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Qrsemr

Background: Use of antidepressant medications has been linked to detrimental impacts
on bone mineral density and osteoporosis; however, the cellular basis behind these ob-
servations remains poorly understood. The effect does not appear to be homogeneous
across the whole class of drugs and may be linked to affinity for the serotonin transport-
er system. In this study, we hypothesized that antidepressants have a class- and dose-
dependent effect on mesenchymal stem cell (MSC) differentiation, which may affect
bone metabolism. Methods: Human MSCs (hMSCs) were committed to differentiate
when either adipogenic or osteogenic media was added, supplemented with five in-
creasing concentrations of amitriptyline (0.001-10 uM), venlafaxine (0.01-25 uM), or
fluoxetine (0.001-10 pM). Alizarin red staining (mineralization), alkaline phosphatase
(osteoblastogenesis), and oil red O (adipogenesis) assays were performed at timed in-
tervals. In addition, cell viability was assessed using a MTT. Results: We found that fluox-
etine had a significant inhibitory effect on mineralization. Furthermore, adipogenic dif-
ferentiation of hMSC was affected by the addition of amitriptyline, venlafaxine, and
fluoxetine to the media. Finally, none of the tested medications significantly affected cell
survival. Conclusions: This study showed a divergent effect of three antidepressants on
hMSC differentiation, which appears to be independent of class and dose. As fluoxetine
and amitriptyline, but not venlafaxine, affected both osteoblastogenesis and adipogen-
esis, this inhibitory effect could be associated to the high affinity of fluoxetine to the se-
rotonin transporter system.
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INTRODUCTION

Maintenance of the human skeleton is dependent on the balance between
bone deposition and bone resorption, which are mediated by osteoblasts and os-
teoclasts, respectively.[1] Failure to maintain bone mass can lead to an architec-
tural decline in bone structure, which results in osteoporosis and a predisposition
to fractures.[1] Mesenchymal stem cells (MSC) within the bone marrow differenti-
ate into osteoblasts and thus play an important role in bone integrity.[2] There is
an increase in volume of adipose tissue and a decrease in bone formation in os-
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teoporotic bone,[3] suggesting an inverse relationship be-
tween imbalanced adipogenesis and osteoblastogenesis,
and the lipotoxic effect of marrow adipocytes on other
bone cells.[4,5]

MSC are multipotent, non-hematopoietic, self-renewing
cells that have the capability to differentiate into various
mesenchymal cell types including adipocytes, osteoblasts,
chondrocytes, myocytes, and neurons.[6-8] Molecular fac-
tors, including bone morphogenic proteins, Wnt proteins
and several transcription factors, are responsible for the
mechanism of MSC commitment and differentiation into
either osteoblasts or adipocytes.[9,10] Alterations in this
differentiation process, such as those observed in osteopo-
rosis, facilitate adipogenesis and affect bone formation.[5]

Derived from the amino acid tryptophan,[11] serotonin
is a crucial neurotransmitter that has been associated with
sleep/wake cycles,[12] cognition,[13] and memory [14] in
the central nervous system (CNS). The major source of se-
rotonin in the CNS is serotonergic neurons in the raphe
nuclei located in the brainstem, which project to several
important areas in the brain.[15-17] However, most sero-
tonin is produced outside the CNS, particularly in entero-
chromaffin cells of the gut, but also in lung endothelium
and platelets, and is responsible for gastrointestinal func-
tion and vasoconstriction.[18,19] Serotonin in the CNS to
suppresses appetite, while peripheral serotonin appears to
stimulate adipose deposition.[20,21] In addition, serotonin
has an inhibitory effect on osteoblastogenesis in vitro.[19]
Interestingly, gut-derived serotonin (GDS) has also been
shown to regulate osteoblastogenesis and bone formation
invivo.[19,22] In contrast, the effect of serotonin (central or
GDS) on adipogenic differentiation of MSC remains unex-
plored.

Tricyclic antidepressants were among the initial drug
classes available to treat depression. Amitriptyline is a tri-
cyclic antidepressant that acts primarily as an define as in-
hibitor constant of serotonin and noradrenaline transport-
ers with a Ki of 4.3 nM and 35 nM respectively,[23] but also
has affinity for the dopamine transporter, as well as sero-
tonin, dopamine, adrenergic and histamine receptors.
These drugs act primarily by blocking serotonin and nor-
adrenaline transporters, thus preventing reuptake of these
neurotransmitters and extending their time within the
synaptic cleft.[24] However, these drugs also target addi-
tional receptors including a-adrenergic, muscarinic cholin-
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ergic and histamine receptors.[24] Modulation of these
other receptors can manifest in undesirable side effects
such as dry mouth and constipation, and for this reason,
tricyclic compounds are no longer used as a medication in
most cases of depression.

Currently, the drug class of choice for most cases of de-
pression and anxiety requiring treatment are the selective
serotonin reuptake inhibitors (SSRIs).[25,26] While selec-
tively targeting the serotonin transporter (5-HTT) with
considerably less affinity for other receptors, these drugs
have fewer side effects than tricyclic antidepressants and
are generally better tolerated.[27] In terms of chemical
structure and specific targets, fluoxetine is an SSRI with
specific inhibition constants (Ki concentration of 1 nM and
10 uM against the 5-HTT and other serotonin receptors re-
spectively [28-30]). Venlafaxine is a dual serotonin-noradren-
aline reuptake inhibitor with a Ki of 82 nM for 5-HTT and
2,480 nM for the noradrenaline transporter.[31]

Previous studies have shown a link between bone min-
eral density (BMD) and depression or antidepressant use.
Clinical data have suggested an association between a low
BMD, increased tendency to fracture, and symptoms of de-
pression.[32-36] In addition, low BMD and/or increased
tendency to fracture appears to correlate with antidepres-
sant use, particularly among specific antidepressant drug
classes.[37]

Intrigued by these clinical data showing an association
between antidepressant use and bone architecture, we
sought to determine whether there is an interaction be-
tween these drugs and MSC, and whether this would af-
fect their differentiation - including adipogenesis. In this
study, we hypothesized that the presence of antidepres-
sants would affect both differentiation and survival of MSC.
Furthermore, we hypothesized that each class of antide-
pressant would have a varying influence on MSC differen-
tiation.

METHODS

1. Cell cultures

Human MSC (hMSC) were obtained commercially from
Lonza (Basel, Switzerland), and cultured as previously de-
scribed.[38,39] Briefly, cells were plated in six-well culture
dishes containing MSC growth media (MSCGM; Lonza),
and grown at 37°C in a humidified atmosphere containing
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5% CO, with media changes every 3 to 4 days.

At 60% confluence, cells were harvested by trypsiniza-
tion, re-plated in 96-well plates, and induced to differenti-
ate to either osteoblasts or adipocytes. Osteoblastogenesis
was achieved by replacing MSCGM with osteoblastogene-
sis induction media (OIM) consisting of Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 0.1 mM dexamethasone, 10 mM
B-glycerophosphate, 0.05 mM ascorbic acid and penicillin/
streptomycin/amphotericin B. Cell cultures were maintained
for 3 weeks in OIM with media changes every 3 to 4 days
prior to evaluation of differentiation characteristics.

Adipogenesis was achieved by replacing MSCGM with
adipogenic induction media (AIM) consisting of DMEM sup-
plemented with 10% FBS, 1.0 uM dexamethasone, 10 pg/
mL insulin, 0.2 mM indomethacin, 0.5 mM 3-isobutyl-1-me-
thylxanthine, and penicillin/streptomycin/amphotericin B.
After 3 to 4 days, media were changed to adipogenesis main-
tenance media (AMM) consisting of DMEM supplemented
with 10% FBS, 10 pg/mL insulin, and penicillin/streptomy-
cin/famphotericin B. Media were changed every 3 to 4 days
alternating between AIM and AMM for two weeks.

2. Alkaline phosphatase assay

To determine the extent of osteoblastogenesis, cells were
assayed for alkaline phosphatase activity. Differentiated
cells were drained of culture media and washed with Tris-
buffered saline. Cells were lysed in lysis buffer (50 mM so-
dium bicarbonate, T mM magnesium chloride, 0.1% Triton
X-100, pH 9.6) for 10 min. Reaction buffer (50 mM sodium
bicarbonate, 1 mM magnesium chloride, 9 mM para-nitro-
phenyl phosphate (Sigma-Aldrich, St. Louis, MO, USA), pH
9.6 was added to the wells and incubated for 30 to 60 min.
The colorimetric product produced (para-nitrophenol) is
proportional to the amount of alkaline phosphatase and
was quantified by measuring absorbance at 405 nm on a
FLUOstar Optima Il plate reader.

3. Mineralization assay

To assess mineralization, undifferentiated hMSC were
plated in 24-well plates and differentiated with OIM as de-
scribed above. Cells were fixed to the culture plates using
neutral formalin and rinsed with acidic phosphate buffered
saline. This was followed by staining with 2% Alizarin red
(AR) solution at pH 4.2 for 10 min. Cells were rinsed then
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solubilized with 10% cetylpyridinium chloride in 10 mM
sodium phosphate at pH 7.0 for 15 min and absorbance
values were taken at 570 nm. As controls for all experiments,
wells containing undifferentiated hMSC were treated with
reagents, and wells containing no cells (reagents only) were
also evaluated.

4. Adipogenesis assay

To determine the extent of adipogenesis and production
of intracellular lipid, cells were seeded in 24-well plates and
allowed to differentiate. After two weeks of differentiation
as described above, cells were fixed with neutral formalin
and washed with 60% isopropanol. Cells were then stained
with 3% ORO (Sigma-Aldrich) in 60% isopropanol for 10
min. Cells were counterstained with hematoxylin. Repre-
sentative micrographs were taken. Cells were rinsed then
solubilized with 100% isopropanol for 10 min and absor-
bance values were determined at 500 nm. As controls, wells
containing undifferentiated hMSC were stained and wells
containing no cells (reagents only) were also evaluated.

5. Cell viability

To assess the viability of cells during the experiments,
which could influence the resulting data, parallel experi-
ments were run under identical conditions during the growth
and differentiation phases. After osteoblastogenesis or adi-
pogenesis, cells were treated with 0.5 mg/mL 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT; Sigma-Aldrich) reagent for 2 to 4 hr at 37°C. Cells
were then lysed with lysis buffer (0.1 M HCl, 10% Triton
X-100, dissolved in isopropanol), and absorbances were
taken at 490 nm on a microplate spectrophotometer.
Greater absorbance values correlate to greater viability.
Absorbances were subtracted from background readings
(reagents and media alone in empty wells). The viability of
drug-treated, differentiated cells was compared with vehi-
cle-treated, differentiated cells, and undifferentiated
hMSC.

6. Drug treatments

Fluoxetine (N-methyl-3-[(4-trifluoromethyl) phenoxy]-
3-phenylpropylamine hydrochloride), venlafaxine (1-[2-
(dimethylamino)-1-(4-methoxyphenyl) ethyl] cyclohexanol
hydrochloride) and amitriptyline (3-(10,11-dihydro-5H-di-
benzola,d]cyclohepten-5-ylidene)-N,N-dimethyl-1-propan-
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Fig. 1. Effect of antidepressants on mineralization. Human mesenchymal stem cells (MSCs) were induced to differentiate into osteoblasts for 3
weeks at 37°C in the presence of various concentrations of (A, B) amitriptyline, (C, D) venlafaxine, or (E, F) fluoxetine. Differentiating cells were
also incubated with vehicle (VEH) alone, while undifferentiated cells were incubated with MSC growth media (GM) for 3 weeks as controls. Cells
were then fixed and stained with Alizarin red (AR) as described in the methods. Changes in absorbance were measured relative to VEH only con-
trol. The extent of AR staining was quantified by solubilizing the stain with cetylpyridinium chloride and measuring the absorbance. Ratios were
obtained by comparing absorbances with that of VEH. (A, B) Co-incubation with amitriptyline showed a modest decrease in AR staining only at
the highest concentration tested, 10 uM. (C, D) Whereas co-incubation with venlafaxine showed no significant change in staining, (E, F) the addi-
tion of fluoxetine decreased staining at all concentrations tested. Undifferentiated hMSC showed no AR staining (GM bars). Data are representa-
tive of 3 to 6 independent experiments per drug. Images were taken under X 10 magnification. *P<0.05 compared to VEH-treated cells.
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Fig. 2. Effect of antidepressants on alkaline phosphatase activity. Alkaline phosphatase activity was measured in human mesenchymal stem cells
(MSCs) that had been induced to differentiate into osteoblasts over 3 weeks at 37°C in the presence of various concentrations of (A) amitripty-
line, (B) venlafaxine, or (C) fluoxetine. Differentiating cells were also incubated with vehicle (VEH) alone, while undifferentiated cells were incu-
bated with MSC growth media (GM) for 3 weeks as controls. Alkaline phosphatase activity is displayed relative to VEH control. Data are repre-
sentative of 3 to 6 independent experiments per drug. *P<0.05 compared to VEH-treated cells.

amine hydrochloride) (Sigma-Aldrich) were prepared in ul-
trapure water to a concentration of 10 mM. Further dilu-
tions were made in appropriate culture media as described
in the text. These concentrations are similar to therapeutic
serum concentrations of these drugs in humans. Treatment
with drugs (or vehicle control [VEH]) was commenced at
the beginning of each differentiation processes and main-
tained through all subsequent media changes. Represen-
tative light micrographs (magnification < 10) were taken at
week two and three of differentiation.

7. Data and statistical analysis

Statistical analyses were performed with GraphPad Prism
software using one-way analysis of variance with Dunnett’s
post-hoc test. The statistical level of significance was set at
0.05.

RESULTS

1. Effects of antidepressants on mineralization

To determine whether, as suggested by clinical data, co-
incubation with antidepressants affects mineralization in
vitro, we perform AR S staining at different timed intervals.
Co-incubation with amitriptyline showed a modest but
significant decrease in mineralization only at the highest
concentration tested, 10 uM (P<0.05) (Fig. 1A, B). Whereas
co-incubation with venlafaxine showed no significant change
in mineralization (Fig. 1C, D), the addition of fluoxetine de-
creased mineralization at all concentrations tested (P<0.05)
(Fig. 1E, F).

https://doi.org/10.11005/jbm.2018.25.1.43

2. Effects of antidepressants on osteoblast

differentiation

The level of alkaline phosphatase activity is an alterna-
tive indicator of osteogenesis with increasing activity relat-
ed to increasing osteoblast phenotype. When differentiat-
ed to osteoblasts, hMSC showed approximately 2-fold in-
crease in alkaline phosphatase activity in the absence of
drug treatments. However, none of the three drug treat-
ments caused a significant change in alkaline phosphatase
activity compared to VEH control (Fig. 2).

3. Effects of antidepressants on adipogenesis

There are little data in the literature concerning the ef-
fects of antidepressants on adipogenesis in hMSC. To fur-
ther investigate, we differentiated hMSC in the presence of
amitriptyline, venlafaxine or fluoxetine under adipogenic
conditions. When differentiated under these conditions in
the absence of antidepressant medications, hMSC demon-
strated an increase in lipid accumulation (lipid droplets). All
three drugs tested showed a decrease in lipid staining
(P<0.05) (Fig. 3A-F), with 10 uM fluoxetine showing the
greatest decrease in staining (P<0.05) (Fig. 3E, F).

4. Effects of antidepressants on cell viability
Drug effects did not produce any significant changes in

cell viability in the treated cells as demonstrated by MTT
analysis at week 1 of treatment (Fig. 4).

DISCUSSION

The differentiation process of MSC in bone marrow is
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Fig. 3. Effect of antidepressants on adipogenesis. Human mesenchymal stem cells were induced to differentiate into adipocytes for 2 weeks at
37°C in the presence of various concentrations of (A, B) amitriptyline, (C, D) venlafaxine, or (E, F) fluoxetine. Differentiating cells were also incu-
bated with vehicle (VEH), while undifferentiated cells were incubated with MSC growth media (GM) for 2 weeks as controls. Cells were then
fixed, stained with oil red O (ORO) and counterstained with hematoxylin as described in the methods. The extent of staining was then quantified
by solubilizing the stain as described in the methods. Intensity of staining was determined by absorbance relative to VEH. Data are representative
of 3 to 6 independent experiments per drug. Images were taken under X 10 magnification. *P<0.05 compared to VEH-treated cells.

regulated by an intricate set of interactions between nu- ation outcomes. In this study, we examined the effect of
merous molecular factors. A disruption in the balance of antidepressants with different mechanisms of action on
this mechanism ultimately results in a change in differenti- differentiation of hMSC into osteoblasts and adipocytes
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Fig. 4. Assessment of cell viability. Human mesenchymal stem cells (MSC) induced to differentiate into osteoblasts (alizarin red [AR]) or adipo-
cytes (oil red O [OROJ) in the presence of various concentrations of amitriptyline (Ami), venlafaxine (Ven), or fluoxetine (Fl). The Figure shows the
effect of increasing concentrations of the drugs on cell viability. No significant effect was found at any treated conditions. Cells cultured in MSC
growth media (GM) were used as control. *P<0.05 compared to differentiation media. VEH, vehicle.

using mineralization, alkaline phosphatase activity and lip-
id staining as surrogate markers for these processes. Inter-
estingly, while fluoxetine had a strong inhibitory effect on
both mineralization and adipogenesis, amitriptyline and
venlafaxine had only modest effects on adipogenesis and
negligible effect on mineralization. Since all three of these
antidepressants have strong affinity for the 5-HTT,[23,29,31]
the effect observed here could have resulted from differ-
ent levels of affinity with this molecular target, which is
also associated with variable levels of serotonin.

Fluoxetine showed the greatest change in both mineral-
ization and adipogenesis. Fluoxetine has strong affinity for
serotonin receptors — particularly the 5-hydroxytryptamine
(5-HT)2 receptors at the concentrations used here.[40,41]
Previous studies have shown that increased concentrations
of serotonin can affect osteogenesis in vitro through 5-HT2
or 5-HT1 receptors and via the nuclear factor-«B or runt-re-
lated transcription factor 2 pathways,[18,19,42] an effect
that has been also reported in vivo.[43] In contrast, ami-
triptyline and venlafaxine have a weaker affinity for sero-
tonin receptors and higher affinity for a variety of receptors
and neurotransmitters, which could explain the divergent
effect observed in this study. Overall, our experiments al-
lowed us to conclude that the inhibitory effects of antide-
pressants on mineralization are dose-dependent and asso-
ciated with the level of affinity of each antidepressant for

https://doi.org/10.11005/jbm.2018.25.1.43

5-HTT.

A novel observation of this study is the effect of antide-
pressants on adipogenesis, which has been partially ex-
plored in the past. It would be expected that inhibition of
osteoblastogenesis would be associated with higher adi-
pogenesis, however this was not the case. The observation
that all our tested antidepressants affected adipogenesis
suggest that this effect is also associated with the serotonin-
regulated pathways. However, this effect occurred under
most treatment conditions thus indicating that even low
levels of serotonin activity could be a strong inhibitor of
adipogenesis. The direct effect of serotonin on adipogenic
pathways of hMSC should be a subject of future studies.

In conclusion, the data presented here support our hy-
pothesis that antidepressants affect differentiation of hMSC
to osteoblasts and adipocytes, and that that each class of
antidepressant has a varying influence on MSC differentia-
tion, which was previously unknown, and seems to be de-
pendent on their affinity for 5-HTT-a hypothesis that de-
serves further exploration. As the use of antidepressants in
clinical practice has dramatically increased in recent years,
understanding how these drugs are associated with osteo-
porosis and fracture risk is pivotal and this may influence
our prescribing practices as our knowledge increases.

http://e-jpom.org/ 49



| Jeffrey S. Kruk, et al.

ACKNOWLEDGMENTS

This study was funded by grants from the Australian In-
stitute for Musculoskeletal Science (AIMSS) and the Nepean
Medical Research Foundation.

REFERENCES

1. Black DM, Rosen CJ. Clinical practice. Postmenopausal os-
teoporosis. N Engl J Med 2016;374:254-62.

2. Valenti MT, Dalle Carbonare L, Mottes M. Osteogenic dif-
ferentiation in healthy and pathological conditions. Int J
Mol Sci 2016;18.

3. Verma S, Rajaratnam JH, Denton J, et al. Adipocytic pro-
portion of bone marrow is inversely related to bone for-
mation in osteoporosis. J Clin Pathol 2002;55:693-8.

4. Gimble JM, Nuttall ME. Bone and fat: old questions, new
insights. Endocrine 2004;23:183-8.

5. Bermeo S, Gunaratnam K, Duque G. Fat and bone interac-
tions. Curr Osteoporos Rep 2014;12:235-42.

6. James AW. Review of signaling pathways governing MSC
osteogenic and adipogenic differentiation. Scientifica (Cai-
ro) 2013;2013:684736.

7. Charbord P. Bone marrow mesenchymal stem cells: histori-
cal overview and concepts. Hum Gene Ther 2010;21:1045-
56.

8. Jacobs SA, Roobrouck VD, Verfaillie CM, et al. Immunologi-
cal characteristics of human mesenchymal stem cells and
multipotent adult progenitor cells. Immunol Cell Biol 2013;
91:32-9.

9. Zhang Y, Khan D, Delling J, et al. Mechanisms underlying
the osteo- and adipo-differentiation of human mesenchy-
mal stem cells. ScientificWorldJournal 2012;2012:793823.

10. Tang QQ, Lane MD. Adipogenesis: from stem cell to adipo-
cyte. Annu Rev Biochem 2012;81:715-36.

11. Steiner JA, Carneiro AM, Blakely RD. Going with the flow:
trafficking-dependent and -independent regulation of se-
rotonin transport. Traffic 2008;9:1393-402.

12. Monti JM, Jantos H. The roles of dopamine and serotonin,
and of their receptors, in regulating sleep and waking. Prog
Brain Res 2008;172:625-46.

13. Filip M, Bader M. Overview on 5-HT receptors and their
role in physiology and pathology of the central nervous
system. Pharmacol Rep 2009;61:761-77.

14. Geldenhuys WJ, Van der Schyf CJ. The serotonin 5-HT6 re-

50 http://e-jbm.org/

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

JBM

ceptor: a viable drug target for treating cognitive deficits
in Alzheimer's disease. Expert Rev Neurother 2009;9:1073-
85.

Abrams JK, Johnson PL, Hollis JH, et al. Anatomic and func-
tional topography of the dorsal raphe nucleus. Ann N'Y
Acad Sci 2004;1018:46-57.

Hornung JP.The human raphe nuclei and the serotonergic
system. J Chem Neuroanat 2003;26:331-43.

Michelsen KA, Schmitz C, Steinbusch HW. The dorsal ra-
phe nucleus-from silver stainings to a role in depression.
Brain Res Rev 2007;55:329-42.

Gustafsson Bl, Thommesen L, Stunes AK, et al. Serotonin
and fluoxetine modulate bone cell function in vitro. J Cell
Biochem 2006;98:139-51.

Dimitri P, Rosen C. The central nervous system and bone
metabolism: an evolving story. Calcif Tissue Int 2017;100:
476-85.

Oh CM, Park S, Kim H. Serotonin as a new therapeutic tar-
get for diabetes mellitus and obesity. Diabetes Metab J
2016;40:89-98.

Namkung J, Kim H, Park S. Peripheral serotonin: a new
player in systemic energy homeostasis. Mol Cells 2015;
38:1023-8.

Karsenty G, Yadav VK. Regulation of bone mass by sero-
tonin: molecular biology and therapeutic implications.
Annu Rev Med 2011;62:323-31.

Tatsumi M, Groshan K, Blakely RD, et al. Pharmacological
profile of antidepressants and related compounds at hu-
man monoamine transporters. Eur J Pharmacol 1997;340:
249-58.

Elhwuegi AS. Central monoamines and their role in major
depression. Prog Neuropsychopharmacol Biol Psychiatry
2004;28:435-51.

Holtzheimer PE 3rd, Nemeroff CB. Advances in the treat-
ment of depression. NeuroRx 2006;3:42-56.

Homberg JR, Schubert D, Gaspar P. New perspectives on
the neurodevelopmental effects of SSRIs. Trends Pharma-
col Sci 2010;31:60-5.

Magni LR, Purgato M, Gastaldon C, et al. Fluoxetine versus
other types of pharmacotherapy for depression. Cochrane
Database Syst Rev 2013:Cd004185.

Owens MJ, Morgan WN, Plott SJ, et al. Neurotransmitter
receptor and transporter binding profile of antidepressants
and their metabolites. J Pharmacol Exp Ther 1997;283:1305-
22.

https://doi.org/10.11005/jbm.2018.25.1.43



JBM

20.

30.

31.

32.

33.

34.

35.

Li B, Zhang S, Zhang H, et al. Fluoxetine-mediated 5-HT2B
receptor stimulation in astrocytes causes EGF receptor trans-
activation and ERK phosphorylation. Psychopharmacolo-
gy (Berl) 2008;201:443-58.

Li B, Zhang S, Li M, et al. Chronic treatment of astrocytes
with therapeutically relevant fluoxetine concentrations
enhances cPLA2 expression secondary to 5-HT2B-induced,
transactivation-mediated ERK1/2 phosphorylation. Psy-
chopharmacology (Berl) 2009;207:1-12.

Bymaster FP, Dreshfield-Ahmad LJ, Threlkeld PG, et al. Com-
parative affinity of duloxetine and venlafaxine for serotonin
and norepinephrine transporters in vitro and in vivo, hu-
man serotonin receptor subtypes, and other neuronal re-
ceptors. Neuropsychopharmacology 2001;25:871-80.
Wong SY, Lau EM, Lynn H, et al. Depression and bone min-
eral density: is there a relationship in elderly Asian men?
Results from Mr. Os (Hong Kong). Osteoporos Int 2005;16:
610-5.

Silverman SL, Shen W, Minshall ME, et al. Prevalence of
depressive symptoms in postmenopausal women with
low bone mineral density and/or prevalent vertebral frac-
ture: results from the Multiple Outcomes of Raloxifene
Evaluation (MORE) study. J Rheumatol 2007;34:140-4.
Erez HB, Weller A, Vaisman N, et al. The relationship of de-
pression, anxiety and stress with low bone mineral densi-
ty in post-menopausal women. Arch Osteoporos 2012;7:
247-55.

Robbins J, Hirsch C, Whitmer R, et al. The association of
bone mineral density and depression in an older popula-
tion. J Am Geriatr Soc 2001;49:732-6.

https://doi.org/10.11005/jbm.2018.25.1.43

36.

37.

38.

39.

40.

41.

42.

43.

Antidepressants and Stem Cells |

Diem SJ, Blackwell TL, Stone KL, et al. Depressive symp-
toms and rates of bone loss at the hip in older women. J
Am Geriatr Soc 2007;55:824-31.

Fernandes BS, Hodge JM, Pasco JA, et al. Effects of depres-
sion and serotonergic antidepressants on bone: mecha-
nisms and implications for the treatment of depression.
Drugs Aging 2016;33:21-5.

Pittenger MF, Mackay AM, Beck SC, et al. Multilineage po-
tential of adult human mesenchymal stem cells. Science
1999;284:143-7.

Vidal C, Li W, Santner-Nanan B, et al. The kynurenine path-
way of tryptophan degradation is activated during osteo-
blastogenesis. Stem Cells 2015;33:111-21.

Palviméaki EP, Roth BL, Majasuo H, et al. Interactions of se-
lective serotonin reuptake inhibitors with the serotonin
5-HT2c receptor. Psychopharmacology (Berl) 1996;126:
234-40.

Kruk JS, Vasefi MS, Gondora N, et al. Fluoxetine-induced
transactivation of the platelet-derived growth factor type
beta receptor reveals a novel heterologous desensitiza-
tion process. Mol Cell Neurosci 2015;65:45-51.

Nam SS, Lee JC, Kim HJ, et al. Serotonin inhibits osteoblast
differentiation and bone regeneration in rats. J Periodon-
tol 2016;87:461-9.

Bradaschia-Correa V, Josephson AM, Mehta D, et al. The
selective serotonin reuptake inhibitor fluoxetine directly
inhibits osteoblast differentiation and mineralization dur-
ing fracture healing in mice. J Bone Miner Res 2017;32:
821-33.

http://e-jbm.org/ 51






