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Abstract: Staphylococcus aureus (S. aureus) peptidoglycan (PGN-sa), the major cell wall component of S. aureus,
has been demonstrated to be an important virulence factor in the pathogenesis of S. aureus-induced osteomyelitis.
However, the exact role of PGN-sa in osteoclastogenesis during S. aureus-induced osteomyelitis and its underlying molecular mechanisms remain unclear. In this study, we found that PGN-sa promoted receptor activator of
nuclear factor-κB (NF-κB) ligand (RANKL)-induced osteoclast formation. Quantitative real-time polymerase chain
reaction results showed that the mRNA expression of osteoclast-specific marker genes, including tartrate-resistant
acid phosphatase, cathepsin K, matrix metalloproteinase-9, and calcitonin receptor was upregulated by PGN-sa
treatment. The results of enzyme linked immunosorbent assay showed that PGN-sa promoted the production of
proinflammatory cytokines in mouse bone marrow macrophages (mBMMs) treated with RANKL. PGN-sa enhanced
RANKL-stimulated protein expression of Toll-like receptor 2 (TLR2), p-IκBα, and nuclear factor of activated T-cells,
cytoplasmic 1 (NFATc1). Luciferase reporter assay showed that PGN-sa increased the transcriptional activity of
TLR2 and NF-κB in mBMMs treated with RANKL. In addition, we found that downregulation of TLR2 attenuated
the effect of PGA-sa on RANKL-induced osteoclastogenesis and activation of the NF-κB/NFATc1 signaling pathway.
Taken together, this study revealed that PGN-sa promotes osteoclast formation via TLR2-mediated activation of the
NF-κB/NFATc1 signaling pathway, revealing a potential effect of PGN-sa on osteomyelitis. These findings provide
new insights into the pathogenic role of PGN-sa in S. aureus-induced osteomyelitis and may help to develop new
therapeutic strategies for osteomyelitis.
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Introduction
Osteomyelitis is a severe bone infection mainly
caused by Staphylococcus aureus (S. aureus).
S. aureus not only triggers an immune reaction,
but induces osteoblast apoptosis and osteoclastogenesis [1]. Micro-computed tomography
has revealed that S. aureus triggers striking
alterations in bone turnover, resulting inseverecortical bone destruction [2]. S. aureushas also been shown to induce osteoclastogenesisby producing multiple pathogenic substances, such as peptidoglycan (PGN), lipoteinchoic acid, and coagulase, which are suggested to play a vitalrole in the pathogenesis of
bone infections. For example, staphylococcal
protein A has been proved to modulate osteoclastogenesis and bone resorption during S.

aureus infection [3, 4]. Claro et al. suggested
that staphylococcal protein A, panton-valentine leukocidin, and coagulase could aggravate
bone loss and bone destruction in osteomyelitis [5]. Undoubtedly, understanding the molecular mechanism of osteoclastogenesis induced
by S. aureus will contribute to the development
of effective treatments for osteomyelitis.
S. aureus PGN (PGN-sa), a virulence factor of S.
aureus, is known to be a ligand for Toll-like
receptor 2 (TLR2). Several recent researches
have shown that PGN-sa contributes to the
inflammatory reaction of osteomyelitis and osteoclastogenesis. For instance, Takashi et al.
demonstrated that PGN-sa stimulates osteoclast precursors in mouse bone marrow macrophages (mBMMs) in vitro and inducesosteo-
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clastogenesis [6]. Sato et al. suggested that
PGN of Actinomyces naeslundii T14V obviously
induces osteoclast formation in co-cultures of
MCTC3/PA6 cells and BALB/c mouse bone marrow cells [7]. Ren et al. demonstrated that
more osteoclast-like cells were induced in RAW
264.7 cells in the presence of PGN-sa than in
the absence of PGN-sa [8]. Lactobacillus acidophilus PGN elevated TLR2 level in bovine
β-lactoglobulin-sensitized mice, and upregulated nuclear factor-κB (NF-κB) expression [9]. Muramyl dipeptide, the minimal essential structural unit of PGNs, enhances lipopolysaccharide-induced osteoclastformation and bone resorption [10]. These data from previous literature imply that PGN plays a key role in bacteriainduced osteomyelitis. However, the effects of
PGN-saon osteoclastogenesis and its exact molecular mechanism during S. aureus-induced
osteomyelitis remain unclear.
TLR2 is known to be able to recognize the molecular patterns of bacteria, and plays a potential role in osteoclastogenesis induced by S.
aureus. Matsumoto et al. demonstrated that
TLR2 heterodimer signaling contributes toosteoclast formation in periodontal disease by
inducing prostaglandin E production [11]. Chen
et al. reported that S. aureus infection promotescell apoptosis and TLR2 expression, whereas downregulation of TLR2 decreases apoptosis induced by S. aureus in the osteoblastic cell
line MC3T3-E1 [12]. Huang et al. suggested
that TLR2 stimulation by Pam3CSK4 (a TLR2
agonist) upregulates Trim13 expression, thereby inducing cytokine and chemokine production through activation of NF-κB, and eventually
resulting in foam cell formation [13]. Based on
these findings, we hypothesize that PGN-sa might enhance osteoclastogenesis via TLR2-mediated activation of NF-κB and other downstream osteoclastogenesis-associated genes,
thereby leading to the development of osteomyelitis.
In this study, we aimed to investigate the effects
of PGN-saonreceptor activator of NF-κB ligand
(RANKL)-induced osteoclastogenesis and explored its underlying molecular mechanisms.
Materials and methods
Animals
Four-week-old C57/BL6 mice were purchased
from HuaFuKang Bioscience Co. (Beijing, China)
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and acclimatized for 1 week. Mice had free
access to food and water, and were housed at
25 ± 2°C and 55 ± 5% relative humidity with a
12 h light-dark cycle.
All animal studies were performed in compliance with the Guide for the Care and Use of
Laboratory Animals and approved by the Ethical Committee of Tongji Medical College of
Huazhong University of Science and Technology.
Cell isolate and culture
mBMMs were isolated from the bones of
6-week-old C57/BL6 mice. For cell proliferation, cells were cultured in culture medium containing 30 ng/mL macrophage-colony stimulating factor (M-CSF; R&D Systems, Minnneapolis,
MN, USA) for 3 days. mBMMs were used after
washing in order to purify the adherent cells.
mBMMs were then cultured in an osteoclastogenic medium supplemented with 100 ng/mL
RANKL (R&D Systems) for 3 days, and treated
with different concentrations of PGN-sa (SigmaAldrich, St. Louis, MO, USA) for 48 h.
Quantitative real-time polymerase chain reaction (qRT-PCR)
Total RNA was obtained from mBMMs using
the Qiagen RNeasy Micro Kit (Qiagen, Hilden,
Germany) and cDNA was synthesized with the
PrimeScript RT reagent kit (Takara Bio Inc.,
Tokyo, Japan). RT-PCR was performed using the
ABI Prism 7900 sequence detection system
(Life Technologies, Carlsbad, CA, USA) with
β-actin as an endogenous control gene. The
PCR primers used wereas follows: mouse tartrate-resistant acid phosphatase (TRAP) (sense: 5’-CTGCTGGGCCTACAAATCAT-3’ and antisense: 5’-GGT AGT AAG GGC TGG GGA AG-3’);
cathepsin K (sense: 5’-AGG CGG CTA TAT GAC
CAC TG-3’ and antisense: 5’-CCG AGC CAA GAG
AGC ATA TC-3’); matrix metalloproteinase-9
(MMP9) (sense: 5’-CGT CGT GAT CCC CAC TTA
CT-3’ and antisense: 5’-AGA GTA CTG CTT GCC
CAG GA-3’); calcitonin receptor (sense: 5’-CGC
ATC CGC TTG AAT GTG-3’ and antisense: 5’-TCT
GTC TTT CCC CAG GAA ATG A-3’); TLR2 (sense:
5’-CTG AGA ATG ATG TGG GCG TG-3’ and antisense: 5’-ATG GGA ATC CTG CTC ACT GTA G-3’);
and β-actin (sense: 5’-TTC TAC AAT GAG CTG
CGT GT-3’ and antisense: 5’-CTC ATA GCT CTT
CTC CAG GG-3’). Relative mRNA expression levels were quantified using the 2-ΔΔCt method.
Am J Transl Res 2017;9(11):5022-5030
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Figure 1. Effect of PGN-sa on RANKL-induced osteoclastogenesis. A. Representative images of TRAP assay were
shown. B. The number of TRAP-positive MNCs cells were significantly increased by PGN-sa treatment in a dosedependent manner. C-F. PGN-saincreased the mRNA expression levelsof osteoclastogenesis-associated genes, including TRAP, cathepsin K, MMP9, and calcitonin receptor, in a dose-dependent manner. *P<0.05, **P<0.01, and
***P<0.001.

TRAP assay
mBMMs were washed with phosphate buffered
saline, immersed in fixative solution for 5 min,
and then incubated in TRAP staining solution
for 1 h at 37° C in the dark. TRAP-positive multinucleated cells (MNCs) containing three or more nuclei in each cell were counted as osteoclasts.
Small-interfering RNA (si-RNA) transfection
si-TLR2 and negative control (si-NC) were
designed and synthesized by Shenggong Bio.
Co., Ltd (Shanghai, China). mBMMs were transfected with si-TLR2 or si-NC using Lipofectamine
2000 reagent (Invitrogen, Inc. Carlsbad, CA,
USA) according to the manufacturer’s instructions. At 48 h after transfection, mBMMs were
harvested and subjected to western blotanalysis.
Luciferase reporter gene assay
To evaluate the impact of PGN-sa on transcriptional activation of TLR2 and NF-κB, luciferase
reporter assay was performed according to the
manufacturer’s protocol. The promoter sequences of TLR2 or NF-κB were amplified and
cloned into Luc-SV40 plasmid (Promega, Madison, WI, USA) to generate Luc-SV40-TLR2
or Luc-SV40-NF-κB reporter plasmids. mBMMs
were transiently transfected with luciferase
reporter plasmid and then cultured for 48 h, fol-
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lowed by lysis. Transcriptional activation of
TLR2 and NF-κB was evaluated using a luminometer (Promega, Madison, WI, USA).
Western blot analysis
Total protein was isolated from mBMMs using
ice-cold radioimmunoprecipitation (RIPA) lysis
buffer (Beyotime Institute of Biotechnology,
Shanghai, China). The extracted proteins were
separated on 14% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels and transferred ontopolyvinylidene fluoride membranes
(Millipore Corporation, Billerica, MA, USA). The
membranes were then blocked with Trisbuffered saline containing 5% skim milk and
0.1% Tween-20 (TBST) and cultured at 4°C
overnight with the following antibodies: antiTLR2 (Abcam, Cambridge, MA, USA), anti-plκBα (Cell Signaling Technology, Danvers, MA,
USA), anti-NFATc1 (Abcam), or anti-β-actin
(Santa Cruz Biotechnology, Santa Cruz, CA,
USA). The membranes were washed with TBST
for 30 min and incubated with the corresponding horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology) at
room temperature for 1 h. The bands were visualized using anEasyBlot ECL kit (Shenggong,
Shanghai, China). The intensity of each band
was measured by the ImageJ software (National
Institutes of Health, NY, USA), and the relative
protein expression was compared with β-actin.
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Figure 2. Effect of PGN-sa on the production of proinflammatory cytokines in
mBMMs treated with RANKL. mBMM were pretreated with RANKL and then
treated with different concentrations of PGN-sa (0, 1, 10, and 100 μg/mL)
for 48 h. ELISA tests results showed that PGN-saaccelerated the production
of TNF-α (A), IL-1β (B), IL-6 (C), and IL-12 (D) in a dose-dependent manner.
**P<0.01 and ***P<0.001.

PGN-sa promoted the formation of TRAP-positive MNCs
in a dose-dependent manner.
qRT-PCR analysis was performed to examine the expression of osteoclast-specific marker genes, including TRAP,
cathepsin K, MMP9, and calcitonin receptor, in the presenceorabsence of PGN-sa. Results showed that PGN-sa promoted the mRNA expression
of TRAP, cathepsin K, MMP9,
and calcitonin receptor in a concentration-dependent manner (Figure 1C-F). Taken together, these results indicated
that treatment with PGN-sa
results in dose-dependent promotion of osteoclast formation.
PGN-sa accelerates the production of proinflammatory
cytokines in mBMMs treated

Proinflammatory cytokine measurement

with RANKL

In order to assess the production of proinflammatory cytokines by mBMMs, tumor necrosis
factorα (TNF-α), interleukin (IL)-1β, IL-6, and
IL-12 levels in the cell supernatants were
detected usinga commercial enzyme-linked
immunosorbent assay (ELISA) kit (Beyotime).

To investigate whether PGN-sa accelerates the
production of proinflammatory cytokines in
mBMMs treated with RANKL, the levels of TNFα, IL-1β, IL-6, and IL-12 in cell supernatants
were determined. The levels of TNF-α (Figure
2A), IL-1β (Figure 2B), IL-6 (Figure 2C), and IL-12
(Figure 2D) were significantly increased in the
presence of PGN-sa at concentrations of 10
and 100 μg/mL. These results indicated that
PGN-sa evokes inflammation in mBMMs treated with RANKL.

Statistical analysis
Each experiment was repeated at least 3 times.
All data are expressed as the mean ± standard
deviation, and analyzed using SPSS 20.0 software. Student’s t-test was used to compare the
means of two groups. One-Way Analysis of
Variance was used to compare the means of
three groups. A P-value of 0.05 or less was considered statistically significant.
Results
PGN-sa promotes RANKL-induced osteoclastogenesis in mBMMs
In order to assess the effect of PGN-sa on osteoclast formation, mBMMs were treated with
different concentrations of PGN-sa (0, 1, 10,
and 100 μM). As shown in Figure 1A and 1B,
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PGN-sa enhances RANKL-stimulated activation
of NF-κB and NFATc1
To clarify the exact molecular mechanismunderlying the effect of PGN-saon osteoclastogenesis, qRT-PCR, western blotting, and luciferase
reporter gene assays were performed to evaluate the regulatory effect of PGN-sa on TLR2,
NF-κB, and NFATc1. As shown in Figure 3A and
3B, we found that the TLR2 mRNA and protein
expression as well as p-lκBα and NFATc1 protein expression levels were upregulated by
PGN-sa in a dose-dependent manner. Luciferase reporter gene assay showed that 10 and
100 μg/mL of PGN-sa obviously elevated TLR2
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Downregulation of TLR2 attenuates the effect of PGN-sa
on RANKL-induced activation
of theNF-κB/NFATc1 signaling
pathway

Figure 3. Effect of PGN-sa on RANKL-stimulated activation of NF-κB and
NFATc1. A. qRT-PCR assay showed that PGN-saupregulated the expression of
TLR2 mRNA in a dose-dependent manner. B. Results of western blot analysis showed that PGN-sa increased the protein expression levels of TLR2,
p-IκBα and NFATc1. β-actin was presented as an internal control. C and D.
Luciferase reporter gene assay showed that PGN-sapromoted RANKL-stimulated activation of TLR2 and NF-κB. **P<0.01 and ***P<0.001.

and NF-κB transcriptional activity (Figure 3C
and 3D). These data demonstrated that PGNsa enhances RANKL-stimulated activation of
NF-κB and TLR2.
Downregulation of TLR2 attenuates the effect
of PGA-sa on RANKL-induced osteoclastogenesis
To further explore the role of TLR2 in osteoclastogenesis promoted by PGA-sa, TLR2 knockdown in mBMMs was carried out by transfection with si-TLR2. qRT-PCR and western blot
results showed that compared to the si-NC
group, TLR2 mRNA and protein expression levels were significantly downregulated in the siTLR2 group; si-NC had no effect on TLR2
expression (Figure 4A and 4B). TLR2 knockdown attenuated the promotion of RANKLinduced osteoclastogenesis caused by PGA-sa
(Figure 4C). To further confirm the role of TLR2,
we determined the changes in expression of
osteoclast-specific marker genes in response
to PGN-sa in RANKL-treated mBMMs. We found
that, compared with mBMMs transfected with
si-NC, the mRNA expression of TRAP, cathepsin
K, MMP9, and calcitonin receptor was obviously decreasedin mBMMs transfected with siTLR2 (Figure 4D-G), indicating that knockdown
of TLR2 attenuates the promotion of RANKL-induced osteoclastogenesis caused by PGA-sa.
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Compared with the PGN-sa +
si-NC group, the protein levels
of TLR2, p-lκBα, and NFATc1
were obviously decreased in
the PGN-sa + si-TLR2 group
(Figure 4H). In addition, NF-κB
activity in the PGN-sa + siTLR2 group was remarkably
lower than that in the PGN-sa
+ si-NC group (Figure 4I).
These findings indicated that
PGN-sa activates the NF-κB/
NFATc1 signaling pathway via
a TLR2-dependent pathway,
thereby revealing a potential
pathogenic role of PGN-sa inS.
aureus-induced osteomyelitis.
Discussion

Osteomyelitis is characterized by impaired
bone quality and bone mass, and usually accompanied by inflammation and bone destruction. Bone homeostasis is maintained by a
dynamic balance betweenthe activities of osteoclasts and osteoblasts [14]. Osteoblasts are
involved in bone matrix formation, whereas
osteoclasts contribute to bone resorption by expediting acidification and release of lysosomal
enzymes [3]. Abnormal osteoclast activation is
a major cause of osteomyelitis. Thus, prevention of osteoclastogenesis may have important
clinical significance in the treatment of osteomyelitis.
Differentiation of osteoclasts requires two cytokines: M-CSF and RANKL. M-CSF is essential
for precursor proliferation and differentiation,
while RANKL activates the downstream signaling pathways and regulates osteoclastformation [15]. RANKL binds to its receptor and then
recruits TNF receptor-associated factor 6 (TRAF6). RANK/TRAF6 interaction activates the
downstream signaling pathways, including NFκB, mitogen-activated protein kinases (MAPKs),
c-Jun N-terminal protein kinase (JNK), extracellular signal-regulated kinase (ERK), and p38
[16, 17]. RANK/TRAF6 also induces phosphorylation and degradation of IκBα, and release of
p65/p50 heterodimers, along with activation of
Am J Transl Res 2017;9(11):5022-5030
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Figure 4. Downregulation of TLR2 attenuates the effect of PGA-sa on RANKL-induced osteoclastogenesis and activation of the NF-κB/NFATc1 signaling pathway. The inhibitory effect of si-TLR2 on TLR2 mRNA and protein expression was validated by qRT-PCR (A) and western blot analysis (B), respectively. (C) The promotoryeffect of PGA-sa on
RANKL-induced osteoclastogenesis was attenuated by TLR2 knockdown. (D-G) qRT-PCR assay showed that downregulation of TLR2 by si-TLR2 reversed the upregulatory effect of PGA-saon mRNA expression of TRAP,cathepsin K,
MMP9, and calcitonin receptor. (H) The representative image of western blot analysis of TLR2, p-IκBα, and NFATc1
protein expression. (I) Luciferase reporter gene assay showed that si-TLR2 attenuated the promotion of RANKLstimulated activation of NF-κB caused by PGA-sa. *P<0.05, **P<0.01, and ***P<0.001.

NF-κB and NFATc1 [18, 19]. NFATc1 induces
osteoclast differentiation by upregulating osteoclastogenesis-associated genes, including
TRAP, cathepsin K, MMP9, and calcitonin
receptor, thereby promoting the development
of osteoclastogenesis, eventually leading to
osteomyelitis [20, 21]. Thus, expanding our
knowledge on the underlying mechanism of S.
aureus-induced osteomyelitis will help develop
novel therapeutic strategies. In the present
study, we found that PGN-sapromoted RANKLinduced osteoclastogenesis in mBMMs and
upregulated the mRNA expression of osteoclas-
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togenesis-associated genes, including TRAP,
cathepsin K, MMP9, and calcitonin receptor.
It has been reported that inflammation is closely linked with osteoclastogenesis. The interaction of mesenchymal cells with lymphocytes
and cells of the osteoclast lineage can promote
osteoclast metabolism and regulate proinflammatory cytokines production and RANKL. S.
aureus infection has been shown to play a role
in inflammatory response, and increases the
production of proinflammatory cytokines, including TNF-α, IL-1β, IL-6, and IL-12 in the early
Am J Transl Res 2017;9(11):5022-5030
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stages of osteomyelitis [22, 23]. These proinflammatory cytokines bind to their receptors
and activate the inflammatory signaling pathways through activation of the downstream
NF-κB signaling pathway, resulting in osteoclastogenesis [24]. Ju et al. reported that IL-1β
enhanced osteoclast formation by activating
the NF-κB signaling pathway in BMMs treatedwith M-CSF and RANKL [25]. Cao et al. demonstrated that TNF-α exerted stimulatory and inhibitory effects on osteoclastogenesis inmouse
monocytes. Their data suggested that TNF-α
suppressed osteoclastogenesis by regulating
the RANK signaling pathway in mouse monocytes, but this inhibitory effect of TNF-α was
prevented by treatment with M-CSF and RANKL
[26]. A growing number of evidence has shown
that PGN-saactivatesproinflammatory cytokine
production and plays a pivotal role in the hostimmune response to S. aureus [27]. Takeda
et al. showed that PGN promoted the mRNA
and protein expression of IL-6 and IL-8 inhuman
dental pulp cells by activating phosphorylated
p38 kinase [28]. Irving et al. showed that once
PGN was delivered into the host cell cytosol, it
could be detected by the intracellular innate
immune receptor NOD1, thereby inducing
autophagosome formation and inflammatory
IL-8 responses in epithelial cells [29]. In this
study, we observed that PGN-sacould remarkably enhance the production of proinflammatory cytokines, including TNF-α, IL-1β, IL-6, and
IL-12 in a dose-dependent manner.
As aspecific pattern recognition molecule,
TLR2 induces inflammation and osteoclastogenesis through the NF-κB/NFATc1 signaling
pathway. NF-κB is classified as a Rel protein in
terms of the Rel homology domainatits N-terminus. Stimulation of TLR2 leads to degradation of IκB, and the NF-κB complex is then freed
to enter the nucleus where it can ‘turn on’ the
expression of NFATc1, thuspromoting osteoclast differentiation and fusion [30]. Chen et al.
suggested that TLR2 and IL-1 contributed to
RANKL-induced activation of osteoclast genes
and expression of NFATc1 in a MyD88-dependent manner [31]. In this study, our results
showed that PGN-saenhanced RANKL-stimulated activation of TLR2 and NF-κB, as well as
the expression of NFATc1. In addition, we found
that knockdown of TLR2 attenuated the promotion of RANKL-induced osteoclastogenesis and
activation of the NF-κB/NFATc1 signaling pathway, caused by PGN-sa. These results strongly
5028

suggested that TLR2 isa critical mediator of
RANKL-induced osteoclastogenesis in mBMMs.
In conclusion, our study suggests that PGNsapromotes osteoclastogenesis by upregulating NF-κB and NFATc1 expression via activation
of TLR2. These findings provide new insights
into the pathogenic role of PGN-sa in S. aureusinduced osteomyelitis and may help develop
new therapeutic strategies to control bone loss
caused by osteomyelitis.
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