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Neuropeptide Y (NPY) is widely distributed in the human body and contributes to a

vast number of physiological processes. Since its discovery, NPY has been implicated
metabolic regulation and, although interest in its role in central mechanisms

ated to food intake and obesity has somewhat diminished, the topic remains a

ong focus of research concerning NPY signalling. In addition, a number of other

es for modulators of NPY receptors have been implied in a range of diseases,

hough the development of NPY receptor ligands has been slow, with no clinically

proved receptor therapeutics currently available. Nevertheless, several interesting

all molecule compounds, notably Y2 receptor antagonists, have been published

ently, fueling optimism in the field. Herein we review the role of NPY in the

thophysiology of a number of diseases and highlight instances where NPY

eptor signalling systems are attractive therapeutic targets.
Neuropeptide Y and its
Receptors

To date, neuropeptide Y (NPY) has

been the subject of over 10,000

research papers identifying its numer-

ous roles in the body that include,

among other things, the control of

feeding behaviour, cortical neural

activity, heart activity and emotional

regulation. Interestingly, NPY has also

been implicated in several human

diseases including obesity, alcoholism
and depression, each of which might be considered to have

behavioural or psychiatric components. NPY is a 36-amino acid

peptide that acts as a neurotransmitter or neuromodulator

depending on the context. It was originally identified and

sequenced three decades ago (Tatemoto et al, 1982) and exhibits

a 70% homology with peptide YY (PYY) and a 50% homology

with pancreatic polypeptide (PP). All three of these 36-amino

acid peptides are processed from 94 to 95 amino acid pro-

hormones and have been grouped into the same so-called NPY

family.

Neuropeptide Y and its receptors are expressed throughout

the body. In the central nervous system, they are located in

many brain regions and in the spinal cord. In the periphery, NPY

is notably located in the sympathetic nervous system, where it

acts with norepinephrine and adenosine triphosphate (ATP) to

regulate cardiovascular and other functions. More recent
peutics, The Scripps

5612283079;
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findings suggest that NPY may even be involved in sweet and

umami taste sensation (Herness & Zhao, 2009).

Heterogeneity among NPY receptors was first proposed based

on studies of sympathetic neuroeffector junctions, in which

differential NPY signalling pharmacology was observed (Wah-

lestedt et al, 1986). In this context, amidated carboxy-terminal

NPY fragments selectively stimulate prejunctional NPY recep-

tors called Y2-receptors, while post-junctional Y1-receptors are

poorly activated by NPY fragments. Later work showed that the

Y2-receptor also occurs post-junctionally in select systems such

as in cardiac myocytes (McDermott et al, 1997; Wahlestedt et al,

1990). The diversity of the NPY receptor family is shown in

Table 1. The Y1R, Y2R, Y4R and Y5R receptors have been

grouped into the same family due to the fact that they all bind

NPY, despite generally low sequence similarity. All NPY

receptors are Gi protein-coupled receptors (Fig 1) and activation

by NPY primarily results in decreased cyclic adenosine

monophosphate (cAMP) production in the cell. Activation of

the G protein complex by NPY can also lead to depressed Ca2þ

channel and enhanced G protein coupled inwardly rectifying

potassium channel (GIRK) currents (Acuna-Goycolea et al,

2005).
� 2010 EMBO Molecular Medicine 429
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Table 1. General overview of the NPY receptor family

Human receptor Peptide preference cDNA cloned (year) Comments References

Y1R PYY�NPY [leu31,pro34]NPY�NPY(13-36) 1992 Larhammar et al (1992);

Herzog et al (1992)

Y2R PYY¼NPY¼NPY(13-36)� [leu31,pro34]NPY 1995 Bard et al (1995);

Gerald et al (1995)

y3R NPY�PYY Never The putative y3R may

actually be a multimerization

of one or more of the

other NPY receptors

Wahlestedt et al (1992);

Movafagh et al (2006)

Y4R PP>PYY>NPY 1995 Rose et al (1995)

Y5R NPY(2-36)�NPY 1996 Gerald et al (1996);

Weinberg et al (1996)

y6R N/A 1996 The human y6R is a

non-functional pseudogene

in the 5q31 region

of the genome

Gregor et al (1996);

Matsumoto et al (1996)

The human Y1 receptor was cloned in 1992 (Herzog et al, 1992; Larhammar et al, 1992). The Y2 and Y4 receptors were first cloned in 1995 (Bard et al, 1995; Gerald

et al, 1995; Rose et al, 1995), and the Y5 receptor in 1996 (Gerald et al, 1996; Weinberg et al, 1996). The neuropeptide y3 and y6 receptors have both been

hypothesized in humans. The putative y3 receptor may be a multimerization of one or more NPY receptors (Movafagh et al, 2006; Wahlestedt et al, 1992). The y6

receptor is a non-functional pseudogene in humans, located in the 5q31 region of chromosome 5 (Gregor et al, 1996; Matsumoto et al, 1996).

430
NPY in Obesity

A large number of studies on NPY have investigated its

metabolic actions, especially related to food intake and obesity.

A prevalent model for the study of obesity is the ob/ob mouse

(Ingalls et al, 1950), which has been characterized as leptin

deficient. Leptin is a regulator of NPY pathways and ob/ob mice

have higher levels of NPY expression in the hypothalamus

(Stephens et al, 1995). This, coupled to the fact that the central

administration of NPY increases food intake, has led to much
Glossary

Angiogenesis
Development of blood vessels in the embryo or in an adult tissue.

Anxiolytic
A drug used for the treatment of symptoms of anxiety.

Inflammation
A poorly specific immune response of body tissues to infection,

irritation or other injuries, characterized by pain, swelling, redness

and heat.

Metastasis
The spreading of cancer from one part of the body to another.

Negative-feedback pathway
A network motif in which a node (hormone, protein, molecule, etc.)

directly or indirectly negatively regulates itself in terms of production

or activity.

Neurogenesis
The process by which neurons are generated from neural stem cells in

the brain. Neurogenesis is most active in the young developing brain,

but also occurs throughout life even into old age.

Nociceptive
The neural processes of encoding and processing noxious stimuli.
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excitement about the idea that NPY systems regulate feeding

behaviour.

Interestingly, however, NPY knockout mice are largely

normal without any change in food intake or obesity (Erickson

et al, 1996). On the other hand, Y1R knockout mice (Kushi et al,

1998) have higher body weights and more white adipose tissue,

while both Y2R and Y5R knockout mice also have higher body

weights, increased food intake and greater adipose deposition—

though in the Y5R knockout mice this only occurs later in life

(Marsh et al, 1998; Naveilhan et al, 1999). In contrast, Y4R
Pancreatic polypeptide (PP)
Pancreatic polypeptide was originally isolated from the pancreas and

is believed to be the primary endogenous ligand for the Y4R (Kimmel

et al, 1975). PP is released from the pancreas as a result of food intake

and causes food absorption (Joehl & DeJoseph, 1986).

Peptide YY (PYY)
Peptide YY is mainly expressed in L-cells of the distal GI system

(Tatemoto & Mutt, 1980). The peptide has affinity for all the

NPY receptors but is 10-fold more potent at the Y1R, while both

the full length and naturally occurring PYY(3-36) fragment

have affinity for the Y2R. PYY causes nutrient and electrolyte

absorption in the colon and distal GI tract, serving as a sensory

hormone for the presence of excess nutritive matter (Vona-Davis &

McFadden, 2007).

Pheochromocytoma
Adrenal gland tumour that causes overproduction of sympathetic

nervous system hormones, such as epinephrine and norepinephrine.

Synaptic junctions (pre- and post-synaptic)
The place where a nerve impulse passes, in the form of an electric

signal, from one neuron to another or to a muscle.

Umami
‘Savoriness’—one of the basic tastes (in addition to sweet, sour, bitter,

salty).
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Figure 1. Typical intracellular signalling cascades for NPY receptors. All NPY receptors couple to the Gi signalling cascade where the alpha subunit inactivates

adenylyl cyclase. The betagamma subunit activates a number of different kinase cascades. Activation of the G protein complex can also lead to depressed

Caþþ channel activity and enhanced G protein coupled inwardly rectifying potassium (GIRK) currents (Acuna-Goycolea et al, 2005). Initiation of these cellular

signalling cascades has a multitude of effects such as the initiation of transcription or the stimulation or inhibition of hormone/neurotransmitter release,

and is the basis for the physiological effects of NPY.
knockout mice show reduced body weight and adipose tissue,

which suggests an opposing action of Y4R in metabolism

(Sainsbury et al, 2002).

Although the experiments reported above in conjunction

with additional studies using mouse models have yielded a

wealth of information on the roles of these peptides and their

receptors, we believe that there may be confounding factors

contributing to the phenotypes seen. First, germline deletions

of the peptide or receptors are likely to result in many

compensatory changes to the underlying mouse physiology.

Second, factors such as food seeking necessity, acute stress

response or other general stressors associated with survival

cannot be mimicked in the laboratory environment. Therefore,

we and others hypothesize that other factors, most notably

anxiety, play a role in the actions of NPY in metabolic diseases.

For example, chronic stress combined with poor diet can lead to

abdominal obesity via activation of NPY and resultant

adipogenesis (Kuo et al, 2007, 2008). Kuo and colleagues have

elegantly outlined a system for the effects of chronic stress on

food intake as it relates to NPY (Kuo et al, 2008), which may

become a prevalent model for the actions of NPY in other

systems as well.

The discovery of Y2R and Y4R peptide agonists, as well as

Y5R antagonists has increased interest in NPY family signalling

in the context of obesity. As a result, receptor modulators such

as obinepitide, MK-0557 or velneperit have entered into clinical

trials (Small & Bloom, 2005). The first of these, obinepitide
www.embomolmed.org EMBO Mol Med 2, 429–439
(TM30338; 7TM Pharma), which is a peptide agonist at both the

Y2R and Y4R, is currently in phase I/II trials for the treatment of

obesity. However, the other two, MK-0557 and velneperit, both

Y5R antagonists, have failed to achieve clinically meaningful

reductions in obesity (Erondu et al, 2006; Sato et al, 2009).

Another small molecule, PYY(3-36), has been proposed to act as

an endogenous Y2R agonist and possibly an antiobesity

compound (Batterham et al, 2002), but this hypothesis has

been challenged (Boggiano et al, 2005). Nevertheless, there is

genetic evidence that a common Y2R gene variant is protective

against obesity in men (Lavebratt et al, 2006) and Y2R agonists

may have other shortcomings and side effects that lead to a lack

of efficacy, most notably nausea, which occurred when either

PYY(3-36) or obinepitide was given to humans (Feletou &

Levens, 2005; Sato et al, 2009).
NPY in Anxiety, Depression and Epilepsy

The role of NPY in mood disorders has been studied extensively

(Eaton et al, 2007; Thorsell et al, 2006; Wahlestedt et al, 1989).

In patients with major depression, for example, several studies

have found that central NPY levels, primarily measured in the

cerebrospinal fluid, are markedly low and correlate inversely to

anxiety (Heilig, 2004; Widdowson et al, 1992). Remarkably,

only a few scattered efforts have focused on developing a NPY

receptor modulator for psychiatric purposes.
� 2010 EMBO Molecular Medicine 431
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The Y2 receptor is located presynaptically on neurons that

contain NPY, and it negatively regulates NPY release (King et al,

1999). NPY is an anxiolytic-like substance, which has led us to

speculate that a synthetic compound that blocks the Y2 receptor

mediated negative-feedback pathway will likely also be

anxiolytic (Thorsell et al, 2006). Antagonism of Y2R would

thus be expected to increase NPY levels in the CNS and may

prove useful in treating certain psychiatric diseases. Indeed, Y2R

null mice demonstrate reduced anxiety-like behaviour com-

pared with wild type controls (Redrobe et al, 2003). The

administration of the Y2R antagonist N-[(1S)-4-[(Aminoimino-

methyl)amino]-1-[[[2-(3,5-dioxo-1,2-diphenyl-1,2,4-triazolidin-

4-yl)ethyl]amino]carbonyl]butyl]-1-[2-[4-(6,11-dihydro-6-oxo-5H-

dibenz[b,e]azepin-11-yl)-1-piperazinyl]-2-oxoethyl]-cyclopentane-

acetamide (BIIE0246), as well as Y1R agonists, induced anti-

depressant-like effects in mice (Rimondini et al, 2005). In contrast,

an emerging role for NPY is as an anticonvulsant via activation

of the Y2R, which was measured both by brain injection of NPY

and by using NPY overexpressing viral vectors in rat hippocampi

(Noe et al, 2009, 2010; Sperk et al, 2007). Therefore it is not

known whether Y2R antagonists will have pro-convulsive side

effects. On the other hand, Y2R brain penetrant agonists are

almost sure to be anticonvulsant.

The Y1R has also been implicated in antianxiety behaviour in

rats (Wahlestedt et al, 1993), as well as in the mediation of adult

neuronal proliferation and hippocampal neurogenesis (Decres-

sac et al, 2010; Hansel et al, 2001). Induction of neurogenesis in

the hippocampus has been targeted as a potential treatment for

depression, Alzheimer’s disease and schizophrenia among other

diseases (DeCarolis & Eisch, 2010). Presumably, NPY (or a Y1R

agonist) could serve as an antidepressant (or cognitive

enhancer) by induction of neurogenesis from neural stem cells.

Though this remains to be tested, it is an emerging role for NPY

that has some therapeutic potential.
NPY in Alcoholism

There is a large and compelling body of evidence implicating

NPY and signaling in habitual alcohol use and abuse. First, data

from human studies shows that NPY levels are reduced in the

brain of alcoholic individuals compared to controls, though

whether this is a cause or a consequence of alcohol abuse

remains unclear (Mayfield et al, 2002). Second, in two

corroborating studies of alcoholic families in the USA of

European and African descent, a significant association of small

nucleotide polymorphisms (SNPs) in the Y2R gene with alcohol,

cocaine and co-morbid alcohol and cocaine dependence, as well

as alcohol withdrawal symptoms, were observed (Lappalainen

et al, 2002;Wetherill et al, 2008). This also suggests that the Y2R

plays a role in addictive disorders other than alcoholism.

Several additional lines of evidence from animal models

support the idea that the Y2R constitutes a viable target for the

treatment of alcohol dependence. Although the Y1R, Y2R and Y5R

have all been implicated in the modulation of alcohol intake, only

Y2R messenger RNA (mRNA) has been found to be substantially

reduced in alcohol-preferring rats (Caberlotto et al, 2001),
� 2010 EMBO Molecular Medicine
suggesting that it modulates affinity for the drug. Further, Y2R

knockout mice consume less ethanol than wild type mice (Thiele

et al, 2004). Importantly, administration of the Y2R antagonist

BIIE0246 to rats that had been exposed to ethanol vapour

attenuated alcohol intake in a lever press ethanol administration

paradigm; it did not affect rats without prior exposure (Rimondini

et al, 2005; Thorsell et al, 2002). Nevertheless, additional work is

still required to validate Y2R as a tractable clinical target and its

antagonists as alternatives to current pharmacological treatments

of alcohol dependence (such as the aldehyde dehydrogenase

inhibitor disulfiram, the opioid receptor antagonist naltrexone and

the functional glutamate receptor antagonist acamprosate).
NPY in Bone Physiology

It has become apparent in the last decade,mostly due to the efforts

of Herzog and colleagues, that NPY plays a role in bone

homeostasis (Lee & Herzog, 2009). Ob/ob (leptin deficient) mice

are known to have greater bone density, and Ducy and colleagues

have shown that ob/ob mice administered with NPY (i.c.v.) have

decreased bone density compared to control mice (Ducy et al,

2000). This singular observation was made by histologically

assessing vertebrae mass and volume, and has been followed up

by others. However, it is not clear whether this effect is mediated

through the Y2 or Y1 receptor. Y2R knockout mice have greater

bone density, which is likely due to greater osteoclast (bone

absorbing cell) activitymediated via the Y2R in the hypothalamus,

as thiswas also seen in hypothalamus specific deletions of the Y2R

(Baldock et al, 2002, 2006). Y1R knockout mice have greater bone

mass and formation, and Y1 receptors have been observed on

osteoblasts (bone forming cells) (Baldock et al, 2007). In Y2R

knockoutmice, the Y1R is also down-regulated, possibly due to an

increase in NPY from a lack of Y2R mediated feedback (Lundberg

et al, 2007). Thus, it remains to be determined whether it is the

Y1R or the Y2R that is primarily involved in bone formation and

which is most suited as a target for therapeutic intervention.

Current pharmacological treatment for osteoporosis (bone

thinning) centres around a class of drugs called bisphosphonates,

which includes products such as Fosamax (alendrate, Merck),

Actonel (risedronate, Proctor & Gamble and Sanofi-Aventis) or

Boniva (ibandronate, GlaxoSmithKlein and Roche Labs). Bispho-

sphonates incorporate into bone and prevent bone reabsorption

by osteoclasts. However, because bisphosphonates reduce bone

loss by interfering with osteoclast activity—rather than by

promoting bone formation—they have relatively little effect in

people with advanced osteoporosis who already have significant

bone loss. NPY receptor modulators could supplement current

pharmacotherapies. Y2R antagonists could reduce osteoclast

activity via a hypothalamic mediated mechanism (unlike the

metabolic inhibition that bisphosphonates confer) and could also

lead to reduced Y1R function, which combined would lead to

increased osteoblast function and increased bone density.

Therefore, an increase in bone density would be expected,

perhaps even leading to the reduction or loss of osteoporosis. It is

also interesting to note that this bone building mechanism

mediated by the NPY receptors might be related to sex steroids
EMBO Mol Med 2, 429–439 www.embomolmed.org
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such as oestrogen (Heikkinen et al, 2004; Zengin et al, 2010), and

so represents an attractive target for increasing bone volume

in post-menopausal women without the need for hormone

replacement therapy.
NPY in Pain

Neuropeptide Y has been strongly implicated in pathways

related to nociceptive pain and inflammation. Naveilhan and

colleagues tested the ability of capsaicin, which induces a

burning pain sensation, to elicit a substance P response in wild

type and Y1R knockout mice. Substance P is a sensory

transmitter that is a key mediator of pain signalling. Y1R

knockout mice did not present increased substance P levels,

though the wild type mice did (Naveilhan et al, 2001). In the

same study the authors showed that the Y1R knockout mice

were more sensitive to a number of pain stimuli, including

thermal and chemical. Other studies have broadened our

understanding of the possible link between NPY and pain and it

is now clear that both the Y1R and the Y2R are involved in

mediating pain signalling in the brain (reviewed in Brumovsky

et al, 2007). For instance, the injection of NPY elicits an

analgesic response, which is thought to be a result of Y1R

stimulation (Mantyh, 2002; Seybold et al, 2003); the Y2 receptor

also plays a role (Moran et al, 2004).

The question of whether NPY is pro- or antinociceptive, or

both, remains to be elucidated. It appears as though NPY serves

as an analgesic peptide in the skin because subcutaneous

injection of the peptide blocks thermal and mechanical pain:

likely via the activation of the Y2R on Ad and/or c sensory nerve

fibres (Brumovsky et al, 2007; Tracey et al, 1995). Travelling

further up the sensory nervous system, it is likely that NPY acts

via both the Y1R and the Y2R to mediate pain signalling in the

dorsal root ganglion. The proposed mechanism is via cross-

excitation of other dorsal root ganglia (DRG), thus increasing the

overall sensitivity of the system to pain inputs (Amir & Devor,

1996). Based on this, Brumovsky and colleagues have proposed

that a peripherally active Y2R antagonist would be useful in

reducing the pain sensitivity threshold in DRG, but this has not

been directly tested (Brumovsky et al, 2007). Travelling from

DRG to the spine, NPY and its receptors have been found to be

expressed in spinal nerves (Brumovsky et al, 2005, 2006; Gibson

et al, 1984); however, much less is known about what the NPY

systems in the spine may have to do with pain sensation. It may

be that NPY is partly responsible for the transmission of pain

sensation from the periphery to the brain in the spine (Mantyh,

2002). Less still is known about the role of NPY signalling in the

brain to mediate pain sensation; however, it is likely that NPY

does play a role here: Jung and colleagues injected NPY into the

brain stem and found an analgesic response after induction of

neuropathic pain (Jung et al, 2009). Therefore, NPY appears to

play a significant role in pain sensation along the entire pain

pathway from the periphery to the brain stem, and perhaps

beyond. We feel that the contribution of NPY is primarily as a

modulator to pain threshold, but may also be directly

responsible for transmitting pain sensation.
www.embomolmed.org EMBO Mol Med 2, 429–439
NPY in Cancer

Neuropeptide Y has been shown to be involved in a number of

mechanisms involved in cancer progression, including cell

proliferation, angiogenesis and metastasis (for a recent review

see Ruscica et al, 2007). NPY has been shown to induce neural

progenitor cell and smooth muscle cell proliferation, mediated by

the Y1R (Erlinge et al, 1994; Hansel et al, 2001); and can induce the

proliferation of neural crest tumours via theY1RandY2R (Kitlinska

et al, 2005). Increased plasma levels of NPY can be a marker of

neuroblastoma formation, though this is not useful as a diagnostic

test due to high variability (Kitlinska, 2007). NPY also promotes

angiogenesis (Zukowska-Grojec et al, 1998), and Y2R knockout

mice have impaired angiogenic activity (Ekstrand et al, 2003).

Taken together with a number of other studies, there appears

to be a clear link between NPY and cancer, and it is possible to

state conclusively that NPY serves as a pro-oncogenic factor,

especially for neuroblastomas and perhaps even breast and

prostate cancers. Other cancer types have been mentioned, but

with far less supporting evidence, which is not to say that NPY

will not be implicated in other cancers. It is nevertheless too

early to tell whether these findings will translate into potential

cancer treatments, but this is an interesting area for further

research as the generation of selective small molecule NPY

receptor ligands continues. A Y1R or Y2R antagonist or even a

non-selective antagonist of both receptors could be useful in

preventing cancer progression.
NPY in Cardiovascular Regulation

The role of NPY in the cardiovascular system is one of the oldest

and better characterized roles of NPY. Often in conjunction with

norepenipherine, NPY is extensively involved in cardiovascular

sympathetic regulation (McDermott & Bell, 2007). NPY is

abundant in the heart and was identified as a cardiac peptide

around the same time it was sequenced (Gu et al, 1983). It also

acts in the sympathetic nervous system and potentiates

norepinephrine-stimulated vasoconstriction (Wahlestedt et al,

1985). Plasma levels of NPY correlate with the activity of the

sympathetic nervous system, as can be seen in different

pathophysiological settings, such as in response to mild or

heavy exercise (low sympathetic nervous system activation)

and in heart disease or pheochromocytoma patients (with very

high sympathetic nervous system output) (Adrian et al, 1983;

Hulting et al, 1990). More recently, genome wide association

studies have linked NPY to human coronary artery disease

(CAD): SNPs in the NPY gene correlated to CAD in humans

and even more so in early onset patients (Shah et al, 2009). In

this same association study, the authors showed a very

slight increase in NPY production in patients with the

rs16147 A!G allele. They also showed that the antagonism

of Y1Rs by N-[(1R)]-4-[(Aminoiminomethyl)amino-1-[[[(4-

hydroxyphenyl)methyl]amino]carbonyl]butyl-a-phenylbenzene-

acetamide (BIBP3226), a selective Y1R antagonist, reduced

atherosclerosis. They thus conclude that the increase in NPY via

Y1Rs is contributing to early onset CAD.
� 2010 EMBO Molecular Medicine 433
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Y1R, Y2R and Y5R are expressed in various regions of the

cardiovascular system (McDermott & Bell, 2007). The Y1R

mediates a vasoconstrictor response, while the Y2R mediates

slowing of the heart rate and Y2R knockout mice tend to have a

higher heart rate (Matsuda et al, 2002; Smith-White et al, 2002).

NPY activation of the Y5R has been implicated in heart function,

primarily in promoting cardiac hypertrophy (thickening of the

heart muscle) via MAP kinase signalling (Pellieux et al, 2000).

The potential for therapeutic NPY receptor modulators in

cardiovascular disease is not clear. It can be hypothesized that a

Y5R antagonist might be useful to prevent hypertrophy or a Y1R

antagonist might be useful for inducing vasodilatation, or a Y2R

agonist might be useful to treat mild bradycardia or an antagonist

might be useful in mild tachycardia. Because of the modulatory

role of NPY in sympathetic nervous system control of the heart,

we feel that any NPY treatment would be useful in mild heart

disease or prophylaxis against more severe acute heart problems

such as cardiac arrest. The wide distribution of NPY receptors in

the cardiovascular system should also be considered carefully in

the planning and assessment of the trials of such drugs, as Y1R

agonists might drive up blood pressure, while a Y2R antagonist

may unintentionally increase heart rate.
NPY in the Gastrointestinal Tract

In the periphery, PYY, PP and NPY all regulate the gastrointestinal

(GI) tract, but PYY appears to have the larger role. The NPY

receptors are involved in numerous roles in the GI tract including

adaptation to diet, GI motility, electrolyte balance, nutrient/water

uptake, intestinal growth and gastric emptying (reviewed in Vona-

Davis & McFadden, 2007). The most studied of these processes is

the ‘illium break’ mechanism of PYY. Essentially, PYY is released

in the small intestine in response to fat ingestion (Aponte et al,

1989; Lin et al, 1996). PYY then acts to inhibit electrolyte (liquid)

entry into the small intestine, which effectively slows the passage

of nutrient matter to allow absorption (Adrian et al, 1986;

Gardiner et al, 2008). This effect of PYY in the gut is mediated via

the Y1 and Y4 receptors (Cox & Tough, 2002). PYY also inhibits GI

transit via a neuronal mechanism mediated by the Y2R (Cox,

2007). NPY also plays a role in gut health and may be involved in

inflammatory bowel disease (IBD), as it was found that plasma

andGI tract levels of NPYwere significantly lower in patients with

IBD. Patients with diarrhoeal IBD also had significantly lower

levels of NPY than those with constipatory IBD, reinforcing the

role of NPY as a proabsorptive peptide (Zhang et al, 2008).

Neuropeptide Y in the brain also plays a role in GI tract health.

For example, intracerebroventricular injection of NPY in rats

both reduces gastric erosion (Heilig & Murison, 1987) and

reduces gastric acid secretion (Penner et al, 1993). Other studies

have confirmed that the Y1R is an important component of these

processes. The Y1R is likely also an important component of IBD

progression as Y1R knockout mice appear to have a lower

susceptibility to the disease (Hassani et al, 2005).

There is some potential to use NPY receptor modulators in GI

diseases such as constipation/diarrhoea and IBD. It is likely that

the administration of an NPY agonist, perhaps as a non-specific
� 2010 EMBO Molecular Medicine
activator, would help in the treatment of IBD. This idea may be

made even more attractive by the fact that such a therapeutic

agent need not be taken up into the blood stream, and there have

been some studies directed toward this idea. For example, in the

case of diarrhoea, Litvak and colleagues used two stable peptide

analogues of PYY, BIM-43073D and BIM-43004C and found that

water absorption was increased in the guts of dogs treated with

these analogues (Litvak et al, 1999). These findings support the

idea that a Y1R selective agonist might promote gut health. On

the other hand, the fact that Y1R knockout mice have a lower

susceptibility to IBD also suggests that an antagonist would be

effective and might be useful in the treatment of constipation

and/or IBD. It seems likely that the Y2R and Y4R receptors will

be important in resolving this discrepancy and, of course, the

development of novel probes will help this discussion as well.
NPY in Circadian Regulation

In humans, intravenous injection ofNPY into youngmen has been

shown to enhance sleep quality and reduce the time it takes to

get to sleep (Antonijevic et al, 2000). The levels of NPY in the

bloodstreamfluctuate over the course of a 24-h day, peaking every

6–8h with the largest peak at approximately 16:00 (Lockinger et

al, 2004). More recently, in an intricate set of experiments, NPY

release was measured in the suprachiasmatic nucleus (SCN) of

hamsters bymicrodialysis,which showed levels of the peptide rise

and fall rhythmically throughout the day (Glass et al, 2010). Taken

together each of these independent lines of evidence support a

clear effect of NPY on circadian regulation, though no definitive

study has been able to link themall together. It may be, aswith the

other roles of NPY, that the effects on circadian regulation

modulate more fundamental systems such as melatonin, a major

regulator of the sleep–wake cycle (Glass et al, 2010).

Interestingly, the role that NPY plays in feeding behaviour

might be linked to circadian regulation (Edelsbrunner et al, 2009).

Food intake is higher in rats that have been continuously deprived

of sleep for anywhere from 2 to 4 (the maximum tested) days. In

the same rats, there is a significant up-regulation of hypothalamic

NPY mRNA levels that precedes this feeding behaviour (Martins

et al, 2010). Therefore, it has been hypothesized that the role of

NPY in feeding behaviour may have more to do with circadian

regulation than previously thought. This is an interesting line of

thinking, though due to the lack of information it would be

difficult to speculate whether this role could be a therapeutic

target. There is, however, a lot of room for the development of this

idea, and it may be one of the most interesting new areas for

research that will benefit from new small molecule probes.
Current NPY Receptor Ligands

Antagonists

The availability of useful NPY receptor ligands for either in vitro

or in vivo work is still limited, despite a clear need (Table 2)

(Grundemar & Bloom, 1997). Most of the selective NPY receptor

ligands are peptides, which limit in vivo or clinical applications
EMBO Mol Med 2, 429–439 www.embomolmed.org
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Table 2. The hypothesized utility of indicated NPY receptor modulators listed for indicated diseases

Disease Y1 receptor Y2 receptor Y4 receptor Y5 receptor

Agonist Antagonist Agonist Antagonist Agonist Antagonist Agonist Antagonist

Obesity � þ þ þ(1) þ(2) ? � þ(3)

Anxiety and depression þþ � þ þþ ? þ þ �
Epilepsy � ? þþ � ? ? ? ?

Alcoholism þþ � � þþ ? þ þ �
Bone metabolism � þ � þ � þ ? ?

Pain þ þ þ þ(4) ? ? ? ?

Cancer � þ � þ �/? �/? � þ
Cardiovascular disease �/? þ �/þ(5) �/? � � þ �
Intestinal disease (6) þ þ þ þ �/? þ ? ?

Circadian disorders þ þ/? þ þ/? ? ? ? ?

Alzheimer’s disease þ/? ? þ/? ? ? ? ? ?

þþ, Strong supporting evidence for utility;þ, that theremay be some utility; ?, little evidence either way for utility or opposing views;�, evidence for lack of utility

or that the molecule would be counterproductive.

Note: (1) This may be useful for peripheral antagonism in adipose tissue. (2) A dual Y2 and Y4 agonist from 7TM pharma is currently in clinical trials for obesity.

(3) Clinical trials of two Y5R antagonists have yielded insufficient clinical efficacy. (4) Proposed as a peripheral antagonist in (Brumovsky et al, 2007).

(5) Depending on the site of action. (6) Depending on the indication, NPY ligands may be useful for IBD, malabsorption and constipation among others.
(Table 3). There are, however, several non-peptide receptor

antagonists of the Y1R, including BIBP3226, which is potent and

selective, except for amild affinity for the Neuropeptide FF receptor

(Mollereau et al, 2001). N-[(1R)-1-[[[[4-[[(Aminocarbonyl)-

amino]methyl]phenyl]methyl]amino]carbonyl]-4-[(aminoimino-

methyl)amino]butyl]-a-phenyl-benzeneacetamide (BIBO3304)

is another Y1R antagonist with a better selectivity profile and

higher affinity (Dumont et al, 2000).

BIIE0246, another non-peptide molecule, is the most widely

used Y2R antagonist (Doods et al, 1999). However, BIIE0246 is a

large molecule (MW �900) and binds to mu and kappa opioid
Table 3. Representative NPY receptor ligands

Agonists

Y1R NPY�PYY�PP

Leu31,Pro34-NPY

[Pro30,Nle31,Bpa32,Leu34]NPY(28-36

Y2R NPY� PYY�PP

PYY(3-36)

NPY(13-36)

Obinepitide (TM30338)

Y4R PP> PYY>NPY

1229U91 (GR231118) (2)

Obinepitide (TM30338)

Y5R NPY�PYY�PP

[Ala31,Aib32]NPY

Ligands marked in bold are small molecules, non-peptide ligands. Note: (1) BIBP

(2) 1229U91 (GR231118) is a non-specific peptide based ligand that is both a Y1

molecule antagonist for the Y4R, however the very low potency of this compound (IC

optimization.

www.embomolmed.org EMBO Mol Med 2, 429–439
and a1A adrenergic receptors with submicromolar affinities, as

well as to several other receptors with lowmicromolar affinities.

Moreover, this drug cannot cross the blood brain barrier

(Brothers et al, 2010), limiting its use. There is a need to develop

other Y2R antagonists and we (Brothers et al, 2010) and others,

including Johnson & Johnson (Shoblock et al, 2010), Glax-

oSmithKline (Lunniss et al, 2009) and Novartis (under patents

WO2009050201, WO2009050200 and WO2009050197), have

been working to find selective Y2R antagonists. The Johnson &

Johnson and GSK compounds currently offer better potency

than our compounds. On the other hand, our compounds have
Antagonists

BIBP3226 (1)

BIBO3304

) 1229U91 (GR231118) (2)

J-104870

J-115814

BW1911U90

BMS193885

BIIE0246

SF-11

JNJ-5207787

JNJ-31020028

Soluble pyridyl analogue #36 from

(Lunniss et al, 2009)

UR-AK49 ? (3)

MK-0557

S-2367 (Velneperit)

L152,804

2-36[K4,RYYSA(19-23)]PP

3226 also antagonizes the neuropeptide FF receptor (Ki¼�100nM).

R antagonist and a Y4R partial agonist. (3) UR-AK49 was found to be a small

50¼ 68mM) blunts its usefulness. UR-AK49may serve as a lead compound for
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fewer patent-related restrictions and we have a greater diversity

of chemical scaffolds for additional development efforts, which

are currently underway. Our most potent Y2R antagonist, SF-11,

is now being sold by Tocris and we are certain that as a result

of the greater availability of compounds and the parallel

development efforts, a useful Y2R antagonist for human use will

soon appear.

While no potent and selective non-peptide Y4R antagonists

have been developed so far, there are many Y5 receptor

antagonists. Some of these have entered into clinical trials for

the treatment of obesity. Notably, two Y5R antagonists are well

tolerated in patients, MK-0557 (Merck & Co., Inc.) and S-2367

(velneperit, Shionogi & Co, Ltd). Both antagonists were tested in

phase II trials for obesity, but were withdrawn given their lack of

clinically meaningful effects, though each had some effect on

weight loss (Sato et al, 2009). It is unlikely that these compounds

will ever enter the clinic as they stand. However, they may be

very useful to use for study of the Y5 receptor contributions to

obesity and also other diseases.

Agonists

Non-peptide small molecule NPY receptor agonists are severely

lacking. Despite many efforts, none have been reported to

date for any of the NPY receptors. Peptide agonists, however,

are common, including the recent description of a Y1R

peptide agonist smaller than NPY, [Pro30, Nle31, Bpa32,

Leu34]NPY(28-36) (Zwanziger et al, 2009). Several selective

peptide agonists have been identified for Y2R such as NPY(13-

36) and PYY(3-36). 1229U91 (Roche) was originally identified as

an antagonist of Y1R (Hegde et al, 1995) but it is also a potent

Y4R agonist peptide (Schober et al, 1998). There are other

clinically interesting peptide-based NPY receptor agonists, such

as obinepitide (TM30338; 7TM Pharma), mentioned at the

beginning of this review.

The utility of NPY receptor ligands as therapeutics remains

largely unproven, especially in light of the failure of the Y5R

antagonist, MK-0557 in obesity clinical trials (Erondu et al,
Pending issues

Neuropeptide Y receptor drug discovery: until recently there has
been a lack of available small molecule NPY receptor therapeutics.
Therefore there is little useful data on human efficacy and side
effect profiles of NPY related compounds. A general feeling, in part
based on the lack of severe phenotype in NPY receptor null mice, is
that NPY receptor antagonists may not actually show problematic
mechanism based toxicity. Therefore, the issue with NPY receptor
antagonists, by shutting down endogenous NPY tone, is whether
they would provide clinically useful efficacy profiles. The develop-
ment of additional conditional NPY receptor knockout mice in
tandem with drug discovery efforts may help this discussion.

In contrast, there can be little doubt that a NPY receptor agonist
would be efficacious in humans. However, agonist related side
effect profiles are more difficult to predict and cannot be predicated
on knockout models. There is also a confounding species distinction
when using agonists in animal models, an important consideration
in discussions of potential psychiatric effects. Most drug discovery
efforts with NPY have focused on central nervous system applica-
tions, but it remains possible that compounds that do not pass the
blood brain barrier have greater immediate clinical utility. Though,
by nature, there is also the greatest potential for adaptation to such
peripheral and modulatory NPY receptor drugs.

� 2010 EMBO Molecular Medicine
2006). It may well be that more than a single NPY receptor may

need to be targeted in order to observe a meaningful effect. The

outcome of obinepitide trials will be telling on this point.
Conclusion

There is a severe and pressing need to develop useful NPY

related small molecule ligands to conclusively assess NPY’s role

in pathologies, such as those outlined here, as well as to

underpin its molecular partners in these settings and to clarify

the clinical therapeutic potential of NPY signalling pathways.

The potential therapeutic usefulness of NPY receptor ligands is

still not clear, nor is the potential side effect profile of

hypothetical NPY receptor small molecules. While investigators

in the NPY field are to be applauded for having performed their

research in the absence of such tools, the growing repertoire of

NPY, which includes roles in feeding, alcoholism, anxiety, bone

formation and pain, among other conditions (as well as

potentially undiscovered roles), means that new tools are

needed to further explore these activities.

It is an interesting time for NPY research as small molecule

receptor ligands will likely become increasingly available.

Because NPY receptor knockout mice are largely normal, it is

possible to presume that NPY’s physiological roles are generally

rather subtle and modulatory in nature. If so, receptor

antagonists are perhaps not likely to show great efficacy, but

the safe use of these in humans would arguably be less of a

concern. Agonist compounds, on the other hand, would likely

be efficacious due to the widespread presence of NPY receptors

but could therefore have severe pleiotropic effects. In our

opinion, the identification of small molecule compounds

that display high degrees of NPY receptor subtype selectivity

must be a focus for the research community over the next

several years.
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