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Besides the classical ones (support/protection, hematopoiesis, storage for calcium,
and phosphate) multiple roles emerged for bone tissue, definitively making it an
organ. Particularly, the endocrine function, and in more general terms, the capability
to sense and integrate different stimuli and to send signals to other tissues, has
highlighted the importance of bone in homeostasis. Bone is highly innervated and hosts
all nervous system branches; bone cells are sensitive to most of neurotransmitters,
neuropeptides, and neurohormones that directly affect their metabolic activity and
sensitivity to mechanical stimuli. Indeed, bone is the principal mechanosensitive organ.
Thanks to the mechanosensing resident cells, and particularly osteocytes, mechanical
stimulation induces metabolic responses in bone forming (osteoblasts) and bone
resorbing (osteoclasts) cells that allow the adaptation of the affected bony segment to
the changing environment. Once stimulated, bone cells express and secrete, or liberate
from the entrapping matrix, several mediators (osteokines) that induce responses on
distant targets. Brain is a target of some of these mediator [e.g., osteocalcin, lipocalin2,
sclerostin, Dickkopf-related protein 1 (Dkk1), and fibroblast growth factor 23], as
most of them can cross the blood-brain barrier. For others, a role in brain has been
hypothesized, but not yet demonstrated. As exercise effectively modifies the release
and the circulating levels of these osteokines, it has been hypothesized that some
of the beneficial effects of exercise on brain functions may be associated to such a
bone-to-brain communication. This hypothesis hides an interesting clinical clue: may
well-addressed physical activities support the treatment of neurodegenerative diseases,
such as Alzheimer’s and Parkinson’s diseases?

Keywords: osteokines, exercise, biomechanical stimulation, mechanosensing, blood-brain barrier,
neurodegenerative diseases

INTRODUCTION

In the last few years, a role for bone tissue in homeostasis has emerged as it solves fundamental
functions in the body. Indeed, beyond providing mechanical support and protection to the
body and solving important roles in hematopoiesis, calcium storage, ion homeostasis, and
phosphate metabolism, additional functions have been described (Calvi et al., 2003; Bergwitz
and Juppner, 2010). As a mechanosensitive organ, bone is a dynamic player in biomechanics
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and body-environment relation and nervous system
communication for establishing functional sensing and motor
behavior. Indeed, bone and nervous system communicate with
each other through a bidirectional connection. Thus, bone
emerges as a complex peripheral element able to communicate
not only with peripheral organs but also with brain both
indirectly, through the peripheral nervous system (PNS), and
directly, by releasing molecules able to cross the blood brain
barrier (BBB) and to act at the brain level. Noteworthy, recent
findings demonstrate that bone acts also as an endocrine
tissue, dynamically responsive to internal and external stimuli
(Cappariello et al., 2016). It actively communicates with other
organs, thus becoming a fundamental key player in the circuit,
whose goal is to adapt the body to specific environment. Further,
bone, through its endocrine function, regulates whole body
homeostasis, energy metabolism, fertility, at least in males, and,
as recently established, cognitive functions (Takeda et al., 2002;
Yadav et al., 2009; Oury et al., 2011, 2013).

With this review, we want to highlight the importance of
the communication between bone and the nervous system, with
particular emphasis on the contribution of this relation during
mechanical stimulation. In the first part, we will describe the
bony elements that act as mechanosensors and the way they
respond to stimuli. We than describe how nervous system
and bone are connected and communicate with each other
to regulate bone homeostasis and bone remodeling depending
on biomechanical stimulation it receives. We will first describe
how the brain communicate with bone. Finally, although the
current little knowledge, we will focus on the bone-to-brain
communication based on the new findings on the bone-derived
molecules potentially involved in this axis.

A deepen knowledge of the bidirectional communication
system between bone and brain is of fundamental interest
to address the investigation on the mechanisms underlying
bone response and adaption to biomechanical stimuli. It would
also help in the search for new targets of proper therapeutic
interventions aimed at restoring or ameliorating the adaptive
response, especially for those pathologies (e.g., osteoporosis, bone
fragility, etc.) that impairs this circuit, but it may also help at
improving conditions affecting the nervous system. Thus, our
final goal is to bring out the bone and the molecules that it releases
as putative therapeutic targets for neurological pathologies that
may be also characterized by bone defects, as osteoporosis, bone
fragility and increased fracture risk.

BIOMECHANICAL STIMULATION AND
MECHANOSENSING IN BONE

Biomechanical stimulation of bone is fundamental to regulate
bone homeostasis, guiding resident cells to adaptation,
maintenance, and repair, but also to adapt the entire body
to the changing environment.

It is well known that bone is not a static element, but
it is able to remodel its cellular components and its entire
structure according to the different stimulation it receives, from
static or simple movements to the physical activity-generated

multidirectional stresses (Duncan and Turner, 1995). There is a
finely regulated process that maintain an equilibrium between
bone resorption and bone formation that is fundamental for
bone homeostasis that is regarded as bone remodeling. This
process is mediated by osteoclasts and osteoblasts, which are
responsible for bone resorption and for extracellular matrix
(ECM) deposition and bone formation, respectively (Parfitt,
2000; Florencio-Silva et al., 2015; Owen and Reilly, 2018).
Noteworthy, osteoclasts derive from precursor cells of the
monocyte lineage and their differentiation process is mainly
stimulated by the activation of receptor activator of nuclear
factor κB (RANK) by the RANK ligand (RANKL) expressed and
released by stromal cells and osteoblasts, other than immune
cells (Suda et al., 1999). On the contrary, osteoprotegerin (OPG),
a decoy receptor for RANKL, that is expressed by osteoblasts
and osteocytes, interferes with RANKL–RANK binding, thereby
inhibiting osteoclasts differentiation and, consequently, bone
resorption (Simonet et al., 1997).

The activity of osteoclasts and osteoblasts and, hence, the
overall bone remodeling, are regulated by mechanical stimuli
(loading and exercises), but also by endocrine and paracrine
signals (David et al., 2007; Sen et al., 2011). In this context,
external stimuli corresponding to body stationary or moving in
the space, converge in the biomechanical stimulation of those
bony elements called mechanosensors. These mechanosensors
are, for definition, able to sense and respond to biophysical factors
in the environment. Indeed, the skeleton must remodel itself
to accommodate functional demands (e.g., change in loading
intensity and/or direction) (Thompson et al., 2012). In case of
chronic intense physical activity (i.e., loading), bones become
larger and stronger; on the contrary, a reduction in loading
intensity (i.e., bed rest, immobilization) corresponds to enhanced
bone resorption that hesitates in reduced bone strength and mass
and increased fracture risk.

Bone is a mechanosensitive organ in which at least four
elements are considered the mechanosensory elements that
collaborate with each other to regulate bone modeling and
remodeling. These elements correspond to the main cell types
resident into the bone tissue: i.e., osteocytes, osteoblasts,
osteoclasts, and osteoprogenitor cells (mesenchymal stem cell,
MSC). An important consequence of mechanical stimulation
is an indirect regulation of osteoclasts function and of
their recruitment through the expression of RANKL by
osteoprogenitor cells (Yasuda et al., 1998). Osteoprogenitor cells
and pre-osteoblastic cells, located within the bone marrow and
in the periosteum, which are mechanically active environment,
respond to mechanical stimuli through the regulation of
their proliferation, differentiation, and commitment, and,
thus, modulating osteoblastogenesis (David et al., 2007; Sen
et al., 2011). Further, even if osteocytes are considered
the main principal mechanoresponsive elements in bone, it
has been demonstrated that also osteoblasts are able to
respond to mechanical stimuli (Xiao and Quarles, 2015). Thus,
mechanostimuli regulate directly and indirectly all these cells
since each of them could respond to mechanical stimulation
by modulating pathways that bring to the co-regulation of
the other actors.
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Osteocytes as the Main Bone
Mechanosensory Elements
Osteocytes are the most abundant cells present in the
bone tissue and are considered the main cell types that
respond to mechanical stimulation, regulating mechanosensing,
and mechanotransduction (Thompson et al., 2012). Further,
osteocytes solve two other important roles: they regulate
bone homeostasis throughout the regulation of osteoclast and
osteoblast activity, and they act as endocrine elements by
secreting hormone-like mediators that affect the functioning of
cells in bone as well as in other tissues and organs (Chen et al.,
2015; Robling and Bonewald, 2020).

These functions are facilitated by their peculiar morphology
that allows a direct contacting with other bone cells as well as
a direct connection with the interstitial fluid and, hence, with
blood. Indeed, these cells are star-shaped cells embedded into the
mineralized ECM of bone with prolongations developed within
a lacuno-canalicular system (LCS) that put in communication
each osteocyte with several other osteocytes and osteoblasts
and osteoclasts and also with complex structures such as bone
marrow and blood vessels. Further, LCS is filled by an interstitial
fluid, that surrounds osteocytes’ body and prolongations that
is in equilibrium with the plasma and exposes osteocytes to
blood-brought factors derived from distal organs. Thanks to
the dynamics governing the fluid movement within the LCS,
osteocytes are principally stimulated by shear stress and sense
different concentrations of the soluble mediators transported by
the fluid (Bonewald, 2017). Osteocytes integrate these inputs and
generate chemical signals that coordinate the proper response of
the other bone cells. The perception of mechanical stimuli results
in the regulation of osteoblast and osteoclast functions thereby
influencing bone formation and resorption. Osteocytes may
sense mechanical stimuli thanks to multiple mechanosensitive
structures, such as cytoskeleton, dendritic processes, integrin-
based focal adhesions, connexin-based intercellular junctions,
primary cilium, ion channels, and ECM (Dallas et al., 2013; Qin
et al., 2020; Robling and Bonewald, 2020).

During mechanotransduction, in osteocytes, the first event
that occurs is the increase in intracellular calcium, that derives
not only from the external compartment, but also from internal
stores, such as those in endoplasmic reticulum (ER) (Lewis et al.,
2017). After this first event, several pathways are activated and
intervene into the regulation of bone homeostasis.

Wnt/β-Catenin
Mechanical stimulation activates the canonical Wnt pathway
and influences osteocytes regulation of bone formation during
load (Galli et al., 2012; Holguin et al., 2016). Typically, in
unloaded state osteocytes secretes inhibitors of the Wnt pathway,
namely sclerostin and Dickkopf-related protein 1 (Dkk1),
thus favoring osteoclastogenesis. Under loading, instead, the
osteocytic expression of sclerostin and Dkk1 is inhibited and,
consequently, the Wnt ligands are able to activate this pathway,
which, in mature osteoblasts, leads to a direct stimulation of
osteoblastogenesis and osteoblast migration, as marked by the
expression of the tardive differentiation marker osteopontin

(OPN), and inhibition of osteoclastogenesis throughout the
release of OPG (Galea et al., 2017). On one hand, the Wnt-
induced OPG blocks the RANKL-RANK interaction and inhibits
the differentiation of osteoclasts while, on the other hand,
OPN prevents bone resorption since it is an activator of
osteoblastogenesis with positive role for bone formation in a
mechanically stimulated environment (Morinobu et al., 2003).

Focal Adhesions
Focal adhesions (FAs) are networks of proteins that dynamically
connect the ECM to the intracellular actin cytoskeleton.
Thus, extracellular fluid movements are transmitted inside
the cells through these membrane proteins anchored to ECM
(Chen et al., 2003). Integrins and adhesome proteins are the
principal elements that cooperate in focal adhesions leading,
in osteocytes, to a mechanosensory response. These protein
complexes represent important mechanosensors in osteocytes
and regulate skeletal development but also bone mechanobiology
(Salter et al., 2001).

Apoptosis and Senescence
Appropriate mechanical stimulation prevents osteocytes
apoptosis. Mechanical stimulation, indeed, promotes Erk
activation supporting osteocytes survival, but, if the loading is
too high, it induces damages and, in turn, promotes osteocytes
apoptosis (Plotkin et al., 2005; Cardoso et al., 2009). Thus, only
an appropriate loading (in terms of intensity and duration)
prevents osteocytes senescence and improves their viability.

Sclerostin
As reported above, this is an antagonist of Wnt-β catenin
signaling that stimulates bone resorption and inhibits bone
formation (Li et al., 2005). It has been found high in circulation
of subjects during prolonged bed rest and immobilization (Spatz
et al., 2015). Thus, a proper mechanostimulation, consequently,
to correct exercising, could downregulate the circulating levels of
sclerostin, thereby inhibiting bone resorption process.

YAP/TAZ
These proteins are two proto-oncogenes that act as
mechanosensors and mechanotransducers in different cell
types (Dupont et al., 2011). In osteocytes these proteins
translocate into the nucleus following mechanical stimulation
transduced by both FAs linked with F-actin and by piezo ion
channel activated after mechanical stimulation of membrane (Li
et al., 2019). This translocation activates several pathways that
stimulate bone formation and maintenance of bone mechanical
properties, even if the precise mechanism that determines the
nuclear translocation of YAP/TAZ is not well defined (Kegelman
et al., 2018, 2020).

A schematic representation of the mechanosensing and
mechanosensory pathways in osteocyte are represented in
Figure 1.

Bidirectional Connections Between Brain
and Bone
In the first part of this review, we have briefly illustrated
the complex mechanosensing strategies occurring in bone
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FIGURE 1 | Schematic representation of mechanosensing in osteocytes. (A) The lacuno-canalicular system is schematically modeled with osteocytes (green cells)
that take contact with adjacent osteocytes, within the bone matrix, and with osteoblasts (light blue cells) and osteoclasts (yellow cells) on the surface of the bone
segment. On the left, it is represented the rest status (unloading). On the right it is represented the loading condition: the applied forces cause the bending of the
bony segment while, within the lacuno-canalicular system, the interstitial fluid is redistributed and its flow submits osteocytes to shear stress and change in
extracellular pressure. (B) The signaling pathways activated under unloading (left) and loading (right) conditions are schematically represented. During unloading,
pro-apoptotic and pro-senescence pathways are activated (consequently to the inhibition of Erk/MAPK and YAP/TAZ) together with the induction of sclerostin and
Dickkopf-related protein 1 (Dkk1). These latter mediators are released into the intercellular fluid and reach osteoblasts and pre-osteoblasts where they exert their
anti-osteoblastogenic effects, thereby, indirectly favoring the osteoclast function. During loading, the applied forces and the intra-canalicular fluid shear stress cause
the deformation of the osteocyte plasma membrane and of the extracellular matrix (ECM). This results in: (i) perturbation of the electrolyte homeostasis (Ca2+ and
K+); (ii) activation of cadherin and integrin-mediated signaling and the associated focal adhesion kinase (FAK) pathway that result into the remodeling of the
cytoskeleton; and (iii) activation of the Wnt/β-catenin signaling. The downstream signaling determines the activation of Erk/MAPK and YAP/TAZ that, together with
the inhibition of the expression of sclerostin and Dkk1, result into the stimulation of osteocyte survival, inhibition of apoptosis and prevention of senescence and, in
turn, a support to osteoblastogenesis and osteoblast function.

and how much dynamic is this organ in order to actively
respond to biomechanical stimuli and, consequently, to
allow the body to adapt to the changing environment.
Further, we will go deeper into the complexity of bone
mechanosensing, highlighting the existing relationship with
the nervous system. Indeed, besides the direct regulation of
bone metabolism, homeostasis and remodeling that occur at
the bone cell level, depending on the received mechanical
stimuli received from bone fluid movements, skeletal muscle
traction and ground/impact reactions, another important
mechanism controlling bone response and metabolism involves
the nervous system.

Bone can be regulated both directly by PNS and indirectly by
central nervous system (CNS). However, it has recently emerged a
strong two-way interaction between bone and brain, that could be
defined as bone-brain axis: not only brain regulates bone (efferent
pathway), but also bone can communicate to the brain (afferent
pathway) through the release of molecules, i.e., osteokines, that
can act in the brain and, indeed, have been found in brain (Brazill
et al., 2019; Millar et al., 2019).

In addition to the soluble mediators, other routes of
inter-organ cross-talk exist. An intriguing, and increasingly
studied, path is represented by the extracellular vesicles (EVs)
and their cargo. EVs are cell-derived membrane vesicles,
differing in size, biogenesis and membrane protein profile [i.e.,
exosomes, microvesicles (MVs), apoptotic bodies]. Exosomes
and MVs are involved in paracrine and endocrine intercellular
communication. They are actively released from the source cell
and selectively loaded with specific components sorted from
the cytosol, to reach a target cell in which the vesicle content
elicits a biological response. EVs mediate the direct transfer
of the contained information into the target cell and the EV-
mediated information transfer is implicated in several diseases
(Faraldi et al., 2020). There are evidence about an EV-mediated
crosstalk between brain and bone, although this field still needs
to be fully depicted.

We will firstly describe how nervous system can communicate
with bone, mechanisms whose functioning are well known, to
then move to the more innovative bone-to-brain view that,
however, still needs deeper investigations.
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BRAIN-TO-BONE COMMUNICATION

Direct Regulation of Bone by the
Peripheral Nervous System: Bone
Innervation
The autonomous nervous system is known to regulate the
peripheral functions prompt to maintain body homeostasis and
to initiate the adaptive response to various stress, including
the biomechanical stimulation. It acts through two antagonistic
system: the parasympathetic nervous system, which favors the
“rest and digest” response; and the sympathetic nervous system,
that is responsible for the “fight or flight” response.

Noteworthy, the parasympathetic nervous system acts
through the release of acetylcholine (ACh), a neurotransmitter
that activates both muscarinic and nicotinic cholinergic
receptors, while sympathetic nerves release norepinephrine
(NE), a neurotransmitter that acts via α- and β- adrenergic
receptors (α-AR and β-AR) expressed by pre-synaptic and
post-synaptic terminals, respectively.

During the last years, the development of new techniques led
to the demonstration that bone is a highly innervated organ from
both sympathetic and sensory neurons, thus showing that bone
is physically related to the PNS (Mach et al., 2002). Interestingly,
histological analyses showed high densities of nerves, belonging
to the autonomous branch, in areas of high osteogenic activity.
Further, immunocytochemistry experiments have successfully
demonstrated the presence of receptors for neural peptides on
bone cells (Elefteriou, 2005). Finally, the importance of the brain-
bone connection has been further supported by the identification
of neural tracts between femoral bone marrow and the CNS using
retrograde trans-synaptic signaling (Denes et al., 2005).

Parasympathetic Innervation of Bone
Nicotinic acetylcholine receptor (nAChR) subunits are expressed
by osteoclasts and differentiating and mature osteoblasts (Mandl
et al., 2016). Further, transcript of muscarinic AChR type M1,
M2, and M4 have been found in immature and differentiated
osteoblasts (Sato et al., 2010). Transcripts of both AChR types
have been detected in murine osteocyte-like MLO-Y4 and their
levels are modulated by ACh, but the precise pathways activated
by ACh in these cells are still unknown (Ma et al., 2014).

Besides AChRs, osteoblasts express the machinery to synthesize
ACh, but the functional role of this presence remains unknown
(En-Nosse et al., 2009). The expression of both nicotinic
and muscarinic ACh receptors on osteoblasts, osteocytes, and
osteoclasts suggests that these cells are directly regulated by
the parasympathetic nervous system. It has been observed both
in vitro and in vivo experiments that activation of nAChR
inhibits RANKL-dependent osteoclastogenesis, even if more
experiments are needed to better elucidate the specific role on
bone homeostasis of the different subunits of nAChRs since some
results are contradictory (Mandl et al., 2016). Further, it has been
observed that agonists of nAChR increase osteoclasts apoptosis
and restrain bone resorption (Bajayo et al., 2012). All these
evidences suggest that parasympathetic nervous system inhibits
bone resorption and, thus, promotes bone formation (Table 1).

Sympathetic Innervation of Bone
Sympathetic action on bone remodeling could be hypothesized
after the observation of very low levels of mRNA of α-ARs
in osteoblasts and osteoclasts and higher levels of β-ARs.
Consequently, β-ARs may be the main AR to mediate the
action of sympathetic nerves in bone (Khosla et al., 2018).
Further, β-ARs have been also found in osteocyte-like MLO-
Y4 cells (Yao et al., 2017). Osteoblasts and osteoclasts express
the β-2AR, but the biological relevance of the action of these
receptors on osteoclasts is still not known. What is known is
that the stimulation of β-2AR leads to increased osteoclasts
formation, impairs osteoblasts functions and, consequently,
increases bone loss. The inhibition of these receptors, on the
contrary, leads to enhanced bone formation (Elefteriou, 2008).
Moreover, stimulation of β-ARs in osteocyte-like MLO-Y4 cells
affects osteoclastogenesis by increasing the RANKL-to-OPG ratio
(Yao et al., 2017; Liang et al., 2018).

In summary, the regulation of bone remodeling by the
autonomous nervous system results in the promotion
of bone formation by the parasympathetic system and,
conversely, in favoring bone resorption by sympathetic nervous
system (Table 1).

Sensory Innervation of Bone
Besides the parasympathetic and sympathetic activities in bone,
it has been shown that sensory nerves are important for bone

TABLE 1 | Peripheral nervous system to bone communication.

Nervous system branch Neurotransmitter Receptor Target cell Main action

Parasympathetic ACh nAChR Osteoblast Inhibition of

mAChR Osteoclast bone resorption

Sympathetic NE αAR Osteoblast Promotion of

βAR Osteoclast bone resorption

Sensory CgRP CgRPR Osteoblast Promotion of bone formation

SP SPR Osteoclast

Sem3A Nrp1, Plxna1, 2, 3

Ach, acetylcholine; nAChR, nicotinic acetylcholine receptor; mAChR, muscarinic acetylcholine receptor; NE, norepinephrine; αAR, alpha adrenergic receptor; βAR, beta
adrenergic receptor; CgRP, calcitonin gene-related peptide; SP, substance P; Sem3A, semaphorin 3A; CgRPR, calcitonin gene-related peptide receptor; SPR, substance
P receptor; Nrp1, sema3A receptor; Plxnal1, 2, 3, sema3A co-receptors.
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formation and solve fundamental roles in their response to
mechanical loading. The sensory innervation represents the third
arm of the autonomous system involved in the regulation of
bone remodeling. The existence of such innervation in bone has
been demonstrated through the detection of sensory fibers in
bone and also of calcitonin gene-related peptide (CGRP) and
substance P (SP), which are neuropeptide released by sensory
fibers and acting as neurotransmitters (Mach et al., 2002). The
receptors for these neuropeptides have also been detected in
osteoblasts and osteoclasts (Kodama et al., 2017). Low amounts
of NK1-R, a SP receptor, have been detected in osteocytes,
however, the specific function in these cells is still unknown (Goto
et al., 1998). CGRP and SP stimulate proliferation and activity
of osteoblasts, thus influencing bone formation. Specifically,
CGRP stimulates bone formation induced by mechanical loading
(Ma et al., 2013; Sample et al., 2014). A role for the sensory
nervous system in bone remodeling, as promoter for bone
formation, has been demonstrated, too, through denervation
studies and investigation on the bidirectional communication
between sensory neurons and osteoblasts in co-culture systems
(Ding et al., 2010; Kodama et al., 2017). In particular, co-culture
experiments lead to the observation that sensory neurons release
glutamate and SP that act on osteoblasts, while osteoblasts release
ATP that acts on sensory neurons (Kodama et al., 2017).

Other important neuropeptides, known to regulate bone
homeostasis, are semaphorins. Particularly, sema3A, released by
sensory fibers, plays a role in the regulation of bone remodeling,
by promoting bone mass gain and dendritic osteocyte elongation,
by acting on Nrp1 receptor and Plxna1, 2, 3 co-receptors. Indeed,
it has been shown that mice knockout for sema3A experienced
a decrease in bone mass and, consequently, to a reduction
in bone formation (Fukuda et al., 2013; Niimura et al., 2016)
(Table 1). Further, sema3A deficiency in osteocytes leads to severe
osteopenia, in aged mice, since it promotes osteocyte survival
(Hayashi et al., 2019).

Indirect Regulation of Bone by Central
Nervous System: Neuroendocrine
Signaling
To date, it is known that bone metabolism and remodeling are
regulated not only by the PNS but also by CNS through the
action of several molecules as neurohormones, neuropeptides
and neurotransmitters.

Neurohormones That Regulate Bone Metabolism
The principal mechanism of regulation of the peripheral
functions by the CNS is mediated through the release of
neurohormones by the hypothalamus that stimulate hormone
release from the pituitary gland. Osteoblasts and osteoclasts, but
not osteocytes, express different receptors for these hormones
and it has been demonstrated that some of these regulate
skeletal integrity favoring either bone resorption or bone
formation (Table 2).

Both the follicle-stimulating hormone (FSH) and the
thyroid-stimulating hormone (TSH) regulate directly bone
remodeling. In vitro and in vivo experiments showed that FSH

stimulates formation and function of osteoclasts, promoting
bone resorption, by acting through a FSH receptor expressed
on the plasma membrane of osteoclasts and their precursors
(Sun et al., 2006; Robinson et al., 2010). On the contrary, TSH
sustains bone integrity by stimulating osteoblasts functioning
and inhibiting osteoclasts activity by acting directly through the
TSH receptors expressed by these cells (Abe et al., 2003; Baliram
et al., 2013). On one hand, TSH limits bone loss by decreasing
osteoclastogenesis and, on the other hand, it restores bone mass
by promoting osteoblastogenesis. Further, TSH can suppress
osteoblasts differentiation. These pleiotropic actions define
TSH as a single and independent molecule that regulate bone
remodeling acting on both bone formation and bone resorption
(Abe et al., 2003; Sampath et al., 2007; Baliram et al., 2011).

The expression of prolactin receptors has been detected in
osteoblasts, but not in osteoclasts, and it has been demonstrated
that prolactin contributes to the regulation of bone homeostasis
by inhibiting osteoblastic proliferation and bone mineralization
(Seriwatanachai et al., 2008, 2009). The indirect prolactin-
dependent promotion of bone resorption may be responsible
for the mobilization of calcium from bone to be used for milk
secretion during lactation.

Adrenocorticotrophic hormone (ACTH) binds to
melanocortin receptor family 2 (MC2R) that is expressed
by osteoblastic cells and its expression is high at sites of active
bone deposition, thus suggesting a role in the promotion of bone
formation through the stimulation of osteoblasts proliferation
(Zhong et al., 2005; Tourkova et al., 2017).

The growth hormone (GH) stimulates bone gain both
indirectly, by stimulating insulin-like growth factors (IGFs) that
regulates skeletal development, and directly, by acting on bone
cells (DiGirolamo et al., 2007; Dobie et al., 2014).

TABLE 2 | Brain to bone communication: neurohormones.

Neurohormone Target cell
in bone

Main action

FSH Osteoclast Stimulation of osteoclastogenesis and
osteoclast function

Osteoclast
precursors

TSH Osteoblast Independent regulation of bone formation and
bone resorption

Osteoclast

Prolactin Osteoblast Inhibition of osteoblast proliferation and bone
mineralization

ACTH Osteoblast Promotion of osteoblast proliferation

GH Osteoblast Promotion of bone formation

AVP/ADH Osteoblast Inhibition of osteoblastogenesis

Osteoclast Stimulation of osteoclastogenesis

OT Osteoblast Stimulation of osteoblastogenesis

Osteoclast Inhibition of osteoclast activity

Melatonin Osteoblast Promotion of osteoblasts differentiation

Osteoclast Promotion of osteogenesis

FSH, follicle-stimulating hormone; TSH, thyroid-stimulating hormone; ACTH,
adrenocorticotropic hormone; GH, growth hormone; AVP/ADH, arginine-
vasopressin/antidiuretic hormone; OT, oxytocin.
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TABLE 3 | Brain to bone communication: neuropeptides.

Neuropeptide Target cell in bone Main action

NPY Osteoblast (Y1 receptor) Inhibition of osteoblasts
function (Y1)

Hypothalamus (Y2 receptor) Anti-osteogenic effects
(Y2)

AgRP Osteoblast and osteoclast (throughout
the sympathetic nervous system)

Stimulation of
osteoblasts activity

CART No evidences for direct role on bone
cells

Stimulation of bone
mass gain

Melanocortin Hypothalamus (MC4R) Stimulation bone
formation

Osteoblast (MC4R)

Osteoblast and osteoclast (MCRs)

Neuromedin U Central action–mediated by leptin Inhibition of bone mass
gain

VIP Osteoblast Anti-resorptive effect

Osteoclast

NPY, neuropetide Y; AgRP, agouti-related protein; CART, cocaine/amphetamine-
related transcript; MC4R, melanocortin 4 receptor; MCRs, melanocortin receptors;
VIP, vasoactive intestinal peptide.

Arginine-vasopressin (AVP, also known as antidiuretic
hormone, ADH) and oxytocin (OT) regulate bone metabolism
by acting in opposite ways: AVP impairs osteoblastogenesis and
induces osteoclastogenesis by directly acting on AVP receptors
expressed in both osteoblasts and osteoclasts; on the contrary,
OT promotes osteoblastogenesis and inhibits osteoclast activity
by acting on OT receptors expressed in osteoblasts and osteoclasts
(Tamma et al., 2013; Sun et al., 2016).

Finally, the expression of the melatonin receptors have
been observed in both osteoblasts and osteoclasts and it has
been demonstrated that melatonin regulates bone homeostasis
by promoting osteoblast differentiation and osteoblastogenesis
(Roth et al., 1999; Zhang et al., 2010). Defective melatonin
signaling has been associated with impaired osteoblast function
and development of scoliosis (Akoume et al., 2019).

Neuropeptides That Regulate Bone Metabolism
Bone homeostasis and remodeling are also under the
direct control of several neuropeptides released by
hypothalamus (Table 3).

Neuropeptide Y (NPY) has been demonstrated to play
important peripheral roles. It is produced centrally in the
arcuate nucleus (ARC) of the hypothalamus and regulates bone
homeostasis with site-specific effects in periphery (Baldock et al.,
2009). Both NPY and the relative Y1 receptors have been found
in cells of the osteoblastic lineage. Peripherally NPY exerts
catabolic effects in bone through the inhibition of osteoblasts
activity and interacts with mechanical signals to integrate the
osteoblasts regulation with the local environmental loading
status. Specifically, this interconnection and local effects of NPY
are mediated by osteocytes which produces local NPY that
affects osteoblast activity after mechanical stimuli (Igwe et al.,
2009). Noteworthy, the actions of this neuropeptide in bone
homeostasis are exerted not only peripherally on Y1 receptors
expressed by osteoblasts, but also throughout a central signaling,

on CNS throughout the Y2 receptors (Shi et al., 2011; Lee
N. J. et al., 2015). In particular, it has been observed that,
when activated, Y2 receptors, present in hypothalamic NPY-
expressing neurons, elicit anti-osteogenic effects on trabecular
but not on cortical bone (Shi et al., 2010). Interestingly, pre-
osteocytes and osteocytes express NPY, as demonstrated in
neonatal calvaria, and its expression was reduced in response
to fluid shear stress. The treatment of calvaria osteoblasts with
NPY decreased the intracellular levels of cyclic AMP (cAMP) and
limits the expression of the markers of osteoblast differentiation
(e.g., osteocalcin (OCN), bone sialoproteins, and dentin matrix
acidic phosphoprotein 1-DMP1) (Igwe et al., 2009).

Agouti-related peptide (AgRP) acts through the sympathetic
nervous system on bone metabolism. Increased neuronal AgRP
activity downregulates the sympathetic tone favoring bone mass
gain throughout the enhancement of the osteoblast activity (Kim
et al., 2015; Shi et al., 2017).

Cocaine amphetamine regulated transcript (CART) is
a neuropeptide precursor protein highly expressed in the
hypothalamus, but also peripherally. It has been observed that
while low hypothalamic CART expression is associated with
increased bone resorption, through the induction of higher levels
of RANKL, elevated CART expression resulted an increase in
bone mass (Elefteriou et al., 2005).

The melanocortin peptides bind to five different G protein-
coupled receptors and they sustain osteo-positive effects
by binding to melanocortin 4 receptor (MC4R), which is
highly expressed in the hypothalamus (Farooqi et al., 2000).
Melanocortin receptor MC4R have been found in mouse
periosteum and rat osteoblasts suggesting a direct role for
melanocortin in bone development and metabolism (Dumont
et al., 2005). Further, other melanocortin receptors have been
detected in both osteoblasts and osteoclasts (Zhong et al.,
2005). Melanocortin agonists stimulate osteoblast proliferation
in in vitro models. Further, knock out mice for MC4R
experience increase bone mass due to reduced osteoclasts number
(Elefteriou, 2005), suggesting that melanocortin promotes bone
formation throughout the regulation of the proliferation rate of
both osteoblasts and osteoclasts.

Another neuropeptide that regulates bone mass is neuromedin
U that elicits bone resorption through a leptin-mediated pathway,
acting preferentially at the CNS level rather than peripherally
(Sato et al., 2007).

The vasoactive intestinal peptide (VIP) acts through
sympathetic and parasympathetic nerve fibers. It is frequently
released together with ACh by parasympathetic terminals at
the bony periosteum level and, mainly, in the epiphysis. It
acts directly on osteoblasts and osteoclasts by binding to its
G protein-coupled receptors and exerts an anti-resorptive
effect (Togari et al., 1997). It has been shown that VIP inhibits
RANKL expression in osteoblasts, while it suppresses RANK in
osteoclasts, and, in parallel, induces OPG expression in osteoblast
(Mukohyama et al., 2000; Juarranz et al., 2005).

Neurotransmitters That Regulate Bone Metabolism
Bone homeostasis and bone remodeling are regulated also by
neurotransmitters released by CNS, such as serotonin, glutamate,
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and dopamine (Table 4). Indeed, bone cells express receptors for
these neurotransmitters. Osteoblasts, osteocytes, and osteoclasts
express different subtypes of G protein-coupled receptors for
serotonin. Particularly, osteocyte-like MLO-Y4 cells express the
serotonin receptors 5-HT1A and 5-HT2A, but also the serotonin
transporter (5-HTT) and the enzyme involved in serotonin
synthesis, thus being an important component of the serotonin
system in bone (Bliziotes et al., 2006). Interestingly, the precise
mechanism of action of serotonin in regulating bone cells
activity is still under investigation and it is supposed that it
acts differently depending on its origin: gut-derived serotonin
decreases osteoblast proliferation, while serotonin derived from
CNS enhances bone formation (Cui et al., 2011; Park et al., 2018).

Osteoblasts and osteoclasts express glutamate receptors,
in particular the N-methyl-D-aspartate (NMDA) type is
quantitatively the most represented (Chenu et al., 1998; Gu
et al., 2002). The role of glutamate in bone is interesting
and highly complex, since the active glutamate derives both
centrally and peripherally and its action involves different
cells. On one hand, there is glutamate innervation at the bone
levels near bone cells expressing glutamate receptors (i.e.,
osteoblasts and osteoclasts) but, on the other hand, the entire
osteoblasts population expresses the set of components for a
regulated release of glutamate (Hinoi et al., 2002; Bhangu, 2003).
However, different researches have demonstrated that glutamate
inhibits osteoclasts activity and promotes osteoblasts functions
(Taylor, 2002; Morimoto et al., 2006). Noteworthy, both the
glutamate transporter, GLAST, and the glutamate receptors
respond to mechanical loading. In vivo studies demonstrated
that mechanical load regulates the expression of GLAST and
glutamate receptors in bone (Mason et al., 1997; Ho et al., 2005).
Interestingly, it has been hypothesized that osteocytes are the
first responders to mechanical load in bone. Indeed, after some
days of mechanical loading, GLAST protein was undetectable
in osteocytes, while its expression increases in osteoblasts
(Mason et al., 1997).

Dopamine is another important central neurotransmitter that
also affects bone homeostasis. It acts through dopamine receptor
(DR)-1, -2, -3, and -5 and enhances osteoblastic proliferation and
bone mineralization and suppresses osteoclastogenesis (Hanami
et al., 2013; Lee D. J. et al., 2015; Wang et al., 2020).
Modulation of dopamine levels as therapeutic interventions for
those pathologies featured by a dysregulation of dopamine levels
[e.g., Alzheimer disease (AD), Parkinson disease (PD)] could
interferes with bone mass (Chen et al., 2016).

Adipose Tissue and Skeletal Muscles As
Two Intermediates in Bone-Brain Axis
Beside a direct brain-to-bone axis, these two organs may
communicate throughout an indirect crosstalk involving
mediators expressed and released by a third tissue. Adipose
tissue and skeletal muscles are, actually, two important organs
able to integrate stimuli of different nature (biomechanical
and biochemical) and to release mediators (e.g., myokines
and adipokines) having effects all over the body and, hence,
also in bone either directly or throughout the mediation of
the nervous system.

Hormones Released by Adipocytes: Adipokines
Actually, among several adipokines, there are two main
hormones, released by adipocytes, that act on CNS to regulate
bone metabolism and remodeling.

Leptin is released by adipocytes in response to insulin
stimulation and glucose uptake, which correspond to anabolic
state (Barr et al., 1997; Mueller et al., 1998) and binds receptors
located in the CNS involved in the regulation of appetite
and energy metabolism. In addition, it binds on receptors
located at the hypothalamic level that regulate bone metabolism
through the activation of the SNS. Hence, leptin-regulated neural
pathways control both aspects of bone remodeling (Takeda et al.,
2002; Elefteriou et al., 2005).

Adiponectin also regulates bone metabolism by acting on
neurons of locus coeruleus, decreases the sympathetic tone and,
therefore, increases bone mass (Kajimura et al., 2013). It is
important to note that OCN, a bone-derived hormone whose
functions will be discussed below, stimulates the release of
adiponectin by adipocytes (Hill et al., 2014; Otani et al., 2015).
Thus, it could be considered the existence of an indirect way by
which bone, acting through the peripheral adipose tissues and
then, through the CNS, regulates its own remodeling.

Hormones Released by Skeletal Muscle Cells:
Myokines
It is known that skeletal muscles, during their activity (i.e.,
contraction), release molecules, the so called myokines, that act
on other tissues, with a hormone-like activity, to mediate adaptive
responses (Gomarasca et al., 2020).

Irisin, one of the more recently identified myokines, is a
circulating hormone-like mediator that is released by skeletal
muscles during and after exercises (Bostrom et al., 2012; Wrann
et al., 2013; Lombardi et al., 2016). It regulates energy metabolism,

TABLE 4 | Brain to bone communication: neurotransmitters.

Neurotransmitter Receptor Target cell in bone Main action

Serotonin GPCRs for serotonin Osteoblast Central serotonin: enhancement of bone formation

Osteoclast Peripheral serotonin: inhibition of osteoblast proliferation

Glutamate NMDA receptors Osteoblast Stimulation of osteoblasts differentiation and function

Osteoclast Inhibition of osteoclasts activity

Dopamine DR-1, DR-2, DR-3, and DR-5 Osteoblast Stimulation of bone formation and mineralization

Osteoclast Inhibition of osteoclastogenesis

GPCRs, G protein-coupled receptors; NMDA, n-methyl-D-aspartate; DR, dopamine receptor.
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by stimulating the usage of energy substrates to release heat, and
acts not only on skeletal muscles, but also on adipose tissue,
bone, and brain. In bone, irisin mediates anabolic effects and
acts by stimulating osteoblasts activity and reducing the number
of osteoclasts (Colaianni et al., 2015), thus promoting bone
formation. If, on one hand, its circulating levels are increased
by physical exercise, on the other hand, it is decreased in bone
metabolic dysfunction, as in osteoporosis (Anastasilakis et al.,
2014). In brain, irisin is expressed in Purkinje neurons of the rat
and mouse cerebellum and it is necessary for the proper neural
differentiation of embryonic stem cells (Forouzanfar et al., 2015).
Further, it may have neuroprotective effects after ischemic stroke
and, by acting on hippocampus, it may rescue synaptic plasticity
and memory impairment in AD (Asadi et al., 2018; Lourenco
et al., 2019; Martinez Munoz et al., 2018). Irisin could be an
interesting therapeutic target in osteoporotic traits associated to
neurodegenerative disorders, based on its pro-anabolic effects,
and in view of the fact that its circulating levels could be increased
by physical exercise. However, it is not yet known if peripheral
irisin, released by the skeletal muscle, can act directly on CNS,
a condition that implies the crossing of the BBB, where it may
regulate, among the other effects, bone remodeling after exercise.

BONE-TO-BRAIN COMMUNICATION

It has been shown that osteocytes release EVs, throughout a
calcium-dependent mechanism, and that these EVs contain,
among the others, RANKL, OPG, and sclerostin. This mechanism
is supposed to represent a way by which the osteocyte response to
mechanical loading may be transmitted to other tissues/organs,
as demonstrated by ex vivo studies of intact bone that showed
an enhanced release of EVs following mechanical stimulation
(Morrell et al., 2018). However, very little is known about the
central role of the bone-derived mediators. For instance, the
precise mechanism by which bone-derived mediators may cross
the BBB is not well known and it is still under investigation.

It has been shown that low bone density (BMD) and
osteoporosis may associate with dementia and AD in
postmenopausal women (Tan et al., 2005; Loskutova et al.,
2009). Further, low BMD and BMD loss are risk factors for
osteoporosis and AD and is an early risk factor for dementia.
Women with high levels of hip bone loss have an increased
probability to develop cognitive dementia compared to women
with limited loss. In addition, looking at this point from another
point of view, it has been shown that high lean body mass is
associated with lower risk of cognitive impairment or dementia
(Burns et al., 2010; Friedman et al., 2010; Basgoz et al., 2020).

The serum level of several bone-derived mediators has
been found modulated in patient affected by bone diseases, as
osteoporosis, but also in the case of neurodegenerative diseases,
such as AD [e.g., OCN, OPN, sclerostin (Yuan et al., 2019),
Dkk-1 (Huang et al., 2018), and lipocalin 2 (Song and Kim,
2018)] and PD [e.g., bone morphogenic protein 2 (Goulding
et al., 2020), OCN (Shan et al., 2019)]. Interestingly, in AD,
PD, as well as in other neurodegenerative diseases, osteopenia
and osteoporosis are often comorbidities (Roos, 2014; Binks and

Dobson, 2016). Thus, these molecules might be considered as
relevant therapeutic targets in pathological conditions affecting
the CNS featured by bone dysmetabolism. Indeed, by acting
peripherally, with addressed exercise programs, it may be possible
to modulate the levels of these proteins with potential beneficial
effects on CNS, other than on bone (Lee et al., 2019).

In this last part of the review, we will discuss the current
knowledge around the established and the putative actions of
bone-derived molecules in the nervous system, highlighting how
their exercise-induced modulation may potentially benefit both
organs (Table 5).

Osteocalcin
Osteocalcin, also known as bone γ-carboxyglutamic acid protein
(BGLAP), is a bone derived protein mainly released by
osteoblasts, and usually measured at the serum level as an
indicator of bone formation (Hauschka et al., 1989). It is
firstly produced as a pre-pro-peptide that become mature after
the carboxylation of the three glutamic acid residues (Glu →
Gla). Once OCN is mature and carboxylated it is released
in the extracellular space to be incorporated into the bone
ECM where it binds to hydroxyapatite (Poser et al., 1980;
Malashkevich et al., 2013). In circulation there are several forms
of OCN comprising the fully carboxylated (cOCN), the fully
uncarboxylated (ucOCN) and the intermediate mono- and bi-
carboxylated ones, together with several cleavage products, due
to the susceptibility to enzymatic fragmentation, especially of the
under-carboxylated forms (Lombardi et al., 2015).

Several studies in mice have shown a biological role for
OCN, and mainly for ucOCN form, in metabolism. It has been
shown that OCN regulates glucose metabolism, stimulates insulin
release from islets, affects fertility and production of sex steroid
hormones (Patti et al., 2013). Further, it has been reported to
act on adipocytes where it stimulates the release of adiponectin
(Kanazawa, 2015). Testis, skeletal muscles, liver, blood vessels,
and small intestine have been identified as other targets of
OCN activity. Actually, despite the evidence in rodents, and
also in in vitro cell systems, such roles in humans have not
been established and, also, current evidences indicate that the
endocrine functions of OCN may be relegated to a mild, and
possibly indirect, modulation (Lombardi et al., 2015).

During recent years, a new role emerged for OCN related to
the nervous system, in rodents. Indeed, in mice OCN has been
indicated as necessary for both brain development and function
(Oury et al., 2013; Khrimian et al., 2017).

An in vivo mouse model of OCN−/− demonstrated
a significant passivity, compared to the wild type (WT)
counterpart, and the utility of OCN to correct brain development
and cognition (Oury et al., 2013). Adult OCN−/− mice
developed abnormalities in brain structures and alterations in
neurotransmitter levels, impairment in learning and memory,
and anxious-depressive phenotype. Further, after birth, mice
with a complete deletion of OCN showed the same, or at least
similar although less severe, phenotypic alterations, with the
exception of brain morphological abnormalities, observed in
adult OCN−/− mice. Intraventricular administration of OCN,
in these mice, restored the normal phenotype and corrected
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TABLE 5 | Bone to brain communication: hormones and peptides.

Bone-derived
mediator

Cells source in bone and brain Exercise-related
modifications

Main actions

OCN Osteoblast ↑ Circulating levels by aerobic
exercises (mice and human)

BONE cOCN binds to hydroxyapatite in bone ECM and regulates mineralization

↑ ucOC by endurance
non-weight bearing activities

Marker of bone formation

↑ cOC by endurance weight
bearing/impact activities

BRAIN Mouse

Able to cross the BBB

Regulation of neurotransmitters synthesis in different brain areas

Necessary for both brain development and functioning

Regulation of learning, memory, and cognitive functions

Human

Correlation between plasma level of OCN and global cognition in women

Low level of OCN correlates with brain microstructural changes

The OCN form active in human brain is unknown

LCN2 Osteoblast (at least the 50% of circulating
LCN2)

↓ by physical exercises BONE Promotion of osteoclastogenesis

↑ by bed resting Inverse correlation between LCN2 and BMD, in women

BRAIN Mouse

Able to cross the BBB

Act on hypothalamic MC4R to regulate appetite response

Increased during metabolic inflammation and acts on hippocampus to modulate inflammation

sclerostin Osteocyte ↓ by mechanical loading BONE Inhibition of osteoblastogenesis through inhibition of Wnt/β-catenin pathway and stimulation of
RANKL release

↑ by bed resting/immobilization BRAIN Potential regulation of neuronal function, through Wnt/β-catenin, possibly in neurodegenerative
diseases

Not known if able to cross the BBB

Dkk1 Osteoblast, osteocyte ↓ by chronic exercise (serum
levels)

BONE Inhibition of osteoblastogenesis through inhibition of Wnt/β-catenin pathway

BRAIN Mouse

Upregulated in transgenic AD mice

Contributes to impairment in LTP, learning and memory

Human

Upregulated in AD patients

Circulating Dkk1 inversely correlates with cognitive performances in elderly women

Not known if able to cross the BBB

(Continued)
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TABLE 5 | Continued

Bone-derived
mediator

Cells source in bone and brain Exercise-related
modifications

Main actions

FGF23 Osteocyte, Osteoblasts, expressed in specific
brain areas (hypothalamus, hippocampus,
cortex and in cerebrospinal fluid)

↑ in unloading BONE Inhibition of osteoblastic activity

Stimulation of osteoclast-mediated bone resorption

BRAIN Not known if able to cross the BBB (evidence for other FGF proteins)

KO mice have impairment hippocampal cognitive functions

Not yet well known the role in brain

OPN Osteoblast ↓ by acute exercise in weight
loss program

BONE Stimulation of bone resorption and demineralization

Negative correlation with BMD

BRAIN Highly expressed in brain sections of PD patients

High serum level in AD patients

Regulation of reparative processes in neurodegenerative disorders

RANKL Osteoblast, immune cells ↓ by acute exercise BONE Stimulation of osteoclastogenesis and osteoclast function

BRAIN Highly expressed in hypothalamus and involved in the regulation of body temperature and fever;
involvement in depressive disorders

BMPs Osteoblast (synthesis), Osteoclasts (resorption
dependent release from ECM)

↑ acute exercise BONE Stimulation of bone formation

Modulation of osteogenesis following mechanical stimulation

BRAIN Involved in neurogenesis during embryonic phase and in adulthood

BDNF CNS, PNS, osteoblasts, and chondrocytes ↑ acute exercise BONE Beneficial effects on bone cells, in particular promotion of proliferation and differentiation of MSC
into osteoblasts

Conditional KO in brain mice develops bone defects

BRAIN Support to synaptic plasticity, neurodevelopment, and neuronal differentiation

Reduced circulating levels in AD and PD patients

IGF-1 Osteoblasts, chondrocytes In brain both during
embryogenesis and in adulthood (cerebellum,
olfactory bulb, hippocampus)

↑ by acute exercise BONE Stimulation of bone formation through stimulation of chondrocytes proliferation and osteoblasts
differentiation

↓ by chronic exercises Decreased serum levels with age and in patients affected by osteoporosis

BRAIN Involvement in neurodevelopment and plasticity

Involvement in aging-associated neurodegenerative disorders

OCN, osteocalcin; LCN2, lipocalin2; Dkk1, dickkopf-related protein 1; LTP, long term potentiation; FGF23, fibroblast growth factor 23; KO, knockout; OPN, osteopontin; BMD, bone mineral density; RANKL, receptor
activator of nuclear factor κB ligand; BMPs, bone-morphogenic proteins; ECM, extracellular matrix; BDNF, brain-derived neurotrophic factor; CNS, central nervous system; PNS, peripheral nervous system; IGF-1,
insulin-like growth factor 1.
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anxiety and memory deficits (Oury et al., 2013). Experiments
on this mouse model suggested that OCN may be necessary
to reduce age-related cognitive impairment (Villeda et al.,
2014). Interestingly, the circulating levels of OCN and cognitive
functions strongly inversely correlate with age, suggesting that
OCN may be necessary to contain the cognitive decline
associated with aging.

Noteworthy, recent papers indicate that OCN can cross the
BBB and, once in the CNS, it regulates neuronal functions,
acting directly in brainstem, midbrain, and hippocampus to
influence the synthesis of several neurotransmitters. It has been
observed that, in OCN−/− mice, peripherally administrated
ucOCN crosses the BBB and localizes at the brain level, while
the cOCN form passes throughout the BBB less efficiently
(Shan et al., 2019). Centrally, OCN stimulates the synthesis of
monoamine neurotransmitters, including serotonin, dopamine,
and noradrenaline, and inhibits the synthesis of γ-aminobutyric
acid (GABA), that is the principal inhibitory neurotransmitter.
Thus, OCN released from bone, cross the BBB and may have
effects on the regulation of learning, memory, and cognitive
functions (Oury et al., 2013).

Only recent clinical researches have been investigating on
how peripheral level of OCN may put into correlation bone
metabolism, and cognitive functions. It has been demonstrated a
positive correlation between plasma OCN, executive functioning,
and global cognition, but not with episode memory in women
(Bradburn et al., 2016). Interestingly, no such correlation has
been observed in men, suggesting the potential existence of
gender differences in cognitive performance. Further, it has
been reported that low levels of OCN correlate with brain
microstructural changes observed with magnetic resonance
imaging in middle-aged women (Puig et al., 2016).

Effects of Exercise
Circulating level of OCN increases after a single bout of
endurance exercise in mice and, possibly, in humans (Mera
et al., 2016), concomitantly to the increased glucose uptake
by skeletal muscles and the reduction of circulating insulin
concentrations. In particular, it has been observed that, in mice,
this exercise-related increase of circulating OCN was associated
with an increased bone resorption rate (Mera et al., 2016). Thus,
aerobic exercise increases circulating levels of OCN, in mice,
that may act through the IL-6/gpr130 axis to improve energy
metabolism and cognition. In human, aerobic, and combined
aerobic-resistance exercises increase serum level of OCN (Chahla
et al., 2015; Mohammad Rahimi et al., 2020). These findings
lead to the hypothesis that the induction of OCN release may
associate with the preventive effect of exercise on dementia.
However, additional studies are needed to better understand
which form of OCN actually stimulates brain functions and to
clarify which kind of exercise modulate a specific form of OCN.
This would be of particular interest in the case of prescription
of physical activity to specific cohorts of patients with the
aim of ameliorating cognitive defects. At this purpose, it has
been demonstrated that different kind of physical activity may
associate with the relative prevalence of certain forms of OCN.
During a 3-weeks stage race, professional cyclists, who underwent

to strenuous activity in absence of loading, experienced a
decrease in total circulating OCN without any change in the
levels of ucOCN (i.e., decreased cOCN) in association with
a stimulation of osteoclast activity (Lombardi et al., 2012b).
On the contrary, male mountain ultra-marathoners, who are
chronically subjected to strenuous activity associated with a high
level of load, experienced circulating cOCN levels comparable
to those recorded in their sedentary counterparts but halved
ucOCN levels. Noteworthy, although a mountain ultra-marathon
acutely induces a decrease in the circulating levels of bone
formation markers, it causes a further decrease in ucOCN levels
(Sansoni et al., 2017).

Lipocalin2
Lipocalin2 is a glycoprotein that regulates several functions
and, among them neutrophil response to pathogens (it is also
known as neutrophil gelatinase-associated lipocalin), regulation
of oxidative stress in kidney tubule cells, modulation of insulin
release and energy metabolism. It has been recently discovered
that, in normal conditions, at least 50% of circulating lipocalin2
(LCN2) is produced released by osteoblasts and this fraction
is able to cross the BBB and to act in the hypothalamus.
Indeed, throughout the generation of a mouse model lacking
Lcn2 specifically in osteoblasts, Lcn2osb−/− (Mosialou et al.,
2017), it has been demonstrated that osteoblasts are the cells
that contribute LCN2 levels sufficient to regulate appetite and
glucose metabolism, at least in basal states. This hypothesis has
been further supported by the observation coming from several
studies performed on mouse model in which the LCN2 was
deleted from the germline cells. However, different studies have
led to controversial results. Indeed, metabolic inflammation, has
been closely associated with an increase of LCN2 suggesting a
role of this hormone as pro-diabetic and pro-obesogenic. On
the contrary, other studies evidenced an opposite role for LCN2,
highlighting its functions as anti-diabetic and anti-obesogenic.

The increase of LCN2 during metabolic inflammation has
been observed not only peripherally but also in the CNS and,
particularly, in the hippocampus where it may solve a role in the
modulation of inflammation (Bhusal et al., 2019). Interestingly,
both peripheral and central administration of LCN2 reduce food
intake and gain of body weight.

Lipocalin2 can cross the BBB and acts in hypothalamus where
it activates neurons in the paraventricular nucleus. Further, series
of molecular and biochemical studies showed that LCN2 activates
the MC4R pathway, by directly binding to MC4R.

Regulation of appetite mediated by bone-derived LCN2
provides a feedback mechanism to the well-established central
control of bone mass and therefore further illustrates how
important is the cross-talk between bone and the brain.

Effects of Exercise
During bed rest, healthy volunteers experienced a time-
dependent increase of circulating LCN2 levels. Further, LCN2
expression in bone was increased in mice subjected to mechanical
unloading by tail suspension, or botulin toxin A-induced
muscle paralysis, or in dystrophic mice, compared their normal
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loading/healthy counterparts. However, in these mice, exercise
counteracted LCN2 increase (Rucci et al., 2015).

Sclerostin
Sclerostin is a glycoprotein released by osteocytes that inhibits
osteoblastogenesis through inhibition of Wnt-β catenin pathway
and, hence sustains osteoclast-mediated bone resorption also
throughout the concomitant induction of RANKL in osteoblasts
(Li et al., 2005). Sclerostin is encoded by the SOST gene
and its production is regulated by different factors, including
mechanical stimulation. Indeed, it has been reported that
mechanical loading decreases SOST transcription in osteocytes
and, consequently, increases bone formation. Immobilization is
associated with decreased BMD and increased serum sclerostin
in animal models and humans (Robling et al., 2008; Spatz
et al., 2013). However, the action of sclerostin within the
skeleton is thought to reflect the local action of sclerostin
released by osteocytes, while the amount of circulating sclerostin
does not always reflect bone density. Indeed, the relationship
between circulating sclerostin and bone formation is not simple
and far from clear and, hence, further explorations of this
aspect are required. Deficient sclerostin production in human
causes sclerosteosis and Van Buchem disease both characterized
by increase in bone mineral density (Brunkow et al., 2001;
Balemans et al., 2002).

It has been demonstrated that sclerostin binds to the low-
density lipoprotein-receptor-related protein-5 and -6 (LRP5/6)
and inhibits the Wnt signaling (Li et al., 2005). Among the
pleiotropic action of this pathway, Wnt signaling regulates
synaptic plasticity and memory, and it has been linked to the
pathogenesis neurodegenerative disorders, such as AD (Wan
et al., 2014; Libro et al., 2016; Tapia-Rojas and Inestrosa,
2018). The hypothesis is that sclerostin could be involved in
the regulation of this pathway in neurodegenerative diseases,
however, it has not been yet demonstrated whether sclerostin
is able to cross the BBB, or not. Other studies are necessary to
understand if and how the modulation of the circulating levels of
sclerostin (for instance, throughout specific exercise programs)
can affect Wnt signaling in brain.

Effects of Exercise
Acute physical activity represents an important inhibitory
stimulus for sclerostin (Lombardi et al., 2017). However, when
this activity is performed in absence of load, especially when at
high intensity, as in cycling, it may increase and associates to a
state of stimulated bone resorption (Grasso et al., 2015). However,
in professional athletes, who are chronically submitted to high-
training workloads, at rest this stimulus is attenuated maybe
due to negative feedback mechanism (Lombardi et al., 2012a) or
dependently to the whole bone mass.

Dickkopf-Related Protein 1
Dickkopf-related protein 1 protein is highly express in bone
tissue, particularly it was first detected in osteoblasts and
osteocytes, and it is secreted within the bone microenvironment
(Li et al., 2006). Similarly to sclerostin, it has a role in
bone mechanotransduction, and by binding to LRP6,

it antagonizes Wnt/β-catenin pathway, thus inhibiting
osteoblastogenesis, thus, favoring bone resorption (Li et al.,
2006; Pinzone et al., 2009).

Notably, as mentioned above, Wnt signaling is fundamental
for several functions, including regulation of synaptic plasticity,
neuronal development, and functions, and its deregulation is
associated with neurodegenerative disorders, such as AD.

Interestingly, Dkk1 protein has been found to be
overexpressed in the brain of AD patients and transgenic-
AD mice. In subsequent studies, investigating its specific role
in neurodegeneration, demonstrated that the overexpression
of Dkk1 protein in hippocampal mice causes impairment
in long-term potentiation, learning and memory (Purro
et al., 2012). Further, in vivo studies in rat and mouse and
in vitro on neuronal cultures indicated that increased Dkk1
protein expression may contribute to cell death in cerebral
ischemia, epilepsy, and neurodegenerative diseases (Cappuccio
et al., 2005; Busceti et al., 2007; Mastroiacovo et al., 2009;
Rosi et al., 2010). An interesting study measured peripheral
Dkk1 levels in elderly women with memory concerns, in
order to investigate a potential role as biomarker for Dkk1.
This study revealed an inverse correlation between Dkk1
and cognitive performances but did not determine whether
the serum level of Dkk1 corresponded to its brain level
(Ross et al., 2018).

What is not clear is whether circulating Dkk1, released within
bone microenvironment, can cross the BBB and can mediate this
putative effect or, instead, a neural release of Dkk1 is responsible
for the phenotypic findings.

Effects of Exercise
Dickkopf-related protein 1 serum level are decreased by long-
term exercise (Kim et al., 2017), while during bed rest, exercise
does not impede the unloading-associated increase in serum
levels of sclerostin and Dkk1 (Belavy et al., 2016).

Fibroblast Growth Factor 23
Fibroblast Growth Factor 23 is mostly expressed by bone
osteoblasts and osteocytes even if its expression has been
detected in small amounts also in some brain areas, such
as hypothalamus, hippocampus, and cortex (Liu et al., 2006;
Yoshiko et al., 2007) and it has also been detected in the
cerebrospinal fluid (CSF) (Kunert et al., 2017). However, the
majority of circulating fibroblast growth factor 23 (FGF23)
derives from osteocytes (Feng et al., 2006). When unstimulated
(i.e., unloaded) osteocytes expresses FGF23, together with
sclerostin and Dkk1. This response on one hand, inhibits
osteoblast synthetic activity and differentiation, thus, favoring
osteoclast-mediated bone resorption, on the other side make
the other organs aware about the increased circulating load of
bone catabolic products (e.g., calcium and phosphorous). Indeed,
FGF23 acts on the kidney tubule where it stimulates the excretion
of phosphorous in urine and also regulates vitamin D metabolism
(Lombardi et al., 2014).

Despite the reported expression and detection in brain,
definitive roles for FGF23 in brain functioning have not yet
been established.
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In vitro, murine hippocampal neurons treated with medium
enriched with FGF23 show a less complex morphology (Hensel
et al., 2016). A recent paper using a FGF23 knockout mouse
model has demonstrated an impairment of hippocampal-
dependent cognitive functions without any structural brain
alterations (Laszczyk et al., 2019).

Interestingly, there are various papers that demonstrate that
all the compounds belonging to the FGF family can cross the BBB
and, consequently, it has been hypothesized a similar feature for
FGF23 (Cuevas et al., 1998; Hsuchou et al., 2013).

Effects of Exercise
Serum levels of FGF23 decrease in mice subjected to both
acute and chronic physical exercises and this is in accordance
with FGF23 role on skeletal mineralization (Li et al., 2016).
During a 3-weeks stage race in cyclists, who experience
strenuous skeletal muscle activity in absence of load,
FGF23 serum levels increased in association to enhanced
osteoclast activity and parallel rise in serum phosphorous level
(Lombardi et al., 2014). However, another study performed
on rats demonstrated no changes in FGF23 serum levels
after peak power and endurance training, demonstrating
that further studies are necessary to better investigate
on FGF23 serum level modulation after physical activity
(Buskermolen et al., 2019).

OTHER MEDIATORS IN THE
BRAIN-BONE-BRAIN CROSS-TALK

There are several key molecules that are expressed and exert
functions on both brain and bone. Thus, in the absence of
specific studies, it is difficult to understand if these molecules
act only locally or if bone derived molecules could cross the
BBB and act also in brain or vice versa. Among these molecules
one can account irisin (whose roles have been discussed above),
OPN, RANKL, bone morphogenic protein (BMP), brain-derived
neurotrophic factor (BDNF), and IGF-1.

Osteopontin
Osteopontin is a bone-derived glycoprotein that is expressed also
by other different tissues and organs and is a known mediator
of the osteo-immune crosstalk (Lanteri et al., 2012). Evidences
indicate that OPN is also expressed in the brain. In bone it is
present in the ECM and promotes bone resorption supporting
bone demineralization by anchoring osteoclasts to bone mineral
matrix (Reinholt et al., 1990; Singh et al., 2018). It has been
observed that patients with high serum level of OPN have low
BMD (Filardi et al., 2019).

In brain it seems to protect neurons and regulate repair
processes in various brain disorders and neurodegenerative
diseases (Kaleta, 2019). Interestingly, OPN protein levels were
found high in patient with AD in both CSF and plasma, and more
elevated in newly diagnosed AD compared to chronic patients
(Comi et al., 2010; Sun et al., 2013). It has also been found
highly expressed in brain sections of subjects affected by PD
(Maetzler et al., 2007).

Receptor Activator of Nuclear Factor κB
Receptor activator of nuclear factor κB ligand, as mentioned
above, binds RANK expressed on osteoclasts and osteoclasts
precursors and activates their differentiation into mature
resorbing cells (Liu and Zhang, 2015). It is expressed in various
tissues including bone and brain.

In bone, it favors bone resorption process, and it is
an established therapeutic target for in the treatment of
osteoporosis. Indeed, anti-RANKL antibody, that blocks
RANKL–RANK binding, is currently successfully used as an
anti-resorptive treatment.

In brain, RANKL is highly express in the hypothalamus and its
function is to control the central regulation of body temperature
and fever, in females (Hanada et al., 2009). Interestingly, the
treatment with anti-RANKL in mice affected by chronic social
defeat stress and depression-like syndrome ameliorates the
phenotypes, suggesting a putative novel therapeutic use of anti-
RANKL antibodies in human depression (Zhang et al., 2020).

Bone Morphogenic Proteins
Bone morphogenic proteins (BMPs) are growth factors belonging
to the largest transforming growth factor β (TGFβ) superfamily
and are expressed by different tissues, including bone and brain.
These proteins are extracellular multifunctional cytokines that
could be sequestered in the ECM during its deposition. Indeed,
in ECM there is a high concentration of BMP ligands and
also of antagonists of BMPs that inhibit their activity through
transmembrane serine/threonine kinase receptors. Hence, the
action of BMPs entrapped in ECM is finely regulated by agonists
or antagonists (Weiss and Attisano, 2013).

In bone, BMPs stimulate skeletal growth, promoting bone
formation and remodeling. BMPs signaling is modulated by
different mechanostimuli leading to a specific BMP action.
Since sequestered in ECM, BMPs are in a dynamically active
space responding to different mechanical stimuli. For instance,
fluid shear stress determines an immediate increase of BMPs
signaling, consequent to their release from ECM, that stimulates
osteocytes and osteoblasts (Schreivogel et al., 2019). Thus,
mechanically modulated BMPs affect osteogenesis. However,
it is important to keep in mind that several other molecules
exist that are intermediates between mechanosensing and BMPs
signaling (da Silva Madaleno et al., 2020). The mechanosensitive
growth factor MGF24E is one of these molecules; it stimulates
SMAD phosphorylation and the expression of osteogenic genes,
finally increasing bone mineral density (Deng et al., 2015). This
consideration is important in view of therapeutic approaches
whose aim is to stimulate bone regeneration through the
modulation of BMPs levels.

It is known that in adult brain, exists a niche that hosts neural
stem cells the subgranular zone of the hippocampal dentate
gyrus, where adult neurogenesis persists. As described above
adult neurogenesis could be stimulated by physical activity, since
it stimulates bone molecules that consequently could act in brain.
BMPs in brain are involved in neurogenesis both in embryonic
stages and in adulthood, by acting at that level (Gobeske
et al., 2009; Armenteros et al., 2018; Jovanovic et al., 2018).

Frontiers in Physiology | www.frontiersin.org 14 April 2021 | Volume 12 | Article 623893

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-623893 April 29, 2021 Time: 10:28 # 15

Gerosa and Lombardi Intercommunication Between Brain and Bone

Thus, these molecules could be considered as novel therapeutic
targets for those pathologies in which bone loss associates to
the neurodegenerative disorder, since they may stimulate both
neurogenesis and bone anabolism.

Brain-Derived Neurotrophic Factor
Brain-derived neurotrophic factor is a neurotrophic factor that
is released by CNS and PNS. Further, it could be expressed
and released by other tissues, such as bone. In brain, it
solves several roles, including support to synaptic plasticity,
neurodevelopment, and neuronal differentiation. It has been
observed that its levels are reduced in patients affected by
neurodegenerative diseases, such as AD and PD (Mattson, 2008).

As mentioned above, BDNF and its receptors are also
expressed in osteoblasts and chondrocyte. In vitro experiments
showed the beneficial effects of BDNF on bone cells promoting
differentiation of MSC into osteoblasts (Kauschke et al., 2018),
while conditional knockout mice for BDNF in brain displayed
defects in bone, including high bone mass and longer femurs
(Camerino et al., 2012).

Insulin-Like Growth Factor 1
Insulin-Like Growth Factor 1 (IGF-1) is a hormone structurally
similar to insulin, which is primarily synthetized in liver
following GH signaling (Laviola et al., 2008). Besides liver, it is
synthesized in other tissues, including bone and brain. IGF-1
signaling is central to pathways that promote cell growth and
survival, maturation, and proliferation, allowing for tissue growth
and renewal. Indeed it is highly express in all neuroephitelial
cell type during embryogenesis and in adulthood in those brain
areas where persist neurogenesis (cerebellum, olfactory bulb,
and hippocampus) (Bach et al., 1991; Bartlett et al., 1991;
Bondy et al., 1992).

In bone it stimulates chondrocyte proliferation and osteoblast
differentiation, thus promoting bone formation. Indeed, it has
been found that IGF-1 serum levels are decreased with age and
in patients with osteoporosis (Yakar et al., 2002; Rosen, 2004;
Wrigley et al., 2017).

In brain IGF-1 has roles in neurodevelopment both prenatally
and in the early post-natal period, and in plasticity and
remodeling throughout the life. Noteworthy, this hormone is
involved in neuropsychiatric and neurodegenerative disorders
associated with aging (Cohen et al., 2009; Bozdagi et al., 2013;
Shcheglovitov et al., 2013; Gontier et al., 2015).

CONCLUSION

Brain Diseases: Biomechanical
Intervention as a Support to the Therapy
Different studies have demonstrated that there is a strong
correlation between cognitive impairment and bone diseases.
Impaired cognitive functions and neurodegeneration, indeed,
are often associated with defects in bone (Roos, 2014; Binks
and Dobson, 2016), while therapeutic strategies addressed at
improving bone status (e.g., exercise training) associate with
lower risk of cognitive impairment or dementia (Lee et al., 2019).

Brain and neurodegenerative diseases, independently from the
involvement of skeletal muscles, associate with a limited physical
activity behavior that results in an impaired bone function (i.e.,
osteopenia and osteoporosis). However, exercise would have a
beneficial effect on bone function, and beside the positive impact
on brain function dependent upon the improvement in energy
metabolism, bone (and skeletal muscle)-derived mediators may
act on, and positively affect, central PNSs. These bone-derived
mediators can be induced by specifically addressed exercise
training. Thereby, taking advantage of the existing connection
between bone and brain, a novel view is emerging about the
possibility to improve brain functions throughout the stimulation
of bone metabolism.

It has been shown that low bone density (BMD) and
osteoporosis may associate with dementia and AD in
postmenopausal women (Filardi et al., 2019; Kaleta, 2019).
Further, low BMD and BMD loss are risk factors for osteoporosis
and AD and is an early risk factor for dementia. Women with
high levels of hip bone loss have an increased probability to
develop cognitive dementia compared to women with limited
loss. In addition, looking at this point from another point of
view, it has been shown that high lean body mass is associated
with lower risk of cognitive impairment or dementia (Maetzler
et al., 2007; Comi et al., 2010; Sun et al., 2013).

It is well known that physical activity decreases the risk
for several diseases and improves the quality of life. Several
studies have shown that physical exercise could prevent or
even ameliorate cognitive impairment and dementia conditions,
but also can bring benefits to memory and brain functions
(Hillman et al., 2008; Heisz et al., 2015). Besides exercise, also
healthy lifestyle, such as good eating habits, and adequate sleep
time, prevent dementia. The prevention of dementia throughout
physical activity has been demonstrated by a study that showed
that exercise could promote the transcription of those genes that
regulate the production of free radical scavenging enzymes and
preventing free radical-mediated damage to neurons (Simioni
et al., 2018; De la Rosa et al., 2020). Further, it has been observed
that exercising ameliorates the cognitive functions by improving
hippocampal volume and increasing mitochondria biogenesis in
neurons, thus, favoring the energy metabolism in neurons (Olson
et al., 2006; Fabel et al., 2009; Steiner et al., 2011).

It has been recently proposed that the improvement in brain
functions consequent to physical exercise could be associated
with the activity of molecules released by bone in response to
the biomechanical stimulation. And, indeed, it is known that
huge amounts of mediators are released in the bloodstream after
exercises and most of them have specific positive effects on
neurogenesis, angiogenesis, synaptic plasticity, and hippocampal
dendritic spine densities, as well as in maintaining and
improving the cognitive function (Katsimpardi et al., 2014;
Heisz et al., 2017).

As describe in detail above, the circulating levels of bone-
derived molecules, i.e., osteokines, change depending on the
loading status and condition. LCN2 peripheral levels are
inversely associated with the exercising status: less exercise
corresponds to high level of LCN2 and, consequently, to reduce
the brain-determined caloric intake. OCN circulating levels
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are also modulated by exercises highlighting its potentially
therapeutic modulation for improving age-related cognitive
decline, preventing anxiety and depression, and preventing
neurodegeneration in those pathologies affected by neuronal
loss, as PD and AD.

Regulation of sclerostin and Dkk1 circulating levels by exercise
is important for regulation of bone remodeling. Circulating
sclerostin levels seem to inversely correlate with physical exercise,
decreasing after mechanical stimuli to inhibit bone resorption. It
emerges an important role of Wnt signaling in bone remodeling
and this pathway is highly modulated by loading and unloading
(Robling and Turner, 2009; Duan and Bonewald, 2016; Galea
et al., 2017). Thus, pharmacotherapy targeting Wnt/β-catenin
signaling may be useful in combination with load bearing
exercise programs.

IGF-1 and BDNF are two neurotrophins that potentially
could be used as biomarkers for recovery of patient suffering
of ischemic stroke or other neurodegenerative pathologies, but
the precise molecular mechanisms by which their levels can be
regulated by physical activity are not definitively understood
(Carro et al., 2000; Trejo et al., 2001; Huang et al., 2014; Maass
et al., 2016).

Importantly, physical exercise improves cognitive functions
by producing positive benefits whose impact may be further
enhanced throughout the combination with a specific cognitive
training. Indeed, synergistic effects of physical and cognitive
exercises on memory function and serum levels of neurotrophic
molecules, particularly of IGF-1 and BDNF, have been described
in young adults and their levels were associated with positive
results in those subjects experiencing the better responses to
exercises (Heisz et al., 2017).

Future Perspectives
With this review we have highlighted the emerging aspects
of the complex interconnection that exists between bone and
brain. From this overview, it emerges a dynamic role of bone
as a mechanosensor and endocrine organ, able to respond to
mechanostimulation throughout the release of molecules whose

function is to coordinate a proper adoptive response to the
changing environmental situations. Physical exercise, indeed,
perturbs bone homeostasis and stimulates bone response by
determining benefit for the bone itself and, directly or indirectly,
for the brain. However, if, from one hand, the knowledge of the
biological role of some mediators in the context of the brain-
to-brain crosstalk are somehow advanced, for others mediators
such a function has been just hypothesized and, however, far to
be demonstrated. As a matter of fact, the presentation of these
factor results imbalanced.

As described above, patients affected by both brain diseases
very often experience also bone metabolic dysfunctions.
Exploiting the influence of bone on brain, novel therapeutic
interventions, possibly exercise-based adjuvant strategies to the
standard pharmacological and psychiatric treatments, may be
adopted to treat neurological pathologies. Such strategies should
be addressed at modulating the circulating level of specific bone-
derived molecules, throughout specific exercise programs, in
order to obtain positive effects also at the central level. Such
an approach, however, in order to be effective needs a further
and deep investigation of the mechanisms underlying the bone-
to-brain axis and the future researches should answer to the
following questions: which kind of stimulus can specifically
modulate the expression of a given mediator?; is this mediator
able to cross the BBB? and in which measure?; how does this
mediator act in brain?
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