play an important role in energy homeostasis in rodents, there

are no comparable sets of data showing that similar neurons exist within

the human brain. Certainly there are comparable sets of neurons such as the

NPY and POMC neurons in the ARC which are likely to represent metabolic

sensors (Bai et al., 2005). Also, in vivo imaging studies suggest that there are

areas within the hypothalamus that respond to alterations in plasma glucose

(Matsuda et al., 1999) comparably to those in the rodent brain (Mahankali et al.,

2000). But our ability to study the function of the human brain either in vivo or

in vitro at the cellular level is severely limited, leading us to rely on animal

models as useful surrogates. We do so with the full realization that these
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animal models are similar to but not identical to human beings in terms of

their neural, hormonal, physiologic and metabolic functions.

2.1 Diet-induced obesity in rodents

While there are many differences between rodents and humans, there

are also many important similarities with regard to the mechanisms which

underlie the development of obesity. A few major differences include the

complexity and the ontogeny of brain development, the dependence of adult

rodents on brown adipose tissue for some aspects of thermogenesis (Foster &

Frydman, 1978) and most importantly, the fact that obesity in rodents rarely

has the pathological consequences that it does in humans. However, there are

many similarities depending upon the specific strain and species of rodent

used. The development of DIO in rodents resembles the majority of human

obesity in being of polygenic origin (Stunkard et al., 1990; Bouchard & Perusse,

1993; Levin et al., 1997, 2003) and being associated with the development of

the metabolic syndrome (Levin et al., 1997, 2003; Ricci & Levin, 2003), hyper-

leptinemia and with leptin resistance (Caro et al., 1996; Van Heek et al., 1997;

El-Haschimi et al., 2000; Levin & Dunn-Meynell, 2002a) and reduced ghrelin

levels (Tschop et al., 2001; Levin et al., 2003). Some obese humans and rodents

also have reduced growth hormone secretion (Williams et al., 1984; Lauterio &

Perez, 1997), abnormalities of brain glucosensing (Levin & Sullivan, 1989a,

1989b; Levin, 1992; Levin & Planas, 1993; Levin et al., 1996; Levin & Dunn-

Meynell, 1997b; Song et al., 2001; Dunn-Meynell et al., 2002) and reduced oxi-

dation of fatty acids when the fat content of the diet is increased (Chang et al.,

1990; Zurlo et al., 1990). Perhaps the most important similarity is the shared

ability to avidly defend their elevated levels of carcass adiposity against most

attempts to reduce them by caloric restriction (Rolls et al., 1980; Leibel &

Hirsch, 1984; Levin & Keesey, 1998; Levin & Dunn-Meynell, 2000, 2002b;

MacLean et al., 2004). Also, both obese humans and rodents respond to several

drugs which reduce food intake and/or increase thermogenesis but such drugs

have no lasting effect beyond the period over which they are administered

(Stunkard, 1982; Rowland & Carlton, 1986; Levin & Dunn-Meynell, 2000).

The idea of producing DIO in rodents to study human obesity goes back at

least as far as 1949 (Ingle, 1949). Since that time there have been a number of

seminal studies which have guided our use of rodents in this field. Gordon

Kennedy (Kennedy, 1953) utilized rat models to test his ‘‘lipostatic hypothesis’’

which stated that there was an adipose-derived signal that allowed the brain to

regulate adipose stores. Cohn et al. (1957) demonstrated the often overlooked

point that rats could be made obese without necessarily increasing their body
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weight, and Hollifield & Parson (1962) showed that restricting the amount of

time that food was available could induce rats to become obese. In two land-

mark studies, Schemmel et al. established that the propensity to become obese

varied as a function of dietary composition, gender, age and starting body

weight (Schemmel et al., 1969). They also demonstrated the important genetic

component of obesity by showing that there was huge variability in the degree

of obesity that developed among different rats strains when they were fed the

same high fat diet (Schemmel et al., 1970). These inter-strain differences have

been widely exploited in both rats (Lin et al., 1998; Helies et al., 2005) and mice

(West et al., 1994) to examine traits which predispose animals to become obese.

Sclafani and co-workers were the first to employ a ‘‘supermarket’’ (later called

‘‘cafeteria diet’’; Rolls et al., 1980) composed of different highly palatable foods

to produce obesity (Sclafani & Springer, 1976). Most importantly, they were the

first to recognize that there was considerable variability of weight gain among

individuals of the same outbred strain. Hill et al. (1983) took advantage of these

differences by separating high and low weight gainers on high fat diets into

two groups for the purposes of studying those who were prone and those who

were resistant to the development of DIO. Finally, Berthoud (1985) noticed that

there were large differences among various members of the same rat strain in

their cephalic phase insulin responses to food-related cues and that these

responses were predictive of future weight gain on a high fat diet. By select-

ively breeding for high and low weight gainers from an outbred Sprague–

Dawley strain and then backcrossing those which expressed the DIO trait we

were able to establish a polygenic mode of obesity inheritance in rats (Levin

et al., 1997, 2003) similar to that found in the majority of human obesity

(Stunkard et al., 1990; Bouchard & Perusse, 1993). Other studies showed that

that there can be major differences in the organization and function of the

nervous system (Clark et al., 1991) and the propensity to develop DIO on a high

fat diet (Levin et al., 1983; Archer et al., 2003) in the same strains of outbred rats

derived by different commercial breeders. Even genetically identical, inbred

strains of mice can show enormous variability in the amount of adiposity they

gain when fed energy-dense diets (Burcelin et al., 2002). Such studies establish a

role for environmental factors during the perinatal periods as critical deter-

minants of the development of obesity. These have been supported by others

using high fat diets (Guo & Jen, 1995), maternal undernutrition ( Jones et al.,

1984), diabetes (Reifsnyder et al., 2000), obesity (Levin & Govek, 1998; Levin &

Dunn-Meynell, 2002c) or hormonal exposure (Plagemann et al., 1992; Levin

et al., 2005) during gestation and lactation to emphasize the role of the peri-

natal environment and its interaction with genetic predisposition in the

development of obesity.
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The major problem in the treatment of obesity in both humans and

rodents is that it becomes irreversible as long as the individual has an

underlying obesity-prone predisposition. Early studies of reversibility in

rodents produced variable results, most likely because of the variability of

metabolic responses to high fat diet among members of the same strains and

because of inter-strain differences. In Wistar rats, switching from a high to

low fat diet caused most rats to lose the weight they had gained after 17

weeks, while none lost weight when switched to low fat diet after 30 weeks

on a high fat diet (Hill et al., 1989). In hooded Lister rats, 90 days on a cafeteria

diet was sufficient to prevent them from losing weight when switched to a

low fat diet (Rolls et al., 1980). Furthermore, when their caloric intake was

restricted for 27 days to produce weight loss, they regained all of their lost

weight when allowed to eat ad libitum. Gender also plays an important role

in weight loss strategies. Females are more sensitive to the anorectic effects

of leptin while males are more sensitive to the anorectic effects of centrally

administered insulin (Clegg et al., 2003). While exercise can reduce obesity in

rodents, this effect is more marked in obese males. Lean animals in general

and females in particular rarely lose as much adiposity with exercise as obese

males (Mayer et al., 1954; Rolls & Rowe, 1979; Levin & Dunn-Meynell, 2005).

In summary, the seminal studies cited above demonstrate a number of

important elements which humans and rodents have in common with regard

to regulation of energy homeostasis: (1) weight gain and the development of

obesity are dependent upon the interaction of genetic background with a

number of environmental factors such as perinatal environment, diet com-

position and length of exposure; (2) when fed energy-dense diets, there is a

great deal of heterogeneity in weight gain patterns among outbred (and even

inbred) individuals with common genetic backgrounds suggesting important

genetic–environmental interactions; (3) in obesity-prone individuals obesity

cannot be reversed simply by lowering the caloric density of the diet or by

chronic caloric restriction, i.e. the defended body weight can be moved

upwards but rarely downwards in such individuals.

The major exception to this rule occurs when rodents are fed highly pal-

atable (especially liquid) diets which produce profound hyperphagia and

obesity even in obesity-resistant individuals (Ramirez, 1987; Levin & Dunn-

Meynell, 2002b). Such ‘‘non-homeostatic’’ intake is driven by reward path-

ways which can easily override metabolic cues involved in homeostatic

regulation (Levin & Dunn-Meynell, 2002b). Slower accretion of adiposity on

high caloric density diets which produce limited hyperphagia can produce

permanent obesity in obesity-prone individuals. On the other hand, obesity

which develops on highly palatable liquid diets or with forced overfeeding is

170 Barry E. Levin and Alison M. Strack



not avidly defended and both obesity-prone and -resistant rats voluntarily

reduce intake and rapidly lose weight when switched back to a solid diet of

low palatability (Sims et al., 1973; Levin & Dunn-Meynell, 2002b). There is also

clear evidence that non-homeostatic eating is regulated by different but

overlapping sets of neural control mechanisms than those involved in

homeostatic controls of energy balance (Will et al., 2003).

2.2 Factors predisposing to DIO:why some individuals become obese

Work in various outbred models of DIO has made it clear that there are

major pre-existing differences between those who will become obese and those

who will resist the development of obesity when the energy and fat density of

their diets are increased. There is an extensive list of metabolic, hormonal,

neural and physiologic characteristics which obesity-prone individuals possess

before they are ever prodded to become obese by increasing the caloric density

and fat content of their diets. The list of these characteristics enumerated in

Table 6.1 is derived from studies in which obesity-prone and -resistant individ-

uals were identified prior to exposure to a high fat diet or during the first week

or so on such diets. Most studies demonstrate a common pattern when the

caloric density of the diet is increased, usually by increasing the fat content.

Both obesity-prone and -resistant rodents continue to eat the same weight of diet

as they did on the lower density diet (Levin et al., 2003a). It appears that they

monitor volume rather than calories during this time and the result is that they

increase their caloric intake. However, obesity-resistant individuals are able to

respond to the increased caloric density of the diet and reduce their caloric

intake back to what it was on the lower density diet (Levin et al., 2003b). Even in

obesity-resistant individuals, this adjustment often takes 3 days or more to

occur. This suggests that it may take that long for them to increase signals such

as leptin and insulin to levels which can be detected by their central metabolic

sensing neurons. If so, such down-regulation of intake occurs before such

increases in adiposity signals are readily detectable by standard assays (Levin

et al., 2003c). On the other hand, obesity-prone rodents eat larger meals (Drew-

nowski et al., 1984) and many have an increased preference for and eat more of

diets high in either fat (Smith et al., 1998) or sucrose (Grinker & Block, 1991;

but see Levin, 1993). Such animals do not make the expected reduction in

their caloric intake for up to 2–4 weeks on such diets despite early increases

in inhibitory hormones like leptin and insulin (Chang et al., 1990; Levin & Dunn-

Meynell, 2002a; Levin et al., 2003a). This suggests, and we have confirmed, that

some obesity-prone rats do have a raised threshold for detecting and responding

to these inhibitory signals. Both outbred and selectively bred DIO rats show an
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Table 6.1 Characteristics of DIO rats prior to and during early exposure to a high

fat diet.

Difference References

SAS

NE turnover in pancreas and heart D (Levin, 1995; Yoshida et al., 1987)

24h urine NE levels I (Levin & Planas, 1993; Levin, 1995;

West et al., 1991; Levin &

Dunn-Meynell, 1997b)

Epi response to hypoglycemia D (Tkacs & Levin, 2004)

Central Monoamines

NE turnover in ARC/ME I (Levin, 1995)

NE turnover VMN, DMN, LH D (Levin, 1995)

DA turnover in ARC/ME D (Levin & Dunn-Meynell, 1997a;

Levin et al., 1986)

Plasma NE and insulin response to

PVN NE infusion

D (Levin, 1996)

Forebrain a2-adrenoceptor binding (Levin, 1990b; Levin, 1996)

5HT turnover diurnal rhythms ARC, PVN D (Hassanain & Levin, 2002)

Central Neuropeptides

ARC NPY mRNA in outbred I (Levin & Dunn-Meynell, 1997a;

Levin, 1999)

ARC NPY mRNA in selectively bred N (Ricci & Levin, 2003)

GH release D (Lauterio & Perez, 1997)

Glucosensing

Plasma NE response to i.v. glucose I (Levin & Sullivan, 1987)

Plasma NE response to intracarotid

glucose

I (Levin, 1992)

Hypothalamic c-Fos response to

intracarotid glucose

D (Levin et al., 1998)

Epi response to insulin-induced

hypoglycemia

D (Tkacs & Levin, 2004)

Binding to hypothalamic low affinity

sulfonylurea receptors

D (Levin & Dunn-Meynell, 1997a)

VMN KATP channel sulfonylurea sensitivity D (Routh et al., 1998)

VMN KATP channel ATP sensitivity D (Routh et al., 1998)

Glucose regulation of a2- adrenoceptors D (Levin & Planas, 1993)

Number and function of VMN

glucosensing neurons

D (Song et al., 2001)

ARC and PVN GK mRNA expression I (Dunn-Meynell et al., 2002)

Leptin signaling

ARC, VMN, DMN Lepr-b mRNA expression D (Levin et al., 2003a)

ARC, VMN, DMN leptin-induced

pSTAT3 expression

D (Levin et al., 2003a)

172 Barry E. Levin and Alison M. Strack



Table 6.1 (cont.)

Difference References

Anorectic response to leptin (i.c.v. and i.p.) D (Levin & Dunn-Meynell, 2002a;

Levin et al., 2003c)

Early increase in plasma leptin levels on

high fat diet

I/D (Levin et al., 2003a; Boozer &

Lauterio, 1998; Harrold et al.,

2000; Surwit et al., 1997)

Blood–brain barrier leptin transport N (Levin et al., 2003a)

Insulin signaling

Skeletal muscle glucose uptake and disposal D (Pagliassotti et al., 1993)

Hepatic glucose production on low fat diet I (Pagliassotti et al., 1997;

Pagliassotti et al., 1995;

Levin et al., 2005)

Generalized insulin sensitivity D (Levin et al., 2003b;

Levin et al., 2005)

Anorectic response to i.c.v. insulin D (Clegg et al., 2005)

Melanocortin signaling

Central response to agonist I (Chandler et al., 2005)

Metabolic

Muscle UCP3 response to high fat diet D (Weigle & Levin, 2000)

Type I muscles (oxidative) D (Abou et al.,1992;

Mrad et al., 1992)

Skeletal muscle LPL activity at 1wk

on high fat diet

D (Pagliassotti et al., 1994)

Adipose LPL at 1wk on high fat diet I (Pagliassotti et al., 1994)

Plasma ghrelin levels D (Levin et al., 2003)

Resting energy expenditure on low fat diet N (Gayles et al., 1997)

Resting energy expenditure 1wk high

fat diet

D (Boozer & Lauterio, 1998)

Early increase in carbohydrate oxidation

on high fat diet

I/N (Chang et al., 1990; Gayles et al.,

1997) but Commerford et al. (2000)

Early weight gain associated with

hyperphagia

I (Levin et al., 2003;

Gayles et al., 1997)

Epi-induced lipolysis in vitro (Landerholm & Stern, 1992)

Serum pyruvate and lactate I (Nagase et al., 1996)

Ingestive

Larger meals (gorgers) I (Drewnowski et al., 1984;

Farley et al., 2003)

Sucrose preference I/N (Grinker & Block, 1991) vs

(Levin & Planas, 1993)

High fat preference I (Shor-Posner et al., 1991;

Smith, et al., 1998)
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attenuated anorectic response to leptin before they are ever made obese on high

energy diets. Their diminished sensitivity to leptin is not due to reduced

transport across the blood–brain barrier but rather to a raised central detection

threshold (Levin & Dunn-Meynell, 2002a; Levin et al., 2003a). They have reduced

hypothalamic expression of the leptin receptor and leptin-induced phosphor-

ylation of the downstream signaling molecule, STAT3 is greatly attenuated

(Levin et al., 2003a). Similarly, DIO rats have a pre-existing reduction in their

responsiveness to the anorectic effects of centrally administered insulin (Clegg

et al., 2005) and a raised threshold for responding to glucose (Levin & Sullivan,

1989a; Levin, 1992; Levin & Planas, 1993; Levin et al., 1998; Song, et al., 2001;

Dunn-Meynell et al., 2002) (Table 6.1).

Depending upon strain and species, there are also a number of other pre-

existing characteristics of obesity-prone rodents before they become obese

Table 6.1 (cont.)

Difference References

Miscellaneous

Sensitivity and binding to anorectic drugs I (Levin et al., 1994;

Camacho et al., 1999)

Size of VMN D (Levin, 1996; Mohan et al., 1990)

Basal glucose utilization (neuronal

activity) in VMN

D (Levin & Sullivan, 1989b)

Neuronal activation to conditioned

reward in NTS, DMNX, ACe

D (Levin & Sullivan, 1989a)

Exercise-induced loss of body and

adipose pad weight

I (Mayer et al., 1954; Levin &

Dunn-Meynell, 2005)

Stress

Stress-induced weight gain on

high fat diet

I (Michel et al., 2003)

ACe CRH and hippocampal GR

mRNA expression

D (Michel et al., 2004)

Anxiety in an open field D (Michel et al., 2003)

Note:Notes: D¼decreased, I¼ increased; N¼no difference; SAS, sympathoadrenal; NE, norepin-

ephrine; Epi, epinephrine; ARC, arcuate nucleus; ME, median eminence; LH, lateral

hypothalamus; VMN, ventromedial nucleus; DMN, dorsomedial nucleus; DA, dopamine;

PVN, paraventricular nucleus; 5HT, serotonin; NPY, neuropeptide Y; GH, growth hormone;

Lepr-b, long form of leptin receptor; KATP, ATP-sensitive Kþ channel; GK, glucokinase; icv,

intracerebroventricular; i.p., intraperitoneal; UCP3, uncoupling protein 3; LPL, lipoprotein

lipase; NTS, nucleus tractus solitarius; DMNX, dorsal motor nucleus of the vagus; ACe,

central nucleus of the amygdala; CRH, corticotrophin-releasing hormone; GR, glucocorti-

coid receptor.
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which may predispose them to become obese when fed high fat diets. Some

overexpress NPY in ARC neurons (Levin & Dunn-Meynell, 1997b; Levin, 1999), a

trait seen in other obese rodents such as the leptin-resistant obese Zucker rats

(Kowalski et al., 1998) and db/db mice and the leptin-deficient ob/ob mice

(Schwartz et al., 1996). Obesity-prone rodents also have pre-existing disorders of

central neurotransmitter regulation such as norepinephrine and serotonin

(Levin et al., 1983, 1986; Wilmot et al., 1988; Levin, 1990a, 1995; Hassanain &

Levin, 2002).

Other characteristics which may or may not be unrelated to leptin sensi-

tivity include an exaggerated cephalic phase insulin response in anticipation of

highly palatable meals (Berthoud, 1985), reduced anxiety in an open field

(Michel et al., 2003) and reduced amygdalar corticotrophin-releasing hormone

and glucocorticoid receptor expression in their hippocampus (Michel et al.,

2004). Some obesity-prone rodents also have a raised threshold for monitoring

and responding to raised glucose levels which may predispose them to develop

abnormal glucose homeostasis (Levin & Sullivan, 1989; Levin, 1992; Levin &

Planas, 1993; Levin & Dunn-Meynell, 1997a; Levin et al., 1998; Song et al., 2001,

Dunn-Meynell et al., 2002). In fact, obesity-prone rats have pre-existing hepatic

(Pagliassotti et al., 1993; Levin et al., 2005) and total body insulin resistance

(Levin et al., 2003b, 2005). Some have reduced pancreatic sympathetic activity

(Levin et al., 1983; Levin, 1995) which would reduce their ability to inhibit

insulin release (Porte, 1969). This defect is also seen in obese Zucker rats (Levin

et al., 1982) and may be partly responsible for their early increase in plasma

insulin levels when they are fed high-fat diets. Most obesity-prone rodents have

relatively normal resting metabolic rates (Hill et al., 1983; Corbett et al., 1986;

Chang et al., 1990) but some do not appear to increase their oxidation of fatty

acids appropriately when the fat content of their diet is increased (Chang et al.,

1990). This may be due to failure to upregulate muscle UCP-3 on high energy

diets (Weigle & Levin, 2000) and to a reduced complement of oxidative muscle

fibers (Mrad et al., 1992; Pagliassotti et al., 1993).

Once obesity starts to develop on high-energy diets, a large number of

physiologic, metabolic and neural changes and progressive upward re-setting

of the defended body weight occur (Levin et al., 1983, 2000; Levin, 1999).

Whereas obesity-prone rats differ in many neural and metabolic characteristics

from obesity-resistant rats before they become obese (Table 6.1), some of

these differences gradually disappear as obesity develops. Hypothalamic

norepinephrine (Levin, 1995) and serotonin turnover (Hassanain & Levin,

2002), a2-adrenoceptor binding (Wilmot et al., 1988; Levin, 1990b; Levin &

Hamm, 1994), ARC NPY expression (Levin & Dunn-Meynell, 1997b; Levin, 1999)

and some aspects of central glucosensing (Levin et al., 1996) and cardiac and
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pancreatic sympathetic activity (Levin et al., 1985) all differ between obesity-

prone and -resistant rats when both are fed low fat diets but disappear once

DIO develops on high energy diets. The long list of pre-existing differences

between obesity-prone and -resistant individuals and the ‘‘normalization’’ of

some of these as obesity develops on high energy diets suggests that the neural

mechanisms regulating energy homeostasis are preset to promote the devel-

opment of obesity on high energy diets and only function normally (or at least

at the same level as obesity-resistant rats) once obesity develops.

There are a number of changes in metabolic, physiologic, hormonal and

neural functions which occur in obese individuals regardless of whether

they carry the thrifty genotype or phenotype. Like humans (Reaven, 1988;

Bjorntorp, 1991), DOI rats exhibit many of the characteristics of what has been

called the metabolic syndrome. Aside from hyperinsulinemia and insulin

resistance, hyperlipidemia and hypertension (Triscari et al., 1985; Davies et al.,

1999; Levin et al., 2003b, 2005), obese rodents also develop hyperleptinemia

associated with defects in leptin transport across the blood–brain barrier

(Banks et al., 1999; El-Haschimi et al., 2000) and reduced central leptin signaling

and responsiveness (Van Heek et al., 1997; El-Haschimi et al., 2000). Some DIO

rodents have reduced ARC NPY expression (Levin, 1999) and dopamine

metabolism (Levin et al., 1986), decreased growth hormone secretion (Lauterio

& Perez, 1997) and altered basal neuronal activity in the amygdala (Levin,

1991b). Depending on diet, strain and genetic predisposition, responsivity of

DIO rodents to stress may be either increased (Balkan et al., 1993) or decreased

(Levin, 1991a; Levin et al., 2000).

One of the most common problems in the interpretation of functional

changes associated with obesity is the ability to separate the effects of obesity

per se from those resulting from the diets used to produce obesity. This is

particularly true of high fat diets which may have many effects which are

independent of the presence of obesity. A number of strategies have been used

to separate the effects of these two interrelated variables in the DIO model. One

is to control for dietary content by using inbred, selectively bred or outbred

strains in which only obesity-prone animals become obese on a common high

fat diet. Another is to assess various metabolic and physiologic changes which

occur during the first few days after exposure to a high fat diet. Alternatively, all

animals can be switched to a common low fat diet after one has developed

obesity or intake of high fat diet in obese rodents can be restricted to that of

resistant animals long enough to reduce their adiposity to the level of resistant

animals. Studies utilizing variations on these strategies have clearly shown that

high fat diets have independent effects on systems involved in the regulation of

energy homeostasis. These effects are likely due to alterations in the fatty acid
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composition of cellular membranes where ion channels, receptors and trans-

porters reside. Changes in fatty acids can alter membrane fluidity and thereby

the function of these various effectors. Diets high in cholesterol alter the

formation of lipid rafts and thereby insulin signaling in peripheral (Bickel, 2002)

and central systems (Taghibiglou et al., 2004). Intake of high fat diets can alter

the fatty acid composition of axon terminal membranes although this varies as a

function of genetic predisposition towards obesity and the specific brain area in

which the terminals are located (Levin & Hamm, 1994). Intake of high-fat diets

also alters leptin transport across the blood–brain barrier (Banks et al., 1999;

Levin et al., 2003a) as well as central insulin (Kaiyala et al., 2000) and melano-

cortin signaling (Clegg et al., 2005) independently of obesity. There are also

independent effects of high-fat diets on hypothalamic norepinephrine and

dopamine turnover (Levin et al., 1986), a2-adrenoceptor (Wilmot et al., 1988) and

sulfonylurea binding (Levin et al., 1996).

2.3 Conclusion

Studies of DIO in rodents have shown that obesity-prone individuals

have pre-existing characteristics which may predispose them to become obese

when the caloric density and/or fat content of their diets are increased. Some of

these traits ‘‘normalize’’ upon development of obesity suggesting that the obese

state is the desired one for these animals. At least one major predisposing factor

in some rodents is a raised threshold for sensing and responding to inhibitory

signals from the periphery which tend to limit upward movement of the

defended body weight in lean individuals. While DIO in rodents has many of

the same adverse metabolic consequences as does obesity in human beings,

some of these may be more a consequence of dietary composition than of

obesity per se.

3. Diet-induced obesity in non-rodent species

Studies with non-rodent species attempt to bridge the differences in

energy balance characteristics of rodents and humans. Notably, dogs and pri-

mates are well studied, have disease sequelae more closely associated with

obesity of humans than rodents do and lack a dependence on brown adipose

tissue as a component for energy expenditure. Genetic similarity between

primates and humans make the primate a particularly attractive model despite

the challenges involved in working with these higher order species. Primate

species are perhaps the most relevant animal models for the study of

human disease although clearly the most difficult to study. Dogs and the two
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non-human primates for which the greatest amount of work has been done,

the rhesus macaque and the baboon, will be discussed below.

3.1 Dogs

Most studies addressing obesity in dog models use either beagles or

mongrel dogs. As pets, a great deal is understood regarding the extent of

different diet compositions and the onset of obesity as well as the extent to

which caloric restriction can decrease body weight (Butterwick & Hawthorne,

1998). Molecular tools are now providing even greater advantages of the dog as

a model for obesity since the dog genome has now been sequenced (Lindblad-

Toh et al., 2005). More than 60 cardiac genes have been identified which are

differentially expressed with DIO, hypertension and time on a high fat diet

(Philip-Couderc et al., 2004). Most often in dogs, DIO is generated by the add-

ition of lard or other saturated fats into the diet. As in humans, chronic obesity

in dogs is associated with lowered plasma ghrelin and increased leptin levels,

both of which are reversed by a maintained weight loss ( Jeusette et al., 2005).

However, little has been done to systematically study energy expenditure or to

look at large enough populations to understand the extent to which genetic

influences are a component of obesity in dogs.

Dogs are a particularly fruitful model with which to study the comorbidities

associated with obesity which share many of the same characteristics as obese

humans (Truett et al., 1998; Kaiyala et al., 1999), including endocrine, auto-

nomic, and renal shifts that lead to insulin resistance, dyslipidemia and

hypertension. The extent to which the comorbidities are observed depends on

the model, with differences including gender, castration, type and length of

time on diet. From a practical perspective, dogs are large enough to provide

relatively easy surgical access and blood volume to permit detailed, intricate

studies allowing study of indices of insulin sensitivity, hypertension and

potential interactions with fatty acids and dyslipidemia.

Diet-induced obesity in the dog results in both increased circulating insulin

and insulin resistance peripherally (Kaiyala et al., 1999). The brain depends on

insulin as a negative feedback signal for food intake and autonomic signaling.

Kaiyala et al. (2000) demonstrated that the extent of obesity produced in the

obese dog is correlated with both circulating insulin levels and the extent to

which insulin is able to cross into the brain. The dogs gaining the greatest

amount of weight had the largest decrease in CNS insulin delivery after 7

weeks of high-fat feeding. Thus the extent of obesity generated appears to

depend partly on an individual’s ability to maintain insulin sensitivity and

insulin transport across the brain.
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Again, mirroring the human situation, insulin resistance associated with

obesity in dogs correlates best with visceral obesity and link free fatty acid levels

to hepatic glucose output. In chow fed dogs, insulin sensitivity inversely cor-

relates with the insulin response to glucose. By contrast, high-fat feeding for 7

weeks in the dog leads to a decrease in insulin sensitivity without a concomitant

increase in the insulin response to glucose. This effect correlates best with high-

fat feeding and circulating free fatty acids rather than generalized adiposity

per se (Kaiyala et al., 1999). In vitro studies show that omental adipocytes are

relatively resistant to insulin suppression of lipolysis (Zierath et al., 1998).

Euglycemic clamp studies in the obese dog confirm insulin resistance of their

omental fat (Mittelman et al., 2002) where increased portal fatty acid flux from

omental fat tissue perfusing the liver is associated with increased hepatic

glucose output (Bergman & Ader, 2000). Thus, DIO in dogs is associated with a

combination of visceral adipose insulin resistance, impaired insulin suppression

of hepatic glucose output and a failure of compensatory insulin secretion.

Obesity resulting from a high-fat diet in dogs also leads to altered cardio-

vascular function. Dogs placed on a saturated high-fat diet for 5 weeks have

increased heart rate associated with impairment in tonic and reflex parasym-

pathetic control (Van Vliet et al., 1995). The degree of fatty acid saturation also

is an important factor. When dogs were made comparably obese after 6 weeks

on saturated vs. unsaturated fat diets, parasympathetic tone was more

impaired in the group fed saturated fat and they had higher blood pressures

than those on unsaturated fat diets (Truett et al., 1998). Activation of the

sympathetic nervous system is a major contributor to hypertension in obese

dogs (Hall et al., 2000). Beagles, on a saturated high-fat diet for 21 weeks had

increased plasma norepinephrine levels that peaked at week 2 and returned to

normal after 4 weeks in one study (Verwaerde et al., 1999) but were elevated for

a full 9 weeks of high-fat diet in another (Pelat et al., 2002). The contribution of

increased sympathetic activity resulting from high-fat feeding was demon-

strated by the finding that combined a- and -b adrenergic blockade decreased

blood pressure to a greater extent in those fed high rather than normal fat

diets (Pelat et al., 2002). Thus, although the mechanism by which the effect

occurs is unclear, obesity in dogs is associated with hypertension with

underlying impaired parasympathetic and increased sympathetic tone.

3.2 Baboons

Baboons (genus Papio) share a high genetic similarity (96% identity) to

humans (VandeBerg & Williams-Blangero, 1997) and obese baboons share many

of the same comorbidities of obesity with humans (Comuzzie et al., 2003).
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The best-studied group is a pedigreed colony at the Southwest Foundation for

Biomedical Research in San Antonio, Texas. Careful longitudinal tracking of

multiple measures in hundreds of animals fed a standard chow diet demonstrate

a high degree of variation in the colony in terms of body weight and adiposity.

The variability in obesity appears to stem simply from individual differences in

caloric consumption or metabolic behavior in that all animals are provided

identical ad libitum low-fat diet. The tendency to develop obesity is inherited

with individual trait heritability ranging from �20% (plasma leptin) to 60% (total

body weight) (Comuzzie et al., 2003). Much like humans, a sexual dimorphism is

observed in leptin levels, with a greater correlation between adiposity and leptin

in females relative to males (Cole et al., 2003). Also similar to humans (Zamboni

et al., 1994), the baboons show a positive correlation between insulin resistance

and omental fat depot triglyceride concentrations (Cai et al., 2004). Conversely,

baboons and humans both show discordance between obesity and insulin sen-

sitivity in that not all obese baboons become insulin resistant.

The effects of diet and physical activity have been carefully tracked in a

population of wild baboons that feed regularly from abundant, easily obtain-

able, energy-dense foods at a local garbage dump and compared with that of

others which gather all of their food in the wild (Altmann et al., 1993; Banks

et al., 2003). Females feeding at the dump were particularly prone to develop

obesity. Their estimated caloric intake was similar to baboons feeding in the

wild but the composition of the food was skewed towards a higher fat intake.

In addition, their estimated energy expenditure was also lower. In animals that

fed in the wild, leptin levels and BMI were both low and showed little variance.

In contrast, half the animals foraging in the garbage dump had leptin and BMI

levels similar to those feeding in the wild while the other half had markedly

higher levels of both (Banks et al., 2003). These data suggest that these animals,

much like the well-studied rodent models, have a split of DIO-resistant versus

DIO-prone phenotypes. Interestingly, the high leptin group of baboons had

increased insulin and glucose levels, suggesting insulin resistance and some

had frank diabetes mellitus. Social ranking and age were eliminated as reasons

for this split in the population. As with the well-characterized bimodal pre-

disposition to develop DIO in outbred rodents, it is likely that the bimodal

pattern in these outbred baboons also reflects an underlying genetic predis-

position. Both groups were derived from a single genetic population and sig-

nificant male transfer occurred between the garbage-eating and wild groups of

females. Thus, like rodents and humans, baboons share the characteristic of

having DIO-prone and DIO-resistant phenotypes.

Other long-term studies in baboons of overfeeding in early life and caloric

restriction demonstrate important epigenetic influences on the regulation of
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energy homeostasis similar to those seen in both humans and rodents (Lewis

et al., 1991). When overfed during infancy, female baboons in particular

developed obesity after puberty but not during adolescence. Effects of over-

feeding included increases in insulin, thyroxin and cortisol, suggesting that

increased exposure to these early metabolic cues may be possible drivers of the

subsequent obesity (Lewis et al., 1992). Interestingly, in a small experiment

examining the effects of infant overfeeding on adipocyte cell volume in several

baboon families, the resulting variability was accounted for by paternal lineage

and the weight of the mothers (Lewis et al., 1991). At the time of weaning, the

infants fed a higher caloric load were 14% heavier than their normally fed

counterparts but genetic background of the animals also had an important

influence on the total adiposity of the offspring (Lewis et al., 1991). Thus, the

adult weight of the baboon is driven by both genetic and early environmental

influences.

3.3 Rhesus macaques

Both in the wild and in captivity, rhesus macaques (Macaca mulatta)

become spontaneously obese. Obesity in captivity was initially noted in the

1970s (Hamilton et al., 1972) and has been characterized extensively by two

groups since then (Kemnitz et al., 1989; Bodkin et al., 1993; Wolden-Hanson

et al., 1993). Rhesus monkeys fed a standard rhesus chow diet supplemented by

fruit, most often develop obesity at middle age. Broadly, the obesity is gener-

ally of abdominal origin. Consequences of the obesity are very similar to those

observed in humans and are characterized by hyperinsulinemia leading

ultimately to type II diabetes, hyperlipidemia and hypertension. Much like

humans, these comorbidities of obesity in the rhesus can be ameliorated by

caloric restriction (Hansen et al., 1999; Lane et al., 1999).

Unlike captive animals, free-ranging obese rhesus monkeys do not develop

significant diabetes or hyperlipidemia. The rhesus colony in the Cayo Santiago,

Puerto Rico, while free-ranging, has free access to commercial primate chow

which it supplements by foraging for wild vegetation. In this colony, 7–10% of

the adults were obese by measures of weight, BMI, abdominal circumference

and fat distribution. However, there were no differences in cholesterol and

triglycerides (Schwartz, 1989), fasting glucose, insulin or responses to an

intravenous glucose tolerance test (Schwartz et al., 1993). Only the obese males

had a trend towards increased insulin secretion. The increased physical activity

of free-ranging animals is the most likely explanation for the lack of comor-

bidities associated with the obesity in contrast to those seen in the captive

populations. Interestingly, the obese animals were found in 5 of 11 matrilines
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(Schwartz, 1989; Schwartz et al., 1993). These families had high social ranking

within the colony. One explanation for this separation is that the higher

ranking animals have preferential access to food and thereby require less

physical activity to acquire food. Most likely, genetic factors provide an

additional component to account for the differential obesity between families.

The chow provided to both the captive and the free-ranging obese rhesus

does not have a particularly high caloric density of fat content (Marriott et al.,

1989). However, both populations have the benefit of a caloric supply that does

not have a physical cost associated with its acquisition, suggesting that in

either case the ‘‘spontaneity’’ of the obesity is not a natural consequence but

instead a result of the balance of intake and expenditure being skewed by the

changed environment, specifically, the decreased expenditure associated with

caging in the captive population and the easy access to food for the wild

population of rhesus.

4. Summary and conclusions

Both animals and humans can develop obesity given the proper con-

fluence of genetic background and environmental inputs. In truly feral animals

which have little contact with humans and their detritus, true obesity is a rare

occurrence save for hibernators and estivators. In fact, obesity would likely have

a negative impact on survival because of an inability to flee predators. In man,

obesity was a rare occurrence until the development of agricultural societies

which allowed some individuals to obtain food with little expenditure of energy

because of their elevated social status. Although the subject remains contro-

versial, the idea that there is a ‘‘thrifty genotype’’ or ‘‘thrifty phenotype’’ which

favors survival in times of feast and famine may explain why there are certain

individuals in human and non-human populations who will become obese when

the energy density and fat content of the diet are increased. It is likely that

reduced energy expenditure is a necessary addition to the list of factors which

promote obesity in such individuals. Thus, the interaction of genetic predis-

position and environmental factors likely underlies much of human obesity.

Since most human obesity is polygenic in origin, polygenic animal models serve

as important experimental surrogates for discovery of the multitude of factors

which contribute to the development of obesity and its comorbidities.

Non-rodent models of obesity such as the dog are often polygenic in nature

and allow investigators to carry out somewhat more sophisticated physio-

logical studies than can be accomplished in rodents. But size, expense and

ethical considerations prevent more thorough study in free-living animals.

Non-human primates, because of their genetic similarity to humans, may
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provide important insights into the genetic bases for obesity but their size,

difficulty of handling and expense make them difficult subjects from which to

obtain reliable physiological and neural functional data. This makes rodent

models of DIO a reasonable compromise as a surrogate for human obesity. The

relative ease with which their genotypes and phenotypes can be determined

has provided invaluable information about the identity of peptides, transmit-

ters, hormones, signaling and metabolic pathways involved in the central

and peripheral systems responsible for the regulation of energy homeostasis.

Such information has been gained because of the ease with which we can

assess many behavioral, physiological and metabolic functions in vivo and

then obtain access to both peripheral and central nervous system tissues for

in vitro studies. There is no question that ability to generate transgenic

animals has and will continue to provide important information about vari-

ous critical pathways involved in the propensity to develop and sustain

obesity. However, because most human obesity is polygenic in nature, the

various models of DIO in outbred or selectively bred strains of animals may

provide an excellent surrogate for the study of human obesity. As shown in

Table 6.1, these models share a large number of commonalities with most

human obesity and its pathological consequences. Thus, these models pro-

vide powerful tools which may eventually allow us to determine the

molecular, metabolic and physiological underpinnings of human obesity.
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7

Melanocortins and the control
of body weight

virginie tolle and malcolm j. low

1. Introduction

The initial report that melanocortin peptides potently inhibit food

intake after central administration was published in 1986 (Poggioli et al., 1986).

Because the melanocortin receptors had not yet been cloned or shown to be

expressed in the brain, there was no physiological context to fully appreciate the

significance of these data. In the two decades since that first publication, a

remarkable web of experimental findings has firmly established the melano-

cortin system as a critical component in the brain’s control of energy homeo-

stasis. A key breakthrough was the cloning and characterization of the agouti

gene from the ‘‘obese yellow’’ mouse (Lu et al., 1994). This spontaneous mutant

strain expresses a dominant agouti AY allele and has an obesity phenotype in

addition to a yellow coat color. The demonstration that agouti is an antagonist

of melanocortin receptors (MCR), together with the findings of ectopic brain

expression of the peptide and expression of MC3R and MC4R in the brain was

the genesis of the ‘‘agouti-melanocortin’’ hypothesis for the mechanism of

obesity in AY mice. Critical elements of this hypothesis were substantiated in

1997 by a trilogy of publications. First, targeted inactivation of the gene

encoding the brain-specific MC4R caused an obesity phenotype similar to that of

AY mice (Huszar et al., 1997). Second, novel agonists and antagonists of the MC3/

4R inhibited or stimulated feeding, respectively, when injected into the 3rd

ventricle in rodents (Fan et al., 1997). Finally, a homologue of agouti named
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agouti-related peptide (AGRP) was cloned, shown to be an MC4R antagonist

normally expressed in hypothalamic neurons, and demonstrated to induce an

obesity syndrome after transgenic overexpression in brain (Graham et al., 1997;

Ollmann et al., 1997).

This chapter summarizes our knowledge of the melanocortin system accu-

mulated since the seminal discoveries noted above, and attempts to identify

the major lacunae for which additional experimental work is required to

answer. By necessity, it focuses on the connection between melanocortins and

regulation of energy balance while ignoring many other fascinating aspects of

this pleiotropic peptide-receptor system in the mediation of pigmentation,

adrenal steroidogenesis, immune function, neuromuscular regeneration and

non-feeding related behaviors.

2. Anatomy and neurochemistry of the melanocortin system

2.1 POMC and AGRP neurons

The central melanocortin system includes distinct neuronal sub-

populations expressing the genes encoding either proopiomelanocortin (POMC)

or AGRP and the second-order target neurons that express melanocortin

receptors. There are approximately 3000–4000 neurons that strongly express

POMC in the mouse hypothalamus, distributed along the rostral-caudal extent of

the arcuate nucleus (ArcN) (Cowley et al., 2001). Less than a tenth of that num-

ber, with much lower mRNA and peptide expression, are located in the caudal

nucleus of the solitary tract (NTS) of the medulla (Palkovits et al., 1987). Cell-

specific transcription of Pomc in the brain is mediated by distal neuronal

enhancer sequences that work independently from the proximal, pituitary-

specific promoter elements in the gene (de Souza et al., 2005b). Although POMC

mRNA levels vary about two-fold in response to the extremes of anabolic and

catabolic states, probably the more functionally relevant control step in POMC

biosynthesis is at the level of posttranslational processing of the prohormone to

biologically active peptides (Pritchard et al., 2002). In the rodent brain, POMC is

processed to a complex mixture of signaling molecules including c3-MSH, des-

acetyl-a-MSH, a-MSH, ACTH, and b-endorphin by the combined actions of pro-

hormone convertases 1 and 2 (PC1, PC2), carboxypeptidase E (CPE), peptidyl

a-amidating mono-oxygenase (PAM) and N-acetyltransferase (N-AT). The stoichi-

ometry of these biologically active peptides and their intermediate processing

precursor peptides may be dynamically regulated to influence the net functional

synaptic read-out from POMC nerve terminals.

An intriguing feature of POMC neurons is their simultaneous production of

the anorectic melanocortin peptides and the potent opioid peptide, b-endorphin.
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As discussed in detail in Chapter 8, opioids generally are orexigenic andmediate

increased consumption of palatable foods. Furthermore, almost all arcuate

POMC neurons co-express another anorectic neuropeptide, cocaine- and

amphetamine-responsive transcript (CART). A smaller number of POMC

neurons also express galanin-like peptide (GALP) and our laboratory recently

demonstrated that at least a third of POMC neurons produce and release the

fast inhibitory neurotransmitter gamma-aminobutyric acid (GABA) from pre-

synaptic terminals (Hentges et al., 2004). The functional significance of each

component in this complex mix of synaptically released signaling molecules is

still under active investigation, but it seems likely that different levels of POMC

neuron activity can result in finely nuanced communication with downstream

targets in other brain areas.

POMC/CART neurons in the ArcN innervate multiple brain areas of potential

or proven relevance to their role in control of body weight. A dense plexus of

POMC fibers is present in most subdivisions of the hypothalamus including the

medial preoptic nucleus (MePO), supraoptic nucleus (SON), periventricular

nucleus (PeVN), paraventricular nucleus (PVN), ArcN, lateral hypothalamic (LH)

and perifornical areas, and dorsal medial nucleus (DMN). The phenotypic

identity of many hypothalamic target neurons has been established by double-

label immunohistochemistry and immuno-electron microscopy and includes

gonadotropin-releasing hormone (GnRH) neurons in the MePO, magnocellular

oxytocin neurons in the SON, dopamine neurons in the PeVH, parvicellular

thyrotropin-releasing hormone (TRH) and corticotropin-releasing hormone

(CRH) neurons in the PVH, and melanin-concentrating hormone (MCH) and

orexin neurons in the LH. Conversely, POMC fibers are almost totally excluded

from the suprachiasmatic and most subdivisions of the ventral medial nucleus

(VMH). Within the forebrain there are also dense projections to all subdivisions

of the bed nucleus of the stria terminalis (BNST), nucleus accumbens (NAc),

central nucleus of the amygdala (CeA) and paraventricular nucleus of the

thalamus. Descending efferent fibers reach the ventral tegmental area (VTA),

periaqueductal gray, and medullary nuclei including the parabrachial, ventral

and dorsal raphe, NTS, and dorsal vagal complex. NTS POMC neurons appar-

ently only make local efferent connections to an overlapping set of medullary

nuclei (Palkovits et al., 1987).

Important afferents onto arcuate POMC/CART neurons include inhibitory

GABAergic terminals from limbic forebrain areas, excitatory glutamatergic

terminals, intrahypothalamic projections from the LH, ArcN (including POMC

neurons), and DMN, and 5-HT terminals from the raphe. Individual POMC

neurons possess only a fraction of all these possible efferent and afferent

connections, although the exact distribution, degree of axonal bifurcation, and
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extent of overlap remain the subject of investigation. For this reason, together

with the demonstrated individual differences in transmitter co-expression and

gradients of intracellular signaling molecules, POMC neurons should be

viewed as a heterogeneous group subserving distinct functions rather than a

blandly homogenous unit.

AGRP expression in the brain is predominantly localized to the ArcN of the

hypothalamus in a subpopulation of neuropeptide Y (NPY) positive neurons

distinct from, but in close spatial association to, POMC/CART neurons. At least a

third of AGRP/NPY neurons utilize GABA as a fast, inhibitory neurotransmitter

and there is a prominent synaptic innervation from this subpopulation onto

POMC neurons in the ArcN (Cowley et al., 2001). Conversely, AGRP/NPY neurons

express MC3R and are probably reciprocally innervated by local POMC neurons

(Mounien et al., 2005; Menyhert et al., 2006). Both AGRP/NPY and POMC/CART

neurons are prominent sites of leptin receptor expression in the hypothalamus.

As described in other chapters, these first-order neurons respond to numerous

circulating hormonal and nutrient signals that access the ArcN due to its lack of

a blood–brain barrier. Intimate cross-talk between the two subpopulations

of arcuate neurons would further fine tune their integration of humoral and

synaptic signals.

Steady-state levels of AGRP mRNA vary over a much wider range than those

of POMC in response to feeding state and pharmacological manipulation,

suggesting a prominent role for transcriptional regulation in setting AGRP

tone. However, a recent study demonstrated that most of the AGRP released in

the brain is the biologically active carboxy-terminal peptide AGRP(83-132),

which is cleaved from full-length AGRP predominantly by PC1, and therefore

regulation of posttranslational processing may also be important in the cell

biology of AGRP (Creemers et al., 2006). A prominent feature of AGRP/NPY

neurons is that they project heavily to many, but not all, of the forebrain sites

innervated by POMC fibers (Haskell-Luevano et al., 1999). This parallel distri-

bution of POMC and AGRP terminals to the same neural targets is the neuro-

anatomical foundation supporting the unique agonist/antagonist relationship

of melanocortin peptides and AGRP peptides at central MCRs.

2.2 Melanocortin receptors

Of the five known subtypes, MC4R is the most widely expressed in brain

structures (Mountjoy et al., 1994; Kishi et al., 2003) and accounts for the majority

of autoradiographic binding by radioligands. However, MC3R is relatively

heavily expressed in medial brain structures including the ArcN, shell of the

NAc, lateral septum, and ventral tegmental area (VTA) (Roselli-Rehfuss et al.,
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1993; Lindblom et al., 1998) as well as several peripheral tissues including the

heart and gastrointestinal tract. Together, these two MCR subtypes likely

account for all the central effects of melanocortin ligands. Each binds the nat-

ural agonists a-MSH, b-MSH, and ACTH with approximately the same high

affinity (Schioth et al., 2005). In contrast, only the MC3R exhibits high affinity

binding and activation by c-MSH. MC1R is the classical MSH receptor expressed

in dermal structures and responsible for regulating melanin biosynthesis

(Robbins et al., 1993). MC2R is the only subtype with an absolute selectivity for

activation by ACTH and is expressed in the adrenal cortex and fat cells (Schioth

et al., 2005). MC5R is highly expressed in exocrine glands and regulates their

production and secretion of lipids (Chen et al., 1997).

All MCR are G-protein coupled seven transmembrane receptors that signal

through Gsa to stimulate adenylyl cylase and increase intracellular cAMP

concentrations. MSH increases cAMP in striatal brain slices (Florijn et al., 1993),

consistent with physiological activation in primary neurons via this bio-

chemical pathway. A recent investigation utilizing microinjections of the

potent melanocortin agonist MTII into the 4th ventricle of rats demonstrated

dose-responsive elevations in both phosphorylated extracellular-signal regu-

lated kinase (ERK) and cAMP-response element binding protein (CREB), which

were partially attenuated by antagonism of either protein kinase A (PKA) or

mitogen-activated protein kinase (MAPK) upstream effector pathways (Sutton

et al., 2005). Therefore, MC4R stimulated increases in cAMP are postulated to

activate the MAPK-ERK signaling pathway through the Ras homologue Rap-1 in

select neurons. Melanocortin peptides can mobilize intracellular Caþþ stores

in transfected HEK293 cells by an alternative signaling pathway that does not

involve PKA or an increase in inositol triphosphate (Mountjoy et al., 2003), but

the relevance of this pathway to primary neurons is unknown. Further

investigation is necessary to characterize the full range of intracellular sig-

naling pathways utilized by both MC3R and MC4R in different populations of

neurons that are the natural synaptic targets of POMC neurons.

An important aspect of melanocortin signaling is the constitutive activity

exhibited by MC4R to elevate intracellular cAMP levels (Adan, 2006). Although

this phenomenon was initially demonstrated in transfected heterologous cell

lines, N-terminal mutations of MC4R isolated from obese individuals lacked

constitutive activity while retaining normal responsiveness to MSH, suggesting

that constitutive activity of the wild-type MC4R is critical for normal weight

regulation in humans (Srinivasan et al., 2004). A postulated basis for the con-

stitutive activity is that the extracellular N-terminal domain of MC4R acts as a

tethered partial agonist of the receptor. Furthermore, in vitro studies have

clearly demonstrated that AGRP acts as both a competitive antagonist and an
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inverse agonist at MC4R to modulate cAMP levels (Haskell-Luevano & Monck,

2001; Nijenhuis et al., 2001). The extracellular N-terminus of the receptor is

also important for mediating AGRPs action as an inverse agonist, while

intracellular C-terminal truncations blocked inverse agonism but not com-

petitive antagonism by AGRP (Chen et al., 2006). More recently, AGRP was

shown to exhibit agonistic properties on both MC3R and MC4R expressed in

HEK293 cells by inducing arrestin-mediated endocytosis (Breit et al., 2006).

Therefore, AGRP could also counteract agonist actions of MSH by reducing the

availability of melanocortin receptor binding sites. Rigorous assessment of the

relative contributions of each of these proposed AGRP mechanisms in vivo is

still required.

Two epistatic modifiers of MC1R and MC4R signaling were identified based

on their suppression of yellow coat color and obesity in Ay mice (Phan et al.,

2006). These are the attractin (ATRN) and mahogunin (MGRN1) proteins

inactivated by the mouse mahogany (mg) and mahoganoid (md) mutations,

respectively. Although there is still debate about the mechanism of action of

these proteins, ATRN being a transmembrane protein and MGRN1 an intra-

cellular E3 ubiquitin ligase, they clearly illustrate the molecular complexity of

signaling by the melanocortin system and suggest the existence of other

unidentified modifier genes.

3. Comparative vertebrate physiology

of the melanocortin system

Melanocyte-stimulating hormone (MSH) is a phylogenetically ancient

peptide whose primary amino acid sequence has been virtually unchanged over

400 million years of evolution. Similarly, POMC gene structure and the dual

pattern of expression in the pituitary gland and medial basal hypothalamus

have been essentially conserved (de Souza et al., 2005a). Of the MCR, MC2R is

likely closest to the primordial receptor from which the others evolved by gene

duplication events and divergent mutations (Schioth et al., 2005). Interestingly,

all teleost fish lack the coding sequence for c-MSH in their amino-terminal

POMC peptide and some also have no discernable MC3R homologue, consistent

with the proposal that c-MSH is the physiological ligand for MC3R.

Functional homology in the melanocortin system occurs across the range of

vertebrate classes in the control of bodyweight and adiposity aswell as regulation

of adrenal steroidogenesis and pigmentation. As discussed in Chapter 2, there is a

significant amount of convergent genetic evidence implicating similar roles for

the melanocortin system in weight regulation between humans and rodents.

However, it is not known to what extent these similarities apply across all orders
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of mammals. For example, in the pig, melanocortin agonists suppressed food

intake but centrally administered antagonists did not stimulate intake (Barb et al.,

2004). More limited evidence is available from distant vertebrate classes, never-

theless it appears that essential features of the melanocortin system relevant to

body weight are remarkably conserved in both birds and fish (Song et al., 2003;

Strader et al., 2003). In particular, the conservation of functional homologies

mediated via POMC, AGRP, and MC4R signaling is the basis for ongoing, forward

genetic screening by saturation mutagenesis in zebrafish to identify additional

molecular components of the neural circuitry regulating body weight.

4. Rodent genetic models of altered melanocortin function

Molecular characterization of metabolic defects in mouse strains with

spontaneous genetic mutations led to many of the critical early insights con-

cerning the relationship of the melanocortin system to regulation of energy

homeostasis. Subsequently, increasingly sophisticated strategies to generate

genetically modified animal models have been employed to assess the role of

the melanocortin system in the regulation of energy homeostasis and metab-

olism. These models are summarized in Table 7.1 and focus on the function of

the Pomc and AGRP genes, POMC/CART and NPY/AGRP neurons, the five

receptor subtypes mediating the effects of melanocortins, and the enzymes

responsible for the cleavage of prohormones, including POMC (PC1, PC2 and

its associated protein 7B2).

The importance of POMC pathways in the regulation of energy balance was

highlighted by the observations that null mutations in the genes encoding

mouse or human POMC result in early-onset obesity (Krude et al., 1998; Yaswen

et al., 1999; Challis et al., 2004). Pomc-null mutants also exhibit adrenal insuf-

ficiency due to the lack of ACTH production from the pituitary gland and,

conceivably, their obese phenotype may be partly a consequence of deficient

pituitary MSH. To differentiate the contribution of central versus pituitary

POMC, Smart and colleagues introduced a POMC transgene that selectively

restores peripheral melanocortins, including ACTH and a-MSH, in Pomc-null

mice, creating a neural-selective POMC-deficient mouse model (Smart et al.,

2006). The genetic replacement aggravated the obesity and metabolic syn-

drome by increasing caloric intake, reducing energy expenditure, increasing

subcutaneous, visceral and hepatic fat and inducing severe insulin resistance,

suggesting a key role of CNS-derived POMC that cannot be substituted by

endogenous peripheral POMC (Figure 7.1).

Consistent with the phenotype of Pomc-null mice, ablation of POMC neurons

by transgenic expression of diphtheria toxin receptor (DTR), inducedhyperphagia
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and mild obesity. This phenotype may not be exclusively due to destruction of

POMC cells in the CNS because the mice also developed adrenal insufficiency

secondary to POMC cell death in the pituitary gland and probable ACTH defi-

ciency (Gropp et al., 2005). Conversely, overexpression of POMC in the hypo-

thalamus of rats by a recombinant adeno-associated virus encoding POMC was

associatedwith decreased bodyweight, food intake, and visceral adiposity as well

as improved glucose metabolism and insulin sensitivity (Li et al., 2005). Further-

more, selective overexpression of a POMC transgene under the control of a

neuron-specific enolase promoter attenuated fasting-induced hyperphagia in

wild-typemice and partially reversed obesity, hyperphagia, and hypothermia and

effectively normalized hyperglycemia, glucose intolerance, and insulin resist-

ance in leptin-deficient mice (Mizuno et al., 2003). Together, these data indicate

that central POMC is a keymodulator of feeding, energy expenditure and glucose

homeostasis. However, these studies did not differentiate among the roles of the

different POMC-derived peptides or identify whether the ArcN or NTS is the

relevant source of the peptides.

According to pharmacological studies discussed later in this chapter, the

catabolic effects of POMC are largely mediated by a-MSH. Transgenic over-

expression of a- and c3-MSH in the medial basal hypothalamus and brainstem,

but also in different peripheral tissues, led to reduced weight gain and adi-

posity and improved glucose tolerance in lean male mice and a significant

decrease in insulin levels in females. The MSH transgene also attenuated

obesity in db/db male and female mice and improved glucose tolerance in male

Ay mice, animal models with reduced a-MSH tone (Savontaus et al., 2004).

Although pharmacological studies have demonstrated a powerful orexi-

genic effect of exogenous AGRP and transgenic overexpression of AGRP

increased body weight, food intake and body length (Graham et al., 1997;

Ollmann et al., 1997) similar to the phenotype observed in obese Ay mice, null

Figure 7.1 Relative body size of 6-month-old female mice on a predominant

C57BL/6 genetic background. Left, wild-type; center, global Pomc null; right,

neuronal-specific Pomc null (Smart et al., 2006). (Photograph courtesy of JL Smart.)
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mutations of the AGRP gene failed to corroborate a key role of the endogenous

peptide in the regulation of energy homeostasis in young animals. AGRP-deficient

mice had normal body weight, body composition, growth rate and food intake,

and normal responses to fasting and diet-induced obesity up to age 20 weeks

(Qian et al., 2002). A lean phenotype was only observed after 6 months of age,

in association with increased metabolic rate, locomotor activity and BAT UCP1

expression (Wortley et al., 2005). Similar to the KO of other orexigenic factors

(NPY, MCH, ghrelin), the lack of an obvious phenotype in Agrp-null mice or

AGRP/Npy double KO mice suggests that compensatory mechanisms occur

during development to mitigate the fetal absence of AGRP. Consistent with

those observations, two recent studies revealed that AGRP expressing neurons

are essential to regulate energy homeostasis in adult but not neonatal mice.

Indeed, reduced body weight, food intake, total body fat, plasma glucose,

insulin, leptin and increased brown adipose tissue UCP1 expression were

observed after ablation of AGRP/NPY neurons by transgenic cell type-specific

expression of a diphtheria toxin receptor and intraperitoneal administration of

the toxin to adult mice (Bewick et al., 2005; Gropp et al., 2005). However, no

phenotype was observed if the cell ablation was induced during the neonatal

period (Luquet et al., 2005).

To determine which MCR mediates the effects of melanocortins on food

intake and metabolism, genes encoding each receptor subtype have been

invalidated. Consistent with their respective roles in pigmentation and exo-

crine function, spontaneous Mc1r-null mice have altered coat color (Robbins

et al., 1993) and gene-targeted Mc5r-null mice have altered lipid production and

defects in thermoregulation when wet (Chen et al., 1997), but body weights are

unchanged in the two mutants.

In contrast, Mc4r-null mice are obese and hyperphagic, have reduced energy

expenditure, impaired metabolic response to dietary fat, hyperinsulinemia,

hyperleptinemia and impaired insulin tolerance (Huszar et al., 1997; Chen

et al., 2000b; Fan et al., 2000; Ste Marie et al., 2000; Butler et al., 2001). Mc3r-null

mice have no excess weight and are not hyperphagic, but have increased

adiposity and feed efficiency on a mixed genetic background (Butler et al.,

2000; Chen et al., 2000a). Males on a C57BL/6 background were slightly

hyperphagic when placed on a high-fat diet (Butler, 2006). These data suggest

primary roles of MC4R in energy intake, energy expenditure and glucose

homeostasis and a distinct role of MC3R in fat metabolism, which are com-

plementary to each other. Interestingly, Mc3/4r double KO mice are heavier

than Mc4r-null mice, further suggesting that function of the two receptors is

not redundant (Chen et al., 2000a). Although a-MSH can bind and activate both

MC3 and MC4R, it is thought that a-MSH inhibits food intake mostly through
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modulation of MC4R as Mc3r- but not Mc4r-null mice respond to the anorectic

effects of MTII (Marsh et al., 1999; Chen et al., 2000a). Figure 7.2 compares the

percentage increase of body weight relative to wild-type, age- and sex-matched

animals of several mutant mouse models, illustrating the additive effect of

combined MC3R and MC4R deletion and greater similarity to the neuronal-

specific Pomc-null mice than either global Pomc-nulls or Ay mice.

Other evidence for a role of melanocortins and more specifically a-MSH in

the obesity syndromes comes from mice deficient in PC1/3 and PC2. Although

Pc1/3-null mice do not display any phenotype related to positive energy bal-

ance, they are growth retarded probably due to a defect in processing of

growth hormone-releasing hormone (GHRH) (Zhu et al., 2002). A point muta-

tion in the coding sequence of PC1 induces maturity onset obesity, increased

energy intake, decreased metabolic rate, increased fat mass and plasma leptin,

Mc3r null

Mc4r null

Mc3/4r null

Beta-endorphin null

Neuronal Pomc-null

Global Pomc-null

A(y)

Figure 7.2 Percentage body weight increase relative to wild-type controls at age 26

weeks of mouse models deficient in melanocortin or beta-endorphin signaling [Data

adapted from: AY mice (Savontaus et al., 2004); Global Pomc null and neuronal-

specific Pomc null mice (Smart et al., 2006); Mc4r null, Mc3r null and Mc3/4r null mice

(Chen et al., 2000a); Beta-endorphin-deficient mice (Appleyard et al., 2003)].
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decreased lean mass, increased plasma insulin, hyperproinsulinemia, normal

plasma glucose, normal insulin sensitivity and glucose intolerance in mice

(Lloyd et al., 2006). The phenotype is associated with reduced a-MSH content in

the hypothalamus, suggesting that obesity may develop partially via reduced

a-MSH signaling in the CNS. In addition, Pc2-null mice lack a-MSH but have

intact ACTH (Laurent et al., 2004). Considering that PC1 and PC2 are involved in

the processing of a variety of prohormones in addition to POMC, the mutant

phenotypes are likely the result of a combination of different hormonal

alterations.

Despite the advances made from investigation of these animal models, they

have also illustrated the necessity to develop methods for temporally regu-

lating gene mutations in specific cell populations. Examples include the

ablation of POMC neurons or inactivation of the Pomc gene selectively in the

ArcN or NTS, inactivation of the Agrp gene in the adult, and transgenic re-

expression of specific melanocortin peptides (a-MSH, c-MSH, b-MSH) in the

Pomc-null background. A novel approach was recently described by Balthasar

and colleagues that shows great promise to meet this need. They designed a

mutant Mc4r allele whose expression was silenced by the inclusion of a loxP-

flanked stop sequence. Mutant mice carrying this allele were then crossed to a

transgenic strain expressing Cre recombinase from a Sim1 gene promoter only

in the PVH and CeA, with resultant activation of MC4R expression limited to

the same hypothalamic nuclei. The compound mutant mice had significantly

less obesity and completely normalized food intake compared with global

Mc4r-null mice, but they still exhibited a reduction in energy expenditure,

suggesting that distinct MC4R-expressing populations of neurons regulate food

intake and thermogenesis (Balthasar et al., 2005).

5. Central actions of melanocortins in the regulation

of energy balance

5.1 Regulation of appetite and food intake

The anorectic effects of POMC neurons are potentially mediated by

a-MSH, b-MSH and/or c-MSH. However, pharmacological studies have shown

that a-MSH in the CNS is the most powerful anorectic melanocortin peptide.

Intracerebroventricular (icv) administration of a-MSH or MTII, a synthetic MC3/

4R agonist, reduces food intake and body weight in lean and obese rodents

(Shimizu et al., 1989; Fan et al., 1997; Thiele et al., 1998; McMinn et al., 2000).

The action of a-MSH is antagonized by AGRP, the endogenous MC3/4R antag-

onist (Ollmann et al., 1997; Pritchard et al., 2004) and SHU9119, a synthetic

competitive antagonist. AGRP has been shown to stimulate food intake for a
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prolonged period of time (Rossi et al., 1998) but this long-lasting hyperphagia

cannot be reproduced by the antagonist activity of SHU9119 (Grill et al., 1998;

Hwa et al., 2001). Based on the absence of antagonist action of AGRP when

given 24h prior to MTII, and c-Fos activation of differential brain nuclei 2h and

24h post-injection of AGRP, several studies suggest that the short-term and

long-term effects of AGRP involve two different pathways. The short-term

effects may be due to interactions with MC4R whereas the prolonged action

may involve agonist-independent pathways (Hagan et al., 2000, 2001). A pos-

sible explanation could be the property of AGRP to act as an inverse agonist at

MC3/4R to induce sustained increases in food consumption (Haskell-Luevano &

Monck, 2001; Nijenhuis et al., 2001; Adan & Kas, 2003; Srinivasan et al., 2004;

Breit et al., 2006; Smith et al., 2006), but this still needs to be demonstrated in

animal models.

Considering that b-MSH binds with equivalent or even higher affinity than

a-MSH to MC4R, b-MSH/c-LPH-immunoreactive fibers are found in several

nuclei involved in the regulation of feeding, and b-MSH-like peptides but not

a-MSH levels in several hypothalamic nuclei are increased in food-restricted

rats (Harrold & Williams, 2006), it was postulated that b-MSH and its precursor,

c-LPH, are important components of energy homeostasis in situations of under-

feeding (Harrold et al., 2003).

However, pharmacological data on the feeding effects of b-MSH are incon-

sistent. Although rodents, unlike humans, do not process b-MSH from c-LPH

because of an altered proteolytic processing site, icv administration of human

b-MSH has been reported to reduce food intake to the same extent as a-MSH in

fed and fasted rats (Abbott et al., 2000; Kask et al., 2000). This contrasts, how-

ever, with another study showing that central administration of a-MSH and

c2-MSH but not b-MSH significantly reduced food intake in 48h fasted rats

(Millington et al., 2001). A recent study comparing the effects of individual

POMC-derived peptides in POMC-deficient animals demonstrated that a-MSH,

b-MSH and c-MSH all had short-term anorectic effects after a single icv injec-

tion at the onset of the dark cycle in ad libitum fed animals (Tung et al., 2006).

However, a-MSH had the most potent effect and was the only one of the

peptides to induce loss of body weight and fat mass after long-term treatment.

Interestingly, the effects of a-MSH were primarily due to reduced food intake

rather than increased energy expenditure. Together these data do not con-

clusively support a key role of b-MSH or c-MSH in the long-term regulation of

body weight in rodents.

Recently, two independent genetic studies provided convincing evidence for

a physiological role of b-MSH in human body-weight regulation. The

researchers identified polymorphisms in the region of POMC encoding b-MSH
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that impair the ability of the peptide to bind to and activate MC4R (Biebermann

et al., 2006; Lee et al., 2006). The mutations were associated with hyperphagia

and obesity despite the apparently unaltered production of a-MSH.

The role of c-MSH, which binds preferentially to MC3R, is still unclear but

might be expected to have a role in fat deposition rather than food consumption

(Millington et al., 2001; Tung et al., 2006). c-MSH peptides have been mostly

involved in other functions, including cardiovascular responses (Humphreys,

2007). (See Section 5.3 on regulation of the autonomic nervous system.)

5.2 Dissection of the component processes underlying melanocortin

effects on intake

Feedingbehavior can bedividedheuristically into a number of sequential

or overlapping component processes that differ in their neurochemical and

neuroanatomical substrates (reviewed in Adan et al., 2006). For example, it is well

established that supracollicular decerebrate rats are capable of responding

acutely to satiety signals with appropriate termination of feeding and that these

phenomena are integrated within the medulla independently of any descending

neural influences from forebrain structures (Grill & Norgren, 1978). However, the

same surgical preparation abolishes the long-term control over energy homeo-

stasis in response to chronic caloric imbalance. Higher limbic forebrain struc-

tures including the extended amygdala are necessary for evaluation and

prioritization of competing appetitive drives while the hypothalamic nuclei are

essential for monitoring and responding to adipostatic and other signals that

reflect stored energy depots. Brainstem nuclei respond rapidly to neuronal

afferents that are stimulated by the contact of direct satiety factors with the gut

mucosa. Furthermore, the medulla contains the central pattern generator con-

trolling oral–lingual–pharyngeal motor activity.

Meal pattern analysis is the experimental procedure used to quantify meal

size, meal number, meal frequency, latencies to initiate intake, and the length

of intervals separating individual meals. This procedure in combination with

pharmacological or genetic manipulations can test the role of specific neuro-

chemical systems to regulate either hunger and feeding initiation or satiation

and feeding termination. The central administration of MTII in rats decreased

meal size without disruption of motor performance in meal pattern experi-

ments (Azzara et al., 2002; Williams et al., 2002; Zheng et al., 2005). Conversely,

selective injection of AGRP in the 4th ventricle increased meal size, but not

meal number or frequency (Zheng et al., 2005). These results are consistent

with a role of the melanocortin system to modulate the sensitivity of medul-

lary nuclei to either detect or respond to endogenous satiety signals. However,
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a different type of behavioral analysis that measured extinction responding of

rats to a conditioned stimulus previously paired with food deprivation sug-

gested that MTII influenced intake by a mechanism distinct from that of nat-

ural satiation by pre-feeding (Benoit et al., 2001). In addition, melanocortin

agonists preferentially decrease intake of high energy density foods while

antagonists increase the preference of rodents for high-fat foods (reviewed in

Adan et al., 2006). Alterations of food choice are suggestive of melanocortin

actions in the CeA, parabrachial nucleus, and LH because of the established

roles of these brain areas in taste perception and reward.

In addition to modulation of satiety and homeostasis-driven food intake,

melanocortins might also influence intake via the brain’s reward circuitry and

mesolimbic dopamine system. Melanocortin receptors are abundantly

expressed in the VTA, NAc shell, and ventral striatum and site-specific injec-

tions of melanocortin agonists into the VTA increased the extracellular levels

of dopamine in the NAc measured by microdialysis (Lindblom et al., 2001). In

other studies, VTA injection of a-MSH and c1-MSH produced a marked increase

in grooming behavior and rearing of rats, while c2-MSH had the opposite effect

and blocked c1-MSH (Klusa et al., 1999). Finally, dopamine D1R agonists

increased MC4R expression in the striatum (Alvaro et al., 2003). A possible

functional role of reward circuits in melanocortin regulation of intake was

suggested from operant studies using MC4-deficient mice (Vaughan et al.,

2006). These animals are hyperphagic and emitted twice as many lever presses

to receive food pellets on a progressive ratio schedule, indicative of increased

motivation to support larger meal sizes.

There are parallels between the potential role of melanocortins to regulate

food intake and the influence of the melanocortin system on the ingestion of

drugs of abuse. For example, administration of MTII significantly augmented

the rewarding effect of amphetamine (Cabeza de Vaca et al., 2002) and reduced

voluntary ethanol consumption in wild-type but not MC4R-deficient mice

(Navarro et al., 2005), suggesting that the effect is mediated via MC4R and not

MC3R. Finally, a melanocortin antagonist infused directly into the NAc blocked

the rewarding effects of cocaine (Hsu et al., 2005).

5.3 Regulation of the autonomic nervous system

Melanocortins modulate the activities of the sympathetic and para-

sympathetic nervous systems that innervate many organs involved in energy

homeostasis and metabolism. Among the target organs, the brown adipose

tissue (BAT) regulates energy expenditure and diet-induced thermogenesis, the

white adipose tissue (WAT) participates in glucose uptake, lipid metabolism
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and adipokine secretion, the liver in glucose production, and the pancreas in

glucose homeostasis. Melanocortins also mediate cardiovascular responses at

the brainstem level. Both a-MSH and c-MSH have been shown to increase blood

pressure and heart rate through central stimulation of sympathetic nervous

outflow (reviewed in Humphreys, 2007).

MC4R is expressed in the dorsal motor nucleus of the vagus (DMX), where

parasympathetic motor neurons are located, and in the sympathetic pregan-

glionic neurons in the intermediolateral cell column (IML) of the spinal cord

(Fliers et al., 2003; Kishi et al., 2003; Romijn & Fliers, 2005). A subset of POMC

neurons in the ArcN projects to the IML, suggesting a direct control of sym-

pathetic activity by melanocortins. In addition, POMC neurons in the NTS

project to the DMX (Palkovits et al., 1987) suggesting a potential direct control

of parasympathetic activity by melanocortin peptides. MC4R mRNA is also

localized in the PVH and DMH, which receive afferent inputs from ArcN POMC

and AGRP neurons and project to the DMX and the IML in the spinal cord.

Thus, the effects of melanocortins on the autonomic nervous system are

mediated by a combination of direct projections from melanocortin-producing

neurons and projections from second-order neurons in the hypothalamus. The

sympathetic nervous system in general mediates catabolic effects (e.g. acti-

vation of lipolysis) while the parasympathetic nervous system mediates ana-

bolic responses (e.g. increased insulin sensitivity of the adipose tissue)

(reviewed in Romijn & Fliers, 2005).

Control of brown adipose tissue and thermogenesis

Animal models with a disrupted melanocortin signal not only have

dysregulated energy intake but also perturbations in regulation of thermo-

genesis and markers of BAT activity, including uncoupling protein 1 (UCP-1)

(see Table 7.1). The effects of melanocortin agonists on thermogenesis are

manifested by increased BAT sympathetic nerve activity and BAT temperature

after a-MSH injection in the 3rd ventricle (Yasuda et al., 2004) and increased

BAT UCP-1 levels in rats, fed either chow or high-fat diets, after central MTII

administration (Li et al., 2004). The synthetic agonist MTII has also been shown

to increase oxygen consumption and elevate BAT UCP-1 in lean and obese

rodents (Hwa et al., 2001; Hamilton & Doods, 2002; Li et al., 2004; Zhang et al.,

2004; Kim et al., 2005). These effects were abolished in surgically denervated

BAT, suggesting a role for the sympathetic nervous system (Williams et al.,

2003). Similar effects of MTII on UCP-1 expression were observed after injec-

tion into the 3rd or the 4th ventricle of the brain (Williams et al., 2003; Yasuda

et al., 2004) and were still present in decerebrate rats, demonstrating that the

brainstem can control BAT metabolism independently of forebrain input.

212 Virginie Tolle and Malcolm J. Low



Complementary studies have demonstrated that antagonizing the effects of

a-MSH with AGRP reduces oxygen consumption (Goto et al., 2003; Small et al.,

2003). Central infusion of AGRP into the 3rd cerebral ventricle gradually sup-

pressed sympathetic nerve activity, decreased BAT temperature and reduced

UCP-1content (Small et al., 2001; Yasuda et al., 2004).Chronic icv infusionofHS014,

aMC4R antagonist, similarly suppressed the expression of BATUCP-1 (Baran et al.,

2002). Despite their absence of orexigenic actions, amino-terminal AGRP peptides

that lack antagonist activity at MC-R decreased oxygen consumption, and

increased body weight and epididymal/mesenteric fat pad weight (Goto et al.,

2003), further suggesting that AGRP can modulate thermogenesis in an agonist-

independentmanner.EndogenousAGRP is involved in the regulationofmetabolic

rate as well, because reducing AGRP by RNA interference increasesmetabolic rate

and decreases body weight without affecting food intake (Makimura et al., 2002).

Control of white adipose tissue metabolism

ACTH, a-MSH and b-LPH all have lipolytic properties and their effects

on WAT are mediated at least partly through the central nervous system.

Chronic icv treatment with MTII reduced WAT mass in ad libitum fed or pair-

fed animals, showing that these effects are independent of the anorectic action

of the peptide (Raposinho et al., 2003). In addition, reduction of the respiratory

quotient after icv injections of MTII has been observed and suggests that MSH

preferentially increases the oxidation of lipids over carbohydrates (Hwa et al.,

2001). Chronic icv infusion of a-MSH decreased intra-abdominal fat while

antagonizing MSH tone with AGRP or SHU9119 induced opposite effects (Obici

et al., 2001). Chronic AGRP infusion increased body weight and plasma leptin in

the absence of hyperphagia, suggesting that the effects of the peptide on

metabolism and food intake can be dissociated (Korner et al., 2003).

White adipose tissue is innervated by the sympathetic and parasympathetic

nervous systems, which modulate metabolic and endocrine functions of adi-

pose tissue including lipolysis and lipogenesis, glucose and fatty acid uptake,

adipokine biosynthesis, and insulin sensitivity (reviewed in Romijn & Fliers,

2005). Recent anatomical evidence demonstrating the expression of MC4R in

the sympathetic nervous system outflow neurons to inguinal WAT in Siberian

Hamster (Song et al., 2005) supports a role of central melanocortins to regulate

lipolysis via the sympathetic nervous system. These effects are likely mediated

by a-MSH or b-MSH as they bind MC4R with high affinity. However, there may

also be a role of c3-MSH activation of MC3R in the control of fat metabolism

as c3-MSH reduces total fat mass, Mc3r-null mice have increased adiposity, and

c-MSH has the ability to modulate the activity of the sympathetic nervous

system, as evidenced by its action on cardiovascular functions.
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Control of insulin secretion and glucose homeostasis

A role of melanocortin peptides and receptors in the regulation of

glucose homeostasis is manifested by dysregulation of glucose homeostasis in

animal models with disruption of the melanocortin pathway (see Table 7.1). In

addition, centrally administered melanocortin agonists inhibit basal insulin

release and alter glucose tolerance, effects which are completely abolished by

a-adrenergic receptor blockade (Fan et al., 2000). Chronic AGRP infusion

increases plasma insulin and glucose and these effects are abolished in pair-fed

animals, suggesting that insulin resistance may be secondary to hyperphagia

(Tallam et al., 2004). In contrast, another study showed that the increased

insulin concentration was maintained in pair-fed rats (Korner et al., 2003). The

central melanocortin system may thus directly modulate pancreatic function.

The pancreas receives innervation from both the sympathetic and para-

sympathetic nervous systems (Buijs et al., 2001) and the above data suggest that

melanocortin agonists inhibit insulin secretion by increasing sympathetic

activity (Fan et al., 2000). Central MC4R may also play an important role in the

sensitivity of peripheral organs to insulin actions. Stimulation of central MC3/

4R modulates insulin sensitivity, independently of any effect on food intake

and body weight (Heijboer et al., 2005). Chronic icv infusion of a-MSH markedly

enhanced the actions of insulin on both glucose uptake and glucose produc-

tion from the liver, while SHU9119 exerted opposite effects (Obici et al., 2001).

These effects are likely mediated by the sympathetic nervous system that

innervates the liver and modulates both hepatic glucose production and glu-

cose uptake in peripheral tissues (reviewed in Nonogaki, 2000). The adipose

tissue also participates in glucose uptake, and parasympathetic nerve activity

increases the insulin sensitivity of white adipose tissue (WAT) (Romijn & Fliers,

2005). Recent evidence of an interaction between liver and adipose tissue via

neuronal pathways has also been demonstrated (Uno et al., 2006).

The implication of c-MSH in sodium metabolism and insulin resistance

through the sympathetic nervous system has been reviewed (Humphreys,

2007). In addition, c-MSH seems to be involved in glucose homeostasis as

demonstrated by the observations that insulin resistance and hypertension

develop in PC2 and Mc3r null mice lacking c-MSH signaling.

6. Electrophysiologic actions of melanocortins

A key issue at the current juncture in our understanding of the mel-

anocortin system and control of energy balance is to characterize the down-

stream cellular events invoked by melanocortin release in specific populations

of neurons and relate those events to the recruitment of neural networks and
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eventually to the relevant behavioral and autonomic motor outputs. Electro-

physiological studies dissect the short-term effects of melanocortins on the

spontaneous and synaptic membrane properties of target neurons and com-

plement the biochemical identification of intracellular signaling pathways

coupled to MCR. Because MCR are not ion channels, and therefore incapable of

directly conducting charge across plasma membranes, they must indirectly

modulate neuronal excitability and action potentials by other mechanisms.

A limited number of studies investigating the electrophysiological actions

of melanocortins from brain slice recordings have been published, and they

include contradictory results due in part to heterogenous neuronal

responses. The MC3R agonist DTrp8-c-MSH hyperpolarized the majority of

POMC neurons in the first of these studies and led to the suggestion that the

MC3R functions as an autoinhibitory receptor (Cowley et al., 2001). Later, MTII

was reported to depolarize MC4R positive neurons in the DMH and PVH (Liu

et al., 2003). Mixed effects of MTII to either stimulate or inhibit unidentified

neurons of the rat VMH have been demonstrated, but AGRP suppressed the

firing of the majority of VMH neurons even in the presence or absence of

exogenous agonist (Li & Davidowa, 2004). The most recent and thorough

investigation demonstrated that both MC3R and MC4R agonists depolarized

the majority of arcuate POMC neurons and a distinct population of non-

POMC neurons largely via decreases of both IA and KIR Kþ conductances

(Smith et al., 2006). Moreover, AGRP generally hyperpolarized the same cells,

even in the absence of exogenously applied agonists, consistent with inverse

agonism by AGRP. It should be noted that arcuate neurons have high input

resistances due to very low resting conductances, thus only small changes in

resting Kþ currents are required to produce mV changes in resting membrane

potential and alter the excitability of the neurons and probability of firing

action potentials. The exact mechanism by which MCR activation actually

alters Kþ conductances through elevation of intracellular cAMP remains to be

determined.

7. Peripheral actions of melanocortins relevant for

energy balance

The non-neuronal effects of melanocortins in the control of energy

homeostasis and metabolism have not been fully evaluated. A few studies have

indicated a potential role of melanocortins to regulate WAT metabolism and

glucose homeostasis by a direct action on fat cells. Initial anatomical evidence

for a role of melanocortins in peripheral tissues was the demonstration of

melanocortin binding sites by NDP-MSH radioligand autoradiography on
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differentiated adipocytes (reviewed in Boston, 1999). Later, expression of MC2R

and MC5R were demonstrated in mouse adipose tissue and MC4R in rat adi-

pocytes by RT-PCR (Boston, 1999; Hoggard et al., 2004a). Furthermore, mela-

nocortin agonists pharmacologically increase cAMP levels in adipocytes.

ACTH has been shown to be the most potent lipolytic melanocortin pep-

tide in rats. The hormone circulates in the plasma and primarily stimulates

corticosterone production and secretion via activation of MC2R located on

the adrenal gland. Because MC2R is also expressed in adipocytes and exclu-

sively binds ACTH, it is likely that the POMC-derived hormone produced by

the pituitary gland can mediate lipolysis via a direct action on MC2R in the

adipose tissue, as demonstrated by in vitro studies with primary rat adipo-

cytes. The physiologic role of ACTH on adipose tissue might be to increase the

release of energy stores into the circulation in periods of energy demand.

a-MSH and b-LPH also have lipolytic actions in vitro but with marked species-

dependent differences in potency (Boston, 1999; Hoggard et al., 2004a). In

addition, both a-MSH and MTII stimulate free fatty acid release from differ-

entiated adipocytes (Bradley et al., 2005). Potential direct effects of ACTH

and a-MSH to increase thermogenesis have also been described (Rothwell &

Stock, 1985).

More recent studies suggest that a-MSH and AGRP can modulate metabolism

via a direct peripheral action. a-MSH and AGRP are produced in the periphery

(a-MSH in the pituitary gland, pancreas and skin; AGRP in the adrenal cortex,

testes, lung and kidneys, among other sites), where they may exert paracrine

functions on these organs. Although the relevant sources are unclear, a-MSH

and AGRP also circulate in the blood and are regulated by nutritional state.

Plasma AGRP is increased during fasting while plasma a-MSH is decreased.

Leptin secretion and gene expression by differentiated adipocytes in culture

are inhibited by a-MSH and this effect is antagonized by AGRP (Hoggard et al.,

2004a). These effects are likely independent of MC2R but could potentially be

mediated through MC4R, which binds both a-MSH and AGRP. The physio-

logical significance of this action still needs to be determined, but a hypothesis

is that melanocortin control of WAT metabolism may regulate energy storage

in fat during prolonged caloric restriction.

Direct peripheral effects of a-MSH in the regulation of glucose homeostasis

are also suggested by the fact that a-MSH inhibits insulin secretion of insulin-

secreting tumor cell lines, HIT-T 15 (Shimizu et al., 1995). Expression of MC5R

and a-MSH immunoreactivity in rat pancreas (Hirsch & O’Donohue, 1985)

suggests a possible paracrine role of melanocortins to regulate insulin secre-

tion. In addition, a-MSH and b-MSH but not c-MSH increase plasma insulin and

FFA in rabbits after intravenous injection (Knudtzon, 1984).
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In vivo experiments have not conclusively demonstrated physiologically

relevant CNS-independent actions of MSH on lipid metabolism, thermogenesis

and glucose homeostasis. Intraperitoneal administration of the a-MSH syn-

thetic analogues, NDP-MSH or MTII, decreased body weight gain in POMC-

deficient mice (Yaswen et al., 1999), attenuated the POMC mutant’s hypogly-

cemia during insulin tolerance test (Brennan et al., 2003) and attenuated the

temperature drop during a cold challenge in ob/ob mice (Forbes et al., 2001). In

addition, peripheral administration of MTII modulated the expression of UCP-1

and UCP-3, markers for energy expenditure in BAT and muscle (Cettour-Rose &

Rohner-Jeanrenaud, 2002). Although NDP-MSH and MTII may poorly cross the

blood–brain barrier, the possibility that the analogues interact with melano-

cortin receptors at sites in the CNS involved in the control of energy homeo-

stasis with a relatively permeable blood–brain barrier is likely. Thus, it cannot

be concluded whether MSH influences body weight partly by a direct effect of

melanocortins on adipocytes to stimulate lipolysis or exclusively through

central modulation of food intake and the autonomic nervous system. Simi-

larly problematic are conclusions for the effects of peripherally administered

NDP-MSH on glucose homeostasis (Cettour-Rose & Rohner-Jeanrenaud, 2002),

metabolic rate (Hoggard et al., 2004b) and thermoregulation (Forbes et al.,

2001). A recent study demonstrating that re-expression of peripheral POMC in

the Pomc-null background did not attenuate the obesity phenotype of the mice

suggests that peripheral a-MSH cannot substitute for lack of central a-MSH

(Smart et al., 2006). Instead, it exacerbated the obese phenotype by restoration

of peripheral ACTH secretion and stimulation of glucocorticoid production by

the adrenal glands (Smart et al., 2007).

Conversely, a recent study demonstrated that a MC3R agonist, d-Trp(8)-c-

MSH, increased food intake after peripheral injection (Marks et al., 2006).

Although the authors concluded that the effects were likely mediated through

MC3R localized on POMC neurons in the ArcN, which lacks a blood–brain

barrier, the study did not exclude interactions with MC3R on AGRP/NPY

neurons or a peripheral effect on MC3R in the gastrointestinal tract.

Therefore, to definitively establish critical direct effects of melanocortins on

energy homeostasis in vivo that are mediated by MCR outside of the CNS, it

will be essential to analyze mutant mice with site-selective inactivation of

MC3/4R in both the CNS and/or relevant peripheral tissues.

8. Pharmacotherapy

Because of the key role played by melanocortin peptides in the regu-

lation of feeding, energy expenditure, insulin secretion and insulin sensitivity,
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drugs that target central MC3/4R may be beneficial not only for the treatment

of obesity and obesity-related syndromes like type II diabetes but also for the

treatment of cachexia (Marks et al., 2001).

Agonists have reliably decreased food intake and body weight and improved

glucose tolerance in several genetic and diet-induced obese rodent models. In

most cases, icv administration of either aMSH or the synthetic MC3/4R agonist

MTII is at least as efficacious to reduce food intake and body weight in obese

rodents (Shimizu et al., 1989; Fan et al., 1997), if not more so, than in lean

rodents (Thiele et al., 1998; McMinn et al., 2000). These data suggest increased

functional activity of MC3/4R in the CNS of obese rodents and rationalize the

development of melanocortin agonists to treat obesity. In diet-induced obese

(DIO) Sprague–Dawley rats, a 6-day central infusion of MTII decreased food

intake and reduced body weight and visceral adiposity (Chandler et al., 2005).

MTII increased fat catabolism in the muscle of DIO rats and also improved

glucose and cholesterol metabolism in both groups (Li et al., 2004). In diabetic-

prone Otsuka Long-Evans Tokushima Fatty (OLETF) rats, subcutaneous

administration of MTII increased insulin sensitivity and improved glucose

tolerance independently of food intake (Banno et al., 2004). In Zucker fa/fa rats,

a 3-day peripheral administration of MTII decreased food intake and body

weight, with a more pronounced effect in obese rats (Cettour-Rose & Rohner-

Jeanrenaud, 2002). Central administration of MTII for 4 days (10 nmol/day) in

DIO mice significantly suppressed food intake, induced weight loss, and

increased energy expenditure. However, after repeated intraperitoneal injec-

tions of MTII, feeding was no longer suppressed after 4 days and body weight

nadir reached a plateau (Pierroz et al., 2002). In POMC-deficient mice, periph-

eral administration of the long-acting MSH analogue NDP-MSH attenuated the

severe hypoglycemia observed after insulin administration in mutant mice

(Brennan et al., 2003).

A major goal for the development of therapeutically useful melanocortins is

the selective modulation of MCR subtypes to target specific biological func-

tions. According to pharmacological and genetic studies outlined previously,

MC4R is probably a better target than MC3R for modulation of energy

homeostasis (reviewed in MacNeil et al., 2002; Nargund et al., 2006). First, the

role of MC3R is not as well characterized and may be limited to the modulation

of fat metabolism. Second, whereas MC4R is almost exclusively expressed in

the CNS, MC3R is expressed in the CNS and also in many peripheral tissues

(placenta, gut, heart, stomach, pancreas, testis, ovary, muscle and kidney)

where its activation may produce unwanted side effects.

A variety of melanocortin analogues have been developed (MacNeil et al.,

2002; Nargund et al., 2006) in attempts to fulfill the criteria of oral availability,
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once-daily dosing, adequate receptor occupancy in the CNS, functional recep-

tor activation, maintenance of biological response after chronic stimulation, and

lack of adverse effects (including modulation of cardiovascular, immunological

and neurological function). Linear peptides like a-MSH are rapidly degraded in

vivo. Common strategies to improve the potency and in vivo stability of pep-

tidyl analogues are cyclization and the inclusion of modified amino acids. A

family of melanocortin compounds that includes the core message sequence of

MSH (His-Phe-Arg-Trp) has been developed based on these design principles

(Table 7.2). Among the first of these analogues, which are still frequently used

in research studies, are melanotan II (MTII) and SHU9119. MTII is a potent but

non-selective MC1, MC3, MC4 and MC5R agonist and SHU9119 is an MC1/5R

agonist but MC3/4R antagonist. Additional modifications of MTII have led to

the development of potent agonists and antagonists with better selectivity for

MC4R (reviewed in Irani & Haskell-Luevano, 2005). For example, HS014 and

HS024, with disulfide bridges, are MC4R antagonists with moderate selectivity

over MC3R and have been shown to increase food intake and body weight in

rats (MacNeil et al., 2002; Nargund et al., 2006). Linear tetrapeptide and small

molecule analogues have also been developed (reviewed in Irani & Haskell-

Luevano, 2005). Additionally, analogues of b-MSH with selectivity for MC4R

have been developed and one demonstrated strong efficacy (short-term anor-

ectic effect but sustained body weight loss) when administered subcutaneously

at doses less than 1 mg/kg to diet-induced obese rats for 14 days (Hsiung et al.,

2005; Mayer et al., 2005).

Although there have been early-stage clinical trials to test the safety and

short-term efficacy of MC4R agonists in humans, there are no approved drugs

in this class for the treatment of obesity or overweight. However, the devel-

opment of melanocortin agonists may meet other therapeutic needs. For

example, activation of MCR has been associated with improved erectile func-

tion and agonists are being evaluated in pre-clinical stages for the treatment of

male and female sexual dysfunctions (Martin & MacIntyre, 2004).

Two lines of evidence concerning the mechanism of action of AGRP in the

regulation of body weight suggest novel strategies for the treatment of obesity.

First is the inhibition of endogenous AGRP tone by RNA interference to

improve agonist efficacy at MC3/4R. Indeed inhibition of AGRP tone by RNA

interference in rodents decreased body weight and increased oxygen con-

sumption (Makimura et al., 2002). A second possible strategy is to increase the

constitutive activity of MC4R in combination with MCR agonists. Recent evi-

dence showing that specific domains in the MC4R play an important role in the

mediation of AGRP inverse agonism, but not NDP-MSH mediated receptor

activation (Chen et al., 2006), suggest the possibility of developing effectors
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that enhance the MCR constitutive activity at a site different than the a-MSH

binding sites.

Utilization of MC4R antagonists may be a promising tool for the treatment

of cachexia, which is often associated with cancer, renal failure or heart fail-

ure. In rodent models of cancer and renal failure, administration of MC4R

antagonists resulted in an attenuation of cachexia by maintenance of appetite,

and lean body mass with a reduction in basal energy expenditure (reviewed in

DeBoer & Marks, 2006).

9. Conclusion

The commonly held viewpoint that melanocortin agonists are anorexi-

genic peptides, and converselymelanocortin antagonists are orexigenic peptides,

short-changes the complexity of the brain’s melanocortin system and its inter-

action with other neuronal circuits to regulate energy balance. As discussed in

this chapter, melanocortins prominently influence the activity of the autonomic

nervous system independently of appetite. The diverse sites ofMCR expression in

theCNS are consistentwith these two functions, but also suggest discrete roles for

melanocortins in mediating aspects of satiety, taste perception, rewarding

properties of food, and habit formation. Therefore, melanocortins act at multiple

points within an interconnected neuronal network to bias its motor outputs in

favor of either positive or negative energy balance. The question remains as to

precisely howMCR signaling from the plasmamembrane of neurons in multiple

neural substrates alters the activity of this neuronal network.
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Role of opiate peptides in regulating
energy balance

richard j. bodnar and allen s. levine

The endogenous opioid system, initially characterized over 30 years

ago, is a primary example of a multifunctional neural system involved in a wide

range of basic homeostatic behaviors, including pain control, sexual behavior,

learning and memory, reward, addiction and motivation, immune function,

thermoregulatory, cardiovascular and respiratory processes, and as this review

indicates, the regulation of energy balance through the modulation of food

intake. Given the complexity and breadth of both the endogenous opioid system

itself and the complex nature of energy regulation, this review is designed to

inform the reader of the systematic steps taken by the field as a whole to

understand their interaction. Thus, this review will focus on: (a) discovery and

characterization of the endogenous opioids and their receptors, (b) early evi-

dence involving the opioid system in ingestive behavior, (c) the role of opioids in

rewarding aspects of food intake, (d) the role of macronutrient choice in opioid-

induced feeding, (e) the specific roles of opiate receptor subtypes and specific

brain sites in regulating opioid-induced feeding, (f) molecular mechanisms

governing opioid-induced feeding, and (g) interactions of opioid-induced feeding

with dopamine and other orexigenic neuropeptides.

1. Discovery and characterization of the endogenous opioids

and their receptors

The existence of an endogenous receptor in animals that bound opiates

was reported in 1973 (Pert & Snyder, 1973; Simon et al., 1973; Terenius, 1973).
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Shortly thereafter, it became apparent that multiple subtypes (mu, delta and

kappa) of the receptor existed (Martin et al., 1976; Lord et al., 1977). Three cor-

responding classes of opioid peptides and their prohormone precursor genes

were then characterized: endorphins (proopiomelanocortin; POMC: Mains et al.,

1977; Roberts et al., 1979), enkephalins (pre-pro-enkephalin: Hughes et al., 1975;

Kimura et al., 1980), and dynorphins (pre-pro-dynorphin: Goldstein et al., 1981;

Kangawa et al., 1981). Although there were early attempts to describe three

parallel opioid receptor and peptide systems (mu opioid receptor with beta-

endorphin (BEND) and related peptides; delta opioid receptor with enkephalins

and related peptides; kappa opioid receptor with dynorphin (DYN) and related

peptides) (Akil et al., 1984), it quickly became apparent that there was consid-

erable cross-talk among these opioid peptide and receptor systems. Subse-

quently, in the early 1990s, the opioid receptors were cloned and sequenced:

mu (MOP), delta (DOP) and kappa (KOP) (Uhl et al., 1994; Kieffer, 1995), and

indeed functional genomics identified a novel ‘‘orphan’’ opioid receptor (NOP)

and its corresponding endogenous opioid peptide and prohormone, OFQ/N

(pre-pro-orphanin: Meunier et al., 1995; Reinscheid et al., 1995). Finally, a new

mu-selective opioid peptide group, the endomorphins were identified (Zadina

et al., 1997).

Classic opioid receptors were further subdivided based upon biochemical

and pharmacological evidence: mu (mu-1 and mu-2; Wolozin & Pasternak,

1981; Pasternak & Wood, 1986), delta (delta-1 and delta-2; Jiang et al., 1991;

Mattia et al., 1991) and kappa (kappa-1, kappa-2 and kappa-3; Nock et al., 1988;

Zukin et al., 1988; Clark et al., 1989) subtypes. Thus, in addition to more general

non-peptide opioid antagonists (e.g., naloxone, naltrexone) and mu (morphine)

and kappa (ketocyclazocine) agonists, receptor subtype characterization was

aided in large part by the development of selective mu agonists (e.g., D-Ala2,

M-Phe3, Gly-ol4-enkephalin (DAMGO)) and antagonists (e.g., beta-funaltrex-

amine (BFNA)), mu-1 antagonists (e.g., naloxonazine), delta-1 (e.g., D-Pen2,

D-Pen5-enkephalin (DPDPE)) and delta-2 (e.g., Deltorphin (DELT)) agonists, delta

antagonists (e.g., naltrindole), kappa-1 (e.g., U50488H) and kappa-3 (e.g., naloxone

benzoylhydrazone (NalBzOH) agonists and kappa antagonists (e.g., nor-

binaltorphamine (NBNI)).

2. Opioids and feeding behaviour: early studies

The initial observation by Holtzman (1974) that systemic adminis-

tration of the opioid antagonist, naloxone, significantly reduced food intake

elicited by food deprivation supported earlier observations that chronic

administration of morphine increased food intake after repeated injections
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(Martin et al., 1963; Kumar et al., 1971). A direct role for endogenous opioid

peptides was initially established by Grandison & Guidotti (1977) demon-

strating that BEND administration directly into the ventromedial hypothal-

amus (VMH) stimulated food intake, and supported by the observation that

BEND levels were associated with overeating in genetically obese ob/ob mice

and fa/fa rats (Margules et al., 1978). Early opiate agonist studies demonstrated

that systemic administration of morphine increased feeding under both non-

deprived and non-dependent conditions (Sanger & McCarthy, 1980; Sanger,

1981; Lowy & Yim, 1983) and also increased water intake (Cooper, 1981; Czech

et al., 1984). Ketocyclazocine and other kappa compounds increased food

intake following systemic administration (Walker et al., 1980; Morley & Levine,

1981, 1983; Sanger & McCarthy, 1981; Locke et al., 1982; Morley et al., 1982,

1985; Levine & Morley, 1983; Lowy & Yim, 1983; Cooper et al., 1985b, 1985d;

Jackson & Cooper, 1985, 1986; Gosnell et al., 1986a). Further, intraventricular

administration of enkephalin analogues increased feeding ( Jackson & Sewell,

1985a; Gosnell et al., 1986a; Gosnell & Majchrzak, 1989) and drinking (DeCaro

et al., 1979) in rats. Administration of mixed opioid agonists (e.g., methadone,

buprenorphine and butorphanol) also increased free feeding (Rudski et al.,

1992, 1995).

Early opiate antagonist studies with naloxone and naltrexone demonstrated

significant decreases in both food and water intake in deprived and non-

deprived rats andmice (Holtzman, 1975; Maickel et al., 1977; Brown & Holtzman,

1979; Frenk & Rogers, 1979; Cooper, 1980; Levine et al., 1990a). In contrast,

chronic systemic naltrexone treatment paradoxically increased body weight

and food intake in Syrian hamsters, whereas acute naltrexone reduced intake

in this species only in animals subjected to long durations of deprivation

( Jones & Corp, 2003). Chronic administration of naloxone decreased food and

water intake as well as weight in normal (Brands et al., 1979; Jalowiec et al.,

1981; Ostrowski et al., 1981; Shimomura et al., 1982; Marks-Kaufman et al.,

1984; Olson et al., 1985), hypothalamically lesioned obese (King et al., 1979) and

genetically obese (Recant et al., 1980; Thornhill et al., 1982; McLaughlin & Baile,

1983, 1984) mice and rats. The long-acting general opioid antagonists, beta-

chlornaltrexamine and LY255582, also decreased intake, weight and opioid-

induced feeding in normal (Gosnell et al., 1987; Levine et al., 1991b) and obese

(Shaw et al., 1990) rats. These inhibitory effects of general opioid antagonists

were most apparent in potently reducing intake of palatable solutions and diets,

including sucrose, saccharin and fats (e.g., Apfelbaum & Mandenoff, 1981;

Mandenoff et al., 1982; Lynch & Libby, 1983; Cooper et al., 1985a, 1985c). General

opioid antagonists also reduced all forms of fluid consumption in choice tests

between sodium chloride solutions and water in both water-deprived and
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hypophysectomized rats (Brown & Holtzman, 1980; Brown et al., 1980; Czech &

Stein, 1980; Siviy et al., 1981; Czech et al., 1983; Cooper & Gilbert, 1984; Ukai et al.,

1988) as well as water intake following angiotensin II and hypertonic saline

administration (Holtzman, 1975; Rowland, 1982).

Naloxone also reduced intake following glucodeprivation induced by

2-deoxy-D-glucose (2DG: Lowy et al., 1980) to a greater degree than insulin

(Levine &Morley, 1981; Ostrowski et al., 1981; Rowland & Bartness, 1982). Indeed,

diabetic rats displayed an enhanced inhibitory effect upon deprivation-induced

feeding by naloxone (Levine et al., 1982a, 1985). Naloxone also decreased stress-

induced feeding induced by tail-pinch (Lowy et al., 1980; Morley & Levine, 1980;

Bertiere et al., 1984) and following electrical stimulation of the lateral hypo-

thalamus (Carr & Simon, 1983; Jenck et al., 1986).

3. Opioids and reward-related feeding

A large body of data has accumulated suggesting that opioids are

involved in reward-related feeding behavior. For example, there seems to be a

special connection between opioid ligands, their receptors and sweet tastants.

Naloxone, an opioid antagonist, was shown to decrease the intake of sucrose

solutions much more effectively than water intake (Levine et al., 1982b). Also,

repeated injection of naltrexone decreases ingestion of laboratory chow plus a

32% sucrose solution more effectively than intake of chow alone (Marks-

Kaufman et al., 1984). Mice that are deficient in opioid receptors prefer sac-

charin less than do control mice (Yirmiya et al., 1988). Opioid blockade also

inhibits the preference for an orange odor paired with intraoral sucrose infu-

sion in 6-day-old rats (Shide & Blass, 1991). Levine and colleagues have reported

that peripheral naloxone decreases intake of sweet diets more effectively than

non-sweet diets (Levine et al., 1995). Zhang and Kelly found that the mu opioid

DAMGO increased saccharin intake when injected into the nucleus accumbens

(Zhang & Kelly, 2002). A variety of studies have attempted to find which opioid

receptors are involved in intake of sweet diets. While central injection of mu

and kappa opioid antagonists decrease intake of sweet diets, delta-1 opioid

antagonists do not (Beczkowska et al., 1992). Similarly, sham-fed sucrose also is

blocked by mu and kappa antagonists, but not by mu-1 or delta antagonists,

suggesting a strong orosensory component (Leventhal et al., 1995). Yet, delta

antagonists decrease saccharin intake, whereas mu and kappa antagonists do

not (Beczkowska et al., 1993). Thus, opioid receptor subtypes may differentially

affect intake of sweet tastants.

The rewarding properties of sucrose solutions, as reflected by facial expres-

sions of rats in the taste reactivity test, are decreased by injection of naltrexone
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(Parker et al., 1992). Humans also report decreased pleasure from sweet solutions

following opioid receptor blockade (Fantino et al., 1986; Bertino et al., 1991;

Arbisi et al., 1999). One reason for a decrease in the hedonic property of sucrose

following opioid receptor blockade might be due to a change in the ability to

discriminate or detect sweet taste. O’Hare et al. found that the opioid antagonist

naloxone did not alter sucrose discrimination in rats trained to discriminate a

5% or 10% sucrose solution from water using an operant procedure (O’Hare et al.,

1997). Arbisi and co-workers found that oral naltrexone failed to affect sucrose

taste discrimination in humans when compared with oral placebo (Arbisi et al.,

1999). Therefore, it is unlikely that opioids change pleasure derived from sweets

by altering taste.

Several investigators have examined whether opioid receptor blockade

alters the expression or development of preferences for sweet tastants. In one

of these studies, Levine and co-workers gave rats a choice between a diet high

in sucrose and high in starch for 10 days (Levine et al., 2002). As expected, they

found that rats preferred the sucrose-rich diet. After this period, the rats were

given the starch diet alone for 10 days. At the end of this phase the rats were

implanted with a naltrexone- or saline-filled miniosmotic pump (70 lg/h,

1.7mg/day) for 10 days and once again given the high sucrose and high starch

diet. Those rats that were implanted with the pump containing naltrexone

ingested about 33% of their energy from the sucrose diet, whereas the rats

implanted with the saline-filled pump ate about 77% of their energy from the

sucrose diet. Lynch (1986) reported that injection of naloxone suppressed the

increase in the development of a preference for a saccharin solution. Mehiel

(1996) found that a conditioned preference for sugar was attenuated by opioid

receptor blockade. Ramirez (1997) noted that naloxone decreased flavor

acceptance conditioned with intragastric maltodextrin infusion.

In contrast to the above studies, Bodnar and Sclafani’s laboratories did not

find that opioids are involved in the development of a sweet taste preference.

These investigators studied whether naltrexone might alter either acquisition

and/or expression of a conditioned flavor preference in sham-fed rats given a

flavor paired with sucrose or saccharin solutions. Naltrexone decreased intake

of the flavor paired with the preferred sucrose solution, but did not affect

acquisition or expression of the preference (Yu et al., 1999); an identical pattern

of effects was found using fructose as the conditioned stimulus in real-feeding

rats (Baker et al., 2004). While naltrexone decreased intake, it also did not affect

acquisition or expression of a preference associated with an intragastric

infusion of a 16% sucrose solution (Azzara et al., 2000). Yet Bodnar and Sclafani

also reported that naltrexone inhibited expression, but not acquisition of a

place preference associated with sucrose (Delamater et al., 2000). Given that all
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of these studies are dependent on conditioning and/or learning, and since

opioids affect learning (Canli et al., 1990), it seems feasible that conditioned-

taste preferences might respond differently to opioid receptor blockade than

unconditioned ingestion of food or fluids.

Levine and colleagues have suggested that a ‘‘hedonic deprivation state’’

might involve endogenous opioids (Levine & Billington, 2004; Lowe & Levine,

2005). When rats were fed an isocaloric amount of a high corn starch diet and a

high fat/sucrose diet, gene expression of endogenous opioids resembled that

seen after energy deprivation (Welch et al., 1996). Others have also reported

that restriction of a preferred diet results in altered opioid gene expression

similar to that seen with food deprivation or restriction (Levin & Dunn-

Meynell, 2002; Kelley et al., 2003). Thus, restraining the intake of a palatable

diet results in a ‘‘neural opioid state,’’ that resembles energy restriction, even

though energy was not restricted. Colantuoni and co-workers reported that

when a high dose of naloxone was administered to rats chronically ingesting a

glucose solution, the rats displayed some behaviors similar to those observed

after opiate withdrawal (Colantuoni et al., 2002). These authors also found

increased mu opioid receptor binding in a variety of brain regions in rats

chronically exposed to a glucose solution (Colantuoni et al., 2001).

4. Effects of opioids on macronutrient intake

As discussed above, many investigations have led to the suggestion

that opioids are important regulators of hedonic-related eating. Other studies

have shown involvement of opioids in macronutrient intake and feeding

associated with energy needs. Using techniques originally developed by Richter,

some studies indicate that opioid agonists increase and antagonists decrease

intake of high-fat diets more than intake of high-carbohydrate diets. Kelley’s

laboratory reported that injection of DAMGO, a mu opioid agonist, into the

nucleus accumbens (NAC) resulted in a fourfold increase in the amount of a fat

diet ingested, while only increasing intake of the carbohydrate intake by 75%

(Zhang et al., 1998). When animals were given both diets concurrently, injec-

tion of DAMGO into the NAC increased intake of the high-fat diet compared

with saline controls. Gosnell and co-workers first suggested that a rat’s pref-

erence for a high-fat diet might affect whether opioids preferentially increase

fat intake (Gosnell et al., 1990a). These investigators divided rats into carbo-

hydrate or fat preferrers according to their baseline preference for such diets

when presented at the same time. Morphine increased intake of the high-

fat diet to a greater degree in rats that preferred the high-fat to the high-

carbohydrate diet. Morphine increased intake of the high-carbohydrate diet to
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a greater extent in those rats that preferred the high-carbohydrate diet to the

high-fat diet. Others have noted that opioid receptor blockade inhibits intake

of preferred diets much more effectively than non-preferred diets. For

example, peripheral injection of naloxone at a low 0.01mg/kg dose decreased

intake of a preferred diet, whereas a higher 3mg/kg dose did not change intake

of a non-preferred diet (Glass et al., 1996). Welch and co-workers also found

that diet preferences affect morphine-induced intake of high-carbohydrate and

high-fat diets (Welch et al., 1994). However, these investigators reported that

morphine still increased high fat intake to a greater degree than high carbo-

hydrate intake, even when baseline preferences were considered. Glass and

co-workers reported that the site of injection can influence the efficacy of

naltrexone on preferred and non-preferred diets (Glass et al., 2000). Naltrexone

decreased preferred diet intake more effectively than non-preferred diet intake

after injection in the central nucleus of the amygdala, but decreased intake

independent of preference when injected into the paraventricular nucleus of

the hypothalamus (PVN).

5. Effect of opioid receptor subtypes and injection sites

in food intake

5.1 Receptor subtype agonists and ventricular studies

Utilization of opioid subreceptor ligands revealed a very complex

system involved in opioid-related feeding. Mu or kappa antagonists inhibit

feeding elicited by multiple opioid receptor agonists. For example, BFNA, the

mu antagonist (Levine et al., 1991a) and NBNI, the kappa antagonist (Levine

et al., 1990b) each reduced feeding elicited by mu, delta and kappa agonists.

Morphine-induced feeding is also blocked by the selective mu-1 antagonist,

naloxonazine (Mann et al., 1988a). Likewise, intake induced by the endogenous

opioid, BEND was significantly reduced by general, mu and kappa, but min-

imally affected by delta antagonism (Silva et al., 2001). The mu antagonist-

induced inhibition of BEND-induced feeding was more potent than delta and

kappa opioid antagonists. Delta-selective antagonism decreased feeding under

spontaneous and delta agonist-induced feeding ( Jackson & Sewell, 1985a,

1985b). Yet, delta-1 (DPDPE) and delta-2 (DELT) agonist-induced feeding was

differentially blocked by general, delta-1 and delta-2 antagonist pretreatment

(Yu et al., 1997). Further, significant increases in water intake could be induced

by either delta-1 (DPDPE) or delta-2 (DELT) agonists, but sub-threshold doses of

either agonist failed to alter the ED-50 of drinking induced by ANG II (Yu &

Bodnar, 1997). In contrast, DYN-induced feeding was potently reduced by

kappa antagonism, and reduced only by high doses of general and mu, but not
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delta opioid antagonists (Silva et al., 2002a). The kappa agonist, butorphanol

induced feeding that was reduced by kappa and mu but not delta antagonists

(Levine et al., 1994) and became more sensitive after food restriction (Hagan &

Moss, 1991). Kappa agonists stimulated both fat (Drenowski et al., 1992) and

sucrose (Lynch & Burns, 1990) intake, yet produced a conditioned place aver-

sion for sucrose (Tang & Collins, 1985). Kappa-1 agonist-induced stimulation of

sucrose intake was blocked by insulin and/or kappa antagonism (Sipols et al.,

2002). Kappa-3 (NalBzOH) agonist-induced feeding was blocked by general, but

not kappa-1 antagonism (Koch et al., 1992). Kappa-1 (U50488H) and kappa-3

(NalBzOH), but not delta-1 (DPDPE) agonists mildly enhanced glucoprivic

intake (Yu et al., 1997), whereas all three major agonist classes stimulated

intakes of sucrose (Ruegg et al., 1997) and hypotonic saline (Gosnell &

Majchrzak, 1990; Gosnell et al., 1990b). Finally, OFQ/N and some of its synthetic

pseudopeptides stimulated food intake in a naloxone-reversible manner, and

altered c-fos immunoreactivity in the NTS, PVN, supraoptic nuclei, central

nucleus of the amygdala, lateral septum and lateral habenula nucleus (Pomonis

et al., 1996; Stratford et al., 1997; Olszewski et al., 2000; Rizzi et al., 2002).

Selective opioid antagonists differentially modulate normal food intake and

body weight following such regulatory challenges as deprivation, glucopriva-

tion and lipoprivation. Whereas the mu-selective opioid antagonist BFNA sig-

nificantly reduced food and water intake under spontaneous (Millan & Morris,

1988; Ukai & Holtzman, 1988a) and deprived (Arjune et al., 1990; Levine et al.,

1991a) conditions, the mu-1 opioid antagonist, naloxonazine significantly

decreased deprivation-induced intake (Simone et al., 1985) and intake and

weight in both adult and adolescent animals (Mann et al., 1988b). Kappa, but

not delta-1 opioid antagonism also decreased deprivation-induced intake

(Arjune & Bodnar, 1990; Levine et al., 1990b; Arjune et al., 1991; Jewett et al.,

2001). Chronic mu, mu-1, delta-1 and delta-2, but not kappa opioid antagonist

treatment decreased weight and intake of a fat source during development of

dietary obesity (Cole et al., 1995). However, rats placed on high-carbohydrate or

high-fat diets displayed greater weight gain on the latter diet which was

affected to a greater extent by chronic mu, delta-2 or kappa-1 antagonist

treatment (Cole et al., 1999). Moreover, weight loss and intake reductions were

noted in both lean heterozygote and obese homozygote Zucker rats following

chronic mu, mu-1, delta-1, delta-2 or kappa-1 opioid antagonism (Cole et al.,

1997). Mu and kappa, but not mu-1, delta or delta-1 antagonists reduced glu-

coprivic feeding (Arjune & Bodnar, 1990; Arjune et al., 1990, 1991; Beczkowska

& Bodnar, 1991), whereas all three major antagonist classes reduced lipoprivic

feeding (Stein et al., 2000). Other induced forms of feeding were modulated by

selective antagonists as well. Thus, feeding elicited by electrical stimulation of
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the LH was blocked by mu and kappa antagonists as well as by dynorphin

antibodies (Schulz et al., 1984; Carr et al., 1987, 1989, 1993; Carr, 1990; Carr &

Bak, 1990; Papadouka & Carr, 1994), an effect also shifted by food restriction

(Abrahamsen et al., 1995). In contrast, only mu and mu-1 antagonists reduced

feeding elicited by tail-pinch stress (Hawkins et al., 1992; Koch & Bodnar, 1993).

Mu opioid antagonism potently reduces water consumption induced by

water deprivation, angiotensin II and isoproterenol (Beczkowska et al., 1992;

Glass et al., 1994; Ruegg et al., 1994). However, mu, mu-1, delta-1 and delta-2,

but not kappa-1 antagonism decreased water deprivation-induced water intake

in sham-drinking rats, indicating an orosensory component (Leventhal &

Bodnar, 1996). Whereas mu receptor antagonism decreased intake of dilute

sodium chloride solutions (Gosnell & Majchrzak, 1990), none of the selective

opioid antagonists altered hypotonic or hypertonic saline intake in water-

deprived rats (Bodnar et al., 1995a).

5.2 Site-specific effects of opioid agonists upon feeding

Opioid agonists have been shown to increase food intake after injec-

tion into many brain sites. Understanding how opioid circuitry is integrated

across a distributed network depends upon an inventory of such sites. Thus,

increased food intake occurs following direct injection of mu agonists into the

VMH and paraventricular (PVN) hypothalamic nuclei, amygdala, ventral teg-

mental area (VTA), NAC, parabrachial nucleus and nucleus tractus solitarius

(NTS) (Bozarth & Wise, 1981; Tepperman et al., 1981; Leibowitz & Hor, 1982;

McLean & Hoebel, 1982; Tepperman & Hirst, 1983; Woods & Leibowitz, 1985;

Majeed et al., 1986; Mucha & Iversen, 1986; Jenck et al., 1987; Gosnell, 1988;

Stanley et al., 1989; Evans & Vaccarino, 1990; Bakshi & Kelley, 1993a, 1993b; Noel

& Wise, 1993, 1995; Devine & Wise, 1994; Badiani et al., 1995; Kotz et al., 1997;

Wilson et al., 2003), and an identical pattern of intracerebral effects occurs fol-

lowing enkephalin or delta agonist administration (Tepperman & Hirst, 1983;

Cador et al., 1986; Gosnell et al., 1986b; Majeed et al., 1986; Jenck et al., 1987;

Stanley et al., 1989; Devine & Wise, 1994; Noel & Wise, 1995; Kotz et al., 1997).

Dynorphin, but not other kappa agonists, stimulates feeding following admin-

istration into the VMH, PVN, VTA and NAC, but not the amygdala (Gosnell et al.,

1986b; Majeed et al., 1986; Gosnell, 1988; Hamilton & Bozarth, 1988; Nencini &

Stewart, 1990; Noel & Wise, 1993). OFQ/N administered into the PVN or NAC

stimulated food intake in a naloxone-reversible manner (Pomonis et al., 1996;

Stratford et al., 1997; Polidori et al., 2000). The opioid eating site within the NAC

was shown to be in the medial caudal subregion of the NAC shell and the rostral

ventral pallidum using c-fos immunohistochemistry (Pecina & Berridge, 2000).
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A mapping study indicated that the ventral striatum (ventrolateral striatum,

lateral and core) was more capable than the dorsal striatum to support DAMGO-

induced feeding, and that such intake induced c-fos in the hypothalamus, VTA, SN

and NTS (Zhang & Kelley, 2000). Further, PVN infusions of mu, but not delta or

kappa agonists increased water intake in non-deprived rats (Summy-Long et al.,

1981; Spencer et al., 1986; Ukai & Holtzman, 1988b).

5.3 Site-specific effects of opioid antagonists upon feeding

Like opioid agonists, opioid antagonists have been shown to affect

feeding in a variety of brain regions. Feeding elicited by either mu or delta-1

opioid agonists in the NAC was significantly reduced by NAC pretreatment with

mu, delta-1, delta-2 and kappa-1, but not mu-1 opioid antagonists (Ragnauth

et al., 2000).

Correspondingly, mu agonist-induced feeding elicited from the VTA was

significantly reduced by VTA same site pretreatment with general, mu and

kappa-1, but not delta antagonists (Lamonte et al., 2002). Regional opioid–opioid

interactions have also been observed in feeding behavior. Interactions between

the PVN and the central nucleus of the amygdala revealed a unidirectional effect

such that DAMGO-induced feeding elicited from the central nucleus of the

amygdala was blocked by naltrexone pretreatment in the PVN, but DAMGO-

induced feeding elicited from the PVN failed to be blocked by naltrexone pre-

treatment in the central nucleus of the amygdala (Giraudo et al., 1998a). A

bidirectional opioid–opioid signaling pathway between the NTS and the central

nucleus of the amygdala was observed such that DAMGO-induced feeding

elicited from the central nucleus of the amygdala was blocked by naltrexone

pretreatment in the NTS, and DAMGO-induced feeding elicited from the NTS

was blocked by naltrexone pretreatment in the central nucleus of the amygdala

(Giraudo et al., 1998b). Another bidirectional opioid–opioid signaling pathway

between the PVN and the VTA has been demonstrated using the same agonist–

antagonist approach between the two sites for the general opioid antagonist,

naltrexone (Quinn et al., 2003). A final bidirectional opioid agonist–antagonist

interaction occurs between the NAC and VTA in that feeding elicited by DAMGO

in the NAC or VTA is blocked by naltrexone pretreatment in the alternate site

(MacDonald et al., 2003) as well as by mu and kappa, but not delta opioid

antagonists in the alternate site (Bodnar et al., 2005). These data argue conclu-

sively that regional pathways interact to elicit coordinated feeding responses,

and that opioid peptides and receptors are critical conduits in this process.

Selective antagonists administered into specific sites also affect intake driven

by exposure to homeostatic challenges and hedonic stimuli. Thus, mu and kappa,
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but not delta opioid antagonists administered directly into the PVN strongly

reduce deprivation-induced feeding, and to a lesser degree glucoprivic and

palatable intake (Koch et al., 1995). Selective mu and kappa, but not mu-1 opioid

antagonists administered directly into the NAC shell, but not the VTA signifi-

cantly also decreased feeding elicited by either food deprivation or 2DG gluco-

privation, and to a lesser degree palatable intake,whereasVTAdelta-2 antagonists

selectively decreased all three forms of intake (Bodnar et al., 1995b; Kelley et al.,

1996; Ragnauth et al., 1997). Kappa opioid antagonists in the PBN significantly

reduced feeding, but not the reinforcing effects elicited by electrical stimulation

of the LH (Carr et al., 1991, 1993).

6. Opioids and feeding: molecular models

6.1 Ingestive behaviors affect opioid peptide and receptor genes

Chronic food restriction respectively increases (midbrain) and

decreases (amygdala, PBN, habenula) mu opioid binding, and respectively

increases (BNST, ventral pallidum, medial preoptic area, PBN) and decreases

(habenula) kappa opioid binding (Tsujii et al., 1986a; Wolinsky et al., 1994,

1996b). Chronic food restriction increases DYN fragments in the dorsomedial

hypothalamus, VMH, PVN, NAC, BNST, cortex, striatum, midbrain and LH,

while dynorphin and beta-endorphin are respectively decreased in the central

amygdala and hypothalamus (Tsujii et al., 1986b; Berman et al., 1994, 1997; Kim

et al., 1996). Indeed, the BNST, central nucleus of the amygdala and NAC dis-

play increased c-fos immunoreactivity following naltrexone administration in

food-restricted rats, suggesting opioid-mediated inhibitory control (Carr et al.,

1998) with similar actions observed for kappa and mu-selective antagonism

(Carr et al., 1999). Combinations of food restriction and exercise increase

supraoptic hypothalamic DYN as well as arcuate hypothalamic BEND (Aravich

et al., 1993). Food deprivation lowers mRNA levels for the NOP receptor in the

PVN, LH and amygdala, and pro-OFQ/N mRNA levels in the latter structure

(Rodi et al., 2002). Streptozotocin-induced diabetes respectively increased and

decreased DYN and BEND fragments in hypothalamic nuclei (Locatelli et al.,

1986; Berman et al., 1995, 1997; Kim et al., 1999), whereas combined diabetes

and food restriction respectively increased and decreased kappa (medial pre-

optic area) and mu (habenula) binding (Wolinsky et al., 1996a). Exposure to

palatable sweet solutions increases hypothalamic DYN (Welch et al., 1996), and

enhances naloxone-induced increases in c-fos activity in the amygdala

(Pomonis et al., 2000). Exposure to a high-fat diet increased hypothalamic mu

opioid receptors (Barnes et al., 2003), but reduced striatal enkephalin gene

expression (Kelley et al., 2003).
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6.2 Knockout and antisense approaches alter opioid-mediated ingestion

Two principal methods, the knockout and knockdown approaches, have

been used to investigate the functional significance of opioid receptor genes in

vivo. The knockout technique involves gene deletion, although pleiotropic

effects, caused by potential compensatory expression of genes other than the

knockout gene, are a possible confounding variable in functional assessment

(Wahlestedt, 1994). Whereas operant food, but not ethanol responding was

reduced in mice with met-enkephalin or BEND knockouts, the latter group was

hyperphagic and obese, but showed normal stimulatory actions to opioid agon-

ists, and normal inhibitory actions to opioid antagonists (Haywood et al., 2002,

2004; Appleyard et al., 2003; Low et al., 2003). In contrast, mice lacking the pre-

proenkephalin gene displayed deficits in emotional responses, but no changes in

sensitivity to sucrose (Ragnauth et al., 2001), but enkephalin-knockoutmice failed

to show naloxone-induced spontaneous and food-conditioned hypoactivity

(Haywood & Low, 2005).

The knockdown technique involves the temporary elimination of the

expression of a gene by administration of antisense oligodeoxynucleotides

(AS ODN) (Pasternak & Standifer, 1995). The technique involves the use of short

(18–25 bases) stretches of synthetic nucleic acids that are complementary to

regions of cellular mRNA from a specific gene, and theoretically hybridize with

complementary targeted mRNA to reduce targeted protein synthesis through

translational blockade, splicing arrest, and/or RNase-H degradation of mRNA

(Myers & Dean, 2000). AS ODN probes both selectively downregulate relevant

mRNA and alter the related behavior in combined in vivo and in vitro studies

(Standifer et al., 1994, 1995). Selectivity of the AS technique is controlled by

employing a missense (MS) ODN probe, differing from the desired AS ODN probe

by the sequence reversal of two or more pairs of bases, and then demonstrating

inactivity (Myers & Dean, 2000). This technique provides complimentary and

converging evidence for the actions of opioid receptor subtype antagonists in

identifying the role of specific opioid receptors in different forms of feeding, and

has the two powerful advantages of selectivity and specificity over traditional

antagonists. Whereas the mu (MOP) gene has four exons, the kappa (KOP), delta

(DOP) and orphan (NOP) gene has three exons, and splice variants for these

genes have been identified (Pan et al., 1999, 2001). Thus, AS ODN probes, but not

antagonists can specify which segment of the relevant gene is essential for the

full expression of the functional ingestive behavior, and thereby provide more

precise information about its molecular substrate.

This specificity is demonstrated by dissecting feeding responses induced by

DAMGO, morphine and its active metabolite, morphine-6-glucuronide (M6G)
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which is both sensitive to mu and mu-1, but not delta or kappa-1 antagonists

(Mann et al., 1988a; Leventhal et al., 1998b). AS ODN, but not MS ODN probes

targeted against coding exon 1 and 4, but not coding exon 2 and 3 of the MOP

gene significantly reduced feeding induced by DAMGO and morphine, whereas

M6G-induced feeding was blocked by AS ODN probes targeted against either

coding exons 2 and 3, but not coding exons 1 or 4 of the MOP gene (Leventhal

et al., 1997, 1998b), paralleling AS ODN effects in analgesic assays (Rossi et al.,

1995, 1997). Correspondingly AS ODN probes directed respectively against the

DOP, KOP and NOP genes reduced feeding elicited by the delta-2 opioid agonist,

DELT, the kappa-1 opioid agonist, U50488H and OFQ/N (Leventhal et al., 1998a,

1998b). BEND-induced feeding, primarily reduced by mu opioid antagonists,

was especially sensitive to AS ODN, but not MS ODN probes directed against

either coding exons 1, 3, or 4, but not exon 2 of the MOP opioid receptor gene,

but not sensitive to AS ODN probes directed against coding exons 1, 2 or 3 of

either the KOP, NOP or DOP opioid receptor genes (Silva et al., 2001), thereby

displaying some similar molecular binding profiles with morphine and

DAMGO (sensitivity to exon 1 AS probes) and M6G (sensitivity to exon 2 and 3

AS probes). Thus, BEND-induced feeding is mediated by different isoforms of

the MOP gene. DYN-induced feeding, primarily reduced by kappa-1 antagon-

ists, was especially sensitive to AS ODN, but not MS ODN probes directed

against coding exons 1 and 2, but not 3 of the KOP and NOP opioid receptor

genes, but relatively insensitive to AS ODN probes directed against the MOP or

DOP opioid receptor genes (Silva et al., 2002a). Thus, the kappa opioid receptor

appears to mediate DYN-induced feeding.

The sensitivity, selectivity and reliability of AS ODN probes to delineate

opioid agonist-induced feeding allowed their use in examining opioid modu-

lation of other physiological and pharmacological ingestive situations. Body

weight and spontaneous food intake are reduced by AS, but not MS ODN

probes targeting coding exons 1, 2, 3 and 4 of the MOP gene suggesting that the

receptor responsible for these basal actions is completely encoded by this gene

(Leventhal et al., 1996). Glucoprivic feeding, sensitive to mu and kappa, but not

delta opioid receptor subtype antagonists, is similarly significantly reduced by

AS probes directed against coding exons 1 and 2 of the MOP gene and coding

exon 2 of the KOP gene, but not by AS probes directed against the DOP gene

(Burdick et al., 1998). Lipoprivic feeding, sensitive to mu, kappa and delta

opioid receptor subtype antagonists, is similarly significantly reduced by AS

probes directed against coding exons 1, 2 and 3 of the MOP gene, coding exon 3

of the KOP gene, coding exons 1 and 2 of the NOP gene, and coding exon 1 of

the DOP gene (Stein et al., 2000). The ability of mu and mu-1 antagonists (50–

70%) to more potently reduce deprivation-induced food intake relative to
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kappa (30%) and delta (minimal) antagonists suggests a role for this receptor in

this homeostatic challenge (Simone et al., 1985; Arjune & Bodnar, 1990; Arjune

et al., 1990, 1991; Levine et al., 1990b, 1991a). A different pattern emerged in

the use of opioid AS ODN probes such that AS ODN probes directed against

exon 2 of the KOP gene produced pronounced effects, whereas AS ODN probes

directed against exons 2, 3 or 4 of the MOP gene, exon 1 of the DOP gene,

and exon 1 of the NOP gene produced significant though modest effects

(Hadjimarkou et al., 2003). Thus, whereas antisense and antagonist effects upon

deprivation-induced intake were consistent, the pattern of effects suggests

that the classic mu opioid receptor MOP gene is not fully responsible for

mu-mediated effects, and rather might be mediated by recently identified

isoforms of the MOR-1 gene (Pan et al., 1999, 2001). To examine this, the opioid

antagonist mediation of deprivation-induced feeding was compared in the rat

and the mouse with the former showing the expected mu and kappa medi-

ation, and the latter showing mu, delta and kappa mediation. AS ODN probes

directed against exons of the KOP, NOP and DOP genes in the mouse produced

significant reductions, whereas AS ODN probes directed against coding exons

2, 4, 7, 8 or 13 of the MOP gene and its isoforms continued to produce modest

reductions. Therefore, the molecular target of mu antagonist-mediated effects

upon deprivation-induced intake has not been identified (Hadjimarkou et al.,

2004).

Given that opioid receptors mediate their effects through putative acti-

vation of G-proteins to which they are coupled and modulate the inhibition of

cAMP (Reicine & Bell, 1993; Roerig, 1998), one can use the AS ODN technology

to examine this inter-relationship. Thus, in complete agreement with opiate

analgesic studies (Rossi et al., 1995; Standifer et al., 1996), morphine-induced

feeding was significantly reduced by an AS probe directed against Gi alpha2 and

increased by an AS probe directed against Gs alpha. In contrast, M6G-induced

feeding was significantly reduced by AS probes directed against either Gi

alpha1, Gi alpha3 or Gx/z alpha (Silva et al., 2000). Further, feeding induced by

both BEND and DYN were significantly reduced by an AS probe directed

against Gi alpha1, indicating some similarity with that of M6G-induced feeding.

However, an AS probe directed against Go alpha also reduced DYN-induced

feeding, whereas AS probes directed against Gi alpha2 and Gi alpha3 signifi-

cantly increased BEND-induced feeding, implicating these biochemical cas-

cades in these opioid-mediated ingestive responses (Silva et al., 2002b). As with

opioid AS ODN probes, AS ODN probes directed against G-protein sub-units

also modulate homeostatic ingestive responses. Thus, AS probes directed

against Go alpha and GoA alpha significantly reduced meals at the beginning of

the dark cycle (e.g., nocturnal feeding) when rats typically ingest most of their
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daily food ration (Plata-Salaman et al., 1995). In examining deprivation-induced

intake, AS probes directed against Gs alpha and Gq alpha produced the greatest

reductions, and AS probes directed against Gx/z alpha, Gi alpha2, and Gi alpha3
produced more modest effects (Hadjimarkou et al., 2002).

Given the fact that many of the ‘‘selective’’ opioid agonists and antagonists

often display mixed affinities across multiple receptor subtypes together with

the emergence of potential isoforms of identified opioid receptor genes, these

knockout and knockdown approaches will provide far greater specificity in

defining the relative roles of these multiple molecular targets in terms of

functional significance in feeding.

7. Opioid-feeding interactions with dopamine

and neuropeptides

Dopamine and opioids are both known to be involved in feeding and

other rewarding behaviors. Feeding induced by intra-NAC injection of DAMGO

is decreased by injection of a dopamine D1 antagonist into the NAC, but not by

injection of a D2 antagonist. Neither blockade of the D1 or D2 receptors in the

NAC affected delta-2 opioid-induced feeding. Food intake induced by DAMGO

injected unilaterally into the VTA was dose-dependently decreased by bilateral

injection of naltrexone or the D1 antagonist SCH 23390 into the NAC shell

(MacDonald et al., 2004). When DAMGO was injected into the NAC shell, the

resulting food intake was decreased by doses of SCH 23390 ranging from 0.05

to 100 nmol/side injected bilaterally into the VTA, but not by equimolar doses

of raclopride, a D2 antagonist.

Opioid antagonists have been shown to decrease intake stimulated by

orexin, galanin, agouti-related peptide (AGRP) and neuropeptide Y (NPY).

Administration of naltrexone into the nucleus of the solitary tract (NTS)

decreases intake due to intra-PVN injection of NPY (Kotz et al., 1995). However,

there is no significant decrease in feeding when naltrexone and NPY are

injected into the PVN. NPY-induced feeding is decreased by ventricular

administration of mu and kappa opioid antagonists, but not by delta receptor

blockade (Kotz et al., 1993), and a similar pattern of effects is observed for AS

ODN probes directed against MOP, DOP and KOP (Israel et al., 2005). Galanin

induced feeding was decreased by mu, but not kappa opioid antagonists

(Barton et al., 1996). Orexin-induced feeding elicited from the LH was blocked

by systemic and ventricular naltrexone treatment as well as naltrexone

administered into the NAC, but not the LH (Sweet et al., 2004). Concurrent

blockade of mu and kappa opioid receptors reduced AGRP-induced feeding

(Brugman et al., 2002). SHU-9119, like AGRP, is a melanocortin receptor
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antagonist that increases feeding and this response is eliminated by mu opioid

receptor blockade. In turn, the melanotropin receptor agonist, MTII blocks

feeding induced by BEND, indicating an inter-relationship between these two

POMC-derived systems (Grossman et al., 2003). Established inter-relationships

between the endogenous opioid system and GABA have been established in the

NAC and VTA and are reviewed elsewhere (Bodnar, 2004).

Opioids also appear to be important to meal maintenance by lengthening

the meal. Smith has emphasized that meal size is a major determinant of

energy intake (Smith, 1996). Naloxone does not reduce initiation of food

intake, but seems to hasten the development of satiety (Kirkham & Blundell,

1984). Naltrexone does not affect latency or goal box running speed in animals

running a straight alley maze for food; however, it does decrease food intake in

the goal box after contact with the food (Kirkham & Blundell, 1986). Rudski

found that naloxone did not affect pressing a lever 80 times to acquire the first

pellet of food, but did decrease food intake during the maintenance phase,

during which time rats pressed a lever three times to obtain food (Rudski et al.,

1994). In addition, naloxone has no effect on sham-fed animals early in the

session, but only after eating a sizeable amount of food (Kirkham & Cooper,

1988a, 1988b; Leventhal & Bodnar, 1996).

8. Conclusions

A host of neuroregulators are distributed across a brain network that is

involved in ingestive behavior. The manner in which peptides, catechol-

amines, amino acids, and endocannabinoids regulate feeding is far from

understood. The opioids represent one class of peptides that have effects on

energy-related feeding as well as feeding induced by reward. This family of

peptides might serve as an important target in treatment of disorders of eating

behavior including anorexia, bulimia, binge eating disorder and obesity.

Modern molecular and behavioral techniques will assist in understanding the

manner in which opioids interact with other neuroregulators to control food

intake.
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Ghrelin: an orexigenic signal
from the stomach

tamas horvath

1. Introduction

The discovery of ghrelin, a 28 amino-acid peptide hormone, has gen-

erated a substantial amount of attention for a number of reasons. Initially,

ghrelin was heralded as the long sought endogenous ligand for the orphan

growth hormone secretagogue receptors (GHS-Rs). Indeed, like growth hor-

mone secretagogues (GHS), ghrelin targeted these receptors to potently

increase the release of growth hormone (GH) both in vitro and in vivo. Soon,

however, it became evident that ghrelin was implicated in a variety of

physiological processes that include cell proliferation, metabolism, cell pro-

tection, reproduction, etc. Of these, the effects of ghrelin on food intake and

metabolism have had the biggest impact; unlike other peripheral signals

associated with energy balance, ghrelin increases appetite and leads to the

accumulation of body fat. Indeed, the stimulatory effects of ghrelin on food

intake and its apparent opposite relation to the anorectic hormone, leptin,

have been proposed as the ying/yang model for hormonal regulation of energy

balance. Nevertheless, the more is known about ghrelin, the more it becomes

obvious that ghrelin produces its metabolic effects via a multitude of central

and peripheral mechanisms that work in parallel to modulate the effects of

ghrelin in energy regulation. This chapter will review the literature regarding

the effects of ghrelin on energy balance. Energy balance implies the regulation

of both food intake and energy expenditure, therefore we will discuss both
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topics in relation to ghrelin. A description of the possible central routes of

ghrelin actions on energy balance within the brain will follow. Finally, we will

present additional data suggesting that ghrelin targets various brain circuits

besides those in the mediobasal hypothalamus involved in energy homeo-

stasis. The effects of ghrelin on other physiological processes can be found in

several excellent recent reviews (van der Lely et al., 2004; Kojima & Kangawa,

2005; Smith et al., 2005).

2. Ghrelin: the endogenous GHS

Much of thework that culminated in the unveiling of the ghrelin protein

began with descriptions of peptides that were cleaved from metenkephalin, and

that increased the secretion of growth hormone but were devoid of opioidergic

effects (Bowers et al., 1984a, 1984b). Because of this, these compounds were

named growth hormone secretagogues (GHS). For years, efforts were focused on

designing more effective GHS leading to the production of peptide and non-

peptide compounds including growth hormone releasing peptide-6 (GHRP-6),

GHRP-2, hexarelin, L-692,429, and MK-0677 to name a few (Bowers, 1993; Smith

et al., 1999; Smith, 2005).

The latter compound was used by Howard et al. in studies leading to the

cloning and characterization of the G-coupled protein receptor named the

growth hormone secretagogue receptor (GHS-R) (McKee et al., 1997; Davenport

et al., 2005). To date, two subtypes of this receptor have been identified: GHS-R

1a and GHS-R 1b. Most of the current work on the biology of these receptors

has focused on GHS-R 1a because GHS-R 1b is devoid of any known ligand-

specific responses (McKee et al., 1997). Interestingly, GHS-R 1a and 1b local-

ization is ubiquitous, but high concentrations of these receptors are found in

the pituitary and hypothalamus (McKee et al., 1997; Davenport et al., 2005). The

presence of a receptor that bound GHS suggested that organisms produced an

endogenous substance with biological properties similar to those of these

compounds.

The identification of the GHS-R was soon followed by the first description of

ghrelin by Kojima et al. (1999). In their studies they identified a protein product

of oxyntic cells in the stomach that bound to GHS-R, and increased the secretion

of growth hormone in a manner that suggested it was the endogenous GHS. The

structure of the 28 amino-acid ghrelin protein was peculiar in that its biological

activity depended upon the acylation of the hydroxyl group of the serine-3

residue by n-octanoic acid. Several splice variants of ghrelin have been identi-

fied, some of which produce similar effects to those of ghrelin (i.e. Des-Gln14-

ghrelin) (Hosoda et al., 2000), some of which have no known effect (non-acylated
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ghrelin) (van der Lely et al., 2004), and some of which have opposite effects

to those of ghrelin (Obestatin) (Zhang et al., 2005). In their seminal paper,

Kojima et al. also showed that the stomach was the main source of circulating

ghrelin, although other organs including the brain produced ghrelin. Within

the brain, it appeared that ghrelin was secreted by a subset of neurons in

the lateral portion of the hypothalamic arcuate nucleus (Kojima et al., 1999).

Further studies have confirmed the presence of ghrelin in the hypothalamus

and a detailed neuroanatomical distribution of the central ghrelin system has

been described (Cowley et al., 2003). The relative contribution of peripheral

versus central ghrelin to the regulation of energy balance remains a topic of

discussion.

2.1 Ghrelin and food intake

Evidence for the orexigenic effects of ghrelin was predicted by sev-

eral reports showing that GHS stimulated food intake independently from

their effects on GH secretion (Locke et al., 1995; Torsello et al., 1998, 2000;

Lall et al., 2001). The identification of the GHS-R and its localization within

hypothalamic sites heavily implicated in the regulation of energy balance

provided a second clue to the regulatory role of GHS and of ghrelin

(Guan et al., 1997). Finally, studies showing that GHS increased the expression

of fos immunoreactivity, an index of increased transcriptional activation,

in the same hypothalamic sites where the GHS-R was located, were

final indicators that the endogenous GHS was a potent regulator of energy

balance (Dickson et al., 1995a,1995b, 1996, 1997, 1999, Dickson & Luckman,

1997).

The effects of ghrelin on food intake were first established in three very

influential papers (Tschop et al., 2000; Wren et al., 2000; Nakazato et al., 2001).

These papers demonstrated that, unlike other orexigenic peptides such as

neuropeptide Y (NPY), peripherally delivered ghrelin acted in the brain to

stimulate food intake and adipocity. Wren et al. determined that acute ghrelin

treatment delivered either peripherally or into the cerebral ventricles (icv)

produced a potent increase in food intake that was similar to that obtained

with equimolar concentrations of NPY (Wren et al., 2000). Soon after, Nakazato

and associates showed similar orexigenic effects of central ghrelin adminis-

tration, and further, they demonstrated that the hypothalamic arcuate nucleus

(ARC), and particularly neurons producing NPY/agouti-related peptide (AGRP),

were implicated in the food intake effects of ghrelin (Nakazato et al., 2001).

Finally, Tschop and colleagues determined that chronic central ghrelin treat-

ment, in addition to potently stimulating food intake, also decreased the
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utilization of fat as fuel leading ultimately to an increase in the accumulation

of body fat (Tschop et al., 2000). Furthermore, Tschop’s and Nakazato’s groups

demonstrated that ghrelin stimulated food intake in growth hormone-deficient

mice, showing that the orexigenic effects of ghrelin are not mediated indirectly

by increases in GH secretion (Tschop et al., 2000; Nakazato et al., 2001). Several

things are evident from these studies. The first is that ghrelin increases food

intake dramatically especially when infused directly into the brain. The second is

that even though the effects of chronic peripheral ghrelin on food intake subside,

they do not decrease when ghrelin is administered chronically into the brain.

Finally, these studies show the hypothalamus is sensitive to ghrelin stimulation,

as reflected by increases in Fos immunoreactivity in the ARC following ghrelin

treatment. In all, these data demonstrated that ghrelin targets cells within the

ARC to increase food intake andproducemetabolic changes geared to accumulate

body fat.

In agreement with these data, circulating levels of ghrelin fluctuate in

response to changes in energy status. In rodents, plasma ghrelin concentrations

rise just before the onset of the dark phase of the light/dark cycle, the time of

day when these animals consume most of their food (Drazen et al., 2006).

Moreover, fasting increases circulating plasma levels of ghrelin in both mice and

rats (Tschop et al., 2000; Ariyasu et al., 2001; Toshinai et al., 2001; Wren et al.,

2001b). Rats treated with streptozotocin, a drug that destroys pancreatic beta

cells and that results in a diabetic state, also have high levels of circulating

ghrelin levels that correlate with increased food intake (Ishii et al., 2002;

Masaoka et al., 2003; Gelling et al., 2004). In humans, ghrelin concentrations

rise prior to scheduled meals, and are usually elevated after fasting periods

(Cummings et al., 2001). Interestingly, in both laboratory animals and human

subjects, ghrelin levels decrease throughout the course of a meal (Cummings

et al., 2001; Tschop et al., 2001; Sugino et al., 2002; Drazen et al., 2006). Therefore

it is not surprising that hormones that regulate metabolic function such as

gonadal and adrenal steroids, and those that are related to short-term regulation

of food intake such as glucagon, also appear to regulate plasma ghrelin levels

(Toshinai et al., 2001; Nakagawa et al., 2002; Camina et al., 2003; Matsubara et al.,

2004; Otto et al., 2004; Arafat et al., 2005; Proulx et al., 2005).

In addition to circulating ghrelin levels being increased, sensitivity to

ghrelin may also rise in states of negative energy balance. Fasting, for example,

leads to changes in the expression of GHS-R in the hypothalamus and pituitary

of rats and mice (Kim et al., 2003; Nogueiras et al., 2004; Park et al., 2004).

Within the hypothalamus, increases in the message for GHS-R have been

reported in NPY/AGRP cells, but it is likely that this also occurs in cells within

other brain regions where the GHS-R is present (Traebert et al., 2002; Seoane
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et al., 2003; Nogueiras et al., 2004). Importantly, immunoneutralization of

ghrelin, or pharmacological blockade of GHS-R using GHS-R antagonists both

result in decreases in food intake and adipocity in normal rats and mice, in

streptozotocin-treated rats, and in leptin-deficient (Lep/Lep) mice (Nakazato et al.,

2001; Ishii et al., 2002; Asakawa et al., 2003). Similar results are seen in rats that

over-express an antisense for the GHS-R in the brain under the activity of the

tyrosine hydroxylase promoter (Shuto et al., 2002).

As mentioned above, ghrelin and its analogues also produce increases in

adipocity. Ghrelin appears to do this via a variety of mechanisms. One is by

altering metabolic function in order to preferentially utilize energy derived

from carbohydrates, thus decreasing the use of fat as a fuel (Tschop et al., 2000).

A second mechanism is one in which ghrelin preferentially increases the

ingestion of calories derived from fat (Asakawa et al., 2003; Shimbara et al.,

2004). A third mechanism is one where ghrelin decreases metabolic function

by lowering the resting metabolic rate and heat production (St-Pierre et al.,

2004). A final mechanism identified thus far is one where ghrelin decreases

energy expenditure by decreasing spontaneous locomotor activity (Tang-

Christensen et al., 2004). These ghrelin-induced changes are of particular

importance, especially if ghrelin and its related compounds are to be con-

sidered as pharmacological tools to control metabolic function. These changes

may also provide clues as to why ghrelin-treated animals are susceptible to

accumulate more fat under a high-fat diet regimen than saline-treated animals,

and provide insights for the possible causes that lead to metabolic dysfunction

in obese individuals.

The role of ghrelin in the regulation of food intake and energy balance has

been questioned because initial studies using mice with genetic deletions of

either the ghrelin or the GHS-R gene showed no observable phenotypical dif-

ferences from their wild-type littermates (Sun et al., 2003, 2004; Wortley et al.,

2004). Contrary to what was expected, ghrelin (ghrl/ghrl) and GHS-R (ghsr/ghsr)

deficient mice ate and weighed the same as wild-type mice, showed no differ-

ential feeding in response to fasting, and were still susceptible to diet-induced

obesity when fed a high-fat diet. Nevertheless, recent studies show that both
ghrl/ghrl and ghsr/ghsr mice are resistant to diet-induced obesity if they are

placed on the diet regimen at a relatively young age (18 weeks) (Wortley et al.,

2005; Zigman et al., 2005). Moreover, these mice showed altered metabolic

parameters such as increased energy expenditure (in ghrl/ghrl), decreased

respiratory quotient (in ghsr/ghsr), and better glycemic regulation, indicating

that ghrelin may play an important role in the development of obesity and

metabolic aberrations associated with this disorder (Wortley et al., 2005;

Zigman et al., 2005). These results are echoed in recent studies where

270 Tamas Horvath



diet-induced obese mice lost weight after treatment with a mirror (Spiegel)

L-oligonucleotide that antagonizes the activity of the active form of ghrelin

on the GHS-R (Helmling et al., 2004; Kobelt et al., 2005; Shearman et al., 2005).

2.2 Ghrelin receptors: role in energy balance

The above-described reports suggest that the GHS-R 1a is crucial for

ghrelin to have an effect on energy balance. The GHS-R 1a is a G-coupled

protein receptor that, upon activation, increases the activity of intracellular

calcium and protein kinase C (PKC) by increasing the activity of inositol 1,4,5-

triphosphate (IP3)/phospholipase C (PLC) and diacylglycerol (Malagon et al.,

2003; Camina, 2006). This is a similar signaling cascade activated by GHS

(McKee et al., 1997; Kojima et al., 1999). In any event, ghrelin increases the

activity of other intracellular pathways via alternate G-coupled protein com-

plexes. Of these, ghrelin-induced increases in the activity of 50-AMP-activated

protein kinase (AMPK), and the cyclic GMP-related release of nitric oxide (NO)

are thought to play a role in the hypothalamic regulation of energy balance

(Gaskin et al., 2003; Andersson et al., 2004). However, complete characterization

of these signaling pathways in relation to ghrelin activation of GHS-R 1a and

GHS-R 1b pathways is needed. In addition, it appears that GHS-Rs have a high

level of constitutive activity, and can be activated by other ligands such as

cortistatin and adenosine (Deghenghi et al., 2001; Broglio et al., 2002; Holst

et al., 2003; Carreira et al., 2004; Holst & Schwartz, 2004). The physiological

relevance of these phenomena is not yet understood. Furthermore, several

studies have suggested the existence of additional GHS-Rs that have not yet

been characterized (Halem et al., 2004, 2005; Camina, 2006).

Early descriptions of the localization of GHS-R showed that high concen-

trations were detected in various endocrine organs. Of these, the hypothal-

amus and pituitary stood out as potential mediators for the effects of ghrelin

on growth hormone secretion (McKee et al., 1997). In situ hybridization

studies revealed that the hypothalamic arcuate nucleus (ARC) and the ven-

tromedial hypothalamus (VMH) of rats and primates strongly expressed GHS-R

mRNA (Guan et al., 1997; Mitchell et al., 2001). These reports additionally

showed that the message for the receptor was also localized in hypothalamic

and extrahypothalamic brain regions not directly implicated in the regula-

tion of energy balance. Among these, the preoptic area (POA), suprachias-

matic nucleus (SCN), hippocampus, ventral tegmental area (VTA), substantia

nigra (SN) and dorsal raphe nucleus (DRN) showed relatively high concen-

trations of GHS-R mRNA expression (Guan et al., 1997; Mitchell et al., 2001).

A recent and more complete study describing the neuroanatomical localization
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of the GHS-R transcript has confirmed these earlier data and extended them

to mice. In addition, they have demonstrated that the receptor is located in

brain stem regions also associated with the regulation of food intake such as

the parabrachial nucleus, area postrema, and the nucleus of the solitary tract

(Zigman et al., 2006).

The number of GHS-Rs that are available for binding is modulated by ghrelin

itself and by other hormones. Ghrelin has been shown to produce GHS-R

internalization into vesicles in vitro via endosomal trafficking, where it gets

recycled back to the membrane without being degraded (Camina et al., 2004).

The duration of the cycle of internalization/recycling of the GHS-R corresponds

well with the pulsatile nature of ghrelin release (Camina et al., 2004). In con-

trast, in vivo ghrelin treatment leads to a rapid increase in the expression of

GHS-R mRNA in the ARC of rats, whereas leptin treatment results in decreases

in GHS-R mRNA in the same region. These effects are specific to the ARC, and

the effects of ghrelin at least are dependent on the presence of growth hor-

mone, given that growth hormone deficient rats do not show a ghrelin-induced

increase in GHS-R (Nogueiras et al., 2004). Conversely, growth hormone defi-

cient rats (dw/dw dwarf rats) do have significantly higher GHS-R mRNA

expression in the hypothalamus than control rats, and the expression of GHS-R

is decreased with growth hormone treatment (Nogueiras et al., 2004). The idea

that leptin may also play a role is suggested by the fact that genetically obese

Zucker rats and fasted animals also show increased levels of GHS-R mRNA

expression in the ARC (Nogueiras et al., 2004).

2.3 Ghrelin and the hypothalamic regulation of energy balance

The localization of high levels of GHS-R transcripts in the ARC, as

well as the increases in the expression of transcription factors in the ARC

following GHS or ghrelin treatment, quickly highlight the ARC as the most

relevant hypothalamic site for the regulation of ghrelin’s effects on food

intake and adipocity (Horvath et al., 2001). Because the ARC lies outside of the

blood–brain barrier, it is placed in a position where it can monitor circulating

levels of a variety of hormones, including ghrelin. Not surprisingly, the ARC

contains first-order sensory neurons that have receptors for most, if not all,

hormones associated with energy balance (Elmquist et al., 1998; Woods et al.,

1998, 2000; Spiegelman & Flier, 2001; Horvath & Diano, 2004). Orexigenic

peptides like NPY and AGRP, and anorexigenic peptides like a-melanocyte

stimulating hormone (a-msh) and the cocaine-amphetamine regulated tran-

cript (CART) are both produced by cells in the ARC. Among these, the GHS-R is

reportedly expressed in NPY/AGRP secreting cells, but it is likely to be also
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present in a-msh/CART secreting cells. Because both of these cells groups are

also affected by leptin, and represent the cornerstone for the melanocortin

hypothesis of body weight regulation, it has been suggested that ghrelin

targets the hypothalamus to oppose the anorectic activity of leptin (Woods

et al., 1998; Tritos & Maratos-Flier, 1999; Woods et al., 2000; Cone et al., 2001;

Cowley, 2003).

Nevertheless, substantial concentrations of GHS-R are present in other

hypothalamic nuclei heavily implicated in energy balance including the VMH,

paraventricular nucleus (PVN), dorsomedial hypothalamus (DMH), and supra-

chiasmatic nucleus (SCN) (Guan et al., 1997; Mitchell et al., 2001; Zigman et al.,

2006). In addition, central infusions of ghrelin into the lateral hypothalamus

increase food intake and the activity of cells that produce hypocretin/orexin, a

hypothalamic peptide implicated in arousal and food intake (Olszewski et al.,

2003b; Toshinai et al., 2003; Chen et al., 2005). Infusions of ghrelin into the PVN

are also effective in increasing food intake, and modulating neuronal activity

in PVN cells at picomolar concentrations (Olszewski et al., 2003a; Chen et al.,

2005). While no data are yet available on the effects of direct ghrelin infu-

sions into the DMH, SCN, and VMH on food intake, they are all activated by

intracerebroventricular (icv) administration of ghrelin as demonstrated by

increases in the expression of Fos in these regions (Nakazato et al., 2001;

Halem et al., 2005). In contrast to these data, increases in the expression of

Fos following peripheral ghrelin treatment are seldom seen outside of the

ARC and other regions outside the blood–brain barrier (see Ruter et al., 2003

for exception).

Ghrelin appears to modulate the activity of hypothalamic cells, and par-

ticularly cells in the ARC, by modulating their threshold of activation by

inhibitory and excitatory neurotransmitters (Cowley, 2003; Cowley et al., 2003;

Pinto et al., 2004). Like estrogen and leptin, ghrelin is capable of reorganizing

synaptic inputs onto neurons within the ARC (Pinto et al., 2004). In contrast to

estrogen or leptin, however, ghrelin increases the number of excitatory inputs

and decreases inhibitory inputs onto NPY/AGRP cells, and decreases the

number of excitatory inputs and increases the number of inhibitory inputs

onto proopiomelanocortin (POMC, the precursor of a-msh) secreting neurons

(Pinto et al., 2004). This synaptic re-arrangement correlates with electro-

physiological data (see below) and fits well with the stimulatory effects of

ghrelin on food intake (Pinto et al., 2004). This, along with the fact that ghrelin

appears to target regions of the brain that retain a high degree of plasticity in

adulthood, like the hippocampus, SCN and ventral tegmental area (VTA),

suggests that ghrelin produces its effects in the hypothalamus and elsewhere

by mechanisms that involve synaptic changes.
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2.4 Ghrelin and appetite: is it all hypothalamic?

The relatively dense distribution of the GHS-R in the ARC and other

mediobasal hypothalamic nuclei has guided researchers to focus primarily on

this region as mediating ghrelin’s effects on energy regulation. In any event,

the widespread distribution of the GHS-R throughout the CNS indicates that

ghrelin may modulate a variety of systems associated with appetite.

The brainstem and food intake

The brainstem has been heavily implicated in the regulation of food

intake and energy sensing (Grill & Kaplan 2001, 2002). Like the mediobasal

hypothalamus, areas within the brainstem such as the area postrema lie

outside the blood–brain barrier. Not surprisingly, the area postrema and the

adjacent nucleus of the solitary tract have receptors for various metabolic

hormones such as cholecystokinin (CCK), estrogen, leptin and ghrelin (Wade

& Schneider, 1992; Grill & Kaplan 2001, 2002; Zigman et al., 2006). Neurons in

these regions also respond to changes in glucose and free fatty acid utiliza-

tion suggesting an important role in nutrient sensing (Ritter, 1986; Ritter

et al., 2000). In addition, the brainstem receives afferent signals from the

gastrointestinal system through the ascending vagus nerve, and sends effer-

ent signals to the gut via the descending vagus (Swanson & Sawchenko, 1980;

Sawchenko & Swanson 1981, 1982). Vagal afferent signals target neurons in

the nucleus of the solitary tract and the parabrachial nucleus, and from

there they are transmitted to hypothalamic and forebrain structures for

further processing (Swanson & Sawchenko, 1980). Studies on animals whose

brainstem is surgically isolated from the rest of the brain, have demon-

strated that this region is sufficient for normal responses to taste and meal

size regulation in response to gastrointestinal cues (Grill & Kaplan, 2001,

2002).

Studies show that icv ghrelin infusions increase the expression of the

transcription factor Fos in the area postrema and nucleus of the solitary tract

(Lawrence et al., 2002). These studies in addition to others showing that ghrelin

infused into the fourth ventricle, or directly into the dorsal vagal complex

(DVC; a cluster of nuclei that include the area postrema, nucleus of the solitary

tract, and others) increase food intake, suggest that this area is sensitive to

ghrelin stimulation (Faulconbridge et al., 2003, 2005). Interestingly, ghrelin-

induced food intake responses are attenuated by sub-diaphragmic vagotomy in

rodents and humans (Williams et al., 2003; le Roux et al., 2005). These data

suggest that vagal signals from the gut to the brain and back play a significant

role in the regulation of food intake by ghrelin.
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Ghrelin and reward circuits

In addition to the hypothalamus and the brainstem, the GHS-R is

localized within the ventral tegmental area (VTA) of the mid brain in relatively

high concentrations (Guan et al., 1997; Zigman et al., 2006). The VTA contains

primarily dopamine cells that play a key role in the neural system that underlie

motivated behaviors. The activity of dopamine cells is correlated with increases

in behaviors geared to obtain natural rewards like food or a receptive mate, and

with behaviors directed towards obtaining drugs of abuse (Berridge, 1996; Wise,

2002). Double labeling studies have determined that about 40% of dopaminergic

neurons in the VTA contain GHS-R 1a mRNA signal (Zigman et al., 2006). Ghrelin

infusions into the VTA increase food intake, and they seem to do so independent

of opioids (Naleid et al., 2005). Ghrelin, like food restriction, enhances the

locomotor responses to cocaine, an indication that ghrelin modulates reward

circuits (Wellman et al., 2005). In addition, ghrelin can increase food intake

when infused into the nucleus accumbens, a major target for VTA dopaminergic

cells, and a structure implicated in the appetitive regulation of food intake

(Naleid et al., 2005). Interestingly, ghrelin also increases hoarding and foraging

behavior, both measures of appetitive behaviors with high motivational com-

ponents in rodents (Keen-Rhinehart & Bartness, 2005). In humans, ghrelin

infusions not only provoke strong feeding responses but they also increase self-

report scores on hunger measures and elicit vivid cravings for preferred foods

(Wren et al., 2001a; Cummings et al., 2004; Schmid et al., 2005). It is therefore

likely that ghrelin targets the VTA and other reward limbic regions to regulate

food seeking and hedonic responses to food.

Ghrelin and circadian rhythmicity

Food intake, andmost metabolic functions, show fluctuations across the

light/dark cycles and these are regulated primarily by a central circadian pace-

maker, which inmammals is located in the hypothalamic SCN (Pando & Sassone-

Corsi, 2001). It is therefore intriguing, that the SCN contains dense concentrations

of GHS-R (Mitchell et al., 2001; Zigman et al., 2006).While there are no data to date

as to the role of these receptors in the regulation of circadian rhythms, GHS-R

deficient (but not ghrelin deficient) mice show lower levels of locomotor activity

in the early dark phase of the light/dark cycle, suggesting the possibility of altered

circadian patterns (Zigman et al., 2005). In addition, scheduledmeals can produce

ghrelin peaks similar to pre-prandial ghrelin increases in the early dark phase of

the light/dark cycle (Sugino et al., 2002a, 2002b; Drazen et al., 2006). It could be

speculated that ghrelin acts in the SCN to modulate behavioral rhythms accord-

ing to the timing of food availability in the environment.
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2.5 Brain ghrelin?

A hypothesis that has generated a tremendous amount of interest and

controversy is that ghrelin is synthesized directly in neurosecretory cells in the

brain (Cowley et al., 2003; Mozid et al., 2003) and these are modified by energetic

state (Sato et al., 2005). Indeed, several independent groups have shown that

hypothalamic cells secrete ghrelin and communicatewith cell groups throughout

the hypothalamic nuclei shown to contain ghrelin receptors (Cowley et al., 2003).

Some papers suggest that the distribution of ghrelin-producing neurons is

restricted to the ventro-lateral portion of the ARC (Kojima et al., 1999; Lu et al.,

2002; Guan et al., 2003; Toshinai et al., 2003), whereas others have shown an

extensive distribution of ghrelin immunoreactive cells that literally envelops all

major hypothalamic centers (Cowley et al., 2003). Projections from ghrelin cells

make contact with NPY/AGRP cells in the ARC, hypocretin/orexin cells in the

lateral hypothalamic region, and corticotropin-releasing hormone (CRH) neurons

in the PVN (Lu et al., 2002; Cowley et al., 2003; Toshinai et al., 2003). The electrical

activity of these cell groups is modulated by ghrelin as shown using patch clamp

electrophysiological studies where ghrelin stimulates the activity of NPY/AGRP

and hypocretin/orexin cells, and decreases the activity of POMC and CRH cells

(Cowley, 2003; Riediger et al., 2003; Pinto et al., 2004; Chen et al., 2005). This

particular pattern of activity is associated with increased food intake and

decreased energy expenditure. A caveat to this hypothesis is that the transcript

for ghrelin in the hypothalamus can only be detected by amplifyingmRNA signals

using polymerase chain reaction (PCR), but not by in situhybridization probes that

work to detect the ghrelin transcript on stomach cells. Moreover, mice with the

Lac Z reporter gene inserted into the ghrelin promoter do not show Lac Z enzyme

activity in the hypothalamus (Wortley et al., 2004), although they do show Lac Z

mRNA (Sun et al., 2003). Much work is needed to clarify these discrepancies, yet

thewidespread distribution of GHS-R in the central nervous system, coupledwith

the apparent difficulty of ghrelin to enter the brain still point to a central source

of ghrelin (Banks et al., 2002).

2.6 Clinical implications

Obesity is currently a primary target for drug development given the

rapid increase in the incidence of this condition and the risk factors associated

with it. Since animal studies show that the antagonism of ghrelin leads to

weight reduction and control of glucopenea in diet-induced and in genetically

obese animals, this indicates that antagonists for ghrelin may provide for

potential treatments for obesity, type II diabetes and other metabolic disorders

(Wortley et al., 2005; Zigman et al., 2005). In addition, ghrelin-based treatments
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may be used to increase appetite in patients undergoing wasting disorders

such as cancer-induced cachexia, or those receiving chemotherapy (Neary et al.,

2004).

As we unravel the complexities of the multimodal actions of ghrelin on

brain function, we may find that ghrelin and compounds associated with this

hormone may be effective in modulating not only metabolism but also the

appetitive and cognitive functions related to the human experience of ‘‘crav-

ings,’’ something that is key for the treatment of psychiatric conditions asso-

ciated with eating disorders like anorexia nervosa and bulimia, and for the

treatment of drug abuse.

2.7 Conclusion

The discovery of ghrelin and its well-established role in the regulation

of feeding and energy balance has provoked an amount of attention that is

almost comparable to that generated by leptin. Ghrelin appears to target dif-

ferent CNS regions to modify energy balance and food intake in a multimodal

manner. Among these, only the effects of ghrelin on hypothalamic function

are somewhat understood, perhaps because we are only beginning to explain

the hypothalamic circuits regulating energy homeostasis. Nevertheless, it is

becoming more apparent that other systems interact with the hypothalamus

to regulate energy balance, and most of these are also targeted by ghrelin as

well as other metabolic signals such as leptin and insulin. Future studies will

surely provide a clearer picture of the relative contribution of these regions to

energy regulation and their responses to changes in metabolism. Gaining

knowledge on these networks will surely advance basic understanding of

energy regulation and perhaps generate alternative, more effective treatments

for obesity.
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Central nervous system controls
of adipose tissue apoptosis

mary anne della-fera, mark w. hamrick and

clifton a. baile

1. Background

Increased adipose tissue mass is a common denominator in both obesity

and osteoporosis. Obesity is characterized by increased fat storage in subcuta-

neous and visceral adipose depots resulting from an imbalance between energy

intake and energy expenditure,whereas osteoporosis is associatedwith increased

adipocyte production in bone marrow and is not necessarily associated with

increased overall adiposity. In obesity a reduction of adipose tissue mass is

accompanied by amelioration of the pathophysiological effects. There are cur-

rently no therapies that specifically reduce bone marrow adipocyte populations.

However, bone formation decreases with increasing proportion of marrow adi-

pocytes (Verma et al., 2002); thus, it is likely that reversal or prevention of bone

marrow adiposity may improve bone quality.

In the USA, the prevalence of overweight among adults increased by 61% from

1991 to 2000; currently, more than half of all adults are considered overweight

and approximately 20% are extremely overweight or obese (Flegal et al., 1998).

Obesity is not just a cosmetic problem – there is much evidence indicating that

higher levels of body fat are associatedwith an increased risk for the development

of numerous adverse health consequences (Visscher & Seidell, 2001). There is also

a tremendous economic burden associated with the recent rise in prevalence of

obesity. The economic costs of obesity are estimated to be�7% of total healthcare

costs in the USA (Colditz, 1999). In addition, approximately 10% of the total costs
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of loss of productivity due to sick leave and work disability are attributable to

obesity-related diseases (Narbro et al., 1996). However, the remedies provided by

the $100 billion/year diet industry have failed in providing long-term mainten-

ance of weight loss for obese or overweight people (Wadden, 1993).

Approximately 10millionpeople in theUSAareestimated tohaveosteoporosis,

a disease that results in over 1.5million bone fractures a year. It is nowknown that

the accumulation of adipocytes in bone marrow is a major factor contributing to

age-related bone loss. Women with osteoporosis have higher numbers of marrow

adipocytes than women with healthy bone (Meunier et al., 1971; Kajkenova et al.,

1997; Justesen et al., 2001), and bone formation rate is inversely correlated with

adipocyte number in bone tissue biopsies frombothmenandwomen (Verma et al.,

2002). Recent in vivo and in vitro studies provide important insights into why

marrow adipogenesis is associated with bone loss. First, mesenchymal stem cells

within bone marrow can differentiate to form adipocytes or osteoblasts. Condi-

tions favoring adipocyte differentiation will therefore have adverse effects on

bone formationbecause precursor cells are directed towards the adipocyte lineage

rather than the osteoblast lineage (Jilka, 2002; Akune et al., 2004). Second, adipo-

cytes secrete osteoclastogenic cytokines such as IL-6 (Fried et al., 1998), and adi-

pocytes can inhibit osteoblast activity in culture (Maurin et al., 2000). Finally,

adipocyte development and hypertrophy can compress intraosseous capillaries,

which decreases blood supply within bone (Laroche, 2002). Experimental studies

have shown that treatments that reduce bone marrow adipocyte number are

associated with increased bone formation, thus suggesting a new approach to the

treatment of osteoporosis (Nuttall et al., 2004).

Weight loss reduces risk factors for and improves symptoms of obesity-

related conditions (National Heart Lung and Blood Institute, 1998). Treatments

for obesity have traditionally focused on drugs or behavioral strategies that

restrict food intake, although surgical options such as gastric reduction are

options for those who are morbidly obese. Surgical adipose tissue removal by

liposuction is increasingly being used both as a treatment for obesity and for

cosmetic body sculpturing. Recent studies have shown that removal of even a

relatively small percentage of adipose tissue can lead to significant improve-

ments in levels of vascular inflammatory markers and in insulin resistance

(Giugliano et al., 2004; D’Andrea et al., 2005). Other findings indicate that a high

percentage of patients maintain postoperative weights at least one year after

liposuction (Commons et al., 2001). The cost and increased morbidity and

mortality associated with this procedure severely limit its use as a treatment

for obesity; however, these studies do suggest that stimulation of the

endogenous removal of adipose tissue by apoptosis could be a valuable option

for obesity treatment.
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2. Molecular mechanisms of apoptosis

Apoptosis is a physiological form of cell suicide that is executed in a

precise manner without generating inflammation. Apoptosis is necessary to

eliminate excess cells during development and to remove damaged and

potentially dangerous cells (Hengartner, 2000; Kaufmann & Hengartner, 2001;

Alberts, 2002). Disorders of apoptosis can result in either runaway cellular

proliferation, as occurs in cancer, or excessive loss of cells, which occurs in

certain immunodeficiency and neurodegenerative disorders.

Apoptosis is characterized by loss of cellular contact with the surrounding

matrix, cytoplasmic contraction, chromatin condensation and DNA fragmenta-

tion. Other changes that occur include externalization of the phosphatidylserine

component of the phospholipid bilayer and formation of apoptotic bodies that

are removed through endocytosis by macrophages and other cells. Although a

number of stimuli appear to trigger the process of apoptosis, there are two

major signaling pathways: the death receptor pathway and the mitochondrial

pathway (Figure 10.1) (Gupta, 2001; Mayer & Oberbauer, 2003). In both pathways

a series of molecular and biochemical steps leads to the activation of cysteine

proteases, or caspases. This results in subsequent cleavage of a number of

Figure 10.1 Two principal pathways: the receptor and the mitochondria-

mediated apoptosis (Mayer & Oberbauer, 2003).
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nuclear and cytoplasmic substrates, including those responsible for the main-

tenance of nuclear integrity, cell cycle progression and DNA repair, resulting in

cell death (Hengartner, 2000; Kaufmann & Hengartner, 2001; Alberts, 2002).

The death receptor pathway involves cell membrane receptors that have an

extracellular recognition domain and a cytoplasmic sequence, the death

domain. Ligands for these receptors belong to the tumor necrosis factor gene

family. Binding of a ligand to the extracellular domain leads to formation of an

intracellular complex consisting of the death domain, other intracellular

molecules and procaspase 8. This aggregation leads to activation of procaspase

8 to caspase 8, which triggers a proteolytic cascade ultimately resulting in

formation of enzymes that degrade chromosomal DNA.

The mitochondrial pathway of apoptosis is usually activated by internal stim-

uli, stress molecules (reactive oxygen species, reactive nitrogen species), che-

motherapeutic agents or UV radiation (Mayer & Oberbauer, 2003). Under normal

conditions, mitochondria maintain an electrochemical gradient between the

inner matrix and the cytoplasm. Mitochondria contain two compartments – the

matrix, surrounded by the inner mitochondrial membrane (IMM) and the inter-

membrane space, surrounded by the outer mitochondrial membrane (OMM).

The intermembrane space contains several apoptosis-inducing factors,

including cytochrome c, procaspases and AIF (apoptosis-inducing factor). The

apoptotic mechanism is initiated as a result of increased permeability of the

outer and/or inner mitochondrial membranes, which is controlled by a variety

of members of the anti-apoptotic Bcl-2 family and pro-apoptotic proteins, such

as Bax. Increased permeability of the outer mitochondrial membrane results in

release of cytochrome c, which triggers the cascade of caspase activation (Page

et al., 2004). The final stages of apoptosis are the same as those initiated by the

death receptor pathway.

3. Adipocyte apoptosis

It was once believed that the total number of adipocytes remained con-

stant over one’s lifetime; however, studies over the last 10 years have shown that

the endogenous elimination of adipocytes through apoptosis occurs normally

(Prins & O’Rahilly, 1997), and can also be associated with certain pathological

conditions or induced by specific pharmacological agents. Adipocyte apoptosis

has been detected in rats with streptozotocin-induced diabetes (Geloen et al.,

1989; Loftus et al., 1998), in humanswithmalignancy-associatedweight loss (Prins

et al., 1994), and in humans infected with HIV who are treated with protease

inhibitors (Dowell et al., 2000; Lagathu et al., 2004, 2005). Recently, several models

of inducible adipose tissue apoptosis in rodents have been described (Felmer et al.,
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2002; Kolonin et al., 2004; Pajvani et al., 2005; Trujillo et al., 2005). These models

have been useful both to study the process of apoptosis in adipose tissue and to

demonstrate the beneficial effects of removal of adipocytes in obesity.

Certain natural compounds have also been shown to induce adipocyte apop-

tosis in vitro, and in some cases, in vivo as well. For example, epigallocatechin

gallate (EGCG, a flavonoid in green tea), genistein (an isoflavonoid in soy), escu-

letin (a coumadin compound), ajoene (from garlic) and conjugated linoleic acid

(CLA) all increased apoptosis of 3T3-L1 adipocytes in vitro (Evans et al., 2000;

Hargrave et al., 2004; Lin et al., 2005; Yang et al., 2005, 2006; Kim et al., 2006). Both

CLA and genistein have also been shown to increase adipose tissue apoptosis in

mice in vivo (Tsuboyama-Kasaoka et al., 2000; Hargrave et al., 2002; Kim et al., 2006).

Endogenous factors that may be involved in adipose tissue apoptosis, under

either physiological or pathological conditions, have only begun to be explored,

and much of this work has involved factors that exert their effects via the CNS, as

discussed below. Tumor necrosis factor alpha (TNFa), which is produced and

secreted by adipocytes,was first shownby Prins et al. to induce adipocyte apoptosis

in vitro (Prins et al., 1997). Because TNFa is produced and secreted by adipocytes, it

may act as a paracrine agent to control adipose tissue mass in part through

apoptosis, but there is not yet sufficient information to determine whether TNFa

acts physiologically to regulate apoptosis of adipocytes (Warne, 2003).

4. Central nervous system control of adipose tissue apoptosis

4.1 Leptin

We have shown that the hormone leptin, secreted by adipose tissue,

reduces fat mass in rodents not only by increasing lipolysis, but also by

stimulating adipocyte apoptosis both in fat depots and in bone marrow (Della-

Fera et al., 2001; Gullicksen et al., 2003; Hamrick et al., 2005a). Like TNFa, leptin

is a cytokine produced and secreted by adipocytes, but our studies have shown

that its effect on adipose tissue apoptosis is mediated by the CNS and not

locally. As little as 0.1 lg leptin/day administered into the ventromedial

nucleus of the hypothalamus (VMH) for four days significantly increased adi-

pose tissue apoptosis in rats (Della-Fera et al., 2005) (Figure 10.2).

4.2 Melanocortins

We have recently begun investigating the downstream pathways

involved in leptin-induced adipose tissue apoptosis. Because melanocortin

receptors appear to mediate a number of leptin’s effects, we carried out a study

to determine the role of melanocortin receptors in adipose tissue apoptosis
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(Choi et al., 2003). Rats with cannulas implanted in the lateral cerebral ven-

tricles (LV) were injected icv with either aCSF or the melanocortin receptor

blocker SHU9119 (1 nmol) followed one hour later by injection of either aCSF

(control), leptin (10 lg) or MTII (0.1 nmol). Treatments were administered for 4

days and food intake and body weight were measured daily. Twenty-four hours

after the final injections, the rats were sacrificed and blood and adipose tissues

were collected. Both MTII and leptin significantly decreased food intake and

body weight. Leptin, but not MTII, significantly decreased serum insulin and

leptin concentrations and increased serum free fatty acid concentrations. Both

leptin and MTII also decreased epididymal white adipose tissue (eWAT) weight,

but only leptin increased adipose tissue apoptosis. Pretreatment of rats with

SHU9119 blocked the effects of both MTII and leptin on food intake, body

weight and adipose tissue weight and reversed the effects of leptin on serum

leptin, insulin and free fatty acid concentrations, but SHU9119 pretreatment

had no effect on leptin-induced adipose tissue apoptosis (Figure 10.3). The

results of this study indicated that leptin-induced adipose tissue apoptosis is

not mediated by downstream melanocortin receptors.

4.3 Cocaine and amphetamine-regulated transcript (CART)

Cocaine and amphetamine-regulated transcript (CART) is one of the

most abundantly expressed mRNAs in the rat hypothalamus (Gautvik et al.,

1996), and neuroanatomical studies have shown that CART mRNA is expressed

Figure 10.2 Male Sprague–Dawley rats (N¼ 24) with chronic cannulas directed

towards the VMH were injected twice daily with artificial cerebrospinal fluid (aCSF,

control), 0.05 lg/injection or 0.25 lg/injection rat recombinant leptin for four

consecutive days. Adipose tissue apoptosis (epididymal fat pad) was quantified as the

percent of fragmented DNA. Data shown are means ± SEM. x, y: means without a

common letter are different, P<0.01.
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within hypothalamic areas implicated in the CNS control of feeding behavior

and metabolism, including the paraventricular (PVN), arcuate and dorsomedial

nuclei (DMN), as well as the lateral hypothalamus (LH) (Koylu et al., 1997, 1998;

Dall Vechia et al., 2000). A number of studies indicate that CART peptides act

centrally to inhibit feeding (Kristensen et al., 1998; Lambert et al., 1998; Larsen

et al., 2000), and CART may be a downstream effector for specific leptin actions

in some areas (Elias et al., 1998; Kristensen et al., 1998).

We carried out a study to determine if CART administered icv produced

effects similar to leptin on feeding behavior, body weight and adipose tissue.

After 4 days of continuous administration, 9.6 lg/d CART decreased food intake

and body weight but caused behavioral abnormalities and loss of muscle as

well as fat. A dose of 2.4 lg/d CART only reduced food intake. In contrast, rats

receiving 15 lg/d leptin had normal behavior, but they ate less and lost weight

and body fat, but not muscle.

We had predicted that if CART acted centrally as a downstream mediator of

leptin, then it would induce adipose tissue apoptosis. This hypothesis was

Figure 10.3 (a) White adipose tissue weight of rats pre-injected icv once a day for 4

days with either artificial cerebrospinal fluid (aCSF, 5 ll) or SHU9119 (SHU, 1 nmol/5 ll)

followed one hour later with either aCSF (5 ll), leptin (10 lg/5 ll) or MTII (0.1 nmol/5 ll)

icv. Food was removed for 1 h between injections. Tissues were collected on day 5

between 24–28 h after the last injections. Epididymal white adipose tissue (eWAT);

inguinalWAT (iWAT); retroperitonealWAT (rWAT). a,b:Meanswith different letters are

significantly different at P < 0.05. Data are means± SEM (n¼ 8–10) (Choi et al., 2003a).

(b) Fragmented-to-total DNA ratio (%) in fat tissues collected from rats pre-injected

icv once a day for 4 dayswith either artificial cerebrospinal fluid (aCSF, 5 ll) or SHU9119

(SHU, 1 nmol/5 ll) followed one hour later with either aCSF (5 ll), leptin (10 lg/5 ll)

or MTII (0.1 nmol/5 ll) icv. Food was removed for 1 h between injections. Fresh tissues,

taken on day 5 between 24–28 h after the last injections, were immediately

analyzed forDNA. a,b:Meanswith different letters are significantly different at P< 0.05.

Data are means± SEM (n¼7–10) (Choi et al., 2003).
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based on evidence pointing to the possibility that leptin-induced adipose

apoptosis is a result of increased sympathetic stimulation of adipose tissue

(Haynes et al., 1997; Gullicksen et al., 2003; Page et al., 2004), and because leptin

has been shown to activate CART-containing neurons in the hypothalamus

that innervate preganglionic sympathetic neurons in the thoracic spinal cord

(Elias et al., 1998). We found, however, that adipose tissue apoptosis was sig-

nificantly increased only by leptin. Thus, it appears that CART does not act as a

downstream mediator of leptin-induced adipose tissue apoptosis.

4.4 Ciliary neurotrophic factor

Ciliary neurotrophic factor (CNTF) is a pluripotent neurocytokine

expressed by glial cells in peripheral nerves and in the central nervous system

(Manthorpe et al., 1993; Ip & Yancopoulos, 1996). However, unlike the proto-

typical cachectic cytokines, recent studies have shown that CNTF can induce

weight loss without exhibiting the typical deleterious characteristics of these

cytokines (Xu et al., 1998; Lambert et al., 2001). Ciliary neurotrophic factor has

been compared to leptin for its similar effects on food intake, weight loss and

energy expenditure. Central administration of CNTF decreases food intake and

body weight, and like leptin, after cessation of treatment, there is not an

immediate rebound in weight gain (Gloaguen et al., 1997; Kalra et al., 1998; Xu

et al., 1998; Lambert et al., 2001; Kokoeva et al., 2005). Because leptin and CNTF

have been shown to have similar actions on adipose tissue mass, body weight

and food intake, we hypothesized that CNTF administered icv would increase

adipose tissue apoptosis. After 4 days of once-daily icv injections (5 lg), both

leptin and CNTF significantly increased apoptosis in epididymal and retro-

peritoneal adipose tissue in rats (Duff et al., 2004).

Although the mechanisms involved in either leptin or CNTF-induced adipose

tissue apoptosis are not yet known, both similarities and differences between

these two peptides are beginning to suggest a likely CNS pathway. Two important

CNS peptides that act as downstream effectors of leptin are a-melanocortin

stimulating hormone (aMSH) and neuropeptide Y (NPY) (Inui, 1999). Leptin and

CNTF both activate STAT-3 in areas of the hypothalamus involved in feeding

behavior and body weight regulation (Sleeman et al., 2000; Lambert et al., 2001).

However, CNTF causes weight loss in animal models that are resistant to

the effects of leptin, including mice lacking leptin receptors (db/db), mice with

diet-induced obesity (DIO) and mice with melanocortin-4 receptor deficiency

(Gloaguen et al., 1997;Marsh et al., 1999). It is of interest tonote thatmicewithDIO

have enhanced sensitivity to the anorectic effects of melanocortins, suggesting

that DIO may involve reduced melanocortin signaling (Hansen et al., 2005). Thus,
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the effect of CNTF on food intake and body weight appears to be mediated

downstream or independently of melanocortin receptors.

In contrast, both leptin and CNTF have been shown to suppress NPY levels

and their effects on food intake and body weight can be reversed by concurrent

NPY administration (Kotz et al., 1998; Yokosuka et al., 1998; Jang et al., 2000;

Lambert et al., 2001). Likewise, the lack of rebound eating after CNTF or leptin

treatments are terminated have been suggested to be a result of the decrease in

NPY levels, compared with the increase that occurs with food deprivation

(Lambert et al., 2001). Because we found that melanocortin receptors are not

involved in leptin-induced adipose tissue apoptosis, these findings suggest that

NPY is a critical component of the downstreammechanism involved in adipose

tissue apoptosis mediated by leptin: both Gong et al. (2003) and Margareto et al.

(2000) have shown that inhibition of NPY receptors increases adipose tissue

apoptosis in rats; thus, these findings suggest that adipose tissue apoptosis

increased by icv injections of leptin or CNTF may be a result of suppression of

NPY expression in the hypothalamus.

4.5 Sympathetic nervous system

We have recently found that chronic oral administration of a b2-

adrenergic agonist resulted in increased adipose tissue apoptosis in mice (Page

et al., 2004). Because leptin has been shown to increase sympathetic nervous

system activity (Dunbar et al., 1997; Haynes et al., 1997; Tang-Christensen et al.,

1999), while NPY suppresses sympathetic activity (Van Dijk et al., 1994), it is

possible that leptin-induced increased b2-adrenergic receptor activation in

specific fat depots could trigger adipocyte apoptosis.

There is extensive innervation of white adipose tissue (WAT) by the sym-

pathetic nervous system (SNS) (Bartness & Bamshad, 1998), and adipocytes

have been shown to express b-adrenergic receptors, particularly b3 receptors

(Collins & Surwit, 2001). Sympathetic denervation of WAT increased fat cell

number (Youngstrom & Bartness, 1998), whereas stimulation of b3-adrenergic

receptors induced apoptosis through activation of a tyrosine kinase pathway

(Ma & Huang, 2002). Indeed, treatment of estrogen-deficient rats with an

agonist for the b3-adrenergic receptor significantly decreased bone marrow

adiposity in the spine (Kurabayashi et al., 2001).

5. Role of CNS in bone marrow adipose apoptosis

Preliminary studies suggest that the sympathetic nervous system plays

a significant role in the regulation of bone marrow adipocyte populations.
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Bone marrow is richly innervated with sympathetic nerve fibers, and neuronal

signals appear to play a significant role in the regulation of bone mass.

Kellenberger et al. showed that b2-agonists increased bone formation

(Kellenberger et al., 1998), and b-agonists have been found to decrease bone loss

with disuse and muscle atrophy (Zeman et al., 1991; Martin et al., 2005). More-

over, mice lacking the b1- and b2-adrenergic receptors have decreased cortical

bone mass (Pierroz, 2004), suggesting that b-adrenergic signaling is necessary for

the normal maintenance and accumulation of bone tissue. Signaling through

b-adrenergic receptors can also inhibit the expression of adipogenic factors in

vivo (Margareto et al., 2001). Other studies, however, suggest that stimulation of

b-adrenergic receptors decreases bone formation (Takeda et al., 2002), and mice

lacking only b2-adrenergic receptors exhibit a high bone mass phenotype

(Elefteriou et al., 2005). Thus, at present, the role of b-adrenergic signaling in

regulating bone metabolism is unclear.

We have hypothesized that b-adrenergic signaling in bone marrow, acti-

vated centrally via leptin, not only induces bone marrow adipocyte apoptosis

but also inhibits bone marrow adipogenesis. Although Ducy et al. have shown

that leptin-deficient mice (ob/ob) and mice with dysfunctional leptin receptors

(db/db) have increased bone mineralization of the spine (Ducy et al., 2000),

others have shown the ob/ob mice have lower bone mass and reduced bone

density in their femora compared with normal mice (Steppan et al., 2000;

Hamrick et al., 2005b) and that db/db mice have reduced length, bone mineral

density and bone mineral mass of their tibias (Lorentzon et al., 1986). Fur-

thermore, the limb bones of ob/ob mice showed increased bone marrow adi-

pogenesis (Hamrick et al., 2005b). Hamrick et al. tested the hypothesis that

leptin treatment would reduce adipocyte stores in bone marrow and would

increase bone formation and bone mass in leptin-deficient ob/obmice (Hamrick

et al., 2005b). Leptin (2.5 or 10 lg/d) was administered continuously by sub-

cutaneously implanted osmotic pumps in female ob/ob and OB/? lean control

mice for 14 days. Both doses of leptin significantly decreased the number of

marrow adipocytes by more than 20% compared with control-treated ob/ob

mice. The decrease in adipocyte number with leptin treatment was accom-

panied by an increase in concentration of the apoptosis marker caspase-3 in

bone marrow adipocytes and hematopoietic cells. Both doses also significantly

increased the bone-forming endosteal surface by more than 30% compared

with control-treated ob/ob mice. Leptin treatment increased whole-body bone

mineral content by more than 30% in the ob/ob mice receiving the highest

leptin dose. These results demonstrated that leptin is an osteogenic factor that

eliminates bone marrow adipocytes, increases bone formation, and increases

bone mineral and density in leptin-deficient animals. More recently, studies
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have shown that leptin injected directly into the VMH of rats significantly

increased endosteal osteoblast surface area, markedly reduced bone marrow

adipocyte number by more than 50% and increased bone marrow caspase-3

levels (Hamrick et al., 2005a). Thus, these data indicate that leptin regulates

adipocyte apoptosis in bone marrow through a central, hypothalamic signaling

pathway (Hamrick et al., 2005a).

6. Conclusion

Adipose tissue apoptosis is a novel approach that could be useful for

treating both obesity and osteoporosis. Activation of adipocyte apoptosis via

the CNS has been demonstrated, particularly following leptin treatment, but

the neural pathways involved are only beginning to be defined. Although the

sympathetic nervous system is the most likely transduction pathway from

brain to adipocytes, either in fat pads or in bone marrow, the involvement of

an intermediary humoral factor acting directly on adipocytes has not yet

been ruled out. It is also possible that adipocyte apoptosis is triggered as a

result of alteration of blood supply. Remodeling of tissues is usually

accompanied by local changes in angiogenesis, although it can be difficult

to determine what is the initiating process. Although there are many tech-

nical issues involved in studying adipocyte apoptosis in animals, a better

understanding of the biochemical and anatomical pathways involved could

lead to development of treatments resulting in the controlled removal of

adipocytes in fat depots and bone marrow, and possibly in a site-specific

manner.
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Potential therapies to limit obesity

jason c. g. halford

The chapters within this book have detailed various aspects of the

neurobiology of weight control. These include the genetic factors which

determined the function of the body’s energy regulation and the central

mechanisms responsible for maintaining the body’s energy balance. Particular

focus has been placed on central targets such as the melanocortin and

endogenous opioid systems. These systems represent two factors which con-

trol food intake: energy balance regulation and pleasure/reward. It is the

metabolic demand for energy and the pleasure derived from eating palatable

foods which determine when, what and how much we eat. Other chapters

have dealt with peripheral generated signals such as ghrelin, leptin and insulin

and their role in appetite and energy regulation. Such mechanisms provide

episodic meal-by-meal signals of food consumption and the tonic signals of

energy storage to the CNS. Organs such as the gut, the pancreas and adipose

tissue act as both detectors and effectors in the organism energy regulation

system. This diverse peripheral input allows the organism to constantly

monitor its current energy status. In turn the CNS does not only adjust the

expression of feeding behavior, as the last chapter shows the CNS also exerts

control over the storage of energy.

Given the complexity of these systems underpinning energy regulation

(episodic and tonic, peripheral and central) it may appear surprising that the

state of obesity exists. However, despite the collective action of these many

systems it seems many individuals experience great difficulty controlling their

own body weight. In fact in many countries, being overweight or obese is
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now the population norm. The popular scientific explanation for this is that

our energy regulatory systems evolved under very differing circumstances.

During our development we have never been exposed to the availability of an

abundant variety of foods which we experience now. Moreover, the diet which

was once consumed did not consist of the hedonic pleasing energy-dense

items. Such foods consist of high proportions of refined sugar or fat, and now

are a major consistent of the diets of many individuals (Blundell & Halford,

1995).

It appears overall, that the system defends well against under consumption

but not over consumption. Authors have referred to this phenomenon as the

‘asymmetry’ of appetite regulation. It seems in the current obesity promoting

(or ‘obesogenic’) environment the neurobiology of appetite and energy regu-

lation has literally become the neurobiology of obesity. However, through

understanding both the functions and the limits of the systems which control

energy intake and expenditure we can gain an understanding of where the

potential to intervene lies. Thus knowledge of the neurobiology of obesity

provides yields targets for obesity treatment (Halford et al., 2003).

For all obesity treatments, even treatments targeting a specific neurobio-

logical mechanism, to achieve a reduction in body mass a negative energy bal-

ance has to be attained. With the notable exception of liposuction, all weight

loss treatments must either reduce energy intake and/or increase energy

expenditure to produce weight loss. Targeting food ingestion has always been

the historically favored approach to obesity treatment and the neurobiological

approach is no exception. Drugs which reduce intake are still by far the largest

class of drugs under development. Such drugs act either centrally or in the

periphery on appetite mechanisms to reduce food intake, or act in the gastro-

intestinal tract to reduce energy absorption (Halford et al., 2004).

Current anti-obesity drugs work exactly by those mechanisms: Sibutramine

modulates appetite and Orlistat blocks fat absorption. It is likely that the

(provisionally licensed in the USA and approved in the UK) anti-obesity drug

Rimonabant also induces weight loss, at least in part by reducing food intake.

This does not mean drugs cannot be used to target metabolic processes to

promote energy expenditure rather than energy intake. However, no such

drugs are currently used to treat obesity and few, if any, of this class of com-

pounds are in clinical trials yet. Peripherally acting drugs such as the b3-

adrenoceptor agonists have been in development for a number of years. Such

compounds are thermogenic, increasing metabolic rate and energy expend-

iture. Interest has focused on the newly characterized thermogenic mito-

chondrial uncoupling proteins UCP-1, UCP-2 and UCP-3 and a variety of other

metabolic targets such as adiponectin-based therapies, Fatty Acid Synthase
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(FAS) inhibition, TNF-a inhibition, stearoyl-CoA desaturase (SCD)-1 enzyme

inhibition and gene targets such as the human Sir2-like gene sirtunin (SIRT)-1.

1. Drugs acting centrally on appetite and energy regulation

The CNS receives information generated by the sensory experience of

eating, and from the periphery indicating the ingestion, absorption, metab-

olism and storage of energy. To regulate appetite, a variety of structures within

the CNS integrate multiple signals, to assess the biological need for energy, to

generate or inhibit conscious experiences of hunger, and subsequently to

initiate the appropriate behavioral action. The various anabolic and catabolic

circuits with structures such as the hypothalamus have already been detailed

elsewhere in this book. This complex neural circuitry containing numerous

neuropeptides, both orexogenic (stimulate food intake) and anorexogenic

(inhibit food intake) provide a wealth of therapeutic targets. Of particular

interest have been the inhibitory and stimulatory neurons that project from

the ARC to the PVN and to other hypothalamic nuclei. These ‘‘first order’’

neurons such as the anorexigenic POMC (proopiomelanocortin)-CART (cocaine

and amphetamine-regulating transcript) containing neurons and the orexi-

genic NPY (neuropeptide Y)-AGRP (agouti-related peptide) containing neurons

are a key convergence point for peripherally generated episodic and tonic

signals (such as leptin, ghrelin, insulin and corticosteroids; Harrold, 2004;

Leibowitz & Wortley, 2004; Williams et al., 2004; King, 2005).

1.1 Drugs acting on satiety

Many of the drugs initially used to treat obesity did so, at least in part,

by reducing food intake. However, their hypophagic effects may have resulted

more from the disruptive effects of these compounds on feeding behavior

rather than any appetite enhancing properties they may also have possessed.

Drugs such as amphetamine, mazindol, phentermine, phenylpropanolamine

(PPA) and diethylpropion have historically been used to treat obesity. However,

disruptive side effects such as dizziness, blurred vision, restlessness along with

extreme tiredness (caused by lack of sleep), raised blood pressure and heart

rate and also its abuse potential have all but stopped the use of amphetamines

as clinical compounds. The use of compounds such as mazindol, phentermine

and diethylpropion, as well as the ephedrine-like drug phenylpropanolamine

(PPA) has also been progressively abandoned. The relative contributions of

sympathetic activation, any stimulant properties or any effect on the expression

of appetite in their efficacy is difficult to determine in retrospect. However,
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evidence exists that drugs like amphetamine may have reduced hunger and

increased satiety even if they did disrupt the normal pattern of feeding behavior

(Halford et al., 2004).

The satiety enhancing effects of serotoninergic enhancing drugs have been

well documented in humans. These drugs were possibly the first to be regarded

as true satiety enhancing agents (Blundell, 1977). Many laboratory studies in

humans using fenfluramine, and later d-fenfluramine, demonstrated the

effects of these drugs on hunger, within meal satiation and post-meal satiety

(Blundell & Halford, 1998). Their effects on appetite were far more specific

than amphetamine and lacked the contaminant behavioral side effects. The

use of fenfluramine drugs to treat obesity became widespread and culminated

with the prescription release of d-fenfluramine under the trade name Redux

in the USA in 1996. However, despite their efficacy, both fenfluramine

(which at the time was being used in combination with phentermine) and

d-fenfluramine were globally withdrawn within two years due to reports of

primary pulmonary hypertension. If the 5-HT system was to be therapeutically

targeted again, another means of activating this satiety system was needed

(Halford et al., 2005).

The only satiety enhancing drug currently globally licenced to treat obesity

is sibutramine. Sibutramine is a noradrenergic and serotoninergic reuptake

inhibitor originally developed for the treatment of depression. Sibutramine’s

first (BTS 54354) and second (BTS 54505) metabolites are potent reuptake

inhibitors 5-HT and NA in vivo (Stock, 1997; Heal et al., 1998). Like other ser-

otoninergic drugs, sibutramine enhances satiety. In humans, laboratory-based

studies have shown sibutramine to reduce both hunger and food intake in the

lean. Hansen et al. (1999) demonstrated that a single dose of sibutramine

(30 mg) enhanced the satiety response to a fixed breakfast in lean males. With

regard to the effect of sibutramine on food intake, a single dose of sibutramine

(15 mg) given to lean males also produced a significant decrease in total cal-

ories consumed across the day and in self-reported hunger (Chapelot et al.,

2000). The effects of sibutramine on food intake and appetite in the obese were

first detailed by Rolls et al. (1998). Sibutramine 30 mg reduced total food intake

on day 7 (23% from placebo) and sibutramine 10 mg and 30 mg reduced total

food intake on day 14 (a 19% and 26% reduction respectively). The hypophagic

action of sibutramine appears to persist in the obese during treatment.

Barkeling et al. (2003) examined effects of sibutramine on food intake and

appetite at the start and end of an open-label trial. Over approximately 10

months the participants had lost 10.9 kg in body weight from baseline on

sibutramine. Moreover, the initial effect of sibutramine on appetite predicted

the effect of sibutramine on body weight during the subsequent open-label
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trial. At the end of the trial the effects of sibutramine on appetite were assessed

again and the drug still significantly reduced food intake.

The fenfluramines and sibutramine presumably induced satiety by either

promoting the release or preventing the reuptake on 5-HT. However, no suc-

cessful anti-obesity compound to date has targeted the receptors which mediate

the transmitter’s action on appetite. A variety of studies employing selective 5-HT

receptor antagonists, direct agonists, and transgenic animals have confirmed the

role of 5-HT1B and 5-HT2C receptors in feeding behavior (Halford et al., 2005). In

humans, direct agonism of these 5-HT receptors also potently reduces food

intake. Specifically, the drug mCPP (5-HT1B/2C receptor preferential agonist) has

been shown in a number of studies to reduce hunger and enhance satiety, an

effect associated with a significant reduction in food intake (Walsh et al., 1994;

Cowen et al., 1995; Sargent et al., 1997). A selective 5-HT2C agonist, APD356 from

Arena Pharmaceuticals, has successfully progressed into phase 2 clinical trials

(Smith et al., 2005a, 2005b), and, recently, phase 3 trials.

In rodents APD356 has been shown to inhibit the development of dietary-

induced obesity (Bjenning et al., 2004), an effect associated with an initial

phase of hypophagia. According to the company, data from phase 1 trials

suggests APD356 is well tolerated and selective to the target receptor in

humans (with little affinity to 5-HT2A and 5-HT2B receptors). The drug has

completed two phase 2 clinical trials. In the phase 2a study, 352 obese male

and female volunteers were given placebo or one of three doses (1 mg, 5 mg

or 15 mg) for 28 days (Smith et al., 2005). Weight loss from baseline was 0.318 kg

in the placebo, 0.318 kg at 1 mg, 0.408 kg at 5 mg and 1.315 kg at 15 mg (the

only significant reduction). The data from the recent 12 week phase 2b study

has yet to be presented. However, according to Arena, the highest dose

of APD-356 induced a loss in weight of 3.6 kg from baseline over 12 weeks

(3.26 kg placebo-subtracted). Given the company chose not to prescribe any

diet or lifestyle modification during this 12-week trial, it is difficult to com-

pare these data with other phase 2b studies of other novel anti-obesity agents.

Data on the effects of this drug on the expression of human appetite are yet

to be published.

As of yet no other CNS satiety enhancing drugs appear to have reached

phase 2 clinical trials. Other 5-HT2C agonists are under development and

increasing interest is focused on another serotonin receptor 5-HT6. However,

examining the pre-clinical literature and looking at company pipeline infor-

mation and press releases it seems likely neuropeptide Y5 antagonists and

melanocortin 4 receptor agonists will be the next in this class of centrally

acting appetite suppressants to emerge. A number of these may already be

entering phase 1 and possibly phase 2 trials.

306 Jason C. G. Halford



1.2 Drugs acting on appetite through unknown mechanisms

The only anti-obesity drug which has currently completed phase 3

trials is the endocannabinoid CB1 receptor blocker from Sanofi-Aventis,

rimonabant (SR141716, Acomplia). This drug has been undergoing concurrent

clinical trials for both obesity treatment and smoking cessation. However, the

full role of endogenous cannabinoid receptors in the natural operation of

appetite has yet to be determined (Kirkham, 2005; Vickers & Kennet, 2005).

Rodent and primate data suggest the drug may act by either enhancing satiety,

reducing the pleasure derived from consuming palatable foods, and/or redu-

cing the motivation to feed. Therefore, it is the effects of CB1 receptor block-

ade on the liking and want of food which may be critical to rimonabant

actions. In humans, rimonabant has been shown to reduce food intake, hunger

and body weight over seven days of treatment in the overweight and obese

(Heshmati et al., 2001). However again, the precise effect of rimonabant on

human appetite (reducing hedonic value of food, reducing its palatability or

enhancing satiety) remains to be fully characterized.

Long before the endogenous endocannabinoid system was characterized,

the effects of cannabis on food intake were known. In animals and humans,

the administration/use of cannabis and cannabinoid active agents are associ-

ated with increased food consumption (Koch, 2001; Williams & Kirkham, 2002;

Halford et al., 2004; Kirkham, 2005; Vickers & Kennet, 2005). Moreover, in

humans this effect is associated with a prolonged increase in hunger. These

hyperphagic properties have lead to the development of cannabinoid-based

treatments for cachexia. Dronabinol is used to treat wasting in patients with

AIDS and cancer. If activation of this system could be exploited to produce

weight gain then it was logical that its blockade may be able to produce weight

loss. Rimonabant is a competitive antagonist, not only blocking but reversing

the effects of CB1 receptor agonists (Kirkham, 2005; Piomelli, 2005; Vickers &

Kennet, 2005). CB1 receptors are found widely in the central nervous system,

including the hypothalamus and the nucleus accumbens. CB1 receptors are

additionally expressed in gut, liver and adipose tissue, also areas critical to

energy regulation.

Rimonabant has undergone four phase 3 clinical trials; RIO (Rimonabant In

Obesity) US and RIO Europe were both 2-year studies, RIO-Diabetes and RIO-

Lipid were both 1-year studies. Year one data from RIO-Europe was recently

published (Van Gaal et al., 2005). During the first year of this trial, those in the

placebo control group lost 1.8 kg, whilst those given 20 mg rimonabant lost 6.6

kg. Only some of the changes in fat-related factors could be attributed to

weight loss. Data from the RIO-Lipids study were also recently published
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(Després et al., 2005). In the 20 mg group placebo subtracted weight loss was

5.4 kg (6.9 kg from baseline). Along with weight loss, rimonabant produced

significant improvement in a number of risk factors for obesity-related disease.

These data suggest rimonabant 20 mg produces weight loss superior to either

sibutramine or orlistat. Whatever the mechanism, the data show that blockade

of the endogenous endocannabinoid system can be targeted to produce weight

loss. Rimonabant is currently approved in Europe but not the USA.

1.3 Drugs acting centrally which may or may not reduce food intake

Sibutramine was originally developed to treat depression. Its potential

weight control indication only became apparent in early clinical trials. It is not

uncommon for centrally acting agents, developed to treat various psychiatric or

neurological disorders, to be found tohave either detrimental or beneficial effects

on weight control. For instance early anticonvulsants and some atypical anti-

psychotic drugs (e.g. olanzapine) have been shown to produce weight gain

(Goudie et al., 2005), whereas other drugs, for instance some of the second gen-

eration of anti-convulsants (e.g. topiramate), produce weight loss (Halford, 2004).

Sibutramine is not the only NA reuptake inhibitor shown to produce weight

loss in humans. The dopamine and noradrenaline reuptake inhibitor, bupro-

pion (GlaxoSmithKline) also produced weight loss in obese patients (Anderson

et al., 2002; Jain et al. 2002). Meta-analysis suggests that bupropion placebo

subtracted weight loss would be 2.8 kg over 6 to 12 months (Li et al., 2005). The

bupropion metabolite radafaxine is under clinical investigation as a potential

anti-obesity drug. How either of these two centrally acting drugs reduce body

weight, reducing energy intake and/or increasing energy expenditure, remains

unclear. However, given that sibutramine enhances satiety and induces

thermogenesis, and rodent data suggest that NA receptors are critical to both

these effects ( Jackson et al., 1997; Hansen et al., 1999), it is possible bupropion

and radafaxine could do both.

2. Drugs acting peripherally

Central appetite and energy regulatory mechanisms are not the only

targets for obesity treatment. A variety of peripheral mechanisms provide

suitable targets. Perhaps the simplest approach is to block the breakdown of

nutrients or the absorption of the products of digestion within the gastro-

intestinal tract. Another approach is to enhance satiety signals produced in

response to intestinal nutrients. Thirdly, drugs could enhance the metabolism

of fat within adipose tissue.
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2.1 Blockade of digestion and absorption

Blocking the absorption of nutrients, specifically carbohydrates and

fats, from the gut into the body is not a novel idea. Such approaches have

employed products which either bind to the nutrients within the gut inhibit-

ing their breakdown or block the action of enzymes on nutrients (i.e. deacti-

vating amylases and/or lipases) so they remain in their unabsorbable forms.

Currently no amylase inhibitors appear to be under development as anti-

obesity drugs although many are available as weight loss supplements. The

only globally licenced gastrointestinal lipase inhibitor is orlistat (Xenical) from

Roche. Orlistat works by inhibiting the breakdown of dietary fat. The drug

irreversibly blocks the active site of the gastrointestinal lipase. This prevents

the hydrolysis of triglycerides into absorbable fatty acids and monoglycerides

(Hauptman et al., 1992; Schwizer et al., 1997). Participants given orlistat, con-

suming a diet containing 30% dietary fats, pass stools which contain approxi-

mately a third of this fat (25–30 grams) undigested (at least a 10% reduction in

energy absorption) (Zhi et al., 1995; Guerciolini, 1997).

Whilst the drug has no systemic action, the drug may still modulate feeding

behavior. The consumption of a high-fat diet in conjunction with orlistat

results in aversive gastrointestinal side effects. The avoidance of these effects

appears to modulate food choice. In rats, orlistat treatment dose-dependently

decreases fat intake but leads to compensatory increases in protein, carbohy-

drate and total caloric intake (Ackroff & Sclafani, 1996). Similarly, in humans

orlistat treatment (72 weeks) has been shown to lead to a significant increase

in the consumption of carbohydrate (Ullrich et al., 2003). Those who had lost

the least weight (less than 5% from baseline) increased their carbohydrate

consumption the most. Other companies have tried to develop similar drugs

which do not produce the same side effects. The most advanced of these is

cetilistat, also known as ATL-962 (Alizyme Pharmaceuticals) (Kopelman et al.,

2004). In a phase 2b trial this lipase inhibitor was shown to produce significant

weight loss in the obese. All doses of cetilistat (60, 120 or 240 mg t.i.d.) pro-

duced significant weight loss over the 3 months equivalent to that reported to

be produced by orlistat. During the trial the average number of adverse events

in the treatment groups was not statistically different from placebo (differing

from existing data on orlistat). Cetilistat continues to progress through more

phase 1 and 2 trials. However, little published data on its efficacy are available.

2.2 Peripheral satiety signaling hormones

The short-term consequences of food ingestion produce a powerful

inhibition on further intake. These signals include the release of numerous
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hormones from various locations in the gut wall and the pancreas. Whilst

these hormones control gut function and/or blood sugar levels, they also signal

the brain to the presence of nutrients within the gut. This in turn inhibits

further eating behavior. Such hormonal signals can potentially be manipulated

to reduce meal size and promote post-meal satiety. Currently, there are

treatments acting on two gut peptide systems and a pancreatic peptide system,

glucagon-like peptide (GLP-1), peptide YY (PYY)3-36 and amylin, which have

reached the stage of human testing. Data on the effects on appetite and on

body weight exist for each of these potential treatments.

Glucagon-like peptide is an incretin (insulin stimulating) hormone, released

from L cells in the distal small intestine in response to nutrients (Holst &

Gormada, 2004; Bojanowska, 2005). Endogenous GLP-1 levels increase follow-

ing food intake, with the largest increase observed in response to the ingestion

of carbohydrate (Lavin et al., 1998; Kong et al., 1999) and fat (Frost et al., 2003;

Thomsen et al., 2003). Rodent studies indicate that GLP-1 administration into

the CNS reduces food intake and GLP-1 receptors are found in the brainstem,

particularly in the nucleus of the solitary tract and the area postrema and key

hypothalamic nuclei (Turton et al., 1996). There are data suggesting peripheral

GLP-1 can also cross the blood–brain barrier and could act directly in other

areas of the brain (Kastin et al., 2002). In humans peripheral GLP-1 infusions

have been shown to significantly enhance the satiating potential of a fixed

caloric load (Flint et al., 1998). Infusions of GLP-1 also produce a reduction in

intake at ad libitum meals. These effects are associated with reductions in

hunger and enhancements in satiety (Flint et al., 1998; Gutzwiller et al., 1999a).

Other studies demonstrate that exogenous infusions of GLP-1 have marked

effects on food intake and/or appetite in the overweight and obese (Näslund

et al., 1998, 1999; Gutzwiller et al., 1999b; Flint et al., 2001). Meta-analysis of

these studies suggests that GLP-1 infusion reduced ad libitum food intake by

727 kJ or 11.7% (13.2% in the lean and 9.3% in the obese) (Verdich et al., 2001).

Subcutaneous injections of GLP-1 also induce weight loss in the obese (Näslund

et al., 2004). Unfortunately, GLP-1 is normally rapidly inactivated by the

enzyme dipeptidyl peptidase IV (DPP IV). Therefore GLP-1 based drugs which

are resistant to DPP IV have had to have been developed.

Exendin-4, a naturally occurring GLP-1 agonist, is resistant to DPP IV and

possesses a much longer active half-life than GLP-1 itself (Parkes et al., 2001).

The peptide has been shown to reduce food intake and body weight gain in

rodents (Szayna et al., 2000). Moreover, exendin-4 has been shown to reduce

food intake in lean healthy humans (Edwards et al., 2001). In this study, overall

daily caloric intake was reduced by 21% following a morning infusion of

exendin-4. Exenatide (a.k.a. Byetta for Amylin Pharmaceuticals and Eli Lilly), is
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a synthetic version of exendin-4 (Nielsen et al., 2004). It has undergone

extensive clinical assessment, primarily for the treatment of type 2 diabetes.

In these trials moderate weight loss has been observed. Data from a series

of 30-week studies in type 2 diabetics, already receiving metformin (M),

sulfonylurea (S) or both (M&S), suggests the addition of exenatide to their

treatment not only improved their symptomatology but also promoted weight

loss (some data is contained in Defronzo et al., 2005 and Kendall et al., 2005).

During the subsequent open-label phase, by week 82 all patients had lost about

4.5 kg from baseline, although weight loss of 10.3–12.2 kg during the trial was

reported in the 25% most successful patients (Blonde et al., 2005). Its effects in

the non-diabetic obese need to be ascertained.

Peptide YY3-36 (PYY3-36) is one of the two main endogenous forms of PYY. It is

produced from the cleavage of PYY1–36 (the other major form of PYY) by

dipeptidyl peptidase IV (DPP IV). PYY is a 36 amino acid ‘hind gut’ peptide

released from endocrine cells in response to luminal fat and fatty acids, some

forms of fibre and bile acid (Ongaa et al., 2002). In humans, endogenous PYY is

released predominantly after rather than during a meal (Ongaa et al., 2002;

Batterham et al., 2003) and causes a decrease in gastric emptying (the so-called

‘ileal brake’). Endogenous levels of PYY are suppressed by fasting in humans.

These data would suggest PYY is a critical nutrient-sensitive satiety signal

(Batterham & Bloom, 2003; Renshaw & Batterham, 2005). PYY (including

PYY3-36) can cross the blood–brain barrier via a non-saturatable mechanism.

However, until recently, CNS PYY was regarded to be a potent stimulator

rather than inhibitor of food intake (Hagan, 2002). This remained the con-

sensus until Batterham et al. (2002) demonstrated that both peripheral and

central doses of the Y2 receptor selective PYY3-36 produced a reduction in food

intake and weight gain in rodents. These data suggested that PYY3-36 inhibited

food intake by activating inhibitory Y2 receptors on hypothalamic NPY

neurons projecting from the arcuate nucleus into the paraventricular nucleus.

Batterham et al.’s findings have not been replicated in a number of laboratories

(Tschöp et al., 2004), whilst other researchers are able to provide corroborating

data (Pittner et al., 2004). Thus, the role of CNS PYY / PYY3-36 in appetite regu-

lation still remains controversial, which may have implications for PYY as an

anti-obesity treatment (Baggiano et al., 2005).

Batterham et al. demonstrated the effect of peripheral PYY3-36 infusion on

hunger and food intake in lean, healthy volunteers (Batterham et al., 2002). The

peptide potently reduced caloric intake and appetite for up to 12 hours. In a

second study Batterham et al. (2003) demonstrated that an infusion of the

peptide produced similar effects in the obese. Over the next 12 hours food

intake remained suppressed by 26.3% in the obese. Degen et al. (2005) have also
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demonstrated the effects of PYY3-36 on appetite and feeding behavior in lean

humans. The highest dose of the exogenous PYY3-36 infusion they employed

produced suppression in food intake of 32%, at a supra-physiological dose. A

number of PYY3-36 treatments are undergoing clinical trials; a PYY3-36 nasal

spray from Nastech Pharmaceuticals and Merck, and AC162352 a synthetic

version of human PYY3-36 from Amylin Pharmaceuticals. Data on the nasal

spray from Nastech Pharmaceuticals have yet to be published. A subcutaneous

injection of AC162352 has been shown to decrease the appetite and increase

the satiety impact of a set breakfast meal (Lush et al., 2005). In the obese, the

breakfast alone also reduced hunger by 12%, but with the addition of 60 lg

AC162352 it was reduced by 45%.

Pramlintide (Symlin, AC137) is a human analogue of the 37 amino acid pan-

creatic beta-cell hormone amylin (developed by Amylin Pharmaceuticals) that is

co-secreted with insulin from pancreatic beta-cells in response to nutrient stim-

uli. Peripheral administration of amylin at near-physiological doses reduces food

intake and inhibits body weight gain in rodents. Thus, amylin is hypothesized to

be another key satiety factor (Reda et al., 2002; Lutz, 2005). The primary anorexic

effects of amylin appear to bemediated by amylin receptors in the area postrema

of the brainstem (Lutz et al., 2001). Amylin can also cross the blood–brain barrier

and is transported into brain regions such as the hypothalamus. Some authors

have suggested that amylin entering the CNS may act like insulin and leptin as a

signal of adiposity. This seems plausible as circulating levels of these hormones

correlate with body weight (Rushing et al., 2000; Rushing, 2003).

Pramlintide, the amylin analogue, has been developed to manage both

common forms of diabetes both of which are characterized by an endogenous

amylin deficiency (Weyer et al., 2001; Buse et al., 2002). Trials have also demon-

strated pramlintide’s potential for the management of body weight (Hollander

et al., 2003, 2004).With regard to the expression of appetite, a single subcutaneous

injection of pramlintide (120 lg) significantly reduced food intake in the obese

and type 2 diabetic patients, an effect associatedwith enhanced satiety (Chapman

et al., 2005). In another study in normal weight male volunteers pramlintide

reduced food intake at an ad libitum meal (by 14%) (Weyer et al., 2005), an effect

associated with a reduction in pre-meal hunger and an increase in fullness. The

reduction in pre-meal hunger ratings correlated with subsequent reduction in

caloric intake.

2.3 Drugs which stimulate energy expenditure

Although current anti-obesity medications reduce food intake, some

also affect energy expenditure. The thermogenic effects of sibutramine are
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well documented. It has also been suggested that rimonabant also acts directly

on fat tissue. For a number of years, companies have been trying to develop

treatments which selectively target metabolic processes to increase metabol-

ism and selectively decrease adipose tissue. Drug programs have included

beta-3 adrenergic receptor agonists and more recently a variety of other

metabolic targets (such as uncoupling proteins) which exist within fat tissue.

The only anti-obesity drug acting on expenditure currently known to be

undergoing clinical trials is AOD (Advanced Obesity Drug)-9604 from Metabolic

Pharmaceuticals.

AOD-9604 is a synthetic peptide based on a peptide derived from the

C-terminus of the human growth hormone (Wilding, 2003). Growth Hormone

(GH) is a key regulatory hormone that, amongst other actions, stimulates fat

metabolism. AOD-9604 has been developed to produce the beneficial effects of

GH on fat tissue without its side-effect profile (Wilding, 2003). The drug has

been shown to inhibit weight gain in obese rodents (Ng et al., 2000; Heffernan

et al., 2001). This effect is thought to be associated with an increase in fat

breakdown and a decrease in fat storage. Metabolic Pharmaceuticals recently

presented data from their 12-week phase 2b study of its anti-obesity candidate

AOD-9604 (Herd et al., 2005). Interestingly, the lowest and the highest doses of

AOD-9604 produced the greatest weight loss; only reductions in body weight

produced by 1 mg, 20 mg and 30 mg of AOD-9604 were significantly greater

than placebo. In 2007, the company terminated development of AOD-9604.

3. Summary

An understanding of the neurobiology of obesity provides numerous

therapeutic targets which could be exploited to treat obesity. Current drugs

demonstrate that pharmacotherapy is at least as effective as all other treat-

ments, which the notable exception of baliatric surgery. Sibutramine and

orlistat have well-established mechanisms of action and produce a 5–10% loss

in body weight from baseline. This corresponds to a placebo-subtracted weight

loss of approximately 4.2 kg for sibutramine and 2.7 kg for orlistat (Li et al.,

2005). This weight loss produces a significant improvement on a number of

obesity-related disease risk factors, and in the case of orlistat has been shown

to reduce the incidence of diabetes over the course of a 4-year treatment

(Torgerson et al., 2004). In fact, some authors have suggested the improvement

in such risk factors is greater than would be expected to be produced by weight

loss alone. Despite this, the take-up of existing obesity treatments has been

poor with prescription use of both sibutramine and orlistat falling in the

Canada and the USA.
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The first new anti-obesity drug for 7 years has been approved in Europe.

Rimonabant, the endocannabinoid antagonist, appears to reduce food intake

by acting on other CNS appetite mechanisms. However, its precise effects on

the expression of human appetite require elucidation. Phase 3 data suggest

that rimonabant can produce placebo-subtracted weight loss of around 5 kg,

which would appear to be a significant improvement on existing treatments.

Other CB1 antagonists are now also in clinical trials. A number of other

centrally acting appetite suppressing drugs are under development. These

include other noradrenergic reuptake inhibitors such as radafaxine, and the

selective 5-HT receptor agonists (e.g. APD-356). Melanocortin MC4R receptor

agonists and neuropeptide Y5 receptor antagonists may soon be entering

clinical trials. MCH1 antagonists and Y2/Y4 receptor agonists have apparently

already entered clinical trials. In addition, peripherally acting treatments that

target appetite include GLP-1 analogues such as exenatide (Byette), PYY3-36 -

based treatments and the amylin analogue pramlintide have also produced

weight loss. Other peripherally acting drugs undergoing clinical trials include

cetilistat.
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