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Abstract: Neuropeptide (NPY) is a neurotransmitter widely distributed in central and peripheral nervous system that has
been implicated in several physiological processes through activation of five different Y receptors: Y1, Y2, Y4, Y5, and
y6. NPY system has been extensively studied for the last decades due to its implications in a wide variety of physiological
processes. For this purpose a diversity of sophisticated animal models and receptors agonists and antagonists has been de-
veloped to better understand its actions throughout body homeostasis. Consequently, NPY and its receptors have recently
emerged as a potential regulator of bone homeostasis. This is supported by the demonstration of an increase of bone mass
in mice lacking Y1 or Y2 receptor genes. Recent findings revealed Y1 receptor as a potential drug target candidate for
prevention and treatment of bone loss. Indeed, it has been demonstrated that osteoblasts express Y1 receptor while no
other Y receptor was detected in these cells, implicating Y1 receptor signalling in the local control of bone turnover. In
this review, we have summarized the findings obtained from studies on NPY system in skeletogenesis focusing on Y1 re-

ceptor.
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INTRODUCTION

Recent evidences have prompted for a strong relationship
between brain and bone, suggesting the concept of a neuro-
osteogenic network regulating bone homeostasis. These evi-
dences demonstrated by immunohistochemistry and bone
histology studies showed that bone, bone marrow and the
periosteum receive a rich supply of neuropeptide fibers [1].
Their phenotyping revealed the presence of several neuro-
transmitter fibers specifically vasoactive intestinal peptide
(VIP), calcitonin gene-related peptide (CGRP), substance-P
(SP) and neuropeptide Y (NPY) fibers. It has also been dem-
onstrated the presence of functional receptors for several
neurotransmitters in bone cells such as glutamate and CGRP.
Thus, they can affect osteoclast or osteoblast activities.

Although the distribution of VIP and CGRP has been
extensively studied in bone, there is a lack of knowledge
concerning others neuropeptides also shown to be present,
such as NPY. Since its discovery, NPY has been implicated
in a large number of physiological actions. Interestingly,
recently published articles describing in vivo experimental
models have confirmed the implication of NPY and Y2 re-
ceptors in a central regulation of bone homeostasis [2, 3].
Studies from the same group have also implicated Y1 recep-
tor but rather in the local control of bone turnover. Thus, this
review aims to focus in NPY and Y1 receptor as putative key
modulator of bone remodelling.
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NEUROPEPTIDE Y FAMILY

Neuropeptide Y (NPY) is a 36-amino acid peptide, which
was originally isolated and sequenced from porcine brain [4,
5]. NPY has been found in all mammals as well as in a wide
variety of animal species including birds, reptiles, amphibi-
ans and fishes. The primary structure of NPY has been well
preserved during evolution making NPY one of the most
conserved peptides known among species [6].

NPY, together with two other 36-amino acid gut hor-
mones: the intestinal peptide YY (PYY) [7] and the pancre-
atic polypeptide (PP) [8] form the so called NPY-family [9].
NPY shares a 70% degree of sequence homology with PYY
and 50% with PP (Fig. 1) [5]. Moreover, all members of
NPY-family are characterized by exhibiting a common terti-
ary structure referred to as a PP-fold [11, 12]. This PP-fold
consists of an N-terminal polyproline sequence (residues 2-
8) and an amphiphilic a-helix (residues 14-32) joined by a
type | B-turn, creating a hairpin-like loop [13, 14]. The heli-
ces are held in the folded configuration through hydrophobic
interactions between side chains of the a-helix interdigitating
with the prolines in the N-terminal section [10]. The hairpin-
like loop seems to be of critical importance for interaction
with Y receptors [15]. Furthermore, studies by Nordmann
and colleagues proposed that NPY can adopt two different
conformational states in equilibrium: a biologically active
PP-fold monomer or a dimmer structure, depending on pH,
temperature and NPY concentration [16].

The NPY gene is located on human chromosome 7 at the
locus 7p15.1 [12]. The nucleotide coding sequence consists
of four exons and three introns coding for a 97 amino acid

© 2009 Bentham Science Publishers Ltd.
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Fig. (1). Schematic structure of the amino acid sequence of human NPY, PYY and PP. The residues which differ from NPY are repre-

sented in gray [10].

large peptide, called pre-pro NPY [17]. The pre-pro NPY is
in turn proteolytically processed into the C-terminal peptide
of NPY (CPON) and the bioactive NPY.3¢. The C-terminus
of NPY is further amidated which is critical for its biological
activity. Furthermore, NPY can be processed to NPY3.36 and
NPY .36 by two enzymes, dipeptidyl peptidase IV and amin-
opeptidase P, respectively. Although no functional signifi-
cance has yet been assigned to CPON, some studies revealed
affinity and selectivity of the C-terminal fragments of NPY
to Y2 and Y5 receptor subtype [12].

NPY is one of the most abundant peptides in the mam-
malian brain, e.g. in the hypothalamus, amygdala, hippo-
campus, nucleus of the solitary tract, locus coeruleus, nu-
cleus acumbens and cerebral cortex [18]. It is widely ex-
pressed in the central and peripheral nervous system during
development and adulthood [19]. In the periphery, NPY has
been shown to be co-stored and co-released with norepineph-
rine [20]. NPY is also found in non-adrenergic neurons, in
which it is co-localized with y-aminobutyric acid (GABA),
somatostatin in agouti-related protein (AGRP) containing
neurons, acetylcholine, VIP and peptide histidine isoleucine
(PHI) [21]. The adrenal medulla is the primary source of
circulating NPY known [22, 23] though it is also expressed
in other peripheral regions, e.g. liver, heart, spleen, bone
marrow, adipocytes and peripheral blood cells [24-26].

Due to its widespread expression NPY plays an impor-
tant role in a large range of biological processes such as
feeding behaviour, water consumption, learning and mem-
ory, locomotion, body temperature regulation, sexual behav-
iour, emotional behaviour, neuronal excitability, blood pres-
sure regulation, hormone secretion, pain and circadian

rhythms. In addition, NPY seems to have direct implication
in the pathology of some disorders including obesity, depres-
sion and anxiety-related behaviours, epilepsy, memory im-
pairments, alcohol consumption and bone formation (for
review see [27]).

NEUROPEPTIDE Y AND Y1 RECEPTOR
General Description of Y Receptors

The NPY-family peptides bind to a family of five recep-
tors, namely Y1, Y2, Y4, Y5 and in the mouse y6, numbered
in the chronological order of their discoveries (reviewed by
[9, 28]). Each of these receptors is responsible for particular
NPY functions and consequently NPY can elicit numerous
physiological responses by activating a specific receptor.

They all belong to the rhodopsine-like superfamily of G-
protein coupled receptors (GPCRs), with their typical seven-
transmembrane (7-TM) helix structure and they can be dis-
tinguished by their affinity for NPY, PPY and PP. Interest-
ingly, both NPY and PYY display high affinity for the Y1,
Y2 and Y5 receptor subtypes that show itself very low se-
quence identity to each other (about 30%) while the Y4 re-
ceptor preferentially binds PP. Furthermore, the Y-receptors
can be distinguished pharmacologically using various syn-
thetic peptides such as Pro** substituted versions of NPY and
PYY that have decreased Y2 potency. On the other hand, Y2
binds truncated versions of NPY and PYY such as PPY3.3
and NPY 1355 with similar affinity as the native peptides [29,
30].

All mammals have the genes for the Y1, Y2, Y4, Y5 and
y6 receptor subtypes [31]. However, the y6 receptor subtype
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remains has a non-functional receptor in humans and absent
in rats thus, it was established as a particular mouse and rab-
bit receptor subtype [32, 33]. In human, the Y1, Y2 and Y5
genes are located within a relatively short segment of chro-
mosome 4¢31-32 in the human genome, while Y4 and y6 are
located on two separate chromosomes, chromosome 10q11.2
and 5g23.5, respectively [31, 34]. Although an additional Y3
receptor has been postulated, it is not encoded by a separate
gene and no specific agonists or antagonists have been de-
scribed yet [35].

All of the Y-receptors are expressed both in neuronal and
non-neuronal tissues and modulate a variety of pathways
through coupling to inhibitory heterotrimeric GTP-binding
protein (Gi/G,), resulting in the inhibition of adenylyl cy-
clase and thus mediate inhibition of cAMP synthesis [36,
37]. But other particular signal transduction systems may
also be triggered. Some studies reported that a protein kinase
C (PKC) pathway may also be involved in Y1, Y2, Y4 and
Y5 signalling [38]. Furthermore, Y1, Y2, Y4 and Y5 recep-
tors can stimulate the release of Ca®* from intracellular stores
[30, 36, 37].

Table 1 summarizes the physiological processes pro-
posed to be mediated by each Y receptors.

Table 1. Succinct Summary of the Major Physiologic Processes
where Y Receptors are Described to be Involved

Receptor Physiologic Processes

Cardiovascular regulation
Energy homeostasis
Neuroendocrine regulation
Neurogenesis

Y1 Bone Homeostasis
Ethanol consumption
Seizure regulation
Anxiety regulation

Angiogenesis

Bone Homeostasis
Anxiety regulation
Y2 ] .
Cardiovascular regulation

Energy homeostasis

va Cardiovascular regulation
Energy homeostasis

Energy homeostasis
Y5 Seizure regulation

Angiogenesis

y6 Energy homeostasis

Detailed Description of Y1 Receptor

The first mammalian NPY receptor to be cloned was the
Y1 receptor [36, 37, 39, 40] which displays 90-96% overall
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identity across mammals [31, 35]. The human Y1 receptor is
located on chromosome 4q31.3-32 and is coding for a 384
amino acid protein that has all the characteristics of the
GPCR family including glycosylation sites in the N-terminal
portion and in the second extracellular loop, four extracellu-
lar cysteines which may form two disulfide bridge (Fig. 2)
[28, 39-41]. In contrast to all other known members in this
family, the gene for the Y1 receptor is the only one that con-
tains an intron within its coding region [43, 44]. At least
three different alternative exons encoding the 5°- untrans-
lated region have been identified. Different promoter regions
preceding these exons suggest tissue-specific expression of
the receptor mRNAS [45]. In addition, two splice variants of
the mouse Y1 receptor have been identified. Although both
variants bind NPY, the form with a shortened seventh trans-
membrane-spanning region and a lacking C-terminal tail
does not appear to couple to signal transduction as efficiently
as the full length form [41].

It is well documented that after prolonged agonist stimu-
lation, many GPCRs undergo desensitization and internaliza-
tion. Desensitization, defined as a decrease responsiveness of
the receptor to a subsequent ligand, is accompanied by recep-
tor aggregation on the cell surface, receptor phosphorylation
on C-terminus serine/threonine residues and further inter-
nalization via clathrin-coated pits, receptor-mediated endo-
cytic pathway, or via an alternative pathway mediated by
caveolae (for review see [46, 47]). Clathrin-coated vesicles
eventually fuse with endosomes where ligand is separated
from the receptor and the receptor is dephosphorylated. Re-
ceptors are then recycled to the plasma membrane by a
poorly understood mechanism, or are degraded in lysosomes.

Some studies have reported the agonist driven internali-
zation of Y1 receptor in different cell lines, using advanced
and sophisticated methods to study the mechanisms underly-
ing the desensitization and internalization of Y1 receptors.
About 20-30% of endogenous Y1 receptors expressed in a
line of human neuroblastoma cells, SK-N-MC cells [48] and
guinea pig Y1 receptors expressed in Chinese hamster ovary
cells, CHO cells [49] were internalized after stimulation with
NPY followed by rapid recycling to the cell surface. When
expressed in HEK293 cells, the Y1 receptor fused to GFP
was found to internalize after agonist stimulation through
clathrin-coated pits and recycle back to the plasma mem-
brane through both fast and slow routes [50, 51]. In addition,
another group investigating Y1 receptor internalization by
BET method reported that Y1 displayed a strong and rapid
agonist driven interaction with the specific p-arrestin2 [29].
Interestingly, a recent report described the absence of inter-
nalization, after agonist-promoted phosphorylation and (-
arrestin recruitment for a truncated rat Y1 receptor lacking
the last 31 C-terminal amino acids [52]. Furthermore, Oue-
draogo and colleagues showed that distinct point mutations
in the C-terminus differentially influence transportation of
internalized NPY receptors to the plasma membrane [51].
This indicates that internalization of Y1 receptors are mainly
mediated by B-arrestins and that the C-terminus of the Y1
receptor is crucial for its phosphorylation and rapid desensi-
tization through fast or slow recycling pathways. However,
neither the underlying molecular mechanisms nor the intra-
cellular trafficking pathways involved are completed under-
stood. Further studies must be address to this issue since the
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Table2. Summary of the Peptidic and Non-Peptidic Ligands for Y1 Receptor
References
Agonists order of affinity (ligand NPY = PYY = [Leu™ Pro*]-NPY =~ [39]
binding profile) [Pro*]-NPY >> C-terminal fragments of NPY/PYY > PP

NPY [39]
PYY [39]

[Leu®,Pro®*]-NPY [39, 61]
[Pro*]-PYY [62]
. [Leu®,Pro*]-PYY [62]

Agonists

[Arg®, Pro*]-NPY [63]
[Phe’, Pro®*]-NPY [63]
[D-Arg®]-NPY [64]
[D-His*]-NPY [64]
Des-AA™¥[Cys™#, D-Lys’(Ac), D-His*, Pro*]-NPY [64]
BIBP3226 [65]
BIBO3304 [66]

GR231118 [67, 68]
GR231118-OMe substituted [69]
Antagonists GI1264879A [70]
LY357897 [71]
Fluorescent Nonpeptide Y1 receptor [72]
SR120819A [73]
J-115814 [74]

Chemical names: BIBO3304, ((R)-N-[[4(Aminocarbonylaminomethyl)phenyl)methyl]N?(diphenylacetyl)-argininamide-trifluoroacetate; BIBP3226, R-N2-(diphenylacetyl)-N-[(4-
hydroxy-phenyl)methyl]-D-arginine amide); SR120819A, (R,R) -(1-[2-[2-(2- naphthylsulphamoyl)-3-phenylpropionamido]-3-[4-[N-[4-(di- methylaminomethyl)-cis-cyclohexyl-
(2)-2-[1-(3-chloro-5-isopropyloxycarbonylaminophenyl)ethylamino]-6-[2-(5-ethyl-4-methyl-1,3-thiazol-2-yl)ethyl]-4-
morpholinopyridine; LY357897, 1-(1-[3-((3s)(3-piperidyl))-propyl]-2-[(4-chlorophenoxyl)-methyl]indol-3-yl]-2-(4-piperidylpiperidyl)ethan-1-one; GR231118 (also known as
1229U91 or GW1229), homodimeric lle-Glu-Pro-Dpr-Tyr-Arg-Leu-Arg-Tyr-CONH,. GI264879A (non-selective), N-alpha-[3,3-bis(1-Naphthyl)Propionyl]-D-ArginineN-[(S)-1-

methyl]amidino]phenyl]propionyl]-pyrrolidine); J-115814,

Benzyl-2-Methoxyethyl] Amide.

possible widespread clinical use of these Y1 receptor ligands
as a pharmacologic tool may be compromised by receptor
internalization or desensitization.

Different approaches either by PCR analysis of mRNA or
immunohistochemistry assays have been conducted to local-
ize and evaluate general organ distribution of Y1 receptor,
especially within the nervous system. Y1 receptors are pri-
marily localized to the central nervous system, e.g. anterior
thalamus, cerebral cortex, medial geniculate, hypothalamus
and the amygdala [53, 54]. Additionally, mRNA for the Y1
receptor has been detected in a number of human, rat, and
murine peripheral tissues including the colon, kidney, adre-
nal gland, gastrointestinal tract, heart, placenta, vascular
smooth muscle cells, adipocytes and endothelial cells [41,
55, 56].

There are various cell lines described to robustly express
Y1 receptor. These cell lines include human erythroleukemia
(HEL) cells [57], human neuroblastoma (SK-N-MC) cells
[10, 48] and rat pheochromocytoma (PC-12) cells [58].

Moreover, several groups have generated mutants of the
Y1 receptor by site-directed mutagenesis in order to identify
the key amino acids responsible for the interaction of NPY
with this receptor, the ligand-receptor binding points, the

receptor localization [59]. Thus, Y1 receptor expression and
distribution provides putative guesses about its physiological
functions overall systems.

Accordingly to the literature, Y1 is the receptor subtype
for which the greatest range of peptide and non-peptide ago-
nists and antagonists [60] are available (Table 2), which
should help to elucidate the role of Y1 receptor subtype upon
NPY-induced actions.

The Y1 receptor subtype exhibits almost equally high
affinity for endogenous NPY and PYY, but a very low affin-
ity for PP. The first selective agonist for the Y1 receptor was
created by introducing Leu31 and Pro34 into human NPY
and PYY, e.g. [Leu®, Pro*]-NPY [61] or [Pro*]-PYY [62].
Additionally, the low affinity of these peptides to Y2 recep-
tor helps distinguishing between the Y1 and Y2 receptor
subtypes [75]. However, it also has high affinity for the Y5
subtype and reduced affinity for the Y4 receptor, thereby
limiting its use as a selective ligand [9]. Additionally, all N-
terminally truncated versions of NPY such as NPYj_s,
NPY3 35 or NPY 1335 showed intermediate or no affinity for
the Y1 subtype [28].

The first high potency non-peptidic antagonist of Y1 re-
ceptor described and extensively studied was BIBP3226 [65,
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Fig. (2). Schematic representation of the amino acid sequence for human Y1 receptor. The human Y1 receptor is a G-protein coupled
receptor, which comprises an extracellular domain (ECD), a transmembrane domain (TMD) and an intracellular domain (ICD). The 384
amino acid protein comprises four potential N-glycosylation sites and four extracellular cysteines which may form disulfide bridges (marked

in black) [37, 41].

76, 77], which competitively block Y1 but not Y2 receptors.
Others compounds have also been reported, e.g. BIBO3304
[66], SR 120819A, GR 231118 (also known as GW1229 or
1229U91) [67] or LY357897 [71], among many others.
However, the selectivity, potency and in vivo efficacy of
these agents remain unclear due to the synergistic activation
with other Y-receptor, specifically with Y4 and Y5 recep-
tors. Therefore, due to a lack of pharmacologically selective
agonists and antagonists many researchers have developed
knockout and transgenic mice models for the NPY family
and its receptors in an attempt to uncover the physiological
roles of this complex receptor-ligand system.

Following the generation of NPY knockout mice, several
laboratories have reported the generation of Y1 receptor de-
ficient mice using distinct deletion strategies [78, 79]. These
mice strains carrying null mutations for Y1 receptors repre-
sent powerful tools to determine the physiological and
pharmacological roles of this receptor in meditating the
effects of NPY.

For instance, a role for the Y1 receptors in the control of
food mtake and in blood pressure regulation has been postu-
lated. Y17~ exhibited a mild late-onset obesity, mild hyperin-
sulinemia, impaired insulin secretion in response to hyper-
glycemia (obese phenotype) and complete absence of NPY -
mediated vasoconstriction [74, 80, 81].

The Y1 receptor has been shown to participate in NPY-
induced sensitization to sedation [82] and to regulate volun-
tary ethanol consumption and some of the intoxicating ef-
fects caused by administration of ethanol [83]. Furthermore,
it was also reported that Y1 receptor subtype is necessary for

the anxiolytic-like effects of icv-administered NPY, reinforc-
ing Y1 receptor as a potential target for novel anxiolytic
medication [84].

A role for the Y1 receptor in the immune system was also
demonstrated using Y1 receptor deficient mice. T cells from
Y17~ mice were hyper-responsive to activation thus, signal-
ling through Y1 receptor on T cells inhibits T cell activation
and controls the magnitude of T cell responses. Although,
Y17~ mice had reduced numbers of T cells effectors due to
functionally impaired antigen-presenting cells (APCs). They
showed a possible role for the Y1 receptor in the immune
system, serving as a strong negative regulator on T cells as
well as a key activator of APC function [85].

NPY was recently found to be potently angiogenic and
growth promoting in cells [86]. There is growing evidence
that NPY induced cell proliferation mainly via Y1 receptor
in a variety of cell types, including vascular smooth muscle
cells, endocardial endothelial cells, neuronal precursors cells,
pre-adipocytes, endothelial cells, neuroblasts of olfactory
epithelium, hippocampal precursor cells, rat enteric neurons
and others [26, 87-94].

However, the single involvement of Y1 receptor in NPY-
induced mitogenic effect is still a matter of controversy. In
vascular smooth muscle cells and endothelial cells some re-
ports demonstrate that the mitogenic effect of NPY is medi-
ated by synergistic activation of Y1, Y2 and Y5 receptors
[42, 86, 95]. Moreover, Y1 receptor has been shown to me-
diate proliferative and anti-proliferative effects of NPY in
prostate cancer cells [96].
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The mechanisms which have been shown to mediate the
proliferative effects of NPY through Y1 receptor have exten-
sively be studied in several different cell lines and are gener-
ally coupled with the extracellular signal-regulated kinases
(ERK 1/2) phosphorylation [87-91, 96], known to be linked
to many G protein-linked cell surface receptors. The ERK
1/2 subgroup of the mitogen-activated protein Kinases
(MAPK) represents the key intracellular signal transducer of
mitogenic stimulus implicated in the signalling pathway
leading to cellular proliferation (for review see [97, 98]).

Furthermore, the activation of the MAPK pathway through
NPY-Y1 receptor has been reported to be regulated by pro-
tein kinase C (PKC) [87, 89, 96]. Recently, it was reported
that the NPY-proliferative effect in retinal neural and pro-
genitor cells can be also mediated by the activation of the
NOS-sGC (nitric oxide synthase-soluble guanylyl cyclase)
pathway, that in turns activates ERK 1/2 signalling pathway
[42]. Moreover, it is possible that the signalling through
ERK1/2 is just one of several pathways that together regulate
cellular proliferation (Fig. 3). Those pathways could either
work synergistically or each one could regulate proliferation
independently. For certain, the mechanisms underlying the
NPY-mitogenic effects through Y1 receptor is still a matter
of extensive study. For instance, the fact that NPY can in-
duce proliferation of cancer cells lead researchers to investi-
gate which signal pathway might conduct this effect and a
possible blockade of the cascade.
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Thus, for the last 20 years multiple investigations ap-
proaches have defined important roles for Y1 receptors sig-
nalling in the regulation of several physiological and also
behavioral functions, including feeding behavior and energy
homeostasis, sexual hormone secretion, stress response,
emotional behavior, neuronal excitability and ethanol con-
sumption (for more details see [99]).

NPY AND BONE

Bone remodelling is a dynamic physiological process
used to maintain a constant bone mass and to renew bone
throughout life. This process occurs through two distinct
stages — bone resorption and bone formation — that involve
the activity of osteoclasts and osteoblasts, respectively. This
process of remodelling promotes the removal of old bone
and the formation of new bone necessary for an appropriate
architecture and constant bone mass during adulthood.

The mechanisms controlling bone homeostasis are tradi-
tionally viewed has being regulated by hormonal, autocrine/
paracrine and mechanical signals. However, new emergent
evidences showed that skeleton metabolism is also con-
trolled by the nervous system [100-102], creating a link be-
tween brain and bone.

Early studies have demonstrated the presence of nerve
fibres immunoreactive to NPY in bone. The distribution of
the NPY-nerve fibers was mostly located in the Volkmann’s

e

Fig. (3). Schematic illustration of the signal transduction mechanisms activated by NPY through Y1 receptor. NPY can modulate a
variety of pathways through activation of G-protein (G;/Gy) resulting in: a) inhibition of adenylyl cyclase (AC) and thus mediate inhibition of
protein kinase A (PKA); b) activation of phospholipase C (PLC) which generates diacylglycerol (DAG) and inositol 1,4,5-triphosphate (1P3)
through phosphatidyl inositol 4,5-diphosphate (P1P,) hydrolyses. DAG activates protein kinase C (PKC) while 1P leads to the cytosolic Ca?*
elevation. NPY can also modulate mitogenic signals to nucleus through the stimulation of nitric oxide (NO) production by nitric oxide syn-
thase. NO, in turn, activates the synthesis of cGMP that induces phosphorylation of ERK 1/2 and consequently stimulates cell proliferation

[23, 42].
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canal alongside blood vessels [103, 104], suggesting a NPY
vasoregulatory function role in bone. Furthermore, other study
provided evidence for cellular immunoreactivity to NPY in
large megakaryocytes and mononuclear hematopoietic cells
of the bone marrow [105], consistent with another study re-
porting that NPY is produced by megakaryocytes within
bone marrow [25]. And although, NPY-immunoreactive fi-
bers were largely confined to vascular elements, occasional
fibers were also observed among the bone-lining cells [104].
Moreover, there are indications that Y receptors may be ex-
pressed on bone cells. The Y1 receptor was reported to be
present in human osteoblastic and osteosarcoma-derived cell
lines and in mouse bone marrow cells [41, 106]. While a
study did not detect Y receptor transcripts in primary murine
osteoblastic cultures or whole long bone [2], recent studies
from the same group have reported the presence of Y1 recep-
tor but not the others Y receptors (Y2, Y4, Y5 and y6) in
cultured stromal cells from wild type mice [107, 108].

Recently, studies analyzing germ line or conditional
knockout mice lacking leptin, leptin’s receptors or Y recep-
tors have revealed the hypothalamus as centrally-controlling
osteoblast activity. Thus, two main pathways have been im-
plicated in bone turnover via hypothalamic mechanisms,
namely Y2 receptors and the adipocytic hormone, leptin [2,
109].

Germ line Y2 receptor knockout mice revealed an in-
creased rate of bone mineralization and elevated bone mass
with a two-fold increase in cancellous bone volume, due to
elevated osteoblast activity. Furthermore, the fact that no
mRNA of Y receptors, were not detected in bone marrow
stromal cells collected from mice lacking Y2 receptor
(Y27, lead the researcher to hypothesize that this effect
was mediated through central-controlled mechanism instead
of a direct mechanism in bone tissue.

Interestingly, analysis of bone sections from the distal
femur of mice with conditional deletion of hypothalamic Y2
receptors revealed an identical increase in trabecular bone
volume within 5 weeks of Y2 deletion. This hypothalamus-
specific Y2 receptor deletion stimulated osteoblast activity
and increased the rate of bone mineralization and formation,
although with no effect on osteoblast or osteoclast surface
measurements. Moreover, the increase in bone volume ob-
served in both germ line and hypothalamus-specific Y2 re-
ceptor deletion was not stimulated by any of the known ef-
fectors of bone turnover, such as insulin-like growth factor-1
(IGF-1), free T4, calcium, leptin or testosterone. These find-
ings strongly suggested a key role of hypothalamic Y2 re-
ceptors in bone formation via modulation of an unknown
signal mechanism, other than the direct mediation by tradi-
tional bone remodelling effectors [2]. Highlighting this re-
sults a further study revealed that Y2 reception ablation also
leads to an increased of osteoblast activity and bone mineral
content in the cortical bone of Y27/ long bones [3].

The second hypothalamic circuit reported to be involve
within bone turnover is leptin. Leptin, the product of the ob
gene, is a small hormone mainly produced by adipocytes that
acts via binding to specific receptors located in the hypo-
thalamus to regulate energy homeostasis [110]. Mice lacking
either leptin gene (ob/ob) or its receptor gene (db/db), were
reported to have an increase in trabecular bone volume at-
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tributable to an elevation in osteoblast activity, resulting in
increased bone mass in the vertebral bodies [111], similarly
with the germ line Y2/~ mice. Additionally, icv administra-
tion of leptin caused a dose-dependent reduction in trabecu-
lar bone volume in both ob/ob and wild type mice. This
study identifies leptin as a potent inhibitor of bone formation
acting through a central circuit [111].

Hypothalamic levels of NPY mRNA and the secretion of
NPY are strongly elevated in ob/ob mice due to an absence
of leptin signalling [112]. Moreover, NPY ablation in ob/ob
further demonstrated that NPY is a major downstream me-
diator of leptin’s central effects [113], acting as an antios-
teogenic effector.

Moreover, Y2 receptors and leptin receptors are co-
localized on NPY-ergic neurons in the arcuate nucleus, indi-
cating a role for the Y2 receptor in the regulation of energy
homeostasis by leptin [114]. Due to the known interaction of
NPY and leptin in energy homeostasis regulation, at first, it
was suggested that these two anabolic pathways might regu-
late osteoblast activity by a common pathway. However,
current evidences emphasize NPY and its receptors as a key
player in the regulation of bone formation, distinct from that
of the centrally regulated pathway mediated by leptin [102].

First, central infusion of NPY for 28 days in wild-type
mice had the same inhibitory effect on bone function as
leptin had, suggesting that the increased hypothalamic NPY
expression of leptin-deficient mice does not mediate the as-
sociated increase in bone density [111]. Although, it remains
to be elucidated the NPY-effect when injected directly in
bone.

Genetic modulation of these pathways has powerful ac-
tions in cancellous bone, with a 2-fold increase in the vol-
ume of cancellous bone reported in ob/ob and Y2 receptor
knockout mutant mouse models [108]. Cortical bone mass
was increased in both germ line and hypothalamic Y2
knockout mice because of elevated osteoblast activity, indi-
cating that the Y2 pathway has a consistently anabolic
action in both cancellous and cortical compartments in bone.
In contrast, leptin deficiency was associated with reduced
cortical bone mass, indicating that the leptin pathway has
contrasting effects on cortical and cancellous bone, with its
deficiency resulting in a lowered bone mass phenotype [3].
Thus, these studies show the diversity in hypothalamic con-
trol of bone homeostasis. However, future studies remains to
be conducted to better understand the interaction between
leptin, NPY and bone.

In addition to its role in central nervous system, there are
some evidences for a NPY-mediated signalling in bone ho-
meostasis through the peripheral nervous system. As men-
tioned above, NPY is co-released with noradrenaline from
sympathetic nerves [20]. In addition, NPY has been shown
in vitro to modulate osteoblastic parathyroid hormone (PTH)
response through a receptor—receptor interaction [115]. Fur-
thermore, NPY attenuates the effect of noradrenaline on os-
teoblasts [105, 116]. A recent study, revealed that mouse
bone marrow cells constitutively expressed mRNAs for Y1
and B2-adrenergic receptors and that NPY inhibited the iso-
prenaline-induced formation of osteoclast-like cells from
mouse bone marrow cells, suggesting an interaction between
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NPY and pB-adrenergic stimulation in osteoclastogenesis
[117].

Taken altogether, the evaluation of Y receptor knockout
models has delineated a key role of NPY in osteoblast regu-
lation through a variety of central and peripheral mecha-
nisms. However, further work is needed to elucidate the di-
rect physiological modulation of osteoblasts and osteoclasts
by NPY and its Y receptors.

Y1 RECEPTOR IN THE REGULATION OF BONE
HOMEOSTASIS

Alongside Y2 receptors modulation in bone homeostasis,
there are increasing evidences implicating another Y receptor
in skeletal homeostasis, namely Y1 receptor [107, 117, 118].
Baldock and colleagues investigated the effect of germ line
and conditional deletion of Y1 receptors in mice in bone
regulation and the potential interaction between Y1 receptor
signalling and the previously identified Y2 receptor pathway.
This study showed that germ line disruption of Y1 receptor
signalling revealed an increase in osteoblast activity on both
cancellous and cortical surfaces, with consistent changes in
femoral, tibial, and vertebral bones. Importantly, in vitro
NPY treatment of bone marrow stromal cells derived from
Y17 mice did not altered the cell number comparing with
wild type. Furthermore, quantification of RT-PCR revealed
the expression of Y1 receptor gene transcripts in bone mar-
row stromal cells, while expression of Y2 receptors was not
detected. Moreover, conditional deletion of hypothalamic Y1
receptors in mice did not alter bone homeostasis, in contrast
to Y2 receptor or germ line Y1 receptor deletion. Thus, these
results indicate a possible direct action of NPY on bone cells
via this Y receptor [118].

It has recently been demonstrated that deletion of Y2
receptors down-regulates Y1 receptor expression in bone
marrow stromal cells [107], suggesting a common signalling
pathway to regulate bone formation. Furthermore, deletion
of both Y1 and Y2 receptors did not produce additive effects
in bone [118]. In addition, while the increased in bone vol-
ume in the Y2 knockout model is exclusively attributed to
increased bone formation, the increase in bone volume in Y1
knockout mice is a result of altered bone turnover, with in-
creased indices of both osteoblast and osteoclast activity
[118]. Given the recent evidence for a direct action of NPY
in osteoclastogenesis via Y1 receptor [117], altogether these
studies propose that these two models may act via alternative
pathways.

Taking into the account that no other Y receptor has been
detected in bone cells, it has been hypothesized that Y1 re-
ceptor pathway might have a potent direct inhibitory-effects
in bone homeostasis, through a non-hypothalamic pathway.
Now, if either these effects are mediated via a common or an
alternative pathway with Y2 receptor it is an issue which
remains to be elucidated. Further studies will be required to
fully assess NPY and its receptors direct role in bone remod-
elling.

FUTURE PERSPECTIVES AND THERAPEUTIC AP-
PLICATIONS

Therapeutic application of NPY receptors drugs has
arisen as a promising area of research. The vast implication
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of Y1 receptor in a diversity of centrally physiological ac-
tions has prompted Y1 receptor as a novel therapeutic target
namely for obesity, eating or anxiety disorders treatment and
tumor therapy [83, 84, 96].

The increasing evidences showing the involvement of Y1
receptor signalling in the local control of bone remodelling
suggest that an anti-receptor strategy may be a useful ap-
proach to prevent and/or reverse bone loss. Due to its wide
distribution through CNS and PNS and to its central function
in a variety of important regulatory systems, a systemic de-
livery or administration of Y1 receptor antagonists may of-
fers great disadvantages. In this order of knowledge, a possi-
ble therapeutic strategy will be a local and controlled release
of Y1 receptor antagonists targeting bone tissue using appro-
priate biomaterial as drug carrier that allow cell targeting,
prolonged half-life of the drug, and controlled drug release.

ABBREVIATIONS

AC = Adenylyl cyclase

AGRP = Somastotin in agouti-related protein
APC = Antigen-presenting cells

ATP = Adenosine triphosphate

BET = Bioluminescent energy transfer

cAMP = 3’,5"-Cyclic adenosine monophosphate
cGMP = 3',5"-Cyclic guanosine monophosphate
CGRP = Calcitonin gene-related peptide

CNS = Central nervous system

CPON = C-terminal peptide of NPY

DAG = Diacylglycerol

db/db =  Leptin receptor deletion

ECD = Extracellular domain

ERK1/2 = Extracellular signal-regulated kinase 1/2
GABA = y-aminobutyric acid

GFP =  Green fluorescence protein

GPCRs =  G-protein coupled receptors

ICD = Intracellular domain

icv = Intracerebroventricular

IP3 = Inositol 1,4,5-triphosphate

MAPK = Mitogen-activated protein kinases
mMRNA = Messenger RNA

NO = Nitric oxide

NOS = Nitric oxide synthase

NPY = Neuropeptide Y

ob/ob = Leptin gene deletion

PCR = Polymerase chain reaction

PHI = Histidine isoleucine

PIP, = Phosphatidyl inositol 4,5-diphosphate
PKA = Protein kinase A
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PKC Protein kinase C

PLC Phospholipase C

PNS Peripherial nervous system

PP Pancreatic polypeptide

PTH Parathyroid hormone

PYY Peptide YY

RT-PCR Real time-polymerase chain reaction

sGC Solube guanylyl cyclase

SP Substance P

TMD Transmembrane domain

VIP Vasoactive intestinal peptide

7-T™M Seven-transmembrane
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