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Abstract Taurine has been reported to influence bone
metabolism, but the role of taurine on osteogenic differ-
entiation of human mesenchymal stem cells (hMSCs)
remains unclear. In the present study, we investigated the
effect of taurine on osteogenic differentiation of hMSCs.
The results showed that taurine increased the alkaline
phosphatase (ALP) activity and mineralized nodules in
hMSCs induced by osteogenic induced medium. Mean-
while, RT-PCR analysis showed that taurine up-regulated
the mRNA expression of ALP, osteopontin, Runt-related
transcription factor 2 (Runx2) and Osterix in a dose-
dependent manner. Furthermore, taurine induced activation
of extracellular signal regulated kinase (ERK) and pre-
treatment with the ERK inhibitor U0126 abolished the
taurine-induced osteogenesis of hMSCs. Taken together,
our study reveals that taurine promotes the osteogenesis of
hMSCs by activating the ERK pathway.
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Introduction

Osteoporosis is the most common metabolic bone disease
which is characterized by a low bone mass and the dete-
rioration of bone microarchitecture, leading to bone fra-
gility and susceptibility to fracture (Kanis et al. 2009;
Rachner et al. 2011). Bone mass homeostasis depends on
the balance between bone formation and bone resorption
(Deal 2009; Kanis et al. 2009). Osteoblasts and osteoclasts
are two types of cells that form and resorb bone, respec-
tively. The main mechanism of osteoporosis is an imbal-
ance between the activity of osteoblasts that form bone and
osteoclasts that break it down (Ke et al. 2012; Rachner
et al. 2011).

Mesenchymal stem cells (MSCs) are multipotent stro-
mal cells that can differentiate into a variety of cell types
such as osteoblasts, adipocytes, chondrocytes, myoblasts
and neurons (Pittenger et al. 1999). Studies showed that
osteoblasts arose from MSCs and the osteogenic differen-
tiation of MSCs was decreased in osteoporotic patients
(Benisch et al. 2012; Dalle Carbonare et al. 2009). Oste-
oporosis might be due to defects in MSCs that lead to
reduced proliferation and osteoblast differentiation (Prall
et al. 2013). Recent studies have demonstrated that MSCs
could be used to treat bone fracture and osteoporotic bone
defect (Wang et al. 2013; Cao et al. 2012). Furthermore,
the study by Guan et al. (2012) found that directing MSCs
to bone could augment bone formation and increase bone
mass. Therefore, enhancing osteogenesis of MSCs is
thought to be a useful therapeutic strategy for bone diseases
such as osteoporosis (Pino et al. 2012).
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Taurine (2-aminoethanesulfonic acid) is an organic acid
widely distributed, and is detected in high concentration in
mammalian tissues (Terauchi et al. 1998; Wang et al.
2011). Taurine has a variety of biological actions such as
antioxidation, osmoregulation, modulation of ion move-
ment, and conjugation of bile acids (Rahman et al. 2011;
Schaffer et al. 2010). Recently, studies showed that taurine
transporter was expressed in human osteoblast-like MG63
cells, murine osteoblasts MC3T3-E1 cells, and human
primary osteoblast (Yuan et al. 2006). Taurine also
increased ALP activity and collagen synthesis in osteo-
blast-like UMR-106 cells (Park et al. 2001). Furthermore,
taurine also stimulated ALP activity and osteocalcin
secretion (Yuan et al. 2006) and inhibited osteoclasto-
genesis through the taurine transporter (Yuan et al. 2010).
However, the role of taurine on osteogenic differentiation
of hMSCs remains unclear. In this study, we investigated
the effect of taurine on osteogenic differentiation of
hMSCs.

Materials and methods
Reagents and cell culture

Taurine, dexamethasone, beta-glycerophosphate, L-ascor-
bic acid-2-phosphate, dimethyl sulfoxide (DMSO) and
methyl thiazolyl tetrazolium (MTT) were purchased from
Sigma Chemical Company (St. Louis, MO, USA). Taurine
was dissolved in modified Eagle’s medium of alpha (a-
MEM) (Gibco) and sterilized via a 0.2-um filter. Human
fetal bone marrow-derived MSCs were from the Stem Cell
Bank in the Prince of Wales Hospital. The hMSCs were
kept in a-MEM (Gibco) supplemented 10 % fetal bovine
serum (FBS) (Gibco) and 1 % penicillin/streptomycin
(Gibco).

Osteogenic differentiation and taurine treatment

Osteogenic differentiation of MSCs was induced by oste-
ogenic induction medium (OIM) containing 100 nmol/L
dexamethasone, 10 mmol/L beta-glycerophosphate, and
0.05 mmol/L L-ascorbic acid-2-phosphate. After cells
reached confluence, the culture medium was changed into
OIM and the OIM was changed every 3 days. The con-
centration and exposure time of taurine were changed
according to different experiments.

Cell viability
Cells were seeded in a 96 flat-bottomed well plate at

density 5 x 107 per well. After 24 h, cells were incubated
by media containing different concentrations taurine at
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37 °C for 1 and 3 days. Then, cells were treated with the
0.5 mg/ml MTT solution for 4 h at 37 °C. After removal of
the MTT solution, cells were treated with 150 pL. DMSO
and the plate was shaken for 10 min. The absorbance was
measured at 570 nm with a microplate reader.

Alkaline phosphatase (ALP) activity

After MSCs were treated with OIM and taurine for 7 days,
the cells in 12-well plates were washed with PBS and lysed
by lysis buffer consisting 20 mM Tris—-HCl (pH 7.5),
150 mM NaCl, and 1 % Triton X-100. The ALP activity
was determined using the ALP assay kit (BioSystems,
Spain). The protein concentration of cell lysates was
measured using the Bradford assay at 595 nm on a
microplate spectrophotometer (Bio-Rad, USA). ALP
activity was normalized according to the total protein
concentration of cell lysate.

ALP staining

After MSCs were treated with OIM and taurine for 7 days,
the cells were washed with PBS twice and fixed with 70 %
ethanol for 10 min. The cells were equilibrated with ALP
buffer (0.15 M NacCl, 0.15 M Tris—HCl, 1 mM MgCl,, PH
9.0) for 15 min. Then the cells were incubated with ALP
substrate solution (5 pL BCIP and 10 pLL NBT in 1 mL
ALP buffer) at 37 °C in dark for 60 min and the reaction
was stopped by distilled water.

Mineralization assay

After 14 days of osteogenic induction, the MSCs were
fixed with 70 % ethanol for 10 min. Then the cells were
stained with 0.5 % alizarin red S (pH 4.1) for 10 min at
room temperature and washed three times with deionized
water. Orange red staining indicated the position and
intensity of calcium deposits. Alizarin red was extracted by
the addition of 10 % cetylpyridinium chloride (CPC,
Sigma) and quantified by measuring the OD of the extract
at 550 nm.

Quantitative real-time PCR

Total cellular RNA was extracted with RNeasy Mini Kit
(Qiagen, USA) and first-strand cDNA was synthesized
using M-MLV reverse transcriptase (Promega, USA)
according to the manufacturer’s instructions. Quantitative
real-time PCR was performed according to procedures in a
previous study (Yao et al. 2012). In brief, amplification
conditions were as follows: initial denaturation at 95 °C for
5 min, and then 40 cycles of 95 °C for 15 s and 60 °C for
60 s. Primer sequences were as follows: ALP—forward,
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Fig. 1 Effect of taurine on viability of hMSCs. The cells were treated
with taurine at different concentrations for 1, 3, 7 and 14 days, and
the cell viability was performed using MTT assay

5'ctcecagteteateteetd’; reverse, 5’aagacctcaactcccectgaa3’;
osteopontin (OPN)—forward, 5’gtaccctgatgctacagacg3’;
reverse, S'ttcataactgtcettcecac3’; Runx2—forward, 5'act-
tectgtgcteggtgetd’;  reverse,  5'gacggttatggtcaaggtgaal’;

Fig. 2 Taurine increased ALP

Osterix (Osx)—forward, 5'ccaggcaacactcctactce3’; reverse,
5'gccttgecatacaccttged’; glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)—forward, 5'ggcatggactgtggtcat-
gag3’; reverse, 5'tgcaccaccaactgttage3’. The relative gene
expression was presented with the 27AACT method, and
each sample was normalized to the expression level of
GAPDH.

Western blot

Cells were harvested and equal amounts of proteins were
separated on 10 % sodium dodecyl sulfate (SDS)-poly-
acrylamide gels. Then proteins were transferred onto a
polyvinylidene difluoride (PVDF) membrane (Millipore)
for 75 min at 100 V and the membrane was blocked in
TBST (10 mM Tris, pH 7.6, 150 mM NaCl, 0.05 %
Tween 20) containing 5 % skim milk for 1 h at room
temperature. The membranes were washed five times with
PBS containing 0.1 % Tween 20 (PBST) and incubated,
respectively, with anti-ERK1/2 (BD) or anti-p-ERK1/2
(BD) antibodies at 4 °C overnight. After the membranes
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were washed five times with PBST, proteins were detected
with the enhanced chemiluminescence blotting reagents
(Amersham Biosciences) according to the manufacturer’s
instruction. The band intensity was quantified using
Quantity One software.

Statistical analysis

Data were presented as the mean =+ standard deviation and
statistical analysis was performed using SPSS software
(version 13.0, SPSS). One-way analysis of variance
(ANOVA), followed by the least significant difference
(LSD) test, was adopted for multiple-group comparison.
Results

Effect of taurine on viability of hMSCs

The effect of taurine on cell viability was investigated at
concentrations ranging 1-10 mM after 1, 3, 7 and 14 days

Fig. 3 Taurine promoted A

of culture. The result showed that viability of hMSCs was
not affected after exposure to taurine at concentrations of 1,
5 and 10 mM for 1, 3, 7 and 14 days (Fig. 1).

Taurine increased ALP activity of hMSCs

ALP is an early marker of osteogenic differentiation, so we
examined the effects of taurine on the ALP activity of
hMSCs. Data showed that taurine increased the ALP
activity of hMSCs in a dose-dependent manner and maxi-
mal effect was observed at a concentration of 10 mM. As
expected, similar result was observed by ALP staining
(Fig. 2).

Taurine promoted mineralization of hMSCs

In addition, we examined the effects of taurine on the
mineralization of hMSCs. Alizarin Red S (ARS) staining
showed that taurine increased mineralized nodule forma-
tion in OIM after 14 days of culture (Fig. 3a). Quantifi-
cation showed that taurine markedly increased calcium
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mineralization of hMSCs.

a MSCs were treated with
taurine in OIM for 14 days, then
the mineralized nodules were
stained by Alizarin Red S.

b Quantification of four
independent mineralization
experiments. The mineralization
was quantified by extraction of
Alizarin Red S dye with 10 %
CPC. ?p < 0.01 compared with
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control and maximal effect was observed at a concentration P-ERK w v QD S  m—

of 10 mM (Fig. 3b).

Taurine up-regulated mRNA expression levels of ALP,
osteopontin (OPN), Runx2 and Osterix (Osx) in hMSCs

Furthermore, we detected the gene expression of ALP,
OPN, Runx2 and Osx in hMSCs. Real-time PCR results
showed that taurine significantly increased the mRNA
expression levels of ALP, OPN, Runx2 and Osx in a dose-
dependent manner (Fig. 4).

Taurine activated ERK pathway in hMSCs

ERK signaling pathway plays an important role in the oste-
ogenic differentiation of MSCs (Lai et al. 2001; Ge et al.
2007), so we detected the level of p-ERK1/2. Western blot
analysis revealed that taurine significantly increased the levels
of p-ERK1/2 in a time-dependent manner. The levels of
p-ERK1/2 dramatically increased after 15 min of exposure
compared with control, and phosphorylated ERK remained
activated for 90 min after taurine treatment (Fig. 5).

U0126 inhibited taurine-induced osteogenic
differentiation in hMSCs

Furthermore, we detected the effect of U0126, inhibitors of
ERK1/2, on taurine-induced osteogenic differentiation. As
expected, 10 pM UO0126 inhibited the increase of ALP, the
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Fig. 5 Effect of taurine on activation of ERK 1/2 in hMSCs. MSCs
were treated with taurine for 15-90 min, and proteins were separated
by 10 % SDS-PAGE and detected with the indicated antibodies.
a Western blot analysis of p-ERK 1/2 levels in hMSCs. b Quantifi-
cation of three independent Western blot experiments with the mean
level of p-ERK normalized to total ERK. bp < 0.01 compared with
Con

mRNA expression of OSX, Runx2, OPN, and mineral
deposition induced by taurine (Fig. 6).

Discussion

Taurine, 2-aminoethanesulfonic acid, is an organic acid
widely distributed and has been identified in high
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Fig. 6 Inhibition of taurine- A
induced osteogenic

differentiation by U0126. MSCs

were pretreated with U0126 for

1 h, followed by addition of

10 uM taurine. The medium

was changed every 3 days.

a The ALP activity of hMSCs
was measured on 7 days. b The
mineralized nodules were
stained by Alizarin Red S and
the mineralization was
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representative result from three
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concentration in bone (Park et al. 2001). Recently, data
showed that taurine played an important role in bone
metabolism (Yuan et al. 2007, 2010) and taurine supple-
mentation increased bone mineral density in rats (Choi and
DiMarco 2009; Choi and Chang 2013). However, the
mechanism of taurine regulation of bone metabolism has
not been clarified.

In the present study, we detected the effect of taurine on
viability of MSCs. We found that taurine did not affect the
viability of hMSCs, indicating taurine was not cytotoxic to
hMSCs.

ALP degrades pyrophosphate to generate phosphate,
which reacts with calcium to form hydroxyapatite (Harri-
son et al. 1995). Hypophosphatasia, a rare inherited dis-
order, is characterized by hypomineralization of hard
tissues (Whyte 2010), and primary osteoblasts isolated
from ALP knockout mice were not able to initiate
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mineralization (Wennberg et al. 2000). Therefore, ALP
plays an important role in bone mineralization and is an
early marker of osteoblast differentiation. Our results
indicated that taurine significantly increased the mRNA
expression and activity of ALP. Taurine also enhanced
calcium deposits in dose-dependent manner, suggesting
that taurine accelerated mineralization of hMSCs. These
results showed that taurine promoted the osteogenic dif-
ferentiation of hMSCs in early and late stage.

The runt family transcription factor Runx2 and Osx is
two pivotal transcription regulators in osteoblast differen-
tiation. Intramembranous and endochondral ossification are
completely blocked in Runx2 and Osx null mice (Ducy
et al. 1997; Nakashima et al. 2002), indicating that Runx2
and Osx are required for osteoblastic differentiation.
Osteopontin is an extracellular matrix protein and a marker
of osteoblastic differentiation (Yao et al. 1994). Real-time
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PCR analysis showed that mRNA levels of ALP, OPN,
Runx2 and Osx were up-regulated by taurine. The results
indicated that taurine enhanced osteogenic differentiation
of MSCs through mediating transcription factors of Runx2
and Osx.

A study by Park et al. (2001) showed that taurine
increased alkaline phosphatase activity and collagen syn-
thesis via ERK2 activation in osteoblast-like UMR-106
cells. Taurine also increased cell proliferation by activating
ERK signal pathway (Jeon et al. 2007). However, studies
found that taurine suppressed osteoblastic differentiation in
vascular smooth muscle and aortic valve interstitial cells
via ERK pathway (Feng et al. 2012; Liao et al. 2008). The
discrepancy may be due to differences in cell types and
culture condition. Thus, we explored the role of ERK1/2 in
the taurine-mediated regulation of osteogenic differentia-
tion in hMSCs. Our results demonstrated that taurine sig-
nificantly increased the ERKI1/2 phosphorylation.
Furthermore, treatment with U1206 could efficiently inhi-
bit the effect of taurine on ALP activity, mRNA expression
of OSX, Runx2, OPN, and mineralized nodule formation in
hMSCs. These data indicated that ERK1/2 pathway was
involved in the taurine-mediated regulation of osteogenic
differentiation of hMSCs.

In conclusion, the present data demonstrated that taurine
promoted osteogenesis of hMSCs through activating
ERK1/2 signaling pathways. This may be one of the
mechanisms by which taurine increased bone mineral
density. In addition, taurine is very safe in terms of tissue
toxicity and is used as a supplement in baby milk. Thus,
taurine might be useful in preventing osteoporosis and
further investigations are needed to explore antiosteopo-
rotic effect of taurine in osteoporotic patients.
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