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Preface

The marked and continuing increase in the prevalence of obesity during few

decades is one of the most remarkable characteristics of Western civilization. It

profoundly affects the society not only with its consequences for public health but

also with its economical and sociological/cultural aspects. As has been demon-

strated by artifacts such as the Venus of Willendorf as well as by historical reports,

obesity occurred in almost all societies as a rare condition among the rich and

privileged. However, in the last decades of the twentieth century, a marked increase

in its prevalence commenced in the USA, in Europe, and subsequently, also in parts

of Asia, reaching epidemic proportions. There is little doubt that this increase

reflects the influence of an “adipogenic” environment: the unlimited availability

of food in combination with the development of particularly palatable, less satiating

foods (the so-called fast food), together with a mechanization of all tasks, causing

an inactive, sedentary lifestyle. So far, all efforts to halt this epidemic by changes in

diet and lifestyle had little success: Triglycerides lost during an intervention are

rapidly regained once the individual returns to the previous food choice and eating

behavior, and few individuals manage to continue their intervention indefinitely.

This observation appears to reflect the influence of a powerful biological system

that controls not only energy balance, i.e., caloric intake, but also food choice and

nutritional preferences.

It is obvious that such a biological system controlling energy balance can

comprise targets for a pharmacological intervention. Consequently, considerable

efforts have been made in the past to elucidate the molecular basis of this system, to

identify potential targets for intervention, and to discover agents inhibiting food

intake by a reduction of appetite. As this volume will summarize, these efforts have

led to a broad understanding of the mechanisms controlling food intake, to the

identification of numerous targets for intervention, and also to several agents with

appetite-inhibiting potency. However, so far, none of these agents have met the

high safety standards required for the chronic treatment of obesity. Agents such as

sibutramine and rimonabant that were in use for some time have been withdrawn

because of unacceptable side effects. Thus, this volume cannot describe established

and accepted therapeutics. Rather, its aim is to summarize the state of knowledge of
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potential target proteins and mechanism in order to point out promising directions

of future research. Thereby, the volume addresses pharmacologists, physiologists,

neuroendocrinologists, and all other scientists who are interested in the field of

obesity research.

The first part of the volume presents a comprehensive description of the central

mechanisms controlling food intake, and thereby energy balance, in the mamma-

lian organism. During the last two decades, research in this area has produced

a remarkable wealth of information and has characterized the function of numer-

ous peptides and their receptors in a neuroendocrine network of appetite control.

Chapters covering leptin, neuropeptide Y, MSH, AGRP, NMU, the orexins and

neuromedins, and their respective receptors highlight this plethora of information.

In addition, the central effects of insulin in modulating this network are covered in

the first section. An often overlooked aspect of the obesity problem is its analogy

with addictive behavior. Thus, the concluding chapter of the first section covers

the role of reward systems in appetite control. It has been believed that dysfunction

of the neuroendocrine circuitry leads to obesity, e.g., by alterations such as “leptin

resistance,” but so far, no fully convincing, comprehensive molecular mechanism

has been proposed. Thus, the question as to why individuals are sensitive or resis-

tant to the “adipogenic” environment remains to be answered.

The circuits controlling food intake depend on peripheral signals from sensors

that monitor the availability of nutrients. Solid evidence has been accumulated,

indicating that the gastrointestinal tract plays a major role in generating these

signals. Therefore, the second section of the volume includes chapters covering

the peptides ghrelin, GLP-1, CCK, PYY, PP, and amylin, as well as their receptors.

More recently, it has become apparent that the intestinal tract plays an even

more important role because its microbiota appears to modulate energy balance

and, consequently, adiposity. Although the underlying mechanisms are largely

unknown, it was appropriate to add a chapter covering these novel aspects to the

second section of the volume.

Three separate chapters describing the sensing of nutrients are included in the

third section of the volume. The availability of glucose is assessed by a complex

system of glucosensors in the CNS; at low glucose levels, these neurons trigger the

sensation of hunger. The consumption of fat is also monitored, but the underlying

molecular mechanisms are less well known. The current status of knowledge is

described in the second chapter of the third section, with particular focus on the

fatty acid transporter CD36. The molecular mechanisms of chemosensation of

glucose, fatty acids, and amino acids in the intestinal mucosa are described in the

third chapter of the section. These processes are controlled by nutrient-binding

receptors, transporters, or ion channels that trigger the secretion of intestinal

hormones. Interestingly, receptors recognizing sweet taste have been found recently

in the intestinal mucosa, as is also described in the final chapter of the section.

The current status of antiobesity drugs is described in the fourth section of the

volume. In contrast to the plethora of mechanistic information described in the first

three sections of the volume, at present, there are no antiobesity drugs available for

the therapy of morbid obesity. This situation is not due to a lack of effective agents
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but to the presence of serious side effects which cannot be tolerated under condi-

tions of a chronic therapy. The section describes the agents that have been in use

and later withdrawn (reuptake inhibitors of catecholamines, e.g., sibutramine;

cannabinoid antagonists, e.g., rimonabant) or have been investigated in clinical

trials (HT-receptor antagonists, e.g., lorcaserine; MCH-receptor antagonists; anti-

epileptics, e.g., topiramate, zonisamide). Efforts are still being made to develop

strategies minimizing the side effects of existing agents, for instance, by reduced

dosage in drug combinations. An interesting strategy to prevent the psychiatric

side effects of cannabinoid antagonists is the design of peripherally restricted

derivatives. In addition, bombesin-3-receptor agonists, a more recently identified,

promising group of appetite-inhibiting agents, are covered in a separate chapter.

I am deeply grateful to the authors of the volume who have contributed excel-

lent, informative, and comprehensive chapters to this volume. All authors are

distinguished experts in their fields and have contributed important original data

to our understanding of appetite control. They have quite different scientific back-

grounds, and, together, they represent all relevant disciplines. Thereby, the topics

are presented from different points of view, not exclusively from that of pharma-

cology. Thus, I believe that they have written a timely and unique overview on one

of the most important areas of current research. I do hope that this volume will

contribute to generate novel ideas, findings, and solutions to the pressing problem

of obesity.

Potsdam-Rehbrücke, H.-G. Joost

Germany
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Abstract The hormone leptin, secreted predominantly from adipose tissue, plays a

crucial role in the regulation of numerous neuroendocrine functions, from energy

homeostasis to reproduction. Genetic deficiency as a consequence of leptin or leptin

receptor mutations, although rare in humans, leads to early onset of chronic

hyperphagia and massive obesity. In most human obesity, however, leptin levels

are chronically elevated. Under these conditions of persistent hyperleptinaemia,

and particularly when obesity is associated with a high-fat diet, leptin resistance

develops, and signalling through the leptin receptor is curtailed, fuelling further

weight gain. Here, we review the role of leptin receptors in the regulation of feeding

and obesity development. Leptin receptors are found in each of the major

components of the CNS “feeding” circuitry—the brainstem, hypothalamus and
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distributed reward centres. Through these receptors, leptin exerts influences on

signalling and integration within these circuits to alter feeding behaviours.

Although some progress is now being made with peptide analogues, the leptin

receptor has not proved to be amenable to small molecule pharmacological inter-

vention to date. Where clinical benefit from recombinant leptin administration has

been achieved, this has been under circumstances of complete endogenous leptin

deficiency or relative hypoleptinaemia such as in lipodystrophy.

Keywords Leptin • Leptin receptors • Obesity

Abbreviations

AgRP Agouti-related protein

ARC Arcuate nucleus of the hypothalamus

CART Cocaine- and amphetamine-regulated transcript

CNS Central nervous system

CSF Cerebrospinal fluid

DIO Diet-induced obesity

DMH Dorsal medial nucleus

ERK Extra-cellular signal-regulated kinase

JAK Janus kinase

LepR Leptin receptor

LHA Lateral hypothalamic area

NPY Neuropeptide-Y

NTS Nucleus tractus solitarius

PI3K Phosphoinositide 3-kinase

POMC Pro-opiomelanocortin

PVN Paraventricular nucleus

SH2 Src homology 2

SOCS Suppressors of cytokine signalling

STAT Signal transducer and activator of transcription

VMH Ventromedial nucleus

VTA Ventral tegmental area

1 Introduction

The regulation of energy balance involves a matching of energy intake with energy

expenditure, in order to maintain a stable body weight over time. The relative

stability of body weight in most adults over prolonged periods is testament to the

accuracy with which this regulatory system functions. Positive energy balance

occurs when intake exceeds expenditure and leads to a progressive increase in

body weight and adiposity if the appropriate negative regulation does not occur.

4 E.C. Cottrell and J.G. Mercer



In this situation, prolonged positive energy balance will invariably lead to the

development of obesity.

It is apparent within human populations that some individuals are better able to

maintain an appropriate body weight than others in the face of an “obesogenic”

environment. Studies in animal models have begun to shed some light on key

pathways that may, at least in part, determine differential susceptibility to diet-

induced obesity (DIO). The central nervous system (CNS) plays an essential role in

the regulation of feeding and energy expenditure, integrating signals from gastro-

intestinal afferents and circulating nutrient-related factors to alter behaviour and

neuroendocrine function (Schwartz et al. 2000). Although the discovery of leptin

initially highlighted its critical role in the regulation of body weight, leptin

receptors (LepRs) have since been identified in virtually every tissue, and diverse

roles for this hormone have been shown in reproduction, development, immunity,

cardiovascular function, cognition and some forms of cancers (Ahima and Flier

2000; La Cava and Matarese 2004; Harvey et al. 2005; Tune and Considine 2007).

In this chapter, we will focus specifically on the role of leptin and LepRs in the

regulation of feeding and energy homeostasis.

2 Historical Perspectives on the Discovery of Leptin

The genetically obese ob/ob mice were first described in 1950 by Ingalls and

colleagues (Ingalls et al. 1950) who reported that in these animals, affected off-

spring began to display significant hyperphagia and increased body weight at

around 4 weeks of age, and by 3 months, they were approximately twice the weight

of non-obese littermates. Subsequent parabiosis experiments in which the circula-

tory systems of an obese animal were fused with a lean control mouse indicated that

it was the lack of a blood-borne signal that caused the massive obesity in ob/ob
animals, as this surgery resulted in a correction of hyperphagia and significant

reduction in body weight of the obese animals (Coleman 1973). In contrast, the

surgical union of an obese diabetic (db/db) mouse to a lean control was ineffective

in rescuing the phenotype of these mice, suggesting a failure of these animals to

respond to some circulating factor (Coleman 1978).

Almost 20 years later, the mutations responsible for these forms of genetic

obesity were identified. In ob/ob mice, Friedman and colleagues identified a non-

sense mutation in a gene that is expressed in white adipose tissue and normally

produces a peptide hormone of 16 kDa expressed in and secreted by white adipose

tissue (Zhang et al. 1994). The mutation causes the production of a truncated protein

that is not secreted, and as a consequence of this defective secretion, ob/obmice are

massively obese. In addition, the expression of the ob gene is markedly elevated

(approximately 20-fold) compared with wild-type mice (Zhang et al. 1994).
Following this discovery, a number of groups simultaneously investigated the

effects of administering recombinant ob protein to ob/ob, wild-type and db/db
animals. These studies showed that the treatment reduced food intake and increased

Leptin Receptors 5



oxygen consumption in ob/ob mice (Campfield et al. 1995; Halaas et al. 1995;
Pelleymounter et al. 1995) but was without effect in db/db animals (Campfield et al.
1995; Halaas et al. 1995). In db/dbmice, a loss-of-function mutation in the receptor

for ob was found to be responsible for the obesity in these mice (Tartaglia et al.
1995). Thereafter, a variant of the receptor was identified which is partially

responsible for the phenotype of the polygenic New Zealand mouse model of

obesity (Igel et al. 1997; Kluge et al. 2000). The product of the ob gene was

subsequently named leptin, and its receptor, leptin receptor (LepR), derived from

the Greek word for thin, “leptos” (Halaas et al. 1995). Both ob/ob and db/db mice

are also infertile and exhibit a reduced longitudinal growth. Thus, leptin clearly has

widespread functions in the neuroendocrine regulation of growth and reproduction

as well as body weight, the mechanisms of which are discussed in more detail

below.

3 Homeostatic Regulation of Feeding in the Central Nervous

System

In order to communicate the size of peripheral energy stores to the CNS, a

circulating factor needs to be produced in response to changes in energy availabil-

ity, to be circulated in amounts proportional to energy stores and to be sensed by the

brain. Insulin was the first such satiety signal to be identified. Following feeding,

circulating concentrations are increased, and insulin enters the brain via a regulated

transport mechanism (Baura et al. 1993) where it acts at insulin receptors to bring

about changes in feeding-related neuropeptides. Central administration of insulin

acts to reduce energy intake and body weight (Woods et al. 1979), indicating a

direct effect of this hormone at the level of the brain.

The second key hormone shown to act as a signal of plentiful energy stores was

leptin. This peptide hormone is secreted predominantly by adipocytes, and in the

adult, circulating levels are related to body mass (Maffei et al. 1995) but more

closely correlated with the degree of adiposity (Liuzzi et al. 1999). Leptin, like
insulin, is transported across the blood–brain barrier (BBB) by a saturable system

(Banks et al. 1996) and also acts within brain regions that regulate feeding

behaviour and thermogenic responses.

Numerous early ablation studies indicated a key role for the hypothalamus in

the regulation of energy balance. Leptin receptors are widely expressed within the

mediobasal hypothalamus (Mercer et al. 1996; Elmquist et al. 1998b). Within the

hypothalamus, the arcuate nucleus (ARC) is considered to be a key primary nucleus

with respect to reception and relay of nutrient-related signals from the circulation.

Two important populations of ARC cells are considered “first-order” neurons:

those co-expressing the anorexigenic pro-opiomelanocortin (POMC) precursor and

cocaine- and amphetamine-regulated transcript (CART) neuropeptide, and those

co-expressing the orexigenic neuropeptide-Y (NPY) and agouti-related protein

6 E.C. Cottrell and J.G. Mercer



(AgRP). Both of these neuronal populations express the receptors for, and respond

to, alterations in concentrations of leptin and insulin (Baskin et al. 1999; Niswender
and Schwartz 2003). Raised levels of these hormones, indicative of a fed state and

sufficient energy stores, act centrally to increase POMC/CART expression and

concomitantly reduce NPY/AgRP levels. Conversely, negative energy balance

induced by food shortage has the opposite effects, as depicted in Fig. 1.

These neurons then project to further downstream nuclei within the hypothala-

mus, where additional information from brainstem and higher cortical centres is

integrated. Key hypothalamic targets of ARC projections include the neurons of the

paraventricular nucleus (PVN), dorsal medial nucleus (DMH), lateral hypothalamic

area (LHA) and the ventromedial nucleus (VMN). Disruption of connections

between the ARC and these nuclei is associated with an inability to successfully

regulate energy balance (Dawson et al. 1997; Bell et al. 2000; Bouret et al. 2004).
However, as discussed in more detail below, although the ARC has received much

attention as a primary target in mediating the effects of leptin on energy balance, the

role of other sites within the mediobasal hypothalamus and other regions of the

brain is increasingly being recognised.

The critical role of neuronal leptin action in body weight regulation was defini-

tively shown through the generation of mice with selective deletion of leptin

receptors throughout the CNS (Cohen et al. 2001). These mice exhibit obesity

and a peripheral hormone profile very similar to that of db/db mice. Conversely,

adenoviral expression of leptin receptors within the ARC in Zucker fa/fa rats, which
lack functional leptin receptors, was reported to ameliorate the obesity in these

animals (Morton et al. 2003). However, other studies in mice report only a partial
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Fig. 1 Arcuate gene expression of the orexigenic neuropeptides NPY and AgRP, the anorexigenic

neuropeptides POMC and CART, and long-form leptin receptor (LepRb) following a 96-h period

of food restriction in mice (restricted animals fed approximately 50% of ad libitum mice; Mercer

et al., unpublished data)
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reversal of the obesity in db/dbmice having transgenic replacement of LepRb in the

ARC (Coppari et al. 2005), indicating that other leptin-responsive regions also play
a role.

Thus, aside from the well-recognised role of the ARC, it is becoming increas-

ingly apparent that other brain regions are of importance in the regulation of energy

balance. Numerous studies have now demonstrated roles for alternative sites of

leptin action. Neurons within both the VMH and LHA have been shown to respond

directly to leptin administration (Elmquist et al. 1998a; Dhillon et al. 2006;

Leinninger et al. 2009). Extra-hypothalamic sites, particularly the brainstem, also

contain LepRs (Elmquist et al. 1998b; Mercer et al. 1998), and LepR-containing

neurons within the nucleus tractus solitarii (NTS) and area postrema have been

demonstrated to be leptin responsive (Bjorbaek and Kahn 2004; Hayes et al. 2011).
In addition to the reception of circulating factors, NTS neurons also receive neural

inputs from gastrointestinal afferents (e.g., stomach distension that occurs with

feeding), which play a role in the termination of feeding (Grill et al. 2002). It has
also been shown recently that there are interactions between leptin and signals of

gastrointestinal distension, for example, a potentiation of afferent neural signals by

hindbrain leptin delivery (Huo et al. 2007). These findings indicate that leptin is

involved both directly and indirectly in the regulation of appetite and feeding

behaviour, and that the sites at which leptin acts are widely dispersed throughout

the brain.

4 Regulation of Leptin Production and Receptor Levels

As mentioned above, leptin is mainly expressed in adipose tissue, and circulating

concentrations in the fed state are highly correlated with the degree of adiposity, at

least in adults (Maffei et al. 1995). Additional tissues have been shown to express

leptin mRNA, including the stomach, placenta, mammary epithelium, pituitary and

hypothalamus (Bado et al. 1998; Smith-Kirwin et al. 1998; Hoggard et al. 2001).
Circulating leptin concentrations are acutely modulated by nutritional state, with

levels being markedly decreased in response to fasting (Ahren et al. 1997a, b) or
cold exposure (Hardie et al. 1996). This fall in leptin mediates a number of

physiological adaptations to disrupted energy homeostasis, including a stimulation

of feeding behaviour and reduction in energy expenditure, as well as suppression of

the reproductive axis. Indeed, administration of leptin during fasting is able to

ameliorate a number of these neuroendocrine adaptations (Ahima et al. 1996).
Thus, leptin is considered a key integrator of metabolic and behavioural adaptation

to a reduction in food availability and depletion of energy stores.

As with many ligand–receptor interactions, LepR levels are regulated in

response to changes in circulating hormone concentrations. In the case of ob/ob
mice, these animals exhibit a marked upregulation of hypothalamic LepR in

response to the complete absence of hormone, which can be countered with

administration of exogenous leptin (Mercer et al. 1997) (Fig. 2, below). Similarly,

8 E.C. Cottrell and J.G. Mercer



cold exposure or food restriction, and the accompanying rapid reduction in

circulating leptin that occurs in these states, also result in significant upregulation

of LepR within the hypothalamus (Lin and Huang 1997; Mercer et al. 1997)
(Fig. 1). These changes in LepR gene expression would presumably enhance leptin

signalling in the face of low circulating levels of ligand.

In situations of hyperleptinaemia (as in the db/dbmouse model or during obesity

progression), reduced LepR expression and impaired downstream signalling are

observed (Malik and Young 1996; Wilsey and Scarpace 2004). These are discussed

in more detail below, in the context of leptin resistance occurring in the face of

chronically elevated leptin levels.

5 Leptin Receptor Signalling

The leptin receptor is a member of the class I cytokine-receptor family, having an

extra-cellular ligand-binding domain, a transmembrane domain and a cytoplasmic

signalling domain. To date, six LepR isoforms have been identified (LepRa-f;

reviewed in (Fruhbeck 2006)), resulting from alternative mRNA splicing and/or

proteolytic processing. Each of these isoforms shares common extra-cellular and

transmembrane domains but differs in their intra-cellular C-terminal sequences.

LepRa, c, d and f possess relatively short cytoplasmic domains (and are referred to

as “short” isoforms), and LepRe is a secreted form of the leptin receptor. A degree

of intra-cellular signalling has been demonstrated for the short isoforms (Bjorbaek

et al. 1997); however, only LepRb, with an extended intra-cellular C-terminal

region of ~300 amino acids, is capable of complete intra-cellular signal transduc-

tion (Baumann et al. 1996). Indeed, it is a mutation in the cytoplasmic region of

LepRb that confers the leptin insensitivity in db/db mice, as well as in the Zucker

fatty rat (Chua et al. 1996). Furthermore, LepRb has been shown to be critical in

mediating leptin’s actions in terms of body weight regulation, as there is no

discernable phenotypic difference between mice which lack all leptin receptor

isoforms (db3J/db3J), db/db mice (which lack only LepRb function) and leptin-

deficient ob/ob animals (Chua et al. 1996; Tartaglia 1997).
The main intra-cellular events following the binding of leptin to LepRb involve

receptor dimerisation and activation of the janus kinase/signal transducer and

activator of transcription (JAK/STAT) pathway (Banks et al. 2000). Heterodimers

of LepRa and LepRb appear to be incapable of signalling since the short LepRa

isoform lacks the residues Leu896 and Phe897 that are critical for dimerisation

Fig. 2 Leptin receptor gene

expression in ob/ob mouse

and a lean (+/?) littermate

control, as demonstrated by in

situ hybridisation
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(Bahrenberg et al. 2002). Like many cytokine receptors, LepRs do not possess any

intrinsic kinase activity, and, as such, signalling requires interaction with and

activation of cytoplasmic non-receptor tyrosine kinases (JAKs). The JAK proteins

are non-covalently attached through a proline-rich “box1” motif located in the

juxtamembrane region of the intra-cellular domain. LepRb is associated preferen-

tially with JAK2 (Kloek et al. 2002), and upon leptin binding and receptor

dimerisation, JAK2 is autophosphorylated on several tyrosine residues and at the

same time phosphorylates a number of tyrosine residues on the LepRb intra-cellular

domain. These phosphorylated tyrosines provide sites for recruitment of intra-

cellular proteins that contain phosphotyrosine-binding domains, such as Src homol-

ogy 2 (SH2) domains. The transcription factor STAT3, containing a specific SH2

domain, is one of the key intra-cellular signalling pathways activated by leptin

signalling through LepRb. Recruited STAT3 proteins are phosphorylated and

dimerised, and these active pSTAT-3 dimers translocate to the nucleus where they

bind target genes to bring about changes in gene transcription (Vaisse et al. 1996). In
addition to JAK/STAT signalling, activation of LepRb results in the activation of

extra-cellular signal-regulated kinase (ERK) and phosphoinositide 3-kinase (PI3K)

pathways (Fruhbeck 2006). Leptin signalling by LepRb is also under negative

feedback regulation, through suppressors of cytokine signalling (SOCS) proteins,

specifically SOCS3, which functions to inhibit tyrosine phosphorylation of LepR

(Munzberg et al. 2003), and thus attenuates further signalling (Fig. 3).

At least three important tyrosine residues have been identified within the LepRb

cytoplasmic domain (Tyr985, Tyr1077 and Tyr1138). The Tyr985 and Tyr1077 residues

are considered critical sites for SOCS3 recruitment, and therefore negative feed-

back of leptin signalling (Eyckerman et al. 2000). Tyr1138 has been shown to be

crucial in mediating the activation of STAT3 pathways, as mice in which this

tyrosine was replaced with a serine residue fail to activate STAT3 and exhibit

hyperphagia and early-onset obesity, similar to the db/db mice (Bates et al. 2003).
Furthermore, through the use of these mice (termed “s/s” mice), it has been

elegantly demonstrated that although Tyr1138-STAT3 signalling is critical for the

actions of leptin on energy balance regulation, disruption does not result in infertil-

ity or linear growth impairments. s/smice are reproductively functional without the

need for exogenous leptin and can attain a normal body length. Within the ARC, s/s
mice have reduced POMC and increased AgRP gene expression, similar to db/db
mice, but levels of NPY mRNA are relatively normal. Thus, these studies show that

downstream of the leptin receptor, intra-cellular actions of leptin are mediated by

distinct components of the leptin signalling pathway. The normalised levels of NPY

gene expression in the s/s model and resultant reversal of the hypothala-

mic–gonadal axis are consistent with earlier reports of ob/ob/NPY�/� mice, in

which obesity is attenuated and animals have improved fertility and growth profiles

(Erickson et al. 1996). More recently, attention has turned to the role of other leptin

signalling pathways (PI3K and ERK), as it is clear that not all leptin actions require

altered gene expression through STAT3 transcriptional alterations. Leptin can bring

about rapid changes in membrane potential, within minutes of application,

indicating non-genomic (and therefore pSTAT3-independent) actions (Cowley
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et al. 2001; Solovyova et al. 2009). The three tyrosine residues appear to define the
pleiotropy of LepR signalling: Tyr985 is necessary and sufficient for activation of

ERK, Tyr1077 can induce tyrosine phosphorylation of STAT5, whereas Tyr1138 is

capable of phosphorylating STAT1, 3 and 5 (Hekerman et al. 2005).

6 Obesity and Leptin Resistance

The hope that leptin might be a “miracle cure” in the treatment of obesity was short

lived. Rather than being leptin deficient, most obese humans and animals have high

levels of circulating leptin (Maffei et al. 1995; Considine et al. 1996). The failure of

Fig. 3 Simplified diagrammatic overview of main intra-cellular pathway activated following

leptin binding to LepRb. Upon leptin binding, JAK2 undergoes autophosphorylation and

phosphorylates key tyrosine residues within the cytoplasmic LepRb region (Y985, Y1077, Y1138),

providing docking sites for binding of intra-cellular signalling components. In particular, STAT3

transcription factors bind to these activated SH2 domains at Y1138 and are phosphorylated,

dimerised, and translocated to the nucleus where they alter transcription of target genes. Suppres-

sor of cytokine signalling (SOCS3) is induced by pSTAT3 and acts to negatively regulate leptin

signalling by inhibiting phosphorylation of the cytoplasmic tail of LepRb by JAK2
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elevated leptin levels to control or reverse obesity suggests the existence of a

resistant state (Scarpace and Zhang 2009). Studies in humans showed that obese

individuals exhibit high peripheral leptin levels but relatively lower cerebrospinal

fluid (CSF) concentrations, indicating impaired transport of leptin from the periph-

eral to central sites (Caro et al. 1996; Schwartz et al. 1996). Rodent studies have
subsequently demonstrated two distinct components to leptin resistance—a resis-

tance to peripherally administered leptin suggesting a failure of the hormone to

access CNS target sites and/or resistance to CNS leptin resulting from impaired

responses in CNS neurons expressing LepR. Furthermore, leptin resistance is also

considered a key and potentially causal component of obesity. There is evidence

from outbred rat strains that inherent differences in leptin sensitivity prior to dietary

manipulation may determine individual susceptibility to obesity (Levin et al. 2003,
2004). These and other data suggest that leptin resistance predisposes towards or

promotes obesity, although the precise relationship and the underlying mechanisms

remain to be resolved (see review by Scarpace and Zhang 2009). A particularly

relevant observation is that all models of leptin resistance develop obesity on a

high-fat diet, but only some show weight gain and increased body adiposity on a

stock diet (Scarpace and Zhang 2009). This suggests a link between leptin resis-

tance and the reward system-driven caloric over-consumption of palatable diets

(as addressed in more detail, below).

In order to study the process of leptin resistance in obesity progression, DIO

rodents are typically fed a high-energy diet, with a greater proportion of calories

being derived from fat compared with chow-fed animals. These models have

provided information on the rate of body weight changes induced by transfer to

such a diet and in addition have revealed differences in terms of susceptibility to

DIO between different mouse strains (Prpic et al. 2003) and within outbred rat

strains (Levin et al. 1989; Archer et al. 2003; Enriori et al. 2007). The body weight

responses, along with the progressive loss of leptin sensitivity during DIO progres-

sion, also resemble the human situation. Therefore, these animal models are of great

use in the identification of pathways that are affected during DIO development.

Experimental evidence has suggested that during DIO, there is a progressive loss of

leptin responsiveness, involving an initial gain in adiposity whilst retaining

responses to peripherally administered leptin, followed by a loss of peripheral

leptin responsiveness, and finally resistance to both peripherally and centrally

administered leptin (El-Haschimi et al. 2000).
Within the leptin signalling pathway, suppressor of cytokine signalling 3

(SOCS3) has emerged as a likely candidate in mediating hormone resistance.

Following leptin receptor activation, SOCS3 is induced and acts to negatively

regulate leptin signalling, as discussed above (Howard and Flier 2006). Elevated

SOCS3 expression in the ARC is observed in DIO mice, and this is associated

with a reduced sensitivity to the effect of leptin on food intake, body weight and

neuropeptide secretion (Munzberg et al. 2004; Enriori et al. 2007). Neuron-specific
removal (Mori et al. 2004) or heterozygous loss of SOCS3 (Howard et al. 2004)
confers an enhanced response to leptin administration and a greater resistance

to DIO.

12 E.C. Cottrell and J.G. Mercer



The composition and origin of fat in the diet may influence not only the

progression towards obesity but also leptin signalling. The direct effect of high-

fat diet on leptin resistance may reflect the direct action of fatty acids, triglycerides

and lipid molecules at leptin-sensitive neurons, a possible component of hypotha-

lamic nutrient sensing (Jordan et al. 2010) or an effect on leptin transport across the
blood–brain barrier (Banks et al. 2004). The picture emerging in high-fat diet-

induced obesity is of leptin resistance both causing and resulting from obesity.

Thus, high-fat diets can induce leptin resistance either directly in the absence of

obesity or indirectly, secondary to obesity and resultant high leptin levels.

Finally, it was recently demonstrated that although ARC leptin responsiveness is

reduced in DIO mice, animals are hyper-responsive to the effects of melanocortin

agonists, acting on downstream pathways (Enriori et al. 2007). The presence of an
intact melanocortin pathway in situations of leptin resistance is considered an

attractive target for pharmacological intervention in obesity (Zhang and Scarpace

2006). However, administration of melanocortin agonists to over-weight humans

failed to yield successful results (Hallschmid et al. 2006).

7 Leptin Signalling and Reward Pathways in the Control

of Feeding

It is frequently observed that laboratory rodents that have predictable growth curves

on a stock pellet diet lose this tight regulatory capability and gain weight and body

fat when transferred to a more energy-dense, palatable diet. The development of

DIO on diets that are high in fat and simple carbohydrates is often taken as evidence

that homeostatic (energy demand–driven) systems are being overridden by non-

homeostatic (palatability-, pleasure- or reward-based), hedonic systems, i.e. the

interaction between these systems may underlie the tendency to “ignore” feedback

repletion signals such as leptin and insulin and over-consume calories when

rewarding energy-dense and sweetened foods are available. Some of the historical

indicators of interaction between homeostatic and non-homeostatic food intake are

reviewed by Figlewicz and Benoit (2009). The mechanisms underlying this inter-

action remain to be fully resolved although it is clear that there is an extensive

motivational circuitry involved in the regulation of food intake within the limbic

system of the CNS, in addition to the brainstem and hypothalamic circuits referred

to earlier. The motivational circuits encompass parts of the cerebral cortex, hippo-

campus, and amygdala and the anatomical areas and pathways constituting and

running between the ventral tegmental area (VTA) and substantia nigra in the

midbrain and the striatum and nucleus accumbens in the forebrain. The dopamine

and opioid pathways are major players within this widespread circuitry, and leptin

is an external hormonal signal that can influence non-homeostatic behaviours, in

addition to its role in energy homeostasis in the hypothalamus (Figlewicz 2003b).

Leptin receptors are expressed throughout the limbic forebrain, for example, in
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dopaminergic neurons in the VTA and substantia nigra, suggesting that these

neurons are directly targeted by the leptin hormone (Figlewicz 2003a). What is

the effect of leptin on these neurons and on the behaviours they influence? Food

restriction enhances the rewarding properties of a variety of stimuli including food,

and such states of negative energy balance are accompanied by reduced levels of

leptin. Consistent with the idea that low levels of leptin in food restriction increase

reward sensitivity (Figlewicz and Benoit 2009), fMRI imaging of individuals with

congenital leptin deficiency before and after leptin therapy revealed that the leptin-

deficient state was accompanied by activation of striatal areas (Farooqi et al. 2007).
The relevance of these observations for more common forms of obesity is provided

by the observation that motivation for food rewards is elevated in both food

restriction and in obesity accompanied by leptin resistance, where circulating leptin

levels are high but signal transduction through the leptin receptor is restricted. Thus,

in leptin-resistant obesity, there may be enhanced motivation for rewards, including

food reward, thereby stoking the potential to over-consume palatable diets (Pandit

et al. 2011).

8 Pharmacological Modification of Leptin Signalling

Shortly after leptin was discovered, the recombinant protein was evaluated for

systemic effects in ob/ob, wild-type and db/db mice (Campfield et al. 1995; Halaas
et al. 1995; Pelleymounter et al. 1995). The outcomes of these mouse studies

established the precedent for the clinical trials that would subsequently be

undertaken in humans; recombinant leptin was very active in (naı̈ve) ob/ob mice,

reduced food intake and body weight, had a more limited effect in wild-type mice

where the recombinant protein presumably incrementally augmented endogenous

leptin levels, and was ineffective in the receptor-deficient db/db mouse. In humans

with congenital leptin deficiency, recombinant leptin is extremely effective

(Farooqi et al. 1999), decreases food intake and body weight, and normalises a

number of other physiological functions including pubertal development. In con-

trast, clinical trials in common human obesity have produced disappointing results

so far (Heymsfield et al. 1999). Leptin is currently available through an Amylin-

sponsored compassionate use programme for treatment of congenital leptin defi-

ciency. More recently, the therapeutic potential of leptin has become recognised in

a number of states characterised by a relative hypoleptinaemia, as opposed to

complete deficiency, and in particular in lipodystrophy (or lipoatrophy).

Lipodystrophy in humans can be congenital or acquired, for example, through

antiretroviral pharmacotherapy of HIV infection. It is characterised by localised or

generalised loss of adipose tissue but is accompanied by many of the secondary

metabolic symptoms that accompany obesity, such as fatty liver, dyslipidaemia,

insulin resistance and type 2 diabetes (Savage and O’Rahilly 2010). The extent of

fat loss determines the severity of the metabolic consequences and the degree of

leptin deficiency, which in turn drives excessive food consumption. Congenital
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lipodystrophy is a rare autosomal recessive condition, whereas the acquired condi-

tion is common amongst HIV-infected patients (Jacobson et al. 2005). Leptin
treatment of congenital lipodystrophy markedly improves metabolic indicators

(Oral and Chan 2010), and therapy is effective, albeit less so, in partial

lipodystrophy, including that seen with HIV infection (Lee et al. 2006; Mulligan

et al. 2009). Leptin is currently available (Amylin expanded access programme) for

treating congenital lipodystrophy that presents with associated metabolic

symptoms. The sustained improvement observed with leptin therapy in all forms

of lipodystrophy—acquired, inherited, generalised or partial (Chong et al. 2010)—
has led to calls for wider application to be considered in partial and prediabetic

severe lipodystrophy (Savage and O’Rahilly 2010).

Although peripheral leptin monotherapy with leptin or pegylated leptin

(Heymsfield et al. 1999; Zelissen et al. 2005) in over-weight or obese hyperlep-

tinaemic individuals may not be a realistic intervention for the treatment of obesity

due to high endogenous hormone levels and deficiencies in transport into the brain

(as discussed above), recent innovation has focused on combination therapy and on

developing methods to deliver doses of leptin directly into the CNS, thereby

circumventing the issue of BBB passage. A promising alternative to the limited

efficacy of monotherapy in hyperleptinaemic obese subjects is combination therapy.

One example of this is the co-administration of recombinant leptin (metreleptin) and

the amylin analogue, pramlintide. The rationale behind the pramlintide/metreleptin

therapy in over-weight and obese patients is the combination of a long-term adipos-

ity signal and a short-term satiety signal. Clinical trials of this combination therapy

resulted in greater weight loss (as body fat) than either agent in isolation, a broadly

additive effect (Ravussin et al. 2009). Alternative delivery routes to peripheral

injection also have potential. In particular, the intra-nasal application of leptin has

been an attractive approach (Schulz et al. 2004; Kastin and Pan 2006). Several

studies have described in rodents successful uptake of leptin into the brain following

intra-nasal delivery, leading to reductions in food intake (Fliedner et al. 2006;
Bermudez-Humaran et al. 2007). One previous study reporting on the efficacy of

delivering neuropeptides via intra-nasal administration in humans found that alpha-

MSH and insulin were both able to induce weight loss in healthy human subjects but

not in over-weight individuals (Hallschmid et al. 2004). Thus, it remains to be seen

whether these methods might be adapted to present a realistic therapeutic strategy

for the treatment of obesity in humans.

Targeting of leptin receptors for the treatment of cancer and cachexia (persistent

and potentially harmful weight loss in the presence of a chronic disease, such as

cancer) is another expanding field in leptin biology. Although not the focus of this

chapter, antagonism of leptin receptors is favourable in the context of some forms

of disease, including autoimmune disease, hypertension and tumorigenesis, where

leptin plays a stimulatory role in disease progression (Gertler 2006). Severe weight

loss, due to reduced appetite and increased sympathetic nervous system activity, is

often also experienced in cancer, and in this case, antagonism of LepR is beneficial,

bringing about increased appetite and reduced energy expenditure. Several recent

reports have developed peptide analogues of leptin that function as selective
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inhibitors at LepR, and these antagonists have been shown to successfully inhibit

cancer cell growth both in vitro and in vivo (Otvos et al. 2010), as well as to

increase food intake and weight gain in rodents (Otvos et al. 2010; Shpilman et al.
2011).

9 Conclusions and Future Directions

Since the discovery of leptin, our understanding of the neuroendocrine regulation of

feeding and body weight homeostasis has expanded rapidly. Genetic leptin defi-

ciency or mutations impairing leptin receptor signalling within the CNS result in the

development of severe obesity. The majority of human obesity, however, is thought

to result largely from over-consumption of calories and reduced energy expenditure,

lifestyle factors which over time result in progressive increases in body weight.

Underlying differences in leptin sensitivity may potentially predispose some

individuals to increased susceptibility to obesity in our modern “obesogenic”

society. Leptin resistance may also contribute to the over-consumption of highly

palatable foods, as reward pathways appear to be enhanced in the absence of leptin

signalling.

Pharmacological modulation of leptin receptor signalling has not yet resulted in

realistic pharmacological treatments for human obesity, where in most cases

hyperleptinaemia and leptin resistance are present. Therapies that are able to

circumvent resistance to peripheral leptin treatment, therefore targeting central

leptin receptors and overcoming impairments in blood–brain barrier transport,

continue to be developed. However, manipulation of leptin receptors may prove

useful in the treatment of a range of other diseases, including lipodystrophy and

some forms of cancer.
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Abstract When administered into the brain, NPY acts at Y1 and Y5 receptors to

increase food intake. The response occurs with a short latency and is quite robust,

such that exogenous NPY is generally considered to be the most potent of a growing

list of orexigenic compounds that act in the brain. The role of endogenous NPY is

not so straightforward, however. Evidence from diverse types of experiments

suggests that rather than initiating behavioral eating per se, endogenous NPY elicits

autonomic responses that prepare the individual to better cope with consuming a

calorically large meal.
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Neuropeptide Y (NPY) is a 36-amino acid member of a family of closely related

extracellular signaling peptides that includes peptide YY (PYY) and pancreatic

polypeptide (PP) as cousins. Collectively, this group of peptides binds with the Y

family of G-protein-coupled receptors (GPCRs) on cell membranes, and NPY in

particular binds to Y1, Y5, and perhaps others to influence energy homeostasis.

Soon after its discovery in 1982 (Tatemoto et al. 1982), NPY was found to be one of

the most ubiquitous peptides in the mammalian brain (Allen et al. 1983) as well as

in the peripheral nervous system (Gray and Morley 1986; Lundberg et al. 1982). In

1984, three labs reported that when NPY is administered directly into the brain of

rats, food intake increases (Clark et al. 1984; Levine and Morley 1984; Stanley and

Leibowitz 1984). This was a highly important observation, for it was the first

demonstration of an endogenous peptide that is made in the brain and that has

potent orexigenic activity, predating the later discoveries of galanin, ghrelin, the

orexins, agouti-related peptide (AgRP) and melanin-concentrating hormone

(MCH) and their actions, and being more efficacious than several orexigenic

endogenous opioids. The role of NPY in the control of food intake and energy

homeostasis is the focus of this review.

1 NPY and Y Receptors in the Brain

Although NPY is expressed throughout much of the brain (Gray and Morley 1986),

research on its influence over food intake has focused mainly on likely targets in the

hypothalamus since this area is known to be important in the regulation of energy

homeostasis (Schwartz et al. 2000a) and since NPY and Y1, Y2, and Y5 receptors

are expressed there (Chee and Colmers 2008; Lecklin et al. 2003; Leibowitz and

Alexander 1991; Mashiko et al. 2003; Wolak et al. 2003). The most-studied circuits

are diagrammed in Fig. 1. NPY-expressing neurons are concentrated in the arcuate

(ARC) and dorsomedial (DMN) hypothalamic nuclei, and major projections are to

the paraventricular (PVN), ventromedial (VMN), and lateral hypothalamic (LH)

areas (Kamiji and Inui 2007).

There is compelling evidence that NPY acts at both Y1 and Y5 receptors to

stimulate food intake. Both receptors are widely distributed throughout the brain,

including in the cortex, hippocampus, amygdala, and hypothalamus, and they are

often co-expressed in the same cells (Wolak et al. 2003). Within the hypothalamus,

the two are co-expressed in the ARC, the parvocellular PVN, and the LH (Wolak

et al. 2003). While both Y1 and Y5 receptors are also expressed in areas of the

hindbrain important in energy regulation such as the nucleus of the solitary tract

(NTS) and area postrema (Mahaut et al. 2010), the density of staining is relatively

low there (Ishizaki et al. 2003; Wolak et al. 2003) but increases during fasting

(Ishizaki et al. 2003; Mahaut et al. 2010). Nonetheless, administration of NPY into

the fourth cerebral ventricle, where it is most likely to stimulate hindbrain as

opposed to hypothalamic Y receptors, stimulates eating (Corp et al. 1990; Steinman

et al. 1994; Taylor et al. 2007; Xu et al. 1995) and elicits c-fos expression in the
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PVN (Xu et al. 1995). Thus, the hypothalamic and hindbrain NPY systems appear

to be linked and to have similar actions in terms of eliciting food intake.

Intracerebroventricular (icv) administration of Y1 agonists increases food intake

in rats (Mullins et al. 2001), whereas administration of Y1 antagonists (Daniels

et al. 2001; Kanatani et al. 1996; Wieland et al. 1998) or Y1 antisense

oligonucleotides (Lopez-Valpuesta et al. 1996a; Lopez-Valpuesta et al. 1996b;

Schaffhauser et al. 1998) attenuates both fasting- and NPY-stimulated food intake.

Analogously, icv administration of Y5 agonists (Haynes et al. 1998; Lecklin et al.

2003; McCrea et al. 2000; Parker et al. 2000; Wyss et al. 1998) increases food

intake, whereas administration of Y5 antagonists (Daniels et al. 2002; Kask et al.

2001; Polidori et al. 2000; Yokosuka et al. 2001) or antisense oligonucleotides

(Flynn et al. 1999; Schaffhauser et al. 1997; Tang-Christensen et al. 1998)
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Fig. 1 A unilateral view of the hypothalamus at the level of the arcuate nucleus (ARC). (a) NPY-

containing neurons (green) project from the ARC (red) and (b) dorsal medial hypothalamus

(DMH) (blue) to many hypothalamic nuclei including the ventral medial hypothalamus (VMH),

lateral hypothalamus (LH), and paraventricular nucleus (PVN). These projections may be excit-

atory or inhibitory, depending on the area and the receptor subtype expressed on the neurons to

which they project. NPY can act on Y1, Y2, Y4, and Y5 receptors; however, only Y1, Y2, and Y5

receptor subtypes have been implicated in the control of food intake. Within the ARC, reciprocal

connections between anorectic POMC and orexigenic NPY-containing neurons innervate one

another in a negative feedback manner. Likewise, neurons in the VMH, which provide excitatory

input to POMC neurons in the ARC, are inhibited by NPY-expressing neurons in the ARC and

DMH. These circuits provide a cellular basis for the in vivo effects of NPY on food intake. In other

areas, such as the lateral hypothalamus (LH), the electrophysiological actions of NPY have yet to

be defined
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decreases food intake. There are many reviews of NPY and the specific Y receptors

related to energy homeostasis (Balasubramaniam 1997; Beck 2006; Blomqvist and

Herzog 1997; Chee et al. 2010; Kamiji and Inui 2007).

In addition to NPY-expressing cells, the ARC also has a population of neurons

whose secretions have an opposite action on food intake and energy homeostasis.

These neurons express proopiomelanocorticotropin or POMC, which is a large

precursor molecule that can be cleaved into a number of possible active smaller

peptides (Cone et al. 2001; Cowley et al. 2003). POMC-expressing neurons in the

ARC and in the hindbrain cleave the parent molecule into a-melanocyte-

stimulating hormone (aMSH). aMSH acts on melanocortin-3 and melanocortin-4

receptors (MC3 and MC4) located in the PVN and elsewhere to elicit a catabolic

response, i.e., animals administered MC3/4 agonists into the third ventricle or else

directly into the PVN eat less and lose weight (Giraudo et al. 1998; Kim et al. 2000;

Thiele et al. 1998a). NPY acts on some of the same target neurons to elicit an

anabolic response. Hence, it is the balance of NPY-induced anabolic and aMSH-

induced catabolic responses that is considered to be important, and it is also

important to note that POMC/aMSH neurons also project directly to ARC NPY

neurons, suppressing their activity (Cowley et al. 1999; Kalra et al. 1999) (Fig. 1).

AgRP is an orexigenic peptide that is co-expressed and co-released with NPY in

many ARC neurons (Broberger et al. 1998a). Rather than being ubiquitously

expressed throughout the brain like NPY, however, AgRP is made only in the

ARC. AgRP is an inverse agonist and at physiological concentrations functions as

an antagonist at MC3/4 receptors, i.e., it antagonizes the action of aMSH (Quillan

et al. 1998). Thus, when these NPY/AgRP neurons are activated, target neurons

receive a double-anabolic push as it were. NPY-stimulated Y receptors activate

circuits that ultimately lead to taking in more food and accumulating fat, while at

the same time AgRP antagonizes MC3/4 receptors and consequently blunts circuits

that reduce eating and fat storage (Chee et al. 2010; Cowley et al. 2003; Kalra et al.

1999; Schwartz et al. 2000b; Seeley et al. 2005).

Several points are pertinent. Most (95%) ARC NPY neurons express AgRP, and

all AgRP neurons express NPY (Broberger et al. 1998b). Second, other populations

of anabolic NPY neurons do not co-express AgRP, such as those in the DMN and

NTS. Thus, different populations of NPY-expressing cells should be anticipated to

have differential effects on energy homeostasis. Consistent with this, whereas both

ARC and DMN NPY neurons densely innervate the PVN and LH, only the DMN

NPY neurons, which do not contain AgRP, directly project to hindbrain areas

important in controlling energy homeostasis such as the NTS and the dorsal

motor nucleus of the vagus (Yang et al. 2009). Overexpressing NPY in the DMN

causes increased food intake and body weight, especially on a high-fat diet, and

knockdown of NPY uniquely in the DMN attenuates the development of hyperpha-

gia, obesity, and glucose tolerance in rats fed a high-fat diet as well as in OLETF

rats (Yang et al. 2009). OLETF rats are an animal model of obesity with

compromised cholecystokinin (CCK) receptors and chronically increased meal

size thought to be due to increased DMN NPY activity (Moran and Bi 2006).
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2 NPY and Food Intake

While perhaps overly simplistic, a common view of one action of NPY is that it

serves as an accelerator of food intake in the hypothalamus, whereas aMSH serves

as a brake. Neurons in the PVN, VMN, and LH that express Y1, Y5, MC3, and MC4

receptors are among a number of targets for NPY, AgRP, and aMSH (Fig. 1). ARC

neurons in particular are considered to receive and integrate diverse signals related

to energy needs, readily available energy, and the status of energy stores throughout

the body. Consistent with this view, both ARC NPY/AgRP and POMC neurons

have receptors for signals related to fat stores (e.g., adiposity signals such as leptin

and insulin, and also ghrelin), for signals related to the caloric content of ongoing

meals (e.g., satiation signals such as cholecystokinin [CCK] and glucagon-like

peptide-1 [GLP-1]), and for local levels of energy-rich nutrients (e.g., glucose

and some fatty acids) (Fig. 2). For example, signals that herald low body fat, such

as increased ghrelin or low insulin and leptin, stimulate the ARC NPY system
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Fig. 2 In addition to neurotransmitters, such as GABA, glutamate, and aMSH, NPY-expressing

neurons are responsive to diverse metabolic signals including short-term satiation factors such as

cholecystokinin (CCK), glucagon-like peptide-1 (GLP-1), and peptide YY (PYY). NPY-

expressing cells also respond to changes in circulating levels of metabolic fuels, including glucose

and leucine, and signals of adiposity such as leptin and insulin. As a result, NPY-expressing

neurons are able to sense and respond to changes in both short-term, meal-related and long-term,

adiposity-related signals important for the control of energy homeostasis, supporting the view the

NPY is an integral player in the neural regulation of energy balance
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(Baskin et al. 1999; Cone et al. 2001; Hahn et al. 1998; Marks et al. 1992; Schwartz

et al. 1993b; Traebert et al. 2002), whereas signals that indicate body fat is elevated,

such as increased insulin and leptin, decrease ARCNPY (Cota et al. 2006; Sandoval

et al. 2007; Schwartz et al. 1993a, 1991, 1996b, 1992, 2000b; Sipols et al. 1995).

Increased levels of satiation signals related to calories being ingested, such as PYY

(Riediger et al. 2004) and CCK (Becskei et al. 2009), reduce activity of ARC NPY

neurons. Agonists for cannabinoid (Gamber et al. 2005) and opioid receptors that

elicit increased food intake (Israel et al. 2005) also increase ARC NPY activity.

Administration of drugs that reduce glucose utilization by brain cells increases

ARC NPY (Akabayashi et al. 1993; Giraudo et al. 1999; Minami et al. 1995) as well

as hindbrain NPY (Li and Ritter 2004), and increasing glucose availability reduces

indices of activation in the ARC (Becskei et al. 2009). Corticosterone administered

into the brain increases food intake (Green et al. 1992), and corticosterone acts on

its receptors on ARC NPY neurons (Ceccatelli et al. 1989) to increase NPY

expression (Corder et al. 1988; White et al. 1994a, b), whereas reducing corticoste-

rone levels reduces ARC NPY (Akabayashi et al. 1994; Watanabe et al. 1995).

The important point is that the ARC NPY system is a key component of an

important neural circuit where diverse metabolic information is combined and the

output is reflected as the balance between anabolic activity (NPY and AgRP tone)

and catabolic activity (aMSH) that flows to other circuits controlling food intake,

circulating glucose and autonomic activity. It is important to note that the dual

control system aspect of these circuits, with different peptides having opposing

actions, means that when stimuli such as insulin, ghrelin, or leptin act on their

respective receptors on ARC NPY neurons, the consequent changes of behavior

(e.g., altered food intake) cannot unequivocally be attributed to NPY alone since

AgRP may be equally or even more important depending upon melanocortin tone.

Nonetheless, conditions that evoke states in which more food will be eaten are

associated with elevated ARC NPY and vice versa.

Whether administered into the cerebroventricular system or directly into sensi-

tive brain areas such as the PVN, VMH, LH, or DMN (Stanley et al. 1985),

exogenous NPY dose-dependently increases food intake (Stanley et al. 1986), and

when it is administered chronically, body weight and body fat both increase as well

(Stanley et al. 1986). These basic observations have been replicated in dozens of

labs and numerous species (Henry et al. 2005; Mashiko et al. 2003; Raposinho et al.

2001; Sainsbury et al. 1997; Stanley et al. 1986) including rats, mice (Morley

1987), golden hamsters (Kulkosky et al. 1989), sheep (Miner et al. 1989), snakes

(Morris and Crews 1990), white-crowned sparrows (Richardson et al. 2000), rabbits

(Pau et al. 1988), chickens (Kuenzel and McMurtry 1988), and rhesus monkeys

(Larsen et al. 1999). The major effect of NPY on food intake and increased

adiposity is mediated through actions in the central nervous system. However, in

the periphery, NPY is released from sympathetic nerve terminals and contributes to

increasing vascular tone and blood pressure (Allen et al. 1985; Franco-Cereceda

et al. 1985; Petty et al. 1984). Nonetheless, and consistent with its central anabolic

function, systemic NPY also reportedly stimulates fat angiogenesis, macrophage

28 A.P. Chambers and S.C. Woods



infiltration, and proliferation of adipocytes through actions at Y2 receptors (Kuo

et al. 2008; Kuo et al. 2007).

Several features of the orexigenic response to NPY are important. It is dose

responsive, with higher doses eliciting a greater increment of intake over control

injections (Clark et al. 1984; Levine and Morley 1984; Stanley and Leibowitz

1984). The response occurs with a very short latency, typically seconds to minutes.

Exogenous NPY also prolongs eating once it has begun, with consequent larger

meals being consumed whether NPY acts in the hypothalamus (Leibowitz and

Alexander 1991; Lynch et al. 1994; Stricker-Krongrad et al. 1994) or in the

hindbrain (Corp et al. 1990; Taylor et al. 2007; Yang et al. 2009). Thus, NPY

both facilitates the onset of meals and delays satiation. Finally, the orexigenic

response to NPY is long-lasting, often persisting for several hours or more (Clark

et al. 1984; Levine and Morley 1984; Stanley and Leibowitz 1984).

When rats are given a choice of diets and administered NPY icv, the bulk of

evidence suggests that NPY elicits a relative preference for increasing carbohydrate

as opposed to fat intake. This has been observed when rats have a choice of the three

individual macronutrients (i.e., access to pure sources of carbohydrate, protein, and

fat) (Morley et al. 1987; Stanley et al. 1989, 1985) as well as when they can choose

between two complete diets differing in the relative amounts of carbohydrate and

fat (Welch et al. 1994). However, it is not entirely clear whether NPY elicits a

carbohydrate preference per se as opposed to increasing the consumption of the

nutrient that is already preferred by the animals, and there clearly seems to be a

strong influence of past experience in the choice situation (Welch et al. 1994). As

discussed below, other effects of NPY on energy homeostasis also vary with

experience.

3 Endogenous Versus Exogenous NPY

An important question is whether endogenous NPY shares the same properties as

exogenous NPY in terms of eliciting eating. There is no doubt that exogenous NPY

elicits food intake. In initial attempts to address whether endogenous NPY also

elicits food intake, antibodies to NPY were administered intraventricularly or else

directly into sensitive areas such as the VMN or PVN, and food intake was

decreased relative to controls (Dube et al. 1994; Shibasaki et al. 1993; Walter

et al. 1994). Consistent with this, administration of NPY antisense oligonucleotides

or else an adeno-associated virus to knockdown endogenous NPY also suppresses

food intake (Gardiner et al. 2005; Hulsey et al. 1995). In this regard, it appears that

exogenous and endogenous NPY act analogously to increase food intake. In

apparent contrast, however, a whole-body genetic knockout of the NPY gene has

no obvious phenotype in terms of daily food intake or body weight (Erickson et al.

1996a), but this cannot be easily interpreted since NPY is found in so many brain

circuits and influences so many behaviors in addition to those directly related to

energy homeostasis, e.g., anxiety (Heilig and Thorsell 2002; Thorsell et al. 2002),
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reproduction (Kalra and Kalra 2004), and addictions (Thiele et al. 2004). Intake of

ethanol, which has both caloric and sedative properties, is actually reduced by NPY,

and mice lacking NPY have increased ethanol consumption (Thiele et al. 1998b).

Another way to address the issue is to determine whether the hypothalamic NPY

system is regulated by nutritional state or adiposity. Fasting causes both an

increased tendency to eat and an upregulation of NPY mRNA in the ARC and

NPY protein in the ARC and PVN (Chua et al. 1991; Sahu et al. 1988; Sanacora

et al. 1990; Schwartz et al. 1993b), and these increases are reversed by refeeding

(Beck et al. 1990b; Sahu et al. 1988). Prolonged food restriction is also associated

with increased NPYmRNA in the ARC (McShane et al. 1993;White et al. 1994a, b)

and increased NPY protein in the PVN and other areas of the hypothalamus (Beck

et al. 1990b; Calza et al. 1989; Sahu et al. 1988). Consistent with these observations,

consuming food causes an attenuation of NPY release in the PVN (Sahu et al. 1992a;

Yoshihara et al. 1996), whereas food restriction increases PVN NPY release (Kalra

et al. 1991; Stricker-Krongrad et al. 1993). Thus, NPY synthesis and secretion are

under the influence of nutritional state, with fasting turning the system up and eating

turning it down. Certainly, NPY in the hypothalamus is correlated with the likeli-

hood of eating.

4 NPY and Adiposity

Another way to consider the role of endogenous NPY is to see how it varies with

body fat. As might be expected, animals with a genetic tendency to become obese

have chronically elevated hypothalamic NPY. This has been particularly well

documented in animal models of deficient central leptin signaling. Leptin is a

hormone secreted from white adipose tissue in proportion to the amount of stored

fat; fatter individuals secrete more leptin and leaner individuals secrete less. Leptin

is transported through the blood–brain barrier and gains access to leptin receptors

throughout the brain (Banks et al. 1999, 1996). In the ARC, NPY-expressing

neurons express leptin receptors, and leptin downregulates NPY mRNA. Animals

with genetically compromised or absent leptin receptor signaling in the brain have

enhanced ARC NPY expression (Schwartz et al. 1996b). This includes the fatty

Zucker (fa/fa) rat (Beck et al. 1990a; McKibbin et al. 1991; Sanacora et al. 1990),

diabetic (db/db) (Chua et al. 1991) and leptin-deficient mice (ob/ob) (Schwartz et al.
1996a; Wilding et al. 1993), the corpulent (cp/cp) rat (Williams et al. 1992), and the

Koletsky rat (Keen Rhinehart et al. 2004). When functional leptin receptors were

experimentally inserted into the ARC of Koletsky rats, NPY mRNA was reduced

(Keen-Rhinehart et al. 2005; Morton et al. 2003). Likewise, reducing leptin signal-

ing in normal mice upregulates ARC NPY and leads to obesity (Cohen et al. 2001).

However, the precise phenotype of leptin-deficient animals is not quite so

straightforward as the above discussion might imply. For example, even though

fatty Zucker rats have elevated expression of NPY mRNA in the ARC and elevated

NPY protein in the PVN and other areas, the expression of Y1 and Y5 receptors in
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the hypothalamus is downregulated (Beck et al. 2001; Widdowson 1997), and there

is less actual binding of NPY to Y5 receptors (Widdowson 1997). Consequently,

these animals are less sensitive to the orexigenic action of exogenous NPY (Brief

et al. 1992; McCarthy et al. 1991; Stricker-Krongrad et al. 1994). The downregulation

of NPY receptors is presumably a compensatory mechanism to counter the increased

release of NPY in the PVN in these Zucker fatty rats (Dryden et al. 1995; Stricker-

Krongrad et al. 1997). The compensation is not sufficient, however, to keep them from

becoming obese.

Like leptin, insulin is a circulating adiposity signal that influences the brain. Both

peptide hormones are secreted from peripheral organs in direct proportion to body fat

and considered to be adiposity hormones, and both are transported through the

blood–brain barrier (Banks et al. 1997, 1996; Banks and Kastin 1998; Levin et al.

2003). ARC neurons express both leptin and insulin receptors, and administration of

either leptin or insulin locally in the vicinity of the ARC reduces NPY message and

protein and causes a reduction of food intake and body weight, in large part by

activating the melanocortin system (Cowley et al. 1999, 2001; Elias et al. 1999; King

et al. 2000; Mizuno et al. 1998; Morton and Schwartz 2001). Thus, the data indicate a

strong correlation between the actions of endogenous and exogenous NPY.

5 NPY and Energy Expenditure

The above discussion paints a relatively cohesive picture of some of NPY’s effects,

at least with regard to the actions of exogenous NPY. NPY is generally regarded as

a potent signal which elicits an overall anabolic action in the hypothalamus. It is not

clear, however, whether NPY works on both sides of the energy equation, i.e.,

whether NPY influences energy expenditure in addition to energy intake in its

anabolic effort. Experiments designed to assess the potential effects of NPY on

energy expenditure have provided little evidence to suggest that NPY alters meta-

bolic rate in a way that would contribute to increased adiposity. In one report, NPY

had no effect on energy expenditure when administered directly into the PVN,

although it did increase the respiratory quotient consistent with an increased

utilization of carbohydrates (Menendez et al. 1990). In another report, NPY had

differing, sometimes opposing, effects on body temperature when administered into

discreet hypothalamic nuclei (Jolicoeur et al. 1995). Specifically, body temperature

was decreased when NPY was injected into the ARC and preoptic areas of the

hypothalamus, and it was increased when NPY was injected into the PVN.

Injections made directly into the LH and VMH had no effect on body temperature,

whereas food intake was significantly and dose-dependently increased regardless of

the site of injection (Bouali et al. 1995).

Thus, the major effect of NPY on energy balance appears to be on the energy

intake side of the equation. That said, the actions of endogenous NPY on energy

intake are likely far more complex than the homeostatic model discussed so far. In

this regard, it is important to note, and as discussed above, mice that lack NPY,
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although they have normal body weight and daily food intake (Erickson et al.

1996b), nonetheless eat significantly less food than wild-type mice in the first few

hours of the dark (Sindelar et al. 2005), implying that they are not capable of

handling the large caloric load in a short period of time as typically occurs early in

the dark.

6 Problems with the Model

A number of physiological changes occur prior to a meal that prepare the body to

deal with the influx of nutrients. Examples include the cephalic release of insulin

(Teff 2000) and other gastrointestinal hormones (e.g., ghrelin (Drazen et al. 2006)

and GLP-1 (Vahl et al. 2009)). These changes can be stimulated by the sight and

smell of food as well as by the time of day and other meal-related cues. An

important question is whether endogenous NPY actually elicits eating as opposed

to preparing the body to deal with a pending meal. We believe that the evidence

favors the latter possibility for several reasons. For one, NPY message/protein in

the ARC is normally increased an hour or so before lights go out, and lights-out is

the time that small rodents eat their largest meals of the day (Akabayashi et al.

1994; Jhanwar-Uniyal et al. 1990). While this correlation might be interpreted to

indicate that NPY is under the circadian schedule imposed by the light cycle, and

that the NPY consequently causes the large meal to be eaten at dark onset, causality

is actually more likely in the other direction. This was demonstrated in a study in

which rats had only one short window of time to eat each day. When the eating time

was situated in the light period, at a time when rats normally eat very little, the NPY

pattern shifted, following the food availability, i.e., the ARC-PVN system was

turned up an hour or so before the scheduled feeding time (Sahu et al. 1988,

1992b; Yoshihara et al. 1996). This important observation has two major

implications. The first is that rather than being under the control of the light cycle

per se, increases in NPY signaling are tied to the time of day that food is made

available. The second is that the NPY system is increased in anticipation of

expected food, i.e., it is under the influence of learning. While it might be argued

that the rats that have food available only once a day have increased NPY because

they are maximally food restricted at that time, this argument cannot be applied to

the increase of NPY prior to lights-out in ad-lib-fed animals (Akabayashi et al.

1994; Jhanwar-Uniyal et al. 1990). A more reasonable conclusion would be that the

elevated NPY is preparing the animal to deal with the anticipated caloric load,

essentially enabling it to consume a high number of calories in a short period of

time (Woods 1991, 2009), i.e., it is as if a pending meal elicits NPY activity rather

than NPY activity eliciting a pending meal. Mice that lack NPY, although they have

normal body weight and daily food intake (Erickson et al. 1996b), nonetheless eat

significantly less food than wild-type mice in the first few hours of the dark

(Sindelar et al. 2005), implying that they are not capable of handling the large

caloric load typical of wild-type mice.
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When NPY is administered into the brain, and especially into the cerebrospinal

fluid, it presumably reaches diverse populations of receptors with quite different

and perhaps even opposing actions. For example, the increased eating elicited by

exogenous NPY might be construed as a hedonically positive behavior. However,

the same dose of NPY, administered in the same manner to an animal consuming a

novel-flavored food or drink, causes an aversion to be formed to that flavor (Sipols

et al. 1992). In one experiment, rats just administered icv NPY were presented with

a novel food. They ate more of the food than saline-injected controls, but also

formed an aversion to the flavor after a single trial (Sipols 1991). This also occurred

in rats whose initial intake of the flavored food was matched to that of controls.

Exogenous NPY at doses that increase food intake also cause other symptoms of

malaise in rats, including increased geophagia and decreased need-induced sodium

intake (Woods et al. 1998). The point is that different populations of NPY receptors

have different actions with regard to influencing ingestion. It is reminiscent of some

of the central actions of GLP-1 and food intake, with activation of GLP-1 receptors

in the hypothalamus contributing to satiation and activation of GLP-1 receptors in

the amygdala causing an aversion (Kinzig et al. 2002). The differential actions can

only be dissociated by manipulations that impact local receptor populations in

discrete brain areas.

Exogenous NPY does not always cause increased food intake. This was origi-

nally suggested in rats with intraoral catheters which can deliver small amounts of a

liquid directly into the back of the mouth (Seeley et al. 1995b). When a liquid food

is slowly infused into their mouths this way, rats swallow the food until they

become satiated, at which time they stop swallowing and the infused food simply

drains out of the mouth. Such rats typically consume the same amount of food when

swallowed in this manner as when they lap the liquid food from a drinking spout,

i.e., total meal size is the same whether the rats actively approach the drinking

spout, lap up the liquid, and then swallow it (i.e., when they display both the

appetitive and the consummatory phases of eating) or else merely swallow food

that becomes freely available in their mouth without having to go and obtain it (i.e.,

when they display only the consummatory phase) (Flynn and Grill 1988). We

originally found that when rats are administered icv NPY, they increase their

meal size when they have to approach the spout and drink the liquid food, but do

not increase their intake when they passively swallow the intraorally infused food,

implying that NPY stimulates the appetitive as opposed to the consummatory

phases of eating (Seeley et al. 1995b). This finding was replicated by some

(Ammar et al. 2000) but not all investigators (Day et al. 2005; Taylor et al.

2007). We subsequently determined that the amount of its prior experience with

the testing apparatus is a key determinant of whether or not a rat administered icv

NPY increases consumption relative to a control administration (Benoit et al.

2005). There are two important conclusions from these experiments. The first is

that the ability of NPY to increase food intake in some situations is modifiable by

experience, and the second is that NPY more reliably elicits the appetitive than the

consummatory phases of eating. The latter point was dramatically demonstrated by
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Ammar and colleagues (Ammar et al. 2000) when they observed that NPY infusion

could actually decrease food intake in some social situations.

Using a different approach (Drazen et al. 2005), we found that rats trained to

anticipate receiving NPY at a specific time of day learn to eat more at that time even

when no NPY is administered. We interpreted these findings to indicate that NPY

plays a role in mediating autonomic anticipatory responses that help the individual

cope with the effects of large caloric loads, i.e., there is compelling evidence that

rather than initiating eating per se, NPY acts upon circuits that prepare and thus

enable the animal to consume large meals. The inability of mice lacking NPY to

consume large individual meals (Sindelar et al. 2005; Sindelar et al. 2004) is

consistent with this interpretation. The observation that animals eat more food

when administered exogenous NPY may simply be a manifestation of having

been conditioned to eat when NPY receptors in the PVN and elsewhere are

stimulated (Woods 2009).

If a primary role of endogenous NPY is to get the individual ready to eat, as

opposed to eliciting behavioral eating, administering NPY icv should elicit

responses an animal typically makes before it starts eating an expected meal, i.e.,

NPY should elicit the cephalic responses that allow consuming large caloric loads

in short periods of time (Strubbe and Woods 2004; Woods 1991, 2009). Consistent

with this, icv NPY arouses animals, making them more alert (Szentirmai and

Krueger 2006), it causes pancreatic insulin secretion before any food has been

ingested (Sainsbury et al. 1997; Yavropoulou et al. 2008), and it increases

circulating levels of the gastrointestinal hormones glucose-dependent insulinotropic

peptide (GIP) (Yavropoulou et al. 2008) and vasoactive intestinal peptide

(Anastasiou et al. 2009).

The distinction we are making is subtle. Does endogenous NPY cause animals to

eat or to get ready to eat? If the appropriate cephalic responses have been made, and

food is presented, more food can and likely will be eaten (Woods 1991), and if an

association has been formed between prior NPY activity and subsequent food

availability, exogenous NPY would be anticipated to elicit eating (Woods 2009).

The role of conditioning is clearly important since Drazen et al. (Drazen et al. 2005)

found that rats presented with stimuli previously associated with receiving NPY ate

more food than controls. This is strong evidence that there is a large learning

component to NPY and its effects on ingestion.

In a clever series of experiments, Davidson (Seeley et al. 1995a) and colleagues

looked at the distinction between getting prepared to eat vs. eating per se in a

different way. Rats were trained to associate receiving icv NPY with a mild

footshock, whereas no shock was given when the same rats were treated with

saline. Rats soon learned to “freeze” when given NPY whether a shock was

administered or not, but not when administered saline, indicating that icv NPY

activates interoceptive neural circuits that can be used as discriminative stimuli in a

conditioning situation. The researchers then asked whether the interoceptive stimuli

associated with NPY administration resembled those associated with being food

deprived by assessing behavioral immobility or “freezing” inside the chamber

during fed and fasted states. The nutritional state of the animals failed to affect
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freezing behavior indicating that the interoceptive cues-produced NPY were not the

same as those produced by caloric deprivation (Seeley et al. 1995a). Interoceptive

cues associated with NPY also failed to generalize to cues associated with the

glucoprivic drug, 5-thioglucose, which also elicits robust feeding (Altizer and

Davidson 1999). These experiments imply that whatever sensations are elicited

by NPY, they are not the same as those associated with other states in which rats eat

more food, i.e., food deprivation or lowered glucose availability in the brain.

A different point of view as to the effects of NPY is that it increases the

motivation to eat (again, as opposed to increasing eating per se). This can be

demonstrated by making animals work harder to gain access to food or by making

the food less pleasant by either adding a bitter taste to it or applying a mild shock

along with the food (Flood and Morley 1991; Jewett et al. 1992, 1995). In all of

these instances, icv NPY increases the effort to get food.

To sum up, NPY is certainly not necessary for animals to eat normal amounts of

food and maintain a normal amount of body weight (Erickson et al. 1996b). NPY is

necessary, however, for animals to be able to eat the larger meals generally

consumed early in the dark period (Sindelar et al. 2005) or when they are given

drugs that acutely reduce glucose availability to the brain (Sindelar et al. 2004), and

all of these increased feeding responses rely upon increased activity of NPY in the

PVN (He et al. 1998). Likewise, the hyperphagia typical of insulin-deficient diabe-

tes does not occur in animals lacking NPY (Sindelar et al. 2002). All of these

observations are consistent with the concept that endogenous NPY prepares and

thus enables the body to be able to cope with the large caloric intake that occurs in

these situations.

7 Potential Clinical Applications of NPY

Since the discovery of the orexigenic effects of NPY in rodents, the development of

antagonists that block the actions of NPY have been a logical target for the

development of pharmacological agents to treat obesity (MacNeil 2007). However,

the potential for such agents is limited by the involvement of NPY signaling in so

many other behaviors and possibly by the complexity and makeup of the NPY

system itself. In part, this relates to the role that NPY plays in stress, anxiety,

depression, addiction, cognition, and other behaviors (Eaton et al. 2007). Thus,

pharmacological agents that target the NPY system must cross the blood–brain

barrier and gain access to relevant sites of action, without causing adverse or off-

target effects. In a major clinical trial carried out by Merck and Co., a highly

selective Y5 receptor antagonist was well tolerated. However, the overall amount of

weight loss was disappointing, with the average participant losing only 3 kg of body

weight (Erondu et al. 2006). Additional studies that combined the NPY antagonist

with other phamacotherapies also failed to produce greater than expected weight

loss when compared to either treatment in isolation (Erondu et al. 2007). This could

be because the role of NPY in humans is not entirely analogous to that in other
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species or because antagonism at the Y5 receptor alone is not sufficient to produce

significant weight loss in humans. At present, evidence for the clinical efficacy of

NPY receptor antagonists is lacking. Whether or not a selective Y1 receptor

antagonist, or pharmacological agents that target the Y1 and Y5 receptor simulta-

neously, can produce clinically meaningful weight loss is not known, and to this

extent, NPY remains a viable target for the treatment of obesity.

8 Conclusions

When administered into the brain, NPY acts at Y1 and Y5 receptors to increase

food intake. The response occurs with a short latency and is quite robust, such that

exogenous NPY is generally considered to be the most potent of a growing list of

orexigenic compounds that act in the brain. The role of endogenous NPY is not so

straightforward, however. Evidence from diverse types of experiments suggests that

rather than initiating behavioral eating per se, endogenous NPY elicits autonomic

responses that prepare the individual to better cope with consuming a calorically

large meal.
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Abstract Obesity is one of the most challenging health problems worldwide. Over

the past few decades, our knowledge concerning mechanisms of weight regulation

has increased tremendously leading to the identification of the leptin–melanocortin

pathway. The filling level of energy stores is signaled to the brain, and the

information is integrated by hypothalamic nuclei, resulting in a well-orchestrated

response to food intake and energy expenditure to ensure constant body weight.

One of the key players in this system is proopiomelanocortin (POMC), a precursor

of a variety of neuropeptides. POMC-derived alpha- and beta-MSH play an impor-

tant role in energy homeostasis by activating melanocortin receptors expressed in

the arcuate nucleus (MC3R) and in the nucleus paraventricularis (MC4R).
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Activation of these two G protein-coupled receptors is antagonized by agouti-

related peptide (AgRP). Naturally occurring mutations in this system were

identified in patients suffering from common obesity as well as in patients

demonstrating a phenotype of severe early-onset obesity, adrenal insufficiency,

red hair, and pale skin. Detailed understanding of the complex system of POMC-

AgRP-MC3R-MC4R and their interaction with other hypothalamic as well as

peripheral signals is a prerequisite to combat the obesity epidemic.

Keywords POMC • MSH • AgRP • MC3R • MC4R • Mutations

Abbreviations

ACTH Adrenocorticotropic hormone

ARC Arcuate nucleus

BDNF Brain-derived neurotrophic factor

b-LPH Beta-lipotropin

BMI Body mass index

CLIP Corticotrophin-like intermediate lobe peptide

CNS Central nervous system

GPCR G protein-coupled receptor

GHSR Ghrelin receptor

HFRW His-Phe-Arg-Trp

MC3R Melanocortin receptor 3

MC4R Melanocortin receptor 4

MRAP Melanocortin receptor 2 accessory protein

MSH Melanocyte-stimulating hormone

PC1 Prohormone convertase 1

PC2 Prohormone convertase 2

POMC Proopiomelanocortin

PVN nucleus Paraventricularis

SIM Single-minded gene

TrkB Topomyoin receptor kinase B

TSH Thyroid-stimulating hormone

1 The Leptin–Melanocortin Pathway in Hypothalamic

Weight Regulation

Although food intake and energy expenditure vary from day-to-day, body weight

remains remarkably stable, indicating that homeostatic regulators of body weight

exist. Intriguingly, during the past few decades, obesity has become one of the most

frequent health problems, not only in industrialized societies, indicating that

dysregulation of the homeostatic system is problematic, at least for parts of the
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human population. Our knowledge of the mechanisms that regulate body weight

has increased tremendously and includes the identification of a neuroendocrine

circuit, the leptin–melanocortin pathway. This pathway transmits information on

nutrient supply and energy storage to hypothalamic nuclei, allowing a suitable

response to the actual situation.

Genes involved in hypothalamic weight regulation encode proteins operating the

neuroendocrine network which translates the information on body fat mass – signaled

by the adipose tissue hormone leptin – into hypothalamic counter-regulatory

responses, e.g., changes in food intake and metabolic rate. Within the arcuate nucleus

of the hypothalamus (ARC), binding of leptin ((Zhang et al. 1994), see chapter by

JulianMercer/Elizabeth Cottrell) to the leptin receptor on one set of neurons activates

the formation of anorexigenic acting neurotransmitters generated from the precursor

protein proopiomelanocortin (POMC). On another set of neurons, orexigenic

neuropeptides (neuropeptide Y (NPY) and agouti-related peptide (AgRP)) are

expressed when leptin levels decrease. Activation or inhibition of the postsynaptic

melanocortin receptors 3 and 4 (MC3R, MC4R) by these neuropeptides results in

efferent responses to achieve the balance of energy intake and energy expenditure

(Cone 1999) (Fig. 1). Recently, mutations in the human homologues of these key-

regulator genes of bodyweightmaintenancewere found in cases of extreme and early-

onset obesity, suggesting a high level of functional conservation of the set-point genes

during evolution (Barsh et al. 2000).

In contrast to the few monogenic causes of extreme obesity, the problem of

common obesity, which arose during the past two decades in postindustrialized

societies, cannot be explained by these rare mutations in set-point genes. More

likely, the recent epidemics of obesity results from a decompensation of the genetic

counter-regulatory network within an extremely changed environment, e.g.,

increased caloric energy intake and minimized physical exercise. In this respect,

the observation might be of importance that particularly those individuals with a

formerly high normal set point (reflected by a body mass index (BMI) percentile of

90–97) now tend to develop severe obesity (Barth et al. 1997). In these individuals,

it appears that the allelic combination which has determined a high normal body

weight in the changed environment predisposes to obesity.

Results of several twin studies have underlined the role of genetic factors in

body-weight regulation (Maes et al. 1997). Therefore, it is necessary to understand

the genetic basis of common obesity and to identify those individual allelic

combinations, which are limiting for an appropriate counter-regulatory capacity

of the neuroendocrine network. Several independent genome screens based on

familial cases of severe obesity revealed that a high level of leptin, probably

reflecting leptin resistance of the hypothalamus (Considine et al. 1996), is linked

to a region of chromosome 2, which includes the POMC gene locus (Hager et al.

1998).

In this chapter, we focus on the physiological as well as pathophysiological role

of POMC, POMC-derived peptides alpha- and beta-MSH and their receptors,

MC3R, MC4R, and AgRP in the hypothalamic circuit of weight regulation.
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1.1 The Role of POMC in Weight Regulation

POMC is expressed in the pituitary, skin, and hypothalamus and plays a key role in

the regulation of energy metabolism. Several hormones, neuropeptides, and

nutrients including leptin and insulin regulate the expression of POMC. Under

fasting conditions, POMC expression is reduced, whereas filled energy stores

enhance the expression. Leptin-induced STAT3 expression was shown to modulate

expression of POMC (Munzberg et al. 2003). POMC is a 31-kDa prohormone

precursor that is synthesized in the endoplasmatic reticulum. The N-terminal

sequence of POMC targets the precursor to secretory granules in the regulated

secretory pathway. A membrane-bound enzyme, carboxypeptidase E, acts as a

sorting receptor and binds the N-terminal sequence of POMC. During trafficking

melanocortin 3 receptor (MC3R) melanocortin 4 receptor (MC4R) leptin receptor

leptinadenylyl cyclase Gs stimulatory G protein

MC4R

MC3RMC3R

ATP      cAMPGs

Gs GsATP    cAMP

CART
NPY GABA

++
+

-
- ?

- ?

Fig. 1 Schematic illustration of POMC, MSH, and AgRP function within the leptin–melanocortin

pathway. Leptin signals the filling content of adipocytes from the periphery to the brain, especially

to the hypothalamic nucleus arcuatus. Arcuate neurons are indicated as light gray squares. Binding
of leptin to the leptin receptor enhances the expression of POMC and represses the expression of

AgRP. Genomic organization, transcription, and translation of POMC and AgRP are depicted (for

details, see 1.1 and 1.2). Alpha- and beta-MSH are the endogenous ligands of the MC3R and

MC4R. Auto- and paracrine activation (indicated as plus) of MC3R is indicated as green lines.
Axonal transport of alpha- and beta-MSH to the nucleus paraventricularis (dark gray square) and
activation (indicated as plus) of the MC4R are indicated by a green line. Inhibition (indicated as

minus, if the effect is not proven, a ? is shown) of MC3R and MC4R via AgRP is indicated by red
lines. The effect of MC3R andMC4R on Gs/adenylyl cyclase activation is depicted as green arrow
when cAMP accumulation is stimulated and as red arrow when cAMP accumulation is reduced
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of POMC, tissue-specific posttranslational processing into a variety of biologically

active peptides occurs. Prohormone convertases 1/3 and 2 (PC1/3 and PC2) are

responsible for endoproteolytic cleavage at dibasic amino acids. Initially, POMC is

cleaved by PC1/3 into pro-ACTH and beta-lipotropin (b-LPH) (Fig. 1). Pro-ACTH

is further processed into ACTH and N-terminal POMC (N-POC) by PC1/3. In

rodents, but not in humans, the cleavage site for processing N-POC into gamma

melanocyte-stimulating hormone (MSH) is missing.

In the hypothalamic arcuate nucleus, ACTH is processed by PC2 and carboxy-

peptidase E into alpha-MSH and CLIP (corticotrophin-like intermediate lobe pep-

tide). Bioactive alpha-MSH requires N-terminal acetylation, but no substantial

differences in receptor binding of the two alpha-MSH forms were found. The

in vivo difference of the two forms may be related to the higher stability of

acetylated alpha-MSH (Abbott et al. 2000; Kask et al. 2000). This acetylation is

dynamically regulated by leptin, and it is suggested that this acetylation is an

important control pathway for the melanocortic system (Mountjoy et al. 2003).

Beta-LPH is cleaved by PC2 into gamma-LPH and beta-endorphin. In humans, but

not in rodents, gamma-LPH is further processed to beta-MSH.

For body-weight regulation, alpha- and beta-MSH are the important

neuropeptides. As early as in the 1980s, it was shown in rats that intracerebroven-

tricular injection of alpha-MSH or of ACTH decreases food intake (Poggioli et al.

1986; Vergoni et al. 1986). For alpha- and beta-MSH as well as for ACTH, the

reducing effect on food intake after intracerebroventricular or intraperitoneal injec-

tion was shown in several studies (Abbott et al. 2000; Harrold and Williams 2006;

Millington et al. 2001). An additional role for gamma-MSH that specifically

activates the MC3R is likely but not yet proven. The core sequence of alpha-,

beta-, and gamma-MSH as well as ACTH that is needed for activation of

melanocortin receptors consists of a specific motif of four amino acids: histidine,

phenylalanine, arginine, and tryptophan (His-Phe-Arg-Trp motif) (Table 1) (Hruby

et al. 1987).

1.2 The Role of AgRP in Weight Regulation

Agouti encodes a 131-amino acid paracrine signaling molecule, which is produced

in dermal skin papilla and regulates the type of pigment in melanocytes. Agouti

inhibits the MC1R by affecting cAMP response. Thereby, follicular melanocytes

synthesize the yellow/red pigment pheomelanin. On the contrary, alpha-MSH

stimulates the MC1R and leads to the production of the black pigment eumelanin.

Pulsatile expression of agouti protein during normal hair cycles in rodents results in

a yellow band in the middle of the hair (Voisey and van Daal 2002). First

indications that agouti also plays a role in body-weight regulation were generated

over 100 years ago when Cuenot described the lethal yellow Ay mouse (Cuenot

1909, Barsh 1999). This Ay mutation leads to ectopic activated expression of agouti

leading to obesity, hyperphagia, hyperinsulinism, and yellow coat color by a
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120–10 kb deletion that removes the entire coding region of the upstream Raly
gene. The deletion of the Raly gene leads to the absence of hnRNP (heterogenous

nuclear ribonucleoprotein) and to embryonic lethality in the homozygous state.

Heterozygous Ay/+ animals are viable, but in the mutated allele, the Raly promoter

drives ubiquitous expression of agouti resulting in the described phenotype

(Miltenberger et al. 1999; Yen et al. 1994). Several other dominant agouti

mutations have been described that cause an ectopic agouti expression like viable

yellow (Avy), intermediate yellow (Aly), and sienna yellow (Asy). Avy mice result

from an insertion of an intracisternal A particle (IAP) into the noncoding exon 1A

(Duhl et al. 1994; Wolff et al. 1999).

Comparison of expressed sequence tag database with agouti led to the identifi-

cation of AgRP (Graham et al. 1997; Ollmann et al. 1997). AgRP is exclusively

expressed within the arcuate nucleus of the hypothalamus in mice and humans in

which it is localized in NPY-expressing neurons.

Similar to agouti, AgRP (both containing an Arg-Phe-Phe motif) is able to

antagonize MSH stimulation of MC3R and MC4R as an antagonist and inverse

agonist (Fu and van den Pol 2008; Haskell-Luevano and Monck 2001; Nijenhuis

et al. 2001; Oosterom et al. 2001). Thereby, the neuropeptide AgRP promotes food

intake and energy expenditure. AgRP neurons, which are only expressed within the

arcuate nucleus, predominantly secrete NPY and GABA and project either to

neighboring POMC neurons or other hypothalamic nuclei. In this context, GABA

Table 1 Melanocortin receptors and their ligands

Peptide/sequence MC1R Skin,

hair follicle

MC2R

Adrenals

MC3R

Hypothalamus

MC4R

Hypothalamus

MC5R

Exocrine

glands

ACTH

Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-
Gly-Lys-Pro-Val-Gly-Lys-Lys-Arg-

Arg-Pro-Val-Lys-Val-Tyr-Pro-Asn-

Gly-Ala-Glu-Asp-Glu-Leu-Ala-Glu-

Ala-Phe-Pro-Leu-Glu-Phe

Full agonist Full agonist Full agonist Partial agonist Partial

agonist

Gamma-MSH

Tyr-Val-Met-Gly-His-Phe-Arg-Trp-Asp-
Arg-Phe-Gly

Partial agonist – Full agonist Partial agonist Partial

agonist

Alpha-MSH

Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-
Gly-Lys-Pro-Val

Full agonist – Full agonist Full agonist Full agonist

Beta-MSH

Ala-Glu-Lys-Lys-Asp-Glu-Gly-Pro-Tyr-

Arg-Met-Glu-His-Phe-Arg-Trp-Gly-
Ser-Pro-Pro-Lys-Asp

Full agonist – Full agonist Full agonist Full agonist

AgRP

Agouti

–

Inverse agonist

–

Antagonist

Antagonist

–

Inverse

agonist

–

�
Antagonist

For all five melanocortin receptors, the location with the highest expression is indicated. MC3R and

MC4R are highlighted in gray. The sequence of all POMC-derived peptides that activate

melanocortin receptors is depicted, and the amino acids of the core-binding sequence are indicated

in bold italics
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release has been shown to inhibit POMC positive neurons in the hypothalamus

(Belgardt et al. 2009).

Central AgRP administration or AgRP overexpression leads to hyperphagia and

obesity (Barsh et al. 1999; Broberger and Hokfelt 2001). AgRP mRNA expression

is upregulated during fasting and in ob/ob and db/db mice, respectively. Further-

more, leptin inhibits AgRP expression. These observations point to a role for leptin

as a negative regulator of AgRP.

The AgRP knockout mouse shows a remarkably normal phenotype (Qian et al.

2002). Subsequent studies identified a modest lean phenotype with reduced body

weight after 6 months, with increased metabolic rate, locomotor activity, and

thyroid hormone levels (Wortley et al. 2005). To gain further insides into the role

of AgRP neurons in the regulation of body weight, four different studies analyzed

mouse models with ablated AgRP hypothalamic neurons. In one study, transgenic

expression of the CAG expanded repeat form of ataxin-3 in AgRP, which induces

cell death, was generated (Bewick et al. 2005). Moreover, postnatal cell death was

induced by cre-mediated deletion of the mitochondrial transcription factor Tfam
(Gropp et al. 2005). Two other groups generated AgRP neurons with expressed

diphtheria toxin receptors. Thereby, ablation of AgRP neurons could be generated

by administration of diphtheria toxin (Gropp et al. 2005; Luquet et al. 2005). All

four studies led to ablation of AgRP neurons within the hypothalamus and to a lean

and hypophagic phenotype. Thus, the phenotype differs depending on whether

AgRP neurons were eliminated during the neonatal period or early postnatal. It

has therefore been postulated that early loss of AgRP neurons leads to a compensa-

tory mechanism creating a nearly unaffected phenotype (Flier 2006).

Based on previous studies, it is difficult to interpret a definite role of AgRP. Future

studies will elucidate whether AgRP or other neurotransmitters like NPY or GABA

are important for body-weight regulation embedded in the leptin–melanocortin

signaling pathway.

1.3 Physiological Function of Melanocortin Receptors 3 and 4

Melanocortin receptors belong to the rhodopsin/beta2-adrenergic receptor-like

GPCRs and consist of five members named MC1R to MC5R in order of their

cloning. All five melanocortin receptors are activated by POMC-derived ligands

(Table 1). MC1R (also known as MSH receptor) is mainly expressed in the skin and

hair follicles and is responsible for skin, hair, or coat pigmentation. Activation of

MC2R (also known as ACTH receptor), which is expressed in the adrenal glands,

results in glucocorticoid production. MC3R and MC4R are widely expressed in the

hypothalamus-receiving projections of POMC fibers and are responsible for the

modulation of food intake and energy expenditure. MC5R is expressed in exocrine

glands and promotes sebum production (for further information, see (Cone 2000)).
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Interestingly, for melanocortin receptors, endogenous antagonists, agouti and

AgRP, exist. Both peptides have effects on coat pigmentation and food intake.

Recent studies have indicated that AgRP acts as an inverse agonist (depression of

ligand-independent signaling activity) on MC4R and MC1R (Adan 2006).

The human MC3R is encoded by a single-exon gene located on chromosome

20q13.2–13.3 (Gantz et al. 1993b) coding for 361 amino acids. The MC3R is

activated by all POMC-derived peptides with a comparable affinity (Table 1) but

is the only melanocortin receptor that is fully activated by gamma-MSH. The

MC3R is predominantly expressed in the arcuate nucleus of the hypothalamus

(Fig. 1) (Gantz et al. 1993b) and also in the periphery in the pancreas, stomach,

and placenta. The MC3R plays an important role in energy metabolism; however,

its physiological role is different compared to MC4R (see below). Target deletion

of the MC3R results in adiposity in mice, although food intake in these mice is

reduced (Chen et al. 2000). It is therefore suggested that in these mice, nutrients are

preferentially stored as fat. Obesity in these mice is indicated by an increased fat

mass of 50–60% and a reduction in lean mass. On a high fat diet, these mice

demonstrated an unusually high respiratory quotient pointing to preferential carbo-

hydrate oxidation of carbohydrates. Moreover,MC3R knockout mice have reduced

energy expenditure (Butler et al. 2000). Interestingly, MC3R null mice are

protected from the development of fatty liver disease and insulin resistance despite

elevated levels of body fat (Sutton et al. 2006).

The 322 amino acids of the MC4R are encoded by a single-exon gene located on

chromosome 18q21.3 (Gantz et al. 1993a). The MC4R is primarily expressed in the

hypothalamic nucleus paraventricularis (Fig. 1), spinal cord, sympathetic pregan-

glionic neurons, brainstem, and penis (Van der Ploeg et al. 2002). The MC4R is

fully activated by POMC-derived alpha- and beta-MSH (Table 1) and plays a

profound role in weight regulation. Target disruption of the MC4R in mice results

in maturity onset of severe obesity, hyperphagia, hyperinsulinemia, and hypergly-

cemia (Huszar et al. 1997). As a result of lower energy expenditure, these mice gain

weight faster than their wild-type littermates when consuming the same amount of

food (Ste Marie et al. 2000). Strikingly, heterozygous femaleMC4R knockout mice

display higher body weight compared to wild-type littermates, indicating a gene

dosage effect for MC4R function. Remarkably, it was shown that there is a

divergence in MC4R function to control food intake and energy expenditure. By

rescue of MC4R expression in the nucleus paraventricularis (PVN) of MC4R
knockout mice, it was demonstrated that MC4R function in the PVN is responsible

for food intake, whereas MC4R expression in other brain areas are involved in

energy expenditure (Balthasar et al. 2005). The important role of MC4R in PVN is

further supported by adenoviral knockdown of MC4R in the PVN which causes

hyperphagia and obesity in rats (Garza et al. 2008). Voluntary exercise by offering

running wheels to MC4R knockout mice impedes the course of obesity (Irani et al.

2005) and implies that even a severe monogenetic defect can be influenced by

changing lifestyle habits, at least in rodents.

The phenotype of MC3R knockouts is different from that of the MC4R
knockout mice indicating different and nonredundant mechanisms underlying
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obesity in both mouse lines. The obese phenotype ofMC3R null mice is most likely

due to aberrant feed efficiency and reduced locomotor activity, whereasMC4R null

mice are hyperphagic and have reduced energy expenditure (Chen et al. 2000).

Double knockouts of both receptors displays a more obese phenotype compared to

knockout of either receptor alone (Chen et al. 2000).

MC4R downstream signaling components are inadequately understood. So far, it

was recognized that injection of corticotropin-releasing hormone reduces food

intake, and this is also true for MC4R knockout mice (Lu et al. 2003; Marsh et al.

1999). There is evidence that Sim1 (single-minded gene 1) and BDNF (brain-derived

neutrophic factor) act downstream ofMC4R signaling. Sim1 is expressed in the PVN

and amygdala, and haploinsufficiency of Sim1 is associated with hyperphagia,

obesity, and increased body length. Application of highly potent melanocortins is

not sufficient to suppress food intake (Kublaoui et al. 2006). BDNF expression is

mediated by nutritional state and by MC4R signaling (Xu et al. 2003). Injection of

BDNF in the PVN reduces food intake and stimulates energy expenditure (Wang

et al. 2010). Furthermore, peripheral injection of neutrophin-4, a ligand for the BDNF

receptor, TrkB (tropomyosin receptor kinase B), suppresses appetite and weight gain

in a dose-dependent manner (Tsao et al. 2008).

1.4 Effects of Artificial MSH-Derived Ligands
on MC4R Activation In Vitro
and In Vivo

Artificial alpha-MSH analogs were developed to enhance affinity and efficacy at

MC4R such as NDP-alpha-MSH (Ac-Ser-Tyr-Ser-Nle-Glu-His-D-Phe-Arg-Trp-

Gly-Lys-Pro-Val-NH2) or the cyclic melanotan II (Ac-Nle-c[Asp-His-D-Phe-Arg-
Trp-Lys]-NH2). These substances were effective in vitro as well as in rodents;

however, they are not selective for MC4R and activate also MC3R. Interestingly,

substitution of the histidine residue of the core-binding motif His-Phe-Arg-Trp to

proline (Ac-Nle-c[Asp-Pro-D-Phe-Arg-Trp-Lys]-Pro-Val-NH2 (PG-931) (Grieco

et al. 2003) also exerts full agonism at the MC4R. In contrast, cyclic lactam analogs

with a bulkier amino acid as phenylalanine at position 7, D-p-iodophenylalanine 7,

exert antagonistic activity at the MC4R (Hruby et al. 1995).

Several alpha-MSH analogswere developedwith the purpose to selectively activate

MC4R and to pass the blood–brain barrier. On basis of the core His-Phe-Arg-Trp

binding motif substance THIQ (N-[(3R)-1,2,3,4-tetrahydroisoquinolinium-3-

ylcarbonyl]-(1R)-1-(4-chlorobenzyl)-2-[4-cyclohexyl-4-(1H-1,2,4-triazol-1ylmethyl)

piperidin-1-yl]-2-oxoethylamine) and other small molecule MC4R agonists were

developed (Sebhat et al. 2002; Van der Ploeg et al. 2002). Additional approaches

were performed and tested in vitro and in vivo. It was demonstrated that analogs based

on spiroindane amide are suitable for oral application (Guo et al. 2010; He et al. 2010a,

b), and recently, it was shown that twoMC4R agonists, IRC-022493 and IRC-022511,

The Neuroendocrine Circuitry Controlled by POMC, MSH, and AGRP 55



are able to efficiently activate loss-of-function MC4Rmutations (Roubert et al. 2010).

However, effectiveness of these substances as treatment option for human obese

MC4R mutation carriers needs to be shown.

The first study to reduce bodyweight in humans usesACTH4-10whichwas found to

be effective in healthy adults (Fehm et al. 2001). However, in patients with POMC

mutations, this substance did not have any influence on bodyweight (Krude et al. 2003).

A new substance that was highlyMC4R selective and effective inmice to reduce energy

intake and to induce weight loss, MK-0493 (N-(1S)-1-[2-(1-{[3S,4R]-tert-butyl-4-(2,4-
difluorophenyl)pyrrolidin-3-yl)-5-chlorophenyl]ethyl}acetamide(hydrochloride) (Fong

and Strack 2008), was used to reduce body weight in normal weight to obese healthy

men. Sibutramine, a serotonin–norepinephrine reuptake inhibitor, was used as

positive control. Unfortunately in humans, MK-0493 was not effective to reduce

energy intake and to induce weight loss (Krishna et al. 2009). So far, these studies

point to the problem of transferability of rodent model systems to the human

situation.

1.5 Structural Characteristics and Signaling Properties
of MC3R and MC4R

Melanocortin receptors are characterized by common structural features of the

rhodopsin/beta2-adrenergic receptor family A such as highly conserved amino

acid motifs at the transmembrane helices (TMH), e.g., the so-called Asn-Arg-Tyr

motif in TMH3, or the Asn-Pro-x-x-Tyr motif in TMH7. Interestingly, they also

lack typical family A GPCR features like a conserved cysteine residue in extracel-

lular loop (ECL) 2 and prolines in TMH5. Additionally, they have specific features

such as disulphide bridged cysteine residues in ECL3 and an extremely short ECL2

comprising four amino acids.

Melanocortin receptors are activated by POMC-derived peptides (Table 1).

Thus, the binding site for the orthosteric (endogenous) ligand should be similar in

all melanocortin receptors. The N-terminal receptor region as well as the extracel-

lular loops except ECL3 (Tarnow et al. 2003) are of less importance for ligand

binding (Schioth et al. 1997; Yang et al. 2000). It is known that specific amino acids

in the TMH region are sensitive to interaction with the His-Phe-Arg-Trp motif

(Table 1) of all POMC-derived ligands. Within the TMHs, ionic and aromatic

residues are mainly responsible for high affinity ligand binding (reviewed in (Tao

2010a; Yang 2011)). In detail, residues important for ligand binding by MC3R are

localized in TMH2 (Glu131), TMH3 (Asp154 and Asp158), and TMH6 (Trp292,

Phe295, His298) (Chen et al. 2006). Residues important for binding by MC4R are

also found in TMH2 (Glu100), TMH3 (Asp122 and Asp126), and TMH6 (Trp258,

Phe261, and His264) (Chen et al. 2007; Yang et al. 2000). In the MC4R, some

motifs in ECLs 2 and 3 were found to be important for AgRP 87–132 binding
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affinity but not for AgRP 110–117; moreover, amino acid side chains in TMHs 3

and 4 are important for binding of both AgRPs (Yang et al. 2003).

Ligand interaction with melanocortin receptors induces changes mainly in the

amplitude of the Gs/adenylyl cyclase signaling pathway (Gantz et al. 1993a),

whereby receptor activation by agonists leads to enhancement of intracellular

cyclic AMP (cAMP), which consequently results in protein kinase A (PKA)

activation. In addition to activation of the Gs-signaling pathway, it was shown

in vivo that the suppression of food intake requires the induction of extracellular

signal-regulated kinase (ERK) 1/2 (Sutton et al. 2005). Central application of a

superpotent MC4R agonist led to phosphorylation of ERK 1/2 and cAMP-responsive

element-binding protein (CREB). It is speculated that activation of the cAMP-ERK1/

2-CREB cascade is a molecular integrator for converging satiety signals from the gut

to the brain (Sutton et al. 2005).

For the MC4R and MC3R, further (secondary) signaling pathways like mobili-

zation of intracellular calcium (Mountjoy et al. 2001), which is cholera toxin

sensitive and pertussis toxin insensitive, were reported. Activation of the Gq/11-

mediated pathway is controversially discussed, but so far, no physiological rele-

vance of this pathway is known (Mountjoy et al. 2001; Newman et al. 2006).

Additionally, pertussis toxin-sensitive MC4R signaling in hypothalamic mouse

GT1-7 implicates activation of Gi/o-mediated signaling (Buch et al. 2009). Inter-

estingly, AgRP is able to activate Gi simultaneously to antagonism of the Gs-

signaling pathway, which was referred to as a biased agonist of MC4R signaling

(Breit et al. 2011; Buch et al. 2009).

Di- or oligomerization of GPCRs is accepted nowadays as a relevant feature of

GPCR physiology. For melanocortin receptors, it was shown that MC3R and

MC4R are able to form homodimers (Biebermann et al. 2003; Elsner et al. 2006;

Mandrika et al. 2005; Nickolls and Maki 2006). Additionally, heterodimerization of

MC4R and MC3R with other GPCRs that are involved in weight regulation was

demonstrated (Rediger et al. 2009). It has been shown that the MC4R is able to

interact with GPR7, a receptor that is also assumed to be expressed in the PVN. For

the MC3R, intermolecular interaction with the GHSR (known as ghrelin receptor)

was determined.

For several GPCRs, accessory proteins are reported to be essential for their

function. This is also true for the MC2R which depends on the interaction with

melanocortin receptor 2 accessory protein (MRAP) for proper cell surface expres-

sion (Metherell et al. 2005). MRAP is able to interact with all five melanocortin

receptors subtypes, but (excluding MC2R) MRAP is not mandatory for their cell

surface expression. In contrast, MRAP reduces MC4R and MC5R cell surface

expression (Chan et al. 2009). Moreover, a significant inhibitory role of MRAP

for signaling properties for MC1R, MC3R, MC4R, and MC5R was demonstrated

(Chan et al. 2009). Another protein, the attractrin-like protein (Haqq et al. 2003),

interacts with the MC4R and was identified by a yeast two-hybrid approach. It is

suggested that the attractrin-like protein acts as a coreceptor needed for binding of

AgRP; however, so far no functional evidence for this interaction exists.
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2 Naturally Occurring Mutations in POMC, MC3R, andMC4R

Shortly after the detection of the genetic defect ob/ob, a mutation in the leptin

gene (Zhang et al. 1994), human mutations in key components of the

leptin–melanocortin pathway, was identified in early-onset obese patients.

2.1 Complete and Partial Loss of POMC Function
(OMIM #609734)

The POMC gene is located on chromosome 2p22 and consists of three exons with

the start ATG located in exon 2. Screening for mutations in large cohorts of patients

revealed few polymorphisms including a 9- and an 18-base pair insertion between

amino acids 73 and 74 within the gamma-MSH gene, which occurs with a fre-

quency of 3–5% (Hinney et al. 1998).

2.1.1 Complete Loss-of-Function Mutations

The phenotype of patients carrying mutations that lead to complete loss of POMC

function is due to the lack of peptides activating their particular receptors (Krude

and Gr€uters 2000). The pituitary-derived ACTH regulates cortisol secretion via

binding to the adrenal MC2R. Hair and skin pigmentation is regulated by activation

of the MC1R by alpha- and beta-MSH. Stimulation of the MC4R by both peptides

and MC3R by alpha-, beta-, and gamma-MSH in the CNS is responsible for energy

metabolism. The complete lack of these peptides therefore results in syndromic

obesity characterized by adrenal insufficiency, pale skin, and red hair as well as

early-onset obesity. In 1998, the first patients with POMC deficiency were

described (Krude et al. 1998), prior to the POMC knockout mouse which presents

a corresponding phenotype (Yaswen et al. 1999). The frequency of complete loss-

of-function mutations is extremely rare. So far, only a few patients were reported

(Table 2; (Clement et al. 2008; Farooqi et al. 2006; Krude et al. 1998, 2003)) as

suffering from adrenal insufficiency and early-onset obesity. Deficiency in skin

pigmentation has only been recognized in Caucasian patients so far. The skin and

hair phenotype of patients with African or Arabian origin (Clement et al. 2008;

Farooqi et al. 2006) does not differ significantly from nonmutation carriers. The

reason for this might be explained by studies performed in mice that demonstrated

that the genetic background has a strong influence on coat color (Slominski et al.

2005). It was speculated that the high ligand-independent activity of the

melanocortin 1 receptor could ensure conversion of pheomelanin to eumelanin.

An observation in one patient supported this suggestion as it was recognized that a
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hair color change from red to brown in the second and third year of life occurs

(Krude et al. 2003).

2.1.2 Phenotype and Treatment of Patients with POMC Mutations

After birth, patients are often identified by the diagnosis of hypoglycemia and

subsequently central hypocortisolism. Patients were treated with low doses of

hydrocortisone (8–10 mg/kg/m2 body surface per day) (Krude et al. 2003). Treat-

ment of these patients with intranasal ACTH 4–10 did not result in a reduction of

food intake and weight loss. Investigation of thyroid function revealed slightly

elevated TSH levels and low, sometimes reduced, total T4 but normal T3 values.

Treatment of T4 in both patients did not change the course of obesity (Krude et al.

2003). The birth weight of all so far reported patients was normal. However, POMC
mutations lead to the development of postnatal, early-onset, and severe obesity.

This is combined with ACTH deficiency, pale skin, and red hair in the Caucasian

population (Farooqi 2007). The dramatic increase of body weight points to the

severe consequence of a dysregulated body weight set point. However, intensive

lifestyle intervention, e.g., during treatment in a hospital with a sport program and

assistance by a nutritionist can lead to a stabilization of body weight during this

period.

2.1.3 Partial Loss of POMC Function as an Example for Common Obesity

Susceptibility to obesity might result from alleles of genes which determined a high

set point of body weight in former times of restricted food supply but may now

predispose for obesity within the changed environment. To understand the genetic

basis of so-called common obesity, it will therefore be of interest to identify those

alleles which cause a limitation for appropriate regulation of body weight homeo-

stasis when energy intake is increased and exercise is reduced.

Patients suffering from common obesity with no other signs than increased fat

mass were screened for mutations. Those variants in the POMC gene that predis-

pose to common obesity were successfully identified (Table 2, (Biebermann et al.

2006; Challis et al. 2002; Dubern et al. 2008; Hinney et al. 1998; Lee et al. 2006)).

However, in the beginning, no attention was given to those variants because they

were located downstream of the region coding for alpha-MSH. These mutations

were located in the prohormone convertase recognition site between beta-MSH and

beta-endorphin (Challis et al. 2002; Hinney et al. 1998) and result in a beta-MSH/

beta-endorphin fusion protein lowering the amount of functional beta-MSH. Addi-

tionally, a stop mutation before the coding region of beta-MSH was identified

(Hinney et al. 1998). A missense mutation in beta-MSH gene that leads to the

exchange of a highly conserved tyrosine residue for a cysteine residue causes a

reduced capacity to bind to the MC4R (Biebermann et al. 2006; Lee et al. 2006).

Intracerebroventricular injection of the mutated beta-MSH in contrast to wild-type
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beta-MSH or alpha-MSH was not sufficient to inhibit food intake (Biebermann

et al. 2006). These studies point, for the first time, to the important role of

beta-MSH in hypothalamic weight regulation. It was further demonstrated that

beta-MSH is the predominant neuropeptide in the hypothalamic nucleus arcuatus

(Biebermann et al. 2006). For a long time, it was assumed that the phenotype of

POMC deficiency is exclusively caused by mutations in the region of the POMC
gene coding for alpha-MSH. However, so far, only one missense mutation in the

region coding for alpha-MSH has been reported (Dubern et al. 2008).

Additional mutations that influence POMC trafficking were detected in patients

suffering from common obesity. These mutations are located in the N-terminal

domain of POMC (Table 2) (Creemers et al. 2008), which is suggested to be

involved in sorting POMC to the secretory pathway (Creemers et al. 2008).

Therefore, both mutations lead to impaired processing of POMC to bioactive

peptides representing a new molecular mechanism of POMC deficiency.

A gene dosage effect was reported due to partial loss of POMC function in

heterozygous parents of complete loss-of-function mutation carriers. For these

parents, a body weight in the upper normal range with a tendency to become

overweight was recognized indicating that the control of energy balance is sensitive

to POMC function (Farooqi et al. 2006; Krude et al. 2003).

2.2 Naturally Occurring MC3R Mutations (OMIM # 15540)

The physiological effect of mutations in the humanMC3R contributing to obesity is

still under strong debate (Calton et al. 2009; Mencarelli et al. 2011). So far, only

fewMC3R mutations with functional relevance were identified (Fig. 2a) (Lee et al.

2002; Mencarelli et al. 2011, 2008; Rached et al. 2004; Tao 2007; Zegers et al.

2011). However, few variants of the MC3R seem to have a stronger impact on the

individual susceptibility of weight gain.

The first identified mutation of the MC3R Ile183Asn is located in transmembrane

helix 3 and was detected in an obese child and father (Lee et al. 2002). Functional

characterization confirmed a complete loss of function despite nearly normal cell

surface expression and ligand binding indicating that the mutation constrained the

receptor in the inactive state (Rached et al. 2004). Further studies identified additional

mutations in obese subjects (Fig. 2a). These mutations display either wild-type-like

receptor signaling functions (Ala293Thr, Val177Ile, X361Ser, Ala70Thr, Met134Ile)

(Lee et al. 2007; Mencarelli et al. 2008; Rached et al. 2004) or reduced signaling

properties (Ser17Thr, Thr280Ser, and Ile335Ser, c.397_726delins228) (Calton et al.

2009; Mencarelli et al. 2008; Rached et al. 2004). Interestingly, MC3R mutations

were also found in normal weight individuals (Ile87Thr, Leu285Val, Arg257Ser).

These mutations induce enhanced signaling capacities compared to the wild-type

MC3R (Rached et al. 2004). Some mutations were reported in lean controls but have

not yet been functionally characterized, e.g., Ser69Cys and Phe82Ser identified in

(Calton et al. 2009) and Ile87Thr, Ala260Val, Met275Thr, and Leu297Val identified

in obese patients (Calton et al. 2009).
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In the past decade, numerous studies investigated association of two frequent

MC3R variants with obesity or diabetes in various collectives (Feng et al. 2005;

Hani et al. 2001; Li et al. 2000; Schalin-Jantti et al. 2003; Wong et al. 2002). These

variants are located in the coding region and lead to amino acid exchanges Thr6Lys

TMH5

TMH1

Ctt

NttTMH3

TMH2

ECL2

ECL3

ECL1

TMH6

ICL3

ICL2

extracellular

intracellular

ICL1

TMH7

TMH4

I183N

M275T

T280S

I87T
L297V

I335S

A260V

a

Fig. 2 (continued)

62 H. Biebermann et al.



TMH5

TMH1

Ctt

Ntt

TMH3

TMH2

ECL2

ECL3

ECL1

TMH6

ICL3

ICL2

extracellular

intracellular

ICL1

TMH7

TMH4

S127L

N97D

I137T

L106P

V253I
S136F

D90N

b

Fig. 2 Computational modeling of MC3R and MC4R. (a) In the MC3R model, few exemplary

positions of pathogenic mutations causing reduced signal transduction capabilities identified in

obese patients are highlighted (magenta sticks). They are located in known signaling relevant

receptor components like transmembrane helices 3, 6, and 7. (b) In the MC4R, particular positions

of pathogenic mutations known to reduce specific binding (blue sticks) and signaling (magenta
sticks) are displayed. In accordance with MC3R, binding is impeded by mutations at the extracel-

lular ends of transmembrane helices 2 and 3. Signal transduction is disrupted by modification of

the interplay between helices 2, 3, and 6
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and Val81Ile and the double mutant Thr6Lys/Val81Ile. With the exception of obese

children which are homozygous for both polymorphisms (Feng et al. 2005), no

association with obesity could be found in these studies. In vitro investigation of

signal transduction capabilities suggested that these single mutations do not have an

impact on receptor function (Tao and Segaloff 2004). However, partial inactivation

was shown for the double mutant Thr6Lys/Val81Ile (Feng et al. 2005).

2.3 Naturally Occurring MC4R Mutations (OMIM # 15541)

The most common genetic defects in human obesity to date are mutations in the

MC4R gene found in 2–6% of obese patients studied dependent on the ethnic origin

(with Great Britain having the highest prevalence of obese mutation carriers but also

the highest number of mutational screened patients), the age of the patient, and the

degree of obesity. The first inactivating mutations in theMC4R gene were described

in 1998 by two independent groups (Vaisse et al. 1998; Yeo et al. 1998). The

identified mutations were found in a heterozygous state in the patients and result in

a complete loss of function due to a frameshift. Since these first descriptions, so far

over 150 different mutations in theMC4R gene have been identified (summarized in

(Tao 2010a)) with only rare cases in which homozygous or compound heterozygous

mutations were identified (Farooqi et al. 2000, 2003; Kobayashi et al. 2002; Lubrano-

Berthelier et al. 2004; Ma et al. 2004; Tarnow et al. 2003).

These findings support a gene dosage effect of the MC4R in weight homeostasis,

which contrasts with the known genotype–phenotype correlations of most identified

mutations in the GPCR gene family. The human findings are in accordance with

findings in theMC4R knockout mouse. The resulting loss of function of the mutant

receptors implicates a similar gene dosage effect on human weight maintenance as

in rodents. For the first two identified frameshift mutations, a dominant-negative

effect was not found (Ho and MacKenzie 1999). However, for two complete loss-

of-function mutations (Asp90Asn and Ser136Phe), a dominant-negative effect was

shown (Biebermann et al. 2003; Tarnow et al. 2008).

So far, several frameshift mutations and eight nonsense mutations leading to a

complete loss of function were reported (Tao 2010a). The majority of mutations are

missense mutations. The mutations result either in a complete loss of function, a

partial loss of function, or a function comparable to the wild-type receptor. Due to

their functional consequences, the mutations were grouped into five classes (Tao

2005):

Class I: null mutations. Mutations that result in defective protein synthesis or

were degraded like all nonsense mutations (Trp16X, Tyr35X, Gln43X, Glu61X,

Tyr80X, Cys277X).

Class II: mutants defective in cell surface expression. These mutations are

frameshift mutations or missense mutations like Asn62Ser, Gly98Arg, and

Tyr302Phe, to name only a few.
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Class III: mutants with binding defect. These are for example Asn97Asp,

Leu106Pro, and Ser127Leu (Fig. 2b). These mutants are characterized by normal

expression on the cell surface and abolished binding. Binding experiments were

either performed with alpha-MSH or the highly potent analog NDP-alpha-MSH.

For some mutants like Ser127Leu, discrepancies between both ligands exist, as

NDP-alpha-MSH challenges exhibit properties comparable to wild type, but stimu-

lation with alpha-MSH results in a partial loss of function.

Class IV: signaling defective mutants. These mutants are expressed on the cell

surface and bind the ligand properly, but signal transduction is altered like in

Asp90Asn, Ser136Phe, Ile137Thr, and Val253Ile mutants (Fig. 2b). It has been

discussed whether mutations with defects that reduce the ligand-independent activ-

ity also belong to this class (Tao 2010a).

Class V: variants with unknown defects. For these mutations, no differences in

comparison with the wild-type receptor were found so far using the current state-of-

the-art experimental procedure. However, since all experiments are performed in

heterologous expression systems, no appropriate human hypothalamic cell line is

available, and one can only speculate that these mutations have no functional effect,

e.g., Thr11Ile, Ser36Tyr, Ile69Thr, Asp126Tyr, and many more. An additional

group of mutations that is not appropriately included in this categorization are

those that lead to a higher constitutive activity. So far, only few constitutively active

mutations are reported (His76Arg, Asp146Asn, and His158Arg) (Fan et al. 2008).

There is no final consensus about this nomenclature (classes I to V), but in

general, the categorization is helpful to get a mechanistic idea of the receptors

malfunction. However, one have to take into account that functional characteriza-

tion of the mutants is performed either after stable or transient transfection. Since

the MC4R has a certain degree of constitutive activity, functional characteristics

depend on the degree of cell surface expression. The higher expression levels of

transient overexpression systems could potentially mask a weak expression in vivo.

Furthermore, different systems to measure functional properties and different

ligands – endogenous and highly potent ligands – are used to study these receptors,

rendering data comparison making mutant classification difficult.

So far, only one variation in the 50 untranslated region of MC4R was reported

(Lubrano-Berthelier et al. 2003; Valli-Jaakola et al. 2006). A deletion of two base

pairs at position �439 was suggested to destroy a binding site for nescient helix

loop helix 2 (Nhlh2). Nhlh2 is known to regulate the transcription of PC1 and PC2

(Fox et al. 2007), but regulation of MC4R transcription was not proven yet. The

investigation of the MC4R from different species as well as from different ethnic

groups revealed that the MC4R has been subject to high levels of continuous

purification selection with codon usage bias resulting in an intriguingly low level

of silent polymorphisms in humans (Hughes et al. 2009).

The mutational screening in large cohorts of obese patients revealed that

approximately 2% have a mutation with a functional defect (Stutzmann et al.

2008). Screening in a normal weight cohort revealed that 0.15% have a mutation

of functional relevance (Hinney et al. 2006).
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Taking these findings together, it is suggested that inactivating mutations in the

MC4R do not comprise a form of monogenic but of oligogenic obesity (Dempfle

et al. 2004; Hinney et al. 2003), indicating that inactivating MC4R mutations can

but do not always predispose for obesity.

The first patients with a mutation in the MC4R were discovered in 1998 (Vaisse

et al. 1998; Yeo et al. 1998). MC4Rmutations lead to early-onset obesity. However,

the phenotype, with respect to their weight gain, seems to be milder compared to

patients suffering from a POMC mutation. The patients develop fasting

hyperinsulinemia and accelerated linear growth (Martinelli et al. 2011). This

increased growth is accompanied by impaired GH secretion with an increased

pulsatility and increased total GH secretion (Martinelli et al. 2011). Moreover,

although obesity is one of the major causes of hypertension (Garrison et al. 1987),

studies reveal a decreased prevalence of hypertension in MC4R patients. This

observation seems to be due to reduced activity of the sympathetic nervous system

(Greenfield et al. 2009).

2.4 Variants That Are Protective Against Obesity

Besides frequent variants that predispose to obesity, two variants were indentified

that protect against obesity, Val103Ile (rs2229616) and Ile251Leu (rs52820871)

(Gotoda et al. 1997; Hinney et al. 1999). Large meta-analysis has revealed that

Val103Ile reduces the obesity risk by approximately 21% and the Ile251Leu allele

by approximately 50%. The frequency of Ile103 in the Caucasian population is

rather low, between 2 and 4% (Geller et al. 2004); therefore, large sample sizes are

needed to obtain sufficient power for the identification of small effects (Heid et al.

2005). In a population-based study, a 0.8 kg/m2 lower body mass index was

reported for Ile103 (Stutzmann et al. 2007). Functional characterization of

Val103Ile revealed no difference with MC4R wild-type function despite the fact

that a twofold reduction in AgRP potency was observed (Xiang et al. 2006). The

frequency of the Leu251 allele is lower compared to Ile103 with approximately

1–2% in the normal population and is responsible for a 0.7 kg/m2 lower body mass

index (Stutzmann et al. 2007). Interestingly, an increased constitutive activity was

reported for in vitro studies of this mutation (Xiang et al. 2006). Remarkably, an

increased constitutive activity was also reported for other MC4R mutations (Tao

2010a). Carriers of these mutations are obese, indicating that more studies are

necessary to unravel the molecular mechanism of these protective MC4R

mutations.

Large genome-wide association studies were performed for the identification of

variants that are associated with obesity. These studies identified two single nucle-

otide polymorphisms near the MC4R locus that are highly associated with obesity,

rs17782313 188 kb downstream of the MC4R gene (Loos et al. 2008) and

rs129070134 150 kb downstream of the MC4R gene (Chambers et al. 2008).
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Both variants are not in linkage disequilibrium with the two protective variants. So

far, it is unknown how these two variants influence MC4R function. Therefore, it

could only be speculated that they modulate MC4R gene expression.
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Abstract In this chapter, we review the feeding and energy expenditure effects of

orexin (also known as hypocretin) and neuromedin. Orexins are multifunctional

neuropeptides that affect energy balance by participating in regulation of appetite,

arousal, and spontaneous physical activity. Central orexin signaling for all

functions originates in the lateral hypothalamus–perifornical area and is likely

functionally differentiated based on site of action and on interacting neural

influences. The effect of orexin on feeding is likely related to arousal in some

ways but is nonetheless a separate neural process that depends on interactions with

other feeding-related neuropeptides. In a pattern distinct from other neuropeptides,

orexin stimulates both feeding and energy expenditure. Orexin increases in energy

expenditure are mainly by increasing spontaneous physical activity, and this energy

expenditure effect is more potent than the effect on feeding. Global orexin

manipulations, such as in transgenic models, produce energy balance changes

consistent with a dominant energy expenditure effect of orexin. Neuromedins are

gut–brain peptides that reduce appetite. There are gut sources of neuromedin, but

likely the key appetite-related neuromedin-producing neurons are in the hypothala-

mus and parallel other key anorectic neuropeptide expression in the arcuate to

paraventricular hypothalamic projection. As with other hypothalamic feeding-

related peptides, hindbrain sites are likely also important sources and targets of

neuromedin anorectic action. Neuromedin increases physical activity in addition to

reducing appetite, thus producing a consistent negative energy balance effect.

Together with the other various neuropeptides, neurotransmitters, neuromodulators,

and neurohormones, neuromedin and orexin act in the appetite network to produce

changes in food intake and energy expenditure, which ultimately influences the

regulation of body weight.

Keywords Brain • Feeding • Obesity • Physical activity
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1 Brain Orexins and Energy Balance

1.1 Orexin

When the discovery of a novel peptide apparently limited to cell bodies in the

hypothalamus was announced in 1998 (de Lecea et al. 1998; Sakurai et al. 1998),

interest was high due to the possibility of its involvement with feeding. The peptide,

dubbed orexin by Sakurai et al. and hypocretin by de Lecea et al., was indepen-

dently discovered in two laboratories using very different methods (de Lecea et al.

1998; Sakurai et al. 1998). One group isolated the long form of orexin, orexin A

(OXA), by searching for ligands for “orphaned” G protein–coupled receptors

(Sakurai et al. 1998). The second group first isolated the precursor protein,

prepro-orexin, in 1996 using a subtractive PCR technique to recover hypothala-

mus-specific proteins (Gautvik et al. 1996) but did not publish a detailed investiga-

tion of the precursor or its derivatives until early in 1998 (de Lecea et al. 1998).

The initial reports of these discoveries showed that the orexins are a family

containing two peptides, the 33-amino-acid OXA (hypocretin-1) and the shorter 28-

amino-acid orexin B (OXB, hypocretin-2), both derived from the precursor protein,

prepro-orexin (PPO), through proteolytic processing (de Lecea et al. 1998; Sakurai

et al. 1998). The PPO gene, which is highly conserved across species, has some

similarities with the secretin/incretin family of peptides (de Lecea et al. 1998) and

appears to have arisen early during chordate evolution through a circular mutation

of an incretin gene (Alvarez and Sutcliffe 2002). Orexin has been identified in all

major vertebrate taxa, including fish (Huesa et al. 2005; Kaslin et al. 2004),

amphibians (Shibahara et al. 1999; Yamamoto et al. 2004; Singletary et al. 2005),

reptiles (Farrell et al. 2003), birds (Ohkubo et al. 2002), and mammals (Sakurai

et al. 1999). Within the central nervous system, prepro-orexin mRNA was initially

reported to be limited to cell bodies in the lateral hypothalamus (LH) (Gautvik et al.

1996). While there is some evidence for orexin neurons in other brain regions,

including the paraventricular hypothalamic and supraoptic nuclei, amygdala,

median eminence, and ependyma (Chen et al. 1999; Ciriello et al. 2003a; Kummer

et al. 2001; Nixon and Smale 2007), to date, there is no conclusive evidence of

orexin mRNA in any brain region except the lateral hypothalamus.

The orexins bind to two G protein-coupled receptors: OXA binds equally to

either orexin receptor 1 (OX1R) or orexin receptor 2 (OX2R); OXB binds to both

receptors but displays moderate selectivity for OX2R (Sakurai et al. 1998; Smart

et al. 1999). Orexin A and B have been shown to increase the postsynaptic activity

of GABAergic and glutamatergic cells (van den Pol et al. 1998). The orexins may

also affect the presynaptic effect of Ca2+-dependent transmitters by increasing

calcium levels, both through mobilization of internal Ca2+ stores and through

secondary influx of external calcium (Smart et al. 1999).

Although the total number of orexin neurons is fairly small, axonal projections

from these cells extend from the LH to many regions of the rat brain and spinal cord

(Chen et al. 1999; Nixon and Smale 2007; Cutler et al. 1999; Date et al. 1999;
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Peyron et al. 1998; Nambu et al. 1999), and the distribution of these neurons and

axonal projections is very similar across rodent strains and species (Nixon and

Smale 2007). The overall distribution of orexin fibers in the brain and spinal cord

allows this small population of neurons to play roles in integrating multiple

autonomic and behavioral functions, primarily feeding, sleep/wake behavior, and

arousal (Niimi et al. 2001a; Kotz et al. 2002; Rodgers et al. 2000; Kunii et al. 1999;

Haynes et al. 2000; Mondal et al. 1999; Yamanaka et al. 2000; Tsujino and Sakurai

2009; Nunez et al. 2009; Siegel 1999; Lin et al. 1999; Piper et al. 2000; Hungs and

Mignot 2001), as well as nociception, respiratory, motor, neuroendocrine, and

cardiovascular systems (Nixon and Smale 2007; Cutler et al. 1999; Date et al.

1999; Peyron et al. 1998; Nambu et al. 1999; Volgin et al. 2002; Zhang and Luo

2002; Samson et al. 1999; Shirasaka et al. 2002; Zhang et al. 2005a; Berthoud et al.

2005). Disruptions or deficiencies in orexin signaling have been linked to a number

of sleep/wake and endocrine disorders in humans and in animal models (Lin et al.

1999; Petersén et al. 2005; Nevsimalova et al. 2005; Thannickal et al. 2000; Nishino

et al. 2000).

There is also strong evidence for an important role for orexin outside of the

central nervous system. Both orexin and orexin receptors are present in peripheral

tissues. Both PPO and orexin receptor mRNA are present in the gut in several

species, including rats, guinea pigs, dogs, horse, deer, mice, sheep, and humans

(Kirchgessner and Liu 1999; Ehrstrom et al. 2005; Dall’aglio et al. 2009, 2008,

2011; de Miguel and Burrell 2002); however, at least one report questions these

findings (Baumann et al. 2008). Additionally, PPO mRNA has been identified in the

heart and testicular tissue of rats (Johren et al. 2001), and orexin receptors have

been found in rat lung, in the adrenal glands and gonads of both rats and sheep, and

in the enteric nervous system of several species (Dall’aglio et al. 2009, 2008; Johren

et al. 2001; Zhang et al. 2005b).

2 Orexin and Feeding

The hypothalamic distribution of cell bodies containing the precursor protein

suggested that orexins are involved in feeding behavior. Prior to the discovery of

orexin, the only other peptide known to be found in cell bodies limited to the LHwas

melanin-concentrating hormone (MCH), a peptide known to be involved in the

regulation of feeding (Qu et al. 1996). Evidence that 48 h of fasting elicited a 2.4-

fold increase in rat prepro-orexin mRNA (Sakurai et al. 1998) quickly prompted

more extensive investigation into the relationship between the orexins and feeding.

Early experiments showed that injections of OXA and OXB elicit ingestion in rats,

although the effects of OXA appeared to be stronger than those of OXB, perhaps due

to its more stable structure (Sakurai et al. 1998). This difference in the orexigenic

effects of OXB in comparison to OXA has been replicated several times, with most

studies suggesting that OXB is less effective than OXA in eliciting feeding or

drinking behavior (Sakurai et al. 1998; Kunii et al. 1999; Edwards et al. 1999).
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In some cases, OXB has been ineffective in eliciting any ingestive behavior whatso-

ever (Sweet et al. 1999; Lubkin and Stricker-Krongrad 1998).

Orexin effects on ingestive behavior appear to depend upon interactions with

other food-related signaling systems, such as neuropeptide Y (NPY), leptin, MCH,

ghrelin, galanin, and agouti-related protein (Ehrstrom et al. 2005; Broberger et al.

1998; Horvath et al. 1999a; Schwartz et al. 2000; Takenoya et al. 2005; Sakurai

2003; Rauch et al. 2000). For example, the ingestive behavior stimulated by orexin

is attenuated or blocked by leptin, a potent inhibitor of food intake (reviewed in

Schwartz et al. 2000). In one study, pretreatment with leptin blocked orexin-

induced activity in nearly half of the orexin-responsive neurons identified in the

arcuate nucleus (Arc) (Rauch et al. 2000). In addition, leptin injections in the rat are

capable of blocking both OXA-induced feeding behavior as well as NPY-induced

Fos immunoreactivity in OXA cells (Niimi et al. 2001a). Leptin may block the

effects of orexins directly or indirectly, as some OXB cells have been shown to

express leptin receptors and NPY cells in the rat and monkey Arc receiving orexin

fiber contact also express leptin receptors (Horvath et al. 1999a). Orexin appears to

have a reciprocal blocking effect on leptin, as OXA administered intravenously

reduces plasma leptin concentrations in humans (Ehrstrom et al. 2005).

Previous studies have shown that orexin and arcuate nucleus NPY neurons have

reciprocal functional connections important in feeding (Yamanaka et al. 2000;

Horvath et al. 1999a; Elias et al. 1998). Orexin neurons in the LH send projections

to the Arc, and these fibers form synaptic contacts with NPY-containing neurons in

this nucleus (Horvath et al. 1999a). Administration of orexin increases expression

of the early-active gene cFos in Arc NPY neurons (Yamanaka et al. 2000). In turn,

Arc NPY neurons project to the LH where they make synaptic contact with orexin

neurons (Broberger et al. 1998; Horvath et al. 1999a; Elias et al. 1998). While a

large number of these NPY-orexin contacts in the LH appear to originate in the Arc,

NPY neurons in other regions are also known to project to the LH and may

contribute to this NPYergic input to orexin neurons (Elias et al. 1998). Injection

of NPY into the perifornical LH (PeF), in which orexin neurons are found, robustly

stimulates food intake (Stanley et al. 1993), and this induction of intake shows a

circadian pattern of effectiveness, eliciting the greatest response during the active

period (Stanley and Thomas 1993), matching the endogenous circadian patterns of

cFos expression in orexin neurons (Martinez et al. 2002). Orexin neurons in the PeF

are known to express NPY Y4 receptors, and cFos expression is increased in orexin

neurons following application of NPY or a Y4-specific agonist (Niimi et al. 2001a;

Campbell et al. 2003a). While central orexin injection increases food intake, the

effect is at least partly dependent on activation of NPY neurons, as orexin-induced

intake is attenuated (but not blocked) by administration of an NPY Y1 receptor

antagonist (Yamanaka et al. 2000); this effect is complicated by the finding that

NPY tonically pre- and postsynaptically inhibits orexin neurons via a Y1-specific

pathway (Fu et al. 2004). Interestingly, NPY-induced food intake appears to be

partly dependent on orexin, as treatment with an orexin antibody reduces (but does

not eliminate) NPY-induced food intake (Niimi et al. 2001a), and anatomical

evidence suggests orexin neurons may be a downstream target of NPY action in
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feeding (Broberger et al. 1998). Both orexin and NPY neurons express receptors for

the hunger-signaling hormone leptin (Horvath et al. 1999a), suggesting that while

NPY neurons might represent the main target of this hormone, orexin neurons are

also responsive to peripheral signals of energy balance (Meister 2000).

There are several lines of evidence that suggest interactions between orexin and

blood glucose levels. Insulin-induced hypoglycemia results in a rapid rise in nuclear

cFos expression in OXA cells of the rat (Moriguchi et al. 1999). Orexin-containing

pancreatic islet cells also contain insulin in humans, and some of these cells express

orexin receptors (Ehrstrom et al. 2005). Intravenous orexin administration raises

insulin levels in the blood, presumably by stimulating pancreatic cells expressing

such receptors (Ehrstrom et al. 2005). In addition, there are some indications that

defects in the orexin system may affect the regulation of glucose in humans. For

example, in humans with narcolepsy, a condition associated with low or nonexis-

tent levels of orexins (Nishino et al. 2000, 2001), there appears to be a higher risk of

non-insulin-dependent diabetes (Honda et al. 1986).

Despite the documented relationship between the orexins and feeding and satiety

systems, there is some controversy over the actual effect orexins have on feeding

behavior. The administration of orexins into the central nervous system has not

always reliably increased feeding behavior (reviewed in (Sutcliffe and de Lecea

2000)). Some have argued that increased ingestion following orexin administration

is due solely to the increased locomotor activity caused by orexin; however, at least

one study suggests that locomotor and feeding effects of orexin are independent

rather than coupled (Kotz et al. 2002). While it is generally agreed that the orexins

are not as potent as NPY in being a stimulator of feeding, for example, the relative

strength or weakness of the orexins as compared to other peptides such as MCH has

not been clearly established (Edwards et al. 1999; Lubkin and Stricker-Krongrad

1998). Indeed, in studies performed in various laboratories, the orexins elicited an

ingestive response ranging from very robust (Sakurai et al. 1998; Yamanaka et al.

2000), moderate (Edwards et al. 1999; Sweet et al. 1999), to weak (Lubkin and

Stricker-Krongrad 1998).

The differences in feeding behavior elicited in individual studies may be

explained by several factors. First, orexins have been shown to increase both

GABA and glutamate release in the rat in vitro (van den Pol et al. 1998). These

peptides thus appear to have the ability to affect the fast synaptic excitatory or

inhibitory activity of many parts of the hypothalamus. Therefore, the reported

effects of centrally administered orexins may not be physiologically relevant, as

spillover into other brain regions could activate or inhibit systems not normally

involved in the feeding effects of orexin. The actual discrete local effects of

naturally released peptides are presumably much more finely controlled by the

brain than even the most carefully placed injection. Indirect actions or spillover

effects of injected orexins have been proposed as explanations for differences seen

in several studies (Edwards et al. 1999; Lubkin and Stricker-Krongrad 1998).

Second, the relative degree of feeding behavior observed after introduction of

orexin may be related to stress, as at least some orexin-induced ingestive responses

rely upon interactions between orexin, NPY, and corticosterone levels
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(Yamanaka et al. 2000; Horvath et al. 1999a; Ida et al. 2000a; Jászberényi et al.

2000). Finally, orexin-induced feeding might be time dependent. Circadian

responsiveness of the feeding effect of OXA in the rat has been observed in at

least one study, with an increase in food intake following OXA injection only

occurring during the light phase of the cycle (Kotz et al. 2002).

Although the exact role of the orexins in feeding has yet to be established, it is

possible that the orexins are involved in the coordination of locomotor activity and

arousal in response to stress and variation in food availability. During short-term

food deprivation, orexin receptor mRNA is upregulated (Lu et al. 2000). Orexins

promote wakefulness (Piper et al. 2000; Methippara et al. 2000; Hagan et al. 1999),

reliably increase locomotor activity in rats (Kotz et al. 2002, 2006; Kiwaki et al.

2004), and occasionally lead to increased searching and exploratory behavior (Ida

et al. 1999; Jones et al. 2001). A decrease in food availability may thus increase

arousal at times that the animal is normally quiescent, leading to increased locomo-

tion and searching behaviors. By modifying the timing of arousal, the orexin system

might increase the chance of the animal encountering a food source that is not

available at other times of the day. The orexin system is clearly uniquely situated

for involvement in the coordination of an interrelated suite of behaviors related to

food intake and arousal.

3 Orexin and Arousal

The overall distribution of orexin fibers in the brain has suggested that the orexins

play a role in a number of systems, including the maintenance of arousal (Hagan

et al. 1999; Horvath et al. 1999b). Orexin fibers have been shown to project to

various brain nuclei implicated in the control of sleep state (Date et al. 1999; Peyron

et al. 1998; Nambu et al. 1999; Moore et al. 2001; Mintz et al. 2001). Application of

OXA in the locus coeruleus (Hagan et al. 1999; Bourgin et al. 2000) and lateral

preoptic area (Methippara et al. 2000) of the rat has been shown to increase

wakefulness, primarily through a decrease in rapid eye movement (REM) sleep

(Bourgin et al. 2000). Activity in locus coeruleus neurons increases following

application of OXA (Hagan et al. 1999; Horvath et al. 1999b; Bourgin et al.

2000). In contrast to OXA, OXB does not seem to affect wakefulness (Bourgin

et al. 2000).

The orexin cells also receive input from brain systems involved in regulation of

sleep/wakefulness. In mammals, circadian organization of activity including sleep/

wake behavior is regulated by the endogenous clock located in the suprachiasmatic

nucleus (SCN) (reviewed in Weaver 1998). Orexin cell bodies receive both limited

direct contact from the SCN (Abrahamson et al. 2001) as well as substantial indirect

contact from the SCN via the medial preoptic area (Deurveilher and Semba 2005).

Introduction of chemicals known to increase arousal in rats, such asmethamphetamines

or the antinarcoleptic drug modafinil, increases nuclear Fos expression in orexin cell

bodies (Weaver 1998; Chemelli et al. 1999; Estabrooke et al. 2001). Furthermore,

Neuropeptides Controlling Energy Balance: Orexins and Neuromedins 83



increasing the behavioral arousal of rats by sleep deprivation induced due to

handling also increases the expression of nuclear Fos in OXA cells (Estabrooke

et al. 2001). The orexins thus appear to be capable of both receiving information

relating to the arousal state of the animal and relaying arousal information to other

nuclei known to promote wakefulness. The finding that a defect in the orexin system

is associated with the sleep disorder narcolepsy (Lin et al. 1999; Chemelli et al.

1999; Hungs et al. 2001; Hara et al. 2001) has strengthened the association between

the orexins and arousal.

4 Orexin Actions on Endocrine and Autonomic Systems

Orexin may also be involved in the regulation of autonomic functions. There are

extensive projections from orexin neurons to hindbrain nuclei that regulate cardio-

vascular and sympathetic processes (Date et al. 1999; Zheng et al. 2005). Several

studies have shown that application of OXA increases heart rate, blood pressure,

and respiration rate in rats and mice (Shirasaka et al. 2002; Zhang et al. 2005a,

2005; Ciriello et al. 2003b; de Oliveira and Ciriello 2003). Body temperature,

which generally rises during active periods and decreases when animals are quies-

cent, increases following injection of OXA (Yoshimichi et al. 2001), but not after

injection of OXB (Jones et al. 2001). The increase in body temperature following

application of OXA does not appear to be a result of increased locomotor activity

(Yoshimichi et al. 2001).

Finally, orexins have been implicated in modulation of the hypothalamic–-

pituitary–gonadal (HPG) axis at several levels. First, within the hypothalamus,

orexin has been shown to stimulate the release of gonadotropin-releasing hormone

(GnRH) (Russell et al. 2001). Cells containing GnRH receive direct contact from

orexin fibers in rats and sheep (Campbell et al. 2003b; Iqbal et al. 2001), and in rats,

GnRH neurons have also been shown to express orexin receptors (Campbell et al.

2003b). In addition, orexin projections to the hypothalamic magnocellular nuclei

that project to the pituitary also appear to be important in HPG regulation.

Magnocellular neurons in the Pa express orexin receptors, and these receptors are

selectively upregulated during the estrous cycle and early lactation in rats (Wang

et al. 2003a). At the level of the pituitary, much evidence for orexin involvement in

HPG regulation has been found. Specifically, both rat and human pituitaries express

orexin receptors (Johren et al. 2001; Blanco et al. 2001), and OXA acting on these

receptors appears to directly block GnRH-mediated release of luteinizing hormone

in proestrous female rats (Russell et al. 2001). With respect to the gonads, testicular

tissue in rats expresses orexin, and both rat and sheep testicular tissues express

orexin receptor mRNA (Johren et al. 2001; Zhang et al. 2005b). Although orexin

receptors have been found in rat ovary, unlike in male gonads, orexin mRNA

appears to be absent (Johren et al. 2001). Although the specific actions of orexin

on gonadal tissue are currently unknown, the presence of orexin and orexin
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receptors in the gonads suggests the possibility that orexins may affect the HPG axis

at all three levels.

5 Orexin, Physical Activity, and Energy Expenditure

Orexin augmentation of energy expenditure was reported shortly after initial reports

describing the orexins in the literature (de Lecea et al. 1998; Sakurai et al. 1998;

Lubkin and Stricker-Krongrad 1998). Orexin A infusion into the third ventricle

increased metabolic rate, and the increase was more robust in the dark cycle (active

phase) relative to the light cycle (resting phase) in mice (Lubkin and Stricker-

Krongrad 1998). In contrast, equimolar doses of OXB were ineffective. The

circadian variation in OXA-induced metabolic rate (Lubkin and Stricker-Krongrad

1998) parallels nuclear cFos immunoreactivity (an indicator of cellular activity) in

orexin neurons across the light/dark cycle (Estabrooke et al. 2001), which

highlights the contribution of orexins to basal metabolism. The stimulatory effect

of ventricular OXA in mice (Asakawa et al. 2002) was confirmed and was later

extended to rats as OXA-stimulated oxygen consumption normalized to body

weight (Wang et al. 2001; Semjonous et al. 2009). Orexin augmentation of

whole-body energy expenditure can be attributed to specific brain sites of action.

Orexin A infusion into the arcuate nucleus increases oxygen consumption in

anesthetized rats (Wang et al. 2003b) and increases thermogenesis after infusion

into the hypothalamic paraventricular nucleus (PVH) and rostral lateral hypothala-

mus (rLH) in conscious rats (Kiwaki et al. 2004; Novak et al. 2006a, 2010; Teske

et al. 2010). In contrast, OXA has no effect on oxygen consumption in anesthetized

rats after infusion into the locus coeruleus (LC), paraventricular thalamic nucleus

(PVT), caudal lateral hypothalamus (cLH), PVH, medial preoptic area (MPO), and

the dorsomedial and ventromedial hypothalamic nuclei (Wang et al. 2003b).

Inconsistent effects of OXA infusion in the PVH and LH are likely due to

differences in the anesthesia state, dose range of OXA tested, location of the

injectate (rLH vs. cLH), and the endpoint reported between studies. That OXA

reduces respiratory quotient (Lubkin and Stricker-Krongrad 1998) underscores the

importance of measuring the change in both oxygen and carbon dioxide during

indirect calorimetry experiments and reporting energy expenditure as heat produc-

tion. Finally, the opposing effect of OXA in the rLH and cLH on energy expendi-

ture demonstrates that behavioral effects of neuropeptides can be regionally specific

similar to the feeding effects of OXA in the lateral hypothalamus (Thorpe et al.

2003), urocortin in the lateral septum (Wang and Kotz 2002), or inhibition of NPY-

induced feeding by naltrexone in the nucleus of the solitary tract (NTS)

(Kotz et al. 2000).
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6 Physical Activity

Physical exertion requires ATP utilization and substrate oxidation, and as such,

physical activity ranging from muscle movements during volitional motion to

actions as small as postural maintenance incurs an energetic cost (Webb et al.

1980). The effects of orexin on physical activity, including increases in locomotion,

rearing, grooming, and burrowing activities, require muscular contraction and thus

expend energy. Consistent with this idea, acute intra-PVH OXA dose-dependently

increases physical activity and energy expenditure in rodents (Kotz et al. 2006;

Kiwaki et al. 2004), and chronic OXA increases physical activity and reduces body

weight (Novak and Levine 2009).

Injections of OXA and, to a lesser extent OXB, have been shown to increase

locomotor activity (Kotz et al. 2002, 2006; Kiwaki et al. 2004; Jones et al. 2001;

Yoshimichi et al. 2001; Ida et al. 2000b; Nakamura et al. 2000) and burrowing

behavior (Ida et al. 1999). Activation of orexin neurons appears to be positively

correlated to the level of locomotor activity in several rodent species (Estabrooke

et al. 2001; España et al. 2003; Nixon and Smale 2004). Orexin B does not appear to

have as strong effect on general locomotor activity as does OXA but has been

shown to be more effective than OXA in eliciting searching behavior (Ida et al.

1999; Jones et al. 2001) or exploration of novel environments (Jones et al. 2001).

Importantly, the increase in locomotor activity observed after application of OXA

does not appear to be related to the concurrent increase in feeding often observed

following orexin injections (Kotz et al. 2002), suggesting that feeding and activity

effects of orexin may be influenced by different neural mechanisms. Face washing

and grooming behavior also increase in frequency following injections of OXA but

not OXB (Ida et al. 1999, 2000b; Jones et al. 2001; Nakamura et al. 2000; Duxon

et al. 2001). The increase in grooming following injection of OXA in the rat is

blocked by prior application of a CRF antagonist, suggesting that the behavior may

be linked to stress (Ida et al. 2000b). Both the grooming and locomotor effects of

orexins may also involve interactions with dopaminergic (Nakamura et al. 2000)

and serotonergic (Nakamura et al. 2000; Duxon et al. 2001) systems.

Orexin A stimulates several types of physical activity following ventricular

(Hagan et al. 1999; Ida et al. 1999, 2000b; Zheng et al. 2005; Yoshimichi et al.

2001; Nakamura et al. 2000; Matsuzaki et al. 2002; Sunter et al. 2001; España et al.

2001; Volkoff and Peter 2000; Samson et al. 2010) or peripheral infusion (John

et al. 2000). Multiple sites of action appear to underlie this stimulatory effect.

Indeed, OXA infusion into the LH (Kotz et al. 2002, 2006; Teske et al. 2006), PVH

(Kotz et al. 2006; Kiwaki et al. 2004, 2006a; Novak et al. 2010), substantia nigra

(Kotz et al. 2006), tuberomammillary nucleus (TMN), LC, and dorsal raphe (Kotz

et al. 2008) stimulates physical activity. To date, orexin A has had a stimulatory

effect on locomotion after site-specific infusion with one exception. Relatively high

doses of OXA (3 mg) in the PVT inhibited locomotion (Li et al. 2009). Unlike

locomotion, effects of OXA on other types of physical activity appear to be site

dependent. España et al. (2001) compared the effect of OXA in the lateral ventricle
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and into forebrain nuclei on grooming, rearing, and quadrant entries. While there

was no effect of OXA in the substantia innominata on the behaviors tested, OXA in

the lateral ventricle and intra-MPO increased all behaviors, while OXA in the

medial septum stimulated grooming only. Finally, it is important to note that

measurement duration should be considered when comparing efficacy of OXA

within the same site. For example, in one study, OXA in the nucleus accumbens

shell (AcbS) increased locomotor activity during the 30- to 120-min postinjection

interval (Thorpe and Kotz 2005), but there was no effect of OXA 10–30 min

postinjection, consistent with others who reported no effect of OXA during the

0- to 30-min postinjection time interval (Baldo and Kelley 2001). This lack of effect

in the immediate postinjection period may be due to heightened physical activity

due to handling during the injection process, as increased physical activity for up to

20 min postinjection in all treatment groups has been shown (Kotz et al. 2002).

Orexin stimulation of locomotor activity may rely in part on projections to the

thalamic intergeniculate leaflet (IGL). The IGL is a thin structure located in the

lateral geniculate complex of the thalamus, between the ventral and dorsolateral

geniculate nuclei (VG and DLG, respectively) (Moore and Card 1994; Harrington

1997). NPY neurons in the IGL project directly to the SCN (Harrington et al. 1987).

Patterns of cellular activation of IGL NPY neurons are correlated with activity

patterns in rodents (Janik et al. 1995; Smale et al. 2001; Webb et al. 2008).

Manipulations which mimic release of NPY into the SCN result in changes in

patterns of physical activity in rodents, and perturbations of the IGL or of NPY cells

therein block these changes in activity (Johnson et al. 1989; Rusak et al. 1989;

Biello et al. 1994; Huhman and Albers 1994; Wickland and Turek 1994). Orexin

neurons send moderately dense axonal projections to the IGL but little or no fibers

to the VG or DLG; the presence of these fibers is highly consistent between species

(Nixon and Smale 2007; Cutler et al. 1999; Date et al. 1999; Peyron et al. 1998;

Mintz et al. 2001; McGranaghan and Piggins 2001). Data suggest that at least some

of the mechanisms through which orexin affects physical activity might rely on

these projections to the IGL. Orexin fibers form close appositions with NPY

neurons in the IGL and appear to form functional contacts with these cells (Nixon

and Smale 2004, 2005). Patterns of cFos activation in orexin neurons are correlated

with cFos expression patterns in NPY neurons of the IGL (Webb et al. 2008; Nixon

and Smale 2005), suggesting that orexin neurons influence the role of IGL NPY

neurons in control of behavioral activity. Furthermore, in one study, orexin fibers in

the IGL preferentially approached NPY cells, which expressed cFos in patterns

correlating with physical activity (Nixon and Smale 2005), suggesting that cellular

activation of these neurons is influenced by orexigenic input.

Consistent with effect of orexins on physical activity, orexin augments muscle

tone, which would be expected to influence energy expenditure. Orexin A infusion

into the LC (Kiyashchenko et al. 2001) or the alpha gigantocellular reticular

nucleus in the medioventral medullary region (Mileykovskiy et al. 2002) increases

hindlimb muscle tone. Likewise, OXA infusion into the trigeminal motor nucleus

and hypoglossal motor nucleus increases EMG activity, an indicator of muscle

activity, in the masseter and geniosglossus muscles (Peever et al. 2003). In contrast,
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OXA microinjection into the pontine inhibitory area (Kiyashchenko et al. 2001) or

the ventral gigantocellular reticular nucleus (Mileykovskiy et al. 2002) inhibits

hindlimb muscle tone.

7 Orexin Effects on Sympathetic Outflow: Cardiovascular

and Thermoregulatory Systems

Orexin effects on cardiovascular and thermoregulatory systems have been exten-

sively reviewed (Shirasaka et al. 2002; Szekely et al. 2002, 2010; Ferguson and

Samson 2003; Samson et al. 2005; Szekely 2006). Brain areas classically involved

in thermoregulation and cardiovascular function receive orexin projections and

express orexin receptors (Date et al. 1999, 2000; van den Pol 1999; van den Top

et al. 2003), providing a neuroanatomical basis for orexin involvement in cardio-

vascular function and thermoregulation. Behavioral studies further suggest that

sympathetic outflow is orexin-mediated. Orexin A infusion into the lateral ventricle

increases renal sympathetic nerve activity (Shirasaka et al. 1999; Matsumura et al.

2001), plasma epinephrine (Shirasaka et al. 1999), noradrenaline release (Hirota

et al. 2001), and firing rate of sympathetic nerves innervating the interscapular

brown adipose tissue (iBAT) (Monda et al. 2004a, 2003, 2001), which would be

expected to increase thermogenesis. Likewise, intrathecal OXA infusion (Antunes

et al. 2001) and in vitro application (van den Top et al. 2003) stimulate sympathetic

outflow. Tachycardia is observed following OXA in the lateral (Wang et al. 2001;

Shirasaka et al. 1999; Monda et al. 2004a, 2003, 2001) and fourth ventricles (Zheng

et al. 2005) or following infusion intracisternally (Chen et al. 2000) and intrathe-

cally (Antunes et al. 2001), but not intravenously (Chen et al. 2000). Moreover, the

pressor response to orexin is similar to the effect of orexin on heart rate (Samson

et al. 1999; Shirasaka et al. 1999; Matsumura et al. 2001; Antunes et al. 2001; Chen

et al. 2000). These sympathetic and cardiovascular effects are clearly mediated by

multiple sites of action. Orexin A infusion into the rostral lateral ventral medulla

(RVLM) (Chen et al. 2000), NTS (de Oliveira et al. 2003; Smith et al. 2002), Arc

(Wang et al. 2003b), PVH (Monda et al. 2004a; Sato-Suzuki et al. 2002), and the

diagonal band of Broca induces tachycardia (Monda et al. 2004a), and OXA in the

RVLM (Chen et al. 2000) and NTS (de Oliveira et al. 2003; Smith et al. 2002)

stimulate mean arterial pressure. In contrast, infusion into the nucleus ambiguous

(de Oliveira and Ciriello 2003) or the subfornical organ induces bradycardia (Smith

et al. 2007). While OXA in the nucleus ambiguous (de Oliveira and Ciriello 2003)

has no effect on blood pressure, intrasubfornical organ OXA (Smith et al. 2007)

reduces blood pressure, thereby indicating site-specific actions of orexin on cardio-

vascular responses. In contrast to the cardiovascular response to orexin, orexin

action on temperature appears to be consistently observed independent of route of

administration. Orexin A increases colonic (Monda et al. 2001), iBAT (Monda et al.

2003, 2001), cutaneous (Monda et al. 2003), and core body temperature
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(Zheng et al. 2005) following infusion into the lateral and fourth ventricles (Zheng

et al. 2005), Arc (Wang et al. 2003b), and the diagonal band of Broca (Monda et al.

2004b). A recent report showed that chronic infusion of the OX1R antagonist (SB-

334867-A) into the lateral ventricle increased iBAT temperature during the dark

cycle and UCP1 protein expression in the iBAT (Verty et al. 2010). Furthermore,

there is no effect of acute OXA on colonic temperature (Hagan et al. 1999) or of

chronic OXA infusion on iBAT temperature (Haynes et al. 1999). It is plausible that

these discrepancies may be due to differences in dose or duration of injectate, site of

administration, location of thermistor, or duration of measurement. Together, these

data indicate that orexin action is sympathoexcitatory, which would supplement

energy expenditure due to orexin-mediated metabolic rate and physical activity.

8 Orexin Integration of Feeding and Physical Activity

A greater understanding of how orexin may integrate information important to both

energy balance and physical activity may be derived from studying the effects of

gains in orexin action and loss of orexin function studies. Loss of orexin neurons,

either by lesion, genetics, or postnatal ablation, affects feeding behavior and

physical activity. Likewise, orexin neurons respond to changes in energy balance

brought about by nutritional status and exercise, suggesting that orexins receive

information relevant to both behaviors. While there is not enough existing informa-

tion to understand how orexin may integrate feeding and activity, orexin neuron

circuitry would lend itself well to such a role: Orexin neurons receive input from

several important energy sensing areas and project mono- and multisynaptically

throughout the brain to multiple brain areas with diverse functionality. A physio-

logical state of energy deficit would confer interoceptive cues signaling appetitive

drive, whereas states of energy excess could signal for energy loss, perhaps via

nonexercise energy expenditure. Orexin neurons project to and excite arcuate

neuropeptide Y neurons (Horvath 2005). During food restriction, this signal is

robustly enhanced, demonstrating that negative energy states are sensed by orexin

neurons, which respond by enhancing orexigenic tone to restore energy balance.

Whether this relationship exists for physical activity is unknown. Exercise may

induce an interoceptive state of temporary satiety, which is not perceived as a

situation of negative energy balance by the brain. Yet existing data suggest that

exercise may also stimulate orexin neurons (Nixon and Smale 2004; Wu et al.

2002). While orexin neurons are glucose sensing, and thus could respond to glucose

alterations associated with physical activity, significance at the synapse level is

unclear. Exercise-associated motor activity or food anticipatory-associated activity

could also be two mechanisms responsible for this induction of orexin activity. The

metabolic and sensory milieu following exercise vs. spontaneous physical activity

is likely very different, but to date, there are no studies differentiating between these

activity states and the corresponding effects on orexin signaling. As mentioned

above, the induction of spontaneous physical activity by orexin A is inconsistent
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with an endocrine feedback loop, in which one might expect a reduction of orexin

activity after motor activity. While currently there is no explanation for this

relationship between orexin A and physical activity, it is likely that identification

of subpopulations of orexin neurons and clarification of their functional roles will

shed light on orexin and physical activity interactions.

9 Orexin Effects: Energetic Balance

As indicated above, orexin elevates both eating behavior and energy expenditure.

The increase in both of these outputs does not fit the typical profile for

neuromodulators of energy balance (Bray 2000), which is that of an inverse

relationship between the two outputs of feeding and energy expenditure; for

example, if a compound increases food intake, it concurrently reduces energy

expenditure, whereas if a compound reduces food intake, it increases energy

expenditure. These opposing outputs have been noted for most described

neuromodulators of food intake and energy expenditure (Bray 2000). Why this is

the case is unclear, but this model is attractive as it fits a classic homeostatic model

of regulation and allows for the categorization of compounds (neuropeptides,

neuromodulators, neurotransmitters, and neurohormones) into either the “satiety”

or “obesigenic” category. In what category lies a compound that elevates both food

intake and energy expenditure? This lack of ability to classify orexin as either

obesity producing (via enhanced food intake) or obesity preventive (via enhanced

energy expenditure) has created a confused discussion of this peptide’s function.

The purpose of this section is to integrate the knowledge of orexin effects on food

intake and energy expenditure and clarify the role that orexin has in body weight

regulation.

As suggested by multiple studies, the orexin signal in different brain areas with

different functionality translates to different outcomes; orexin in one area may have

a feeding effect, whereas in another area, an effect on physical activity and energy

expenditure. The sum total of all these actions will influence body weight. We

clearly do not have the type of comprehensive evidence that is needed to understand

precisely what effect endogenously produced orexin, acting in all projection sites,

has on eating behavior and energy expenditure in different physiological states, but

we can start to make some assumptions about this based on receptor profiles, site

functionality, and pharmacological studies and by studying obesity-prone and

obesity-resistant models.

Narcolepsy in humans is accompanied by significantly reduced or absent orexin

and significantly increased body mass (Thannickal et al. 2000; Nishino et al. 2001;

Overeem et al. 2001), suggesting that the overall effect of orexin is obesity

resistance. Animal models of orexin loss support this observation, as mice with

transgenic ablation of orexin neurons become obese (Hara et al. 2001). Orexin

global overexpression has mixed results on body weight, but this can be expected in

studies in which the orexin signal is placed in areas in which it is not normally
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expressed. While there are few studies of orexin overexpression exclusively in the

LH area, at least one study suggests that increasing orexin expression protects

against weight gain in animals fed on a high-fat diet (Funato et al. 2009).

Clearly, orexin action is determined not just by orexin output but also by

receptor expression. The consequences of increased orexin receptor expression

have only just begun to be studied. Work from our laboratory shows that obesity-

resistant rats have increased physical activity and that resistance to obesity is

associated with increased orexin receptor expression (Kotz et al. 2002, 2006;

Teske et al. 2006). Obesity-resistant rat activity is also more sensitive to orexin

(Kotz et al. 2002, 2006; Teske et al. 2006; Kiwaki et al. 2004; Novak et al. 2006a,

2010), suggesting either elevated capacity for orexin action via increased receptor.

Additionally, early levels of physical activity are associated with lifelong reduced

adiposity in obesity-resistant rats (Teske, in press). These findings suggest that the

lean phenotype of OR rats may be explained by their high level of physical activity,

which appears to be mediated by orexin receptors. This finding is supported by

work showing that enhanced orexin receptor expression in rats mitigates the

propensity for obesity on a high-fat diet (Funato et al. 2009).

Thus, the energetic consequence of these two behavioral outputs, when added up

on a caloric basis, results in negative energy balance and reduces body weight. As

orexin enhances feeding behavior and physical activity in a site-specific manner, it

is unclear at this point where the dominant effects on each output are taking place.

Nonetheless, the calories taken in by the effects of the orexin signal are outweighed

by those expended via physical activity. Based on this, orexins may be considered

as potential targets for obesity therapy rather than obesigenic.

10 Neuromedins

Neuromedins are one group of gut–brain peptides that illustrate how the gut and

brain communicate and act in parallel to modulate energy balance. Though less is

known about neuromedins compared to other gut–brain peptides such as CCK or

ghrelin, interest in the role of neuromedins in energy balance has increased mark-

edly over the past few years. Of the neuromedins, neuromedin U (NMU) is perhaps

the subject of most investigations (Brighton et al. 2004). Related peptides, includ-

ing neuromedins B, C, K, L, N, and S, likely serve similar or related functions, and

some exert their actions through the same receptors. Investigations into these

peptides have revealed that, like other gut–brain hormones, a variety of physiologi-

cal functions and behaviors are influenced by neuromedins. The peripheral actions

of neuromedins have been reviewed (Brighton et al. 2004; Mori et al. 2008;

Miyazato et al. 2008; Mitchell et al. 2009); here, we will focus primarily on central

actions of the neuromedins, particularly of neuromedin-containing neurons found

in the brain.

Neuromedin U was first identified as a spinal cord peptide that induced

smooth muscle contractions in the uterus, the tissue for which it is named
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(Minamino et al. 1985a, b). NMU is found at high levels within the intestine,

specifically in neurons of the enteric nervous system (Brighton et al. 2004;

Honzawa et al. 1990; Ballesta et al. 1988). Whether or not circulating NMU

from peripheral sources acts on the brain to exert its actions is not known. Like

other gut–brain peptides, there are sources of neuromedins intrinsic to the brain

(Honzawa et al. 1987), possibly reflecting parallel gut–brain systems seen in

other gut–brain peptides. Within the brain, most attention has been given to

NMU-containing cells in hypothalamic regions important in energy balance,

particularly its actions in the PVH and Arc, specifically pro-opiomelanocortin

(POMC)-containing arcuate neurons (Graham et al. 2003), and also dorsomedial

hypothalamus (Ballesta et al. 1988; Graham et al. 2003; Nogueiras et al. 2006).

Several nonhypothalamic regions also contain NMU-immunoreactive neurons

and fibers, however, including hindbrain regions important in arousal and

energy balance that are also responsive to CCK (Honzawa et al. 1987; Ivanov

et al. 2004). Though reports vary somewhat in the pattern of NMU cell or

projection distribution, this could be secondary to cross-reactivity with other

neuromedins, such as neuromedins S (NMS), which share the same receptors

(Rucinski et al. 2007; Peier et al. 2009).

As would be expected from the cell and fiber distribution, NMU receptors or

their mRNAs have been identified in hypothalamic brain regions associated with

energy balance. Two receptor subtypes have been identified in the brain, NMR1 and

NMR2, with the reports citing NMR2 as the most prevalent receptor in the central

nervous system and NMR1 found primarily in peripheral tissues (Raddatz et al.

2000; Shan et al. 2000). Within the hypothalamus, NMR2 have been identified in

the PVH, dorsomedial nucleus, the dorsal periventricular nuclei, surrounding the

ventromedial nucleus, and in the ependymal layer of the ventricle; NMR2 are also

found in the brain stem (Graham et al. 2003; Ivanov et al. 2004; Howard et al. 2000;

Guan et al. 2001). Other brain systems also contain neuromedin binding or NMR2,

including the hippocampus (Ivanov et al. 2004; Guan et al. 2001; Mangold et al.

2008; Zhang et al. 2010). NMR1 has also been identified in brain regions, including

the amygdala (Gartlon et al. 2004). Functional studies have used Fos to identify

brain regions and systems that are activated by central (i.c.v.) treatment with NMU;

these include the most common hypothalamic nuclei associated with NMU – PVH,

Arc, dorsomedial nucleus, and lateral hypothalamic area – but also forebrain

regions associated with motivation and reward (amygdala, nucleus accumbens,

frontal cortex), the supraoptic nucleus, and the hindbrain parabrachial nucleus

and nucleus of the solitary tract (Gartlon et al. 2004; Ivanov et al. 2002; Niimi

et al. 2001b). Though the hypothalamic regions and, to a lesser extent, the hindbrain

regions, have received attention in functional behavioral or physiological studies

(Ivanov et al. 2004; Novak et al. 2007, 2006b; Yokota et al. 2004; Wren et al. 2002;

Thompson et al. 2004; Qiu et al. 2003, 2005), relatively little attention is paid to the

potential functions of neuromedins in the forebrain.

Neuromedins are one set of neuropeptides that act on the “anorexigenic” arm

regulating appetite (Semjonous et al. 2009; Howard et al. 2000; Ivanov et al. 2002;

Wren et al. 2002). Activation of neuromedin receptors decreases food intake and
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increases energy expenditure and physical activity (Semjonous et al. 2009; Peier

et al. 2009; Novak et al. 2007, 2006b; Wren et al. 2002; Nakazato et al. 2000).

Moreover, commonalities in the behavioral and energetic actions of neuromedins

and homologous peptides can be seen in nonmammals, even invertebrates

(Maruyama et al. 2011, 2008; Bader et al. 2007; Kamisoyama et al. 2007;

Tachibana et al. 2010a, b; Yayou et al. 2009). It has been hypothesized that one

action of leptin is to stimulate the release of NMU, through which it exerts its

actions on metabolism (Graham et al. 2003; Nogueiras et al. 2006; Wren et al. 2002;

Jethwa et al. 2005). Transgenic overexpression of NMU in mice leads to

hypophagia and leanness (Kowalski et al. 2005), and deletion of the gene for

NMU results in obesity, hyperphagia, and decreased physical activity (Hanada

et al. 2004). Some have found that mice lacking the NMUR2 gene do not show

this phenotype (Zeng et al. 2006), but others have found that NMUR2-deficient

mice are lean, hypophagic, and somewhat resistant to weight and fat gain on a high-

fat diet (Peier et al. 2009). In humans, variants in the gene encoding pro-NMU are

associated with obesity (Hainerova et al. 2006). This led to interest in neuromedins

as a potential target for weight-loss therapy. Though acute NMU leads to decreased

food intake and increased energy expenditure and physical activity, twice-daily

intra-PVH treatment with NMU failed to induce significant weight loss (Thompson

et al. 2004). In contrast, chronic central (i.c.v.) infusions of NMU using osmotic

minipumps significantly suppressed energy intake, body weight, and adiposity,

(Peier et al. 2009) though this effect may depend on the diet (Egecioglu et al. 2009).

The central actions of neuromedins are similar to several other neuropeptides

commonly termed “anorexigenic,” such as corticotrophin-releasing hormone

(CRH): decreased appetite, increased energy expenditure, and increased physical

activity (Novak et al. 2006b; Novak and Levine 2007; Sutton et al. 1982). In fact,

neuromedins are likely to be one important component that activates brain CRH to

affect behavior (Yokota et al. 2004; Wren et al. 2002; Hanada et al. 2001, 2003);

CRH also appears to be necessary for some of the behavioral effects of NMU

(Hanada et al. 2003). This may be one reason why neuromedins affect behaviors

traditionally associated with brain CRH and, more generally, with the stress

response (such as locomotion and increased grooming) (Sutton et al. 1982; Hanada

et al. 2001; Jaszberenyi et al. 2007). In fact, brain neuromedins affect several other

functions and behaviors besides food intake, including reproduction, the sleep/wake

cycle (Ahnaou and Drinkenburg 2011), hippocampal and memory function (Zhang

et al. 2010; Iwai et al. 2008), sympathetic outflow (Tanida et al. 2009), reproductive

and stress axis function (Ivanov et al. 2002; Thompson et al. 2004; Hanada et al.

2004; Jaszberenyi et al. 2007; Jethwa et al. 2006; Fukue et al. 2006; Yang et al.

2010), prolactin secretion (Gartlon et al. 2004), pain sensitivity (Zeng et al. 2006),

brain oxytocin and vasopressin systems (Niimi et al. 2001b; Qiu et al. 2005;

Sakamoto et al. 2008, 2007), and bone remodeling (Sato et al. 2007).
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11 Orexins and Neuromedins in the Appetite Network

Orexin and the neuromedins are multifunctional neuropeptides that participate in a

wide variety of neuroregulatory processes. Each of these processes, including

appetite, arousal, and spontaneous activity, is the result of the combined output of

many neuropeptides acting in a number of brain sites, all organized into a network.

Thus, there is a network of brain sites and activities for appetite, a related but

distinct network for arousal, and another for physical activity. The actions of

orexins throughout the brain are a particularly good illustration of this concept

because orexins clearly perform different functions at different brain sites, even

though the origin of orexins neurons is in a highly focused place in the lateral

hypothalamus and perifornical areas. Work by Thorpe and Kotz (Kotz 2006) has

shown that while there are certain brain sites, like rostral LH and paraventricular

hypothalamus, where orexin increases feeding and also increases spontaneous

physical activity, there are other brain sites like the locus coeruleus where orexin

only affects activity.

Brain sites where orexin affects appetite are an important subset of the known

sites involved in the appetite regulatory network. Orexin’s role at these brain sites

ultimately results in increases in feeding, but the exact mode of producing this

behavioral phenotype with respect to neuronal function, and particularly the context

of that neuronal function involving basal state and other neuromodulators, is

incompletely defined. Considering only the effect of orexin stimulation on the

behavioral phenotype of appetite, it is important to note that orexin effects do not

fit into a clearly established unidirectional action pathway. The example that

establishes this concept is the interaction between orexin action in the lateral

hypothalamus and neuropeptide Y action in the arcuate and paraventricular nuclei.

As reviewed above, orexin in the LH can activate neuropeptide Y-producing

neurons in the arcuate nucleus. Neuropeptide Y action in the paraventricular

nucleus can also activate orexin neurons in the lateral hypothalamus. Thus, a

bidirectional stimulatory pathway involving these two orexigenic stimuli can be

identified. Further, both lateral hypothalamus and paraventricular nucleus are

connected through other pathways involving other neurotransmitters with other

components of the appetite regulatory network. In the case of orexins itself, feeding

stimulatory signals from the LH project to rostral LH, paraventricular hypothala-

mus, and nucleus accumbens.

A linear action pathway cannot account for the known database of brain sites and

signals that participate in appetite/body weight regulation, whose action and func-

tion rely upon inputs from each other and from peripheral signals. Bidirectional

information transfer, as with the example of orexin and neuropeptide Y, is a

common theme in this distributed network. There are many such examples of

neural interactions, and these interactions indicate that no one “regulator” is

operating alone or within one brain area to determine the food intake behavioral

response, but rather, a dynamic neural network of neurotransmitters at several brain

sites are communicating with each other to determine this output. Therefore, the
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orexin effect on appetite is not a linear model with one initiation point, but it is a

multipoint model. Further, there is cross talk between the networks for appetite,

arousal, and activity (among others), such that each of the networks’ responsiveness

to orexin can be seen both as a function within that domain and as a contributor to

the phenotypic output of other domains as well.

12 Orexin and Neuromedin Receptors as Therapeutic Targets

The pharmacologic efficacy of selective and dual orexin receptor antagonists has

been tested. Scammell and Winrow recently reviewed the preclinical and clinical

pharmacology of multiple orexin receptor antagonists and described their favorable

therapeutic efficacy for insomnia (Scammell and Winrow 2011). Despite this, the

efficacy for other pathologies such as obesity remains to be determined. The lack of

a commercially available orexin 2 receptor antagonist and comprehensive testing of

antagonists on non-sleep-related parameters that influence energy balance has

hampered progress. The relevance of such testing is imperative as orexin stimulates

energy intake and energy expenditure and promotes stabilization of the sleep/wake

cycle, which together influence body weight regulation. Therefore, comprehensive

testing in addition to distinguishing the functional specificity of the orexin receptors

is necessary as it is unclear whether stimulation of one or both receptors is

necessary and/or sufficient to elicit a behavioral response and thus a given pharma-

cologic effect. Based on the behavioral effects of orexin receptor antagonists

(reviewed below), it appears that an orexin-based obesity treatment must promote

satiety, stimulate energy expenditure, and stabilize sleep/wake parameters.

12.1 Orexin 1 Receptor Antagonists

The first commercially available selective orexin 1 receptor antagonist, SB-334867,

has been shown to reverse orexin A-induced feeding (Haynes et al. 2000), physical

activity-induced thermogenesis (Kiwaki et al. 2004), grooming (Duxon et al. 2001),

sympathetic activity (Hirota et al. 2003), and arousal (Smith et al. 2003), as well as

the delay in the normal transition from eating to resting (behavioral satiety

sequence) induced by orexin A (Rodgers et al. 2001). Selective blockade of orexin

1 receptors by SB-334867 also attenuated orexin B-stimulated physical activity

(Jones et al. 2001). In contrast, SB-408124 had no effect on sleep, physical activity,

or body temperature after peripheral administration (Dugovic et al. 2009). Other

selective orexin 1 receptor antagonists including SB-410220 (Langmead et al.

2004) and diaryl urea analogues of SB-334867 (Perrey et al. 2011) have been

described pharmacologically; however, behavioral effects have yet to determined.
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12.2 Orexin 2 Receptor Antagonists

Two proprietary selective orexin 2 receptor antagonists have been reported. N-ethyl-

2-[(6-methoxy-pyridin-3-yl)-(toluene-2-sulphonyl)-amino]-N-pyridin-3-ylmethyl-

acetamide (EMPA) reduced dark cycle basal physical activity, and [Ala11, D-Leu15],

orexin B-stimulated physical activity (Malherbe et al. 2009). Peripheral infusion of

JNJ-10397049 promoted sleep and reduced basal physical activity and body tem-

perature in the light/dark cycle (Dugovic et al. 2009).

12.3 Dual Receptor Antagonists

Actelion described the first dual orexin receptor antagonist as being most effective

during the active phase of the light/dark cycle in rats, dogs, and humans (Brisbare-

Roch et al. 2007). Oral almorexant (ACT-078573) was shown to promote sleep and

reduce home cage activity despite no effect on body temperature during the active

dark period in rats. Parallel effects were observed in dogs with efficacious sleep

promotion and physical activity reduction effects observed during the day but

absent when almorexant was administered prior to sleep. In humans, oral adminis-

tration in the morning reduced clinical and subjective alertness and promoted sleep

demonstrated by reduced latency with no adverse effects. Recently, Li et al.

reported that almorexant reduced oxygen consumption and promoted sleep in rats

after oral gavage in the dark cycle only and had no effect on body temperature

(Li and Nattie 2010). Additional biocomparison, tolerability, pharmacokinetic, and

pharmacodynamic tests in humans suggest that almorexant may be promising for

treatment of insomnia (Hoch et al. 2011; Hoever et al. 2010).

Several dual receptor antagonists developed byWinrow and colleagues at Merck

have been described. Suvorexant (MK-4305) has been shown to reduce physical

activity and promote sleep in rats, dogs, and rhesus monkeys (Winrow et al. 2011).

Like its predecessor (Bergman et al. 2008), DORA-1 promoted sleep, reduced basal

physical activity, and reduced physical activity stimulated by [Ala11, D-Leu15]

orexin B and amphetamine (Winrow et al. 2010). In a similar manner, another

dual orexin receptor antagonist based on a 1,4-diazepane central scaffold reduced

basal dark cycle physical activity (Whitman et al. 2009). From these studies,

DORA-5 was developed and was shown to reduce home cage physical activity

and increase sleep after oral administration (Whitman et al. 2009). The clinical

efficacy of another dual receptor antagonist, SB-674042, has also been

demonstrated for insomnia (Reviewed in Scammell and Winrow 2011).

Some progress has also been made to exploit the brain neuromedin system for

potential pharmacological treatment for obesity. An antagonist, R-PSOP, has been

described (Liu et al. 2009). This antagonist binds competitively to the NMUR2 with

high affinity and significantly attenuates the nociceptive response induced by

NMU-23 treatment. However, there have yet to be reports on the development of
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agents that might act to stem obesity by targeting central NM receptors to alter

behavior or energy expenditure.

13 Summary

Orexin affects energy balance in several ways, notably by increasing feeding in

some behavioral contexts and more potently by stimulating energy expenditure

mainly through increasing the level of spontaneous activity. The brain site in which

orexin engages its receptor principally determines the regulatory functions of

orexin, but taken together, orexin mainly exerts negative energy balance influence.

The two forms of orexin and the two receptor subtypes likely also play a role in

differentiating function, as do the contexts of the receiving neurons and the network

in which the signaling is taking place.

Neuromedin is an anorexic peptide with expression for the peptide and receptor

in gut, hypothalamus, and brain stem. There is evidence that neuromedin may play

a major role in signaling certain kinds of satiety signals, such as leptin-based

signals. Neuromedin also contributes to negative energy balance influences by

increasing physical activity and thereby energy expenditure.

References

Abrahamson EE, Leak RK, Moore RY (2001) The suprachiasmatic nucleus projects to posterior

hypothalamic arousal systems. Neuroreport 12(2):435–440

Ahnaou A, Drinkenburg WH (2011) Neuromedin U(2) receptor signaling mediates alteration of

sleep-wake architecture in rats. Neuropeptides 45(2):165–174

Alvarez CE, Sutcliffe JG (2002) Hypocretin is an early member of the incretin gene family.

Neurosci Lett 324(3):169–172

Antunes VR, Brailoiu GC, Kwok EH, Scruggs P, Dun NJ (2001) Orexins/hypocretins excite rat

sympathetic preganglionic neurons in vivo and in vitro. Am J Physiol Regul Integr Comp

Physiol 281(6):R1801–R1807

Asakawa A, Inui A, Goto K, Yuzuriha H, Takimoto Y, Inui T et al (2002) Effects of agouti-related

protein, orexin and melanin-concentrating hormone on oxygen consumption in mice. Int J Mol

Med 10(4):523–525

Bader R, Colomb J, Pankratz B, Schrock A, Stocker RF, Pankratz MJ (2007) Genetic dissection of

neural circuit anatomy underlying feeding behavior in Drosophila: distinct classes of hugin-

expressing neurons. J Comp Neurol 502(5):848–856

Baldo BA, Kelley AE (2001) Amylin infusion into rat nucleus accumbens potently depresses

motor activity and ingestive behavior. Am J Physiol Regul Integr Comp Physiol 281(4):

R1232–R1242

Ballesta J, Carlei F, Bishop AE, Steel JH, Gibson SJ, Fahey M et al (1988) Occurrence and

developmental pattern of neuromedin U-immunoreactive nerves in the gastrointestinal tract

and brain of the rat. Neuroscience 25(3):797–816

Baumann CR, Clark EL, Pedersen NP, Hecht JL, Scammell TE (2008) Do enteric neurons make

hypocretin? Regul Pept 147(1–3):1–3

Neuropeptides Controlling Energy Balance: Orexins and Neuromedins 97



Bergman JM, Roecker AJ, Mercer SP, Bednar RA, Reiss DR, Ransom RW et al (2008) Proline bis-

amides as potent dual orexin receptor antagonists. Bioorg Med Chem Lett 18(4):1425–1430

Berthoud HR, Patterson LM, Sutton GM, Morrison C, Zheng H (2005) Orexin inputs to caudal

raphe neurons involved in thermal, cardiovascular, and gastrointestinal regulation. Histochem

Cell Biol 123(2):147–156

Biello SM, Janik D, Mrosovsky N (1994) Neuropeptide Y and behaviorally induced phase shifts.

Neuroscience 62(1):273–279

Blanco M, Lopez M, Garcia-Caballero T, Gallego R, Vazquez-Boquete A, Morel G et al (2001)

Cellular localization of orexin receptors in human pituitary. J Clin Endocrinol Metab 86

(4):1616–1619

Bourgin P, Huitron-Resendiz S, Spier AD, Fabre V, Morte B, Criado JR et al (2000) Hypocretin-1

modulates rapid eye movement sleep through activation of locus coeruleus neurons. J Neurosci

20(20):7760–7765

Bray GA (2000) Reciprocal relation of food intake and sympathetic activity: experimental

observations and clinical implications. Int J Obes Relat Metab Disord 24(Suppl 2):S8–S17

Brighton PJ, Szekeres PG, Willars GB (2004) Neuromedin U and its receptors: structure, function,

and physiological roles. Pharmacol Rev 56(2):231–248

Brisbare-Roch C, Dingemanse J, Koberstein R, Hoever P, Aissaoui H, Flores S et al (2007)

Promotion of sleep by targeting the orexin system in rats, dogs and humans. Nat Med 13

(2):150–155

Broberger C, De Lecea L, Sutcliffe JG, Hokfelt T (1998) Hypocretin/orexin- and melanin-

concentrating hormone-expressing cells form distinct populations in the rodent lateral hypo-

thalamus: relationship to the neuropeptide Y and agouti gene-related protein systems. J Comp

Neurol 402(4):460–474

Campbell RE, Smith MS, Allen SE, Grayson BE, Ffrench-Mullen JM, Grove KL (2003a) Orexin

neurons express a functional pancreatic polypeptide Y4 receptor. J Neurosci 23(4):1487–1497

Campbell RE, Grove KL, Smith MS (2003b) Gonadotropin-releasing hormone neurons coexpress

orexin 1 receptor immunoreactivity and receive direct contacts by orexin fibers. Endocrinology

144(4):1542–1548

Chemelli RM, Willie JT, Sinton CM, Elmquist JK, Scammell T, Lee C et al (1999) Narcolepsy in

orexin knockout mice: molecular genetics of sleep regulation. Cell 98(4):437–451

Chen CT, Dun SL, Kwok EH, Dun NJ, Chang JK (1999) Orexin A-like immunoreactivity in the rat

brain. Neurosci Lett 260(3):161–164

Chen CT, Hwang LL, Chang JK, Dun NJ (2000) Pressor effects of orexins injected intracisternally

and to rostral ventrolateral medulla of anesthetized rats. Am J Physiol Regul Integr Comp

Physiol 278(3):R692–R697

Ciriello J, Rosas-Arellano MP, Solano-Flores LP, de Oliveira CV (2003a) Identification of neurons

containing orexin-B (hypocretin-2) immunoreactivity in limbic structures. Brain Res 967

(1–2):123–131

Ciriello J, Li Z, de Oliveira CV (2003b) Cardioacceleratory responses to hypocretin-1 injections

into rostral ventromedial medulla. Brain Res 991(1–2):84–95

Cutler DJ, Morris R, Sheridhar V, Wattam TA, Holmes S, Patel S et al (1999) Differential

distribution of orexin-A and orexin-B immunoreactivity in the rat brain and spinal cord.

Peptides 20(12):1455–1470

Dall’Aglio C, Pascucci L, Mercati F, Giontella A, Pedini V, Scocco P et al (2008) Identification of

orexin A- and orexin type 2 receptor-positive cells in the gastrointestinal tract of neonatal dogs.

Eur J Histochem 52(4):229–235

Dall’aglio C, Pascucci L, Mercati F, Giontella A, Pedini V, Ceccarelli P (2009) Immunohisto-

chemical identification and localization of orexin A and orexin type 2 receptor in the horse

gastrointestinal tract. Res Vet Sci 86(2):189–193

Dall’aglio C, Pascucci L, Mercati F, Boiti C, Ceccarelli P (2011) Localization of the orexin system

in the gastrointestinal tract of fallow deer. Acta Histochem. 2011 March 11 [Epub ahead of

print]

98 J.P. Nixon et al.



Date Y, Ueta Y, Yamashita H, Yamaguchi H, Matsukura S, Kangawa K et al (1999) Orexins,

orexigenic hypothalamic peptides, interact with autonomic, neuroendocrine and

neuroregulatory systems. Proc Natl Acad Sci USA 96(2):748–753

Date Y, Mondal MS, Matsukura S, Nakazato M (2000) Distribution of orexin-A and orexin-B

(hypocretins) in the rat spinal cord. Neurosci Lett 288(2):87–90

de Lecea L, Kilduff TS, Peyron C, Gao X, Foye PE, Danielson PE et al (1998) The hypocretins:

hypothalamus-specific peptides with neuroexcitatory activity. Proc Natl Acad Sci USA 95

(1):322–327

de Miguel MJ, Burrell MA (2002) Immunocytochemical detection of orexin A in endocrine cells

of the developing mouse gut. J Histochem Cytochem 50(1):63–69

de Oliveira CV, Ciriello J (2003) Cardiovascular responses to hypocretin-1 in nucleus ambiguus of

the ovariectomized female rat. Brain Res 986(1–2):148–156

de Oliveira CV, Rosas-Arellano MP, Solano-Flores LP, Ciriello J (2003) Cardiovascular effects of

hypocretin-1 in nucleus of the solitary tract. Am J Physiol Heart Circ Physiol 284(4):

H1369–H1377

Deurveilher S, Semba K (2005) Indirect projections from the suprachiasmatic nucleus to major

arousal-promoting cell groups in rat: implications for the circadian control of behavioural state.

Neuroscience 130(1):165–183

Dugovic C, Shelton JE, Aluisio LE, Fraser IC, Jiang X, Sutton SW et al (2009) Blockade of orexin-

1 receptors attenuates orexin-2 receptor antagonism-induced sleep promotion in the rat.

J Pharmacol Exp Ther 330(1):142–151

Duxon MS, Stretton J, Starr K, Jones DN, Holland V, Riley G et al (2001) Evidence that orexin-A-

evoked grooming in the rat is mediated by orexin- 1 (OX1) receptors, with downstream

5-HT2C receptor involvement. Psychopharmacology (Berl) 153(2):203–209

Edwards CM, Abusnana S, Sunter D, Murphy KG, Ghatei MA, Bloom SR (1999) The effect of the

orexins on food intake: comparison with neuropeptide Y, melanin-concentrating hormone and

galanin. J Endocrinol 160(3):R7–R12

Egecioglu E, Ploj K, Xu X, Bjursell M, Salome N, Andersson N et al (2009) Central NMU

signaling in body weight and energy balance regulation: evidence from NMUR2 deletion and

chronic central NMU treatment in mice. Am J Physiol Endocrinol Metab 297(3):E708–E716

Ehrstrom M, Gustafsson T, Finn A, Kirchgessner A, Gryback P, Jacobsson H et al (2005)

Inhibitory effect of exogenous orexin A on gastric emptying, plasma leptin and the distribution

of orexin and orexin receptors in the gut and pancreas in man. J Clin Endocrinol Metab 90

(4):2370–2377

Elias CF, Saper CB, Maratos-Flier E, Tritos NA, Lee C, Kelly J et al (1998) Chemically defined

projections linking the mediobasal hypothalamus and the lateral hypothalamic area. J Comp

Neurol 402(4):442–459

España RA, Baldo BA, Kelley AE, Berridge CW (2001) Wake-promoting and sleep-suppressing

actions of hypocretin (orexin): basal forebrain sites of action. Neuroscience 106(4):699–715

España RA, Valentino RJ, Berridge CW (2003) Fos immunoreactivity in hypocretin-synthesizing

and hypocretin-1 receptor-expressing neurons: effects of diurnal and nocturnal spontaneous

waking, stress and hypocretin-1 administration. Neuroscience 121(1):201–217

Estabrooke IV, McCarthy MT, Ko E, Chou TC, Chemelli RM, Yanagisawa M et al (2001) Fos

expression in orexin neurons varies with behavioral state. J Neurosci 21(5):1656–1662

Farrell WJ, Delville Y, Wilczynski W (2003) Immunocytochemical localization of orexin in the

brain of the green anole lizard (Anolis carolinensis). Soc Neurosci Abs 33:828
Ferguson AV, Samson WK (2003) The orexin/hypocretin system: a critical regulator of neuroen-

docrine and autonomic function. Front Neuroendocrinol 24(3):141–150

Fu LY, Acuna-Goycolea C, van den Pol AN (2004) Neuropeptide Y inhibits hypocretin/orexin

neurons by multiple presynaptic and postsynaptic mechanisms: tonic depression of the hypo-

thalamic arousal system. J Neurosci 24(40):8741–8751

Fukue Y, Sato T, Teranishi H, Hanada R, Takahashi T, Nakashima Y et al (2006) Regulation of

gonadotropin secretion and puberty onset by neuromedin U. FEBS Lett 580(14):3485–3488

Neuropeptides Controlling Energy Balance: Orexins and Neuromedins 99



Funato H, Tsai AL, Willie JT, Kisanuki Y, Williams SC, Sakurai T et al (2009) Enhanced orexin

receptor-2 signaling prevents diet-induced obesity and improves leptin sensitivity. Cell Metab

9(1):64–76, PMCID: 2630400

Gartlon J, Szekeres P, Pullen M, Sarau HM, Aiyar N, Shabon U et al (2004) Localisation of

NMU1R and NMU2R in human and rat central nervous system and effects of neuromedin-U

following central administration in rats. Psychopharmacology (Berl) 177(1–2):1–14

Gautvik KM, de Lecea L, Gautvik VT, Danielson PE, Tranque P, Dopazo A et al (1996) Overview

of the most prevalent hypothalamus-specific mRNAs, as identified by directional tag PCR

subtraction. Proc Natl Acad Sci USA 93(16):8733–8738

Graham ES, Turnbull Y, Fotheringham P, Nilaweera K, Mercer JG, Morgan PJ et al (2003)

Neuromedin U and Neuromedin U receptor-2 expression in the mouse and rat hypothalamus:

effects of nutritional status. J Neurochem 87(5):1165–1173

Guan XM, Yu H, Jiang Q, Van Der Ploeg LH, Liu Q (2001) Distribution of neuromedin U receptor

subtype 2 mRNA in the rat brain. Brain Res Gene Expr Patterns 1(1):1–4

Hagan JJ, Leslie RA, Patel S, Evans ML, Wattam TA, Holmes S et al (1999) Orexin A activates

locus coeruleus cell firing and increases arousal in the rat. Proc Natl Acad Sci USA 96

(19):10911–10916

Hainerova I, Torekov SS, Ek J, Finkova M, Borch-Johnsen K, Jorgensen T et al (2006) Association

between neuromedin U gene variants and overweight and obesity. J Clin Endocrinol Metab 91

(12):5057–5063

Hanada R, Nakazato M, Murakami N, Sakihara S, Yoshimatsu H, Toshinai K et al (2001) A role

for neuromedin U in stress response. Biochem Biophys Res Commun 289(1):225–228

Hanada T, Date Y, Shimbara T, Sakihara S, Murakami N, Hayashi Y et al (2003) Central actions of

neuromedin U via corticotropin-releasing hormone. Biochem Biophys Res Commun 311

(4):954–958

Hanada R, Teranishi H, Pearson JT, Kurokawa M, Hosoda H, Fukushima N et al (2004)

Neuromedin U has a novel anorexigenic effect independent of the leptin signaling pathway.

Nat Med 10(10):1067–1073

Hara J, Beuckmann CT, Nambu T, Willie JT, Chemelli RM, Sinton CM et al (2001) Genetic

ablation of orexin neurons in mice results in narcolepsy, hypophagia, and obesity. Neuron 30

(2):345–354

Harrington ME (1997) The ventral lateral geniculate nucleus and the intergeniculate leaflet:

interrelated structures in the visual and circadian systems. Neurosci Biobehav Rev 21

(5):705–727

Harrington ME, Nance DM, Rusak B (1987) Double-labeling of neuropeptide Y-immunoreactive

neurons which project from the geniculate to the suprachiasmatic nuclei. Brain Res 410

(2):275–282

Haynes AC, Jackson B, Overend P, Buckingham RE, Wilson S, Tadayyon M et al (1999) Effects

of single and chronic intracerebroventricular administration of the orexins on feeding in the rat.

Peptides 20(9):1099–1105

Haynes AC, JacksonB, ChapmanH, TadayyonM, Johns A, Porter RA et al (2000) A selective orexin-

1 receptor antagonist reduces food consumption inmale and female rats. Regul Pept 96(1–2):45–51

Hirota K, Kushikata T, Kudo M, Kudo T, Lambert DG, Matsuki A (2001) Orexin A and B evoke

noradrenaline release from rat cerebrocortical slices. Br J Pharmacol 134(7):1461–1466

Hirota K, Kushikata T, Kudo M, Kudo T, Smart D, Matsuki A (2003) Effects of central

hypocretin-1 administration on hemodynamic responses in young-adult and middle-aged

rats. Brain Res 981(1–2):143–150

Hoch M, Hoever P, Haschke M, Krahenbuhl S, Dingemanse J (2011) Food effect and

biocomparison of two formulations of the dual orexin receptor antagonist almorexant in

healthy male subjects. J Clin Pharmacol 51(7):1116–1121

Hoever P, de Haas S, Winkler J, Schoemaker RC, Chiossi E, van Gerven J et al (2010) Orexin

receptor antagonism, a new sleep-promoting paradigm: an ascending single-dose study with

almorexant. Clin Pharmacol Ther 87(5):593–600

100 J.P. Nixon et al.



Honda Y, Doi Y, Ninomiya R, Ninomiya C (1986) Increased frequency of non-insulin-dependent

diabetes mellitus among narcoleptic patients. Sleep 9(1):254–259

Honzawa M, Sudoh T, Minamino N, Tohyama M, Matsuo H (1987) Topographic localization of

neuromedin U-like structures in the rat brain: an immunohistochemical study. Neuroscience 23

(3):1103–1122

Honzawa M, Sudoh T, Minamino N, Kangawa K, Matsuo H (1990) Neuromedin U-like immuno-

reactivity in rat intestine: regional distribution and immunohistochemical study. Neuropeptides

15(1):1–9

Horvath TL (2005) The hardship of obesity: a soft-wired hypothalamus. Nat Neurosci 8

(5):561–565

Horvath TL, Diano S, van den Pol AN (1999a) Synaptic interaction between hypocretin (orexin)

and neuropeptide Y cells in the rodent and primate hypothalamus: a novel circuit implicated in

metabolic and endocrine regulations. J Neurosci 19(3):1072–1087

Horvath TL, Peyron C, Diano S, Ivanov A, Aston-Jones G, Kilduff TS et al (1999b) Hypocretin

(orexin) activation and synaptic innervation of the locus coeruleus noradrenergic system.

J Comp Neurol 415(2):145–159

Howard AD, Wang R, Pong SS, Mellin TN, Strack A, Guan XM et al (2000) Identification of

receptors for neuromedin U and its role in feeding. Nature 406(6791):70–74

Huesa G, van den Pol AN, Finger TE (2005) Differential distribution of hypocretin (orexin) and

melanin-concentrating hormone in the goldfish brain. J Comp Neurol 488(4):476–491

Huhman KL, Albers HE (1994) Neuropeptide Y microinjected into the suprachiasmatic region

phase shifts circadian rhythms in constant darkness. Peptides 15(8):1475–1478

Hungs M, Mignot E (2001) Hypocretin/orexin, sleep and narcolepsy. Bioessays 23(5):397–408

Hungs M, Fan J, Lin L, Lin X, Maki RA, Mignot E (2001) Identification and functional analysis of

mutations in the hypocretin (orexin) genes of narcoleptic canines. Genome Res 11(4):531–539

Ida T, Nakahara K, Katayama T, Murakami N, Nakazato M (1999) Effect of lateral cerebroven-

tricular injection of the appetite- stimulating neuropeptide, orexin and neuropeptide Y, on the

various behavioral activities of rats. Brain Res 821(2):526–529

Ida T, Nakahara K, Kuroiwa T, Fukui K, Nakazato M, Murakami T et al (2000a) Both corticotro-

pin releasing factor and neuropeptide Y are involved in the effect of orexin (hypocretin) on the

food intake in rats. Neurosci Lett 293(2):119–122

Ida T, Nakahara K, Murakami T, Hanada R, Nakazato M, Murakami N (2000b) Possible involve-

ment of orexin in the stress reaction in rats. Biochem Biophys Res Commun 270(1):318–323

Iqbal J, Pompolo S, Sakurai T, Clarke IJ (2001) Evidence that orexin-containing neurones provide

direct input to gonadotropin-releasing hormone neurones in the ovine hypothalamus.

J Neuroendocrinol 13(12):1033–1041

Ivanov TR, Lawrence CB, Stanley PJ, Luckman SM (2002) Evaluation of neuromedin U actions in

energy homeostasis and pituitary function. Endocrinology 143(10):3813–3821

Ivanov TR, Le Rouzic P, Stanley PJ, Ling WY, Parello R, Luckman SM (2004) Neuromedin U

neurones in the rat nucleus of the tractus solitarius are catecholaminergic and respond to

peripheral cholecystokinin. J Neuroendocrinol 16(7):612–619

Iwai T, Iinuma Y, Kodani R, Oka J (2008) Neuromedin U inhibits inflammation-mediated memory

impairment and neuronal cell-death in rodents. Neurosci Res 61(1):113–119

Janik D, Mikkelsen JD, Mrosovsky N (1995) Cellular colocalization of Fos and neuropeptide Y in

the intergeniculate leaflet after nonphotic phase-shifting events. Brain Res 698(1–2):137–145

Jaszberenyi M, Bagosi Z, Thurzo B, Foldesi I, Telegdy G (2007) Endocrine and behavioral effects

of neuromedin S. Horm Behav 52(5):631–639
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Abstract Insulin acts throughout the body to reduce circulating energy and to

increase energy storage. Within the brain, insulin produces a net catabolic effect by

reducing food intake and increasing energy expenditure; this is evidenced by the

hypophagia and increased brown adipose tissue sympathetic nerve activity induced

by central insulin infusion. Reducing the activity of the brain insulin system via

administration of insulin antibodies, receptor antisense treatment, or receptor

knockdown results in hyperphagia and increased adiposity. However, despite

decades of research into the role of central insulin in food intake, many questions

remain to be answered, including the underlying mechanism of action.
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Although the pancreatic islets were first described by Langerhans (1869), it was

decades before their function was identified when Minkowski and von Mering

reported that removal of the pancreas caused a diabetic phenotype (von Mering

and Minkowski 1889). Numerous researchers subsequently found that crude pan-

creatic extracts produced moderate reductions in glycosuria, and in 1921, Banting

and Best isolated insulin from pancreatic islets and administered it in the first

successful clinical treatment of type 1 diabetes (Banting et al. 1922). Shortly

thereafter, insulin purified from animal sources became commercially available

for the treatment of diabetes (Swann 1986).

Insulin is a 51-amino acid peptide hormone processed by proteases from proin-

sulin in the secretory vesicles of pancreatic beta cells (Sanger and Tuppy 1951a, b).

The first synthetic insulin was produced in the 1960s (Volvin et al. 1964;

Katsoyannis et al. 1966), and in 1978, biosynthetic human insulin was produced

by Genentech and soon became commercially available for treatment of diabetes as

Humulin (Banga and Chien 1988). Numerous forms of insulin and insulin analogs

have been engineered for the treatment of diabetes, including rapid acting analogs

(e.g., insulin aspart, insulin glulisine) as well as extended release and long-acting

insulin (e.g., insulin glargine, insulin detemir) (Zib and Raskin 2006).

Catabolic:
Reduce Food Intake
Reduce Body Fat

Insulin

Brain Capillary

Insulin Transporter

Brain

Pancreas

White Fat

+

Anabolic:
Increase Food Intake
Increase Body Fat

Blood
Glucose

+

+
Insulin

Glucose Uptake
by Most Tissues

Insulin

Fig. 1 The hormone insulin is secreted into the blood from the pancreas in response to circulating

glucose and in direct proportion to the level of fat stored in white adipose tissue. One of its primary

functions is to reduce blood glucose by increasing glucose uptake into most tissues (e.g., liver,

skeletal muscle). As it circulates through brain capillaries, a small amount of insulin is transported

into the brain, where it acts on insulin receptors on neurons with either net anabolic (e.g., NPY,

AgRP) or net catabolic (e.g., POMC) activity, for example, in the hypothalamic arcuate nucleus.

These neurons in turn influence energy homeostasis (food intake, energy expenditure) and

ultimately the amount of fat stored in the body, by exerting a net catabolic or anabolic action.

Increased insulin entering the brain activates catabolic circuits and inhibits anabolic circuits,

leading to hypophagia and weight loss
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The insulin receptor (IR) is a transmembrane tyrosine kinase receptor and is the

only target receptor for insulin (Joost 1995). The receptor contains two alpha and

two beta subunits that are encoded by the INSR gene (De Meyts et al. 1990).

Despite decades of research, no antagonist to the IR has been identified, making it

impossible to determine the effects of directly blocking insulin without the

confounding factors introduced by insulin antibody administration (Strubbe and

Mein 1977), insulin receptor antisense treatment (Obici et al. 2002), or knocking

out the receptor (Br€uning et al. 2000). There is considerable cross-reactivity

between the insulin system and insulin-like growth factors (IGFs) and their

receptors (Kitamura et al. 2003). IGF1 has a strong affinity for the IGF1 receptor

(IGF1R) (Morgan et al. 1986; Ullrich et al. 1986) and also binds with the IR, albeit

with far less affinity than insulin (Lawrence et al. 2007). IGF2 is the only known

endogenous ligand that activates the IGF2 receptor (IGF2R) (Morgan et al. 1987)

and has strong affinities for IGF1R and IR (Morrione et al. 1997); for example,

IGF2, rather than insulin, acts via the IR to promote embryonic development (Louvi

et al. 1997). Another receptor, the insulin receptor-related receptor (IRR), has

recently been identified in this family (Shier and Watt 1989). Neither insulin nor

IGF binds with the IRR, and no endogenous ligand has been confirmed to act at the

receptor, although it has been suggested that IRR is an alkali sensor in the renal

system (Deyev et al. 2011).

While insulin has many biological actions, it is best known for its peripheral role

of reducing circulating glucose. This is a result of several functions including acting

on insulin-sensitive tissues to increase their rate of uptake of glucose and to use it as

fuel or else store it as glycogen (Cooney et al. 1985). In the liver, besides increasing

glycogen synthesis (Rossetti and Giaccari 1990), insulin inhibits gluconeogenesis

(Yki-Jarvinen et al. 1989) and glycogenolysis (Petersen et al. 1998). Therefore,

peripheral administration of insulin results in hypoglycemia, a decrease of blood

glucose.

Neurons require a continuous source of energy from the blood to remain

functional, and most of this energy is derived from blood glucose (Hoyer 1990).

If hypoglycemia occurs, for example, after insulin is administered, receptors in the

brain detect it and trigger reflexes to increase glucose secretion from the liver while

simultaneously stimulating food intake (Ritter et al. 1981). For this reason, the

hypoglycemia that occurs with insulin treatment has been proposed as the basis of

the increased food intake and weight gain associated with insulin treatment in

diabetics (Rosenbloom and Giordano 1977; McFarlane 2009; MacKay et al.

1940; Lotter and Woods 1977). The effects of insulin on circulating energy are

not limited to increased glucose uptake. Insulin additionally stimulates the uptake

of lipids into adipocytes and inhibits free fatty acid release from adipose tissue

(Prior and Smith 1982; Large et al. 2004; Wang et al. 2008). In the absence of

insulin, adipocytes cannot store lipid (Benoit et al. 2004). In skeletal muscle and

other tissues, insulin increases the cellular uptake of amino acids (Pozefsky et al.

1969; Biolo et al. 1995).

The primary stimulant of insulin secretion is an increase of blood glucose, and

this typically occurs mainly when food is consumed (Woods 1990). In the absence
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of an increase of glucose, only a small, stable secretion of insulin occurs, called

basal insulin. In a normal, nondiabetic human or animal, blood glucose is low and

relatively constant throughout much of the day, rising when meals containing

carbohydrates are eaten (Woods 1991). Insulin follows a similar pattern, being

low and steady except during meals when it is recruited to return prandial glucose to

basal levels (called glucose tolerance) (Woods 1990). Another important influence

is body fat. Both basal and stimulated insulin secretion occur in direct proportion to

adiposity; i.e., leaner individuals have lower basal and stimulated insulin secretion,

and fatter individuals have higher basal and stimulated insulin secretion (Bagdade

and Bagdade 1968; Bagdade et al. 1967; Stephan et al. 1972). Because of this,

insulin is considered to be an adiposity signal to the brain (Woods and Seeley 2001;

Moran and Ladenheim 2011). A hormone secreted by white adipocytes, leptin, is

also an adiposity signal since its secretion is also directly proportional to body fat

and since, like insulin, it is transported into the brain where it acts on leptin

receptors on neurons influencing energy homeostasis (Woods et al. 2000; Figlewicz

2003; Belgardt and Br€uning 2010).

1 The Central Insulin System

The central insulin system is a concept that derives from the multiple biological

effects caused by centrally administered exogenous insulin, including reductions in

food intake (Woods et al. 1979) and increases in energy expenditure (Muller et al.

1997) (see Fig. 1). Most insulin is made in the pancreas, and there is no convincing

evidence that insulin can be synthesized in the brain (Schwartz et al. 1992). Because

insulin is a large peptide hormone, for many years, it was considered unable to

easily penetrate the blood brain barrier (Havrankova et al. 1978a). However, around

35 years ago, it was first proposed that insulin passes from the blood to the

cerebrospinal fluid (CSF) and then to the brain, providing a hormonal indicator of

peripheral adiposity (Woods and Porte Jr 1976). The original suggestion was that

insulin enters the CSF from plasma via the choroid plexus, and then passes through

the ependymal lining to act at insulin receptors on adjacent neurons (Woods and

Porte Jr 1976). This hypothesis was compelling given that there are dense insulin

binding sites in the choroid plexus and that several nuclei in the ventral hypothala-

mus, located close to the wall of the third ventricle, contain high numbers of insulin

receptors (Havrankova et al. 1978b, 1981; van Houten and Posner 1979; van

Houten et al. 1980; Young et al. 1980; Baskin et al. 1983a). Further, the hypothesis

was consistent with the observation that when exogenous insulin is administered

directly into the third ventricle, it has a net catabolic effect (Woods et al. 1979;

Benoit et al. 2002; Air et al. 2002a, b, c). However, subsequent studies assessing the

dynamics of insulin uptake into the brain and CSF determined that rather than

entering the CNS via the choroid plexus and CSF, insulin is transported into the

brain via an insulin receptor-mediated, saturable pathway in brain capillary endo-

thelial cells (Baura et al. 1993). Thus, the normal movement of insulin vis-à-vis the

brain best fits a three-compartment model (plasma–brain interstitial fluid–CSF)
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(Schwartz et al. 1992). The passage of insulin through brain capillary endothelial

cells has since been confirmed by various state-of-the-art methods (Banks 2004;

Banks et al. 1997). The insulin that can be measured in the CSF has likely passed

through the brain and will be removed by the IR on the choroid plexus. In order to

engage neuronal insulin receptors, insulin that is experimentally or therapeutically

administered into the CSF must therefore penetrate into the brain against the normal

flow of fluid.

Insulin receptors are abundant and widely distributed throughout both the

developing and adult CNS (Hill et al. 1986). The distribution of insulin and its

receptor has been well characterized by immunohistochemistry (Baskin et al.

1983b) and autoradiography (van Houten and Posner 1979; van Houten

et al. 1979) as well as by in situ hybridization for insulin receptor mRNA (Marks

et al. 1990). Relatively high levels of IR are found in the olfactory bulbs and the

arcuate (ARC) nucleus of the hypothalamus. They are also abundant in several

other regions including the cerebral cortex, cerebellum, hippocampus, and choroid

plexus, as well as other hypothalamic areas and regions of the lower brainstem (van

Houten and Posner 1979; Baskin et al. 1983a, b; van Houten et al. 1979; Marks et al.

1990; Marks and Eastman 1990). The widespread distribution of insulin and its

receptors within the CNS (Havrankova et al. 1981) provides an indication of the

diverse actions of insulin in the brain, including influencing energy homeostasis

(food intake and energy expenditure) (Br€uning et al. 2000; Woods et al. 1979;

Benoit et al. 2002), systemic glucose responses (Fisher et al. 2005), reproductive

processes (Br€uning et al. 2000), cognitive function (Stockhorst et al. 2004, 2011),

and many other processes (van der Heide et al. 2006).

The ARC, which comprises the floor of the third ventricle in the region of the

ventral hypothalamus, is the region most commonly associated with the effects of

insulin on food intake. As reviewed previously (Belgardt and Br€uning 2010; Elmquist

et al. 2005; Schwartz et al. 2000; Seeley and Woods 2003), the ARC contains two

major types of neurons that project to other hypothalamic as well as other brain areas.

The first of these neurons are found mainly in the ventromedial ARC and synthesize

and secrete neuropeptide Y (NPY) and agouti-related protein (AgRP). Primary

targets for their axonal projections are the hypothalamic paraventricular nuclei

(PVN) and the lateral hypothalamic area (LH). Stimulation of these NPY/AgRP

neurons elicits an anabolic response including a rapid and prolonged increase of

food intake, and one endogenous stimulant of ARC NPY/AgRP neurons is the gastric

hormone, ghrelin (Horvath et al. 2001; Tsch€op et al. 2000). Administration of

exogenous ghrelin, or of NPY or AgRP, elicits hyperphagia. The adiposity signals

insulin, and leptin inhibits these neurons. The second group of ARC neurons, which

are found more laterally, synthesize the peptides proopiomelanocorticotropin

(POMC) and cocaine- and amphetamine-regulated transcript (CART). POMC is a

large prohormone that can be cleaved into any of several possible active products

depending upon the cell(s) in which it is synthesized. Some ARC neurons cleave

POMC into the active neuropeptide called a-melanocyte-stimulating hormone

(aMSH). POMC/CART neurons in the ARC project to many of the same areas as

NPY/AgRP neurons, including the PVN and LH, where aMSH acts on melanocortin
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receptors (MC3 and MC4) to reduce food intake. When POMC/CART neurons are

activated, they elicit a net catabolic response including inhibiting food intake and

increasing energy expenditure (Belgardt and Br€uning 2010; Morton et al. 2006).

Insulin and leptin act on POMC/CART neurons to release aMSH, and the ability of

both insulin and leptin to reduce food intake via the ARC requires signaling through

the melanocortin receptor system (Niswender and Schwartz 2003; Seeley et al. 1997).

The balance of activity of NPY/AgRP and POMC/CART neurons in the ARC

determines whether there is a net anabolic or catabolic tone in the ventral

hypothalamus.

In sum, when any of the neuropeptides found endogenously in the ARC are

administered into the third ventricle [or directly into the PVN, for example, aMSH

(Kim et al. 2002)], they produce robust effects on energy homeostasis, relating to

both food intake and energy expenditure (Benoit et al. 2000; Morton and Schwartz

2001). Importantly, both types of ARC neurons express receptors for peripheral

hormones which enter the brain and signal peripheral energy stores (Ellacott and

Cone 2004), including insulin and leptin which cause a net catabolic response

(Benoit et al. 2002; Halaas et al. 1995) and ghrelin which elicits a net anabolic

response (Tsch€op et al. 2000; Wren et al. 2000).

Insulin and leptin stimulate overlapping signal transduction pathways in ARC

neurons. When insulin binds to its receptor, tyrosine kinase is activated, causing

phosphorylation of intracellular tyrosine residues on the receptor (Rees-Jones et al.

1984; Plum et al. 2005). Insulin-receptor substrate (IRS) proteins then bind to the

phosphorylated residues and are activated; the IRS proteins then activate phosphati-

dylinositol 3-kinase (PI3K), consisting of a regulatory subunit (p85) and a catalytic

subunit (p110) (Esposito et al. 2001). PI3K can then catalyze phosphorylation of

phosphatidylinositol (4,5)-bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-

trisphosphate (PIP3) (Rodriguez-Escudero et al. 2005). PIP3 then acts on down-

stream targets including 3-phosphoinositide-dependent kinase-1 (PDK1) (Standaert

et al. 2001), glycogen synthase kinase-3 (GSK3) (Brady et al. 1998), and protein

kinase B (PKB/Akt) (Su et al. 2006). The interaction between insulin and leptin

may occur, at least in part, through leptin-mediated PI3K activation.

2 Central Insulin Administration and Food Intake

Central infusion of insulin was first demonstrated to reduce food intake in baboons

in the late 1970s (Woods et al. 1979). In that report, chronic treatment with insulin

administered into the lateral cerebral ventricle caused a dose-dependent decrease in

food intake over a period of 2–3 weeks. The decrease in food intake occurred within

days and was accompanied by a reduction in body weight; the reduction in food

intake was reversed following cessation of the infusions. Numerous studies since

have examined the effects of central insulin infusion on food intake and body

weight, primarily in rats (Air et al. 2002a, b; Ikeda et al. 1986; McGowan et al.

1992); the data have supported the initial finding, and higher doses of insulin cause
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greater decreases in both food intake and body weight (Brief and Davis 1984). It has

been confirmed that the anorexia and weight loss that occur are not secondary to a

conditioned aversion formed from an illness following infusion (Chavez et al.

1995a), and the food intake reduction has been demonstrated to not be the result

of reduced mobility of animals following insulin infusion (Chavez et al. 1995b).

Further evidence of insulin’s role in food intake comes from data demonstrating

that when antibodies to insulin are injected into the ventral hypothalamus, animals

have greater food intake compared with control days (Strubbe and Mein 1977;

McGowan et al. 1992).

Hypophagia is observed following either acute (bolus) administration of insulin

into the third ventricle (mainly of rats) or with chronic central insulin infusion, and

both are dose-dependent (Woods et al. 1979; Brief and Davis 1984; Riedy et al.

1995). Injection of insulin directly into the ARC produces hypophagia at doses that

are subthreshold when injected into the ventricle (McGowan et al. 1992); these data

implicate the ARC as a key region involved in the reduced food intake following

insulin infusion.

Central insulin-induced hypophagia has been observed in baboons (Woods et al.

1979), rats (Benoit et al. 2002; Air et al. 2002a, b; Ikeda et al. 1986; Brief and Davis

1984; Clegg et al. 2003; Plata-Salaman and Oomura 1986), mice (Brown et al. 2006;

Jaillard et al. 2009), chicks (Shiraishi et al. 2011), and sheep (Foster et al. 1991).

Interestingly, recent data indicate that humans also have reduced food intake

following an increase in central insulin. Using the novel approach of intranasal

insulin administration to increase central insulin levels, it was found that there is a

dose-dependent reduction of food intake during an ad libitum breakfast buffet

(Hallschmid et al. 2004), and follow-up experiments found that men were more

sensitive to insulin’s anorexigenic action than women (Benedict et al. 2008). These

data are consistent with findings in the rat, with males more sensitive to the

anorexigenic effects of insulin than females and females being more sensitive to

the anorexigenic effect of leptin (Clegg et al. 2003, 2006). In the blood, females

have higher leptin and lower insulin than comparably obese males (Clegg et al.

2006). These observations are consistent with the sex difference in fat distribution.

Females tend to have more subcutaneous fat than males, and males tend to have

more visceral fat than females (Bjorntorp 1996; Nedungadi and Clegg 2009). Leptin

is secreted disproportionately more from subcutaneous than from visceral fat (Mon-

tague et al. 1997; Dusserre et al. 2000), and insulin secretion is proportional to

visceral as opposed to subcutaneous fat (Pouliot et al. 1992). Thus, the fat-to-

adiposity signal-to-hypothalamic sensitivity system is tuned to leptin in females

and to insulin in males. This has important clinical implications since high visceral

fat and high plasma insulin predispose to the metabolic syndrome and its sequelae of

obesity, cardiovascular problems, hyperlipidemia, and several cancers (Nedungadi

and Clegg 2009; Matsuzawa et al. 1994, 1995). The sex differences observed in

hypophagia following central administration of adiposity signals are due, at least in

part, to the actions of estrogen in the hypothalamus (Musatov et al. 2007).

In some instances, insulin and leptin act at their individual receptors on the same

neurons, and some of their intracellular signaling pathways are the same, at least in
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the ARC. For example, the hypophagic effects of both i3vt insulin and leptin can be

blocked by administration of PI3 kinase inhibitors (Niswender and Schwartz 2003)

as well as by melanocortin 3/4 receptor antagonists (Benoit et al. 2002; Seeley et al.

1997).

There is evidence that the reduced food intake and weight loss caused by i3vt

insulin are dependent on central leptin signaling since insulin is ineffective at

reducing food intake in obese Zucker rats lacking functional leptin receptors (Ikeda

et al. 1986). The response to central insulin infusion is also reduced when animals are

maintained on a high-fat diet (Arase et al. 1988; Chavez et al. 1996; Clegg et al.

2005), implying that these animals have insulin resistance both peripherally and in

the central nervous system.Within the brain, it could also be secondary to the central

leptin resistance that has been observed in obese animals (Koch et al. 2010). When

insulin and leptin are both administered i3vt, there are dose-dependent interactions

(Air et al. 2002b). At most doses, the two are additive in reducing food intake,

whereas at others, the combined reduction of food intake is actually significantly less

than the sum of their individual actions, implying that there are likely differential

effects of the two hormones on different neuronal populations.

To summarize, insulin receptors are expressed on some hypothalamic ARC

neurons. When exogenous insulin is administered into the cerebroventricular system,

it inhibits NPY/AgRP neurons while stimulating POMC neurons (Benoit et al. 2002;

Sato et al. 2005) and results in increased release and activity of aMSH onto neurons

in the PVN, LH, and elsewhere, resulting in a reduction of food intake (Benoit et al.

2000) and, if given chronically, body weight as well (Woods et al. 1979, 1998;

Schwartz et al. 2000). Leptin has similar actions in the ARC (Heisler et al. 2003), and

leptin activity appears to be necessary for insulin to exert its anorectic effect (Ikeda

et al. 1986). A key question is whether endogenous insulin has the same action as

exogenous insulin. What is known is that mice lacking insulin receptors on all

neurons (NIRKO mice) weigh more than wild-type controls (Br€uning et al. 2000).

In contrast to the hypophagic action of centrally administered insulin (Woods et al.

1979; Clegg et al. 2003), peripherally administered insulin generally leads to

overeating and significant weight gain (Ryan et al. 2008), and this is a detrimental

clinical problem for diabetics being treated with insulin as it reduces compliance

(Bryden et al. 1999). However, the long-acting human insulin analog, insulin detemir,

which has an attached myristyric acid molecule, has the same ability to improve

glycemia but increases body weight less and often induces weight loss in diabetic

patients (Hermansen et al. 2007; Hermansen and Mortensen 2007). It has been

suggested that the beneficial effects of insulin detemir on weight may be the result

of increased penetration of insulin into the brain (Hermansen and Davies 2007).

3 Interaction with Satiation Peptides

Few, if any, meals are initiated in response to low glucose or other indicators of low

or dwindling energy. Rather, meals occur because of habit, time of day, opportu-

nity, the social situation, and other psychological factors (Woods 1991, 2009).
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Physiologic controls that help determine body weight are therefore exerted on how

much food is eaten once a meal begins. There is compelling evidence that, in

addition to psychological factors, the feeling of fullness (satiation) is determined by

the gradual buildup, during the meal, of hormones and other signals secreted by the

gastrointestinal tract (Woods 2004; Woods and D’Alessio 2008). The best known of

these signals is the duodenal hormone, cholecystokinin (CCK) (Moran and Kinzig

2004). CCK is secreted in response to consumed nutrients entering the intestine

(especially lipids), and it stimulates CCK receptors on adjacent sensory nerves that

relay the signal to the brain. CCK is one of several gastrointestinal peptides

implicated in satiation, others including glucagon-like peptide-1 (GLP-1) (Turton

et al. 1996; Tang-Christensen et al. 1996; Barrera et al. 2011) and peptide YY

(PYY) (Batterham et al. 2002). If people or animals are administered CCK or other

satiation peptides as a meal is beginning, they eat fewer calories than in a control

condition, and when antagonists to these compounds are given, individuals eat

larger meals. The cumulated effect of CCK and the other satiation signals during a

meal ultimately increases to the point that eating stops. Insulin and leptin act in the

brain to increase its sensitivity to CCK and other satiation signals (Riedy et al.

1995; Matson et al. 1997, 2000; Emond et al. 1999, 2001). Thus, when an individual

has lost some weight, insulin and leptin levels in the blood (and consequently in the

brain as well) are reduced. This makes the brain less sensitive to signals from CCK,

and the consequence is that larger meals will be consumed until weight returns to

normal. Likewise, an increase of weight is associated with an increase of circulating

insulin and leptin and heightened sensitivity to CCK such that smaller meals are

eaten. This negative feedback mechanism helps to maintain body weight relatively

constant.

4 Genetic Manipulation of the Central Insulin System

and Food Intake

In recent years, it has become possible to apply molecular genetic techniques to

manipulate selected populations of insulin receptors in the brain. Total body

knockouts of either insulin or the insulin receptor are lethal soon after birth, the

mice dying of ketoacidosis (Accili et al. 1996). Tissue-specific knockout of the

insulin-receptor gene has thus provided a more useful tool to examine the roles of

insulin signaling in various tissues. Knocking out (KO) the insulin receptor in

skeletal muscle results in dyslipidemia (Br€uning et al. 1998); liver insulin-receptor

KO leads to moderate insulin resistance (Michael et al. 2000); selective KO of the

insulin receptor in adipose tissue leads to protection from obesity (Bluher et al.

2002); and selective KO in pancreatic beta cells causes impaired glucose tolerance

(Kulkarni et al. 1999), as does combined muscle and adipose tissue knockout

(Lauro et al. 1998). Of particular interest with consideration of the role of insulin

in the control of food intake, knocking out the insulin receptors selectively in
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neurons (NIRKO mice) leads to numerous metabolic abnormalities (Br€uning et al.

2000; Fisher et al. 2005; Schubert et al. 2004; Diggs-Andrews et al. 2010).

Female NIRKO mice have increased food intake compared to wild-type controls

(Br€uning et al. 2000), and both sexes are obesity prone, having increased weight

gain compared with controls when placed on an energy-dense diet. However, given

that there are concurrent effects related to reduced fertility in these animals

(Br€uning et al. 2000), it has been suggested that the obesity could be secondary to

hypogonadism, especially in the females (Woods and Seeley 2001). NIRKO mice

also have a reduced capacity to mount a sympathetic adrenal response, achieving

plasma epinephrine and norepinephrine that are only 50% and 90% of control

responses, respectively, following insulin-induced hypoglycemia (Fisher et al.

2005). The lack of central insulin signaling also leads to reduced hypothalamic

GLUT4 expression and a reduced hypothalamic neuronal sensing of glucose in

response to hypoglycemia (Diggs-Andrews et al. 2010).

Because insulin receptors are expressed widely throughout the brain (van

Houten et al. 1979; Corp et al. 1986), including areas involved with caloric

homeostasis (Abizaid and Horvath 2008), with hedonics and rewards (Lattemann

2008), and with memory and cognitive behavior (McNay 2007), more recent

reports have used sophisticated molecular genetic techniques to knock the insulin

receptor out of specific populations of neurons in the brain. For example, selective

knockout in brainstem catecholaminergic neurons results in hyperphagia and

increased body weight and body fat compared with controls (Konner et al. 2011).

Conversely, knockout of the insulin receptor uniquely in steroidogenic factor-1

expressing neurons that are localized to the ventromedial hypothalamus protects

against diet-induced obesity, leptin resistance, and glucose intolerance (Klockener

et al. 2011). Knockout of both insulin and leptin receptors specifically in POMC

neurons results in insulin resistance (Hill et al. 2010), and this did not occur with

knockout of either of these receptor types alone, demonstrating the important

interactions between these two adiposity signals. Interestingly, deletion of insulin

receptors specifically in the POMC neurons did not produce hyperphagia or induce

weight gain (Hill et al. 2010). This may indicate that the actions of central insulin on

food intake are dependent on reducing the anabolic NPY/AgRP signaling, rather

than increasing catabolic POMC activity. This series of experiments from the

Br€uning lab also nicely demonstrates the complex calculus of insulin’s actions

across a large number of brain areas. The observation that administering insulin into

the ventricular system of normal animals reduces food intake and body weight

therefore implies that this catabolic action represents the integrated output of many

neuronal circuits.

Further evidence for the involvement of insulin in obesity comes from protein

tyrosine phosphatase-1B (PTP-1B) knockout mice. PTP-1B is implicated in insulin

signaling and is thought to impart insulin resistance (Kennedy 1999; Byon et al.

1998). PTP-1B�/� mice are obesity resistant and remain insulin sensitive, even

when maintained on a high-fat diet (Elchebly et al. 1999). They also have higher

energy expenditure than wild-type mice (Klaman et al. 2000). Interestingly, the

catabolic actions of removing PTP-1B are consistent with observations following
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central insulin infusion (Rahmouni et al. 2004). Another factor that reduces insulin

receptor activity is plasma cell membrane glycoprotein 1 (PC-1). PC-1 acts via a

direct interaction with the alpha subunit of the insulin receptor to reduce tyrosine

kinase activity and therefore to compromise subsequent insulin-initiated cellular

signaling (Maddux and Goldfine 2000). Polymorphism of the PC-1 gene is

associated with obesity in a number of human populations (Hamaguchi et al.

2004; Grarup et al. 2006; Matsuoka et al. 2006; Wang et al. 2011), and it has

been suggested that PC-1 may be involved in development of insulin resistance in

obesity. While these data are of interest, it is important to note that unlike the

NIRKO studies, these data relate to alteration of both central and peripheral insulin

signaling.
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Abstract The pleasure derived from eating may feel like a simple emotion, but the

decision to eat, and perhaps more importantly what to eat, involves central

pathways linking energy homeostasis and reward and their regulation by metabolic
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and endocrine factors. Evidence is mounting that modulation of the hedonic aspects

of energy balance is under the control of peripheral neuropeptides conventionally

associated with homeostatic appetite control. Here, we describe the significance

of reward in feeding, the neural substrates underlying the reward pathway and their

modification by peptides released into the circulation from peripheral tissues.

Keywords Dopamine • Food • Ghrelin • Insulin • Leptin • Oxytocin • Peptide YY

(3-36) • Reward
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1 Introduction

We eat not only to obtain energy and nutrients but also for pleasure. Over evolu-

tionary time, hedonic neural systems have developed to promote the intake of

energy-dense food. The evolutionary advantage of feeding as a rewarding

behaviour is self-evident; it promotes the accumulation of energy stores during

unpredictable periods of increased food availability. But such is the influence of the

reward pathway, homeostatic systems that regulate food intake and energy expen-

diture can be inundated by environmental cues related to the rewarding properties

of food. With few internal forces opposing the desire to eat, obesity may be an

inevitable consequence of reward-driven feeding, at least for those of us in the

developed world where food is abundant and inexpensive. The incidence of obesity

is high in Europe and in the USA, especially in children (Kipping et al. 2008), and

for many individuals, this must reflect a strong drive to eat even when homeostatic

mechanisms indicate a positive energy balance.

2 Food Reward

2.1 Feeding as an Addictive Behaviour

Food intake is rewarding and reinforcing. The pleasure associated with feeding

influences future behaviour, making an organism more likely to engage in the

consumption of pleasurable food again. Repeated consumption can lead to a learned

association between stimuli associated with food, such as its taste and smell, and a

predicted reward (Berridge 2009). Repeated palatable food intake results in an

increase in self-administration, in other words, hyperphagia and consequent obe-

sity. Obese individuals show a stronger preference for palatable food than lean

individuals (Blundell et al. 2005), presumably due either to a strengthened experi-

ence of reward or an effort to achieve a similar level of reward after a blunting of

the normal reward response. In support of the latter, in obese humans, the activation

of brain regions associated with reward is attenuated during feeding (Stice et al.

2009).

Behaviours relating to overeating are reminiscent of behavioural responses to

commonly abused psychoactive substances. Alcohol and centrally acting drugs like

opiates can rapidly and powerfully influence behaviour. The reward associated with

their use often leads to compulsive and repetitive reuse, even after detrimental

social or health outcomes. It is becoming clear that the reward associated with

“natural” behaviours like eating involves the same brain regions that mediate

reward from drugs of abuse (Larsson and Engel 2004). Perhaps, just as tolerance

and dependence in drug use occur, a form of tolerance to and dependence upon

consumption of palatable foods may be commonplace in humans exposed to a high-

energy diet. A clue to this comes from experiments using rats fed an unrestricted

Peripheral Signals Modifying Food Reward 133



palatable diet (Johnson and Kenny 2010). They quickly developed a reduced

sensitivity to electrical self-stimulation of the reward pathway (potentially

reflecting tolerance) and continued to consume large quantities of palatable food

even when conditioned to expect a painful foot shock during the feeding session

(potentially reflecting an increase in motivation and dependence).

2.2 Reward Is Required for Normal Feeding

Activation of the reward pathway increases food intake and promotes a preference

for food high in calories, sugar, salt and fat. In excess, these preferences are rightly

regarded as harmful, so reward-driven behaviours could be fairly considered a

major culprit behind the increase in obesity and its accompanying cardiovascular

and metabolic disorders. However, reward is necessary for normal eating. Gusta-

tory pathways allow the selection of desired foods by detecting specific components

and attributes such as sugars and fats. But there is nothing intrinsically pleasurable

about the sweetness of sugar or the mouthfeel of fat in butter or meat. Instead, our

brains have evolved to derive pleasure from these food components solely as a

consequence of their nutritional content. Mice deficient in the trpm5 gene cannot

taste sweetness (de Araujo et al. 2008), yet they preferentially consume sucrose

over sucralose (a less calorific sweetener). Sucrose consumption activates the

reward pathway in these animals, even in the absence of what one might think of

as a pleasurable taste. Thus, there may be functional links not only between the

sensory systems that detect the palatability of food and the reward pathway but also

between gastrointestinal systems that sense the energy content of foods and the

reward pathway.

The major neurotransmitter in the reward pathway is dopamine (see Sect. 3.1).

Chemical lesion of dopamine neurones in the reward pathway leads to decreases in

reward-related food intake (Papp and Bal 1987), while electrical stimulation of the

same neurones can lead to an increase in food consumption (Berridge and

Valenstein 1991). Rats fed a high-fat diet show decreased dopamine activity in

the reward pathway, even before they become obese (Davis et al. 2008). Transgenic

dopamine-deficient mice suckle normally in the neonatal period, but around the

time one would expect them to wean, they become aphagic—they stop eating and

subsequently die of starvation within a few days (Zhou and Palmiter 1995). These

mice can be rescued from starvation by L-dopa treatment or by viral injection of

tyrosine hydroxylase into specific brain nuclei involved in the reward pathway

(Szczypka et al. 1999). Deletion of D1 and D2 dopamine receptors results in a

similar phenotype—death by starvation after 2-3 weeks even in animals nursed by

hand (Kobayashi et al. 2004). These data strongly suggest that improper functioning

of the reward pathway via a lack of dopamine signalling abolishes the motivation to

find and consume food. Observations such as these may also have ramifications for

disorders featuring underlying hypophagia such as anorexia nervosa (Kaye et al. 2009,
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but see Scheurink et al. 2010 for an alternative view based on the rewarding properties

of starvation-induced physical activity).

Thus, it is clear that the hedonic aspects of food intake are important in obesity

but also essential for the minimal food intake required for survival. But given that

the experience of reward seems able to overwhelm systems involved in the homeo-

static control of appetite to promote the intake of high-energy foods in overweight

and obese individuals, the reward pathway should be considered a potential target

in the therapeutic modification of food intake.

3 The Reward Pathway

The first evidence for a reward centre in the brain was presented decades ago (Olds

and Milner 1954). In rats, electrical self-stimulation of specific brain regions,

particularly the septum, was observed to produce behaviours comparable to or

exceeding those seen in response to natural rewards such as food. These animals

would self-stimulate repeatedly and for long periods with some animals spending

over 90% of the experimental period activating the stimulus. Human subjects

behave similarly (Heath 1963), though it is not clear whether they derived pleasure

from self-stimulation or simply felt an intrinsic compulsion to self-stimulate (Green

et al. 2010). Nonetheless, direct electrical stimulation of these regions in rats is a

more powerful reinforcer than a “real” reward. Given the choice, rats will select

self-stimulation over food, eventually resulting in self-starvation (Routtenberg and

Lindy 1965).

Subsequent research on the mechanisms underlying reward has focused on a

dopaminergic pathway in the midbrain as the neural substrate of reward (Palmiter

2007). A low level of dopamine in this pathway predicts hyperphagia, and an

increase in dopamine causes hypophagia (Goldfield et al. 2007). The mesolimbic

pathway may be dysregulated in obesity where the existence of a state of reward

deficiency has been proposed.

3.1 The Neuroanatomy of Reward

Dopamine neurones arising in part of the substantia nigra termed the ventral

tegmental area (VTA) project to the nucleus accumbens (NAcc), ventral pallidum,

the prefrontal cortex and amygdala. The NAcc projects to the amygdala and several

regions of the prefrontal cortex and also to the brainstem, specifically to the

parabrachial nucleus (Berridge and Kringelbach 2008). The prefrontal cortex

provides an important inhibitory input to the NAcc (Volkow and Wise, 2005).

The VTA-NAcc-prefrontal cortex pathway is generally accepted to be the midbrain

pathway underlying the motivational behaviours associated with reward (Fig. 1).
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The VTA receives opioid-sensitive inputs from numerous regions including

reciprocal connections from areas to which it projects. Electrophysiological studies

indicate that dopaminergic VTA neurones respond to rewarding food intake and

also to cues predictive of reward (Schultz 1998). There are at least five distinct

output pathways from the VTA, but the most important in reward is the mesolimbic

pathway projecting to the NAcc, the amygdala and the limbic cortex (Spanagel and

Weiss 1999). The NAcc (subdivided into the core and shell) is a striatal structure

containing a predominantly GABAergic neuronal population. The major input to

the NAcc is dopaminergic VTA neurones, but the amygdala and hippocampus also

provide input. The NAcc expresses D1 and D2 dopamine receptors, and their

activation is important in reward (Bernal et al. 2008). Most rewarding behaviours

are characterised by an increase in dopamine in the NAcc whether stimulated by
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Amy

Reward pathway Caudal brainstem
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Hypothalamus

PVN
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PYY(3-36)
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Gut/adipose tissue

OXT

ghrelin

Fig. 1 Schematic representation of the mesolimbic reward pathway and its sensitivity to periph-

eral peptides. Dopamine neurones originate in the ventral tegmental area (VTA) and project

(dashed line) to the nucleus accumbens (NAcc), prefrontal cortex (PFC) and amygdala (Amy).

The VTA receives input from these areas and also from the dorsal raphe (DR) and laterodorsal

tegmental area (LDTg). The NAcc projects to the prefrontal cortex (PFC) and to the parabrachial

nucleus (PBn), a brainstem nucleus that receives cholecystokinin (CCK)- and leptin-sensitive

input from the nucleus tractus solitarius (NTS). The arcuate nucleus of the hypothalamus (ARC)

projects to the paraventricular nucleus (PVN) and lateral hypothalamus (LH). The ARC and VTA

express receptors for several circulating metabolic signals including ghrelin, leptin, insulin and

peptide YY (3-36) (PYY (3-36)). Only the primary targets of ghrelin (ARC, VTA and NTS) are

illustrated here. Fig. 2 shows central ghrelin-sensitive reward-related pathways in greater detail
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food, drugs of abuse or electrical self-stimulation (Hernandez and Hoebel 1988),

and dopamine receptor antagonism can prevent the food-seeking behaviour seen as

a consequence of reward (Wise et al. 1978). The major output of the NAcc is to the

ventral pallidum and thence to the frontal cortices via the thalamus. The shell of the

NAcc also sends inhibitory inputs to the lateral hypothalamus that are important in

the control of feeding (Maldonado-Irizarry et al. 1995). A further target of the NAcc

is the aforementioned parabrachial nucleus, an important centre in taste processing.

Gustatory information is relayed to the parabrachial nucleus from the nucleus of the

solitary tract en route to the thalamus, lateral hypothalamus and amygdala,

indicating a relationship between the taste of some foods and their rewarding

properties.

3.2 The Psychology of Reward

The neuroanatomy of the reward pathway is fairly well understood, but how does

activity in this pathway relate to behaviour? Even when the neural correlates of a

certain behaviour are known with some confidence, the processes spanning the gulf

between neuronal activation and behaviour are unknown in most cases. It is not at

all clear how behaviour emerges from the activation or inhibition of a certain

neuronal pathway. However, in the field of motivation and reward, testable ideas

are now beginning to be developed on how neuronal activity can be modelled as an

information processing system whose output is the implementation of behaviour

(Anselme 2010; Zhang et al. 2009). What can be stated more certainly, from

physiological, pharmacological and behavioural studies in rodents, is that the

mesolimbic pathway is involved in the motivational aspects of behaviours pro-

pelled by the prospect of reward (described as “incentive salience”), whereas the

pleasurable aspects of reward are mediated via opioid- and cannabinoid-sensitive

brainstem projections to the NAcc and limbic forebrain. The motivational and

pleasurable aspects are typically termed “wanting” and “liking”, respectively.

These terms may seem to overlap (surely, one wants what one likes and likes

what one wants?). However, in models of rewarding behaviour, these two phenom-

ena can be measured separately (but see Havermans 2011), are likely to be

mediated by different parts of the brain and reflect different components of reward

(Berridge 2009).

3.2.1 “Wanting”

It is important to contrast reward-related “wanting” with cognitive wanting. The

former ascribes to certain stimuli, a conditioned association with reward (incentive

salience). Taking food as an example, cooking smells (or even food packaging) can

prompt a desire to consume the food. When a reward stimulus is associated with

incentive salience, the stimulus holds more appeal and becomes a stronger target for
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motivation. The organism will give greater attention to and actively pursue that

goal. Cognitive wanting is more intuitively understandable and may be best

described as a conscious imagining of and desire to achieve a specific goal or

aspiration. Incentive salience “wanting” does not require any cognitive processing

such as conscious decision-making. In contrast, it is mediated by structures outwith

the cortex, namely the midbrain mesolimbic pathways described in Sect. 3.1. Nor is

reward-related “wanting” directly related to pleasure: to want a reward is not

simply to like it. “Wanting” can occur without “liking”, anyone who has acutely

overeaten has probably experienced this. Indeed, it may be true that “wanting” can

occur with disliking, for example, where an individual’s use of a rewarding

substance has immediate unpleasant effects.

“Wanting” is relatively easy to study in animal models. Some behaviours

produce an agreeable effect, and such behaviours are likely to be repeated even

when obstructions are present. Animals are willing to do work to overcome these

obstructions and achieve their goal. Quantifying this willingness is a means of

measuring the rewarding properties associated with a behaviour. Willingness is

usually measured by operant procedures that require the animal to work harder and

harder to achieve the same reward (until they give up). These approaches have been

used successfully to examine the rewarding properties of food and their modulation

by endogenous signals (e.g. Mello and Negus 1998).

Thus, “wanting” reflects awareness of the attractive qualities of a rewarding

stimulus, qualities that demand to be attended to and sought out. “Wanting” is not

decision-making or enjoyment. In bypassing both cognitive processing and

“liking”, it is possible that the “wanting” of food may underlie a detrimental

drive to eat that is almost entirely independent not only of homeostatic needs but

also the associated sense of enjoyment. Selective modification of “wanting” has the

potential to reduce the impulse to eat without affecting homeostatic drives or the

hedonic satisfaction of eating.

3.2.2 “Liking”

Rewards are desired because they produce pleasurable sensations. “Liking” is the

pleasurable reaction to a reward: its hedonic impact. “Liking” can be thought of as a

mainly psychological phenomenon (albeit with a neural basis) and as such is more

difficult to quantify. The measurement of the hedonic value of food has been

validated in adult humans using computer-based rating and forced-choice protocols

(Finlayson et al. 2007), but other approaches need to be used in animal models.

Human infants execute much of their communication using facial expressions that

can be understood by other infants and adult humans. When giving a new food to

taste, it is easy for a parent to determine whether the infant gets pleasure from the

food by his or her facial expression. These responses are not unique to humans;

primates and some rodents can demonstrate changes in facial expressions that

correlate with our understanding of how “enjoyable” we would expect the food to

be. In rats, for example, sweet tastes evoke positive responses (such as licking),
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while bitter tastes evoke negative responses (such as gaping and head shaking and

rubbing). Careful analysis of these facial expressions provides a means of

quantifying “liking” in commonly used animal models (Berridge 2000).

Can “liking” occur without “wanting”, and under what circumstances would this

be sought after? Dopamine receptor antagonism reduces “wanting”. In such

experiments, rat will not work for food or other rewards, but hedonic “liking” is

unaffected (Berridge 2009). Evidently, this is undesirable, but a balance of hedonic

happiness (tempering “wanting” without affecting “liking”?) has been suggested to

be a desirable aim for humans (Kringelbach and Berridge 2009).

4 Peripheral Signals Modulating Reward in Feeding

The reward pathway is not only involved in feeding. It is also strongly implicated in

sexual behaviour (Balfour et al. 2004), parental care (Champagne et al. 2004) and

disorders of mood (Nestler and Carlezon 2006). Since divergent behaviours are

under the influence of the mesolimbic reward pathway, a fuller understanding of the

effects (if any) specific to food intake is necessary. Thus, attention has turned to

neuropeptide signals originating in the gut (and other tissues involved in energy

metabolism) as important modulators of rewarding behaviour.

4.1 Peripheral Peptides and Appetite

The most familiar context for a discussion of the effects of peripheral peptides

involved in the control of appetite is the homeostatic control system of the hypo-

thalamus rather than the motivational/hedonic system of the mesolimbic pathway.

Since the discovery of circulating peptide hormones capable of crossing the blood-

brain barrier and acting at specific receptors in the brain, much has been accom-

plished in the understanding of the circuitry of hypothalamic homeostatic control

systems and their modification by peripheral peptide signalling. Work has

concentrated on the arcuate nucleus of the hypothalamus (ARC). The ARC is

extremely complex, containing neuroendocrine neurones involved in the control

of feeding, reproduction, growth and lactation (Smith and Grove 2002). Within this

nucleus, there are at least two distinct populations of reciprocally linked neurones,

one orexigenic (mediated by neuropeptide Y (NPY)-, Agouti-related protein

(AgRP)- and GABA-containing neurones) and one anorexigenic (mediated by

products of the POMC gene, predominantly a-melanocyte-stimulating hormone

(a-MSH)).

In terms of therapeutic interventions to treat obesity, the homeostatic control

systems of the ARC and adjacent hypothalamic nuclei were initially considered to

be pertinent targets. We now have a reasonably good understanding of these

homeostatic systems in health, obesity and other physiological conditions including
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pregnancy (Augustine et al. 2008), but translational research has harvested less than

originally hoped. It quickly became clear that only very few obese individuals had

tractable conditions, typically genetic deficiencies in certain elements such as the

melanocortin pathway (Farooqi and O’Rahilly 2008). Furthermore, genetic deletion

experiments in rodents showed that homeostatic control systems contain ample

redundancy. For example, transgenic mice lacking both NPY and AgRP (the major

peptide neurotransmitters released by orexigenic ARC neurones) still express a

normal phenotype with respect to food intake (Qian et al. 2002). Another problem is

that pathways regulating appetite also influence other physiological systems. For

example, the anorexigenic POMC neurones are the major source of a-MSH. As

well as being a very potent inhibitor of feeding, a-MSH is a potent stimulator of

sexual behaviour (Caquineau et al. 2006). It is possible that eating and sexual

behaviour, being mutually exclusive, are regulated reciprocally (Caquineau et al.

2012). Thus, an attempt to intervene pharmacologically at the level of homeostatic

control of appetite may have unintended and unwanted consequences for other

behaviours. It seems clear that we should broaden our attention from the homeo-

static systems that monitor and control energy intake and expenditure to include

other systems involved in appetite.

In humans, one of the most successful treatments for morbid obesity is bariatric

surgery (Sj€ostr€om et al. 2004). Not only do patients consume less energy and lose

fat mass, but they become normotensive, their glucose tolerance improves, their

cholesterolaemia can be reduced, and they tend not to regain weight in the longer

term. Initially, it was believed that weight loss observed following surgery was a

simple result of a reduction in the amount of food the patient could eat and an

accompanying malabsorptive syndrome. However, it has become clear that surgery

results in striking changes in the plasma profile of many gut-brain axis peptides, and

the basis for these favourable changes is neural. For example, alterations in the

circulating levels of the peripheral orexigenic peptide ghrelin and the anorexigenic

peptides peptide YY (PYY), glucagon-like peptide-1 (GLP-1) and gastric inhibitory

polypeptide (GIP) have been observed after surgery (Diniz et al. 2010).

Many peripherally released peptides involved in central homeostatic control of

appetite also target the reward system. Two key peptides involved in regulating

food intake are ghrelin, an orexigenic hormone secreted from the stomach in

response to fasting, and leptin, an anorexigenic hormone secreted from adipocytes

to serve as a signal of total body fat mass.

4.2 Ghrelin and Reward

The gut-derived peptide ghrelin (Kojima et al. 1999) was first identified as an

endogenous agonist of the growth hormone secretagogue receptor (GHS-R1A).

After this initial characterisation, ghrelin quickly proved to be important in the

control of food intake and is currently the only circulating hormone attributed with

a central orexigenic effect. Ghrelin levels increase preprandially in association with
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feelings of hunger and meal initiation (Cummings et al. 2001, 2004), and studies in

rodents have shown orexigenic effects after acute central or peripheral administra-

tion (Wren et al. 2000, 2001). Ghrelin increases body fat by a central mechanism

that includes decreased energy expenditure and, potentially, also increased food

intake, although this is not reproducible in all studies (Tsch€op et al. 2000;

Dornonville de la Cour et al. 2005; Theander-Carrillo et al. 2006; Salomé et al.

2009). A great deal is known about the target circuits for these orexigenic and

adipogenic effects. Ghrelin and synthetic ghrelin mimetics target cells in the ARC

(Dickson et al. 1993; Hewson and Dickson 2000), notably the orexigenic NPY/

AgRP/GABA neurones in this region (Dickson and Luckman 1997; Kamegai et al.

2001). The ghrelin receptor, GHS-R1A, is expressed in hypothalamic areas involved

in appetite regulation, most prominently in the ARC and ventromedial nucleus, but

also in the paraventricular nucleus (PVN) and lateral hypothalamus.

Ghrelin not only stimulates homeostatic food intake but may also be involved in

the hedonic enjoyment of palatable foods (Fig. 2). In support of involvement in the

reward pathway, GHS-R1A is expressed in tegmental and mesolimbic areas involved

in reward, such as the VTA and laterodorsal tegmental areas (LDTg; Guan et al. 1997;

Zigman et al. 2006). It now seems clear that ghrelin activates a key reward circuit, the

“cholinergic-dopaminergic reward link”. This circuit has been suggested to mediate

the reinforcement of natural rewards and addictive drugs (Yeomans et al. 1993;

Fig. 2 Schematic representation of the ghrelin receptor-expressing brain regions comprising and

converging on the reward pathway. Several brain nuclei involved in the control of homeostatic and

hedonic food intake express the ghrelin receptor (GHS-R1A). Mesolimbic dopamine pathways

(dashed line) are regulated by input from hindbrain structures (including the parabrachial nucleus

(PBn) and nucleus tractus solitarius (NTS), the dorsal raphe (DR) and laterodorsal tegmental area

(LDTg)), areas involved in learning and memory such as the hippocampus and regions of the

hypothalamus involved in homeostatic energy balance and arousal, including the arcuate nucleus

(ARC), the paraventricular nucleus (PVN) and the lateral hypothalamus (LH). At the cellular level,

GHS-R1A is expressed postsynaptically on dopamine neurones in the VTA as well as on

GABAergic interneurones. The central pathways targeted by ghrelin have been reviewed recently

(Skibicka and Dickson, 2011)
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Larsson and Engel 2004). This link includes a cholinergic afferent projection from the

LDTg onto the VTA dopamine cells. Intra-VTA or intra-LDTg administration of

ghrelin increases accumbal dopamine release and locomotor activity, effects

abolished by nicotinic cholinergic receptor blockade (Jerlhag et al. 2006, 2007).

GHS-R1A is co-localised both in dopamine (tyrosine hydroxylase)-containing cells

in the VTA (Abizaid et al. 2006) and with cholinergic (choline acetyl transferase)-

containing cells in the LDTg (Dickson et al. 2010). These findings, that ghrelin

activates the midbrain dopamine system, including circuits implicitly involved in

reward, have emerged as having direct relevance for reward from addictive drugs that

include alcohol, cocaine and amphetamine (Jerlhag et al. 2009, 2010), as well as from

palatable food (Egecioglu et al. 2010; Perello et al. 2010). In other words, the actions

of ghrelin may influence responses not only to “natural” rewards like food but also to

“unnatural” rewards like drugs of abuse.

Ghrelin signalling at the VTA appears to be important for these feeding effects

as intra-VTA injection of ghrelin increases food intake (Naleid et al. 2005) with

marked effects on the intake of palatable food (Egecioglu et al. 2010). The

cholinergic-dopaminergic reward link is implicated in ghrelin-induced feeding as

nicotinic blockade suppresses ghrelin-induced and fasting-induced feeding and also

suppresses the ability of food to condition a place preference (Dickson et al. 2010).

Consistent with this, blockade of the ghrelin receptor by peripheral treatment with a

GHS-R1A antagonist decreases preference for palatable food, suppresses the ability

of sweet food to condition a place preference (Egecioglu et al. 2010; Fig. 3) and

suppresses motivated behaviour for rewarding foods, both high sugar (Skibicka

et al. 2011b) and high fat (Perello et al. 2010). However, it is not the case that

ghrelin promotes only calorie intake. Mice injected peripherally with ghrelin

exhibit a GHS-R1A-dependent preference for sweet-tasting over bland food even

when artificial (low calorie) sweeteners, rather than sugar, provide the hedonic

“sweetness” (Disse et al. 2010).

Recently, we identified the VTA as the primary target for ghrelin’s effects on

motivated behaviour for food (Skibicka et al. 2011a). Interestingly, although

ghrelin induces food intake when injected into the NAcc (Naleid et al. 2005), this

does not appear to be coupled to increased food motivation (Skibicka et al. 2011b).

In humans, ghrelin has been shown to alter the brain response to visual food cues in

relevant reward targets areas, including the striatum (Malik et al. 2008), where

dopamine signalling has previously been linked to food motivation (Volkow et al.

2002). Elevated plasma ghrelin levels have been associated with binge eating

(a behaviour linked to reward dysfunction) in patient groups including those

suffering from bulimia nervosa, anorexia nervosa and also Prader-Willi syndrome

(a genetic disorder affecting cognitive function that is associated with obesity;

Cummings et al. 2002; Tanaka et al. 2002; Nacmias et al. 2004).

Collectively, these data support the idea that an important physiological role of

ghrelin is to increase the incentive motivation for natural rewards such as food.

Thus, the ghrelin receptor (or, potentially, enzymes involved in the bioactivation of

ghrelin such as ghrelin O-acyltransferase (Barnett et al. 2010)) may emerge as

therapeutic targets to suppress food reward and motivated behaviour for food, with
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possibilities for treating eating disorders, including those that lead to obesity. It is

also important to explore further the extent and mechanism through which obesity

may lead to ghrelin resistance (Lindqvist et al. 2005; Briggs et al. 2010; Andrews

2011) and whether the central ghrelin signalling system has a role in the patho-

physiology of obesity.

4.3 Leptin and Reward

Leptin is a polypeptide hormone discovered in 1994 (Zhang et al. 1994). It is

secreted from adipose tissue and released into the circulation to act via specific

leptin receptors at numerous sites including the brain, bone, heart and immune cells

Fig. 3 The ability of rewarding food to condition a place preference is suppressed by peripheral

injection of a ghrelin receptor (GHS-R1A) antagonist (JMV2959, 1 mg/kg i.p.). In this test, rats are

introduced to a two-compartment chamber with distinct tactile and visual cues. In a pretest, initial

preference for one chamber over the other is established. The rats are given access to palatable

food in the least-preferred compartment for 20 min per day during an 8-day period of conditioning.

On the test day, preference for the palatable food-paired compartment is assessed. *p < 0.01,

**p < 0.001 one way ANOVA followed by Bonferroni. Adapted from Egecioglu et al. (2010),

with permission from Wiley-Blackwell
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(Ahima and Osei 2004). Circulating leptin provides a direct communication link

between adipose tissue and the brain centres involved in appetite control. Leptin

inhibits the electrophysiological activity of orexigenic NPY/AgRP/GABA neurones

in the ARC in vitro (Spanswick et al. 1997) and iv administration of leptin in fasted

mice reduces food intake (Rentsch et al. 1995). Leptin-deficient (ob/ob) mice have a

high body weight and large fat stores, and are hyperphagic, hyperlipidaemic and

hyperglycaemic. Exogenous leptin administration reduces food intake, body weight

and adiposity in these mice (Halaas et al. 1995; Pelleymounter et al. 1995). As one

might predict, obese humans have high circulating leptin levels and high levels of

leptin in CSF (Schwartz et al. 1996). However, a state of leptin resistance may

develop in obesity (cf. insulin resistance in type 2 diabetes and ghrelin resistance

reported in obesity; Briggs et al. 2010). Mice fed a high-fat diet show the expected

increase in adiposity and plasma leptin, but these animals do not reduce their energy

intake in response to leptin’s signalling of an accumulating energy store (Frederich

et al. 1995). Presumably, the coexistence of high plasma leptin but no decrease in

energy intake reflects the onset of leptin resistance (Myers et al. 2010).

As well as its effects on homeostatic control in the hypothalamus, leptin also

appears to act upon reward systems involved in the motivational and hedonic control

of food intake. Leptin-deficient ob/ob mice are obese, but if ob/ob mice are crossed

with dopamine-deficient mice (described in Sect. 2.2), the dopamine/leptin-defi-

cient offspring are not obese—in fact, they do not feed at all (Szczypka et al. 2000).

Thus, the hyperphagia and increase in body weight seen in mice lacking leptin

require mesolimbic dopamine. However, administration of leptin to the VTA in vivo

results in a decrease in food intake, and chronic transgenic knockdown of VTA

leptin receptor (ObRb) results in an increase in food intake (Hommel et al. 2006).

Furthermore, leptin suppresses dopamine signalling in the mesolimbic system via

leptin receptor-expressing LH neurones (a target of NAcc output) projecting to the

VTA (Kr€ugel et al. 2003). Selective knockout of the ObRb receptor in the lateral

hypothalamus of rats fed a high-fat diet causes an increase in food intake, body

weight and adiposity and restores the palatable diet-induced suppression of NAcc

dopamine content (Davis et al. 2011). Administration of exogenous leptin attenuates

self-stimulation of NAcc dopamine release (Fulton et al. 2004).

The leptin receptor is the product of a single gene, and multiple splice variants

have been described. The full-length functional isoform couples to the JAK-STAT

signalling pathway (Fr€uhbeck 2006). Dopamine neurones in the VTA express

ObRb receptors (Figlewicz et al. 2003), and the JAK-STAT pathway is activated

in these neurones by leptin (Fulton et al. 2006). Leptin inhibits VTA neurones

in vivo and in brain slices in vitro (Hommel et al. 2006), suggesting a decreased

delivery of dopamine to target areas. These findings are compatible with a leptin-

driven attenuation of the rewarding properties of food.

In the conditioned place preference test, where rats are trained to associate a

certain test area with a rewarding stimulus, starved or normally fed rats both express

a preference for an area associated with a food reward. This effect is prevented by

dopamine antagonism and also by leptin administration (Figlewicz et al. 2001).

Similarly, in vivo leptin administration in the VTA reduces food intake and elevates
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the threshold for reward in a reinforcing self-stimulation paradigm (Bruijnzeel et al.

2011). However, it should be noted that the effect of leptin in the conditioned place

preference test disappears in rats switched to a high-fat diet (Figlewicz et al. 2006).

This suggests that, in response to a high-energy diet, a form of leptin resistance can

develop in the reward pathway that echoes that proposed to occur in the hypothala-

mus (Matheny et al. 2011).

Exaggerated reward responses are seen in humans suffering from a rare genetic

deficiency of leptin. Food-related visual stimuli evoked fMRI responses in the

ventral striatum when the subjects were fasted, but, unlike controls, these responses

persisted even when subjects were sated (Farooqi et al. 2007). In other words, just

as in ob/ob mice, the absence of leptin led to enduring activation of the reward

pathway.

In contrast to the data supporting the idea that leptin restrains reward, adminis-

tration of dopamine agonists to ob/ob mice has been shown to reverse hyperphagia

(Scislowski et al., 1999). Furthermore, despite there being no change in the density

of tyrosine hydroxylase-immunopositive neurones in the VTA compared to

controls, electrically stimulated dopamine release in the NAcc is markedly reduced

in ob/ob mice (Fulton et al. 2006). Thus, there seems to be a decline in the activity

of the reward system in leptin-deficient mice. Reduced dopamine release and

reduced dopamine receptor binding in the NAcc in the absence of leptin support

the notion that obesity in these animals may be partly based on an insufficiency in

the dopamine-driven “wanting” of food; food intake is not found sufficiently

rewarding and so hyperphagia occurs.

Nevertheless, most data suggest that leptin acts at the mesolimbic system to

restrain responses to food rewards, thereby suppressing the rewarding properties of

feeding and contributing in a reduction in the overall drive to eat. Taken with its

strong anorexigenic effect in circuits of the hypothalamus, leptin could be consid-

ered to signal to distinct brain homeostatic and reward pathways to promote

integrated anorexic or feeding behaviours in the appropriate circumstances.

4.4 Insulin and Reward

Insulin is secreted from b-cells of the pancreas in response to an acute increase in

plasma glucose. Chronic insulin plasma levels mirror fat mass. Insulin promotes

glucose uptake and glucagon storage in skeletal muscle, adipose tissue and the liver

and is also involved in the homeostatic control of food intake. It can cross the blood-

brain barrier and act at hypothalamic neurones to reduce food intake and body

weight (McGowan et al. 1993). In the ARC, both NPY/AgRP/GABA and POMC

neurones express insulin receptors (Marks et al. 1990) and are directly sensitive to

glucose (via KATP channels) and insulin (Belgardt et al. 2009). Mice lacking central

insulin receptors show increased food intake and mild diet-induced obesity

(Br€uning et al. 2000). The peripheral insulin resistance diagnostic of late-onset

type 2 diabetes may also have a central correlate: unlike controls, obese humans
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given intranasal insulin do not respond with a decrease in body weight (Hallschmid

et al. 2008), and a reduction of ventral striatal activity is seen in insulin-resistant

patients (Anthony et al. 2006).

Insulin has a bidirectional effect on dopamine release in the rat striatum. At low

concentrations, insulin increases dopamine release but inhibits release at higher

concentrations (Potter et al. 1999). As observed with leptin, central administration

of insulin can reduce sucrose intake in rats (Figlewicz et al. 2006). Control

conditioned place preference behaviour in response to a high-fat diet disappears

in fed rats given intraventricular insulin (Figlewicz et al. 2004). Insulin activates

immediate-early gene expression in the substantia nigra (Warne et al. 2007) and

exerts its functional effect at the VTA via the ARC and in a fashion dependent on

opioid receptor activation (Figlewicz et al. 2008). However, exposure to a

high-energy diet increases sucrose self-administration and prevents the ability of

centrally administered insulin to reduce sucrose intake. The switch to insulin-

independent reward-driven sucrose intake can be observed even before the devel-

opment of overt obesity (Figlewicz et al. 2006).

Thus, insulin (and leptin) normally stifles the reward response to food. This is

in line with both polypeptides’ anorexigenic effect on homeostatic control of

appetite. But if central resistance to insulin and leptin develops in obesity, this

may eventually contribute to behavioural changes driven by homeostatic and hedonic

systems.

4.5 PYY(3-36) and Reward

Peptide YY (PYY) is secreted from L-cells in the mucosa of the distal gastrointes-

tinal tract. Plasma levels are low during fasting but increase during feeding in

proportion to the calories consumed. PYY inhibits gastric, pancreatic and intestinal

secretion, gastrointestinal motility and is also involved in regulating glucose

homeostasis (Vincent and le Roux 2008). The central effects of PYY are mediated

by the truncated form PYY(3-36). PYY(3-36) is anorexigenic and reduces food

intake in rats via a mechanism dependent on the activation of inhibitory presynaptic

NPY Y2 autoreceptors expressed on orexigenic NPY/AgRP/GABA neurones in the

ARC (Batterham et al. 2002). PYY(3-36) reduces food intake in both lean and

obese humans (Batterham et al. 2003).

The dynamics of PYY(3-36) release may depend on feeding patterns. Indeed in

humans, longer duration meals incorporating breaks from eating result in a lower

and slower release of PYY(3-36) compared to the same meal eaten as a “binge”

(Lemmens et al. 2011). However, no difference in “liking” or “wanting” (assessed

in these subjects by computer-based preference and effort tests) was observed

despite different PYY(3-36) profiles.

Human subjects given a PYY(3-36) infusion to mimic satiety showed activation

of the parabrachial nucleus, the VTA, limbic regions, the ventral striatum and certain

frontal cortical regions as assessed by BOLD imaging (Batterham et al. 2007).
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But the most marked change was seen in the orbitofrontal cortex, a region implicated

in reward processing and known to be less active in people who have successfully

followed a weight-reduction diet (DelParigi et al. 2007). In contrast, the greatest

change in subjects given saline was in the homeostatic centre: the hypothalamus.

Brain activity in both groups predicted the size of a subsequent meal. Both groups

reported the meal to be equally pleasant, but those given PYY(3-36) consumed

fewer calories than those given saline. Thus, PYY(3-36) may have two effects: a

homeostatic brake on food intake and a simultaneous activation of the hedonic

pathway increasing pleasure during the latter stages of feeding. The effect of the

latter of these parallel processes may contribute to a sense of satiation.

5 Centrally Released Peptides Modulating Reward in Feeding

In addition to the growing number of peripheral peptides thought to modulate

reward, peptides traditionally thought of as peripheral signals have been shown to

be synthesised and released in the brain. When released centrally, many of these

peptides mediate physiological processes or behaviours that complement their

peripheral effects. However, some evoke unanticipated behaviours quite unrelated

to their peripheral actions.

5.1 Oxytocin and Vasopressin

Oxytocin and vasopressin are two closely related peptides synthesised in the brain

and released peripherally. Classically, they are involved in maternal physiology and

the control of water homeostasis. Both neuropeptides can be released centrally from

dendrites to act as neurohormonal messengers (Ludwig and Leng 2006). Recently,

they have been shown to have an unexpectedly strong link with the control of

appetite (Douglas et al. 2007; Leng et al. 2008). Hypothalamic oxytocin and

vasopressin gene expression are both markedly downregulated in fasting and

upregulated by leptin (Tung et al. 2008). One of the major sources of oxytocin

and vasopressin is the PVN. The PVN is a source of several neuropeptides

associated with the termination of feeding and is considered an important region

in satiety (Shor-Posner et al. 1985). The PVN is innervated by both NPY- and

a-MSH-containing fibres from the ARC, both oxytocin neurones and vasopressin

neurones express MC4 receptors. Vasopressin (V1aR) receptor knockout mice have

altered glucose homeostasis and suffered from diet-induced obesity (Aoyagi et al,

2007). Central administration of oxytocin inhibits feeding, even in fasted rats

(Lokrantz et al. 1997), oxytocin receptor antagonists reduce the anorexigenic effect

of CCK (Olson et al. 1991), and oxytocin receptor-deficient mice show a preference

for sugar (Amico et al. 2005) and display an obese phenotype in adulthood

(Takayanagi et al. 2008). Oxytocinergic axons arising in the PVN synapse onto
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mesolimbic neurones in the caudal part of the VTA (Succu et al. 2008) and

exogenous oxytocin can reduce dopamine turnover in the striatum and NAcc

(Qi et al. 2008). So, as well as being an important mediator of satiety, oxytocin

may also have a specific role in limiting the intake of rewarding palatable food.

The consumption of sugar is universal in animals and is partly driven by its

hedonic qualities. Sucrose consumption leads to increased dopamine levels in the

NAcc (Hajnal et al. 2004) and an increase in oxytocin gene expression (Olszewski

et al. 2009). The anorexigenic oxytocin system is preferentially activated by

prolonged (but not short-term) intake of sucrose compared to a less palatable

alternative (Mitra et al. 2010). Furthermore, an increase in oxytocin neurone

activity is seen to coincide with the termination of sugar consumption (Olszewski

et al. 2010). Therefore, oxytocin may be involved in signalling satiety after the

desired level of reward during feeding has been achieved. Indeed, satiety could be

thought of as the termination of reward. Satiety may involve multiple anorexigenic

peptides and depend not only on the total amount of food consumed but on the

intake of specific components like sugars and fats (Chaudhri et al. 2008). Regular

intake of high levels of sugar reduces oxytocin activity in response to all foods (not

just sugar) and may blunt the normal satiety response pushing the organism to

obesity.

5.2 Cholecystokinin

Cholecystokinin (CCK) is a peptide secreted from I-cells in the mucosa of the

duodenum in response to the presence of nutrients in the gut lumen. CCK acts at the

stomach, pancreas and gallbladder as a key signal inhibiting gastric emptying

and stimulating enzymatic secretion during digestion. CCK-mediated feedback in

the gut involves the vagal afferent pathway. CCK also acts centrally to inhibit food

intake via an effect on meal size and duration. CCK acts by stimulation of the vagus

nerve and activation of neurones in the nucleus tractus solitarius (NTS), a brainstem

region which receives vagal input and projects to the hypothalamic PVN and

parabrachial nuclei among others (Dockray 2009).

CCK is co-expressed by some dopaminergic neurones in the VTA (Lança et al.

1998). Functional CCK-2 receptors are present in the NAcc, and their activation

results in a decreased dopamine release in that region (Voigt et al. 1985). CCK-2

receptor agonists act in the NAcc to inhibit the rewarding effects of drug self-admi-

nistration (Bush et al. 1999). Peripherally administered CCK suppresses operant

lever pressing in a paradigm to test food reward (Hsiao and Deupree 1983; Babcock

et al. 1985), and the reduced operant response is equivalent to that obtained with

feeding prior to the test. Blocking effects of endogenous CCK with a CCK-

2 receptor antagonist potentiates the development of conditioned behaviour related

to a food reward (Josselyn and Vaccarino 1995) and increases sucrose intake when

injected into the NAcc (Sills and Vaccarino 1996).
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Otsuka Long-Evans Tokushima fatty (OLETF) rats have a spontaneous genetic

deficiency in CCK-1 receptors. They are hyperphagic, obese and express a diabetic

phenotype featuring hyperglycaemia and insulin resistance (Moran and Bi 2006).

OLETF rats work harder to achieve reward-driven sucrose consumption than

controls (Hajnal et al. 2007). This effect is reduced by D2 receptor antagonism

but only in older, obese OLETF rats. These data reinforce the importance of CCK in

curbing continued activation of the reward pathway and also point to a

dysregulation of the dopamine system more readily observable in obesity.

6 Conclusion

Powerful neurobiological forces determine the frequency and composition of

meals, fulfilling not only energy requirements but also hedonic desires. The mid-

brain VTA dopamine system has a primary role in food motivation and reinforce-

ment, receiving integrated information from the environment through visual food

cues and orosensory experiences. This food reward network is regulated by numer-

ous endocrine and metabolic signals, and many circulating peptides have functions

in reward that seem to compliment their function in homeostasis. It is important to

understand the role of these signals in the aetiology of anorexia, bulimia and obesity

with a view to developing novel therapeutic strategies.

Currently, the most successful and widely applied treatment for obesity is

dietary restriction in combination with exercise or bariatric surgery, rather than

drug therapy. Despite an improving understanding of the signalling molecules and

receptors involved in homeostatic and hedonic control of energy balance (and in

contrast to the successful pharmacological control of sequalae of obesity such as

hypertension and type 2 diabetes), pharmacological approaches to prevent or

reverse obesity have had a chequered history (Christensen et al. 2007; Scheen

2010). A case can be made for more refined and diverse strategies involving

manipulation of centrally active peripheral signalling (the gut-brain axis).

Approaches include tailoring macronutrient content to enhance satiety (Abete

et al. 2010), understanding the role of the gut as an endocrine organ (Tolhurst

et al. 2009) and the mechanisms underlying changes in gut peptide secretion

(Holst et al. 2008), examining the importance of environmental cues to feeding

and objective assessment of their impact on hedonic enjoyment (van der Laan et al.

2011; Delzenne et al. 2010), and the effects of the pre- and postnatal environment on

nutrition during later life (Bouret and Simerly 2007; Naef et al. 2011).

There is a potential problem in targeting the reward pathway as a treatment for

obesity. The successful or repeated performance of many essential behaviours

depends on enjoyment of or motivation to perform them. This is pointedly

illustrated by the indifference to feeding and eventual starvation seen in transgenic

dopamine-deficient mice. If pharmacological blockade (or, more realistically,

attenuation) of the reward pathway caused a reduction in enjoyment associated

with a behaviour, the enjoyable behaviour would be performed less frequently or
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not at all. It seems almost tautological to state that there would be no reason to

undertake an unenjoyable behaviour, but it is worth emphasising the point because

the neural correlates of “wanting” and “liking” are observed in numerous

behaviours. Not only in the more obvious like feeding and sexual behaviour, but

also in behaviours perhaps less anticipated to activate the central reward pathway,

like listening to music (Salimpoor et al. 2011) or physical exercise

(Greenwood et al. 2011). Intuitively then, it would seem unprofitable to use drugs

to dampen the reward response; too many behaviours would be negatively affected.

We understand relatively little about how food intake is acutely limited (even

obese individuals eat less than they could in any given day). In other words, the

involvement of reward in reaching satiation and meal termination is not at all clear.

Nonetheless, perhaps it is more reasonable to aim to design anti-obesity drugs that

stimulate slightly the reward response so that the thresholds for satiety and hedonic

satisfaction are reached with fewer mouthfuls. One possible danger is that the

exaggeration of pleasure or motivation by a reward-stimulating drug would mean

that satiation never comes, resulting in enhanced, even compulsive, eating.
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Abstract Ghrelin is the only potent orexigenic peptide in circulation. It stimulates

food intake and leads to positive energy balance, adipogenesis, and body weight

gain. However, the physiological significance of ghrelin in the regulation of energy

homeostasis is controversial, since loss of ghrelin function in rodents does not

necessarily lead to anorexia and weight loss. In this chapter, we discuss the

metabolic function of ghrelin and are highlighting recent findings including the

discovery and function of ghrelin-acylating enzyme ghrelin O-acyltransferase
(GOAT). Based on available published data, we conclude that ghrelin is a
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principally important endogenous regulator of energy balance, which however may

affect both food intake and systemic metabolism via independent mechanisms.

Importantly, ghrelin, when acylated by GOAT, might represent a key molecular

link between the sensing of consumed calories and the neuroendocrine control of

energy homeostasis. Thus, agents antagonizing the action of ghrelin may have

therapeutic potential in the therapy of obesity.

Keywords Ghrelin • Ghrelin-O-acyltransferase • Ghrelin activation • Stimulation

of food intake

Abbreviations

AgRP Agouti-related protein

AMPK 50 AMP-activated protein kinase

BW Body weight

CNS Central nervous system

CoA Coenzyme A

Dap Diaminopropionic acid

ELISA Enzyme-linked immune sorbent assay

FE Food efficiency

FI Food intake

GH Growth hormone

GHRH Growth hormone–releasing hormone

GHSR-1a Growth hormone secretagogue receptor 1a

GI Gastrointestinal

GOAT Ghrelin O-acyltransferase
HFD High-fat diet

KO Knockout

MBOAT4 Membrane-bound O-acyltransferase 4
MCFA Medium-chain fatty acids

MCT Medium-chain triglycerides

mRNA Messenger ribonucleic acid

NPY Neuropeptide Y

POMC Pro-opiomelanocortin

RYGB Roux-en-Y gastric bypass

UCP2 Uncoupling protein 2

1 Introduction

Ghrelin is a gastrointestinal peptide hormone that is mainly produced in the

stomach. The peptide was discovered in 1999 by the group of Kojima et al. as the
endogenous ligand of the growth hormone secretagogue receptor 1a (GHSR-1a),
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which was later renamed to ghrelin receptor. Ghrelin potently stimulates the release

of growth hormone (GH) from primary pituitary cells (Kojima et al. 1999) and acts

synergistically with growth hormone-releasing hormone (GHRH) to stimulate GH

secretion in humans (Arvat et al. 2001). Kojima et al. created the name “ghrelin” in

order to refer to this function. The word ghrelin originates from ghre, the

Proto-Indo-European root of the word “grow,” and -lin indicates ghrelin’s secreta-

gogue function. Only 1 year after its discovery, Tsch€op et al. described that ghrelin
induces food intake and increases adiposity in rodents and humans, a major

breakthrough for the field of metabolic research (Tschop et al. 2000, 2001a).

Intriguingly, ghrelin remains the only so far known circulating peptide that power-

fully stimulates food intake and increases fat mass. Therefore, today, the endoge-

nous ghrelin system is less of a target for GH-related therapies, but rather an

important basis for development of potential drugs that regulate energy metabolism

and body mass.

2 Chemical Structure of Ghrelin and Ghrelin Synthesis

The human ghrelin gene is located on chromosome 3 (3p25–26) and contains 5

exons (Kojima et al. 1999). Only exons 1 and 2 encode the 28 amino acids of the

functional ghrelin peptide. The ghrelin gene has two transcriptional starting sites,

which results in two distinct ghrelin transcripts, transcript-A and transcript-B.

Transcript-A is the main form produced from ghrelin messenger ribonucleic acid

(mRNA). The putative promoter region of the human ghrelin gene contains

predicted binding sites for several transcription factors including AP2, NF-IL6,

NF-B, and half-sites for estrogen- and glucocorticoid-binding elements (Kanamoto

et al. 2004; Kishimoto et al. 2003; Tanaka et al. 2001). Translation of ghrelin

mRNA leads to formation of a ghrelin precursor molecule, which is not yet the

functional 28-amino-acid ghrelin peptide. This ghrelin precursor consists of 117

amino acids, and the amino acid sequence is well conserved among mammals. Rat

and mouse ghrelin for example are identical and differ by only two amino acids

from the human ghrelin (Arg11 and Val12 in human are replaced by Lys11 and

Ala12 in rat/mouse ghrelin). The ghrelin precursor, which is called pre-proghrelin,

contains a signal peptide, which is directly followed by the 28-amino-acid ghrelin

sequence. Additionally to ghrelin, a 23-amino-acid long peptide called obestatin is

encoded by the ghrelin gene (Zhang et al. 2005). Obestatin was believed to have

ghrelin-opposing effects resulting in a decrease in food intake (Zhang et al. 2005).

However, these findings could not be confirmed and currently no obestatin receptor

is known. Therefore, the function and physiological role of obestatin remains

mostly unknown.

In the first step of processing pre-proghrelin to ghrelin, the signal sequence is

removed to produce proghrelin (Fig. 1). Next, proghrelin is cleaved between

arginine and alanine of the C-terminus by the prohormone convertase PC1/3 (Zhu

et al. 2006). The cleavage at this proline–arginine recognition site is rather
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uncommon for propeptide processing; however, it is the same for all mammalian

ghrelins (Seidah and Chretien 1999; Steiner 1998). In another posttranslational

step, the hydroxyl group of serine-3 is acylated with n-octanoic acid or another

medium-chain fatty acid (MCFA), which results in the formation of octanoyl

ghrelin that is generally called acyl ghrelin. This ghrelin modification is unique

among proteins and necessary to activate the ghrelin receptor (Kojima et al. 1999).

However, it is not entirely clear yet at what stage of its processing n-octanoylation
of ghrelin takes place. In vitro, the presence of both ghrelin O-acyltransferase
(GOAT) and prohormone convertase PC1/3 are necessary to produce acyl ghrelin.

This finding suggests that proghrelin becomes acylated before final cleavage to

ghrelin (Takahashi et al. 2009). The final acylated ghrelin peptide is predominantly

produced in the stomach by X/A-like cells, which are located within the gastric

oxyntic mucosa (Date et al. 2000). Further, a certain amount of ghrelin is produced

along the gastrointestinal tract and the pancreas (Date et al. 2000) as well as to

a smaller amount in numerous other tissues including the brain (Cowley et al. 2003;

Fig. 1 From the ghrelin gene to acyl ghrelin. The ghrelin gene GHRL is located in humans on

chromosome 3 and includes 5 exons. Transcription results in synthesis of pre-proghrelin, which is

further cleaved by prohormone convertase 1/3 to proghrelin. During more posttranslational

processes, proghrelin is cleaved into mature des-acyl ghrelin and obestatin. In order to form acyl

ghrelin, proghrelin is acylated at its serin-3 residue with a coenzyme A–activated medium-chain

fatty acid (MCFA-CoA) by the ghrelin O-acyltransferase (GOAT). This step is assumed to take

place in the endoplasmic reticulum
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Mondal et al. 2005), testis (Tena-Sempere 2008), pituitary (Korbonits et al. 2001),

kidney (Mori et al. 2000), thyroid gland (Raghay et al. 2006), and placenta (Gualillo

et al. 2001). Under physiological conditions, ghrelin secretion oscillates in a unique

rhythmic pattern with the circadian light–dark cycle (LeSauter et al. 2009). Ghrelin

secretion surges immediately before a meal (Liu et al. 2008) and is suppressed by

incoming nutrients after food intake (Tschop et al. 2001a).

Generally speaking, serum C-esterases are the predominant enzymes that are

responsible for ghrelin des-acylation, whereas peptidases complete the ghrelin-

molecule breakdown. However, it should be noted that ghrelin des-acylation and

peptide degradation differ highly among species. Therefore, the half-life of acyl

ghrelin varies among species as well. For instance, the half-life of acyl ghrelin is

about 240 min in human serum, whereas it is only 30 min in rat serum (De Vriese

et al. 2004). Further, the mechanism of ghrelin cleavage and the type of enzymes

responsible for ghrelin des-acylation and degradation are remarkably different

between rodents and humans. In human serum, butyrylcholinesterase is one of the

major enzymes responsible for ghrelin des-acylation. In contrast, des-octanoylation

of ghrelin in rodents is nine times faster and predominantly catalyzed by

carboxylesterases (De Vriese et al. 2004). The ghrelin backbone has five cleavage

sites for molecule breakdown, which differ between species and tissue within one

species. Most commonly, the cleavage sites are between the serine-2 and glutamic

acid-8 residues, which leave relatively long C-terminal ghrelin fragments (De

Vriese et al. 2004). These fragments are probably inactive, because the minimal

structural requirement to activate the ghrelin receptor is defined by the N-terminal

region and requires N-acylation of serine-3 (Matsumoto et al. 2001).

Although octanoylation at serine-3 is essential for bioactivity of ghrelin, i.e., the

ghrelin receptor activation, the vast majority (80–90%) of circulating ghrelin is

nonacylated. Since no specific receptor for des-acyl ghrelin is known (Kojima et al.

1999), the general consensus appears to be that without this acyl modification,

ghrelin does not induce relevant effects on energy balance. However, some contro-

versial studies exist which reported orexin-mediated effects of des-acyl ghrelin on

food intake (Toshinai et al. 2006), specific binding sites in cardiomyocytes (Lear

et al. 2010), and ghrelin receptor–independent effects on energy and glucose

homeostasis (Thompson et al. 2004; Toshinai et al. 2006; Zhang et al. 2008).

3 Ghrelin Activation by the Ghrelin O-Acyltransferase

After ghrelin was discovered in 1999, an extensive search for the ghrelin-activating

enzyme started. Finally, in 2008, two independent laboratories showed that the

membrane-bound O-acyltransferase 4 (MBOAT4) is essential to produce octanoyl

ghrelin in vitro. Thus, MBOAT4 was renamed to GOAT (Gutierrez et al. 2008;

Yang et al. 2008a). As shown by GOAT-knockout mice, GOAT is the only enzyme

that acylates ghrelin (Gutierrez et al. 2008; Kirchner et al. 2009).

GOAT is, similar to ghrelin, conserved across vertebrates, and functional GOAT

activity has been shown in humans, rats, mice, and zebra fish (Gutierrez et al. 2008;
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Yang et al. 2008a). Further, sequences with significant sequence similarity to

GOAT exist in other vertebrates, consistent with the conservation of octanoylated

ghrelin across vertebrates (Gutierrez et al. 2008). GOAT has eight predicted

membrane-bound regions and is presumably located in the membrane of the

endoplasmic reticulum (Yang et al. 2008a). In humans, mRNA of GOAT is most

abundant, in stomach and pancreas. In mice, GOAT mRNA is mostly present in

cells also expressing ghrelin (Sakata et al. 2009). To smaller amounts, GOAT is

also expressed in various other tissues including heart, liver, and colon (Gutierrez

et al. 2008). Biochemically, GOAT has two critical substrates, proghrelin and short-

to medium-chain fatty acids that need to be conjugated with coenzyme A (CoA). In

vitro data from cells that express both ghrelin and GOAT show that GOAT can

acyl-modify ghrelin at its critical serine-3 residue with fatty acids that range in

chain length from acetate (C2) to tetradecanoic acid (C14) (Gutierrez et al. 2008).

Nevertheless, most ghrelin in circulation is octanoyl and to a lesser degree decanoyl

modified, although medium-chain triglycerides (MCT) are not abundant in circula-

tion. Importantly, octanoyl- and decanoyl-modified ghrelin forms are the optimal

ligands for activation of the ghrelin receptor (Yang et al. 2008a). The biochemical

mechanisms involved in the generation of these medium-chain fatty acid substrates

for GOAT in the ghrelin-producing cells are still unknown.

Cell-culture studies show that GOAT acylates proghrelin before it is cleaved to

the final ghrelin peptide (Takahashi et al. 2009; Yang et al. 2008b). Furthermore,

des-acyl ghrelin can be acylated in vitro in the presence of microsomes that contain

fatty acid CoA esters and GOAT (Ohgusu et al. 2009; Takahashi et al. 2009). These

studies conclusively demonstrate that GOAT requires its substrates to be activated

as CoA thioesters. Furthermore, these studies contributed to the knowledge that the

short amino acid sequence GXSFX, where G, X, S, and F correspond to unblocked

amino terminal glycine (G), any amino acid (X), serine (S), and phenylalanine (F),

respectively, is sufficient as a recognition site for acylation of GOAT (Ohgusu et al.

2009; Yang et al. 2008b). This recognition sequence appears to be specific for

ghrelin and may suggest that ghrelin is GOAT’s only peptide substrate. Most recent

studies that compare the in vitro selectivity of hexanoyl- and octanoyl-CoA

substrates indicate that GOAT might actually prefer hexanoyl-CoA to octanoyl-

CoA substrates. These studies highlight again the importance of studying the origin

of these fatty acids and their metabolism in the acyl ghrelin-producing cells

(Ohgusu et al. 2009).

4 Ghrelin in the Regulation of Energy Homeostasis

With the discovery of the adipokine leptin, an energy balance and body weight

regulation model was introduced in which caloric intake, nutrient partitioning, fuel

utilization, and energy storage are controlled by neuroendocrine circuits of the

hypothalamus and the hindbrain. According to this model, energy homeostasis is

maintained by a constant flow of information from the gastrointestinal system and
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the adipose tissue to specific agouti-related protein/neuropeptide Y (AgRP/NPY)

and pro-opiomelanocortin (POMC) neurons in the arcuate nucleus of the hypothal-

amus, thereby providing feedback about the current energy status and requirements.

In return, neuropeptides and neurotransmitters in the CNS are released and respond

via neurons of the autonomic nervous system and the endocrine system to the target

organs. As a result, energy homeostasis is constantly monitored and dynamically

regulated by compensation mechanisms of multiple energy balance components.

Ghrelin is one of these components that contribute to the regulation of energy

homeostasis of the whole organism. Ghrelin has many known functions including

a role in metabolic, behavioral, cardiovascular, reproductive, and immunologic

processes [for review see (Kojima and Kangawa 2008; van der Lely et al. 2004)],

and yet additional effects of ghrelin are still being discovered. However, ghrelin is

mostly associated with its growth hormone-stimulating activity and its orexigenic

effect. This chapter will focus on ghrelin’s effects on energy homeostasis.

4.1 Ghrelin and Food Intake

Ghrelin plays an important role in the regulation of energy balance since it has

proven orexigenic effects that lead to adipogenesis and body weight gain. A number

of discoveries established ghrelin’s involvement in the regulation of food intake:

Central ghrelin administration in rodents induces food intake as potently as NPY

(Tschop et al. 2000). Peripheral ghrelin administration reliably induces the sensa-

tion of hunger and increases food intake in lean and obese as well as in healthy and

malnourished individuals (Wren et al. 2001). Ghrelin increases feeding frequency

without affecting the meal size and stimulates gastric motility (Cummings et al.

2007, 2001; Tschop et al. 2000). Intravenous administration of ghrelin in healthy

volunteers increases neural activity in response to food pictures in specific brain

regions that are associated with reward (Malik et al. 2008). Furthermore, ghrelin

secretion is highest before an anticipated meal (Cummings et al. 2001; Tschop et al.

2001a), and incoming nutrients suppress ghrelin levels after a meal (Tschop et al.

2001a). The magnitude of the ghrelin-lowering effect of ingested food is in propor-

tion with the caloric load and macronutrient content, with ingested lipids being the

least effective ghrelin suppressors (Foster-Schubert et al. 2008; Monteleone et al.

2003).

Nonetheless, the mechanism by which ghrelin contributes to the regulation of

energy homeostasis might be independent of long-term food intake. Pharmacologi-

cal doses of ghrelin reliably increase food intake in humans and rodents (Tschop

et al. 2000; Wren et al. 2001). This ghrelin-induced hyperphagia seems to be most

profound when ghrelin is delivered centrally, a very unnatural route of delivery, and

all ghrelin-induced effects on food intake lasts only for few hours. There is no

evidence that physiological doses of ghrelin modulate energy homeostasis by

sustained increase in food intake. Concomitant, mouse models with altered ghrelin,

ghrelin receptor, or GOAT function do not show significant changes in food intake

despite changed energy balance in comparison to wild-type mice (Kirchner et al.
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2009; Pfluger et al. 2008; Sun et al. 2003; Wortley et al. 2005; Zigman et al. 2005).

Pharmacological ghrelin antagonists which were developed as antiobesity drugs

failed to reduce food intake (Zorrilla et al. 2006), and long-term fasting in humans

and rodents, a condition in which hunger-inducing hormones should be highest,

does not increase acyl ghrelin levels (Kirchner et al. 2009; Liu et al. 2008).

Therefore, it can be concluded that ghrelin only increases short-term food intake.

Its significant role in regulating energy homeostasis, however, is likely achieved by

mechanisms other than regulating food intake.

4.2 Ghrelin Increases Body Weight and Fat Mass

In addition to its orexigenic effect, ghrelin strongly induces adipogenesis. Chronic

ghrelin administration promotes weight gain and adiposity in rodents (Tschop et al.

2000) in the absence of overfeeding (Theander-Carrillo et al. 2006). The body

weight gain induced by ghrelin specifically reflects accumulation of fat mass

without changes in longitudinal skeletal growth or in lean mass (Tschop et al.

2000). This effect can be explained by direct actions on energy partitioning, which

leads to a switch from fat to carbohydrates as major fuel source (Longo et al. 2008;

Pfluger et al. 2008). Moreover, central infusion of ghrelin in rodents induces

lipogenesis in white adipose tissue through inhibition of the hypothalamic

melanocortin system (Nogueiras et al. 2007; Sangiao-Alvarellos et al. 2009).

Simultaneous genetic deletion of ghrelin and the ghrelin receptor leads to increased

energy expenditure and locomotor activity in mice, suggesting that ghrelin has a

dampening effect on energy expenditure and activity level (Pfluger et al. 2008).

Thereby, ghrelin defends against energy deficiency beyond its role in mediating

meal-to-meal food intake.

In humans, circulating ghrelin levels are inversely associated with obesity,

insulin resistance, and weight gain (McLaughlin et al. 2004; Tschop et al. 2001b).

Conversely, they are positively correlated with exercise-induced weight loss, low-

calorie diet, mixed lifestyle modification, or pathologic conditions such as anorexia

nervosa and cachexia (Cummings et al. 2002; Nagaya et al. 2001). The lower levels

of ghrelin in obese subjects may reflect a compensatory adaptation mechanism that

aims to reduce a hunger stimulus and might suggest that ghrelin itself is not the key

cause of obesity. In contrast, patients with Prader–Willi syndrome and hyperphagia

have very high circulating ghrelin levels (DelParigi et al. 2002). Rare gene

mutations exist that lead to alterations either in ghrelin itself, its precursor pre-

proghrelin, or its receptor (Hinney et al. 2002; Korbonits et al. 2002; Pantel et al.

2006; Ukkola et al. 2001, 2002). However, these alterations show only a weak

correlation with human obesity and occur much less frequently than mutations in

known obesity-related genes such as the melanocortin receptor subtype 4 and its

pro-opiomelanocortin ligands. Thus, the significance of these rare ghrelin mutations

in the pathogenesis of human obesity is questionable, although this topic needs

further investigation.
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4.3 Central Pathways of Ghrelin Action

The above described orexigenic and adipogenic actions of ghrelin are predomi-

nantly mediated via pathways in the central nervous system that control food intake,

energy expenditure, and nutrient partitioning. Ghrelin is the only blood-derived

hormone capable of activating hypothalamic NPY and AgRP neurons (Cowley

et al. 2003; Dickson et al. 1993), which are currently regarded as very, if not the

most, important players in regulating feeding and energy metabolism (Gropp et al.

2005; Luquet et al. 2005). The orexigenic effect of ghrelin is specifically modulated

through the ghrelin receptor, which is mainly expressed in the hypothalamus.

Peripheral and central ghrelin administration in rodents increases the number of

stimulatory synapses on NPY/AgRP neurons (Nakazato et al. 2001), while it

increases the number of inhibitory synapses on POMC neurons (Cowley et al.

2003). NPY and AgRP are necessary for ghrelin’s actions on feeding behavior,

since ghrelin fails to increase food intake in mice lacking both NPY and AgRP

(Chen et al. 2004). A crucial regulator for the expression of NPY and AgRP is the

hypothalamic homeobox domain transcription factor Bsx (Sakkou et al. 2007),

which is also essential for the control of the spontaneous physical activity and the

hyperphagic response of ghrelin (Sakkou et al. 2007).

The ghrelin receptor most effectively couples to the aq/11 subunit of the G

protein, resulting in activation of phospholipase C and release of inositol phosphate

and diacylglycerol (Holst et al. 2004). Further, signaling via Gai and Gas has been
suggested (Carreira et al. 2004; Dezaki et al. 2007). Calcium release is mediated by

the inositol phosphates or possibly through the bg-subunit of the G protein (Holst

et al. 2005). The “energy sensor,” AMP-activated kinase (AMPK), is the best

characterized kinase activated by ghrelin. Ghrelin-induced increase in NPY/

AgRP expression in the hypothalamus is associated with activation of AMPK

which further increases the expression of uncoupling protein 2 (UCP2) and

upregulation of mitochondrial respiration (Andrews et al. 2008). Yet, the exact

pathway whereby ghrelin modulates AMPK is not fully understood.

4.4 Ghrelin in Starvation

Due to ghrelin’s unique secretion pattern and the fact that it strongly stimulates food

intake, it has been suggested that ghrelin is a meal-initiation factor (Cummings et al.

2001) or “the hunger hormone,” which is secreted during nutrient deficiency and

leads to food intake. However, there are a number of findings that do not seem to fit

this theory. It holds true that plasma concentrations of both acyl and des-acyl

ghrelin, measured with a sophisticated in-house sandwich ELISA, increase before

scheduled meals and decrease during the intermeal intervals in humans (Liu et al.

2008). Nonetheless, these characteristic ghrelin peaks might be rather a learned

food-anticipatory response since they are absent in rats fed ad libitum but are
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inducible by scheduled meal feeding (Drazen et al. 2006). More strikingly,

circulating acyl ghrelin is not increased during prolonged starvation in humans or

mice (Kirchner et al. 2009; Liu et al. 2008) as it was previously believed. These

findings are paralleled by gastric GOAT and ghrelin expression. After long-term

fasting, GOAT mRNA levels are significantly downregulated, and ghrelin mRNA

remains unchanged (Gonzalez et al. 2008; Kirchner et al. 2009). Only des-acyl

ghrelin in circulation increased significantly during the long-term fast (Kirchner

et al. 2009; Liu et al. 2008), which might have led to the previous assumption that

ghrelin increases with fasting. Inadequate sample preparation and poor ghrelin

quantification methods might have further contributed to the false assumption

that ghrelin increases during starvation. Another observation that is consistent

with low acyl ghrelin levels during starvation is that GOAT activity, and thus

ghrelin acylation, is markedly influenced by dietary lipids (Kirchner et al. 2009;

Nishi et al. 2005). Supplementation of MCT in the diet significantly increases the

amount of circulating octanoyl ghrelin (Kirchner et al. 2009). Moreover, transgenic

mice overexpressing both ghrelin and GOAT do not produce acyl ghrelin in

abundance (Kirchner et al. 2009): When fed with standard diet, these mice have

normal blood concentration of acyl ghrelin compared with wild-type mice. Dietary

supplementation of MCT is required to stimulate the ghrelin acylation, which then

results in the expected increase in blood acyl ghrelin, leading to increased body

weight and fat mass in comparison to wild-type mice (Kirchner et al. 2009). These

data clearly show that the regulation of GOAT and its product acyl ghrelin are

dependent on the presence of food rather than on the absence of food. Therefore, it

is unlikely that the expression of both GOAT and ghrelin are key components for

the generation of a hunger signal.

4.5 Ghrelin Deficiency and Altered Ghrelin Function

Although the here described functions of ghrelin clearly show that ghrelin has an

effect on food intake, body weight, and adiposity, the importance of ghrelin in

regulating energy homeostasis might be controversial. The major criticism is fueled

by the finding that knockout (KO) mice with loss of ghrelin, ghrelin receptor, or

GOAT function have normal food intake, body weight, and fat mass, when fed with

standard diet (Kirchner et al. 2009; Sun et al. 2003; Wortley et al. 2004); for review

(Barnett et al. 2010). Further, loss of ghrelin or its receptor does not lead to growth

retardation (Sun et al. 2003), and ghrelin ablation in leptin-deficient mice does

not ameliorate the obesity phenotype (Sun et al. 2006). However, when ghrelin-

deficient mice are chronically exposed to high-fat diet (HFD) directly after

weaning, a clear metabolic benefit from ghrelin-deficiency emerges: Despite simi-

lar food intake, ghrelin-KO mice gain less body weight and body fat than wild-type

mice. Moreover, respiratory quotient is decreased in ghrelin-KO mice that are fed

with HFD, which is indicative for a change in metabolic fuel preference to favor fat

oxidation (Wortley et al. 2005). Similarly, ghrelin receptor–KO mice are protected
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from diet-induced obesity, possibly due to mild hypophagia (Longo et al. 2008;

Zigman et al. 2005). Expression of ghrelin receptor antisense RNA in the arcuate

nucleus of rats leads to hypophagia as well as decreased body weight and body fat

(Shuto et al. 2002). GOAT-KOmice that are fed with a diet that is rich in the GOAT

substrate, medium-chain-triglycerides (MCT), gain less body weight and body fat

and have increased energy expenditure compared with wild-type mice (Kirchner

et al. 2009). In contrast, ghrelin and GOAT overproducing transgenic mice have

significantly increased body weight and body fat when fed with this MCT diet

(Kirchner et al. 2009). The most profound phenotype is achieved by simultaneous

deletion of ghrelin and its receptor. The ghrelin–ghrelin receptor double-KO mouse

shows improved metabolic benefits such as increase energy expenditure and loco-

motor activity together with decreased body weight, body fat, and cholesterol levels

even when fed with a low-fat standard diet (Pfluger et al. 2008). Nonetheless, the

observed phenotypes of mice with altered ghrelin, GOAT, and ghrelin receptor

function are rather mild. It was therefore concluded that ghrelin belongs to a

redundant orexigenic signaling system in which additional food intake-promoting

systems exist that may compensate for the loss of GOAT, ghrelin, or its receptor. In

fact, such compensation may have occurred during early development of these

mice, possibly via enhanced activity of hypothalamic orexigenic neurons (Wortley

et al. 2004). However, basal gene expression of orexigenic neuropeptides such as

AgRP, POMC, NPY, and melanin-concentrating hormone are not changed in

ghrelin-KO mice (Wortley et al. 2004). Taken together, ghrelin, GOAT, or ghrelin

receptor deficiency ameliorates the development of obesity after chronic exposure

to HFD or MCT diet. Furthermore, the simultaneous deletion of ghrelin and its

receptor results in lower body weight and fat mass on standard diet independently

of the amount of food intake. These results clearly demonstrated that ghrelin does

play an important role in regulating energy balance that cannot be fully substituted

by other factors.

4.6 Ghrelin in the Treatment of Obesity

4.6.1 Ghrelin and Ghrelin Receptor Antagonists

Due to its function to increase body weight and body fat, ghrelin is one of the most

interesting targets for pharmacotherapy. One possibility to counteract ghrelin’s

effects is to antagonize the ghrelin receptor. Indeed, several ghrelin receptor

antagonists have been developed and tested in rodents and humans as potential

antiobesity drugs (Table 1). The structure of the early ghrelin receptor antagonists

was mostly on a peptide basis, resulting in relatively large molecules. Rodent

studies using those molecules showed that the ghrelin receptor antagonists need

to cross the blood–brain barrier since for most compounds intracerebroventricular

(icv) administration is required to efficiently decrease food intake and body weight

(Asakawa et al. 2003; Nakazato et al. 2001; Xin et al. 2006). [D-Lys-3]-GHRP-6,
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also a peptide-based GHSR antagonist and analogue of one of the synthetic growth

hormone secretagogues, exhibits some effects on food intake and body weight

when administered peripheral in mice (Asakawa et al. 2003). Nevertheless, it is

not entirely clear if the decrease in food intake and body weight observed after

[D-Lys-3]-GHRP-6 administration is exclusively due to ghrelin receptor blockage

given that [D-Lys-3]-GHRP-6 also binds tomelanocortin receptors (Schioth et al. 1997),

Table 1 Pharmacological modifications of the ghrelin system

Compound Function Effect Test system Selected references

BIM-28163 Selective GHSR-1a

antagonist

" BW Cell culture, rats Halem et al. (2004)

Capromorelin GHSR-1a agonist " GH Cell culture, mice Kitazawa et al. (2005)

CP-464709-18 GHSR-1a agonist " FI

" Memory

" Anxiety

Rats, mice Atcha et al. (2009),

Carpino et al.

(2002)

[Dap3]octanoyl

ghrelin

GOAT inhibitor # Acyl ghrelin Cell culture Yang et al. (2008b)

[D-Lys-3]GHRP-6 Nonselective GHSR-

1a antagonist

# FI

# BW

Rats, mice Asakawa et al. (2003),

Rudolph et al.

(2007)

Ghr1, Ghr2, and

Ghr3

Ghrelin

immunoconjugates

(vaccination)

# BW gain

# FM

Rats Zorrilla et al. (2006)

GHR-11E11 Ghrelin antibody

catalyst

" BMR

# FI after

fasting

Mice Mayorov et al. (2008)

GHRP-6 Synthetic GHS " FI, improved

heart

function

Cell culture, mice Kitazawa et al. (2005)

GO-CoA-Tat GOAT inhibitor # BW gain

# FM

Cell culture, mice Barnett et al. (2010)

GSK894490A GHSR-1a agonist " BW

" Memory

Rats Atcha et al. (2009)

Hexarelin Synthetic GHS " FI, improved

heart

function

Humans Arvat et al. (2001)

L-NOX-B11 GHSR–RNA

spiegelmer

# Acute FI

# GH

Cell culture, rats Helmling et al. (2004)

MK-677 GHSR-1a agonist " GH Cell culture, rats,

humans

Holst et al. (2009),

Smith et al. (1997)

RC-1139 Ghrelin analogue " Gastric

emptying

Rats Poitras et al. (2005)

RC-1291 Ghrelin mimetic " BW Humans Garcia and Polvino

(2007)

Triazole derivates Competitive GHSR-1a

antagonists and

partial GHSR-1a

agonists

# FI Cell culture, rats Demange et al. (2007),

Moulin et al.

(2007), Moulin

et al. (2008)

TZP-101 GHSR-1a agonist " Gastric

emptying

Rats, humans Ejskjaer et al. (2010),

Venkova et al.

(2007), Wo et al.

(2011)

" increase, # decrease, BMR basal metabolic rate, BW body weight, FE food efficiency, FI food
intake, GH growth hormone
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which are known to play a crucial role in the regulation of energy balance. The

selective ghrelin receptor antagonist BIM-28163, which is a full-length human

ghrelin analogue, decreases the amplitude of GH secretion when administered

subcutaneous or centrally but surprisingly fails to significantly decrease food intake

in rats (Halem et al. 2005). Later on, some small-molecule ghrelin receptor

antagonists, mostly on nonpeptidyl basis (Cheng et al. 1993; Xin et al. 2006), have

been designed [for review see (Zhao and Liu 2006) and (Zizzari et al. 2011)]. Similar

to the peptide-based GHSR antagonists, most of them lack significant effects on

body weight and food intake in vivo, mostly due to poor bioavailability and limited

brain permeability (Xin et al. 2006; Zhao and Liu 2006).

Currently, ghrelin antagonists are in preclinical development or early phases of

clinical development, and it is presently unclear whether they will work as well in

humans as the physiology of the ghrelin hormone suggests. In addition, ghrelin-

neutralizing strategies which include vaccination against ghrelin (Zorrilla et al.

2006) and inhibition of ghrelin gene transcription (Helmling et al. 2004) have been

developed. However, similar to ghrelin receptor antagonists, these approaches to

antagonize ghrelin action had only limited success in the prevention or reversal of

obesity (Shearman et al. 2006). It is difficult to interpret the somewhat disappoint-

ing results from pharmacological modification of ghrelin and ghrelin receptor

modification, especially since many of the compounds have an effect on GH release

but not on food intake and body weight. Besides the high constitutive activity of the

ghrelin receptor, possible explanations could be that the ghrelin receptor is known

to signal through multiple signal transduction pathways (Carreira et al. 2004; Holst

et al. 2005). Further, it is postulated that other yet unknown receptor ligands and

ghrelin receptors exist (Pfluger et al. 2008).

4.6.2 Ghrelin and Bariatric Surgery

Ghrelin is the only known circulating peptide that promotes adiposity, and it is the

only gastrointestinal (GI) peptide that is predominantly produced in the stomach.

Thus, the question arose what happens to ghrelin after bariatric surgery where the

ghrelin-producing cells in the stomach are either bypassed or even removed. In

theory, one would expect that total ghrelin levels drastically fall after some types of

bariatric surgery, because the food does not contact the ghrelin-producing cells in

the stomach and duodenum anymore. One exemption would be gastric banding

where food uptake into the stomach is hindered but where the anatomy of the GI

tract is unchanged. In fact, weight loss after gastric banding is not as pronounced as

after the invasive surgical procedures such as the Roux-en-Y gastric bypass

(RYGB), which led to the theory that changes in ghrelin might be important for

the success of those surgeries. One of the first studies about effects of RYGB on

ghrelin concentrations reported that ghrelin significantly decreased after the surgery

compared to both obese controls and a nonoperated control group that lost weight

by dieting (Cummings et al. 2002). The diurnal secretion pattern of ghrelin was

completely lost after RYGB, and ghrelin concentrations remained at a minimum
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throughout a 24-h observation period (Cummings et al. 2002). Further, it could be

shown that subjects who were still losing weight after RYGB had higher levels of

ghrelin than subjects who had already achieved a steady nadir weight (Faraj et al.

2003). In contrast, a recent study reported that neither fasting plasma concentration

of ghrelin nor ghrelin area under the curve during a meal challenge change after

RYGB surgery (Korner et al. 2009). Subjects who underwent the less efficient

gastric banding respond with a significantly increased ghrelin area under the curve

after the meal challenge (Korner et al. 2009). The diversity of existing data,

including the two mentioned studies, might be due to inhomogeneous study

conditions that vary from fasted, nonfasted, and meal-challenged. Secondly, often

only plasma concentration of total ghrelin is reported without differentiating

between the active acyl and the des-acyl form. In addition, it has been shown

previously that it is difficult to interpret total ghrelin plasma values because it is

possible that the ratio between acyl and des-acyl ghrelin changes with no alteration

of the total ghrelin concentration (Kirchner et al. 2009; Nishi et al. 2005). Never-

theless, results of studies in which acyl ghrelin is measured seem to be contradictory

as well. Reports about increased, unchanged, and decreased acyl ghrelin

concentrations after various types of bariatric surgery including gastric bypass,

gastric band, biliopancreatic diversion, and sleeve gastrectomy exist (Holdstock

et al. 2003; Kotidis et al. 2006; Langer et al. 2005). It should be mentioned at this

point that most studies quantifying circulating ghrelin levels with antighrelin

antibodies might be critically flawed, because appropriate blood sampling regimen

preventing deacylation of ghrelin are often neglected. Moreover, commonly used

immunoassays are either not sufficiently specific for acyl ghrelin or have not been

thoroughly calibrated by comparison with mass spectrometry or other specific

methods. In summary, it is still unclear whether ghrelin levels change after bariatric

surgery and if so, in which direction. However, by resecting a large part of the

stomach alone and thereby removing a significant portion of ghrelin-producing

cells, gastric bypass surgery may lead to a decrease in ghrelin, which might

contribute to the weight loss and reduction in fat mass seen after the surgery

(Cummings et al. 2002). Only the development of new ghrelin assays and the

correct re-collection of plasma samples will allow researchers to reliably answer

whether or not ghrelin plays a role in the weight loss seen after bariatric procedures.

4.6.3 Pharmacological GOAT Inhibition

Theoretically, modification of GOAT activity would be an elegant way to alter

ghrelin action and energy balance, especially since ghrelin seems to be the only

peptide substrate of GOAT. Mouse models with altered GOAT function show that

GOAT plays a significant role in the regulation of energy homeostasis (Kirchner

et al. 2009). Thus, pharmacologic GOAT inhibition might have some potential to

treat obesity. Indeed, GOAT-inhibiting molecules were developed recently (Barnett

et al. 2010; Yang et al. 2008b). Yang et al. designed GOAT-inhibiting peptides with

the use of a newly developed biochemical assay to study GOAT activity in vitro
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(Yang et al. 2008b). First, they could show that GOAT activity is enhanced by the

presence of long-chain fatty acid residues coupled to CoA. Secondly, the substrate

recognition sequence of GOAT was identified as being glycine-1, serine-3, and

phenylalanine-4. These two findings were crucial for the development of potential

GOAT agonists and antagonists, since replacement of one of these amino acids

leads to inhibitory effects on GOAT. Additionally, Yang and colleagues designed a

GOAT inhibitory ghrelin-like pentapeptide that corresponds to the GOAT recogni-

tion sequence but is amidated at the C-terminus (Yang et al. 2008b). Interestingly,

this amidated ghrelin-like pentapeptide is able to be octanoylated by GOAT, and

the inhibitory effects on GOAT activity are likely due to end-product inhibition.

The most efficient inhibition of GOAT activity, however, is achieved by the above

described amidated ghrelin-like pentapeptide in which serine-3 is replaced by

octanoylated (S)-2,3-diaminopropionic acid (Dap). Importantly, the octanoyl resi-

due is linked to Dap through an amide bond and not the ghrelin-typical ester bond

(Yang et al. 2008b).

Another GOAT inhibitor named GO-CoA-Tat shows impressive effects on

energy and glucose homeostasis in vivo (Barnett et al. 2010). GO-CoA-Tat is a

substrate analogue that was designed based on the fact that GOAT generates acyl

ghrelin through a ternary complex mechanism by using two substrates, medium-

chain fatty acids and proghrelin. The GOAT-inhibiting action of GO-CoA-Tat was

achieved by linking the two GOAT substrates with a noncleavable bridge so that the

binding energies of the individual ligands are combined without the entropic loss

that is normally associated with forming the physiological ternary complex. The

GOAT inhibitory effect of GO-CoA-Tat was studied in vitro in cell models that

stably express GOAT and pre-proghrelin. GO-CoA-Tat inhibits the production of

acyl ghrelin with maximal efficiency 24 h after treatment (Barnett et al. 2010). The

observed delay in inhibition of acyl ghrelin production is presumably caused by

preformed acyl ghrelin stores within the cells. To follow up on this idea, the effects

of GO-CoA-Tat on acyl ghrelin production were tested in vitro with recombinant

microsomal GOAT. In this model, nearly complete GOAT inhibition is achieved

only 5 min after GO-CoA-Tat treatment (Barnett et al. 2010). Consequently, it is

very likely that significant amounts of preformed acyl ghrelin exist within the

ghrelin-producing cells. The effects of GO-CoA-Tat on GOAT inhibition were

further tested in wild-type mice. GO-CoA-Tat treatment successfully reduces acyl

ghrelin concentrations in serum with maximal inhibition after 6 h (Barnett et al.

2010). GO-CoA-Tat does not change serum concentrations of des-acyl ghrelin in

mice. The inhibition of GOAT, which results in substantial decreased acyl ghrelin

production, leads to a significant reduction in body weight and fat mass indepen-

dently of food intake in mice that were chronically treated with GO-CoA-Tat in

comparison to mice treated with control substance. Importantly, GO-CoA-Tat is

very likely to be GOAT specific since treatment of ghrelin-KO mice with GO-CoA-

Tat does not change body weight and fat mass in comparison to ghrelin-KO mice

that are treated with vehicle (Barnett et al. 2010). Interestingly, wild-type mice that

are treated with GO-CoA-Tat have decreased blood glucose and lower IGF-1 levels

compared to mice treated with control substance. Consequently, GO-CoA-Tat
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treatment decreases glucose excursion curve by increased insulin secretion during a

glucose tolerance test in mice. Again, studies in ghrelin-KO mice could prove the

specificity of GO-CoA-Tat for GOAT inhibition since glucose tolerance and insulin

secretion is not improved in ghrelin-KO mice treated with GO-CoA-Tat. Similar to

the wild-type mouse studies, human islet cells that were pretreated with GO-CoA-

Tat before a glucose challenge show a significantly increased insulin secretion

compared with cells treated with the control substance prior to the glucose chal-

lenge. A possible mechanism for the glucose-lowering effect of GOAT inhibition

could be that GO-CoA-Tat decreases expression of uncoupling protein 2 (UCP2),

which is known to suppress insulin secretion, by 20-fold in islets of GO-CoA-Tat-

treated mice (Barnett et al. 2010). Overall, the development of the GOAT-inhibiting

molecules (Barnett et al. 2010; Yang et al. 2008b) contributed largely to the

understanding of the mechanisms of GOAT activity. Moreover, pharmacological

GOAT inhibition with GO-CoA-Tat resulted in promisingmetabolic benefits in vivo

and will guide the development of GOAT-inhibiting molecules that could poten-

tially be used for the treatment of obesity and type 2 diabetes mellitus in the future.

5 Summary and Conclusion

The peptide hormone ghrelin is involved in the regulation of energy balance by

increasing food intake, inducing lipogenesis, reducing energy expenditure, and

modulating nutrient partitioning. The promotion of weight gain and adipogenesis,

however, are not driven by increased food intake alone. Since ghrelin acylation

seems to be substantially modified by food intake and fatty acid composition of the

ingested food, ghrelin might be a gastric lipid sensor that signals the caloric intake

to the brain (Kirchner et al. 2009). In addition, ghrelin might induce an anticipatory

activity to optimally prepare the organism for the incoming nutrients (Kirchner

et al. 2009; LeSauter et al. 2009). Ghrelin secretion and acylation appear to

represent two parallel processes, which are regulated independently as indicated

by the existence of ghrelin reservoirs in cells (Barnett et al. 2010). However, if

synchronized, these two processes can promote the efficiency of the ghrelin path-

way by linking both entrained meal patterns via ghrelin’s specific secretory profile

and the abundance of dietary lipids as sensed by GOAT activity (Fig. 2). Therefore,

Fig. 2 Physiological regulation of ghrelin acylation. (a) During food intake, sufficient dietary

lipids are available to acylate ghrelin by GOAT. Part of the newly synthesized acyl ghrelin is

stored in a reservoir. Further, a significant amount is released into the circulation to signal to the

brain the abundance of calories. As a result, the organism maximizes food intake and optimizes the

storage of nutrients by promoting adipogenesis and shifting the metabolism toward carbohydrate

oxidation. Energy-consuming processes such as growth are started. (b) During intermeal intervals,

dietary lipids are spared. Preformed acyl ghrelin is released from its reservoir to optimally prepare

the organisms for the anticipated incoming nutrients. (c) After long-term starvation, the acyl

ghrelin reservoir is emptied. The fasting-induced lack of dietary lipids further prevents ghrelin

acylation, and GOAT gene expression is downregulated. A baseline production of acyl ghrelin is

maintained by using endogenous lipids as GOAT substrate. Green arrows indicate increase. Red
arrows indicate decrease

�
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when meal-entrained ghrelin secretion occurs during a phase where ghrelin is

acylated by dietary lipids via GOAT, this pathway reaches its maximum efficiency:

In times of abundant calorie availability, the activated ghrelin pathway serves its

intended purpose of maximizing the intake and optimizing the storage of nutrients

(Fig. 2a). When ghrelin is activated not only directly by diet-derived lipids but also

by circulating and adipocyte-derived fatty acids, the system may still be able to

ensure an optimum balance between storing versus utilizing lipid-derived calories.
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Abstract GLP-1 receptors are expressed in the brain, especially in the regions

responsible for the regulation of food intake, and intracerebroventricular injection

of GLP-1 results in inhibition of food intake. Peripheral administration of GLP-1

dose-dependently enhances satiety and reduces food intake in normal and obese

subjects as well as in type 2 diabetic patients. So far, the mechanisms by which

GLP-1 exerts its effects are not completely clear. Interactions with neurons in the

gastrointestinal tract or possibly direct access to the brain through the blood–brain

barrier as observed in rats are possible and discussed in this chapter as well as

a novel hypothesis based on the finding that GLP-1 is also expressed in taste cells.

Finally, the role of GLP-1 receptor agonists as a possible treatment option in obesity

is discussed as well as the role of GLP-1 in the effects of bariatric surgery on

adiposity and glucose homeostasis.
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Incretins • Obesity

1 Incretin Hormones

Upon stimulation by nutrients after a meal, the intestinal mucosa secretes the

gastrointestinal hormones GLP-1 and GIP (gastric inhibitory polypeptide or glu-
cose-dependent insulinotropic polypeptide) from the endocrine L and K cells,

respectively (Wellendorph et al. 2009). Both hormones are responsible for approxi-

mately 60% of the postprandial insulin secretion and contribute to the so-called

incretin effect. This effect describes the phenomenon that orally ingested glucose

leads to a much larger insulin response than an isoglycemic, intravenous glucose

load (Creutzfeldt 1979; Nauck et al. 1986).

Exogenous GLP-1 application either by subcutaneous or intravenous injection

resulting in supraphysiological GLP-1 plasma concentrations restores the incretin

effect with an adequate insulin response under hyperglycemic conditions (Nauck

et al. 1993).

2 Biosynthesis of GLP-1 and Overview on Its Pleiotropic

Actions

The glucagon gene encodes a large peptide sequence of 158 amino acids that

contains not only the sequence of glucagon but also that of other peptides that are

formed posttranslationally by organ-specific and cell-specific processing (Bell et al.

1983; Holst et al. 2007; Ørskov et al. 1987). In the neuroendocrine L cells of the

intestinal mucosa and in the central nervous system, preproglucagon is cleaved

mainly to generate GLP-1. In the pancreatic alpha cells of the islets, glucagon is the

major biologically active peptide generated from preproglucagon. Figure 1 shows

the schematic tissue-specific posttranslational processing of GLP-1.

GLP-1 binds to highly specific GLP-1 receptors that belong to the G protein

coupled seven-transmembrane-spanning (7TM) receptors (Drucker and Nauck

2006). After binding to its receptor, adenylate cyclase is activated, and GLP-1

effects are mediated mainly via the cAMP and protein kinase A pathways

(Gromada et al. 1996; Reimer 2006). GLP-1 shows numerous physiological actions

in various tissues and a broad therapeutic potential (see Fig. 2 for details).

The two most important metabolic actions of GLP-1 are that it stimulates insulin

secretion of the pancreatic beta cells and additionally inhibits glucagon secretion

from the alpha cells. These two actions on the islet occur in a strictly glucose-

dependent manner and lead to a normalization of hyperglycemia. Under hypogly-

cemic conditions, the counter-regulation by glucagon is not affected, and insulin

secretion is not stimulated. GLP-1 is therefore not able to elicit hypoglycemia by
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itself. These physiological properties of GLP-1 later translated into the pharmaco-

therapy of type 2 diabetes with incretin-based therapies (Drucker and Nauck 2006).

Like other gastrointestinal regulatory peptides, GLP-1 has multiple further

actions. In the gastrointestinal tract, GLP-1 slows gastric emptying after a meal.

This effect also contributes to a normalization of postprandial hyperglycemia,

promotes a feeling of fullness and possibly a secondary reduction of appetite

(Meier et al. 2003a; Holst et al. 2008). In addition, GLP-1 binds to its receptor on

hypothalamic neurons and stimulates satiety by direct actions described in detail in

this chapter. These two satiety-promoting effects explain that long-term treatment

with GLP-1 receptor agonists leads to long-term weight loss that persists as long as

GLP-1 is given (Drucker and Nauck 2006).

Animal studies in different rodent species and studies in isolated human islets

showed beneficial long-term actions of GLP-1: insulin synthesis is stimulated, and

beta-cell mass is restored in rodent models of type 2 diabetes (Brubaker and

Drucker 2004; Drucker and Nauck 2006; Fehmann and Habener 1992). Presently,

it is not known whether these findings reflect an additional benefit in type 2 diabetes

therapy in that GLP-1 slows or even stops disease progression. Long-term study

data from clinical studies or clinical use of GLP-1 receptor agonists (GLP-1 RA) in

type 2 diabetes with a sufficient observation time are still not yet available.

delays gastric emptying
reduces digestive secretions

delays gastric emptying
reduces digestive secretions

stimulates mucosal growth

stimulates hepatic
glucose pruduction

functions
see Fig. 2

Fig. 1 Posttranslational processing of proglucagon in different tissues. Differential posttransla-
tional processing of proglucagon in the pancreas and in the gut and brain. The numbers indicate
amino acid positions in the 160-amino acid proglucagon sequence. The vertical lines indicate

positions of basic amino acid residues, typical cleavage sites. GRPP glicentin-related pancreatic

polypeptide, IP-1 intervening peptide-1, IP-2 intervening peptide-2. The major known biological

actions of the peptides resulting from proglucagon processing are also shown (adapted from Holst

2007 and Pellissier et al. 2004)
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Furthermore, there are presently no reliable, validated methods to quantify beta cell

mass in humans in a clinical setting.

Additionally, recent studies demonstrated that therapeutic application of GLP-1

or GLP-1 RA improved cardiovascular parameters. Systolic blood pressure is

lowered by GLP-1 RA treatment for type 2 diabetes, and beneficial effects of

GLP-1 on myocardial ischemia were observed in animal models as well as positive

effects on left ventricular function in heart failure. These promising effects may

also have important clinical implications for type 2 diabetes therapy with GLP-1

RA (Courreges et al. 2008; Klonoff et al. 2008; Sokos et al. 2006).

GLP-1 receptors are also expressed in the brain, especially in the regions

responsible for the regulation of food intake (G€oke et al. 1995), and intracerebro-

ventricular injection of GLP-1 results in inhibition of food intake (Tang-Christensen

Heart
Cardioprotection

Neuroprotection
Appetite

Gastric emptying

Glucose production

Insulin secretion

Glucagon secretion
Insulin biosynthesis

β-cell proliferation

β-cell apoptosis

Glucose uptake
and storage

Cardiac function

Brain

Intestine

Liver

Adipose
tissue Muscle

Insulin
sensitivity

Stomach

Pancreas

Fig. 2 GLP-1 actions in peripheral tissues. The majority of the effects of GLP-1 are mediated by

direct interaction with GLP-1Rs on specific tissues. However, the actions of GLP-1 in liver, fat,

and muscle most likely occur through indirect mechanisms (adapted from Baggio and Drucker

2007)
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et al. 1996; Turton et al. 1996). Peripheral administration of GLP-1 dose-depen-

dently enhances satiety and reduces food intake in normal subjects (Flint et al. 1998;

Verdich et al. 2001), obese subjects (N€aslund et al. 1999), and type 2 diabetic

patients (Gutzwiller et al. 1999; Zander et al. 2002). The mechanisms by which

GLP-1 exerts its effects are not completely clear yet. Interactions with neurons in the

gastrointestinal tract or possibly direct access to the brain through as observed in rats

(Ørskov et al. 1996) are possible and discussed in this chapter as well as other novel

hypothesis based on the finding that GLP-1 is also expressed in taste cells. Finally,

the role of GLP-1 receptor agonists as possible treatment options in obesity is

discussed as well as the role of GLP-1 in the weight losing and metabolic effects

after various methods of bariatric surgery.

3 Central Effects of GLP-1

3.1 Direct Dentral Effects of GLP-1 in the Hypothalamus

As early as in 1988, it was shown that GLP-1 is also synthesized in the CNS in the

caudal part of the nucleus of the solitary tract (Jin et al. 1988) in addition to its

peripheral synthesis in the intestinal L cell. Receptors for GLP-1 are expressed

throughout the brain widely, with highest levels in the paraventricular nucleus

(Larsen et al. 1997b; Van Dijk et al. 1996; Turton et al. 1996). The presence of

both, the peptide GLP-1 and the GLP-1 receptor, in the CNS points toward

important physiological actions of GLP-1 in the CNS in addition to its actions on

the peripheral system.

The first report that GLP-1 exerted effects in the central nervous system (CNS)

came from Turton and colleagues. This group gave intracerebroventricular (icv)

injections of GLP-1 to rats. The injections reduced the food intake of the animals

compared to saline-treated control rats (Turton et al. 1996). The group also

demonstrated the presence of GLP-1-containing neurons in the rat brain in hypo-

thalamic areas that are known to be responsible for regulating satiety and food

intake.

Since then, there has been a great interest in understanding the role of GLP-1 in

the regulation of food intake and satiety. In the rat, other groups confirmed the

findings of Turton by using either GLP-1 or exendin-4, a naturally occurring GLP-1

RA (Meeran et al. 1999; Turton et al. 1996; Tang-Christensen et al. 1996). In

humans, subcutaneous or intravenous application of GLP-1 also reduced hunger

and food intake, prandial injections in obese subjects led to a reduction in food

intake (N€aslund et al. 2004). Blocking GLP-1 action in the CNS by using the GLP-1

receptor antagonist exendin(9–39) increased food intake in rats that had had icv

injections with exendin(9–39), and additionally facilitated weight gain in these

animals after long-term administration (Turton et al. 1996).
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Icv injections of GLP-1 receptor agonists inhibit food intake in rodents (Turton

et al. 1996; Meeran et al. 1999). Repeated icv administration of GLP-1 in rats leads

to weight loss (see Fig. 3). Conversely, icv injection of the GLP-1 receptor antago-

nist exendin(9–39) promoted weight gain in the animals, and exendin(9–39)

administered simultaneously with the central orexigenic agent neuropeptide Y

(NPY) resulted in an increased food intake and weight gain compared with that

observed with neuropeptide Y alone (Meeran et al. 1999; Abu-Hamdah et al. 2009).

In this respect, it is important that the intestinal L cells cosecrete GLP-1 and peptide

YY (PYY). Immunohistological studies demonstrated that these peptides are

Fig. 3 Effect of multiple icv injections of GLP-1 on food intake and body weight. Food intake (a)

and body weight (b) after daily icv injection of GLP-1 or saline as control are shown. The hatched
bars and filled circles represent animals given 3 nmol GLP-1, and the open bars and open circles
represent control animals that received saline. Food intake and body weight were significantly

decreased through the study period in animals receiving GLP-1 (P < 0.05 for both groups). Body

weight was similar in noninjected controls (open triangles) and those given icv normal saline

(from Meeran et al. 1999 with permission)
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colocalized and coreleased from these cells. The truncated PYY(3–36), comprising

the major circulating form of PYY, has been reported to be a potent anorexigenic

agent in rats as well as in man (Batterham et al. 2002, 2003). Although these effects

have not been reproduced by others (Tsch€op et al. 2004; Boggiano et al. 2005),

it was suggested that the corelease of GLP-1 and PYY has an important roles in the

mediation of satiety (Abu-Hamdah et al. 2009).

It has further been demonstrated that GLP-1 may play a role in the regulation of

the hypothalamic pituitary axis via effects on CRH, LH, TSH, oxytocin, and

vasopressin secretion (Beak et al. 1996, 1998). The available evidence suggests

that taste and/or food aversion induced by GLP-1 is mediated by different CNS

pathways (Kinzig et al. 2002; Seeley et al. 2000; Tang-Christensen et al. 1996).

The GLP-1 receptor is widely expressed in the rodent brain in the hypothalamic

arcuate nucleus (ARC), the paraventricular nucleus (PVN), and supraoptic nuclei

(Shughrue et al. 1996). Furthermore, GLP-1 neurons of the solitary tract predomi-

nantly project into the PVN (Larsen et al. 1997a). The food-intake decreasing effect

of GLP-1 in rodents is associated with an increase in c-Fos expression in the ARC

(Larsen et al. 1997b). In rats treated with monosodium glutamate, the inhibitory

effect of GLP-1 on hunger-induced feeding was completely abolished (Tang-

Christensen et al. 1998). Additionally, GLP-1 stimulates the electrical activity of

proopiomelanocortin (POMC) neurons via the protein kinase A pathway and

a consecutive increase of L-type calcium currents (Ma et al. 2007). These findings

suggest that the hypothalamic ARC may play a role in GLP-1-induced inhibition of

food intake.

The regulation of energy balance involves the interaction of numerous regu-

latory peptides and neurotransmitters in the hypothalamus. The orexigenic peptides

neuropeptide Y (NPY) and agouti-related peptide (AgRP) as well as the anorexi-

genic peptides POMC and cocaine- and amphetamine-related transcripts (CART)

are produced in the ARC of the hypothalamus and play an important role in the

regulation of energy intake and energy expenditure (Schwartz et al. 2000). The

hypothalamic neurons are sensitive to satiety and hunger signals such as cholecys-

tokinin (CCK) and ghrelin. These hypothalamic neurons are also sensitive to

signals of long-term energy stores such as insulin and leptin (Schwartz et al.

2000). However, the effect of GLP-1 on the expression of these hypothalamic

mediators is not completely known. NPY and AgRP expression as measured by

mRNA concentrations is increased during fasting. These hunger-induced increases

are significantly diminished by icv injections of GLP-1. Conversely, the

expressions of POMC and CART are decreased during fasting, and again, these

changes are attenuated by the icv injection of GLP-1. Additionally, when deter-

mining mRNA concentrations of AMP-activated kinase (AMPK), a stimulation of

hypothalamic AMPKa2 could be observed during fasting that was also inhibited by
GLP-1 application. In summary, these findings suggest that the decreased food

intake mediated by GLP-1 is facilitated by the above mentioned changes of

orexigenic and anorexigenic hypothalamic neurotransmitter expression changes

(Seo et al. 2008).
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Another regulatory system most likely to be involved is a GLP-1-mediated

activation of the hypothalamo–pituitary–adrenocortical (HPA) axis (Larsen et al.

1997a; Larsen et al. 1997b). This mechanism primarily involves the stimulation of

corticotropin-releasing factor (CRF) neurons by GLP-1, and this activation may

also be responsible for the inhibition of feeding behavior. There seem to be species

differences regarding this regulatory mechanism: in rats, plasma concentrations of

corticosterone were rapidly increased after central administration of GLP-1,

whereas icv injections of GLP-1 did not alter plasma corticosterone concentrations

in the neonatal chick (Furuse et al. 1997).

In neonatal chicks, a noradrenergic mechanism was shown to contribute to the

anorexigenic effect of GLP-1 (Bungo et al. 2001a). Icv administration of norepi-

nephrine (NE) suppressed food intake and produced narcolepsy comparable to the

effect of GLP-1 in chicks. Although dopamine (DA) did not alter food intake, the

coadministration of inhibitors of dopamine-b-hydroxylase (DBH) or fusaric acid

(FA) attenuated the suppressive effect of GLP-1 on feeding behavior. Thus, it is

suggested that there may be interactive relationships between GLP-1 and noradren-

ergic regulatory systems in chicks (Bungo et al. 2001b), and that additionally, there

may be species differences in GLP-1-mediated appetite control.

3.2 GLP-1 in Taste Cells

GLP-1 and PYY are secreted not only from L cells in the small intestine but also

from mammalian taste cells. Both cell types, human duodenal L cells and taste cells

of the tongue, express the sweet taste receptor G protein gustducin that may

additionally be involved in the regulation of GLP-1 release (Jang et al. 2007).

In many L cells, GLP-1, gustducin, and PYY are colocalized (Jang et al. 2007).

Furthermore, GLP-1 is produced in two subsets of mammalian taste cells (type

2 and type 3).The corresponding GLP-1 receptors are present on adjacent

intragemmal afferent nerve fibers (Shin et al. 2008). It is therefore hypothesized

that GLP-1 (and PYY) activates anorexigenic CNS events prior to stimulating islet

hormones (Egan and Margolskee 2008).

3.3 Central Effects of GLP-1 Influencing Gastrointestinal
Functions

It has also been demonstrated already in 1997 that icv injections of GLP-1 cause

a retardation of liquid gastric emptying (Imery€uz et al. 1997). Nakade and his group
showed that the peripheral sympathetic nervous system and the central CRF

receptors are involved in the central GLP-1-mediated delay of solid gastric empty-

ing in rats (Nakade et al. 2006).
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4 Peripheral Effects of GLP-1 Affecting Satiety

GLP-1 exerts potent and important inhibitory effects on gastric emptying and

gastric acid secretion. It is primarily responsible for the “ileal break,” a tightly

regulated process under neural and hormonal control that regulates the passage of

nutrients through the digestive tract. GLP-1 enhances satiety and reduces food

intake (Pitomobo 2008). GLP-1 inhibits these proximal events of the gastrointesti-

nal tract in a negative feedback manner (Ahren 2004). Nauck and colleagues were

able to inhibit gastric emptying after a liquid meal by icv administration of GLP-1

in healthy, normoglycemic volunteers (Nauck et al. 1997). The observed effect of

GLP-1 on gastric emptying was dose dependent and highly significant with physio-

logical GLP-1 plasma concentrations (Nauck et al. 1997; Meier et al. 2002, 2003a)

(see Fig. 4). Another study in healthy volunteers investigated the effect of two

different doses of GLP-1 (0.125-nmol/kg or 0.25-nmol/kg body weight)

administered subcutaneously 5 min prior to a mixed test meal (Schirra et al.

1997). The pattern of gastric emptying of the mixed meal as well as pancreatic

secretion, antroduodenal motility, and the glycemic response and the release of

insulin, C-peptide, and glucagon were quantified. The lag period or the time to

reach maximal velocity of gastric emptying was dose-dependently prolonged in

response to the subcutaneous application of GLP-1. However, the maximal empty-

ing velocity, the total emptying rate, and the exponential emptying rate were

unaltered (Schirra et al. 1997). The subcutaneous infusion of GLP-1 resulted in

a dose-dependent inhibition of antral and duodenal motility, and both doses of

GLP-1 led to coordinated antroduodenal contractions. GLP-1 initially reduced

and then transiently stimulated the secretion of pancreatic enzymes. Both doses

of GLP-1 delayed the postprandial insulin peak and enhanced total insulin release.

The postprandial response of pancreatic polypeptide and glucagon was diminished

(Schirra et al. 1997).

In another study, the same group investigated the antropyloroduodenal motility

in humans and the actions of endogenously released GLP-1 on endocrine pancreas

secretion (Schirra et al. 2006). In this study, the GLP-1 receptor antagonist exendin

(9–39) was used to test whether GLP-1 acts as an incretin and/or as an enterogas-

trone in humans. The endogenously secreted GLP-1 significantly enhanced post-

prandial insulin secretion and suppressed the secretion of glucagon (Schirra et al.

2006). During the fasting and postprandial state, antroduodenal motility was

inhibited by GLP-1, which qualifies GLP-1 as an enterogastrone. The stimulation

of pyloric motility that is induced by intestinal glucose was mediated by GLP-1.

The presence of nutrients in the small intestine stimulates the L cells to release

GLP-1 into the circulation. The rise in GLP-1 concentrations not only stimulates the

beta cells to produce insulin but also slows gastric emptying and may lead to

a decrease in appetite and a sensation of fullness (N€aslund et al. 1999; Flint et al.

2001; Meier et al. 2003b; Silvestre et al. 2003; Ling et al. 2001; Nagai et al. 2004).

The mechanisms by which GLP-1 inhibits gastric emptying appear to be com-

plex and to involve communication with the central and peripheral nervous systems
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(D’Alessio 2008; Drucker 2006). Gastric distension increases the expression of

c-Fos in brain stem neurons that produce GLP-1 (Vrang et al. 2003). Furthermore,

icv administration of GLP-1 resulted in reduction of food intake (Kinzig et al.

2002), which is accompanied with increased expression of c-Fos in the brain stem

of the rat (Larsen et al. 1997b; Dakin et al. 2004). The denervation of afferent vagal
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Fig. 4 Time and dose dependency of GLP-1 on gastric emptying in humans. Panel A: Time

pattern of gastric emptying of a solid meal (250 kcal) during icv administration of different doses

of GLP-1 (0.4, 0.8, and 1.2 pmol/kg/min; filled symbols) or placebo (open symbols) in patients with
type 2 diabetes (n ¼ 12). Gastric emptying was determined from the measurement of 13CO2 in

breath samples collected after the ingestion of the test meal labeled with [13C] octanoic acid using

infrared absorptiometry. Data are expressed as the mean + SE. P values were calculated using

repeated measures ANOVA and denote: A, differences between the doses tested; B, differences

over time; and AB, differences due to the interaction of experiment and time. Panel B: Gastric

emptying coefficients. Data are expressed as the mean + SE. Asterisks indicate significant

differences (P < 0.05) versus placebo. (from Meier et al. 2003a with permission)
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fibers abolishes the effects of GLP-1 on gastric emptying in the rat (Imery€uz et al.
1997). The stimulation to the CNS is most likely responsible for the reduction in

food intake, inhibition of gastric emptying, as well as inhibitory action on gastric

motor function (Kinzig et al. 2002; Imery€uz et al. 1997). These actions are most

likely mediated by increased action potential and calcium influx in neurons of the

nodose ganglion (Kakei et al. 2002).

Although small peptides such as GLP-1 and exendin-4 are capable of rapidly

crossing the blood–brain barrier and directly accessing the CNS, GLP-1 receptor

agonists with a larger molecule size and a higher molecular weight, such as

albumin-bound GLP-1, that do not cross the blood–brain barrier, are still capable

of inhibiting gastric emptying and food intake (Baggio et al. 2004). These findings

underline the importance of ascending vagal afferents for the GLP-1 receptor-

dependent control of gastrointestinal motility. Interestingly, studies by Meier and

his group (Meier et al. 2005) showed that antagonizing the delaying effects of GLP-

1 on gastric emptying by a prokinetic agent such as erythromycin resulted in an

augmentation of the insulin secretory response after meal ingestion. GLP-1

receptors are also directly expressed in the stomach on gastric parietal cells,

where GLP-1 may directly regulate gastric acid secretion (Schmidtler et al.

1994). However, the effects of GLP-1 on gastric acid secretion were found to be

absent in vagotomized human subjects (Wettergren et al. 1997). Hence, consider-

able evidence supports the importance of vagal innervation for GLP-1 regulation of

gastric secretion and motility.

These observed effects of delayed gastric emptying have been generally

demonstrated with at least physiological or, as in most studies, supraphysiological

doses of exogenously administered GLP-1 (Delgado-Aros et al. 2002; Schirra et al.

1996). Therefore, it remains unclear whether endogenously released GLP-1 has

a significant effect on gastric emptying. Studies in healthy baboons have shown

that with intragastric infusion of glucose and D-xylose (a marker for rate of

emptying of glucose from stomach), plasma levels of D-xylose were similar when

the effects of GLP-1 were blocked with exendin(9–36) amide or with a specific

monoclonal antibody to GLP-1 (D’Alessio et al. 1996; D’Alessio 2008). These

findings suggest that gastric emptying is not increased when the effects of GLP-1

are blocked, at least in the baboon. The use of a DPP-4 inhibitor, which increases

plasma concentrations of endogenous GLP-1, might be expected to delay gastric

emptying, but a study in patients with type 2 diabetes and DPP-4 inhibitor treatment

did not reveal any changes in the gastric emptying of a solid meal (Vella et al.

2007). Most recently, an iv-oral hyperglycemic clamp study in humans was

reported during which 75-g glucose-containing D-xylose was ingested. During the

entire clamp, plasma glucose levels were held at a steady level despite the ingestion

of glucose. Two studies were conducted, with blockade of GLP-1 receptor in one.

The rate of appearance of ingested D-xylose was not different between the two

studies, indicating that endogenously released GLP-1 has at best only a modest

effect on gastric emptying (Salehi et al. 2008).

In a variety of endocrine regulatory systems, a negative feedback mechanism

regulates the secretion of the hormone, e.g., the reproductive hormone regulation by
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the hypothalamus. Exogenous infusion of a hormone may also exert negative

feedback regulation of the endogenously released hormone. An example of this is

the documented suppression of C-peptide plasma concentrations when insulin is

infused (Elahi et al. 1982). In this context, it is presently still not known whether

exogenously administered GLP-1 really has a significant impact on the regulation

of endogenously released GLP-1.

5 Effects of GLP-1 Receptor Agonists on Body Weight

in Humans

Native GLP-1 cannot be used in a feasible way for treatment of type 2 diabetes or

obesity due to its very short biological half-life of 1–2 min. For this reason, long-

acting GLP-1 receptor agonists were developed. In 1992 exendin-4, a reptilian

peptide isolated from the lizard Heloderma suspectum was identified as a long-

acting GLP-1 receptor agonist (Raufman et al. 1992; G€oke et al. 1993). Exendin-4
has a 53% sequence homology with GLP-1 and has a biological half-life of

approximately 3.5 h. The synthetic form of exendin-4, exenatide, was the first

GLP-1 receptor agonist that was approved for type 2 diabetes therapy in patients

not sufficiently controlled on a therapy with metformin or sulfonylureas or

a combination of both (Klonoff et al. 2008). Exenatide (Byetta®, Eli Lilly

Pharmaceuticals, Indianapolis, USA and Amylin Pharmaceuticals, San Diego,

USA) is given subcutaneously twice daily.

Liraglutide (Victoza®, Novo Nordisk Pharmaceuticals, Copenhagen, Denmark)

was the first human GLP-1 analogue that was developed for once daily subcutane-

ous application. Liraglutide has a half-life of 13.5 h. It has a fatty acid side chain

that allows heptamer formation of the molecule that prevents direct DPP-4 action as

well as fast dissociation from the subcutaneous tissue into the circulation. Further-

more, the fatty acid side chain allows albumin binding that further protracts

degradation and prolongs biological availability (Garber et al. 2009; Madsbad

et al. 2011).

Presently, even longer-acting GLP-1 receptor analogues are being developed in

order to reduce the frequency of injections, to reduce fasting glucose more effi-

ciently, and to reduce the gastrointestinal side effects (mainly fullness and nausea)

that are associated with the fluctuation of GLP-1 receptor agonist plasma

concentrations. Compounds with an exendin-4/exenatide backbone are exenatide

once weekly (Bydureon®, Eli Lilly Pharmaceuticals, Indianapolis, USA and

Amylin Pharmaceuticals, San Diego, USA) that has just received a positive opinion

by the regulatory agencies in the United States and Europe and is expected to be

marketed later in 2011 (Madsbad et al. 2011).

Lixisenatide (Sanofi-Aventis Pharmaceuticals, Paris, France) is an exendin-4

analogue for once daily application, presently in phase III of the clinical study

program (Christensen et al. 2011; Madsbad et al. 2011).
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Albiglutide, an albumin-bound-human GLP-1 fusion protein (GlaxoSmithKline

Pharmaceuticals, London, UK) is feasible for once weekly dosing and is also

presently in phase III of the clinical study program (Madsbad et al. 2011; St

Onge and Miller 2011).

Another human GLP-1 receptor agonist in earlier development for once weekly

dosing is LY2189265 (Dulaglutide, Eli Lilly Pharmaceuticals, Indianapolis, USA)

(Glaesner et al. 2010; Madsbad et al. 2011). Table 1 gives an overview on the GLP-1

receptor agonists available and in development and their respective characteristics.

Chronic peripheral administration of GLP-1 RA agonists (exendin-4/exenatide

and liraglutide) has consistently been associated with reductions in food intake and

weight loss in animal studies and in humans (Szayna et al. 2000; Young et al. 1999;

Schnabel et al. 2006; Garber et al. 2009). Also, weight loss was documented in

a pivotal study in which a continuous 6-week infusion of GLP-1 was given to obese

type 2 diabetic patients (Zander et al. 2002). Conversely, a continuous subcutaneous

administration study of a lower dose of GLP-1 (1.5 pmol�kg�1�min�1) for 12 weeks

Table 1 GLP-1 receptor agonists and their characteristics. The available GLP-1 receptor

agonists as well as substances advanced in clinical development are shown

Substance Chemical backbone Dosing interval Approval/

developmental status

Exenatide (Byetta®, Eli
Lilly and Amylin)

Exendin-4 Twice daily Approved 2005

Liraglutide (Victoza®,
NovoNordisk)

Human GLP-1 with two

amino acid exchanges

and a c-16 fatty acid side

chain

Once daily Approved 2009

Exenatide QW
(Bydureon®, Eli

Lilly and Amylin)

Exendin-4, incorporated into

a matrix of poly(D,L-

lactide-co-glycolide)

(PLG) to prolong action

Once weekly Approved 2011

Lixisenatide
(Sanofi-Aventis)

Exendin-4, 44 amino acids

with C-terminal

extension (C-terminal

with six Lys residues and

one Pro deleted)

Once daily Phase III clinical

investigation

Albiglutide (Syncrea®,
GlaxoSmithKline)

Human GLP-1 receptor

agonist consisting of two

copies of a 30-amino acid

sequence of a dipeptyl

peptidase-4-resistant

human GLP-1 (as a

tandem repeat) coupled

to serum human albumin

Once weekly

(planned)

Phase III clinical

investigation

LY2189265
(Dulaglutide®,

Eli Lilly)

DPP-4-protected GLP-1

analogue is fused to a

modified

immunoglobulin G4

(IgG4) Fc fragment

Once weekly

(planned)

Phase III clinical

investigation
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produced no significant weight loss (Meneilly et al. 2003). This study most likely

demonstrates that weight loss with exogenous GLP-1 administration is only possi-

ble, when much larger doses are given.

In most phase 3 studies with exenatide and liraglutide, the weight loss was in the

range of 2–3 kg after 26 weeks of treatment compared with placebo, and greatest

when added to metformin (Madsbad 2009). In studies with a longer duration, a

plateau of the weight loss is seen in the same range (Garber et al. 2009, 2011).

Presently, long-acting GLP-1 receptor agonists that require a single weekly dose

only, or other long-range dosing regimens, are in clinical development (Madsbad

et al. 2011). Summarizing the known effects on body weight, there does not seem to

be a difference between the short-acting, established GLP-1 RA and the novel long-

acting ones. The weight loss in a study comparing the novel, once weekly GLP-1

RA albiglutide with exenatide did not reveal a significant difference in the body

weight development. The weight loss amounted from �1.1 to �1.7 kg in the

albiglutide groups compared with �0.7 kg in the placebo group and �2.4 kg in

the exenatide group (Rosenstock et al. 2009).

Exenatide once weekly (exenatide QW) is a new dosage form of the active drug

exenatide. Exenatide QW’s microsphere technology enables very slow release due

to the use of a slowly biodegradable polymer as the exenatide carrier. This changes

both the effect and adverse effect profiles versus the short-acting receptor stimula-

tion produced by the established, unretarded exenatide for twice daily application.

Long-term stimulation of GLP-1 receptors results in superior lowering of fasting

blood glucose levels and HbA1c (Kim et al. 2007). In subjects on first-line treatment

with metformin, exenatide QW produced a superior HbA1c reduction. Because of

the weaker inhibition of gastric emptying, gastrointestinal side effects are reduced

by about one-third (20% with exenatide QW versus 35% with exenatide)

(Linnebjerg et al. 2008; Wang et al. 2008). In addition, a relevant loss in mean

weight (ranging from 2.3 kg to 3.7 kg) was seen in all studies (Drucker et al. 2008;

Buse et al. 2010; Bergenstal et al. 2010; Diamant et al. 2010; Kim et al. 2007).

Another GLP-1 RA in development is CJC-1134-PC (ConjuChem, Montreal,

Quebec, Canada), which consists of an exendin-4 molecule covalently linked to

human recombinant albumin. Its half-life of approximately 8 days corresponds to

that of circulating albumin (Thibaudeau et al. 2006; Baggio et al. 2008). At present,

it is unclear whether the modest effect on body weight is explained by a reduced

efficacy in engaging the central nervous system regions regulating appetite and

body weight, because large proteins like albumin are not expected to cross the

blood–brain barrier (Chuang et al. 2002). Alternatively, the compound can still

regulate feeding and body weight via the vagus nerve (Abbott et al. 2005; Imery€uz
et al. 1997).

With respect to weight control, no clinically significant differences seem to exist

within the entire group of GLP-1 receptor agonists, although it remains possible

that the CJC-1134-PC is less effective (Chuang et al. 2002; Wang et al. 2009).

With the short-acting GLP-1 RA liraglutide, a clinical study was performed

in obese, nondiabetic subjects to investigate the efficacy and safety as a weight-

loss-promoting drug. In a placebo-controlled 20-week trial, with an open-label
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orlistat (120 mg t.i.d.) comparator arm, study participants were assigned to arms of

four liraglutide doses (1.2 mg/d, 1.8 mg/d, 2.4 mg/d, or 3.0 mg/d) or to placebo.

Participants on liraglutide lost significantly more weight than did those on placebo

and orlistat. The mean weight loss caused by liraglutide was dose dependent and

amounted to 4.8 kg, 5.5 kg, 6.3 kg, and 7.2 kg for the respective liraglutide doses

(1.2 mg/d, 1.8 mg/d, 2.4 mg/d, or 3.0 mg/d) and was 2.1 kg greater than that in the

placebo group. The weight loss with placebo amounted to 2.8 kg and with orlistat

4.1 kg (Astrup et al. 2009) (see Fig. 5).

6 GLP-1 and Bariatric Surgery

The mechanisms involved in weight loss and metabolic improvements after bariat-

ric surgery are dependent on the type of surgery performed and are not yet

completely understood. They are presently under thorough investigation. Changes

in the size of the gastric pouch and the length and parts of the intestinal surfaces

after bariatric surgery determine the contact of food with enteroendocrine cells and

consequently also the gut hormonal response. Each type of bariatric surgery has

Fig. 5 Dose dependent effects of the GLP-1 RA liraglutide on body weight in obese subjects. Five
hundred sixty-four individuals (age range 18–65 years, BMI 30–40 kg/m) were randomized to one

of four liraglutide doses (1·2 mg, 1·8 mg, 2·4 mg, or 3·0 mg, n ¼ 90–95) or to placebo (n ¼ 98)

administered once a day subcutaneously, or orlistat (120 mg, n ¼ 95) three times a day orally.

Weight change was analyzed by intention to treat. Data are mean (95% CI) (ANCOVA estimate)

for the intention-to-treat population with the last observation carried forward (from Astrup et al.

2009 with permission)
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a different effect on hormonal secretion and thus may play a significant role in the

mechanism of weight loss (Vetter et al. 2009).

Rubino and colleagues evaluated the early effects of Roux-Y gastric bypass

(RYGB) on glucose, insulin, glucagon, insulin-like growth factor-1, GIP, GLP-1,

CCK, adrenocorticotropic hormone (ACTH), corticosterone, and neuropeptide Y

(Rubino et al. 2004; Thomas and Schauer 2010). RYGB led to a decrease in BMI

paralleled by a significant decrease in glucose, insulin, leptin, and an increase in

ACTH levels 3 weeks after surgery. The other hormones, especially GLP-1, did not

change significantly. However, of the six diabetic patients in the study, all had

normal glucose and insulin levels after surgery and did not require any diabetic

medications.

It has been observed that the initial weight loss observed with either laparoscopic

sleeve gastrectomy (LSG) as a restrictive surgical method or RYGB as a diversion

method of surgery leads to similar results (Thomas and Schauer 2010). There are

metabolic differences however, demonstrating that patients with RYGB show

a rapid normalization of fasting glucose and an improvement of insulin clearance

and sensitivity, but these changes do not occur in patients with LSG. Testing the

different cohorts of patients after RYGB or LSG with a mixed meal tolerance test,

the dramatic increase in insulin secretion and an increase in GLP-1 are only

observed in the RYGB group (Thomas and Schauer 2010).

In obese patients with coexisting type 2 diabetes, both types of bariatric

procedures were associated with an improvement of hyperglycemia. RYGB was

associated with an insulinotropic response with an oral mixed meal but not with

intravenous glucose, consistent with an incretin effect. These data suggest a differ-

ent effect of the two procedures on pancreatic beta-cell function. The improvement

may be due to insulin sensitivity and therefore a reduced insulin response following

gastric restriction only (Thomas and Schauer 2010). It is still not known, however,

whether the portion that is bypassed causes this effect or whether this effect is due

to nutrients that rapidly reach the distal ileum and release insulinotropic and beta-

cell-enhancing hormones (Kashyap et al. 2010). The limitations of the study are the

small sample size and the sample being a nonrandomized convenience sample.

To evaluate the potential role of the exclusion of the proximal small intestine in

the improvement of diabetes mellitus after gastric bypass surgery, Peterli and his

group conducted a prospective, randomized, controlled trial comparing RYGB and

LSG. Patients were evaluated 1 week and 3 months after surgery before and after

a standard test meal. At 3 months, body weight and BMI decreased significantly and

comparably in both groups with markedly increased postprandial plasma insulin

and GLP-1 levels (Dirksen et al. 2010). RYGB patients had increased insulin

responses as early as 1 week after the surgery; however, no significant differences

were seen at 3 months in insulin or GLP-1 levels. Thus, both procedures improved

glucose homeostasis, insulin, and GLP-1 and PYY levels (Peterli et al. 2009).

Two different hypotheses have been proposed to explain these conflicting data.

One offered is the “hindgut explanation,” suggesting that the rapid transit of

nutrients to the distal intestine improves glucose metabolism by stimulating secre-

tion of GLP-1 and other appetite-suppressing gut peptides such as PYY. Insulin
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secretion is increased and glucose tolerance improves, affecting body weight and

food intake (Cummings et al. 2007; Patrita et al. 2007). On the other hand, Rubino

and his group proposed the “foregut hypothesis.” They propose that there is a yet-

unknown factor that promotes insulin resistance and type 2 diabetes. When food

bypasses the duodenum and proximal jejunum after bariatric surgery, this so-called

anti-incretin or decretin factor is inhibited, and thus insulin resistance is decreased

and glucose tolerance improves. Other factors may help to explain the differences

seen among the various types of procedures (Vetter et al. 2009; Cummings et al.

2008). Likewise, because GLP-1, PYY, and GIP are secreted by the small intestine,

differences in the length of the roux limb may contribute to the secretion of these

gut hormones and thus the results seen. Finally, as this is a relatively new, evolving

field of research, there are most likely unknown factors to be considered (Thomas

and Schauer 2010).
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Glucagon-like peptide-1 inhibits gastric emptying via vagal afferent-mediated central

mechanisms. Am J Physiol 273:G920–G927

Anorexigenic Effects of GLP-1 and Its Analogues 203



Jang HJ, Kokrashvili Z, Theodorakis MJ, Carlson OD, Kim BJ, Zhou J, KimHH XuX, Chan SL,

Juhaszova M, Bernier M, Mosinger B, Margolskee RF, Egan JM (2007) Gut-expressed

gustducin and taste receptors regulate secretion of glucagon-like peptide-1. Proc Natl Acad

Sci USA 104:15069–15074

Jin SL, Han VK, Simmons JG, Towle AC, Lauder JM, Lund PK (1988) Distribution of

glucagonlike peptide I (GLP-I), glucagon, and glicentin in the rat brain: an immunocytochemi-

cal study. J Comp Neurol 271:519–532

Kakei M, Yada T, Nakagawa A, Nakabayashi H (2002) Glucagon-like peptide-1 evokes action

potentials and increases cytosolic Ca2+ in rat nodose ganglion neurons. Auton Neurosci

102:39–44

Kashyap SR, Daud S, Kelly KR, Gastaldelli A, Win H, Brethauer S, Kirwan JP, Schauer PR (2010)

Acute effects of gastric bypass versus gastric restrictive surgery on beta-cell function and

insulinotropic hormones in severely obese patients with type 2 diabetes. Int J Obes (Lond)

34:462–471

Kim D, Macconell L, Zhuang D, Kothare PA, Trautmann M, Fineman M, Taylor K (2007) Effects

of once-weekly dosing of a long-acting release formulation of exenatide on glucose control and

body weight in subjects with type 2 diabetes. Diabetes Care 30:1487–1493

Kinzig KP, D’Alessio DA, Seeley RJ (2002) The diverse roles of specific GLP-1Rs in the control

of food intake and the response to visceral illness. J Neurosci 22:10470–10476

Klonoff DC, Buse JB, Nielsen LL, Guan X, Bowlus CL, Holcombe JH, Wintle ME, Maggs DG

(2008) Exenatide effects on diabetes, obesity, cardiovascular risk factors and hepatic

biomarkers in patients with type 2 diabetes treated for at least 3 years. Curr Med Res Opin

24:275–286

Larsen PJ, Tang-Christensen M, Holst JJ, Ørskov C (1997a) Distribution of glucagon-like peptide-

1 and other preproglucagon-derived peptides in the rat hypothalamus and brainstem. Neuro-

science 77:257–270

Larsen PJ, Tang-Christensen M, Jessop DS (1997b) Central administration of glucagon-like

peptide-1 activates hypothalamic neuroendocrine neurons in the rat. Endocrinology

138:4445–4455

Ling Z, Wu D, Zambre Y, Flamez D, Drucker DJ, Pipeleers DG, Schuit FC (2001) Glucagon-like

peptide 1 receptor signaling influences topography of islet cells in mice. Virchows Arch

438:382–387

Linnebjerg H, Park S, Kothare PA, Trautmann ME, Mace K, Fineman M, Wilding I, Nauck M,

Horowitz M (2008) Effect of exenatide on gastric emptying and relationship to postprandial

glycemia in type 2 diabetes. Regul Pept 151:123–129

Ma X, Bruning J, Ashcroft FM (2007) Glucagon-like peptide 1 stimulates hypothalamic

proopiomelanocortin neurons. J Neurosci 27:7125–7129

Madsbad S (2009) Exenatide and liraglutide: different approaches to develop GLP-1 receptor

agonists (incretin mimetics) - preclinical and clinical results. Best Pract Res Clin Endocrinol

Metab 23:463–477

Madsbad S, Kielgast U, Asmar M, Deacon C, Torekov SS, Holst JJ (2011) An overview of once-

weekly GLP-1 receptor agonists - available efficacy and safety data and perspectives for the

future. Diabetes Obes Metab 13:394–407

Meeran K, O’Shea D, Edwards CM, Turton MD, Heath MM, Gunn I, Abusnana S, Rossi M, Small

CJ, Goldstone AP, Taylor GM, Sunter D, SteereJ CSJ, Ghatei MA, Bloom SR (1999) Repeated

intracerebroventricular administration of glucagon-like peptide-1-(7–36) amide or exendin-

(9–39) alters body weight in the rat. Endocrinology 140:244–250

Meier JJ, Gallwitz B, Schmidt WE, Nauck MA (2002) Glucagon-like peptide 1 as a regulator of

food intake and body weight: therapeutic perspectives. Eur J Pharmacol 440:269–279

Meier JJ, Gallwitz B, Salmen S, Goetze O, Holst JJ, Schmidt WE, Nauck MA (2003a) Normaliza-

tion of glucose concentrations and deceleration of gastric emptying after solid meals during

intravenous glucagon-like peptide 1 in patients with type 2 diabetes. J Clin Endocrinol Metab

88:2719–2725

204 B. Gallwitz



Meier S, H€ucking K, Ritzel R, Holst JJ, Schmiegel WH, Nauck MA (2003b) Absence of a memory

effect for the insulinotropic action of glucagon-like peptide 1 (GLP-1) in healthy volunteers.

Horm Metab Res 35:551–556

Meier JJ, Kemmeries G, Holst JJ, Nauck MA (2005) Erythromycin antagonizes the deceleration of

gastric emptying by glucagon-like peptide 1 and unmasks its insulinotropic effect in healthy

subjects. Diabetes 54:2212–2218

Meneilly GS, Greig N, Tildesley H, Habener JF, Egan JM, Elahi D (2003) Effects of 3 months of

continuous subcutaneous administration of glucagon-like peptide 1 in elderly patients with

type 2 diabetes. Diabetes Care 26:2835–2841

Nagai K, Tsuchiya K, Ezaki T, Tsuchiya M, Ohgawara H (2004) Effect of GLP-1 (glucagon-like

peptide 1:7–36 amide) on porcine pancreatic endocrine cell proliferation and insulin secretion.

Pancreas 28:138–145

Nakade Y, Tsukamoto K, Pappas TN, Takahashi T (2006) Central glucagon like peptide-1 delays

solid gastric emptying via central CRF and peripheral sympathetic pathway in rats. Brain Res

1111:117–121

N€aslund E, Barkeling B, King N, Gutniak M, Blundell JE, Holst JJ, R€ossner S, Hellstr€om PM

(1999) Energy intake and appetite are suppressed by glucagon-like peptide-1 (GLP-1) in obese

men. Int J Obes Relat Metab Disord 23:304–311

N€aslund E, King N, Mansten S, Adner N, Holst JJ, Gutniak M, Hellstr€om PM (2004) Prandial

subcutaneous injections of glucagon-like peptide-1 cause weight loss in obese human subjects.

Br J Nutr 91:439–446

Nauck M, St€ockmann F, Ebert R, Creutzfeldt W (1986) Reduced incretin effect in type 2 (non-

insulin-dependent) diabetes. Diabetologia 29:46–52

Nauck MA, Kleine N, Ørskov C, Holst JJ, Willms B, Creutzfeldt W (1993) Normalization of

fasting hyperglycaemia by exogenous glucagon-like peptide 1 (7–36 amide) in type 2 (non-

insulin-dependent) diabetic patients. Diabetologia 36:741–744

Nauck MA, Niedereichholz U, Ettler R, Holst JJ, Ørskov C, Ritzel R, Schmiegel WH (1997)

Glucagon-like peptide 1 inhibition of gastric emptying outweighs its insulinotropic effects in

healthy humans. Am J Physiol 273:E981–E988

Ørskov C, Holst JJ, Poulsen SS, Kirkegaard P (1987) Pancreatic and intestinal processing of

proglucagon in man. Diabetologia 30:874–881

Ørskov C, Poulsen SS, Moller M, Holst JJ (1996) Glucagon-like peptide I receptors in the

subfornical organ and the area postrema are accessible to circulating glucagon-like peptide I.

Diabetes 45:832–835

Patrita A, Aisa M, Annetti C, Sidoni A, Galli F, Ferri I, Gullà N, Donini A (2007) How the hindgut
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Abstract The control of food intake consists of neural and hormonal signals

between the gut and central nervous system (CNS). Gut hormones such as CCK,

PYY and PP signal to important areas in the CNS involved in appetite regulation to

terminate a meal. These hormones can act directly via the circulation and activate

their respective receptors in the hypothalamus and brainstem. In addition, gut vagal

afferents also exist, providing an alternative pathway through which gut hormones

can communicate with higher centres through the brainstem. Animal and human

studies have demonstrated that peripheral administration of certain gut hormones

reduces food intake and leads to weight loss. Gut hormones are therefore potential
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targets in the development of novel treatments for obesity and analogue therapies

are currently under investigation.

Keywords Brainstem • Cholecystokinin • Gut • Hypothalamus • Obesity •

Pancreatic polypeptide • Peptide YY • Vagal afferents

1 Introduction

TheWorld Health Organisation estimates that over one billion adults and over forty-

three million children under the age of five are overweight (World Health 2011;

Tunstall-Pedoe 2005). When homeostatic mechanisms controlling food intake are

unable to compensate for excess energy intake and decreased exercise, the end result

is weight gain. The control of food intake consists of neural and hormonal signals

between the gut and central nervous system (CNS). The brain is responsible for the

interpretation of these signals from the periphery and modifying feeding behaviour

depending on energy requirements and the “wanting” of food. Even prior to eating,

gut hormones are released and begin the process of meal termination and feelings of

satiation. Gut hormones act within key brain areas such as the hypothalamus and

brainstem, which contain intricate neuronal networks and connections related to

energy homeostasis, regulation of food intake and glucose control.

1.1 Gut–Brain Axis

Anticipation of a meal, mechanical stimulation due to the presence of food in the

stomach and gut nutrient content, stimulate secretion of gut hormones which

activate signalling pathways from the gut to the brainstem and hypothalamus (the

gut–brain axis) to terminate food consumption. Such “anorectic” hormones include

peptide tyrosine tyrosine (PYY), pancreatic polypeptide (PP), cholecystokinin

(CCK), oxyntomodulin (OXM) and glucagon-like peptide 1 (GLP-1). Circulating

levels of these hormones rise following a meal and are proportional to the caloric

intake and composition of a meal (Adrian et al. 1985; Jorde and Burhol 1984; Vahl

et al. 2010; Ghatei et al. 1983). In contrast, ghrelin is an “orexigenic” hormone and

initiates hunger prior to a meal.

Nuclei within the hypothalamus are integrated within networks that signal to

other areas in the brain involved in appetite control. These areas include the

brainstem, reward centres such as the amygdala and nucleus accumbens, and the

prefrontal cortex, which is involved in conditioned taste aversion. Some gut

hormones can bind and activate their respective receptors within the hypothalamus

and brainstem via the blood–brain barrier. However, evidence suggests that alter-

native pathways also exist via vagal afferents from the gut.

The vagus nerve is the major neuroanatomical link between the gastrointestinal

tract and the brain. Transection of all gut sensory vagal fibres results in increased
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meal size and duration (Schwartz 2000; 1999). Cell bodies of afferent fibres of the

abdominal vagus nerve are located in the nodose ganglia, which project onto the

brainstem. Here, the dorsal vagal complex (DVC), consisting of the dorsal motor

nucleus of the vagus nerve (DMV), the area postrema (AP) and the sensory nucleus

of the tractus solitarius (NTS), interfaces with hypothalamic and higher centres (Ter

Horst et al. 1989; Chaudhri et al. 2008). In addition, the parabrachial nucleus (PBN)

receives information related to feeding including taste, gastric distension and

hepatic vagal afferents (Andrews 1986; Yuan and Barber 1991; Hajnal et al.

1999; Baird et al. 2001). Areas within the brainstem contain extensive reciprocal

neuronal projections to hypothalamic feeding circuits and provide an alternative

pathway through which circulating satiety factors can communicate with the

hypothalamus (Ter Horst et al. 1989; Ter Horst et al. 1984). These signalling

pathways are summarised in Fig. 1. This chapter will focus on three gut hormones

Hypo-
thalamus

Pancreas

I

PYY  

CCK

Gut

L vagal afferents

ci
rc

ul
at

io
n

PP

PP

Brain-
stem

Fig. 1 Pathways from the gut through which gut hormones CCK, PYY and PP signal to the CNS

to modify food intake and energy expenditure. Circulating PYY and PP can act directly in the

hypothalamus and brainstem via the circulation and activate their respective receptors. Vagotomy

and lesioning studies also suggest that CCK, PYY and PP may act via gut vagal afferents that

signal to the dorsal vagal complex within the brainstem. Abbreviations: CCK cholecystokinin;

PYY peptide tyrosine tyrosine; PP pancreatic polypeptide
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that are implicated in the control of food intake and energy expenditure: CCK, PYY

and PP.

2 Cholecystokinin

In 1973, CCK was the first gut hormone found to be capable of regulating appetite

after it was shown to reduce meal size in rats (Gibbs et al. 1973). Prior to this, CCK

was best characterised for its role in digestion, including stimulation of gall bladder

contraction and pancreatic exocrine secretion. In addition, CCK inhibits gastric

emptying. The anorectic effect of CCK is in keeping with a pro-digestive hormone:

limiting the volume of nutrients entering the small intestine retains an optimal ratio

of bile and digestive enzymes to nutrients for digestion.

CCK is produced in endocrine I-cells in the duodenum and ileum. Although

originally identified as a 33 amino acid protein (Mutt and Jorpes 1971), there are

multiple circulating forms of CCK of different lengths. The predominant forms of

CCK found in the upper small intestine vary between species. In humans, CCK-58,

CCK-39, CCK-33 and CCK-8 have been identified (Eberlein et al. 1988). The

circulating half-life varies between the different fragments; however, one study

determined a half-life in humans of approximately 2.5 min (Thompson et al. 1975).

The active sequence of CCK is the C-terminal octapeptide (Ondetti et al. 1970),

which is present in all the different fragments of the hormone found in the small

intestine. In addition to the gut, CCK is also released as a neuropeptide in the CNS.

CCK expressing neurons are found in the cortex, hippocampus, amygdala, olfactory

bulb, preoptic nucleus, hypothalamus and NTS (Innis et al. 1979; Vanderhaeghen

et al. 1980).

The postprandial release of CCK from I-cells is stimulated by amino acids and

free fatty acids (FFAs) (Liddle et al. 1985). FFAs with a chain length of eleven or

more carbon atoms are capable of stimulating CCK release, whereas those with

shorter chains are not (McLaughlin et al. 1999). Binding of FFAs to GPR40, a cell

surface receptor highly expressed in I-cells, is likely to be the major mechanism for

FFA-induced CCK release (Liou et al. 2010), although GPR120 may also be

implicated (Tanaka et al. 2008). Amino acids such as phenylalanine and tryptophan

also stimulate CCK release from I-cells, although less readily than FFAs (Meyer

et al. 1976). Both phenylalanine and tryptophan are agonists at the extracellular

calcium sensing receptor (Conigrave et al. 2000), which may be responsible for

amino acid-induced CCK release in the gut (Wang et al. 2011).

2.1 CCK Receptors

Two subtypes of the CCK receptor exist, CCK-1R and CCK-2R, both of which

belong to the class 1 G protein coupled receptor family. CCK-1R and CCK-2R are
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429 and 452 amino acids in length, respectively. Binding of CCK to both receptors

leads to activation of phospholipase C and subsequent release of intracellular Ca2+

(Wank 1995). There is also some activation of adenylate cyclase and resultant

cyclic adenosine monophosphate (cAMP) production as a result of CCK binding to

the CCK-1R, although this has no known physiological relevance (Marino et al.

1993).

CCK-1R contains four sites for NH2-linked glycosylation: three on the N-

terminal tail and one on an extracellular loop, while CCK-2R has three sites, all

on the N-terminal tail. Glycosylation has no reported effects on the properties of

these receptors, which are fully functional even when not glycosylated (Hadac et al.

1996). CCK-1R has three sites for protein kinase C-mediated phosphorylation on

the third intracellular loop and one on the C-terminal tail. Agonist-stimulated

phosphorylation of the CCK-1R occurs at two sites on the third intracellular loop

and less frequently on the C-terminal tail (Ozcelebi 1995). Phosphorylation at one

site on the third intracellular loop has been shown to be involved in agonist-

stimulated receptor desensitisation, although this process does occur at a reduced

rate without phosphorylation (Rao et al. 1997). The effect of CCK-2R phosphory-

lation is less clear but may involve receptor internalisation (Pohl et al. 1997).

Although CCK-1R and CCK-2R are 48% homologous in sequence (Wank et al.

1992), CCK-1R has greater affinity for CCK than the related peptide, gastrin, while

CCK-2R binds with equal affinity to both peptides. This is because CCK-2R

recognises only the N-terminal tetrapeptide, which is identical in CCK and gastrin,

whereas CCK-1R recognises the N-terminal heptapeptide, including a sulphated

tyrosine residue (Miller and Gao 2008). These differences have enabled the devel-

opment of specific agonists and antagonists to the two receptor types and investi-

gation into their specific roles.

Studies have shown that CCK-1R is the predominant receptor involved with

food intake and satiety. The CCK-1R exists in two different affinity states, a high-

affinity, low-capacity state and a low-affinity, high-capacity state (Sankaran et al.

1982). Interestingly, activation of the low-affinity receptors appears to be important

for CCK-induced satiety in rats, whereas activation of both forms of the CCK

receptor can cause satiety in mice (Weatherford et al. 1993).

CCK-1Rs are predominantly expressed in the pancreas, gall bladder, stomach,

kidney and lung (Regard et al. 2008), in addition to the vagus nerve (Zarbin et al.

1981). Although once thought to be expressed only in the periphery, CCK-1Rs are

also expressed in the CNS. In the brainstem, CCK-1Rs have been identified in the

AP, NTS and DMV. In the hypothalamus, CCK-1Rs are expressed in the supraoptic

nucleus (SON), paraventricular nucleus (PVN) and dorsomedial nucleus (DMN).

CCK-1Rs are also present in the substantia nigra, ventral tegmental area and

nucleus accumbens (Moran et al. 1986; Hill et al. 1987, 1990; Mercer and Beart

1997). CCK-2Rs are widely expressed in the CNS, particularly in the olfactory

bulb, cerebral cortex, hippocampus, striatum, hypothalamus and brainstem,

whereas peripheral expression is limited to the stomach and uterus (Regard

et al. 2008).
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2.2 Mechanisms of CCK-Induced Satiety

CCK-induced satiety occurs predominantly through mechanisms involving the

CCK-1R. CCK-1R selective agonists inhibit food intake (Simmons et al. 1998)

whereas antagonists increase food intake (Corwin et al. 1991). The CCK-2R may

also have a minor role since CCK-2R knockout mice are hyperphagic and 28%

heavier than wild types (Clerc et al. 2007). However, satiety in response to exoge-

nously administered CCK is retained in CCK-2 knockout mice (Kopin et al. 1999).

Furthermore, agonists and antagonists at the CCK-2R show no effect on food intake

(Corwin et al. 1991; Parrott 1993).

The anorectic effect of CCK was originally thought to be due to reduced gastric

emptying (Moran and McHugh 1982). However, peripherally administered CCK

inhibits feeding in sham-fed animals in whom an open gastric fistula prevents

accumulation of food in the stomach, thereby removing any effect of gastric

emptying rate on food intake (Bado et al. 1988). A peripheral site of action for

CCK is supported by the finding that it is unable to cross the blood–brain barrier

from the peripheral circulation into cerebrospinal fluid (Passaro et al. 1982). In

addition, vagotomy abolishes the satiety effect of peripherally administered CCK

(Smith et al. 1981). CCK-1Rs have also been identified on abdominal vagal

afferents (Moran et al. 1987) and vagal fibres originating in the gastric mucosa

have been shown to be excited by CCK-8 (Blackshaw and Grundy 1990).

The precise mechanism by which CCK reduces food intake via the vagus nerve

is unclear; however, CCK has been shown to alter gene expression within vagal

neurons. CCK activation of CCK-1Rs suppresses vagal expression of the cannabi-

noid receptor CB1, melanin-concentrating hormone (MCH) and its receptor

MCHR-1 (Burdyga et al. 2004, 2006). CCK also increases the expression of the

anorectic neurotransmitter cocaine- and amphetamine-regulated transcript (CART)

(De Lartigue et al. 2007) and the Y2 receptor (Y2R), a receptor for the anorectic

hormone PYY3-36 (Burdyga et al. 2008). There is also evidence that CCK and leptin

have a synergistic action in food intake inhibition which is thought to occur at

a peripheral site (Barrachina et al. 1997). The leptin receptor is co-expressed with

the CCK-1R in the rat nodose ganglion (Li et al. 2011), and a subset of gastric vagal

afferents, which are unresponsive to leptin administration alone, become leptin

sensitive after prior treatment with CCK (Wang et al. 1997). Therefore, CCK

appears to reduce the capacity of vagal afferent neurons to respond to orexigenic

signals and increases their ability to respond to anorectic signals.

Peripherally administered CCK causes neuronal activation, as assessed by c-fos

immunohistochemistry, in the NTS and AP in the brainstem, in addition to the

hypothalamic SON, PVN and central nucleus of the amygdala (CeA) (Chen et al.

1993; Day et al. 1994). Induction of this c-fos pattern by CCK is abolished by

vagotomy, again highlighting the importance of vagal-mediated pathways (Li and

Rowland 1995; Sayegh and Ritter 2000). Although the AP is activated by CCK,

lesions of this area do not reduce CCK-induced satiety (Edwards et al. 1986). In

contrast, ascending projections from the NTS appear to be important for
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CCK-induced satiety as midbrain transection and lesions of the NTS abolish the

anorectic effect (Crawley and Schwaber 1984; Crawley et al. 1984). In addition,

lesions in the PVN abolish the effect of CCK on feeding, suggesting that projections

from the NTS to the PVN may be responsible for CCK-induced satiety (Crawley

and Kiss 1985). The central pathways involved are thought to involve 5-HT-

releasing neurons. CCK-induced satiety is attenuated when co-administered with

the 5-HT3 receptor antagonist, ondansetron, and reduced neuronal activation in the

NTS, and AP is also seen (Daughters et al. 2001).

In addition to its role in the periphery, there is some evidence that CCK acts

within the CNS as a neurotransmitter to modulate food intake. Centrally

administered CCK reduces food intake in mice, an effect which is blocked by

centrally administered CCK-1R antagonists (Hirosue et al. 1993). Selective CCK-

1R antagonists can also stimulate food intake, even in vagotomised animals

(Reidelberger 1992). Furthermore, injections of CCK into the NTS and fourth

ventricle in the brainstem and several hypothalamic nuclei, including the DMN,

potently reduces food intake in fasted animals (Blevins et al. 2000). The ability of

centrally administered CCK to reduce food intake and CCK-1R antagonists to

increase food intake does not necessarily imply that CCK released from I-cells in

the gut acts directly at central sites. Instead, CCK may act as a neurotransmitter

which is released in response to peripheral signals and acts in areas within the brain

to control food intake.

2.3 Physiological Relevance of CCK-Induced Satiety

If an endogenous hormone, such as CCK, inhibits appetite in a physiological

setting, it might be expected that blocking the action of this hormone using receptor

antagonists or removal of the gene coding for the hormone or its receptor by genetic

manipulation would cause the animal to become hyperphagic. The Otsuka Long-

Evans Tokushima Fatty (OLETF) rat lacks CCK-1Rs. Centrally or peripherally

administered CCK does not induce satiety in the OLETF rat. In addition, OLETF

rats consume 80% more in a single meal and are 30–40% heavier than controls (Bi

and Moran 2002).

In contrast, it appears that CCK-1Rs are not involved in the physiological

regulation of satiety in mice. CCK-1R knockout mice display no difference in

food intake or body weight compared to wild types (Bi et al. 2004). However, CCK-

1R knockout mice do eat larger meals, although less frequently, thereby explaining

the apparent lack of effect of this mutation on overall food intake and body weight

(Bi et al. 2004). This apparent difference in phenotype between CCK-1R null mice

and rats is unknown; however, a species difference in CCK-1R expression in the

DMN has been suggested. Immunohistochemical studies in rats have revealed that

CCK-1Rs and neuropeptide Y (NPY) are co-localised in DMN neurons, and

administration of CCK into the DMN downregulates NPY gene expression and

inhibits food intake (Bi et al. 2004). Furthermore, OLETF rats demonstrate
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hyperphagia and increased NPY mRNA expression in the rat DMN (Moran 2008;

Funakoshi 2000). In contrast, mice do not express the CCK-1R in the DMN (Bi

et al. 2004), and CCK-1R knockout mice show no increase in NPY in the DMN.

However, a lack of phenotype in CCK-1R knockout mice does not necessarily mean

CCK is not involved in the physiological regulation of appetite and body weight in

this species. CCK is one of many gut hormones involved in satiety, and removal of

just one of these in a knockout model is easily compensated for by upregulation of

another satiety signal in order to prevent disruption of energy homeostasis.

2.4 CCK and Human Obesity

In humans, it is unclear whether disruption of CCK-1R expression has detrimental

effects on energy homeostasis. As yet no gene mutations of the CCK-1R have been

conclusively linked to obesity however, a polymorphism in the CCK-1R receptor

gene promoter is associated with increased percentage body fat (Funakoshi 2000).

Early human studies showed that peripheral administration of CCK affects food

intake. CCK-8 infusion in lean volunteers decreases meal size (Kissileff et al.

1981), an effect which is maintained in obese humans (Pi-Sunyer et al. 1982). As

such, CCK-1R agonists have been developed with the intention to reduce appetite

and thus aid weight loss in obese patients. Although highly specific agonists have

been developed, the effect on food intake has been disappointing. In one study, the

agonist GI181771 demonstrated no increased weight loss compared to placebo

controls and resulted in undesirable gastrointestinal side effects (Jordan et al.

2008). It is conceivable that chronic use of CCK-1R agonists may lead to receptor

desensitisation or compensation by other satiety signals. It has been suggested that

the development of allosteric modulators at the CCK-1R might circumvent this

problem as stimulation of the CCK-1R would only occur in the presence of

endogenous CCK, and the modulator would merely enhance this response

(Cawston and Miller 2010). This could induce less desensitisation of the receptors

than that which may occur in the presence of longer-lasting orthosteric agonists. An

allosteric binding site has been identified in the CCK-1R (Hadac et al. 2006; Gao

et al. 2008) but as yet no agonists binding to this site have been tested for efficacy

in vivo.

3 Peptide Tyrosine Tyrosine

PYY is a member of the PP-fold family, which also includes NPY and PP. All three

peptides play a role in appetite regulation and share common structural features

including a characteristic hairpin-shaped PP-fold, comprising an a-helix and

polyproline helix linked with a b-turn (Berglund et al. 2003). PP-fold peptides
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mediate their effects on appetite regulation via five different G-protein coupled “Y-

receptors”: Y1, Y2, Y4, Y5 and Y6, although Y6 is inactivated in primates.

Table 1 (below) describes each of these receptors and the endogenous PP-fold

peptides acting on them, in addition to agonists and antagonists that have been

developed to regulate food intake and body weight. These receptors are linked to

adenylyl cyclase, working to inhibit the formation of secondary messenger cAMP.

However, the receptors differ in their tissue distribution, function and their

selectivity for binding NPY, PP and PYY, thereby presenting a unique example

of a multi-ligand/multi-receptor system. It must be noted that while there is

hormone/receptor selectivity, there is also the potential for considerable promiscu-

ity of these hormones, especially when administered at supraphysiological doses.

All three PP-fold peptides have established roles in energy homeostasis. NPY has

a fundamental orexigenic role in the brain, and PYY and PP released peripherally

regulate energy homeostasis through both homeostatic and hedonic circuits. PYY

signals to circuits in the CNS to inhibit food intake in addition to regulating gastric

emptying, long-term energy homeostasis and insulin sensitivity.

3.1 PYY and the Y2 Receptor

PYY is a 36 amino acid peptide released from enteroendocrine L-cells in the distal

gut following a meal. PYY immunoreactivity is predominantly expressed in the

rectum with lower levels found in the jejunum and duodenum (Adrian et al. 1985).

Initially, the major role of PYY was understood to be in the regulation of gastric

motility and gastric secretion. Acting as a mediator of the “ileal brake,” it slows the

transit of food from the stomach into the small intestine in response to nutrient

sensing. However, in the past decade it has become apparent that PYY3-36 also

plays a role in central appetite regulation (Savage et al. 1987).

Following a meal, an initial postprandial rise in circulating PYY is seen in less

than 15 min, reaching a peak at around 1–2 h followed by a plateau period of several

hours (Adrian et al. 1985). Interestingly, after 15 min, nutrients have not yet had

time to reach the distal gut, suggesting that other factors contribute to the release of

PYY from L-cells in the distal gut. Indeed, vasoactive intestinal peptide, CCK and

vagal impulses have all been suggested to regulate PYY secretion (Ballantyne et al.

1993; McFadden et al. 1992; Zhang et al. 1993). Furthermore, the caloric load,

consistency and nutrient composition of food all affect the resultant circulating

PYY levels (Adrian et al. 1985; Batterham et al. 2006; Helou et al. 2008).

Two endogenous forms of PYY have been identified in the circulation, full

length PYY1-36 and the truncated PYY3-36, the latter representing the majority of

total circulating PYY. The membrane-bound enzyme, dipeptidyl peptidase IV

(DPPIV), is responsible for the removal of N-terminal tyrosine-proline residues

of PYY1-36 to produce PYY3-36 (Mentlein et al. 1993). Whereas full length PYY

binds to Y1, Y2 and Y5 receptors, PYY3-36 selectively binds and activates the Y2
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receptor (Y2R) to bring about its effects on energy homeostasis (Grandt et al. 1992;

Browning and Travagli 2009).

The Y2R is found predominantly in the CNS, and when activated, causes

inhibition of cAMP production (Browning and Travagli 2009). Calcium signalling

is also reduced which presumably interferes with exocytosis of neurotransmitter

vesicles (Toth et al. 1993; Wiley et al. 1993). Y2R mRNA has been observed by

in situ hybridisation in the hippocampus, amygdala, hypothalamus and brainstem

in addition to peripheral sympathetic, parasympathetic and sensory neurons

(Gustafson et al. 1997). In the hypothalamus, evidence of Y2R mRNA is seen

most strongly in the SON and medial ARC (Parker and Herzog 1999).

3.2 Mechanisms of PYY-Induced Satiety

PYY knockout mice are hyperphagic with increased body mass and adiposity,

a phenotype which can be abrogated with exogenous administration of PYY3-36

(Batterham et al. 2002). Peripheral administration of PYY3-36 inhibits food intake in

rodents and lean and obese humans (Batterham et al. 2002, 2003). Some published

studies have failed to find a significant effect of PYY3-36 on food intake, but this

may be due to an anorectic stress response masking any effect (Tschop et al. 2004;

Boggiano et al. 2005). With sufficient acclimatisation and handling, the acute

anorectic effect of PYY3-36 has been witnessed by a large number of different

groups. PYY3-36 has also been implicated in the long-term regulation of body

weight. Chronic administration of PYY3-36 via either an osmotic mini-pump or

continuous intravenous infusion significantly reduces body weight and adiposity in

normal and obese rodents (Vrang et al. 2006). Furthermore, it has been suggested

that PYY3-36 increases energy expenditure through an increase in postprandial

thermogenesis, resting metabolic rate and 24-h respiratory quotient (Guo et al.

2006; Sloth et al. 2007).

The exact mechanisms underlying the anorectic effects of PYY3-36 are unclear.

PYY3-36 may act directly via an incomplete blood–brain barrier in the median

eminence of the hypothalamus and act in the ARC. Indeed, peripheral administra-

tion of PYY3-36 induces the expression of c-fos in the ARC (Batterham et al. 2002).

Moreover, intra-arcuate injection of the Y2R antagonist BIIE0246 abolishes the

anorectic effects of both endogenous and exogenous PYY3-36 (Abbott et al. 2005a).

The medial ARC is populated with orexigenic NPY/AgRP neurons, and there is

a high degree of Y2R/NPY co-expression in these neurons (Broberger et al. 1997).

PYY3-36 may reduce food intake by inhibiting NPY release via autoinhibitory

Y2Rs. PYY3-36 decreases NPY release and increases a-MSH release in vitro from

hypothalamic explants (Batterham et al. 2002). Furthermore, electrophysiology

studies have shown that PYY3-36 directly inhibits activity of ARC NPY neurons,

thereby secondarily disinhibiting anorectic POMC neurons (Acuna-Goycolea and

van den Pol 2005). However, further studies suggest that the anorectic effects of

PYY3-36 are more complex than a simple action on the ARC, since both POMC-null
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and MC4-R null mice respond normally to the anorectic effects of PYY3-36 (Challis

et al. 2004; Halatchev et al. 2004).

An alternative mechanism for the anorectic effect of PYY may be via gut vagal

afferents that signal to the brainstem, similar to that of CCK as discussed above.

Transectioning of brainstem–hypothalamic pathways attenuates the effects of

PYY3-36 on food intake inhibition (Abbott et al. 2005b), although others have failed

to replicate this (Halatchev and Cone 2005; Koda et al. 2005; Talsania et al. 2005).

In addition, Y2R mRNA is expressed in the NTS and nodose ganglion of the vagus

nerve (Gustafson et al. 1997; Koda et al. 2005), and c-fos immunoreactivity is

detected in the NTS and AP following intravenous infusion of PYY3-36 (Halatchev

and Cone 2005; Koda et al. 2005). These findings have led to the proposal that

PYY3-36 may regulate ARC neuronal activity indirectly via vagal–brainstem

pathways. Alternatively, PYY3-36 may act directly in the brainstem since areas of

incomplete blood–brain barrier are also present at the AP.

3.3 PYY and Human Obesity

PYY3-36 has also been shown to regulate food intake in humans. High levels of

circulating PYY3-36 are found in patients suffering from anorexia nervosa whilst

frequently low levels are measured in obese subjects (Pfluger et al. 2007). Obese

people also have a blunted rise in PYY3-36 after a meal, possibly resulting in

impaired satiety and hence greater food intake (Ashby and Bloom 2007). In

addition, circulating levels of PYY3-36 following bariatric surgery are raised and

coincide with reduced appetite in patients (Korner et al. 2006).

Peripheral administration of PYY3-36 reduces food intake in human volunteers

(Batterham et al. 2002) and increases neuronal activity in brain regions known to be

involved in appetite regulation (Batterham et al. 2007). As such, PYY3-36 offers

a potentially valuable therapeutic tool in the treatment of obesity. However, endo-

genous PYY3-36 has a short half-life and frequently causes nausea following

administration in humans (Batterham et al. 2007; le Roux et al. 2008). The devel-

opment of long-acting analogues may circumvent these problems. Several trials

have been undertaken using analogues of PYY3-36, including a nasal spray which

reached phase II clinical trials and resulted in weight loss over a 6-day period

(MDRNA 2008). A dual analogue combining both PYY3-36 and PP, called

obinepitide, has also been developed and has been shown to reduce food intake

in human volunteers (7TM Pharma 2007). Similarly, the combination of GLP-1 and

PYY3-36 significantly reduces food intake (Emisphere 2009).

3.4 Additional Roles of PYY

Peripherally administered PYY3-36 has been shown to stimulate the release of

gonadotropins (Fernandez-Fernandez et al. 2005) and to inhibit the release of
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thyroid stimulating hormone from the pituitary gland in rats (Pinilla et al. 2007).

However, there is, to date, no evidence that endogenous PYY3-36 modulates the

release of these hormones. A role for PYY in bone remodelling was postulated after

observations of an osteoporotic phenotype in PYY null mice (Wortley et al. 2007)

and circulating PYY levels in patients with anorexia nervosa appear to be the major

determinant of bone density in the spine (Utz et al. 2008). Colonic motility appears

to be inhibited by peripherally administered PYY3-36 acting via the Y2 and Y1

receptors (Wang et al. 2010; Tough et al. 2011).

4 Pancreatic Polypeptide

PP is an amidated 36 amino acid PP-fold peptide. It is thought to have been formed

through duplication of the PYY gene (Hort et al. 1995) and acts at the Y4 receptor

(Y4R) to reduce food intake and delay gastric emptying and motility.

PP is released from PP cells, also known as F cells, in the pancreatic islets of

Langerhans. Release of PP in response to meal ingestion is proportional to caloric

intake and levels remain elevated for 6 h (Adrian et al. 1976). While PP secretion is

dependent on a vagal cholinergic mechanism (Taylor et al. 1978), PP release is also

stimulated by CCK, ghrelin, motilin, secretin and adrenergic activation during

hypoglycaemia or exercise (Kojima et al. 2007). PP levels are also influenced by

circadian rhythm with greater postprandial circulating PP levels seen following

a meal in the evening compared to an identical meal ingested in the morning (Johns

et al. 2006).

PP exerts a range of regulatory functions including the inhibition of pancreatic

secretions and gallbladder motility. In addition, PP delays gastric emptying (Kojima

et al. 2007) and has a role in energy homeostasis. Obese subjects have a blunted

postprandial PP response, while subjects with anorexia nervosa show an exaggerated

response (Lassmann et al. 1980; Uhe et al. 1992). PP may also contribute to the

pathogenesis of Prader–Willi syndrome, a disease characterised by hyperphagia,

obesity, short stature, intellectual impairment and infertility (Zipf et al. 1983).

Peripheral administration of PP reduces food intake in both humans and mice

(Asakawa et al. 1999). Furthermore, over-expression of PP in the pancreatic islets

of mice produce a hypophagic and thin phenotype, suggesting that chronic exposure

to PP does not lead to desensitisation or attenuation of the anorectic effect (Ueno

et al. 1999). In addition, PP has a role in regulating energy expenditure. Repeated

PP administration in mice increases oxygen consumption and the discharge rate of

sympathetic efferent nerves innervating the adrenal glands and brown adipose

tissue (Asakawa et al. 2003).

PP has high affinity for the Y4R and is thought to act specifically through this

receptor to inhibit food intake. Y4R knockout mice exhibit no change in food intake

following PP administration compared to wild-type mice (Lin et al. 2009). Y4Rs

have been shown by in situ hybridisation and autoradiography to be located in the

AP, NTS, DMV, ARC and PVN (Parker and Herzog 1999; Whitcomb et al. 1990).
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The AP and ARC are located close to regions with an incomplete blood–brain

barrier. Therefore, the actions of PP could be mediated through direct actions here

via the circulation. PP decreases orexigenic NPY, orexin and ghrelin expression

while increasing the expression of anorexigenic urocortin and brain-derived

neurotrophic factor (BDNF) in the hypothalamus (Asakawa et al. 2003; Sainsbury

et al. 2010). This indicates the importance of hypothalamic circuits in regulating the

effects of PP. Similarly, manganese-enhanced magnetic resonance imaging

(MEMRI) investigations have shown that subcutaneous administration of PP results

in a significant reduction in signal intensity in the ARC, VMN and PVN of

the hypothalamus in fasted mice (Hankir et al. 2011). However, the vagus nerve

may also be involved since vagotomy abolishes the anorectic effects of PP in rats

(Asakawa et al. 2003). It is currently unknown whether the effect of PP on appetite

is mediated directly via the circulation at the brainstem or hypothalamus, through

vagal afferents or through a combination of both.

PP has been proposed as a potentially important drug target for the treatment of

obesity. However, the endogenous form of PP has a short half-life of approxi-

mately 7 min due to degradation by enzymes, including DPPIV and neprilysin.

A long-acting, degradation-resistant PP analogue, PP-1420, has been recently

developed and is undergoing investigation in phase 1 clinical trials (Gibb 2010).

A PP analogue has also been conjugated to a lipid moiety allowing increased

plasma half-life and sustained food intake inhibition (Bellmann-Sickert et al. 2011).

5 Conclusion

Gut hormones convey important information to the CNS in order to control food

intake and energy expenditure. Key areas in the CNS involved with appetite control

include the hypothalamus and brainstem, and hormones such as PYY and PP can

act directly in these areas via the circulation. In addition, some gut hormones such

as CCK have actions at the brainstem via gut vagal afferents. Animal and human

studies have demonstrated that peripheral administration of these gut hormones can

reduce food intake and cause weight loss. These gut hormones are therefore

potential targets in the development of novel treatments for obesity, and analogue

therapies are currently under investigation.
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Abstract Amylin’s best investigated function is to reduce eating via a meal size

effect by promoting meal-ending satiation. This effect seems to depend on an
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activation of specific area postrema neurons. Brain areas that convey the neural

signal to the forebrain include the nucleus of the solitary tract and the lateral

parabrachial nucleus. Acute application of amylin modulates the activity of hypo-

thalamic areas involved in the control of eating, namely, the lateral hypothalamic

area and possibly the ventromedial hypothalamic nucleus. Amylin also interacts

with other satiating signals, such as cholecystokinin, presumably in the brainstem.

Interestingly, amylin also exhibits characteristics of adiposity signals; plasma levels

of amylin are higher in obese individuals, chronic infusion of amylin into the brain

reduces body weight gain and adiposity, and infusion of amylin antagonists

increases adiposity. Furthermore, amylin maintains energy expenditure at higher

levels than would be expected considering its body weight-lowering effect. How-

ever, much less is known (e.g., site of action, signaling pathways, differential

activation of brain sites, and, most importantly, physiological relevance) with

respect to its role as adiposity signal and regulator of energy expenditure than

about its satiating action. Notwithstanding, and perhaps because amylin resistance

does not seem to be a general and prohibitive concomitant of obesity, animal data

and recent clinical data in humans indicate that amylin is a very promising candi-

date for the treatment of obesity. Amylin seems to be particularly effective when

combined with other hormones such as leptin.

Keywords Amylin • Satiation • Area postrema • Adiposity signal • Energy

expenditure

1 Introduction

Pancreatic beta cells are the major, though not the only, source of circulating

amylin. Changes in circulating amylin levels are thought to directly reflect changes

in beta-cell secretion, and the contribution of other amylin-secreting cells to

circulating amylin levels is considered minor. It is generally believed that these

fluctuations in beta-cell secretion (e.g., postprandial increase) are the physiological

basis for amylin’s effect on eating and energy homeostasis (Young 2005b).

Whether centrally synthesized amylin also contributes to this eating control is

still a matter of debate, and it is in fact still not clear whether amylin is synthesized

in the mammalian brain. A recent study suggested that at least in female rats, central

amylin production may contribute to the control of maternal regulations because

amylin was specifically upregulated in the preoptic area of the hypothalamus in

the early postpartum period (Dobolyi 2009); however, the role of central amylin in

the control of eating in this particular metabolic situation has not been tested.

1.1 Amylin and the Control of Nutrient Fluxes

The best investigated function of amylin, and the main focus of this chapter, is its

role as a control of eating. However, the anorectic action of amylin appears to be
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only one of several important factors in amylin’s overall role to control the influx of

nutrients into the circulation. Amylin’s actions to reduce gastric acid secretion, to

limit the rate of gastric emptying, and to diminish pancreatic glucagon and digestive

enzyme secretion are other factors that serve the same purpose. All these effects

seem to be mediated by a direct action in the central nervous system, specifically via

area postrema (AP) neurons. Hence, amylin is considered a necessary and comple-

mentary factor to insulin in the control of nutrient flux by regulating nutrient

appearance and the postprandial glucose concentration. These actions are also the

basis for the use of the amylin analogue pramlintide as adjunct treatment in type 1

and type 2 diabetes mellitus (Young and Denaro 1998; Weyer et al. 2001a;

summarized in Young 2005b).

1.2 Amylin’s Effects on Eating

It seems well accepted that peripheral amylin acts directly in the brain to affect

eating and that amylin influences well-defined brain areas. The multiple signals in

the control of eating interact in the brain (e.g., cholecystokinin (CCK) and amylin;

Bhavsar et al. 1998; Mollet et al. 2003a); according to a generally agreed concept,

the various controls of eating can be classified as adiposity, or tonic, signals that

enhance the effect of satiation, or episodic/phasic, signals (Barrachina et al. 1997;

Riedy et al. 1995; Woods 2004, 2005). Amylin may perhaps play a particular role in

the control of eating because it has properties of both adiposity and satiating signals

(Lutz 2006; Woods et al. 2006). This, of course, questions the clear distinction

between the two classes of signals. Whether the idea of complementary actions of

satiating and adiposity signals (Woods 2004, 2005) also holds up in the case of

amylin is at present unknown. In other words, it is not known how tonic levels of

amylin may affect the satiating effect of phasic, meal-associated changes in amylin

levels (see also paragraph 3.2). Amylin-deficient mice may also provide some

insight in this respect; these mice show a discrete phenotype of unaltered total

food intake (measured as total food consumption in a cohort of group-housed

animals), combined with a slightly higher rate of body weight gain compared to

wild-type controls (Devine and Young 1998; Mollet et al. 2003a; reviewed in Lutz

2006). Importantly, adult amylin-deficient mice eat less after acute peripheral

amylin injection, and the magnitude of this effect on eating is similar in amylin-

deficient mice and their controls. Hence, at least the acute eating-inhibitory effect of

amylin does not require a “background” level of endogenous amylin.

1.3 Amylin Agonists and Antagonists

Amylin is structurally and functionally related to the calcitonin family of peptides

that apart from amylin includes calcitonin (CT), calcitonin gene-related peptide
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(CGRP), adrenomedullin (ADM), and others (Cooper 1994; Lutz 2006, 2010;

Young 2005a). Amylin, CGRP, and CTs reduce food intake in a variety of species.

Interestingly, the anorectic effect of salmon CT (sCT) is far more potent than that of

mammalian CT in rats. Hence, sCT has been used in a number of studies as potent

and long-lasting amylin agonist (Lutz et al. 2000). Another commonly used agonist

is the amylin analogue pramlintide which is derived from human amylin. Native

human amylin, like feline amylin, has a strong propensity to precipitate in vitro and

to form amyloid deposits in vivo (Lutz and Rand 1993). This propensity seems to be

related to slight differences in the amino acid structure of human (or feline) amylin

versus rat amylin (which does not precipitate) in the 20–29 regions of the molecule;

in particular, the amino acids in positions 25, 28, and 29 seem to be critically

important in this respect (Cooper 1994). These three amino acids have been

replaced in pramlintide by proline; notably, rat amylin also contains proline

residues in these positions. Pramlintide is an approved drug (SymlinR) for the

treatment of type 1 and type 2 diabetics (Weyer et al. 2001a; Young 2005a; see

paragraphs 1.1 and 7).

Several peptide antagonists have been used to antagonize the action of

endogenous or exogenous amylin (Cooper 1994; Young 2005a). Because the

first seven amino acids seem to be necessary for biological action of amylin,

CTs, or CGRP, typical antagonists are fragments derived from the native

peptides. The most commonly used amylin antagonist is AC187 which is a

derivative of sCT (30N32Y[8–32]sCT); other antagonists are CGRP(8–37) or

amylin(8–37) (for review, see Young 2005a). The amino acid structures of rat

and human amylin, of the amylin agonists sCT and pramlintide, and of AC187

are shown in Table 1.

Table 1 Amino acid sequence of amylin (rat; human), the amylin analogue pramlintide

(25P28P29P human amylin), the amylin agonist salmon calcitonin (sCT), and the amylin antago-

nist AC187 (30N32Y[8-32]sCT)

Amino acid position

1 11 21 31

Amylin rat (37 amino acids)

K C N T A T C A T Q R L A N F L V R S S N N L G P V L P P T N V G S N T Y-NH2

Amylin human (37 amino acids)

K C N T A T C A T Q R L A N F L V H S S N N F G A I L S S T N V G S N T Y-NH2

Pramlintide (37 amino acids; 25P28P29P human amylin)

K C N T A T C A T Q R L A N F L V H S S N N F G P I L P P T N V G S N T Y-NH2

sCT (32 amino acids)

C S N L S T C V L G K L S Q E L H K L Q T Y P R T N T G S G T P-NH2

AC187 (25 amino acids; 30N32Y[8-32]sCT)

V L G K L S Q E L H K L Q T Y P R T N T G S N T Y-NH2

Amino acids in bold differ between rat and human amylin, between human amylin and

pramlintide, or between sCT and AC187, respectively. Amino acids are denoted by the one-letter

abbreviation
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2 Amylin Has Typical Properties of a Satiation Signal

Amylin has properties of a physiological control of meal size (Geary 2004; Lutz

et al. 1995; Lutz 2006; Young and Denaro 1998); the meal-induced changes in

endogenous plasma amylin levels are rapid, and exogenous amylin given at the

onset of spontaneous meals decreases eating in rats within few minutes (Lutz et al.

1995). Importantly, even when given chronically via osmotic minipumps, amylin’s

overall inhibitory effect on eating relies mainly on an amylin-induced reduction in

meal size without a compensatory increase in meal frequency (Lutz et al. 1995,

2001a; Mack et al. 2007). Administration of the amylin receptor antagonist AC187

stimulates eating by increasing meal size, presumably by a blockade of endogenous

amylin action (Mollet et al. 2004; Reidelberger et al. 2004). All in all, these results

support the idea of a physiological role of amylin as satiation signal.

2.1 Amylin Site of Action at the Brainstem

The satiating effect of peripheral amylin is mediated by direct action on AP neurons;

only specific AP lesions, but not interruption of afferent nerve signaling from the

periphery to the brain, in particular to the nucleus of the solitary tract (NTS), reduced

the peripheral effect of amylin on eating (for review: Potes and Lutz 2010). Further,

local injection of amylin into the AP also inhibited eating by a meal size effect, and

injections of the amylin receptor antagonist AC187 increased meal size. Finally, a

specific chemical lesion of noradrenergic AP neurons was sufficient to block amylin’s

effect on eating, indicating that these neurons play a necessary part in mediating

amylin’s anorectic action (Potes et al. 2010c). The in vivo behavioral data are

consistent with electrophysiological and immunohistochemical studies that confirmed

a direct influence of amylin on the AP and an activation of AP neurons (Lutz et al.

1998; Lutz 2006; Mollet et al. 2004; Riediger et al. 2001, 2004).

Amylin displays strong binding to the AP (Sexton et al. 1994), and all identified

components of the specific amylin receptor [the calcitonin receptor core (CTR) and

receptor-activity-modifying proteins (RAMPs)] are expressed in the AP. The typi-

cal amylin receptor is a heterodimer of the type A or type B CTR and RAMP1 or 3.

RAMPs alter CTR’s specificity for amylin (Christopoulos et al. 1999; Muff et al.

1999), i.e., they alter CTR pharmacology from calcitonin-preferring to amylin-

preferring receptors; RAMPs regulate the transport of the core receptor to the cell

surface and their glycosylation state which eventually determines ligand specificity

(Fischer et al. 2002; McLatchie et al. 1998). The CTR is present in the AP (Becskei

et al. 2004), and RAMP1 and RAMP3 mRNA are highly expressed in the mouse AP

(Ueda et al. 2001). Finally, amylin-induced c-Fos mRNA and CTR and RAMP3

mRNA expressions all colocalize in the rat AP (Barth et al. 2004), and most AP

neurons in which systemic amylin specifically induces cyclic guanosine

monophosphate (cGMP) formation carry the CTR (Becskei et al. 2004; Riediger

et al. 2001). Of note, it still needs to be shown that the CTR and RAMP1 or RAMP3

colocalize in the same amylin-sensitive AP neurons.
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2.2 Modulation of Amylin Sensitivity of AP Neurons by Nutrients

Amylin and glucose coactivate AP neurons (Riediger et al. 2002), and a certain

(blood) glucose level may be necessary for full amylin action; this coactivation

seems to have a functional correlate for amylin’s effect on gastric emptying which

is not present under hypoglycemic conditions (Gedulin and Young 1998). Whether

the anorectic effect of amylin is also affected by hypoglycemia, i.e., whether amylin

reduces eating under euglycemic and hyperglycemic, but not under hypoglycemic

conditions, is currently unknown.

Recent findings indicate that the action of amylin on AP neurons may also be

affected by protein. Initial experiments showed that a low dose of peripheral amylin

induced a strong c-Fos expression in the AP and NTS of 24-h-fasted rats, but not in

rats fed ad libitum (Michel et al. 2007). Based on subsequent experiments using

nutrient-deficient noncaloric mash diets (NCM) that were selectively supplemented

with protein, glucose, or fat (lard) (Michel et al. 2007), we concluded that protein—

or perhaps single amino acids—attenuated the amylin-induced c-Fos response in

the AP. Consistent with this view, peripheral injection of an amino acid mixture

also significantly attenuated the amylin-induced c-Fos expression in the AP in

fasted rats (Riediger et al. 2009); further, amylin’s anorectic action was stronger

in rats fed with a 1% protein diet (1% weight/weight) compared to its action in rats

fed with an isocaloric 8% or 18% protein diet (Riediger et al. 2009). The underlying

mechanisms are still not clear; it needs, e.g., to be tested whether specific amino

acids reduce the effect of amylin to activate AP neurons or whether the effect is

indirect, e.g., by a protein-induced specific release of some hormone that in part

counteracts amylin action in the AP. Further, the functional implications of these

findings, and in particular their clinical relevance for the use of the amylin analogue

pramlintide in the treatment of obesity, need to be defined.

2.3 Differences Between Amylin and CCK as Satiation Signals

Amylin produces acute satiating effects like CCK, but an important difference is

worth to mention. Chronic CCK seems unable to reduce body weight under most

experimental conditions. First, rats infused continuously with CCK do not show a

sustained reduction in eating and in body weight; second, CCK infused intraperito-

neally prior to spontaneous meals only reduces food intake initially because the

decrease in meal size is soon compensated by an increase in meal frequency

(Crawley and Beinfeld 1983; West et al. 1984; reviewed in Smith and Gibbs

1985). The mechanisms of this compensatory increase in meal frequency are

unknown. Importantly, such mechanisms—at least to the same extent as for

CCK—do not seem to occur with amylin, because chronic amylin produces a

sustained reduction in meal size, total food intake, and ultimately body weight

(Arnelo et al. 1996, 1998; Lutz et al. 2001a).
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2.4 Central Processes of Amylin Signaling

The amylin-induced activation of the AP is generally assumed to be synaptically

transmitted to the forebrain via the NTS and the lateral parabrachial nucleus (lPBN)

(Riediger et al. 2004). Lesions of the AP, the NTS, or the lPBN [but not of the

central nucleus of the amygdala (CeA)] blocked the eating-inhibitory effect of

peripheral amylin, and these lesions also blocked amylin-induced c-Fos expression

in areas rostral to the lesion, i.e., NTS, lPBN, and CeA in AP-lesioned rats, and in

the CeA in lPBN-lesioned rats. Hence, the AP seems to be amylin’s primary target,

with the NTS and lPBN as direct projection areas (Becskei et al. 2007; Potes et al.

2010a; Riediger et al. 2004; Rowland and Richmond 1999).

The lPBN also appears to act as an important relay station between the hindbrain

and the lateral hypothalamic area (LHA), where amylin reduces the fasting-induced

c-Fos expression (Potes et al. 2010a; Riediger et al. 2004). Tracing studies revealed

ascending projections from the lPBN to other hypothalamic nuclei, and in particular

the ventromedial hypothalamic nucleus (Potes et al. 2010a; see also Mollet et al.

2003b); the role of these hypothalamic projection areas in the inhibitory effect of

amylin on eating is currently under investigation.

Central pathways involved in the signaling cascade of amylin and other eating

controls have often been characterized by use of c-Fos protein expression as a

marker of neuronal activation; however, the functional implications of c-Fos expres-

sion for hormonal action on eating behavior are unknown (see Lutz 2010 for a

discussion on the limitations using c-Fos immunohistochemistry). Another marker

of neuronal activation that has been used more recently is the phosphorylated form

of the extracellular signal-regulated kinase 1/2 (pERK). The kinetics but also the

cellular effects of this pathway seem to parallel much better the characteristics of the

eating-inhibitory effects of short-acting signals such as amylin or CCK. Activation

of the ERK pathway leads to a rapid ERK1/2 phosphorylation; this may lead to acute

neuronal responses such as activation or inhibition of ion channels that directly

affect neuronal excitability (Nishimoto and Nishida 2006; Yuan et al. 2002). Hence,

it is plausible that the ERK pathway may be functionally involved in fast eating-

inhibitory effects, not only for CCK (Sutton et al. 2004), but potentially also for

amylin. We have recently shown that amylin increases pERK formation time and

dose dependently (Potes et al. 2010b); most interestingly, the peak of pERK

detected by immunocytochemistry was observed at a time when amylin exerts its

action to end a meal, i.e., within about 10–15 min after administration (Lutz et al.

1995). Further, blockade of ERK phosphorylation in the AP by a local infusion of

the MEK inhibitor U0126 into the forth ventricle reduced amylin’s potency to

inhibit eating (unpublished). These studies provide good evidence for the use of

ERK phosphorylation as a neuronal correlate for fast behavioral effects in general,

and for an important functional role of this pathway in amylin’s satiating effect.
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2.5 Future Areas of Research

Despite the increasing knowledge on the mechanisms that are involved in amylin’s

anorectic action, there are still many open questions that need to be answered to

obtain a full picture on how the brain processes amylin signaling. These include

questions on specific aspects of amylin physiology and pathophysiology in the AP

(e.g., is amylin signaling different in obese versus lean individuals), and on the

temporal sequence of activation or inhibition of other brain areas that may be

involved in amylin signaling. Further, it will be important to study efferent

pathways that are triggered by amylin because no information is available

concerning these specific circuits involved in amylin’s effect on eating.

3 Amylin Has Typical Properties of an Adiposity Signal

Amylin also shares characteristics of adiposity signals, like leptin or insulin

(Hillebrand and Geary 2010; Schwartz et al. 2003; Woods 2004, 2005). The basal

plasma levels of amylin are generally higher in obese individuals (Enoki et al. 1992;

Hanabusa et al. 1992; Leckstr€om et al. 1999; Martin et al. 2010; Pieber et al. 1994),

indicating an association between body adiposity and plasma amylin, but it is not

yet clear whether changes in body adiposity result directly and with the same

temporal pattern in changes of amylin levels (Gloy et al. 2010). Further, chronic

peripheral (Mack et al. 2007; Roth et al. 2006) or central (Rushing et al. 2000)

amylin infusion decreases body weight gain specifically by an effect on fat mass,

and central administration of the amylin antagonist AC187 increases body adiposity

(Rushing et al. 2001). Recent experiments provided further support for the idea to

consider amylin a potential adiposity signal (Wielinga et al. 2008, 2010). In these

experiments, the body weight of rats was manipulated by prior overfeeding or food

restriction. Subsequent central amylin infusion resulted in a body weight trajectory

that within few days was indistinguishable from that of rats infused with amylin and

fed ad libitum; however, body weight was markedly lower than in respective saline-

treated controls. In other words, the central amylin level appeared to be an impor-

tant determinant for the body weight to be reached (Wielinga et al. 2010). Hence,

the results are similar to what has been reported for leptin or insulin (Chavez et al.

1995; Woods 2005); amylin may encode the achieved level of body weight and

contribute to the relative constancy of body weight throughout adult life.

3.1 Resistance to Leptin and Insulin in Obesity

Most cases of obesity in humans and in animal models are typically associated with

the development of resistance to the central effects of leptin and insulin. This results

in a reduced eating-inhibitory response to exogenous administration of these
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hormones; in other words, higher doses of leptin and insulin are necessary to exert

the same magnitude of effect as observed in lean individuals. The causes of this

resistance phenomenon are most likely numerous; in addition to reduced leptin and

insulin transfer via the blood–brain barrier (Banks and Kastin 1998; Banks 2008,

2010), the direct action of leptin and insulin at their most important hypothalamic

target sites is also altered in obesity (for review: M€unzberg 2010).

3.2 Sensitivity to Amylin in Obesity

Until recently, only few studies directly investigated the influence of obesity on the

sensitivity of rats or mice to anorectic doses of amylin or its agonists, e.g., salmon

calcitonin (sCT).

Most studies indicated that amylin retains at least partial efficiency to reduce

eating and body weight gain, despite prevailing obesity. It was, e.g., reported that

ob/obmice, melanocortin-4 receptor knockout mice, and obese Zucker fa/fa rats all
respond to amylin agonism (Eiden et al. 2002; Grabler and Lutz 2004; Morley et al.

1994), and antagonism to endogenous amylin with peripheral AC187 also increased

eating in Zucker rats (Grabler and Lutz 2004). Further, at least using high doses,

acute administration of the amylin analogue pramlintide decreased the size of test

meals by about 20% in obese humans (Chapman et al. 2005; Hollander et al. 2004).

Recent studies in our own laboratory tested the effect of specific obesity-related

phenomena on the anorectic and body weight-lowering properties of amylin (Boyle

et al. 2010, 2011). In the first study, rats maintained on a high-fat diet (HF; 60% fat

by calories) showed an unaltered response to acute amylin for about 3 months on

this diet. Only after that, rats appeared to be less sensitive to amylin. We concluded

that the HF diet alone does not seem to alter amylin sensitivity but that the

metabolic changes that occur following prolonged HF intake may modify amylin’s

efficacy. It is unclear at present which parameters associated with the development

of obesity in HF fed animals may be responsible for this phenomenon.

To rule out that chronic hyperamylinemia, which typically parallels the devel-

opment of obesity (Hanabusa et al. 1992; Leckstr€om et al. 1999; Pieber et al. 1994;

Reinehr et al. 2007), may cause a reduction in amylin sensitivity, we tested whether

an elevation of baseline plasma amylin levels independent of obesity would render

rats less sensitive to acute amylin injections. In contrast to hyperleptinemia or high

circulating levels of CCK, which can induce leptin resistance (Knight et al. 2010) or

reduced sensitivity to CCK in rats (Covasa et al. 2001), respectively, no such

phenomenon was observed in the case of amylin. Lean rats that were chronically

infused with amylin, resulting in baseline amylin concentrations typically observed

in obesity, demonstrated a dose-dependent decrease in food intake after acute

amylin administration, regardless of circulating amylin levels (Boyle et al. 2011).

We therefore concluded that amylin sensitivity seems unaltered by chronically
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elevated amylin; hence, a downregulation of amylin receptors or a decrease in

postreceptor signaling appears to be unlikely.

Overall, we observed reduced amylin sensitivity under some but not all experi-

mental conditions that would typically be associated with leptin resistance; in all

cases, at least high doses of amylin still caused a significant effect on eating. Why

amylin sensitivity may be somewhat lower in some cases is not yet clear. Because

the AP has an open blood–brain barrier (reviewed in Potes and Lutz 2010),

resistance at the level of amylin access to the brain and its target neurons seems

an unlikely explanation for reduced amylin sensitivity in obesity. This clearly

distinguishes amylin from leptin because decreased leptin transport across the

blood–brain barrier appears to play an important role in leptin resistance (Banks

et al. 1999). Further, at least when gauged by c-Fos expression, the amylin-induced

activation of its target neurons in the AP was similar between rats fed standard

chow or HF. Thus, amylin insensitivity is probably also not caused by direct

changes in amylin receptor function. Potential alterations in intracellular

postreceptor effects (e.g., activation of the cGMP or the pERK systems (Riediger

et al. 2001; Potes et al. 2010b)) have not yet been tested.

3.3 Amylin Secretion in Obesity

An alternative possibility for reduced action of the (endogenous) amylin system

in obesity could be deficient amylin release in response to a meal. We therefore

recently tested whether rats exposed to a HF diet exhibit an altered meal-induced

amylin release; we compared hepatic portal vein concentrations of amylin and

insulin in rats maintained on a standard diet to those on a HF diet. Part of the HF

fed rats developed diet-induced obesity. We observed that rats maintained on the

HF diet exhibited an earlier meal-induced increase in plasma amylin levels,

independent of the level of obesity. The meal-induced insulin release appeared

unchanged in HF versus chow-fed rats. This can potentially be explained by a

selective effect of elevated fatty acids to enhance mRNA expression of amylin,

but not of insulin (Qi et al. 2009). More importantly, these data do not provide

evidence for a reduction in meal-induced amylin release. Hence, it seems

unlikely that overeating in obesity may be due to an insufficiency of endogenous

amylin release.

4 How Do the Two Roles of Amylin as Satiation

and Adiposity Signals Combine?

As discussed in the previous paragraphs, amylin has characteristics of satiation and

of adiposity signals. An important difference between amylin and the “classical”

satiation signal CCK is that continuous infusion of amylin in rats (Arnelo et al.
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1996; Lutz et al. 2001a), but not of CCK (Crawley and Beinfeld 1983), results in a

sustained reduction in food intake and body weight; in contrast to CCK (West et al.

1984), the amylin-induced decrease in meal size is not fully compensated by an

increase in meal frequency (Arnelo et al. 1996; Lutz et al. 2001a).

An important question that may come up is how we can differentiate mechanis-

tically between these two “roles” of amylin. This question is in fact not limited to

amylin and could also be asked in respect to other signals involved in the control of

eating, such as insulin or ghrelin (Surina-Baumgartner et al. 1995; Williams and

Cummings 2005). One way to answer this question would be to investigate whether

the roles of amylin as satiating and as adiposity signals are processed by different

parts of the central nervous system; one could imagine processing of the signals in

different brain sites or by different neuronal populations in a given brain site. At

present, these questions remain unanswered.

5 Amylin’s Effect to Increase Energy Expenditure

Amylin, like other signals involved in the control of eating, seems to increase

energy expenditure in rats and mice. One of the first experiments to study this

phenomenon indicated that the amylin receptor agonist sCT reduced body weight

and body fat in fasted rats compared to saline-treated fasted controls (Lutz et al.

2001b). Further, body fat loss in rats centrally infused with amylin was more

pronounced than in pair-fed controls (Wielinga et al. 2008, 2010); this again

indicated that amylin increased energy expenditure in addition to reducing food

intake.

Over recent years, several reports consistently indicated that both acute and

chronic amylin receptor activation seems to increase energy expenditure, or at least

to prevent a decrease in energy expenditure that would typically result from the

amylin-induced reduction in eating and body weight (Isaksson et al. 2005; Mack

et al. 2007; Osaka et al. 2008; Roth et al. 2006). It has been suggested that this effect

on energy expenditure may in part be secondary to the amylin-induced reduction in

adiposity, and to a relative increase in the metabolically more active lean body mass

(Roth et al. 2006). Acute peripheral injection of an anorectic dose of amylin failed

to increase energy expenditure in rats, whereas the long-acting agonist sCT

increased it (Wielinga et al. 2007). Thus, we presume that the lack of effect of

peripheral amylin may be due to its short half-life in the peripheral circulation.

When administered centrally, both sCT and amylin acutely increased energy

expenditure by about 25%. Because central amylin specifically lowers body adi-

posity (Rushing et al. 2000), we presume that amylin increases fat oxidation as

indicated by a lower respiratory quotient.

Despite the clear effects of exogenous amylin (or sCT) on energy expenditure,

the physiological relevance of these effects, or whether these effects are purely

pharmacological, is still an open question. In other words, the role of endogenous

amylin in the control of energy expenditure has not yet been tested. Keeping this
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reservation in mind, we believe that the data reported above are consistent with the

idea that amylin affects energy balance in part by increasing energy expenditure,

but final proof is missing. It is important to note that this effect has to be seen in

light of amylin’s body weight-lowering effect. Hence, we consider the effect of

amylin to prevent the compensatory decrease in energy expenditure that is typically

seen in weight-reduced animals or fasted humans (Weyer et al. 2001b) as indicative

of a physiologically relevant role in energy balance.

Another open question is what neural targets mediate the effect of exogenous

amylin on energy expenditure. At present, the (presumably) central mediators and

the exact effector mechanisms which may underlie amylin’s action on energy

expenditure are unknown. Increased physical activity is unlikely to play an impor-

tant role (Wielinga et al. 2007), and the same may be true for an effect of amylin on

the expression of uncoupling protein (Roth et al. 2006).

6 Basic Research on the Interaction Between Amylin and Leptin

The system controlling energy balance is very complex; due to the multitude of

signals involved in this system, it is not surprising that many of these signals

interact, but detailed research on the potential interactions among these signals is

limited. In recent years, the interactions between amylin and leptin have been a

specific focus of research; the results of basic research but also of clinical studies

are encouraging because they point to a potential use of this combination therapy in

antiobesity treatment. This interaction is most likely not based on a direct effect of

amylin at leptin receptors or vice versa and may involve secondary projection areas

where the amylin signal (most likely originating in the AP) and leptin signal

(possibly originating in the ARC) converge.

6.1 Interaction of Amylin and Leptin in Rats and Mice

The first study in this context showed that acute central administration of leptin

increased the acute eating-inhibitory effect of peripheral amylin in rats (Osto et al.

2007). Subsequent studies, most of them involving chronic administrations, yielded

similar and consistent results. Roth and colleagues (Roth et al. 2008) described the

effects on eating and body weight of combined 2-week peripheral infusions of

amylin and leptin in rats. In obese rats, exogenous leptin alone had no effect on food

intake or on the development of body weight, while the same dose of leptin was

effective in lean animals. Amylin alone was still effective in the obese rats and

reduced body weight by about 5%; this is consistent with the findings discussed

above that obesity does not eliminate amylin sensitivity in rats (Boyle et al. 2011).

When leptin was combined with amylin, its effect on food intake and body

weight in obese rats was enhanced by a factor of 2. In addition, coadministration of
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leptin and amylin produced a greater effect on adiposity than amylin alone or than

leptin combined with pair feeding to amylin-treated rats. Furthermore, dark-phase

energy expenditure was highest in the rats that received both amylin and leptin.

Overall, these data indicate that amylin reversed the leptin resistance of obese rats

(Roth et al. 2008).

A series of subsequent studies confirmed that amylin and leptin have synergistic

effects on eating, body weight, and body adiposity (Trevaskis et al. 2008; Turek

et al. 2010). The major effect on body weight of the combination of amylin and

leptin seemed to be due to the reduction in food intake; however, similar to our

recent studies with central amylin infusion (Wielinga et al. 2008, 2010), the

decrease in energy expenditure that might be expected due to lower food intake

and body weight was prevented by amylin and leptin. Hence, maintenance of

energy expenditure probably contributed to the overall effect of amylin and leptin

on body weight.

The combined treatment with amylin plus leptin seemed to preferentially favor

fat oxidation because the respiratory quotient was maintained at a low level

throughout the study period; subsequently, loss of body fat was more pronounced

in rats that received amylin and leptin than in rats pair-fed to the treated rats (Roth

et al. 2008; Trevaskis et al. 2008). This metabolic effect was consistent with gene

expression profiles in the amylin- and leptin-treated rats; the expression of genes for

hepatic lipogenesis was reduced, and the expression of genes for lipid utilization

was increased (Trevaskis et al. 2008).

While these studies provide evidence for the pharmacological interaction

between amylin and leptin, it is less clear whether this interaction is also of

physiological relevance. At the behavioral level, this would indicate that endoge-

nous amylin and leptin interact to decrease eating and body weight. In fact,

reduction of body weight and adiposity by leptin was lower in amylin-deficient

mice than in wild-type controls (Turek et al. 2010). Conversely, the amylin agonist

sCT seemed to be less effective in reducing eating in leptin-deficient ob/ob mice

(Eiden et al. 2002), indicating that endogenous leptin may be required for a full

action of amylin. Finally, amylin-deficient mice have a reduction in the leptin-

induced pSTAT3 formation in the ARC and VMH, and in leptin receptor expression

in the mediobasal hypothalamus (Turek et al. 2010). Overall, these experiments

indicate that the functional interaction between amylin and leptin may be physio-

logically relevant, but more studies are warranted to fully investigate the relevance

of this interaction under physiological conditions.

6.2 Mechanism(s) of Interaction

The mechanisms involved in the interaction between amylin and leptin seem to

involve secondary projection areas where the amylin and leptin signals converge.

Recent studies indicate that amylin mainly seems to influence the central processing

of the leptin signal (Roth et al. 2008; Turek et al. 2010) and to affect leptin
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sensitivity of rats; hence, amylin reverses leptin resistance in obese rats (Roth et al.

2008) and increases leptin sensitivity in lean rats (Turek et al. 2010). The studies

also suggest that the AP does not seem to be the major converging site for this

interaction because leptin did not enhance the amylin-induced activation of AP

neurons when assessed by c-Fos immunocytochemistry (Turek et al. 2010).

The amylin–leptin interaction appears to reside in the hypothalamus, possibly

after polysynaptic input from the AP (Lutz et al. 1998, 2001a; Turek et al. 2010).

Amylin increased the effect of leptin to induce pSTAT3 formation in the ARC

(Turek et al. 2010), and at least high doses of leptin resulted in increased pSTAT3

signaling in the ventromedial hypothalamus (VMH) in obese, amylin-pretreated

rats (Roth et al. 2008); in other words, amylin restored the leptin-induced pSTAT3

signal in the VMH of obese rats to a level of leptin-treated lean rats.

These results are consistent with reduced leptin receptor expression in the

mediobasal hypothalamus in amylin-deficient mice mentioned above (Turek et al.

2010). Because acute amylin treatment upregulated leptin receptor expression in

the hypothalamus and because it also increased leptin binding in the VMH (and

some other distinct hypothalamic nuclei), it is plausible that these effects of amylin

on pSTAT3 expression, leptin receptor expression, and on leptin binding are all

causally linked and correlate with the increase in leptin sensitivity and with the

stronger effect of amylin plus leptin on eating and body weight.

7 Clinical Studies on the Potential of Amylin in Antiobesity

Therapy

The positive outcome of rodent studies on the interaction between amylin and leptin

encouraged translational research for potential application in humans. Preclinical

tests in humans showed that the coadministration of the amylin and leptin analogues

pramlintide and metreleptin, respectively, in overweight humans lowered body

weight in a clinically relevant fashion (Ravussin et al. 2009; Roth et al. 2008). A

decrease in body weight of more than 12% was seen in patients receiving the

combination of pramlintide and metreleptin, and body weight did not yet stabilize

at the end of the observation period; this means that body weight continued to

decrease even after half year of treatment.

However, similar to many other chronic diseases (e.g., type 2 diabetes),

antiobesity therapy and maintenance of lower body weight may require continuous

and perhaps lifelong treatment. At least in diet-induced obese rats, body weight

seems to increase again on the cessation of amylin and leptin therapy; the body

weight loss was only maintained in rats that received continued treatment

(Trevaskis et al. 2010).
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8 Summary

To summarize, amylin is a physiological satiating signal that controls meal size by

acting at amylin receptors in the AP. Several data indicate that amylin may also act

as an adiposity signal. Importantly, chronic amylin treatment lowers body weight

gain in rats and mice, and the same effect has also been observed in humans. The

mechanisms of amylin action have been explored at least in part, and it remains to

be studied whether adjunct modulation of amylin signaling pathways may enhance

the anorectic effect triggered by amylin alone. In recent years, animal and human

studies on amylin and leptin or their analogues suggest that this combination

therapy may be an effective and promising treatment strategy for obesity.

9 Perspectives

Based on the promising preclinical findings to treat human obesity with a combina-

tion of amylin and leptin analogues, further research is warranted to investigate the

long-term usefulness and potential late side effects. An interesting question is

whether lower doses of amylin or leptin analogues can be used to maintain lower

body weight once marked body weight loss has been achieved. Further, amylin-

based pharmacotherapy is also interesting in respect to recent findings in a rat

model of Roux-en-Y gastric bypass (RYGB) surgery where it was reported that

postprandial amylin levels, similar to GLP-1 and PYY, were higher in RYGB than

sham-operated rats (Bueter et al. 2010; Shin et al. 2010). Hence, it may be possible

in the future to mimic the effects of RYGB surgery by application of a well-defined

mixture of hormones that lower eating and increase energy expenditure similar to

RYGB, but without its only partly explored undesired side effects such as massive

loss of bone mineral density (Lutz et al. 2010).
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Abstract The human gut harbors a highly diverse microbial ecosystem of approx-

imately 400 different species, which is characterized by a high interindividual

variability. The intestinal microbiota has recently been suggested to contribute to

the development of obesity and the metabolic syndrome. Transplantation of gut

microbiota from obese mice to nonobese, germ-free mice resulted in transfer of
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metabolic syndrome–associated features from the donor to the recipient. Proposed

mechanisms for the role of gut microbiota include the provision of additional

energy by the conversion of dietary fiber to short-chain fatty acids, effects on

gut-hormone production, and increased intestinal permeability causing elevated

systemic levels of lipopolysaccharides (LPS). This metabolic endotoxemia is

suggested to contribute to low-grade inflammation, a characteristic trait of obesity

and the metabolic syndrome. Finally, activation of the endocannabinoid system by

LPS and/or high-fat diets is discussed as another causal factor. In conclusion, there

is ample evidence for a role of gut microbiota in the development of obesity in

rodents. However, the magnitude of its contribution to human obesity is still

unknown.

Keywords Bifidobacteria • Diet • Endotoxemia • Energy harvest • Intestinal

microbiota • Low-grade inflammation • Metabolic syndrome • Obesity

1 Introduction

The worldwide epidemic in obesity and its associated metabolic disorders, such as

type-2 diabetes, fatty liver, and cardiovascular disease, has triggered an intense

search for genetic and environmental factors that contribute to this development.

The high prevalence of the metabolic syndrome in affluent societies has been

attributed to a predominantly sedentary lifestyle and unhealthy eating behavior

(Kushner & Choi 2010). Excessive consumption of high-energy diets, lack of

physical activity, and genetic susceptibility are the main factors for obesity. How-

ever, the sequence of events leading to the loss of energy homeostasis in obese

subjects is largely unknown. A number of functional parameters involved in

appetite control and metabolic regulation are altered in obese subjects, but it is

unclear whether these changes are the cause or rather the consequence of the

ensuing metabolic disorder. In 2004 and the following years, studies of the group

led by Jeffrey Gordon in St. Louis proposed the intestinal microbiota as one

intestinal factor that may contribute to the development of obesity (Backhed

et al. 2004; Ley et al. 2005, 2006a; Turnbaugh et al. 2006). This has triggered

intense research in this area. Even though the exact role of gut bacteria in obesity

development is still obscure, it has been proposed that changes in gut microbiota

composition in response to high-fat diets affect lipogenesis (Backhed et al. 2007),

gut permeability for lipopolysaccharides (LPS), and inflammatory status (Cani et al.

2007a) as well as the endocannabinoid system tone (Muccioli et al. 2010) (Fig. 1).

2 The Intestinal Microbiota

The microbial community resident in the human digestive tract represents a highly

diverse microbial ecosystem as indicated by the presence of ~400 species-level

phylotypes based on 16S rRNA gene analysis (Ley et al. 2006b; Eckburg et al.
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2005). The microbial cell concentration in the gastrointestinal tract increases

considerably from the stomach (<103/ml) to the colon (1012/g) (Finegold et al.

1983). The high interindividual variability in gut microbiota composition makes it

difficult to define a core microbiome (all members of a microbial ecosystem) that is

shared by everyone (Qin et al. 2010). In spite of these differences in species

composition, many functions exerted by the gut microbiota are apparently shared

among individuals. Known functions of the gut microbiota include the conversion

of nondigestible carbohydrates (dietary fiber) to short-chain fatty acids, transfor-

mation of bile acids, the provision of a barrier against pathogenic bacteria, and

modulation of the innate and the adaptive immune systems.

More recent work indicates that the gut microbiota affects host physiology to

a larger extent than previously assumed. Association of germ-free mice with

Bacteroides thetaiotaomicron, a dominant species in the gut microbiota of mice
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LPS SCFA

Metabolic syndrome
Obesity

Insulin resistance
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energy diet

Changes in 
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Fig. 1 Hypothetical scheme depicting how intestinal microbiota may influence the development

of diet-induced obesity and metabolic syndrome. For detailed description, see text. AEA ananda-

mide, Angptl4 angiopoietin-like protein 4, CB1 endocannabinoid receptor 1, EC system Endo-

cannabinoid system, FAAH fatty acid amid hydrolase, LPS Lipopolysaccharide, SCFA short-chain

fatty acids, ZO-1 tight-junction protein zonola occludens-1
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and humans, led to changes in the expression of genes involved in postnatal matura-

tion of the intestine, absorption of nutrients, angiogenesis, and xenobiotic metabolism

as well as in mucosal barrier and immune function (Hooper et al. 2001). The majority

of bacteria in the human and mouse intestine (99%) belong to only four major phyla:

the Firmicutes (encompassing gram-positive genera, such as Clostridium, Eubacte-
rium, Ruminococcus, Butyrivibrio, Anaerostipes, Roseburia, Faecalibacterium),
the Bacteroidetes (encompassing the gram-negative genera Bacteroides, Porphy-
romonas, and Prevotella), Actinobacteria (encompassing the gram-positive genus

Bifidobacterium), and Proteobacteria (encompassing the gram-negative Enterobac-

teriaceae with Escherichia coli as its most prominent representative).

3 Impact of Obesity on Gut Microbiota Composition

Genetically obese, leptin-deficient C57BL/6J mice (ob/ob) harbored a 50% lower

proportion of Bacteroidetes in their gut than wild-type mice and a correspondingly

higher proportion of Firmicutes (Ley et al. 2005). Both groups were fed a standard

chow ad libitum, suggesting that not the diet but the nutritional status (obesity)

affected the gut microbiota composition. The ob/obmice consumed 4% more chow

than the lean wild-type mice, resulting in significantly increased body weights and

epididymal fat-pad weights compared with the wild-type mice (Ley et al. 2005).

Similar observations were made in a human study. Twelve obese people were

randomly assigned to two low-calorie diets: One was fat-restricted, and the other

one was carbohydrate-restricted (Ley et al. 2006a). The gut microbiota composition

was monitored over 1 year by sequencing the 16S ribosomal RNA (rRNA) genes in

fecal DNA. Before starting the weight-loss diets, the obese study participants

harbored fewer Bacteroidetes in their gut microbiota than the lean control subjects

(3% versus 25%). The Firmicutes were correspondingly higher in the obese than in

the normal-weight individuals (89% versus 73%). The proportion of Bacteroidetes

in the obese subjects increased within 1 year from 3 to 18% in response to the

restriction of energy intake.

These findings are in disagreement with two other, more recent human studies

(Duncan et al. 2008; Schwiertz et al. 2010). Duncan and coworkers compared the gut

microbiota composition of 23 obese (body mass index, BMI > 30 kg/m2) and 14

nonobese subjects (BMI < 30 kg/m2) by 16S rRNA-targeted fluorescence in situ

hybridization (FISH) and quantitative real-time PCR (qRT-PCR) (Duncan et al.

2008). The obese and nonobese subjects did not differ in the proportion of fecal

Bacteroides, and there was also no correlation between BMI and the proportion of

Bacteroides over a BMI range of 20–44 kg/m2. The obese study participants

underwent a dietary intervention for the purpose of body-weight reduction. They

consumed two energy-restricted diets offered in a crossover design for 4 weeks each.

One of the diets was high in protein, low in carbohydrate, and ketogenic, while the

other diet was high in protein, moderate in carbohydrate, and nonketogenic. There

was no significant change in the proportion of fecal Bacteroides in the obese subjects

in response to any of the low-calorie diets (Duncan et al. 2008).
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The study by Schwiertz et al. (2010) included 30 normal-weight

(BMI ¼ 18.5–24.9 kg/m2), 35 overweight (BMI ¼ 25–30 kg/m2), and 33 obese

subjects (BMI >30 kg/m2). As determined by qRT-PCR, the proportion of

Bacteroidetes was found to be 23% for the normal-weight subjects, 47% for the

overweight subjects, and 45% for the obese study participants, respectively

(Schwiertz et al. 2010). This result is in contradiction to the results by Ley et al.

(2006a).

Several reasons could be responsible for the observed differences. First, the

detection methods used for quantification of the intestinal bacterial groups differed.

While Duncan et al. (2008) and Schwiertz et al. (2010) used FISH and qRT-PCR,

respectively, Ley et al. (2006a) employed 16S rRNA gene sequencing. For both

FISH and qRT-PCR, appropriate oligonucleotide probes and primers, respectively,

have to be selected. This selection determines which bacteria are targeted. In

contrast, 16S rRNA gene sequencing is expected to essentially detect any bacterial

strain whose 16S rRNA gene contains the conserved site to which the primers can

bind. It may thus be possible that changes within the bacterial groups of interest, the

Bacteroidetes and the Firmicutes, remained undetected by FISH and qRT-PCR

because the probes and primers, respectively, failed to target all members of these

phyla. Hence, changes within these phyla might have occurred but were not

detected because the selected probes or primers missed those bacterial groups

undergoing changes in their relative proportion. Second, the participants in the

three studies and also the study designs are not really comparable. It thus remains

unclear whether obesity inevitably leads to changes in the human gut microbiota, in

particular to a decrease in the Bacteroidetes.

4 Influence of High-Fat Diets on Gut Microbiota Composition

A more recent investigation in mice supports the notion that diet rather than obesity

affects the intestinal microbiota composition (Hildebrandt et al. 2009). Both wild-

type 129Svev/C57BL/6 mice and RELMb knockout (KO) mice were fed a standard

chow or a high-fat diet to study the influence of the genotype and the resulting

phenotype on the composition of gut microbiota using 16S rRNA gene sequencing

of fecal DNA. RELMb is a colonic goblet cell–specific gene, whose expression

depends on the presence of the gut microbiota. On the standard chow, both strains

remained lean with a body weight of 20 g for both strains. In contrast, on the high-

fat diet (45% energy), the wild-type mice became obese (45 g body weight, 11 g

body fat), while the RELMb KO mice remained relatively lean (32 g body weight,

6 g body fat). The 16S rRNA gene–sequence analysis revealed a high similarity in

the composition of the bacterial communities from both wild-type and RELMb KO

mice when the standard chow was fed. However, the fecal microbiota changed in

both mice strains after being fed the high-fat diet for 3 months. These changes were

characterized by a decrease of the Bacteroidetes from 55% (standard chow) to 13%

(high-fat diet) and increases of Firmicutes from 10 to 30%, Proteobacteria from 29
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to 45%, and Actinobacteria from 3 to 8%. Since these diet-dependent changes

occurred both in the wild-type strain, which is susceptible to diet-induced obesity,

and in the relatively obesity-resistant RELMbKO strain, the authors concluded that

the high-fat diet rather than obesity determines the composition of the gut

microbiota (Hildebrandt et al. 2009). This notion is supported by another recent

study in which 7-week-old wild-type mice were switched from a low-fat to a high-

fat diet for 8 weeks. The changes in their gut microbiota composition were

compared with those of wild-type and genetically obese mice (leptin-deficient ob/
ob mice) fed a low-fat diet throughout the same time period (Murphy et al. 2010).

The microbial composition of fresh fecal samples obtained at 7, 11, and 15 weeks of

age was determined by pyrosequencing of 16S rRNA. Microbiota composition at

week 7 was similar in all three groups, the main phyla detected being Firmicutes

(56–57%), Bacteroidetes (24–25%), and Actinobacteria (almost exclusively

represented by Bifidobacterium, 16%). There were no significant changes in

microbiota composition in wild-type mice fed the low-fat diet over time, whereas in

mice fed the high-fat diet, the proportion of Firmicutes increased from 57 to 70%. The

authors conclude that changes in gut microbiota composition are a feature of high-fat

feeding rather than related to genetically induced obesity (Murphy et al. 2010).

It is noteworthy that the actual proportions of the dominant microbial phyla

reported in the two reports above (Hildebrandt et al. 2009; Murphy et al. 2010)

differ considerably, also from those reported by others (Ley et al. 2005; Turnbaugh

et al. 2006, 2008), even though all studies used 16S rRNA–based molecular

population analysis. Major differences between the studies were reported for all

phyla. The reasons for these differences are unclear, but it may be surmised that

different environmental and housing condition in the breeding facilities from

which the animals were obtained may have affected their initial colonization

(Hildebrandt et al. 2009). Discrepant findings may also result from the use of

different diets. Furthermore, they could be related to technical aspects such as

efficiency of DNA extraction and choice of primers for 16S rRNA gene amplifica-

tion. (Murphy et al. 2010) speculated that the high levels of Actinobacteria and the

associated genus Bifidobacterium detected in their study could be related to the

particular DNA-extraction protocol employed and to the use of primers predicted to

bind to 95% of all 16S rRNA genes (Murphy et al. 2010).

5 Does the Gut Microbiota Contribute to Obesity?

Since the availability of dietary substrates is a major determinant for establishment

and persistence of microorganisms in the intestinal tract, it is not surprising that

nutrition influences the activity and composition of gut microbiota. Diets devoid of

dietary fiber do not provide fermentable carbohydrates to the gut microbiota. In this

situation, growth of the gut microbes depends on the utilization of endogenous

substrates such as mucins, digestive proteins, and desquamated epithelial cells. In

accordance with this notion, the number of fecal anaerobes per gram of dry matter is
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1.3 log10 higher in rats fed a high-fiber diet than in those fed a low-fiber diet

(Maczulak et al. 1993). Along the same line, the type of fermentable fiber influences

the composition of gut microbiota because bacteria capable of taking advantage of a

given dietary fiber will grow faster than those unable to do so. For example,

oligofructose has repeatedly been demonstrated to stimulate the growth of intestinal

bifidobacteria (Gibson et al. 1995; Kleessen et al. 2001). Therefore, changes in gut

microbiota composition after shifting from a standard chow to a semisynthetic

high-fat diet are mainly due to a lower proportion of fermentable dietary fiber in

the latter diet (Fleissner et al. 2010). It has to be emphasized that fat itself cannot be

metabolized under anaerobic conditions and therefore cannot serve as energy

source for strictly anaerobic bacteria.

Are the reported dietary effects on the gut microbiota of any relevance for the

host or merely a side effect with little or no impact? Turnbaugh et al. (2006)

demonstrated that the transfer of microbiota from obese ob/ob mice to germ-free

wild-type mice within 2 weeks resulted in a significantly greater relative increase in

body fat (47%) than microbiota transfer from normal-weight wild-type mice to

germ-free wild-type mice (26%). The groups did not significantly differ in chow

consumption, initial body fat, and initial body weight of the recipients. The donor

microbiota of the ob/ob mice and the microbiota of the recipient wild-type mice

inoculated with the “ob/ob microbiota” contained higher proportions of Firmicutes

(69 and 63%, respectively) than the microbiota of the lean donor mice (55%) or the

recipients of their microbiota (49%). The relative abundance of Bacteroidetes in the

“ob/obmicrobiota” of both donor and recipient mice was accordingly lower (28 and

32%, respectively) than in the “lean microbiota” of donor and recipient mice

(44 and 48%, respectively). These findings were interpreted to indicate that the

microbiota from the obese mice has a higher capacity to harvest energy from the

diet. This notion is supported by a metagenomic analysis which revealed that genes

encoding enzymes involved in the degradation of indigestible polysaccharides were

enriched in the microbiome of the obese ob/ob mice as compared to the lean wild-

type mice. Genes encoding transport proteins for uptake of the cleavage products

and enzymes involved in the formation of acetate and butyrate were also enriched in

the microbiome of the ob/ob mice. In agreement with these findings, the authors

detected approximately 20% higher acetate and almost twofold higher butyrate

concentrations in the cecal contents of ob/ob mice than of wild-type mice

(Turnbaugh et al. 2006). Both acetate and butyrate can be absorbed by the host

and oxidized, thereby providing additional energy.

In order to further support the notion that the microbiota from obese mice is

more efficient in energy extraction from indigestible polysaccharides, and in order

to exclude that this finding was restricted to genetically obese mice, the microbiota-

transplantation experiments were extended to mice with a diet-induced obesity

(Turnbaugh et al. 2008). To exclude differences in microbiota composition, previ-

ously germ-free mice on a low-fat and polysaccharide-rich diet (LFD) were

colonized with the microbiota from a conventional mouse. Subsequently, five of

the ten mice were kept on this diet, while the remaining mice were switched to

a high-fat high-sugar diet (HFD: energy from fat, 41%; sucrose, 18%; (w/w)
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maltodextrin, 12%; and corn starch, 16%). Eight weeks later, the mice on the HFD

had gained 5.3 g body weight, whereas the mice on the LFD had only gained 1.5 g

body weight. The cecal microbiota of the mice fed the HFD had significantly higher

proportions of Firmicutes and lower proportions of Bacteroidetes than the mice fed

the LFD. Interestingly, the increase of the Firmicutes in the HFD-fed mice was

restricted to one bacterial family within this phylum, namely, the Erysipelo-

trichaceae, which are referred to as Mollicutes by Turnbaugh et al. (Turnbaugh

et al. 2008). The Mollicutes sequences represented approximately 65% of all 16S

rRNA sequences analyzed. Such a shift in the Erysipelotrichaceae in response to an

adipogenic diet has also been observed in a more recent mouse study (Fleissner

et al. 2010) but not in ob/ob mice, in which the high relative abundance of

Firmicutes extended across the whole phylum (Turnbaugh et al. 2006). Transplan-

tation of the microbiota from HFD-fed conventional mice to LFD-fed germ-free

recipients led to a greater relative increase in body fat (43%) as compared to the

transplantation of microbiota from the LFD-fed mice (25%). There was no differ-

ence in food consumption or initial weight between the recipients of the HFD

microbiota and the LFD microbiota. A metagenomic comparison of the HFD and

the LFD cecal microbiomes revealed an enrichment of genes involved in uptake

and utilization of dietary carbohydrates and host glycans (mucins and other

glycoproteins). In particular, genes encoding components of the phosphotransferase

system, the main sugar uptake system for a large proportion of intestinal bacteria,

were enriched in the HFD microbiome, while genes involved in motility were

depleted. The simultaneous enrichment of Erysipelotrichaceae and the above

genes in the HFD microbiome may indicate that these genes and their encoded

functions are contributed by these bacteria enabling a more efficient extraction of

energy from nondigestible dietary components (Turnbaugh et al. 2008).

A more recent metagenomic study in mice associated with a human intestinal

microbiota supports these findings: It demonstrated that switching these humanized

mice from an LFD to an HFD not only changed the composition of their gut

microbiota within 1 day but also made them obese (Turnbaugh et al. 2009).

Metagenomic analysis of the cecal microbiome revealed changes in the representa-

tion of genes encoding metabolic enzymes in response to dietary shifts. These

changes were accompanied by an altered gene expression. Microbiota transfers

between various combinations of donor and recipient mice fed with different diets

showed that colonization history affects the initial microbiota composition but that

diet overrides these effects within a certain time period (Turnbaugh et al. 2009).

6 Are Germ-Free Mice Protected Against Obesity?

The above described studies suggested that microbial communities in the gut of

mice or humans may differ in their capacity to extract energy from indigestible

dietary components by fermentation. In line with this observation, germ-free mice

were reported to be protected from diet-induced obesity (Backhed et al. 2004;
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Backhed et al. 2007). Germ-free and conventional C57BL/6 mice were fed a high-

fat diet ad libitum. After 2 weeks on this diet, the conventional mice had higher total

body-fat contents (13% versus 8%) and also higher epididymal fat-pad weights than

the germ-free mice (0.15 g versus 0.10 g), despite a higher chow consumption by

the germ-free mice than by the conventional mice (4.3 g/day versus 3.3 g/day).

Interestingly, there was no difference in total body weight between the two mouse

groups. Germ-free mice exhibited a 27% lower metabolic rate in spite of the lower

total and epididymal body fat as compared with conventional mice. The conven-

tional mice also displayed higher serum levels of leptin (2.2 ng/ml versus 0.7 ng/

ml), insulin (1.2 ng/ml versus 0.3 ng/ml), and glucose (10 mM versus 7.5 mM)

(Backhed et al. 2004). Higher levels of serum leptin in the conventional animals are

in accordance with the observed lower chow consumption by these mice because

leptin reduces appetite (Friedman and Halaas 1998). The conventional animals also

showed signs of impaired glucose homeostasis: Glucose tolerance and insulin

sensitivity were reduced, liver triglyceride content increased 2.3-fold, and expres-

sion of genes (mRNA) encoding acetyl-CoA carboxylase (Acc1) and fatty acid

synthase (Fas), key enzymes of fatty acid biosynthesis, was elevated 2.4- to 2.6-fold

in the liver compared to germ-free mice. The mRNA level of the carbohydrate

responsive element binding protein (ChREBP), which regulates the expression of

Acc1 and Fas, was twofold higher in the liver of conventional mice. These

observations indicated that the conventional mice had an increased hepatic lipo-

genesis (Backhed et al. 2004). The authors concluded that the gut microbiota

stimulated triglyceride formation in the liver of the mice.

In another recent investigation, germ-free C3H mice fed a high-fat diet had the

same or an even higher increase in body fat than conventional C3H mice fed the

same diet (Fleissner et al. 2010). This high-fat diet (HFD) was almost identical in

energy content and carbohydrate–protein–fat ratio (41:16:43, 21.4 kJ/g) to the diet

used by Backhed et al. (2004), referred to asWestern diet (WD 41:19:41, 21.5 kJ/g),

but differed in the type of carbohydrates and fats. The WD contains considerably

more sucrose than the HFD (183 g/kg versus 50 g/kg). In addition, the WD contains

10% vegetable shortening and 10% beef tallow, while the HFD contains 18%

coconut oil as the main fat component. Interestingly, feeding the WD to these

mice reproduced the results reported by Backhed et al. (2004). This led to the

conclusion that germ-free mice are not generally protected against obesity but that

this effect is diet-dependent (Fleissner et al. 2010). The exact reasons for this diet-

dependent effect have remained elusive.

7 Does the Gut Microbiota Modulate Energy Harvest

from Diet?

As already pointed out, the intestinal microbiota converts nondigestible dietary

carbohydrates (dietary fiber) into short-chain fatty acids (SCFA), which in turn can

be oxidized by the host and thus provide additional energy. It has been estimated
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that up to 10% of human energy needs may be covered by fermentation of fiber in

the colon (McNeil 1984). In mice, the addition of fermentable fiber to a high-fat diet

leads to significantly increased fermentation rates resulting in increased dietary

energy extraction and increased obesity compared to mice receiving the same diet

supplemented with nonfermentable fiber (Isken et al. 2010). It is conceivable that

gut microbiota composition affects the efficiency of energy extraction from the diet,

which in turn might lead to the development of obesity. Indeed, it has been shown

that gnotobiotic mice colonized with B. thetaiotaomicron and Methanobrevibacter
smithii display increased SCFA concentrations in the cecum compared to mice

colonized with either one of the two species, and that they also show increased

white fat and liver triglycerides compared to germ-free mice (Samuel & Gordon

2006). Aside from this direct effect of bacterial SCFA production on energy

extraction, indirect effects of SCFA on intestinal motility and intestinal hormone

production could also play a role. The formation of SCFA has been associated with

increased expression and production of glucagon-like peptide-1 (GLP-1) and pep-

tide YY (PYY) in the intestine (Zhou et al. 2008). Both are gut-secreted peptide

hormones implicated in intestinal function and appetite regulation (Wren and

Bloom 2007). The effect of SCFA on gut hormone production could be mediated

by G protein-coupled receptor (Gpr)41, which has been demonstrated to play a role

in improved energy harvest (Samuel et al. 2008). Gpr41 and Gpr43 are expressed in

adipocytes, in the distal small intestine, and in the large intestine. They are activated

by their ligands acetate, propionate, and butyrate. In the intestine, they are

expressed in enteroendocrine cells. Activation of Gpr41 leads to secretion of leptin

from adipocytes (Xiong et al. 2004) and formation of PYY in enteroendocrine cells

(Tazoe et al. 2008). Both peptide hormones exert an anorexigenic effect. In

addition, PYY also regulates gut motility. Mice deficient in Gpr41 (Gpr41�/�)
did not differ in weight gain and fat-pad weight as long as they were germ-free

(Samuel et al. 2008). However, Gpr41�/� mice colonized with a conventional

microbiota had a 30% lower fat-pad weight, 30% less weight gain, and 25% less

body fat than the corresponding wild-type mice (Gpr41+/+). The serum PYY levels

of germ-free Gpr41�/� mice and Gpr41+/+ mice did not differ from each other, but

they were two- to fourfold lower than those of mice that were colonized with

B. thetaiotaomicron and Methanobrevibacter smithii, indicating that intestinal

bacteria induce the formation of PYY. In the disassociated state, Gpr41�/� mice

had 40% lower serum PYY levels than Gpr41+/+ mice. There were no differences in

chow consumption, but the intestinal transit in theGpr41�/�mice was faster than in

the Gpr41+/+ mice, suggesting that the main target of PYY produced upon activa-

tion of Gpr41 by SCFA was gut transit time. Indeed, a shorter transit time in the

Gpr41�/�mice compared to theGpr41+/+ mice coincided with 30% higher levels of

unabsorbed fecal SCFA and 25% higher fecal energy content, despite the same

energy intake. In agreement with these findings, disassociated Gpr41+/+ mice had a

greater hepatic lipogenesis than the corresponding Gpr41�/� mice. Hence, the

SCFA produced by the gut microbiota activate Gpr41, and the resulting increase

in PYY slows intestinal transit, which in turn leads to a more complete absorption

of intestinal nutrients including SCFA.
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It should be pointed out that the above described observations were made in mice

fed polysaccharide-rich chow diets, which presumably contain a high but undefined

amount of fiber. Digestibility of semisynthetic high-fat diets with low-fiber content,

as assessed by analysis of diet and feces energy content, was found to be the same in

germ-free and conventional mice, and not related to differential weight gain of mice

on different high-fat diets (Fleissner et al. 2010). Murphy et al. (2010) also found no

association between changes in gut microbiota composition and markers of energy

harvest such as fecal SCFA and energy content in mice fed low- or high-fat diets.

They concluded that gut microbiota contributes little to energy extraction (Murphy

et al. 2010).

Taken together, the data imply that the gut microbiota may affect energy harvest

by producing SCFA from dietary fiber. However, this contribution to the energy

demand of the host is highly dependent on the amount and type of dietary fiber

consumed. So far, it is unknown whether this mechanism is relevant to humans in

Western societies, who on average have a rather low dietary fiber intake.

8 The Role of Fasting-Induced Adipose Factor/

Angiopoietin-Like Protein 4 (Fiaf/Angptl4)

The inhibition of fasting-induced adipose factor (Fiaf), also known as angiopoietin-

like protein 4 (Angptl4), by gut microbiota has been suggested to play a causal role

in microbiota-mediated increase of fat storage (Backhed et al. 2007). Fiaf/Angptl4

is a circulating inhibitor of lipoprotein lipase (LPL)-mediated lipolysis of plasma

triglyceride-rich lipoproteins and thus increases plasma triglycerides levels and

decreases uptake of fatty acids into tissues (Lichtenstein and Kersten 2010). LPL

is considered a main gatekeeper for fatty acid entry into adipose tissue (Voshol et al.

2009). Consequently, Fiaf/Angptl4-overexpressing mice have 50% decreased white

fat stores (Mandard et al. 2006), whereas Fiaf/Angptl4-null mice showed slightly

increased white fat weight (in males only, (Kim et al. 2010)). Fiaf/Angptl4 is

a secreted protein member of the angiopoietin family, which in 2000 was indepen-

dently identified by three different groups as a novel target of peroxisome prolifer-

ator–activated receptor (PPAR) (Yoon et al. 2000; Kersten et al. 2000; Kim et al.

2000; Lichtenstein and Kersten 2010). Fiaf/Angptl4 mRNA expression is highest in

white and brown adipose tissue and in liver but also detectable at lower levels in

other tissues such as kidney, lung, ovaries, hypothalamus, and small intestine (Yoon

et al. 2000; Kersten et al. 2000; Kim et al. 2000). Fiaf/Angptl4 is abundant in

plasma, where it can easily be detected by Western blotting. It has a structure

similar to other angiopoietin-like proteins consisting of an N-terminal coiled-coil

domain and a C-terminal fibrinogen-like domain. Fiaf/Angptl4 forms oligomers

inside the cell and is cleaved upon secretion into an N-terminal portion (nAngptl4)

and a C-terminal portion (cAngptl4) (Lichtenstein and Kersten 2010). A short

amino acid consensus motive close to the N-terminus of nAngptl4 was found to
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be responsible for the interaction with and inhibition of LPL by blocking its

dimerization (Yau et al. 2009).

As early as in 2001 did the group of Jeffrey Gordon identify Fiaf/Angptl4 as

a factor whose gene expression in small intestine was largely repressed in

conventionalized compared to germ-free mice (Hooper et al. 2001). The same

group showed later that conventionalization of germ-free mice with cecal

microbiota from normal mice resulted in an almost 60% increase in body fat within

2 weeks (Backhed et al. 2004). Furthermore, they reported that germ-free mice

were protected against diet-induced obesity (Backhed et al. 2007). The increased

intestinal expression of Fiaf/Angptl4 in germ-free mice as compared to conven-

tional mice was suggested to be—at least partially—responsible for the resistance

to diet-induced obesity in germ-free mice based on the following evidence: (1) LPL

activity in white fat and heart was higher in conventionalized mice than in germ-

free mice, (2) germ-free Fiaf/Angptl4-null (fiaf�/�) mice had the same amount of

body fat as age-matched conventional wild-type mice, with only a slight increase

after conventionalization, and (iii) when fed a high-fat diet, germ-free fiaf�/� mice

gained substantially more body weight and white fat than fiaf+/+ mice (Backhed

et al. 2004, 2007). However, a crucial point of evidence is missing in this reasoning,

namely, that intestinal secretion of Fiaf/Angptl4 contributes substantially to Fiaf/

Angptl4 plasma levels. This would be a prerequisite for its effects on adipose tissue

LPL activity and, in turn, on body-fat accumulation. Furthermore, it was recently

shown that hypothalamic Fiaf/Angptl4 is a regulator of food intake and body weight

(Kim et al. 2010), which makes it difficult to interpret the above-reported findings

in fiaf�/� mice.

As mentioned above, the work by Fleissner et al. (2010) suggests that the

absence of a gut microbiota does not generally protect mice from diet-induced

obesity. Rather, the data indicate that body-fat accumulation in germ-free mice very

much depends on the composition of the high-fat diet. Fleissner et al. (2010)

confirmed that the levels of Fiaf/Angptl4 mRNA in intestinal mucosa were higher

in germ-free mice than in conventional mice as reported by Backhed et al. (2004).

However, these higher Fiaf/Angptl4 mRNA levels in intestinal mucosa were

independent of the composition of the high-fat diet and also independent of body-

fat accumulation in the germ-free mice. Moreover, Western blot analysis of plasma

Fiaf/Angptl4 did not show increased levels of any of the detectable Fiaf/Angptl4

isoforms in serum of germ-free mice. Conversely, levels were slightly higher in

conventional mice compared to germ-free mice (Fleissner et al. 2010). A similar

increase in Fiaf/Angptl4 was seen after monocolonization of germ-free mice with

Lactobacillus paracasei (Aronsson et al. 2010). Furthermore, Fiaf/Angptl4 could

not be detected in intestinal mucosa with an antibody against the N-terminus of the

protein (Fleissner et al. 2010). Preliminary data suggest that the cAngptl4 form

rather than the nAngptl4 form (which contains the LPL-inhibiting sequences) is

present in intestinal mucosa (Fleissner et al., unpublished data). These findings

suggest that the intestinal mucosa is not a major contributor to circulating Fiaf/

Angptl4 levels and argue against a role of the intestinal Fiaf/Angptl4 as an inhibitor

of LPL in peripheral tissues of germ-free mice.
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In addition to its role in lipid metabolism, Fiaf/Angptl4 is a key player in

angiogenesis, exhibiting pro- and antiangiogenic activities (Le Jan et al. 2003;

Cazes et al. 2006). Since intestinal bacteria modulate the density of the capillary

network in the intestine (Stappenbeck et al. 2002), it may be speculated that

intestinal Fiaf/Angptl4 is involved in this process. The role of Fiaf/Angptl4 in

intestinal integrity and function and its modulation by microbiota are thus far

from clear and certainly deserve further attention. Fiaf/Angptl4-ablated mice

were reported to display intestinal pathologies and decreased survival on a high-

fat diet (Desai et al. 2007). This suggests that differences between fiaf�/� mice and

wild-type mice in intestinal microbiota-mediated effects on energy metabolism are

due to general intestinal pathologies of fiaf�/� mice rather than to the specific lack

of Fiaf/Angptl4. Taken together, the currently available data do not support the

hypothesis that the intestinal microbiota affects body-fat accretion by influencing

intestinal Fiaf/Angptl4 gene expression.

9 Role of Gut Microbiota in Low-Grade Inflammation

Tumor necrosis factor-alpha (TNF-alpha) not only plays a role in innate immunity

but also has catabolic effects (Hotamisligil et al. 1993), indicating that several links

exist between immune responses and metabolic control. Inflammatory signaling

pathways are induced by metabolic stress resulting from nutrient overload and

endoplasmic reticulum stress (Hotamisligil and Erbay 2008). Therefore, metabolic

signaling pathways may affect the immune response. Along the same line, meta-

bolic hormones, including adipokines such as adiponectin, leptin, and resistin, are

also immunologically active. Hence, there are several links between metabolism,

insulin action, and inflammation. However, the underlying mechanisms are not yet

understood.

It has recently been proposed that the gut microbiota plays an important role in

the development of symptoms of the metabolic syndrome by contributing to the

low-grade inflammation observed under metabolic stress caused by diet-induced

obesity (Cani and Delzenne 2009). Lipopolysaccharide (LPS), a characteristic cell-

wall component of gram-negative bacteria, is continuously released in the intestinal

tract as a consequence of bacterial cell lysis. Serum LPS was shown to be 76%

higher in type 2 diabetic subjects compared to control subjects. This was

accompanied by a higher expression in abdominal adipose cells of proteins

involved in the innate immune response, such as Toll-like receptor 2 (TLR2) and

nuclear factor kappa B (NFkB) (Creely et al. 2007). Moreover, fasting serum

insulin was correlated with serum LPS levels in these subjects. In another human

study, the consumption of a high-fat meal resulted in 50% higher endotoxin levels

(Erridge et al. 2007). Feeding mice a high-fat diet for 4 weeks led to a two- to

threefold increase in plasma LPS concentrations (Cani et al. 2007a), indicating that

such a diet facilitates the transfer of LPS from the intestine into the bloodstream.

Chylomicrons synthesized in response to a high-fat diet were proposed to play a
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prominent role in this LPS transfer. Conversely, fasting led to decreased serum LPS

levels in mice. The increase in serum LPS in response to high-fat diet is referred to

as metabolic endotoxemia (Cani et al. 2007a). The authors of this study also

reported differences in the gut microbiota of mice fed a high-fat diet as compared

to mice fed a control diet. Mice on the high-fat diet harbored lower concentrations of

gram-positive bifidobacteria and bacteria of the Eubacterium rectale–Clostridium
coccoides cluster than mice on the control diet. Interestingly, concentrations of none

of the gram-negative bacteria, including Enterobacteriaceae and Bacteroides

increased in response to the high-fat diet. However, since the concentration of the

gram-positive bacteria decreased to a larger extent than those of the gram-negative

bacteria, the relative proportion of LPS-containing intestinal bacteria increased. To

mimic the higher LPS transfer from the intestine to the blood as observed for mice on

a high-fat diet, the authors induced metabolic endotoxemia in mice by infusing LPS

subcutaneously for 4weeks. As a result of this treatment, bodyweight, body fat, liver

weight, fasted serum glucose and insulin levels, liver triglycerides, as well as

inflammatory cytokines increased in the same way as observed for mice on a high-

fat diet (Cani et al. 2007a). This was accompanied by signs of hepatic insulin

resistance in the LPS-treated mice. Mutant mice devoid of the cluster of differentia-

tion 14 (CD14) did not show these signs of metabolic disease upon treatment with

LPS or in response to a high-fat diet. Since CD14 in conjunction with Toll-like

receptor 4 (TLR4) acts as a coreceptor for LPS (Kitchens 2000), LPS from gut

bacteria was proposed to play a key role in the development of metabolic

endotoxemia, which is accompanied by symptoms of the metabolic syndrome

(Cani et al. 2007a). A role of gut microbiota in the development of obesity and

diabetes is also supported by the observation that treatment of obese and diabetic

mice with antibiotics (ampicillin and neomycin) for 4 weeks led to a reduction of

metabolic endotoxemia, body weight, and body fat (Cani et al. 2008). In addition,

glucose intolerance and insulin resistance improved in response to the antibiotic

treatment. Moreover, following antibiotic treatment, markers of inflammation and

oxidative stress as well as macrophage infiltration decreased in adipose tissue of

mice fed a high-fat diet.

A second link between immunity and metabolic syndrome has been observed

recently. Mice lacking TLR5 (TLR5�/�) displayed an altered gut microbiota com-

position and symptoms of the metabolic syndrome compared to corresponding wild-

type mice (Vijay-Kumar et al. 2010). TLR5 is a transmembrane protein expressed in

the gut mucosa and a component of the innate immune system. It recognizes

bacterial flagellin and contributes to the host response against bacterial infections.

TLR5�/� mice had a 20% higher body weight than wild-type mice, 1.5- to 2.5-fold

higher fat-pad weights, 20% higher serum triglycerides, 60% higher serum choles-

terol, increased visceral fat, elevated systolic and diastolic blood pressure, as well as

increased glucose and insulin levels. Treatment of the TLR5�/� mice with a broad-

spectrum antibiotic for 12 weeks reduced the bacterial cell concentration in the

intestine to 10% of its original value. This was accompanied by an improvement of

symptoms of the metabolic syndrome. The TLR5�/� mice did not differ from the

wild-type mice in the proportion of the major phyla, but they differed in species
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composition. Transplantation of the gut microbiota from TLR5�/�mice to germ-free

wild-type mice resulted in the transfer of many TLR5�/�mouse-specific phenotypic

features to the recipients, such as hyperphagia, obesity, hyperglycemia, insulin

resistance, and increased levels of proinflammatory cytokines. The authors

speculated that lack of TLR5 led to changes in the gut microbiota which in turn

contributed to development of low-grade inflammation (Vijay-Kumar et al. 2010).

However, the exact mechanism how the observed changes in the gut microbiota

contribute to the development of the metabolic syndrome remains elusive.

10 Effect of Bifidobacteria on Serum LPS Levels

Supplementation of newborn Balb/c mice with Bifidobacterium infantis and

Bifidobacterium bifidum resulted in consistently lower intestinal LPS levels in

ileocecal filtrates at 1, 2, 3, and 4 weeks after delivery as compared to unsupple-

mented mice (Griffiths et al. 2004), possibly by improving the gut barrier function

(Wang et al. 2006). Cani et al. therefore investigated whether bifidobacteria are

capable of improving the symptoms of metabolic endotoxemia (Cani et al. 2007b).

They used oligofructose to stimulate the growth of endogenous intestinal

bifidobacteria. Oligofructose had previously been shown to stimulate growth of

intestinal bifidobacteria in both humans (Gibson et al. 1995) and rodents (Kleessen

et al. 2001) because it escapes digestion and absorption in the small intestine. Cani

et al. (2007b) fed mice either a high-fat diet or a high-fat diet supplemented with

oligofructose. While the high-fat diet led to a reduction in the concentration of most

bacterial groups, including the bifidobacteria, mice fed the high-fat diet supple-

mented with oligofructose had normal bifidobacteria concentrations just like

mice fed a control diet. In conjunction with these effects on the gut microbiota,

oligofructose supplementation lowered the endotoxin levels and improved glucose

tolerance and glucose-induced insulin secretion. Cell numbers of bifidobacteria

correlated negatively with various parameters of endotoxemia and positively with

improved glucose tolerance and insulin secretion. Therefore, the authors of this

study proposed that stimulating the growth of intestinal bifidobacteria helps to

alleviate the pathophysiological consequences of endotoxemia and thereby prevent

the occurrence of diabetes and obesity (Cani et al. 2007b).

The observed increase in plasma LPS in response to high-fat diets was suggested

to result from increased gut permeability. Indeed, oral application of fluorescein

isothiocyanate-labeled dextran (molecular weight 4,000, DX-4,000-FITC) resulted

in a higher recovery of DX-4000-FITC in obese mice as compared to control mice,

indicating a higher permeability of the gut wall in obese mice fed a high-fat diet

(Cani et al. 2008). Interestingly, antibiotic treatment reduced the gut permeability in

these mice. Changes in gut permeability correlated with the expression of the tight-

junction protein zonola occludens-1 (ZO-1), whose expression was lower in mice

fed a high-fat diet than in mice fed a normal diet. Antibiotic treatment of the high-

fat diet-fed mice normalized the expression of ZO-1, suggesting that the gut
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microbiota modifies the permeability of the gut epithelial layer. It is plausible

that an increased permeability of the gut epithelium may result in higher serum

LPS concentrations and that the decimation of intestinal bacteria with antibiotics

decreases the concentration of LPS in the intestine. However, it remains unclear

which bacterial components or products prompt the host to modify the expression

of tight junction proteins and how this is regulated.

In this context, it is interesting to note that oral administration of a Bifidobacterium
infantis cell-culture supernatant enhanced the barrier function of the epithelial cell

layer (Ewaschuk et al. 2008). Specifically, it reduced the permeability of the colonic

epithelium inmice and also attenuated inflammation in interleukin 10 (IL-10)-deficient

mice. Addition of B. infantis cell-culture supernatant to T84 human epithelial cells

increased the transepithelial resistance (TER) and enhanced the expression of the tight

junction proteins ZO-1 and occludin, while that of claudin decreased. The supernatant

of the B. infantis culture also prevented the decrease in TER, which occurred

in response to the addition of TNF-a and interferon-g (IFN-g). The factor(s) respon-
sible for these effects have not yet been identified.

11 Effect of Oligofructose on Symptoms of the Metabolic

Syndrome

Since the feeding of oligofructose to obese mice not only stimulated the growth of

endogenous intestinal bifidobacteria but also reduced endotoxemia and improved

a number of symptoms associated with the metabolic syndrome, it was concluded

that the beneficial effects observed in response to supplementing a high-fat diet

with oligofructose were mediated by bifidobacteria (Cani et al. 2009). However,

it cannot be ruled out that oligofructose exerted these effects by influencing other

intestinal factors. It also cannot be excluded that the replacement of cellulose by

oligofructose, which differs in its physicochemical properties, lowered mucosal

permeability for LPS, and thereby alleviated endotoxemia and the symptoms of the

metabolic syndrome. Nevertheless, the observed lowering of serum LPS levels

in response to oral supplementation of newborn Balb/c mice with bifidobacteria

(Griffiths et al. 2004) argues in favor of the concept that the effects of oligofructose

on symptoms of the metabolic syndrome were indeed mediated by bifidobacteria,

even though the cytokine production (IL-6, TNF-a, INF-g) in Peyer’s patches of

these mice did not change.

The effect of direct oral administration of bifidobacteria was recently

investigated in mice fed a high-fat diet (Kondo et al. 2010). After 8 weeks on the

high-fat diet, two mouse groups receiving either 108 or 109 colony-forming units

(cfu)/d of Bifidobacterium breve B3 and an unsupplemented control group did not

differ significantly in the amount of chow consumed. However, they differed

in body weight gain: While the control mice gained 12.8 g of body weight, the mice

supplemented with the lower or higher dose of B. breve only gained 11.3 g or 10.5 g
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body weight. The mean body weights of the B. breve-supplemented mouse groups

were 12 and 18% lower than the mean body weight of the control group. These

differences were similar for the epididymal fat pads of the mice. In addition, the

oral application of B. breve B3 at a dose of 109 cfu/d reduced serum glucose,

insulin, and cholesterol levels by 17, 14, and 58%, respectively, compared to the

control mice. Interestingly, mRNA levels of proglucagon in colonic tissue and of

adiponectin in epididymal fat pads were elevated up to 35 and 39%, respectively, in

the mice supplemented with B. breve B3 as compared with the control mice. These

effects were not observed with heat-treated bacteria. The authors of this study

therefore speculated that the observed improvement of a number of metabolic

parameters may be related to the reported ability of some bifidobacterial strains

to convert linoleic acid to conjugated linoleic acid (CLA) (Kondo et al. 2010). They

refer to a crossover study involving 55 diabetic postmenopausal women who had a

significant reduction in BMI in response to the consumption of CLA-containing oil

for 16 weeks (6.4 g CLA/d), while the consumption of a CLA-free oil did not affect

BMI (Norris et al. 2009).

Taken together, there are some good indications that the beneficial effects

observed in response to the consumption of oligofructose are at least to some extent

mediated by bifidobacteria because this oligosaccharide stimulates the growth of

bifidobacteria, and a number of studies support a role of these bacteria in the

alleviation of endotoxemia and ensuing metabolic disorders. However, the avail-

able evidence is not as clear-cut as it would be desirable. Moreover, knowledge of

the underlying molecular mechanism could help to increase the credibility of this

concept. For obtaining experimental proof, it is necessary to identify the bacterial

factors that mediate the observed reduction in gut permeability as well as the host

components targeted by such factors. A direct effect of oligofructose on symptoms

of the metabolic syndrome cannot be excluded at present.

12 Effects of the Gut Microbiota on the Endocannabinoid

System

Recently, a third system involved in energy homeostasis was proposed to be

affected by the gut microbiota, namely, the endocannabinoid system (Muccioli

et al. 2010). Elements of this system include the endocannabinoid receptors CB1

and CB2, which belong to the family of G protein-coupled receptors (Scherer and

Buettner 2009). A role in the regulation of energy metabolism has only been defined

for CB1. This receptor can be found in the central nervous system, liver, muscle,

and white adipose tissue. The CB1 receptor has two different functions in energy

homeostasis: In the brain, CB1 signaling contributes to appetite regulation, and it

has been proposed that there is cross talk between endocannabinoid and leptin

signaling (Di Marzo et al. 2001). Physiological ligands of the CB1 receptor are lipid

signals derived from polyunsaturated fatty acids, which are called endocannabinoids
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(ECs). The two major ECs are anandamide (AEA) and 2-arachidonoyl glycerol

(2-AG) – both derivatives of arachidonic acid, an n-6 essential fatty acid

(Maccarrone et al. 2010). The CB1 receptor also affects functions that are indepen-

dent of food intake. This may be concluded from the observation that CB1 receptor

knockout mice in contrast to the corresponding wildtype mice do not develop diet-

induced obesity, even though their chow consumption did not differ from that of the

wild-type mice (Ravinet Trillou et al. 2004). Plasma levels of 2-AG in obese human

subjects are higher than in lean control subjects (Bluher et al. 2006). Adipocytes

and macrophages have the ability to synthesize ECs (Scherer and Buettner 2009).

Variousmechanisms regulating the EC tone have been proposed, including enzymes

involved in the degradation of ECs such as fatty acid amide hydrolase (FAAH),

which degrades AEA, and monoacylglycerol lipase (MAGL), which degrades

2-AG. The FAAH mRNA level in abdominal fat of obese subjects was lower

than in normal weight subjects (Bluher et al. 2006). Insulin treatment of adipocytes

led to a decrease of intracellular EC concentrations and simultaneously to an increase

of mRNA expression levels of FAAH and MAGL, suggesting that insulin-resistant

adipocytes are no longer capable of maintaining the EC tone in a physiological range

(D’Eon et al. 2008).

The gut microbiota is the main source of LPS, which not only triggers

a proinflammatory immune response but also affects the EC system. For example,

in mouse macrophages, LPS leads to increased AEA levels by activation of the

AEA biosynthetic enzymes (Liu et al. 2003). To further elucidate the role of the gut

microbiota in the EC system, Muccioli et al. studied the CB1 receptor mRNA

expression in colonic and jejunal tissue of various mouse models differing in their

microbial status and/or the type of diet (Muccioli et al. 2010): Germ-free mice had

a twofold higher CB1 receptor mRNA expression in colonic tissue than conven-

tional mice, and conventional mice treated with ampicillin and neomycin displayed

a 60% lower CB1 receptor mRNA expression. Obese ob/ob mice treated with

oligofructose had a 25% lower CB1 receptor mRNA level than such mice on

a control diet. Subcutaneous adipose tissue of obese ob/ob mice also had more

than twofold higher mRNA levels of CB1 receptor and of N-acylphosphatidyletha-
nolamine-phospholipase D, which plays a major role in AEA synthesis, than their

lean littermates (Lean-ob). ThemRNA of the FAAHwas eightfold higher in the lean

than in the obese mice. These differences are in accordance with the 20% higher

AEA levels observed in the ob/ob mice compared with their lean littermates,

demonstrating that the EC system tone in adipose tissues of ob/ob mice differs

from that of their lean littermates (Muccioli et al. 2010).

Mice on a high-fat diet had a 2.5-fold higher colon CB1 receptor mRNA

expression than mice on a control diet (Muccioli et al. 2010). These results indicate

that genotype, microbial status, and diet influence the expression of the CB1

receptor and thereby the EC tone. The gut microbiota not only influenced the

expression of the CB1 receptor in colonic tissue but also that of the EC-degrading

enzymes FAAH and MGL (Muccioli et al. 2010). The authors hypothesized that the

elevated plasma LPS levels and the increased gut permeability as observed in obese

mice are linked by the intestinal EC system. The intestinal AEA concentration in

colonic tissue of ob/ob mice fed an oligofructose-containing diet was 25% lower
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than that of ob/obmice fed a control diet. In accordance with this finding, the AEA-

degrading FAAH was 25% higher in the oligofructose-fed mice than in the mice on

the control diet. The 2-AG concentrations in colonic tissue did not differ between

these groups. Ob/ob mice treated with the CB1 antagonist SR141716A displayed

50% lower plasma LPS levels than untreated ob/ob mice. Treatment of wild-type

mice with the CB1 receptor agonist HU-210 led to a 2.5-fold increase in plasma

LPS levels and to a threefold increase in gut permeability as measured with DX-

4000-FITC. It was concluded that the EC system plays an important role in the

regulation of gut permeability, which in turn influences the systemic LPS levels

(Muccioli et al. 2010). This view is supported by in vitro investigations in epithelial

Caco-2 cell monolayers, which demonstrated that LPS leads to a 15% reduction in

the mRNA levels of the tight junction proteins occludin and ZO-1. A 30 to 35%

decrease in the mRNA levels of these tight junction proteins was observed when

LPS was added together with the CB1 receptor agonist HU-210. The addition of the

CB1 receptor antagonist SR141716A on top of LPS and HU-210 completely

abolished the reduced mRNA expression of occludin and ZO-1.

Genetically obese ob/obmice supplemented with oligofructose had a 10% lower

adiposity index, 50% lower CB1 receptor mRNA levels in spite of an increased

gene expression of markers of lipogenesis, such as sterol responsive element

binding protein (SREBP)-1c, FAS, and ACC, as well as of markers of adipocyte

differentiation, such as PPAR-g and fatty acid-binding protein (FABP). The change
in these markers in response to oligofructose supplementation coincided with

a decreased fat mass. Interestingly, blocking of the CB1 receptor had the same

effect as the oral application of oligofructose. Since oligofructose has previously

been shown to alter the gut microbiota, these results were taken as an indication for

an existing link between the gut microbiota, LPS, the EC system, gut permeability,

and symptoms of the metabolic syndrome. However, it is noteworthy that activation

of the EC system by HU-210 under physiological conditions leads to an increase in

the expression of adipocyte differentiation and adipogenesis markers without

changing the CB1 mRNA levels (Muccioli et al. 2010).

It has been speculated that the changes in the composition of gut microbiota

observed in obesity lead to increased plasma LPS levels, which in turn result in low-

grade inflammation and a greater EC system tone. These changes are thought to

lead to the dysregulation of adipogenesis (Muccioli et al. 2010). The dietary fatty

acid intake has been shown to influence endocannabinoid levels in different tissues

including the intestine (Artmann et al. 2008). It can therefore be speculated that the

consumption of high-fat diets rich in n-6 polyunsaturated fatty acids (as typical in

Western societies) in conjunction with microbiota-mediated effects leads to deteri-

oration of the EC system tone in the human metabolic syndrome.

13 Conclusions

There is no doubt that diet affects gut microbiota composition. This is not really

surprising because diet is the primary source of substrates for intestinal bacteria.

However, it is an astonishing finding that transplantation of a gut microbiota from
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obese mice to nonobese germ-free mice results in a transfer of metabolic features

from the donor animal to the recipients. This has been demonstrated for genetically

obese mice such as ob/ob mice and TLR5-/- mice as well as for mice with diet-

induced obesity. These observations suggest that the gut microbiota affects host

energy metabolism by improving energy harvest from the diet. This may be of

advantage to the host when nutrients are scarce, but it may be of disadvantage to the

host when the nutrient supply is ample, a situation typical of modern societies, in

which we observe an increase in the proportion of people afflicted by the metabolic

syndrome. Possible mechanisms underlying the improved energy harvest include a

more effective conversion of dietary fiber to SCFA, which provides additional

energy to the host. In addition, SCFA produced by the gut microbiota extends the

intestinal transit time by activating Gpr41 and influencing gut hormone secretion,

which leads to a more complete absorption of intestinal nutrients. The gut

microbiota may also influence energy harvest and fat storage by modulating the

expression of proteins that play a role in energy homeostasis, such as hepatic

ChREBP and SREBP-1, which are involved in liver triglyceride accumulation,

and Angptl4/Fiaf, a circulating inhibitor of adipose tissue fatty acid uptake. How-

ever, regarding the latter, the available data are still controversial. Furthermore, the

gut microbiota and obesity are linked by low-grade inflammation and elevated

serum LPS levels (endotoxemia). Components of the innate immune system

respond to endotoxemia with symptoms characteristic of the metabolic syndrome.

A recent study indicates that this response involves the EC system. The improve-

ment of endotoxemia by oligofructose has been linked to stimulation of intestinal

bifidobacteria, which are proposed to reduce gut permeability by changes in the

expression of tight junction proteins. With all these links, there are several impor-

tant questions that have not yet been answered (1) How much does any of these

factors contribute to the development of obesity and the metabolic syndrome? (2)

Which bacteria do actually modify energy balance of the host? (3) Which bacterial

molecules are involved in the improvement of metabolic endotoxemia observed in

response to oligofructose supplementation?
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Abstract The brain, and in particular the hypothalamus and brainstem, have been

recognized for decades as important centers for the homeostatic control of feeding,

energy expenditure, and glucose homeostasis. These structures contain neurons and

neuronal circuits that may be directly or indirectly activated or inhibited by glucose,

lipids, or amino acids. The detection by neurons of these nutrient cues may become

deregulated, and possibly cause metabolic diseases such as obesity and diabetes.

Thus, there is a major interest in identifying these neurons, how they respond to

nutrients, the neuronal circuits they form, and the physiological function they

control. Here I will review some aspects of glucose sensing by the brain. The
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brain is responsive to both hyperglycemia and hypoglycemia, and the glucose

sensing cells involved are distributed in several anatomical sites that are connected

to each other. These eventually control the activity of the sympathetic or parasym-

pathetic nervous system, which regulates the function of peripheral organs such as

liver, white and brown fat, muscle, and pancreatic islets alpha and beta cells. There

is now evidence for an extreme diversity in the sensing mechanisms used, and these

will be reviewed.

Keywords Brainstem •Counterregulation • Food intake • Glucogen • Glucokinase •

Glucose transporters • Glucose Sensing • Hypothalamus

1 Introduction

Since the initial observation by Claude Bernard that a puncture of the floor of the

fourth ventricle of the dog induces diabetes (Bernard 1849), the brain has been

recognized as an important regulator of glucose homeostasis. Subsequent studies

have demonstrated that feeding behavior was also regulated by central glucose

sensing, leading to the glucostatic hypothesis of feeding control by J. Mayer (1953).

It was further demonstrated that distinct hypothalamic nuclei were involved in the

regulation of feeding and fasting, since lesion of the lateral hypothalamus reduced

feeding and body weight, whereas lesion of the ventromedial hypothalamus (VMH)

induced hyperphagia and hyperinsulinemia (Bray 1985; Hoebel 1965; King 2006).

A widely used animal model of obesity was also established when it was shown that

administration of gold thioglucose, which causes the destruction of VMH neurons,

induces obesity (Marshall and Mayer 1956; Mayer and Thomas 1967). The toxic

effect of gold thioglucose is not duplicated when gold is conjugated with other

metabolites or nutrients, suggesting a specific effect on glucose-sensitive neurons.

Intracerebroventricular injection of the glucose antimetabolite 2-deoxy-D-glucose,

which inhibits glycolysis and creates a glucopenic state mimicking hypoglycemia,

has been shown to induce feeding (Miselis and Epstein 1975) and glucagon

secretion (Borg et al. 1995). In contrast, i.c.v. injection of glucose reduces feeding

in fasted mice (Bady et al. 2006) and can prevent hypoinsulinemia-induced gluca-

gon response (Biggers et al. 1989; Frizzell et al. 1993). A control of energy

expenditure through glucose sensing has also been proven by i.c.v. 2-DG injection

which induces a marked hypothermic response (Freinkel et al. 1972).

The above-described observations therefore indicated that both hypo- and hyper-

glycemia can be recognized by central glucose sensing cells to control feeding,

energy expenditure, and counterregulation. It has been established for ~50 years

that these glucose sensing responses depend on the firing activity of glucose-

excited (GE) or glucose-inhibited (GI) neurons that is triggered by, respectively,

rises or falls in glucose concentrations (Anand et al. 1964; Oomura and Yoshimatsu

1984; Routh 2002; Yang et al. 2004). Both types of neurons are widely distributed

in the hypothalamus and brainstem. In the hypothalamus, GE and GI neurons are
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present in the arcuate (AN), ventromedial (VMN), paraventricular (PVN), and

lateral (LH) hypothalamic nuclei (Dunn-Meynell et al. 1998; Silver and Erecinska

1998; Wang et al. 2004). Both types of neurons are also found in the brainstem, in

particular in the nucleus of the tractus solitarius (NTS), the area postrema (AP), and

the dorsal motor nucleus of the vagus (DMNX) (Adachi et al. 1984; Dallaporta et al.

1999; Mizuno and Oomura 1984; Yettefti et al. 1997). Recently, it has been

suggested that subpopulations of GE and GI neurons in AN are actually responsive

to glucose over a high glucose concentration range (5–20 mM) and are referred to as

HGE (high-glucose-excited) or HGI (high-glucose-inhibited) neurons, respectively

(Fioramonti et al. 2004; Penicaud et al. 2006).

Studies over the last several years have started to yield a molecular picture of the

mechanisms of glucose sensing by GE and GI neurons. This is, however, still far

from being complete, and new studies reveal the extreme diversity of the molecular

basis for glucose recognition in the control of neuronal firing, suggesting complex

regulatory networks activated by glucose to control physiology.

2 Anatomical Organization of Glucose Sensing Nuclei

2.1 The Melanocortin Pathway

An important site for integration of hormonal, nutritional, and neuronal signals is

the melanocortin pathway which consists of AN neurons expressing the anorexi-

genic peptides POMC and CART as well as neurons expressing the orexigenic

peptides NPY and AgRP. AgRP is an antagonist of the melanocortin receptors

(MCR) 3 and 4, whereas a-MSH, derived from the POMC prohormone, is an

agonist of these receptors. The NPY and POMC neurons project to neurons in the

PVN and LH that express the melanocortin 3 and 4 receptors (Gautron and Elmquist

2011; Schwartz et al. 2000). Neurons in the PVN produce the anorexigenic

neuropeptides TRH and CRF, whereas neurons in the LH produce the orexigenic

peptides MCH and orexin (Schwartz et al. 2000). Together, these neurons form the

melanocortin pathway and regulate peripheral metabolism through regulation of the

activity of both the sympathetic and parasympathetic branches of the autonomic

nervous system; they are also connected to higher brain structures to control feeding

behavior, arousal, and reward (Adamantidis and de Lecea 2008; Berthoud 2002;

Sakurai 2007).

The neurons in the AN are regulated by several hormones including ghrelin,

insulin, PYY3-36, and most importantly leptin. They are also regulated by nutrients

including lipids, amino acids, and glucose (Cummings and Schwartz 2000; Gale

et al. 2004; Schwartz 2000; Schwartz et al. 2000; Thorens and Larsen 2004; Woods

et al. 1998).

Although the role of leptin to regulate this pathway is critical (Gautron and

Elmquist), there is also strong evidence for its modulation by glucose. Forty percent
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of NPY neurons have been found to be glucose inhibited; POMC neurons are

typical GE neurons, and orexin neurons in the LH are GI, whereas those expressing

MCH are GE neurons.

2.1.1 The Ventromedial Hypothalamus

The VMH has afferent connections with many hypothalamic nuclei, including the

medial and lateral hypothalamus, but also with brainstem structures, including

the NTS (Canteras et al. 1994). The VMH has been associated with regulation of

the counterregulatory response to hypoglycemia, inducing glucagon secretion in

response to fall in blood glucose concentrations. Lesion, pharmacological, and

genetic studies have demonstrated the role of VMH glucose sensing in counterre-

gulation. For instance, glucagon secretion can be induced by direct injection of 2-

DG in the VMH (Borg et al. 1995) or, in contrast, hypoglycemia-induced glucagon

secretion can be suppressed by direct VMH injection of glucose (Borg et al. 1997).

Interestingly, VMH neurons are predominantly glutamatergic and express the

vesicular glutamate transporter vGLUT2. Because the nuclear hormone receptor

SF-1 is expressed selectively in VMH neurons, SF-1-Cre mice have been generated

that allow specific deletion of floxed genes in the VMH (Dhillon et al. 2006).

Deletion of vGLUT2 in the VMH generated mice that had marked defect in

glucagon secretion in response to fasting or hypoglycemia (Tong et al. 2007),

suggesting that glutamatergic neurons of the VMH are required for the counterre-

gulatory response.

2.1.2 Brainstem, The Dorsal Vagal Complex, and the Basolateral Medulla

The hindbrain structures involved in glucose-dependent regulation of feeding and

glucose homeostasis include the dorsal vagal complex (DVC), which consists of the

AP, the NTS, and the DMNX, as well as the basolateral region (BLM) that contains

the A1/C1 catecholamine neurons. The role of the hindbrain in glucoregulation has

been proven by intracerebroventricular (i.c.v.) injection of 2-DG, which stimulates

feeding only if the cerebral aqueduct is open to allow access of the injected

substance to the brainstem (Berthoud and Mogenson 1977; Ritter et al. 1981),

and food uptake can be activated by direct injection of 5-thioglucose (5-TG) into

the NTS, DMNX, or BLM (Ritter et al. 2000). The importance of the NTS neurons

in glucose sensing is also demonstrated by their sensitivity to small variations of

blood glucose concentrations as determined by extracellular recording of their

firing activity (Yettefti et al. 1995). Neurons from the NTS project to the LH and

PVN, whereas neurons from the BLM project to the AN. Destruction by

immunotoxins of the BLM projections to the AN suppresses the effect of 2-DG

on food intake and on regulated expression of AgRP and NPY, suggesting a highly

functional interrelationship between glucose-sensitive neurons from the brainstem
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and hypothalamus in integrated control of feeding (Fraley and Ritter 2003; Ritter

et al. 2001).

3 Mechanisms of Glucodetection by GE and GI Neurons

3.1 Glucose-Excited Neurons: The Glut2/Glucokinase/KATP

Channel Signaling Pathway

The mechanism of glucose sensing by GE neurons is thought to be similar to that of

the pancreatic beta cells (Fig. 1), which depends on glucose metabolism and

production of coupling factors, mostly derived from mitochondrial metabolism,

which induce depolarization of plasma membrane prior to Ca2+ entry and

stimulated secretion. In the beta-cell signaling pathway, Glut2 is the major glucose

transporter isoform that allows a fast equilibration of glucose between the extra-

and intracellular compartments. Glucokinase then phosphorylates glucose, and this

is the rate-controlling step in glucose utilization and production of the coupling

factors, the major one being the increase in the ATP/ADP ratio, which induces the

closure of ATP-dependent K+ (KATP) channels. This channel closure depolarizes

the plasma membrane and opens voltage-gated calcium channels, resulting in Ca2+

influx which triggers insulin secretion. The Glut2/GK/KATP channel signaling

pathway is probably also active in hypothalamus and brainstem to control neuronal

excitability and control of feeding, energy expenditure, and glucose homeostasis.

However, so far there is no direct proof that the three components of the Glut2/GK/

KATP channel signaling pathway are present together in any given neuron.

POMC neurons in arcuate nucleus are GE neurons that express the KATP channel

subunits SUR1 and Kir6.2 (Ibrahim et al. 2003). The importance of this channel in

glucose sensing and glycemic control has been shown in mice in which a mutated

form of Kir6.2, which prevents channel closure in response to increased ATP/ADP

ratio, is expressed selectively in POMC neurons. The neurons of these mice no

longer respond to glucose when tested by electrophysiological recording, and this is

associated with the presence of mild glucose intolerance (Parton et al. 2007). As for

pancreatic beta cells, expression of the uncoupling protein UCP2 in mitochondria is

thought to reduce the production of ATP and therefore reduces glucose-stimulated

membrane depolarization and induced firing. In agreement with this hypothesis,

inhibition of UCP2 in POMC neurons by genipin increases their glucose

responsiveness (Parton et al. 2007). In beta cells, it is, however, still debated

whether the effect of UCP2 on secretion is explained only by its effect on intracel-

lular ATP levels or whether it acts as a regulator of reactive oxygen species (ROS)

production (Pi et al. 2009; Pi et al. 2007; Zhang et al. 2001). Indeed, ROS are also

intracellular signaling molecules (Rhee 2006) that can regulate the activity of

voltage-gated K+ channels (Archer et al. 2004; Pan et al. 2008) or Ca2+ influx

(Kraft et al. 2004; Tabet et al. 2004; Todt et al. 2001). ROS may also be part of the

mechanisms controlling glucose signaling in the hypothalamus. For instance,
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exposing hypothalamic slices to 20 mM glucose stimulates ROS generation. Also,

intracarotid administration of antimycin or rotenone, which induces ROS forma-

tion, mimics the effect of glucose on activity of AN neurons and subsequent insulin

release mediated by efferent neurons (Leloup et al. 2006).

A role for AMP-kinase has also been proposed for the regulation by glucose of

POMC neuron activity. In mice with genetic inactivation of the a2 subunit of

AMPK (and with only one allele of the a1 subunit), the POMC neurons no longer
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Fig. 1 Schematic representation of the glucose sensing mechanisms. (a) The classical model for

GE neurons, found in POMC and MCH neurons, depends on glucose uptake and metabolism

leading to increased ATP/ADP ratio and closure of KATP channels, and membrane depolarization

induces influx of Ca2+ to induce firing activity. UCP2 and ROS can modulate this signaling

pathway. (b) The initial description of glucose sensing by GI neurons suggested that decreases

in intracellular ATP levels consequent to fall in extracellular glucose reduce the activity of the Na/

K-ATPase. The resulting increase in intracellular Na+ then closes a chloride conductance to induce

nerve firing. (c) GI neurons of the VMH respond to hypoglycemia by activating AMPK, which can

be further upregulated by an eNOS/NO/guanylate-cyclase-dependent mechanism; AMPK finally

activates the chloride conductance of the CFTR. (d) The GI neurons of the LH orexin neurons are

activated by low glucose in a glucose intake and metabolism-independent manner, possibly

secondary to glucose interaction with a cell surface receptor that controls a K+ conductance. (e)

A large fraction of hypothalamic GE neurons, in dispersed neuronal populations, can be activated

by the nonmetabolizable SGLT substrate a-MDG. This requires substrate and Na+ uptake, which

depolarizes the plasma membrane, and is independent of KATP channel activity. (f) The sweet

receptors T1R3 and gustducin are present in neuronal populations. This receptor could contribute

another glucose sensing mechanism
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respond to extracellular glucose as assessed by electrophysiological recordings

(Claret et al. 2007). How this kinase, which is activated only at low glucose

concentration, can prevent the response to high glucose of these neurons is not

clear.

In the lateral hypothalamus, the MCH neurons are also GE and probably share

the same glucose signaling pathway as the POMC neurons. The same requirement

for a functional KATP channel has been established, and knockout of UCP2 specifi-

cally in MCH neurons increases their glucose responsiveness (Kong et al. 2010).

Genetic inhibition of the KATP channel also leads to glucose intolerance.

3.1.1 Other Glucose Sensing Mechanisms in GE Neurons

Variations from the Glut2/GK/KATP channel signaling pathway have been

described in the stimulation by glucose of different GE neurons (Fig. 1). First,

there is no evidence that Glut2 is expressed in POMC or MCH neurons, and the

isoform of glucose transporter expressed by these neurons is not yet established,

although genetic inactivation of Glut2 prevents the normal regulation of POMC

expression in response to i.c.v. glucose or during the fast-to-refed transition. This

suggests that the regulation by glucose of these neurons in physiological conditions

may be indirect, through interaction with Glut2-expressing neurons (see discussion

of Glut2 in central glucose sensing below). Second, there is evidence that glucose

can excite neuronal activity through mechanisms that require glucose recognition

by the Na+-dependent glucose transporters SGLT1 or SGLT3. SGLT1 may play a

role in central glucose sensing as suggested by the effect of i.c.v. injection of

phlorizin, a specific inhibitor, which enhances food intake in rats (Tsujii and Bray

1990) and inhibits activation of GE neurons in the VMH (Yang et al. 1999).

Strikingly, analysis of isolated hypothalamic neurons shows that a majority of GE

neurons can be activated by a-MDG, a specific SGLT1 substrate. Furthermore,

tolbutamide cannot increase the activity of these a-MDG-sensitive neurons,

indicating that the KATP channel may not be involved in this signaling pathway

(O’Malley et al. 2006).

SGLT3 is a member of the SGLT family, which has been reported to be a

glucose sensor in cholinergic neurons present in the small intestine and at the

neuromuscular junctions (Diez-Sampedro et al. 2003). In Xenopus oocytes
expressing SGLT3, glucose produces a phlorizin-sensitive inward current that

depolarizes the membrane potential by up to 50 mV (Diez-Sampedro et al. 2003).

As SGLT3 mRNA is expressed in both cultured hypothalamic neurons and adult

hypothalamus, this suggests that it may also be involved in central glucose sensing

(O’Malley et al. 2006).

The G-protein-coupled taste receptors of the T1R family form heterodimers for

sensing sweet taste (T1R2; T1R3) or amino acids (umami taste) (T1R1; T1R3). The

sweet receptors are activated by a large number of artificial sweeteners but also by

sucrose and glucose. These receptors are localized in the taste buds of the tongue, in

the intestine where they may control secretion of the gluco-incretin hormone GLP-1
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(Jang et al. 2007; Steinert et al. 2011), and in diverse brain areas, but in particular, in

the hypothalamic PVN and AN (Ren et al. 2009). They are also found in the

brainstem, in the NTS (Lemon and Margolskee 2009). Whether these receptors

participate in the regulation of glucose homeostasis or of feeding behavior is not yet

established.

3.2 Glucose-Inhibited Neurons

Glucose-inhibited neurons increase their firing activity when glycemic levels

decrease. Several models have been proposed to account for the induction of

membrane depolarization induced by hypoglycemia (Fig. 1). A first model pro-

posed that a decrease in glucose uptake reduces ATP production, leading to a lower

activity of the Na+/K+ ATPase and an increase in intracellular Na+ that drives

membrane depolarization through activation of a chloride conductance (Silver and

Erecinska 1998). In recent years, other models have been suggested, with different

mechanisms being proposed for GI neurons in the VMH and orexin neurons

in the LH.

In VMH neurons, hypoglycemia induces firing by a glucose-metabolism-depen-

dent signaling pathway. The glucose transporter involved in glucose uptake may be

Glut1, Glut2, or Glut3, as different subpopulations of GI neurons express these

transporters, as assessed by single-cell RT-PCR analysis (Kang et al. 2004). There is

also evidence that glucose sensing by VMH neurons requires glucokinase expres-

sion (Kang et al. 2006). The following steps leading to neuronal firing in these

neurons have been proposed by the group of V. Routh: A reduction in glucose

metabolism leads to an increased intracellular AMP concentration. This activates

AMPK which in turn triggers production of NO by eNOS. The activation of

guanylate cyclase by NO further activates AMPK. The critical part is the subsequent

regulation of the chloride conductance of the CFTR by AMPK which induces

neuronal firing (Canabal et al. 2007; Fioramonti et al. 2010; Murphy et al. 2009).

Orexin neurons from the LH have been proposed by the group of Burdakov to

function in a very different manner (Karnani and Burdakov 2011). Most strikingly,

data published by this group indicate that the activation of these neurons can be

triggered by the nonmetabolizable analogue 2-DG, that lactate cannot reproduce the

glucose response, and glucokinase inhibitors did not prevent glucose activation

(Gonzalez et al. 2008) in agreement with the reported absence of this enzyme from

orexin neurons (Dunn-Meynell et al. 2002). This led to the suggestion that glucose

activates a surface receptor that leads to regulation of channel activity. This activity

was originally proposed as being controlled by tandem pore K+ channels (TRPs)

(Burdakov et al. 2006), but recent studies on TRP knockout mice failed to directly

support this hypothesis (Gonzalez et al. 2009). Interestingly, these authors also

showed that orexin GI neurons are sensitive to changes in ambient glucose

concentrations rather than to absolute glycemic levels.
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At the level of the brainstem, where both GE and GI neurons are detected,

electrophysiological recordings indicate that GI neurons are activated in response to

glucose removal by a signaling pathway that requires the presence of glucokinase

and the regulation of a K+ current (Balfour et al. 2006; Balfour and Trapp 2007).

In the arcuate nucleus, inactivation of AMPK is part of the response to leptin and

insulin, whereas hypoglycemia or 2-DG activates AMPK. The activation by low

glucose or neuroglucopenia of AMPK is observed only in the AN and PVN but not

in the VMH, DMH, and LH nuclei (Minokoshi et al. 2004). Adenoviral delivery of

constitutively active or dominant negative forms of AMPK in medial hypothalamic

nuclei activates or, respectively, inhibits feeding (Minokoshi et al. 2004). How

AMPK activity in hypothalamic neurons controls feeding is not fully understood. In

neuronal cell lines and on ex vivo hypothalamic explants, low glucose

concentrations and AICAR increase AMPK activity and AgRP expression (Lee

et al. 2005). In accordance with these observations, the specific deletion of the a2-
subunit of AMPK in POMC and AgRP neurons suppressed glucose sensing by these

cells but preserved normal leptin or insulin action (Claret et al. 2007).

Together, the above-described data indicate that during evolution, the brain has

developed several mechanisms for sensing hypoglycemia, either to induce

counterregulatory hormone secretion or to induce a feeding response. This variety

of mechanisms may be explained by the almost exclusive dependence of the brain

on glucose as a source of metabolic energy. Fall of glucose below the

normoglycemic concentrations dose-dependently impairs brain function, possibly

leading to coma and death. Therefore, the multiplicity of mechanisms involved may

reflect an adaptive process to ensure constant, optimal brain function and to

maximize the chances of survival.

4 Indirect Control of Neuronal Activity by Glucose: Glial

Cells and Tanycytes

4.1 Glial Cells

The utilization of glucose by neurons has been proposed to be mostly secondary to

its initial uptake and metabolism by astrocytes that first produce lactate. Lactate is

then transferred to neurons via specific monocarboxylate transporters, MCT1

present in astrocytes and MCT2 present in neurons, and utilized by neurons for

ATP production (Magistretti et al. 1999; Pellerin et al. 2007). This metabolic

coupling between astrocytes and neurons may also be used in some glucose sensing

and glucoregulatory functions.

For instance, it has been shown that methyl sulfoximide, an astrocyte-specific

inhibitor of glycolysis, blocks the increase in c-fos labeling in the AN induced by

intracarotid or brainstem 2-DG injections (Guillod-Maximin et al. 2004; Young

et al. 2000). It was also hypothesized that the release of lactate from neighboring
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glial cells is involved in glucose response of hypothalamic neurons (Ainscow et al.

2002; Lam et al. 2005). In the brainstem, the involvement of astrocyte-derived

lactate in the control of glucose-sensitive neurons in the AP and NTS has been

demonstrated by c-fos labeling studies, when monocarboxylate transporter is

inhibited by a-cyano-4-hydroxycinnamate injected in the fourth ventricle. This

treatment leads to elevations in blood glucose concentrations (Briski and Patil

2005; Patil and Briski 2005a, b).

4.2 Tanycytes

Tanycytes are glial cells lining the lateral lower part and the floor of the third

ventricle. Their apical pole faces the ventricular lumen. They also have extended

basal processes that reach regions of the median eminence devoid of blood–brain

barrier and sometimes are in direct contact with microvessels present in the median

eminence. These processes form extended contact with AN neurons, in particular

NPY neurons (Akmayev and Fidelina 1974; Flament-Durand and Brion 1985;

Kozlowski and Coates 1985). These cells express the glucose transporter Glut2

and glucokinase (Garcia Mde et al. 2003; Millan et al. 2010). Because of their

strategic location, contacting both the cerebrospinal fluid and the general circula-

tion, and because they express genes involved in glucose sensing, they may have a

role in glucoregulation. A functional link between these cells and NPY neurons has

been shown to rely on tanycytes expressing deiodinase II, and converting T4 into

T3, thereby modulating glucose sensing in NPY cells by inducing UCP2 expression

(Coppola et al. 2007). More studies are clearly needed to assess the potential role of

tanycytes on glucoregulation, but the available information clearly suggests a

potentially important function.

5 Glut2-Expressing Cells in Central Glucose Sensing

5.1 Glut2-Expressing Cells in the Brain

The glucose transporter Glut2 catalyzes the first step in the Glut2/GK/KATP signal-

ing pathway that controls insulin secretion from beta cells. Glut2 is expressed in the

mouse brain, in neurons, astrocytes, tanycytes, and endothelial cells (Arluison et al.

2004a; Arluison et al. 2004b; Marty et al. 2007a). However, because of the low

level of Glut2 expression in the brain, its immunocytochemical distribution is

relatively difficult to establish. As a result, there is no solid information about a

colocalization of Glut2 with well-characterized GE or GI neurons of the

melanocortin pathway or of other brain structures. In fact, the available evidence

points to Glut2 not being present in NPY, POMC, orexin, or MCH neurons
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(Mounien et al. 2010). By quantitative RT-PCR analysis, Glut2 expression has been

found to be relatively low in the rat AN, VMH, PVN, and LH and at somewhat

higher levels in brainstem nuclei, in particular nucleus 12 and inferior olive; it is

also present in the AP and NTS (Li et al. 2003). In the VMH, single-cell RT-PCR

analysis revealed expression of Glut2 in approximately one third of the GE, GI, and

of non-glucose-sensitive neurons (Kang et al. 2004). Very good evidence

demonstrates the expression of Glut2 in tanycytes and ependymal cells (Garcia

Mde et al. 2003), as discussed above. In human brain, Glut2 is expressed at highest

level in the hypothalamus and brainstem, where it is often colocalized with gluco-

kinase (Roncero et al. 2004). Interestingly, in trout, Glut2 is expressed not only in

the insulin secreting cells of the Brockmann body (which contain the insulin

secreting cells) but also in the hypothalamus and hindbrain (Polakof et al. 2007).

In the zebrafish, it is also present in the brain, although the exact localization has not

yet been established (Castillo et al. 2009).

Collectively, the above-described information indicates that Glut2 is present in

brain regions involved in glucoregulation, but not in clear association with the

principal neurons of the melanocortin pathway, and that it is only present in a small

subset of neurons in the VMH. In the brainstem, it is not possible to establish

expression of Glut2, since glucose sensing cells in the DVC and the BLM cannot be

identified by histological markers.

In an attempt to identify the Glut2-expressing cells, Mounien et al. (Mounien

et al. 2010) generated transgenic mice expressing the Cre recombinase under the

control of the Glut2 gene promoter (query: change correct? see changes). These

transgenic mice were then crossed with Rosa26eYFP mice, and expression of the

fluorescent reporter gene was used to identify sites of Glut2 expression. Expression

of eYFP was found only in neurons. In the hypothalamus, the highest

concentrations of eYFP cells were detected in the LH and the zona incerta; it was

present in a few cells in the VMH, and no positive cells were detected in the AN. In

this nucleus, however, numerous nerve endings were found associated with NPY

and POMC neurons, suggesting synaptic contacts with Glut2-positive neurons

located outside of the AN. In the brainstem, eYFP positive neurons were found in

the NTS, the DMNX, the parasolitary tract, and in the A1/C1 region of the BLM.

These eYFP neurons are glucose sensitive as demonstrated by their costaining with

c-fos following i.p. glucose or 2-DG injection. In fact, at the brainstem level, the

BLM eYFP neurons were activated following glucose but not 2-DG injections. In

contrast, the eYFP neurons of the NTS and DMNX were activated by 2-DG but not

glucose injections, suggesting that these are GI neurons. In LH, a similar fraction of

neurons were activated by glucose or by 2-DG, suggesting that eYFP neurons in this

structure are either GE or GI.
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5.2 Evidence for Glut2 in Central Glucose Sensing

Studies of genetic inactivation of Glut2 in mice (with transgenic expression of

glucose transporter in their beta cell to normalize glucose-stimulated secretion),

were analyzed to assess the role of brain glucose sensing in the control of counterre-

gulation, feeding, and thermoregulation (reviewed in (Marty et al. 2007b; Thorens

2003). The critical findings can be summarized as follows. In this mouse model,

plasma glucagon levels were elevated in the fed state but could be normalized by

ganglionic blockers, indicating that in the absence of Glut2, there was an

abnormally high autonomic tone to the alpha cells stimulating glucagon secretion

(Burcelin and Thorens 2001). In complementation experiments, transgenic

reexpression of Glut2 in glial cells, but not in neurons, of the Glut2-null mice

restored hypoglycemia-induced glucagon secretion. This was associated with a

restoration of c-fos labeling in the dorsal vagal complex following i.p. 2-DG

injections (Marty et al. 2005). This suggests that astrocyte–neuron coupling is

required for normal hypoglycemia detection and counterregulatory response. In

these experiments, however, c-fos labeling in the VMN induced by 2-DG injection

was similar in the presence and absence of Glut2, suggesting that this transporter is

not involved in neuroglucopenia activation of VMN neurons.

Absence of Glut2 was also associated with a defect in refeeding following a fast,

and with hyperphagia in ad libitum–fed mice. These mutant mice also failed to

respond to i.p. or i.c.v. injections of 2-DG (which normally stimulates feeding) or of

glucose (which normally reduces feeding). This was further associated with a loss

of regulated expression of NPY and POMC in the AN during the fast-to-refed

transition, or following i.c.v. injections of glucose (Bady et al. 2006). A defect in

thermogenesis was also described, with an impaired capacity of the Glut2-null mice

to maintain their body temperature when exposed to 4�C, and their spontaneous

entry into torpor when fasted overnight (Mounien et al. 2010). This was secondary

to reduced activation of thermogenesis, as revealed by reduced UCP-1 and

deiodinase II expression in the brown adipose tissue. Impaired activation of ther-

mogenesis may be secondary to a defect in leptin action on AN neurons. Absence of

Glut2 indeed led to a reduction in leptin signaling as assessed by phosphorylation of

STAT3 in NPY and POMC neurons during the fast-to-refed transition or following

i.p. injection of leptin.

Collectively, these results suggest that glucose sensing by Glut2-expressing cells

is required for the normal sensitivity to leptin of NPY and POMC neurons. They

also indicate that even though NPY and POMC neurons may be directly responsive

to changes in glycemia, as assessed in hypothalamic slices, in physiological

conditions their glucose responsiveness is also controlled by Glut2-expressing

cells. These can be neighboring tanycytes or neurons located in other brain regions

and which send projections to the AN. Finally, these data suggest that Glut2-

expressing neurons may form a distinct class of GE and GI neurons that act as

modulator of the more classical GE and GI neurons of the AN, LH, and VMH.
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6 Conclusions

The studies reviewed here indicate a very high diversity in the mechanisms

involved in detecting variations in blood glucose levels or glucose availability by

the brain. The picture that is emerging is that there are multiple sites of glucose

sensing located mostly in the hypothalamus and brainstem, regions involved in

homeostatic regulation of feeding, energy expenditure, and glucose homeostasis.

These regions are connected to peripheral sites of glucose sensing such as the gut

and hepatoportal vein regions (Marty et al. 2007a), which monitor peripheral

glycemic levels, and also to regions of the brain involved in control of feeding

behavior and reward. It is puzzling to observe such diverse glucose sensing

systems, and so far there is no real hypothesis for the importance of this diversity.

It may be related to the fact that different GI neurons may be required for activation

of counterregulatory hormone secretion, glucagon and catecholamines, at different

hypoglycemic levels, in order to induce feeding or thermogenesis. These responses

may be coordinated but still controlled differentially. Alternatively, different glu-

cose sensing neurons may be recruited at different levels of hypoglycemia, in

analogy to the activation of various TRP-expressing, temperature-sensitive neurons

that are responsive to different temperature ranges (Voets et al. 2005).
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Abstract Obesity and associated plethora of diseases constitute a major public

health challenge worldwide. The conjunction of profound changes in our lifestyle

and a thrifty genetic that evolved in an environment of food scarcity largely explains

this epidemic situation. Food abundance promotes our specific appetite for the more

palatable food generally rich in lipids. It is noteworthy that this attraction for fatty

food is not specific to humans. Rats and mice also spontaneously prefer lipid-rich

food in a free-choice situation. Detection of lipids in food requires the presence of

specific sensors located in strategic places (e.g., oral cavity, small intestine, brain)

whose activation results in a modulation of the eating behavior. Recent data strongly

suggest that the glycoprotein CD36 plays a significant role in this sensing system.
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Abbreviations

BBB Blood–brain barrier

BMI Body mass index

CART Cocaine-amphetamine-related peptide

CCK Cholecystokinin

FATP Fatty acid transport proteins

GLP-1 Glucagon-like peptide-1

GPCR G protein-coupled receptors

HBMEC Human brain microvessel endothelial cells

LCFA Long-chain fatty acid

LPL Lipoprotein lipase

MAPK Mitogen-activated protein kinase

MTP Microsomal triglyceride transfer protein

NPY Neuropeptide Y

NST Nucleus of solitary tract

OEA Oleoylethanolamine

PTK Protein tyrosine kinase

TBC Taste bud cells

TG Triglyceride

T1R Taste 1 receptors

SSO Sulfo-N-succinimidyl oleate ester

1 Introduction

Dietary fat consists mainly of long-chain triglycerides (TG). Because they cannot

cross membranes of cells, TG must be hydrolyzed before utilization. This process

takes place during digestion which releases long-chain fatty acids (LCFA, number

of carbons � 16) from TG. LCFA exert basic functions in the cell mainly as

membrane components, metabolic fuel, and precursors of lipid mediators. They

also modulate the expression of genes involved in the regulation of energy balance

through the binding and activation of nuclear receptors (e.g., PPAR). In addition to

this intracellular lipid sensing, the existence of plasma membrane lipid receptors

responsible for the extracellular detection of LCFA was recently reported. Located

in strategic places of the body (e.g., oral cavity, small intestine, central nervous

system), these lipid sensors participate in the control of different sequences of the

feeding behavior from the choice of food to eat to the satiety by providing real-time

information about the lipid content of the diet and their subsequent metabolic use.

The progressive deciphering of this oral and postoral lipid-sensing system is of a

great interest since it might open new insights to limit the consumption of fat-rich

food and decrease risk of obesity and associated diseases (non-insulin-dependent

diabetes, atherosclerosis, hypertension, cancers). A growing body of evidence

suggests that the plasma membrane lipid-binding protein CD36 (cluster of
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differentiation 36), which has been specifically identified in the gustatory papillae,

enterocytes, and hypothalamic neurons, appears to be a good candidate for this

function. The purpose of this minireview is to summarize and discuss the recent

data in this new field of investigations.

2 Oral Sensing of Lipids

The first step of dietary fat detection takes place in the oral cavity. For a long time, it

was thought that only textural and olfactory cues were responsible for the oro-

sensory perception of lipids. Recent compelling evidences support that sense of

taste also plays a role in this detection system in rodents (rats and mice) (Takeda

et al. 2000, 2001; Fukuwatari et al. 2003) and probably also in humans (Chale-Rush

et al. 2007). Oro-sensory perception of dietary lipids is dependent from LCFA

(Tsuruta et al. 1999; Fukuwatari et al. 2003). As for other tastants, LCFA are

detected by specific receptors located on the apical side of the taste bud cells

(TBC) clustered in the taste buds of the gustatory papillae.

2.1 CD36 Displays Features of a Gustatory Lipid Sensor

The glycoprotein CD36 belongs to the scavenger receptor family. It is found in

tissues involved in lipid absorption, storage, and utilization (e.g., small intestine,

adipose tissue, skeletal and cardiac muscles, mammary glands) and in several

hematopoietic cells (e.g., monocytes/macrophages, platelets). It is a plasma mem-

brane protein which can bind a large number of ligands, which explains its

multifunctional roles (for review see (Martin et al. 2011)). CD36 increases the

uptake of LCFA by cardiomyocytes and adipocytes (Coburn et al. 2000; Hajri et al.

2001) and that of oxidized LDL by macrophages (Endemann et al. 1993), modifies

platelet aggregation by binding to thrombospondin and collagen (Chen et al. 1997),

facilitates the phagocytosis of apoptotic cells by macrophages (Ren et al. 1995), and

increases the cytoadhesion of erythrocytes infected with Plasmodium falciparum
(Oquendo et al. 1989; Febbraio et al. 2001). In addition, CD36 has also recently

been shown to play a role in the taste reception of dietary lipids on the tongue

(Laugerette et al. 2005; Gaillard et al. 2008). This last finding was surprising since

the expression of taste receptors was previously thought to be restricted to TBC.

Nevertheless, this dogma has been challenged recently by the identification of

sweet and umami taste receptors (T1R) in various tissues including the small

intestine, pancreas, liver, kidney, testis, or brain (Dyer et al. 2005; Bezencon

et al. 2007; Mace et al. 2009; Nakagawa et al. 2009; Hass et al. 2010; Iwatsuki

et al. 2010). Moreover, CD36 displays several features required to be a gustatory

lipid sensor. First, it binds saturated and unsaturated LCFA with an affinity in the

nanomolar range (Baillie et al. 1996). Second, CD36 expression appears to be
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strictly restricted to the apical side of some TBC lining the pore of gustatory

papillae in the lingual epithelium of rodents (Fukuwatari et al. 1997; Laugerette

et al. 2005) and humans (Simons et al. 2010). Third, it displays a receptor-like

structure, with a large extracellular binding pocket (Rac et al. 2007) and a

C-terminal cytoplasmic tail able to interact with cell signaling proteins of the Src

protein-tyrosine kinase (PTK) family (Huang et al. 1991). This complex is capable

of activating cell signaling in TBC in a lipid-dependent manner. Consistent with

this assumption, experiments with CD36-positive TBC isolated by immuno-magne-

tism frommouse circumvallate papillae show that activation of CD36 by LCFA leads

to the recruitment and activation of Src-PTK (El-Yassimi et al. 2008). This event

triggered a prompt and huge rise in intracellular ionized calcium levels ([Ca2+]i)

(Gaillard et al. 2008), leading to the release of serotonin and norepinephrine,

neurotransmitters known to activate afferent gustatory nerve fibers (El-Yassimi

et al. 2008). It is noteworthy that all steps of this cascade are strictly CD36 dependent

since they do not occur in CD36-negative TBC or in CD36-positive TBC pretreated

with the pharmacological CD36-binding inhibitor, sulfo-N-succinimidyl oleate ester

(SSO) (El-Yassimi et al. 2008). The nucleus of the solitary tract (NST) is the first

synaptic relay of gustatory pathway in the brain stem. We have shown that an LCFA

deposition onto the tongue induces the neuronal activation of NST areas known to

receive afferent fibers from gustatory nerves (i.e., chorda tympani and

glossopharyngeal nerves). Interestingly, this activation appears to be CD36 dependent

since it is not reproduced in CD36-null mice subjected to an oral LCFA stimulation

(Gaillard et al. 2008).

2.2 Physiological Consequences

Collectively, these data are in agreement with the role of CD36 as a lipid sensor in

the gustatory papillae. This unexpected finding is supported by the fact that the lack

of CD36 in oral cavity affects the spontaneous preference for lipids and cephalic

phase of the digestion.

2.2.1 Preference for Fat

The two-bottle preference test is used for studying the spontaneous preference of

animals in a free-choice situation. The use of this simple behavioral paradigm has

been at the origin of the first demonstration that the sense of taste is also involved in

the oro-sensory detection of dietary lipids. Indeed, rats and mice maintained a

strong preference for LCFA-enriched solutions even when olfactory (Takeda

et al. 2001; Fukuwatari et al. 2003), somesthesic (Smith et al. 2000; Takeda et al.

2000), and postingestive signals (Tsuruta et al. 1999; Smith et al. 2000;

McCormack et al. 2006) were simultaneously minimized. Interestingly, CD36

gene inactivation fully abolishes the spontaneous fat preference in mice subjected
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to long-term (i.e., 0.5- and 48-h) two-bottle preference tests (Laugerette et al. 2005).

Similar data were reproduced when behavioral tests were performed in conditions

minimizing postingestive influences (i.e., preference test during 5 min after the first

lick using computer-controlled lickometers) and textural cues (i.e., use of mineral

oil as vehicle, unpublished data).

2.2.2 Digestive Anticipation

Oral lipid detection might also provide a physiological advantage by preparing the

digestive tract to the incoming dietary lipids. Consistent to this assumption, it has

been shown that a fatty acid load in oral cavity is sufficient to enhance protein levels

in the pancreatic juice in esophagostomized rats, avoiding postingestive influence

(Hiraoka et al. 2003). This change, due to the release of digestive enzymes, appears

to be tightly dependent on the type of fatty acids used. Indeed, it was only found

with LCFA (Laugerette et al. 2005) known to bind CD36 with a high affinity

(Baillie et al. 1996). While similar data were obtained in wild-type mice, this

digestive effect was markedly blunted in CD36-null mice (Laugerette et al.

2005). This finding provided the first evidence for an involvement of lingual

CD36 in the cephalic phase of digestion. This regulatory reflex loop operates

through an activation of NST by the CD36-mediated sensing of dietary lipids in

the oral cavity, subsequently stimulating the digestive secretion via the efferent

vagus projections.

3 Postoral Sensing of Lipids

Collectively, these data demonstrate that CD36 is a lipid sensor involved in the

regulation of eating behavior in the tongue. This finding raises the possibility that

CD36 might also play a similar role in other places of the body, as small intestine

and brain.

3.1 In the Small Intestine

In contrast to other lipid-utilizing cells, enterocytes are subjected to dramatic

changes in the fat supply daily. However, in healthy humans, fecal lipid loss

remains low even during high-fat challenges (Ross 1993). Specific adaptations

explain the efficiency of intestinal fat absorption. The unstirred water layer lining

the enterocytes constitutes a unique microclimate characterized by a low pH

gradient which induces the protonation of LCFA, facilitating their subsequent

membrane permeation. Indeed, neutral LCFA diffuse more easily through a phos-

pholipid bilayer than their corresponding ionized species (Kamp et al. 1993, 1995).
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Consistent with this assumption, pharmacological inhibition of proton channels

found in the apical side of enterocytes induced a dose-dependent decrease of LCFA

uptake in rabbit and rat jejunal sheets (Schoeller et al. 1995). Moreover, the small

membrane curvature found in the top of microvilli is favorable for a fast LCFA flip-

flop in the phospholipid bilayer (Kleinfeld and Storch 1993; Kleinfeld et al. 1997;

Kampf et al. 2006). These specificities explain why passive diffusion plays a

significant role in LCFA uptake in the small intestine (for review see (Niot et al.

2009)). This conclusion raises the question of the physiological role played by the

plasma membrane lipid-binding proteins found in enterocytes like CD36.

3.1.1 CD36: Lipid Transporter or Lipid Sensor?

CD36 function in the small intestine remains a matter of debate. Because it is

involved in the lipid transfer in adipose tissue and heart (for review see (Ibrahimi

and Abumrad 2002)) and highly expressed in the duodeno-jejunum, known to be

the major site of fat absorption (Poirier et al. 1996), CD36 is generally thought to be

a lipid transporter in the gut. However, this conclusion is not consistent with several

physiological observations. First, no intestinal malabsorption of LCFA is found in

CD36-null mice (Nauli et al. 2006). Second, CD36 gene disruption does not affect

LCFA uptake by in situ isolated jejunal loops, an in vivo technical approach known

to respect intestinal environment (i.e., intact unstirred water layer, blood and lymph

flow, and enteric nervous system) (Tran et al. 2011). Third, there is a rapid lipid-

mediated disappearance of CD36 from the brush border membrane of enterocytes

(Tran et al. 2011). This process is reminiscent of the progressive desensitization of

receptors subjected to permanent ligand stimulation. Fourth, like numerous

receptors (Miranda and Sorkin 2007), lipid-induced internalization of CD36 is

followed by an ubiquitin/proteasome-mediated degradation in the enterocyte

(Tran et al. 2011). Altogether, these observations seem to be more consistent with

a role of CD36 as a lipid receptor, as reported in the taste buds, rather than as an

efficient lipid transporter.

As a lipid sensor, CD36 might provide real-time information about the presence

of lipids in the intestinal lumen, leading to local adaptation of absorption efficiency

and providing central information contributing to the regulation of the eating

behavior.

3.1.2 Physiological Consequences of the Intestinal Lipid Sensing

During the postprandial period, the presence of energy nutrients in the intestinal

lumen triggers various regulatory responses optimizing their absorption and signal-

ing their availability for utilization. It is a complex control not fully known which

mobilizes both endocrine and nervous pathways, and requires the presence of

specific nutrient receptors in the intestinal mucosa. It has been shown recently

that the presence of glucose in the intestinal tube is detected by the heterodimer
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T1R2/T1R3, known to be responsible for perception of the sweet taste in gustatory

papillae (Mace et al. 2007; Margolskee et al. 2007). In the small intestine, this

gluco-reception induces the release of the glucagon-like peptide-1 (GLP-1) by the

entero-endocrine L cells, leading to the enhancement of the glucose uptake by the

enterocytes and to the inhibition of the eating behavior (Brubaker and Anini 2003;

Drucker 2006). It is likely that a similar scenario also exists for the dietary lipids.

Role of Intestinal CD36 in Fat Absorption

An adaptation of the intestinal absorption capacity to the lipid content of the diet has

been recently demonstrated (Petit et al. 2007). Food rich in unsaturated fatty acids

induces both an increase of intestinal absorptive area, due to a rise in cell prolifera-

tion, and a coordinated induction of genes involved in the lipoprotein synthesis.

These changes facilitate the production of large chylomicrons rapidly cleared in the

blood by the lipoprotein lipase (LPL). They improve the absorption of dietary lipids

and their subsequent peripheral use. Such a regulation requires the existence of

specific sensors able to detect the presence of lipids in the intestinal lumen. The fact

that CD36 gene ablation affects the efficiency of lipoprotein synthesis by the small

intestine in the mouse suggests that this lipid receptor plays a significant role in this

phenomenon (Nassir et al. 2007). A cytoplasmic accumulation of TG and produc-

tion of small chylomicrons have been reported during the postprandial period in the

CD36-null mice (Drover et al. 2005; Nauli et al. 2006; Masuda et al. 2009). Since

chylomicrons of small size are poorly hydrolyzed by the LPL, a blood accumulation

of TG is found both in mice and humans deficient in CD36, increasing the athero-

genic risk. The molecular mechanism linking luminal lipid sensing by CD36 to

lipoprotein synthesis is progressively deciphered.We have recently reported that the

lipid-dependent disappearance of CD36 from the brush border membrane of

enterocytes is associated with a signaling cascade inducing the expression of

genes involved in the lipidation of chylomicrons such as the microsomal triglyceride

transfer protein (MTP) and ApoB48 (Tran et al. 2011).

CD36, OEA, and Eating Behavior

Intestinal CD36 is also thought to play a role in the postprandial regulation of eating

behavior. Infusion of lipid emulsion into the intestinal lumen is associated with a

decrease in the meal frequency (satiety) without change in the meal size (satiation)

(Schwartz et al. 2008). Compelling evidence supports the conclusion that this anorexic

effect is mediated by the oleoylethanolamine (OEA), an endocannabinoid-like mole-

cule enzymatically released from the plasma membrane precursor phosphatidyletha-

nolamine during the postprandial period (Serrano et al. 2011). In the proximal small

intestine, OEA production by enterocytes is stimulated by dietary fat, whereas fasting

exerts the opposite effect. Oral and parenteral OEA administration induces an inhibi-

tion of the food intake in a dose- and time-dependent manner (Rodriguez de Fonseca
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et al. 2001). Targeted overproduction of OEA in the small intestine by luminal

infusion of an adenoviral vector driving the OEA synthesis leads to a prolongation

of feeding latency (Fu et al. 2008). OEA appears to be a local satiety signal rather than

a blood-borne hormone. Indeed, central administration of OEA does affect feeding

behavior. By contrast, surgical or pharmacological ablation of vagal afferences in the

gut abolishes the effect ofOEAon food intake (Rodriguez de Fonseca et al. 2001). The

OEA-mediated signal is next relayed by NST in the brain stem. Subsequently, it

induces the production of the anorexigenic peptide CART (cocaine-amphetamine-

related peptide) in the paraventricular nucleus of hypothalamus and enhancesmemory

consolidation by stimulating neurons in the basolateral complex of amygdala (Serrano

et al. 2011). Interestingly, CD36 plays a crucial role in the postprandial production of

OEA by the small intestine since it is dramatically decreased in CD36-null mice

(Schwartz et al. 2008; Guijarro et al. 2010). The molecular mechanism by which this

regulation takes place remains elusive. A role of CD36 in uptake of the OEAprecursor

oleic acid by intestinal mucosa was suggested. However, it has recently been

demonstrated by an in vivo experiment that CD36 gene ablation does not affect

LCFA uptake (Tran et al. 2011). By contrast, LCFA trigger a CD36-dependent

activation of the MAPKerk (mitogen-activated protein kinase) pathway in intestinal

mucosa (Tran et al. 2011). These data suggest a role of intestinal CD36 in OEA-

mediated satiety as a lipid sensor linking lipid ingestion to eating behavior, rather than

as a lipid transporter. How the OEA satiety effect is modulated by the downstream

signaling events induced by CD36 is not yet known.

3.2 In the Brain

When minute quantities of a lipid emulsion are offered to the brain by a direct

infusion into the carotid flow, a decrease in food intake is observed in previously

fasted mice (unpublished data). Since blood lipid levels remain unchanged in the

experimental conditions used, this finding raises the possibility that a lipid-sensing

system also exists in the brain. To directly modulate the feeding behavior, lipids

must first cross the blood–brain barrier (BBB) before they are detected by specific

lipid-sensitive neurons involved in control of the feeding behavior.

3.2.1 Role of the Blood–brain Barrier

The BBB is constituted by high-density capillary endothelial cells linked by tight

junctions, pericytes, and astrocyte cell projections which serve of support. It is a

selective barrier limiting the transfer of molecules from the bloodstream to the

brain. How blood lipids cross the BBB is progressively deciphered. An endothelial

lipase generating LCFA from blood, TG has been identified in the BBB (Sovic et al.

2005). Their subsequent transfer toward deeper regions of the brain might be

ensured by a set of plasma membrane lipid-binding proteins including fatty acid
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transport proteins (FATP) 1 and 4 and CD36 (Mitchell et al. 2011). However, the

molecular mechanism by which this vectorial transfer takes place remains elusive.

FATP1 and FATP4 share several structural features with acyl-CoA synthetases

(ACS) (i.e., high amino acid sequence identity and a comparable predicted structure

mainly located at the intracellular side of the plasma membrane) and functional

properties (i.e., fatty acid acylation activity), suggesting that these FATP are plasma

membrane ACS. Since membranes are impermeable to fatty acyl-CoA, it has been

proposed that FATP1 and 4 contribute to the net influx of LCFA into the cells by

trapping them as CoA derivatives. If such an ACS function might also contribute to

the net transfer of LCFA from blood to the brain through the BBB is not yet known.

The fact that FATP1 and 4 gene ablation reduces LCFA transport across human

brain microvessel endothelial cells (HBMEC) is consistent with this assumption

(Mitchell et al. 2011). However, the precise location of these FATP in BBB remains

to be established. CD36 gene is also weakly expressed in HBMEC. Specific siRNA

knockdown of CD36 reduces transport of short-, medium-, long-, and very-long-

chain fatty acids in HBMEC (Mitchell et al. 2011). These data are unexpected since

the binding specificity of CD36 is known to be restricted to fatty acids with a

number of carbons �16. It suggests a more global role of CD36 in the provision of

lipids for the brain than what was reported for FATP. The mechanism by which this

CD36-mediated effect takes place remains elusive.

3.2.2 CD36 in the Central Nervous System

Once they have crossed the BBB, fatty acids can act as a satiety signal. Indeed, a

direct intracerebroventricular administration of an LCFA leads to a decrease in food

intake and in expression of an orexigenic molecule like neuropeptide Y (NPY) in

the rat (Obici et al. 2002). This physiological impact takes place through

modifications in the firing rate of specific neurons located in hypothalamic areas

like the arcuate nucleus (Wang et al. 2006), known to play a crucial role in

regulation of eating behavior and energy balance. Electrophysiological approaches

have showed that activity of LCFA-sensitive hypothalamic neurons was positively

or negatively affected by LCFA (Oomura et al. 1975). One part of these effects

appears to be dependent on CD36. Indeed, pharmacological inhibition of CD36-

binding activity by SSO leads to a twofold reduction of the excitatory and inhibitory

neuronal effects of LCFA in the ventromedial hypothalamic nucleus (Le Foll et al.

2009). How CD36 plays this role remains to be determined.

4 Conclusions and Future Directions

A growing body of evidences supports the conclusion that the multifunctional

glycoprotein CD36 plays the role of a lipid sensor involved in the different aspects

of eating behavior (i.e., selection of food to eat, memorization of food sources,

regulation of food intake). Nevertheless, this oral and postoral lipid-sensing system

Role of CD36 in Oral and Postoral Sensing of Lipids 303



appears to be more complex than what was initially thought. Indeed, other putative

lipid sensors displaying an affinity for LCFA have recently been identified along the

oro-intestinal tract. For instance, the members of the G protein-coupled receptors

(GPCR) family, GPR40 and GPR120, raise new questions. Why are different lipid

sensors expressed in the body? Do they play complementary or specific roles in the

regulation of eating behavior?

The physiological role of this lipid-sensing system might be to build fat stores in

times of nutritional abundance to survive periods of food scarcity. Paradoxically,

this adaptation, presumably developed during evolution, appears to be especially

maladaptive to environment of permanent food plethora and likely contributes to

the present epidemic of obesity throughout the world. Alternatively, an inappropri-

ate sensing of dietary lipids might also lead to obesity by altered feeding behavior.

Consistent with this hypothesis, it has been reported that obese patients display a

higher preference for fatty food than lean subjects (Drewnowski et al. 1984; Mela

1988). Recently, experiments performed in healthy humans have highlighted the

relationship between oro-sensory lipid detection and body mass index (BMI).

Hypersensitivity to lipids was associated with lower energy consumption, fat

intake, and BMI (Stewart et al. 2010). Whether there is a threshold of sensitivity

to dietary lipids in humans which is dependent on CD36 and/or GPCR remains to be

determined.

Several functional convergences between cells from taste buds and intestinal

mucosa have also been highlighted by this new field of investigations, namely, the

existence of (1) a common detection system devoted to the sensing of energy

nutrients (not only lipids as reported herein but also carbohydrates and amino

acid receptors), (2) production of similar hormones (e.g., GLP-1, cholecystokinin

(CCK), and others) and expression of their respective receptors, and (3) connection

to afferent nerve fibers involved in feeding behavior (i.e., gustatory and vagus

nerves). This observation suggests the existence of a “functional continuum”
along the oro-intestinal tract responsible for the permanent analysis and regulation

of ingestion, digestion, absorption, and metabolic fate of energy nutrients. Effi-

ciency of such a detection system requires a local coordination between cells

through paracrine and autocrine regulations associated with a permanent dialogue

with the brain via neuroendocrine pathways. A continuum being “a set of elements
such that it is possible to pass from one to another continuously,” we propose that

fundamental knowledge derived, for instance, from the oro-sensory tract can be

replicable to the small intestine and likely to the brain and reciprocally. There are

limitations due to functional specificity of lingual gustatory epithelium, intestinal

mucosa, and central nervous system. However, this concept opens new ways of

investigations of the early molecular mechanisms responsible for the oro-sensory

perception of lipids and their intestinal fate, with consequences for feeding behavior

and health.
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Abstract Ingestion of a meal triggers a range of physiological responses both

within and outside the gut, and results in the remote modulation of appetite and

glucose homeostasis. Luminal contents are sensed by specialised chemosensitive

cells scattered throughout the intestinal epithelium. These enteroendocrine and tuft

cells make direct contact with the gut lumen and release a range of chemical

mediators, which can either act in a paracrine fashion interacting with neighbouring

cells and nerve endings or as classical circulating hormones. At the molecular level,

the chemosensory machinery involves multiple and complex signalling pathways

including activation of G-protein-coupled receptors and solute carrier transporters.

This chapter will discuss our current knowledge of the molecular mechanisms
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underlying intestinal chemosensation with a particular focus on the relatively well-

characterised nutrient-triggered secretion from the enteroendocrine system.

Keywords CCK • Enteroendocrine cells • GLP-1 • GIP • Nutrient transporters •

PYY

Abbreviations

2-APB 2-Aminoethoxydiphenyl borate

5-HT Serotonin

CaMK Ca2+/calmodulin-dependent protein kinases

cAMP Cyclic adenosine monophosphate

CCK Cholecystokinin

DGAT1 Diacylglycerol acyltransferase 1

EC Enterochromaffin cell

FFA Free fatty acids

GIP Glucose-dependent insulinotropic polypeptide

GLP Glucagon-like peptide

GPCR G-protein-coupled receptor

LCFA Long-chain fatty acids

MTP Microsomal triglyceride transfer protein

NOPE N-oleoyl-phosphatidylethanolamine

OEA Oleoylethanolamide

PKA Protein kinase A

PKC Protein kinase C

PLC Phospholipase C

PYY PeptideYY

SCFA Short-chain fatty acids

SLC Solute carrier transporters

1 Introduction

Ingestion of a meal triggers a range of physiological responses to optimise the

digestion, absorption, distribution and metabolism of nutrients, and to regulate

further food intake. Indeed, the gut is largely able to handle anything that arrives

in it, whether it be digestible, indigestible or even toxic. As foods vary widely in

their nutrient composition, there is a corresponding spectrum of nutrient-sensing

pathways in the gut, which are linked either directly or indirectly to responses such

as secretion of enzymes and electrolytes, coordination of gastric emptying and gut

motility, and activation of neuronal and hormonal signalling pathways to the brain

and peripheral tissues. The gut–brain axis is now recognised to play a particularly

important role in the regulation of appetite, as exemplified by the range of intestinal
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peptides that have been demonstrated to affect food intake in animals and humans.

Both inhibitory and stimulatory modulators of food ingestion have been isolated

from different regions of the intestine, which can target the brainstem and hypo-

thalamus either directly in the form of classical circulating hormones or indirectly

via modulation of afferent vagal nerve activity.

1.1 Endocrine Cells and Gut Hormones

We have known for over a century that the gut is able to sense changes in the

luminal content and respond by releasing chemical signals. Bayliss and Starling

observed in 1902 that increasing the acidity in the small intestinal lumen elicited

pancreatic secretion (Bayliss and Starling 1902). They noted that this was mediated

not via the nervous system but by a humoral factor that they termed ‘secretin’,

which was produced by the gut epithelium. Physiological actions of secreted gut

hormones are now recognised to include inhibition of gastric emptying and gastric

acid secretion, stimulation of gastric secretion, enhanced pancreatic exocrine and

endocrine secretion, intestinal fluid secretion and inhibition of food intake. In fact,

the gastrointestinal tract has been estimated to be the largest endocrine organ in the

body, producing over 20 hormones that act locally, peripherally and centrally

(Rehfeld 2004).

Intestinal (entero-) endocrine cells are scattered throughout the epithelial layer

of the gastrointestinal tract, but represent only a small fraction (<1%) of the total

epithelial cell number. Individual cell types that make up the enteroendocrine

family have distinct expression patterns throughout the gut. For example, entero-

chromaffin (EC) cells and somatostatin-secreting D cells are interspersed along the

length of the gut, whereas the K cells that produce gastric inhibitory peptide (also

known as glucose-dependent insulinotropic polypeptide or GIP) are found predom-

inantly in the duodenum (Sj€olund et al. 1983). Many enteroendocrine cells have

processes extending to the lumen, leading to their description as “open type”

endocrine cells (as opposed to their “closed type” counterparts that are cut off

from the lumen by epithelial tight junctions). These gut endocrine cells are prime

candidates to fulfil the role of intestinal nutrient sensors, linking the luminal

composition to a variety of secreted chemical signals which in turn stimulate

local nerve endings and paracrine targets or circulate in the bloodstream as classical

hormones.

The study of chemosensing in enteroendocrine cells has been hindered by the

scarcity of these cells in the gut epithelium and the inability to identify them

accurately without prior fixation and staining. Much of our understanding has

therefore come from work using cell lines such as GLUTag (Drucker et al. 1994),

STC-1 (Rindi et al. 1990) and BON (Parekh et al. 1994). However, the generation

of transgenic mice expressing fluorescent proteins under the control of hormonal

promoters such as proglucagon, GIP and cholecystokinin (CCK), resulting in the

cell-specific labelling of L, K and I cells (glucagon-like peptide secreting cells are
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classically defined as L cells, while CCK-secreting cells are known as I cells),

respectively (Parker et al. 2009; Reimann et al. 2008; Wang et al. 2010), has led to

renewed interest in and understanding of the chemosensing pathways in these cells.

When coupled with protocols to purify fluorescent cells by flow cytometry and to

maintain enteroendocrine cells in primary intestinal cultures, these provide the

technology to interrogate for the first time the expression profile and functional

characteristics of primary gut endocrine cells. Primary L cells, like GLUTag cells,

exhibit electrical activity, as demonstrated by electrophysiological recordings

(Rogers et al. 2011), coupled to Ca2+ entry via L and P/Q-type voltage-gated ion

channels (Reimann et al. 2005).

1.2 Sensory Nerve Supply of the Intestine

Sensory afferent nerves terminate in the gut wall and convey chemo- and

mechanosensory signals to target tissues both within and outside of the intestine.

Branches of the afferent vagus are involved, for example, in linking signals from

ingested food to the control of appetite. The field of mechanosensory transduction

will not be covered specifically in this chapter, but it is noteworthy that the physical

act of food entering the intestinal tract triggers vagal mechanosensors in the serosal

and muscle layers of the gut. Indeed, increased gastric luminal pressure is one of the

earliest physiological consequences of food ingestion and is rapidly reflected by

changes in electrical activity in the vagus nerve.

As afferent nerve endings do not appear to innervate the mucosal layer (Powley

et al. 2011), they are not believed themselves to act as the direct sensors of luminal

nutrients, and chemosensing by intestinal neurons is rather believed to be an

indirect process. Vagal afferent activity can be triggered by a number of

enteroendocrine hormones, including serotonin (5-hydroxytryptamine, 5-HT), glu-

cagon-like peptide (GLP)-1, GLP-2, PeptideYY (PYY) and CCK (reviewed in

Dockray (2003)), and there are some well-established links between luminal

stimuli, enteroendocrine secretion and vagal activity (for further reading, see

Grundy (2004)). Lipid and protein activation of afferent fibres, for example, can

be triggered by CCK release (reviewed in Raybould et al. (2006)), and 5-HT has

been proposed to mediate glucose responses (Zhu et al. 2001). With our developing

understanding of the enteroendocrine system, it is likely that other peptides will

also be found to play a role in mediating nutrient stimulation of intestinal sensory

nerves.

1.3 Tuft Cells

Tuft cells, also known as brush or caveolated cells, were first identified in the

gastrointestinal tract in 1956 (Jarvi and Keyrilainen 1956). They are described as
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being polarised cells with a narrow apical pole and a tuft of microvilli extending

towards the lumen. Morphologically, they differ from other secretory cells in the

gut as they lack electron-dense secretory granules (H€ofer and Drenckhahn 1996)

but contain caveolae in the apical cytoplasm (Nabeyama and Leblond 1974). They

were originally believed to be a subset of enteroendocrine cells, but recently a tuft

cell lineage pathway that is distinct from the endocrine cells of the gut has been

described (Gerbe et al. 2011). Tuft cells express components of the taste signalling

system (a-gustducin, TRPM5), as well as b-endorphin, met-enkephalin and

uroguanylin (Gerbe et al. 2011; Kokrashvili et al. 2009b), and are hypothesised to

act as chemoreceptors in the gut. Because they exhibit heavy apical staining, it has

been suggested that they may release peptides into the lumen (Kokrashvili et al.

2009a). They might therefore underlie the observed release of opioids into the gut

lumen in response to nutrients, which in turn modulate gastric motility, emptying

and intestinal secretions (Holzer 2009). Met-encephalin, for example, is released

into the lumen following ingestion of fat (Money et al. 1988), and intestinal b-
endorphin secretion triggered by hypertonic stimuli (but not fat) was dependent on

TRPM5 (Kokrashvili et al. 2009b). Although opioids and components of the taste

signalling pathway have been detected in tuft cells by immunostaining, direct

sensing of macronutrients by tuft cells remains to be proven. Interestingly, the

guanylate cyclase-C receptor, which is activated by uroguanylin and guanylin, is

expressed and functional in enteroendocrine L cells (Friedlander et al. 2010),

providing a potential pathway for luminal cross talk between tuft cells and

enteroendocrine cells.

2 Nutrient-Sensing Machinery

Sensors of nutrient ingestion need to monitor either the luminal contents themselves

or locally elevated concentrations of substances absorbed across the epithelial

layer. Their activation triggers intracellular signalling pathways, including mem-

brane depolarisation, elevated calcium levels and second messenger cascades that

ultimately result in endpoints such as the release of a hormone or changes in gene

expression. Sensory systems described to date range from the utilisation of surface

membrane solute transporters and G-protein-coupled receptors to a requirement for

intracellular receptor binding or metabolism.

2.1 Solute Carrier Transporters

The intestinal brush border is rich in solute carrier transporters (SLC) which act as

gateways for the absorption of nutrients, ions and drugs. In humans, the SLC family

comprises 248 genes, subdivided into 47 families (Hediger et al. 2004). Modes of

action of individual transporters vary: they can facilitate diffusional equilibration,
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exchange substances bidirectionally across plasma membranes or couple solute

transfer to the electrochemical gradient of ions such as Na+ and H+. If the sensing

mechanism for the solute is localised intracellularly, transport might become rate

limiting. Thus, some cells that detect concentration changes downstream of an

increase of metabolic flux, like, for example, the pancreatic b-cell (see below),

depend on high-capacity transport (the b-cell employs the high-capacity facilitative

GLUT2 transporter). Exchangers and ion-coupled transporters, on the other hand,

have the capacity to move solutes against their concentration gradient, utilising the

energy gradient of the coupled ion or solute. Electrogenic transporters, like the

sodium-coupled glucose transporter, SGLT1, generate currents capable of trigger-

ing action potentials and Ca2+ entry (Gribble et al. 2003). There are also examples

of transporters that have additional receptor-like activity and trigger intracellular

signalling pathways, as exemplified by GLUT2 which has been found to mediate

sugar-dependent gene transcription independent of its role as a transporter

(Guillemain et al. 2000).

Individual cells typically express numerous members of the SLC family, acting

individually and in concert to shape an overall response. Taken together with the

wide variety of cell types along the length of the intestinal epithelium and the range

of chemical mediators within the enteroendocrine system, this allows for highly

sensitive “sensing” of and responses to changes in the luminal nutrient composition.

2.2 G-Protein-Coupled Receptors

In recent years, members of the G-protein-coupled receptor (GPCR) family have

been identified as nutrient sensors, and many are expressed in the gut (Wellendorph

et al. 2010). GPCRs represent the largest family of cell surface receptors,

responding to a diverse array of ligands. Binding to the extracellular face of the

receptor activates intracellular G proteins, thereby triggering cascade-like transduc-

tion pathways. G proteins primarily couple to two signalling pathways: the cyclic

adenosine monophosphate (cAMP) and phosphatidylinositol pathway. However,

the diversity and sensitivity of the receptors are further amplified by their ability to

homo- or heterodimerise, affecting not only the affinity and efficacy of the ligand,

but also the recruitment of downstream signalling pathways (Prezeau et al. 2010;

Vilardaga et al. 2010). Receptor activity can be further modulated by intracellular

protein–protein interactions (Ritter and Hall 2009), extracellular allosteric modula-

tion (May et al. 2007) and changes in the membrane potential (Martinez-Pinna et al.

2004), introducing the potential for interactions between different members of the

GPCR and solute transporter families.

Oral sensing of nutrients is largely achieved via GPCR stimulation. The sweet,

bitter and umami taste modalities, classically described in lingual taste buds, act

through two subgroups of GPCRs of the Tas1 and Tas2 taste receptor families. The

sweet taste receptor, a heterodimeric GPCR comprised of T1R2 and T1R3,

responds to a wide array of natural and artificial sweeteners (Margolskee 2002)
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and is largely responsible for the oral sensation of sweet taste. The related receptor

combination, T1R1/T1R3, detects glutamate and underlies the taste modality

known as umami. Members of the Tas2 receptor family, which in mammals

contains approximately 30 members (Behrens et al. 2009), are responsible for the

bitter taste of a wide range of chemicals. Taste receptors interact with a subgroup of

G proteins including a-gustducin, leading to activation of the phosphatidylinositol

pathway via phospholipase C (PLC) b2. A consequent rise in intracellular calcium

activates the monovalent cation channel TRPM5, leading to sodium entry and

membrane depolarisation (reviewed in (Margolskee 2002). Many tastants trigger

similar intracellular signalling cascades, and whether they are recognised as sweet,

umami or bitter appears to be encoded by the particular cell type activated and its

central connectivity (Carleton et al. 2010).

3 Sensing of Different Nutrient Classes in the Intestine

3.1 Carbohydrates

Carbohydrates in the intestine have been linked to a number of physiological

responses, including intracellular trafficking of glucose transporters, stimulation

of enteroendocrine secretion and activation of enteric neurons. A variety of signal-

ling pathways have been implicated in these different responses highlighted in

Fig. 1.

3.1.1 Sweet Taste Receptors

In the past few years, it has been proposed that populations of intestinal cells can

“taste” sugars or sweet compounds, using sensory pathways similar to those

classically described in lingual taste cells. Antibodies against Tas1 receptor

subunits, a-gustducin, TRPM5 and PLCb2 have detected expression of these

signalling components in isolated cells within the intestinal epithelium (Bezençon

et al. 2007; H€ofer et al. 1996; Jang et al. 2007; Kokrashvili et al. 2009b). However,

it is still not clear which cell types contain taste receptors, and whether all

components of the pathway are located in the same cells. Several reports suggest

that taste machinery resides in cells with the hallmarks of enteroendocrine cells,

perhaps those producing GLP-1 and PYY (Dyer et al. 2005; Jang et al. 2007;

Rozengurt et al. 2006). Using TRPM5 as a marker for “taste cells”, this population

has been purified from the gastrointestinal tract of mice carrying a fluorescent

reporter driven by the trpm5 promoter (Kokrashvili et al. 2009b). Transcriptomic

analysis of such trpm5 positive cell populations suggests that they are not typical of
enteroendocrine cells, and rather have expression profiles characteristic of tuft cells.
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Sweet Taste Receptors in Enteroendocrine Cells

Despite the controversies about which cell types express taste receptor machinery,

there are a number of reports that sweet taste receptors may underlie glucose

sensing in gut endocrine cells, particularly those releasing the incretin hormones

GLP-1 and GIP. Plasma GLP-1 and GIP levels following glucose gavage were

reduced in a-gustducin knockout compared to wild-type mice (Jang et al. 2007). It

was also reported that the artificial sweetener, sucralose, stimulated incretin release

from GLUTag cells and that this was inhibited by gurmarin, a specific inhibitor of

murine sweet taste receptors (Margolskee et al. 2007). However, sucralose and

other sweeteners were not found to be stimuli of GLP-1 and GIP secretion in

primary cultures of the murine intestinal epithelium, and expression profiling of

purified L and K cells revealed no enrichment of mRNA for T1R2/T1R3 or a-

+K

Metabolism

Glucose
(Fructose)

2+Ca

T1R2/T1R3+NaGlu+NaGlu
SGLT3 SGLT1GLUT5

Fructose

GLUT1/2

KATP

Secretion

PLC

Gg

TRPM5
+Na

2+Ca V

2+Ca ATP/ADP

Fig. 1 Carbohydrate sensing in enteroendocrine cells Electrogenic transport of glucose (Glu) by

SGLT1, or glucose binding to SGLT3, depolarises the membrane (DC) sufficiently to activate

Ca2+ entry via voltage-gated Ca2+ channels (Ca2+V). The sweet taste receptor (T1R2/T1R3)

elevates intracellular Ca2+ via a-gustducin (Gg), PLCb2 activation and membrane depolarisation

mediated by TRPM5. Elevated intracellular Ca2+ is a primary trigger of exocytosis. Glucose and

fructose are transported across the membrane by GLUT1 and/or 2 and GLUT5, respectively.

Metabolism results in elevated ATP and reduced MgADP, which inhibits KATP channels, thereby

promoting membrane depolarisation and sensitisation to further stimuli
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gustducin (Parker et al. 2009; Reimann et al. 2008). Furthermore, artificial

sweeteners have not been found to modify glucose absorption rates, plasma glucose

or incretin levels or gastric emptying in humans (Little et al. 2009; Ma et al. 2009,

2010) or rodents (Fujita et al. 2009). Clearly, there is further work required to

clarify the roles of sweet taste receptors in gut endocrine secretion.

Intracellular Trafficking of Glucose Transporters

The gastrointestinal mucosa cell expresses a number of monosaccharide

transporters, employing both Na+-coupled (e.g. SGLT1) and facilitative (e.g.

GLUT1, GLUT2 and GLUT5) mechanisms. Expression of SGLT1 on the apical

but not the basolateral surface of the epithelial layer (Hwang et al. 1991; Yoshida

et al. 1995) promotes uphill glucose absorption out of the lumen, driven by the

inward Na+ gradient that is set up and maintained by basolateral Na+/K+-ATPases.

SGLT1 mRNA and protein levels are regulated by dietary intake and diurnal

rhythms (Balakrishnan et al. 2008) and may involve activity of the sweet taste

receptor pathway. Mice fed a high-carbohydrate diet or supplemented with artificial

sweeteners displayed elevated steady-state levels of SGLT1 mRNA and protein,

and correspondingly higher rates of Na+-dependent glucose transport in isolated

brush border vesicles. This effect was not observed in either T1R3- or gustducin-

knockout mice (Margolskee et al. 2007), and it has been suggested that the link may

include a neural reflex, potentially activated by GLP-2 (Shirazi-Beechey et al.

2011). In support for the involvement of the afferent vagus, sugar/sweetener-

dependent upregulation of SGLT1 was abolished in rats following chemical vagal

deafferentation (Stearns et al. 2010).

Basolateral glucose efflux is facilitated by GLUT2 in the upper gastrointestinal

tract and by GLUT1 more distally (Yoshikawa et al. 2011), thereby promoting the

transcellular flux of glucose from the lumen into the bloodstream. It has been

reported that GLUT2 is transiently recruited to the apical membrane surface after

a meal, allowing the passive absorption of glucose at higher luminal sugar

concentrations. Brush border SGLT1 activity saturates in vivo between 30 and

50 mM glucose (Debnam and Levin 1975), but apical GLUT2 insertion could be an

energy saving measure, preventing the unnecessary run-down of the Na+ gradient

by SGLT1 when this is not energetically required. Apical GLUT2 insertion has

been reported to occur rapidly following sugar exposure (t½ 3.5 min, (Helliwell

et al. 2003)) and may be controlled by Ca2+, sweet taste receptors and hormones.

The artificial sweetener sucralose, for example, doubled the rate of glucose absorp-

tion within minutes by increasing the expression of GLUT2 at the brush border

(Mace et al. 2007). As the response to different sweet chemicals matched the known

properties of sweet taste receptors, the authors proposed that T1R2/T1R3 acts as a

glucose sensor at high concentrations (>30 mM) and controls the apical expression

of GLUT2 and consequent increased capacity to absorb glucose. After a meal, when

luminal glucose and dietary Ca2+ levels are high, L-type calcium channels (CaV1.3)

contribute to Ca2+ entry (Morgan et al. 2007), and in this context, it was suggested
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that the Ca2+ response may in turn be controlled by the depolarising action of

SGLT1, thus placing SGLT1 in the role of a candidate glucose sensor.

3.1.2 Glucose Sensing by Members of the Sodium-Coupled Glucose

Transporter Family

The sodium-coupled glucose transporter family offers a distinct mode of sugar

sensing involving the generation of small depolarising ion currents. Glucose trans-

port by SGLT1 occurs with a fixed stoichiometry of 1 glucose molecule per 2 Na+

ions (Chen et al. 1995), which directly generates a small inward Na+ current. A

similar picture, albeit with a different glucose to charge ratio, is observed for the

related renal glucose transporter, SGLT2 (You et al. 1995). Human SGLT3, by

contrast, reportedly generates large Na+ currents without concomitant glucose

transport (Diez-Sampedro et al. 2003), suggesting this may act as a glucose sensor

that directly triggers membrane depolarisation. The mouse genome has 2 genes for

SGLT3, known as mSGLT3a and mSGLT3b. Whilst mSGLT3a remains function-

ally uncharacterised, mSGLT3b has characteristics intermediate between SGLT1

and hSGLT3, displaying charge movement that is partially uncoupled from glucose

transport (stoichiometry ~2.6 Na+ to 1 glucose, (Dı́ez-Sampedro and Barcelona

2011)).

SGLT-Dependent Secretion from Enteroendocrine Cells

It has been known for some time that luminal application of non-metabolisable as

well as metabolisable sugars can stimulate GLP-1 and GIP release from the intact

gut when added together with Na+ ions. Hormonal responses to a range of sugar

analogues were shown to match the selectivity of the intestinal uptake system and

were blocked by the inhibitor of sodium-coupled uptake, phloridzin (Ritzel et al.

1997; Sykes et al. 1980). These data indicated firstly that metabolism is not a

critical component of glucose-triggered incretin release, and secondly that the

uptake pathway might itself hold the key to understanding the mechanism of

sugar sensing.

The mechanistic link between SGLT activity and glucose sensing by

enteroendocrine cells was demonstrated in the GLP-1-secreting cell line, GLUTag.

As in the intact gut, GLUTag cells could be stimulated by non-metabolisable as

well as metabolisable sugars, and using electrophysiological recordings, it was

possible to demonstrate the appearance of sugar-dependent small depolarising

currents of ~2 pA in magnitude. In agreement with the observed high input

resistance of GLUTag cells, these currents were sufficient to trigger membrane

depolarisation by 5–10 mV and action potential firing. The dose dependence of

glucose-triggered GLP-1 release was submillimolar (~0.5 mM), similar to the Km of

SGLT1 (0.2 mM) (Diez-Sampedro et al. 2000) but well below the concentrations
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required to stimulate the sweet taste receptor pathway (30–100 mM). Similar results

were observed in primary murine intestinal cultures (Reimann et al. 2008).

The role of SGLT1 in controlling GLP-1 release has been questioned because it

has been difficult to detect the protein in enteroendocrine cells using traditional

antibody-based techniques, and because the glucose-triggered pathway is also

evident in the colon where SGLT1 expression is low. However, SGLT1 mRNA is

found at relatively high levels in K cells and in L cells from both the small intestine

and colon (Parker et al. 2009; Reimann et al. 2008), and protein expression has

recently been demonstrated in the mouse colon (Yoshikawa et al. 2011). Although

it may be argued that glucose is an unlikely physiological trigger of GLP-1 release

in the colon, detectable glucose levels (0.2–2.1 mM) have been reported in the

caecum from a number of species (Ferraris et al. 1990; Yoshikawa et al. 2011), and

in humans, the glucose concentration at the ileo-caecal junction was found to rise as

high as 10 mM after a meal (Stephen et al. 1983).

The role of SGLT3 in intestinal sugar sensing is less clear, although SGLT3

expression has been detected by PCR in GLUTag cells, rodent small intestinal

epithelium and enteric neurons (Diez-Sampedro et al. 2003; Freeman et al. 2006a;

Gribble et al. 2003). Like SGLT1, its substrates include glucose and aMG, but

unlike SGLT1, it is not responsive to galactose. Significant species variability in the

properties of SGLT3 became apparent when it was reported that human SGLT3,

unlike pig SGLT3, had lost its capacity to transport sugars and operated rather as a

sugar-sensitive Na+ channel. In addition, it has recently been shown that hSGLT3,

but not mSGLT3b, is activated by micromolar concentrations of imino sugars such

as deoxynojirimycin (Aljure and Dı́ez-Sampedro 2010).

SGLT3 has been implicated in glucose-triggered 5-HT release from rat EC cells,

causing downstream activation of afferent vagal fibres via 5-HT3 receptors (Free-

man et al. 2006b; Zhu et al. 2001). Thus, using phosphorylated calcium/calmodu-

lin-dependent kinase 2 as a marker of cells activated by elevated Ca2+, Vincent and

coworkers found that pCaMKII was detectable in rat EC cells, as well as cell bodies

of the afferent vagus, following luminal application of glucose and imino sugars but

not galactose (Vincent et al. 2011). However, full characterisation of the substrate

preferences of mouse SGLT3a and the rat SGLT3 isoforms is clearly required

before it will be possible to use substrate and inhibitor pharmacology as a reliable

indicator of rodent SGLT3 activation.

3.1.3 Intracellular Sensing Mechanisms

Apart from sensing extracellular carbohydrates via surface receptors or the direct

coupling of sugar uptake to membrane depolarisation, some cells exhibit changes in

the metabolic rate in response to altered fuel supply. Metabolic regulation of ATP-

sensitive K+ (KATP) channel activity has been described in a number of glucose-

sensitive tissues including pancreatic islets and brain. In pancreatic b cells metabo-

lism of glucose generates ATP and simultaneously depletes MgADP, leading to

closure of the KATP channels. This small reduction in the background K+ current is
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sufficient to enable small inward currents to trigger membrane depolarisation,

action potential generation and voltage-gated Ca2+ entry (Rorsman 1997). Primary

murine L and K cells show enrichment, compared with their neighbouring

enterocytes, of mRNAs encoding the KATP channel subunits, Kir6.2 and SUR1

(sulphonylurea receptor), and the enzyme glucokinase which regulates the glyco-

lytic flux (Parker et al. 2009; Reimann et al. 2008). Functional KATP channels are

evident in whole cell electrophysiological recordings from L cells, as well as in

secretion assays that demonstrate modulation of GLP-1 release by openers and

inhibitors of KATP currents (Reimann and Gribble 2002; Reimann et al. 2008;

Rogers et al. 2011). In human intestine, Kir6.2 and glucokinase have been detected

in L and K cells by immunostaining (Nielsen et al. 2007; Theodorakis et al. 2006).

There is very little evidence, however, to suggest that KATP channel closure causes

the peak of GLP-1 and GIP release following glucose ingestion in humans

(El-Ouaghlidi et al. 2007; Murphy et al. 2009). Such a mechanism would predict

that sulphonylureas, which stimulate insulin secretion by closing KATP channels,

would similarly trigger GLP-1 secretion, and this is not the case. The role of KATP

channels in enteroendocrine cells therefore remains an enigma, although they may

provide an explanation for the observed link between gut hormone secretion and

plasma glucose concentrations under certain conditions, as exemplified in the

perfused pig intestine where GLP-1 release was enhanced at elevated vascular

glucose concentrations in the presence of a slow luminal perfusion of nutrients

(Hansen et al. 2004).

A subset of nerve fibres in the myenteric plexus of the gut express KATP channels

and are reported to sense glucose directly (Liu et al. 1999). Immunostaining showed

the presence of Kir6.2 and SUR1 subunits in cholinergic neurons of guinea pig

ileum. Accordingly, the activity of these neurons was modulated by extracellular

glucose and sensitive to the sulphonylurea, tolbutamide.

Dietary fructose has a number of metabolic effects, including stimulation of

GLP-1 secretion and elevation of blood pressure by salt retention. Apical fructose

transport in the intestine occurs via the facilitative sugar transporter GLUT5,

activity of which is not electrogenic and has not been linked directly to activation

of intracellular signalling pathways. GLUT5 appears necessary for the observed

hypertensive effect of fructose, as demonstrated by the loss of fructose-triggered

hypertension in GLUT5 knockout mice (Barone et al. 2009). Whilst the down-

stream mediators of fructose-triggered sodium uptake in the small intestine appear

to include the ion transporters NHE3 and PAT1, the molecular identity of the

fructose sensor linking these pathways remains obscure (Soleimani 2011). Simi-

larly, it is not evident how fructose triggers GLP-1 release in vivo. L cells express

high levels of GLUT5 mRNA (Reimann et al. 2008), suggesting they can take up

fructose from the intestinal lumen. However, while absorbed fructose could enter

the metabolic pathway, with consequent generation of ATP and closure of KATP

channels, it seems unlikely that this accounts on its own for fructose-triggered GLP-

1 release in vivo, as the simple closure of KATP channels by sulphonylureas is not a

sufficient trigger for secretion (El-Ouaghlidi et al. 2007). Perhaps, in the case of

320 G. Tolhurst et al.



fructose-triggered secretion, the enhanced metabolic rate may generate additional

signals, including ATP itself, that enhance the exocytotic rate.

3.2 Lipids

Fat ingestion is a potent stimulus for the secretion of a number of enteroendocrine

hormones, including CCK, GIP and GLP-1. Whilst much of the lipid in fat-rich

food is in the form of triglycerides, other lipids, like cholesterol and phospholipids,

are commonly found in fairly high concentrations in food but are additionally

released into the small intestine as constituents of bile. Enterocytes absorb free

fatty acids (FFA) and monoacylglycerides, resynthesise triglycerides and package

them with apolipoproteins to form chylomicrons which are secreted into the lymph

(Kindel et al. 2010). In principle, enteroendocrine cells could sense luminal

triglycerides directly, but evidence points towards a prerequirement for lipolysis

(Meyer et al. 1998). Long-chain fatty acids (LCFA), but also chylomicrons, inhibit

gastric emptying (Glatzle et al. 2002; Hunt and Knox 1968) and induce satiety

(Sakata et al. 1996), presumably by stimulating enteroendocrine secretion. Indeed,

LCFA (>12 carbons) and chylomicrons are potent stimuli of CCK release

(McLaughlin et al. 1998; Raybould et al. 1998), and it has long been known that

CCK regulates gastric function. Indeed, vagal stimulation by LCFA has been

attributed to an indirect process, whereby the FFA are sensed by I cells and the

released CCK acts in a paracrine manner stimulating CCK-A receptors on the vagal

afferents (Lal et al. 2001). Lipids and more specifically LCFA have also been

shown to elevate plasma levels of GIP, GLP-1 and PYY (Aponte et al. 1988;

Ellrichmann et al. 2008; Enç et al. 2009; Pilichiewicz et al. 2003), suggesting that

lipid-sensing pathways may be common to enteroendocrine cells (Fig. 2).

3.2.1 Roles of Chylomicrons

For lipid-induced CCK release, chylomicron formation was found to be essential, as

responses were impaired by Pluronic L-81 (Raybould et al. 1998) or specific

inhibitors of microsomal triglyceride transfer protein, MTP, an enzyme responsible

for assembly and secretion of triglyceride-rich apolipoprotein B lipoproteins (Hata

et al. 2011). Knockout of diacylglycerol acyltransferase 1 (DGAT1), which is

normally responsible for re-esterification of absorbed FFA and monoglycerides,

similarly reduced secretion of GIP from the upper gastrointestinal tract (Okawa

et al. 2009). These findings raise questions about the exact site of the nutrient sensor

and the role of neighbouring enterocytes, as it is unknown whether endocrine cells

are themselves capable of chylomicron synthesis.

In contrast to the inhibitory effects of MTP inhibitors on CCK secretion and of

DGAT1 knockout on GIP release, both experimental paradigms resulted in elevated

plasma levels of GLP-1 and PYY (Hata et al. 2011; Okawa et al. 2009). These data
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suggest that a chylomicron-dependent pathway is not responsible for fat-triggered

GLP-1 and PYY release. One possible explanation for the findings is that inhibition

of MTP or DGAT1 prevents lipid absorption in the upper intestinal tract and results

in greater delivery of fat to more distal regions where there is a higher density of L

cells.

3.2.2 Free Fatty Acid Receptors

In the last decade, a number of FFA-sensitive GPCRs have been identified, includ-

ing FFAR1-3 and GPR120 (Briscoe et al. 2003; Brown et al. 2003; Hirasawa et al.

2005; Nilsson et al. 2003). A number of reports have further shown that mRNA

messages for these receptors are enriched in gut endocrine cells (Liou et al. 2011a;
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Fig. 2 Lipid sensing in the intestine A number of GPCRs have been identified that respond to

lipids and are proposed to be involved in mediating lipid-induced gut hormone release from

enteroendocrine cells (shaded cell). These receptors couple to either the phosphatidylinositol

pathway (Gq) triggering the release of intracellular Ca2+ and stimulation of PKC, both of which

are considered potent secretagogues, or modulate the cAMP pathway (Gs and Gi). cAMP and its

downstream effectors, Epac2 and protein kinase A (PKA), have also been implicated in exocytosis

mechanisms. The requirement for enterocytes (clear cell) and the exact cellular location of the

lipid sensors are still unknown, as the formation of chylomicrons may contribute to lipid stimula-

tion of some enteroendocrine cells. The fatty acid transporter CD36 has been proposed to act as a

lipid sensor but may also transport LCFA into endocrine cells, which in turn may activate PKC
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Parker et al. 2009; Reimann et al. 2008). FFAR1 (GPR40) and GPR120 respond to

medium- to long-chain FFA, whereas FFAR 2–3 bind SCFA (see below). Both

FFAR1 and GPR120 couple to the Gq–phosphatidylinositol pathway which

elevates intracellular calcium and activates other key molecules required for exo-

cytosis (Briscoe et al. 2003; Hirasawa et al. 2005). There is some evidence that

these receptors may regulate gut hormone release and may explain some of the

sensitivity of intestinal endocrine cell lines and primary cultures to FFAs (reviewed

in (Reimann 2010). Thus, knockout of FFAR1 was associated with reduced GLP-1

and GIP responses to high-fat diet in vivo (Edfalk et al. 2008) and impaired linoleic-

acid-stimulated CCK secretion and I cell Ca2+ responses in vitro (Liou et al. 2011a).

In STC-1 cells, GPR120 was found to be important for GLP-1 and CCK secretion,

as demonstrated by siRNA-mediated knockdown experiments (Hirasawa et al.

2005; Tanaka et al. 2008).

SCFA, the agonists identified for FFAR2 (GPR43) and FFAR3 (GPR41) (Brown

et al. 2003; Le Poul et al. 2003), are found at high concentrations in the distal

intestine. Dietary fibre composed of “indigestible carbohydrates” reaching the large

intestine undergoes bacterial fermentation producing short-chain fatty acids

(SCFA) which have been shown to increase GLP-1 and PYY secretion in humans

(Freeland and Wolever 2010; Zhou et al. 2008). GPR43 is reported preferentially to

bind C2–C3 chain length SCFA and to act via either the Gq–phosphatidylinositol

pathway elevating intracellular calcium or the Gi/o pathway which decreases

intracellular cAMP, whereas GPR41 reportedly couples only to Gi/o and preferen-

tially binds C3–C5 chain length fatty acids (Nilsson et al. 2003). Given that

immunostaining has located both these receptors to colonic L cells (Karaki et al.

2008; Tazoe et al. 2009), it is possible that SCFA may utilise these pathways to

modulate the release of GLP-1. SCFA have been shown to stimulate colon motility

via a serotonin receptor-dependent pathway, which has led to the hypothesis that

serotonin-secreting EC cells may be involved (Fukumoto et al. 2003; Mitsui et al.

2005). However, it was shown by immunostaining that GPR43 colocalised with 5-

HT containing mast cells, not EC cells (Karaki et al. 2006).

3.2.3 GPR119

GPR119, although not responsive to FFA per se, responds to lipid derivatives,

particularly oleoylethanolamide (OEA) and lysophosphatidylcholine (Overton

et al. 2006), although there remains some debate around whether these are the

physiological GPR119 ligands. Like the FFA receptors, GPR119 is enriched in

intestinal L and K cells (Parker et al. 2009; Reimann et al. 2008), consistent with the

findings that a synthetic GPR119 ligand elevated plasma levels of GLP-1 and GIP

in mice (Chu et al. 2008) and that OEA administration decreased food intake in rats

(Rodriguez de Fonseca et al. 2001). It has been proposed that ingestion of nutrients

stimulates the production of OEA in the small intestine, with local levels increasing

greater than 100 pmol/g following a meal (Fu et al. 2007). Whilst it remains unclear

whether locally elevated OEA levels are sufficient to stimulate GPR119 (EC50
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3 mM (Overton et al. 2006)), it is evident from the impairment of nutrient-

stimulated GLP-1 release in GPR119 knockout mice (Lan et al. 2009) that this

receptor contributes in some way to nutrient-stimulated incretin secretion.

3.2.4 CD36: An FFA Membrane Transporter

CD36, a transporter for free fatty acids, has been suggested as a sensor in gustatory

taste papillae, where it is believed to trigger stored Ca2+ release and membrane

depolarisation via a pathway involving Src-PTK-B, PLCb2 and TRPM5

(Fukuwatari et al. 1997; Khan and Besnard 2009; Sclafani et al. 2007; Simons

and Boon 2010). It has been hypothesised that CD36 acts not only as LCFA

transporter in taste buds but also as a co-receptor for GPR120, whereby CD36

might act to trap and transfer LCFA to the lower affinity receptor GPR120 (Martin

et al. 2011). CD36 may play a similar role in the intestine, where it is also found to

be expressed in the brush border of the duodenum and jejunum.

Mice lacking CD36 exhibit reduced OEA production and OEA-induced satiety

(Schwartz et al. 2008). In a slightly different model from that described in the

lingual taste buds, it has been suggested that CD36 may transport fatty acids across

the brush border, where they are required for synthesis of OEA and N-oleoyl-

phosphatidylethanolamine (NOPE). Separate from the potential interaction of OEA

with GPR119, there is evidence from knockout models that OEA and NOPE may

influence satiety through a pathway involving activation of PPARa (Fu et al. 2003;

Schwartz et al. 2008). It has also been suggested that elevated intracellular levels of

LCFA may trigger GLP-1 release by direct activation of atypical protein kinase C

(Iakoubov et al. 2007).

3.3 Protein and Amino Acids

Protein and its digested products elicit secretion of a number of gut hormones both

in vivo (Elliott et al. 1993; Greenfield et al. 2009; Konturek et al. 1973) and in vitro

(Conigrave and Brown 2006; Cordier-Bussat et al. 1998; Parker et al. 2009; Reimer

et al. 2001; Reimer 2006; Tolhurst et al. 2011). Given the range of potential protein

degradation products, ranging from individual amino acids and di/tripeptides to

larger oligopeptides, the ability to sense this macronutrient is likely to be multifac-

torial. Inhibition of Gi-mediated pathways by pertussis toxin impaired peptone-

induced CCK release from STC-1 cells and suggested the involvement of GPCR-

evoked pathways (Choi et al. 2007). However, voltage-gated Ca2+ channels have

also been implicated, suggesting that membrane potential changes play a role,

perhaps triggered by electrogenic amino acid or peptide transporters (Nemoz-

Gaillard et al. 1998). An overview of peptide- and amino-acid-evoked pathways

is described in Fig. 3.
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3.3.1 Peptide and Amino-Acid-Sensitive G-Protein-Coupled Receptors

A number of GPCRs have been found to respond to small peptides or amino acids.

GPR93 was proposed to link peptones to increased CCK expression and release

from I cells or STC-1 cells (Nemoz-Gaillard et al. 1998), although endogenous

levels of the receptor in STC-1 cells were insufficient to mediate robust responses.
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Fig. 3 Protein and amino acid sensing in enteroendocrine cells A number of GPCRs and

electrogenic transporters have been identified as playing a role in the release of gut hormones in

response to amino acids, peptides or peptones. The taste receptor T1R1/T1R3 signals through a-
gustducin (Gg), releasing Ca2+ from intracellular stores, triggering membrane depolarisation (DC)

via TRPM5 and thereby activating voltage-gated Ca2+ channels (CaV
2+). Other GPCR-coupled

pathways which respond to amino acids act via the Gq pathway, elevating intracellular Ca2+ and

PKC levels, or modulate cAMP levels with possible downstream effects on Epac2 and protein

kinase A (PKA). Gq- and Gs-evoked pathways are common secretory mechanistic pathways in

endocrine cell types. Coupled transport with ions of some amino acids (e.g. glutamine) or di-/

tripeptides, through their respective carriers, ATA2 and PepT1 and/or PepT2, down an electro-

chemical gradient depolarises the membrane triggering Ca2+ entry, via voltage-gated Ca2+ ion

channels (Ca2+V) and secretion of enteroendocrine hormones
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Activation of GPR93 has been reported to recruit Gq-, Gs-, Gi- and G12/13-mediated

signalling pathways (Choi et al. 2007; Kotarsky et al. 2006; Lee et al. 2006).

However, further work is required to clarify a role, if any, of GPR93 in physiologi-

cal peptone sensing.

The heterodimeric T1R1/T1R3 receptor responds to a range of aliphatic, but not

aromatic amino acids (Nelson et al. 2002), including the umami tastant, L-gluta-

mate (Li et al. 2002). Although T1R1 and T1R3 subunits are reportedly expressed

in discrete cell types throughout the gut, including endocrine cells (Bezençon et al.

2007), to date the only functional response attributed to this receptor in the intestine

is regulation of GLUT2 and PepT1 trafficking in rat jejunum (Mace et al. 2009).

The calcium-sensing receptor, CaSR, was originally identified in the parathyroid

gland (reviewed in Brown 2007), but was subsequently found to respond to a broad

range of amino acids, especially aromatic compounds like phenylalanine

(Conigrave and Hampson 2006), which act as allosteric modulators. CaSR couples

to the phosphatidylinositol pathway, elevating intracellular Ca2+ (Rey et al. 2010).

It is expressed in epithelial cells throughout the intestine (Chattopadhyay et al.

1998; Cheng et al. 2002; Gama et al. 1997) as well as CCK-expressing cells (Liou

et al. 2011b; Wang et al. 2010), and has been linked to aromatic amino acid

stimulation of CCK release and intracellular Ca2+ mobilisation in primary murine

duodenal cultures. The intestinal CaSR is better known for its role in linking

extracellular Ca2+ to the regulation of colonic epithelial proliferation, differentia-

tion and development (reviewed in Geibel and Hebert 2009).

Very little is known about the most recently identified amino acid receptor,

GPRC6A (Wellendorph et al. 2007). This is expressed throughout the gut, but to

date there are no reports regarding its physiological role.

It seems likely that there remain unidentified receptors for protein degradation

products. L-glutamine is a highly effective stimulus of GLP-1 secretion from

primary murine colonic cultures and GLUTag cells, in part acting via elevation of

intracellular cAMP (Tolhurst et al. 2011). This is unlikely to be mediated by the

amino-acid-sensitive receptors mentioned above, since the profile of responses to

other amino acids did not match the known data. In NCI-H716 cells, tetrapeptides

stimulated GLP-1 release via a pathway dependent on 2-APB-sensitive Ca2+

mobilisation, potentially coupled to the opening of store operated Ca2+ channels

(Le Nevé and Daniel 2011). To date, however, there are no receptors reported to

respond to tetrapeptides, and for that matter, no peptide transporters known to

transport them.

3.3.2 Peptide and Amino Acid Transporters

The proton-driven peptide transporters PepT1 and PepT2 (SLC15A1 and

SLC15A2, respectively) and a number of Na+-coupled amino acid transporters

are electrogenic and thus potentially able to depolarise cell membranes and elicit

voltage-dependent Ca2+ entry. Stimulation of hormone release from GLUTag, NCI-

H716 and STC-1-derived cell lines by meat hydrolysates is partially inhibited by
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the voltage-gated Ca2+-channel blocker verapamil (Cordier-Bussat et al. 1998;

Nemoz-Gaillard et al. 1998), suggesting the possible involvement of peptide and

amino acid transporters linked to membrane depolarisation. Glutamine stimulation

of GLP-1 release from both GLUTag cells and primary colonic cultures also has an

electrogenic component, hypothesised to be attributable to ATA2 (SNAT2,

SLC38A2) and B0AT1 (SLC6A19) activity (Reimann et al. 2004; Tolhurst et al.

2011).

4 Concluding Remarks

Nutrient sensors along the gastrointestinal tract trigger a range of physiological

responses, enabling the gut, peripheral tissues and brain to act in coordination to

optimise the absorption and utilisation of ingested foods. Specialised cell types,

including enteroendocrine cells and tuft cells, are ideally placed to fulfil this role,

and release chemical messengers that act locally or as classical circulating

hormones. Although many receptors and transporters have been implicated, we

still only have a rudimentary understanding of the chemosensory machinery

employed by enteroendocrine cells and even less knowledge of specificity within

the system. Nonetheless, as it is increasingly recognised that gut hormones and

afferent vagal signalling play critical roles in the regulation of appetite and blood

glucose, it is hoped that harnessing these pathways therapeutically may provide

new avenues for the treatment of obesity and diabetes

Acknowledgements FMG, GT and FR are supported by grants from the Wellcome Trust

((#WT088357, #WT084210).

References

Aljure O, Dı́ez-Sampedro A (2010) Functional characterization of mouse sodium/glucose trans-

porter type 3b. Am J Physiol Cell Physiol 299:C58–C65

Aponte GW, Taylor IL, Soll AH (1988) Primary culture of PYY cells from canine colon. Am J

Physiol 254:G829–G836

Balakrishnan A, Stearns AT, Rounds J, Irani J, Giuffrida M, Rhoads DB, Ashley SW,

Tavakkolizadeh A (2008) Diurnal rhythmicity in glucose uptake is mediated by temporal

periodicity in the expression of the sodium-glucose cotransporter (SGLT1). Surgery

143:813–818

Barone S, Fussell SL, Singh AK, Lucas F, Xu J, Kim C, Wu X, Yu Y, Amlal H, Seidler U, Zuo J,

Soleimani M (2009) Slc2a5 (Glut5) is essential for the absorption of fructose in the intestine

and generation of fructose-induced hypertension. J Biol Chem 284:5056–5066

Bayliss WM, Starling EH (1902) The mechanism of pancreatic secretion. J Physiol 28:325–353

Behrens M, Reichling C, Batram C, Brockhoff A, Meyerhof W (2009) Bitter taste receptors and

their cells. Ann N Y Acad Sci 1170:111–115

Intestinal Sensing of Nutrients 327
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Holst JJ, Ulusoy NB, Imery€uz N (2009) Orlistat accelerates gastric emptying and attenuates

GIP release in healthy subjects. Am J Physiol Gastrointest Liver Physiol 296:G482–G489

Ferraris RP, Yasharpour S, Lloyd KC, Mirzayan R, Diamond JM (1990) Luminal glucose

concentrations in the gut under normal conditions. Am J Physiol 259:G822–G837

Freeland KR, Wolever TM (2010) Acute effects of intravenous and rectal acetate on glucagon-like

peptide-1, peptide YY, ghrelin, adiponectin and tumour necrosis factor-alpha. Br J Nutr

103:460–466

Freeman SL, Bohan D, Darcel N, Raybould HE (2006a) Luminal glucose sensing in the rat

intestine has characteristics of a sodium-glucose cotransporter. Am J Physiol Gastrointest

Liver Physiol 291:G439–G445

Freeman SL, Glatzle J, Robin CS, Valdellon M, Sternini C, Sharp JW, Raybould HE (2006b)

Ligand-induced 5-HT3 receptor internalization in enteric neurons in rat ileum. Gastroenterol-

ogy 131:97–107

Friedlander RS, Moss CE, Mace J, Parker HE, Tolhurst G, Habib AM, Wachten S, Cooper DM,

Gribble FM, Reimann F (2010) Role of phosphodiesterase and adenylate cyclase isozymes in

murine colonic glucagon like peptide 1 secreting cells. Br J Pharmacol 163:261–271

Fu J, Gaetani S, Oveisi F, Lo Verme J, Serrano A, Rodrı́guez De Fonseca F, Rosengarth A, Luecke

H, Di Giacomo B, Tarzia G, Piomelli D (2003) Oleylethanolamide regulates feeding and body

weight through activation of the nuclear receptor PPAR-alpha. Nature 425:90–93

Fu J, Astarita G, Gaetani S, Kim J, Cravatt BF, Mackie K, Piomelli D (2007) Food intake regulates

oleoylethanolamide formation and degradation in the proximal small intestine. J Biol Chem

282:1518–1528

Fujita Y, Wideman RD, Speck M, Asadi A, King DS, Webber TD, Haneda M, Kieffer TJ (2009)

Incretin release from gut is acutely enhanced by sugar but not by sweeteners in vivo. Am J

Physiol Endocrinol Metab 296:E473–E479

Fukumoto S, Tatewaki M, Yamada T, Fujimiya M, Mantyh C, Voss M, Eubanks S, Harris M,

Pappas TN, Takahashi T (2003) Short-chain fatty acids stimulate colonic transit via

intraluminal 5-HT release in rats. Am J Physiol Regul Integr Comp Physiol 284:R1269–R1276

Fukuwatari T, Kawada T, Tsuruta M, Hiraoka T, Iwanaga T, Sugimoto E, Fushiki T (1997)

Expression of the putative membrane fatty acid transporter (FAT) in taste buds of the

circumvallate papillae in rats. FEBS Lett 414:461–464

Gama L, Baxendale-Cox LM, Breitwieser GE (1997) Ca2+-sensing receptors in intestinal epithe-

lium. Am J Physiol 273:C1168–C1175

Intestinal Sensing of Nutrients 329



Geibel JP, Hebert SC (2009) The functions and roles of the extracellular Ca2+-sensing receptor

along the gastrointestinal tract. Annu Rev Physiol 71:205–217

Gerbe F, van Es JH, Makrini L, Brulin B, Mellitzer G, Robine S, Romagnolo B, Shroyer NF,

Bourgaux JF, Pignodel C, Clevers H, Jay P (2011) Distinct ATOH1 and Neurog3 requirements

define tuft cells as a new secretory cell type in the intestinal epithelium. J Cell Biol

192:767–780

Glatzle J, Kalogeris TJ, Zittel TT, Guerrini S, Tso P, Raybould HE (2002) Chylomicron

components mediate intestinal lipid-induced inhibition of gastric motor function. Am J Physiol

Gastrointest Liver Physiol 282:G86–G91

Greenfield JR, Farooqi IS, Keogh JM, Henning E, Habib AM, Blackwood A, Reimann F, Holst JJ,

Gribble FM (2009) Oral glutamine increases circulating glucagon-like peptide 1, glucagon,

and insulin concentrations in lean, obese, and type 2 diabetic subjects. Am J Clin Nutr

89:106–113

Gribble FM, Williams L, Simpson AK, Reimann F (2003) A novel glucose-sensing mechanism

contributing to glucagon-like peptide-1 secretion from the GLUTag cell line. Diabetes

52:1147–1154

Grundy D (2004) What activates visceral afferents? Gut 53(Suppl 2):ii5–ii8
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Abstract Pharmacological inhibition of monoamine reuptake transporters has

been known for many years as an effective therapy to reduce food intake and

body weight in obese subjects. However, most of the marketed drugs failed after

a distinct period in clinical use and had to be withdrawn because of serious adverse

effects resulting in a negative benefit–risk profile. The most common side effects

for this drug class included increases in systemic or pulmonary blood pressure and/

or heart rate, cardiac valvulopathies, higher cardiovascular event rates, psychiatric

disorders, or high abuse potential. The recent withdrawal of sibutramine as result of

its adverse actions on the cardiovascular system highlighted again the problems

with this drug class in antiobesity therapy. Recent developments to combine

reuptake inhibitors with other drug classes, for example, opioid antagonists seem

to be a promising approach to improve the benefit–risk profile of these compounds.

This chapter will discuss the history of this drug class in appetite control, its

mechanism of action, and the clinical effects of selected drugs from this class.
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1 History of Drugs Targeting the Monoamine System

for Appetite Control

The modulation of biogenic amines has been known for many years as a pharma-

cological strategy in the therapy of obesity.

Amphetamines such as amphetamine sulfate/benzedrine ormethamphetaminewere

the first major class of sympathomimetic agents described for their antiobesity actions

(Lesses and Myerson 1994). Amphetamines exhibit an indirect sympathomimetic

effect (Sulzer et al. 2005). When applied to the central nervous system (CNS), they

induce an enhanced monoamine release from nerve terminals (Sulzer et al. 2005).

Amphetamines enter the presynaptic nerves via the monoamine uptake 1 transporter

(Sulzer et al. 2005). Within the nerve terminal, amphetamines are taken up by

presynaptic vesicles via the vesicular monoamine transporter in exchange for

monoamines resulting in an increased cytosolic concentration of these amines. In

part, cytosolic monoamines are then rapidly metabolized by the monoamine oxidase

(MAO). The other part, however, is released in the synaptic cleft by the uptake 1

transporter in exchange for amphetamines (Sulzer et al. 2005). Finally, the released

monoamines such as noradrenaline, dopamine, or serotonin (5-hydroxytryptamine,

5-HT) act on their corresponding postsynaptic receptors to modify body weight

(mechanism described in detail below). (Samanin and Garattini 1993) Treatment

with these substances resulted in significant body weight reduction when compared

to placebo. (Bray and Greenway 1999) However, clinical application was limited by a

broad range of side effects including adverse cardiovascular effects, CNS-stimulatory

actions, and a high abuse potential.

In the 1960s, aminorex, an amphetamine-like drug, was approved as an appetite

suppressant and anorectic medication in Germany, Switzerland, and Austria

(Hadler 1967). The use of aminorex was associated with a marked increase in the

incidence of pulmonary hypertension in these countries which resulted in the

withdrawal of the drug in 1972 (Greiser 1973).

The use of amphetamine-like drugs in antiobesity treatment continued during the

following years with the most popular drug named fen–phen introduced in the early

1990s. Fen–phen was a combination of fenfluramine and phentermine. Fenflur-

amine releases monoamines from the presynaptic nerve terminal, in particular

serotonin and noradrenaline, by acting on vesicular transporters (Rothman et al.

2003). In addition, fenfluramine has been described to inhibit the serotonin reuptake

transporter (Rothman and Baumann 2002). Phentermine is a congener of amphet-

amine and has a similar mechanism of action (Samanin and Garattini 1993). With

regard to monoamine uptake inhibition and release in the synaptic cleft, phenter-

mine preferentially targets noradrenaline followed by dopamine and serotonin

(Rothman et al. 2001). In a double-blind placebo-controlled clinical trial with 81

obese subjects, the fen–phen combination therapy was compared to both drugs in

monotherapy (Weintraub et al. 1984). The weight-reducing efficacy was similar in

both groups (mean weight loss kg – placebo 4.4 vs. fen 7.5 vs. phen 10.0 vs.

fen–phen 8.4). However, adverse events were less frequent in the group receiving
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the combination therapy (Weintraub et al. 1984). While this study showed

promising effects of fen–phen on long-term weight loss, routine clinical usage of

the drug revealed rare but serious side effects mediated by the treatment, in

particular cardiac valvulopathy and pulmonary hypertension (Connolly et al.

1997; Fishman 1999). This problem led to withdrawal of the drug in 1997.

2 Monoamine Reuptake Inhibitors and Appetite: Mechanism

of Action

Monoamine reuptake inhibitors block the neuronal uptake of noradrenaline, dopa-

mine, or serotonin and increase the synaptic concentrations of these molecules. The

effects of these drugs are well recognized from the pharmacological therapy of

depressive disorders (Haenisch and Bonisch 2011; Schildkraut 1965). The potency

on individual reuptake transporters differs among the different substances.

Increased monoamines act on postsynaptic receptors and mediate multiple

biological actions. The regulation of appetite and food intake is an important

biological process modulated by monoamines in the CNS.

Monoamine action crucially depends on ligand–receptor interaction. For nor-

adrenaline, dopamine, and serotonin, a marked number of receptors have been

cloned and functionally characterized. Noradrenaline can mainly act on nine

different receptors a1 (a1A, a1B, a1D), a2 (a2A, a2B, a2C), b1, b2, and b3. Its action
on appetite and food intake depends on the type of activated receptor (Leibowitz

1970a). Activation of hypothalamic a1-adrenoceptors in the paraventricular

nucleus decreases food intake. In contrast, activation of a2-adrenoceptors in the

same brain region induces eating behavior and food intake (Goldman et al. 1985;

Leibowitz et al. 1985; Tsujii and Bray 1992; Wellman et al. 1993). With respect to

the importance of distinct a1- or a2-adrenoceptor isoforms in appetite regulation,

only limited data are available. Intracerebroventricular (ICV) application of the

a1A-adrenoceptor antagonist 5-methylurapidil resulted in reduced food intake in

rats (Clifford et al. 2007). In contrast, a1B-adrenoceptor-deficient mice exhibit

increased body weight under high-fat-diet feeding (Burcelin et al. 2004). Whether

the observed weight difference was mediated by central or peripheral mechanism

was not investigated. All three a2-adrenergic receptor isoforms are involved in the

presynaptic feedback control of noradrenaline release (Hein 2006). However,

currently, no consistent data are available characterizing the impact of the different

a2-isoforms in centrally mediated appetite regulation. Taken together, a subtype-

specific functional distinction of a1- or a2-adrenoceptors in the context of

noradrenaline’s action on appetite regulation remains to be established in the future.

Noradrenaline-mediated activation of b2-adrenergic receptors in the perifornical
region has been shown to inhibit food intake (Leibowitz 1970b). It appears that in

situations of increased catecholamines, release (e.g., with amphetamines or reup-

take inhibitors) activation of adrenergic receptor subtypes involved in the
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suppression of food intake dominates over stimulatory adrenergic signals. These

processes may provide a molecular mechanism of drugs modulating noradrenaline

release in the CNS.

There are seven different types of serotonin (5-HT) receptors (5-HAT1–7)

including further subtypes of 5HT1 and 5-HT2 receptors. The receptors most

critically involved in the regulation of food intake seem to be 5-HT1B and 5-

HT2C receptors. These receptors will be discussed in more detail in Sect. 4.2.

Evidence for the involvement of these receptors in pharmacological actions has

come from experiments in knockout mice. For instance, 5-HT1B-receptor-deficient

mice do not exhibit the anorectic effect of fenfluramine (Lucas et al. 1998). Along

this line, mice deficient for 5-HT2C receptors did show an attenuated anorectic

response to dexfenfluramine, consistent with a central role of this receptor in the

antiobesity action of serotoninergic drugs (Vickers et al. 1999).

Five dopamine receptors (D1–5) have been described to be expressed in the CNS.

They are involved in a variety of physiological and pathophysiological processes,

for example, Parkinson’s disease or schizophrenia. In the context of food intake,

D1- and D2-receptor agonists have been demonstrated to reduce food intake either

by affecting the frequency of feeding episodes or the local rate of eating (Terry et al.

1995).

Taken together, there is ample evidence that drugs acting on monoamine reup-

take transporters modulate food intake by indirectly augmenting postsynaptic

monoamine receptor signaling in hypothalamic neurocircuits involved in feeding

responses.

3 Sibutramine

Sibutramine is a monoamine reuptake inhibitor with the highest potency on seroto-

nin and noradrenaline transporters, and lower potency on dopamine reuptake

transporters. Sibutramine’s anorexigenic effects can be blocked by 5-HT2A/2C-,

a1-, and b1-adrenergic receptor antagonists indicating that the predominant actions

on food intake are mediated via serotonin and noradrenaline reuptake inhibition

(Jackson et al. 1997). Interestingly, the inhibitory action of sibutramine on reuptake

transporters in vitro has been shown to be weak and in the micromolar range (Glick

et al. 2000). Thus, for its in vivo action, two demethylated metabolites with IC50

values in the nanomolar range have been characterized and likely mediate major

parts of its inhibitory actions on monoamine reuptake transporters (Glick et al.

2000). The parent compound of sibutramine has a half-life of 1.1 h after oral

administration; however, the metabolites show half-lives of 14 and 16 h providing

a sustained therapeutic action (Bello and Liang 2011). In addition to its CNS effects

on satiety and food intake, Hansen et al. described that sibutramine treatment

resulted in increased energy expenditure in healthy men suggesting an accessory

weight-reducing mechanism for the drug (Hansen et al. 1998).
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Sibutramine was approved for weight reduction in patients who were unable to

lose weight by diet and exercise alone. The drug had been tested in several clinical

randomized controlled trials (Padwal and Majumdar 2007). In a study by Wirth and

Krause (2001), sibutramine 15 mg was tested in over 1,000 obese subjects (BMI

30–40 kg/m2) over a period of 48 weeks in comparison to placebo. Mean weight

loss in the treatment group was 4% compared to a weight gain of 0.2% in the

placebo group (Wirth and Krause 2001). In a meta-analysis of ten randomized

controlled trials with over 2,623 patients treated with sibutramine 10–20 mg daily, a

mean body weight loss of 3.7–5% was documented for sibutramine when compared

to placebo (Rucker et al. 2007). These data confirm the clinical efficacy of

sibutramine with regard to weight loss.

However, because of its mechanism as a monoamine reuptake inhibitor,

sibutramine has the potential to raise blood pressure in certain patients which

may counteract the beneficial actions on the cardiovascular system achieved by

weight loss (Birkenfeld et al. 2002; Jordan et al. 2005). Thus, continuous concerns

had been raised that sibutramine treatment may negatively impact blood pressure

and cardiovascular outcome. In 2010, the Sibutramine Cardiovascular Outcome

Trial (SCOUT) was published (James et al. 2010). SCOUT included 9,804 over-

weight or obese patients with preexisting cardiovascular disease, type 2 diabetes

mellitus, or both. Patients were randomized to sibutramine or placebo and followed

for a mean treatment duration of 3.4 years. The primary outcome was a composite

endpoint including nonfatal myocardial infarction, nonfatal stroke, resuscitation

after cardiac arrest, and cardiovascular death. Despite better weight loss in the

sibutramine group, 561 of 4,906 (11.4%) patients treated with sibutramine

exhibited the primary endpoint compared to 490 of 4,898 patients (10.0%) in

the placebo group. This translates into a significant 16% risk increase of the primary

outcome event in the sibutramine group compared with placebo (p ¼ 0.02). Based

on this result, sibutramine has been withdrawn from the market in 2010 and is no

longer in clinical use.

4 Bupropion

The noradrenaline and dopamine reuptake inhibitor bupropion is approved for

major depressive disorders and as an aid for smoking cessation. Bupropion has a

modestly more potent action on dopamine reuptake transporters compared to

noradrenaline transporters (Ki for human dopamine reuptake transporters 0.56 mM
vs. >10 mM for noradrenaline reuptake transport) (Bymaster et al. 2002). During

hepatic metabolization, bupropion metabolites are produced including (S,S)
hydroxybupropion and (R,R)hydroxybupropion, both also acting as low-potency

reuptake inhibitors. Data on the detailed mechanism of weight-reducing/anorexi-

genic actions of bupropion are limited. It has been postulated that bupropion exerts

its action on food intake via the activation of POMC neurons in the arcuate nucleus

(Greenway et al. 2009b).
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In addition to its antidepressant effects, bupropion has long been associated with

body weight reduction in obese patients with or without depression. In a meta-

analysis published by Li Z et al. in 2005, three trials with bupropion were included

with an observation period between 6 and 12 months (Li et al. 2005). The authors

reported a mean difference in weight loss for bupropion when compared to placebo

of 2.77 kg. A Cochrane review has been published about the efficacy of different

interventions for preventing weight gain after smoking cessation (Parsons et al.

2009). In this analysis, bupropion (300 mg/day) was effective in limiting

postcessation weight gain.

More recently, combination therapies containing bupropion as a drug partner were

tested in clinical trials. Based on the action of bupropion onPOMCneurons, and on the

fact that activation of the opioid pathway is capable to block POMC signaling, it has

been postulated that weight-reducing effectiveness of bupropion may be enhanced by

antagonizing opioid action. This has led to the development of a combination of

bupropion and the opioid antagonist naltrexone (product name: Contrave) (Greenway

et al. 2009a; Katsiki et al. 2011). The Contrave Obesity Research (COR) program

includes four randomized, double-blind, placebo-controlled phase III clinical trials. In

the COR-I trial, 1,742 obese patients were randomized to the bupropion SR 360 mg/

naltrexone SR 32 mg combination or placebo. Active treatment resulted in a weight

loss of 8.1% after 56 weeks compared with �1.8% in the placebo group (Greenway

et al. 2010). Combination therapy was associated with a transient increase in systolic

blood pressure of 1.5 mmHg during the first 8 weeks of treatment. Additional data

from this trial program are awaited to be published in the near future.

Bupropion is currently also tested in a combination with the antiepileptic drug

zonisamide (product name: Empatic). In phase II clinical trials, combinations of

bupropion 360 mg with different doses of zonisamide 120 mg and 360 mg resulted

in significantly greater weight loss than placebo (Valentino et al. 2010). Detailed

information will be provided in Sect. 4.6.

The efficacy of the bupropion combination therapy appears to be very

promising, but additional safety data are required to finally assess the benefit–risk

profile of such combinations.

5 Tesofensine

Tesofensine is a novel triple monoamine reuptake inhibitor which blocks noradren-

aline, serotonin, and dopamine transporters resulting in increased concentrations of

these amines in relevant CNS regions (see above). The agent mediates hypophagia

and body weight loss in rodents (Axel et al. 2010; Hansen et al. 2010). Its

hypophagic actions are completely blocked by a1-adrenoceptor antagonists and

attenuated by dopamine D1-receptor antagonists, indicating that both noradrenaline

and dopamine are involved (Axel et al. 2010). Interestingly, ritanserin, a 5-HT2A/C

receptors antagonist, failed to reverse the anorectic effect of tesofensine in rats,
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suggesting that serotonin signaling may not be involved in its weight-regulating

effects (Axel et al. 2010).

Furthermore, a randomized, double-blind, placebo-controlled phase II trial was

conducted with tesofensine (Astrup et al. 2008). The drug was administered to 203

obese patients in three different doses: 0.25 mg, 0.5 mg, and 1.0 mg over a 24-week

period. In parallel, all patients were subjected to an energy-restricted diet. Mean

weight losses in the different groups were �4.5% (tesofensine 0.25 mg), �9.2%

(tesofensine 0.5 mg), �10.6% (tesofensine 1.0 mg), and �2.0% (placebo).

Tesofensine-induced weight reduction was associated with a decrease in waist

circumference, fat mass, and plasma triglycerides, as well as an increase in

adiponectin plasma levels. Most common side effects were dry mouth, nausea,

constipation, hard stools, diarrhea, and insomnia. The highest dose of tesofensine

(1 mg) induced a significant rise in systolic and diastolic blood pressure

(+6.8 mmHg and +5.8 mmHg, respectively vs. +1.3 mmHg and +1.5 mmHg for

placebo). The authors reported no serious psychiatric reactions such as mood

disorders or anxiety. These data appear promising, but the long-term safety of

this agent still has to be established.
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Abstract The role of serotonin (5-HT) in appetite control is well recognised. 5-HT

drugs reduce food intake in rodents in a manner consistent with an enhancement of

satiety. In humans, they have been shown to reduce caloric intake, an effect

associated with reduced hunger and increased satiety. These effects appear to be

mediated, at least in part, by the 5-HT2C receptor subtype. 5-HT-acting drugs such

as fenfluramine, d-fenfluramine, and sibutramine have provided effective anti-

obesity treatments in the past. However, more selective agents are needed that

produce the same changes in eating behaviour and induce weight loss without

unacceptable side effects. Lorcaserin, a selective 5-HT2C receptor agonist, is

a novel anti-obesity agent that reduces both energy intake and body weight. The

effects of lorcaserin on eating behaviour remain to be characterised as does its

behavioural specificity.
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1 Background

Changes in diet and lifestyle are fundamental to successful weight control, yet

pharmacological approaches to challenge obesity are varied. Drugs can induce

weight loss by interfering in the process of fat deposition or enhancing the

utilisation of energy reserves. Digestion and absorption within the gastrointestinal

tract can also be inhibited to reduce the energy available from ingested nutrients.

Finally, inhibitory signals originating in the periphery or anorexigenic circuits

within the brain can be targeted to suppress appetite. All these approaches can

modify energy balance to produce weight loss. However, not all tackle the

behaviours associated with overconsumption or the negative psychological

consequences of caloric restriction. Targeting appetite addresses the aetiology of

obesity, the inability to control eating behaviour in an environment of abundant,

readily available, appealing food.

Appetite-suppressing drugs reduce energy intake by changing eating behaviour

through selectively reducing the motivation to consume and the pleasure derived

from ingestion and//or increasing the impact of ingestion on meal-derived inhibi-

tory feedback. Targeting these components of appetite expression could (1) reduce

the number of eating episode initiated, (2) reduce the duration of a meal,

(3) decrease the intensity of consumption (eating rating), (4) increase the impact

of ingestion on appetite, and/or (5) increase the time taken to the next meal.

Appetite-suppressing drugs should be behaviourally specific. Reductions in energy

intake should not be achieved through sedation or hyper-stimulation that disrupt

eating behaviour producing unwanted behavioural side effects, or through malaise

or feelings of nausea.

Prior to the introduction of serotonergic anti-obesity drugs, pharmacological

solutions to weight loss lacked behavioural specificity. Amphetamines were used to

control hunger despite their psychological effects and abuse potential. Other mono-

aminergic drugs with lower abuse potential such as phentermine, diethylpropion,

and phenylpropanolamine were also used, but insomnia, anxiety, and irritability

remained an issue with many of these drugs. In contrast, the 5-HT releaser and

reuptake inhibitor fenfluramine appeared equally effective and lacked the

behavioural side effects as well as the abuse potential of its catecholamine

predecessors. All forms of fenfluramine were withdrawn due to valvular heart

disease and pulmonary hypertension (Abeniam et al. 1996). Nonetheless, seroto-

nergic drugs (fenfluramine, d-fenfluramine, and sibutramine) remain the only

successful class of appetite suppressants to date. They were the first to modulate

human appetite expression without producing any unacceptable behavioural

effects. Consequently, 5-HT drugs remain in clinical development over 40 years

after fenfluramine was first used to treat obesity.
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2 Appetite Control

Early studies demonstrated that augmenting (administering the precursor 5-HTP) or

disrupting neuronal 5-HT function (lesioning) produced profound effects on rodent

feeding (Halford et al. 2007). However, it was Blundell (1977) that first proposed

that the 5-HT system not only had an inhibitory role in feeding but also was a key

satiety factor. Serotonin function is now associated with within-meal satiation and

post-meal satiety, the processes that naturally bring a meal to an end and inhibit

further consumption. This is crucial in the meal-by-meal regulation of energy

intake, and critical to both the appetite fluctuations and patterns of eating behaviour

experienced throughout the day (Halford and Blundell 2000).

Currently, 14 different 5-HT receptor subtypes have been identified (Hoyer and

Martin 1997) of which post-synaptic 5-HT2C receptors appear to mediate the effects

of many serotonergic drugs on eating behaviour (Blundell and Halford 1998). 5-HT

neurons project up towards the hypothalamic region, an area critical to energy

regulation. These systems include the hypothalamic anorexigenic neuropeptide

melanocortin (MC) system, a system that modulates the effects of 5-HT drugs on

feeding behaviour (Heisler et al. 2002, 2003, 2006). Activation of both 5-HT2C and

5-HT1B receptors produce hypophagia by promoting the release of the endogenous

agonist alpha-melanocyte-stimulating hormone (a-MSH) and inhibiting the release

of the endogenous antagonist of the MC4R agouti-related peptide (AgRP).

3 5-HT Receptors

3.1 Feeding Behaviour and Body Weight in Rodents

The role of 5-HT in the control of appetite was initially examined with the 5-HT

releasing and reuptake-inhibiting drug fenfluramine and its selective enantiomer d-

fenfluramine. Both drugs produced changes in feeding behaviour normally brought

about by ingestion rather than hyperactivity, sedation, or malaise (Blundell and

Latham 1978, 1980; Blundell and McArthur 1981; Halford and Blundell 1993). The

use of selective 5-HT receptor antagonists demonstrated that these effects of d-

fenfluramine on eating behaviour were mediated at least in part by 5-HT2C receptors

(Clifton 1994; Vickers et al. 1999, 2001). The serotonergic and noradrenergic

reuptake inhibitor (SNRI) sibutramine also produced similar changes in rodent

feeding behaviour (Halford et al. 1998), an effect also mediated by 5-HT2c receptors

(Higgs et al. 2011). Selectively, agonising 5-HT2C receptors also produced changes

in feeding behaviour consistent with the operation of satiety (Kennett and Curzon

1988a, b; Halford et al. 1998). However, drugs which agonise other 5-HT receptor

subtypes disrupt the BSS by inducing hyperactivity, a critical side effect (Kitchener

and Dourish 1994; Halford et al. 1998; Hewitt et al. 2002). In rodent models of

obesity, it appears that direct agonism of 5-HT2C receptors, including lorcaserin
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(Bjenning et al. 2004), reduced and even prevented diet-induced weight gain

(Vickers et al. 2000, 2003; Hayashi et al. 2004). Behavioural genetics also provided

support for the role of 5-HT2C receptors in the hypophagic effects of endogenous 5-

HT. Mice lacking functional 5-HT2C receptors displayed marked hyperphagia,

leading to the development of obesity (Tecott et al. 1995; Nonogaki et al. 2003).

3.2 Eating Behaviour and Weight Control in Humans

Rogers and Blundell (1979) demonstrated that fenfluramine significantly reduced

food intake, eating rate, and desire to eat when given to normal-weight volunteers.

D-fenfluramine, fluoxetine, and sibutramine all produced similar changes to human

appetite in healthy, normal-weight volunteers (Goodall and Silverstone 1988;

McGuirk and Silverstone 1990; Hansen et al. 1998; Chapelot et al. 2000). Impor-

tantly, all four drugs brought about similar changes in appetite and energy intake in

obese individuals (Blundell and Hill 1990; Pijl et al. 1991; Lawton et al. 1995;

Ward et al. 1999; Rolls et al. 1998; Halford et al. 2010a, b). The 5-HT1B/2C receptor

preferential agonist chlorophenylpiperazine (mCPP) also reduced hunger and food

intake in healthy, normal-weight volunteers (Walsh et al. 1994; Cowen et al. 1995)

and hunger and body weight in the obese (Sargent et al. 1997).

5-HT drugs effectively induced weight loss in the obese. Licensed treatments

such as fenfluramine (Pondimin, Ponderax, and Adifax), d-fenfluramine (Redux),

and the SNRI sibutramine (Meridia, Reductil) produced placebo-subtracted weight

loss (PSWL) ranging between 2.4 and 4.45 kg (Haddock et al. 2002; Arterburn et al.

2004; Padwal et al. 2003) over 6–12 months. These drugs, however, were not side

effect free. Fenfluramine and d-fenfluramine were withdrawn due to primary

pulmonary hypertension (Abeniam et al. 1996). Sibutramine was in turn withdrawn

due to cardiovascular side effects (James et al. 2010). Drug development continued

to focus on selectively targeting the 5-HT receptors implicated in satiety (Vickers

and Dourish 2004). Over the last 15 years, considerable effort has been expended in

developing a new generation of side-effect-free selective 5-HT2C drugs.

4 Lorcaserin

Lorcaserin ([1R]-8-chloro-2,3,4,5-tetrahydro-1-methyl-1H-3-benzazepine) is a

selective 5-HT2C receptor agonist developed to target human appetite expression

(Smith et al. 2009). Lorcaserin possesses a functional selectivity for the 5-HT2C

over the 5-HT2B receptor (100-fold) subtypes. This selectivity should ensure it has

no functional activity at other receptor types, specifically the cardiovascular side

effects including valvulopathy, associated with activity at peripheral 5-HT2B

receptors. The drug has completed a number of clinical trials in the quest to receive

regulatory approval.
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Martin et al. (2011) examined the effects of 10 mg lorcaserin on energy balance

in 39 overweight and obese participants in an 8-week trial. Compared to baseline,

on day 7, treatment produced a reduction in lunch and dinner intake of 286 kcal,

which was larger (but not significantly different) than the reduction observed in the

placebo group (147 kcal). On day 8, a 600-kcal-deficit weight-reducing diet and

exercise plans were introduced. Energy intake was measured again on day 56. At

that time point, lunch and dinner energy intake was reduced by 470 kcals in the

lorcaserin condition. This was significantly greater than the reduction in energy

intake of 205 kcal observed in the placebo. Few real-time effects on appetite were

found, but a significant reduction in one retrospective measure of appetite (“how

much could you have eaten”) was noted. No effects of treatment on blood pressure,

respiratory quotient, or energy expenditure were observed at day 7 or day 56. Over

the 8-week treatment period, lorcaserin produced a significantly larger reduction in

body weight (3.8 kg or 3.92% of body weight) than the placebo group (2.2 kg or

2.19%), resulting in a placebo-subtracted weight loss (PSWL) of 1.6 kg. These data

show that lorcaserin significantly reduced energy intake rather than altering energy

expenditure. However, the effects on appetite and weight loss appeared small in

magnitude compared to that produced by previous serotonergic drugs.

In a 12-week trial, the effects of lorcaserin 10 mg once daily, 15 mg, and 10 mg

twice daily on body mass in the obese were compared against placebo (Smith et al.

2009). Weight loss reported in the placebo condition was 0.2 kg (0.2%), compared

to 1.7 kg in the 10 mg (1.7%, PSWL ¼ 1.5 kg), 2.2 kg in the 15 mg (2.2%

PSWL ¼ 2.0 kg), and 3.1 kg in the 10 mg twice daily (3.1%, PSWL ¼ 2.9 kg)

conditions. The reductions in body mass in all active treatment conditions were

significantly greater than in the placebo. In a larger scale, phase 3 trial (BLOOM:

Behavioral modification and lorcaserin for Overweight and Obesity Management),

3,182 overweight and obese patients received 10 mg of lorcaserin or placebo (Smith

et al. 2010). Over the first year of treatment, average weight loss was 5.8 kg in the

lorcaserin group compared with 2.2 kg in the placebo group (PSWL ¼ 3.6 kg).

Notably, more than twice the number of lorcaserin-treated than placebo-treated

patients lost>5% of their initial body weight, and twice as many lost>10% (22.6%

lorcaserin versus 7.7% placebo). Lorcaserin treatment for 1 year improved levels of

fasting glucose, fasting insulin, total cholesterol, LDL cholesterol, and

triglycerides, and reduced waist circumference. No major increases in mood-related

adverse effects were reported and rates of cardiac valvulopathy, although slightly

higher in year 1 in the lorcaserin than the placebo group, were the same between the

groups over the 2-year duration of the trial. These data support the notion that

selectively targeting the 5-HT2C receptor is a safe treatment option over a period of

2 years. However, the dropout rate was high. Critically, 50% of patients treated with

lorcaserin failed to lose at least 5% of their initial body weight, and many of these

may have lost nothing or even gained weight. Nevertheless, while the extent of

weight loss may seem modest, it compares favourably to that produced by the lipase

inhibitor orlistat, the only currently available treatment option.
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5 Summary

Serotonergic drugs have been proven to reduce energy intake and suppress appetite

through their selective effects on satiety. Drugs that stimulate hypothalamic 5-HT2C

receptors in rodents produce both changes in the structure of feeding behaviour and

reductions in food intake that are consistent with the satiety process and prevent

weight gain in rodent models of obesity. In humans, 5-HT drugs enhance the post-

meal satiety of fixed caloric loads and reduce pre-meal appetite as well as food

intake at ad libitum meals in both the lean and obese. A number of these agents have

proven to be useful anti-obesity agents in the past, but their unacceptable side-effect

profiles have necessitated their withdrawal.

A new generation of selective 5-HT2C agonists have been developed, and one of

those, lorcaserin, has passed through late-stage clinical development. Lorcaserin

can provide a safe and effective serotonergic treatment. However, the behavioural

specificity of lorcaserin remains unknown (Halford et al. 2010a, b). The effects of

this drug on psychological functioning or behavioural expression remain largely

uncharacterised. Specifically, no study to date clearly demonstrates its purported

satiety-enhancing effect. Moreover, its weight loss-inducing effects appear moder-

ate. For some, lorcaserin treatment failed to induce any weight loss. A clearer

understanding of the drug’s behavioural effects may indicate who lorcaserin treat-

ment may most benefit. For those individuals, the drug may prove highly effective.

The clinical data clearly demonstrate that even modest reductions in body weight

significantly reduce the risk for some of the secondary complications of obesity

such as diabetes. Therefore, the limited clinical data available support the notion

that selectively targeting the 5-HT2C receptor may be an effective treatment option.
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Abstract The endocannabinoid system consists of lipid-derived agonists that

activate cannabinoid (CB) receptors. CB receptor agonists, namely, the phytocan-

nabinoid D9-THC and the endocannabinoid anandamide, increase hunger sensation

and food intake. These discoveries led to the clinical use of D9-THC derivatives for

the treatment of cancer and HIV-related nausea and cachexia. Animal studies

clarified the important role of CB1 receptors in the hypothalamus and in the limbic

system in mediating orexigenic effects. In parallel, data on CB1-specific blockade

either by drugs or by genetic ablation further demonstrated that CB1 inhibition

protects against weight gain induced by high-fat feeding and reduces body weight

S. Engeli (*)

Institute of Clinical Pharmacology, Hannover Medical School, Carl-Neuberg-Straße 1,

30625 Hannover, Germany

e-mail: engeli.stefan@mh-hannover.de

H.-G. Joost (ed.), Appetite Control, Handbook of Experimental Pharmacology 209,

DOI 10.1007/978-3-642-24716-3_17, # Springer-Verlag Berlin Heidelberg 2012

357

mailto:engeli.stefan@mh-hannover.de


in obese animals and humans. The mechanisms of weight reduction by CB1

blockade are complex: they comprise interactions with several orexigenic and

anorexigenic neuropeptides and hormones, regulation of sympathetic activity,

influences on mitochondrial function, and on lipogenesis. Although these

mechanisms appear to be mainly mediated by the CNS, weight loss also occurs

when drugs that do not reach CNS concentrations sufficient to inhibit CB1 signaling

are used. The development of peripherally restricted CB1 inverse agonists and

antagonists opened new routes in CB1 pharmacology because centrally acting CB1

inverse agonists, e.g., rimonabant and taranabant, exerted unacceptable side effects

that precluded their further development and application as weight loss drugs.

Tissue and circulating endocannabinoid concentrations are often increased in

animal models of obesity and in obese humans, especially those with visceral fat

accumulation. Thus, further research on CB1 inhibition is still promising to treat

human obesity.

Keywords Endocannabinoids • Anandamide • Tetrahydrocannabinol • Cannabi-

noid receptor • Rimonabant • Taranabant • Obesity • Cachexia • Food intake

1 Introduction

The endocannabinoid system (ECS) consists of lipid-derived agonists activating

cannabinoid (CB) receptors. Membrane phospholipid precursors, enzymes, cell

membrane carriers, and transport proteins are involved in the signaling and bio-

availability of endocannabinoids. The cannabinoid receptors (CB1 and CB2) are

encoded by two different genes on human chromosomes: 6q14-q15 (CNR1) and
1p36.11 (CNR2). Both are heptahelical Gi/o protein-coupled receptors. Typical

intracellular events following cannabinoid receptor activation are decreased

cAMP synthesis, increased K+ efflux, and decreased Ca2+ influx. The cannabinoid

receptors have a distinct expression pattern with rare overlap in a given cell type

(Howlett et al. 2002; Pertwee et al. 2010).

In general, the ECS exerts damping actions in situations of stress or injury to

facilitate cellular repair and regeneration (Pacher et al. 2006). These protective

actions result from presynaptic CB1 activity in the brain modulating the release of

neurotransmitters (e.g., GABA, glutamine, dopamine, norepinephrine, serotonin).

Full CB1 activation results in a distinct behavioral pattern including ataxia, hypo-

thermia, analgesia, and short-term memory impairment. For general insight into the

physiology of the ECS, the reader is referred to reviews published in a previous

issue of the Handbook (Abood 2005; Di Marzo et al. 2005; Howlett 2005; Pertwee

2005).

Part of the protective role of the ECS is facilitation of energy intake and storage,

which in modern times may promote the development of obesity (Pagotto et al.

2006). Several animal models of obesity and obese humans exhibit increased

availability of endocannabinoids in tissues and blood, and changes of expression

358 S. Engeli



of key genes coding for CB1 and the fatty acid amide hydrolase, FAAH (Bl€uher
et al. 2006; Coté et al. 2007; Engeli et al. 2005; Matias et al. 2006). Whether ECS

dysregulation is a consequence of the development of obesity, or a primary cause

predisposing individuals to weight gain, is an unsolved matter of debate that has

been discussed elsewhere (Engeli 2008a).

The phytocannabinoid D9-tetrahydrocannabinol (D9-THC) has been identified in

1964, but the endocannabinoid research history is short (see Table 1). The phenom-

enon that CB1 agonists such as D9-THC increase hunger sensation and food intake

led to the first clinical use of cannabis for the treatment of nausea and cachexia

(Abel 1975; Kirkham and Williams 2001). In parallel, CB1 inverse agonists,

originally developed as therapeutics against substance abuse, showed weight-

reducing activities.

The first synthetic drug modulating the ECS and approved for weight loss was

rimonabant (SR141716). Approval, however, was granted only in Europe, not in the

USA. Two years later, rimonabant was withdrawn from the European market

because of psychiatric side effects that prompted a negative recommendation by

the EMA. This development led to a halt in research and development activities of

several large pharmaceutical companies, which mostly abandoned antiobesity

drugs and centrally acting CB1 inverse agonists from their agenda. This chapter

will describe the molecular and physiological mechanisms by which CB1 regulates

body weight and will also provide a prospect on recent developments in the field of

CB1 antagonism that may generate a second wave of drugs against human obesity

and associated metabolic disease.

2 Activation of CB1 Signaling Increases Hunger, Food Intake,

and Body Weight

2.1 Experimental Animal Studies

A series of experiments in laboratory rodents revealed that D9-THC, as well as the

endocannabinoids anandamide and 2-AG, increased food intake when administered

orally, subcutaneously, or centrally (Kirkham and Williams 2001). A comparison

between peripherally administered D9-THC and anandamide revealed striking

similarities in the orexigenic effects. The most prominent findings were the rapid

onset of feeding behavior after administration of each drug and the observation that

food intake was induced in presatiated rats. Other features of feeding behavior were

not different from control experiments without drugs and after fasting (Williams

and Kirkham 2002). Another repeatedly reported finding was that induction of

feeding behavior did not follow a strict direct dose-effect relationship. The most

likely explanation is the sedative effect of higher D9-THC and anandamide doses

which counteracts the orexigenic drive. This rather simple explanation may help to
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Table 1 History of ECS research with a focus on body weight regulation

Year Discovery References

1964 D9-THC identified as psychoactive

ingredient of Cannabis sativa
Gaoni and Mechoulam (1964)

1971 D9-THC increased appetite Hollister (1971)

1988–1990 CB1 identified as the “brain” CB receptor

subtype

Devane et al. (1988) and Matsuda

et al. (1990)

1992 Anandamide (AEA) identified in porcine

brain as the first endogenous CB

receptor agonist

Devane et al. (1992)

1993 CB2 cloned as the “peripheral” CB

receptor subtype

Munro et al. (1993)

1994 CB1 inverse agonist

SR141716 ¼ rimonabant described

Rinaldi-Carmona et al. (1994)

1995 2-arachidonoylglycerol (2-AG) identified

in canine gut as another

endocannabinoid

Mechoulam et al. (1995)

1998 Rimonabant reduced appetite and body

weight in rats

Colombo et al. (1998)

1999–2002 Description of three mouse CB1 knockout

strains

Ledent et al. (1999), Marsicano

et al. (2002), and Zimmer et al.

(1999)

2001 Increased food intake after anandamide

administration mediated by

hypothalamic CB1 receptors

Jamshidi and Taylor (2001)

2003–2004 CB1 knockout mice are lean and protected

against high-fat feeding

Cota et al. (2003) and Ravinet

Trillou et al. (2004)

2005–2006 Trial data of the “Rimonabant in Obesity

(RIO)” program published

Després et al. (2005), Pi-Sunyer

et al. (2006), Scheen et al.

(2006), and van Gaal et al.

(2005)

2006 Taranabant described as another CB1

inverse agonist

Lin et al. (2006)

2006 Rimonabant approved in Europe for

weight loss

Jones (2008)

2007 FDA panel voted against approval of

rimonabant

Jones (2008)

2008 Rimonabant withdrawn in response to

EMA advice

Jones (2008)

2008–2010 CB1 activation impaired and CB1

inhibition increased mitochondrial

activity in adipocytes

Tedesco et al. (2008, 2010)

2009 URB447, a mixed CB1 antagonist/CB2

agonist, reduced food intake and body

weight without entering the CNS

LoVerme et al. (2009)

2010 CB1 signaling in forebrain and

sympathetic neurons identified as key

component of body weight regulation

Quarta et al. (2010)

2010 AM6545, a peripheral inverse CB1

agonist, reduced body weight in obese

mice

Tam et al. (2010)

(continued)
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understand why earlier studies failed to conclusively show effects of cannabinoids

in animals and humans (Abel 1975).

The orexigenic effects of peripherally administered anandamide in presatiated

rats were prevented by prior administration of rimonabant, demonstrating for the

first time the involvement of CB1 in mediating cannabinoid-stimulated food intake

(Williams and Kirkham 1999). Rimonabant, however, inhibits brain and peripheral

CB1; thus further proof was needed to identify the site of action. Evidence came

from a study that employed direct injection of anandamide and rimonabant into the

ventromedial hypothalamus in presatiated rats. Again, anandamide injection

induced hyperphagia, but 30-min pretreatment with the CB1-selective inverse

agonist rimonabant completely abolished this effect. Rimonabant alone had no

effect on acute food intake in these experiments (Jamshidi and Taylor 2001). In

animals, rimonabant also inhibited specific characteristics of cannabinoid-induced

feeding, such as preferred intake of sugar and palatable food, and abolished

interactions with rewarding behavior such as alcohol drinking (Arnone et al.

1997; Simiand et al. 1998). Of special importance was the finding that 2-AG

injection into the nucleus accumbens shell also increased food intake in a dose-

and CB1-dependent manner (Kirkham et al. 2002). The nucleus accumbens is

crucial in determining the motivation to eat. By direct injection of an inhibitor of

the anandamide-degrading enzyme FAAH into the nucleus accumbens, or into the

parabrachial region involved in integrating gustatory signals with hypothalamic

nuclei, food intake was also stimulated, and preference for palatable food increased.

These effects were blocked by the specific CB1 inverse agonist AM251 (Dipatrizio

and Simansky 2008; Soria-Gomez et al. 2007). Together, these studies further

strengthened the important role of direct and indirect stimulation of central CB1

receptors as the site of action of cannabinoid-mediated orexigenic effects.

2.2 The Human Experience

Sporadic reports on the effects of cannabis/marijuana on increasing hunger sensa-

tion and food intake date back to ancient times and were then retrieved and repeated

Table 1 (continued)

Year Discovery References

2010 TM38837, a peripheral inverse CB1

agonist, reduced body weight in obese

rodents studies and passed phase I

Oral presentation T2: OS2.4 at ICO

2010

2011 Description of a peripheral neutral CB1

antagonist that reduced body weight in

obese mice

Personal communication at

ECO 2011

CB cannabinoid receptor, D9-THC D9-tetrahydrocannbinol, ECO European Congress on Obesity,

EMA European Medicines Agency, FDA Food and Drug Administration, ICO International

Congress on Obesity
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during the nineteenth century. Soldiers were among the first individuals

participating in an observational study to prove orexigenic effects of plant

cannabinoids in 1933 (Siler et al. 1933). Later on, these early findings were verified

by more thoroughly controlled and standardized studies (e.g., standardized for

D9-THC intake). Their results suggested that the orexigenic effects of marijuana

in volunteers were more pronounced in the fed state than under fasting conditions.

Stimulation of food intake varied with respect to time course depending on the

D9-THC dose: under acute conditions, low-dose D9-THC always stimulated food

intake, whereas high doses initially suppress hunger sensation, although later on,

food intake was stimulated. Other common results were that quantity of food eaten

increased in association with the psychoactive effects and more palatable food

qualities (e.g., sweet, spicy, solid) were preferred (Gagnon and Elie 1975;

Greenberg et al. 1976; Tart 1970).

Under controlled chronic conditions over 2 weeks, repeated marijuana consump-

tion with standardized D9-THC doses increased body weight and food intake,

although the effect on food intake was shorter and less pronounced than the gain

in body weight (Foltin et al. 1988). These findings suggest that CB receptor

activation not only acts in the brain to modulate hunger sensation, but may also

regulate body weight on other levels. Placebo-controlled studies demonstrated that

the social surroundings (e.g., being alone, having to fulfill tasks, being in social

contact with others) are of crucial importance for the marijuana effects on food

intake. Thus, D9-THC is not only able to interact with orexigenic pathways but

also plays a special role for hedonistic eating behavior. This finding, if also true

for endocannabinoids, might be of special importance for the development of

obesity in humans because interactions between endocannabinoid signaling and

the reward system may provide some explanation for the obesity epidemic in

modern societies.

Ancient experience and accumulated data in healthy human subjects on the

stimulating effects of D9-THC on eating behavior have led to the exploration of

cannabis-related drugs as adjunctive treatment in disease conditions such as nausea

and vomiting, unintentional weight loss, and cachexia. Nabilone is a synthetic D9-

THC analogue with activity on CB1 and CB2 receptors, dronabinol is synthetic D9-

THC, and Sativex® is a 1:1 mixture of plant-derived D9-THC and cannabidiol

(Thakur et al. 2009). Nabilone and dronabinol have been evaluated for the treat-

ment of chemotherapy-induced nausea and vomiting (Sallan et al. 1980) and are

approved for this indication in some countries (Robson 2005). Cancer and HIV-

related cachexia are other conditions for which the use of nabilone and dronabinol

has been approved in some countries (e.g., the USA and Canada) in order to

increase appetite and body weight of the patients (Beal et al. 1997; Plasse et al.

1991). Increased body weight has also been observed in patients with Alzheimer’s

disease treated with dronabinol as adjunct therapy (Volicer et al. 1997). Given the

psychotropic actions of these drugs, abuse and side effects clearly present matters

of concern, but the safety profiles appear to be acceptable given the severity of

conditions treated by these drugs, and abuse appears to be an uncommon issue

(Gorter et al. 1992; Robson 2005; Ware and St Arnaud-Trempe 2010).
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A recent report demonstrated that in HIV-positive marijuana smokers, the

approved dronabinol dose may be too small to maintain increased appetite and

food intake in the long term. Whether this finding points to tolerance development

against the used dose of dronabinol, or tolerance development against the

orexigenic effect of dronabinol, remains to be determined because mood effects

of dronabinol were maintained at the same dose over longer periods (Bedi et al.

2010). As will be described in Sect. 3, these findings support the now accepted

notion that weight changes by modulation of CB1 signaling are not only a matter of

altered food intake.

3 Inhibition of CB1 Signaling Decreases Body Weight

3.1 Experimental Animal Studies

Since the description of rimonabant as a selective brain-penetrating CB1 antagonist

in 1994 (Rinaldi-Carmona et al. 1994), several animal studies described the reduc-

tion of food intake and body weight by the drug. Treatment of lean Wistar rats with

10 mg/kg i.p. rimonabant significantly reduced food intake and body weight. The

anorectic effect of rimonabant, however, was already diminished after 5 days,

whereas the reduced body weight was maintained over 14 days of treatment

(Rinaldi-Carmona et al. 1994). In contrast, lost body weight was rapidly regained

if drug treatment was stopped (Carai et al. 2006). These findings were further

substantiated in diet-induced obese (DIO) mice. Rimonabant 10 mg/kg p.o. signifi-

cantly reduced food intake only during the first week of a 5-week treatment period.

Decreased body weight was again maintained during the complete treatment period

(Ravinet Trillou et al. 2003). The differential effect on food intake and body weight

reduction was also demonstrated by comparing short-term rimonabant treatment

with a pair-fed control group and by studying animals during a 24-h fasting period

treated with rimonabant or untreated. Both experimental designs demonstrated that

weight loss was more pronounced with the drug (Ravinet Trillou et al. 2003).

Rimonabant was also effective in genetic models of obesity, with the fa/fa obese

Zucker rat being the most widely studied model (Bensaid et al. 2003; Gary-Bobo

et al. 2007; Jbilo et al. 2005). Rimonabant treatment of fa/fa rats was effective in

reducing adipose tissue mass and was associated with increased adiponectin plasma

concentrations, decreased inflammatory markers, decreased liver steatosis, and

increased insulin sensitivity. In leptin-deficient ob/ob mice, rimonabant similarly

reduced food intake and body weight. The finding that there was no difference

between rimonabant treated and pair-fed animals was most likely due to the short

duration of the study of only 7 days (Liu et al. 2005). However, this matter is not

completely resolved because a study in DIO rats with 2 weeks’ duration also

observed no differences in the reduction of body weight between rimonabant-

treated animals and the pair-feeding control group (Thornton-Jones et al. 2006).

Taranabant effectively reduced body weight in DIO rats over a 2-week treatment
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period, and somewhat different to rimonabant, the reduction in food intake

appeared to be prolonged. Weight and fat mass reduction was achieved with partial

CB1 receptor occupancy, and the drug’s efficiency to reduce body weight was

clearly correlated to CB1 receptor occupancy in the brain (Fong et al. 2007).

Another line of evidence was developed by studying mice strains with genetic

ablation of CB1 receptors. Importantly, rimonabant and taranabant had no effects

on feeding behavior and body weight in CB1�/� mice (Di Marzo et al. 2001; Fong

et al. 2007; Ravinet Trillou et al. 2003), and adipose tissue gene expression

signatures were remarkably similar between rimonabant-treated wild-type mice

and untreated CB1�/� mice (Jbilo et al. 2005). CB1�/� mice were leaner than

wild-type littermates, with a specific reduction of visceral adipose tissue mass. The

lean phenotype in young animals was clearly associated with a reduction of food

intake, whereas in older animals, leanness and food intake were again dissociated

(Cota et al. 2003). When challenged with a high-fat diet, CB1�/� mice did not

develop obesity and insulin resistance and maintained a low feeding efficiency

(Ravinet Trillou et al. 2004). A common finding with rimonabant treatment or

CB1�/� mice studies was the reduction of plasma leptin. This finding is not

surprising per se because a reduction in adipose tissue mass clearly leads to reduced

circulating leptin. However, injection of leptin in wild-type mice on standard chow

reduced body weight by 4.7%, whereas leptin reduced body weight by 7.5% in

CB1�/� mice on the same diet. This important finding demonstrates that lack of

CB1 signaling increases leptin sensitivity under these experimental conditions

(Ravinet Trillou et al. 2004).

In summary, experimental animal data obtained by either pharmacological or

genetic inhibition of CB1 signaling without doubt demonstrated a pronounced

effect on body weight and adipose tissue mass. This weight-reducing effect is

only partially accompanied by a reduction of food intake, suggesting that CB1

receptors have additional effects on energy metabolism.

3.2 Clinical Experience with CB1 Inverse Agonists

Two brain-penetrating inverse CB1 agonists, rimonabant and taranabant, have been

thoroughly studied for their clinical efficacy during the last years. Weight loss was

the primary endpoint in all clinical trials.

The efficacy data of rimonabant submitted to regulatory authorities were based

on 6,600 overweight and obese subjects in four randomized trials that lasted for one

(RIO-Lipids, RIO-Diabetes) or 2 years (RIO-Europe, RIO-North America) and

tested 5 mg/day and 20 mg/day rimonabant against placebo. According to the

study protocols, all subjects should have reduced caloric intake by 600 kcal/day

throughout the placebo run-in and treatment periods. Primary endpoint in all trials

was weight reduction. All trials followed a similar study design so that data could

be combined to a large degree (Després et al. 2005; Pi-Sunyer et al. 2006; Scheen

et al. 2006; van Gaal et al. 2005). The placebo-subtracted effects of 20 mg/day
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rimonabant were a reduction of approximately 5 kg body weight and reduction of

4 cm of waist circumference. In RIO-Diabetes, reductions of weight and waist

circumference were less pronounced, but still significantly larger compared to

placebo. This is a common finding in weight loss trials that recruited diabetic

patients on metformin or sulfonylureas.

Weight loss with rimonabant was accompanied by favorable changes in

triglycerides (�14% in addition to placebo), HDL (+8%), and fasting insulin

(�4 mU/ml in nondiabetic patients). Also, a significant reduction in insulin secre-

tion during an oral glucose load occurred. High-sensitive C-reactive protein

decreased by 30%, and adiponectin increased by 40%. In RIO-Diabetes, the

absolute change of hemoglobin A1c (HbA1c) compared with placebo was �0.7%,

independent of concomitant oral antidiabetic drug treatment. Metabolic changes

and weight loss lasted as long as rimonabant was taken. Once patients were

rerandomized to placebo after 1-year treatment in RIO-North America, the treat-

ment effects were lost, and body weight rose to the level of the ever-placebo treated

group. This finding demonstrates the chronic nature of obesity and obesity-

associated metabolic disease. Using the placebo data as a calibrator and analysis

of covariance (ANCOVA), 50% of the favorable changes in above-mentioned

metabolic variables were calculated to be due to weight loss, whereas 50% were

due to rimonabant-specific effects independent of weight loss. These statistics have

never been verified by controlled experiments, but point to metabolic effects of

endocannabinoids and CB1 receptors (Engeli 2008b).

Before European marketing authorization of rimonabant in 2006, other phase III

trials were started to broaden the knowledge on metabolic and cardiovascular effects

of the drug. The randomized, double-blind, and placebo-controlled Comprehensive

Rimonabant Evaluation Study of Cardiovascular Endpoints and Outcomes (CRE-

SCENDO) included women and men�55 years with abdominal obesity and a history

of cardiovascular disease, or at least two major cardiovascular risk factors (Topol

et al. 2010). The primary endpoint was occurrence of myocardial infarction, stroke, or

cardiac death. CRESCENDO enrolled 9,381 in the rimonabant (20 mg/day) group

and 9,314 in the placebo group. After mean follow-up of 13.8 months, regulatory

authorities requested premature discontinuation of the study due to the EMA decision

to suspend marketing authorization. At this point, about half of the events required

had occurred. Overall, rimonabant did not reduce occurrence of the primary endpoint.

Although the event rate appeared to diverge after 1 year, the number of patients was

not sufficient to assess potential beneficial actions of the drug. Gastrointestinal and

neuropsychiatric side effects were of particular concern and occurred more common

with rimonabant, including four completed suicides in the rimonabant and one in the

placebo group. No data on body weight, waist circumference, blood pressure, glucose

metabolism, or any other cardiovascular risk factors were reported (Jordan et al.

2011; Topol et al. 2010).

Reduced food intake in human subjects treated with rimonabant has only been

reported in the form of abstracts, but a crossover study with taranabant was

published. A high single dose of taranabant (12 mg) reduced cumulative 24-h food

intake by 22% in comparison to placebo, whereas sibutramine reduced food intake
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by 12% compared to placebo. Reduced food intake with the high taranabant dose

was present during all meals over the day, and no specific changes in macronutrient

choice were observed (Addy et al. 2008).

Efficacy data of taranabant in approximately 5,850 overweight and obese

patients enrolled in randomized, placebo-controlled, double-blind studies were

published several months after the decision of the company to suspend further

development of the drug for weight loss. In a low-dose study over 52 weeks,

taranabant 2 mg/day decreased body weight by 5 kg more than placebo treatment.

The proportion of patients losing 5% or 10% of initial body weight was significantly

higher with taranabant 2 mg/day than with placebo and lower doses. Fat mass

reduction and a reduction of waist circumference was observed accordingly

(Proietto et al. 2010). In a high-dose study over 104 weeks, both higher-dose

arms (4 mg/day and 6 mg/day) were prematurely stopped during the first or second

year due to safety concerns, and patients of these arms were switched to 2 mg or

placebo until the end of year 2. Weight reduction at week 104 was 5 kg (2 mg/day)

or 6.2 kg (4 mg/day) more than with placebo (Aronne et al. 2010). Weight loss in

patients with type 2 diabetes over 52 weeks with taranabant 2 mg/d was signifi-

cantly greater than with placebo, but smaller than in overweight and obese patients

without type 2 diabetes (Kipnes et al. 2010). In a very interesting approach different

from other weight loss trials, taranabant was also tested against placebo in a

randomized double-blind study after initial successful weight loss with low-calorie

diet for 6 weeks (�9.6 kg). During the following year, patients on placebo gained

1.7 kg again, whereas patients on 2 mg/day taranabant lost an additional 1.2 kg

(Wadden et al. 2010). These data point to the strong effects of CB1 inverse agonists

on body weight regulation. On the other hand, these data also demonstrate the

efficacy of well-conducted and controlled lifestyle interventions.

The rimonabant and taranabant trials clearly proved that pharmacological inhi-

bition of CB1 signaling is efficacious to reduce and maintain lower body weight in

overweight and obese patients. However, the use of brain-penetrating CB1 inverse

agonists was associated with significant unwanted effects. First, gastrointestinal

symptoms occurred in many patients (e.g., nausea, vomiting, diarrhea). These

symptoms may result from blockade of not only central but also gastrointestinal

CB1 receptors. Typically, however, most patients recovered quickly, and the

symptoms disappeared, maybe because tolerance developed. Thus, weight loss by

these drugs could not be explained by gastrointestinal side effects. More serious

were CNS-related side effects, typically, anxiety, depressed mood, clinical relevant

depression, and suicidal tendencies. As seen in the taranabant trials, these CNS side

effects were dose dependent. The overall impression was that rigorous patient

selection might have reduced the number of adverse CNS events and might have

improved patient safety. Nevertheless, lessons learned from other new drugs clearly

suggest that once a drug is marketed, rigorous patient selection rapidly vanishes in

routine daily practice. Furthermore, the CNS side effects of centrally acting CB1

inverse agonists have a well-known physiological basis (Moreira et al. 2009). Both

points have ultimately determined the failed introduction of this drug class into

clinical practice.
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4 Mechanisms of CB1-Mediated Body Weight Regulation

4.1 Food Intake and Endocannabinoid Bioavailability

Anandamide and 2-AG were measured in rat hypothalamus, in the limbic forebrain,

and in the cerebellum in response to fasting and feeding. Fasting significantly

increased AEA and 2-AG concentrations in the limbic forebrain and 2-AG

concentrations in the hypothalamus. In response to feeding, hypothalamic 2-AG

rapidly declined. No changes of endocannabinoid tissue concentrations were

observed in the cerebellum, a brain region not involved in the regulation of food

intake (Kirkham et al. 2002). The rapid response may reflect a decrease of CB1

signaling that, together with other signals, determines meal duration. The question

then is which signals regulate postprandial endocannabinoid concentrations. A role

of leptin has been discussed because leptin administration decreased elevated

hypothalamic endocannabinoid concentrations in obese animal models (Di Marzo

et al. 2001). However, leptin is not an acute satiety signal but rather a long-term

regulator of caloric intake in relationship to fat and body mass. Also, the

investigated animal models mostly had genetic defects in leptin signaling (ob/ob
mice, db/dbmice, fa/fa rats). Increased tissue endocannabinoid concentrations have
also been described in peripheral tissues of these particular models (Maccarrone

et al. 2005). Thus, the described reduction of endocannabinoids by leptin merely

reflects the correction of the hormonal deficiency in these models, rather than

providing a mechanistic explanation for endocannabinoid regulation by food

intake. The same authors, however, also demonstrated that leptin administration

is able to reduce hypothalamic anandamide and 2-AG in a normal-weight

Sprague–Dawley rats. Dependency of this effect on feeding condition or daytime

was not reported (Di Marzo et al. 2001).

A rapid decrease of blood endocannabinoids in response to a test meal has also

been described in a small human study (Matias et al. 2006). We have reproduced

this finding in a larger study with lean and obese subjects (Fig. 1, data not

published). The reduction of anandamide, but not 2-AG, was observed as early as

30 min after starting food intake and was still observed 2 h after meal intake.

Fig. 1 Postprandial reduction of AEA, but not 2-AG, 30 min after meal initiation. Data are

compiled from n ¼ 56 test meals in lean and obese human volunteers and are shown as mean �
SEM, group comparison by unpaired t test
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The peak reduction of anandamide was associated with the peaks of blood glucose

and insulin. Consequently, a role of insulin as a negative regulator of anandamide

was recently reported (Di Marzo et al. 2009a). In the light of increased

endocannabinoid availability in obese subjects and their changes with long-term

weight reduction, a detailed further exploration of the role of insulin and insulin

resistance on endocannabinoid availability clearly is warranted (Bl€uher et al. 2006;
Coté et al. 2007; Di Marzo et al. 2009b; Engeli et al. 2005; Matias et al. 2006). In

the hypothalamus of lean Wistar rats, however, insulin failed to acutely alter

endocannabinoid concentrations (Matias et al. 2008). Thus, tissue- and species-

specific mechanisms may play a role for postprandial endocannabinoid regulation.

Other possible candidates for postprandial endocannabinoid changes are polyun-

saturated fatty acids (Watanabe et al. 2003). In summary, disturbed postprandial

regulation of CB1 endogenous agonists may represent one possible mechanism

leading to increased CB1 signaling and the development of obesity.

4.2 Influence on Central Neuropeptides Regulating Food Intake

CB1 is the G-protein-coupled receptor with the largest abundance in the mamma-

lian brain (Pertwee et al. 2010). Imaging studies identified several brain regions

with high CB1 density in humans (Burns et al. 2007), and ultrastructural analyses

demonstrated presynaptic CB1 expression on hypothalamic neurons in the mouse

brain (Wittmann et al. 2007). Also, coexpression of CB1 and important

neuropeptides (cocaine- and amphetamine-related transcript, CART; corticotro-

phin-releasing hormone, CRH; and, to a much lesser extent, melanocortin-

concentrating hormone, MCH) in hypothalamic neurons was reported in the

mouse brain (Cota et al. 2003). Thus, endocannabinoids may act as modulators of

orexigenic and anorexigenic neurotransmitters and neuropeptides by presynaptic

regulation of their release, as described in other brain regions and other neural

functions (Wilson and Nicoll 2001). Specifically, the presynaptic reduction of

norepinephrine and serotonin release by CB1 activation may have a profound effect

on hunger and satiety (Piomelli 2003). As an example, sibutramine, one of the

weight loss drugs of the last decade, is both a norepinephrine and serotonin reuptake

inhibitor. Sibutramine’s efficacy clearly suggested a profound role of these

neurotransmitters in the suppression of hunger and the rapid initiation of satiety

after a meal (Stock 1997).

Autoradiography studies revealed that DIO rats had decreased CB1 receptor

density in several extrahypothalamic regions, e.g., hippocampus, cortical layers I

and VII, entopeduncular nucleus, and nucleus accumbens. Lower CB1 density was

correlated with the cumulative energy intake from the palatable, fat-enriched diet.

Consistent with earlier reports, hypothalamic CB1 density was low compared to

other brain regions, but not influenced by DIO (Harrold et al. 2002). Thus,

orexigenic effects of CB1 activation in the hypothalamus might be preserved

with the development of obesity. The authors suggested that CB1 downregulation
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through high-fat feeding is the result of increased endocannabinoid availability in

extrahypothalamic regions that are at least partly involved in the preference for

palatable foods. But endocannabinoid concentrations were not measured in this

study; thus the mechanisms of CB1 downregulation with DIO remain uncertain.

In CB1�/� mice, hypothalamic expression of the anorexigenic peptide CRH was

increased, whereas expression of the orexigenic peptide CART was decreased

(Cota et al. 2003). Other studies in mice also demonstrated that CB1 activation

increased CART expression in hypothalamic nuclei and the nucleus accumbens,

again suggesting that CART is an important downstream mediator of orexigenic

endocannabinoid effects (Osei-Hyiaman et al. 2005a). For a long time, disturbances

of the hypothalamic–pituitary–adrenal (HPA) axis have been discussed as a possi-

ble cause of human obesity (Wallerius et al. 2003). Interactions between CB1

signaling and the HPA axis that go beyond changes of hypothalamic CRH expres-

sion were found in CB�/� mice, but if and how these interactions may contribute to

CB1-mediated weight regulation was not studied (Fig. 2).

Direct electrophysiological recordings in neurons from the lateral hypothalamus

demonstrated an interaction between endocannabinoid and leptin signaling. These

neurons are important because they express the orexigenic MCH and orexin

neuropeptides. Stimulation of these neurons leads to CB1-mediated suppression

of inhibition of local hypothalamic circuits. These effects were inhibited by leptin.

Suppression of inhibition via CB1 was strongly enhanced in leptin-deficient mice

(Jo et al. 2005).

4.3 Energy Metabolism

Studies in metabolic chambers did not reveal differences in body temperature, loco-

motor activity, or energy expenditure between CB�/� and wild-type control mice

(Cota et al. 2003). This finding was unexpected because at the age of the mice during

the experiment, weight differences between CB1�/� and wild-type mice could not be

explained by differences in food intake. In other experiments, a single dose of

rimonabant resulted in an acute increase of oxygen consumption that was not

associated with increased locomotor activity in normal-weight Sprague–Dawley

rats. No changes in respiratory quotient were observed. The effect was not replicated

in CB1�/� mice, but the more important finding was the rapid development of

tolerance, because the second dose of rimonabant already failed to increase energy

expenditure (Kunz et al. 2008). These findings are in contrast to experiments with ob/
ob mice. Here, 7 days of treatment with rimonabant rather robustly increased basal

oxygen consumption of the animals (Liu et al. 2005), although pair feeding was

associated with similar weight reduction (see Sect. 3.1). Unfortunately, energy expen-

diture was not measured in the pair-fed animals in this study. Rimonabant treatment

enhanced skeletal muscle glucose uptake in ob/ob mice, which may enhance insulin

sensitivity. In other studies, AMP-kinase did not mediate the insulin-desensitizing

effect of cannabinoids in rat skeletal muscle (Kola et al. 2005), but blockade of CB1
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receptors in human skeletal muscle myotubes increased AMP-kinase mRNA expres-

sion (Cavuoto et al. 2007).

One indirect calorimetry study was conducted in humans to determine effects of

a single dose of taranabant on energy expenditure. This placebo-controlled, double-

blind, crossover study in overweight and moderately obese men revealed that a

12-mg single dose taranabant increased resting energy expenditure significantly

versus placebo, whereas a 30-mg single dose sibutramine did not. Furthermore,

respiratory quotient decreased with taranabant, suggesting a preference for fat

oxidation under these experimental conditions (Addy et al. 2008). Although the

differences were small, the data point to an influence of CB1 inverse agonists on

energy metabolism. Whether the effect was transmitted by central or peripheral

effects of the drug could not have been solved by the study design.

Investigators in a recently published study knocked out CB1 receptors in forebrain

and sympathetic neurons. The conditional knockout resulted in a lean phenotype,

although global CB1�/� were still leaner, and protection against high-fat feeding

induced obesity which was even stronger than in CB1�/� global knockout animals.

Of great importance was the observation that rimonabant effects on food intake, body

weight, and respiratory quotient were not anymore evident in the conditional knock-

out model, although these animals still expressed a reasonable number of CB1

receptors in several brain regions and peripheral organs (Quarta et al. 2010). Meta-

bolic changes typically seen in DIO mice did not occur in the conditional knockout,

suggesting that several metabolic disturbances of obesity are subject to central

control. Overall, this model suggests that presynaptic CB1 receptors inhibit sympa-

thetic activity. The conditional knockout of CB1 receptors in sympathetic neurons

then led to sympathetic activation, which protected animals against high-fat feeding.

The effect was partly mediated by increased brown adipose tissue thermogenesis.

These data clearly point to the great importance of central regulation of energy

metabolism, both in general and in mediating CB1 effects on body weight.

Nevertheless, direct effects of CB1 signaling have also been described in

adipocyte mitochondria. These studies reported that CB1 activation decreased

mitochondrial respiration, whereas CB1 blockade increased mitochondriogenesis

and oxygen consumption in murine adipocytes (Tedesco et al. 2008, Tedesco et al.

2010). We obtained similar data in human adipocytes and observed a decrease of

the oxygen consumption rate with the CB1 agonist HU210 (Fig. 3, unpublished

data). Gene expression data in a murine brown adipocyte model suggested that CB1

activation led to decreased expression of the key gene uncoupling protein 1 (UCP1)

(Perwitz et al. 2006). This finding points to an energy-saving effect of CB1

receptors that is not mediated by the CNS.

4.4 Gastrointestinal Mechanisms

In the gastrointestinal tract, CB1 receptors are primarily expressed in the enteric

nervous system. Activation of CB1 receptors decreases gastric secretion, decreases
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acetylcholine release, and delays gastric emptying (Storr and Sharkey 2007). In rat

small intestine, anandamide concentrations increased with fasting and decreased

with feeding (Gomez et al. 2002). In the same study, induction of feeding by

peripherally administered CB1 agonists was inhibited through vagal ablation with

capsaicin. The influence of endocannabinoids on feeding behavior can to some

extent also be explained by peripheral interactions with gastrointestinal hormones.

CB1 receptors and receptors for gastrointestinal hormones such as cholecystokinin

Fig. 2 Presynaptic CB1 receptors regulate the release of orexigenic and anorexigenic neuropeptides.

Endocannabinoids (EC) are produced by postsynaptic orexigenic and anorexigenic neurons. Whereas

the effects of changes inCB1 signaling on the depicted neuropeptideswere described in several studies

using CB1�/� mice models or CB1 antagonists, the proposed mechanism by retrograde inhibition via

CB1 receptors has as yet only been proved for MCH in specific prefornical lateral hypothalamus

neurons (Jo et al. 2005). Thus, no further details are given concerning specific hypothalamic nuclei and

specific neuron populations. Leptin interacts with retrograde endocannabinoid signaling by inhibition

of EC synthesis (Di Marzo et al. 2001)

Fig. 3 Energy metabolism of differentiated human SGBS adipocytes under control conditions or

after 72-h treatment with the CB1 agonist HU210. HU210 significantly decreased oxygen con-

sumption rate (OCR) under resting conditions (baseline) and after uncoupling with FCCP. Data are

mean � SEM, n ¼ 4 independent experiments with 60 wells for each column. Group comparison

by 2-way ANOVA. Significant differences are shown for the control vs. HU210 comparison

(*p < 0.05)
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(CCK), ghrelin, and orexins are colocalized on vagal nerve terminals projecting

from the gastrointestinal tract to the nucleus of the solitary tract (Burdyga et al.

2004, 2006, 2010). Vagal CB1 receptors are upregulated by fasting and

downregulated by feeding, and this reaction was blocked by CCK antagonists.

Thus, the anorexigenic action of CCK may be in part mediated by downregulation

of orexigenic CB1 receptors. Activation of ghrelin receptors also prevented the

downregulation of vagal CB1 receptors.

Other interactions between the ECS and ghrelin, one of the main orexigenic

gastrointestinal hormones, were also described. CB1 activation enhanced ghrelin

release from the stomach. In addition, ghrelin increased hypothalamic endocannabinoid

concentrations. Consequently, rimonabant reduced ghrelin’s orexigenic activity when

injected into the hypothalamus and reduced circulating ghrelin in fasted and fed rats. In

contrast, no interactions were observed with glucagon-like peptide, a hormone that

may lead to weight reduction (Cani et al. 2004; Tucci et al. 2004). The orexigenic

effects of ghrelin and CB1 signals appear to be mediated by stimulation of AMP-

activated protein kinase (AMPK) in the hypothalamus (Kola et al. 2005). Whether

the influence of the ECS on vagal input to the nucleus of the solitary tract contributes

to CB1-mediated regulation of body weight remains to be determined.

In DIO mice, anandamide concentrations of the stomach decreased with the

development of obesity, and CB1 gene expression also decreased, but gastric

emptying decreased as well (Di Marzo et al. 2008). In contrast, anandamide

concentrations decreased, and motility increased in the intestine of DIO mice. In

this second set of experiments, the sensitivity of intestinal motility against

rimonabant was also diminished with high-fat feeding (Izzo et al. 2009). Thus, the

ECS has a differential effect on gastrointestinal endocannabinoid concentrations and

gastrointestinal motility, depending on the site of action and the nutritional status. In a

small placebo-controlled study with lean subjects, rimonabant decreased gastric

accommodation in response to a test meal. Gastric sensitivity to distension and gastric

motility were not altered by the drug (Ameloot et al. 2010). Whether the small effect

on gastric accommodation contributes to decreased food intake and weight loss in

obese patients is not known.

Another line of evidence was investigated in a rat model of the metabolic

syndrome and associated cardiovascular disease, the JCR:LA-cp rat. The obese,

disease-prone phenotype is due to the cpmutation that results in a stop codon in the

extracellular domain of the leptin receptor (Russell et al. 2010). Treatment with

rimonabant resulted in a transient reduction in food intake, and in diminished

weight gain with aging, a finding consistent with several studies that have been

summarized before in this paper. The most striking finding in this study was the

reduction of fasting triglycerides (as seen in clinical studies as well) and the marked

reduction of postprandial lymphatic apolipoprotein B48. This finding suggests a

direct influence of pharmacological CB1 blockade on intestinal fatty acid resorption

or enterocyte triglyceride/chylomicron synthesis. But again, whether this process

contributes to a negative energy balance remains to be determined.
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5 Peripheral CB1 Inhibition: New Players, More Mechanisms?

Most of the presented data in this chapter clearly point to the predominant role of

the CNS in mediating CB1 effects on body weight. A similar predominance of the

CNS has also been suggested by some authors with a more focused view on the

regulation of glucose and lipid metabolism by modulation of CB1 signaling (Fong

and Heymsfield 2009; O’Hare et al. 2011; Quarta et al. 2010). Nevertheless, other

published reports speak for additional peripheral mechanisms. In a study with DIO

rats, this was demonstrated by comparing ICV and sc administration of rimonabant

(Nogueiras et al. 2008). Weight loss was more pronounced with systemic than CNS

administration. The observed changes in adipose tissue function and gene expres-

sion were closely related to the hypophagic effect of CNS administration of

rimonabant, as controlled for by pair feeding. In clear contrast to another study

(O’Hare et al. 2011), glucose metabolism and insulin sensitivity was only modified

by peripheral administration of rimonabant, independent of the effects on food

intake (Nogueiras et al. 2008). Other authors have shown that the development of

hepatic steatosis, inflammatory responses, and insulin resistance with high-fat

feeding were prevented by selective knockout of hepatic CB1 receptors (Osei-

Hyiaman et al. 2005b, 2008). The hepatic CB1 knockout did not mediate protection

against the development of obesity with high-fat feeding, but these data neverthe-

less fostered the development of new CB1 drugs with restricted action in the

periphery.

URB447 is a combined CB1 neutral antagonist/CB2 agonist with a 50� larger

IC50 for CB1 receptors compared to rimonabant. After systemic administration,

brain concentrations were below 10 pmol/g which was the lower limit of detection

of the drug (LoVerme et al. 2009). Typical CNS-mediated effects of CB1 agonists

such as catalepsy or hypothermia were not prevented by URB447. Interestingly, the

reduction of food intake of equimolar doses of peripherally administered

rimonabant and URB447 was similar, and weight reduction occurred with

URB447 that was slower in onset than with rimonabant, but reached the same

level at the end of the study. Weight gain in ob/ob mice was also prevented by

URB447 at the same magnitude as with rimonabant (LoVerme et al. 2009).

AM6545 is a CB1 neutral antagonist with high transport capacity for members of

the multidrug resistance (MDR) family. MDR transporter activity decreased brain

concentrations of AM6545 to rather low values. Consequently, CB1-mediated

catalepsy and hypothermia were prevented by peripherally administered rimonabant,

but not by AM6545 (Tam et al. 2010). Body weight reduction in DIO mice was

stronger with rimonabant, but AM6545 significantly reduced body weight as well,

and pair feeding demonstrated that the body weight change with AM6545 was

independent of a change in food intake. Respiratory quotient was shifted towards

fat oxidation by the drug, and this effect was not observed in CB1�/� mice.

Enhanced insulin sensitivity and glucose tolerance as well as amelioration of liver

steatohepatitis with AM6545 treatment were also independent of decreased food

intake (Tam et al. 2010).
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If we accept that peripheral CB1 receptors in liver, skeletal muscle, adipose

tissue, and pancreas are involved in the reported metabolic activities of peripherally

restricted CB1 antagonists (Engeli 2008b), the question remains, how weight loss is

mediated by these drugs. The gastrointestinal effects of the ECS (see Sect. 4.4) of

course may be involved. Another possible explanation would be that peripheral

effects are mediated by presynaptic CB1 receptors on sympathetic neurons (see

Sect. 4.3). Sympathetic disinhibition by blockade of these receptors might occur

(Quarta et al. 2010). If this is indeed the case, the clinical safety of such a drug

would be of major concern.

6 Summary

CB receptor agonists increase hunger sensation and food intake. This discovery led

to the clinical use of D9-THC derivatives for the treatment of cancer and HIV-

related nausea and cachexia. Animal studies clarified the important role of CB1

receptors in the hypothalamus and in the limbic system in mediating orexigenic

effects. In parallel, CB1-specific blockade either by drugs or by genetic ablation

proved to protect against weight gain induced by high-fat feeding and to reduce

body weight in obese animals and humans. The weight-reducing mechanisms of

CB1 blockade are more complex than simply decreasing food intake. These

mechanisms involve interactions with several orexigenic and anorexigenic

neuropeptides and hormones, regulation of sympathetic activity, and influence on

mitochondrial function, on lipogenesis, and on gastrointestinal functions including

lipid absorption. Although weight reduction is to a large part mediated by the CNS,

weight loss also occurs if drugs that do not reach CNS concentrations sufficient to

inhibit CB1 signaling are used. The development of peripherally restricted CB1

inverse agonists and antagonists opened new routes in CB1 pharmacology because

centrally acting CB1 inverse agonists, e.g., rimonabant and taranabant, were

associated with unacceptable adverse reactions precluding further development

and clinical application. Tissue and circulating endocannabinoids are often

increased in animal models of obesity and in obese humans, especially those with

visceral fat accumulation. Thus, further research on CB1 inhibition is still

promising to treat obesity. But given the recent experience with CNS penetrating

CB1 antagonistic drugs, a well-designed preclinical and clinical safety program has

to be performed.
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Abstract Despite remarkable progress in the elucidation of energy balance and

regulation, the development of new antiobesity drugs is still at the stage of infancy.

This review describes the MCH and MCH receptor system with regard to its

involvement in energy homeostasis and summarizes the pharmacological profiles

of selected small molecule MCH-R1 antagonists that are relevant for their develop-

ment as antiobesity drugs. Although their clinical value still has to be demonstrated,

and challenges with regard to unwanted side effects remain to be resolved, MCH-R1

antagonists may provide an effective pharmacotherapy for the treatment of obesity

in the near future.
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1 Introduction

Chronic inappropriate balance between energy intake and energy expenditure often

results in the development of obesity, which is commonly associated with

the secondary complications of the metabolic syndrome including non-insulin-

dependent diabetes, cardiovascular disease, and certain cancers (Kopelman 2000).

Furthermore, obese patients often suffer from some psychosocial discrimination

causing depression and anxiety. Due to the western lifestyle (low activity and high

caloric food), the epidemic of obesity is rapidly progressing, and up to 30% of adult

US population is classified as obese (Ogden et al. 2006). The increasing incidence

of obese children and adolescents is of even greater concern (Hedley et al. 2004)

because poor eating habits are often established during childhood. Thus, there is an

urgent need for an effective pharmacotherapy at present.

Obesity is usually defined as a body mass index (BMI, calculated as body weight

in kilograms divided by height in meters squared) bigger than 30 kg/m2, although

the BMI alone does not sufficiently predict its detrimental effects. In addition to

lifestyle modifications such as diet and exercise, pharmacotherapy is necessary to

obtain sufficient weight loss in order to reduce the incidence of secondary

complications of the metabolic syndrome. As a guideline for antiobesity drugs

suggested by the US Food and Drug Administration (FDA), at least 5% weight loss

over a year versus placebo should occur upon drug treatment (Hanif and Kumar

2002). In parallel, other comorbid conditions present in obese patients should be

improved without long-term safety issues (Staten 2007). Until recently, only two

drugs were approved in the United States for the long-term treatment of obesity:

orlistat (Xenical, Roche) and sibutramine (Meridia, Abbott) (McNeely and Goa

1998; Hvizdos and Markham 1999). Orlistat, an inhibitor of gastric and pancreatic

lipases, plus a low-calorie diet produced a loss of 3–4% of body weight as compared

with diet alone in a 2-year period. The weight reduction was sustained as long as the

treatment was continued (Foxcrogt and Milne 2000), but side effects such as fecal

urgency/incontinence, flatulence, and steatorrhea limited its use. Sibutramine is a

centrally acting appetite suppressant that inhibits reuptake of noradrenaline, sero-

tonin, and dopamine in central neuronal synapses. Chronic treatment with

sibutramine resulted in an average reduction of 4 kg over 44–54 weeks treatment,

a value comparable to that seen with orlistat (Arterburn et al. 2004). However,

because of several cardiovascular side effects (tachycardia and hypertension)

induced by its peripheral action, sibutramine is contraindicated in patients with

elevated cardiovascular risk such as hypertension (Finer 2002). In Europe and the

United States, the drug was withdrawn because it increased mortality in the SCOUT

trial designed to investigate its long-term efficacy and safety. Thus, development of

more efficacious and safer antiobesity drugs than current pharmacotherapy is

needed. Among the many targets investigated for the development of antiobesity

drugs, this review will solely focus on the action of melanin-concentrating hormone

(MCH) and on the development of small molecule antagonists of melanin-

concentrating hormone receptor 1 (MCH-R1) as potential new antiobesity drugs.
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2 Importance of MCH in Energy Homeostasis

Over the past decade, a number of neuropeptides have been identified as regulators

of food intake and energy metabolism, most of them originating from the hypothal-

amus. Examples include alpha-melanocyte stimulating hormone (a-MSH) and

cocaine- and amphetamine-regulated transcript (CART) as anorexigenic peptides,

and neuropeptide Y (NPY), agouti-gene-related peptide (AgRP), orexin, and melanin-

concentrating hormone (MCH) as orexigenic ones. Among these, MCH drew great

attention as a major player in feeding and energy homeostasis based on numerous

studies.

Following discovery of MCH from teleost fish as a skin-paling factor (Kawauchi

et al. 1983), mammalian MCHs have also been identified and showed 100%

sequence identity between mouse, rat, rabbit, and human (Vaughan et al. 1989;

Presse et al. 1990). Whereas fish MCH consisted of 17 amino acids, mammalian

MCH is a 19-amino-acid cyclic peptide synthesized from precursor protein, prepro-

MCH, by posttranslational cleavage along with the production of two additional

peptides named neuropeptide E-I (NEI) and neuropeptide G-E (NGE) (Breton et al.

1993). It was found that residues Arg6, Met8, Arg11, and Tyr13 as well as a

disulfide bond between cysteine residues are critical for the biological activity of

MCH (MacDonald et al. 2000). MCH is almost exclusively expressed in hypotha-

lamic neurons located in the zona incerta and in the lateral hypothalamic area

(LHA), from which these neurons project extensively throughout the brain

(Bittencourt et al. 1992; Skofitsch et al. 1985). MCH is also expressed in the

peripheral nervous system and in other tissues and cells such as the intestine, the

reproductive system, and immune cells (Hervieu and Nahon 1995; Viale et al.

1997).

In mammals, MCH has been implicated in a variety of physiological functions

including sensory processing (Miller et al. 1993), stress response by regulating

hypothalamic–pituitary–adrenal axis (Jezova et al. 1992; Presse et al. 1992), and

learning (McBride et al. 1994). Recent evidence also points to a key role of MCH in

the regulation of feeding behavior and associated pathologies such as obesity. The

lateral hypothalamic area where MCH neurons are located has been known as an

important center regulating feeding behavior, as stimulation produces overeating,

whereas lesions result in hypophagia and body weight reduction (Anand and

Brobeck 1951). In addition, either acute or chronic administration of MCH

increased body weight along with higher food intake. For example, acute intracer-

ebroventricular injection of MCH, or direct injection of MCH into the

paraventricular nucleus (PVN), arcuate nucleus (ARC), or dorsomedial nucleus

(DMH) (Abbott et al. 2003; Rossi et al. 1999), produces a transient increase in food

intake in a dose-dependent manner. In parallel with increased food intake, MCH

administration increased the expression of the orexigenic peptides NPY and AgRP,

but decreased expression of anorexic peptides a-MSH and CART from hypotha-

lamic explants. These results suggest that increase in food intake by MCH is at least

in part mediated by the regulation of these peptides. Chronic effects of MCH also
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demonstrated that central infusion of MCH increases food intake, body weight, and

adiposity (Della-Zuana et al. 2002; Ito et al. 2003). Importantly, beyond its role in

feeding, MCH appears to affect energy expenditure and thermogenesis since

animals exposed to MCH reduced their core body temperature in parallel with

a decrease of the expression of genes involved in thermogenesis (Pereira-da-Silva

et al. 2003).

Further evidence that MCH acts as a major factor in the control of energy

balance comes from the animal studies with genetic manipulation of the MCH

gene. Targeted deletion of MCH in mice resulted in hypophagia, increased meta-

bolic activity, and weight loss (Shimada et al. 1998); conversely, overexpression of

MCH in transgenic mice led to an increased body weight with hyperphagia,

hyperleptinemia, hyperinsulinemia, and hyperglycemia when mice were fed

a high-fat diet (Ludwig et al. 2001). Furthermore, it was found that MCH mRNA

and pro-MCH-derived peptide levels were upregulated in various obese rodents

including ob/ob mice (Qu et al. 1996), db/db mice (Huang et al. 1999), fat/fat mice

(Rovere et al. 1996), Ay/a (agouti) mice (Hanada et al. 2000), and fa/fa rat (Stricker-
Krongrad et al. 2001), suggesting that the level of MCH expression may be linked

to feeding behavior and obesity. Similarly, a threefold increased expression of

MCH mRNA and peptide was observed in obese humans as compared to lean

subjects, implicating the involvement of MCH in human feeding disorders (Zhang

et al. 1999).

Various conditions can regulate the expression of MCH. For example, starvation

increases MCH mRNA levels in rodents (Herve and Fellmann 1997; Tritos et al.

1998), whereas leptin negatively regulates MCH expression. Leptin replacement in

ob/ob mice and fasted rats reduced increased MCH mRNA levels to normal, and

leptin injection abolished hyperphagia elicited by the central administration of

MCH (Sahu 1998). This effect may be mediated by a direct action on MCH neurons

in the LHA or by an indirect action on projections from areas such as the ARC

(Elias et al. 1998, 1999). In contrast, MCH expression was shown to be positively

regulated by leptin in dietary obese rats (Elliott et al. 2004). Interestingly, MCH

mRNA was significantly elevated upon feeding of a palatable diet. These data

suggest that MCH may have a specific role in stimulating appetite for palatable

food, which can override mechanisms counteracting the development of obesity.

Recently, peripheral effects of MCH were described in endocrine pancreas and

adipose tissue. MCH appears to stimulate leptin release in adipocytes (Bradley et al.

2000) and to modulate insulin secretion (Tadayyon et al. 2000). These findings

indicate that MCH also acts within the periphery via regulation of other hormones.

3 Characterization of MCH Receptors

Two receptors for MCH in humans have recently been characterized. The first

MCH receptor (MCH-R1) was identified as the orphan G-protein-coupled receptor

SLC-1 (Bachner et al. 1999; Chambers et al. 1999; Saito et al. 1999) with high
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affinity for human MCH in the low nanomolar range and which is not activated by

any other known peptide (Chambers et al. 1999). MCH-R1 consists of 353 amino

acids with ~32% amino acid identity with members of the somatostatin receptor

family. The gene is localized on chromosome 22q13.3. MCH-R1 has a high

sequence identity (higher than 95%) and a similar tissue distribution between

species (Tan et al. 2002), with particularly high abundance in the hypothalamus,

thalamus, olfactory cortex, amygdala, and hippocampus. This pattern of expression

corresponds with the areas of MCH immunoreactive implicated in feeding regula-

tion (Hervieu et al. 2000). Some peripheral tissues including the adipose tissue are

also reported to express MCH-R1 (Bradley et al. 2000; Saito et al. 1999). It appears

that MCH-R1 signaling pathways are diverse via multiple G proteins (Bachner et al.

1999; Chambers et al. 1999; Hawes et al. 2000; Lembo et al. 1999; Shimomura

et al. 1999). For example, MCH increased calcium concentration via both pertussis

toxin-sensitive and pertussis toxin-insensitive GTP-binding proteins including Gai,

Ga0, and Gaq (Hawes et al. 2000). In addition, MCH inhibited adenylyl cyclase

more potently than stimulating calcium mobilization (Lembo et al. 1999).

Similar to the effects on MCH expression, fasting also increased the expression

of MCH-R1. Likewise, ob/ob mice and dietary obese rats were shown to have

higher level of MCH-R1 (Elliott et al. 2004). To the contrary, MCH-R1 expression

is unchanged in MCH knockout mice (Kokkotou et al. 2001), which appears to be

distinguishable from other G protein-coupled receptors regulated by their own

ligands. Importantly, targeted disruption of the MCH-R1 gene results in resistance

to diet-induced obesity and hyperphagia (Marsh et al. 2002), leanness, hyperactiv-

ity, and increased metabolic rate (Chen et al. 2002), a phenotype similar to that of

MCH knockout mice. These results suggest that an increased metabolic activity as

well as a decreased food intake may mediate reduced weight gain in MCH-R1 KO

mice (Marsh et al. 2002; Chen et al. 2002) and that the effects of MCH on energy

balance are mediated by MCH-R1. The recent reports of the anorectic and

antiobesity effects of the MCH-R1 antagonists further confirmed the importance

of MCH in the regulation of body weight.

A second MCH receptor referred to as MCH-R2 was found independently by

several laboratories (An et al. 2001; Mori et al. 2001; Rodriguez et al. 2001; Sailer

et al. 2001; Wang et al. 2001). Overall sequence of MCH-R2 displays an unusually

low sequence identity with MCH-R1 (~38%) but a significant homology to the core

region of MCH-R1. MCH-R2 is a 340-amino-acid membrane protein which binds

MCH in the nanomolar range and has a similar but distinct expression profile in

human brain and peripheral tissues. Levels of MCH-R2 mRNA in adipose tissue are

significantly higher than those of MCH-R1 (Hill et al. 2001). The coupling mecha-

nism of MCH-R2 is different from that of MCH-R1: MCH-R2 preferentially

activates Gq, whereas MCH-R1 activates both Gi/o and Gq (Hawes et al. 2000).

Uniquely, MCH-R2 is not expressed in rodent species including mice, rats, rabbits,

hamsters, or guinea pigs (Tan et al. 2002), which renders it difficult to determine the

functional importance of MCH-R2. On the other hand, nonhuman species such as

dogs, ferrets, and rhesus monkeys are known to have a functional MCH-R2

(Tan et al. 2002).
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4 Dysregulation of MCH and MCH-R1 in Obesity

Although many genetic analyses have been carried out to elucidate the role of

genetic variants of MCH and MCH-R1, no conclusive evidence for an association

with obesity has been obtained so far. For example, a single amino acid substitution

(R248Q) in the MCH-R1 gene co-segregated with obesity across more than one

generation (Gibson et al. 2004), but this mutation was also present in lean subjects.

Two other nonconservative missense variations (R317Q and T305M) cosegregated

with obesity, but there was no evidence for a functional relevance (Gibson et al.

2004; Wermter et al. 2005). Another mutation in the promoter region of the MCH-

R1 gene is associated with a reduced risk of obesity (Bell et al. 2005). At present, it

is not conclusive that certain sequence variations in MCH-R1 are associated with

obesity, although a combination with other minor variations in different genes may

contribute to the susceptibility to obesity. Further studies in large populations and/

or in genetically modified animal models would clarify the relationship of genetic

variants of MCH and/or MCH-R1 to obesity.

5 MCH-R1 Antagonists in Discovery and Development

After the discovery of MCH-R1, numerous reports on the identification and opti-

mization of small molecule and peptide antagonists of MCH-R1 for the potential

treatment of obesity have been published (Carpenter and Hertzog 2002; Collins and

Kym 2003; Handlon and Zhou 2006; Luthin 2007; McBriar 2007; Rokosz 2007;

Rivera et al. 2008). However, despite extensive research efforts to develop small

molecule MCH-R1 antagonists, so far, only four compounds entered human clinical

trials as shown in Table 1, and only ALB-127158 is currently under active

development.

In this section, the review will focus on the small molecule antagonists of MCH-

R1, categorized with regard to companies and/or frequently encountered

substructures, and will describe their pharmacological characteristics. Based on

the patent literature and to other publications reported so far, common structural

characteristics of the MCH-R1 antagonists included a central scaffold to which an

aryl or heteroaryl group and a basic amino group are attached, which appears to be

essential for antagonistic activity on MCH-R1. On the other hand, these structural

characteristics are also common in hERG blockers, which can induce QT

prolongation frequently associated with potentially lethal arrhythmias in clinical

use. Therefore, interaction with hERG channel has been often a problem observed

with MCH-R1 antagonists.

Neurogen researchers have reported several small molecule antagonists of

MCH-R1, and among those, a piperazine compound 1 (NGD-4715) is most

advanced to phase 1 study. Based on the phase 1 study, NGD-4715 seemed to be

safe and well tolerated at all doses studied in the trial. In addition, Neurogen
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disclosed diaminoethane (compound 2) and 8-azabicyclo[3.2.1]octane (compounds

3 and 4) derivatives as variants of the piperazine-based compounds (Fig. 1).

GlaxoSmithKline disclosed various scaffolds as MCH-R1 antagonists as

summarized in Fig. 2. After an activity of the biphenyl carboxamide skeleton was

identified in a high-throughput screening, compound 5 (SB-568849) was synthesized,

and its pharmacological characteristics were investigated. SB-568849 exhibited good

affinity (pKi ¼ 7.7) in the FLIPR assay with>30-fold selectivity over a wide range of

monoamine receptors. In an effort to discover more rigid analogues of the compound

SB-568849, the thienopyrimidinone compound 6 (GW-803430, GW-856464) was

developed as a candidate for clinical trials. Compound 6 was found to be a potent
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Table 1 MCH-R1 antagonists in clinical studies

Name Structure Organization Status

AMG-076 Undisclosed Amgen Phase I (2004)

GW-856464

N

NS

O

Cl
O

O
N

GSK Phase I (2004)

NGD-4715

O

O
N

NNO

Br

Neurogen Phase I (2006)

ALB-127158 Undisclosed AMRI Phase I (2010)
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MCH-R1 antagonist (pIC50 ¼ 9.3) and was highly selective (>100�) as tested with a

battery of G protein-coupled receptors, ion channels, and enzymes (Hertzog et al. 2006).

Its maleate salt exhibited good pharmacokinetic properties (F ¼ 31%, t1/2 ¼ 11 h) in

mice, with high brain penetration (brain/plasma concentration ¼ 6:1). Oral administra-

tion of the compound at 0.3, 3, and 15 mg/kg once daily during a 12-day treatment

caused a sustained dose-dependent weight loss of �6.2%, �12.1%, and �13.1%,

respectively, in high-fat-diet-induced obesity of AKR/J mice (Hertzog et al. 2006).

Preclinical studies with compound 6 revealed that it also produced an antidepressant

response in the mouse forced-swim test and in the tail suspension test. Thus, compound

6 (GW-803430) was proven to be active as both antiobesity agent and antidepressant

(Gehlert et al. 2009). However, the agent exhibited some hERG activity. Through

further optimization study, the compound 7 was identified to be a potent antagonist

(IC50 ¼ 3.1 nM) with excellent oral bioavailability (F ¼ 98%, t1/2 ¼ 7.7 h, Cltotal
¼ 39.7 mL/min/kg) (Tavares et al. 2006a). Compound 7 had no significant off-target

activity including hERG channel as determined by patch clamp assay (pIC50 ¼ 4.66)

and was selective over human MCH-R2 (Tavares et al. 2006a). Consistent with its

pharmacokinetic profile, oral administration of the compound 7 at 1, 3, and 10 mg/kg

once daily during a 26-day treatment caused a sustained dose-dependent weight loss of

�4.8%, �9.4%, and �16.9%, respectively, in high-fat-diet-induced obesity of AKR/J

mice,with good brain partitioning properties (brain/serum ¼ 31) (Tavares et al. 2006a).

The benzothiophene compound 8, an analogue of compound 7, was also found to be a

potent antagonist (IC50 ¼ 5.7 nM) and had a good systemic exposure (F ¼ 66%,

t1/2 ¼ 9.1 h) with moderate clearance (Cltotal ¼ 39 mL/min/kg) and good solubility

(Tavares et al. 2006b). Oral administration of compound 8 at 1, 3, and 10 mg/kg once

daily during a 21-day treatment caused a dose-dependent weight loss of �1.1%,

�3.2%, and �11.8%, respectively, in high-fat-diet-induced obesity of AKR/J mice,

comparable to the effect of a CB1 receptor inverse agonist rimonabant (�8.4%)
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(Tavares et al. 2006b). Furthermore, compound 8 was shown to have negligible

hERG activity, but no further progress on this compound was reported.

The biaryl carboxamide moiety in compound 5 (SB-568849) in Fig. 2 is often

encountered in many other representative compounds. For example, the tetrahydro-

naphthalene compound 9 (T-226296, IC50 ¼ 5.5 and 8.6 nM at human and rat

MCH-R1), the first small molecule MCH-R1 antagonist reported by Takeda

(Takekawa et al. 2002), exhibited selectivity over a host of other receptors including

MCH-R2 (>100 nM affinity) and was shown to be efficacious in suppressing food

intake induced by intracerebroventricular injection of MCH in rats when orally

administered at the dose of 30 mg/kg (Takekawa et al. 2002; Kowalski and McBriar

2004). Procter & Gamble pharmaceuticals reported compound 10 (DABA-821) as a

potent MCH-R1 antagonist (Ki ¼ �39.3 nM and IC50 ¼ 14.0 nM). The compound

showed ~25-fold selectivity over 5HT2C receptor and caused significant body weight

and fat mass reduction in rodents (Hu et al. 2008). Further optimization of the

compound by decreasing hERG activity while retaining potent MCH-R1 antagonist

activity (Ki ¼ 16 nM) was achieved (compound 11) but with concurrent loss of

in vivo activity due to poor brain penetration (brain/plasma ¼ 0.3). Neurocrine

reported that the 3-aminopyrrolidine compound 12was a potent antagonist (Ki ¼ 2.3

nM) with good oral bioavailability in rats (F ¼ 32%, t1/2 ¼ 2.7 h). In vivo efficacy

of the compound was examined, and the orally, either acutely or chronically,

administered compound decreased food intake as well as body weight in rats

(Huang et al. 2005). In an effort to improve hERG activity of the Neurocrine

compounds, compound 13was identified. The compound exhibited hERG selectivity

(MCH-R1 Ki ¼ 7.3 nM versus hERG IC50 ¼ 2.6 mM), but other undesirable

characteristics such as inhibition of cytochrome P450 CYP2D6 (IC50 ¼ 3.3 mM)

and poor brain penetration (brain/plasma �1) hampered further studies on this

compound (Fig. 3).

After the compounds 7 and 8 had shown improved hERG selectivity, in vivo

activity on food intake, and desirable pharmacokinetic properties, analogous

compounds have often been disclosed in related patents by other companies including

Neurocrine (Fig. 4). The thienopyridazinone compound 14 (NBI-845) comprising a

3-aminopyrrolidine residue was identified by Neurocrine to be a potent MCH-R1

antagonist (Ki ¼ 3.3 nM, and IC50 ¼ 7.7 nM) and to be metabolically stable as

assessed with human liver microsomes (Dyck et al. 2006). The agent showed a good
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pharmacokinetic profile (F ¼ 24%, t1/2 ¼ 11 h, brain/plasma ¼ 1.4 ~ 3.1), inhibited

food intake in vivo, and induced weight loss in DIOmale Sprague–Dawley rats (Dyck

et al. 2006). Compound 14 was further evaluated in a selectivity screen (only modest

cross-reactivity with M1R Ki ¼ 260 nM; M3R Ki ¼ 160 nM), CYP2D6/3A4 inhibi-

tion (<10% at 5 mM), hERG affinity (IC50 ¼ 1.8 mM), and preliminary toxicological

studies in rats (Dyck et al. 2006). Similarly, the chromone-based compound 15 was

reported to be a potent MCH-R1 antagonist (Ki ¼ 1.6 nM, and IC50 ¼ 20 nM) and

was further characterized in a pharmacokinetic study with Sprague–Dawley rats

(F ¼ 66%, t1/2 ¼ 5.0 h, brain/plasma ¼ 9.5 ~ 25) (Dyck et al. 2006).

Biaryl ether and the related compounds were shown to have antagonistic effects

on MCH-R1, and their structures are represented in Fig. 5. The indazole compound

16 comprising an ureido linkage was reported to be a potent MCH-R1 antagonist

(Ki ¼ 12.0 nM, and IC50 ¼ 104 nM) and was also evaluated in pharmacokinetic

and oral efficacy studies in mice fed a high-fat diet (Souers et al. 2005). Cerep

reported that a representative compound 17 with a hydantoin skeleton was a MCH-

R1 ligand (Ki ¼ 220 nM). Intraperitoneal administration of the compound 17

(30 mg/kg) reduced cumulative food intake compared to the vehicle group and

also showed antidepressant activity comparable to the effect of a clinically used

antidepressant, imipramine (Alavoine et al. 2007). However, the compound

inhibited the hERG channel (73% current amplitude inhibition at 1 mM in a

standard in vitro electrophysiology assay) (Alavoine et al. 2007).

Amgen researchers reported several small molecule antagonists of MCH-R1 as

represented in Fig. 6. In addition to a series of polycyclic compounds based on the

indole moiety as exemplified in compound 18, they disclosed the tetrazole com-

pound 20 and biaryl ether compounds 21 and 22. Compound 21 was reported to
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have potent antagonistic activity (IC50 ¼ 1.0 nM, t1/2 1.5 h,Cmax in brain 31.5 ng/g).

The compound AMG-076 was reported to enter into phase 1 study in 2004 (Mendez-

Andino and Wos 2007), with undisclosed structure. Little information on the

biological profile of these compounds is available. Recently, novel pyrrolidine

MCH-R1 antagonists with reduced hERG inhibition were reported (Fox et al. 2011).

Researchers at Schering-Plough/Pharmacopeia claimed many variants of biaryl

urea derivatives, with the highly mutagenic biarylamine unit. To avoid the mutagenic

risk of diphenyl aniline moiety, bicyclo[3,1,0]hexyl urea compound 23 (SCH-A,

Ki ¼ 2.7 nM, Kb ¼ 1.9 nM, F ¼ 27%) was synthesized and tested. This compound

exhibited low nanomolar potency for MCH-R1, with good selectivity against MCH-

R2 and other receptors, enzymes, and transporters. With 27% of oral bioavailability,

in vivo administration of the compound 23 (30 mg/kg, po) to obese mice resulted in a

significant reduction of food intake as well as body weight, primarily due to the loss

of fat mass (Guo et al. 2005; McBriar et al. 2006). In contrast, no effects of SCH-A on

energy expenditure were observed. The inhibitory action of SCH-A on hERG channel

(IC50 ¼ 52 nM in patch clamp assay) led to attempts to improve hERG selectivity.

The bicyclo[4,1,0]heptyl aminobenzimidazole derivative 24was shown to be a potent

MCH-R1 ligand (Ki ¼ 2.2 nM), to have good ex vivo binding (>81%) with good

pharmacokinetic properties (AUC ¼ 965 ng � h/mL at 10 mg/kg po dose in rat), and

to be efficacious in fasted obese mice (9–19% inhibition of cumulative food intake at

30 mg/kg po dose) (Sasikumar et al. 2006). However, the activity on hERG channel

was not reported (Fig. 7).

Abbott has disclosed several MCH-R1 antagonists with 4-aminopiperidine scaf-

fold as summarized in Fig. 8. From structure–activity relationship (SAR) investi-

gation on a screening hit, benzamides 25 (binding IC50 ¼ 3 nM, functional

IC50 ¼ 90 nM) and 26 (binding IC50 ¼ 2 nM, functional IC50 ¼ 16 nM), an

indazole 27 (binding IC50 ¼ 20 nM, functional IC50 ¼ 260 nM), and a coumarin

28 (binding IC50 ¼ 2 nM, functional IC50 ¼ 28 nM) were identified as potent
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antagonists. Compound 28 showed a high brain/plasma concentration ratio and

produced a decrease in body weight without significant loss of lean body mass in

obese mice (30% body weight reduction at 30 mg/kg, po) (Vasudevan et al. 2005;

Kym et al. 2005). However, the compounds showed adverse hemodynamic effects

as revealed in an anesthetized dog model of cardiovascular safety (Souers et al.

2007). In an attempt to reduce the effects on hERG, a series of chromone

derivatives such as 29–31 was synthesized and was shown to possess in vivo

efficacy in diet-induced obese mice with a high brain/plasma distribution ratio.

These compounds still showed unacceptable affinity for hERG channel and caused

QT prolongation in dogs at low doses (Lynch et al. 2005). On the other hand,
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compounds 32 and 33 produced a 7% weight loss in obese mice after 2 weeks of

treatment (3 mg/kg, po) while the compounds exhibited good hERG selectivity

(Iyengar et al. 2007; Souers et al. 2007).

Arena Pharmaceuticals and Taisho Pharmaceuticals collaborated in a discovery

program of MCH-R1 antagonists and described the aminoquinazoline deriva-

tive, N-(cis-4-{[4-(dimethylamino)quinazolin-2-yl]amino}cyclohexyl)-3,4-

difluorobenzamide hydrochloride (ATC-0175, compound 34) to exhibit potent

antagonistic activities on MCH-R1 (IC50 ¼ 7 nM). ATC-0175 showed selectivity

against MCH-R2 but had a moderate affinity for 5-HT2B and 5-HT1A receptors. In

the diet-induced obesity mouse model, ATC-0175 reduced body weight signifi-

cantly without loss in lean body mass (Semple et al. 2004). Interestingly, ATC-0175

exhibited anxiolytic effects in numerous animal models of anxiety (Chaki et al.

2005), with adequate pharmacokinetic profile and well-tolerated toxicity, suggest-

ing potential utility for the treatment of depression and/or anxiety disorders.

Recently, Taisho has disclosed additional compounds with this scaffold, although

there have been no reports of cardiovascular effects of these compounds (Fig. 9).

Lundbeck/Synaptic reported an arylpiperidine derivative, SNAP-7941 (compound

35), which is one of the earliest examples of efficaciousMCH-R1 antagonists. SNAP-

7941 showed high affinity to MCH-R1 (Ki of 15 nM), >1,000� selectivity against

other receptors, and was able to inhibit MCH-induced food intake when injected

intraperitoneally but not when administered orally. Chronic intraperitoneal treatment

with the compound produced sustained weight loss in obese rat (26% reduction versus

vehicle treatment), accompanied by a modest reduction of food intake, suggesting

that energy expenditure may also contribute to the reduction of body weight in this

model. In addition to its effects on food intake, SNAP-7941 improved anxiety and

depression in animal models (Borowsky et al. 2002). The follow-up compound

SNAP-94847 (compound 36) exhibited improved bioavailability, resulting in the

inhibition of body weight gain in normal rats after oral application. However, rela-

tively moderate selectivity over other targets was described with no published data

on hERG selectivity (Fig. 9).

Based on the results reported so far, a large number of small molecule MCH-R1

antagonists were discovered. Some of those showed good in vivo oral efficacy

(weight loss accompanied by reduced food intake and/or increased energy expen-

diture) in animal models, with good selectivity against a panels of receptors,

enzymes and transporters. So far, limited success to obtain hERG selectivity was

achieved (Judd et al. 2008), and major safety issues on cardiovascular toxicity due
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to hERG binding still need to be resolved in order to proceed to clinical studies.

Since structural characteristics of many MCH-R1 antagonists are shared by classi-

cal hERG binding agents, novel scaffolds need to be identified and tested.

6 Perspectives

Besides the effects on food intake and regulation of energy balance, a number of

diverse functions of MCH have been reported, which is expected by the broad

distribution of MCH fibers in the CNS. Examples of the effects of MCH include

(1) reduction of pentylenetetrazole- and kainic acid-induced seizure (Knigge and

Wagner 1997), (2) enhancement of luteinizing hormone-releasing hormone (Pissios

et al. 2006), (3) reduction of thyroid hormone (Kennedy et al. 2003), and

(4) increase in NMDA receptor-mediated long-term potentiation (Varas et al.

2003), all of which may cause adverse effects when using MCH-R1 antagonists.

Among many effects elicited by MCH, the effects of MCH on corticosterone levels

appear to be very interesting with respect to the development of MCH-R1

antagonists as antiobesity agents. MCH modulates the hypothalamic–pituitary

–adrenal axis, resulting in increased plasma corticosterone levels, thus producing

anxiety-related responses (Smith et al. 2006). In addition, the findings that MCH

reduces serotonin levels in discrete hypothalamic nuclei (Gonzalez et al. 1998), and

that 5-HT receptors are expressed in MCH containing neurons, suggest that

a reciprocal interaction between MCH and serotonergic pathways may exist (Collin

et al. 2002). Indeed, an anxiolytic and antidepressant effect of MCH-R1 antagonists

was reported in animal models (Lucki 1997; Borowsky et al. 2002). Since obesity

patients are often accompanied with depression, the possibility that MCH-R1

antagonists have anxiolytic and antidepressant properties will definitely offer an

additional benefit for the pharmacotherapy of obesity. Furthermore, since

rimonabant, a cannabinoid CB1 receptor antagonist, was discontinued due to the

side effects of depression (Despres et al. 2005), the potential of anxiolytic and

antidepressant effects of MCH-R1 antagonists will provide an exciting clinical

utility as antiobesity drugs, although clinical outcome needs to be proven.

The issue of cardiovascular safety became important because several classes of

the MCH-R1 antagonists interacted with the hERG channel (Lynch et al. 2005), and

early screening of the compounds for hERG liability was necessary in the discovery

programs. To avoid the interaction with hERG channel, unique structural motifs

that possess the desired pharmacological characteristics such as potency and good

pharmacokinetic and safety profiles should be identified. In addition, the fact that

the MCH-R2 gene is nonfunctional or is not expressed in rodents may impede the

development of selective MCH-R1 antagonists for human therapies, since any

actions of MCH-R1 antagonists on MCH-R2 may have adverse effects not detected

in studies on rodents. Alternative animal models such as primate, dog, and ferret

species with functional MCH-R2 receptors may be amenable to development.
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7 Conclusion

Obesity represents a key disease area with considerable therapeutic needs and

market potential. However, currently, only few drugs are available for its pharma-

cotherapy. Therefore, there are considerable opportunities for pharmaceutical

companies in the development of effective antiobesity drugs to treat the worldwide

obesity epidemic. Since MCH is a central anabolic regulator of appetite and energy

balance, MCH-R1 antagonists are among the most thoroughly investigated agents

for their efficacy to reduce food intake and increase energy expenditure in animal

models. This review has presented an overview on the small molecule MCH-R1

antagonists, based on the published agents and data. While substantial challenges

such as the validation in clinical trials and the issues of drug safety remain, it is

anticipated that the development of small molecule MCH-R1 antagonists may

provide key therapeutic options for the treatment of human obesity and mood

disorders.
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Abstract Studies on bombesin-like peptides (BLP) and their respective mamma-

lian receptors (Bn-r) have demonstrated a significant biological impact on a broad

array of physiological and pathophysiological conditions. Pharmacological

experiments in vitro and in vivo as well as utilization of genetic rodent models of

the gastrin-releasing peptide receptor (GRP-R/BB2-receptor), neuromedin B recep-

tor (NMB-R/BB1-receptor), and the bombesin receptor subtype-3 (BRS-3/BB3-

receptor) further delineated their role in health and disease. All three mammalian

bombesin receptors have been shown to possess some role in the regulation of

energy balance and appetite and satiety. Compelling experimental evidence has

accumulated indicating that the orphan BRS-3 is an important regulator of body

weight, energy expenditure, and glucose homeostasis. BRS-3 possesses no high

affinity to the endogenous bombesin-like peptides (BLP) bombesin, GRP, and

NMB, and its endogenous ligand remains unknown. Recently, the synthesis of
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novel, selective high-affinity BRS-3 agonists and antagonists has been accom-

plished and has demonstrated that BRS-3 regulates energy balance independent

of other established pathways. Accordingly, the availability of new BRS-3 selective

agonists and antagonists will facilitate further elucidation of its role in energy

homeostasis and provides a potential approach for the pharmacological treatment

of obesity.

Keywords Bombesin receptor subtype-3 • Bombesin-like peptides • Energy

homeostasis • Gastrin-releasing peptide • Mammalian bombesin receptors •

Neuromedin B • Obesity • Synthetic BRS-3 agonist

1 Introduction

The family of G protein-coupled mammalian bombesin receptors (Bn-r) consists

of three receptors: the 384-amino-acid gastrin-releasing peptide receptor (GRP-R

or BB2-receptor), the 390-amino-acid neuromedin B receptor (NMB-R or BB1-

receptor), and the 399-amino-acid orphan bombesin receptor subtype 3 (BRS-3 or

BB3-receptor). This family of cognate G protein-coupled receptors mediates

biological effects through high-affinity binding of bombesin-like peptides (BLP)

mainly by paracrine and neurocrine mechanisms of actions. The amphibian regu-

latory peptide bombesin and its mammalian homologue, gastrin-releasing peptide

(GRP), bind with high affinity to the GRP-R, whereas neuromedin B (NMB)

selectively binds to the NMB-preferring NMB-R. At present, no endogenous ligand

has been identified for the orphan BRS-3. Both GRP and NMB are processed from

larger precursor molecules and are found widely distributed in the central nervous

system (CNS) and in various peripheral neuronal cells, e.g., in the gastrointestinal

submucosal and myenteric plexus. GRP stimulates the exocrine secretion from the

pancreas, the release of gastrointestinal hormones, and smooth muscle contraction,

and modulates the function of immune cells (Gonzalez et al. 2008a; Ischia et al.

2009; Jensen et al. 2008; Majumdar and Weber 2011). Furthermore, GRP affects

functions of the CNS such as the circadian rhythm, anxiety, fear responses

(Shumyatsky et al. 2002), and thermoregulation (Jensen et al. 2008). Because of

its expression in the spinal cord, GRP has also been associated with the chronic itch

sensation and male reproductive functions (Sun and Chen 2007; Sun et al. 2009;

Sakamoto et al. 2008; Sakamoto and Kawata et al. 2009; Sakamoto et al. 2009).

GRP and NMB both exert effects on growth, migration, and invasion of cells

derived from various epithelial tumors (Gonzalez et al. 2008a; Ischia et al. 2009;

Jensen et al. 2008; Majumdar and Weber 2011; Patel et al. 2006).

Studies on the biology of the orphan BRS-3 are hampered due to the lack of the

natural ligand. Because of its 51 and 47% amino acid homology with the GRP-R and

NMB-R, respectively, it has been classified as a mammalian bombesin receptor

(Jensen et al. 2008; Fathi et al. 1993). Although its expression in the central nervous

system (CNS) and peripheral tissues (Fathi et al. 1993, 1996; Ohki-Hamazaki et al.
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1997a; Porcher et al. 2005; Sano et al. 2004; Ohki-Hamazaki et al. 1997b;

Liu et al. 2002; Jennings et al. 2003) has been reported previously, its roles in normal

human physiology and disease remain largely unknown. Human BRS-3 cDNA was

isolated and cloned from a small cell lung carcinoma (SCLC) cell line, and its

expression was shown in a panel of human lung and breast carcinoma cell lines as

well as other epithelial tumors (Fathi et al. 1993, 1996; Gorbulev et al. 1994; Reubi

et al. 2002; Schulz and Rocken 2006), carcinoid tumors (Kuiper et al. 2010), and in the

pregnant human uterus (Gorbulev et al. 1994). In the guinea pig, its expression was

detected in the pregnant uterus and the brain (Gorbulev et al. 1992) but was confined to

the testes and secondary spermatocyte in the rat. (Fathi et al. 1993; Liu et al. 2002).

A selective synthetic peptide agonist of the human BRS-3 was used to show a role in

lung tumor invasiveness (Hou et al. 2006), MAP kinase activation (Weber et al. 2001),

and lung injury (Tan et al. 2006, 2007; Wang et al. 2007).

Currently, studies on BRS-3 are receiving increased attention, chiefly because its

genetic disruption in rodent models revealed a phenotype of obesity, insulin

resistance, and hypertension, reminiscent of the metabolic syndrome in men

(Ohki-Hamazaki et al. 1997b). Subsequent studies suggested a role in regulation

of hyperphagia (Ladenheim et al. 2008; Maekawa et al. 2004), insulin release

(Matsumoto et al. 2003; Nakamichi et al. 2004), food consumption (Yamada

et al. 2000), taste preference (Yamada et al. 1999), and gastrointestinal motility

(Porcher et al. 2005). Taken together, these studies suggested a biologically signifi-

cant role of BRS-3 in the regulation of energy balance and glucose homeostasis.

Moreover, the availability of selective agonists with high affinity for the human

BRS-3 provided the pharmacological tools to examine binding properties, second

messenger molecules, and some downstream intracellular signaling pathways

(Weber et al. 2001; Mantey et al. 2004, 2001, 1997; Ryan et al. 1998a, b; Sancho

et al. 2010; Pradhan et al. 1998). Additional putative BRS-3 agonists were reported

but with limited pharmacological characterization (Boyle et al. 2005; Carlton et al.

2008; Weber et al. 2003, 2002; Zhang et al. 2009; Lammerich et al. 2003).

Recently, a series of small molecules were synthesized with agonist and antagonist

properties on BRS-3 in various mammalian species, and with no appreciable

binding to NMB-R and GRP-R. They produced the desired metabolic effects such

as weight loss and decrease in food intake, indicating their potential use as

antiobesity agents in humans (Coll 2010; Guan et al. 2010, 2011; Guo et al.

2010; Hadden et al. 2010; Liu et al. 2010; Metzger et al. 2010; He et al. 2010; Lo

et al. 2011).

2 BRS-3 Genes

The G protein-coupled receptor BRS-3 was first identified in the guinea pig’s uterus

by Gorbulev et al. (Gorbulev et al. 1992), later in human lung cancer cells (Fathi

et al. 1993). The cDNA clone encoded a protein showing the highest amino acid

similarity with GRP-R (52%) and NMB-R (47%) and was designated as bombesin
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receptor subtype-3 (BRS-3) (Jensen et al. 2008). The human BRS-3 gene was

mapped to chromosome Xq25, and the mouse gene to X-chromosome

XA7.1–7.2. The mouse BRS-3 gene encodes a protein of 399 amino acids, which

is identical in size compared to its human and guinea pig homologues (Ohki-

Hamazaki et al. 1997b; Gorbulev et al. 1994; Weber et al. 1998). The overall

homology of the mouse BRS-3 protein sequence compared to human and guinea

pig BRS-3 is 85 and 83%, respectively, with the carboxyl terminus being the most

divergent protein sequence. The human BRS-3 gene contains two introns and three

exons similar to the sheep (Whitley et al. 1999), rhesus (Sano et al. 2004), mouse

(Ohki-Hamazaki et al. 1997a; Weber et al. 1998), and rat BRS-3 gene (Liu et al.

2002). There are two TATA-like motifs present in the 50 flanking region of the

mouse BRS-3 gene, located at 492–486 bp and more than 1 kb upstream of the

translation start. Comparison of the nucleotide sequence of the 50 flanking region in
the human and mouse BRS-3 genes indicated 58% homology within 1,000 bp and

72% homology within the immediate 500 bp upstream of the translation initiation

codon ATG (Weber et al. 1998). One study screened 104 Japanese obese men for

defects in BRS-3 gene, but no mutations or polymorphisms were found, suggesting

that BRS-3 gene mutations are unlikely to be the major cause of obesity in humans

(Hotta et al. 2000).

3 Biology of BRS-3

BRS-3-dependent pathways have been identified as critical for proper regulation of

energy homeostasis, but its natural ligand has not been identified as of now. Thus

far, studies have been hampered by the lack of potent selective agonists and

antagonists for this receptor in rodent animal models. Synthetic peptides or small

molecules lacked either potency or selectivity on the BRS-3 (Jensen et al. 2008),

whereas a bombesin-derived peptide showed agonist activity on the human BRS-3

only (Mantey et al. 2004, 2001, 1997; Ryan et al. 1998a, b; Sancho et al. 2010;

Pradhan et al. 1998).

Extensive studies were performed with mice lacking functional BRS-3 after its

initial report in 1997 (Ohki-Hamazaki et al. 1997b). It was observed that disruption

of functional BRS-3 produced mild obesity associated with hypertension and

impairment of glucose metabolism. Moreover, the BRS-3 KO mice exhibited

a reduced metabolic rate, increased feeding efficiency, and hyperphagia, indicating

that BRS-3 is required for the regulation of energy balance and adiposity (Ohki-

Hamazaki et al. 1997b). Expression of BRS-3 in the parabrachial nucleus, the

medial and central nuclei of the amygdala and the hypothalamic region, responsible

of taste perception, also suggested a role in food choice and preference (Yamada

et al. 1999). BRS-3 KO mouse exhibited an upregulation of the hypothalamic

m-RNA of the melanin-concentrating hormone (MCH) receptor, thereby leading

to an enhanced hyperphagic response to exogenous MCH administration. These

findings further indicated that hyperphagia is a major factor leading to increased
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body weight and hyperinsulinemia in BRS-3 KO mice (Maekawa et al. 2004).

Previous results demonstrated a small but significant decrease in oxygen consump-

tion in BRS-3 KO mice prior to the onset of obesity (Ladenheim et al. 2008). The

sibutramine sensitivity assay revealed that BRS-3-deficient mice consume 11% less

oxygen than wild-type mice in the resting state, and supports the notion that a defect

in energy expenditure might contribute to the progress of obesity in these BRS-3

KO mice (Matsumoto and Iijima 2003). BRS-3 are present in pancreatic islets

(Fleischmann et al. 2000), and BRS-3 knockout animals were reported to have

altered plasma insulin levels and altered glucose transport (Matsumoto et al. 2003;

Nakamichi et al. 2004).

A series of papers have now reported the synthesis of novel small molecule

selective antagonists and agonists on the BRS-3. Antagonists increased food intake

and body weight, whereas agonists increased metabolic rate and reduced food

intake and body weight. (Coll 2010; Guan et al. 2010, 2011; Guo et al. 2010;

Hadden et al. 2010; Liu et al. 2010; Metzger et al. 2010; He et al. 2010; Lo et al.

2011; Furutani et al. 2010). BRS-3 binding sites were identified in the hypothala-

mus, caudal brain stem, and several midbrain nuclei. The observed changes in

energy metabolism were absent in animals genetically deficient in BRS-3 but

present in knockout mice of other relevant molecules including NPY, melanocortin

receptor 4, Agouti-related protein, and leptin receptor (Guan et al. 2010).

In a different follow-up study, the authors suggested that BRS-3 also modulates

body temperature, presumably secondary to its effect on energy metabolism includ-

ing effects on the sympathetic tone. It was reported that BRS-3 knockout mice have

a reduced body temperature when compared to the wild type. Treatment with the

BRS-3 agonist Bag-1 increases body temperature that is reduced by fasting or

during resting (light) phase. Moreover, Bag-1 treatment causes a slight increase

of body temperature in the dark (active) phase, but this increase did not exceed the

daily maximum. Thus, it is predicted that BRS-3 agonists reverse the reduction of

energy expenditure in the fasted state, and provide a new approach to the treatment

of obesity (Metzger et al. 2010). Other studies suggested that BRS-3 agonist

increased the intracellular calcium concentration of orexin neurons and induced

depolarization in the presence of GABA receptor blockers, suggesting that BRS-3

agonist might indirectly inhibit orexin neurons through GABAergic input and

directly activate orexin neurons (Furutani et al. 2010).

Other studies (Tan et al. 2006, 2007) demonstrated that BRS-3 are expressed in

the airway in response to ozone injury and that wound repair and proliferation of

bronchial epithelial cells is accelerated by BRS-3 activation, suggesting that it may

mediate wound repair. It was found that ozone induced binding of activator protein-

2a and peroxisome proliferator-activated receptor-a to the promoter of the BRS-3

gene, suggesting that these transcription factors are involved in regulation of BRS-3

expression (Tan et al. 2007).

Finally, the role of BRS-3 in cancer biology is apparently of importance, since

BRS-3 activation stimulates tyrosine kinases and phospholipase C and D (Ryan

et al. 1998a, b). Receptor activation stimulates tyrosine phosphorylation of the

cytosolic focal adhesion kinase, p125FAK which regulates cell growth and motility
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(Ryan et al. 1998a). In addition, activation of BRS-3 stimulates MAP kinase

activation, resulting in rapid tyrosine phosphorylation of both its 42- and 44-kDa

forms (Weber et al. 2001). In human NCI-1299 lung cancer cells transfected with

BRS-3, selective activation of BRS-3 with peptide agonist [D-Phe6, b-Ala11, Phe13,
Nle14]bombesin(6–14) resulted in stimulation of Elk-1 in a MEK-1-dependent

manner as well as in a 47-fold increase of c-fos mRNA. These results demonstrated

that BRS-3 activation stimulates pathways of cell proliferation such as activation of

MAP kinase and Elk-1, and increase in nuclear proto-oncogene expression (Weber

et al. 2001). More recently, it was demonstrated in the same cell model that BRS-3

agonists may stimulate lung cancer growth as a result of EGFR transactivation, and

that the transactivation is regulated by BRS-3 in a Src-, reactive oxygen-, and

matrix metalloprotease-dependent manner (Moody et al. 2011).

4 Structure–Activity Relationship and Pharmacology

of Agents Targeting the BRS-3

Because of its role in the regulation of energy metabolism, tumor invasiveness

(Jensen et al. 2008), adhesion and/or metastasis (Hou et al. 2006), lung develop-

ment, bronchial epithelial cell proliferation and lung injury (Tan et al. 2006; Shan

et al. 2004), taste perception (Yamada et al. 1999), social response/anxiety

(Yamada et al. 2000, 2002), and a putative role in gastrointestinal motility (Porcher

et al. 2005), pharmacological studies on the orphan BRS-3 are critical but were

hampered by the absence of selective agonists and antagonists.

Discovery of a high-affinity ligand for the hBRS-3 demonstrated that it has

a unique pharmacology compared with other mammalian bombesin receptors, and

that none of the existing endogenous BLPs are the natural ligand for this receptor

(Mantey et al. 1997). It was reported that none of the 15 naturally occurring

bombesin-related peptides had an affinity of >1 mM for the human BRS-3 (hBRS-

3). Furthermore, none of the 26 synthetic analogs that acted as GRP-R or NMB-R

agonists or antagonists had a high affinity for the BRS-3 (Jensen et al. 2008).

Detailed analysis also showed that hBRS-3 has a greater affinity for NMB, litorin,

and ranatensin than GRP or bombesin (Mantey et al. 1997). However, the peptide

agonist [D-Phe6, b-Ala11, Phe13, Nle14]bombesin(6–14) demonstrated relatively

high affinity for the hBRS-3 (Table 1). [D-Phe6, b-Ala11, Phe13, Nle14]bombesin

(6–14) stimulated a two- to threefold increase in [Ca2+]i and a threefold increase in

tyrosine phosphorylation of p125FAK with an EC50 of 0.2–0.7 nM, but failed to

either increase cyclic AMP or inhibit forskolin-stimulated increase. Similarly, no

high-affinity Bn receptor antagonists had a high affinity for the hBRS-3 receptor

although two low-affinity antagonists for GRP and NMB receptors, [D-Arg1,

D-Trp7,9, Leu11]substance P and [D-Pro4, D-Trp7,9,10]substance P-(4–11),

inhibited hBRS-3 receptor activation. Furthermore, the NMB-R-specific
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antagonist D-Nal,Cys,Tyr,D-Trp, Lys,Val,Cys,Nal-NH2 inhibited hBRS-3 activa-

tion in a competitive fashion (Ki ¼ 0.5 mM) (Ryan et al. 1998a).

In a subsequent study (Ryan et al. 1998b), two human lung cancer cells lines,

NCI-N417 and NCI-N720, were found to possess sufficient wild-type BRS-3 to

allow assessment of the pharmacology of the native BRS-3 using the 125I-[D-Tyr6,

b-Ala11, Phe13, Nle14]bombesin6–14. Pharmacology for all agonists of the native

BRS-3 was found to be similar to that reported previously with the BRS-3-

transfected cell lines (Mantey et al. 1997) with the only agonist, [D-Phe6, b-
Ala11, Phe13, Nle14]bombesin6–14, demonstrating high affinity (Ki 7.4 nM) (Jensen

et al. 2008). It was noticed that in both the cell lines, [D-Phe6, b-Ala11, Phe13, Nle14]
bombesin6–14 stimulated phospholipase D activity to generate diacylglycerol and

phospholipase C for a concentration-dependent release of [3H]inositol phosphate

and intracellular calcium. Detailed study showed that hBRS-3 activation was not

Table 1 Summary of binding data of various agonist peptides on human bombesin receptors

Binding properties of Ki [nM]

hBRS-3 hNMB-R hGRP-R Cell system and references

[D-Phe6, b-Ala11,
Phe13, Nle14]Bn

(6–14)

8.9 � 0.7 ND ND hBRS-3/Balb3T3 (Mantey

et al. 1997)

4.2 � 1.0 hBRS-3/H1299 cells

(Pradhan et al. 1998)

Pep-1

[D-Try6, b-Ala11,
Phe13, Nle14]Bn

(6–14)

0.82 � 0.1 5.9 � 0.4 0.5 � 0.04 Balb/c 3 T3 cells (Mantey

et al. 2004)

0.85 � 0.05 1.48 � 0.3 0.07 � 0.01 hBRS-3/Balb, hNMB-R/

Balb, hGRP-R/Balb

(Sancho et al. 2010)
125I-[D-Try6, b-

Ala11, Phe13,

Nle14]Bn(6–14)

0.4–4.2 ND ND hBRS-3/Balb3T3 cells

(Pradhan et al. 1998)

Pep-2

[D-Try6, R-Apa11,

Phe13, Nle14]Bn

(6–14)

2.8 � 0.1 2,400 � 96 151 � 6 Balb/c 3 T3 cells(Mantey

et al. 2004)

3.39 � 0.15 158 � 8 110 � 5 hBRS-3/Balb, hNMB-R/

Balb, hGRP-R/Balb

(Sancho et al. 2010)

Pep-3

[D-Try6, (R) -

Apa11- 4Cl,

Phe13, Nle14]Bn

(6–14)

8.2 � 1.1 7,200 � 840 1,860 � 69 Balb/c 3 T3 cells(Mantey

et al. 2004)

2.09 � 0.06 589 � 32 258 � 6 hBRS-3/Balb, hNMB-R/

Balb, hGRP-R/Balb

(Sancho et al. 2010)

Pep-4

Ac-Phe, Trp, Ala,

His(ϮBzl), Nip,
Gly, Arg-NH2

63–570 12–150-fold less

selective

than hBRS-3

>10,000

4–150-fold less

selective than

hBRS-3

>10,000

Balb/c 3 T3 cells (Mantey

et al. 2004)

63.1 � 3.1 hBRS-3/Balb, hNMB-R/

Balb, hGRP-R/Balb

(Sancho et al. 2010)

Pep-16a

Phenylacetyl-Ala,

D-Trp-Phenthyl

amide

3,000 to > 10,000 Nonselective

>10,000

Nonselective

>10,000

Balb/c 3 T3 cells (Mantey

et al. 2004)

6,026 � 148 hBRS-3/Balb, hNMB-R/

Balb, hGRP-R/Balb

(Sancho et al. 2010)

ND not determined, hGRP-R human gastrin-releasing peptide receptor, hNMB-R human

neuromedin B receptor, hBRS-3 human bombesin receptor subtype-3
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coupled to changes in adenylate cyclase activity, [3H]-thymidine incorporation or

cell proliferation (Ryan et al. 1998a, b).

Another synthetic selective BRS-3 potent agonist (compound 16a) was reported

to promote ß-arrestin translocation to the cell membrane of rat, mouse, and human,

though no visible internalization of the receptor was noticed following 2 h of

agonist administration. It was reported that when applied to hBRS-3-transfected

HEK293 cells, the compound caused dose-dependent increase in intracellular-free

calcium concentration, with an EC50 of 14.15 � 0.13 nM (Zhang et al. 2009)

(Tables 1 and 2).

Table 2 Summary of second messenger data of various peptide agonists on the human BRS-3

Name of peptides *[3H]IP3 assay

(EC50 in nM )

Ca2+ assay

(EC50 in nM)

Cell system and references

[D-Phe6, b-Ala11, Phe13,
Nle14]Bn(6–14)

20–35

21 � 2.1

35 � 5.0

7.21 � 0.18 *NCI-H1229 and hBRS-3/

Balb 3T3(Ryan et al. 1998a)

hBRS-3/CHO cells (Weber et al.

2002)
*hBRS-3/Balb 3T3 (Ryan et al.

1998a)
*hBRS-3/NCI-H1229 cells(Ryan

et al. 1998a)

Pep-1

[D-Try6, b-Ala11, Phe13,
Nle14]Bn(6–14)

1.1 � 0.1 7.10 � 0.17 *hBRS-3/Balb (Sancho et al.

2010)

hBRS-3/HEK293T-cells (Zhang

et al. 2009)

Pep-2

[D-Try6, R-Apa11, Phe13,

Nle14]Bn(6–14)

5.9 � 0.2 ND *hBRS-3/Balb (Sancho et al. 2010)

Pep-3

[D-Try6, (R) -Apa11- 4Cl,

Phe13, Nle14]Bn(6-14

3.6 � 0.1 ND *hBRS-3/Balb (Sancho et al. 2010)

Pep-4

Ac-Phe, Trp, Ala ,His

(ϮBzl), Nip, Gly,
Arg-NH2

21 � 1 6.9 *hBRS-3/Balb (Sancho et al. 2010)

hBRS-3/Balb (Boyle et al. 2005)

Pep-16a

Phenylacetyl-Ala,

D-Trp-phenthyl amide

>10,000 2.1–14

14.15 � 0.13

*hBRS-3/Balb (Sancho et al. 2010)

CHO K1 or HEK293 cells (Sancho

et al. 2010)

hBRS-3/HEK293T (Zhang et al.

2009)

VV-H-7 (VVYPWTQRF) 45 � 15 mM
19 � 6 mM

CHO-Ga16/hBRS-3cells

NCI-N417 cells (Lammerich et al.

2003)

LVV-H-7

(LVVYPWTQRF)

183 � 60 mM
38 � 18 mM

CHO-Ga16/hBRS-3cells

NCI-N417 cells (Lammerich

et al. 2003)

ND not determined, hBRS-3 human bombesin receptor subtype 3
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With synthetic selective BRS-3 ligands and mutational analyses of the main

ligand-binding pocket, epitopes determining the agonist properties were mapped.

It was concluded that BRS-3 activation is dependent upon an epitope in the main

ligand-binding pocket at the interface between the extracellular segments of trans-

membrane TM-III, TM-VI, and TM-VII (Gbahou et al. 2010).

In order to understand the molecular determinants of selectivity/high affinity of

BRS-3, a mutagenesis approach was employed. With the synthetic peptide agonists

#2, 3, and 4, it was demonstrated that [Val101, His107, Gly112, Arg127] in the EC2/

adjacent upper TMs of BRS-3 are critical for the high BRS-3 selectivity of peptide

#4. The role of His107 in EC2 appears important for BRS-3 activation, suggesting

that amino-aromatic ligand/receptor interactions with peptide #4 are critical for

both binding and activation. It also demonstrates that while the BRS-3 selective

agonists were developed from the same template peptide, [D-Phe6, ß-Ala11, Phe13,

Nle14]Bn-(6–14), their molecular determinants of selectivity varied considerably

(Gonzalez et al. 2008b).

In another set of experiments, the role of an exchange of arginine for histidine at

position 294 was investigated. Arg294 appears important in receptor–ligand affinity

of ovine BRS-3. Thus, it was concluded that ovine BRS-3 may have binding

characteristics different from those of the human, mouse, and guinea pig BRS-3

(Whitley et al. 1999).

In a separate set of experiments, GRP-R antagonists [(D-Phe6, Leu®-p-chloro-

Phe14]bombesin(6–14) and [D-Phe, Leu-NHEt13, des-Met14]bombesin(6–14) did

not inhibit Ca2+ elevation induced by VV-H-7(a naturally occurring agonist from

human placenta). In contrast, the somatostatin analog, a NMB-R-specific antagonist

[D-Nal,Cys,Tyr,D-Trp, Lys,Val,Cys,Nal-NH2] (Orbuch et al. 1993), inhibited the

VV-H-7-induced response significantly (Pradhan et al. 1998; Lammerich et al.

2003). Detailed studies suggested that [D-Phe6, b-Ala11, Phe13, Nle14]bombesin

(6–14) (a universal ligand for all the four types of bombesin receptors) can inhibit

the binding of 125I-[D-Try6, b-Ala11, Phe13, Nle14]bombesin(6–14) in a dose-

dependent manner. Partial inhibition is seen in 0.1-nM range, half maximal inhibi-

tion at 5.0 and 9.0 nM in hBRS-3-transfected H1299 and BALB 3T3 cells,

respectively, and complete inhibition at 1 mM. These data provided evidence that
125I-[D-Try6, b-Ala11, Phe13, Nle14]bombesin(6–14) possesses properties as a uni-

versal ligand for all the bombesin subtype receptors, with affinities ranging between

0.4 and 4.2 nM for each of the four subtypes of bombesin receptors (Pradhan et al.

1998).

Due to its nonselectivity and high affinity for all the human Bn receptors

subtypes, the usefulness of [D-Try6, b-Ala11, Phe13, Nle14]bombesin(6–14) (pep-

tide #1) and its analog D-Phe6 to study the role of hBRS-3 in various processes

appeared limited (Reubi et al. 2002; Mantey et al. 1997; Ryan et al. 1998a; Pradhan

et al. 1998; Katsuno et al. 1999).

In a separate attempt to develop a hBRS-3 ligand with greater selectivity, Mantey

et al. (2001) replaced the b-Ala11 of the nonselective high-affinity hBRS-3 ligand,

[D-Try6, b-Ala11, Phe13, Nle14]bombesin(6–14), with conformationally restricted

amino acids. Two peptides with an (R)- or (S)-amino-3-phenylpropionic acid (Apa)
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substitution for b-Ala11 were reported with some selectivity for the hBRS-3. Of these

two, (R)-Apa11 analog (peptide #2) (Sancho et al. 2010) had 50-fold and (S)-Apa11

had 13-fold selectivity for the hBRS-3 over the hGRP-R and hNMB-R, and for

stimulating phospholipase C activity. Further improvement of selectivity was

achieved by insertion of the chlorine residue in the para position of the phenyl ring

in the (R)-Apa11 analog, thus rendering [D-Try6, (R)Apa11-4Cl, Phe13, Nle14]

bombesin(6–14) analog (peptide #3) (Sancho et al. 2010) very selective and more

potent for hBRS-3. Binding studies showed that [D-Try6, (R)Apa11-4Cl, Phe13,

Nle14]bombesin(6–14) analog had 227- and 880-fold selectivity for hBRS-3 over

hGRP-R and hNMB-R, and 90- and 20-fold greater potency for activating the hBRS-

3, respectively (Mantey et al. 2004) (Tables 1 and 2).

In the quest of discovery of a more selective BRS-3 agonist, extensive

structure–activity relationship (SAR) studies on the unselective BRS-3 agonist

[H-D-Phe6, b-Ala11, Phe13, Nle14]bombesin(6–14)-nonapeptide amide (agonist 1)

highlighted the structural features important for BRS-3 activity. A radically

modified heptapeptide agonist (peptide #4) (Sancho et al. 2010), Ac-Phe-Trp-Ala-

His{tBzl}-Nip-Gly-Arg-NH2 (heptapeptide 34), carrying only the Trp-Ala moiety

of the parent [H-D-Phe6, b-Ala11, Phe 13, Nle14]bombesin(6–14)-peptide amide

(agonist 1) and a very different carboxyl terminal region, gained importance due to

its selectivity for the BRS-3 over the NMB or GRP receptor. Heptapeptide 34 was

potent and selective for BRS-3 with an EC50 of 6.9 nM and was significantly

different from the other bombesin-related BRS-3 ligands already reported (Boyle

et al. 2005) (Tables 1 and 2).

Similarly, the synthetic peptidomimetic compound, N1-(2-Phenylethyl)-(2R)-2-

{[(1S)-1-(benzylcarboxamido)ethyl] carboxamido}-3-(1H-3-indolyl)propanamide

16a, was also found to be a selective and highly potent agonist for human, rat,

and mouse BRS-3. Studies on human, rat, and mouse cells showed that there is

a dose-dependent increase of intracellular calcium concentration with an EC50 of

14.15 � 0.13 nM, 109.90 � 0.21 nM, and 33.30 � 0.14 nM, respectively. More-

over, no activity was seen with NMB-R, GRP-R, or on various other GPCRs,

rendering it a very selective and potent agonist (Zhang et al. 2009).

Previous reports confirmed that the synthetic peptides #2, 3, 4, and 16a are very

selective and highly potent agonists of hBRS-3 as compared with hGRP-R or

hNMB-R. However, a recent thorough study of the pharmacology of these synthetic

peptides including binding studies, alterations in cellular signaling (PLC, PKD),

and changes in cellular function showed that two peptides (#2 and #3) had nM

affinities/potencies for hBRS-3, peptide #4 had low affinity/potency, and that of

peptide #16a was very low (>3,000 nM). In terms of selectivity for hBRS-3, it was

found that peptide #3 was more selective (100-fold) followed by peptides #2 and #4

with lower selectivity (threefold lower and 157-fold lower, respectively, than

peptide #1). The selectivity of peptide 16a could not be determined because of its

lower affinity/potencies for all the Bn receptors. The above described findings

demonstrated that peptides #2, #3, and possibly #4, but not peptide #16a, have

sufficient affinities and potencies for hBRS-3 receptors to be potentially useful, and
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confirmed the high affinity of the hBRS-3 selective ligand peptide #3 has a, similar

to that of the universal ligand, peptide #1 (Sancho et al. 2010).

Despite the development of the high-affinity ligand [D-Try6, b-Ala11, Phe13,
Nle14]bombesin(6–14) and its analogs, additional novel compounds were needed to

test the usefulness of BRS-3 as a drug target. Several studies of the structure–-

activity relationship of [D-Try6, b-Ala11, Phe13, Nle14]bombesin(6–14) assessed its

ability to mobilize intracellular calcium in the BRS-3-transfected CHOGa-16 cells

by a fluorometric imaging plate reader (FLIPR) assay. By a strategy similar to the

“peptoid” approach, a selective short peptide agonist, H-D-Phe-Gln-D-Trp-1-

(2-phenylethyl)amide was developed for the human BRS-3. Various SAR studies

on the N terminus, the D-Phe-Gln moiety of H-D-Phe-Gln-D-Trp-1-(2-phenylethyl)

amide, showed that by incorporation of N-arylated glycine and alanine, azaglycine,

piperazine, or piperidine residues as well as by the synthesis of semicarbazides and

semicarbazones, several highly potent and selective agonists for hBRS-3 with

a reduced number of peptide bonds and a higher metabolic stability were obtained.

Thus, from the analysis of the SAR data, it was concluded that lipophilicity located

at a certain distance from the tryptophan and combined with a basic residue

between them was favorable for the potency of these compounds (Weber et al.

2003, 2002).

Recently, the gastric H+/K + �ATPase pump inhibitor omeprazole was identified

as a weak partial BRS-3 agonist (BB3 EC50 ¼ 14,000 nM,%Max ¼ 27%) (Table 3)

which suppressed body weight gain in rats. Its sulfide analog was found to be slightly

more potent (BB3 EC50 ¼ 3,900 nM) with better efficacy (%Max ¼ 64%). Replace-

ment of the pyrimidine moiety with different groups and the modification of the

linker region increased affinity, metabolic stability, and eliminated the effect of

omeprazole on the proton pump. Further modification to the benzimidazole revealed

the importance of the NH residue as hydrogen donor and showed the importance of

chloride and trifluoromethane analogs as submicromolar BRS-3 agonists. These

analogs gained more importance as none of them exhibited any agonist efficacy on

NMB-R and GRP-R, measured by intracellular calcium mobilization in a FLIPR-

based assay (Carlton et al. 2008).

Development of other non-peptide BRS-3 agonists was based on a biarylethyli-

midazole pharmacophore. These agents were effective in lowering food intake and

body weight in diet-induced obese mice (Hadden et al. 2010; Liu et al. 2010).

Furthermore, substituted biphenyl imidazoles exhibited agonist potency on rodent

and human BRS-3 (He et al. 2010). Recently, a high-throughput screening effort by

Merck identified a non-peptidic racemic low-molecular-weight BRS-3 agonist,

RY-337, which showed maximum potency on rodent BRS-3 compared to human

BRS-3. Extensive SAR studies on the biphenyl imidazoles led to the discovery of

various significantly improved agonists for both rodent and human BRS-3. Among

these, compound 22e had significantly enhanced potency for both rodent and

human BRS-3 (He et al. 2010) (Tables 4–6).

Merck scientists have also identified pyridinesulfonylureas and pyridinesul-

fonamides with a 4-(alkylamino) pyridine-3-sulfonamide core as potent and selec-

tive agonists for human and mouse BRS-3. In the sulfonylurea class, the potent
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Table 6 Summary of second messenger data of various non-peptide agonists on the human BRS-

3 (part III)

Compounds R (R1R2N, R3, R4) Calcium mobilization

functional assay for

hBRS-3

[EC50 (nM)]

References

Compound 2

N

2

N

N

R1

Ph

R2

N

NH2

N
H

R1R2N

N

4,525 Guo et al. (2010)

Compound 10a

N

N

N N
N

NH2

H

10

R1

R3: 2-Pyridyl 6,779 Guo et al. (2010)

Compound 10b R3: 2-Cl-Ph 5,567 Guo et al. (2010)

Compound 11a

HNN

Ph

NN

11

N

O

R4

N
H

R4: CH3
_ 3,164 Guo et al. (2010)

Compound 11b R4: CH3CH2– 3,474 Guo et al. (2010)

Compound 11c R4: (CH3)2CH– 4,763 Guo et al. (2010)

Compound 11d R4: (CH3)3C– 1,542 Guo et al. (2010)

Compound 11e R4: (CH3)3CCH2– 1,234 Guo et al. (2010)

Compound 11f R4: Cyclopentyl 704 Guo et al. (2010)

Compound 11g R4: CH3CH2C(CH3)2– 543 Guo et al. (2010)

Compounds 11d–g seemed to be most potent for hBRS-3. Otherwise all the other compounds like

7-benzyl-5-(piperidin-1-yl)-6,7,8,9-tetrahydro-3H-pyrazole[3,4-c]-(Ischia et al. 2009; Sun et al.

2009)naphthyridin-1-ylamine and its analogs are potent agonist for rBRS-3
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human BRS-3 agonist compound 2a was shown to have good bioavailability and

favorable pharmacokinetic parameters in rats. Replacement of the hydrogen donor/

acceptors in the sulfonylureas led to a series of sulfonamides that are effective as

mouse BRS-3 agonist, and one of its enantiomers, 5e, displayed moderate human

BRS-3 activity (Lo et al. 2011).

Moreover, the synthetic small molecule BRS-3 receptor agonist compound 2,

7-benzyl-5-(piperidin-1-yl)-6,7,8,9-tetrahydro-3H-pyrazole[3,4-c]-(Ischia et al.

2009; Sun et al. 2009)naphthyridin-1-ylamin, showed low bioavailability and

a short half-life but achieved favorable drug levels in brain of rats. Modification

of residues at positions 1, 3, 5, and 7 of compound 2 showed a tight SAR with only

limited improvement in potency against BRS-3 receptor (Guo et al. 2010).

Besides the synthetic peptides and small molecule compounds, isolation of

natural ligands received attention. Two naturally occurring low-affinity ligands,

VV-hemorphin-7(VV-H-7) and LVV-hemorphin-7 (LVV-H-7) extracted from

human placenta, were characterized as full agonists for the human BRS-3. Detailed

analysis showed that these ligands induced a dose-dependent response in CHO cells

overexpressing hBRS-3 and in NCI-N417 cells constitutively expressing the native

hBRS-3. Functional studies of these ligands showed that VV-H-7 activates phos-

pholipase C, resulting in release of calcium from an inositol triphosphate (IP3)-

sensitive store, followed by a capacitive entry of extracellular calcium. It was

determined that the peptides VV-H-7 and LVV-H-7 increased intracellular calcium

in a concentration-dependent manner in the CHO-Ga16–hBRS-3 cells with EC50

values of 45 � 15 mM for VV-H-7 and 183 � 60 mM for LVV-H-7. Moreover,

both peptides increased intracellular Ca2+ dose dependently also in NCI-N417 cells

with EC50 values of 19 � 6 mM for VV-H-7 and 38 � 18 mM for LVV-H-7. In

addition, VV-H-7-induced hBRS-3 activation led to phosphorylation of p42/p44-

MAP kinase, without stimulating cell proliferation or adhesion. Combination

experiments of VV-H-7/LVV-H-7 with synthetic ligands also proved that the

hemorphins are full agonists for hBRS-3 (Lammerich et al. 2003) (Table 2).

Although a large number of molecules activating human BRS-3 have been

identified, including synthetic peptides (Mantey et al. 1997; Boyle et al. 2005;

Weber et al. 2003; Zhang et al. 2009), natural peptides (Lammerich et al. 2003), and

small molecules (Carlton et al. 2008), lack of selectivity and/or potency (Mantey

et al. 2006), significant species preferences (Liu et al. 2002), or suboptimal phar-

macokinetic properties of these compounds led to further searches for improved

agents.

Recently, new potent selective agonist (Bag-1 and Bag-2) and antagonist

(Bantag-1) ligands were developed to address the aforementioned issues. Bantag-

1 was identified as a potent BRS-3 antagonist with a binding IC50 for human and

rodent BRS-3 of 2–8 nM, and a ~1,000-fold lower affinity to hNMB-R and hGRP-

R. Similarly, the selective BRS-3 agonist Bag-1/compound 9 (2-{2-[4-(pyridin-2-

yl)phenyl] ethyl}-5-(2,2-dimethylbutyl)-1H-imidazole), generated by different aryl

substitutions of a biarylethylimidazole pharmacophore, had a binding IC50 of

2.4–18 nM with corresponding Ki values of 17.4 and 3.7 nM for human and

mouse, respectively, and a low affinity to NMB-R (human IC50 ¼ 7,000 nM) and
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GRP-R (human IC50 ¼ 6,400 nM) (Table 4 and 5). Like other agonist BRS-3

ligands, Bag-1 reduced food intake, body weight, and body fat, and showed

a remarkable increase in metabolic rate. A prolonged high level of receptor

occupancy was also noticed. A detailed in vivo study with Bag-1(BRS-3 agonist)

confirmed the effects of BRS-3 activation on body weight regulation and showed

these pathways to be independent of other critical regulators such as NPY, leptin

receptor, MCR-4, and CB1R, demonstrating the potential of BRS-3 in the therapy

of obesity, either alone or in combination (Guan et al. 2010; Liu et al. 2010).

Moreover, synthesis and SAR of heterocyclic carboxylic acids based on 2-

biarylethylimidazole showed that replacement of the acidic moiety with a range

of isosteres led to good in vitro potency. However, these agents failed to achieve

effective drug levels in brain tissue in vivo (Hadden et al. 2010).

In a follow-up experiment, Guan et al. (2011) synthesized the optimized BRS-3

agonist, (2S)-1,1,1-trifluoro-2-[4-(1H-pyrazol-1-yl)phenyl]-3-(4-{[1-(trifluoromethyl)

cyclopropyl]methyl}-1H-imidazol-2-yl)propan-2-ol (MK-5046) which reduced food

intake and increased fasting metabolism in wild type but not in BRS-3 knockout mice.

The compound reduced body weight, but exhibited undesired effects on body temper-

ature, heart rate, and blood pressure which were short-lived upon repeated adminis-

tration. Its improved properties comprised high and prolonged brain receptor

occupancy with lower oral doses. MK-5046 was reported to have a high BRS-3

binding affinity (mouse Ki ¼ 1.6 nM; human Ki ¼ 25 nM) and exhibited no appre-

ciable binding to NMB-R and GRP-R, and many other ion channels or enzymes

(Table 4). Moreover, efficacy of MK-5046 and [D-Phe6, beta-Ala11, Phe3, Nle14]Bn-

(6–14) in cell-based Ca2+ mobilization functional assay was found to be identical.

Based on an overall assessment, MK-5046 appears currently the most suitable candi-

date compound for studies in human trials (Guan et al. 2011).

5 Conclusions

The orphan BRS-3, a G protein-coupled mammalian bombesin receptor, is an

important regulator of body weight, energy expenditure, and glucose homeostasis

whose mechanisms of action are independent of other relevant molecules including

NPY, melanocortin receptor 4, Agouti-related protein, and leptin receptor. BRS-3

has a unique pharmacology compared with other mammalian bombesin receptors,

and none of the existing endogenous BLPs are the natural ligand for this receptor.

The synthesis of peptides and novel small molecule selective antagonists and

agonists on the BRS-3 has now been accomplished. Antagonists increased food

intake and body weight, whereas agonists increased metabolic rate and reduced

food intake and body weight. Therefore, BRS-3 might be considered as a potential

target for the pharmacological treatment of obesity and increased food intake.
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Abstract Drug-induced weight alteration can be a serious side effect that applies

to several therapeutic agents and must be referred to in the respective approved

labeling texts. The side effect may become health threatening in case of significant

weight change in either direction. Several antiepileptic drugs (AEDs) are associated

with weight gain such as gabapentin, pregabalin, valproic acid, and vigabatrin and

to some extent carbamazepine. Others are weight neutral such as lamotrigine,

levetiracetam, and phenytoin or associated with slight weight loss as, e.g.,

felbamate. The focus of this chapter is on the two AEDs causing strong weight

loss: topiramate and zonisamide. For both drugs, several molecular mechanisms of

actions are published. We provide a review of these potential mechanisms, some of
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which are based on in vivo studies in animal models for obesity, and of clinical

studies exploring these two drugs as single entities or in combinations with other

agents.

Keywords AED • AMPA • Animal models • Anticonvulsant • Antiepileptic •

Binge eating • Bupropion • Carbonic anhydrase • Clinical studies • Clozapine •

Drug combinations •Drug induced • Empatic® • GABA • Ion channels • Mechanism

of action • Molecular mechanism • Olanzapine • Phentermine • Potassium channel •

QNEXA® • Side effect • Sodium channel • Topamax® • Topiramate • Weight gain •

Weight loss • Weight modification • Weight reducing • Zonegran® • Zonisamide

1 Introduction

Obesity (BMI � 30 kg/m2) has become a major health problem in many industrial

and developing countries. Prevalence rates in Europe in adult males and females

ranged from 4.0 to 28.3% and from 6.2 to 36.5%, respectively, according to a recent

review (Bergh€ofer et al. 2008). In the USA, roughly one third of the adult popula-

tion is obese (Flegal et al. 2010). Obesity is a risk factor for several disorders

including type 2 diabetes mellitus, hypertension, abnormal lipid profile, stroke,

heart disease, diverse cancers, and arthritis. Higher grades of obesity are associated

with excess mortality.

Genetic factors are presumed to account for 50% of the variance of the BMI in

the general population; nonshared environment largely accounts for the other half

of the variance. Thirty-two loci explaining 1–2% of the BMI variance have so far

been detected in meta-analyses of several genome-wide association studies

(Hebebrand et al. 2010). Weight gain as a side effect of drugs and in particular

specific antipsychotics and anticonvulsants has been postulated to contribute to the

obesity epidemic (McAllister et al. 2009). Single case studies of twin and sib-pairs

have revealed that genetic factors contribute substantially to weight gain upon use

of clozapine, olanzapine, and valproate (Theisen et al. 2001; Klein et al. 2005;

Gebhardt et al. 2010).

Treatment of obesity remains challenging since attrition is typically high in

weight-reduction programs. Whereas short-term weight loss in the range of several

kilograms can be achieved by motivated patients, rates for long-term success are

low. Currently, only orlistat is approved by the FDA and the EMA for long-term

use. Weight loss after 1 year averages around 3 kg in excess of placebo (Davidson

et al. 1999). While this weight loss is rather low and does not meet patient’s

expectations (Linne et al. 2002), attempts with more potent drugs like sibutramine

(James et al. 2000) or CB1 antagonists (Antel et al. 2006; Di Marzo et al. 2004) like

rimonabant (Rinaldi-Carmona et al. 2004; Van Gaal et al. 2008) finally failed on the

market because of safety concerns (Jones 2008; James et al. 2010; Scheen 2010)

which led to a withdrawal of the marketing approval by regulatory authorities or a

voluntary removal from the market by the respective pharmaceutical companies.
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In this chapter, we take an in-depth look at the weight-reducing effects of two

anticonvulsants, topiramate and zonisamide. We summarize the current hypotheses

on their mechanisms of action and review the data obtained in clinical studies. In

the case of zonisamide and the combination zonisamide plus bupropion

(Empatic®), these include several randomized controlled phase II trials, and in

the case of topiramate (monotherapy as well as in combination with phentermine

(QNEXA®)), include even several phase III trials.

1.1 Weight-Modifying Effect of Antiepileptic Agents

The discovery of nearly all antiepileptics was serendipitous, and activity was first

shown in one or more animal screening models (Rogawski 2006). Test results in a

variety of models subsequently led to hypotheses about potential mechanisms.

Hypotheses about target activities were often, years after the initial identification

of activity, further refined through additional in vitro, in vivo, and ex vivo studies.

In some cases, conventional targets were identified and thought to contribute,

whereas in other cases, novel mechanisms were claimed to play a role. So far,

there seems to be no single agent acting only via one target, and as time goes by and

new biomolecular techniques and tools emerge, more and more subtle details about

contributing molecular mechanisms show up. This not only applies to the

mechanisms accounting for the antiepileptic properties of AEDs but even more to

their weight-modifying potential.

The exact molecular mechanisms by which zonisamide and topiramate mediate

weight changes and improve glucose and lipid abnormalities are largely unknown

(Biton 2007; Kennett and Clifton 2010). Zonisamide and topiramate are thought to

exert anticonvulsant actions via effects on sodium and calcium (T-type) channels

(Oommen and Mathews 1999; Leppik 2004). However, this is, e.g., also the

hypothesized mode of action of phenytoin, which is weight neutral (Ben-

Menachem 2007), or carbamazepine which is even associated with moderate

weight gain (Gaspari and Guerreiro 2010; Post et al. 2007).

Other mechanisms thought to contribute to the antiepileptic effects of topiramate

(Angehagen et al. 2003a, b; Chengappa et al. 2001; Shank et al. 2000; Sills et al.

2000; Maryanoff 2009) include enhancement of GABA-mediated Cl�fluxes into

neurons and inhibition of kainate-mediated conductance at glutamate receptors of

the AMPA/kainate type. Zonisamide interacts also with GABAergic and

AMPAergic pathways. It binds allosterically to GABA receptors like the

benzodiazepines (Mimaki et al. 1990a, b) and inhibits the uptake of the inhibitory

neurotransmitter GABA while enhancing the uptake of the excitatory neurotrans-

mitter glutamate (Ueda et al. 2003). However, several other AEDs like vigabatrin

and gabapentin, which also act via GABAergic pathways (Kelly 1998; Rogawski

and L€oscher 2004; Rogawski 2006), did not cause weight loss but rather weight

gain in clinical trials or postmarketing observations.
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Furthermore, doses of zonisamide and topiramate that are anticonvulsant in rats

increase extraneuronal levels of dopamine, noradrenaline, and 5-HT in the hippo-

campus (Yamamura et al. 2009). If similar effects occur in the hypothalamus, they

might account for the hypophagic actions of topiramate (Richard et al. 2000).

Last but not least, there is proven evidence that topiramate as well as zonisamide

inhibit several carbonic anhydrase (CA) isoenzymes (Dodgson et al. 2000;

Masereel et al. 2002; Casini et al. 2003; Supuran 2008; Supuran et al. 2008),

which might be a contributing factor for their weight-loss effects, since CA inhibi-

tion is clearly a common target of these two drugs which is not shared by the other

weight-neutral or weight-gain-inducing AEDs.

2 Topiramate

Topiramate (Topamax™) (TPM) is a sulfamate-substituted fructose derivative

(Maryanoff et al. 1987) that has been marketed in the USA for use as an AED

since 1996 (Shank et al. 1994; Perucca 1997; Rosenfeld 1997; Elterman et al. 1999)

and was recently approved (2004) for the prophylaxis of migraine headaches

(Campistol et al. 2005) in adults at recommended doses up to 100 mg/day.

OO

O

O

O

S

O

NH2

OO

Topiramate was discovered by Maryanoff (2009) while searching for inhibitors

of 1,6-fructose-bisphosphatase (FBPase), the rate-limiting enzyme of gluconeogen-

esis, with the goal to find drugs to reduce postprandial hyperglycemia caused by

gluconeogenesis. Glucose lowering by FBPase inhibition is associated with an

accumulation of hepatic d-fructose 1,6-bisphosphate and a reduction in hepatic d-

fructose 6-phosphate.

Topiramate shows, aside of its labeled use as anticonvulsant and migraine

headache prophylaxis, a broad range of other clinically relevant activities including

analgesic (Raskin et al. 2004), neuroprotective (Schubert et al. 2005), and mood-

stabilizing (McIntyre et al. 2005) properties. However, so far, there is insufficient

evidence for recommendations to use topiramate in any phase of bipolar disorders

(Vasudev et al. 2006; Kushner et al. 2006). Its antiobesity properties (Tonstad et al.
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2005; Astrup and Toubro 2004; Wilding et al. 2004; Bray et al. 2003) will be

discussed in more detail below.

2.1 Preclinical Observations

2.1.1 Potential Modes of Action

The mechanism(s) of action of this drug is as yet not fully understood (Chengappa

et al. 2001; Shank et al. 2000; Sills et al. 2000). Several hypotheses have been

discussed so far (Rosenfeld 1997), such as an enhancement of GABAergic trans-

mission (Reis et al. 2002; Herrero et al. 2002; Kuzniecky et al. 2002), an antago-

nism of kainate/AMPA receptors (Skradski and White 2000; Gibbs et al. 2000;

Zullino et al. 2003), and inhibition of the generation of action potentials in neurons

via antagonism of the activation of Na+ channels (Taverna et al. 1999; McLean

et al. 2000).

Like topiramate, the antiepileptic drugs phenytoin, carbamazepine, and

lamotrigine inhibit voltage-gated brain sodium channels (Catterall 1999) that are

responsible for generation of the action potentials in central neurons. At clinically

relevant concentrations, phenytoin as well as topiramate binds preferentially to the

inactivated state of the channels and suppresses the sustained repetitive firing of

neurons by inhibiting sodium flux through these channels. These effects are thought

to be at least in part responsible for their therapeutic efficacy (Francis and Burnham

1992). However, in contrast to topiramate, phenytoin does not induce weight loss;

carbamazepine can even entail minor weight gain (Ben-Menachem 2007). Brain

sodium channels are target of many newer second-generation (fosphenytoin,

oxcarbazepine, lamotrigine, felbamate, topiramate, zonisamide) and third-generation

(eslicarbazepine, brivaracetam, carisbamate, fluorofelbamate, elpetrigine, lacosamide,

rufinamide, safinamide, vinpocetine) antiepileptic drugs. Some of the newer drugs

show either state-dependent antiepileptic action or sodium channel subtype selectivity,

although most agents do not differentiate between these channel subtypes (Vohora

et al. 2010).

Another mechanism that topiramate shares with other AEDs including

zonisamide is the interaction with several subtypes of Ca2+ channels. Topiramate

is thought to exert its anticonvulsant actions via effects on calcium (T-type)

channels (Oommen and Mathews 1999; Leppik 2004), which is also the

hypothesized mode of action for the weight-neutral phenytoin, (Ben-Menachem

2007) or for carbamazepine (Gaspari and Guerreiro 2010; Post et al. 2007). In

addition, a modulation of neuronal L-type Ca2+channel activity is thought to play an

important role for topiramate’s antiepileptic activity. Electrophysiological data

suggest that topiramate may also interact with L-type Ca2+channels, which was

further supported by studying a concomitant administration of low L-type Ca2+

channel modulators (nifedipine, verapamil, Bay k 8644) on topiramate’s

antiepileptic properties (Russo et al. 2004). Furthermore, Kuzmiski and colleagues
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(2005) examined whole-cell patch-clamp recordings from CA1 pyramidal neurons

in rat hippocampal slices in order to investigate the actions of topiramate on the

generation of cholinergic-dependent plateau potentials after cholinergic receptor

stimulation. They reported that topiramate reduces ictal-like activity in CA1 hippo-

campal neurons through a novel inhibitory action of R-type calcium channels at

therapeutically relevant concentrations of topiramate (50 mM). They also examined

the effects of topiramate on recombinant Ca(V)2.3 calcium channel subunits. Com-

plementary studies were performed by Weiergr€aber, concluding that topiramate, but

also lamotrigine, targets the voltage-gated calcium channel (VGCC) Ca(v)2.3 (E/R-

type) (Weiergr€aber et al. 2006).
A possible functional link between the interaction of topiramate with several Ca2+

channels and inhibition of several CA isoenzymes was discussed by McNaughton

(McNaughton et al. 2004). They explored whether a range of carbonic anhydrase

inhibitors (CAIs) interacts with high-voltage-activated voltage-sensitive calcium

channels (VSCCs) encoded by the human alpha(1E) subunit. Interestingly, the

anticonvulsant CAI ethoxyzolamide blocked alpha(1E)-mediated VSCC currents,

with an IC(50) close to 1 mM, acetazolamide and benzolamide produced approxi-

mately 30–40% inhibition of alpha(1E)beta(3)-mediated Ca2+ currents at 10 mM, and

topiramate inhibited these currents by 68 � 7%. It remains however open whether a

direct effect of CA inhibition contributes mainly to the antiepileptic potency of

the aforementioned CAIs or whether this off-target activity of CAIs at VSCCs may

be the main contributor. The other open question is how much every single of the

multiple modes of action of topiramate and other AEDs contribute to an antiepileptic

profile (Johannessen Landmark 2008) on the one hand and a weight-modifying

profile on the other hand. Any conclusion is further complicated by observations

about dose-dependent effects of AEDs on hippocampal extracellular levels of gluta-

mate (Glu), GABA, norepinephrine (NE), dopamine (DA), and serotonin (5-HT), as

determined by microdialysis with high-speed and high-sensitive extreme liquid

chromatography (Yamamura et al. 2009). Therapeutically relevant doses of acetazol-

amide, topiramate, zonisamide, and carbamazepine increased hippocampal extracel-

lular levels of GABA, NE, DA, and 5-HT. While phenytoin had no effect,

supratherapeutic doses of acetazolamide, topiramate, zonisamide, phenytoin, and

carbamazepine decreased extracellular levels of GABA, NE, DA, and 5-HT, without

affecting Glu levels. Toxic doses of carbamazepine and phenytoin paradoxically

produced seizures (determined by telemetric-electrocorticography). Topiramate and

zonisamide did not produce seizures, even at toxic doses. In contrast, the

coadministration of therapeutically relevant doses of acetazolamide, topiramate,

and zonisamide even prevented the paradoxical intoxication by elevating the sei-

zure-threshold doses of carbamazepine and phenytoin. The authors hypothesized that

these results suggested that inhibition of carbonic anhydrases inhibits blockade of a

high percentage of the population of voltage-dependent sodium channels by carba-

mazepine and phenytoin, which might be responsible for inducing paradoxical intoxi-

cation. However, also these observations do not allow to unambiguously deduce a

molecular mechanism of action, since neither the relevant carbonic anhydrase
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isoenzyme pattern nor the sodium channel subtype can be finally described on a

molecular level.

It was known from the very beginning that topiramate exerts an inhibitory effect on

carbonic anhydrase (CA) isoenzymes, particularly CA-II and CA-IV (Maryanoff et al.

1987; Dodgson et al. 2000). This was later confirmed byX-ray crystallography (Casini

et al. 2003, Antel et al. 2004) and by in vitro data obtained with other CA isoenzymes.

The reported data on the CA inhibition are rather controversial. Initially, topiramate

was classified as a very weak (millimolar) CA inhibitor (Maryanoff et al. 1987); later,

the same group reported different results (Dodgson et al. 2000), showing that

topiramate is a much stronger CA inhibitor (now in the micromolar range) in a

different assay setup and with differing enzyme sources. These findings are supported

by some clinically observed side effects (Kuo et al. 2002; RibacobaMontero and Salas

Puig 2002; Fakhoury et al. 2002), which are typical for strong sulfonamide CA

inhibitors used as systemic antiglaucoma agents (such as acetazolamide,

methazolamide) and include paresthesias, nephrolithiasis, and weight loss (Supuran

2008).

However, while a strong inhibition of CA isozymes by topiramate has unequiv-

ocally been proven, its anticonvulsant activity appears to differ mechanistically

from that of acetazolamide, as demonstrated by some recently published in vivo

investigations (Stringer 2000; Aribi and Stringer 2002). Previous observations had

also shown that sulfamate derivatives of both topiramate (Maryanoff et al. 1987)

and RWJ-37497 (Maryanoff et al. 1998) with a secondary sulfamate moiety show

potent anticonvulsant activity but no inhibition of CA isozymes.

Therefore, the contribution of the inhibitory effect of topiramate on carbonic

anhydrases (CA) to its anticonvulsive action is still discussed controversially

(Shank et al. 2000; Stringer 2000; Perucca 1997; Dodgson et al. 2000; Masereel

et al. 2002; Casini et al. 2003; Supuran 2008; Supuran et al. 2008). Herrero and

colleagues (Herrero et al. 2002) hypothesized that topiramate-induced change of

GABAergic depolarizations might be based on a decreased intracellular bicarbon-

ate concentration, which could contribute to the anticonvulsant activity of

topiramate via an inhibition of neuronal CA inhibition of carbonic anhydrase.

Other CA inhibitors such as sulthiame and acetazolamide (AZM) have previously

been shown to lower neuronal intracellular pH (pHi), which effectively reduced

epileptiform activity in epilepsy model systems in vitro (Leniger et al. 2002).

Leniger showed that topiramate lowers neuronal intracellular pH (pHi) most likely

due to a combined effect on intracellular carbonic anhydrase isoenzymes and Na

(+)-independent Cl�/HCO3
� exchange (Leniger et al. 2004). The apparent decrease

of steady-state pHi may contribute to the anticonvulsive property of topiramate. It is

hypothesized by some researchers that the anticonvulsant effects of topiramate or

related sulfonamides may be due to CO2 retention, secondary to inhibition of the

red blood cell and brain isoenzymes (Masereel et al. 2002). By that means, inhibi-

tion of the brain CAs is thought to cause an increase of the cerebral blood flow and

an increase of CO2 partial pressure. Consequently, CAIs are used to treat conditions

with increased intracranial pressure (Dhellemmes et al. 2008). Topiramate as well

as zonisamide (ZNS) (Costa et al. 2010), which is also an inhibitor of carbonic
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anhydrase (see below), may influence neuronal activity via changes of pH (Biton

2007). However, this mechanism is controversially discussed with regard to its

contribution to the antiepileptic activity of these drugs (Thone et al. 2008).

With regard to other mechanisms of action, initial hypotheses centered on the

(Shank et al. 2000) binding of topiramate to phosphorylation sites of ion channels,

resulting in inhibition of protein phosphorylation and an allosteric modulation of

channel conductance.

As already mentioned, topiramate shows inhibitory effect on the AMPA and

kainate subtypes of glutamate receptors. The nature of these effects at the molecular

level has not been fully established, but it is hypothesized that topiramate binds to

phosphorylation sites on AMPA and kainate receptors (Angehagen et al. 2004). The

authors claim that topiramate binds only in the dephosphorylated state and thereby

exerts an allosteric modulatory effect on channel conductance. Its interaction with

glutamate-regulated pathways is further supported by the observed neuroprotective

effects of topiramate in primary neuronal-astroglial cultures or astroglial-enriched

cultures from newborn rats exposed to excitotoxic concentrations of glutamate

(Glu) or kainate (Angehagen et al. 2003a, b). In these studies, valproate and

phenytoin were used as reference AEDs. The same group further investigated the

effect on AMPA-induced intracellular calcium ([Ca2+](i)) responses in cultured rat

cortical astrocytes and reported that topiramate (1–100 mm) inhibited AMPA-induced

accumulation of Ca2+ in astrocytes, which was inversely related to the level of protein

kinase A (PKA)-mediated phosphorylation of GluR1 subunits of channels activated

by AMPA.

In order to identify genes that might be involved in the effects of topiramate on

body weight and insulin sensitivity, Liang and colleagues (2006) determined the

expression profiles in tissues from female Zucker diabetic fatty rats that were

treated with topiramate for 7 days. Plasma glucose and triglycerides were signifi-

cantly and dose dependently reduced, and messenger RNA profiles in liver, hypo-

thalamus, white adipose tissue, and skeletal muscle were altered in the topiramate

group. As expected, most pronounced effects were found for genes encoding

metabolic enzymes or regulatory proteins involved in energy metabolism. They

observed decreased messenger RNA amounts for sterol regulatory element binding

protein-1c, stearoyl-coenzyme A desaturase-1, choline kinase (an enzyme involved in

the synthesis of phosphatidylcholine), and fatty acid coenzyme A ligase long chain 4

(FACL4). Topiramate diminished the expression of acetyl-CoA carboxylase

2 (ACC2) and stearoyl-CoA desaturase-1 (SCD1) which as a consequence at least

partially mimics the phenotypes of knockout mice of ACC2 and SCD1 by entailing

lowered hepatic, plasma triglyceride concentrations, hepatic very-low-density lipopro-

tein secretion, and altered glycerolipid fatty acid composition. In addition, topiramate

also upregulated three genes which are involved in cholesterol synthesis (isopentenyl-

diphosphate d isomerase, squalene epoxidase, and 3-hydroxy-3-methylglutaryl-CoA

synthase 1) independently of a reduced food intake (verified via a pair-feeding

group). With respect to short-term effects (16 h after single administration), the

expression of hepatic genes related with fatty acid synthesis, e.g., stearoyl-CoA

desaturase and acetyl-CoA carboxylase, was significantly reduced. Topiramate also
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changed the expression levels of genes encoding enzymes of the fatty acid b-
oxidation: the expression of 3-2-trans-enoyl-CoA isomerase and mitochondrial

acyl-CoA thioesterase was increased, and of fatty acid CoA ligase (long chain

2 and long chain 5) was decreased. Overall, Liang’s results suggest that topiramate

regulates hepatic expression of genes involved in lipid metabolism, which in our

opinion could potentially contribute to the mechanisms by which topiramate

reduces plasma triglyceride levels in obese diabetic rodents.

In addition to its direct impact on gene expression, topiramate could also

regulate the metabolism at posttranslation levels. This was hypothesized by Wilkes

who reported that topiramate administration led to a three- to fourfold increase in

circulating levels of total and high-molecular-weight adiponectin (Acrp30) and a

twofold increase in phospho-AMPK in skeletal muscle in topiramate-treated rats

(Wilkes et al. 2005b).

It was also hypothesized that topiramate exerts its effect on bipolar disorders by

downregulation of enzymes involved in brain arachidonic acid (AA) release and

cyclooxygenase (COX)-mediated metabolism, which seems to be a mechanism by

which the anticonvulsants valproic acid, carbamazepine, and lithium exert their

mood-stabilizing effects. However, topiramate treatment did not significantly mod-

ify expression of the enzymes involved in brain AA metabolism, thus suggesting

that the AA cascade is not involved in the antiseizure properties of topiramate

(Ghelardoni et al. 2005).

2.1.2 In Vivo Results: Topiramate as Single Agent

A review of the literature identified numerous studies of topiramate in animal

models of either obesity, type 2 diabetes, or “diabesity.” One of the first studies

was performed in female Zucker rats (Picard et al. 2000). Obese Zucker rats (fa/fa)

develop obesity as an autosomal recessive trait of the leptin receptor which is

caused by a Gln269Pro mutation (Takaya et al. 1996), leading to a loss of function

of this receptor. The group around Picard studied two cohorts of Zucker rats,

namely lean (Fa/?) and obese (fa/fa) rats and applied two doses (15 mg/kg and

60 mg/kg) of topiramate controlled by one vehicle group. The animals had free

access to high-carbohydrate diet (65% energy from CHO), and the drug was applied

via gavage with one-third of dose in the morning and two-thirds 2 h before dark

phase. The total treatment period was 4 weeks. Topiramate reduced body-weight

gain in lean but much more so in obese rats. There was a significant dose-dependent

reduction of food intake in obese but not in lean rats, but the food reduction effect

subsided during the treatment period.

Topiramate dose independently reduced hyperinsulinemia of obese but failed to

alter insulin levels of lean animals. Also, topiramate did not alter the digestibility of

the food. Post hoc analysis showed that the low dose of topiramate decreased fat

gain (with emphasis on subcutaneous fat) without affecting protein gain, whereas

the high dose of the drug induced a reduction in both fat and protein gains. In lean

but not in obese rats, apparent energy expenditure (as calculated by the difference
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between energy intake and energy gain) was higher in rats treated with topiramate

than in animals administered with the vehicle. The calculated energetic efficiency

(energy gain/energy intake) was decreased in both lean and obese rats after

topiramate treatment. Picard concluded that topiramate is capable of reducing fat

and energy gains through reducing energetic efficiency in both lean and obese

Zucker rats. However, the mechanism remains to be elucidated.

York and his team studied Osborne–Mendel rats (York et al. 2000), a strain that

readily becomes obese on a high-fat diet (HF) and that develops a high body weight

within 10 weeks in males. In contrast to Picard, York did not use a high-CHO diet but

rather allowed all animals free access to a high-fat diet (56% energy from fat, 20%

from protein). Five groups of male Osborne–Mendel rats, namely a control (vehicle),

two dose groups (10 mg/kg and 40 mg/kg of topiramate), a pair-fed group to the high

dose, and a d-fenfluramine (1 mg/kg) group were studied in parallel. The drug was

mixed into HF diet and supplied shortly before dark phase. The total treatment period

was 80 days. Topiramate reduced body-weight gain in a manner similar to that of

pair-fed rats. Topiramate initially reduced food intake in the high-dose group, but

food consumption returned to control levels after about 4 days of treatment.

According to a carcass analysis, the reduction of the body fat fully accounted for

the weight reduction in treated groups but not in pair-fed or d-fen-treated rats.

Increased energy expenditure (direct measurement) and a significant reduction of

serum insulin were observed. The mechanisms underlying these observations are

unclear.

A study performed in 2000 by Richard investigated female Sprague–Dawley rats

subjected to an obesity-promoting diet (Richard et al. 2000). Topiramate

administered by gavage at a daily dose of 30 mg/kg had no effect on the intake of

chow or high-sucrose/high-fat diet (in grams per 100 g: sucrose, 45; maize oil, 10;

lard, 10; casein, 22.5; dl-methionine, 0.3; vitamin mix, 1.2; mineral mix, 5.5; fiber,

5.5), but reduced 5-week energy gain through a slightly reduced energy efficiency

with no significant effect on apparent energy expenditure. Apparent energy expen-

diture was calculated as the difference between energy intake and energy gain, and

energetic efficiency, as the ratio of energy gain to digestible energy intake. It was

hypothesized that topiramate increases lipoprotein lipase (LPL) activity in brown

adipose tissue and enhances thermogenesis. In addition, topiramate stimulates LPL

activity in skeletal muscles, further emphasizing its potential to promote substrate

oxidation. The mechanisms whereby topiramate affects the regulation of energy

balance have yet to be understood. Richard and coworkers (2000) also tried to

deliver evidence that topiramate affects the neuropeptide Y (NPY), corticotrophin-

releasing hormone (CRH), or pro-opiomelanocortinergic (POMC) systems, but in

situ hybridization trials failed to demonstrate relevant changes in the respective

mRNA expression levels.

The same group looked into gender-specific effects and evaluated the effects of

topiramate and sex hormones on energy balance of male and female Wistar rats

(Richard et al. 2002). For this purpose, intact or castrated rats with replacement

therapies (testosterone administration in orchidectomized rats and estradiol or pro-

gesterone treatments in ovariectomized rats) were tested head-to-head. In
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orchidectomized male rats, energy and protein gains were decreased but could be

blocked by treatment with testosterone. Female ovariectomized rats showed increases

in energy, fat, and protein gains that were prevented by treatment with estradiol. A

dose of 60 mg/kg topiramate (mixed into diet) was applied for 28 and 35 days in male

and female rats, respectively. Topiramate reduced intake in males; energetic effi-

ciency and fat content (energy deposition) were lowered in both male and female

Wistars independently of hormone replacement therapies. In neither gender, the status

of sex hormones interfered with the effects of topiramate on energy balance.

Topiramate reduced LPL activity in white adipose tissue (WAT) and stimulated

LPL activity in brown adipose tissue (BAT) in females. It reduced plasma glucose

and plasma leptin levels in female rats as well as plasma insulin and liver triglycerides

in male animals, suggesting that topiramate can enhance insulin sensitivity. The

group concluded that the effects were due to a decrease in energetic efficiency,

resulting from an effect exerted by the drug on both energy intake and thermogenesis.

Topiramate was also studied in female Zucker diabetic fatty (ZDF) rats (Wilkes

et al. 2005a) and markedly lowered fasting glucose levels as well as glucose levels

during an oral glucose tolerance test. Glucose clamp studies revealed a 30%

increase in glucose disposal and a suppression of hepatic glucose output (HGO)

from 30 to 60% as well as a suppression of plasma-free fatty acids from 40 to 75%.

In summary, topiramate treatment led to a decrease in plasma glucose and an

increase of in vivo insulin sensitivity, an insulin sensitization in adipocytes but

not muscle (ex vivo; in vitro), and an enhanced insulin action in insulin-resistant

adipose cells in vitro. The authors concluded that the effects of topiramate treatment

appeared to be mediated by the adipose tissue.

2.1.3 In Vivo Results: Topiramate–Phentermine Combination

Phentermine is a sympathomimetic amine approved by the FDA as a short-term

adjunct to a weight-loss regimen based on exercise, behaviormodification, and caloric

restriction. The anorectic effect is thought to bemediated via release of norepinephrine

(IC50 ¼ 39.4 nM) in the hypothalamus (Rothman et al. 2001). At clinically relevant

doses, phentermine also stimulates the release of serotonin (IC50 ¼ 3,511 nM) and

dopamine (IC50 ¼ 262 nM), but to a much lesser extent than that of norepinephrine

(Rothman et al. 2001). It is also postulated that increased circulating catecholamines

may cause appetite suppression by increasing blood leptin concentrations.

In vivo studies in DIO rats with phentermine and topiramate (Fig. 1)

administered either alone or in combination indicate an additive (if not even

synergistic) effect of combination therapy (Jackson et al. 2007).

Phentermine seems to have a faster onset of its weight-reducing action compared

with topiramate. The progress of weight loss seen with topiramate alone is slower

but sustained throughout the dosing period. The pharmacological actions of both

drugs are distinct and complementary, which might be beneficial for the manage-

ment of obesity with respect to weight loss and weight maintenance.
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2.1.4 In Vivo Results: Topiramate on Top of Olanzapine

Olanzapine (OLZ) is an atypical antipsychotic with clinically well-described side

effects of weight gain and diabetes, hampering its clinical acceptance. Recent

reports provide evidence that OLZ worsens insulin sensitivity independent of

changes in body weight and composition. The underlying pharmacological

mechanisms for these side effects of some atypical antipsychotics are unknown,

and it is unclear whether the complications are mediated by peripheral or central

actions. A complicating factor in studies of the mechanisms of antipsychotic-

induced hyperglycemia or insulin resistance are the well-known confounders

“weight gain” and “dyslipidemia,” which show up in those studies and are known

independent risk factors of diabetes. Therefore, Houseknecht and colleagues (2007)

searched for acute metabolic effects that started prior to any weight gain. They

studied the effects of four atypical antipsychotics on whole-body insulin resistance,

using the hyperinsulinemic, euglycemic clamp technique in conscious rats. They

discovered that olanzapine (OLAN) and clozapine (CLOZ) acutely impaired

whole-body insulin sensitivity in a dose-dependent manner (p < 0.001 vs. vehicle),

whereas ziprasidone and risperidone had no effect. CLOZ also induced a strong

Fig. 1 Effect of chronic administration of phentermine and topiramate, alone and in combination,

on body weight in dietary-induced obese, female Wistar rats. Results are means (adjusted for

differences between the body weights of the different treatment groups at baseline (day 1)) �
SEM (calculated from the residuals of the statistical model), n ¼ 10. The dose of topiramate was

doubled on day 15. Numbers represent % reduction in body weight compared to the vehicle-treated

control group on day 42 (after 41 days of drug administration). Comparisons between treatments

(topiramate plus phentermine vs. topiramate or phentermine alone) and the interaction tests

(topiramate plus phentermine vs. effect of topiramate alone plus the effect of phentermine

alone) were by separate Sidak tests. Significant differences between treatments are denoted by
{p < 0.05 (gray vs. topiramate, purple vs. phentermine, p values have only been given at one level
for clarity). The interaction was significant on days �6 and �3 (p < 0.05, not indicated on figure)

but not on any day of drug treatment. The significant values on days�6 and�3 were probably just

false positives
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insulin resistance after dosing 10 mg/kg/day for 5 days (p < 0.05 vs. vehicle). From

tracer studies, it was concluded that the acute changes may be mainly due to an

increased hepatic glucose production (HGP), consistent with the lack of effect on

glucose uptake. In conclusion, OLAN and CLOZ can rapidly induce insulin resis-

tance independently of weight gain.

In another recent in vivo study (Martins et al. 2010), the effects of intravenous (IV)

vs intracerebroventricular (ICV) infusion of OLZ or vehicle were compared in

Sprague–Dawley rats. OLZ-iv caused a transient increase in endogenous glucose

production rate (EGP) compared to vehicle-iv. Consistent with this effect, higher

hepatic mRNA levels of the enzymes glucose-6-phosphatase and phosphoenolpyr-

uvate carboxykinase were measured in the OLZ-iv group. The authors also observed

an increased phosphorylation of hypothalamic AMPK in the OLZ-iv group compared

to controls. Similarly, the icv infusion of OLZ resulted in a transient increase in

glycemia as well as in a higher rate of glucose appearance in the basal period. OLZ-

icv caused an increased EGP but no change in the rate of glucose utilization. In line

with these findings, levels of hepatic gluconeogenic enzymes were elevated as well as

hypothalamic NPY and agouti-related protein (AGRP) mRNA levels. Martins and

coworkers concluded that acute CNS exposure to OLZ induces hypothalamic AMPK

and hepatic insulin resistance. This would support a hypothalamic site of action for

the metabolic dysregulation of atypical antipsychotics.

Antel and coworkers (Theisen et al. 2007) pursued the hypothesis that both

olanzapine and clozapine lead to weight gain in predisposed individuals via binding

to receptors in the CNS that are involved in body-weight regulation. The investigators

compared radioligand binding affinities of clozapine, olanzapine, and haloperidol to

both anorexigenic (bombesin receptor subtype 3, calcitonin gene-related peptide

receptor, cholecystokinin receptor, melanocortin-4 receptor, neurotensin receptor 1)

and orexigenic (cannabinoid receptor 1, galanin 1 receptor, melanin-concentrating

hormone receptor, neuropeptide Y1 receptor) receptors. Clozapine, olanzapine, and

haloperidol exhibited negligible affinities to all of these receptors except for the

melanin-concentrating hormone receptor. With respect to other candidates from

(neuro)transmitter systems suggested to be involved in antipsychotic-induced weight

gain, the binding profile of olanzapine resembled that of clozapine, with high affinity

for serotonin (5-HT) 5-HT2A, 5-HT2C, and 5-HT6; muscarinic M1; and histamine

H1 receptors. In contrast, the binding profile of haloperidol was substantially differ-

ent (high affinity only for the dopamine D1 receptor).

2.2 Clinical Observations

2.2.1 Clinical Trials of Topiramate in Obesity and Type 2 Diabetes

Topiramate is readily and completely absorbed from the gastrointestinal tract and

negligibly bound to plasma proteins. Its bioavailability is 80%. When used as a

monotherapy, topiramate is eliminated primarily in the urine in an unchanged form
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with a half-life of 20–30 h. Topiramate is usually titrated with an increasing dosing

scheme from 2 � 25 mg/day up to about 2 � 200 mg/day or even higher.

One of the first reviews evaluating seven double-blind controlled studies of

topiramate with a focus on safety and tolerability appeared in 1998 (Jones 1998).

The review revealed no evidence of serious systemic side effects, but renal stones

were reported in 1.5% of patients, possibly due to the inhibition of carbonic

anhydrase by topiramate. The most common adverse events were somnolence,

weight loss, mental slowing, fatigue, ataxia, and irritability. Most of these events

were reversible. Jones stated that the unique observation of “abnormal thinking”

seemed to be related to high doses and a rapid uptitration. Patients, rather than

describing psychomotor slowing, described a phenomenon of slow thoughts,

decreased cognition, and intermittent difficulty of, e.g., calculating. Last but not

least, weight loss appeared in approximately 10–20% of patients and was

hypothesized to be probably related to dulling of appetite. It is worth mentioning

that in these studies, epileptic patients, but not obese patients were treated. Despite

these side effects, it is remarkable that over 80% of the patients remained on the

drug because of an improved quality of life. In general, doses beyond 600 mg/day

were often not well tolerated.

In an uncontrolled prospective trial including nonobese and obese epileptic

adults (40–110 kg) with partial-onset seizures, topiramate was added to the con-

ventional anticonvulsants (Ben-Menachem et al. 2003). The observed weight

reduction was dependent on the baseline BMI and was sustained for at least

1 year. Reduced caloric intake seemed to account for a part of the weight loss at

the onset of treatment since caloric intake later returned to baseline levels. The

more obese, the greater was the observed weight loss, and the strong correlation

with baseline BMI (p ¼ 0.0007) was considered a very promising pattern. In obese

patients [body mass index (BMI) � 30 kg/m2] who completed 1 year of topiramate

treatment, mean weight loss was 4.2 kg (4.3%) at 3 months and 10.9 kg (11.0%) at

1 year.

These observations of weight loss as secondary or tertiary endpoint in epilepsy

or migraine studies led to the design of trials directly assessing the potential of

topiramate as an antiobesity agent. Astrup and Toubro (2004) reviewed the first

three clinical trials of topiramate for weight reduction in obese subjects, which

included the 6-month dose-ranging (Bray et al. 2003), a 2-year, and a 44-week

study of subjects who had previously lost weight on a low-calorie diet. All three

studies found topiramate to be significantly more efficacious than placebo. Notably,

weight loss continued for 1 year and, perhaps, could have continued for a longer

period. A meta-analysis of several weight-loss trials including those with

topiramate was published by Li and colleagues (2005). They used only data

obtained for the higher dose and calculated that the overall pooled random-effects

estimate of the percentage of weight loss in topiramate-treated patients compared

with placebo recipients was 6.5% (CI, 4.8–8.3%).

All studies reported a statistically significant weight loss, but the individual

magnitudes showed a substantial variability. It is important to note that at the

time of Li’s analysis, most studies were assessed on the basis of data in abstracts.
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Adverse events that were reported more frequently in topiramate-treated patients

than in placebo recipients included paresthesia and changes in taste. Other CNS and

gastrointestinal effects were also reported more frequently in the topiramate groups

and showed a dose dependency of the adverse effects.

Topiramate was also investigated in studies including patients with additional

comorbidities such as essential hypertension, diabetes, and eating disorders.

Tonstad and colleagues investigated topiramate (Tonstad et al. 2005) in obese

subjects (body mass index 27–50 kg/m2) with essential hypertension. They planned

to study 531 obese subjects in three arms (placebo, topiramate 96, or 192 mg/day,

respectively) in a randomized, placebo-controlled trial for 60 weeks. However, the

study was ended earlier by the study sponsor (Johnson & Johnson). As a conse-

quence, they could only asses the efficacy within a modified intent-to-treat popula-

tion whose participants were on medication for 28 weeks. Weight loss was 1.9%,

5.9%, and 6.5% from baseline in the placebo, 96-mg, and 192-mg groups, respec-

tively (p < 0.001 for each comparison with placebo). Diastolic and systolic blood

pressure were reduced by 2.1, 5.5, and 6.3 mmHg (p < 0.015 vs. placebo) and 4.9,

8.6, and 9.7 mmHg (p ¼ NS) in the placebo, 96-mg, and 192-mg groups, respec-

tively. Adverse events were paresthesia, fatigue, and difficulty with concentration

and attention that might have led the manufacturer to stop the trial early and to

considerations to develop a controlled-release formulation.

In addition, topiramate was evaluated in obese subjects with type 2 diabetes

treated with metformin as standard of care. The study (Toplak et al. 2007) was a

multicenter (68), double-blind, placebo-controlled trial defining mean percent

change in weight and change in glycosylated hemoglobin (HbA1c) from baseline

to end of study as joint primary efficacy parameters. All participants received an

individualized diet (600 kcal/day less than the subject’s individually calculated

energy expenditure) and advice for exercise plus behavioral modification. After a 6-

week single-blind placebo run-in, subjects were randomized to placebo or two arms

with topiramate (96 mg/day or 192 mg/day, respectively). In order to mitigate CNS

side effects, the trial started with an 8-week titration period, followed up by a

treatment with the assigned dose for 52 weeks. However, this study was also

terminated early by the sponsor Johnson & Johnson in order to develop a new

controlled-release formulation with the potential to enhance tolerability via an

improved pharmacokinetic. In order to make best use out of the study, a

predetermined modified intent-to-treat (MITT) population of 307 subjects whose

randomization date would have allowed them to complete 24 weeks of the study

prior to the stop was used to assess the efficacy. In total, 646 obese men and women

(age: 18–75 years; body mass index, 27–50 kg/m2) with type 2 diabetes mellitus

and metformin as the only background were randomized. After 24 weeks of

treatment, subjects in the placebo, topiramate 96 mg/day, and topiramate 192 mg/

day groups lost 1.7%, 4.5% (p < 0.001), and 6.5% (p < 0.001) of body weight,

respectively. HbA1c decreased by 0.1%, 0.4% (p < 0.001), and 0.6% (p < 0.001)

(MITT, LOCF). However, although topiramate had reduced weight and improved

glycemic control in obese subjects with T2DM on top of metformin monotherapy,

the side effects had led to an early stop of the trial.
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Topiramate was also evaluated in five published controlled trials for eating

disorders like bulimia nervosa and binge-eating disorders. A recent review by

Arbaizar and coworkers (2008) concluded that topiramate is effective at least in

short-term treatments of eating disorders associated with obesity. However, small

sample sizes and a lot of dropouts ask for longer term and adequately powered

studies prior to any generalization.

2.2.2 Clinical Trials of Topiramate–Phentermine (QNEXA®) Combination

QNEXA® is an investigational weight-loss therapy pursued by VIVUS Inc., USA,

as a novel combination of low-dose immediate-release phentermine (1/8 to 1/2 of

marketed dose) and controlled-release topiramate (1/16 to 1/4 of marketed dose).

It was hypothesized and finally proven that combinations of different therapeutic

agents with complementary mechanisms of action may have greater efficacy at

lower doses than each agent alone (Bays 2010). In addition, lower doses of the

combined drugs may attenuate the intolerances and adverse effects associated with

higher doses. A full package of clinical trials, mandatory for the submission of a

New Drug Application (NDA) to the FDA, has been performed under the sponsor-

ship of VIVUS. However, on July 15, 2010, the US FDA’s advisory committee on

endocrinologic and metabolic drugs voted ten to six that Vivus’ weight-loss drug

QNEXA® should not be allowed on the market.

The clinical development program for QNEXA® (VI-0521 (QNEXA®) Briefing

Document 2010) consisted of three phase III studies, four phase II studies, and ten

phase I studies. In total, more than 5,000 subjects were included, and about 3,000

subjects were treated for 6 months or at most 1 year duration. Three doses were

tested: low (phentermine: IR 3.75 mg/topiramate, SR 23 mg), medium (phenter-

mine: IR 7.5 mg/topiramate, SR 46 mg), and high (phentermine: IR 15 mg/

topiramate, SR 92 mg).

The adult study population included a range of subjects, from overweight (BMI

> 27 kg/m2) to severely obese (BMI > 60 kg/m2), with a range of obesity-related

comorbidities, including type 2 diabetes, hypertension, and hypertriglyceridemia.

The three phase III studies of the QNEXA® clinical development program (OB-

302 [EQUIP trial] and OB-303 [CONQUER trial], both 56-week pivotal trials; and

OB-301 [EQUATE], a 28-week confirmatory study) evaluated the efficacy and

safety of three fixed-dose combinations.

The EQUIP (OB-302) trial involved 1,267 obese patients with BMI > 35 kg/m2.

Subjects who had completed study OB-302 on QNEXA® Top lost 14.4% and on

QNEXA® Low lost 6.7% of baseline body weight and showed by ITT analysis,

reduction of 11.0%, 5.1%, and 1.6% for QNEXA® Top, QNEXA® Low, and

placebo, respectively.

The CONQUER (OB-303) trial evaluated 2,487 patients with BMI between 27

and 45 kg/m2 with two or more comorbidities. QNEXA® Top and placebo treat-

ment groups comprised twice as many subjects as the QNEXA® Mid group. The

coprimary endpoint was percent weight loss and percentage of subjects achieving
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5% weight loss at study end (week 56). In total, 1,723 (69.3%) subjects completed

all study visits, and 764 (30.7%) subjects discontinued the study. The percentages

of subjects who completed the study were 62.0% in the placebo group, 75.1% in the

QNEXA® Mid dose group, and 73.7% in the QNEXA® Top dose group (VI-0521

(QNEXA®) Briefing Document 2010). Subjects who had completed study OB-303

on QNEXA® Top lost 12.4% and on QNEXA® Mid lost 9.6% of baseline body

weight. For the placebo group, mean percent weight loss was relatively stable from

week 28 to the end of the study, with mean percent weight loss averaging 1.6% at

the end of the study. By ITT analysis, the results were similar, with losses of 10.4%,

8.4%, and 1.8% for QNEXA® Top, QNEXA® Mid, and placebo, respectively.

There was a significant improvement of a number of cardiovascular risk markers

in patients receiving the medication, such as waist circumference, systolic and

diastolic blood pressure, and lipids. Significant improvements were also reported

for fasting blood glucose, HbA1c, and HOMA index in diabetic patients on both

doses. Overall, the QNEXA® treatment was very effective in a high proportion of

obese subjects, and the greatest weight loss was observed in patients with the

highest baseline BMI. The same applied also to benefits regarding cardiovascular,

metabolic, and glycemic parameters.

The integrated safety analyses revealed that the commonly observed adverse

events associated with QNEXA® treatment were, in order of frequency, dry mouth,

paresthesias, constipation, upper respiratory tract infection, taste alteration, and

insomnia. All these effects are known side effects of either topiramate or phenter-

mine and do not represent novel side effects based on the combined pharmacology

of the two drugs. Interestingly, some of the well-recognized side effects of

topiramate, such as paresthesia, somnolence, psychomotor slowing, and difficulty

with memory, occurred at a lower incidence than previously observed in

monotherapy. This might be due to the lower doses of topiramate in the fixed-

dose combinations, the opposing effects of the phentermine component (CNS side

effects of this sympathomimetic amine are e.g., overstimulation, restlessness,

dizziness, insomnia, euphoria, and dysphoria), or the altered pharmacokinetic of

topiramate due to the modified-release formulation.

The dropout rate ranged from 31 to 43% for subjects on QNEXA® and 47% for

the patients on placebo. However, 18% of patients taking QNEXA® high dose

discontinued because of side effects compared to 9% in the placebo group (VI-0521

(QNEXA®) Briefing Document 2010).

2.2.3 Clinical Observations: Topiramate and Antipsychotics

Several case reports (Dursun and Devarajan 2000) and observational studies (Levý

et al. 2002; Lévy et al. 2007; Nickel et al. 2005; Kim et al. 2006) reported the

sometimes dramatic weight gain induced by clozapine and olanzapine, and the

mitigating effect of coadministered topiramate. Apart from single weight-neutral

antipsychotics, most increase appetite/caloric intake and/or modify the perception

of satiety in a negative manner, leading to more or less significant weight gain
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(Baptista et al. 2008; Maayan et al. 2010). A systematic study of healthy volunteers

provided no evidence for a concomitant decrease in resting energy expenditure

(Fountaine et al. 2010).

In 2000 Dursun and Devarajan (2000) described a weight gain of 45.5 kg in

25 months after treatment of a chronic paranoid schizophrenic male adult with

clozapine. After initiation of additional treatment with topiramate, a significant

weight loss of 21 kg in the 5 subsequent months was reported.

Kim and colleagues performed a 12-week, randomized, open-label, parallel-

group trial of topiramate and evaluated the weight-gain trajectory during

olanzapine treatment in 60 male outpatients meeting the DSM-IV criteria for

schizophrenia (Kim et al. 2006). All eligible patients were started on olanzapine,

10 mg/day, with subsequent uptitration of the olanzapine dosage as clinically

warranted. The subjects in the olanzapine + topiramate group were additionally

started on topiramate, 25 mg b.i.d., increased to 50 mg b.i.d. on day 8, and remained

on a fixed dosage throughout the rest of the 12-week study period. The latter group

significantly differed from the olanzapine-only group with respect to the amount of

weight gain at weeks 4, 8, and endpoint, respectively (p ¼ 0.042, p ¼ 0.008,

p ¼ 0.038). Mean changes from baseline to endpoint for the olanzapine +

topiramate group and the olanzapine-only group were 2.66 � 1.79 kg and

4.02 � 2.52 kg.

Lévy and colleagues concluded from their retrospective case series study (Lévy

et al. 2007) that topiramate may offer a potential adjunctive therapy to target weight

loss in stable overweight schizophrenic patients, thus warranting further

investigations.

Subsequently, topiramatewasmore systematically tested as ameans to prevent drug-

induced weight gain (Baptista et al. 2008). In a recent review and meta-analysis

(Maayan et al. 2010), 15 different medications were evaluated: amantadine, dextroam-

phetamine, D-fenfluramine, famotidine, fluoxetine, fluvoxamine, metformin, nizatidine,

orlistat, phenylpropanolamine, reboxetine, rosiglitazone, sibutramine, topiramate, and

metformin + sibutramine. Compared with placebo, metformin led to the greatest weight

loss (N ¼ 7, n ¼ 334, �2.94 kg) (confidence interval (CI, �4.89, �0.99)). Weight

loss achieved with topiramate was significant and of similar magnitude (N ¼ 2,

n ¼ 133, �2.52 kg) (CI, �4.87, �0.16). As stated by the authors (Maayan et al.

2010) themselves, the main limitation of this meta-analysis is the relative paucity of

randomized controlled trials. As a result, there are too few studies for a number of

medications, including orlistat and topiramate. The authors also concluded that none

of the agents were able to entirely reverse weight gain induced by antipsychotics,

and that no treatment can, at the time being, be recommended for broad clinical

usage.

Interestingly, topiramate does not only mitigate clozapine-induced weight gain

and improve metabolic parameters. The agent also appeared to augment the clinical

benefits (e.g., improvement in total Brief Psychiatric Rating Scale scores) of

clozapine in partial responders treated for refractory psychosis (Hahn et al. 2010).

The mechanism(s) of this action/interaction is unknown.
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More recently, in vitro, animal, and clinical studies of drug-induced weight

alterations have also been used as an innovative translational research approach

(TOP Institute Pharma; Project T2-105 2006–2011) to uncover the underlying

mechanisms which should finally lead to the development of novel therapeutic

strategies to treat human obesity and related metabolic disorders.

3 Zonisamide

Zonisamide (Zonegran™) can be chemically classified as a sulfonamide and is

structurally unrelated to other antiepileptic agents except for topiramate which can

be chemically classified as a sulfamate. Zonisamide was discovered by Uno in 1972

and subsequently launched by Dainippon Sumitomo Pharma as Excegran in Japan.

Zonisamide has been on the market in Japan (Seino 2004; Yagi 2004; Ohtahara

2006) since 1989 and in the USA since 2000 (Jain 2000), for adjunctive therapy in

the treatment of partial seizures in adults with epilepsy. More recently (March

2005), it was approved in Europe as adjunctive therapy for refractory partial

seizures in adults.

3.1 Preclinical Observations

Zonisamide is structurally distinct from other AEDs and has multiple and comple-

mentary mechanisms of action, which likely contribute to its efficacy across a broad

range of epilepsy types. Effective control of partial seizures is attained at doses of

�300 mg/day.
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Anticonvulsant activity was demonstrated in several animal models. Its precise

mechanism(s) of action (Biton 2004) is still unknown and requires further

investigations. Zonisamide is like topiramate, a CA inhibitor (De Simone et al.

2005). However, CA inhibition is thought not to be the main mechanism of its

antiepileptic effects (Thone et al. 2008), but may be relevant for its antiadipogenic
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effects (Supuran et al. 2008). Zonisamide blocks voltage-gated sodium channels

and reduces T-type calcium channel currents (Leppik 2004). Furthermore, it binds

allosterically to GABA receptors like the benzodiazepines (Mimaki et al. 1990a, b)

and inhibits the uptake of the inhibitory neurotransmitter GABA, while enhancing

the uptake of the excitatory neurotransmitter glutamate (Ueda et al. 2003).

Similar to other AEDs, most of the observed adverse events of zonisamide are

CNS-related (e.g., somnolence, dizziness). In contrast to agents other than

topiramate, zonisamide therapy is accompanied by a substantial weight loss,

which has been demonstrated in animal studies (Walker et al. 1988) and

investigated in several clinical trials (Li et al. 2005; McElroy et al. 2004; Kim

2003; Gadde et al. 2003).

It is interesting to note that in addition to the coinciding antiepileptic effects of

topiramate and zonisamide, similarities can also be found for other interesting

therapeutic areas. For example, both compounds are effective in animal models

of neuropathic pain (Hord et al. 2003; Wieczorkiewicz-Plaza et al. 2004; Tanabe

et al. 2005) and show some promise in clinical studies in patients with neuropathies

(Chong and Libretto 2003; Vinik 2005; Hasegawa 2004; Atli and Dogra 2005).

Other overlapping efficacies pertain to bipolar disorders (Chengappa et al. 2001;

van Passel et al. 2006) and migraine prophylaxis (van Passel et al. 2006; Capuano

et al. 2004; Drake et al. 2004; Wenzel et al. 2006; Bussone et al. 2006) which has

become an approved indication for topiramate.

3.1.1 Potential Modes of Action

The precise mechanism(s) by which zonisamide exerts its antiseizure effect is still

unknown. Zonisamide was tested in several experimental models for its anticon-

vulsant activity. It was effective against tonic extension seizures induced by

maximal electroshock (MES), but ineffective against clonic seizures induced by

subcutaneous pentylenetetrazol (PTZ). In the kindled rat model, zonisamide raised

the threshold for generalized seizures. In cats, zonisamide reduced the duration of

cortical focal seizures induced by electrical stimulation of the visual cortex. It was

hypothesized that zonisamide may produce these effects through action at sodium

and calcium channels (Leppik 2004). In vitro pharmacological studies suggest that

zonisamide blocks sodium channels and reduces voltage-dependent, transient

inward currents (T-type Ca2+ currents). This effect would lead to a stabilization

of neuronal membranes and suppression of neuronal hypersynchronization. In vitro

binding studies have demonstrated that zonisamide binds to the GABA/benzodiaz-

epine receptor ionophore complex in an allosteric fashion (Mimaki et al. 1990a),

however, without any effect on the chloride flux. Zonisamide interacts with this

receptor ionophore complex (Mimaki et al. 1990b) in a manner similar to phenytoin

at therapeutic serum levels (10�4 M). Since phenytoin is weight neutral, it is

therefore unlikely that GABAergic signaling contributes to the antiadipogenic
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effects. Zonisamide does not appear to potentiate the synaptic activity of GABA,

which was confirmed in in vitro studies where zonisamide at 10–30 mg/mL

suppressed synaptically driven electrical activity without affecting postsynaptic

GABA or glutamate responses (cultured mouse spinal cord neurons) or neuronal

or glial uptake of [3H]-GABA (rat hippocampal slices) (Ueda et al. 2003). In vivo

microdialysis studies demonstrated that zonisamide facilitates both dopaminergic

and serotonergic neurotransmission. Like topiramate, zonisamide was known to

have also carbonic anhydrase–inhibiting activity, (De Simone G et al. 2005) but this

pharmacologic effect was not thought to be a major contributing factor in the

antiseizure activity of zonisamide.

Whether this is a correct assumption still remains open, but from the observed

profile of side effects (oligohidrosis, metabolic acidosis, and kidney stone forma-

tion (Knudsen et al. 2003; Fung and Nelson 2007)), it is obvious that the inhibition

of some carbonic anhydrase isozymes may become clinically relevant in some

patients treated with either zonisamide or topiramate. With regard to the rare cases

of oligohidrosis, it is speculated that the inhibition of carbonic anhydrase in

exocrine sweat glands leads to negative alterations in pH dynamics, hydrogen ion

concentration, and available calcium transients (Knudsen et al. 2003).

3.1.2 In Vivo Results: Zonisamide as Weight-Loss Agent

Several clinical studies have evaluated either zonisamide alone or Zonisamide-

Bupropion (Empatic®) as a combination for weight-loss effects. In contrast, so far,

there is no publication about the efficacy of zonisamide or Empatic® in animal

models for obesity or diabetes. However, there is one paper discussing study results

of zonisamide explored in a model of drug-induced weight gain (see below).

3.1.3 In Vivo Results: Zonisamide and Antipsychotics

In a study performed by Wallingford, the olanzapine-associated hyperphagia,

elevated blood glucose, and weight gain in female Sprague–Dawley rats were

attenuated and even reversed by a concomitant application of zonisamide

(Wallingford et al. 2008). Olanzapine was delivered via an osmotic minipump at

1.75 mg/day or control placebo (1.5% lactic acid: 100 ml of 10% lactic acid/10 mg

of drug) and delivered 5 ml per h for 14 days. Zonisamide at 26 mg/kg was injected

(IP) two times daily in a volume of 1 � 0.2 ml on the basis of body weight.

Eventually, zonisamide administration induced weight loss in vehicle-treated

animals and inhibited chronic OLZ-associated hyperphagia, weight gain, and

increased feed efficiency in OLZ-treated rats.
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3.2 Clinical Observations

3.2.1 Clinical Trials of Zonisamide in Obesity and Type 2 Diabetes

Zonisamide has been shown to effectively induce weight loss in a 16-week

randomized, double-blind, placebo-controlled trial with an optional single-blind

extension of the same treatment for another 16 weeks (Gadde et al. 2003). A total of

60 subjects (92% female) with a mean (SE) BMI of 36.3 (0.5) kg/m2 and a mean

(SE) age of 37 (1.0) years participated at the single study center. All participants

received a balanced hypocaloric diet (500 kcal/day deficit), and compliance was

monitored with self-rated food diaries. Patients were randomly assigned to the

zonisamide or the placebo arm (n ¼ 30 each). All five participating men were

randomized to zonisamide (p ¼ 0.08) and baseline BMI was slightly lower

(p ¼ 0.07) in the zonisamide group. At the onset of the trial, 100 mg of zonisamide

was given daily. Dosage was increased to 400 mg/day and further to 600 mg/day in

those patients who had lost less than 5% of their body weight after 12 weeks;

placebo dosage was adjusted accordingly. The primary outcome measure was

change in absolute body weight; percent change in weight and the number of

participants in each group who achieved weight losses of 5% or greater and 10%

or greater were also examined. Secondary outcome measures included heart rate,

blood pressure, frequency of adverse effects, fasting electrolytes and lipids, waist

measurement, and impact of weight on quality of life (IWQOL) score, body

composition, and bone mineral density (BMD) as determined at baseline and

week 32 by dual-energy X-ray absorptiometry (DEXA). Fifty-one patients

completed the 16-week acute phase.

In an intent-to-treat analysis with the last observation carried forward, the body-

weight loss of the verum group significantly exceeded that of the placebo group

(mean [SE], 5.9 [0.8] kg [6.0% loss] vs. 0.9 [0.4] kg) during the 16-week period

(Gadde et al. 2003). Seventeen (57%) of 30 in the zonisamide arm and three (10%)

of 30 in the placebo arm lost �5% of body weight by week 16. Of the 37

participants who entered the extension phase, 36 completed week 32. The

zonisamide group (n ¼ 19) had a mean weight loss of 9.2 kg (1.7 kg) (9.4% loss)

at week 32 compared with 1.5 kg (0.7 kg) (1.8% loss) for the placebo group

(n ¼ 17). Weight loss for patients treated with zonisamide was significantly

associated with a decrease in fat mass. At week 16, the IWQOL subscales health,

work, mobility, and activities of daily living improved significantly in the verum
group vs. placebo. Decrease in waist circumference was significantly greater with

zonisamide therapy over the 16 weeks. Heart rate decreased by a mean of 2 beats

per min in the total sample; no statistical difference between the groups was

detected. Blood pressure did not change over time. Similarly, no significant changes

in levels of lipids or fasting blood glucose with either treatment were detected.

Total BMD showed a small but statistically significant increase in the overall

sample although there was no difference between the groups. Fatigue was the

only side effect reported more frequently by the patients treated with zonisamide
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both in the acute and extension phases. Mean serum creatinine concentrations

increased significantly in the verum (from 0.78 mg/dL at baseline to 0.92 mg/dL)

vs. the placebo group (0.75 to 0.77 mg/dL).

The efficacy of zonisamide to treat binge-eating disorder (BED) was initially

addressed in an open-label, prospective, 12-week, flexible-dose (100–600 mg/day)

study; 8 of the 15 subjects with BED completed the study (McElroy et al. 2004).

Among these completers who received a mean (SD) zonisamide daily dose at

endpoint evaluation of 513 (103) mg/day, binge-eating episode frequency, binge

day frequency, and BMI decreased significantly. Four noncompleters suffered

adverse events.

Zonisamide was subsequently assessed in a 16-week, single-center, randomized,

double-blind, placebo-controlled, flexible-dose (100–600 mg/day) trial of 60

outpatients with BED and obesity (McElroy et al. 2007; NCT00221442). The

primary outcome measure was weekly frequency of binge-eating episodes. The

primary analysis of efficacy was a longitudinal analysis of the intent-to-treat

sample, with treatment-by-time interaction as the effect measure. In comparison

to placebo, zonisamide resulted in a significantly greater rate of reduction in binge-

eating episode frequency, BMI, and scores on the Clinical Global Impressions-

Severity scale, Yale-Brown Obsessive Compulsive Scale Modified for Binge

Eating, and Three Factor Eating Questionnaire disinhibition scales. Interestingly,

plasma ghrelin concentrations increased with zonisamide but decreased with pla-

cebo. The mean (SD) zonisamide daily dose at endpoint evaluation was 436 (159)

mg/day. Twelve patients (N ¼ 8 receiving zonisamide, N ¼ 4 receiving placebo)

discontinued because of adverse events. The most common reasons for

discontinuing zonisamide were accidental injury with bone fracture (N ¼ 2), psy-

chological complaints (N ¼ 2), and cognitive complaints (N ¼ 2). The authors

concluded that zonisamide was efficacious in the short-term treatment of BED

but not well tolerated. According to a recent review of psychiatric side effects

of centrally active antiobesity drugs, cognitive impairments have been most fre-

quently associated with the antiepileptic drugs, topiramate and zonisamide (Nathan

et al. 2011).

Zonisamide has also been administered to 25 recovered, overweight (mean BMI

34.2 � 3.1 kg/m2) euthymic adult outpatients with bipolar disorder in an open 6-

month-long trial (Wang et al. 2008). Mean BMI loss was 1.2 � 1.9 kg/m2. The

majority of patients (n ¼ 18; 72%) discontinued study participation, 11 of these

due to emergent mood and 5 due to adverse physical events. The investigators

concluded that adjunctive zonisamide appeared effective; however, the high rates

of mood adverse events warrant consideration.

3.2.2 Clinical Trials of Zonisamide–Bupropion (Empatic®) Combination

In a small 12-week-long randomized, open-label, parallel-group trial, 18 females

with a mean BMI of 36.8 kg/m2 were randomized to either zonisamide monotherapy
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or a combination therapy of zonisamide and bupropion. For all subjects, zonisamide

was started at 100 mg/day and gradually increased to 400 mg/day. For the combina-

tion therapy arm, bupropion was started at 100 mg/day and increased to 200 mg/day

after 2 weeks. A balanced hypocaloric diet (500 kcal/day deficit) was recommended

to all subjects, and compliance was monitored with self-rated food diaries. Body

weight in kilograms was the primary outcome measure. Six patients did not com-

plete the study. In an intent-to-treat analysis, carrying the last observation forward

for all randomly assigned participants with at least one postbaseline assessment, the

combination group lost more body weight than the zonisamide group (mean

[SE] ¼ 7.2 [1.2] kg [7.5%] vs. 2.9 [0.7] kg [3.1%]; F ¼ 4.7, df ¼ 4,56;

p ¼ 0.003) during the 12-week period. For the subset of 12 patients (combination,

N ¼ 7; zonisamide, N ¼ 5) who completed the 12-week treatment, the mean (SE)

weight loss was 8.1 (1.4) kg (8.5%) for the combination group vs. 3.0 (0.9) kg (3.3%)

for the zonisamide group (F ¼ 4.6, df ¼ 4.40; p ¼ 0.004). Six subjects in the

combination group and two in the zonisamide group lost at least 5% of body weight

(Gadde et al. 2007).

Subsequent to the aforementioned small trial, Orexigen Therapeutics Inc.

conducted the phase II trial “A Dose Parallel, Randomized, Placebo-Controlled,

Multicenter Study of the Safety and Efficacy of Multiple Regimens of the Combi-

nation of Zonisamide CR Plus Bupropion SR in the Treatment of Subjects With

Uncomplicated Obesity” (NCT00339014) between 2006 and 2008 in order to

assess which of six combinations of zonisamide controlled release (CR; 120, 240,

and 360 mg) and bupropion slow release (SR; 280 and 360 mg) gives the best

weight loss in comparison to a placebo arm and is safe and well tolerated for the

treatment of obesity not associated with the complications of obesity such as type

2 diabetes mellitus. Thirteen US treatment centers are involved; 611 subjects were

enrolled. The primary outcome criterion was % change in total body weight as

measured between baseline and week 24 (ITT-LOCF analysis). In addition to other

weight-related outcomes such as blood pressure, triglyceride levels, and fasting

glucose levels, respectively, quality of life, sleep quality and quantity, HAMD-17

Maier subscale scores, and change in “brief assessment of cognition” composite

scores were the secondary outcomes. Relevant inclusion criteria for obese

individuals with a BMI between 30 and 43 kg/m2 and within the age range 18 to

60 included absence of clinically significant illness or disease as determined by

medical history and physical examination. The study has been completed; results

have not yet been published.

For the trial “A Phase IIB, Multi-Center, Dose-Parallel, Randomized, Double-

Blind, Monotherapy and Placebo-Controlled Safety and Efficacy Study of

Zonisamide SR Plus Bupropion SR Combination Therapy in Subjects With

Uncomplicated Obesity” [NCT00709371] Orexigen Therapeutics Inc. included

20 treatment centers; the estimated enrollment is given at 600 subjects within the

age range of 18–65 with uncomplicated obesity (BMI between 30 and 45 kg/m2).

The six treatment arms include placebo and zonisamide SR (120 and 360 mg/day)

with bupropion (placebo, 360 mg/day). The primary outcome criterion was also %

456 J. Antel and J. Hebebrand



change in total body weight as measured between baseline and week 24. The study

has also been completed; results have not yet been published.

3.2.3 Clinical Observations: Zonisamide and Antipsychotics

Based on the suppression of typical side effects of olanzapine with ziprasidone in

rodents (Wallingford et al. 2008), Orexigen Therapeutics Inc. conducted a small

trial (NCT00734435) with enrollment of n ¼ 26 patients to assess the effect of

Ziprasidone SR (placebo, 90 and 360 mg/day) in patients with schizophrenia,

schizoaffective disorder, or schizophreniform disorder who received either 10 or

20 mg of olanzapine (A Proof of Concept, Multi-Center, Randomized, Double-

Blind, Parallel, Placebo-Controlled, Study of Zonisamide Sustained Release (SR)

360 mg Versus Placebo in the Prevention of Weight Gain Associated With

Olanzapine Therapy for Psychosis). The study was terminated based on financial

considerations.

Currently (August 2010), a single-center, 16-week, randomized, double-blind,

placebo-controlled, parallel-group, flexible-dose study in 60 outpatients with

schizophrenia and related psychotic or bipolar disorders and with a BMI > 22

treated with olanzapine (5–20 mg/day) is ongoing (ClinicalTrials.gov Identifier:

NCT00363376). Aim of this study is to evaluate the efficacy, tolerability, and safety

of zonisamide therapy in the prevention of weight gain associated with olanzapine

treatment for psychotic or bipolar disorders.

The primary outcome will be change in weight. Secondary outcome measures

will include BMI, waist circumference, and other metabolic variables (fasting

lipids, glucose, insulin) as well as outcomes from psychiatric scales (e.g., YMRS,

IDS, PANSS, CGI, BES). In this study, zonisamide dose will be increased from

100 mg/day (7 days) up to a potential maximum of 600 mg/day (depending on

clinical signs and tolerability) by the end of the sixth week of treatment in 100 mg/

day weekly installments. Olanzapine is administered open-label at 5-20 mg/day and

titrated to minimize side effects and optimize response.

Another ongoing placebo-controlled trial is investigating zonisamide in a more

general fashion for the treatment of weight gain associated with psychotropic

medication use (NCT00203450). The primary objective of this study is to compare

the efficacy of zonisamide (Zonegran; 100–400 mg/day) and placebo as an adjunc-

tive agent on lowering weight in subjects (BMI > 25 kg/m2) who are on atypical

neuroleptics except aripiprazole or ziprasidone, all forms of valproate, all forms of

lithium, or all forms of carbamazepine.

Another trial aiming to provide proof of concept for the effect of zonisamide (SR

360 mg) to prevent weight gain associated with olanzapine therapy was terminated

for financial reasons (NCT00734435).

A fourth study (NCT00401973) involving zonisamide and olanzapine has just

been completed but not yet published.
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4 Conclusions and Outlook

It remains speculative whether the mechanism of action of topiramate and

zonisamide as AEDs is different from that of their weight-modifying and

antidiabetic effect. The jury remains still out since highly selective and potent

tool compounds for each of the known mechanisms of topiramate and zonisamide

are still missing. Mechanisms such as enhancing GABAergic and reducing

glutamatergic neurotransmissions or interactions with calcium and brain sodium

channels are shared with many other AEDs and may well be “main mechanisms”

for the antiepileptic activity. It seems unlikely, however, that these mechanisms are

the main contributors to the pronounced weight-loss effects of topiramate and

zonisamide since these mechanisms are shared with weight-neutral or even

weight-gain-inducing AEDs. Whether topiramate and zonisamide act on the same

channel subtypes or on the same AMPA/kainate receptor isotypes is open to

question. There is evidence that topiramate may selectively modulate the kainate

type of receptors that contain GluR5 subunits (Gryder and Rogawski 2003). On the

other hand, studies on the interaction of zonisamide with individual AMPA/kainate

receptor subunits have not been conducted so far.

There is some evidence that carbonic anhydrase (CA) inhibition might be a

contributing factor for the antiadipogenic effect of topiramate and zonisamide since

CA inhibition is clearly a common mechanistic component of those two drugs

which is not shared by the other weight-neutral or weight-gain-inducing AEDs. But

also here, the final proof with selective and potent CA inhibitors is missing. The

possibility cannot be excluded that a combination of different mechanisms is

responsible for the observed antiadipogenic effects which warrants further studies.

Currently, there is no pharmacological treatment available that achieves an aver-

age weight loss of 10% or more without unacceptable side effects. Antiadipogenic

antiepileptics like topiramate and zonisamide, especially when used in a combination,

achieve the targeted efficacy. However, adverse side effects have so far led to

controversial discussions at advisory board meetings and rejections of applications

for marketing approval. It remains to be seen, whether modified dosing schemes,

optimized risk plans, or outcome studies will be performed by the sponsors in order to

eventually obtain marketing approval.
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