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Abstract. The peptidic neurotransmitter neuropeptide Y
(NPY) has received great attention because it has been
implicated in the regulation of several organ systems. In
particular, NPY is involved in the regulatory loops that
control food intake in the hypothalamus and appears also
to be important for regulating the activity of neuroen-
docrine axes under poor metabolic conditions. Further-
more, NPY exerts vasoconstrictive action on the vascula-
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ture and potentiates the actions of many other vasocon-
strictors. In addition, it was demonstrated to have trophic
properties and could therefore contribute to cardiovascu-
lar remodeling. These various effects plus a number of
others make NPY an attractive target for the potential
treatment of human diseases, such as obesity, metabolic
disorders, hypertension and heart failure.
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Introduction

In the years to come, it is anticipated that heart diseases
will become the leading cause of death in developed
countries. Similarly, the number of obese people world-
wide is increasing dramatically. Obesity represents a ma-
jor public health problem and also contributes to many
pathologies. In particular, it is associated with increased
risk of hypertension, cardiovascular diseases and dia-
betes. Along these lines, the clustering of cardiovascular
risk factors such as abdominal obesity, dyslipidemia, el-
evated blood pressure, insulin resistance and glucose in-
tolerance has been recognized for a long time [1]. This
syndrome, referred to as metabolic syndrome, is of es-
sential clinical importance. Fortunately, major advances
have been made in identifying the key elements that con-
trol cardiovascular and energy homeostasis [2]. Among
others, the neuropeptide Y (NPY) could play a central
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role. NPY is the most abundant peptide in the mam-
malian brain and is highly conserved throughout evo-
lution. Moreover, NPY has been shown to be important
in a variety of physiological situations, including car-
diovascular regulation and control of food intake [3], and
it is implicated in several regulatory loops that con-
trol the activity of neuroendocrine axes. The identifica-
tion of NPY-specific receptors and of their associated
pathways is therefore crucial in understanding the mole-
cular regulation of several organ systems and could 
provide the basis for development of novel therapeutic
approaches.

The NPY family of peptides and receptors

NPY was first isolated from porcine brain based on its
physicochemical properties [4]. It is a member of a fam-
ily that also includes peptide YY (PYY) and the pancre-
atic polypeptide (PP). NPY is a neurotransmitter that is
synthesized and released by neurons. In the periphery, the
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sympathetic neurons represent the main source of NPY,
where it is colocalized with norepinephrine (NE) [5].
PYY is predominantly synthesized in the digestive tract
[6], and PP is found in pancreatic endocrine cells distinct
from those producing insulin, glucagon or somatostatin.
Interestingly, NPY is highly conserved throughout evolu-
tion [7]. For instance, the NPY sequence in Torpedo mar-
morata is identical to the mammalianNPY in 33 out of 36
positions. PYY and NPY presumably evolved by dupli-
cation from a common ancestral gene in early vertebrates.
However, their corresponding genes are located on differ-
ent chromosomes. Similarly, the PP gene probably arose
by duplication of the PYY gene, and both genes are lo-
cated close to one another in the same chromosomal seg-
ment [7]. PYY and PP respectively share 70 and 50% se-
quence homology with NPY. Each of these peptides is 36
amino acids long, characterized by a large number of ty-
rosine residues and amidated at its C-terminal end. Based
on the crystal structure of avian PP, a three-dimensional
model of NPY, PYY and PP has been proposed and is re-
ferred to as the PP-fold model. The common features of
the PP-fold family consist in a polyproline helix (residues
1–8) followed by a tight hairpin turn and an antiparallel
helix (amino acids 13–32) ending in a short terminal
tetrapeptide amide spatially close to the N-terminal por-
tion [8, 9].

NPY synthesis and processing
The biologically active NPY is derived from a 97-amino
acid precursor, pre-pro-neuropeptide Y, following at least
four posttranslational enzymatic events (fig. 1) [10]. The
69-residue proNPY is produced after removal of the sig-
nal sequence. Then, proNPY undergoes cleavage by the
proconverting enzymes PC1/3 and/or PC2 at a single
paired basic site (Lys38-Arg39), releasing a 30-amino acid
carboxyl terminal peptide, the C-flanking peptide of NPY
(CPON) and NPY1–39 [9]. The processing of proNPY
does not involve furin in the specific cleavage of the diba-
sic site. In addition, kinetic studies demonstrated that
PC1/3 was more efficient than PC2 in cleaving proNPY
[11]. NPY1–39 is further processed by a carboxypeptidase-
like enzyme. The resulting NPY1–37 is finally amidated at
its C-terminal end by the peptidyl-glycine-a-amidating
monooxygenase in a process that removes an additional
amino acid and produces the active NPY1–36. Active NPY
can be degraded by specific enzymes to generate NPY2–36

and NPY3–36. These truncated peptides are thought to be
selective ligands for particular NPY receptors. The dipep-
tidyl peptidase IV (DPPIV, EC 3.4.14.5) represents a
likely candidate. Indeed, this exopeptidase is a mem-
brane-bound protease which cleaves proline in penulti-
mate position [12]. By removing the Tyr-Pro dipeptide
from the NPY N terminal, DPPIV generates NPY3–36, a

Figure 1. Synthesis and processing of neuropeptide Y. See text for details.



fragment with reduced affinity for the NPY Y1 receptor
but that retains its capacity to bind to the NPY Y2 and Y5
receptors [13]. DPPIV is present in the kidneys, liver and
ileum, and is abundant on endothelial and epithelial cells,
and astrocytes as well as on activated T and B lympho-
cytes [14]. A soluble form is found in the plasma [15].
Similarly, the aminopeptidase P (AmP, EC 3.4.11.9) can
hydrolyze peptide bonds between the first and second
amino acid residues at the N-terminal side of a protein
provided that the second amino acid is a proline [16].
AmP has thus been shown to remove the N-terminal ty-
rosine from PYY and NPY in human kidney and jejunum
to generate NPY2–36 [17], a potentially semiselective Y2
and Y5 agonist. Interestingly, AmP is present in the lungs
[18], on astrocytes and neurons, as well as on smooth
muscle and endothelial cells [19]. A soluble form of the
enzyme exists in the circulation [18]. Nevertheless, the
physiological importance of NPY processing to regulate
the activation of particular NPY receptors through the
generation of selective ligands remains to be established.
NPY can be degraded in the central nervous system by
proteases present, for instance, in the hippocampal
synaptosomes. NPY is efficiently metabolized by a single
cleavage between the residues Leu30 and Ile31. Thus, cata-
bolic processing of NPY results in formation of a C-ter-
minal truncated fragment NPY1–30 and its counterpart,
NPY31–36. The enzyme involved in this process appears to
possess properties of aspartyl proteases. Moreover, the
neutral endopeptidase has a major NPY-hydrolyzing ac-
tivity in striatal synaptic membrane and in the renal brush
border [20]. In contrast, NPY was found to be resistant to
the action of two other membrane aminopeptidases,
namely the aminopeptidases N and W, and to the action of
the angiotensin-converting enzyme.
Normal NPY concentrations in the human plasma have
been reported to range from 0.25 to 129 pM [21–25].
This variability in the measurement of circulating NPY
concentrations likely reflects cross-reactivities of antisera
directed against NPY toward the pro-peptide and NPY
fragments as well as to PYY and PP. Measurements of
plasma NPY concentrations in rats vary in the literature
from 25 pM to 3000 pM. In this species particularly,
blood sampling might pose a problem. For instance, rat
platelets contain high NPY levels and hemorrhage causes
the release of NPY from the sympathetic nerve end-
ings [26].

NPY receptors
The study of the different NPY receptors has largely been
facilitated by the synthesis of selective agonists and an-
tagonists. In fact, NPY receptors were originally defined
according to their capacity to bind particular NPY
analogs or truncated peptides [27]. The NPY13–36 peptide
was the first NPY receptor agonist that allowed discrimi-

nation between the Y1 and Y2 subtypes based on its ca-
pacity to inhibit the twitch response in rat vas deferens
and inability to promote vasoconstriction [28]. Thus, it
was proposed that receptors that are activated solely by
intact NPY would be named Y1, whereas those that are
activated by NPY as well as its C-terminal fragments
would be designated Y2. Then, the [Leu31, Pro34] NPY-
substituted peptide was synthesized and shown to be a se-
lective agonist for the NPY Y1 receptors [29]. However,
molecular cloning of the different receptors known to
date revealed the existence of at least 5 seven-transmem-
brane domain receptors [30–33]. Each of these receptors
could be responsible for particular NPY functions, and
therefore it appeared that more specific compounds
needed to be generated.

The NPY Y1 receptor
The first NPY receptor identified was cloned from a rat
complementary DNA (cDNA) library and shown to en-
code the NPY Y1 receptor [34]. In humans, the gene is lo-
cated on chromosome 4q(31.3–32) [35]. Exons 2 and 3
are two coding exons separated by a small intron of about
a hundred base pairs. Three variants of the human NPY
Y1 receptor have been identified that depend on alterna-
tive transcription of noncoding exons 1A, 1B and 1C.
Distinct promoters, some of them positioned between ex-
ons, are used alternatively and allow tissue-specific ex-
pression [36]. NPY Y1 expression has been detected in a
variety of tissues including brain, heart, kidneys and gas-
trointestinal tract. Some established cell lines such as SK-
NMC cells [37], a neuroblastoma cell line, and HEL cells
[38], an erythroleukemia cell line, constitutively express
Y1. Analysis of stably transfected cells enables rank or-
dering of binding potency, which appeared to be NPY =
PYY = [Leu31, Pro34]NPY > C-terminal NPY fragments >
PP [39]. However, with the discovery and cloning of the
Y4 and Y5 receptors, the classical Y1 agonist [Leu31,
Pro34]NPY was found to bind significantly to these two
receptor subtypes and thus to be less selective than previ-
ously thought. New compounds became available and
among them, [D-Arg25]NPY, [D-His26]NPY and Des-
AA11–18[Cys7, 21, D-Lys9(Ac),D-His26,Pro34]NPY demon-
strated high affinities for the Y1 receptor and inhibited
forskolin-stimulated cyclic AMP (cAMP) production at
subnanomolar concentrations [40]. Therefore, these pep-
tides seem to be highly selective for the NPY Y1 receptor.
Interestingly, these agonists stimulate feeding dose de-
pendently after intracerebroventricular administration,
suggesting a role for the Y1 receptor in mediating food 
intake in rodents (see also below). Recently, [Phe7,
Pro34]NPY was also reported to specifically activate 
Y1 [41].
The prototype of  NPY Y1-mediated responses is vaso-
constriction [42]. However, this receptor has been in-
volved in several other NPY-induced responses, such as

352 T. Pedrazzini, F. Pralong and E. Grouzmann Neuropeptide Y: the universal soldier



stimulation of food intake and activation of neuroen-
docrine axes. Because of the NPY Y1 receptor’s potential
as a therapeutic target, large random screening was initi-
ated to discover nonpeptidic antagonists. BIBP3226, the
first Y1 antagonist, demonstrated a Ki in the nanomolar
range [43]. Its affinity for other NPY receptors is not sig-
nificant. Unfortunately, the bioavailability of this com-
pound is quite low, and its poor solubility precludes its
wide use in vivo. Nevertheless, peripheral administration
of BIBP3226 blunts the effect of exogenous NPY on
blood pressure [44]. BIBP3226 was also shown to atten-
uate the vasoconstriction observed during sympathetic
nerve stimulation in the kidneys and the nasal mucosa
[45]. Similarly, BIBP3226 attenuates the increase in
blood pressure observed during cold stress in the rat, im-
plicating the NPY Y1 receptor in the modulation of blood
pressure during stress [46]. However, this compound does
not seem to affect the elevation of blood pressure ob-
served in spontaneously hypertensive rats or in a model of
renovascular hypertension [47]. Another nonpeptidic Y1
antagonist, BIBO3304, was shown to be more soluble
and less toxic in vivo [48]. Furthermore, GW1229 (also
known as 1229U91 and GR231118), a symmetrical
dimeric peptide with high affinity for the Y1 receptor,
demonstrated good blocking actions [49]. However, this
compound also exhibited agonistic properties at the Y4
receptor [50]. Other antagonists of the Y1 receptor, for in-
stance SR120819A, have been described, but their selec-
tivity, in particular toward Y5 and y6 receptors, is less es-
tablished [51]. Finally, J-115814, a novel Y1 antagonist
with low affinity for other NPY receptors, was recently
shown to significantly reduce feeding [52].

The NPY Y2 receptor
A cDNA encoding the human NPY Y2 receptor was ini-
tially cloned from SMS-KAN cells and, later, from hu-
man brain as well as from the human neuroblastoma cell
line KAN-TX [53]. In humans, the Y2 gene maps to chro-
mosome 4q31, close to the Y1 and Y5 receptor locus [54].
This suggests that these receptors arose from a common
ancestor by gene duplication. Messenger RNA (mRNA)
for the Y2 receptor has been detected in various regions
of the central nervous system (CNS) [55, 56]. Postjunc-
tional Y2 receptors seem to be present in a variety of tis-
sues but only at low levels. Interestingly, rabbit kidneys
were found to be a good source of this receptor subtype
[57]. LN319 and SMS-KAN cells arehuman cell lines ex-
pressing Y2 receptors [58]. Finally, it is noteworthy that
the so-called PYY-preferring receptor previously charac-
terized in rat intestinal crypts, where it could mediate the
inhibition of fluid secretion, is in fact a peripheral Y2 re-
ceptor [59].
The Y2 receptor binds NPY analogs with the following
rank order of potency: NPY = PYY = C-terminal frag-
ments > [Leu31, Pro34]NPY > PP [53]. Compared with

the prototype Y2 agonist, i.e. NPY13–36, cyclic and trun-
cated fragments of NPY, such as 1–4-Ahx-25–36 NPY
and [Leu28, 31]NPY24–36, have improved selectivity to-
wards the Y2 receptor [58, 60]. Another NPY analog, the
N-acetyl [Leu28,Leu31]NPY24–36 was shown to attenuate
cardiac vagal action, a typical Y2-mediated prejunc-
tional action, but was unable to elicit a pressure response
following injection [61]. This suggests that this com-
pound had no postjunctional NPY Y1-mediated effects.
The first Y2 antagonist, T4-[NPY(33–36)]4, was created
based on the assembly of C-terminal tetrapeptides onto a
nonpeptidic template, ensuring three-dimensional stabil-
ity. This peptidomimetic binds to the Y2 receptor with
high affinity and has poor binding capacity to the Y1 re-
ceptor. Inhibition of norepinephrine (NE) release from
presynaptic rat hypothalamic synaptosomes, a prototyp-
ical response mediated by NPY through Y2 receptors,
was significantly reduced by T4-[NPY(33–36)]4 [62].
Recently, BIIEO246, a potent nonpeptidic Y2 antagonist,
was synthesized and should prove useful in the future to
better delineate the exact physiological role of this re-
ceptor [63].

The NPY Y4 receptor
The gene encoding the human NPY Y4 receptor was
cloned and originally designated ‘PP1’ [32]. This gene is
located on chromosome 10q11–21. The rat and the
murine homologs were also cloned shortly thereafter. The
Y4 receptor is mainly expressed in the colon, small intes-
tine and prostate. In the rat, it is also expressed in the
testes. In addition, various regions of the CNS seem to
display low expression levels.
Among the NPY family, NPY demonstrates high affinity
for the Y1, Y2 and Y5 receptors but only moderate affin-
ity for the Y4 subtype [64]. In contrast, PP binds prefer-
entially to Y4 and demonstrates low affinity for the other
receptor subtypes. The main characteristic of the Y4 
receptor is thus its capacity to bind PP from the corre-
sponding species with very high affinity [64, 65]. Indeed,
PP homologs from other species may have 50–100-fold
lower affinities. However, the human PP appears to have
significant affinities for the human, rat and murine Y4 re-
ceptors. PYY and [Pro34]-substituted analogs were also
reported to have high affinities for the Y4 subtype [65].
[Leu31, Pro34]NPY was found to be the only NPY analog
to interact significantly with the rat Y4 receptor [66]. In-
terestingly, a recent study shows that high NPY concen-
trations do not affect forskolin-stimulated cAMP accu-
mulation in cells expressing the human Y4 receptor,
whereas nanomolar concentrations of NPY displaced hu-
man PP from its receptor [64]. These data suggest that
NPY could bind to the Y4 receptor but does not neces-
sarily activate secondary intracellular pathways. To-
gether, these studies indicate that PP is the primary en-
dogenous ligand for the Y4 receptor.
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The NPY Y5 receptor
Cloning of rat and human NPY Y5 receptors was reported
as identification of the receptor mediating the appetite-
stimulating activity of NPY. Therefore, this particular
subtype was initially named feeding receptor [67]. As we
shall see, whether the Y5 receptor is the main subtype
controlling feeding is still debated today [68, 69]. The hu-
man gene is located on chromosome 4q32, more pre-
cisely at the same locus as the NPY Y1 receptor gene.
However, it is transcribed in an opposite direction [67].
Whether expression of these two receptors is controlled
by common regulatory elements remains to be demon-
strated [70]. mRNA for the Y5 receptor was detected in
several brain areas, including those believed to be impor-
tant for regulation of food intake [71, 72]. In the periph-
ery, it seems mainly expressed in the testis. In transfected
cells, this subtype couples to an inhibitory G protein and
blocks cAMP accumulation [67].
NPY analogs demonstrate similar rank orders of potency
for Y5 binding, inhibition of cAMP accumulation and
stimulation of food intake, i.e. NPY = PYY > [Leu31,
Pro34] NPY = NPY2–36 = PYY3–36 > NPY13–36 [67]. Inter-
estingly, rat PP has a very low affinity for rat and human
Y5 receptors whereas both human and bovine PP have
significant affinities for Y5. The first NPY analog with
selective binding capacity to Y5 was [D-Trp32]NPY [73].
Described as an antagonist, this substance was later
shown to stimulate food intake in rats [74, 75], indicating
either that food intake was not mediated by the Y5 sub-
type or this compound was less selective than expected.
Recently, [Ala31, a-amino isobutyric acid32]NPY was de-
scribed as the first true Y5-selective agonist [76]. This
substituted peptide was even more potent than NPY in its
capacity to stimulate food intake. Then, a series of pep-
tides was obtained by combination of the [Ala31, a-amino
isobutyric acid32]NPY motif with chimeric peptides con-
taining segments of NPY or PP, which display the same
selectivity and an even higher affinity for the Y5 receptor.
Interestingly, the structures of NPY and [Ala31, a-amino
isobutyric acid32]NPY, analyzed by nuclear magnetic res-
onance, revealed a different conformation in the C-termi-
nal region. Indeed, the a helix of NPY appeared to be
substituted for a 3(10)-helical structure in the chimeric
compounds. Therefore, the resultant increased peptide
flexibility in the C-terminal part of NPY could be crucial
for selective binding to the NPY Y5 receptor and its sub-
sequent activation.
The first Y5 receptor antagonist with nanomolar affinity
was the CGP71683A compound [77]. This substance dis-
played very low affinity for the other NPY receptor sub-
types, and was reported to inhibit NPY-induced food in-
take. However, CGP71683A was shown also to bind sig-
nificantly to muscarinic and serotonin binding sites [78].
Recently, a potent and orally available Y5 antagonist, 
L-152,804, with binding affinities to the human and rat

Y5 receptors in the nanomolar range, was shown to block
NPY-mediated increase in intracellular calcium levels in
a Y5-transfected cell line [79]. Interestingly, administra-
tion of L-152,804 significantly attenuated PP-induced
food intake in rats, but not the feeding response elicited
by NPY.

The NPY y6 receptor
An additional receptor subtype was cloned recently from
different species and designated y6. Fluorescent in situ
hybridization has localized the human y6 gene in the
chromosome 5q31 region [80]. The tissue distribution of
this particular receptor subtype is not very clear. Indeed,
expression was observed in the mouse brain by in situ hy-
bridization [81], but not by Northern blot analysis [80]. In
rabbits, y6 was detected by reverse transcription-poly-
merase chain reaction (RT-PCR) in some brain areas, in-
cluding the hypothalamus and the hippocampus, as well
as in the small intestine and the adrenals, but again not
seen by Northern blotting. In contrast, Northern blot
analysis detected y6 expression in human tissues, includ-
ing the heart and skeletal muscles [82]. However, the
most important finding is that the monkey and the human
sequences show a frame shift mutation located in the pu-
tative third intracellular loop of the receptor [82]. As
compared with other species, this mutation results in an
extra stop codon and a truncated protein of only 290
amino acids. Therefore, although mice express a full-
length protein, expression in primates does not produce a
functional protein [83]. The pharmacological profile of
the y6 receptor also remains unclear. For the murine re-
ceptor, the order of binding appears to be NPY = PYY =
[Leu31, Pro34]NPY = PP > C-terminal fragments {5914},
whereas expression of the rabbit receptor suggests an or-
der of potency of PYY = NPY13–36 = NPY > [Leu31,
Pro34]NPY > PP [82]. The physiological function of the
y6 receptor remains to be discovered.

The NPY y3 receptor
The NPY y3 receptor  is a putative receptor that has never
been cloned [84]. However, it was pharmacologically and
functionally characterized using substituted and trun-
cated NPY analogs. An important characteristic of the y3
receptor is its inability to be activated by PYY. In addi-
tion, the potency of NPY analogs on y3 receptors might
depend on the species and tissues studied. In this respect,
only a small number of tissues seem to express the NPY
y3 receptor. For instance, bovine adrenal chromaffin cells
[85–87], rat superior cervical ganglia sympathetic neu-
rons [88], rat nucleus tractus solitarii [89], rat cardiac
ventricular membranes [90], rat distal colon [91, 92] and
differentiated PC12 cells [93] appear to express binding
sites with a pharmacological profile consistent with that
of the y3 receptor. As an example, the rank order of po-
tency of NPY analogs to stimulate catecholamine secre-
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tion in chromaffin cells was NPY > NPY13–36 = NPY3–36

= PP >>> [Leu31, Pro34]NPY = PYY [94]. However, it can-
not be excluded that this stimulation pattern reflects the
presence of more than one receptor on the surface of the
cells, which could then independently bind different lig-
ands or could even form dimeric structures with particu-
lar binding affinities for NPY analogs.

The neuropeptide FF receptors
The octapeptide neuropeptide FF, also known as NPFF or
F-8-F-amide, and the octadecapeptide neuropeptide AF,
also known as NPAF or A-18-F amide, are derived from a
common precursor, which was originally isolated from
the bovine brain. NPFF has been implicated in nocicep-
tion and in the modulation of opiate-induced analgesia.
Two receptors for NPFF have been identified, namely
NPFF1 and NPFF2 [95]. The NPFF1 receptor shares a
high degree of homology with the NPY Y2 and Y4 re-
ceptors. Although NPY does not appear to bind signifi-
cantly to either NPFF receptor subtypes, the NPY Y1 re-
ceptor antagonist BIBP3226 displays a substantial affin-
ity for NPFF1 and NPFF2, and frog PP, a NPY Y4
receptor agonist, binds NPFF2 [96]. Moreover, NPFF1
and -2 are highly expressed in the hypothalamus, a brain
area in which NPY functions are traditionally tested.
Along this line, NPFF itself was shown to reduce refeed-
ing in food-deprived rats. Interestingly, NPFF1 maps to
human chromosome 10q11–21, a region also bearing the
NPY Y4 receptor. Moreover, NPFF2 is located on chro-
mosome 4q31 close to the NPY Y1 Y5 Y2 gene cluster.
This raises the interesting possibility that the NPY and
NPFF receptors arose from a common ancestor gene by
duplication. In addition, it cannot be completely ruled out
that some of the functions attributed to NPY receptors,
which were initially identified using pharmacological
probes, could be ascribed to NPFF receptors.

Signaling
NPY receptors are seven-transmembrane domain recep-
tors that belong to the G-protein-coupled receptor family.
After agonist stimulation, the inactivated GDP-bound
proteins exchange GDP for GTP on the Ga subunit,
which then dissociates from the Gbg dimer. Both the ac-
tive GTP-bound Ga subunit and the Gbg complex can in-
dividually regulate the activity of specific downstream ef-
fectors. Initial studies demonstrated that NPY mediated
some of its physiological effects through the inhibition of
the adenylyl cyclase [97, 98]. Therefore, NPY was shown
to decrease forskolin-stimulated cAMP accumulation in a
variety of cell lines and in tissues. However, NPY had no
significant effect on basal cAMP levels. Since this re-
sponse was pertussis toxin sensitive, it indicated that the
receptors were coupled through inhibitory heterotrimeric
Gi/o proteins. In addition, NPY appeared also to induce

calcium mobilization, and is certainly linked to calcium-
signaling pathways [38]. Both intracellular pathways are
consistent with the vasoconstrictive properties of NPY
and with its capacity to potentiate the actions of other
vasoconstrictors. In smooth muscle cells, stimulation of
calcium transients did not seem to depend on inositol
1,4,5-trisphosphate (IP3) production [99, 100]. Interest-
ingly, although NPY had no effect on IP3 levels alone, it
could potentiate the action of angiotensin II on IP3 pro-
duction. In addition, NPY had no detectable effect on the
activation of protein kinase C (PKC). It is thus unlikely
that NPY receptors couple to phospholipase C in smooth
muscle cells. However, this view has been challenged,
since treatment of smooth muscle cells with a specific
phospholipase C inhibitor seemed to block not only NPY-
induced IP3 synthesis but also calcium mobilization
[100]. In smooth muscle cells, NPY also induced rapid
phosphorylation of myosin light chain, which represents
a mandatory step for the initiation of contraction [101].
Using a series of NPY analogs, inhibition of adenylyl cy-
clase as well as stimulation of intracellular calcium re-
lease was shown to be mediated by NPY Y1 receptors.
Transfection experiments using NPY Y1 cDNA clones
confirm the coupling of this receptor subtype to inhibi-
tion of stimulated cAMP accumulation and to an increase
in intracellular calcium [102]. In addition, it appeared
that NPY could stimulate the mitogen-activated protein
kinase (MAPK) pathways [103, 104]. In particular, NPY
Y1 receptors induced the phosphorylation of p42/p44
MAPK, also known as extracellularly regulated kinases
(ERKs) [105]. This effect appeared sensitive to pertussis
toxin and could be dependent on phosphatidylinositol 3
(PI-3)-kinase [103]. These results were confirmed using
human erythroleukemia (HEL) cells, in which NPY in-
duced phosphorylation of ERK through NPY Y1 recep-
tors. In addition, NPY was shown to not activate the c-jun
N-terminal kinase (JNK), the p38 kinase or PKC in HEL
cells [106].
The intracellular signaling pathways associated with Y2
receptors have particularly been studied in rat dorsal root
ganglion (DRG) neurons. In these cells, NPY appeared to
inhibit calcium influx via the modulation of voltage-de-
pendent calcium channels [107]. However, an NPY-in-
duced increase in intracellular calcium secondary to IP3

production was also described in these cells. Coupling of
NPY Y2 to an inhibitory Gi protein was suggested by the
sensitivity of the response to pertussis toxin [108, 109]. In
the human SMS-KAN neuroblastoma cell line, NPY was
shown to inhibit w-conotoxin-sensitive calcium influx
(N-type channel), as well as angiotensin II-stimulated
calcium release from intracellular stores [110]. However,
contrary to what was observed in DRG neurons, NPY
was not able to trigger intracellular calcium release in
SMS-KAN cells. Interestingly, in these cells NPY also
inhibits forskolin-induced cAMP accumulation. These

CMLS, Cell. Mol. Life Sci. Vol. 60, 2003 Review Article 355



findings were confirmed using Y2-transfected cells, in
which receptor activation induced a decrease in cAMP
levels and an increase in calcium transients [111]. The hu-
man glioblastoma cell line LN319 also proved useful in
defining Y2-mediated pathways, since these cells exclu-
sively express this receptor subtype. In these cells, NPY
inhibits forskolin-induced cAMP accumulation and stim-
ulates an increase in intracellular calcium via pertussis
toxin-sensitive pathways [112]. Interestingly, these path-
ways could involve the activation of phospholipase C. Ac-
cordingly, NPY-induced activation of calcium-indepen-
dent and diacylglycerol (DAG)-dependent PKC isoforms
via NPY Y2 receptors has been demonstrated in human
ciliated cells [113]. Finally, the NPY Y2 receptor was also
shown to activate MAPK pathways through a Gi protein
and via PI-3 kinase [103].
The signaling pathways associated with the other NPY
receptor subtypes have mainly been studied in transfected
cells. Although the importance of these results is not
questioned, functional data obtained in physiological sit-
uations are limited. Therefore, the NPY Y4 and Y5 recep-
tors as well as nonprimate y6 receptors have all been
shown to couple to inhibition of cAMP accumulation [64,
114]. Whether these receptors stimulate calcium mobi-
lization is still not completely established. The NPY Y4
receptor has been reported to induce intracellular calcium
oscillations in rat arcuate neurons [115]. In addition, a Y4
receptor-mediated regulation of calcium and potassium
channels was demonstrated following expression in
Xenopus oocytes or in HEK 293 cells [116]. Stably trans-
fected HEC-1B with a human Y5 receptor cDNA showed
no elevation of intracellular calcium upon NPY stimula-
tion [117]. In contrast, NPY dose dependently increases
calcium concentrations in LMtk– cells expressing a re-
combinant human Y5 receptor [77]. This effect was
blocked by addition of a selective Y5 antagonist [77]. Fi-
nally, other pathways have been reported to be associated
with activation of NPY Y5 receptors. In primary mouse
cardiomyocytes, NPY induces rapid phosphorylation of
ERK, JNK and p38 MAPK as well as activation of PKC
[118]. Moreover, NPY potentiates phenylephrine-stimu-
lated MAPK and PKC activation. These stimulatory ef-
fects appear to be pertussis toxin sensitive and mediated
by NPY Y5 receptors, since Y5 selective-agonists can
mimic NPY actions and NPY potentiation of MAPK ac-
tivation is abolished in NPY Y5-deficient cells. However,
these findings were not reproduced in Y5-transfected
HEC-1B cells, in which NPY activated neither the
MAPK nor the PKC pathways [117]. This observation
might reflect distinct NPY intracellular couplings in dif-
ferent cell types.
Besides the direct response elicited by NPY in various
cell types, one of its main actions is its capacity to am-
plify responses induced by other substances. In particu-
lar, NPY exerts a synergistic effect on Gq-mediated NE-

induced responses. This raises a question about the mol-
ecular mechanisms involved in the potentiating actions of
NPY [119, 120]. At least three different mechanisms ac-
count for the synergistic effects observed in presence of
NPY [121]. First, NPY induces the release of intracellu-
lar calcium, which must play an important role in the
vasoconstrictive response elicited by NPY in smooth
muscle cells. In addition, at doses that do not induce a di-
rect vasoconstriction, NPY-induced calcium release
could decrease the threshold of activation by other va-
soactive substances. Second, a number of molecular
events in cells are controlled by a feedback mechanism
involving phosphorylation. Relevant to this review is the
control by c-AMP-dependent protein kinase (PKA). For
instance, the termination of contraction in cardiomy-
ocytes is highly dependent on calcium reuptake by the
sarcolemma calcium ATPase (SERCA). SERCA is itself
regulated by phospholamban, which inhibits the activity
of the pump when present in an unphosphorylated form.
Therefore, phosphorylation of phospholamban by PKA
activates calcium reuptake and represents an important
mechanism for induction of relaxation. It is then expected
that NPY, by inhibiting cAMP accumulation, could re-
duce the activity of PKA and promote contraction. Fi-
nally, Gi-coupled NPY receptors could facilitate the ef-
fects of receptors associated to a Gq protein by changing
the activity of PLC. The production of inositoltriphos-
phate (IP3) and the subsequent induction of calcium re-
lease are important in a number of cellular mechanisms
such as contraction or calmodulin-mediated activation of
phosphorylation cascades. Moreover, PKC activation
could also potentiate some of the effects produced by Gq-
coupled receptors. For instance, arachidonic acid genera-
tion by phospholipase A is dependent on PKC activity
and intracellular calcium release [122]. PLC isoforms
can be differently stimulated depending on the types of G
protein that are activated in response to agonist stimula-
tion. Indeed, Gq protein stimulates preferentially PLCb1

via the Ga subunit, whereas Gi protein stimulates mainly
PLCb2 through the Gbg dimer. Interestingly, PLCb2 is
downregulated by PKA. NPY could therefore facilitate
the stimulation of PLCb2 activity via direct activation by
the Gbg heterocomplex and indirectly through its in-
hibitory actions on cAMP production and PKA activa-
tion.

Cardiovascular regulation

Although circulating NPY levels are quite low in resting
healthy volunteers [23], activation of the sympathetic ner-
vous system substantially stimulates the release of NPY
during the course of physical exercise [123, 124], in indi-
viduals submitted to cold [123], in stressful situations
[125] or during hypoxia [126] from either peripheral
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nerves or the adrenal medulla, and then increases plasma
concentrations. Elevated NPY concentrations were also
reported in hypertension. However, this was again inter-
preted as an increase in sympathetic activation, which is
often found in hypertensive patients [127, 128].
Stimulation of the adrenergic system is a hallmark of bad
prognosis in individuals with heart failure. Coronary
vasoconstriction elicited by catecholamines participates
in myocardial ischemia in patients with angina pectoris.
Therefore, NPY has been proposed to be a useful marker
for estimating the condition of patients suffering from
cardiac diseases. Indeed, plasma NPY immunoreactivity
appeared elevated in patients with acute myocardial is-
chemia [129] and in those with congestive heart failure
[130]. The prognostic value of these findings was studied
in patients admitted to a coronary care unit [129, 131]. In-
terestingly, plasma NPY higher than 60 pM was found to
be an independent prognostic factor for increased risk of
mortality in symptomatic patients without acute myocar-
dial ischemia. More recently, a correlation was also
demonstrated in patients with coronary heart disease be-
tween plasma NPY levels and the degree of post-exercise
ischemia [132]. However, these observations need to be
taken with caution. For instance, only 25% of patients
with acute heart failure were found to display an increase
in circulating NPY levels [131]. In addition, decreased
NPY and NE concentrations were measured in myocar-
dial tissues of failing ventricles from patients with idio-
pathic dilated cardiomyopathy [133]. Furthermore, dif-
ferent studies showed normal plasma NPY concentra-
tions in patients suffering from acute myocardial
infarction or chronic heart failure as compared with
healthy subjects [134, 135]. It is also noteworthy that ex-
ercise does not differentially increase plasma NPY con-
centrations in healthy volunteers and in patients with con-
gestive heart failure [132]. The discrepancies found in
these various situations could be partially explained by
the severity of the diseases. NPY release could only play
a role during extreme circumstances such as that found in
patients with coronary heart disease experiencing acute
ischemic conditions during high sympathetic activation.
Recently, an association between a Leu7-to-Pro7 polymor-
phism in the signal peptide of NPY and high serum cho-
lesterol levels was described in a Finnish and a Dutch
population of obese subjects [136]. Interestingly, the phe-
notype was also present in normal-weight Finnish indi-
viduals. Furthermore, the Pro7 substitution was found to
be associated with higher serum triglyceride values in
young boys, who also had a higher birth weight than ho-
mozygous individuals for Leu7 [137]. The Leu7/Pro7

genotype appeared to be associated with carotid athero-
sclerosis as well as diabetic retinopathy [138]. In addi-
tion, the frequency of the Leu7-to-Pro7 polymorphism ap-
peared to vary from one population to the other, since the
incidence in healthy Japanese was extremely low. It is

therefore unlikely that NPY represents a strong genetic
factor affecting cholesterol among Japanese people
[139]. The exact NPY-mediated mechanisms influencing
blood lipid concentrations and deposition in the vascula-
ture are unknown. However, the Leu7-to-Pro7 mutation is
likely to affect secondary and tertiary structures in the
signal peptide. This, in turn, could modify the synthesis,
processing and release of the active peptide [140]. Indeed,
the distribution of pro-NPY and NPY immunostaining in
human umbilical vein endothelial cells (HUVECs) was
different according to the genotype. Specifically, cells
from individuals with the Leu7-to-Pro7 polymorphism
seem to synthesize active NPY more efficiently. Along
this line, subjects with the Leu7-to-Pro7 substitution
showed a larger increase in circulating NPY levels during
exercise as compared with homozygous controls despite
similar basal NPY concentrations. Heart rate was also
higher in subjects with the Pro7 mutation. Together, these
results are consistent with more efficient NPY produc-
tion, which might affect the levels of sympathetic stimu-
lation in target organs.

NPY and blood pressure homeostasis
In the periphery, NPY is mainly expressed in sympathetic
nerve endings of NE-producing neurons surrounding
blood vessels. The localization of NPY led to the pro-
posal that this peptide could play an important role in
modulating the activity of the sympathetic nervous sys-
tem to control blood pressure [141]. Indeed, NPY was
shown to display a potent and long-lasting vasoconstric-
tor activity in vivo [42]. This direct effect of NPY on the
vasculature is insensitive to a-adrenergic blockade [42,
142, 143]. Interestingly, sympathetic nerve stimulation in
the presence of adrenoreceptor antagonist evokes a long-
lasting vascular response reminiscent of that elicited by
NPY. Moreover, at doses that do not affect blood pres-
sure, NPY potentiates the action of various vasoactive
substances as well as the contractile response to electrical
nerve stimulation [142, 144–146]. In both rats and hu-
mans, this synergistic effect is particularly seen in small
resistance arterioles [146]. The importance of postsynap-
tic NPY Y1 receptors in mediating the vasoconstrictive
properties of NPY was studied using isolated blood 
vessels.
The physiological role of the Y1 receptor subtype was
eventually demonstrated in mice lacking Y1 expression,
which show no blood pressure response to NPY but a nor-
mal response to NE. In addition, NPY does not potentiate
NE-induced vasoconstriction of blood vessel isolated
from NPY Y1-deficient animals. NPY Y1 knockouts
have normal blood pressure, suggesting that the NPY Y1
receptor does not play a crucial role in maintaining blood
pressure homeostasis in unstimulated conditions [147].
Along these lines, a role for NPY on the control of basal
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blood pressure is also not supported by pharmacological
studies. Indeed, BIBP3226, a specific Y1 antagonist, does
not affect blood pressure in normotensive and in sponta-
neously hypertensive rats despite increased circulating
NPY concentrations in the latter [26]. However, the role
of NPY in the activity of the sympathetic system has been
suggested by several independent observations. First of
all, in vitro, the long-lasting vasoconstriction induced by
high-frequency sympathetic stimulation of the guinea pig
vena cava can be significantly blunted in the presence of
SR120107 [148] or BIBP3226 [45, 149], two NPY Y1 an-
tagonists. In vivo, BIBP3226 can also inhibit the vaso-
constrictive response to high-frequency stimulation of
sympathetic nerves, indicating that endogenous NPY via
the NPY Y1 receptor may play a role in evoking the long-
lasting vasoconstriction seen in nasal mucosa, hind limb
and skin [45]. In addition, stress-induced hypertension in
rats was reversed by BIBP3226, suggesting that NPY
could be involved in mediating physiological responses
to stress [150]. These findings are substantiated by obser-
vations showing an increase in adrenal NPY expression
during chronic stress. Moreover, chronic exposure to
cold, an extremely stressful stimulus, has a synergistic ef-
fect on the pressor response to acute stress. Together,
these observations suggest that enhanced NPY secretion
could be important in modulating the blood pressure re-
sponse to chronic stress. Furthermore, the vasopressive
properties of NPY as well as its capacity to potentiate
adrenergic responsiveness led to the suggestion that this
peptide might be beneficial in the management of endo-
toxic shock. Indeed, in humans experiencing sepsis and
septic shock, plasma levels of NPY are significantly in-
creased [151, 152], and NPY-mediated vasoconstriction
was shown to be preserved during endotoxemia [153].
NPY infusion is able to prevent the development of hy-
potension and restore the response to pressor agents in
endotoxemic rats at doses that do not affect blood pres-
sure [153]. The fact that the Y1 antagonist BIBP3226 sig-
nificantly exacerbates the detrimental effects of both en-
dotoxemia and hemorrhage strongly suggests that NPY
acts through Y1 receptors to maintain blood pressure dur-
ing septic and hemorrhagic shocks [154]. It is also in-
dicative of a role of endogenous NPY in controlling blood
pressure during shock. Central administration of NPY
was shown to restore appetite during endotoxemia, sug-
gesting that downregulation of the hypothalamic path-
ways regulating food intake in endotoxic shock might
also be secondary to modulation of NPY [155–157].

Prejunctional NPY actions
In contrast to its postjunctional effects, NPY exerts also
prejunctional actions. In fact, in postganglionic sympa-
thetic neurons [158–160], in parasympathetic neurons
[161] as well as in peptidergic neurons [162], NPY in-

hibits neurotransmitter release, an effect that has been at-
tributed to the activation of Y2 receptors [163, 164].
Therefore, NPY was proposed to regulate inhibition of
cholinergic vagal action evoked by the sympathetic ner-
vous system in the heart [165]. Indeed, N-acetyl [Leu28, 31]
NPY24–36, a selective Y2 agonist, mimicked the inhibitory
effect of NPY on cardiac vagal activity [166, 167] and on
cholinergic mediated vasodilatation [60, 168]. Moreover,
the Y2 antagonist BIIE0246 attenuated the inhibitory ef-
fect of N-acetyl [Leu28, 31] NPY24–36 on vagal-induced
bradycardia, suggesting also the presence of functional
Y2 receptors in parasympathetic junctions in the heart. It
is important to note that N-acetyl [Leu28,31] NPY24–36 had
no effect on adrenergic receptor-mediated vasoconstric-
tion [168]. In the heart, presynaptic Y2 receptors in
parasympathetic nerve terminals could also inhibit the re-
lease of acetylcholine. In the trachea, N-acetyl [Leu28, 31]
NPY24–36 reduced the size of contraction evoked by a
cholinergic stimulation of parasympathetic nerves. Ac-
cordingly, N-acetyl [Leu28, 31] NPY24–36 also reduced the
amplitude of ATP-induced excitatory junction potentials
in the vas deferens [169]. These findings are consistent
with early observations indicating that prejunctional
NPY receptors inhibited ATP release in the vas deferens
[170, 171]. Together these results suggest that Y2 recep-
tors mediate the prejunctional actions of NPY. Finally,
NPY was also shown to suppress the release of neuro-
transmitters from parasympathetic and sensory nerve
endings in the airways [44, 162, 172, 173]. NPY inhibits
the secretory response to vagal stimulation in the lower
airways [174]. Moreover, in humans, NPY appears to re-
duce sneezing, itching and secretion after an allergen, a
capsaicin or a bradykinin challenge [175–177]. These
findings suggest that the NPY receptor could represent an
interesting target for the treatment of allergic and vaso-
motor rhinitis.

Role of NPY in catecholamine secretion
by chromaffin cells
Because of the interactions between NPY and cate-
cholamines, a possible role of NPY in controlling epi-
nephrine (E) and NE secretion from the adrenals as in-
vestigated. Indeed, beside its regulatory action via NPY
Y2 receptors on the release of catecholamine in sympa-
thetic nerve endings, NPY was suggested to stimulate
catecholamine secretion from intact rat adrenal capsular
tissue [178]. NPY was found in adrenals of humans and
other species, appeared to be produced by chromaffin
cells and was shown to be abundantly secreted by human
pheochromocytomas [25, 179–184]. In particular, NPY
immunoreactivity can be observed in the adrenal
medulla. The vast majority of NPY seems present in E-
type chromaffin cells, as demonstrated by the colocaliza-
tion of NPY and the enzyme phenylethanolamine N-
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methyltransferase (PNMT) [185]. However, NPY is also
present in NE-type cells [186]. The actions of NPY on
catecholamine secretion depend in part on experimental
conditions. In addition, the type of receptors mediating
these NPY effects remains undefined. Nevertheless, the
presence of NPY Y1 and y3 receptors has been reported
in bovine chromaffin cells [85–87, 187]. NPY was
shown to stimulate the secretion of catecholamines from
perfused bovine adrenal glands in the presence of cholin-
ergic agents [187], and to trigger rapid release of cate-
cholamine from chromaffin cells through a NPY receptor
subtype whose pharmacological profile is consistent with
that described for the y3 receptor [E. Grouzmann, unpub-
lished]. However, other studies demonstrated a weak in-
hibitory effect of NPY on NE and E release from bovine
chromaffin cells stimulated by cholinergic agonists [86].
In support of these latter observations, antiserum directed
to NPY enhanced nicotine-stimulated catecholamine re-
lease by rat primary adrenomedulla cells [188]. The NPY
receptor subtype, which mediates the inhibitory effect of
NPY on nicotine-induced catecholamine secretion, does
not appear to be coupled to cAMP (87). NPY Y2 agonists,
such as NPY13–36, inhibit catecholamine synthesis stimu-
lated by chronic depolarization in differentiated PC12
pheochromocytoma cells [189]. This effect seems to be
dependent on an inhibition of calcium influx through L-
type voltage-gated calcium channels, and possibly in-
volves a PKC-dependent pathway [190].
Moreover, NPY itself can be released by chromaffin
cells, and appears to exert an autocrine control on cate-
cholamine secretion [94]. Therefore, NPY originating
from the adrenal medulla could locally enhance the se-
cretion as well as the downstream effects of catechola-
mines. Since NPY and catecholamines are colocalized in
secretory granules, it is tempting to speculate on a possi-
ble cosecretion for maximum actions. In particular, the
long-lasting effects of NPY could potentiate the vasocon-
strictive actions of catecholamines. Despite these impor-
tant findings, the exact role of NPY as a modulator of cat-
echolamine release from the adrenals should be further
investigated. Nevertheless, these results suggest that
NPY antagonists might be useful in the treatment of pa-
tients with secreting pheochromocytoma during hyper-
tensive crises. In addition, NPY could serve as a specific
and sensitive marker for the diagnosis of these diseases.

Trophic actions of NPY in the cardiovascular system
The trophic effects of sympathetic neurotransmitters on
the cardiovascular system have been recognized for a
long time. In particular, NE was shown to contribute to
cardiovascular remodeling through its growth-promoting
activity on smooth muscle and cardiac cells. Because
NPY is associated with NE in sympathetic nerve endings,
several studies investigated the trophic actions of NPY.

In vascular smooth muscle cells, NPY was shown to in-
duce DNA synthesis in a concentration-dependent man-
ner and to stimulate cell proliferation [191–194]. Using
semiselective peptidic agonists, the Y1 receptor was iden-
tified as the subtype mediating the mitogenic effects of
NPY. This effect was blocked by pertussis toxin, indicat-
ing the involvement of a Gi/o protein [191, 194], and an
important role for calcium was also proposed [191]. Fur-
thermore, other NPY receptor subtypes could be impli-
cated depending on the concentrations of NPY used to
elicit a mitogenic response. Indeed, at concentrations be-
low that evoking a vasopressive response, NPY could in-
duce Y2 and Y5 expression. In turn, these different re-
ceptors could mediate the stimulation of intracellular cal-
cium transients and possibly MAPK activation [195].
Parallel experiments using HUVECs indicated that NPY
could function as an angiogenic factor [196].
Along these lines, NPY was also reported to exert trophic
actions on cardiomyocytes. In adult rat cardiomyocytes,
NPY induces an increase in transcription and in protein
content [197, 198]. More precisely, NPY appears to acti-
vate at least two different intracellular pathways in these
cells [198]. First, it stimulates protein synthesis as well as
cardiomyocyte hypertrophy via activation of a pertussis
toxin-sensitive G-protein-coupled receptor and the phos-
phatidylinositol (PI) 3-kinase. Second, it induces a shift
towards expression of fetal isoforms of cardiac-specific
proteins through PKC-dependent pathways and activa-
tion of MAPK. Moreover, NPY appears to inhibit a b-
adrenergic-mediated attenuation of the hypertrophic re-
sponse induced by NE [199]. Finally, in neonatal mouse
cardiomyocytes, NPY potentiates a phenylephrine-in-
duced activation of PKC and the MAPK pathways. This
effect is mediated through Y5 receptors on the surface of
cardiac myocytes [118].

Renal effects of NPY
NPY and NE have been found colocalized in the renal
vasculature, in the renal cortex and at the corti-
comedullary interface. In humans, NPY immunoreactiv-
ity appears mainly found in the renal tubules, whereas it
seems absent in the glomerules [200]. In monkeys, NPY
administration into the renal artery resulted in a dose-de-
pendent increase in renal artery resistance, and conse-
quently in a decrease in renal blood flow [201, 202]. In
addition, NPY appears to enhance diuresis and natriure-
sis through direct tubular effects independent of its he-
modynamic properties [203]. Direct stimulation of the
sympathetic renal nerve causes NE and NPY overflows,
which are accompanied by a significant renal vasocon-
striction [204, 205].
Together with an activated renin-angiotensin system,
chronic stimulation of the sympathetic nervous system
contributes to the development of high blood pressure in
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hypertensive individuals. Interactions between the adren-
ergic and the renin-angiotensin system have been demon-
strated. For instance, activation of b-adrenergic receptors
on juxtaglomerular cells stimulates renin release. Since
NPY is closely associated with the sympathetic system, it
has been postulated that some of the cardiovascular ef-
fects of NPY could be related to modulation of the renin-
angiotensin system. Therefore, NPY could participate in
maintaining hypertension via its synergistic effects on
NE-induced vasoconstriction or by potentially potentiat-
ing adrenergic-mediated renin release. In patients
demonstrating a stenotic kidney and subsequent activa-
tion of the renin-angiotensin system, the concentrations
of NPY found in the renal veins were no different be-
tween the affected and the normal contralateral kidney
[206]. On the other hand, increased sensitivity to NPY
was demonstrated in a rat model of renovascular hyper-
tension, namely the two-kidney one-clip (2K1C) hyper-
tension [47]. In this study, the Y1 antagonist BIBP3226
was unable to lower blood pressure in hypertensive rats.
However, another Y1 antagonist, BIBO3304TF, was
shown to blunt development of high blood pressure in
2K1C rats, indicating that NPY could contribute to the
hypertensive response in this model [207]. Nevertheless,
the contributing effect of NPY is unlikely to be due to
NPY-mediated stimulation of renin release, since NPY
failed to potentiate basal or isoproterenol-stimulated
renin secretion from rat kidney slices. On the contrary, in-
fusion of exogenous NPY to hypertensive 2K1C rats ap-
peared to suppress renin release during development of
renovascular hypertension [208]. These apparent discrep-
ancies could be due to differential effects of NPY during
acute and chronic renal response.

Energy homeostasis

Energy homeostasis is the process by which adipose tis-
sue, stored energy, is kept constant over time. Obviously,
feeding behavior plays a crucial role in energy homeosta-
sis, because to maintain a constant energy balance, en-
ergy (food) intake should match energy expenditure
[209–211]. Feeding behavior is a tightly regulated phe-
nomenon, involving several factors for signaling the body
needs in energy to the CNS, particularly to the hypothal-
amus [212]. The hypothalamus integrates neuronal, meta-
bolic and endocrine signals [213], and stimulates differ-
ent effector pathways for activation of behavioral re-
sponses and neuroendocrine axes [214]. It is certainly
overly simplified to reduce the regulation of food intake
to a series of cross-talks between certain hypothalamic
circuitries that would control body fat mass. However, a
variety of studies indicate that body weight is indeed con-
trolled by genetic factors. Along these lines, the identifi-
cation of several genes that are responsible for a change

in body weight in rodents suggests that obesity is not
solely due to a lack of discipline [215]. In fact, a large
number of molecules have been implicated in the control
of food intake. In this complex network of pathways, one
can distinguish those that provide orexigenic signals from
those emitting anorexigenic signals.

Hypothalamic pathways for the control of feeding
NPY is the prototype of appetite-stimulating hormones,
inducing particularly carbohydrate intake [216, 217]. In
addition, NPY decreases energy expenditure and induces
lipogenic enzymes in white adipose tissue [218]. The
ability of NPY to induce food intake was reported very
early after its first isolation. Intracerebroventricular in-
jection of NPY elicits a strong feeding response [216,
219], even in satiated animals, eventually leading to obe-
sity [220, 221]. Subsequently, a large body of evidence
suggested that NPY was a naturally produced neurotrans-
mitter that participates in the hypothalamic integration of
energy homeostasis. For instance, NPY expression in the
hypothalamus is largely increased in situations of poor
metabolic conditions [222, 223]. High hypothalamic
NPY levels are found also in obese Zucker rats [224,
225].
The discovery of hormones responsible for adiposity sig-
nals provides evidence for a feedback mechanism be-
tween peripheral fat stores and the neuronal centers con-
trolling food intake. Insulin and even more so leptin, the
product of the ob gene [226], are the only hormones so far
identified that are produced in proportion to the amount
of body fat, released in the plasma, circulate at levels pro-
portional to fat content, enter the central nervous system
and interact with specific receptors present in hypothala-
mic nuclei involved in the control of food intake [212].
Accordingly, reduced central activation of insulin and/or
leptin pathways results in increased NPY expression and
secretion in the hypothalamus [214, 223]. For instance,
leptin-deficient ob/ob mice as well as rats with insulin-
deficient diabetes are characterized by high NPY synthe-
sis and hyperphagia [227–229]. Moreover, leptin admin-
istration inhibits hypothalamic NPY expression and se-
cretion, suggesting that NPY is a target of leptin actions
in the brain [230]. Similarly, insulin replacement in strep-
tozotocin (STZ)-treated rats normalizes the increase in
hypothalamic NPY expression and reduces hyperphagia
that develops secondary to insulinopenia [231]. Further-
more, although mice carrying disrupted NPY alleles feed
and grow normally, hyperphagia as well as obesity in lep-
tin-deficient ob/ob mice are attenuated in animals lacking
NPY expression [232]. NPY-deficient mice are also par-
ticularly sensitive to the anorexigenic effects of leptin, in-
dicating that NPY tonically controls leptin actions [233]. 
Although the physiological relevance remains to be es-
tablished, it is quite clear that insulin similarly modulates
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NPY expression and release in the hypothalamus [234,
235], and could therefore participate in a regulatory feed-
back mechanism that would prevent hyperphagia in post-
prandial stage. It is also important to note that NPY itself
has been shown to control insulin secretion [236, 237].
Acute intracerebroventricular injections of NPY cause a
significant rise in plasma insulin levels. This effect is pre-
vented by adrenalectomy, suggesting that glucocorticoids
are necessary for NPY-mediated insulin release [238].
Hyperinsulinemia certainly contributes to obesity by
stimulating glucose transport in adipose tissues. In addi-
tion, NPY is also produced by insulin secreting b cells,
where it could act as a potent autocrine/paracrine in-
hibitor of insulin secretion [239]. Similarly, NPY appears
to exert control on leptin secretion by adipocytes. Indeed,
activation of NPY Y1 receptors on the surface of
adipocytes inhibits lipolysis and stimulates leptin secre-
tion [240, 241].
Several other pathways involving anabolic transmitters
such as the agouti-related protein (AGRP) have been sug-
gested to mediate leptin actions in the hypothalamus. En-
dogenous AGRP is a strong antagonist at the melanocortin
MC3 and MC4 receptors [242]. The MC4 receptor is
thought to mediate inhibition of the feeding response
when stimulated by the pro-opiomelanocortin (POMC)-
derived peptide, the a-melanocyte-stimulating hormone
(a-MSH). Since AGRP is expressed by NPY-ergic neu-
rons [243], it was postulated that AGRP could represent a
pathway, parallel to NPY, compensating for NPY defi-
ciency in NPY knockouts. However, hypothalamic AGRP
expression is not elevated in mice lacking NPY. In addi-
tion, the expression of several anorexigenic molecules is

stimulated by high leptin concentrations. Among pathways
containing possible candidate catabolic effectors, the
melanocortins, in particular a-MSH, are indeed stimulat-
ed by leptin [244]. Similarly, the cocaine- and amphet-
amine-regulated transcript (CART) promotes negative 
energy balance [245]. The emerging picture for the control
of energy homeostasis thus involves a series of hypothala-
mic pathways with opposing effects [212] (fig. 2).
Leptin, and to a lesser degree insulin, activate catabolic
pathways while inhibiting neurons containing anabolic ef-
fectors. In support of this view, leptin was recently shown
to exert a dual effect in the hypothalamus. On the one
hand, leptin induces depolarization and stimulates a sub-
set of neurons that release anorexigenic substances,
whereas it hyperpolarizes, and then inhibits, neurons con-
taining orexigenic peptides [246]. Therefore, although
NPY certainly plays a prominent role in these different
regulatory loops, it is by no means the only regulatory sub-
stance controlling appetite [212]. In addition, leptin is not
the sole modulator of hypothalamic NPY expression. For
instance, fatty acid synthase (FAS) inhibitors were shown
to dramatically reduce food intake and adiposity in mice,
resulting in weight loss [247–249]. NPY mRNA levels in
the hypothalamus of mice treated with FAS inhibitors
were even lower than those measured in fed animals, de-
spite the fact that circulating leptin concentrations were
reduced. This suggests the existence of leptin-independent
pathways for the regulation of hypothalamic NPY gene
expression. Nevertheless, fasted mice receiving FAS in-
hibitors responded normally to NPY intracerebroventricu-
lar injection. These substances appear to target some neu-
ronal networks lying upstream the NPY pathways.

Figure 2. Schematic view of the feedback loops controlling food intake in the hypothalamus. See text for details.
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Anatomically, the satiety and the hunger centers appear
localized within nuclei of the basal hypothalamus. The ar-
cuate nucleus (ARC) is the first integrator of peripheral
signals because of the absence of the blood brain barrier
around the median eminence. Neurons that express the
two orexigenic peptides NPY and AGRP are present in
the ARC [243]. POMC, the precursor molecule of a-
MSH, as well as CART, are colocalized in a separate set
of arcuate neurons. Both subsets of neurons appear sensi-
tive to leptin actions [230, 250]. Similarly, insulin recep-
tors are highly expressed in the ARC. Thus, high leptin
levels inhibit NPY/AGRP neurons and activate POMC/
CART neurons. Conversely, in poor metabolic condi-
tions, low leptin and insulin levels result in inhibition of
arcuate POMC and CART expression, and stimulate the
NPY/AGRP anabolic pathway.
Neurons from the ARC project to two relevant hypothala-
mic sites, namely the paraventricular nucleus (PVN) [222,
251], and the LHA. The PVN is crucial in integrating
orexigenic signals. Approximately 20% of NPY-produc-
ing neurons innervate the PVN. Destruction of the PVN
produces hyperphagia, whereas its stimulation inhibits
food intake. These experiments suggest that anorexigenic
molecules may be produced in the PVN. Nevertheless,
specific microinjections in the PVN of orexigenic signal-
ing substances, in particular of NPY, stimulate feeding.
And most important, this site is the only hypothalamic
area in which the release of NPY in response to fasting
was demonstrated [222]. Therefore, it is hypothesized that
NPY/AGRP neurons originating from the ARC control
food intake by inhibiting catabolic effector signaling in
the PVN. Such molecules are indeed present in the PVN.
For example, the corticotropin-releasing hormone (CRH),
the prime regulator of the corticotrope axis, is synthesized
in the PVN and decreases feeding when injected centrally
[252]. Accordingly, POMC/CART neurons should stimu-
late PVN neurons containing catabolic effectors. This,
however, has not been demonstrated.
The hypothesis that the LHA plays an opposite role 
in the control of food intake is first supported by obser-
vations of bilateral lesioning of the LHA. Destruction 
of these sites causes anorexia [253]. This indicates that
orexigenic neurotransmitters could be synthesized in that
area. Indeed, the melanin-concentrating hormone
(MCH), as well as two recently discovered peptides with
anabolic properties named orexin A and B, is present in
the LHA or the adjacent region, the perifornical area
(PFA) [254]. Thus, they are potentially involved in the in-
duction of feeding behavior. NPY-containing neurons
from the ARC are detected in the LHA/PFA regions.
Therefore, the integrated model would predict that
NPY/AGRP input in the LHA/PFA could stimu-late orex-
igenic effector signaling in these areas of the brain.
The model for first- and second-order neuronal control of
feeding behavior also predicts that POMC/CART neu-

rons projecting form the ARC stimulate anorexic peptide
signaling in the PVN and, conversely, inhibit anabolic ef-
fector-containing neurons in the LHA/PFA areas. In ad-
dition, it should be noted that these different hypothala-
mic neuronal systems are highly interconnected. Along
this line, neurons of the PVN and of the LHA/PFA pro-
ject to the ARC, and could then exert feedback controls
on ARC neurons. Whether NPY is expressed in specific
subsets of PVN or LHA/PFA neurons remains to be es-
tablished. However, it is likely that leptin plays a direct
role in the activity of PVN and LHA/PFA, since leptin re-
ceptors have been found in these different areas [255]. Fi-
nally, extrahypothalamic sites in the brain contain NPY-
expressing neurons, which could play a role in the control
of feeding. In particular, a neuronal population in the
brain stem coexpresses NPY, NE and E. NE and E in the
hypothalamus come from these particular neuron subsets.
Therefore, coordinate regulation of the activity of spe-
cific areas in the hypothalamus by NPY and cate-
cholamines for the control of food intake has been sug-
gested [256].

NPY receptors involved in the control of feeding
Because of the prominent role of NPY in the hypothala-
mic network controlling feeding behavior, the identifica-
tion of the NPY receptors involved in the orexigenic ac-
tions of this peptide has been the center of great attention
[68, 257, 258]. Indeed, these receptors could constitute
potential targets of antiobesity treatment. As already
mentioned, NPY activates at least five receptor subtypes
[30, 31]. Among these different receptors, the Y1 and Y5
receptors appear to represent the most likely candidates
for mediating the appetite stimulatory capacity of NPY
[68]. As expected, both receptors are expressed in hypo-
thalamic regions involved in the control of feeding [72].
Initial studies used the different order of potency of trun-
cated or substituted peptides of the NPY family to ad-
dress the role of each NPY receptor in the control of feed-
ing [259]. Early experiments therefore suggested that
NPY regulated food intake through the Y1 receptor since
[Leu31, Pro34]NPY, a Y1 receptor agonist, stimulated
feeding, whereas NPY13–36, a Y2 receptor agonist, did not
[260]. However, in the same series of experiments,
NPY2–36, a truncated peptide with reduced affinity for the
Y1 receptor was shown to be a highly potent inducer of
eating [260]. Moreover, the subsequent cloning of the Y5
receptor demonstrated that the affinity profile of peptidic
agonists for this receptor subtype correlates with their ca-
pacity to stimulate feeding in rats. [Leu31, Pro34]NPY as
well as NPY2–36 have high affinity for the Y5 receptor.
Recently, the first selective agonist for the Y5 subtype
was described. This peptidic compound binds to Y5 in the
nanomolar range and is able to stimulate feeding when in-
jected centrally [76].



A number of selective Y1 and Y5 receptor antagonists
have also been used to assess the importance of these re-
ceptor subtypes in feeding behavior. First, BIBP3226 and
BIBO3304, two Y1 receptor antagonists, were shown to
block the feeding response to intracerebroventricular
NPY injection [48, 261]. Similarly, 1229U91 is a high-
affinity Y1 receptor antagonist that blocks daily as well as
NPY-induced food intake [262]. However, this latter com-
pound also has agonistic properties for the Y4 receptor.
More recently, a Y1 antagonist (J-115814) that reduces
spontaneous as well as NPY-stimulated feeding was de-
scribed [52]. This drug was also active after intravenous
and intraperitoneal injections. The fact that J-115814 was
completely devoid of activity in NPY Y1-deficient mice,
whereas it significantly reduced food intake in wild-types
and in NPY Y5 knockouts, demonstrated the high selec-
tivity of the compound and represented strong evidence
for a role of the Y1 receptor in mediating feeding re-
sponses. On the other hand, the efficacy of the Y5 recep-
tor antagonist CGP71683A in reducing food intake in
fasted rats suggested that the Y5 subtype could play a role
in eating responses [263]. It should be noted that
CGP71683A does not affect daily food intake, indicating
that the implication of the Y5 receptor could be restricted
to stimulated conditions. However, a recent paper pro-
vided evidence that this compound also displays a certain
degree of affinity for serotonin or muscarinic sites [78].
The NPY Y1 and Y5 receptors were investigated by ge-
netic studies to identify a possible linkage between obe-
sity and highly polymorphic markers in these genes. No
linkage was found in a French Caucasian population, sug-
gesting that these loci do not play a major role in human
obesity [264]. Moreover, the attempt to detect genetic
variants by single strand conformation polymorphism
(SSCP) analysis was also negative. These results were
confirmed in a study investigating extremely obese chil-
dren. Indeed, an association could not be demonstrated
between a nonconservative mutation affecting the first
extracellular domain of the NPY Y5 receptor and the vari-
ability in body weight in this cohort [265]. In contrast,
three single nucleotide polymorphisms in the promoter of
the NPY Y5 receptor gene as well as in the 3¢-untrans-
lated region of the gene were in strong linkage desequi-
librium among lean and obese Pima Indians [266]. This
would indicate that the Y5 receptor subtype or a locus in
the close vicinity, possibly the NPY Y1 receptor gene,
could contribute to obesity in this selected population.
Since no clear picture emerged from pharmacological in-
terventions, various attempts to downregulate or to inval-
idate NPY receptors in vivo were used to address the
physiological importance of the different subtypes in
feeding behavior. Intracerebroventricular injection of an-
tisense oligonucleotides directed against the Y5 receptor
attenuated fast-induced feeding in rats [267, 268]. Re-
sults from experiments using the same approach to block

the Y1 subtype showed either a decrease or a paradoxical
stimulation of food intake [269–271], and are not partic-
ularly informative. Knockout studies aimed at disrupting
the Y1 and Y5 receptors raised many hopes to obtain def-
inite answers on the respective importance of each sub-
type [147, 272, 273]. Surprisingly, both strains showed a
higher body weight due to fat accumulation as compared
with wild types. However, the reasons for the develop-
ment of obesity are different in each strain. Mice lacking
Y1 appear to have slightly decreased daily food intake,
while fast-induced refeeding is severely affected. These
animals also demonstrate decreased metabolic rate, sec-
ondary to decreased locomotor activity and movement-
associated thermogenesis. Therefore, low-energy expen-
diture rather than high-energy intake appears responsible
for the increase in body weight observed in Y1 knock-
outs. In contrast, Y5-deficient mice are hyperphagic. Ac-
cordingly, compensatory regulation of NPY receptors in
the hypothalamus of NPY knockouts involves the upreg-
ulation of NPY Y1 receptor expression but not that of the
NPY Y5 subtype. Finally, to further complicate our un-
derstanding of NPY-mediated control of food intake,
mice lacking the Y2 receptor subtype also demonstrate
hyperphagia, increased body weight and fat deposition,
[274], and hypothalamic-specific deletion of the Y2 gene
results in increased food consumption but decreased
body weight [275]. Together, these data are indicative of
a prominent role for the Y1 receptor. Nevertheless, both
the Y1 and Y5 receptors could control redundant path-
ways within the hypothalamus. Obviously, this does not
rule out the possible involvement of other subtypes, such
as the Y2 receptor. In addition, several authors have pos-
tulated the existence of  yet unidentified NPY receptors,
which would be distinct from either the Y1 or Y5 subtype.
Today, it is not absolutely clear how many NPY receptors
constitute the family [30]. More definite answers on the
identification of the NPY feeding receptors should be ob-
tained using a combination of approaches, including
generation of mice lacking more than one NPY receptor,
production of tissue-specific knockouts as well as devel-
opment of highly selective antagonists and their injection
at precise hypothalamic sites.

Role of NPY in neuroendocrine regulation

The role of the hypothalamus in neuroendocrine regula-
tion, and the discovery of NPY as a central modulator of
hypothalamic functions, raised the question of its possi-
ble implication in controlling the activity of different neu-
roendocrine axes. Indeed, it has long been known that the
activity of the neuroendocrine system is closely associ-
ated with the energy status of the body, and dysregula-
tions in energy homeostasis affect neuroendocrine func-
tions (fig. 3).
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NPY and the corticotrope axis
The hypothalamo-pituitary-adrenal (HPA) axis is chroni-
cally activated in obese individuals, occasionally to the
point of inducing hypercorticism. Similarly, rodent mod-
els with genetically determined obesity, such as ob/ob
and db/db mice [276] as well as fa/fa Zucker rats [277,
278] demonstrate increased corticotrope axis activity.
Obesity in these different models develops secondary to
a defect in the leptin pathway. Although leptin deficiency
does not seem to be the prime cause of human obesity, it
could involve leptin resistance [279]. It is also relevant
that leptin inhibits activation of the corticotrope axis in
response to stress [280]. As mentioned earlier, low leptin
levels or a defective leptin pathway result in stimulated
hypothalamic NPY expression [227]. Therefore, obese
individuals are expected to show enhanced NPY expres-
sion in the hypothalamus. In addition, high hypothalamic
NPY concentrations also occur in normal animals, under
conditions of low-energy intake such as fasting [222].
Starvation is a strong activator of the stress axis [281], a
situation in which secretion of corticotropin-releasing
hormone (CRH) is thought to prevent hypoglycemia. In
the hypothalamus, the main site of CRH synthesis and the
source of CRH-containing neurons controlling ACTH re-
lease is the PVN, an area in which NPY-ergic nerve ter-
minals are abundant [282]. Accordingly, it was reported

initially that infusion of NPY in the lateral ventricle of
rats increased CRH concentrations in the hypothalamus
and stimulated the release of ACTH and corticosterone
[282–284]. Subsequently, this finding was confirmed by
demonstration of dose-dependent activation of the HPA
axis by NPY following its injection into the third ventri-
cle, the lateral ventricle [283], the PVN [282] or even af-
ter intravenous administration. NPY thus appears to stim-
ulate directly CRH synthesis and release by neurons of
the PVN.
In an attempt to identify the receptor involved, it was re-
cently suggested using a series of NPY analogs that the
pharmacological profile of such receptor was not consis-
tent with the Y1, y3 or y6 subtypes [285]. Moreover, the
NPY receptor that controls the HPA axis does not seem to
regulate food intake. Therefore, the receptor subtype re-
sponsible for stimulation of the corticotrope axis remains
to be discovered. Finally, it is important to note that de-
spite all the evidence listed above, the significance of
these findings should be questioned in the face of data
obtained in NPY-deficient mice which do not show re-
duced HPA axis activity under either fed or fasted condi-
tions [286].
NPY could regulate the activity of the corticotrope axis
at different locations outside the hypothalamus. Al-
though NPY-containing neurons do not seem to project

Figure 3. Schematic view of the NPY-mediated regulatory pathways controlling the activity of neuroendocrine axes. See text for details.



to the pituitary, NPY can be found in the gland after its
release in the hypothalamo-hypophysial portal vessels.
In contrast, NPY-ergic neurons are found in the adrenals
[287]. Nevertheless, studies assessing NPY actions on
the adrenals provided conflicting results, and the exact
physiological role of NPY at these sites has not been es-
tablished. On the one hand, NPY appears to inhibit
ACTH-stimulated corticosterone release from adrenal
cells. On the other hand, NPY was reported to increase
corticosterone secretion. Therefore, in the adrenals,
modulation by NPY of HPA axis activity appears rather
marginal. However, it is noteworthy that NPY seems to
have more striking effects on aldosterone secretion
[288]. Indeed, NPY was found to increase aldosterone
concentrations, particularly under conditions of low
ACTH levels [289]. Similarly, in the absence of a func-
tional renin-angiotensin system, NPY could stimulate
the growth of the zona glomerulosa.
Glucocorticoids, through their type II receptor, affect
NPY expression and concentrations in the PVN as well as
the ARC. For instance, dexamethasone increases NPY
levels, whereas the type II selective antagonist RU486
blocks this effect [290]. RU486 was shown to prevent the
orexigenic actions of NPY [291]. In adrenalectomized
rats, central NPY levels are either decreased or un-
changed [292, 293]. However, infusion of glucocorticoids
in these animals increases hypothalamic NPY expression
and synthesis [294], and upregulates NPY Y1 receptor
expression [295]. Whether or not corticosterone is essen-
tial for the activation of NPY production in the hypothal-
amus in response to fasting is controversial. But it is note-
worthy that the anorexic effects of leptin are greatly en-
hanced in adrenalectomized rats and that glucocorticoids
abolish leptin actions in this model [296]. It is also rele-
vant that adrenalectomy reduces the number of NPY Y1
and Y5 receptors in the VMH and simultaneously blunts
acute NPY-induced insulin release [297], suggesting that
glucocorticoids could control NPY-mediated insulin se-
cretion via modulation of NPY Y1 and Y5 receptor ex-
pression. Therefore, a glucocorticoid-mediated increase
in hypothalamic NPY levels as well as a simultaneous de-
crease in CRH concentrations could by themselves repre-
sent significant components of the dysregulations leading
to the development of obesity.
Finally, the inhibitory effects of CRH on NPY expression
provide additional evidence for regulatory cross-talks be-
tween the HPA axis and hypothalamic NPY. Along this
line, it is relevant that CRH was shown to decrease food
intake [252, 298]. Therefore, the anorexigenic actions of
CRH could partially result from a blockade of the feed-
ing-stimulatory activity of NPY. In contrast, corticos-
terone, via a feedback regulatory loop, prevents hypo-
thalamic CRH secretion and could in turn stimulate NPY
synthesis by abolishing the inhibitory actions of CRH on
NPY-containing neurons [299].

NPY and the gonadotrope axis
Beside stimulation of the corticotrope axis, starvation
also affects the activity of the gonadotrope axis [281].
Therefore, reproductive functions can be severely im-
paired in these circumstances, leading to gradual hypog-
onadism of hypothalamic origin. Indeed, fasting or food
restriction induces suppression of the pituitary-gonadal
functions, which can be restored by gonadotropin-releas-
ing hormone (GnRH) substitution [300]. As already dis-
cussed, hypothalamic NPY expression and release are
greatly enhanced in adverse metabolic conditions. In ad-
dition, it has been demonstrated that chronic NPY infu-
sion in the third cerebral ventricle prevents sexual matu-
ration in female rats [301], and produces hypogonadism
in adult male and female animals [302, 303]. Therefore,
NPY could represent a crucial modulator of the go-
nadotrope axis and in particular of GnRH secretion in the
hypothalamus [304]. Indeed, central NPY injection re-
sults in remarkable decreases in the number of luteinizing
hormone (LH) pulses [305] and in plasma testosterone
levels [306]. The inhibitory effects of fasting on the go-
nadotrope axis as well as the increase in hypothalamic
NPY levels were blunted by leptin administration [281].
It is therefore likely that the beneficial effect of leptin on
GnRH secretion was at least in part associated with its ca-
pacity to prevent NPY synthesis and release from neurons
of the ARC [307, 308]. Leptin has also been reported to
advance the onset of puberty in intact rodents [309, 310].
Given the inhibitory role of NPY on sexual maturation,
leptin-mediated suppression of NPY expression in the
ARC is probably important in controlling pubertal devel-
opment, an effect that could be mediated by the Y1 re-
ceptor [311, 312]. The emerging picture favors a role of
leptin in centrally signaling the adequacy of energy stores
for reproduction, and therefore in setting the progression
towards puberty [313–315].
In addition to its inhibitory action on the reproductive
function of intact rats, NPY has also a marked inhibitory
effect on LH release in castrated animals [316–318].
The NPY-induced inhibition of the gonadotrope axis was
initially thought to be mediated by the NPY Y1 receptor,
based on pharmacological studies using the NPY Y1 ag-
onist [Leu31, Pro34]NPY [319]. However, this NPY ana-
log was shown later to bind with a significant affinity to
the newly identified NPY Y5 and Y4 receptors. There-
fore, using a panel of more defined semiselective ago-
nists, it was subsequently suggested that the most likely
candidate for mediating NPY actions on the gonadotrope
axis was the NPY Y5 receptor [320]. Although involve-
ment of the NPY Y1 receptor could not be completely
excluded, these conclusions were based on observations
showing that PYY3–36 (with Y2 and Y5 selectivity), hPP
(with Y4 and Y5 selectivity) and [D-Trp32]NPY (a selec-
tive Y5 agonist) were as potent as NPY to inhibit LH
surge.
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is expected to limit energy expenditure in periods of low-
energy intake. Therefore, thyrotropin-releasing hormone
(TRH) mRNA levels in the paraventricular nucleus are
reduced in fasted animals, resulting in a fall in plasma
thyroxine levels. Administration of leptin appears to pre-
vent fasting-induced suppression of TRH expression, and
to partially restore thyroxine concentrations during star-
vation [281, 331]. Leptin could directly regulate TRH-
containing cells in the PVN, since this population ex-
presses the leptin receptor [332]. However, the effects of
leptin on the thyrotrope axis might also result from indi-
rect regulation of TRH neurons by arcuate NPY and
POMC-expressing cells. Indeed, NPY-ergic neurons in-
nervate TRH neurons in the PVN and could therefore ex-
ert an inhibitory effect on the thyroid axis. The reduction
of TRH expression observed in the PVN of NPY-infused
rats, and the concomitant decrease in circulating T3 and T4

levels are consistent with this observation [330]. In the
same way, NPY blunts the release of pro-TRH by primary
hypothalamic neurons in vitro. However, fasted NPY
knockouts display a similar fall in thyroxine as that seen
in wild type, suggesting that NPY is not mandatory to
modulate the thyrotrope axis.
Pulsatile growth hormone (GH) secretion is controlled by
neurons producing GH-releasing hormone (GHRH) and
those secreting somatostatin. In addition, GH could regu-
late its own secretion via a feedback control of GH and
somatostatin-containing neurons. NPY neurons in the hy-
pothalamus appear to express GH receptors [333]. Using
intraventricular injections of rather large doses of NPY,
an inhibitory effect was demonstrated on GH secretion in
ovariectomized rats. This effect seems to result from di-
rect regulation of hypothalamic GHRH-containing neu-
rons. Indeed, NPY-containing neurons are present in hy-
pothalamic areas that control GH release. However, inhi-
bition could equally be the result of stimulation of
somatostatin production. In any case, single injection of
NPY produces a long-lasting reduction of plasma GH
[334]. It is therefore relevant that leptin-deficient ob/ob
mice with increased hypothalamic NPY expression
demonstrate significant reduction in hepatic IGF-1 ex-
pression, which can be partially corrected by NPY inacti-
vation. Leptin seems to modulate the activity of the so-
matotrope axis, since leptin treatment prevents suppres-
sion of GH secretion during fasting [335]. In this instance
as well, leptin could control both GHRH and somato-
statin synthesis and release. It is also noteworthy that the
leptin receptor is expressed in the pituitary, indicating
that control at this level might regulate GH secretion. Be-
cause of the effects of leptin on hypothalamic NPY ex-
pression, it is likely that part of its action results from
modulation of the NPY pathways in the hypothalamus.
Finally, contrasting with its inhibitory effect, NPY was
also suggested to exert a stimulatory action on GH secre-
tion via direct activation of pituitary cells.
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However, the effects of NPY on the reproductive function
are very complex [321–323]. In fact, early studies iden-
tified a dual action of NPY on LH release, since an acute
NPY injection seems to briefly stimulate LH secretion in
both intact males and ovariectomized sex steroid-primed
females. Therefore, under certain conditions, NPY also
exhibits stimulatory activity on basal and cyclic secretion
of GnRH. Consistently, antisense probes directed against
NPY mRNA can block the triggering actions of NPY on
GnRH release. Likewise, passive immunization against
NPY also reveals a stimulatory role of endogenous NPY
synthesis in the regulation of GnRH secretion during the
pre-ovulatory LH surge [324]. Because NPY and [Leu31,
Pro34]NPY similarly stimulate LH release in ovarian
steroid-primed ovariectomized rats, it was assumed that
NPY Y1 receptors in the hypothalamus could mediate
these actions of NPY. The involvement of the Y1 receptor
was also confirmed using the specific Y1 antagonist
BIBP3224 [325]. However, [Leu31, Pro34]NPY was re-
ported to have mixed actions on several NPY receptors,
including the Y4 subtype. Unexpectedly, experiments us-
ing the NPY Y1 antagonist 1229U91 provide the first ev-
idence for the involvement of another type of receptor. In-
deed, this compound also displays substantial agonistic
activity at the Y4 receptor. Therefore, 1229U91 effi-
ciently blocks LH surge in ovariectomized rats, possibly
via the Y1 receptor, and induces LH release in unstimu-
lated conditions through Y4 receptors [326, 327]. These
findings represent compelling evidence for a role of the
Y4 receptor in stimulation of LH secretion. Y4 deficiency
was recently shown to improve fertility in ob/ob mice,
suggesting that the Y4 receptor controls at least in part
inhibition of the gonadotrope axis under conditions of
high hypothalamic NPY expression [328]. Finally, since
the [Leu31, Pro34]NPY analog as well as [D-Trp32]NPY
both elicit stimulation of LH secretion, participation of
the NPY Y5 receptor cannot formally be ruled out. In-
deed, studies performed in vitro using rat hypothalamic
explants suggest that the NPY Y5 receptor is responsible
for stimulation of the GnRH pulse generator in prepuber-
tal animals [329]. To conclude, NPY is almost certainly
involved in modulating the activity of the gonadotrope
axis. However, data obtained in the NPY-knockout mouse
also definitely demonstrate that animals develop normal
reproductive functions in the absence of NPY, and there-
fore that this neuropeptide is not mandatory for the nor-
mal activity of the reproductive axis [233, 286].

NPY and the thyrotrope and somatotrope axes
Finally, central NPY injection can also suppress the thy-
rotrope [330] and somatotrope axes [305]. Similar to
what was observed for the corticotropic and gonadotropic
axes, this NPY effect mimics normal neuroendocrine re-
sponses to starvation. Indeed, decreased thyroid hormone



Therapeutic potentials

NPY is widely distributed in the central and peripheral
nervous systems, and elicits a number of important phys-
iological responses. NPY is thus likely to play a major
role in several organ systems and represents a desirable
target for therapeutic purposes. For example, its emerging
role as a prominent integrator of energy homeostasis sug-
gests that modulation of NPY-mediated pathways could
be relevant for the management of obesity. Along these
lines, it is tempting to speculate that an orally active Y1
antagonist could have strong beneficial effects in meta-
bolic syndromes by inhibiting food intake, increasing
thermogenesis, activating lipolysis and at the same time
reducing blood pressure while lowering the threshold of
activation of the gonadotrope axis. On the other hand, this
ideal picture is challenged by the numerous effects which
have been assigned to NPY and could complicate the de-
sign of highly specific drugs. For instance, blockade of
feeding pathways for the treatment of obesity is likely to
significantly affect some other important regulatory
functions.
In summary, numerous observations suggest that selec-
tive antagonists or agonists of NPY receptors could rep-
resent useful compounds for the treatment of feeding and
metabolic disorders, obesity, diabetes, hypertension as
well as heart failure. However, because of the large tissue
distribution of NPY receptors and since each particular
NPY receptor appears to control several different path-
ways, one should use great caution in designing drugs
that might affect distinct physiological activities.

Future directions

NPY has also been involved in anxiety, memory reten-
tion, seizure and drug addiction. Several reviews have ad-
dressed a possible regulatory role for NPY in the central
nervous system [336–343], and we will not discuss these
points in great detail. The anxiolytic properties of NPY
appear to be mediated by Y1 receptors [344]. Interest-
ingly, cerebrospinal fluid from suicidal patients contains
either diminished or unchanged NPY concentrations
[345–347], whereas NPY levels are increased in the
brain after antidepressant therapy [348]. NPY was also
reported to exert antidepressant-like activity via Y1 re-
ceptors in the mouse swimming test [349]. Moreover,
NPY receptors, in particular the Y1, Y2 and Y5 subtypes,
are present  in the hippocampus [350–352], an area of the
brain that has been implicated in the modulation of cog-
nition. A NPY-mediated anticonvulsant action has been
proposed because hippocampal NPY expression was
shown to be upregulated in rodent models of epilepsy
[338, 339]. The beneficial effect of NPY could result
from its capacity to inhibit glutamate release. The Y2 and

Y5 receptor subtypes are the most likely candidates for
mediating the antiepileptic properties of NPY [353, 354].
Finally, voluntary alcohol consumption and resistance to
the intoxicating effect of ethanol appear to be in part reg-
ulated by NPY [355, 356] via a Y1-mediated mechanism
[357]. NPY administration modifies behavior towards
ethanol consumption in rats [358, 359], and more impor-
tant, evidence suggests that NPY could play a role in
modulating ethanol consumption and seizure during al-
cohol withdrawal [360–362]. In the future, it will be im-
portant to determine whether common NPY pathways
modulate anxiety, alcohol consumption and seizure.
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