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Abstract 

Osteoclasts originate from bone marrow monocyte/macrophage lineage cells, which are 
important for bone health. Class A scavenger receptor (SR-A) is a multifunctional molecule that 
functions during differentiation of monocyte into macrophages and osteoclasts. To further 
characterize the role of SR-A in osteoclasts, we used the murine tooth movement model (TM) and 
the murine anterior cruciate ligament transection model of osteoarthritis (ACLT OA). In these 
two models the bones involved are of different origin and have different properties. Bone 
resorption was decreased in SR-A-/- mice compared to SR-A+/+ mice. Further evaluation showed 
that the number of multinucleated osteoclasts in SR-A-/- mice, compared to SR-A+/+ mice, was 
significantly decreased both in vivo and in vitro. The levels of interleukin-6 (IL-6) produced by 
osteoclasts were reduced in SR-A-/- mice compared to SR-A+/+ mice. In the in vitro marrow-derived 
osteoclast formation assay and in both mouse models, osteoclastogenesis was restored to normal 
in SR-A-/- mice by administration of recombinant murine IL-6. Moreover, neutralization of IL-6 
reduced the number of osteoclasts formed in SR-A+/+ mice of TM model. Both extracellular 
signal-regulated kinase (ERK) and c-Jun N-terminal protein kinase (JNK), but not p38, signaling 
pathways were downregulated in receptor activator of nuclear factor-κB ligand 
(RANKL)-stimulated SR-A-/- osteoclasts. Importantly, when treated with either ERK or JNK 
inhibitor, the numbers of osteoclasts generated from RANKL-induced bone marrow 
derived-macrophages of SR-A+/+ mice, and their IL-6 production, were significantly decreased. This 
suggests that SR-A activates the ERK and JNK signaling pathways, and promotes production of IL-6 
by osteoclasts to further stimulate osteoclast formation. 
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Introduction 
Bone homeostasis, which exists throughout a 

vertebrate’s whole life, is accomplished by the balance 
of bone deposition by osteoblasts and bone resorption 
by osteoclasts [1, 2]. Bone homeostasis is associated 
with many activities and pathologies of the skeletal 
system, such as the onset of osteoarthritis and bone 

remodeling during orthodontic tooth movement. 
Osteoclasts are the primary bone resorbing cells 
derived from monocyte/macrophage lineage 
precursors [3]. Differentiation of murine bone marrow 
cells into osteoclasts requires two cytokines: 
macrophage-colony stimulating factor (M-CSF) 
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produced by bone marrow cells, and receptor 
activator of nuclear factor-κB ligand (RANKL) 
produced by osteoblasts [4, 5]. M-CSF is essential for 
differentiation of macrophages, while RANKL 
supports cellular fusion to generate mature 
multinucleated osteoclasts. RANKL binds to RANK 
on osteoclast precursors, activating downstream 
signaling pathways, such as the mitogen activating 
protein kinase (MAPK) signaling pathway including 
c-Jun N-terminal protein kinase (JNK), extracellular 
signal-regulated kinase (ERK), and p38 [6].  

Class A scavenger receptor (SR-A) is one of the 
earliest characterized scavenger receptors. SR-A is a 
trimeric membrane glycoprotein, which is a 
multifunctional macrophage receptor that functions 
during monocyte differentiation into macrophages 
[7]. A range of substances has been reported as 
ligands for SR-A, which can influence a variety of 
functions in macrophages. Because 
osteoclasts are derived from the monocyte/ 
macrophage lineage, the function of SR-A in 
osteoclast development is of potential interest. It has 
been reported that SR-A regulates 
osteoclastogenesis-related molecules such as RANK, 
nuclear factor of activated T-cells, cytoplasmic 1 
(NFATc1), and microphthalmia-associated 
transcription factor (MITF) [8]. SR-A is involved in 
some important pathophysiological processes, 
including inflammation, cell apoptosis, migration and 
adhesion [9-12]. SR-A is expressed in most 
macrophages and mononuclear osteoclast precursor 
cells. Moreover, osteoclastogenesis is reduced in 
SR-A-/- mice [8, 13]. Our research was designed to 
evaluate the functions and underlying molecular 
mechanisms of SR-A action on osteoclastogenesis 
using two murine experimental models: the tooth 
movement model (TM) and the anterior cruciate 
ligament transection model of osteoarthritis (ACLT 
OA).  

In the present study, we have elucidated that 
SR-A on progenitor cells promotes osteoclast 
differentiation by activating the ERK and JNK 
signaling pathways, thereby stimulating the 
production of interleukin-6 (IL-6), which further 
promotes osteoclast differentiation.  

Materials and Methods  
Animals  

Mice deficient in type I and II SR-A were 
generated by disrupting exon 4 of SR-A, which is 
essential for trimeric receptor function, as described 
previously [14, 15]. The animals were maintained in 
the Nanjing Medical University animal facility with 
free access to mouse chow and water. All mice were 

handled in accordance with protocols approved by 
the Experimental Animal Care and Use Committee of 
Nanjing Medical University (2012-01-16).  

Experimental protocol  
Induction of tooth movement was based on 

previous work [16]. In short, an orthodontic appliance 
consisting of a Ni-Ti 0.25 x 0.76 mm coil spring 
(Grikin, Beijing, China) was bonded by dental 
adhesive resin (Transbond, Unitek/3M, CA, USA) 
between the upper right first molar (M1) and the 
upper incisors (UI), exerting a force of 0.35 N in the 
mesial direction. The left side was used as an internal 
control. The mice (10 week old) were euthanized after 
7 and 14 days of force application. At least 5 mice 
were used for each time-point for every set of 
experiments.  

OA was surgically induced by transection of the 
anterior cruciate ligament of the right knee joint of 10 
week old, male mice [17]. All surgical procedures 
were performed using a stereoscopic microscope 
(SMZ1000, Nikon, Tokyo, Japan). Five ACLT OA and 
five sham controls (10 week old) were sacrificed at 14, 
28 and 56 days after surgery.  

Micro-CT analysis  
To analyze the degree of bone resorption, we 

dissected the tibia and the maxillary bone free of soft 
tissue, fixed them overnight in 70% ethanol and 
scanned at high resolution (18 μm) using a micro-CT 
system (Skyscan 1176, Kontich, Belgium) at 50 kV and 
456 μA. Images were reconstructed and analyzed by 
NRecon v1.6 and CTAn v1.13.8.1 software. We 
defined the region of interest (ROI) as the area of 
alveolar bone between the roots of the first maxillary 
molar in the TM model and the whole subchondral 
bone compartment of the medial tibial plateau in the 
ACLT OA model. We used a total of five consecutive 
images from the ROI for three-dimensional 
reconstruction and analysis. The parameters analyzed 
included: trabecular bone volume per total volume 
(BV/TV), trabecular number (Tb.N), trabecular 
separation (Tb.Sp), and trabecular thickness (Tb.Th). 
The scan analysis operator was blinded to the 
treatments associated with each sample.  

Histological analysis  
Hind limbs or maxillary halves from both the 

operated side and the contralateral side of each 
animal were resected and fixed in 10% buffered 
formalin for 24 hours, decalcified in 10% EDTA (pH 
7.4) for 21 days, embedded in paraffin and cut into 
sections of 6 μm thickness. The sections were stained 
with tartrate resistant acid phosphatase (TRAP), 
Goldner’s trichrome, and Safranin O staining. The 
protocol was based on a published protocol [18]. 
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TRAP-positive multinucleated cells containing more 
than 3 nuclei were counted (n = 5). Two examiners 
blinded to group status analyzed the slides.  

The TM measurements were based on previous 
work [19]. We located the sagittal image plane that 
revealed the most root structure, and then magnified 
the images to precisely draw the lines. The line was 
drawn between the points of closest proximity of the 
two convex molar crown surfaces. We selected three 
random sagittal images of each animal for 
measurement, and then took the average of the results 
as the final measurement. Osteoclast and osteoblast 
counts were performed for positive cells attached to 
the alveolar bone surrounding the distal root in the 
TM model or within the area of subchondral bone of 
the tibia in the ACLT OA model [20, 21]. In Safranin O 
stained sections, the histologic scoring system for 
severity of cartilage destruction in osteoarthritis was 
applied according to the 0 ~ 6 score of Chambers et al. 
[22]. The severity was determined as the maximal 
structure score by calculating the average scores of 
five slides.  

Mouse osteoclast culture protocol  
Four-week-old SR-A+/+ and SR-A-/- mice were 

euthanized, and bone marrow cells were extracted 
from tibias and femurs as described previously [23]. 
Bone marrow cells flushed from the long bones were 
cultured in α-minimum essential medium (α-MEM) 
for 3 hours to remove adherent cells, and 
non-adherent cells were seeded into new plates and 
cultured in α-MEM with M-CSF (20 ng/ml, Sigma, 
MO, USA) for 3 days, resulting in bone 
marrow-derived macrophages (BMMs). BMMs were 
used for osteoclastogenesis by culturing them with 
M-CSF (20 ng/ml) and RANKL (20 ng/ml, Sigma, 
MO, USA). For immunoblot analysis, cells were then 
stimulated with 20 ng/ml M-CSF and RANKL for 0, 
15, or 30 minutes at a density of 1 x 106/well in a 
6-well plate. For TRAP-activity staining, cells were 
cultured with M-CSF (20 ng/ml) and RANKL (20 
ng/ml) for 6 days at a density of 2 x 105 cells/well in a 
24 well plate. For analysis of the function of IL-1 and 
IL-6 in SR-A-induced osteoclastogenesis, BMMs were 
cultured with M-CSF and RANKL in the presence of 
recombinant murine IL-1 (20 ng/ml, Peprotech, USA) 
or recombinant murine IL-6 (20 ng/ml, Peprotech, 
USA) for 6 days, and then stained for TRAP. For 
testing the function of MAPK signaling pathways, 
BMMs were cultured with added M-CSF (20 ng/ml) 
and RANKL (20 ng/ml) for 6 days in the absence or 
presence of ERK inhibitor (U0126, 5 μM, Cell 
Signaling Technology, MA, USA), JNK inhibitor 
(SP600125, 10 μM, Cell Signaling Technology), and 
then stained for TRAP. The protocol for in vitro TRAP 

staining was described in detail previously [24]. 
TRAP-positive multinucleated cells containing more 
than 3 nuclei were counted in 5 visual fields at 20× 
magnification (n = 3).  

Quantitative reverse transcription PCR for 
mRNA analysis  

Total RNA was isolated from osteoclasts using 
the TRIzol reagent (Invitrogen, CA, USA) according to 
the manufacturer’s protocol. The mRNA was 
converted to cDNA using a PrimeScript RT reagent 
kit. The gene expression level was analyzed by 
quantitative reverse transcription PCR (qRT-PCR) 
using the ABI-7300 Real-Time PCR System (Applied 
Biosystems, CA, USA). The primers used are listed 
below: GAPDH, 5'-GAAGGTGAAGGTCGGAGTC-3' 
and 5'-GAGATGGTGATGGGATTTC-3'; IL-1, 
5’-GAAATGCCACCTTTTGACAGTG-3’ and 
5’-CTGGATGCTCTCATCAGGACA-3’; IL-6, 
5'-GAGGATACCACTCCCAACAGACC-3', and 
5'-AAGTGCATCATCGTTGTTCATACA-3'; TRAIL, 
5’-ATGGTGATTTGCATAGTGCTCC-3’ and 
5’-GCAAGCAGGGTCTGTTCAAGA-3’; VEGF-C, 
5’-CAGTGCATGAACACCAGCACA-3’ and 
5’-TAGACATGCACCGGCAGGAA-3’; LIF, 
5’-TTGATCCCGACTCAAGCAACC-3’ and 
5’-CTGAAGCCGCTACCATGCAA-3’; IGF-1, 
5’-TCACTGCCCAATTGAAATACGA-3’ and 
5’-TTAGGCCCAGACAGTTTAAACAAAG-3’; TSG-6, 
5’-GGGATTCAAGAACGGGATCTTT-3’ and 
5’-TCAAATTCACATACGGCCTTGG-3’; TNF-α, 
5’-CTGTGAAGGGAATGGGTGTT-3’ and 
5’-GGTCACTGTCCCAGCATCTT-3’; ECF-L, 
5’-CAGGTCTGGCAATTCTTCTGAA-3’ and 
5’-GTCTTGCTCATGTGTGTAAGTGA-3’.  

Enzyme-linked immunosorbent assay (ELISA)  
BMMs were cultured with M-CSF (20 ng/ml) 

and RANKL (20 ng/ml) for 24 hours in the absence or 
presence of the ERK inhibitor (U0126, 5 μM, Cell 
Signaling Technology, MA, USA), the JNK inhibitor 
(SP600125, 10 μM, Cell Signaling Technology), or the 
p38 inhibitor (SB203580, 1 μM, Cell Signaling 
Technology). Then the supernatants of cells were 
collected, and the levels of IL-1 and IL-6 were 
determined using quantikine mouse interleukin-1 
(IL-1) and interleukin-6 (IL-6) ELISA kits 
(Multisciences, Zhejiang, China) according to the 
manufacturer’s instructions.  

IL-6 injection  
Two days after induction of tooth movement and 

experimental ACLT OA, SR-A+/+ and SR-A-/- mice 
were injected with 10 μl recombinant murine IL-6 (1 
μg/ml, Peprotech, USA) dissolved in phosphate 
buffered saline (PBS), or 10 μl PBS only under the 
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buccal periosteum of the first molar in the TM model 
at day 2, 4 and 6, or into the articular cavity of the 
knee-joint in the ACLT OA model at day 2, 4, 6, 8, 10, 
and 12.  

IL-6 blocking 
    After induction of tooth movement, SR-A+/+ 

and SR-A-/- mice were randomized into two groups 
and received an intraperitoneal injection of 
monoclonal rat anti-mouse IL-6 antibody (1mg/kg, 
R&D Systems, MAB406) at day 2, 4 and 6. In the 
control group, mice received an injection of 
nonspecific rat IgG (R&D Systems, 6-001-A) at the 
same dose.  

Immunoblot analysis  
MAPK signaling pathway was analyzed in 

protein samples extracted from in vitro cultures of 
osteoclasts. Proteins were prepared in protein lysis 
buffer, resolved on SDS/PAGE, and 
electro-transferred onto polyvinylidene difluoride 
membranes. The details of the Western blot protocol 
were described previously [25]. Antibodies against 
p-p38, p38, p-JNK, JNK, p-ERK, ERK (Cell Signaling 
Technology), and β-actin (Santa Cruz, CA, USA) were 
used as primary antibodies. Semi-quantitative 
measurements were carried out by Image J software.  

Statistical analysis  
All values were expressed as means ± SD. 

Experiments were conducted separately at least 3 
times. Statistical analysis was performed using 
Student’s t-test (SPSS 19.0), and P values of less than 
0.05 were considered statistically significant.  

Results  
Lack of SR-A is associated with reduced bone 
loss  

To examine the function of SR-A on bone 
homeostasis, two animal models TM and ACLT OA 
were chosen, and both wild-type and SR-A-/- mice 
were used. Micro-computed tomography (micro-CT) 
was performed to observe the bone architecture and 
quantitatively analyze the relevant parameters of 
alveolar and tibial subchondral bone. In the TM 
model, SR-A+/+ mice exhibited a marked decrease of 
alveolar bone within the roots of the first molar at day 
14, while there were smaller effects on alveolar bone 
in SR-A-/- mice (Figure 1A). SR-A-/- mice showed an 
increased BV/TV value (bone volume over total 
volume, P < 0.05, Figure 1B), Tb.N value (trabecular 
number, P < 0.05, Figure 1C), and reduced Tb.Sp 
value (trabecular separation, P < 0.01, Figure 1D). The 
tooth movement in SR-A-/- mice was much smaller 
than in SR-A+/+ mice (P < 0.01, Figure 1F, G). A similar 

phenotype appeared in the ACLT OA model. At 28 
days, SR-A-/- mice displayed a smaller subchondral 
bone resorption area (Figure 2A), the BV/TV (P < 
0.05) and Tb.N values (P < 0.01) were increased, and 
the Tb.Sp (P < 0.01) value was decreased in SR-A-/- 
mice compared to wild-type mice (Figure 2B, C, D). 
However, there was no significant difference between 
the Tb.th (trabecular thickness) values in SR-A-/- and 
in SR-A+/+ mice in both experimental models (Figure 
1E, 2E). Loss of proteoglycan in cartilage manifested 
at 28 days and was aggravated at 56 days in SR-A+/+ 
mice, while there was no significant change in SR-A-/- 
mice. There was much less cartilage destruction in 
SR-A-/- mice than in SR-A+/+ mice (Figure 2F). 
Collectively, these data point to a positive role of SR-A 
on bone resorption.  

SR-A deletion suppressed osteoclast 
differentiation  

To further explore our hypothesis, we examined 
histological differences between the two experimental 
models to determine whether SR-A deletion may 
directly influence bone cell activities. The number of 
osteoclasts was examined in SR-A+/+ and SR-A-/- mice 
in both the TM (Figure 3A, B) and ACLT OA model 
(Figure 3C, D). In both cases, the number of 
tartrate-resistant acid phosphatase (TRAP)-positive 
cells was significantly higher in SR-A+/+ mice (P < 
0.01, Figure 3A, B, C, D). Moreover, the size of 
TRAP-positive osteoclasts was much smaller in 
SR-A-/- mice. Furthermore, we found no significant 
differences in osteoblast numbers between SR-A+/+ 

and SR-A-/- mice (Figure 3A, B, C, D).  
To analyze the role of SR-A in osteoclast 

differentiation in vitro, we cultured bone marrow cells 
from SR-A+/+ and SR-A-/- mice in the presence of 
M-CSF (20 ng/ml) for 3 days, and then continued to 
treat the cells with M-CSF and RANKL (20 ng/ml) for 
another 6 days. Compared with SR-A+/+ cells, most 
SR-A-/- bone marrow-derived osteoclasts were 
immature and small, and there were only a few 
multinucleated mature osteoclasts (Figure 3E). We 
then quantified the number of multinucleated 
osteoclasts and found that the number of 
multinucleated osteoclasts derived from the bone 
marrow of SR-A-/- mice was significantly lower than 
the number of multinucleated osteoclasts derived 
from the bone marrow of SR-A+/+ mice (Figure 3F).  

SR-A deficiency reduced IL-1 and IL-6 
production in osteoclasts  

Some factors play a vital role in 
osteoclastogenesis [26-30], and it has been 
demonstrated that the function of SR-A is closely 
related to some of these factors in other biological 
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processes [31-34]. In order to analyze the effect of 
SR-A on osteoclastogenesis, we performed real-time 
quantitative PCR analysis on nine factors of interest 
including interleukin-1 (IL-1), interleukin-6 (IL-6), 
insulin-like growth factor-1 (IGF-1), tumor necrosis 
factor-alpha-stimulated gene-6 (TSG-6), tumor 
necrosis factor-α (TNF-α), tumor necrosis 
factor-related apoptosis-inducing ligand (TRAIL), 
vascular endothelial growth factor-C (VEGF-C), 
leukemia inhibitory factor (LIF) and eosinophil 

chemotactic factor-L (ECF-L). As demonstrated in 
Figure 4A, IL-1 and IL-6 mRNA levels were 
significantly lower in osteoclasts of SR-A-/- mice 
compared to osteoclasts from SR-A+/+ mice. 
Consistent with our quantitative RT-PCR findings, we 
observed that the secretion of IL-1 and IL-6 protein 
from osteoclasts of SR-A-/- mice was significantly 
lower than from osteoclasts of SR-A+/+ mice as 
determined by enzyme-linked immunosorbent assay 
(ELISA) assay (Figure 4B).  

 

 
Figure 1 Mice with SR-A deletion have reduced bone resorption and distance of tooth movement in the TM model. (A) Three-dimensional micro-CT image of 
alveolar bone (sagittal view) at 14 days after the operation inducing tooth movement. The maxilla without operation was used as control. Scale bars equal 500 μm. 
(B-E) Quantitative analyze of bone volume over total volume (BV/TV), and trabecular number (Tb.N), separation (Tb.Sp), and thickness (Tb.Th), of alveolar bone by 
micro-CT. The blue bar represents the SR-A+/+ mice, while the red bar represents the SR-A-/- mice. (F) Micro-CT image of alveolar bone at 14 days after TM. Scale 
bars equal 500 μm. (G) Quantitative analysis of the distance of the first molar mesial movement in SR-A-/- and SR-A+/+ mice. *P < 0.05, **P < 0.01 compared to the 
SR-A+/+ group at the corresponding time points. All data are shown as the mean ± SD. 
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Figure 2 Mice with SR-A deletion have changes in subchondral bone architecture in the ACLT OA model. (A) Three-dimensional micro-CT image of tibial 
subchondral bone medial compartment (sagittal view) at 28 days after sham operation or ACLT surgery. Yellow arrows indicate altered bone resorption of the SBP 
(subchondral bone plate). Scale bars equal 500 μm. (B-E) Quantitative analysis of the parameters of subchondral bone by micro-CT. Blue bars designate SR-A+/+ mice, 
while red bars designate SR-A-/- mice. n = 5 in each group. (F) Safranin O staining of sagittal sections of the medial compartment of the tibia at 28 and 56 days. Red stain 
indicates proteoglycan, and blue stain indicates bone. Scale bars equal 500 μm. *P < 0.05, **P < 0.01 compared to the SR-A+/+ group at the corresponding time points. 
All data are reported as the mean ± SD. 

 

Exogenous IL-6 rescued decreased 
osteoclastogenesis in SR-A-/- mice, while IL-6 
blockade attenuated osteoclastogenesis in 
SR-A+/+ mice   

We evaluated whether the deficiency in 
osteoclastogenesis in SR-A-/- mice could be rescued by 
IL-1 or IL-6 restoration in vitro. We observed that the 
number of osteoclasts in the SR-A+/+ group increased 
after treatment with IL-1. In contrast, the number of 
osteoclasts in the SR-A-/- group treated with IL-1 
increased not so obvious (Figure 5A, C). However, 
treatment with IL-6 significantly increased the 
number of osteoclast in SR-A+/+ group, and also 
rescued osteoclastogenesis in RANKL-induced 

SR-A-/- bone marrow cells (Figure 5B, C). IL-6 has 
been reported to regulate SR-A function in 
macrophages [31], so IL-6 was chosen for additional 
studies. We then performed IL-6 restoration 
experiments in vivo. In the TM model, the distance of 
the tooth movement increased after injection of 
recombinant murine IL-6, and exogenous IL-6 
resulted in a remarkable increase in the number of 
osteoclasts, compared to phosphate buffered saline 
(PBS) injection in control mice (Figure 5D, E). In the 
ACLT OA model, severity of cartilage destruction and 
proteoglycan loss in SR-A-/- mice injected with IL-6 
was much more pronounced than in SR-A-/- mice 
treated with PBS (Figure 5F, G). Moreover, the 
number of osteoclasts also increased in the IL-6 
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treatment group (Figure 5F, G). To obtain further 
prove for the role of IL-6 in osteoclast formation, we 
examined whether osteoclastogenesis was affected in 
SR-A+/+ and SR-A-/- mice subjected to the TM model 
after injection with either an anti-IL-6 antibody 

(1mg/kg) or control IgG (1mg/kg). As expected, 
neutralization of IL-6 reduced the number of 
osteoclasts formed in SR-A+/+ mice, but had no 
significantly effect in SR-A-/- mice (Figure 5H, I).  

 

 
Figure 3 SR-A deletion affects osteoclastogenesis in vivo and in vitro. (A) TRAP (top) and Goldner’s trichrome staining (bottom) of osteoclasts and osteoblasts in 
alveolar bone of mice 7 days after surgery inducing tooth movement. Scale bars equal 100 μm. (B) Quantitative analysis of the number of TRAP+ cells and osteoblasts 
along the mesial area of the distal root of the first molar. Oc N/BPm (/mm), osteoclast number per bone perimeter; Ob N/BPm (/mm), osteoblast number per bone 
perimeter; Oc.S/BS, osteoclast surface per bone surface; Ob.S/BS, osteoblast surface per bone surface. (C) TRAP (top) and Goldner’s trichrome staining (bottom) of 
osteoclasts and osteoblasts in subchondral bone of mice 14 days after ACLT surgery. Scale bars equal 100 μm. (D) Quantification of the number of TRAP+ cells and 
osteoblasts per section within subchondral bone is shown on the right. (E) TRAP activity staining of differentiated osteoclasts in vitro. Scale bars equal 50 μm. (F) 
Quantification of TRAP-positive multinucleated cells in vitro is shown on the right. OC per field, osteoclast number per field. Blue bars designate SR-A+/+ mice, while 
red bars designate SR-A-/- mice. n = 5 in each group. **P < 0.01 compared to the SR-A+/+ group. All data are reported as mean ± SD. 
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Figure 4 IL-1 and IL-6 production is decreased in SR-A -/- osteoclasts. (A) The level of IL-1, IL-6, IGF-1, TSG-6, TNF-α, TRAIL, VEGF-C, LIF and ECF-L mRNA 
expression in osteoclasts was examined by real-time PCR at 24 hours of culture with M-CSF and RANKL after treatment with M-CSF for 3 days. (B) Concentrations 
of IL-1 and IL-6 protein in supernatant of osteoclasts determined by ELISA at 24 hours. Blue bars designate SR-A+/+ mice, while red bars designate SR-A-/- mice. n = 
5 in each group. **P < 0.01 compared to the SR-A+/+ group. All data are reported as the mean ± SD. 

 

Alterations in RANKL-induced MAPK 
signaling in osteoclasts from SR-A-/- mice  

Three subgroups of MAPKs (ERK, JNK and P38) 
are known to be involved in osteoclast development 
[5]. Western blotting was performed to investigate 
MAPKs signaling pathways and further clarify the 
molecular mechanisms through which SR-A gene 
disruption affected osteoclast differentiation. When 
stimulated with RANKL for 15 minutes, 
phosphorylation of ERK increased markedly in 
SR-A+/+ osteoclasts, which is in accordance with a 
previous report [8]. In contrast, phosphorylation of 
ERK in SR-A-/- osteoclasts was attenuated after 15 
minutes of RANKL stimulation. We also found that 
phosphorylation of JNK increased markedly at 15 and 
30 minutes after RANKL stimulation in SR-A+/+ 
osteoclasts. In contrast, phosphorylation of JNK in 
SR-A-/- osteoclasts was reduced after 15 or 30 minutes 

of RANKL stimulation. There was no significant 
difference in the phosphorylation of p38 in SR-A-/- 
and in SR-A+/+ osteoclasts after RANKL stimulation 
(Figure 6A). These observations were confirmed by 
quantitative analysis (Figure 6B, C, D). In good 
agreement with these observations, the level of IL-6 
protein in supernatants of osteoclast cultures 
decreased after addition of ERK or JNK inhibitor, but 
not after addition of p38 inhibitor (Figure 6 E).  

Inhibition of ERK and JNK signaling delayed 
osteoclast differentiation  

We hypothesized that attenuated osteoclast 
formation in SR-A-/- bone marrow cultures occurs via 
inhibition of ERK and JNK signaling pathways. To 
test this hypothesis, we independently treated 
osteoclast progenitor cells from SR-A+/+ mice with 
ERK inhibitor (U0126, 5 μM) or JNK inhibitor 
(SP600125, 10 μM), and then examined the number of 
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osteoclasts (Figure 7A). Osteoclast formation was 
markedly inhibited and the size of cells was reduced 
(Figure 7B). These results suggest that SR-A activates 

the ERK and JNK signaling pathways, inducing 
osteoclasts to produce IL-6 that promotes further 
osteoclast formation.  

 

 
Figure 5 IL-6 rescues the phenotype induced by SR-A deletion, while IL-6 blockade inhibits osteoclastogenesis. (A) TRAP staining of bone marrow-derived 
osteoclasts in SR-A+/+ and SR-A-/- mice treated with PBS or IL-1. Scale bars equal 50 μm. (B) TRAP staining of bone marrow-derived osteoclasts in SR-A+/+ and SR-A-/- 
mice treated with PBS or IL-6. Scale bars equal 50 μm. (C) Quantitative analysis of bone marrow-derived osteoclasts in SR-A+/+ and SR-A-/- mice treated with IL-1 or 
IL-6 (PBS as control). n =5 per group. (D) Top, micro-CT image of alveolar bone of mice treated with PBS or IL-6 and analyzed 14 days after surgery inducing TM. Scale 
bars equal 500 μm. Bottom, TRAP staining of osteoclasts in alveolar bone in SR-A+/+ and SR-A-/- mice injected of IL-6 or PBS only and stained 7 days after surgery 
inducing TM. Scale bars equal 100 μm. (E) Quantitative analysis of the mesial movement of the first molar and the number of osteoclasts in SR-A+/+ and SR-A-/- mice 
treated with PBS or IL-6 and analyzed 7 or 14 days after surgery inducing TM. (F) Top, Safranin O staining of articular cartilage in sagittal sections of the tibial medial 
compartment of mice treated with PBS or IL-6 and analyzed 56 days after ACLT surgery. Scale bars equal 500 μm. Bottom, TRAP staining of osteoclasts in 
subchondral bone of mice treated with PBS or IL-6 and analyzed 14 days after ACLT surgery. Scale bars equal 100 μm. (G) Quantitative analysis of the maximal score 
for structural cartilage damage and the number of osteoclast in the tibial medial compartment of mice treated with PBS or IL-6 and analyzed 14 days or 56 days after 
ACLT surgery. (H) TRAP staining of osteoclasts in alveolar bone in SR-A+/+ and SR-A-/- mice injected with anti-IL-6 antibody or nonspecific rat IgG and stained 7 days 
after surgery inducing TM. Scale bars equal 100 μm. (I) Quantitative analysis of osteoclasts numbers in SR-A+/+ and SR-A-/- mice treated with anti-IL-6 antibody or 
nonspecific rat IgG and analyzed 7 days after surgery inducing TM. n = 5 per group. *P < 0.05, **P < 0.01 compared with SR-A-/- mice. All data are reported as the mean 
± SD. 
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Figure 6 SR-A promotes production of IL-6 by RANKL-induced activation of ERK and JNK signaling pathways. (A) BMMs of SR-A+/+ and SR-A-/- mice were seeded 
at 1 x 106 cells per well in 6-well plates treated with M-CSF (20 ng·ml-1) for 3 days and then stimulated with RANKL (20 ng·ml-1) for 0, 15, or 30 minutes. Protein levels 
of p-ERK, ERK, p-JNK, JNK, p-p38, and p38 were determined by Western blotting, and β-actin was used as a control. (B, C, D) p-ERK, p-JNK, and p-p38 levels were 
determined by normalizing for total ERK, JNK, p38 expression. (E) Supernatants of osteoclast cultures treated with ERK (U0126, 5 μM), JNK (SP600125, 10 μM) or 
p38 inhibitor (SB203580, 1 μM) were collected and analyzed for IL-6 production by ELISA. n = 3 - 5 in each group. * P < 0.05, **P < 0.01. All data are reported as the 
mean ± SD. 

 
Figure 7 ERK and JNK inhibitors reduce the number of RANKL-induced osteoclasts. (A) RANKL-induced bone marrow cells of SR-A+/+ mice were incubated with 
inhibitors of JNK (SP600125, 10 μM) or ERK (U0126, 5 μM) for 6 days, respectively, and then stained for TRAP. Scale bars equal 50 μm. (B) Quantitative analysis of 
the number of TRAP-positive cells. n = 5 in each group. **P < 0.01. All data are reported as the mean ± SD. 
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Discussion  
Osteoclasts play a key role in regulating bone 

structure and function throughout the life of 
vertebrates [35]. Previous studies indicated that 
deletion of SR-A resulted in decreased 
osteoclastogenesis via inhibition of the expression of 
RANK and related molecules [8, 12]. However, the 
signaling pathways involved in attenuation of 
osteoclastogenesis still remain to be elucidated.  

Most of the craniofacial bones originate from 
neural crest cells, while all other bones in the body 
originate from the mesoderm. Each bone lineage has 
different properties [36, 37]. Therefore, two animal 
models representing the head and the extremities 
were included in this study. These experimental 
models are the TM and the ACLT OA model, which 
are often used for analyzing bone homeostasis. We 
demonstrated in both models, and also in vitro, that 
SR-A gene disruption attenuated osteoclastogenesis, 
and we also showed that SR-A activates the ERK/JNK 
pathway in osteoclasts mediating production of IL-6.  

Our micro-CT study demonstrated significantly 
increased bone volume, trabecular number, and 
decreased trabecular separation in SR-A-/- mice 
compared to SR-A+/+ mice. These results were likely 
due to uncompensated osteoblast activity in SR-A-/- 
mice. We then examined the number of osteoblasts 
and osteoclasts, and found that osteoclastogenesis 
decreased significantly in SR-A-/- mice. However, the 
number of osteoblasts was virtually the same in the 
two groups. This suggests that SR-A affects bone 
turnover by promoting osteoclastogenesis, but not 
osteoblastogenesis, which is consistent with previous 
reports [8].  

Osteoclasts secrete factors such as IL-1, IL-6, 
insulin-like growth factor-1 (IGF-1), and tumor 
necrosis factor- α (TNF-α), and these factors play a 
vital role in osteoclastogenesis [26-30]. In addition, 
some of these factors can regulate the function of 
SR-A. For example, IL-6 promotes expression of SR-A 
on macrophages in rheumatoid arthritis [31], and 
blockade of IL-6 and TNF-α can inhibit the expression 
of SR-A in human arterial endothelial cells [32]. 
Therefore, we investigated how SR-A affects the 
production of these factors. Interestingly, we found 
that SR-A-/- osteoclasts produced lower levels of IL-1 
and IL-6 than SR-A+/+ cells, as determined by analysis 
of both mRNA expression and secretion of IL-1 and 
IL-6 protein. In order to characterize the effect of IL-1 
and IL-6 on SR-A-/- osteoclasts, we added IL-1 and 
IL-6 to these cells and found that IL-6 can revert the 
reduced osteoclastogenesis caused by the  loss of 

SR-A function more obviously. Moreover, tooth 
movement-induced osteoclastogenesis in SR-A+/+ 
mice was prevented by blocking of IL-6. These results 
are in agreement with previous studies that showed 
that IL-6 causes bone resorption by inducing 
osteoclast formation [38, 39]. Because IL-6 can also 
promote the expression of SR-A in macrophages [31], 
our data suggest a positive feedback, with SR-A 
inducing IL-6 expression in osteoclasts and IL-6 
inducing the expression of SR-A in the same cells. 
However, the overall effect of IL-6 on 
osteoclastogenesis is still not completely clear. There 
is some evidence of negative effects of IL-6 on 
osteoclasts. Yoshitake et al. [40] showed that IL-6 
directly acts on osteoclast progenitors and suppresses 
their differentiation. The apparent discrepancy 
observed in these two studies may arise because the 
effect of IL-6 in the study by Yoshitake et al. was 
evaluated in a different culture system with a high 
IL-6 concentration (100 ng/ml). IL-6 was reported to 
induce the differentiation of osteoclasts in a 
concentration-dependent manner [41], and that there 
was no inhibition at low IL-6 concentration. 
Moreover, there are also studies suggesting that the 
effect of IL-6 on osteoclasts might be related to the age 
of the animal [42]. Compared with prepubertal rats, 
adult rats showed a decrease in osteoclastogenesis 
after IL-6 treatment. The function of IL-6 on 
osteoclasts appears to be a double-edged sword that 
can influence osteoclast differentiation through 
complex and sometimes seemingly contradictory 
mechanisms. This particular issue will require further 
investigation that is clearly outside the scope of the 
current study.  

During the early stage of osteoclast 
differentiation, RANK activation in preosteoclasts 
leads to increased expression and activation of 
MAPKs, including ERK, JNK and p38, which is 
important for the regulation of osteoclast formation 
[5]. Takemura et al. [8], reported that SR-A deletion 
resulted in reduced expression levels of RANK and 
RANK-related osteoclast-differentiation molecules 
such as NFATc1 and MITF. In the present study, we 
showed that phosphorylation of ERK/JNK decreased 
significantly after deletion of SR-A. When 
RANKL-induced SR-A+/+ bone marrow 
derived-macrophages (BMMs) were treated with ERK 
or JNK inhibitor, but not with p38 inhibitor, the 
number of osteoclasts decreased and osteoclast size 
was smaller than the control cells. In addition, the 
expression of IL-6 declined in ERK or JNK 
inhibitor-treated cells. In conclusion, our results 
strongly suggest that SR-A promotes 
osteoclastogenesis, in addition to the previously 
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reported increase of expression of RANK, by 
activating ERK and JNK signaling and inducing IL-6 
expression, followed by induction of SR-A expression 

(Figure 8). The central role of SR-A suggests that SR-A 
could be a new therapeutic target for the regulation of 
bone homeostasis in craniofacial and other bones.  

 

 
Figure 8 Hypothetical model of the role of SR-A and IL-6 signaling in osteoclastogenesis. SR-A regulates IL-6-induced osteoclastogenesis by activating ERK and JNK 
signaling pathways via RANK and amplification involving IL-6 signaling.  
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