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IL-1f promotes osteogenic differentiation of mouse
bone marrow mesenchymal stem cells via the BMP/Smad
pathway within a certain concentration range
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Abstract. Inflammatory factors play an important role in the
process of fracture healing. The influence of interleukin (IL)-1p,
a key inflammatory factory, on new bone formation has been
controversial. The aim of the present study was to investigate
whether IL-1p affects the osteogenic differentiation of mouse
bone marrow mesenchymal stem cells (MBMMSCs), and
examined its effective concentration range and molecular
mechanism of action. MBMMSC proliferation in the presence
of IL-1p was observed using a Cell-Counting Kit-8 assay,and the
effect of IL-13 on MBMMSC apoptosis was examined via flow
cytometry. Alkaline phosphatase assay, Alizarin Red staining
and quantitative assays were performed to evaluate the osteo-
genic differentiation of MBMMSCs. The expression levels of
osteogenic differentiation markers were detected using reverse
transcription-quantitative PCR (RT-qPCR). It was demon-
strated that within a concentration range of 0.01-1 ng/ml, IL-18
promoted osteogenic differentiation of MBMMSCs and did
not induce apoptosis. Furthermore, RT-qPCR results indicated
that IL-1p increased osteogenic gene expression within this
concentration range. Moreover, Western blotting results identi-
fied that the bone morphogenetic protein/Smad (BMP/Smad)
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signaling pathway was significantly activated by IL-1p under
osteogenic conditions. Therefore, the present results suggested
that within a certain concentration range, IL-1f promoted
osteogenic differentiation and function of MBMMSC:s via the
BMP/Smad signaling pathway.

Introduction

The fracture healing process involves many complex steps, and
ultimately restores the structure and function of the fracture
site (1,2). The healing process begins immediately after a frac-
ture occurs, and the local inflammatory reaction is a critical
part of early healing (3). Moreover, the inflammatory response
plays a vital role in the promotion and coordination of local
osseous tissue regeneration (3). With the passive release of
locally damaged tissue and the active release of inflammatory
cells, the expression levels of inflammatory factors including
tumor necrosis factor-a (TNF-a), interleukin (IL)-1, IL-6,
IL-11 and IL-18 are significantly elevated (4). Systemic and
local release of these inflammatory factors have an important
effect on biological processes such as vascular regeneration,
cell recruitment and cartilaginous callus production (4).

Among these inflammatory factors, TNF-a and IL-1 have
major functions in the regulation of fracture healing, and their
secretion levels vary at different time points (4-6). These
two master regulators of inflammation reach first peak levels
between 24 h and 7 days after the fracture occurs (4-6). The
process of cell recruitment into the hematoma is primarily
activated by inflammatory factors at this stage (5,6). Then,
the expression levels of TNF-a and IL-1 decrease until the
regulation of osseous tissue regeneration is required (5,6). The
second increase in these two regulators often occurs 4 weeks
after fracture, and the specific time point and duration of this
increase are related to the individual healing rate and age of
the patient (5,6).

Although direct fracture healing has been reported,
indirect fracture healing is the main route of fracture
healing (2,7). Both endochondral ossification and intramem-
branous ossification play important roles in indirect fracture
healing, but intramembranous ossification is faster during
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bone regeneration (8-10). In order to form new osseous
tissue that can resist rotational and shear forces, stem cells
in the osteotylus differentiate into osteoblasts and bone cells,
which then gradually mineralize (8-10). Mesenchymal stem
cells (MSCs) can serve as both a source of bone-shaped
osteoblasts and osteoprogenitor cells (8,9), as well as having
a paracrine effect on bone tissue regeneration (10). During the
process of osseous tissue regeneration, the influence of inflam-
matory factors on osteogenic differentiation of bone marrow
MSCs (BMMSCs) has been investigated (4). In inflammatory
microenvironments, IL-1 and TNF-a have a prominent role
in inflammatory osteolysis (11). While TNF-a has similar
activity to that of IL-1p, the expression of IL-1f is relatively
higher in inflamed osseous tissues (12). As a major regulator
of fracture healing, IL-1p reportedly promotes osteogenic
differentiation of BMMSCs (7,13,14). It has been shown that
the use of non-steroidal anti-inflammatory drugs during the
fracture healing phase leads to prolonged healing, which is
consistent with the reported osteogenic effect of inflammatory
factors (15-18). However, previous studies have revealed that
IL-1p inhibits stem cell differentiation into osteoblasts, and this
inhibitory effect is enhanced with increasing IL-1( concentra-
tion (19). In addition, the mechanism via which IL-1§ affects
osteogenic differentiation has been previously investigated, and
the involvement of several signaling pathways has been identi-
fied (20-23). Bone morphogenetic protein/Smad (BMP/Smad)
is a classical signaling pathway that is often activated during
osteogenic differentiation of stem cells and plays a key role
in early osteogenesis and late mineralization (24). However,
whether the BMP/Smad signaling pathway participates in
the effect of IL-1f on osteogenic differentiation is not fully
understood (19,25).

The aim of the present study was to investigate the effect on
the osteogenic differentiation of mouse bone marrow mesen-
chymal stem cells (MBMMSCs) at various concentrations, in
order to assess wWhether IL-1p has a positive effect on fracture
healing. Using systematic experiments, the present study
examined the maximum concentration of IL-1§ that would be
required to produce a positive effect, and identified the role of
the BMP/Smad pathway after IL-1{ stimulation.

Materials and methods

Cell culture. Allanimal experiments in this study were performed
in accordance with the guidelines of Anhui Medical University,
and were approved by the Ethics Committee at Anhui Medical
University. In this experiment, five male C57BL/6 mice provided
by the Anhui Laboratory Animal Center (age, 6 weeks; weight,
18-22 g) were used. Animals were housed at a temperature of
20-25°C, 50-60% humidity in a 12/12 h light/dark cycle and
access to food and water. The main aim was to obtain primary
cells (BMMSCs) from the mice. Euthanasia was performed by
the inhalation of CO, (100%) using a closed euthanasia device,
which was placed in a ventilated environment. Before mice
entered the device, low concentrations of CO, were prepassed
into the device. After mice entered the chamber, 100% CO,
was gradually introduced. After determining the mortality of
the mouse, CO, (100%) was continually passed for 2 min. If
mice did not breathe spontaneously for 3 min and there was no
blink reflex, mortality was confirmed. Primary MBMMSCs
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were isolated and expanded as previously described (26).
Euthanized mice were sterilized in 70% ethanol for 15 min,
and cells were isolated from the femur and tibiae bone marrow,
and then cultured in a T75 flask. To form complete medium,
10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and 1% peni-
cillin/streptomycin (Hyclone; GE Healthcare Life Sciences)
were added to the a modification of Eagle's minimum essential
medium (Hyclone; GE Healthcare Life Sciences). Primary cells
were cultured in complete medium in an incubator containing
5% CO, at 37°C until the cells were fully confluent. The medium
was changed every 3 days, and MBMMSC:s at passage 3 were
used in the subsequent experiments. MBMMSCs at passage 2
were identified by fluorescence activated cell sorting staining.
Antibodies against CD90, CD105, CD34 and CD45 (2 pg/ml;
BD Biosciences) were used for staining (30 min at 25°C) and a
flow cytometer (BD FACSCalibur; BD Biosciences) was used
for the detection (Fig. S1).

Cell proliferation. The effect of IL-1p (R&D Systems, Inc.)
on the proliferation of MBMMSCs was detected using a
Cell-Counting Kit-8 (CCK-8) assay (Dojindo Molecular
Technologies, Inc.) according to the manufacturer's instruc-
tions. MBMMSCs (5x10° cells/well) were plated into 96-well
plates containing IL-1f3 at various concentrations (0, 0.01, 0.1,
1 or 10 ng/ml) for 1, 3 or 5 days at 37°C. Cell culture medium
was removed and 100 ul 10% CCK-8 solution was added to
each well. After 2 h of incubation at 37°C, absorbance of the
wells was measured at 450 nm.

Cell apoptosis. The effect of IL-1f on MBMMSC apoptosis
was assessed using flow cytometry via double-staining for
Annexin V-FITC and PI (BD Biosciences). MBMMSCs were
seeded into 24-well plates (8x10* cells/well) and collected
48 h after IL-1p treatment (0, 0.01, 0.1, 1, or 10 ng/ml) at
37°C. Cells were washed twice with PBS and resuspended
in 200 gl 1X binding buffer (BD Biosciences) at a density of
5x10° cells/ml. Then, 5 ul Annexin V-FITC and 10 p1 PI were
added to the tube and incubated for 15 min in the dark at 25°C.
A flow cytometer (BD FACSCalibur; BD Biosciences) was
used for the detection.

Assessment of alkaline phosphatase (ALP) activity and
mineralized matrix formation. To assess the effect of IL-13
on osteogenic differentiation, MBMMSCs were seeded in
24-well plates (8x10* cells/well). After the cells began to
adhere to the plates, osteogenic medium (complete medium
containing 10 mM f3-glycerophosphate, 50 nM ascorbic acid
and 100 nM dexamethasone; Sigma-Aldrich; Merck KGaA)
containing IL-1f at different concentrations (0, 0.01, 0.1, 1 or
10 ng/ml) was added to induce differentiation.

For ALP staining, MBMMSCs were washed twice with
PBS after 7 days of treatment. After fixing with 4% parafor-
maldehyde for 30 sec at 25°C, the cells were stained according
to the manufacturer's instructions of the ALP staining kit
(Beyotime Institute of Biotechnology). To quantitatively
analyze ALP activity, MBMMSCs were washed twice with
PBS and lysed with 1% Triton X-100 for 15 min. ALP activity
was measured based on the absorbance at 405 nm, and was
normalized to total protein concentration using a bicincho-
ninic acid assay (Thermo Fisher Scientific, Inc.).
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Gene Forward (5'-3") Reverse (5'-3")

RUNX2 GACTGTGGTTACCGTCATGGC ACTTGGTTTTTCATAACAGCGGA
ALP AGAAGTTCGCTATCTGCCTTGCCT TGGCCAAAGGGCAATAACTAGGGA
COLI1A1 GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG

BSP TGCTAACTGCGCAAACATACC AGGGGGTGTGATAAAGGAACG
BMP2 ACTACACGAAAGCAGTGGGAA GCATCTGTTGCGAAACACT

OCN TAGCAGACACCATGAGGACCATCT CCTGCTTGGACATGAAGGCTTTGT
OPN AGCAAGAAACTCTTCCAAGCAA GTGAGATTCGTCAGATTCATCCG
GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA

ALP, alkaline phosphatase; BMP, bone morphogenetic protein; OCN, osteocalcin; OPN, osteopontin; BSP, bone sialoprotein; RUNX?2, runt-related

transcription factor 2; COL1A1, type I collagen.

In addition, MBMMSCs were stained with Alizarin Red
(Wuhan Servicebio Technology Co., Ltd.) to assess mineral-
ized matrix deposition for bone nodule formation after 21 days
of IL-1p treatment. MBMMSCs were washed three times with
PBS, fixed with 4% paraformaldehyde for 15 min at 25°C and
stained with 1 Alizarin Red dye solution according to the
manufacturer's instructions. For further quantitative analysis,
a 10% chlorinated 16 alkyl pyridine solution of sodium phos-
phate (pH 7.0; Sigma-Aldrich; Merck KGaA) was added to
dissolve the dye for 30 min at 25°C, and the absorbance was
measured at 620 nm.

Reverse transcription-quantitative PCR (RT-qPCR). To
determine the effect of IL-1 on downstream osteogenic
genes during osteogenic induction, RT-qPCR was conducted
to evaluate the relative expression of genes at different stages.
Total RNA was extracted from MBMMSCs using TRIzol®
reagent (Thermo Fisher Scientific, Inc.). All sample concen-
trations were normalized, and cDNA was synthesized using
PrimeScript RT Master mix according to the manufacturer's
instructions (Takara Bio, Inc.). gPCR was performed using
SYBR® Premix EX Taq according to the manufacturer's
instructions (Takara Bio, Inc.). The following thermocycling
conditions were used for the gPCR: Initial denaturation at 95°C
for 30 sec; followed by 40 cycles of 95°C for 5 sec and 60°C
for 30 sec. The primers used are shown in Table I. GAPDH
was used as the internal reference gene for normalization. The
2-44¢4 method was used for quantification (27).

Western blot analysis. MBMMSCs in 6-well plates
(4x10° cells/well) were lysed with RIPA buffer containing
a protease inhibitor cocktail (Thermo Fisher Scientific,
Inc.) and phenylmethylsulfonyl fluoride (Beyotime Institute
of Biotechnology). The concentration of total protein was
determined using a bicinchoninic acid assay. Equal amounts
of protein (20 pg/lane) in each group were separated using
10% SDS-PAGE and transferred to PVDF membranes
(EMD Millipore). After incubation in 5% skimmed milk for 1 h
at 25°C to block non-specific binding, the membranes were incu-
bated with primary antibodies (1:1,000 dilution) against Smadl,
Smad5, Smad4 and phosphorylated (p)-Smad1/5 (cat. no. 12656;
Cell Signaling Technology, Inc.) and GAPDH (cat. no. 5174; Cell

Signaling Technology, Inc.) for 8 h at 4°C. This was followed
by incubation with horseradish peroxidase (HRP)-conjugated
secondary antibody (1:2,000; cat. no. 7074; Cell Signaling
Technology, Inc.) in Tris-buffered saline/0.1% Tween-20 at room
temperature for 1 h. The immunoreactive bands were visual-
ized using Immobilon Western HRP (EMD Millipore). The
Tanon 5200 chemiluminescent imaging system (Tanon Science
and Technology Co., Ltd.) was used for densitometric analysis.

Treatment with signaling pathway inhibitor. To further
evaluate the role of BMP/Smad signaling in osteogenic differ-
entiation under IL-1f treatment, the BMP/Smad signaling
pathway was blocked using LDN193189 (Selleck Chemicals).
MBMMSCs were pre-stimulated with 0.2 uM LDN193189 for
2 h at 37°C and then stimulated with 0.1 ng/ml IL-1f3 at 37°C
until the time of detection (Western blot analysis at 7 days,
ALP analysis at 7 days, mineralization analysis at 21 days and
gPCR analysis at 7 days).

Statistical analysis. Data are presented as the mean + SD
from =3 independent experiments. The results were analyzed
by one-way ANOVA using SPSS 23.0 software (IBM Corp.).
Dunnett's multiple comparisons test was used as the post-hoc
test. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Effect of IL-18 on MBMMSC proliferation and apoptosis.
Prior to investigating the effect of IL-1f3 on osteogenic differ-
entiation, it was important to determine whether it affects the
proliferation of MBMMSCs. It was found that MBMMSCs
treated with various concentrations of IL-1p maintained similar
proliferation rates compared with the control group (Fig. 1A).
Moreover, it was demonstrated that IL-1f did not induce cyto-
toxicity to MBMMSC:s at the highest concentration (20 ng/ml).
In addition, the present results suggested that IL-1f at different
concentrations did not cause significant early apoptosis of
MBMMSCs (Fig. 1B).

IL-15 enhances osteogenic differentiation of MBMMSCs
within a certain concentration range. To assess the influence of
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Figure 1. Effects of IL-1f on viability of MBMMSCs. (A) MBMMSCs were treated with different concentrations of IL-1f for 1,3 and 5 days prior to measuring
cell proliferation with a Cell Counting Kit-8 assay. (B) Cell apoptosis was assessed by flow cytometry after 48 h incubation with different concentrations
of IL-1f. IL, interleukin; MBMMSCs, mouse bone marrow mesenchymal stem cells.

IL-1p on osteogenic differentiation of MBMMSCs, ALP assay,
Alizarin Red staining and quantitative tests were performed. It
was demonstrated that IL-1{ caused osteogenic differentiation
at very low concentrations (0.01 ng/ml; Fig. 2A). Furthermore,
with increasing IL-1p concentration, the osteogenic effect
of IL-1p was increased, and similar results were obtained
at 0.1 and 1 ng/ml. When the IL-1f concentration continued
to increase, its osteogenic effect on MBMMSCs began to
decrease, and showed a relative inhibitory effect at 10 ng/ml.
Moreover, quantitative analysis results were similar (Fig. 2B),
thus indicating that IL-1f3 promoted the osteogenic differen-
tiation of MBMMSCs within a certain range, but this effect
disappeared after exceeding this range.

IL-18 upregulates the expression of osteogenic genes. The
transcriptional level of the osteogenic genes is altered after
activation of various signaling pathways (24,28,29). Therefore,
the mRNA expression levels of the downstream osteogenic
differentiation markers Runx2, ALP, collagen 1A1 (COL1A1),
bone sialoprotein (BSP), BMP2, osteocalcin (OCN) and
osteopontin (OPN), were determined using RT-qPCR. It was
found that Runx2 mRNA expression was increased after
3 days of IL-1f treatment. On day 7, the mRNA expression
levels of ALP, COL1A1, BSP and BMP2 in the IL-1p-treated
MBMMSCs were significantly increased compared with the
control group, and the mRNA expression levels of OCN and
OPN began to increase. By day 14, the expression levels of
OCN and OPN were found to further increase. Similar to
osteogenic differentiation, the expression of osteogenic genes
in MBMMSCs did not increase after stimulation with 10 ng/ml
IL-1p, and the overall expression levels were lower compared
with the control group (Fig. 3). Therefore, the present results
suggested that IL-1p may regulate osteogenic differentiation
at the mRNA level.

Activation of the BMP/Smad signaling pathway in
MBMMSCs. To assess whether the BMP/Smad classical
osteogenic pathway is involved in the effect of IL-1p on the

osteogenic differentiation of MBMMSCs, the activation
of Smad signaling was examined by Western blot analysis
during osteogenesis. It was demonstrated that the phosphory-
lation of Smad1/5, which represents the activation level of
the BMP/Smad pathway (30,31), was significantly increased
after 7 days of IL-1p stimulation (Fig. 4A and B). However,
the protein expression levels of Smadl, Smad4 and Smad5
were unchanged after IL-1f treatment (Fig. 4). Moreover, the
phosphorylation level of Smad1/5 showed a downward trend at
10 ng/ml IL-1P. Thus, the present results indicated that IL-1f
regulated osteogenic differentiation of MBMMSCs via the
BMP/Smad signaling pathway.

Inhibition of the BMP/Smad signaling pathway suppresses
IL-1B-induced osteogenic differentiation. LDN193189 is a
transforming growth factor (TGF)-f/Smad inhibitor that is
often used to inhibit BMP2-induced p-Smadl1/5/9 (32-34).
Western blot analysis was performed to evaluate Smad
phosphorylation levels after 7 days. It was identified that
LDN193189 significantly reduced the protein expression
level of p-Smad1/5 stimulated by 0.1 ng/ml IL-1p, returning
tolevels similar to the control group (Fig. 5). It was also found
that blocking the BMP/Smad signaling pathway decreased
ALP and mineralization staining, and similar results were
obtained from the quantitative assays (Fig. 5C and D).
Moreover, these results were further supported by the
results of the RT-qPCR (Fig. 5E). Collectively, the present
results suggested that the BMP/Smad signaling pathway
may have an important role in IL-1p-induced osteogenic
differentiation.

Discussion

The present study investigated the role of IL-1f in osteo-
genic differentiation during fracture healing and assessed
the conditions under which IL-13 exerted a positive effect
on MBMMSCs. Several controversial issues, which had
been highlighted in previous studies, were addressed by the
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present results (14,19,35). Firstly, it was found that IL-1p
did not promote the proliferation of MBMMSCs, or induce
cytotoxicity and apoptosis within a certain concentration
range. Furthermore, IL-1{ positively regulated the osteogenic
differentiation of MBMMSCs within a certain concentration
range, and when the concentration was too high, osteogenic

differentiation did not occur and was inhibited. Moreover, it
was demonstrated that the BMP/Smad signaling pathway was
activated in IL-13-mediated osteogenic regulation.

Prior to investigating the effect of IL-1p on osteogenic
differentiation, the present study first assessed its effect on
MBMMSC proliferation and apoptosis. It was demonstrated



3006 WANG et al: IL-13 PROMOTES OSTEOGENIC DIFFERENTIATION OF MBMMSCs

A

L8 0 001 01 1 10 ng/ml
P-Smadi1/5 e .. 60kDa

smadt M S S S . <0 (0a

Smads M NS SR S e 60 Da
Smads S S S |

B 0.4~ Ak
wedede
i

T 0.34
a
<
9]
@ 02- *
o —
E -
o 0.1+
o

0.0-

0 0.01 0.1 1 10

IL-1B (ng/ml)

Figure 4. Effect of IL-18 on the BMP/Smad signaling pathway in mouse bone marrow mesenchymal stem cells. (A) Levels of p-Smad1/5, overall Smadl, Smad5

and Smad4 at 7 days were examined via Western blot analysis. (B) Quantitative assay of p-Smad1/5/GAPDH. “‘P<0.05, “P<0.01,

IL, interleukin; BMP, bone morphogenetic protein.

okl

P<0.001. p-, phosphorylated;

A B IL-1B+
e IL-1
0 B o . C 0 P LDN193189
P-Smad1/5 # @mmm s 60 kDa 2 2
£
Smad! s W W 60 kDa § €5
Smad5 W W W 6O kDa E ;
Smad4 e s s 70 kDa 5 >
o 0. £
GAPDH il S am 37 kDa 0 IL-1p  IL-1B+ =
LDN193189 b=
=]
QL
E 87 mmo LY
IL-1f £
. wem IL-1B+LDN193189 . 2
k=)
i)
o = L bl
§ "2‘- 8 ik EELS 03 nll
< c 6 e EO.B
g L S
o
£ g 4 g0.4
g 2 002
%o 0.0
o o o o z z < 0 -1 IL-1B+ 0 IL-1B  IL-1p+
X r @ o o a LDN193189 LDN193189
= < @ = & O
E s

<
it
0
&)

Figure 5. Effect of TGF-f/Smad inhibitor on the osteogenic differentiation of MBMMSCs. MBMMSCs were treated with osteogenic differentiation medium

in the presence of 0.1 ng/ml IL-1f along with the inhibitor of TGF-f/Smad LD.

N193189. (A) Western blot analysis results for the levels of p-Smad1/5, and

total Smadl, Smad5 and Smad4 at 7 days. (B) Quantitative results of p-Smad1/5/GAPDH. (C) Entire plate views of ALP staining at 7 days and alizarin red

staining at 21 days. (D) Quantitative evaluation of ALP activity and alizarin red st:
BMP2, OCN and OPN at 7 days. Expression levels were normalized to GAPDH

aining results. (E) mRNAs expression levels of RUNX2, ALP, COL1A1, BSP,
. ""P<0.001. p-, phosphorylated; IL, interleukin; ALP, alkaline phosphatase;

BMP, bone morphogenetic protein; OCN, osteocalcin; OPN, osteopontin; BSP, bone sialoprotein; RUNX2, runt-related transcription factor 2; COL1A1, type I
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that IL-1{ concentrations within a certain range did not signif-
icantly promote or inhibit the proliferation of MBMMSCs,
which eliminated interference in the subsequent osteogenic
differentiation experiments. Moreover, previously reported
concentrations of IL-18, which are shown to contribute to
osteogenic differentiation of various cells, are within this
selected range (7,14,19,25). In addition, as early cell apoptosis
cannot pass endpoint monitoring methods such as CCK-8 (26),
the present study examined whether IL-1f induced cell
membrane damage in MBMMSCs by evaluating Annexin V
on the cell membrane surface. The present results suggested
that IL-1p stimulation did not induce significant early apop-
tosis in MBMMSC s, thus establishing the basis for subsequent
experiments.

During the process of fracture healing, the sterile inflam-
matory response plays an important role at all stages (4-6).
A variety of inflammatory factors act as executors of inflam-
matory response, exerting a variety of regulatory functions in
fracture healing (4-6). Among them, the regulation of IL-1f
on new bone formation has been extensively studies; however,
there are discrepancies between these results (6,7,14). The
main reasons for these inconsistencies may include unclear
concentration ranges and differentiation of experimentally
selected cells. The present study selected BMMSCs, which
is an important source of new osseous tissue, to assess the
regulatory role of IL-1p in osteogenic differentiation within
a sufficiently large concentration range. The present results
suggested that the addition of IL-1§ at 0.01-1 ng/ml under
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osteogenic induction significantly enhanced the osteogenic
differentiation of MBMMSCs, and this was demonstrated by
the mRNA expression levels of downstream osteogenic genes.
Unlike IL-1f, other inflammatory factors such as TNF-a
do not cause similar osteogenic promoting effects (36-39).
Previous findings have shown that TNF-a significantly inhibits
osteogenic differentiation potential of MSCs at different
concentrations (36-39). In the present study, when IL-1p
concentration was increased to 10 ng/ml, osteogenic promo-
tion disappeared and osteogenic genes were downregulated.
Thus, the present results indicated that IL-1f3 promoted new
bone formation during fracture healing only within a specific
concentration range. Furthermore, excess IL-13 may not be
beneficial to fracture healing and may produce adverse results.
From the overall perspective of the fracture healing process,
the aseptic inflammatory response is essential, but exces-
sive inflammation hinders fracture healing (4-6). Therefore,
further animal experiments are required to investigate the
effect of IL-1P on fracture healing in vivo. In an animal model,
IL-1p could be loaded onto the surface of implants by internal
fixation and surface modification to reach a stable local IL-1p
concentration at the fracture site (40).

Multiple signaling pathways are involved in regulating
the osteogenic differentiation of BMMSCs, such as the
Wnt/B-catenin (20), mitogen-activated protein kinase (21),
phosphoinositide 3-kinase (22) and estrogen receptor path-
ways (23). BMP/Smad, one of the classical osteogenic signaling
pathways, has been reported to participate in IL-1p-induced
differentiation of periodontal cells (19). However, it has also
been reported that the BMP/Smad signaling pathway is not
involved in the regulation of the differentiation potential of
BMMSCs by IL-1f (25). If IL-1B acts via the BMP/Smad
pathway, signaling will be initiated with ligand-induced
oligomerization of serine/threonine receptor kinases and
phosphorylation of the cytoplasmic signaling molecules
Smad1/5/9 (19,30,31). Furthermore, carboxy-terminal phos-
phorylation of Smads by activated receptors results in their
binding with the common signaling transducer Smad4, and
causes their translocation to the nucleus (30,31). In the present
study p-Smadl/5, which shares the same binding site as
p-Smad1/5/9 (30,31), was used as an indication of BMP/Smad
activation. To further demonstrate that IL-1f regulated
osteogenic differentiation of MBMMSCs via the BMP/Smad
signaling pathway, a TGF-/Smad inhibitor was used to block
the activity of this pathway. The impaired osteogenic effect
identified in suggested that the BMP/Smad pathway may play
a vital role in the regulation of MBMMSC osteogenic differ-
entiation by IL-1f.

However, there are several limitations to the present study
that require discussion. Firstly, MBMMSCs were selected
as the research subject, however to obtain results that are
clinically application the use of human cells may be more
beneficial. Therefore, future experiments will use human
BMMSCs. Furthermore, the intensity of BMP/Smad activa-
tion stimulated by IL-1f3 at different concentrations may not
completely correspond to the observed osteogenic effects.
When the IL-1f concentration >1 ng/ml, its osteogenic effect
was reduced, but the expression level of p-Smadl/5 was still
relatively high. Thus, the present results suggested that other
signaling pathways may be activated and participate in the
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regulation of osteogenic differentiation by IL-1p, and this
requires further investigation.

In conclusion, the present results indicated that IL-1
enhanced the osteogenic differentiation potential of
MBMMSCs within a certain concentration range. It was also
demonstrated that IL-1p activated the classical BMP/Smad
osteogenic signaling pathway and its osteogenic induction
effect was lost when the concentration was too high. Therefore,
the present results suggested that regulation of the BMP/Smad
signaling pathway by IL-1$ may be a novel therapeutic for the
treatment of fracture healing.
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