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Abstract Several studies have suggested a direct link
between taurine and bone homeostasis. However, the
mechanisms of taurine on the regulation of bone metabo-
lism have not been elucidated. Using a coculture of oste-
oblasts and bone marrow cells as a model for the study of
osteoclastogenesis, RANKL-stimulated RAW?264.7 cells
and M-CSF- and RANKL-induced bone marrow macro-
phages were investigated to elucidate the possible roles of
taurine in osteoclastogenesis. Taurine inhibited osteo-
clastogenesis in the coculture of osteoblasts and bone
marrow cells, but did not influence the expression of OPG
and RANKL in osteoblasts. The taurine transporter
(TAUT) expressed by RAW264.7 and bone marrow mac-
rophages exhibited typical taurine uptake activity. Taurine
directly reduced osteoclastogenesis in RANKL-stimulated
RAW264.7 cells and M-CSF- and RANKL-induced bone
marrow macrophages, while TAUT siRNA relieved this
effect. Our study demonstrated that taurine directly inhib-
ited osteoclastogenesis through the taurine transporter.
Taken together, these data suggest that taurine plays a
direct role in bone homeostasis by inhibiting
osteoclastogenesis.
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Introduction

Homeostasis of bone density is elaborately maintained via
two phases of bone remodeling: bone resorption by osteo-
clasts and bone formation by osteoblasts (Parfitt 1987
Rodan 1992). Multinucleated osteoclasts facilitate bone
remodeling by resorbing bone matrices and play an
important role in calcium homeostasis (Zaidi et al. 2003).
Osteoclasts arise from the differentiation of osteoclast
precursors belonging to the monocyte/macrophage lineage,
and osteoprotegerin (OPG) and nuclear factor-kappa B
ligand (RANKL) produced by osteoblasts and stromal cells
are well-documented potent regulators of osteoclast devel-
opment (Hofbauer and Heufelder 2001; Khosla 2001).

Taurine (2-aminoethanesulfonic acid), the major free
f-amino acid in mammals, is widely distributed in mam-
malian plasma as well as tissues. Various physiological
roles of taurine have been suggested, including calcium
modulation, membrane stabilization and the regulation of
intracellular osmosis and protein phosphorylation. Taurine
is necessary for normal cell differentiation and immune
maturation (Huxtable 1992; Pasantes-Morales et al. 1998).
The cellular content of taurine is moderated by a balance
between the active uptake of taurine through the saturable
Na'-dependent taurine transporter TAUT and its passive
release via a volume-sensitive taurine-leak pathway.
Intracellularly, taurine is present at millimolar concentra-
tions, whereas it occurs at a concentration of 20-100 nM in
plasma; this suggests that TAUT plays an important role in
maintaining a high concentration of taurine in tissues and
cells (Wright et al. 1986; Lambert 2004).
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In the last decade, a large number of experimental
studies have indicated that taurine is localized in the
matrices of the bone and emerges as an element in the
regulation of bone metabolism (D’Eufemia et al. 2007;
Lubec et al. 1997; Terauchi et al. 1998; Gupta and Kim
2003; Gupta et al. 2005; Cheong and Chang 2009; Choi
and DiMarco 2009). On one hand, taurine can reduce
alveolar bone resorption in experimental animals (Koide
et al. 1999), while on the other, many in vitro studies have
demonstrated the direct action of taurine on osteoblasts and
osteoclasts (Yasutomi et al. 2002; Park et al. 2001; Kum
et al. 2003). Our recent studies showed that TAUT was
expressed in osteoblasts, and taurine promoted osteoblast
differentiation and stimulated connective tissue growth
factor expression in osteoblasts through ERK/MAPK
activation (Yuan et al. 2006; Yuan et al. 2007). Moreover,
a recent study demonstrated that both alendronate and
taurine inhibit bacteria-stimulated osteoclastogenesis in
vitro (Kum et al. 2003). However, the mechanism under-
lying the effect of taurine on osteoclastogenesis remains
unclear. The aim of this study was to evaluate the precise
role of taurine in osteoclastogenesis and to determine the
function of TAUT in this process.

Materials and methods
Reagents

Taurine and 1a, 25-dihydroxyvitamin D3 (1, 25 vitD) were
purchased from Sigma (St. Louis, MO, USA). Recombi-
nant murine macrophage colony-stimulating factor
(M-CSF) and recombinant murine RANKL were purchased
from R&D systems (Minneapolis, MN, USA). [3H]Taurine
(specific activity, 30.0 Ci/mmol) was obtained from
Amersham International (Buckinghamshire, UK). TAUT
polyclonal affinity-purified IgG was purchased from Alpha
Diagnostic Intl. (St. Antonio, TX, USA). All animal
experiments in this study were performed with the approval
of the Animal Care Committee of the Second Xiangya
Hospital of Central South University.

Coculture of mouse primary osteoblasts and bone
marrow cells

Mouse osteoblasts and bone marrow cells were cocultured
as described previously (Dolder et al. 2006; Kwak et al.
2004). Briefly, primary osteoblasts were obtained from the
calvariae of neonatal ICR mice using 0.1% collagenase and
0.2% dispase for 3 days in o-MEM supplemented with
10% fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA,
USA), 100 U/mL penicillin and 100 pg/mL streptomycin.
Bone marrow cells were flushed out from the femora and
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tibias of 6-8-week-old male ICR mice by using «-MEM
containing Hanks’ salt. Bone marrow cells (6 x 104) and
osteoblasts (8 x 103) were seeded into each well of
48-well plates and cultured in --MEM supplemented with
antibiotics, 10% FBS, 10 nM 1, 25 vitD, 50 pM mercap-
toethanol and 50 mg/L. ascorbate. Taurine was either
absent or present in the culture medium. At 5-6 days of
culture, the cells were stained for tartrate-resistant acid
phosphatase (TRACP), a marker enzyme of osteoclasts, by
using a commercial TRACP-staining kit (product 387-A;
Sigma). The cells were fixed with 1% (vol/vol) formalin/
PBS for 10 min and stained for acid phosphatase by using
10 mg/mL naphthol AS-BI phosphatase as a substrate in
the presence of acetate tartrate buffer (50 mM sodium
acetate, 40 mM potassium-sodium tartrate) at a pH of 5.0.
The product was then coupled with Fast garnet GBC salt.
The cells were observed under a microscope, and the
TRACP" multinucleated cells containing more than three
nuclei were identified as osteoclasts and counted.

Culturing osteoclasts from bone marrow macrophages
and RAW264.7 cells

Osteoclast differentiation was induced in bone marrow-
derived macrophage (BMMs) preparations. Bone marrow
cells were cultured for 24 h in «-MEM supplemented with
10% FBS. The nonadherent cells were collected and cul-
tured for 3 days in o-MEM supplemented with 10% FBS
and 50 ng/mL M-CSF. The cells thus obtained were con-
sidered as bone marrow-derived macrophages. For osteo-
clastogenesis, the cells were further incubated for 5-6 days
in a medium containing 30 ng/mL M-CSF and 50 ng/mL
RANKL.

RAW264.7 mouse macrophage/monocytes were pur-
chased from ATCC (Manassas, VA, USA). They were
cultured in DMEM supplemented with 1.5 g/ sodium
bicarbonate (JRH Biosciences, Lenexa, KS, USA) and 10%
FBS. To stimulate osteoclastogenesis, 50 ng/mL of
RANKL was added to this medium. The cells were cul-
tured for 5-7 days, and the medium and the added RANKL
were changed every 3 days.

Reverse transcription PCR and real-time PCR

To study the expression of TAUT mRNA in RAW264.7
cells and bone marrow macrophages, reverse transcription
PCR was performed as described previously (Yuan et al.
2006; Liao et al. 2007). Total RNA was prepared by using
the TRIzol Reagent (GIBCO-BRL) as described in the
manufacturer’s manual, and it was treated with RNase-free
DNase I to prevent genomic DNA contamination. A first-
strand synthesis kit (Invitrogen) was used to generate full-
length cDNA from 2 pg of total RNA. The PCR primers for
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mouse TAUT were 5'-GCCACATACTACCTATTCCA-3’
and 5-CAGCAGCATACAGTCCCT-3, yielding a 555-bp
fragment. For mouse f3-actin, the PCR primers were 5'-G
AAGAGCTATGAGCTGCCTG-3' and 5-CACAGAGTA
CTTGCGCTCAG-3', yielding a 307-bp fragment. The
amplification was performed as follows: after initial dena-
turation at 94°C for 5 min, 30 cycles of PCR were per-
formed at 94°C for 45 s, followed by annealing for 30 s and
extension at 72°C for 45 s (10 min in the last cycle). The
identities of the PCR products were confirmed by direct
sequencing using an automatic DNA sequencer (PE
Applied Biosystems).

For determining OPG and RANKL expression in oste-
oblasts treated with taurine, real-time quantitative PCR
analysis was done using Roche Molecular LightCycler
(Roche Applied Science, Indianapolis, IN, USA) as pre-
viously described (Luo et al. 2006). Osteoblasts were
seeded in 24-well plates (2 x 10* cells/well). After 4 days
of culture, the cells were treated for 48 h with the vehicle
(serum-free «-MEM), 1, 5 or 10 mM taurine or 1077 M 1,
25 vitD as a positive control (Kim et al. 2006; Kondo et al.
2004) in serum-free a-MEM. Total RNA from the cultured
cells was isolated using TRIzol reagent, and reverse tran-
scription was performed using 1.0 pg total RNA and a
reverse transcription system (Promega). Amplification
reactions were set up in 25-pL reaction volumes containing
amplification primers and SYBR Green PCR Master Mix
(PE Applied Biosystems). For each amplification reaction,
1 pL of cDNA was used. Preliminary experiments were
carried out for the optimization of primer concentration.
The primer sequences are detailed as previously described
(Rucci et al. 2007). The PCR primers were as follows: for
OPG, 5-AGTCCGTGAAGCAGGAGT-3’ and 5'-CCATC
TGGACATTTTTTGCAAA-3'; for RANKL, 5-CCAAG
ATCTCTAACATGACG-3' and 5'-CACCATCAGCTGAA
GATAGT-3'; and for GAPDH, 5-CACCATGGAGAAGG
CCGGGG-3' and 5-GACGGACACATTGGGGGTAG-3'.

PCR amplifications were performed, and calibration
curves were run in parallel and in triplicate with each
analysis. Each sample was analyzed six times during each
experiment, and the experiments were carried out at least
twice. The amplification data were analyzed using the
sequence detector system software (PE Applied Biosys-
tems). Relative quantification was calculated by normal-
izing the test crossing thresholds (C,) with the GAPDH-
amplified control C,. The results were normalized to
GAPDH and expressed as a percentage of the control.

Western blot analysis
Undifferentiated and differentiated RAW264.7 cells were

rinsed twice with | mM EDTA in PBS and lysed with a lysis
solution containing 50 mM Tris—HCI1 (pH 8.0), 150 mM

NaCl, 1% Triton X-100, 0.02% sodium azide, 10 mM
EDTA, 10 pg/mL aprotinin and 1 pg/mL aminoethyl ben-
zenesulfonyl fluoride (Sigma). The cells were scraped from
the flasks with a rubber policeman and transferred to
microcentrifuge tubes. The viscosity of the sample was
reduced by brief sonication, and the insoluble material was
removed by centrifugation for 5 min. The protein concen-
trations were determined using the Bradford protein assay. A
100-pg aliquot of protein from each cell lysate was mixed
with 2x SDS gel-loading buffer and immediately boiled for
5 min. The lysate was electrophoresed on SDS gel, trans-
ferred onto a PVDF membrane and immunoblotted with the
anti-TAUT polyclonal antibody (1:1,000) or anti-actin
monoclonal antibody (1:1,000; Sigma). The ECL detection
kit (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was
used for detection.

Immunocytochemistry

Mouse bone marrow macrophages were isolated as
described above and seeded in 24-well plates in o-MEM
containing 10% FBS, 30 ng/mL M-CSF and 50 ng/mL
RANKL. After 5 days, the cells were fixed with 1%
paraformaldehyde in PBS for 20 min at RT and washed
with PBS. Nonspecific binding sites were blocked by
treatment with 5% normal goat serum (Sigma) for 30 min
at 4°C. The cells were then incubated in a pool of anti-
TAUT antibodies for 1 h at 4°C. After washing with PBS,
the cells were incubated with 1 pg/mL FITC-conjugated
rabbit anti-goat IgG for 30 min at 4°C. The nuclei were
counterstained with DAPI mounting solution. After wash-
ing with PBS, the cells were examined by fluorescence
microscopy and selected fields were photographed.

Taurine uptake measurement

Taurine uptake activity was measured as previously
described (Liao et al. 2007; Kim et al. 2003). The
RAW264.7 cells (2 x 10* cells/mL) that were grown in
six-well polyethylene dishes (9.6 cm*/well) for 6 days with
or without RANKL (50 ng/mL) were harvested. After the
culture medium was removed, the cells were washed twice
at 37°C with the uptake medium (20 mmol/LL HEPES,
140 mmol/L. NaCl, 5.4 mmol/L KCIl, 1.8 mmol/L. CaCl,,
0.8 mmol/L MgSO,, and 5 mmol/L glucose) and equili-
brated in 2 mL of taurine uptake buffer at 37°C. Taurine
uptake was initiated by adding an uptake buffer containing
1 pCGi [3H]taurine and increasing the concentrations of the
unlabeled substances. After incubation for 20 min, the cells
were rapidly washed with cold PBS containing 0.05%
sodium azide and lysed with 0.1 M NaOH. The radioac-
tivity of the lysate was measured by liquid scintillation
spectrometry. The sixth well was used for the estimation of
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the average protein content (grams of protein per well) by
using the Bradford protein assay. The results were nor-
malized with the protein content of the control.

Cell viability test

The viability of the bone marrow macrophages
and RAW264.7 cells was determined by using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) test (Mosmann 1983). Bone marrow macro-
phages and RAW264.7 cells were incubated for the
indicated times at a density of 10° cells/well in 96-well
plates with or without taurine at a final volume of 0.1 mL.
They were washed with PBS three times, and MTT
(50 mg/mL) was added to the medium for 4 h at 37°C.
Further, the supernatant was removed, and the formazone
crystals were dissolved using dimethyl sulfoxide (DMSO).
The absorbance was read at 570 nm by using a Micro-
ELISA reader (Bio-Tek, Winooski, VT, USA).

RNA interference for TAUT

RNA interference was used to downregulate the expression
of TAUT in RAW264.7 cells and bone marrow cells as
previously described (Liu et al. 2009). Two pairs of small
interfering RNAs (siRNAs) were synthesized by Genesil
Biotechnology Co., Wuhan, China. The sequences of the
sense mouse TAUT siRNAs used were GATCTGTCCTTT
GTTCTCTTT. Control siRNAs were synthesized by Gene-
sil, Inc. For gene knockdown experiments, RAW?264.7 cells
and bone marrow cells were plated in 60 mm-diameter dish
and cultured for 24 h in medium without antibiotics. Cells
were transfected with siRNAs (0.4 nmol/well) using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. After 24 h of culture, cells were retransfected
with siRNAs and then recultured for another 48 h. Protein
expression was analyzed by immunoblot analysis.

Statistics

All data are expressed as the mean £ SD of triplicate or
quadruplicate determinations. Student’s ¢ test was used for
the evaluation of significance.

Results

Taurine inhibited osteoclastogenesis in a coculture

of osteoblasts and bone marrow cells without affecting

OPG and RANKL expression

We first examined the effect of taurine on osteoclasto-
genesis by coculturing osteoblasts and bone marrow cells.
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Figure 1 shows a microscopic view of TRACP staining.
Multinucleate TRACP™ cells containing more than three
nuclei were identified as osteoclasts and counted. During
the coculture of osteoblasts and bone marrow cells for
6 days, taurine decreased the formation of TRACP' mul-
tinucleated osteoclasts in a dose-dependent manner.

Figure 2 shows that osteoblast expression of the OPG
mRNA and the RANKL mRNA were not affected by
taurine during osteoclastogenesis, while the positive con-
trol 1, 25 vitD significantly downregulated OPG mRNA
expression and upregulate RANKL mRNA expression,
indicating that taurine might directly inhibited osteo-
clastogenesis via a system other than the OPG/RANKL
signal system in vitro.

Taurine directly inhibited osteoclastogenesis in
RAW264.7 cells and bone marrow macrophages

Our previous study generated osteoclasts by stimulating
murine RAW264.7 macrophage-like cells with 50 ng/mL
RANKL. After 6 days of culture, numerous multinucleated
giant cells were formed. These cells strongly expressed
osteoclast-specific markers, including TRACP, cathepsin
K, calcitonin receptor and matrix metalloproteinase-9
(MMP-9); moreover, they formed resorption pits on a
calcium phosphate-coated plate (Xiao et al. 2005).

To test the possibility that taurine directly affected
osteoclast formation, we examined the impact of taurine on
osteoclastogenesis from RAW264.7 cells stimulated with
RANKL. As shown in Fig. 3, the number of osteoclasts
formed from cells treated with RANKL and taurine were
considerably less than that formed from cells treated with
RANKL alone. This indicated that taurine could directly
inhibit RANKL-induced RAW264.7-cell differentiation
into mature osteoclasts.

To confirm this finding in normal cells, we generated
osteoclasts from bone marrow macrophages in the presence
of M-CSF and RANKL. We observed that bone marrow
macrophage-derived osteoclasts were more efficiently
generated in the presence of 30 ng/mL M-CSF and 50 ng/
mL RANKL. Taurine also significantly inhibited bone
marrow macrophage differentiation into osteoclasts
(Fig. 3c¢).

We ruled out the possible inhibitory effect of taurine
toxicity on osteoclastogenesis by an MTT assay, in which
taurine had no influence on the viability of RAW264.7
cells and bone marrow macrophages (data not shown).

Osteoclasts expressed functional TAUT
We observed the differentiation of RAW264.7 cells and

bone marrow macrophages to identify TAUT expres-
sion during osteoclastogenesis. RT-PCR with these



Taurine inhibits osteoclastogenesis

93

Fig. 1 Taurine inhibits
osteoclastogenesis in a
coculture of osteoblasts and
bone marrow cells. Osteoblasts
and bone marrow cells were
cocultured in the presence of
12,25(0OH),D5 and taurine.
After 6 days of culture,
multinucleated TRACP™ cells
were identified as osteoclasts
and counted. A Representative
microscopic view of the effects
of taurine on osteoclastogenesis
in a coculture of osteoblasts and
bone marrow cells at a
magnification of 200x. a
Control. b Treatment with

1 mM taurine. ¢ Treatment with
5 mM taurine. d Treatment with
10 mM taurine. B Inhibitory
effect of taurine on
osteoclastogenesis. Cells were
treated with control (media
alone); 1, 5 or 10 mM taurine.
Taurine at a concentration of
1-10 mM significantly inhibited
osteoclastogenesis. The bar
represents the mean = SD

(n = 3; **p < 0.01 vs. control)
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TAUT-specific primers amplified products of the sizes
expected for cDNA synthesized from TAUT transcripts in
RAW264.7 cells and bone marrow macrophages. No
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products were observed when the RT was omitted during
synthesis of cDNA (Fig. 4a). DNA sequence analysis of
each PCR product revealed 100% homologies with the mus
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Fig. 2 Effects of taurine on OPG and RANKL mRNA expression in
osteoblasts. Cells were exposed for 48 h to 1-10 mM taurine or
107" M 10,25(0H),D; as a positive control. RANKL and OPG
mRNA expression was determined by real-time quantitative PCR.
Results are expressed as percentage of the control. Our results showed

musculus retina and human placental TAUT cDNA
sequences, respectively. TAUT proteins were detected in
low abundance at the undifferentiated stage, and their
expression increased after RANKL stimulation (Fig. 4b, c);
this was further reconfirmed by the immunohistochemical
analysis of bone marrow macrophage-derived osteoclasts
(Fig. 5).

To determine whether the osteoclast-expressed TAUT
was functional, we performed [*H]taurine uptake assays in
RANKL-induced RAW?264.7 cells. Differentiated osteo-
clasts transported [3H]taurine in a concentration-dependent
manner, indicating that TAUT can be saturated (Fig. 6).

TAUT knockdown by siRNA interference abolished the
inhibitory effect of taurine on osteoclastogenesis

The functional expression of TAUT in osteoclasts sug-
gested that it could play a role in the differentiation of this
cell type. Therefore, we determined whether the TAUT
knockdown using siRNA could prevent the inhibitory
effect of taurine on osteoclastogenesis. As shown in
Fig. 7a, treatment with siRNA-TAUT, but not siRNA
control, blocked the expression of TAUT protein in
RAW264.7 cells. It showed the TAUT knockdown effi-
ciency in RAW264.7 cells by RNA interference, while
[*H]taurine uptake function of TAUT was decreased by
TAUT siRNA (Fig. 6). To further verify the TAUT func-
tion in taurine-inhibited osteoclastogenesis, we used the
TAUT knockdown by siRNA interference. As shown in
Fig. 7, taurine inhibited the formation of TRACP™ osteo-
clasts from RANKL-induced RAW264.7 cells, while
TAUT siRNA significantly abolished this effect of taurine.
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that taurine had no effect on OPG mRNA and RANKL mRNA
expression in osteoblasts, while the positive control 10,25(0OH),D3
significantly decreased OPG mRNA and increased RANKL mRNA
expression. The bar represents the mean £ SD (n = 3; **p < 0.01)

To confirm this finding in normal cells, we generated
osteoclasts from bone marrow macrophages in the presence
of M-CSF and RANKL. TAUT siRNA significantly abol-
ished the inhibitory effect of taurine on osteoclastogenesis
in this case as well (data not shown).

Discussion

Taurine was isolated from the bile of the ox (Bos taurus) a
century and a half ago. It has been only considered as a
metabolic product of sulfur-containing amino acids.
Research on taurine in the modern era has suggested its
involvement in various physiological processes, including
calcium modulation, membrane stabilization and the reg-
ulation of intracellular osmosis and protein phosphoryla-
tion (Militante and Lombardini 2003; Pasantes-Morales
et al. 1998; Huxtable 1992). Recent studies demonstrated
that taurine supplementation played a positive role in bone
metabolism (Cheong and Chang 2009; Choi and DiMarco
2009). In addition to these effects, our data provided evi-
dence for another role played by taurine, i.e., in osteo-
clastogenesis. The transcription and translation of TAUT in
osteoclasts was one of the key factors in the regulation of
the differentiation of bone marrow macrophages and
RAW264.7 cells. Blocking TAUT with siRNA resulted in
the prevention of the direct inhibitory effect of taurine on
osteoclastogenesis. The effect of taurine-inhibiting osteo-
clastogenesis was independent of the OPG/RANKL
system.

Recently, taurine was identified in bone, but its precise
function has not been fully understood. Cheong et al.
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Fig. 3 Taurine directly inhibited osteoclastogenesis from RANKL-
induced RAW264.7 cells and M-CSF and RANKL-induced bone
marrow macrophages. A RAW264.7 cells were grown in the presence
of 50 ng/mL RANKL with or without taurine. After 6 days of culture,
the multinucleated TRACP" cells were identified as osteoclasts and
counted. Representative microscopic view of the effects of taurine on
osteoclastogenesis in the RANKL-induced RAW264.7 cells at a
magnification of 200x. a Control. b Osteoclasts from RANKL-
induced RAW264.7 cell. ¢ Osteoclasts from RANKL-induced
RAW264.7 cell treated with 1, 5 or 10 mM taurine, respectively. B
Inhibitory effect of taurine on osteoclastogenesis from RANKL-
induced RAW264.7 cells. The control group could not form TRACP*

cells. All other groups were treated with 50 ng/mL RANKL. Cells
were treated with 1, 5 or 10 mM taurine. Taurine significantly
decreased osteoclastogenesis from the RANKL-induced RAW264.7
cells. C Bone marrow macrophages were grown in the presence of
30 ng/mL M-CSF and 50 ng/mL RANKL with or without taurine.
After 6 days of culture, the multinucleated TRACP™" cells were
identified as osteoclasts and counted. There were no osteoclastogene-
sis in the control group without M-CSF and RANKL stimulation.
Taurine significantly decreased osteoclastogenesis in M-CSF- and
RANKL-induced bone marrow macrophages. The bar represents the
mean £ SD (n = 3; *p < 0.05, **p < 0.01 vs. control)
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Fig. 4 Expression of TAUT mRNA and protein in osteoclasts. a
Total RNA from primary RANKL-induced osteoclasts (lane 1) and
bone marrow macrophages (lane 2) were subjected to RT-PCR. The
PCR products were visualized in a 1.2% agarose gel stained with
ethidium bromide. Omission of RT (lanes 3 and 4) was used as
negative control. b TAUT protein expressed in undifferentiated and
differentiated RAW264.7 cells. Representative results of Western blot
analysis of undifferentiated and differentiated RAW264.7 cells by
using a TAUT antibody. 0 day: no stimulation by RANKL; 2, 4 and
6 days: RANKL stimulation for 2, 4 and 6 days, respectively. ¢ The
levels of TAUT protein were increased during osteoclastogenesis.
The protein expression was normalized to f-actin. The data represents
the mean & SD of three similar experiments

demonstrated taurine supplementation could prevent bone
loss in ovariectomized rats (Cheong and Chang 2009), and
Choi et al. found taurine supplementation could slightly
increase femur and spine bone mineral content; however,
compared with the control group the difference was not
statistically significant (Choi and DiMarco 2009). In oste-
oblasts, taurine could stimulate osteoblasts proliferation
and differentiation through ERKI1/2 activation signal
pathway (Park et al. 2001). In osteoclasts, taurine inhibited
osteoclast formation induced by lipopolysaccharide, IL-
lalpha and PGE2 (Koide et al. 1999), and repressed
osteoclast differentiation mediated by Porphyromonas
gingivalis (Kum et al. 2003). These data showed that tau-
rine played an important role in bone metabolism. In the
present study, we evaluated the role of taurine in osteo-
clastogenesis and determined the effect of TAUT in this
process.

Osteoblast-expressed OPG and RANKL are well-docu-
mented potent regulators of osteoclastogenic activity.
RANKL, a member of the tumor necrosis factor (TNF)
family, stimulated osteoclastogenesis, osteoclast differen-
tiation, activity, and survival via the receptor activator of
nuclear factor kB (RANK), and the behavior of soluble
RANKL (sRANKL) cleaved from RANKL is similar to
that of RANKL. However, OPG, a soluble decoy receptor
against RANKL and sRANKL, has been identified as a key
factor in the inhibition of osteoclast differentiation and
activation (Khosla 2001; Aubin and Bonnelye 2000; Suda
et al. 1999; Takahashi et al. 1999). The regulation of OPG
synthesis and RANKL expression causes either activation
or inactivation of osteoclasts; this considerably affects
bone remodeling (Lee et al. 2002; Holloway et al. 2002).
Taurine inhibited osteoclastogenesis in a coculture of
osteoblasts and bone marrow cells; so, we investigated
whether taurine influenced osteoclastogenesis through
regulating OPG and RANKL expression in osteoblasts. Our
present study demonstrated that taurine did not regulate
OPG and RANKL expression in osteoblasts.

After ruling out the possibility of taurine regulation on
OPG and RANKL expression, we hypothesized that taurine

Fig. 5 Immunochemical analysis of TAUT expression in osteoclasts
differentiated from M-CSF- and RANKL-induced bone marrow
macrophages. a Osteoclasts stained with preimmune rabbit IgG and

@ Springer

FITC-conjugated goat anti-rabbit IgG. b DAPI staining showed
multinucleated osteoclasts. ¢ Merged images
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Fig. 6 TAUT is a functional protein in osteoclasts. Uptake of
[*H]taurine by osteoclasts (filled squares) and osteoclasts treated with
siRNA-control (filled diamonds) and osteoclasts treated with siRNA-
TAUT (open triangles)

might directly inhibit osteoclastogenesis from osteoclast
precursors. Our results demonstrated that taurine could
directly inhibit osteoclastogenesis in RANKL-induced
RAW264.7 cells and M-CSF- and RANKL-stimulated
bone marrow macrophages.

To gain further insight into the mechanism by which
taurine involved osteoclastogenesis, we evaluated TAUT.
Taurine was transported into the cells through a specific
transporter, i.e., TAUT, which belongs to the gene family
of Na™- and/or Cl -dependent neurotransmitter transport-
ers (Liu et al. 1992). Human placental TAUT mRNA
encodes a 620-amino acid protein with a calculated Mr of
69,853. The TAUT protein possesses 12 putative trans-
membrane domains and a large hydrophilic loop between
transmembrane domains 3 and 4. This loop contains three
potential N-glycosylation sites. Human TAUT (hTAUT) is
intracellular, while the loop bearing the N-glycosylation
sites is extracellular. In addition to these three glycosyla-
tion sites on the loop between transmembrane domains 3
and 4, a fourth N-glycosylation site is present on the
extracellular loop between transmembrane domains 11 and
12 (Uchida et al. 1992; Jhiang et al. 1993; Ramamoorthy
et al. 1994). A deficiency in TAUT expression or activity
and/or changes in the cellular taurine concentration have
been associated with a plethora of mammalian disorders,
such as impaired skeletal muscle function (Warskulat et al.
2004), degeneration of retinal photoreceptors (Heller-Stilb
et al. 2002) and abnormal development of the kidney, heart
and central nervous system (Huxtable 1992). TAUT-
knockout mice exhibited reduced fertility and loss of vision
due to severe retinal degeneration (Warskulat et al. 2004),
reduced total exercise capacity and electromyographic
abnormalities (Heller-Stilb et al. 2002). However, little
information is available in the literature with regard to
TAUT and its effect on bone. Our previous results
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Fig. 7 TAUT siRNA downregulated TAUT expression in

RAW264.7 cells and inhibited osteoclastogenesis. a Representative
results of Western blot analysis using a TAUT antibody. Total cellular
protein was subjected to immunoblot analysis using anti-TAUT and
p-acting antibody. The anti-TAUT antibody identified a band at
70 kDa. Lane 1 RAW?264.7 cells; lane 2 lysate from RAW264.7 cells
treated with siRNA control; lane 3 lysate from RAW264.7 cells
treated with siRNA-TAUT. b TAUT siRNA significantly inhibited
osteoclastogenesis. The bar represents the mean £ SD (n = 3;
**p < 0.01 vs. RANKL group)

demonstrated that TAUT was expressed in osteoblasts and
that taurine may directly influence the metabolism of
osteoblasts (Yuan et al. 2006, 2007). Moreover, taurine
uptake by TAUT is regulated by extracellular calcium,
calcium channel blockers and oxidative stresses, respec-
tively (Kang and Kim 2008). We report that osteoclasts
derived from the differentiation of RANKL-induced
RAW264.7 cells can express TAUT protein, as assessed by
Western blot analysis with a TAUT-specific pure IgG in
vitro. Furthermore, RT-PCR performed on total RNA iso-
lated from the osteoclasts followed by sequence analysis of
the PCR products demonstrated the presence of TAUT
transcripts in these cells. During osteoclastogenesis, the
expression of TAUT protein was significantly increased.
Moreover, immunohistochemical analysis of osteoclasts
derived from M-CSF- and RANKL-induced bone marrow
macrophages indicated that the TAUT protein was
expressed in the osteoclasts. Our experiment also showed
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the TAUT expressed in osteoclasts was functional, since it
could actively uptake [*H]taurine. These findings demon-
strate that TAUT is transcribed and translated in both
undifferentiated and differentiated osteoclasts. Further, the
[*H]taurine-uptake experiment confirmed that TAUT
expressed in osteoclasts is functional. Moreover, TAUT
siRNA abolished the TAUT expression in osteoclasts,
[PH]taurine uptake function and the inhibitory effect of
taurine on osteoclastogenesis.

In conclusion, this study provides evidence that taurine
may directly inhibit osteoclastogenesis through TAUT
uptake. However, taurine does not directly affect the
expression of OPG and RANKL in osteoblasts. These
findings suggest a functional role of taurine in bone
homeostasis that should be studied further.
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