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Abstract. Our understanding of the skeletal system has been
expanded upon the recognition of several neural pathways
that serve important roles in bone metabolism and skeletal
homeostasis, as bone tissue is richly innervated. Considerable
evidence provided by in vitro, animal and human studies have
further elucidated the importance of a host of hormones and
local factors, including neurotransmitters, in modulating bone
metabolism and osteo-chondrogenic differentiation, both
peripherally and centrally. Various cells of the musculoskeletal
system not only express receptors for these neurotransmitters,
but also influence their endogenous levels in the skeleton. As
with a number of physiological systems in nature, a neuronal
pathway regulating bone turnover will be neutralized by
another pathway exerting an opposite effect. These neuro-
peptides are also critically involved in articular cartilage
homeostasis and pathogenesis of degenerative joint disorders,
such as osteoarthritis. In the present Review, data on the role
of several neuronal populations in nerve-dependent skeletal
metabolism is examined, and the molecular events involved
are explored, which may reveal broader relationships between
two apparently unrelated organs.
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1. Introduction

The skeletal system serves as the mostimportant weight-bearing
tissue; each bone undergoes a process of differentiation through
various progenitor and precursor stages (1). Despite the benefi-
cial effects of free vascularized bone grafts in treating large
bone defects, impaired bone quality and postoperative osteopo-
rosis may hinder the outcome of reconstructive surgery (2). A
higher degree of osteogenesis has been observed in engineered
vascularized and neurotized engineered bone tissue with a
sensory nerve or vascular bundle implanted (3). Application
of vascularized iliac flaps with simultaneous neurorrhaphy
between ilioinguinal nerve and inferior alveolar nerve may
also effectively prevent bone resorption of grafts in mandible
reconstruction and improve the quality of dental implants (4).
Of note, fractures combined with craniocerebral or spinal cord
injuries often recover much more rapidly compared with those
without neuronal injury (5). Previous studies have outlined the
expression of certain neuropeptides on bone cells as well as
chondrocytes, indicating a local neuropeptide microenviron-
ment that may function as a mediator to relay physiological
signals to the bone cells nearby (6-9). These neural pathways
are well-appreciated factors involved in paracrine/autocrine
and immunoregulatory processes that control vascularization
and matrix deposition during skeletal growth.

Peripheral and central nerves are two major components
that constitute a functional neural system. An increasing
number of studies have reported that sensory innervation in
the peripheral nervous system (PNS) is one of the key factors
in skeletal physiology and pathological metabolism (8,10,11).
Sensory neurotransmitters, such as calcitonin gene-related
peptide (CGRP) and substance P (SP), participate in angio-
genesis, nociceptive transmission and inflammation during
bone turnover (11-15). Sympathetic nerves are important
components of the PNS that are involved in the proliferation
and differentiation of various skeletal cells through the activa-
tion of adrenoreceptors and neuropeptide Y (NPY) receptors
signaling (16-19). Semaphorins influence bone and cartilage
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metabolism by acting as sensory and sympathetic nerve-specific
axon guidance molecules (20,21). Some neural signals, such as
NPY and leptin, not only have direct effects on osteoblasts and
chondrocytes, but also influence bone and cartilage indirectly
through the central nervous system (CNS) (22-24). Neuroglial
cells serve indispensable roles in peripheral tissue regenera-
tion, with various neurotrophic factors involved (25-27). Novel
insights into the influence of certain neuromodulators are yet
to be summarized. In the present article, the research progress
made in this field is reviewed with an aim to elucidate the
influence of major neuropeptides from the PNS and the CNS
related to bone turnover, cartilage physiology and pathophysi-
ology, the neuropharmacological potential in treating skeletal
disorders and the interaction among these molecules.

2. Neuropeptides of the sensory nervous system

Sensory nerve fibers are distributed near blood vessels
targeting the bone marrow and periosteum, as well as cortical
and trabecular bone structures (6,7,28). Among these compart-
ments, sensory fibers are distributed at a higher density in
the epiphysis compared with the metaphysis, and are mostly
confined to vascularized CD31* Haversian canals (6). In
the following subsections, the roles of SP and calcitonin
gene-related peptide in skeletal modulation are reviewed.

SP in bone metabolism. SP is a member of the mammalian
tachykinin family; it serves important roles in numerous
biological processes related to pain transmission, neurogenic
inflammation and contraction of smooth muscle through
neurokinin (NK)-1, NK-2 and NK-3 receptors on target
tissue (29). SP-positive nerve fibers are widely distributed in
various bone tissues, especially in metabolically active parts,
such as the periosteum and the epiphyseal growth plate; carti-
lage membranes and chondrocytes have also been found to be
SP-positive (30-32).

Study of SP expression during callus differentiation in
adult mice has revealed its crucial role during the physiological
process of fracture healing. Increased SP staining was observed
in the affected tissue region shortly after fracture in wild-type
(WT) mice. A compromised fracture healing process as well
as the altered biomechanical performance of the non-fractured
leg was found in SP-deficient mice (8). An in vitro study showed
that SP interacts with the NK-1 receptor (NK-1R) expressed on
bone marrow stromal cells in a dose-dependent manner (33);
NK-1 activation increases alkaline phosphatase (ALP) activity
and upregulates runt-related transcription factor (Runx?2)
protein expression levels at low concentrations, but induces
enhanced mineralization and proliferation at high concentra-
tions in the context of bone marrow stromal cell differentiation.
The downstream Wnt/B-catenin signaling pathway is consid-
ered to be involved in this process (33). Mei et al (34) reported
an upregulation of osteoblast markers (collagen type I, ALP,
osteocalcin and Runx?2) and elevation of mRNA expression
levels of c-myc, cyclin DI and lymphocyte enhancer factor-1
in the MC3T3-El osteoblastic cell line. Such bone morphoge-
netic protein 2 (BMP2)-mediated effects may be attenuated
by another sensory neuropeptide, CGRP. In an in vitro study
of C2C12 myoblasts and MC3T3 pre-osteoblasts, bone differ-
entiation induced by downregulated BMP2 was observed

when the cells were co-stimulated with SP and CGRP (35).
The MAPK signaling pathway was speculated to be a potential
convergence of the negative feedback mechanism between
these two sensory neuropeptides, in accordance with another
finding that CGRP attenuates MAPK signaling and decreases
TGF-pl-induced hepatic plasminogen activator inhibitor-1
mRNA expression in HepG2 human liver cancer cells (35,36).
Goto et al (37) observed that addition of SP to the cell culture
medium could stimulate the expression of osteocalcin, Runx2
and collagen I in late-stage osteogenesis, but not in the early
differentiation stage. Thus, it was concluded an osteogenic
effect of SP on more mature osteoblast cells compared with
on pre-osteoblastic cells. Apart from its role in regulating
bone metabolism in vitro and in vivo, SP also promotes cell
mobilization in the periphery. Hong et al (38) first revealed
that SP could induce the mobilization of clusters of CD29*
stromal-like cells from bone marrow into the periphery. Based
on that study, Um et al (39) reported an increase in the number
of circulating endothelial progenitor cells in the peripheral
blood and of CD31* cells (which were related to angiogenic
activity) in Matrigel plugs following subcutaneous injection of
SP. Study of the BMSC-like ST2 cells revealed that N-cadherin
as well as extracellular-signal-regulated-kinase (ERK) and
protein kinase B (Akt) were involved in the mechanisms
responsible for chemotactic migration in response to SP (40).
Focal adhesion kinase may act downstream of PI3K/Akt in
this process, which points to potential mechanisms underlying
the association between angiogenesis and MSC migration
during osteogenesis (12,40).

Catabolic effects of SP in bone metabolism have also been
observed. Sohn (41) determined that SP could stimulate bone
resorption via activation of the NF-kB pathway in osteoclast
precursors, which corresponds to the reduced bone resorption
rate with high apoptosis level of osteoclasts in tachykinin
precursor 1 (Tacl)-deficient mice identified in another
study (8). Such osteoclastic effect is inhibited by hemokinin-1,
a member of the tachykinin family that shares the same
receptor (NK-1R) with SP, indicating a negative feedback
mechanism through which compensatory responses are initi-
ated to counteract SP upregulation (42). Different functions of
SP during osteogenesis may be related to the concentration
of neuropeptides and the timeline of exposure. Although
SP can directly activate receptor activator of NF-«xB ligand
(RANKL)-induced macrophage osteoclastogenesis and facili-
tate NF-«kB signaling in bone marrow-derived macrophages
(BMMs) in vitro, the concentration of RANKL is usually too
low to evoke bone resorption processes (8,33). Based on these
data, it is certain that the effect of SP on bone metabolism
depends on whether its level is greater or less than a specific
range. Further research is still required, however, to further
understand the full dose-response relationship between SP and
the equilibrium of bone resorption and formation.

CGRP in bone metabolism. CGRP is a nociceptive neurotrans-
mitter released from capsaicin-sensitive sensory nerves in
response to various stimulations (6,13,43). The CGRP receptor
complex contains the calcitonin receptor-like receptor and its
co-receptor, receptor activity modifying protein 1 (RAMP1);
expression of these receptor complexes have been demon-
strated on osteoclasts, osteoblasts and their precursors, and
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BMMs (44-46). Although the distribution of CGRP positive
fibers in skeleton is similar to that of SP (7), they do not exert
similar functions in bone metabolism. There is a consensus
that CGRP exerts an inhibitory influence on osteoclastogen-
esis. Wang et al (44) demonstrated that CGRP could inhibit
bone resorption activity at a concentration of 10°® mmol/l by
suppressing the activation of RANKL and downregulating
tartrate-resistant ALP and cathepsin K, two marker genes for
mature osteoclasts (1). CGRP promotes the proliferation and
osteogenic activity of both osteoblasts and their precursor
cells in a dose-dependent manner, as observed in primary
osteoblastic cells isolated from the calvaria of newborn
rabbits, by increasing the levels of intracellular cAMP and
upregulating expression of activating transcription factor (45).
The Hippo/Yap pathway is also involved in the osteogenic
phenotype mediated by the G-protein coupled receptor
RAMPI (46). Coupling with osteogenesis, CGRP exerts an
angiogenic effect in the early stage during bone regeneration
and ischemia, partly due to its vasodilator capacity and stimu-
lation of endothelial cell migration (11,47).

The cellular mechanism has been further studied in a cocul-
ture system containing dorsal root ganglia (DRG) and MSCs in
which the mRNA expression levels of stemness-related genes
(Sox2, Nanog and Oct4) were upregulated and, more impor-
tantly, the basal rate of autophagy in BMSCs was improved
through enhanced signaling of the AMP-activated protein
kinase/mTOR pathway (48). As DRG cells contain both capsa-
icin-sensitive sensory neurons and Schwann cells, this result
reveals a new perspective on the relationship between nerve
and bone tissue. A study in 2010 reported the inhibitory effect
of CGRP on angiotensin II-induced endothelial progenitor
cells senescence by enhancing klotho (a novel ‘anti-aging’
membrane-bound protein) expression and suppressed the
production of NADPH oxidase and reactive oxygen species
(ROS), which delayed the senescence and dysfunction of
endothelial progenitor cells in hypertension (49). As a func-
tional and intact endothelium during vascularization is closely
related to bone remodeling, CGRP may act as an endogenous
protective substance by scavenging ROS and maintaining
homeostasis of intraosseous cells.

Bone remodeling is closely linked to the surrounding
inflammatory activities (50,51). Lipopolysaccharide (LPS)
has negative effects on the differentiation and proliferation
of osteoblasts (51). CGRP reduces Porphyromonas gingivalis
LPS-induced cytostatic activity and apoptosis in osteoblasts
via decreasing the expression of c-Caspase-3 and c-Caspase-8.
CGRP also exerts a protective effect on osteoblasts by the
suppression of TNF-a (52). Macrophages are immune-reactive
cells that participate in the inflammatory response in tissue
repairing (53). Duan et al (14) have demonstrated that exogenous
CGRP attenuates LPS-induced acute lung injury by promoting
the expression of markers of M2 macrophages (IL-10, Fizz 1
and mannose receptor C type 1) in primary murine peritoneal
macrophages. The underlying mechanism of macrophage
polarization toward M2 is partially through calmodulin,
protein kinase C and protein kinase A pathways (14). Similarly,
SP administration in mice alleviates progression of rheu-
matoid arthritis symptoms and leads to the induction of M2
type macrophages in circulation (54). SP can also activate
bone marrow-derived monocytes into phagocytic M2 like

macrophages through direct activation of the PI3K/Akt/mTOR
pathway and improve functional recovery after spinal cord
injury (15). At present, there is limited literature that describes
the role of sensory neuropeptides in modulating macrophage
polarization. Further characterization of the interplay between
sensory neuropeptides and macrophage will give useful hint
for understanding their functions during osteogenesis and
vascularization.

Previous studies have demonstrated the role of the sensory
peptides in the pathogenesis of osteoporosis, a critical risk
factor for fragility fractures, especially in the elderly and post-
menopausal women. Ovariectomy of adult female mice reduces
SP in the bone and leads to osteoporosis (55). Inhibition of SP
signaling by L-703606 (NK-R1-specific antagonist) in ovari-
ectomized osteoporotic mice exacerbates the degeneration of
bone microstructure and bone loss, with the osteoprotegerin
(OPG)/RANKL ratio in the bone decreasing significantly (10).
It has been demonstrated that long-term usage of SP under
effective dose may not cause detrimental side effects such
as osteoporosis in comparison to that of steroids, which
hold promise for clinical innovation in an anti-inflammatory
agent and/or stem cell mobilizer (38,54,56). Prostaglandin E2
(PGE2) is known to initiate inflammation process and stimu-
late bone regeneration by activation prostaglandin E receptor 4
(EP4) receptor (50). A recent study revealed that increased
PGE2 secretion by osteoblasts serves as a message molecule
to transmit signals of impaired bone density to CGRP-positive
sensory nerve fibers in osteoporotic animal models. PGE2
secretion tunes down sympathetic tone and rescues low bone
mass upon activation of sensory nerve EP4 receptor, instead
of acting directly on osteoblasts. Whether and how PGE2
precisely suppresses the activity of the sympathetic nerves at
the hypothalamus level remains unclear (57).

Sensory neuropeptides in cartilage physiology and
osteoarthritis (OA) pathogenesis. Sensory nerve fibers have
been found in the perichondrium and within the cartilage
canals of rat at birth (30). It is speculated that these fibers are
able to modulate the physiology and function of synovial joints
and cartilage canals through trophic effects. Adult human
articular chondrocytes and newborn murine costal chondro-
cytes endogenously produce SP and its neurokinin-1 receptor.
Evidence has shown that SP significantly enhanced the expres-
sion of chondrogenesis related genes, including type I, IX, X
collagen, and MMP-13 in costal chondrocytes isolated from
newborn mice. It was also noted that SP stimulation increases
chondrocyte proliferation rate and cell-matrix adherence
in a paracrine and/or autocrine manner (31). Deletion of the
SP-encoding gene Tacl in mice leads to impaired endo-
chondral ossification, with the biomechanical feature of the
non-fractured leg also differed from WT mice (8).

CGRP exerts its anabolic effect predominantly in bone and
to a lesser extent in cartilage homeostasis. Dorsal root ganglion
neurons which innervate growth plate cartilage could influ-
ence chondrocyte differentiation via CGRP (58). Grissel (58)
speculated that upregulated levels of cAMP might act as the
downstream signaling molecule that poses a negative effect
on terminal chondrogenic differentiation by inhibiting matrix
mineralization and delaying hypertrophy of chondrocytes.
In addition, a previous study confirmed that cAMP could
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suppress alkaline phosphatase activity and type X collagen
synthesis in chondrocytes (59). By contrast, Sang et al (43)
hold the opinion that direct injection of CGRP into muscle was
able to induce chondrogenic differentiation of fibro/adipogenic
progenitors during neurological heterotopic ossification, a
common disorder following traumatic brain injury and spinal
cord injury. Since multiple intracellular signals are involved
in chondrogenic differentiation, further in vitro studies are
needed to understand the underlying mechanisms of sensory
neuropeptides in chondrocyte regulation in different cell types.

Impaired sensory nerve innervation is considered to
be associated with OA (60-62). SP- and CGRP-containing
nerve fibers disappear 5 weeks after induction of OA with
intra-articular injection of collagenase in a murine OA
model (60). Salo ef al (61) demonstrated that surgical ablation
of SP- and CGRP-positive joint innervation led to OA related
structural cartilage matrix damage and disease progression in
rats. The synovium from OA joints exhibits massive destruc-
tion of the vascular and CGRP containing sensory fibers (62).
However, it remains unknown if nerve disappearance facili-
tates the pathogenesis of OA or if nerves are destroyed as a
consequence of OA. In addition, SP and its receptor NK-1R
are involved in mechanotransduction implicated in structure
preservation mechanisms. Under mechanical stimulation, gene
expression of Tacl, the gene encoding SP, is upregulated in OA
chondrocytes (63). Recently, a study of OA-related structural
alterations in mice demonstrated the role of sensory neuropep-
tides in bone adaptation to acute trauma (64); loss of CGRP
led to sclerosis of the subchondral bone in very early knee OA
bone pathology and to general alterations of bone morphology,
such as smaller medial tibia diameter. Altogether, these find-
ings reveal the importance of sensory neurotransmitters in
the process of OA and highlight their therapeutic potential.
Neutralizing antibody to CGRP provided dose-dependent and
prolonged pain reduction in rat monoiodoacetate model of
OA and meniscal tear model of OA (13). However, long-term
follow-up studies of structural changes are required. As
abovementioned, SP may alleviate arthritis progression via its
anti-inflammatory effect and regenerative potential (15,54).
However, dual contradictory effects may occur when SP is
applied in OA, partly due to increased pain induction via the
lowered pain threshold (31). SP with self-assembled peptide
conjugate nanofibers that adjust the release of SP promote the
recruitment of MSCs and profoundly resolve the opposing
effects of SP (65). Functional role of SP during OA remains
elusive, and future studies are needed to facilitate the develop-
ment of novel therapies targeting the neuropeptides that are
crucial for treating OA.

3. Neuropeptides of the sympathetic nervous system (SNS)

Tyrosine hydroxylase, a key catecholaminergic enzyme, was
reported to be immunolocalized to synovia, trabecular bone
and periostea (8,16,31,66,67). Receptors for the neurotransmit-
ters expressed in the SNS have also been detected in various
cell types in bone tissues, including osteoclasts, osteoblasts
and chondrocytes, enabling them to respond to autonomic
stimuli (19,66,68-70). Furthermore, some of these non-neuronal
cells are also able to synthesize and secrete neurotransmitters
locally, which may exert local action regardless of autonomic

innervation (8,71). This section of the Review will focus on the
activity of B-adrenergic receptor (3-AR) and NPY in bone and
cartilage homeostasis.

Norepinephrine (NE) and (-AR in bone metabolism. p-AR
is not the only receptor mediating SNS signaling in the bone
mass, as oa-adrenergic receptor (a-AR) isoforms also may
be involved in regulating bone remodeling (70). Low NE
concentrations act primarily through a-AR on osteoblasts and
osteoclasts. Activation of a,-ARs induces RANKL expres-
sion and release from osteoblasts and subsequently activates
osteoclastogenesis (66). The effect of the f-AR system on bone
metabolism depends on the subtype of receptors expressed on
various skeletal cells (Fig. 1). ,-AR predominantly exerts
anabolic effect in response to mechanical stimulation; its acti-
vation increases bone formation (primarily in the periosteum)
through activation of the somatotropin-insulin-like growth
factor 1 (IGF-1; a growth hormone upregulated during the
pubertal period) axis and inhibits bone resorption through
activation of the gonadotropin-releasing hormone-gonadal
axis, highlighting molecular mechanisms linking body fat and
bone mass (72,73). By contrast, Khosla et al (74) studied the
bone microarchitecture from 155 postmenopausal women and
demonstrated that 3,-AR-selective blockers could improve bone
microarchitecture compared with that of non-3,-AR-selective
blocker users. In addition, B,-AR-selective blockers (atenolol,
nebivolol), but not a non-selective f-AR blocker (propranolol),
have favorable effects on bone turnover and bone mineral
density (BMD) in postmenopausal women. The conflicting
conclusion may be due to the ‘low-dose spillover’ effect on the
B,-AR, or the indirect pathway mediated through CNS-f3,-AR
blockade.

Activation of ,-ARs in bone tissue restrains bone forma-
tion and favors bone resorption (Fig. 1). Treatment of mouse
bone marrow cells with the 3,-AR agonist isoprenaline or
epinephrine promotes osteoclast formation by increasing the
ratio of RANKL to OPG and the expression of pro-inflam-
mation markers, such as IL-6 and TNF-a (16). 3,-ARs in
osteoclasts participate in the bone loss induced by SNS
signaling as well, with elevated intracellular ROS levels
considered as the direct regulatory mechanism (19). Inhibited
expression of two neurogenic markers, CGRP and NPY, was
observed in osteocytic MLO-Y4 cells treated with the 3,-AR
agonist clenbuterol, suggesting the counteractive effect of
sensory nervous system and NPY in NE-induced osteoclasto-
genesis (69). In addition, administration of the selective 3,-AR
antagonist butoxamine improves osteoporosis in rats associ-
ated with hyperactivity of the SNS (75); these experimental
observations are consistent with those seen in clinical prac-
tices. A study in 2012 reported that plasma osteopontin levels,
trabecular bone volume fraction, and trabecular thickness
were inversely associated with SNS activity (measured using
microneurography at the peroneal nerve) in 23 women, aged
20-72 years (76). This study revealed that a negative feedback
loop mediated by osteopontin may limit the detrimental effects
of SNS activity on human bone metabolism; the continuous
bone loss and decreased peak bone mass led by sympathetic
signaling may be age-related as post-menopausal women with
osteoporosis exhibited higher sympathetic activity compared
with those without osteoporosis. Such bone loss may be due to
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Figure 1. Schematic diagram of the sympathetic nervous system in local homeostasis of bone remodeling. Activation of §;-AR increases the ratio of
RANKL/OPG and pro-inflammation markers, which promotes bone resorption. 3;-AR may also regulate osteoclasts directly by elevating intracellular ROS
levels. Expression of other neurogenic markers, such as CGRP, is inhibited upon activation of 3;-AR. CGRP shows osteogenic, angiogenic and anti-inflam-
matory effect during bone regeneration. NET expressed on osteoblasts buffers the negative effect of NE on bone as it catabolizes and replenishes NE. NET
expression increases during osteoblast differentiation and decreases with age. Stimulation of 3;-AR not only inhibits osteogenic capacity of BMMSCs, but also
restricts BMMSCs from leaving their perivascular niche by disrupting the SDF-1 concentration gradient. AR, adrenergic receptor; BMMSCs, bone marrow
mesenchymal stem cells; CGRP, calcitonin gene-related peptide; IGF-1, insulin-like growth factor 1; NE, norepinephrine; NET, norepinephrine transporter;
OPG, osteoprotegerin; RANKL, receptor activator of NF-«xB ligand; ROS, reactive oxygen species; SDF-1, stromal cell-derived factor-1; SNS, sympathetic

nervous system.

the reduction of NE clearance by NE transporter (NET) with
increasing age, instead of increased sympathetic outflow. NET
is a membrane pump that is expressed on differentiated osteo-
blast that controls presynaptic NE reuptake and helps buffer
the negative effect of NE on bone (67). Ma et al (77) confirmed
the expression of NET in the osteoblast lineage and the role
of NET in transporting and catabolizing NE. Administration
of reboxetine to block NET and the genetic deletion of Net
in mice leads to compromised bone mass (77). This observa-
tion points to a complex bone regulatory system through the
pre-synaptic modulation of both NE release and clearance.
Such an effect in bone is opposed by parasympathetic path-
ways through the central IL-1-parasympathetic-bone axis
which favors bone mass accrual. Nicotinic o, and muscarinic
3 receptor subtypes exert their effect in bone remodeling; the
former directly regulates osteoclasts, whereas the latter acts
indirectly by inhibition of SNS (78).

B;-AR expressed on bone marrow mesenchymal stem cells
(BMMSCs) also influences NE mediated skeletal modula-
tion (Fig. 1). Decreased stimulation of f;-AR in BMMSCs
induced by transection of cervical sympathetic trunk promotes
BMMSC migration from perivascular regions to bone-forming
units in a rat model of mandibular distraction osteogenesis (79).
Migratory related genes (such as MMP2) and chemotaxis
factor stromal cell-derived factor-1 (SDF-1) of BMMSCs were
shown to be inhibited by NE in vitro. In addition, knockdown
of B5-AR by small interfering RNA not only preserves the

osteogenic capacity of MSC, but also abolishes its migration.
Sympathetic fibers work with microvascular to regulate the
mobilization of hematopoietic progenitor and mesenchymal
cells in long bone (80). Under distraction stress, activation of
B;-AR by NE restricts MSCs from leaving their perivascular
niche by disrupting the SDF-1 concentration gradient in the
distraction gap (80,81).

NPY in bone metabolism. NPY is a 36 amino-acid-long poly-
peptide whose effects are mainly mediated through signaling
by receptors belonging to the G protein-coupled receptor
family (82). Peripheral NPY is found in the SNS where it is
co-expressed with NE-mediated signaling (9). Studies have
shown that NPY is negatively correlated with osteoblast
activity and bone mass in mouse models with high expression
levels of NPY (22,82). High levels of NPY in the hypothalamus
increase orexis, leading to additional weight gain and a reduc-
tion in bone mass to conserve energy. Although injection of
NPY into the arcuate nucleus results in decreased bone mass,
the original phenotype is not completely restored, which
may be due to other peripheral roles of NPY such as those
involving in the interaction between adipose tissue and energy
homeostasis in a paracrine or autocrine manner (22).

At present, six NPY receptor subtypes have been identified
in mammals: Y1, Y2, Y3, Y4, Y5 and Y6 (9). In the arcuate
nucleus of the hypothalamus and hippocampus, NPY neurons
predominantly express high levels of Y2 receptors (83),
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whereas Y1 receptors are expressed in peripheral tissues, such
as osteoblasts and osteoclast lineage cells, as well as in regions
of the CNS, such as the paraventricular nucleus (84,85).
Differentiation and proliferation of mature osteoblasts and
their progenitor cells are improved in global Y1 receptor null
mice (84). Oral administration of Y1 receptor antagonist led to
a similar outcome (86). However, no significant difference in
the phenotype of bone was observed when the Y1 receptors in
the hypothalamus were knocked out, suggesting functional Y1
receptors serve an inhibitory role in the periphery (87). This
result is in accordance with the findings of studies performed
by Lee et al (88), in which specific knockout of Y/ receptors
in late and early osteoblasts led to enhanced bone mass. The
underlying mechanism may involve the inhibition of the
cAMP signaling pathway, followed by phosphorylation of
ERK, which leads to inhibited osteoblast differentiation (18)
(Fig. 2).

Denervation cultures of BMSCs from Y2” mice have
shown increased mineralization and ALP concentrations
compared with the control group (89); however, no significant
changes in bone mass have been identified in mice with condi-
tional deletion of these peripheral Y2 receptors, suggesting
that the Y2 receptor regulates bone remodeling mainly by
reducing osteoblast function via signaling of the CNS (Fig. 2).
A less significant effect was found on the activity and number
of osteoclasts in a model involving complete knockout of the
gene encoding the Y2 receptor or conditional knockout of
this gene in hypothalamic neurons (90). The simultaneous
silencing of the two receptor genes did not result in an addi-
tional increase in bone mass, suggesting that the two receptors
shared the same undetermined downstream pathway (87).
To date, only one study describes the relationship between
NPY and osteoclasts. In that study, BMM cultures from mice
lacking expression of the Y6 receptor showed an increase
in macrophage colony-stimulating factor/RANKL-induced
osteoclastogenesis in mice (91). The NPY system also modu-
lates angiogenic activity. NPY promotes the proliferation
and migration of vascular epithelial cells and stimulates the
growth of vascular smooth muscle (92). Administration of
the Y2 receptor antagonist BIIE 0246 was found to reduce
the capillary density of tumor tissues and serum levels of
vascular endothelial growth factor (VEGF) (93); however, the
mechanism is not entirely understood. Enhanced nitric oxide
synthesis after NPY binding to the Y2 receptor may promote
the upregulation of VEGF and angiogenesis during the process
of osteogenesis (94).

SNS in cartilage physiology and OA pathogenesis. Growing
evidence has highlighted the indispensable role of SNS in carti-
lage health. Opolka et al (31) revealed that signaling through
,-ARs in murine costal chondrocytes could inhibit apoptosis
and increase cell-matrix adhesion in vitro. The absence of
sympathetic nerve fibers was found to profoundly delay the
hypertrophy of chondrocytes and hinder the differentiation of
mesenchymal callus toward a cartilaginous matrix, resulting
in impaired endochondral ossification (8). Activation of
,-ARs expressed on the growth plate chondrocytes prepared
from embryonic E18.5 mice could stimulate proliferation
and inhibit markers of chondrocyte differentiation, including
Indian hedgehog and collagen type X (95). The follow-up

study demonstrated that stimulation of 3,-AR by isoproter-
enol suppressed the expression of collagen type II and Sox6
through signaling of the activator protein-1 factor Jun-B (68).
Signaling through 3,-ARs may regulate chondrogenic differ-
entiation during embryonic endochondral ossification through
interfering with the production of matrix molecules. In a rat
model of temporomandibular joint OA, activation of 3,-AR by
isoproterenol stimulates subchondral bone loss and osteoclast
hyperfunction (16). Based on the aforementioned data, 3,-AR
signal-mediated subchondral bone loss and malfunction of
cartilage may be associated with the pathogenesis of OA.
Previous findings suggest that 3-AR blockers have antinoci-
ceptive properties (96,97). A study of 873 individuals with
symptomatic hip and/or knee OA and hypertension demon-
strated that the use of 3-AR blockers is associated with lower
Western Ontario and McMaster Universities Osteoarthritis
Index pain scores and lower use of opioids and other analge-
sics (98). Such findings may hold promise for addressing joint
pain in hypertensive patients as some analgesics, especially
nonsteroidal anti-inflammatory drugs, may have adverse
effects on blood pressure. Given the limited space in the present
Review, clinical applications of $-AR blockers on osteoporosis
and joint pain are not discussed elaborately. Further studies
are required for achieving a comprehensive understanding of
their current clinical achievements.

NPY-secretion in chondrocytes and the presence of
NPY-positive fibers in cartilage indicate that NPY may regulate
the function of chondrocytes directly (17,99). An in vitro study
demonstrated that NPY at a concentration of 10'°mol/I signifi-
cantly enhances the proliferation of murine chondrogenic cell
line ATDCS cells (17). Moreover, NPY effectively facilitates
early chondrogenesis and late hypertrophy/mineralization of
ATDCS cells via Y1 receptor signaling. It seems that NPY has
a positive effect on chondrocyte physiology. However, para-
doxical results also exist. NPY was considered a risk factor
during OA as its concentrations were significantly higher in
the synovial fluid of OA patients compared with controls (100).
Increasing synovial fluid concentrations of NPY correlated
with increasing pain scores, representing a potential candidate
as an OA biomarker. Overexpressed NPY was detected in
human OA cartilage, partly due to various stressors such as
cold exposure which results in the peripheral release of NPY
from sympathetic nerves (99,101). Intra-articular administra-
tion of NPY promotes chondrocyte hypertrophy and cartilage
matrix degradation via the Y2 receptor, whereas Y2 receptor
antagonists attenuate those responses, indicating a promising
strategy for OA treatment. The underlying mechanism lies
in the activation of SMADI1/5/8-SMAD4 complex in the
mTORCI-dependent manner and the following upregulation
of Runx2 expression (99). Owing to the current lack of detailed
knowledge about the effects of NPY on cartilage, an intense
investigation is required to determine the mechanism by which
SNS signaling is regulated in chondrocytes and to explore the
role of this signaling in the survival of OA chondrocytes.

4. Semaphorin 3A in bone and cartilage metabolism
Semaphorins are a family of soluble cell surface proteins

that are characterized by a conserved N-terminal ‘sema’
domain, with their versatilities involved in large spectrum,
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such as cell differentiation, angiogenesis and immunological
responses (102). Among the subclasses of semaphorins,
Sema3A shows a higher expression in the mouse calvaria
compared with other semaphorins and serves as a chemore-
pellent or chemoattractant ligand for repulsive growth
cone guidance in the development of the central nervous
system (20,21,103). Sema3A has dual effects on both osteo-
blasts and osteoclasts, with its expression levels decreased
during osteoclast differentiation and increased during osteo-
blast differentiation (20,104). An in vitro study of conditioned
medium from osteoprotegerin (OPG)-deficient mice reveals
that suppression of immunoreceptor tyrosine-based activa-
tion motif and RhoA signaling pathways upon activation of
neuropilin-1 (Nrpl), a Sema3A receptor, leads to inhibited
osteoclast differentiation (105). Additionally, Sema3A
stimulates bone formation via Wnt/p-catenin signaling in an
autocrine fashion, which is mediated by the effector of the
intrinsic GTPase Racl through FERM, RhoGEF and pleck-
strin domain protein 2 activity (a FERM domain-containing

guanine nucleotide exchange factor) at the cytoplasmic
domain of plexins expressed on osteoblasts (20,105). Sema3A
also suppresses bone resorption by competing with the
receptor complex composed of the DNA X-activating protein
of 12 kDa and triggering receptors expressed on myeloid
cell 2 in osteoclasts, simultaneously (106). Local injection of
Sema3A exerts osteoprotective effects in a rat model of osteo-
porosis (104). Accordingly, Sema3A™" mice exhibit decreased
bone formation. However, lower bone mass was not observed
in osteoblast-specific Sema3A-deficient mice (Sema3A,,; ™"
and Sema3Aa,,,” mice). Fukuda et al (20) demonstrated that
the bone mass and the number of sensory innervations of
trabecular bone (including CGRP- and TRPV1-positive fibers)
were significantly reduced in mice lacking neuron-derived
Sema3A (Sema3A,,,,,.,~ mice), whereas sympathetic inner-
vations were unchanged. Collectively, these studies suggest
a positive role of Sema3A in regulating bone turnover, by
directly acting on osteoblasts or by indirectly modulating
sensory nerve projection into bone.
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Gomez et al (103) reported that Sema3A and Plexin A2
mRNA were expressed in the MC615 mouse chondrogenic
cell line before the onset of neurovascular invasion during
endochondral ossification. In OA cartilage, Sema3A and
its receptor Nrpl were found to be upregulated (21,107).
Okubo et al (21) first described that Sema3A functions
competitively or cooperatively with VEGF-165 in modulating
chondrocyte cloning by binding to the common receptor
Nrp-1. Sema3A antagonized certain effects induced by VEGF
signaling, including chondrocyte migration, overexpression of
MMPs and phosphorylation of ERK and focal adhesion kinase
in chondrocytes (21). It seems that temporospatial regulation
of Sema3A expression could contribute to the appropriate
mobilization of lesional chondrocytes and chondrocyte
cloning, a sign of active repair of damaged cartilage in OA.
However, Sun et al (107) revealed the detrimental effect of
Sema3A in OA. In that study, the proapoptotic function of
augmented Sema3A signaling through impairing PI3K/Akt
prosurvival signaling was identified in OA chondrocytes,
along with subsequent transcriptional activation orchestrated
by CCAAT-enhancer-binding protein f3. Although the results
of these studies are inconsistent, it is certain that, as a sensory
and sympathetic nerve-specific axon guidance molecule
or repellent factor, Sema3A may direct the growing nerve
fibers to the target skeletal tissue through repulsive guidance.
Consistent with the study performed by Okubo et al (21),
Gomez et al (103) revealed that Sema3A could inhibit neuro-
vascularization of the cartilage during skeletal development.
Impaired sensory and sympathetic nerve innervation, as well
as impaired vascularization were found to be associated with
OA (60-62). In light of the observations discussed above, it
could be hypothesized that Sema3A may interact with other
local neural signaling during OA chondrocyte survival. Further
research is needed to establish a comprehensive understanding
and a definite role for Sema3A in OA cartilage.

5. Comprehensive description of leptin in bone and
cartilage metabolism

Retrograde trans-synaptic tracing has revealed a link between
neural tracts from the femoral bone marrow and the CNS (108).
The CNS controls skeletal homeostasis by altering the secre-
tion of endocrine factors, such as leptin, and affecting efferent
neural outflow of circulating molecules (109). This section is a
comprehensive description of leptin.

Leptin in bone metabolism. Leptin is a pleiotropic adipokine
that functions in energy control in various types of cells (110).
It is widely accepted that increased leptin expression results
in decreased bone mass through regulating the sympathetic
outflow from the hypothalamus, with neural signals in turn
activating 3,-AR expressed on osteoblasts (109,111). However,
opposite conclusions from other studies indicate multiple
regulatory effects of leptin (Fig. 2). For example, decreased
cocaine- and amphetamine-regulated transcript expression
was found in the hypothalamus of leptin-deficient ob/ob obese
mice, which induced osteoporosis and an increase in bone
resorption peripherally through RANKL (112). Leptin can also
modulate bone mass by reducing the action potential of brain
serotonergic neurons and tryptophan hydroxylase 2 expression.

Serotonin binds to 5-hydroxytryptamine (5-HT),. receptors
expressed on neurons in the ventromedial hypothalamus to
regulate bone mass (113). The leptin receptor is co-expressed
with NPY-positive neurons in the arcuate nucleus of the hypo-
thalamus in mice (114). Previous studies have demonstrated
that Y2 receptor deletion results in no additional osteogenic
stimulating effect in the absence of leptin. By contrast, Y2
receptor deletion can double the activity of osteoblasts in
the presence of leptin, suggesting a leptin-dependent, Y2
receptor-mediated bone metabolic pathway (23,115) (Fig. 2).
Decreased leptin levels or leptin resistance could potentially
inhibit cortical bone formation by NPY signaling from the
central nervous system (24).

Although in the central nervous system, leptin levels have
a negative impact on bone, leptin originating from the PNS
is considered anabolic to bone (Fig. 2). Peripheral effects of
leptin with enhanced expression of pro-osteogenic factors
and decreased bone resorption by modulating OPG/RANKL
signaling have been observed (116). Turner et al (117) reported
an increased perimeter of osteoblast-lined bone in ob/ob mice.
The stimulatory effect of leptin on bone may be region-specific.
Earlier observations showed that ob/ob leptin-deficient mice
exhibited significantly increased lumbar BMD, lumbar bone
mineral content (BMC) and vertebral length, but lower limb
BMD, lower limb BMC and shorter femoral length (118). A
study of leptin-deficient adolescent mice revealed similar
results; leptin-deficiency could decrease the deposition of
mineral and matrix in femurs, but not in lumbar vertebrae (119).

Leptin in cartilage physiology and OA pathogenesis. Previous
studies have identified the expression of leptin and its specific
receptor in joint cells, including synovium, osteophytes,
chondrocytes and bone cells (120,121). Following leptin treat-
ment, elevated levels of TGF-f3 and IGF-1, as well as increased
synthesis of cartilage proteoglycan, were observed in articular
cartilage cells (121). A study of primary chondrocyte cultures
from mice vertebral growth plate (VGP) and tibial growth
plate (TGP) suggested a region-specific effect of leptin on
the chondrogenesis of the growth plate; a stimulatory effect
on the proliferation and differentiation of TGP chondro-
cytes, but an inhibitory effect on the VGP chondrocytes was
observed (120). These results are consistent with a previous
observation that the effects of leptin differ significantly
between axial and appendicular regions of bones, with shorter
femora and tibias but with longer vertebral lengths, as well
as the disturbed two-dimensional columnar structure of tibial
growth plate chondrocytes in ob/ob mice, compared with the
WT mice (118). Further characterization of leptin regarding
its differential regulation in TGP and in VGP may give useful
hints for explaining its mode of action in cartilage homeostasis.

In addition to the role of leptin in osteogenesis and chon-
drogenesis, accumulating data have suggested an initiative role
of leptin in OA development. Obesity was found to be a risk
factor for digital OA involving non-weight-bearing joints (122).
Clinical evidence demonstrates that leptin levels in serum
and synovial fluid are associated with OA progression (121).
Leptin could induce mRNA expression of matrix-degrading
enzymes MMP1, MMP13 and ADAMTS4 in chondrocytes,
and thus stimulates OA development. Increased BMP2 expres-
sion through histone deacetylase 3/4 was identified as the
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underlying mechanism (123,124). These findings indicate a
potential damage-promoting role of the BMP2 autocrine effect
in human chondrocytes under leptin-induced OA pathogenesis.
Although a previous study performed by the same research
team suggested the BMP2 autocrine effect had a reparative
role in leptin-stimulated OA chondrocytes by increasing the
anabolic collagen II expression, the authors suggested a role
of the BMP2 autocrine effect of leptin induction as a repara-
tive and rescue mechanism (125). They hypothesized that the
BMP2 autocrine effect of leptin induction in cartilage removes
the damaged tissues, providing space for the newly synthesized
matrix protein (124,125). Based on these data, investigation
of chondrogenic progenitor cells (CPCs) further revealed
that altered differentiation fate of CPCs is another important
mechanism mediating leptin-induced cartilage degeneration.
High doses of leptin increased osteogenic potential of CPCs
but decreased their migratory ability and inhibited their
chondrogenic potential, leading to disequilibrium in cartilage
tissue homeostasis and cartilage degeneration over time. Cell
cycle arrest and senescence via activation of the p53/p21
pathway and inhibiting the Sirtl pathway were also induced
by leptin in CPCs. The conclusions from these in vitro studies
were supported by the results from patients with knee OA with
activated leptin pathway (126).

Leptin is involved in appetite control, energy consump-
tion and various inflammatory processes, such as OA and
nociception (121). It appears that elevated leptin levels, due
to increased body fat percentage and aging, are detrimental
to cartilage homeostasis (122). Further studies are required to
elucidate whether the higher levels of leptin observed in severe
OA are associated with biomechanical forces. The potential
immunological function of leptin in the interaction between
fat and bone will require further study.

6. Schwann cells and neurotrophic factors in bone
metabolism

Neuroglial cells serve indispensable roles during neural
migration and differentiation (25,26,127,128). Given the
well-known properties of glial cell (such as Schwann cell) graft
in promoting sensory responses of osseointegrated implants,
as well as the expression of neuroglial markers detected in
MSC:s in the absence of any kind of differentiation stimuli,
it is important to discuss the interactions between bone and
neuroglial cells and to discuss the molecules involved (128).
Schwann cells, the glial cells that surround the myelin-
ated nerves in the PNS, have been reported to participate in
peripheral tissue regeneration, such as skin or mammalian
digit tip (25,129). Osteoblasts co-cultured with Schwann cells
derived from the rat sciatic nerves exhibit an increase in prolif-
eration and an elevated number of calcified nodules (27). It
was also noted that conditioned medium collected from YST-1
Schwann cells facilitated bone regeneration in wounded peri-
odontal tissue, probably through the ERK signaling pathway.
A study of denervation-mediated Schwann cell paucity of
inferior alveolar nerve revealed that the function of mouse
skeletal stem cells during mandibular healing was dependent
upon paracrine growth factors from Schwann cells, including
platelet-derived growth factor-AA and oncostatin M (26). A
previous study conducted by Johnston et al (25) demonstrated

that these factors, along with Schwann cell transcriptional
reprogramming, are involved in the regenerative capacity of
the digit tip.

Brain-derived neurotrophic factor (BDNF), neurotrophin-3
(NT-3) and nerve growth factor (NGF) are major signaling
molecules secreted by Schwann cells that make important
contributions to the proliferation, differentiation and repair of
neurons and glial cells in a temporospatial manner (27,127).
The mRNA levels of BDNF and NGF in Schwann cells are
significantly elevated when co-cultured with osteoblasts,
suggesting the positive effects of Schwann cells on osseoin-
tegration during regeneration of nerve endings (27). In fact,
these particular neurotrophins have been confirmed to serve a
crucial role in the regeneration of non-neural tissues, including
vessel formation and osteogenic process, probably through
recruitment and activation of specific transmembrane tyrosine
kinase receptor (trk), trkA, trkB and trkC (the receptors of
NGF, BDNF and NT-3, respectively) on certain non-neural
cells, including bone marrow stromal cells, osteoblasts
and endothelial cells (127,130-132). Besides osteogenesis,
NGF also participates in the physiological and pathophysi-
ological conditions of cartilage. NGF-positive chondrocytes
in articular cartilage of OA samples are co-localized with
nociceptive CGRP-immunoreactive nerve fibers in the same
vascular channels, indicating increased NGF production may
contribute to OA pain (133). BDNF is less studied than NGF,
but also serves pivotal roles and has been detected in various
tissues or cell types, such as bone, cartilage, fracture callus,
osteoblasts and vascular endothelial cells (127,130-132,134).
In the process of fracture repair, both BDNF and trkB were
expressed during the processes of new vessel formation (131).
A recent study demonstrated that BDNF could induce angio-
genesis by controlling the expression and secretion of VEGF
from osteoblasts (130). Treating BMSCs with 100 ng/ml BDNF
was found to elicit the most effective response in mineral-
ized nodule formation and ALP activity (127). Activation
of the trkB/ERK1/2 signaling cascade was identified as the
next step downstream, which promotes the expression of the
angiogenesis-related gene VEGF and upregulates osteoblastic
transcription factors, such as Runx2 and Osterix (127,130).
Consistent with the study performed by Foudah er al (128),
neurogenic biomarkers, including microtubule-associated
protein 2, glial fibrillary acidic protein, neural/glial antigen 2
and B-tubulin 111, are also highly expressed in MSCs during
in vitro osteogenic differentiation under the treatment of
BDNF, indicating that neuralization may act simultaneously
and in a complicated manner with effective bone repairing in
newly formed tissues (127,128). Compared with peripherally
active BDNF, BDNF from the central neural system has the
opposite effect on bone. Central BDNF deletion produces
a positive impact on bone, along with metabolic actions
including hyperphagia, obesity and increased abdominal
white adipose tissue (111). Such phenotype is similar to that
of the high bone mass leptin-deficient ob/ob mouse (24). It is
hypothesized that BDNF may have dual beneficial effects of
reversing low bone mass and obesity through a direct effect on
osteoblasts in bone, and crossing the blood-brain barrier to act
centrally on the hypothalamus (109,111).

NT-3 has been shown to promote osteogenesis by
increasing BMP2-mediated Smad activation in BMSCs,
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while it inhibits collagen II expression and suppress
chondrogenesis (132). However, NT-3 accelerates chondro-
genesis of mesenchymal stem-like cells acquired from the
endothelial progenitor cells underwent endothelial-mesen-
chymal transition, which serves an important role during
heterotopic ossification (135). Similar to BDNF, NT-3
also promotes VEGF secretion of BMSCs and endothelial
cells, partially through the PI3K/Akt signaling pathway;
the enhanced vascularization effect accelerates diabetic
wound healing and promotes bony repair at the injured
growth plate (132,136). NT-3 could promote axonal growth
and stimulate the subsequent secretion of various trophic
molecules from new nerve fibers; these trophic molecules
may activate vascularization by releasing factors such as
NGF and SP (27,137). Thus, an intricate interaction among
different types of neurotrophins through the paracrine
system, probably acting in a positive feedback loop, is
speculated to be involved in tissue regeneration. Although
ERK1/2 and PI3K/Akt activation were known to serve
essential roles in osteogenesis under the treatment of these
neurotrophins, further studies are still needed to investigate
whether the Akt and ERK1/2 activated pathways have direct
or indirect effect enacting bone healing.

Glial cell line-derived neurotrophic factor (GDNF), a
member of the TGF-f3 superfamily, is another important

bioactive molecule involved in bone cell proliferation and
differentiation (138,139). The nuclear transcription factor
murine GDNF inducible factor (mGIF) is homologous to
the human TGF-f inducible early gene (TIEG) (139). TIEG
is suggested to be associated with osteoblast differentiation
and osteo-protective effect as it is crucial for the expres-
sion of Osterix induced by bone-related cytokines such
as TGF-B and BMP2 in osteoblast cells (140,141). Further
studies are required to investigate whether mGIF shares
a similar role as TIEG in bone metabolism. In a study of
rat wounded periodontal tissues, elevated expression of
GDNF promoted the migration of Schwann cells and helped
induce alveolar bone regeneration (138). Gale et al (142)
demonstrated that recombinant GDNF dose-dependently
promoted MC3T3-E1 cell proliferation in serum-free
conditions, whereas ALP activity was inversely related to
mitotic activity. In addition, high concentrations of GDNF
could inhibit osteoblast growth in serum-supplemented
culture medium, with a slight increase in ALP activity.
The mechanisms and physiological implications underlying
these findings have not been elucidated, but may be due to
a novel role in bone metabolism mediated by functional
signaling through the GDNF family receptor, GFRal,
and the tyrosine kinase transmembrane co-receptor RET
expressed on osteoblasts (142).
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7. Summary

Neural regulatory mechanisms correlate with the activity of
other homeostatic networks and represent more intricate and
synergistic interactions than previously imagined. Various
resident cell types of the musculoskeletal system, including
mesenchymal stem cells, synovial fibroblasts, bone cells and
chondrocytes, express receptors for different neurotransmit-
ters and respond to certain neuronal stimuli (17,18,20,99,1
20,132,142). This Review focused on a precise orchestra-
tion of cytokines, protein and gene expression levels and
cell signal transduction pathways. The autonomic nervous
system regulates bone mass and the function of skeletal cells
via connecting the central control (such as the sympathetic
outflow from the hypothalamic neurons) and terminal recep-
tors expressed on bone cells, and the innervation of sensory
nerves subsequently nourishes the bones by secreting different
neuropeptides (11,22,33,40,47,77,78,81). Some neuropeptides
may exert totally opposite effects due to different concentra-
tions and various receptor-ligand interaction in different
tissue (33,35,41,118). A similar complexity for neuronal regula-
tion of skeletal cell differentiation and function is observed for
certain neurotransmitters (such as leptin and NPY) mediated
through the activation of central receptors different from those
in peripheral nerves (23,91,113,117). These neuronal signals also
regulate physiological and pathological conditions of cartilage
by affecting chondrocyte proliferation, secretion, adhesion and
terminal differentiation (21,95,99,107,124) (Fig. 3). Healthy
cartilage has long been considered an inert tissue as it contains
no blood vessels or lymphatics and is not innervated by nerve
fibers (58). However, alterations in innervation and abnormal
levels of certain neuropeptides are considered to be partly
accountable for degenerative alterations in joint tissues such
as osteoarthritis (61,62,100,121,122). The effects of agonists or
antagonists of certain receptors in normal physiological and
pathological states provide useful insights for exploring the
mechanisms of action of drugs and developing novel strategies
for treating skeletal disorders (13,65,98).

The maintenance of proper bone homeostasis under
neuronal control has gathered much interest, but remains an
area of substantial controversy. The balance of the central and
peripheral neural effects on skeleton might vary according to
baseline circulating levels of the related bioactive molecules,
presence of specific pathologies and different species. The
neuropeptides along with their receptors discussed in this
paper are not the only factors that serve a regulatory role on
the skeleton. Additional experimental studies are required to
focus on other local and systemic effectors, such as mechanical
loading, endocrine hormones and immune microenvironment,
that influence neuromodulation of musculoskeletal physiolo-
gies and pathophysiologies. Neural inputs that link skeleton to
CNS, such as the hypothalamus, are also vital in modulating
energy availability across the entire body. Notably, a signifi-
cant amount of energy is utilized during the maintenance of
skeletal functioning and behavior. However, it is currently not
well understood and or thoroughly discussed in the literature
how changes in the nutrient and energy profile (such as obesity
and anorexia) affect skeletal homeostasis. Owing to the current
limited understanding of innervation pattern of subchondral
bone and cartilage observed in OA, a clearer insight into actual

pathological neuronal-skeletal interactions in OA will require
additional discussions. To date, there are major limitations
regarding the clinical evidence about the application of certain
neurotransmitters as well as the antagonists or agonists of their
receptors in skeletal disorders, further studies are required
to determine their role as effective therapeutic agents or the
targets of manual intervention. Taken together, study of these
neuropeptides provides a basis for translational research of
systemic bone and cartilage metabolism and opens up new
avenues for the development of novel strategies to combat
skeletal diseases of various pathological etiologies.
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