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Abstract An increasing number of studies suggest an
association between depression and osteoporosis. In a mouse
model, depression induces bone loss, mediated by brain-to-
bone sympathetic signaling. Depression and bone antiana-
bolic sympathetic tone are alleviated by increasing central
serotonin (5-hydroxytryptamine, 5-HT) levels. However,
selective serotonin reuptake inhibitors (SSRIs), the first-line
antidepressants, increase extracellular 5-HT levels but have
deleterious skeletal effects. The skeletal serotonergic system
consists of 5-HT receptors and the 5-HT transporter (5-HTT)
in osteoblasts and osteocytes. 5-HTT is a transmembrane
protein targeted by SSRIs. 5-HT restrains osteoblastic activity,
thus leading to bone loss. Apparently, the negative skeletal
effects of the peripheral SSRI-induced increase in 5-HT
outweighs the skeletal benefits resulting from the enhanced
central 5-HT antidepressant and antisympathetic activity.
Overall, major depression appears as an important risk factor
for osteoporosis. However, antidepressants, mainly SSRIs,
should be evaluated in view of the causal relationship between
depression and bone loss, and vis-à-vis their skeletal adverse
effects. Patients with depressive disorders should undergo a
routine skeletal evaluation and receive timely antiosteoporotic
therapy, especially when SSRI treatment is prescribed.
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Introduction

In the past three decades, the association between depres-
sion and osteoporosis has been the subject of a growing
body of research, implicating major depressive disorder
(MDD) as a risk factor for bone loss and osteoporosis [1••].
Like osteoporosis, MDD is a prevalent disease, considered
the second leading global cause of years of life lived with
disability [2]. Both depression and osteoporosis are ap-
proximately threefold more common in women than in men
[3, 4].

In spite of the high prevalence of both diseases, most
official publications emanating from authorities, such as the
US National Institute of Health, the National Osteoporosis
Foundation, the National Osteoporosis Society (United
Kingdom), and Osteoporosis Canada, do not fully acknowl-
edge depression as a risk factor for low bone loss and
osteoporosis. However, in view of recent meta-analyses
demonstrating a link between these maladies [1••, 5•, 6•],
and experimental data suggesting a causal relationship
between the two diseases [7••], it is likely for depression
to be officially recognized as a risk factor for osteoporosis.

Another element affecting the depression-osteoporosis
equation is the bone antianabolic activity of antidepressant
drugs, in particular selective serotonin reuptake inhibitors
(SSRIs). These drugs further exacerbate the skeletal status,
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apparently by increasing extracellular serotonin levels that
inhibit osteoblastic activity thus leading to a negative bone
remodeling balance and bone loss.

Association Between Depression and Osteoporosis

That the association between depression and osteoporosis
has not been officially acknowledged could be because the
literature on the relationship between these conditions is
insufficiently conclusive. Some studies report that patients
with MDD suffer up to 15% bone loss, whereas others,
particularly large-scale population-based studies, show a
weak or no relationship between the two conditions [1••].

Recently, three meta-analyses conducted to assess the
possible impact of depression on skeletal status concluded
that depression should be considered as an important risk
factor for osteoporosis [1••, 5•, 6•]. We have recently
carried out the largest of these analyses in terms of the
number of studies and patients enrolled. It is based on a
total of 23 studies that could be identified in databases and
in relevant articles. These studies address the relationship
between depression and skeletal status, comparing a total of
2327 depressed with 21,141 nondepressed individuals
[1••]. The results of this meta-analysis demonstrated that
depressed individuals display lower bone mineral density
(BMD) and higher bone resorption markers than nonde-
pressed subjects. The association of depression with lower
bone mass is significant in the spine (vertebrae), hip
(proximal femur), and distal radius, suggesting that the
depression-associated low bone mass involves multiplicity
of trabecular bone sites throughout the skeleton. This
conclusion has been recently supported by findings in the
spine, femoral neck, and total femur [5•]. According to
standard criteria, in our study, the overall effect size of
depression on BMD for the entire sample, which consisted
of adult male and pre- and postmenopausal females, was
rather small, with a moderate effect on resorption markers.

Like osteoporosis, depression is approximately threefold
more common in women than in men [3, 4]. As in the study
by Wu et al. [6•], our meta-analysis portrays women as
significantly more vulnerable to depression-associated low
BMD. This gender difference may be related to the greater
sensitivity of females to stress in general, and to the greater
responsiveness of depressed women to various stressors in
particular [1••]. It should be emphasized, however, that
although the effect of depression in men is smaller than in
women, it is more robust, namely, it is not influenced by
various moderating variables. In contrast, the association
between depression and BMD in women shows substantial
heterogeneity, as it is significantly moderated by at least
two variables, menopausal status and the depression
assessment procedure [1••].

Premenopausal women display a greater depression-
associated decrease in BMD compared with postmenopausal
subjects [1••]. A decreased rate of bone mass accrual has
been reported in teenager females with MDD [8•], portraying
reduced peak bone mass as one determinant leading to
decreased BMD in depressed premenopausal women. How-
ever, most of the studies included in the cited meta-analyses
do not report the age of onset of the depressive episodes.
Thus, depression-induced bone loss in premenopausal
patients after completion of the peak bone mass accrual
cannot be ruled out at the present time.

The greater depression-associated decrease in BMD in
pre- than postmenopausal subjects does not necessarily
mean that depression is not associated with low bone mass
after menopause. However, in postmenopausal women this
association may be masked by the multiplicity of factors
contributing to the development of low bone mass, such as
estrogen depletion, reduced physical activity, nutritional
disturbances, and drug treatments [1••]. Thus, to further
assess the impact of menopausal status on depression-
associated low BMD, direct comparisons for the effects of
depression on BMD should be undertaken between pre- and
postmenopausal women, inasmuch as studies carried out so
far focused mainly on either pre- or postmenopausal
subjects.

Our meta-analysis also indicates that assessment of an
association between depression and BMD critically
depends on the procedure used for diagnosing the depres-
sive condition. When depression was individually diag-
nosed by a psychiatrist, defining major depression on the
basis of the Diagnostic and Statistical Manual of Mental
Disorders (DSM) criteria, the magnitude of the effect was
substantial. In contrast, in studies based on self-rating
checklists, an overall significant relationship could not be
identified between depression and BMD [1••]. Self-rating
checklists are usually used in studies with large samples of
community-dwelling individuals who do not seek psychi-
atric help. Compared with DSM-based psychiatric evalua-
tions, these studies are rather heterogeneous and measure a
restricted array of depressive symptoms. For example, some
of these scales, such as the Geriatric Depression Scale
(GDS), focus mainly on depressed mood and feelings of
helplessness, hopelessness, and worthlessness, with less
emphasis on anhedonia and vegetative symptoms such as
weight loss and psychomotor retardation. In addition, some
scales, such as the Center for Epidemiologic Studies
Depression Scale (CES-D), assess mood and behavior over
a relatively short period (eg, the past week), whereas
studies using DSM-based psychiatric evaluation address
depressive episodes that lasted for weeks or months [1••].
Therefore, it appears that depression-associated low bone
mass afflicts mainly psychiatric patients diagnosed with
major depression, who experience relatively severe symptoms
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over prolonged time periods. Depressed community-dwelling
individuals, whose depressive symptoms are not severe
enough to prompt them to seek psychiatric help, do not
display significantly reduced BMD.

The contribution of potential moderator variables to
depression-associated low BMD is reported in several
individual studies, showing that body weight, height,
number of previous depressive episodes, total duration of
disease, history of estrogen treatment, smoking, and race do
not modulate the association between depression and bone
density. Low levels of physical activity, characteristic of
depressed patients, were also suggested to be associated
with low BMD [1••]. However, studies included in our
meta-analysis that assessed the levels of exercise, adequate
matching, or statistical adjustment for this variable did not
modulate the association between depression and BMD
[1••]. In addition, in several studies demonstrating
depression-associated low BMD, the levels of endocrine
factors believed to affect BMD do not differ between
depressed and nondepressed subjects. These factors include
serum 25-hydroxyvitamin D, parathyroid hormone, free T3,
insulin-like growth factor-1, and thyroid-stimulating hor-
mone [1••]. It is therefore unlikely that these variables are
involved in the depression-associated low BMD.

Antidepressant therapy, especially by SSRIs, could be also
a confounding variable affecting the recent meta-analyses
(discussed below). However, studies using antidepressant
therapy as a covariate found no evidence to its effect on the
association between depression and BMD. Furthermore,
several studies reporting a significant association between
depression and low BMD specifically indicate that none, or
almost none (<5%), of the participants were ever treated with
antidepressants [1••]. Thus, the association between depres-
sion and bone density appears independent of the deleterious
effects of antidepressants on the skeleton.

At the tissue level, bone mass is determined by
continuous bone remodeling that consists of bone formation
by osteoblasts and bone resorption by osteoclasts. Consis-
tent with the association between depression and low bone
density, bone resorption markers are significantly elevated
in depressed patients, suggestive of a negative remodeling
balance in the depressed patients [1••]. Whereas bone
resorption markers are significantly elevated in these
patients, osteocalcin, the so-called bone formation marker,
does not exhibit any significant trend. Although it is
produced by osteoblasts and discharged into the blood
circulation, a significant amount of osteocalcin is incorpo-
rated into the mineralized bone matrix and further released
to the circulation during osteoclastic degradation. Thus, in
view of the apparent increase in bone resorption, the lack of
association between serum osteocalcin levels and depres-
sion may reflect a decrease in bone formation, accompanied
by a new balance between osteocalcin production, its direct

passage into the circulation, incorporation into the bone
matrix, and release by osteoclasts. Such an association
between depression and bone formation is supported by the
results of our recent study in mice, in which we used direct
bone formation measurements and showed a depression-
induced inhibition of bone formation [7••].

Taken together, the published literature, in particular the
three recent meta-analyses [1••, 5•, 6••], demonstrates a
significant association between depression and low skeletal
mass. More specifically, all individuals psychiatrically
diagnosed with major depression are at risk for developing
osteoporosis, with depressed women, particularly those
who are premenopausal, showing a higher risk than men.
These patients should be periodically evaluated for pro-
gression of bone loss and imbalances in bone remodeling.

Causal Relationship Between Depression and Bone Loss

The causal relationship between MDD and osteoporosis has
not been fully elucidated. In the early 1980s, osteoporosis
researchers suggested that depression is one of the major
negative consequences of bone loss and osteoporotic
fractures. These researchers believed that osteoporosis
occurred first, leading to a reactive depression. A similar,
but distinct psychiatry literature reported that low BMD
appears to be an undesirable consequence of MDD [9]. The
perspective that osteoporosis causes depression argues that
MDD results from the pain and discomfort associated with
osteoporotic fractures. The other approach, that depression
is the causal process, claims that most studies demonstrate
an association of depression with low BMD rather than
with increased fracture rate. That depression is the causal
attribute has been further proposed based on the well-
established depression-induced increases in glucocorticoids
and norepinephrine [10], agents also known to suppress
bone formation and bone mass [11, 12].

In support of the latter concept, we have recently
demonstrated loss of bone mass and architecture in mice
with chronic mild stress (CMS), an established rodent
model for depression (Fig. 1). The bone loss in this model
results mainly from decreased bone formation. Both the
reduced bone formation and the trabecular bone loss,
measured by microcomputed tomography in the distal
femoral metaphysis and lumber vertebral bodies, as well
as the depressive symptoms (reduced sucrose preference
and social exploration) could be prevented by the antide-
pressant drug imipramine [7••]. Expectedly, we were able to
demonstrate that the depressive-like state was associated
with increased norepinephrine levels in bone and elevated
serum corticosterone. Furthermore, the CMS-induced bone
loss, but not the depressive-like state, could be prevented
using the β-adrenergic antagonist, propranolol, portraying
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bone sympathetic innervation as a brain-to-bone pathway
communicating depressive signals to the skeleton. Although
serum corticosterone is also elevated in mice subjected to
CMS, the role of the hypothalamic-pituitary-adrenal (HPA)
axis in depression-induced bone loss is still unraveled, since it
is unclear whether the elevation of serum corticosterone
induced by CMS is sufficient to cause a negative bone
remodeling balance and bone loss. Interestingly, although
leptin has been implicated in both depression and the
regulation of bone remodeling [13, 14], we were unable to
establish any relationship between leptin serum levels and
the CMS-induced bone loss.

The adrenergic system and HPA axis are the most studied
pathways mediating depressive signals from the central
nervous system (CNS) to the periphery. However, several
other systems, implicated in both depression and osteoporosis
could be involved in this process, such as the endocannabi-
noid system [15, 16] and inflammatory cytokines like
interleukin (IL)-1 [17, 18], IL-6 [19, 20], and tumor necrosis
factor-α [21, 22]. In addition, dietary and behavioral patterns
commonly observed in psychiatric patients may also
contribute to the pathogenesis of osteoporosis.

Cigarette smoking is more common within psychiatric
populations [23]. It increases the risk for the onset of MDD
[24, 25] and has repeatedly been shown to negatively
influence bone mass in cross-sectional studies of both men
and women [26, 27]. Likewise, depression and excessive
alcohol consumption are common comorbidities, and
alcohol abuse is a recognized risk factor for osteoporosis
[28, 29]. Finally, although with a less well-defined cause-
effect relationship, changes in food consumption are
typically associated with depression and certain nutrients
reported to be deficient in patients with MDD are required
in the maintenance of good bone health [30].

The Skeletal Serotonergic System

Biogenic amine transporters are important regulators, control-
ling the synaptic and extracellular concentrations of these

amines in the CNS by their high-affinity reuptake from the
extra- to the intracellular milieu. They are also major targets
for many antidepressant drugs that inhibit their activity,
thereby potentiating the effect of the biogenic amines. The
skeletal role of these drugs, in particular that of the SSRIs,
which are targeted to the serotonin transporter, has recently
attracted substantial interest because of its potential impact on
osteoporosis and resultant fractures.

Serotonin (5-hydroxytryptamine, 5-HT) is a monoamine
neurotransmitter known best for its role in the CNS,
gastrointestinal (GI) tract, and cardiovascular system. In
the CNS, it is produced by presynaptic neurons, released
into the synaptic gap and activates pre- and postsynaptic 5-
HT receptors, thus influencing a handful of behavioral,
physiologic and cognitive functions [31, 32]. In the GI
tract, 5-HT is synthesized and secreted by enterochromaffin
cells and diffuses to enteric nerve endings to stimulate
peristalsis [33]. In the CNS and GI tract, the duration and
intensity of serotonergic activity are regulated by the
sodium chloride-dependent 5-HT transporter (5-HTT)
[34]. In the cardiovascular system, 5-HT is primarily taken
up by platelets via 5-HTT and stored in dense granules [35].
It is released by activated platelets and induces blood vessel
constriction or dilation [36], and smooth muscle cell
hypertrophy and hyperplasia [37].

Osteoblasts, osteocytes, and osteoclasts express func-
tional 5-HT receptors and 5-HTT [38]. In osteoblasts, 5-HT
receptor agonists influence cell proliferation, potentiate
parathyroid hormone-induced increase in activator protein-
1 activity, and modulate the cellular response to mechanical
stimulation. In osteocytes, 5-HT increases whole-cell cyclic
adenosine monophosphate and prostaglandin E2 levels,
which are also involved in the transduction of mechanical
stimuli [39]. In osteoclasts, 5-HT and 5-HTT have been
shown to affect differentiation, but not activity [38].

What is the source of 5-HT in bone tissue? The CNS
does not appear to be a likely source of 5-HT available to
bone cells, as the blood-brain barrier is impermeable to 5-HT
and serotonergic neurons have not yet been demonstrated
in the skeleton. As in the case of other neurotransmitters,

Fig. 1 Depression-induced struc-
tural impairment of the skeleton in
mice exposed to chronic mild
stress (CMS) for 4 weeks or left
untreated (UT). Microcomputed
tomography analysis. BV/TV
bone volume density. (From
the Yirmiya et al. [7••].)
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such as endocannabinoids [15], 5-HT could be synthe-
sized and released by bone cells and act in an autocrine/
paracrine mode. mRNA transcripts for tryptophan
hydroxylase-1 (Tph1), the rate-limiting enzyme in 5-HT
synthesis, have been detected in osteoblast and osteocyte
cell lines [40]. Most of the organism’s 5-HT is produced in
the GI tract and stored in dense granules in platelets.
Because 5-HT from this source is released only upon
platelet activation [35], it is an unlikely activator of the
bone cell 5-HT receptors. However, a small fraction of
the GI-derived 5-HT remains in the serum [41]. Because
the osteoblastic Tph1 mRNA level is more than 1000-fold
lower than the duodenal, the serum “free” 5-HT could still
be the major source for the skeleton. It has been suggested
that the serum 5-HT is a negative regulator of osteoblast
proliferation, bone formation, and bone mass [42••].
Alleviating the 5-HT tonic inhibition of bone formation
using a peripherally selective Tph1 inhibitor has a bone
anabolic effect in normal and osteopenic mice [43]. Still,
in view of the expression of Tph1 in osteoblasts, the local
production of 5-HT should be determined directly in
osteoblast cultures and bone tissue following pharmaco-
logic and genetic ablation of Tph1 and possibly other
genes involved in 5-HT metabolism.

What is the physiologic role of the skeletal serotonergic
system? The diversity of actions of 5-HT results from the
occurrence of multiple 5-HTRs, which are divided into seven
classes based on their signaling pathways [44•]. Of these,
only 5-HT1AR, 5-HT2AR, 5-HT1BR, and 5-HT2BR are
expressed in osteoblasts and only the expression of 5-
HT2BR is increased during osteoblast differentiation. Mice
deficient of 5-HT2BR have accelerated age-related low
turnover bone loss, secondary to impaired osteoblast
recruitment and proliferation [45]. In line with these findings,
rats treated with 5-HT have increased BMD [46]. By
contrast, mice deficient of osteoblastic 5-HT1BR have a high
bone mass phenotype, secondary to increases in osteoblast
number and bone formation [42••]. Disruption of the 5-HTT
gene or pharmacologic inhibition of 5-HTT by SSRIs leads
to a low bone mass phenotype in growing mice [38]. These
apparently paradoxical findings may suggest that 5-HT has
different skeletal effects. It has been recently suggested that
the peripheral and central 5-HT signaling have opposite
effects on bone. Peripherally, 5-HT directly activates
osteoblastic 5-HTR(s) to inhibit bone formation, whereas
centrally it inhibits the sympathetic nervous system, thus
alleviating the negative adrenergic tone on osteoblasts [47••].

SSRIs and Bone Health

SSRIs are 5-HTT inhibitors. Use of the term “reuptake”
was initially coined to describe the phenomenon in the

CNS, whereby the serotonergic system is downregulated
through the reuptake of 5-HT by its producer, the
presynaptic neuron. The principal component of this
process is 5-HTT (also referred to as SERT), which is also
expressed by peripheral 5-HT target cells, including
osteoblasts and osteocytes [38, 44•].

In humans, SSRIs have emerged as the first-line agents
in the treatment of depressive disorders. Most clinical
studies report that antidepressants in general, but mainly
SSRIs, are associated with low BMD and a dose-dependent
increase in the risk of fractures and low bone mass in
children [48]. The reason for these deleterious effects is not
known but may be linked to direct and indirect 5-HT effects
on bone cells and the risk of falls, which is increased in
SSRI users especially after prolonged administration [48].
Importantly, it appears that the negative skeletal effects of
peripheral SSRI-induced increase in 5-HT outweighs the
skeletal benefits resulting from the enhanced central 5-HT
antidepressant and antisympathetic activity. Thus, physi-
cians treating growing children and elderly depressive
patients should be aware of the unfavorable respective
short- and long-term consequences of SSRIs on BMD and
fracture risk.

Conclusions

An increasing number of studies, including recent meta-
analyses, suggest that osteoporosis is disproportionately
prevalent among patients with depressive disorders. In a
recent study using a mouse model for depression, we
demonstrated a causal relationship between depressive-like
behavior and bone loss, which could be prevented by
tricyclic antidepressant treatment. The depression-induced
bone loss was associated with increases in skeletal
norepinephrine and serum corticosterone levels. Bone loss,
but not the depressive behavior, could be blocked by a β
blocker, suggesting an important role for adrenergic
signaling in communicating depressive brain-to-bone sig-
nals. Both depression and bone antianabolic sympathetic
tone are alleviated by increasing central 5-HT levels.

However, although SSRIs constitute the first-line of
antidepressant agents, presumably by increasing extracellular
5-HT levels in the brain, they have deleterious skeletal
effects. Several studies demonstrate a skeletal serotonergic
system consisting of 5-HTRs in osteoblasts and osteocytes as
well as the 5-HTT, the main transmembrane protein targeted
by SSRIs. Increased 5-HTR activation restrains osteoblastic
activity, thus leading to a negative bone remodeling balance.
It appears that the negative skeletal effects of the peripheral
SSRI-induced increase in 5-HT outweigh the skeletal benefits
resulting from the enhanced central 5-HT antidepressant and
antisympathetic activity.

Curr Osteoporos Rep (2010) 8:185–191 189



Taken together, these studies portray major depression as
an important risk factor for osteoporosis. However, antide-
pressant therapy, in particular by SSRIs, has to be evaluated
not only in view of the causal relationship between
depression and bone loss, but also vis-à-vis its skeletal
adverse effects. Practically, it is recommended that patients
with depressive disorders undergo a careful skeletal
evaluation and receive timely antiosteoporotic therapy,
especially when SSRI treatment is prescribed.
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