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U0126 promotes osteogenesis of rat bone-marrow-derived
mesenchymal stem cells by activating BMP/Smad
signaling pathway
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Abstract U0126 has been reported as a specific inhibitor of
the ERK1/2 signaling pathway, which plays a vital role during
the osteogenic differentiation of mesenchymal stem cells
(MSCs). We report the positive effect of U0126 on the oste-
ogenesis of rat MSCs. We find that U0126 promotes the
osteogenic differentiation of rat MSCs as demonstrated by
the quantitative real-time polymerase chain reaction for oste-
ogenic markers, alkaline phosphatase activity and calcium
nodule formation. Our data indicate that U0126 enhances
the BMP/Smad signaling pathway in rat MSCs, while
inhibiting the ERK1/2 signaling pathway. Furthermore,

Western blot results demonstrate that U0126 increases
Smad1/5/8 phosphorylation synergistically with β-glycero-
phosphate. In addition, U0126 significantly increases the ex-
pression of BMP2 during the process of osteogenesis in rat
MSCs and the level of phosphorylated Smad1/5/8 is signifi-
cantly reduced by BMP2 antibody, suggesting that U0126
also promotes the expression of BMP2 to enhance Smad
proteins phosphorylation. Thus, we demonstrate a novel
function for U0126 in promoting osteogenic differentiation
of rat MSCs by the activation of the BMP/Smad signaling
pathway.
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Introduction

Mesenchymal stem cells (MSCs) are multi-potent cells that
can differentiate into a variety of cells including osteoblasts,
adipocytes and chondrocytes under appropriate inductive con-
ditions (Jiang et al. 2002; Pittenger et al. 1999). MSCs are
becoming a promising cell source for tissue engineering,
particularly for bone repair and regeneration. Recent studies
have found that MSCs can be used to promote the healing of
damage such as bone fracture and segmental bone defects,
with encouraging results (Kumar et al. 2010; Shekkeris et al.
2012; Undale et al. 2011). Guan et al. (2012) demonstrated
that bone formation and bone mass can be augmented by
directing MSCs to bone. Many studies have shown that the
osteogenic differentiation potential of MSCs is reduced in
osteoporotic patients (Benisch et al. 2012; Dalle Carbonare
et al. 2009; Rodriguez et al. 2000). Therefore, the enhance-
ment of the osteogenesis of MSCs is thought to be a useful
therapeutic strategy for bone diseases such as osteoporosis
(Pino et al. 2012).

Previous studies have demonstrated that many signaling
pathways are involved in the process of the osteogenic differ-
entiation of MSCs; these include ERK1/2 (extracellular
signal-regulated kinases), Wnt/β-catenin (Day et al. 2005;
Gaur et al. 2005; Mbalaviele et al. 2005), BMP (bone mor-
phogenetic protein)/Smad (Chen et al. 2004) and Hedgehog
(James et al. 2010). ERKs are intracellular signaling mole-
cules regulating many cellular functions, such as meiosis
(Sagata 1997), mitosis (Zhang et al. 2005), differentiation
(Lai et al. 2001) and apoptosis (Zhuang and Schnellmann
2006). ERK1/2 is directly activated by mitogen-activated
protein kinase kinase 1/2 (MEK1/2) through phosphorylation
at a threonine and an adjacent tyrosine residue. MEK1/2 on
the other hand is activated by several mitogen-activated pro-
tein kinases (MAPK), such as Raf, a typical MEK1/2 activator
(Garrington and Johnson 1999). The ERK signaling pathway
plays a key role in regulating osteogenic differentiation. The
commitment of MSCs into the osteogenic or adipogenic lin-
eages is governed by the activation or inhibition of ERK1/2,
respectively (Jaiswal et al. 2000). The ERK signaling pathway
is also involved in regulating ALP (alkaline phospha-
tase) activity, Osterix gene expression (Salasznyk et al.
2007; Takeuchi et al. 1997) and Runt box 2 (Runx2)
phosphorylation.

U0126 and PD98059 have long been used as specific
inhibitors of MEK1 and MEK2 (Favata et al. 1998). ERK
activation does not affect Runx2 gene expression but can
increase its stability and transcription potential (Park et al.
2010). Inhibition of ERK activity blocks osteogenesis in adult

human MSCs (Jaiswal et al. 2000) and in mouse MC3T3-E1
preosteoblastic cells (Xiao et al. 2000). However, PD98059
has also been reported to promote early osteoblastic differen-
tiation and mineralization in BMP2-treated C2C12 and
MC3T3-E1 cells (Higuchi et al. 2002). Moreover, another
investigation indicated that PD98059 and U0126 have differ-
ent effects on the osteogenesis and adipogenesis of KS483
cells (Dang and Lowik 2004). These studies have led us to the
hypothesis that the effect of ERK inhibitors on cell differen-
tiation is not exclusively attributable to the inhibition of the
p42/44 MAPK pathway.

In the present study, we investigate the effect of U0126 on
the osteogenesis ofMSCs from rat bonemarrow (BM-MSCs).
We find that U0126 significantly promotes the osteogenic
differentiation of rat MSCs by enhancing the BMP/Smad
signaling pathway, while simultaneously blocking ERK1/2
activities.

Materials and methods

Chemicals

All the chemicals used were purchased from Sigma, except
where specified.

Isolation and culture of rat MSCs

All animal experiments were approved by the Animal
Research Ethics Committee of the Chinese University of
Hong Kong. The details of BM-MSC isolation and culture
have been described previously (Xu et al. 2012). Briefly, the
bone marrow was flushed out from the bone cavity of
Sprague-Dawley rats and subjected to density gradient centri-
fugation over Lymphoprep (1.077 g/ml; AXIS-SHIELD,
Norway) to obtain mononuclear cells (MNCs). The MNCs
were cultured in α-MEM (minimal essential medium), 10 %
fetal bovine serum, 2 mM L-glutamine (Invitrogen, USA) at
37 °C with 5 % CO2. The medium was changed every 2 days.
When the colonies were confluent, the cells were trypsinized
and re-plated for further expansion and examination. The BM-
MSCs in this study were used between passage 3 and 8.

Phenotypic characterization of rat BM-MSCs

After reaching 80 % confluence, the cells were rinsed twice
with phosphate-buffered saline (PBS) and treated with 0.05 %
trypsin-EDTA for 2 min. Then, serum-containing medium
was immediately added to the culture to end trypsinization.
The fluid was collected and centrifuged (800g for 5 min).
After the supernatant had been discarded, the precipitate was
resuspended in staining buffer and incubated with
fluorochrome-conjugated primary antibodies against CD34,
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CD44, CD45, CD90 or the corresponding isotype control (BD
Biosciences, USA) at 4 °C for 30 min. The stained cells were
immediately detected by using flow cytometry (BD
Biosciences, USA).

Cell viability assay

Samples (2×103 per well) were subcultured in a 96-well (flat-
bottomed) plate. After 24 h of incubation, the medium was
replaced by U0126-containing medium with various concen-
trations of U0126. Cells were incubated at 37 °C for 24 and
72 h. After incubation, the cells were treated with MTT
(methyl thiazolyl tetrazolium) solution (final concentration,
0.5 mg/ml) for 4 h at 37 °C. The dark blue formazan crystals
that formed in intact cells were solubilized with 150 μl
dimethylsulfoxide (DMSO) and the plate was shaken for
10 min. The absorbance at 570 nm was measured with a
microplate reader.

Osteogenesis

The MSCs were trypsinized and replated in a 6-well plate at a
concentration of 1×105 cells per well. When the cells became
confluent, the medium was then replaced by osteogenic in-
duction medium (OIM) containing 100 nmol/l dexametha-
sone, 10 mmol/l β-glycerolphosphate and 0.05 mmol/l L-
ascorbic acid-2-phosphate.

RNA isolation and quantitative real-time polymerase chain
reaction

The MSCs were treated with OIM or with U0126 (0.1, 1, 10,
and 20 μM) in OIM for 7 and 14 days, respectively. Total
cellular RNAwas isolated with the RNAMini Kit (Invitrogen)
and then reverse-transcribed into cDNA by using M-MLV
Reverse Transcriptase (Invitrogen) according to the manufac-
turer’s instructions. Polymerase chain reaction (PCR) ampli-
fication was performed by using the primer sets in Table 1. β-
Actin was used as an internal control to evaluate the relative
expression.

Alizarin red S staining

The MSCs were treated with OIM or with U0126 (0.1, 1, 10,
and 20 μM) in OIM for 21 days. Calcium deposition was
determined by Alizarin Red S staining. Generally, the cells
were fixed with 70% ethanol for 10min after the mediumwas
removed and were then stained with Alizarin Red S. Finally,
the plate was washed several times with distilled water before
documentation with a digital scanner (Epson Perfection V700
Photo, Epson American, USA)

ALP activity

The MSCs were treated with OIM or with U0126 (10 μM) in
OIM for 7 days. ALP activity was assayed by using alkaline
phosphatase (alp)-amp (Biosystems), according to the manu-
facturer’s instructions. The ALP activity was normalized to
the total protein concentration as measured by the Bradford
method (Biorad).

Western blot

Equal amounts of protein were loaded for electrophoresis. The
proteins were then transferred to a polyvinylidene difluoride
membrane and blocked in 5% non-fat milk. Primary antibody,
namely anti-β-catenin (1:1000, BD Biosciences), anti-pSmad
1/5/8 (1:1000, Cell Signaling), anti-pERK1/2 (1:1000, BD
Biosciences,), or anti-D-glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH; 1:1000, Santa Cruz), was added to the
membrane, which was then incubated for 2 h at room temper-
ature or at 4 °C overnight. After being washed in TRIS-
buffered saline containing Tween (TBST), the membrane
was incubated with horseradish-peroxidase-linked sec-
ondary antibodies (anti-mouse or anti-goat) for 1 h at
room temperature. Following TBST washes, protein was
detected by enhanced chemiluminescence blotting re-
agents (Amersham Biosciences) according to the manu-
facturer’s instructions. Band intensity was quantified by
using Image J software.

Immunofluorescence

BM-MSCs were treated with OIM supplemented with or
without U0126 for 3 days. The cells were subsequently fixed
in 4 % paraformaldehyde for 15 min at 4 °C, permeabilized
with 0.3 % Triton X-100 for 15 min, blocked with 10 % fetal
bovine serum for 1 h and labeled with anti-β-catenin (1:200,
BD Biosciences) and anti-pSmad 1/5/8 (1:100, Cell
Signaling) for 2 h at room temperature or overnight at 4 °C.
Cultures were then washed three times with PBS and incubat-
ed with a fluorescein-isothiocyanate-conjugated anti-mouse
IgG (1:200, Invitrogen) and Alexa-Fluor-conjugated anti-
rabbit IgG (1:200, Invitrogen) for 1 h at room temperature.
Nuclear counterstaining was performed with DAPI (4,6-
diamidino-2-phenylindole) Vecta shield mounting medium
(Vector Laboratories). Immunostaining was observed under
an Olympus FV1000 confocal microscope.

Statistical analysis

All experiments were performed at least three times. The data
were analyzed by an independent two-tailed Student’s t test by
using SPSS (version 16.0; SPSS, Chicago, Ill., USA). A P-
value of <0.05 was regarded as being statistically significant.
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Results

Phenotypic characterization of rat BM-MSCs

The surface antigens of rat BM-MSCs were detected by flow
cytometry. The cells were positive for CD90 and CD44, but
negative for CD34 and CD45 (Supplementary Figure 1). The
data indicated that the cells used in this study expressed
typical surface markers of MSCs.

U0126 treatment promoted osteogenesis in rat BM-MSCs

In order to evaluate the effect of U0126 on the osteogenic
differentiation of rat BM-MSCs, we first checked the
influence of U0126 on the cell viability of MSCs by
the MTT assay. The result showed that U0126 did not
influence cell viability when it was used at concentrations
between 0.1 and 20 μM (Fig. 1a). Then, we examined the
mRNA expression levels of osteogenesis-related genes at
various time points at various concentrations of U0126.
The results showed that the examined osteogenesis-
related markers except OPN (osteopontin) were up-
regulated by U0126 (10 and 20 μM) at day 7 (Fig. 1b);
by 14 days, the expression of all osteogenesis-related
markers had significantly increased following treatment
with U0126 (0.1 and 10 μM; Fig. 1c). After 21 days of
osteogenic induction, we used Alizarin Red S to stain the
calcium deposition and found more calcium noodles were
formed in the U0126-treated MSCs (Fig. 2a, b).
According to the real-time PCR and Alizarin Red stain-
ing results, the effect of U0126 on osteogenesis was
dose-dependent when it was used below 10 μM, whereas
no significant difference was found between MSCs treat-
ed with 10 and 20 μM U0126. Hence, we chose to use
the 10-μM dose in the following studies. ALP is a marker for
the differentiation of osteoblasts and so we measured the ALP
activity of BM-MSCs after they had been incubated
with 10 μM U0126 for 7 days; the ALP activity in
the U0126-treated MSCs was significantly increased
(Fig. 2c).

U0126 treatment enhanced BMP/Smad signaling pathway
in rat BM-MSCs

To understand further the underlyingmechanisms of U0126 in
promoting osteogenesis in rat BM-MSCs, we checked the
expression of Wnt/β-catenin, ERK1/2 and BMP/Smads,
which are the three main signaling pathways governing the
osteogenic differentiation of MSCs. The expression of β-
catenin varied at the protein level: β-catenin was down-
regulated at 3 days and up-regulated at 7 days under osteo-
genic induction with U0126 treatment, whereas phos-
phorylated Smad1/5/8 (pSamd1/5/8) was constantly
maintained at a higher level during this process
(Fig. 3a, b). Immunofluorescence examination also con-
firmed a significant increase of pSmad1/5/8 in the nucleus of
MSCs under osteogenic induction and U0126 treatment
(Fig. 3c–j).

U0126 and β-glycerophosphate synergistically increased
Smad phosphorylation

As previous studies had shown that β-glycerophosphate was
an activator of Smad proteins, we examined the role of U0126
in the Smads phosphorylation process by using β-
glycerophosphate as a positive control. Western blot results
revealed that U0126 could enhance the phosphorylation of
Smad1/5/8, similar to that of β-glycerophosphate, at both 24
and 72 h after osteogenic induction (Fig. 4a–d). The peak level
of phosphorylated Smad1/5/8 occurred when both U0126 and
β-glycerophosphate were present, suggesting a synergistical
effect between U0126 and β-glycerophosphate duing the
phosphorylation of Smad1/5/8 (Fig. 4a–d).

U0126 up-regulated BMP2 in rat BM-MSCs

In order to determine whether BMP2 was also involved in the
up-regulation of pSmad1/5/8 by U0126, real-time PCR was
performed to evaluate the expression level of BMP2 in
U0126-treated rat MSCs. Results showed that BMP2 was
significantly increased by U0126 at both 7 and 14 days after
osteogenic induction (Fig. 5a). In addition, the BMP2 was

Table 1 Sequences of primers
for real-time polymerase chain
reaction (ALP alkaline phospha-
tase, OPN osteopontin, OCN
osteocalcin, Runx runt box, BMP
bone morphogenetic protein)

Gene name Forward primer sequence (5′ to 3′) Reverse primer sequence (5′ to 3′)

ALP TCCGTGGGTCGGATTCCT GCCGGCCCAAGAGAGAA

OPN TCCAAGGAGTATAAGCAGCGGGCCA CTCTTAGGGTCTAGGACTAGCTTCT

OCN GAGCTGCCCTGCACTGGGTG TGGCCCCAGACCTCTTCCCG

Runx2 CCGATGGGACCGTGGTT CAGCAGAGGCATTTCGTAGCT

β-Actin CGTAAAGACCTCTATGCCAACA CGGACTCATCGTACTCCTGCT

BMP2 TAGTGACTTTTGGCCACGACG GCTTCCGCTGTTTGTGTTTG
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neutralized by using a specific antibody supplemented in the
medium and Western blot showed that the level of pSmad1/5/
8 was significantly reduced compared with that of the control
group at 3 days after treatment (Fig. 5b, c), suggesting that the
up-regulation of pSmad1/5/8 by U0126 treatment occurred at
least partially via the regulation of BMP-2 expression.

Since PD98059 has also been reported to promote osteo-
blastic differentiation in BMP2-treated C2C12 and MC3T3-
E1 cells (Higuchi et al. 2002), we wished to check whether
PD98059 could enhance osteogenesis in rat BM-MSCs, as
U0126 did. The MSCs were treated with OIM supplemented
with/without PD98059 for 7 or 21 days before RNA extrac-
tion for real-time PCR analysis or Alizarin Red S staining of

Fig. 1 a Viability of rat bone-marrow-derived mesenchymal stem cells
(BM-MSCs) treated with U0126 at various concentrations. The cells were
incubated with U0126 (0.1 μM to 20 μM) for 24 h and 72 h and then the
MTT (methyl thiazolyl tetrazolium) assay was performed to test cell
viability. b, c Effect of U0126 on the expression of osteogenesis-related
genes in rat BM-MSCs. Rat BM-MSCs were treated with osteogenic
induction medium (OIM) supplemented with U0126 at the indicated
concentrations or dimethylsulfoxide (DMSO) as a control. mRNA ex-
pression levels of osteogenesis-related genes were evaluated by quantita-
tive real-time polymerase chain reaction (PCR) at 7 (b) and 14 (c) days
after induction. All data represent means ± SD of three independent
experiments (Runx runt box, OCN osteocalcin, OPN osteopontin, ALP
alkaline phosphatase). *P<0.05

Fig. 2 U0126 promoted osteogenic differentiation of rat BM-MSCs. a, b
Alizarin Red S staining at day 21 after osteogenic induction showed that
calcium deposit formation increased when MSCs were treated with
U0126 (0.1 to 20 μM) compared with the DMSO control. c Analysis
showed enhanced ALP activity at day 7 after treatment of MSCs with
10 μM U0126. All data represent means ± SD of three independent
experiments. *P<0.05
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the calcium deposits. The results showed that PD98059 could
also promote the osteogenic differentiation of MSCs
(Supplementary Figure 2). Interestingly, the level of BMP2
was also significantly increased by PD98059, implying that
PD98059 also promoted osteogenesis by activating the BMP/
Smad signaling pathway.

Discussion

In the present study, we have evaluated the effect of U0126 on
the osteogenesis of rat BM-MSCs. Our data show that U0126

treatment promotes the osteogenesis of rat BM-MSCs; it
significantly inhibits the ERK1/2 signaling pathway and si-
multaneously enhances the BMP/Smad signaling pathway.
The activation of the BMP/Smad signaling pathway probaly
leads finally to the increased osteogenic differentiation of the
rat MSCs.

Previous studies have shown that the activation of the
ERK1/2 signaling pathway in MSCs results in promotion of
osteogenic differentiation with an up-regulation of, for exam-
ple, Runx2 and ALP. U0126 has long been considered as a
specific inhibitor of the ERK1/2 signaling pathway. It has also
been used as a tool to investigate the involvement of the

Fig. 3 U0126 enhanced bone
morphogenetic protein (BMP)/
Smad signaling pathway in rat
BM-MSCs. a, b MSCs were
subjected to osteogenic induction
for 3 or 7 days and then total
proteins were extracted and
analyzed byWestern blot with the
indicated antibodies (OIM
osteogenic induction medium,
DMSO dimethylsulfoxide,
pERK1/2 phosphorylated
extracellular signal-regulated
kinases 1/2, GAPDH D-
glyceraldehyde-3-phosphate
dehydrogenase). c–j
Immunofluorescence analysis of
pSmad1/5/8 (green) and β-
catenin (red) in rat BM-MSCs
treated with OIM with or without
U0126 for 3 days (blue DAPI
nuclear staining). All experiments
were repeated at least three times.
Bars 50 μm

Fig. 4 U0126 and β-
glycerophosphate (bGP)
synergistically regulated Smad1/
5/8 phosphorylation in rat BM-
MSCs. The MSCs were cultured
in α-MEM containing 10 mM
bGP or 10 mM bGP plus 10 μM
U0126 for 24 h (a, b) or 72 h (c,
d). Cell lysates were then
prepared and immunoblotted with
the indicated antibodies. The
protein level was normalized to
D-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). All
data represent means ± SD of
three independent experiments.
*P<0.05
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ERK1/2 signaling pathway in osteogenic and adipogenic dif-
ferentiation. However, the effect of U0126 on osteogenesis in
MSCs derived from various species might be different and the
mechanisms of action of U0126 might not only be attributable
to its inhibition of the ERK1/2 signaling pathway. Most stud-
ies have shown that the blocking of the ERK1/2 signaling
pathway by U0126 can inhibit osteogenesis. On the other
hand, some studies have also indicated that U0126 treatment
can increase matrix mineralization in mouse MC3T3-E1
preosteoblast cells (Jackson et al. 2006). These discrepancies
corroborate our hypothesis that the effects of U0126 on

osteogenesis of MSCs can be masked by other factors as, for
instance, the activation of BMP/Smad signaling as identified
in this study. Our results show that U0126 significantly in-
creases the mRNA expression levels of Runx2, OCN
(osteocalcin) and ALP at both 7 and 14 days after osteogenic
induction. Moreover, this has been confirmed by measure-
ments of ALP activity in U0126-treated rat BM-MSCs. ALP
is highly expressed in mineralized tissue cells; it is an impor-
tant component in hard tissue formation (Golub et al. 1992).
The robust ALP expression in osteogenesis might inevitably
lead to the mineralization of neotissue (George et al. 2006).
Finally, by using Alizarin Red S staining, we found more
calcium deposits in U0126-treated rat MSCs, i.e., the osteo-
genic differentiation potential of rat MSCs is enhanced by
U0126. A previous study showed that the inhibition of
MEK1/2 activity suppresses Runx2 transcriptional activity
and stability, thus leading to impaired osteogenesis in human
MSCs (Jun et al. 2010). However, our results obtained in rat
MSCs indicate that the transcriptional level of Runx2 in rat
MSCs is not inhibited at 7 and 14 days following U0126
treatment. The up-regulation of Runx2 further leads to in-
creased OCN expression, an event that explains the enhanced
osteogenesis in rat MSCs following U0126 treatment.

Furthermore, in order to reveal the underlying mechanism
by which U0126 carries out its function in rat MSCs, we
examined, by Western blot, some vital signaling pathways
involved in regulating the osteogenic differentiation of
MSCs. Our results demonstrate that the BMP/Smad signaling
pathway is activated byU0126 in rat MSCs, a pathwaymainly
contributing to the promoting effect of U0126 on the osteo-
genesis of rat MSCs. The differentiation of MSCs into osteo-
blasts is a complex process involving many transcriptional
factors and signaling pathways (Augello and De Bari 2010;
Kelly and Jacobs 2010). Among these factors, the ERK1/2,
Wnt/β-catenin and BMP/Smad signaling pathways have been
well studied. These signaling pathways might have a compen-
sation action when one of them is inhibited. ERK1/2, a com-
ponent of the MAPK signaling pathway, is constantly activat-
ed during osteogenic differentiation. β-Catenin is a down-
stream effector of the Wnt signaling pathway, which plays
an important role in osteogenesis and bone formation (Day
et al. 2005; Gaur et al. 2005; Mbalaviele et al. 2005). In β-
catenin-deficient mice, the growth plate organization and en-
dochondral and perichondrial bone formation are defective
(Nagayama et al. 2008). The significances of BMPs in devel-
opment and osteogenesis have been well established and
accepted (Chen et al. 2004). The BMP/Smad signals are
mediated by BMP receptors (type I and II). Smad1, 5 and 8
are phosphorylated by the BMP receptors and form a complex
with Smad4, following which the complex is translocated into
the nucleus. Within the nucleus, the phosphorylated Smads
interact with other transcription factors such as Runx2 to
initiate the transcription of the osteogenic-related genes. In

Fig. 5 U0126 increased BMP2 expression enhancing BMP/Smad sig-
naling in rat BM-MSCs. a Rat BM-MSCs were treated with OIM sup-
plemented with U0126 at the indicated concentrations or DMSO as
control. The mRNA expression level of BMP2 was evaluated by quan-
titative real-time PCR at 7 and 14 days after induction. Data represent
means ± SD. *P<0.05. b, c Neutralizing BMP2 by using anti-BMP2
antibody (BMP2Ab) blocked the effect of U0126 on Smad1/5/8 phos-
phorylation. The MSCs were cultured in OIM containing 5 ng/ml BMP2
antibody plus U0126 or DMSO control for 3 days and then total proteins
were extracted and immunoblotted with the indicated antibodies. The
protein level was normalized to GAPDH. All data represent means ± SD
of three independent experiments. *P<0.05
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our study, the ERK1/2 signaling pathway is blocked by
U0126 throughout the differentiation process. The level of
β-catenin is decreased at 3 days and then increases at 7 days
after osteogenic induction when treated by U0126. However,
the level of phosphorylated Smad1/5/8 is constantly increased
by U0126 during the differentiation process, implying that the
BMP/Smad signaling pathway is activated by U0126; this
might greatly contribute to the enhanced osteogenic differen-
tiation potential of rat MSCs.

We also wished to ascertain the way that U0126 activated the
BMP/Smad signaling pathway. First, we checked whether
U0126 exerted its effect on the phosphorylation of Smad proteins
by itself or by acting with β-glycerophosphate, as β-
glycerophosphate is known to be an activator of Smad proteins
in the in vitro induction medium. Interestingly, our result showed
that U0126 could enhance the phosphorylation of Smad1/5/8,
similar to that of β-glycerophosphate. However, we also found a
synergistic effect betweenU0126 andβ-glycerophosphate on the
phosphorylation of Smad1/5/8. We also observed that the
mRNA levels of BMP2 were significantly increased by
U0126 at both 7 and 14 days after osteogenic induction by
real-time PCR. Subsequently, we used a BMP2 antibody to
neutralize the effect of BMP2 and found that the level of
pSmad1/5/8was significantly reduced comparedwith the control
at 3 days after treatment, suggesting that the up-regulation of
pSmad1/5/8 by U0126 occurs at least partially on increasing
BMP-2 expression. In addition, we demonstrated that PD98059
could promote the osteogenesis of rat MSCs by up-regulating
BMP2, indicating that PD98059 can also activate the BMP/
Smad signaling pathway in rat MSCs.

Our study has thus shown that both U0126 and PD98059
promote the osteogenesis of rat MSCs by activating the BMP/
Smad signaling pathway, although they each block ERK1/2
activity. The increase of the BMP2 level by U0126 and its
synergistic effect with β-glycerophosphate on Smad protein
phosphorylation finally lead to an enhanced BMP/Smad sig-
naling pathway, which mainly contributes to the increased
osteogenic differentiation of rat MSCs in vitro.
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