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Introduction

The bone is a highly dynamic tissue that is influenced by many intrinsic and extrinsic
signaling factors capable of modulating its growth and turnover. The balance
between new bone formation by osteoblasts and resorption of calcified bone by
osteoclasts is responsible for accurate bone modeling and remodeling. Impairment
in this equilibrium can lead to skeletal disorders involving bone loss, such as osteo-
porosis, or the contrasting high bone mass syndromes that result from genetic muta-
tions [1]. A variety of hormones, growth factors, and cytokines regulate the
coordinated activity of osteoblasts and osteoclasts. Recently, serotonin
(5-hydroxytryptamine; 5-HT) is becoming appreciated as one of the key players in
bone tissue dynamic, and the mechanisms by which it acts are still being revealed
[2]. Significantly, 5-HT can exert divergent effects on bone density, both through
actions in the brain and through actions on cells within the bone [3].
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Serotonin as a Signaling Molecule in the Brain and Periphery

While serotonin is best known for the roles it plays as a neurotransmitter in the
central nervous system (CNS), it was first discovered in the periphery during
searches for signaling molecules that could contract smooth muscle. In 1937, the
Italian physiologist Vittorio Erspamer isolated an indole molecule, highly abundant
in the gastrointestinal (GI) tract of various species, which caused muscle contrac-
tion [4]. He named this compound “enteramine” and described it as the main secre-
tory molecule of enterochromaffin (EC) cells. Nearly a decade later, Maurice
Rapport in collaboration with Arda Green and Irvine Page (1948) identified a com-
pound in bovine serum that caused blood vessel contraction, and they named it
“serotonin” [5, 6]. Structural analysis of enteramine and serotonin proved that enter-
amine and serotonin were the same molecule: 5-hydrotryptamine (5-HT) [7]. It was
Betty Twarog, who in 1953 demonstrated the presence of serotonin in the mamma-
lian brain and suggested a role for the molecule as a neurotransmitter rather than a
hormone [8]. Since the blood-brain barrier is quite impermeable to serotonin, sero-
tonin pools in the CNS vs the periphery are considered as two distinct pools that are
independently regulated.

Despite its widespread influences, serotonin is produced by relatively few cells in
the body. Within the CNS, serotonin is synthesized by clusters of neurons, designated
B1-B9Y, that are restricted to the brainstem raphe nuclei. These neurons, which use
tryptophan hydroxylase 2 (TPH2) as their rate-limiting enzyme for serotonin synthe-
sis, extend ascending and descending axonal projections that reach most regions of
the CNS and mediate a wide variety of functions. The axon terminals of these neu-
rons express the serotonin-selective reuptake transporter (SERT) in their membranes,
so once serotonin is released from the nerve terminals and mediates its actions on
nearby receptors, it is removed from the synaptic cleft. Within serotonergic nerve
terminals, serotonin is deaminated by monoamine oxidase A (MAO-A) and con-
verted to 5-hydroxyindole acetic acid (5-HIAA) by aldehyde dehydrogenase [9].

In the periphery, the major site of serotonin synthesis is the EC cells of the intes-
tinal mucosa, which are a form of enteroendocrine cells, and in fact EC cells are the
source of the vast majority of the serotonin in the body [10]. EC cells use TPH1 to
synthesize serotonin, as do all other peripheral serotonin-synthesizing cells, with
the exception of enteric serotonergic neurons, which like CNS neurons utilize
TPH2. After EC cells release serotonin in response to chemical and/or mechanical
stimuli, it acts as a paracrine signaling molecule on nearby nerve fibers, epithelial
cells, and immune cells that express serotonin receptors, and it is then taken up by
epithelial cells, all of which express SERT. The serotonin that is not transported into
epithelial cells moves into the blood stream, where it is transported into platelets,
which also express SERT. Until recently, it was presumed that intestinal EC cells
represented the sole source of peripheral serotonin because 5-HIAA levels in the
urine are undetectable within 24-48 h after removal of the entire GI tract from
experimental animals [11]. However, the finding that non-neuronal serotonin is



Regulation of Bone Metabolism by Serotonin 37

synthesized by TPH1 has led to the discovery of local sources of peripheral serotonin
synthesis, including adipocytes [12], pancreatic islet p-cells [13, 14], and cells
within the bone [15].

Serotonin and Bone Remodeling in Health

Brain-Derived Serotonin

Serotonin in the CNS has a positive effect on bone growth, since young TPH2-/-
mice (12 weeks and younger) have low bone mass with decreased bone formation
[16]. The osteogenic actions of serotonin in the CNS involve the inhibition of inhib-
itory inputs in the following sequence of events (Fig. 1a): (1) serotonergic raphe
neurons provide excitatory input to neurons in the ventromedial hypothalamus; (2)
hypothalamic neurons provide inhibitory input to sympathetic preganglionic neu-
rons; and (3) the decrease in sympathetic outflow releases the bone from the resorp-
tion influence of P2 adrenoreceptor activation. Therefore, the CNS serotonergic
system favors bone accrual. In older TPH2-/- mice (21-83 weeks), moderately ele-
vated trabecular bone in the vertebrae has been reported in both sexes, and females
have decreased femur cortical bone [17].

Central serotonin regulates bone mass accrual through stimulation of 5-HT,c
receptors on hypothalamic neurons, while appetite, which is also influenced by
leptin acting on serotonergic neurons, is controlled by activation of 5-HT;, and ,3
receptors in the arcuate nucleus [16, 18]. Activation of 5-HT,c receptors leads to
decrease sympathetic tone that is activated by calmodulin kinase (CaMK)-dependent
signaling cascade. Decreased sympathetic tone releases bone cells from the impact
of B3, adrenoreceptor activation, which can promote bone growth through two oppo-
site actions: by promoting the proliferation of osteoblasts and by inhibiting the pro-
liferation and differentiation of osteoclasts.

The CNS serotonin bone pathway is negatively regulated by leptin arising from
adipocytes. Both Ob/ob and db/db mouse models, which lack leptin or the leptin
receptor, respectively, have increased bone mass, and this bone phenotype can be
corrected by specific inactivation of central serotonin signaling [2, 16, 19].
Furthermore, deletion of the leptin receptor on brainstem neurons, which would
release these neurons from the inhibitory influence of leptin, mimics the elevated
bone mass phenotype seen in the Ob/ob and db/db mouse models. Leptin inhibits
serotonergic raphe neurons both by reducing their serotonin synthesis and their
level of excitability, which, in turn, results in decreased serotonergic input to the
hypothalamic nuclei. It has been reported that leptin regulation of appetite does not
involved CNS serotonin neurons, and relevant to this discussion, leptin receptors
were only found on non-serotonin neurons in the raphe nuclei [20].
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Fig. 1 Summary of the action of serotonin, from different sources, on bone cells. (a) Brain-
derived serotonin synthesized by tryptophan hydroxylase 2 (TPH2) in raphe nuclei decrease the
inhibitory action of the sympathetic neurons by acting on 5-HT,. receptors on ventromedial hypo-
thalamic neurons leading to increased bone formation. (b) GI-derived serotonin, synthesized in
enterochromaffin (EC) cells by tryptophan hydroxylase 1 (TPH1), enters the blood stream where
it accumulates in serotonin-specific reuptake transport (SERT)-expressing platelets. Circulating
serotonin inhibits osteoblasts proliferation by its binding on 5-HT receptors expressed by pre-
osteoblasts. (¢) Bone-derived serotonin. Bone cells express TPH1, SERT, and 5-HTRs. While sero-
tonin can potentially either promote or inhibit osteoblast proliferation, depending on the receptor
that is activated, it has mainly a proliferative action on osteoclasts. Highlights in red are associated
with inhibitory pathways, while green highlights represent activation pathways
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Therefore, serotonin signaling in the brain can have a positive impact on bone
accrual, and this action may be suppressed by the effects of leptin on serotonergic
neurons in the raphe nuclei.

Gut-Derived Serotonin

Interest in the role played by gut-derived serotonin in the regulation of bone metab-
olism developed when a link was identified between a member of the low-density
lipoprotein receptor (Lrp) family, Lrp5, and the level of TPH1 expression in the gut
[21]. Lineage studies have linked mutations of the Lrp5 gene with changes in bone
formation. Loss-of-function Lrp5 mutations are associated with osteoporosis-
pseudoglioma syndrome (OPPG), while gain-of-function changes lead to high bone
mass (HBM) syndrome [22, 23]. Lrp5 acts as a co-receptor in the canonical Wnt
signaling pathway modulating signal transduction in osteoblasts. Using conditional
Lrp5 knockout mice, Yadav and Karsenty described bone abnormalities that were
different than those seen by inactivation of Wnt signaling in osteoblasts or in osteo-
cytes [21], suggesting that the Lrp5 that influences bone density might be at another
site. As in OPPG and HBM patients, Lrp5 null mice present no bone abnormalities
at birth, and postnatal changes observed in these mice are not reproduced by block-
ing the Wnt signaling after birth [3, 22-24]. Transcriptome analysis of Lrp5-/- mice
revealed that one of the most dramatic changes was an increase in TPH1 expression,
which, as described above, is used by intestinal EC cells to synthesize serotonin
[21]. These mice also have increased levels of circulating serotonin and decreased
bone density. Mice expressing a gain-of-function mutation of the Lrp5 gene have
decreased TPHI1 gene expression and lower levels of serotonin in blood. In both
Lrp5-/- and TPH1-/- mice, phenotypes were restricted to osteoblast formation, with
changes only in the expression of cyclin D1, D2, and El, all of which are related to
cell proliferation as opposed to osteoblast or osteoclast differentiation [21].

The action of serotonin on osteoblast proliferation has been linked to the expres-
sion of 5-HT receptors by pre-osteoblasts [21]. Binding of serotonin to the 5-HT
receptor affects the cAMP response element-binding protein (CREB) regulation of
osteoblast proliferation through transcription factor FOXO1. The balanced interac-
tion of FOXO1 with transcription factor CREB and activating transcription factor 4
(ATF4) promotes normal proliferation of osteoblast. Elevated circulating serotonin
levels are associated with a decrease in the association of FOXO1 with CREB, and
this leads to inhibition of bone formation [25].

The concept that gut-derived serotonin can decrease the osteoblast to osteoclast
ratio and suppress bone growth has led to the theory that some forms of osteoporosis
might be alleviated by downregulating enteric serotonin levels using inhibitors of
TPHI1. Mouse and rat models of osteoporosis have been studied using LP533401, a
TPH1 and TPH2 inhibitor that is not well absorbed and does not readily cross the
blood-brain barrier; therefore, its actions are thought to be limited primarily to EC



40 B. Lavoie et al.

cells [26]. Daily treatment with this antagonist leads to decreased circulating serotonin
levels and a significant elevation in bone formation in ovariectomized mice [27].

It is important to note that a study by another group failed to detect evidence for
a role for Gl-specific Lrp5 action in bone metabolism. Cui and colleagues were
unable to detect bone defects when they inactivate Lrp5 gene specifically in the GI
tract [28]. They instead proposed that bone-specific Lrp5 is responsible for changes
of function in the osteocyte population through the canonical Wnt pathway [28]. In
addition, they were unable to reproduce the anabolic effect of TPHI inhibitors on
bone mass.

This discrepancy has led to an unresolved debate in the field about the impor-
tance of gut-derived serotonin as it relates to bone density [29-33], but as proposed,
serotonin released from EC cells and entering the blood stream has a negative
impact on bone formation by inhibiting osteoblast formation (Fig. 1b). Some differ-
ences in the studies most likely arose due to differences in mouse models (strain,
age, and sex of the mice), as well as methods and assays that were employed by the
different research teams. In the view of the recent data, both mechanisms (1-direct
regulation of Lrp5 on osteoblast through a canonical Wnt pathway and 2-indirect
paracrine regulation via increase circulatory serotonin and action on pre-osteoblast
5-HT,p) appear to be plausible, and potentially complementary, physiological pro-
cesses. That said, the results of Yadav’s studies raise an additional important issue
regarding circulated serotonin: for increased circulatory serotonin to affect bone
formation, it would need to be released near its targets, most likely in a regulated
manner (pre-osteoblasts or other 5-HTR-bearing cells). Because of its effect on
smooth muscle tone, serotonin is efficiently stored in platelets, leaving negligible
levels of free serotonin in the serum. At this point little is known about how such
targeted release occurs, so more studies of the dynamics of platelet storage and
release are needed.

Bone-Derived 5-HT

In addition to the osteogenic actions of serotonin originating in the brain and the
gut, another source of serotonin was recently added to the equation: serotonin syn-
thesized within the bone itself (Fig. 1c). Serotonin is synthesized by osteoclast pre-
cursors in the presence of NF-KB ligand (RANKL), and downregulation of TPH1
expression by pre-osteoclasts leads to decreased bone resorption and, therefore,
increased density. Using mice in which TPH1 is constitutively inactivated, Chabbi-
Achengli and colleagues noted that osteoclasts locally produced serotonin that pro-
motes bone formation by increasing the activity of osteoblasts while decreasing the
production of osteoclasts [15]. Adult TPH1-/- mice have normal bone density, but
elevated bone density was reported at earlier ages, indicating that compensatory
mechanisms may correct for altered serotonin signaling.
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Bone Expression of SERT and 5-HT Receptors

In addition to expressing TPH1, osteoblasts, osteoclasts, and osteocytes all express
functional serotonin transporters [34-37]. As described above, SERT is an impor-
tant player in serotonin signaling, as it is required for the termination of serotonin
signaling. The presence of SERT on bone cells can serve to quickly remove sero-
tonin from the interstitial space. This is supported by knowledge of the actions of
serotonin-selective reuptake inhibitors (SSRIs) in the brain, which not only increase
serotonin availability and activation of receptors at sites of release but can also lead
to longer-term changes such as receptor desensitization and altered levels of recep-
tor expression [38, 39].

A number of 5-HT receptors are also expressed on primary bone cells, including
5-HT,,, 5-HT,,, and 5-HT,p receptors [34, 37, 40—42]. The inhibitory action of
Gl-derived serotonin on 5-HT 3 receptor, expressed on pre-osteoblast, has been pre-
viously described by Yadav and collaborators [21] (Fig. 1b). It is also known that
mice lacking 5-HT,5 receptor exhibit osteopenia due to impaired bone formation.
The absence of the 5-HT,5 receptor causes impaired osteoblast proliferation, recruit-
ment, and matrix mineralization involving nuclear PPAR receptors and prostacyclin
[43, 44]. Inhibition of 5-HT,, receptors in mice reduces bone mass by decreasing
osteoblasts differentiation [45]. While 5-HT,;, receptors are found on osteoblasts
and osteoclasts, the physiological role of this receptor in vivo is still unclear.

The 5-HTy receptor is also highly expressed in the bone [46]. Expression of the
5-HTy receptor is increased during bone remodeling and osteoblast differentiation.
In primary cultures of osteoblasts, activation of 5-HTj inhibits alkaline phosphatase
activity and bone mineralization, while in vivo activation of 5-HTy inhibited bone
regeneration and delayed bone development. Thus, serotonin receptor activity con-
tributes to major anabolic functions of the osteoblast for bone formation.

Nonconventional Action of Serotonin in Periphery

In addition to acting conventionally through the activation of receptors expressed on
cytoplasmic membranes, serotonin has been shown in a number of systems to medi-
ate its actions via a mechanism called serotonylation. Serotonylation is a receptor-
independent process in which serotonin activates intracellular processes. Cui and
Kaartinen have reported that serotonylation occurs in the bone [47]. They demon-
strated that serotonin can be incorporated into plasma fibronectin by transglutaminase-
mediated serotonylation and altered its function. Serotonin interferes with the role
pFN in extracellular matrix assembly in osteoblasts and might lead to weaker bones.
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Serotonin and Bone Remodeling in Disease

One of the first indications that serotonin plays an important role in bone metabolism
came from multiple reports of increased incidence of bone fractures and osteoporo-
sis in patients taking SSRIS to treat depression [48, 49]. These compounds increase
serotonin availability by inhibiting SERT, and in the case of serotonin secreted from
the gut, their use can lead to increased amounts of serotonin entering the circulation.
Many studies have also linked depression to osteoporosis, with more severe depres-
sion correlating with higher decreased in bone mineral density. Besides the use of
SSRIs, there are a number of confounding factors that can lead to the bone loss
observed in depressive patients. Behavioral factors (increased cigarette or alcohol
use), biological factors (increased cortisol level and inflammation), and increased
incidence of Crohn’s disease and diabetes, which are observed in this population,
can influence serotonin signaling [50].

The need for a better understanding of the effect of serotonin on bone growth
is underscored by the increased use of SSRIs to treat depression, including treat-
ment of adolescents with growing bones and of pregnant women. SSRIs used
during pregnancy can cross the maternal-fetal blood barrier leading to potential
modulation of fetal serotonin. While some studies have reported increased risks of
cleft palates, recent studies have shown normal bone growth during pregnancy
although newborns had smaller head circumference and height [51]. Decreased
growth has also been observed when youths are prescribed SSRIs to treat depres-
sion [52].

The observation that both wild-type mice treated with multiple doses of SSRIs
and mice lacking the SERT gene have reduced bone growth supported a direct link
between serotonin signaling and bone dynamic [53]. Similar results were obtained
using perinatal treatment with tranylcypromine (TCP), a monoamine oxidase
(MAO) inhibitor in rats, leading to persistent changes in serotonin availability [54].
Perinatal exposure to TCP leads to decreased TPH1 expression in the peripheral
compartment and increased bone volume and trabecular number.

These studies as well as the study of a mouse model of depression [55, 56] sug-
gest that peripheral and central serotonin compartments have different mechanisms
to react to 5-HT imbalances and suggest a predominant role for gut-derived sero-
tonin in the regulation of bone maintenance under these conditions. While SSRIs
increase 5-HT levels and alleviate both depression and unbalanced sympathetic
tone, it has deleterious effects on bone metabolism. Of note is the fact that the nega-
tive effects of increased serotonin in the periphery appear to outweigh the bone
accrual effects that would be expected to result from the enhanced serotonin signal-
ing in the brain.
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Table 1 Summary of serotonin signaling-related proteins expressed in bone.

Model Net effect on bone metabolism References

TPH1-/- Increased osteoblast formation Yadav et al. [21]

TPH1-/- No effect on bone metabolism Cui et al. [28]

TPHI1-/- Decreased bone resorption Chabbi-Achengli et al.

[15]

TPH2-/- Decreased bone formation Brommage et al. [17]

SERT-/- Decreased bone formation Warden et al. [35]

5-HT1A Expressed on osteoblasts and osteoclasts; action Bliziotes et al. [34]*
not yet identified Bliziotes et al. [42]*

5-HT1B-/- Increased osteoblast proliferation Yadav et al. [21]

5-HT2A Decreased osteoblast differentiation Hirai et al. [41]*

inhibition Tanaka et al. [45]

5-HT2B-/- Reduced bone formation Collet et al. [44]

5-HT2B-/- Impaired osteoblast proliferation, recruitment, Chabbi-Achengli et al.
and matrix mineralization [43]

5-HT2c-/- Decreased bone formation and increased bone Oury et al. [18]
resorption

5-HT6 activation | Decreased osteoblast proliferation Yun et al. [46]

Indicates observations made in cell culture

Concluding Remarks

Serotonin has emerged as another key player in a list of signaling molecules to con-
sider when contemplating the regulation of bone formation and remodeling
(Table 1). Within the bone, the biosynthetic enzyme for serotonin (TPH1), receptors
for mediating serotonin’s actions, and the transporter for terminating its signals are
all expressed by the cells that are integral to bone formation and resorption.
Furthermore, serotonin arising from sources outside of the bone can impact bone
density. Neural pathways in the brain that influence bone density are initiated by
serotonergic projections from the brainstem to the hypothalamus, which ultimately
promote bone accrual by releasing bone from the inhibitory influence of sympa-
thetic inputs. The predominant source of serotonin in the body is the gut, and there
are strong data indicating that gut-derived serotonin can have a negative impact on
bone growth by inhibiting osteoblast formation.

The importance of serotonin in bone metabolism is underscored by the fact that,
in animal studies, bone density can be dramatically influenced by deletion of the
gene for SERT or by its pharmacological inhibition. This is supported by clinical
reports of bone fragility in patients treated chronically with SSRIs. The complexity
of studying the actions of serotonin on its multiple possible targets is further com-
plicated by the presence of genetic variations of key factors including SERT and
5HT 3, which can affect the outcome in drug studies. Furthermore, inconsistencies
with regard to animal models, strains, sex, ages, diets, sampling techniques, and
approaches to bone density analysis have likely contributed to apparently conflicting
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results in the literature. With this in mind, it is important to gain a more thorough
understanding of the interactions between serotonin and the bone as drugs modulat-
ing elements of the serotonin signaling pathway (including receptor agonists and
antagonists and SSRIs) are increasingly prescribed to treat depression and other
disorders in youth and adults. Furthermore, a more complete understanding of the
roles of serotonin in bone metabolism could lead to novel therapeutic strategies for
alleviating bone pathologies.
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