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Abstract

Context: Serotonin plays a potential role in bone metabolism, but the nature and extent of this relationship is unclear and
human studies directly addressing the skeletal effect of circulating serotonin are rare.

Objective: The study aimed to investigate the associations between serum serotonin and bone traits at multiple skeletal
sites in women and men.

Subjects and Methods: Subjects were part of the CALEX-family study and comprised 235 young women, 121
premenopausal women, 124 postmenopausal women, and 168 men. Body composition was assessed using DXA, as was
areal bone mineral density (aBMD) of spine, femur and whole body. In addition, pQCT was used to determine bone
properties at tibial midshaft and distal radius. Fasting serum serotonin concentration was assessed using a competitive
enzyme-linked immunosorbent assay.

Results: Serum serotonin declined with advancing age both in females and males (all p<<0.01). Serotonin was negatively
correlated with weight, BMI, lean and fat mass in women (r= —0.22 to —0.39, all p<<0.001), but positively with height and
lean mass in men (all p<0.01). In the premenopausal women, serotonin was negatively correlated with lumbar spine aBMD
(r=—0.23, p<<0.05) but the statistical significance disappeared after adjustment for weight. Conversely, in postmenopausal
women, serotonin was positively correlated with whole body and femur aBMD, as well as with distal radius bone mineral
content and volumetric BMD (r=0.20 to 0.30, all p<<0.05), and these associations remained significant after adjustment for
weight. In men, no significant associations were found between serotonin and bone traits.

Conclusion: Serum serotonin is positively associated with bone traits in postmenopausal women, but not in premenopausal
women or men. This partially supports the idea of circulating serotonin playing a role in the regulation of bone metabolism,
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but also indicates the importance of gender and age specific factors.
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Introduction

Serotonin (5-hydroxytryptamine, 5-HT) is a neuropeptide that
has received intensive attention recently due to its potential role in
bone metabolism [1,2]. Previous human studies showed increased
hip and wrist fractures [3-5] and decreased bone mineral density
(BMD) in femoral neck and total hip in patients with depression
treated by selective serotonin reuptake inhibitors (SSRIs) [4,6,7].
The combination of compromised bone and low serum serotonin
concentration in SSRIs-users [8-10] apparently contradicts the
notion of an inhibitory effect of circulating serotonin on bone
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formation implied by recent animal studies [1,2]. This suggests
that the skeletal effects of circulating serotonin may not be as
straightforward as currently portrayed. However, human studies
directly addressing the skeletal effect of circulating serotonin are
rare.

In order to provide further data on serotonin and bone in
healthy subjects, we investigated associations between serum
serotonin and bone traits at multiple sites in Finnish women
spanning a wide age range, as well as in men for whom no data
have yet been reported in the literature.
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Circulating Serotonin and Bone

Table 1. Anthropometric, body composition, serum serotonin, sex hormones and bone parameters in women.

Osteocalcin (ng/ml)
DXA-aBMD(g/cm?)

8.37(5.82, 11.67) 10.81(8.41, 13.28)

All Women Young Adult Women  Premenopausal Adult Women Postmenopausal Adult Women

N 480 235 121 124

Age (yr) 38.0+21.1 183+1.1 46.1+3.6™ 66.5+10.1°

Height(cm) 164.4+6.2 165.8+5.7 165.4+6.0° 160.7+5.8¢

Weight(kg) 64.9+12.0 60.1+9.6 69.1+12.7% 69.7+12.0°

BMI(kg/mz) 24.1*+4.6 21.9%3.1 25.3+4.4% 27.1+4.8°

Lean Mass(kg) 39.6+4.4 38.1+4.2 41.2+4.7% 39.6+4.4°

Fat Mass(kg) 23.0X£9.5 19.3%7.5 25.1+£10.0° 27.9+9.6°

Serotonin (ng/ml) 205+74 238+63 187+70%° 165+70°

5.25(4.27, 7.15)°° 7.05(5.47, 10.07)°

Total body 1.17=0.10 1.16=0.07
Total Femur 1.03+0.14 1.07£0.13
Femoral Neck 0.99+0.15 1.06+0.14
Total Spine 1.05+0.12 1.03+0.10
Lumbar Spine 1.20%0.15 1.20+0.12
PQCT-Tibial shaft
BMC (g/mm) 358+46 355+43
vBMD(mg/cm?) 738+72 753%51
CSA(mm?) 486+59 471+57
cBMC (g/mm) 312+46 311*40
cBMD(mg/cm?) 1131+34 113521
cCSA(mm?) 276+38 274+35
PpQCT-Distal Radius
BMC (g/mm) 107+17 106+13
vBMD(mg/cm?) 330+55 343+42
CSA(mm?) 328+51 312=41
tBMC (g/mm) 27.1+6.5 27.6+5.4
tBMD(mg/cm?) 185+40 198+34
tCSA(mm?) 147+23 14019

1.23+0.09%° 1.12+0.11¢
1.05+0.12° 0.94+0.15°
0.99+0.12%° 0.87+0.14°
1.11+0.13%° 1.01+0.14
1.27%0.15% 1.14£0.18°
380+46°° 342+45
766+59° 682+83¢
497+62° 503+53¢
334432 291+49°
1154+21%° 1102+43¢
290+37%F 263+39°
114+18% 100%19°
346+51° 289+58°
332+48% 353+59¢
27.3+73 25.8+7.4°
183.3+40%° 164+42°
149+212° 159+26°

% P<0.05 Premenopausal adult women vs. young adult women.

P: P<0.05 Premenopausal adult women vs. postmenopausal women.
€ P<0.05 Young adult women vs. postmenopausal women.
doi:10.1371/journal.pone.0109028.t001

Subjects and Methods

Subjects

The study population of this report is a part of the CALEX-
family study that has been described elsewhere [11-13]. Briefly,
235 Finnish young women (mean age 18.3 yrs, range 16.1-
21.4 yrs) participated in the laboratory tests in the year 2007-8. In
addition, 40 brothers, 214 mothers, 121 fathers, 120 grandmothers
and 65 grandfathers of these girls were also invited to participate in
the measurements. In these family members, 89 adult women and
58 men were excluded due to having diseases or medications
(including HRT) that affect bone metabolism or serum serotonin
level (i.e. SSRIs, adrenergic blockers, adrenergic stimulants, alpha
blockers, beta blockers, alpha-adrenergic agonists, anticholinergic
agents, antidepressants, antipsychotics, anticonvulsants, and gas-
trointestinal prokinetic agents, corticosteroids, anti-osteoporotic
drugs). Finally, in addition to the young women already
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Data are represented as mean=SD or median and quartile range (Pys, P;s). BMI: Bone mass index; BMC: bone mineral content; aBMD: areal bone mineral density; vBMD:
volumetric bone mineral density; CSA: cross-sectional area. cBMC: cortical BMC; cBMD: cortical BMD; cCSA: cortical CSA; tBMC: trabecular BMC; tBMD: trabecular BMD;
tCSA: trabecular CSA. Bone traits of total body, femur and spine were attained by DXA while those of tibia and radius were assessed by pQCT.

mentioned, 121 premenopausal (mean age 46.1 yrs, range 38.0—
54.3 yrs) women, 124 postmenopausal women (66.5 yrs, 45.5—
80.3 yrs), 112 men under 60 yrs old (50.0 yrs, 41.7-59.5 yrs) and
56 men over 60 yrs old (72.9 yrs, 61.6-83.8 yrs) were eligible and
included in present study.

The study protocol was approved by the ethical committee of
the Central Finland Health Care District. Informed consent was
given by all subjects prior to the assessments.

Methods

Body composition and bone measurements. Body com-
position and bone traits were assessed using dual-energy X-ray
absorptiometry (DXA Prodigy; GE Lunar Corp., Madison, WI,
USA). Total body weight (T'W, kg) was the sum of bone mass (BM,
kg), lean mass (LM, kg), and fat mass (FM, kg). Bone traits
included bone mineral content (BMC), areal bone mineral density

(aBMD) and bone area (BA) of the whole body (WB), total femur
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Table 2. Anthropometric, serum serotonin and bone parameters in men.

Osteocalcin (ng/ml) 6.75(5.57, 8.71)

DXA-aBMD(g/cm?)

Total Body 1.27+0.10
Total Femur 1.09£0.13
Femoral Neck 0.98+0.13
Total Spine 1.12+0.14
Lumbar Spine 1.24+0.20
PQCT-Tibial shaft
BMC (g/mm) 465+59
BMD(mg/cm?) 748+70
CSA(mm?) 62668
cBMC (g/mm) 410%57
cBMD(mg/cm?) 1129+27
cCSA(mm?) 362+47
PpQCT-Distal Radius
BMC (g/mm) 161£25
BMD(mg/cm?) 375+57
CSA(mm?) 434+65
tBMC (g/mm) 42.2+8.7
tBMD(mg/cm?) 218+43
tCSA(mm?) 195+29

All Men Men aged <60-yr Men aged =60-yr
N 168 112 56
Age (yr) 57.7%x11.7 50.0+4.0 72.9+5.2¢
Height(cm) 175.8%6.9 177.7£6.2 171.2+5.3¢
Weight(kg) 82.1+10.6 83.6+10.0 79.1£10.6°
BMI(kg/mz) 26.6+3.2 26.5+3.0 26.8+3.4
Lean Mass(kg) 56.5+6.0 58.1+5.8 53.3+5.1°
Fat Mass(kg) 225*7.2 22.1*+6.6 23.2+8.2
Serotonin (ng/ml) 173.9+59.3 186.6+59.2 146.9+59.3¢

7.18(5.91, 8.72) 6.14(5.28, 8.46)

1.28+0.10 1.24+0.11°
1.04+0.14 1.07+0.14°
1.01%0.13 0.93+0.13°
1.12+0.14 1.13+0.15
1.22+0.20 1.27+0.21
473+59 447 +55P
752+65 739+78°
629+68 620+69
418+55 392+60P
113125 1123+29°
369+45 348+48P
163+23 157+29
389+48 344+64°
422+58 460+70°
41.6+9.1 422+87
225+41 203+44°
190+26 207+32¢

doi:10.1371/journal.pone.0109028.t002

(TF), femoral neck (FN) and lumbar spine (Ly—Ly). The coefficient
of variation (CV) of repeated measurements ranged from 0.6% to
1.2% for BMC, from 0.9% to 1.3% for BMD, and from 0.6% to
1.2% for BA.

The left tibial and radial shafts were scanned using peripheral
quantitative computerized tomography (XCT 2000; Stratec
Medizintechnik, Pforzheim, Germany). The scan locations were
at 60% of lower leg length up from the lateral malleolus and 4% of
forearm length proximal to the wrist joint surface. The bone
parameters included bone mineral content (BMC, mg/mm), bone
cross-sectional area (CSA, mm?) and volumetric bone mineral
density (vVBMD, mg/cm?). The coefficient of variation (CV) of two
repeated measurements on the same subject on the same day was
on average 1% for total CSA, BMC, and <1% for vBMD.

Blood sample collection and measurements. Iasting
blood samples were collected in the morning between 7 am and
9 am. The subjects ate according to their habitual diet without any
restrictions on the day before blood sampling. In premenopausal
women, blood was taken between 2 and 5 days after onset of
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Data are represented as mean=SD or median and quartile range(P5s, P7s). BMI: Bone mass index; BMC: bone mineral content; aBMD: areal bone mineral density; vBMD:
volumetric bone mineral density; CSA: cross-sectional area. cBMC: cortical BMC; cBMD: cortical BMD; cCSA: cortical CSA; tBMC: trabecular BMC; tBMD: trabecular BMD;
tCSA: trabecular CSA. Bone traits of total body, femur and spine were attained by DXA while those of tibia and radius were from pQCT.

2 P<0.05; ©: P<0.01; < P<0.001 Men aged 18 to 60-yr versus Men aged =60-yr.

menstruation. Serum was separated and stored immediately in
aliquot at —80°C until analyzed. All samples were analyzed by one
technician using the same kits and instruments.

Serum serotonin concentration was measured using a compet-
itive enzyme-linked immunosorbent assay (ELISA; Immuno-
Biological Laboratories, GmbH., Hamburg, German). The inter-
assay and intra-assay CV were 3.8% and 3.7% respectively.
Serum total osteocalcin (OC) was determined by previously
described two-site immunoassay [14], and the intra- and inter-
assay CV were less than 5% and 8%, respectively.

Statistical analysis

All data were checked for normality using the Shapiro-Wilk’s
W-test in SPSS 15.0 for Windows. For data that were not normally
distributed, the natural logarithm was used. Analysis of variance
with Least Significance Deviation post-hoc test was used to test the
differences among groups. Correlations were evaluated using
Pearson correlation coefficients or partial correlation coefficients.
Differences were considered significant if p<<0.05.
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-0.227
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—0.10

—0.35¢

0.11

—0.26"
-0.27°
-0.17
-0.31°
-0.07

—-0.15%
-0.15°
-0.13
-0.13
0.18°

—0.34¢
-0.41¢
—0.22¢
—0.39¢

0.28¢

Weight(kg)
BMi(kg/m?)

—0.22

0.11

—0.06
0.23°

Lean Mass(kg)
Fat Mass(kg)

—0.16
—0.12

—0.04
—0.05

—0.05

Osteocalcin(ng/ml)

Data presented are Pearson correlation coefficients.

2. p<0.05; P: P<0.01; & P<0.001.

doi:10.1371/journal.pone.0109028.t003
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Results

Young and premenopausal women had higher BMC and BMD
than postmenopausal women at all skeletal sites (all p<<0.03,
Table 1). In comparison with their younger counterparts, men
above 60 yrs old had significantly lower aBMD of the WB, TT and
FN, lower BMC and vBMD of the tibial shaft and distal radius (all
p<<0.05, Table 2).

Serum serotonin level was negatively correlated with age in both
women and men (r = —0.44 and —0.33, respectively, all p<<0.001,
Table 3). In women, serum serotonin was negatively correlated
with weight, BMI, lean and fat mass (r= —0.22 to —0.39, all p<
0.001). However, in men, the correlations of serotonin with height
and lean mass were positive (all p<<0.01). Young women had the
highest level of osteocalcin, followed by the post- and premeno-
pausal women (all p<<0.01). Osteocalcin was positively correlated
with serotonin only in the young women.

In premenopausal women, a negative correlation between
serotonin level and aBMD at Lyo—L,; was found (r=—0.23, p<
0.05), but the statistical significance disappeared after adjustment
for weight (Table 4). No correlation was found between serotonin
level and aBMD at Ly—L, in young women.

Conversely, serotonin level was positively correlated with
aBMD of WB, TF and FN, as well as total BMC and vBMD of
the distal radius in postmenopausal women (r=0.20 to 0.30, all
p<<0.05), with the strongest correlations found at FN and TF
(r=10.40 and 0.42, respectively, all p<0.001). After adjustment for
weight, the positive correlations became even more pronounced
(r=0.22 to 0.42, all p<<0.05) (Table 4).

In men, no significant associations were found between
serotonin and any of the bone parameters (all p>0.05) (Table 4).

Discussion

In this cross-sectional study, serum serotonin was positively
associated with certain bone parameters in postmenopausal
women, but not in premenopausal women or men. This finding
accords with some previous studies [3—7]but contradicts others
[1,2].

The positive association between bone traits and serum
serotonin in postmenopausal women suggests that higher levels
of serum serotonin may be beneficial for bone, and lower levels
detrimental. The latter inference is supported by the observation
that SSRI-users have low serum serotonin level and compromised
bone properties [8-10]. Several preclinical studies also tend to
support this view. For example, serotonin has been shown to
enhance the proliferation of primary human osteoblasts by
increasing the release of prostaglandin-Eo [15-17]. Mice with a
null mutation in the gene encoding for the 5-HTsp receptor
manifest reduced aBMD in whole body and femur, altered
trabecular architecture in the tibia, as well as inferior mechanical
properties [18]. However, the inhibitory effects of circulating
serotonin on bone formation found in recent animal studies
appear to contradict the notion of a positive role for serotonin in
bone metabolism. Yadav and collegues demonstrated that
circulating serotonin inhibits bone formation without affecting
bone resorption [2]. Inhibition of tryptophan hydroxylase-1 (TPH-
1), the rate-limiting enzyme in biosynthesis of circulating
serotonin, leads to increased bone formation in ovariectomized
rodents with osteoporosis [1]. In addition, a high bone mass
phenotype with low circulating serotonin in Lrp5-mutated patients
1s also consistent with a detrimental skeletal effect of serotonin
[1,2,19].

The discrepancy between studies makes interpretation of the
role of circulating serotonin in bone metabolism difficult. Thus
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more evidence from population-based studies is called for. The
only clinical study performed in normal human subjects, by
Modder and colleagues [20], does not provide convincing support
to any side, even though they reported a trend for a negative
association between serum serotonin and certain bone parameters
in postmenopausal women. The correlations found in their study
were not only weak, but also disappeared after adjusting for BMI
or weight, which was a major confounding factor for the
relationship of serotonin and bone. Serotonin affects body weight
through the central regulation of appetite and food intake [21-24],
while body weight is positively related to bone traits due to
mechanical loading effects [25,26]. Accordingly, we adjusted for
weight in the analysis of the bone-serotonin correlations, and
found that the positive associations in postmenopausal women
became significant or even more pronounced, suggesting that the
positive associations found in this study are robust. The statistical
significance was similar after adjusting for BMI instead of body
weight.

The inconsistency between Modder et al’s report and ours is
probably due to cohort effects [20]. The average level of serum
serotonin in the Finnish participants of this study was higher than
that in Modder et al’s study which used the same assay. In
addition, the different dietary habits between the two study
populations may contribute to the discrepancy, since serum
serotonin level is largely affected by tryptophan intake which may
significantly differ between the populations. Except for the

PLOS ONE | www.plosone.org 5

Table 4. Correlations between serum serotonin and bone traits.
Serum Serotonin
Young Women Premenopausal Women Postmenopausal Women Men aged <60-yr Men aged =60-yr

N 232 121 124 112 56
DXA-aBMD(g/cm?)

Whole Body —0.13/-0.02 —0.14/0.13 0.20°/0.34° —0.013/-0.12 0.26/0.25

Total Femur —0.10/-0.02 —0.18/0.10 0.26°/0.40° —0.07/-0.01 0.25/0.27

Femoral Neck —0.06/0.03 —0.13/0.14 0.30°/0.42° —0.10/-0.04 0.22/0.20

Lo-Ly —0.12/-0.06 —0.23%/-0.01 0.09/0.22° —0.13/-0.11 0.09/0.10
PpQCT-Tibial shaft

Total BMC (g/mm) —0.13/-0.02 —0.12/-0.03 0.13/0.30° —0.05/-0.15 0.13/0.01

Total vBMD(mg/cm3) —0.05/—0.06 —0.01/0.12 0.15/0.22* 0.01/0.01 0.15/0.14

Total CSA(mm?) —0.07/-0.03 —0.09/-0.12 —0.01/0.09 0.06/—0.05 0.21/0.09

Cortical BMC (g/mm) —0.13/-0.02 —0.08/—0.002 0.14/0.29° 0.08/—0.01 0.24/0.20

Cortical vBMD(mg/cm?) 0.02/0.002 0.13/0.16 0.10/0.15 0.08/0.13 0.18/0.24

Cortical CSA(mm?) —0.12/-0.02 —0.10/-0.03 0.15/0.30% 0.07/-0.02 0.26/0.18
PpQCT-Distal Radius

Total BMC (g/mm) —0.10/-0.003 —0.09/0.09 0.20°/0.35°¢ —0.01/-0.16 0.20/0.20

Total vBMD(mg/cm?) 0.02/0.02 —0.02/0.13 0.20%/0.32° 0.05/0.005 0.06/0.15

Total CSA(mm?) —0.10/—0.03 —0.07/—0.03 —0.03/—-0.04 —0.03/-0.17 0.18/0.07

Trabecular BMC(g/mm) —0.08/—0.004 —0.11/-0.04 0.16/0.27° —0.13/-0.09 0.21/0.17

Trabecular vBMD(mg/cm3) —0.01/0.01 —0.09/0.07 0.18/0.29° —0.11/0.01 0.17/0.11

Trabecular CSA(mm?) —0.11/-0.07 —0.07/-0.03 —0.03/-0.01 —0.03/-0.17 0.19/0.07
Data shown are unadjusted values of Pearson correlation coefficients/weight-adjusted partial correlation coefficients in women, and unadjusted values/height-adjusted
values in men. BMI: body mass index; BMC: bone mineral content; aBMD: areal bone mineral density; vBMD: volumetric bone mineral density; CSA: cross-sectional area.
2 P<0.05; : P<0.01; < P<0.001.
doi:10.1371/journal.pone.0109028.t004

discrepancy, both studies showed the statistical significance only
appeared in postmenopausal women, suggesting that the age or
hormone status may contribute the mechanism behind the
association between circulation serotonin and bone. Therefore,
we also tested the relationships between sex hormones (estradiol
and testosterone) and serotonin in all subjects but no significance
was found (data not shown).

In conclusion, serum serotonin may play a positive role in bone
metabolism in postmenopausal women, but not in premenopausal
women or men. The effects of serotonin on bone are probably
gender- and age-dependent. However, the mechanism of skeletal
regulation by circulating serotonin in human body still remains
elusive and further studies aimed at revealing the potential role of
circulating serotonin in bone metabolism in humans are needed.
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