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Medicine

Studies demonstrating lower bone mineral density among depressed patients have led to
the investigation of antidepressant medications and bone health. It remains unclear
whether the depressed state itself or antidepressant treatment is responsible for these
findings. Several recent observations support a role for serotonin in bone health. Serotonin
transporters have been documented in osteocytes, osteoblasts and osteoclasts. Mice with
disruption of the serotonin transporter gene have an osteopenic phenotype. Cohort studies
in humans have demonstrated lower bone mineral density, higher rates of bone loss and
fracture among those using selective serotonin-reuptake inhibitors compared with those on
other antidepressants (primarily tricyclic antidepressants) and those on no antidepressant
medication. Areas of future research may include clarifying the role of depression and
antidepressant therapy (and the interaction between the two) on bone health, determining
potential sources for serotonin in bone cells, identifying mechanisms to explain the impact
of serotonin on bone and understanding how serotonin-transporter genetics impact bone.

Depression has been associated with low bone
mineral density (BMD) in some but not all stud-
ies. Several mechanisms have been proposed to
explain the association. Recently, antidepressant
medications have been implicated as a factor
impacting bone health and a potential explana-
tion for increased rates of hip fracture and lower
BMD among depressed patients. The potential
effects of psychotropic agents on skeletal health
is part of a broader evolving interest in the effects
of the nervous system on bone. Although various
neurohormonal = signaling mechanisms are
present in bone, the serotoninergic system has a
clear clinical correlation: selective serotonin
reuptake inhibitors (SSRIs) are a commonly used
class of antidepressants that function by blocking
the serotonin transporter.

A role for serotonin as a link between depres-
sion and bone loss is supported by several recent
observations. First, functional serotonin trans-
porters have been documented in bone. Second,
mice with disruption of the serotonin trans-
porter gene have lower bone mass, size, strength
and formation rates than wild-type mice. Third,
the use of antidepressant medications that block
the serotonin transporter increases the risk of
osteoporosis and fractures. Further research is
needed to understand the source of serotonin
acting on bone cells and to define the exact
mechanisms by which depression and anti-
depressants effect bone health. If current
findings are substantiated, patients taking anti-
depressants (particularly SSRIs) could be tar-
geted for screening and preventive care to detect
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and manage osteoporosis. This article will
review the effects of neurohormonal modulation
on bone, specifically with regard to the effects of
depression and antidepressant therapy.

Evidence for neural regulation of

bone metabolism

The process of bone remodeling is dynamic and
responsive. Hormonal, paracrine/autocrine and
mechanical signals enable osteoblasts and osteo-
clasts to adapt and respond to physiologic
stress [1]. Bone tissue is richly innervated by sym-
pathetic and sensory neurons. Several neuro-
transmitters and neuroactive peptides have been
shown to have significant effects on bone. Stud-
ies of an energy-regulating peptide, leptin, pro-
vide important evidence for the skeletal effects of
the nervous system. While leptin has osteogenic
effects when introduced systemically [2,3], when
administered directly into the cerebroventricular
space of the brain it has antiosteogenic effects
(1.45). These antiosteogenic effects are mediated
through hypothalamic neural circuits [5,6], with
signals being relayed downstream to osteoblasts
and osteoclasts via the sympathetic nervous
system [14]. In addition, neuropeptide Y and
hypothalamic Y2 receptors, which are involved
in appetite control, regulate bone formation via a
central mechanism that appears to use signaling
pathways distinct from leptin (6].

Neuropeptides also have local effects on the
skeleton. The nerve terminals innervating bone
contain several neuropeptides: vasoactive-intesti-
nal peptide, pituitary adenylate cyclase-activating
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peptides, neuropeptide Y, substance P and calci-
tonin gene-related peptide, to name a few [7-13).
Bone cells contain receptors for these peptides
and activation of these receptors alters bone-cell
activity [10,12,14,15]. Likewise, alterations in bone
metabolism influence how densely the bone is
innervated (16]. These findings provide evidence
for a functional link between the nervous system
and bone.

Further evidence documenting a functional
link between the nervous system and bone has
been provided by studies of neurotransmitters
and their transporters. Various neurotransmitters
and transporters have been associated with alter-
ations in bone metabolism. For example, osteo-
blasts for the
neurotransmitter glutamate [17], and the gluta-

possess functional receptors
mate/aspartate transporter in osteocytes is influ-
enced by osteogenic mechanical stimuli [18].
Meanwhile, mice with altered dopamine trans-
porter function have a skeletal phenotype of
reduced cancellous bone mass, cortical thickness

and mechanical strength [19].

Functional serotonin pathways in bone

Recently, attention has focused on serotonin
(5-HT) signaling within bone. Serotonin is a
monoamine neurotransmitter, with defined roles
in the CNS, gastrointestinal tract and cardio-
vascular system. In the CNS, it is produced by
presynaptic neurons and released into the

synaptic cleft to activate pre- and post-synaptic
serotonin receptors to influence a range of
behavioral, physiological and cognitive functions
(Figure 1) [20,21]. In the gastrointestinal tract, sero-
tonin is produced and secreted by enterochroma-
ffin cells in response to mucosal stimulation,
before diffusing to enteric nerve endings to stim-
ulate peristalsis [22,23]. In both the CNS and gas-
trointestinal tract, the duration and intensity of
serotonergic activity is regulated by the serotonin
(5-HTT), a sodium-chloride-

dependent transporter, which reuptakes released

transporter

serotonin to control synaptic and extracellular
concentrations (Figure 1) [24,25]. In the cardio-
vascular system, serotonin is primarily taken up
by platelets via a 5>-HTT and stored in dense
granules [26]. It is released following platelet
activation to cause either blood vessel constric-
tion or dilation 1271, and smooth muscle cell
hypertrophy and hyperplasia [28].

In the skeleton, functional receptors for sero-
tonin have been identified in primary and clonal
osteoblasts, osteocytes and periosteal fibroblasts,
a population containing osteoblast precursor
cells [29-31]. Serotonin receptor agonists in avian
periosteal fibroblasts induce proliferation [31]. A
serotonin analogue modulates the response of
osteoblasts to mechanical stimulation (31]. Sero-
tonin also increases whole-cell cyclic AMP and
prostaglandin E, levels in a murine osteocytic
cell line [29].

Figure 1. Serotonin and serotonin transporter in the nervous system.

5-HT: Serotonin; 5-HTT: Serotonin transporter.
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Selective 5-HT-reuptake inhibitors inhibit 5-HTT, thereby increasing synaptic serotonin concentrations.
5-HTT promoter polymorphisms affect the number of transporters expressed by the presynaptic neuron.
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In addition to serotonin receptors, osteoblasts,
osteoclasts and osteocytes all possess the 5-HTT
(29.31,32). Binding and uptake studies demon-
strated the 5-HTT in osteoblastic and osteocytic
cells to be functional and highly specific for sero-
tonin uptake [29,30]. Inhibition of the 5-HTT by
fluoxetine in osteoclast cells inhibited differenti-
ation but not activation in one study [32]. How-
ever, fluoxetine affected the total number of
differentiated osteoclasts and bone resorption in
a bell-shaped manner in a separate study [33].
Thus, the entire serotonin signaling pathway
(receptors and transporter) is present in bone.
These functional serotonergic pathways for both
responding to and regulating the uptake of sero-
tonin, suggest that serotonin and the 5-HTT
may be involved in bone metabolism [1830].
Based on this knowledge, one can postulate that
alterations in bone serotonin levels have the
potential to cause downstream events that regu-
late bone mass, geometry and strength. Since
serotonin and the 5-HTT play important roles
in major depressive disorder and other affective
disorders (34,35, interest has focused on the rela-
tionship between serotonin-related disease states,
such as depression, treatment options that effect
the serotonin transporter, bone health (BMD or
fractures) and bone metabolism.

Evidence for serotonin impact on bone
Genetic mouse models of 5-HTT
transporter disruption

Mice with 5-HTT gene disruption have lower
bone density, size, strength and formation rates.
Using two differing animal models, Warden and
colleagues found altered serotonin signaling to
have significant detrimental effects on bone min-
eral accrual in growing mice [36]. Mice with a life-
long null mutation of the gene encoding for the
5-HTT (knock-out mice) display a consistent
skeletal phenotype of reduced mass, altered archi-
tecture and inferior mechanical properties. These
mice have lower whole body bone mineral con-
tent (BMC) and lower BMC at the spine, femur
and cranium. Histomorphometric analysis of dis-
tal femur trabecular bone shows that knock-out
mice have lower trabecular bone volume, fewer
trabeculae and greater spacing between trabeculae
than their wild-type counterparts. Using micro-
computed tomography to measure cross-sectional
geometry at the midshaft femur demonstrates
that knock-out mice have smaller bones than
wild-type mice. This decrease in area results from
reduced bone size; cortical thickness is equivalent
between the two groups. Exposing femurs and
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tibias to mechanical stress (three-point bending)
leads to earlier breaking (lower force needed) in
the knock-out mice. Additionally, knock-out
mice have lower endocortical and periosteal bone
formation than wild-type mice [36].

The exact mechanism whereby the 5-HTTs
and serotonin receptors regulate bone mass is
unknown. Reduced bone formation is present in
both weight-bearing (femoral) and nonweight-
(cranial)  bones, indicating that
behavioral alterations in the knock-out mice,
leading to reduced physical activity, do not
account for the decreased bone formation [36].
The primary defect in the 5-HTT-null mice,
therefore, appears to be a defect in osteoblastic

bearing

bone formation.

Pharmacologic mouse models of
serotonin disruption
Wild-type mice treated with the SSRI fluoxetine
demonstrate decreased rates of bone formation
at both cortical and trabecular sites, and
decreased whole body BMC 36. In growing
mice, this leads to reduced bone mineral accrual.
Similar to the genetic mouse model with disrup-
tion of the 5-HTT, the skeletal phenotype results
from a reduction in bone formation, indicating
an osteoblastic phenotype.

By contrast, Battaglino and colleagues treated
a different mouse strain (Swiss-Webster vs Black
Six) with fluoxetine for 6 weeks and found that
trabecular bone formation increased at both the
femur and the vertebrae. Ovariectomized mice
treated with fluoxetine experienced bone loss at
the same rate as those not treated [32].

Clinical experience with SSRI therapy:
developmental effects on bone

Serotonin signaling has been shown to be impor-
tant in embryonic development, specifically
neural crest migration and differentiation (37,38].
While SSRIs cross the placenta and are secreted
in breast milk, their use during or after preg-
nancy does not appear to alter development
(39-41] or influence skeletal morphology [42-48].
SSRI use may have more subtle effects on bone
health, however. A number of studies have dem-
onstrated that infants of mothers taking SSRIs
during pregnancy and lactation have reduced
birth weight and weight gain (42.45,49]. Although
this has been disputed by other studies [43,50,51],
any SSRI effects on weight early in life may be
relevant to the skeleton, as birth weight and
weight gain in infancy are determinants of bone
mass later in life [52-54.
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Clinical experience with SSRI exposure:
epidemiologic studies

Evidence for the effects of neurotransmitters on
bone in humans derives mainly from studies of
depression, antidepressant treatment and BMD
or fractures. Depression tends to increase with
age, just as the risk for osteoporosis and hip
fracture is increasing. Treatments for depression
often involve modulation of the serotonin
signaling system through blockage of the sero-
tonin transporter. SSRIs are potent and specific
inhibitors of the 5-HTT, and are considered
first-line therapy for depression because of their
safety, efficacy and ease of administration [55].
Other antidepressive therapies may also block
the 5-HTT, but with much lower potency
and specificity.

Depression has been associated with lower
BMD in some [56-63], but not all, studies [64-67].
Certain studies used select psychiatric popula-
tions, which may have influenced the results
[56,59.61,63]. Depression may also contribute to
risk of hip fracture; whether this relationship is
mediated by falls is not yet clear.

Antidepressants have also been demonstrated
to affect bone outcomes. Table 1 summarizes epi-
demiologic studies containing 500 or more par-
ticipants that evaluate associations between
antidepressants and skeletal outcomes. A compli-
cating factor in the evaluation of the effect of
depression and SSRIs on bone health is con-
founding by indication [68]. Since both depres-
sion and its treatment (with SSRIs or other
antidepressant medication) have the potential to
influence skeletal health, studies of either, that do
not control/adjust adequately for the other, could
give misleading results. Many of the studies per-
formed to date have failed to adequately assess for
either depression or antidepressive treatment.

Recent studies have used large data sets to eval-
and bone,
attempting in various ways to adjust for depres-
sion. One study used the Medicare Current Bene-
ficiary Survey to examine and reanalyze results
from other published studies that found asso-
ciations between SSRI use and hip fracture. After
adjusting for residual confounding variables not

uate antidepressant medications

found in the administrative data sets used for orig-
inal analyses (body mass index, smoking, activities
of daily living score, cognitive and physical
impairment), SSRI use continued to be associated
with a significant risk of hip fracture [69].

In a cross-sectional analysis of data from 5995
men aged 65 years and over participating in the
osteoporotic fractures in men (MrOS) study,
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adjusted mean BMD among SSRI users was
3.9% lower at the total hip and 5.9% lower at the
lumbar spine as compared with men reporting no
antidepressant medication use (p <0.001 for all).
Mean BMD was not significantly lower for men
using trazodone or tricyclic antidepressants.
Adjustments for depressed mood using compo-
nents of the short-form 12 did not significantly
alter these results. The observed size effect of
SSRIs was similar to the well-known detrimental
effect of corticosteroids on bone loss [70].

Among 2722 elderly women, SSRI use was
associated with significantly higher rates of bone
loss at the hip and assessed longitudinally over an
average of 4.9 years, controlling for possible con-
founders, including depressive symptoms (meas-
ured using the Geriatric Depression Scale
[GDS]) 1711. Those using SSRIs had an average
decrease in total hip BMD of 0.82% per year
compared with 0.47% per year for nonusers
(p < 0.001). Those using tricyclic antidepressants
had an average decrease of 0.47% per year
(p=0.99) compared with nonusers. SSRI users
also had higher rates of bone loss at the femoral
neck and trochanter. Excluding women who
scored at least 6 on the GDS did not significantly
change the results.

Finally, a study of 5008 men and women aged
50 years and over found SSRI use to be associ-
ated with lower BMD, falls and increased clinical
fragility fracture after adjusting for depressive
symptoms, other medication use, falls and other
potential covariates. Importantly, these data
included information on the dose of medication
and the effects were dose-dependent. Depressive
symptoms alone were not associated with frac-
tures. The relationship between SSRIs and frac-
ture could be at least partially explained by an
increased risk of falls and a potentially clinically
relevant decrease in BMD among SSRI users [72].
Further research is needed to confirm and
expand upon available studies.

Conclusion

Presence of serotonin receptors and transporters
in bone suggests a potential role for serotonin
in bone metabolism. Several studies in mice
support the hypotheses that disruption of the
serotonin system, either genetically or pharma-
cologically, negatively impacts bone health. In
humans, evidence is mounting for an effect of
SSRIs on bone density and fracture. Definitive
conclusions remain problematic because of the
potential effects of serotonin on skeletal health,
and the issues of confounding by indication.

future science group
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Future perspective

Sources of serotonin

Serotonin receptors and transporters are expressed
in bone but, thus far, studies have failed to con-
vincingly demonstrate a source of serotonin in
bone. This raises an important question. For sero-
tonin pathways to be clinically relevant in the skel-
eton, serotonin must be available as a ligand for
bone cells. While this issue has not been rigorously
investigated, skeletal serotonin has the potential to
be derived from indirect or direct sources. Indirect
sources for serotonin synthesis and release are non-
skeletal (e.g., the gut or platelets) and require sub-
sequent transport to skeletal sites. Platelets store
serotonin in dense granules and release it only fol-
lowing activation [26], so the serotonin derived
from the gut and circulating in the platelets is
unlikely to represent a useful source of serotonin
for bone cells. Similarly, serotonergic neurons have
not been identified in bone. The blood—brain bar-
rier is impermeable to serotonin, making it also
unlikely that serotonin within the CNS can
influence bone cells located in the periphery.

As external sources appear unlikely sources of
serotonin for bone, it is possible that bone cells
produce serotonin. Recent evidence suggests that
both osteoblasts and osteocytes are potentially
capable of synthesizing serotonin, since they
express the rate-limiting enzyme for serotonin
synthesis (tryptophan hydroxylase) [291. Confir-
mation of intracellular synthesis of serotonin
would indicate that serotonin effects within the
skeleton may be autocrine/paracrine in nature.

Figure 2. Potential mechanisms for a relationship between

depression and osteoporosis.

Depression
. Indirect effects
Selective serotonin tsr:r::to:rlper ? actiyity
reuptake inhibitors porter ? cortisol
polymorphism(s) 2 sunlight
\ ? cytokines

———  Serotonin transporter activity level

\—, Osteoporosis

Serofonin fransporter genetics

Genetic variations within the 5-HTT and recep-
tor genes have the potential to impact the system
of neuroendocrine signaling within bone, but
this has not been thoroughly explored. The
5-HTT is encoded by a single gene (SLC6A44)
located on chromosome 17ql11.1-q12. Two
common polymorphisms in the 5-H77T gene
have been widely studied: the promoter region of
this gene has either a 44 bp insertion (L allele) or
deletion (S allele) [73]. A variable number tandem
repeat (VNTR) region has been identified in
intron 2 with either nine, ten or 12 repeats of a
16-17 bp unit [74].

Studies on the 5-HTT have demonstrated cor-
relations between the short allele and a number of
mental states related to serotonin: affective dis-
orders including depression [74-79], suicidal
behavior (73], seasonal affective disorder [75] and
anxiety-related personality traits [81,82]. Likewise,
studies examining the VNTR polymorphism in
intron 2 of the 5-HTT have found a higher prev-
alence of the 9-repeat allele in patients with affec-
tive disorders (76,77]. Preliminary data suggest that
the two polymorphisms may be associated with
bone mass. In a study of 500 elderly men, the 9-
repeat allele of the 5-HTT was associated with a
12% higher BMD at the trochanter (adjusted
means: 0.759 vs 0.880; p=0.019) and a 10%
higher BMD at the total hip (adjusted means:
1.050 vs 0.955; p = 0.08) after adjusting for age
and lean body mass. The L-allele was associated
with a 4% lower BMD at the femoral neck
(0.777 vs 0.811; p = 0.032) [78).

Thus far, gene association studies of the
5-HTT have primarily used a candidate gene
approach, investigating the two alleles described
above in association with mental health disorders
(79]. Difficulties associated with this method,
including population admixture (nonrandom
mating) [80] and haplotype block conservation
(81], may explain inconsistent results (82.83]. There
has been little exploration of the variation that
exists within the rest of the gene and full charac-
terization of the extent of variation in the
5-HTT and association with bone mass and
fracture risk is necessary [84].

Confounding by indication

The mechanisms whereby depression may influ-
ence skeletal health are complex and inter-
related. The model in Figure 2 illustrates potential
mechanisms for a relationship between depres-
sion and osteoporosis, specifically a direct effect

on bone mediated by the 5-HTT. Effects on
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bone among depressed patients may be due to
medications (SSRIs in particular), via their effect
on 5-HTT activity. The 5-HTT itself might
impact transporter activity and/or depressive
symptoms and severity. Finally, depression may
lead to decreased physical activity, high cortisol
levels and low exposure to sunlight; these factors
and others have the potential to contribute to
differences in bone health seen in this popula-
tion. To settle this question, prospective, rando-
mized studies that use rigorous measures of
depression and control for potential confounders
(such as cortisol levels) are needed.

Screening
Finally, the most critical question is whether
people with depression and/or antidepressant use

warrant increased surveillance for bone loss. If
evidence supporting a role for either depression
or antidepressant treatments in bone loss and
fractures continues to accumulate, clinicians will
be faced with questions about appropriate strate-
gies for screening of osteoporosis in patients with
depression or taking antidepressants. Future
research should address whether screening could
impact outcomes in these populations, as well as
what types of therapies are appropriate for treating
low bone mass in depressed patients.
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Executive summary

Neural regulation of bone metabolism

e Bone is innervated by sympathetic and sensory neurons.
e Nerve cells terminating in bone contain several neuropeptides.
¢ Bone cells have receptors for neuropeptides and are negatively affected by the absence of neuropeptides.

Functional serotonin pathways in bone

e Functional serotonin receptors are present in osteoblasts, osteoclasts, osteocytes and periostial fibroblasts.
e Functional serotonin transporters are present in osteoblasts, osteoclasts and osteocytes.

Evidence for serotonin impact on bone: in vivo data

¢ Mice with disruption of the serotonin transporter gene have lower bone density, size, strength and bone formation rates and
lower whole body bone mineral content.
¢ Mice treated with selective serotonin-reuptake inhibitors (SSRIs) show lower bone formation and lower whole bone mineral content.

Evidence for serotonin impact on bone: epidemiologic data

e Depression has been associated with low bone density and hip fracture in some studies.
e SSRI treatment has been associated with low bone density and hip fracture in some studies.
¢ |t remains unclear whether antidepressant medication or the disease state of depression itself is the cause of these findings.

Future perspective

e Further research is needed into potential sources for serotonin in bone.
¢ Interactions between depression, antidepressant medications, bone density and fracture are complicated and may
be multifactorial.
e Genetic polymorphisms at the serotonin transporter impact its activity and, therefore, have the potential to impact its effect on bone.
e Clinical questions about screening patients with depression and those receiving antidepressant therapy for bone loss have yet to
be addressed.

Bibliography 3. Steppan CM, Crawford DT, Chidsey-Frink 6. Baldock PA, Sainsbury A, Couzens M ez al.:

Papers of special note have been highlighted as

either of interest () or of considerable interest (**)

to readers.

1.

Elefteriou F: Neuronal signaling and the
regulation of bone remodeling. Cell. Mol.
Life Sci. 62(19), 2339-2349 (2005).

KL, Ke H, Swick AG: Leptin is a potent
stimulator of bone growth in 06/0b mice.
Regul. Pept. 92(1-3), 73-78 (2000).
Takeda S, Elefteriou F, Levasseur R ez a/.:
Leptin regulates bone formation via the

sympathetic nervous system. Cel/ 111(3),

Hypothalamic Y2 receptors regulate bone
formation. /. Clin. Invest. 109(7), 915-921
(2002).

Bjurholm A, Kreicbergs A, Brodin E,
Schultzberg M: Substance P- and CGRP-

immunoreactive nerves in bone. Peptides

2. Martin A, de Vittoris R, David V et al.: 305-317 (2002). 9(1), 165-171 (1988).
Leptin modulates both resorption and Ducy P, Amling M, Takeda S ez al.: 8.  Goto T, Yamaza T, Kido MA, Tanaka T:
formation while preventing disuse-induced Leptin inhibits bone formation through a Light- and electron-microscopic study of the
bone loss in tail-suspended female rats. hypothalamic relay: a central control of distribution of axons containing substance P
Endocrinology 146(8), 3652-3659 bone mass. Ce// 100(2), 197-207 and the localization of neurokinin-1 receptor
(2005). (2000). in bone. Cell Tissue Res. 293(1), 87-93 (1998).
fsg future science group www.futuremedicine.com 219



REVIEW - Haney & Bliziotes

9. Serre CM, Farlay D, Delmas PD, Chenu C:

Evidence for a dense and intimate
innervation of the bone tissue, including
glutamate-containing fibers. Bone 25(6),
623-629 (1999).

10. Irie K, Hara-Irie E, Ozawa H, Yajima T:

Calcitonin gene-related peptide (CGRP)-

containing nerve fibers in bone tissue and

their involvement in bone remodeling.

Microsc. Res. Tech. 58(2), 85-90 (2002).

11.  Imai S, Tokunaga Y, Maeda T, Kikkawa M,
Hukuda S: Calcitonin gene-related peptide

(CGRP)-containing nerve fibers in bone

tissue and their involvement in bone

remodeling. Microsc. Res. Tech. 58, 85-90

(1997).

12.  Imai S, Natsusue Y: Neuronal regulation of

bone metabolism and anabolism: calcitonin

gene-related peptide-, substance P-, and

tyrosine hydroxylase-containing nerves and

the bone. Microsc. Res. Tech. 58, 61-69
(2002).
13.  Hill E, Elde R: Distribution of CGRP-,

VIP-, DBH-, SP- and NPY-immunoreactive

nerves in the peiosteum of the rat. Cel/
Tissue Res. 293, 87-93 (1991).

14.  Offley SC, Guo TZ, Wei T ez al.: Capsaicin-

sensitive sensory neurons contribute to the

maintenance of trabecular bone integrity.

J. Bone Min. Res. 20(2), 257-267 (2005).

15.  Lundberg P, Lerner U: Expression and
regulatory role of receptors for vasoactive
intestinal peptide in bone cells. Microsc.

Res. Tech. 58(2), 98-103 (2002).

16.  Burt-Pichat B, Lafage-Proust MH, Duboeuf

F et al.: Dramatic decrease of innervation

density in bone after ovariectomy.

Endocrinology 146(1), 503-510 (2005).
17.  GuY, Publicover SJ: Expression of

functional metabotropic glutamate receptors

in primary cultured rat osteoblasts. cross-

talk with N-methyl-D-aspartate receptors.

J. Biol. Chem. 275(44), 34252-34259
(2000).

18.  Mason DJ, Suva L], Genever PG et al.:
Mechanically regulated expression of a
neural glutamate transporter in bone:

a role for excitatory amino acids as
osteotropic agents? Bone 20(3), 199-205
(1997).

19.  Bliziotes MM, McLoughlin S, Gunness M,

Fumagalli E Jones SR, Caron MG: Bone
histomorphometric and biomechanical

abnormalities in mice homozygous for

deletion of the dopamine transporter. Bone

206, 15-19 (2000).

20. Kroeze W, Kristiansen K, Roth B: Molecular
biology of serotonin receptors structure and

function at the molecular level. Curr. Top.

Med. Chem. 2(6), 507-528 (2002).

220

21.

22.

24.

25.

26.

27.

28.

29.

30.

31.

Raymond JR, Mukhin YV, Gelasco A et al.:
Multiplicity of mechanisms of serotonin
receptor signal transduction. Pharmacol.
Ther. 92(2-3), 179-212 (2001).

Gershon M: Nerves, reflexes, and the enteric
nervous system: pathogenesis of irritable
bowel syndrome. /. Clin. Gastroenterol.
39(Suppl. 5), S184-S193 (2005).

Talley NJ: Serotoninergic neuroenteric
modulators. Lancet 358(9298), 2061-2068
(2001).

Murphy DL, Lerner A, Rudnick G, Lesch KP:
Serotonin transporter: gene, genetic disorders,
and pharmacogenetics. Mol. Interv. 4(2),
109-123 (2004).

Molecular description of the

serotonin transporter.

Wade B, Chen J, Jaffe B, Kassem IS,

Blakely RD, Gershon MD: Localization
and function of a 5-HT transporter in crypt
epithelia of the gastrointestinal tract.

J. Neurosci. 16(7), 2352-2364 (1996).
McNicol A, Israels SJ: Platelet dense
granules: structure, function and
implications for haemostasis. Thromb. Res.
95(1), 1-18 (1999).

Egermayer B, Town GI, Peacock AJ:

Role of serotonin in the pathogenesis of
acute and chronic pulmonary hypertension.
Thorax 54(2), 161-168 (1999).

Lee S,Wang WW, Anzillo JJ: Serotonin
produces both hyperplasia and

hypertrophy of bovine pulmonary artery
smooth muscle cells in culture. Am. J.
Physiol. 1(Pt 1), L46-L52 (1994).

Bliziotes MM, Eshleman A, Burt-Pichat B
et al.: Serotonin transporter and receptor
expression in osteocytic MLO-Y4 cells. Bone
39(6), 1313-1321 (2006).

Demonstrates that both osteocytes and
osteoblasts are capable of serotonin
synthesis and express functional receptor
and transporter components.

Bliziotes M, Eshleman AJ, Zhang XW,
Wiren KM: Neurotransmitter action

in osteoblasts: expression of a functional
system for serotonin receptor

activation and reuptake. Bone 29(5),
477-486 (2001).

Functional serotonin signaling is

present in osteoblasts and transporter
activity regulation in osteoblast cell lines is
similar to that in neural tissue.

Westbroek I, van der Plas A, de Rooij KE,
Klein-Nulend J, Nijweide PJ: Expression of
serotonin receptors in bone. /. Biol. Chem.
276(31), 28961-28968 (2001).

Functional serotonin receptors are

present in osteoblast precursors, osteoblasts

and osteocytes.

Future Rheumatol. (2007) 2(2)

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Jay

42.

Battaglino R, Fu J, Spate U ez 4/.: Serotonin
regulates osteoclast differentiation through
its transporter. J. Bone Miner. Res. 19(9),
1420-1431 (2004).

High-dose fluoxetine (10 pM) inhibits
osteoclast differentiation iz vitro.
Gustafsson BI, Thommesen L, Stunes AK
et al.: Serotonin and fluoxetine modulate
bone cell function in vitro. J. Cell Biochem.
98, 139-151 (20006).

Demonstration that low-dose (1 uM)
fluoxetine enhances both osteoclast
differentiation and activation iz vitro,
whereas high-dose fluoxetine inhibits both.
Fluoxetine stimulates osteoblast
proliferation at low concentrations, but
inhibits it at higher concentrations.

Mann JJ: Role of the serotonergic system in
the pathogenesis of major depression and
suicidal behavior. Newropsychopharmacology
21, 995-105S (1999).

Stockmeier CA: Involvement of serotonin in
depression: evidence from postmortem and
imaging studies of serotonin receptors and
the serotonin transporter. /. Psych. Res.
37(5), 357-373 (2003).

Warden SJ, Robling AG, Sanders MS,
Bliziotes MM, Turner CH: Inhibition of the
serotonin (5-hydroxytryptamine)
transporter reduces bone accrual during
growth. Endocrinology 146(2), 685-693
(2005).

Reduced bone mass and strength, and
reduced bone formation rates occur in mice
with a null mutation at the serotonin
transporter gene.

Gaspar P: The developmental role of
serotonin: news from mouse models.

Nat. Rev. Neurosci. 4(12), 1002—-1012
(2003).

Moiseiwitsch J, Lauder J: Serotonin
regulates mouse cranial neural crest
migration. Proc. Natl Acad. Sci. USA 92(16),
7182-7186 (1995).

Gentile S: The safety of newer
antidepressants in pregnancy and
breastfeeding. Drug Saf. 28, 137-152
(2005).

Kohen D: Psychotropic medication in
pregnancy. Adv. Psychiatr. Treat. 10, 59-66
(2004).

Wisner KL, Gelenberg AJ, Leonard H,
Zarin D, Frank E: Pharmacologic treatment
of depression during pregnancy. JAMA
282(13), 1264-1269 (1999).

Chambers CD, Johnson KA, Dick LM,
Felix R], Jones KL: Birth outcomes in
pregnant women taking fluoxetine.

N. Engl. ]. Med. 335(14), 1010-1015

(1996).
future science group



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

fsg

Zeskind PS, Stephens LE: Maternal
selective serotonin reuptake inhibitor use
during pregnancy and newborn
neurobehavior. Pediatrics 113(2), 368-375
(2004).

Oberlander TE, Grunau RE, Fitzgerald C,
Papsdorf M, Rurak D, Riggs W: Pain
reactivity in 2-month-old infants after
prenatal and postnatal selective serotonin
reuptake inhibitor medication exposure.
Pediatrics 115(2), 411-425 (2005).

Simon GE, Cunningham ML, Davis RL:
Outcomes of prenatal antidepressant exposure.
Am. ]. Pychiary 159(12), 2055-2061 (2002).
Goldstein DJ, Corbin LA, Sundell KL:
Effects of first-trimester fluoxetine exposure
on the newborn. Obstet. Gynecol. 89(5 Pt 1),
713-718 (1997).

Berle J, Steen VM, Aamo TO, Breilid H,
Zabisen K, Spigeset O: Breastfeeding during
maternal antidepressant treatment with
serotonin reuptake inhibitors: infant
exposure, clinical symptoms, and
cytochrome p450 genotypes. J. Clin.
Psychiatry 65(9), 1228-1234 (2004).
Taddio A, Ito S, Koren G: Excretion of
fluoxetine and its metabolite, norfluoxetine,
in human breast milk. /. Clin. Pharmacol.
36(1), 42-47 (1996).

Hendrick V, Smith LM, Suri R, Hwang S,
Haynes D, Altshuler L: Birth outcomes after
prenatal exposure to antidepressant
medication. Am. J. Obstet. Gynecol. 188(3),
812-815 (2003).

Kulin NA, Pastuszak A, Sage SR et al.:
Pregnancy outcome following maternal use of
the new selective serotonin reuptake inhibitors:
a prospective controlled multicenter study.
JAMA 279(8), 609-610 (1998).

Nulman I, Rovet J, Stewart DE et al.:
Neurodevelopment of children exposed

in utero to antidepressant drugs. V. Engl. J.
Med. 336(4), 258-262 (1997).

te Velde SJ, Twisk JW, van Mechelen W,
Kemper HC: Birth weight and
musculoskeletal health in 36-year-old men
and women: Results from the Amsterdam
Growth and Health Longitudinal Study.
Osteaporos. Int. 15(5), 382-388 (2004).
Saito T, Nakamura K, Okuda Y,

Nashimoto M, Yamamoto N, Yamamoto M:
Weight gain in childhood and bone mass in
female college students. /. Bone Miner. Metab.
23(1), 6975 (2005).

Dennison EM, Syddall HE, Sayer AA,
Gilbody HJ, Cooper C: Birth weight and
weight at 1 year are independent
determinants of bone mass in the seventh
decade: the Hertfordshire Cohort Study.
Pediatr. Res. 57(4), 582-586 (2005).

future science group

Selective serotonin reuptake inhibitors and bone health - REVIEW

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Anderson IM: Selective serotonin reuptake
inhibitors versus tricyclic antidepressants: a
meta-analysis of efficacy and tolerability.

J. Affect. Disord. 58(1), 19-36 (2000).
Cizza G, Eskandari E Martinez P ez al.:

21 to 45 year old premenopausal women
suffering from major depression are at
increased risk for osteoporosis. /. Bone
Miner. Res. 18(Suppl. 2), S87 (2003).
Coelho R, Silva C, Maia A, Prata ],

Barros H: Bone mineral density and
depression: a community study in
women. /. Psychosom. Res. 46(1), 29-35
(1999).

Halbreich U, Rojansky N, Palter S ez al.:
decreased bone mineral density in
medicated psychiatric patients. Psychosom.
Med. 57, 485491 (1995).

Michelson D, Stratakis C, Hill L ez al.:
Bone mineral density in women with
depression. N. Engl. . Med. 335,
1176-1181 (1996).

Robbins J, Hirsch C, Whitmer R, Cauley J,
Harris T: The association of bone mineral
density and depression in an older
population. /. Am. Geriatr. Soc. 49, 732736
(2001).

Yazici KM, Akinci A, Sutcu A, Ozcakar L:
Bone mineral density in premenopausal
women with major depressive disorder.
Psychiatry Res. 117, 271-275 (2003).
Wong SY, Lau EM, Lynn H ez al.:
Depression and bone mineral density: is
there a relationship in elderly Asian men?
Results from Mr. Os (Hong Kong).
Osteoporos. Int. 16, 610-615 (2005).
Schweiger U, Deuschle M, Korner A ez al.:
Low lumbar bone mineral density in
patients with major depression. Amz. /.
Psychiatry. 151(11), 1691-1693 (1994).
Kinjo M, Setoguchi S, Schneeweiss S,
Solomon DH: Bone mineral density in
subjects using central nervous system-active
medications. Am. J. Med. 118(12),
1414.e7-1414.e12 (2005).

Reginster JY, Deroisy R, Paul I,

Hansenne M, Ansseau M: Depressive
vulnerability is not an independent

risk factor for osteoporosis in
postmenopausal women. Maturitas 33,
133-137 (1999).

Whooley MA, Cauley JA, Zmuda JM,
Haney EM, Glynn NW: Depressive
symptoms and bone mineral density in older
men. /. Geriatr. Psychiatry Neurol. 17(2),
88-92 (2004).

Whooley MA, Kip KE, Cauley JA,

Ensrud KE, Nevitt MC, Browner WS:
Depression, falls, and risk of fracture in

older women. Study of Osteoporotic

www.futuremedicine.com

68.

71.

72.

73.

75.

76.

77.

Fractures Research Group. Arch. Intern.
Med. 159, 484-490 (1999).

Walker AM: Confounding by indication.
Epidemiology 7(4), 335-336 (1996).
Schneeweiss S, Wang PS: Association
between SSRI use and hip fractures and the
effect of residual confounding bias in claims
database studies. /. Clin. Psychopharmacol.
24(6), 632-638 (2004).

Haney EM, Chan BKS, Diem S ez al.: SSRI
use by older men is associated with low bone
mineral density (2007) (In Press).

In a cross-sectional analysis of US men
aged 65 years and older, selective serotonin
reuptake inhibitor (SSRI) use is associated
with lower bone mineral density (BMD) at
the total hip and spine.

Diem S, Blackwell T, Stone KL ez al.: Use of
antidepressant medications and rates of hip
bone loss in older women (2007) (In Press).
After adjustment for depressive symptoms,
use of SSRIs is associated with increased
rate of bony loss at the hip among older
women in the USA.

Richards JB, Papaioannou A, Adachi JD

et al.: The impact of selective serotonin
reuptake inhibitors on the risk of fracture.
Arch. Intern. Med. 167(2), 188—194 (2007).
Canadian men and women over 50 years of
age taking SSRIs had higher odds of
fragility fracture, higher odds of falling and
lower hip BMD after 5 years. Depressive
symptom adjustment used mental
component score and mental health
index-5 from the short-form-36 (no
association found).

Courtet B, Baud B, Abbar M ez a/.: Association
between violent suicidal behavior and the low
activity allele of the serotonin transporter gene.
Mol. Pychiarry 6, 338-341 (2001).

Mellerup E, Bennike B, Bolwig T ez al.:
Platelet serotonin transporters and the
transporter gene in control subjects,
unipolar patients and bipolar patients. Aczz
Psychiatr. Scand. 103, 229-233 (2001).
Willeit M, Praschak-Rieder N,

Neumeister A ¢f al.: A polymorphism
(5-HTTLPR) in the serotonin transporter
promter gene is associated with DSM-IV
depression subtypes in seasonal affective
disorder. Mol. Psychiatry 8, 942-946
(2003).

Harmar A, Ogilvie A, Battersby S et al.: The
serotonin transporter gene and affective
disorder. Cold Spring Harb. Symp. Quant.
Biol., 61, 791-795 (1996).

Ogilvie A, Battersby S, Bubb V] er al.:
Polymorphism in serotonin transporter gene
associated with susceptibility to major

depression. Lancer 347, 731-733 (1996).

221



REVIEW - Haney & Bliziotes

78.  Haney EM, Marshall LM, Lambert L et 4/.:
An intron 2 polymorphism at the serotonin
transporter is associated with higher BMD
among men. /. Bone Miner. Res.
19(Suppl. 1), S131 (2004).

79.  Murphy DL, Li Q, Engel S ez al.:

Genetic perspectives on the serotonin
transporter. Brain Res. Bull. 56(5),
487-494 (2001).

80. Greenberg BD, McMahon E Murphy DL:

Serotonin transporter candidate gene

studies in affective disorders and personality:

promises and potential pitfalls.
Mol. Psychiatry 3, 186-198 (1998).

81. Seltman H, Roeder K, Delvin B:
Evoluntionary-based association analysis
using haplotype data. Genet. Epidemiol. 25,
48-58 (2003).

82.  Minov C, Baghai TC, Schule C ¢ al.:
Serotonin-2A-receptor and -transporter
polymorphisms: lack of association in
patients with major depression. Neurosci.
Lert. 303, 119-122 (2001).

222

83.

84.

85.

86.

Seretti A, Cusin C, Lattuada E, Di Bella D,
Catalano M, Smeraldi E: Serotonin
transporter gene (5-HTTLPR) is not
associated with depressive symptomatology
in mood disorders. Mol. Psychiatry 4,
280-283 (1999).

Gelernter J, Gelernter J, Cubells JF,

Kidd JR, Pakstis AJ, Kidd KK: Population
studies of polymorphisms of the serotonin
transporter protein gene. Am. J. Med. Genet.
88(1), 61-66 (1999).

Hubbard R, Farrington B, Smith C,
Smeeth L, Tattersfield A: Exposure to
tricyclic and selective serotonin reuptake
inhibitor antidepressants and the risk of hip
fracture. Am. J. Epidemiol. 158(1), 77-84
(2003).

Liu B, Anderson G, Mittmann N, To T,
Axcell T, Shear N: Use of selective
serotonin-reuptake inhibitors of tricyclic
antidepressants and risk of hip fractures in
elderly people. Lancer 351, 1303-1307
(1998).

Future Rheumatol. (2007) 2(2)

87.

Ensrud KE, Blackwell T, Mangione CM
et al.: Central nervous system active
medications and risk for fractures in older
women. Arch. Intern. Med. 163, 949-957
(2003).

Affiliations

Elizabeth M Haney, MD

Oregon Health & Science University,
Department of Medicine, Department of
Medical Informatics & Clinical Epidemiology,
L-475, Portland, OR 97239, USA

Tel.: +1 503 494 6551;

Fax: +1 503 494 0979;

haneye@ohsu. edu

M Michael Bliziotes

Oregon Health & Science University,
Department of Medicine ¢& Portland Veterans
Affairs Medical Center, 3710 SW Veterans Road
P3-ENDO, Portland, OR 97239, USA

Tel.: +1 503 273 5015;

Fax: +1 503 721 7807;

bliziote@ohsu.edu

future science group





