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Double-edged-sword effect of IL-1β on the
osteogenesis of periodontal ligament stem cells via
crosstalk between the NF-κB, MAPK and BMP/Smad
signaling pathways

C-y Mao1, Y-g Wang2, X Zhang1, X-y Zheng1, T-t Tang*,2 and E-y Lu*,1

Microenvironmental conditions can interfere with the functional role and differentiation of mesenchymal stem cells (MSCs). Recent
studies suggest that an inflammatory microenvironment can significantly impact the osteogenic potential of periodontal ligament
stem cells (PDLSCs), but the precise effects and mechanisms involved remain unclear. Here, we show for the first time that
interleukin-1β (IL-1β) has dual roles in the osteogenesis of PDLSCs at concentrations ranging from physiologically healthy levels
to those found in chronic periodontitis. Low doses of IL-1β activate the BMP/Smad signaling pathway to promote the osteogenesis
of PDLSCs, but higher doses of IL-1β inhibit BMP/Smad signaling through the activation of nuclear factor-κB (NF-κB) and mitogen-
activated protein kinase (MAPK) signaling, inhibiting osteogenesis. These results demonstrate that crosstalk between NF-κB,
MAPK and BMP/Smad signaling mediates this dual effect of IL-1β on PDLSCs. We also show that the impaired osteogenesis of
PDLSCs results in more inflammatory cytokines and chemokines being released, inducing the chemotaxis of macrophages, which
further clarifies the role of PDLSCs in the pathogenesis of periodontitis.
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Approximately 90% of the population suffers from per-
iodontitis,1,2 which is characterized by chronic bacterial
infections in the supporting structures of the teeth and a
homeostatic imbalance between two coupled process in the
periodontal system – bone resorption by osteoclasts and bone
formation by osteoblasts. This disease involves interactions
with bacterial products, numerous cell populations and
different inflammatory mediators, and it can lead to tooth loss
in adults.1,2

Periodontal ligament stem cells (PDLSCs), a newly recog-
nized sub-population of mesenchymal stem cells (MSCs),
have attracted increasing attention in relation to their multi-
potency. As PDLSCs can easily be obtained from periodontal
tissue, they are considered important for prospective cell-
based therapies. Recently, PDLSCs have been shown to
migrate to the site of periodontal lesions and to mediate
periodontal regeneration.3–5 However, recent studies have
found that the osteogenic capacity of stem cells is impaired in
inflammatory microenvironments6,7 and that there are com-
plex interactions between stem cells and the microenviron-
ment under pathological conditions. Our previous studies
found that disrupted and disease-associated microenviron-

ments could influence the characteristics and functions of
MSCs.8-10 Additionally, some studies have indicated that
MSCs act in an immunomodulatory manner to regulate the
function and chemotaxis of immune cells and that environ-
mental factors may determine which immunomodulatory
pathways are operational in MSCs.11 Thus, we assume that
the mutual interactions between stem cells and inflammatory
microenvironments are crucial to harnessing the regenerative
potential of PDLSCs for therapeutic use.
Interleukin-1 (IL-1) is a pleiotropic cytokine and a central

mediator of innate immunity and inflammation.12 In clinical
studies, IL-1β has been found in increased concentrations in
gingival crevicular fluid (GCF) and at sites of periodontal
damage,13,14 and levels of IL-1β have been reported to
decrease after periodontal treatment.15,16 Compared with
levels at healthy sites, local IL-1β and tumor necrosis factor-α
(TNF-α) levels in the microenvironments of chronic period-
ontitis have been found to be significantly elevated and to be
associated with periodontal tissue destruction.17–19 IL-1
stimulates bone resorption by promoting osteoclast activa-
tion17,20,21 and mediates the osteoclastogenic effects of
TNF-α by enhancing the expression of RANKL.15 In
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inflammatory microenvironments, IL-1 and TNF have a
prominent role in the pathogenesis of periodontitis.19 Although
TNF-α has activity similar to that of IL-1β, IL-1β is present at
higher levels in inflamed gingival tissues, and its expression is
limited to the connective tissue layer.22 Multiple studies have
investigated the effect of IL-1β on osteoblast differentia-
tion,23,24 but conflicting data has been presented and the
underlying mechanism of its effects remains unclear.25

A previous study has shown that the concentration of IL-1β
in GCF is 145±167 pg/ml in healthy subjects and
6452± 2289 pg/ml in patients with chronic periodontitis.26 In
this study, we mimicked an inflammatory microenvironment
using IL-1β at different concentrations that ranged from
healthy physiological levels to those observed in the GCF in
cases of chronic periodontitis26 and tried to establish an in vitro
osteogenesis model to investigate the effects of different
doses of IL-1β on PDLSCs.
Previously, it has been reported that the nuclear factor-κB

(NF-κB) and mitogen-activated protein kinase (MAPK) signal-
ing pathways have crucial roles in the regulation of inflamma-
tion and bone metabolism.27,28 In addition, the BMP/Smad
signaling pathways have important roles in the regulation of
osteoblast differentiation.29 However, the roles these signaling
pathways have in the osteogenesis of MSCs in inflammatory
microenvironments remain unclear. In the present study, we
investigated the interactions of BMP/Smad, MAPK and NF-κB
signaling pathways in mediating the IL-1β-regulated osteo-
genic differentiation of PDLSCs. Because the resident period-
ontal cells can produce various inflammatory mediators that
induce inflammatory cells to invade the tissue and affect bone
resorption,30 we further examined the role of PDLSCs in the
pathogenesis of periodontitis by determining the production of
inflammatory cytokines and chemokines by PDLSCs in which
osteogenesis was inhibited by IL-1β.

Results

Identification of PDLSCs. We used flow cytometric analysis
to characterize PDLSCs based on surface molecules.
PDLSCs showed the characteristic pattern of mesenchymal
surface markers, including STRO-1, CD146 and CD90, and
negatively expressed the endothelial cell marker CD31 and
the hematopoietic markers CD45 and CD14 (Supplementary
Figure 1).

Dual effect of IL-1β on the osteogenesis of PDLSCs. The
osteogenic differentiation of PDLSCs was induced by cultur-
ing them in osteogenic media with or without IL-1β. Both ALP
staining (Figure 1a) at 7 days and alizarin red staining
(Figure 1b) at 21 days indicated that IL-1β at 0.01 ng/ml
stimulated the osteogenesis of PDLSCs, and IL-1β at
0.05 ng/ml showed no significant change of the osteogenesis
of PDLSCs, whereas IL-1β at concentrations of 0.25, 1.25
and 6.25 ng/ml all clearly inhibited the osteogenic differentia-
tion of PDLSCs. The quantitative data for ALP activity shown
in Figure 1c and for alizarin red release shown in Figure 1d
also indicate the different effects of IL-1β at different
concentration on the osteogenesis of PDLSCs.

We then examined mRNA levels of BMP2 and the
osteoblast marker genes including ALP, RUNX2, OSX, OPN
andOC at 6, 10 and 14 days. The transcription ofBMP2, OPN,
ALP (6, 10 and 14 days), OC (14 days) and OSX (10 and
14 days) increased by IL-1β at 0–0.01 ng/ml and was
decreased by degrees by IL-1β at 0.05–6.25 ng/ml. RUNX2
and OC (6 and 10 days) gradually decreased in response
to IL-1β at 0–6.25 ng/ml in a dose-dependent manner
(Figure 1e).
To assess whether changes in the expression levels of

osteogenic markers might be a result of IL-1β-induced cell
death, the viability of PDLSCs was determined via CCK8
analysis during the early stages of differentiation. CCK8
analysis showed no statistically significant changes during the
early stages of differentiation (Supplementary Figure 2).
Therefore, we conclude that the concentrations of IL-1β used
in this study (0–6.25 ng/ml) had no cytotoxic effects on
PDLSCs and that the effects on osteogenesis caused by
IL-1β were not related to the physical–chemical precipitation
that is usually observed during cell death in bone cell
cultures.31

Activation of NF-κB and MAPK signaling in PDLSCs. To
determine whether different doses of IL-1β affect PDLSCs
differentiation through the NF-κB and MAPK signaling path-
ways, we investigated the effects of the treatments using
western blot analysis (Figures 2a and b) and quantified the
resulting data (Figure 2c). IL-1β caused a rapid and strong
activation of NF-κB (Figure 2a) and MAPK (Figure 2b)
signaling at 10 min and led to the dose-dependent phosphor-
ylation of related proteins, including IκBα, P65, P38 and JNK
(c-Jun N-terminal kinase), but not included extracellular
signal-regulated kinase (ERK). Furthermore, the phosphory-
lated level of proteins related to NF-κB (IκBα and P65) and
MAPK (P38 and JNK) signally declined after 20 min. These
data suggest that IL-1β may affect the osteogenesis of
PDLSCs through NF-κB and MAPK signaling.

Activation of BMP/Smad signaling in PDLSCs. The effect
of different doses of IL-1β on BMP/Smad signaling was
determined via western blot analysis. As shown in Figure 1e,
IL-1β activated BMP2 gene expression diversely, in which
the transcription of BMP2 was significantly upregulated by
IL-1β at 0–0.01 ng/ml and downregulated by IL-1β at
0.05–6.25 ng/ml. We also examined the activation of the
downstream components of Smad signaling pathways during
osteogenesis of PDLSCs. We found that a low dose of IL-1β
(0.01 ng/ml) markedly promoted the phosphorylation
of Smad1/5 at 6 days, whereas higher doses of IL-1β
(0.05–6.25 ng/ml) showed a dose-dependent effect, resulting
in a steady decrease in the phosphorylation level of Smad1/5
(Figure 3a). At 9 days, the phosphorylation level of Smad1/5
showed a slight increase in response to IL-1β at 0–0.01 ng/ml
and gradually decreased with increasing IL-1β concentration
(0.01–6.25 ng/ml) (Figure 3a). The quantified data are shown
in Figure 3b. In addition, we found that the expression
levels of Smad4 were not changed after stimulation by
IL-1β (Figure 3a). Therefore, these findings suggest that
IL-1β activates BMP/Smad at lower concentrations but
inactivates these signal pathways at higher concentrations.
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This suggests crosstalk between BMP/Smad signaling and
other mechanisms in the osteogenesis of PDLSCs.

Inhibition of NF-κB and MAPK rescues the impaired
osteogenic differentiation caused by high-dose IL-1β
inhibition. To further clarify the role of NF-κB and MAPK in
osteoblast differentiation, we blocked the NF-κB and MAPK
signaling pathways using inhibitors of NF-κB (BAY11-7082),

P38 (SB203580), JNK (SP600125) and ERK (U0126).
Western blot analysis was performed to determine the
effective reduction of the phosphorylation levels of NF-κB
and MAPK after 10 min (Figure 4a). The quantified western
blot results are shown in Supplementary Figure 3.
As shown in Figures 4b–e, blocking NF-κB increased ALP

and mineralization levels, and blocking MAPK increased the
presence of mineralized nodules in PDLSCs. These results

Figure 1 The dual effect of IL-1β on osteogenic differentiation of PDLSCs. Cells were incubated with osteogenic differentiation medium with or without the indicated
concentrations of IL-1β (0.01–6.25 ng/ml). (a) Entire plate views and micrographs of alkaline phosphatase (ALP) staining at 7 days. (b) Entire plate views and micrographs of
alizarin red staining at 21 days. Bars represent 100 μm. (c) Quantitative evaluation of ALP activity. (d) Quantification of the alizarin red staining results. (e) BMP2, OSX, ALP,
Runx2, OPN and OC mRNAs were subjected to real-time PCR analysis at 6, 10 and 14 days. The expression levels were normalized to that of β-actin. The data are presented as
the mean± S.D. *Po0.05, **Po0.01, ***Po0.001 versus the Diff group (c and d) or the Diff group at 6 days (e), #Po0.05, ##Po0.01, ###Po0.001 versus the Diff group at
10 days (e), ○Po0.05, ○○Po0.01, ○○○Po0.001 versus the Diff group at 14 days (e). All data were obtained from at least three independent experiments
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confirm that NF-κB and MAPK have negative roles in the
osteogenesis of PDLSCs. This observation was further
supported by the real-time PCR results (Figure 4f), which

show that blocking the activation of NF-κB rescues the
expression of BMP2 and osteoblast marker genes (OSX,
RUNX2, ALP, OC andOPN) at 10 days, whereas blocking P38

Figure 2 Expression characteristics of NF-κB and MAPK signaling molecules during the osteogenic differentiation of PDLSCs with or without the indicated concentrations of IL-1β
(0.01-6.25 ng/ml). (a) The levels of phosphorylated and overall IkBα and P65 at 10 min and 20 min were examined in whole cell lysates via western blotting. (b) The levels of
phosphorylated and overall P38, JNK and ERK at 10min and 20min were examined in whole cell lysates via western blotting. (c) The average ratios of p-IkBα/GAPDH, t-IkBα/GAPDH,
p-P65/P65, p-P38/P38, p-JNK/JNK and p-ERK/ERK were calculated based on the analysis the gray band intensities. The data are presented as the mean± SD. *Po0.05, **Po0.01,
***Po0.001 versus the Diff group at 10 min. #Po0.05, ##Po0.01, ###Po0.001 versus the Diff group at 20 min. All data were obtained from at least three independent experiments
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signals rescues the production of BMP2, OSX, RUNX2 and
OPN. The inhibition of JNK upregulated the expression of
BMP2, OSX, RUNX2, OC and OPN, whereas blocking the
activation of ERK had no significant effect on the osteogenesis
of PDLSCs under IL-1β stimulation.

NF-κB and P38/MAPK inhibition reactivates the BMP/
Smad signaling downregulated by high-dose IL-1β treat-
ment. As reported previously, NF-κB and MAPK signaling
and BMP/Smad signaling have opposite biological functions
during inflammatory and osteogenic processes.27,28,32,33

Therefore, we hypothesized that NF-κB and MAPK inhibit
PDLSC osteogenesis through the inhibition of BMP/Smad
signaling. To test this, specific NF-κB and MAPK signaling
inhibitors were used to inhibit the activation of NF-κB and
MAPK, and we observed the influence of this inhibition on
BMP/Smad signaling activation via western blot analysis at
9 days. As shown in Figures 5a and b, the inhibition of NF-κB
and P38/MAPK led to a recovery of the Smad1/5 phosphor-
ylation level, whereas blocking JNK and ERK showed no
significant effect. Collectively, these results suggest a cross-
talk between NF-κB, MAPK and BMP/Smad signaling. NF-κB
and P38/MAPK signaling inhibited osteoblast differentiation
of PDLSCs through the suppression of Smad1/5 phosphor-
ylation, and NF-κB and MAPK appear to act as pivotal
mediators for the negative regulation of the osteogenesis of
PDLSCs.

BMP2 knockdown blocks osteogenic differentiation of
PDLSCs induced by low-dose IL-1β. We hypothesized that
BMP2 has an important role in osteogenic differentiation
of PDLSCs induced by low-dose IL-1β. To evaluate this
hypothesis, we first analyzed the transcription of BMP2
mRNA of PDLSCs treated by low-dose IL-1β by luciferase
activity assay (Figure 6a). Compared with the control group,
IL-1β (0.01 ng/ml) stimulated the transcription of BMP mRNA
at 3, 6 and 9 days.
We then examined the effect of BMP2 using small interfering

RNA (siRNA)-mediated gene silencing. As shown in
Figure 6b, the western blot analysis show that BMP2 silencing
markedly decreased the phosphorylation level of Smad1/5 at
6 days, and the quantified results are shown in Supplementary
Figure 4. After BMP2 knockdown, ALP activity at 7 days
(Figures 6c and d) and alizarin red staining at 21 days were
inhibited (Figures 6c and e). The expression of osteoblast
marker genes including ALP, RUNX2, OSX, OPN and OC
were also inhibited at 10 days (Figure 6f). All these data
suggested that BMP2mediate the osteogenic differentiation of
PDLSCs induced by low-dose IL-1β.

IL-1β increases the chemotaxis of macrophages and
cytokine production of PDLSCs. To investigate the role of
PDLSCs in inhibiting osteogenesis and their interplay with the
inflammatory microenvironment in modulating the migration
of macrophages, we performed a chemotaxis assay. First, we

Figure 3 Expression characteristics of bone morphogenetic protein (BMP)/SMAD signaling molecules during the osteogenic differentiation of PDLSCs with or without the
indicated concentrations of IL-1β (0.01–6.25 ng/ml). (a) The levels of phosphorylated Smad1/5 and overall Smad1/5 and Smad4 at 6 and 9 days were examined in whole-cell
lysates via western blotting. (b) The average ratios of phosphorylated (p)-Smad1/5/GAPDH were calculated based on the analysis of the gray band intensities. The data are
presented as the mean±SD. **Po0.01, ***Po0.001 versus the Diff group. All data were obtained from at least three independent experiments. GAPDH, glyceraldehyde-3-
phosphate dehydrogenase
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put PDLSCs (3× 104/well) in the lower transwell chamber.
Osteogenic media with various concentrations of IL-1β
(0–6.25 ng/ml) was added after incubated PDLSCs reached

80% confluence. Then, we seeded RAW 264.7 macrophages
(3 × 105/well) with culture media in the upper chamber of the
transwell plates. After 24 h, we observed a dose-dependent
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increase in the number of cells that migrated from the top
chamber to the bottom chamber. This demonstrates that
when under inhibiting osteogenesis by IL-1β, PDLSCs
promote the chemotaxis of RAW 264.7 macrophages
(Figure 7a). The number of macrophages was counted and
are shown in Figure 7b. To further determine how PDLSCs in
which osteogenesis has been inhibited could affect the
migration of macrophages and their role in inflammation, we
next examined the chemokines and cytokines expressed at
24 h. The data show that the transcription of CCL2 and CCL5
markedly increased in a dose-dependent manner under IL-1β
stimulation (0.05–6.25 ng/ml) (Figure 7c). The expression of
inflammatory cytokines TNF-α and IL-6 increased in the
same manner (Figures 7d and e), whereas the expression of
IL-1β first markedly increased by the treatment of IL-1β at
0–0.25 ng/ml and then gradually decreased by IL-1β at
0.25–6.25 ng/ml, demonstrating that PDLSCs under inhibiting
osteogenesis in inflammatory microenvironments increase
macrophage infiltration and release more inflammatory
mediators, which may contribute to bone resorption.

Discussion

This study investigated the role of the inflammatory environ-
ment and the possibility of crosstalk between the NF-κB,
MAPK and BMP/Smad signaling pathways in the regulation of
osteogenic differentiation. We mimicked an inflammatory
microenvironment by treating PDLSCs with IL-1β in concen-
trations ranging from healthy levels to levels found in chronic
periodontitis and showed for the first time that (1) there is a
dose-dependent dual role of IL-1β in modulating the osteo-
genesis of PDLSCs; (2) a low dose of IL-1β enhances
osteoblast differentiation mainly through the BMP/Smad
pathway, whereas higher doses of IL-1β exert inhibitory effects
mainly through the NF-κB and MAPK pathway; (3) crosstalk
exits between the NF-κB, MAPK and BMP/Smad signaling
pathways that modulates the osteogenesis of PDLSCs; and
(4) under conditions that inhibit osteogenesis, PDLSCs
increase macrophage chemotaxis. (Figure 8).
It is commonly known that inflammatory cytokines act as

negative modulators in the osteogenesis of resident cells.
Some studies have reported that IL-1 inhibits the osteogenesis
of MSCs or suppresses osteoblast-related gene expres-
sion.7,34 However, other conflicting results indicate that IL-1β
enhances the osteogenic potential of humanMSCs.24,35,36 It is
possible that these opposite effects of IL-1β are related to
differences in the source of MSCs and different IL-1β
concentrations and exposure times. Surprisingly, we found a
dual role of IL-1β in modulating the osteogenesis of PDLSCs.
We demonstrated that IL-1β at lower concentrations

(0–0.01 ng/ml) promotes the osteogenesis of PDLSCs,
whereas IL-1β at higher concentrations (0.05–6.25 ng/ml)
inhibits osteogenesis. We speculate that the inflammatory
cytokines present in the microenvironment may serve as an
important modulator of PDLSCs osteogenesis, and similar
findings have also demonstrated that the IL-1β at the fracture
site could modulate bone healing.24 Thus, targeting the
inflammatory microenvironment could enhance the success
of therapeutic approaches for the treatment of periodontitis
using resident MSCs.
Downstream signals of the IL-1β pathway include the NF-κB

and MAPK signaling pathways. MAPK signals are regulated
by a characteristic phosphorylation system in which a series of
three protein kinases phosphorylate and activate one another.
This signaling includes the ERK pathway, the JNK pathway
and the P38 kinase pathway.37 The activation of NF-κB has an
important role in the onset of inflammation and cell prolifera-
tion or differentiation.38 We show here that the NF-κB,
P38/MAPK and JNK/MAPK pathways, but not the ERK/MAPK
pathway, were gradually phosphorylated in a dose-dependent
manner after a brief (10 min) treatment with IL-1β, whereas the
inhibition of NF-κB and MAPK using inhibitors of NF-κB
(BAY11-7082), P38 (SB203580) and JNK (SP600125) partly
rescue the osteoblast differentiation that was impaired at
higher levels of IL-1β (0.05–6.25 ng/ml).
BMP/Smad signaling pathways have important roles in the

regulation of osteoblast differentiation,29 and this signaling can
be influenced by inflammatory factors, including TNF-α and
LPS.27,35 Our findings show that low levels IL-1β (0.01 ng/ml)
significantly increase the expression of BMP2 in PDLSCs and
promote the activation of the BMP/Smad signaling pathway.
This leads to the increased expression of osteoblast maker
genes, including OSX, ALP and OPN, but not RUNX2 and
early OC. Some studies have indicated that BMP/Smad
signaling can function independent of RUNX2, whereas the
expression of OSX induced by BMP2 is mainly mediated by
Dlx5, but not byRUNX2.39 However, comparedwith the effects
of low levels of IL-1β (0.01 ng/ml), higher levels of IL-1β
(0.05–6.25 ng/ml) inhibited BMP/Smad signaling in a dose-
dependent manner.
It has been reported that BMP has biological functions that

are opposite those of NF-κB and MAPK during inflammatory
processes.27,28,32,33 We further investigated the potential
crosstalk between BMP/Smad, NF-κB and MAPK signaling.
We suppressed NF-κB andMAPKusing specific inhibitors and
found that the inhibition of NF-κB and P38/MAPK partly
restored the phosphorylation level of Smad1/5 under high-
dose IL-1β treatment. Therefore, the dual roles IL-1β may be
regulated by following mechanism: low-dose IL-1β treatment
activates BMP/Smad signaling to promote the osteogenic

Figure 4 The effect of NF-κB and MAPK inhibitors on the osteogenic differentiation of PDLSCs. Cells were incubated with osteogenic differentiation medium in the presence
of IL-1β (6.25 ng/ml) along with an inhibitor of NF-κB (Bay11-7085), p38 (SB203580), JNK (SP600125) or ERK (U0126). (a) Western blot analysis results for the levels of
phosphorylated and overall IκBα, P65, P38, JNK and ERK at 10 min. (b) Entire plate views and micrographs of alkaline phosphatase (ALP) staining at 7 days. (c) Entire plate
views and micrographs of alizarin red staining at 21 days. Bars represent 100 μm. (d) Quantitative evaluation of ALP activity. (e) Quantification of the alizarin red staining results.
(f) BMP2, OSX, ALP, RUNX2, OPN and OC mRNAs was subjected to real-time PCR analysis at 10 days. The expression levels were normalized to that of β-actin. The data are
presented as the mean± SD. *Po0.05, **Po0.01, ***Po0.001 versus the Diff+IL-1β (d and e) or IL-1β groups (f). All data were obtained from at least three independent
experiments
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differentiation of PDLSCs, whereas high-dose IL-1β treatment
also activates the NF-κB and MAPK pathway, which produce
signals strong enough to suppress the phosphorylation of
Smad1/5, leading to the inhibition of osteogenesis.
Studies of periodontal disease suggest a role for the

chemokines CCL2 and CCL5 in macrophage migration,40

and cytokines such as TNF-α, IL-1β and IL-6 also contribute to
osteoclast activation and inflammatory cell recruitment.41,42

Our results show that coincident with impaired osteogenesis,
IL-1β-treated PDLSCs could induce the chemotaxis of macro-
phages by expressing CCL2 and CCL5 and producing
inflammatory cytokines, which helps to further explain the
immunomodulatory effects of PDLSCs in the mediation of
immune cells and the pathogenesis of periodontitis.
In summary, our study provides new insight into the double-

edged-sword effect of IL-1β by showing that different con-
centrations of IL-1β, ranging from physiologically healthy
levels to those observed in cases of chronic periodontitis, have
different effects on the osteogenesis of PDLSCs via crosstalk
between the NF-κB, MAPK and BMP/Smad signaling

pathways. Moreover, under conditions inhibiting osteogen-
esis, PDLSCs increase macrophage chemotaxis.

Materials and Methods
Samples, reagents and cell cultures. Human tooth samples were
collected from five volunteer donors who received orthodontic treatment for a normal
premolar tooth extraction in Shanghai Ninth People’s Hospital. The patients were
18–22 years old and had no history of smoking or other contributory factors in their
medical history. The experimental protocol was approved by the Ethics Committee
of Shanghai JiaoTong University School of Medicine, and informed consent was
obtained from all donors.
PDLSCs were isolated and cultured as described previously.6,7 Briefly, the

periodontal ligament (PDL) tissues were collected by scraping the root surface from
the middle third to the apex, minced into 1 mm cubes and then placed into six-well
culture dishes. The tissues were cultured in α-modified Eagle’s minimum essential
medium (α-MEM) (Hyclone, Logan, UT, USA) supplemented with 15% fetal bovine
serum (Hyclone), 100 U/ml penicillin and 100 μg/ml streptomycin at 37 °C. After a 2-
week culture, cells from the PDL became subconfluent. To obtain homogenous
populations of PDLSCs, single-cell-derived colony cultures were obtained using the
limiting dilution technique as described previously,43 and these cultures were then
mixed together. During cell passage, PDLSCs from different individuals were pooled.
Multiple colony-derived PDLSCs at three to five passages were used, and PDLSCs
were used at the same passage for each experiment.
RAW 264.7 cells were purchased from the American Type Culture Collection

(Rockville, MD, USA). α-MEM and fetal bovine serum (FBS) were purchased from
Hyclone. IL-1β was purchased from PeproTech (Rocky Hill, NJ, USA). P38
(SB203580; Sigma-Aldrich, St. Louis, MO, USA), JNK (SP600125; Sigma-Aldrich)
and ERK (U0126; Cell Signaling Technology, Boston, MA, USA) inhibitors (all at
10 μM) and an NF-κB inhibitor (BAY11-7082; Sigma-Aldrich) (5 μM) were used in
this study.

Flow cytometry. To identify MSC phenotypes, ~ 1 × 106 PDLSCs were washed
in phosphate-buffered saline (PBS) and then incubated with the following mouse anti-
human monoclonal antibodies: CD146 (FITC), CD31 (Alexa Fluor 488), CD90 (PE),
CD14(PE), CD45 (APC) (eBioscience, San Diego, CA, USA) and STRO-1(Alexa
Fluor 647) (BioLegend, San Diego, CA, USA). Cells were incubated for 45 min at
room temperature. The cell suspensions were then washed three times with PBS and
analyzed using a flow cytometer (FACSCalibur; BD Biosciences, Franklin Lakes,
NJ, USA).

Cell viability assay. The cytotoxic effects of IL-1β were determined using a
CCK8 assay according to the manufacturer’s instructions. PDLSCs were plated in
96-well plates at a density of 4 × 103 cells per well and cultured in α-MEM with 10%
FBS for 24 or 48 h. Cells were then treated with different concentrations of IL-1β
(0, 0.01, 0.05, 0.25, 0.125 or 0.625 ng/ml) for 24 h. Ten microliters of CCK8 buffer
were added to each well, and cells were incubated at 37 °C for an additional 2 h.
The absorbance was then measured at a wavelength of 450 nm (650 nm reference)
on an ELX800 absorbance microplate reader (Bio-Tek, Winooski, VT, USA). Cell
viability was calculated relative to a control using the following formula:
(experimental group OD− zeroing OD)/(control group OD− zeroing OD).

Construction of luciferase reporter gene and luciferase assay.
PDLSCs were transfected using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
following the manufacturer’s instructions. The BMP2 promoter-luciferase reporter
construct, consisting of 1.1 kb of BMP2 5′-flanking sequence cloned in front of the
Gaussia luciferase gene, was purchased from Genecopoeia (Rockville, MD, USA). As
a negative control, a subset of cells was transfected with the reporter vector without
promoter sequence. Secreted Gaussia luciferase was assayed from culture media
using the Secrete-Pair Luminescence Assay Kit (Genecopoeia), according to the
manufacturer's instructions. Luciferase activity was normalized to the negative control.

siRNA transfection. BMP2-specific and -nonspecific siRNA duplexes with
Chol-OMe-Cy5 modified were synthesized by Ribobio Co. Ltd (Guangzhou, China).
The sequences of siRNA oligonucleotides are described as follows: si-BMP2, 5′-GA
AACGAGUGGGAAAACAA dTdT-3′; scrambled nontargeting siRNA, 5′-CGUACGC
GGAAUACUUCGA dTdT-3′. The transfection of cells was performed according to
the manufacturer’s protocol (Ribobio, Guangzhou, China).

Figure 5 Expression characteristics of bone morphogenetic protein
(BMP)/SMAD signaling molecules during the osteogenic differentiation of PDLSCs
in the presence of IL-1β (6.25 ng/ml) and an inhibitor of NF-κB (Bay11-7085), p38
(SB203580), JNK (SP600125) and ERK (U0126) at 9 days. (a) The levels of
phosphorylated Smad1/5 and overall Smad1/5 and Smad4 at 9 days were examined
in whole-cell lysates via western blotting. (b) The average ratios of phosphorylated
(p)-Smad1/5/GAPDH were calculated based on the analysis of the gray band
intensities. The data are presented as the mean± SD. *Po0.05 versus the Diff
+IL-1β group. All data were obtained from at least three independent experiments
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Osteogenic differentiation. A total of 3 × 104 PDLSCs were plated into each
well of 24-well plates and cultured. To induce osteoblast differentiation, after
reaching 80% confluence, PDLSCs were cultured in α-MEM supplemented with
10% FBS, 50 μg/ml of ascorbic acid and 5 mM β-glycerophosphate for 7–21 days.
The medium was changed every 2 days. Cells were washed two times in
PBS after fixation in 4% paraformaldehyde for 20 min. Calcium accumulation was
detected via 2% alizarin red staining (pH 4.2), and calcium levels were then
measured using 100 mM cetylpyridinium chloride for 10 min to solubilize and
release the calcium-bound alizarin red into solution. The data are expressed
as the absorbance at 570 nm of the released alizarin red (detected using a ELX800
absorbance microplate reader).44 ALP staining and ALP activity were determined
using an Alkaline Phosphatase Color Development Kit (Hongqiao, Shanghai,
China) and an Alkaline Phosphatase Detection Kit (Jiancheng Bioengineering,
Nanjing, China; http://www.njjcbio.com) according to the manufacturer’s suggested
protocol.

Real-time PCR. Total RNA was extracted using the Qiagen RNeasy Mini Kit
(Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions, and
cDNA was synthesized from 1 μg of total RNA using reverse transcriptase (TaKaRa
Biotechnology, Otsu, Japan). Real-time PCR was performed using the SYBR
Premix Ex Taq Kit (TaKaRa) with the ABI Prism 7500 Fast Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA) according to the manufacturer's
instructions. The primers were designed and selected using BLAST. Gene
expression was measured using the DDCt method. β-Actin was used as the internal
control. The primer sequences are summarized in Supplementary Table 1.

Western blot analysis. The cells were washed two times with cold PBS, and
the total protein was extracted using an RIPA lysis buffer. The protein concentration
was quantified using a BCA Protein Assay Kit (Thermo Scientific, Rockford, IL,
USA), and proteins were separated via 10% SDS-PAGE and transferred onto
polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA). The transfer

Figure 6 Bone morphogenetic protein 2 (BMP2) knockdown blocks osteogenic differentiation of PDLSCs induced by IL-1β (0.01 ng/ml). (a) The luciferase activities of BMP2
promoter were detected at 0, 1, 3, 6 and 9 days, and normalized to the negative control. (b) The levels of BMP2, phosphorylated Smad1/5 and overall Smad1/5 and Smad4 at
6 days were examined in whole-cell lysates via western blotting. (c) Entire plate views and micrographs of alkaline phosphatase (ALP) staining at 7 days and alizarin red staining
at 21 days. Bars represent 100 μm. (d) Quantitative evaluation of ALP activity. (e) Quantification of the alizarin red staining results. (f) BMP2, OSX, ALP, Runx2, OPN and OC
mRNAs were subjected to real-time PCR analysis at 10 days. The expression levels were normalized to that of β-actin. The data are presented as the mean± S.D. *Po0.05,
**Po0.01, ***Po0.001 versus the Diff (a) and Scramble group (d–f). All data were obtained from at least three independent experiments
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membranes were blocked with 5% fat-free milk at room temperature for 1 h and
then incubated with primary antibodies against BMP2 (1 : 1000; Abcam,
Cambridge, UK), ERK1/2, p-ERK1/2, JNK, p-JNK, p38, p-p38, IκBα, p-IκBα, p65,
p-p65, p-Smad1/5, Smad1/5 and Smad4 (1 : 1000; Cell Signaling Technology) at 4 °
C overnight. After three washes, the membranes were incubated with appropriate

secondary antibodies that were conjugated with IRDye 800CW at room temperature
for 1 h. Immunoreactive bands were detected using the Odyssey infrared imaging
system (LI-COR, Lincoln, NE, USA). The GAPDH antibody (1 : 1000; Cell Signaling
Technology) was used as a control. The intensity of each band was analyzed using
the ImageJ software (Bethesda, MD, USA).

Figure 7 The immunomodulatory effects on osteogenic differentiation of PDLSCs with or without the indicated concentrations of IL-1β (0.01–6.25 ng/ml). (a) Transwells were
used to determine the migration of RAW 264.7 macrophages at 24 h. Bars represent 100 μm. (b) As in (a), the number of migrating cells were counted at × 200 magnification. (c)
CCL2, CCL5 mRNAs of PDLSCs were subjected to real-time PCR analysis at 24 h. The expression levels were normalized to that of β-actin. (d) TNF-α, IL-1β and IL-6 mRNAs of
PDLSCs were subjected to real-time PCR analysis at 24 h. The expression levels were normalized to that of β-actin. (e) Secreted concentrations of TNF-α, IL-1β and IL-6 in the
culture supernatant of PDLSCs were measured via chemiluminescence cytokines analysis at 24 h. The secreted IL-1β was calculated as the supernatant concentration minus the
initial concentration of IL-1β. The data are presented as the mean ± SD. *Po0.05, **Po0.01, ***Po0.001 versus the Diff group. All data were obtained from at least three
independent experiments
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Transwell assay. PDLSCs were plated at 3 × 104 cells per well in the lower
transwell chamber and cultured to 80% confluence in culture medium (α-MEM with
10% FBS and 1% antibiotic). The medium was replaced with an osteogenic medium
containing 0, 0.01, 0.05, 0.25, 1.25 or 6.25 ng/ml IL-1β and cells were cultured for
24 h. An osteogenic medium with 0, 0.01, 0.05, 0.25, 1.25 or 6.25 ng/ml IL-1β and
without PDLSCs used as a control. A total of 3 × 104 RAW 264.7 cells were plated
on a Matrigel-coated polycarbonate membrane insert (8.0 mm pores) in a transwell
apparatus (Costar, Shanghai, China) and maintained in 100 μl of complete medium
(α-MEM with 10% FBS and 1% antibiotic). Then, the inserts were washed with
PBS, and the cells on the top surface of the insert were removed by wiping the
surfaces with a cotton swab. The cells that migrated to the bottom surface of the
insert were fixed with 4% paraformaldehyde, stained with 0.1% crystal violet and
then subjected to a microscopic inspection and cell count. The cells were counted
under × 200 magnification. Every sample was counted in five randomly chosen
fields and the values were averaged.

Cytokine analysis. PDLSCs were seeded at 3 × 104 cells per well in 24-well
plates with culture medium (α-MEM with 10% FBS and 1% antibiotic). After 80%
confluence was reached, the medium was replaced with an osteogenic medium
containing 0, 0.01, 0.05, 0.25, 1.25 or 6.25 ng/ml IL-1β, and the cells were cultured
for 24 h. The production of TNF-α, IL-1β and IL-6 in the supernatant was measured
with TNF-α, IL-1β and IL-6 Chemiluminescence Analysis Kits (Siemens Healthcare
Diagnostics Inc.) using an IMMULITE/IMMULITE 1000 System (Siemens
Healthcare Diagnostics Inc., Marburg, Germany), following the manufacturer's
instructions. In all procedures, contamination and exposure to direct sunlight were
avoided, as per the manufacturer's guidelines.

Statistical analysis. The data are expressed as the mean±S.D. from at least
three independent experiments. The results were analyzed via Student’s t-test or
one-way analysis of variance) using the SPSS 13.0 software (SPSS Inc., Chicago,
IL, USA). Po0.05 indicated a significant difference between groups.
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