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Abstract. The c‑X‑c receptor (cXcr) 7 agonist, VuF11207, 
is a chemical compound that binds specifically to 
cXcr7, and negatively regulates c‑X‑c motif chemokine 
ligand 12 (cXcl12) and cXcr4‑induced cellular events. 
lipopolysaccharide (lPS) can induce inf lammatory 
cytokines and pathological bone loss. lPS also induces 
expression of cXcl12, enhancing sensitivity to receptor 
activator of nF‑κB ligand (ranKl) and tumor necrosis 
factor‑α (TnF‑α) in vivo. ranKl and TnF‑α induce the 
differentiation of osteoclasts into osteoclast precursors 
and bone resorption. The current study was performed to 
examine the effects of a cXcr7 agonist on osteoclasto‑
genesis and bone resorption induced by lPS in vivo. in 
addition, the mechanisms underlying these in vivo effects 
were investigated by in vitro experiments. eight‑week‑old 
male c57Bl/6J mice were subcutaneously injected over the 
calvariae with lPS alone or lPS and cXcr7 agonist. after 
sacrifice, the number of osteoclasts and the bone resorption 
area were measured. In vitro experiments were performed 
to investigate the effects of cXcl12 and cXcr7 agonist on 
osteoclastogenesis induced by ranKl and TnF‑α. Mice 
injected with LPS and CXCR7 agonist showed significantly 
reduced osteoclastogenesis and bone resorption compared 
with mice injected with lPS alone. Moreover, the cXcr7 
agonist inhibited cXcl12 enhancement of ranKl‑ and 

TnF‑α‑induced osteoclastogenesis in vitro. Thus, cXcr7 
agonist inhibited lPS‑induced osteoclast‑associated cyto‑
kines, such as ranKl and TnF‑α, as well as ranKl‑ and 
TnF‑α‑induced osteoclastogenesis in vitro by modulating 
cXcl12‑mediated enhancement of osteoclastogenesis. in 
conclusion, cXcr7 agonist reduced cXcl12‑mediated 
osteoclastogenesis and bone resorption.

Introduction

osteoclasts are multinucleated cells formed by the fusion 
of hematopoietic bone marrow precursors and are typically 
present in the bone marrow adjacent to the bone surface (1). 
osteoclasts play a pivotal role in bone resorption in several 
bone‑related diseases, such as rheumatoid arthritis and peri‑
odontitis (2,3). receptor activator of nF‑κB ligand (ranKl), 
macrophage colony stimulating factor (M‑cSF) and tumor 
necrosis factor (TnF)‑α are cytokines known to promote 
osteoclastogenesis in vitro and in vivo (4‑6).

lipopolysaccharide (lPS) can induce inflammatory 
cytokine production and pathological bone loss (7). Various 
inflammatory cytokines induced by lPS, such as TnF‑α, 
play important roles in the maturation of osteoclast progeni‑
tors (8,9). These cytokines are related to osteoclastogenesis 
and bone resorption induced by lPS in vitro and in vivo (10). 
Furthermore, lPS may also lead to osteoclastogenesis and 
promote the fusion and survival of osteoclasts (11). in addi‑
tion, the expression of ranKl in osteoblasts is stimulated by 
lPS (12).

chemokines, which are various small chemotactic cyto‑
kines, are potentially related to the physiological development, 
pathological recruitment and function of osteoclasts (13‑15). 
c‑X‑c motif chemokine ligand 12 (cXcl12) is widely recog‑
nized as stromal cell‑derived factor 1 and belongs to the cXc 
chemokine family. cXcl12 is a 68‑residue chemokine with 
a molecular weight of 8 kda that exists in both secreted and 
membrane‑bound forms, and is abundantly expressed in bone 
marrow and several other tissues (16,17). cXcl12 has strong 
chemotactic effects on lymphocytes and has been shown to 
be associated with osteoclast progenitor cell survival, function 
and fusion (18,19).
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The crucial roles of cXcr4 and its ligand cXcl12 
have been extensively studied (20). cXcr4 is a 352‑residue 
G protein‑coupled receptor with seven transmembrane 
helices (21). cXcr4 is broadly expressed by both mononuclear 
cells and progenitor cells in the bone marrow (18). cXcl12 
was shown to indirectly increase osteoclastogenesis and bone 
resorption in vivo by lPS‑stimulated TnF‑α in macrophages, 
and lPS‑enhanced ranKl in osteoblasts in mice injected 
with lPS (22). Furthermore, cXcl12 was shown to directly 
enhance both ranKl‑ and TnF‑α‑induced osteoclastogen‑
esis (22). as shown in studies using the cXcr4 antagonist, 
aMd3100, the interaction of cXcl12 and cXcr4 induces 
osteoclastogenesis and regulates osteoclast function (18,23,24).

cXcr7 is a G protein‑coupled receptor with seven 
membrane‑spanning helices (16). a previous study showed 
that a cXcr7 agonist negatively regulates cXcl12‑
cXcr4‑induced cellular events, such as angiogenesis (25). 
However, the functions and roles of cXcr7 in this process 
remain unclear. To understand the mechanisms of bone 
resorption relevant to disease, it is important to investigate the 
role of cXcr7 agonists in lPS‑induced osteoclastogenesis. 
However, to the best of our knowledge, there have been no 
studies to evaluate the effects of cXcr7 agonists on osteo‑
clastogenesis induced by lPS in vivo. Therefore, the present 
study was performed to investigate the effects of the cXcr7 
agonist, VuF11207, on lPS‑induced osteoclastogenesis in an 
animal model in vivo.

Materials and methods

Reagents and animals. a total of 20 8‑10‑week‑old healthy 
20‑25 g male c57Bl/6J mice (wild‑type/WT) purchased from 
clea Japan, inc., were used. Mice were kept in cages that 
were maintained at 25˚C, 50% relative humidity under a 12 h 
light/dark cycle with free access to food and water. a total of 
five mice were assigned to each experimental group by simple 
random sampling. all experimental procedures conformed to 
‘regulations for animal experiments and related activities 
at Tohoku university’, and were reviewed by the institutional 
laboratory animal care and use committee of Tohoku 
university and approved by the President of Tohoku university 
(approval no. 2019dna‑047‑05; Miyagi, Japan).

cXcl12 was obtained from r&d Systems, inc. 
The cXcr7 agonist, VuF11207, was purchased from 
MilliporeSigma. lPS from Escherichia coli was purchased 
from Sigma‑aldrich (Merck KGaa). recombinant mouse 
ranKl (26) and TnF‑α (27) were produced as described 
previously. recombinant mouse M‑cSF was produced by 
the M‑cSF‑expressing cell line, cMG14‑12, as described 
previously (28).

Mouse experiments and histological examination. Mice 
in each group received subcutaneous injections over the 
crown of the head for 5 days with one of the following: 
i) Phosphate‑buffered saline (PBS, 100 µl); ii) lPS (100 µg/day); 
iii) lPS (100 µg/day) + cXcr7 agonist (100 µg/day); or 
iv) cXcr7 agonist (100 µg/day).

The mice were sacrificed by inhalation of an overdose of 
5% isoflurane on day 6. Inhalation was continued until a pulse 
could not be detected, breathing had ceased and there was an 
absence of reflexes observed in combination. The calvariae of 

mice were isolated and cut into three pieces. After fixation 
with 4% formaldehyde in PBS at 4˚C for 3 days, the samples 
were demineralized in 14% EDTA for 3 days. The samples 
were embedded in paraffin blocks and cut into sections 5‑µm 
thick using a microtome (reM‑710; Yamato Kohki industrial 
co., ltd.). The sections were stained for tartrate‑resistant 
acid phosphatase (TraP) and counterstained with hema‑
toxylin according to the protocol described previously (22,29). 
osteoclasts were recognized as TraP‑positive cells with 
more than three nuclei. The number of TraP‑positive cells 
(cells/section) was counted in the sagittal sutures of calvariae 
according to previously described methods (22,29,30).

Measurement of bone destruction. Mice were injected as 
described above and sacrificed on day 6. Bone destruc‑
tion was assessed by micro‑computed tomography (cT) 
(ScanXmate‑e090; comscantecno co., ltd.). The dissected 
calvariae were fixed with 4% formaldehyde in PBS at 4˚C for 
3 days. The calvariae were scanned by micro‑cT to create 
three‑dimensional images using Tri/3d‑Bon64 version 
r7.00 software (ratoc System engineering co., ltd.). The 
bone resorption areas were measured around the bregma 45 
pixels in the sagittal plane and 50 pixels in the coronal plane. 
The bone resorption areas (%) to total areas were measured 
using imageJ version 1.51 (national institutes of Health) as 
described previously (22,29,30). Shaded areas of the same 
color density were considered bone resorption areas.

Preparation of RNA and reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR) analysis. Mice 
received subcutaneous injections into the crown of the head 
for 5 days as described above. The mice were then sacrificed, 
and their calvariae were isolated, frozen in liquid nitrogen 
and homogenized (Micro Smash MS‑100r; Tomy Seiko co., 
ltd.). Total rna was obtained from samples using Trizol 
reagent (invitrogen; Thermo Fisher Scientific, inc.). Total 
RNA was purified by the RNeasy Mini Kit (Qiagen, Inc.). 
after purification of total rna, cdna was synthesized 
from each total rna sample (2 µg) with oligo(dT) primers 
by using the SuperScript iV First‑Strand Synthesis System 
according to the manufacturer's protocol (invitrogen; Thermo 
Fisher Scientific, inc.). The levels of TraP, cathepsin K, 
ranKl and TnF‑α transcripts were quantified by qPcr 
(Thermal cycler dice real Time system; Takara Bio, inc.). 
The reaction consisted of a volume of 25 µl containing 2 µl 
cdna as a template, 23 µl TB Green Premix ex Taq ii 
(Takara Bio, inc.) and 50 pmol/µl each primer. The thermo‑
cycling conditions consisted of an initial denaturation step 
at 95˚C for 10 sec, followed by 50 cycles of denaturation for 
5 sec at 95˚C and annealing for 30 sec at 60˚C. The levels 
of glyceraldehyde 3‑phosphate dehydrogenase (GaPdH) 
mrna were used for normalization. relative expression of 
mrna was analyzed by the 2‑ΔΔcq method (31). all primers 
were designed by our laboratory (division of orthodontics 
and dentofacial orthopedics, Tohoku university Graduate 
School of dentistry). The primers used for analysis are listed 
in Table i. Preparation of osteoclast precursors and cultures 
for osteoclastogenesis. Mouse bone marrow cells were used 
for the in vitro study. After sacrifice, the femora and tibiae of 
mice were dissected aseptically. Both ends of these bones were 



Molecular Medicine rePorTS  25:  78,  2022 3

cut off to obtain bone marrow cells. Bone marrow cells were 
seeded (5x106 cells) into 10‑cm culture dishes with α‑modified 
minimal essential medium (α‑MeM; FuJiFilM Wako 
Pure chemical corporation) containing 100 ng/ml M‑cSF, 
10% fetal bovine serum (FBS; Biowest, Inc.), 100 IU/ml peni‑
cillin G (Meiji Seika Kaisha, ltd.) and 100 µg/ml streptomycin 
(Meiji Seika Kaisha, ltd.). Bone marrow cells were incubated 
at 37˚C in 5% CO2 for 4 days. Floating cells were eliminated 
by rinsing with PBS. after elimination of floating cells, 
adherent cells were detached using trypsin/edTa solution 
(Sigma‑aldrich; Merck KGaa) and collected. The obtained 
cells were recognized as osteoclast precursors (22,29,30). 
osteoclast precursors were seeded into 96‑well plates and 
cultured in an atmosphere of 5% CO2 at 37˚C for 5 days 
containing the following for ranKl analysis: i) M‑cSF 
(100 ng/ml); ii) M‑cSF (100 ng/ml) + ranKl (50 ng/ml); 
iii) M‑cSF (100 ng/ml) + ranKl (50 ng/ml) + cXcl12 
(100 ng/ml); iv) M‑cSF (100 ng/ml) + ranKl (50 ng/ml) + 
cXcl12 (100 ng/ml) + cXcr7 agonist (100 ng/ml); v) M‑cSF 
(100 ng/ml) + ranKl (50 ng/ml) + cXcr7 agonist (100 ng/ml); 
or vi) M‑cSF (100 ng/ml) + cXcr7 agonist (100 ng/ml). 
cultures for TnF‑α analysis contained the following: i) M‑cSF 
(100 ng/ml); ii) M‑cSF (100 ng/ml) + TnF‑α (50 ng/ml); 
iii) M‑cSF (100 ng/ml) + TnF‑α (50 ng/ml) + cXcl12 
(100 ng/ml); iv) M‑cSF (100 ng/ml) + TnF‑α (50 ng/ml) + 
cXcl12 (100 ng/ml) + cXcr7 agonist (100 ng/ml); v) M‑cSF 
(100 ng/ml) + TnF‑α (50 ng/ml) + cXcr7 agonist (100 ng/ml); 
or vi) M‑cSF (100 ng/ml) + cXcr7 agonist (100 ng/ml). after 
fixation with 4% formaldehyde at room temperature for 1 h, 
the cultured cells were stained with TraP as described previ‑
ously (22,29,30). Osteoclasts were identified as TRAP‑positive 
cells with three or more nuclei. The number of osteoclasts 
(cells/well) was counted under a light microscope.

Immunoblotting. osteoclast precursors prepared from bone 
marrow cells were incubated for 6 h (5x106 cells) in 60‑mm 
cell culture dishes (corning, inc.) using serum‑free α‑MeM for 
culture under conditions of serum starvation. after serum starva‑
tion for 6 h, osteoclast precursors were cultured with the following 
for ranKl analysis: i) ranKl (100 ng/ml); ii) ranKl 

(100 ng/ml) + cXcl12 (100 ng/ml); or iii) ranKl 
(100 ng/ml) + cXcl12 (100 ng/ml) + cXcr7 agonist 
(100 ng/ml). cultures for TnF‑α analysis contained the 
following: i) TnF‑α (100 ng/ml); ii) TnF‑α (100 ng/ml) + 
cXcl12 (100 ng/ml); or iii) TnF‑α (100 ng/ml) + cXcl12 
(100 ng/ml) + cXcr7 agonist (100 ng/ml). They were added 
to the dishes for specific periods (0, 15 or 30 min). Osteoclast 
precursors treated with the specified reagents were gently 
rinsed twice with PBS. radioimmunoprecipitation (riPa) 
lysis buffer (MilliporeSigma) with phosphatase inhibitor and 
1% protease (Thermo Fisher Scientific, Inc.) was added to the 
cell culture dishes. The cells were scraped from the dishes. 
Measurement of total protein concentrations was performed 
using a Pierce BCA protein assay kit (Thermo Fisher Scientific, 
inc.). β‑Mercaptoethanol and laemmli sample buffer (Bio‑rad 
laboratories, inc.) were added to protein samples. The samples 
were denatured at 95˚C for 5 min for SDS‑PAGE. The same 
amounts of proteins (40 µg) and marker were loaded into the 
wells using 4‑15% Mini‑PROTEAN TGX Precast Gels (Bio‑Rad 
laboratories, inc.) and the gels were run at 120 V for 1 h. The 
proteins were transferred from the gels onto polyvinylidene 
difluoride (PVDF) membranes using a PVDF Trans‑Blot Turbo 
Transfer System (Bio‑rad laboratories, inc.). after transfer, 
nonspecific binding sites on the membranes were blocked by 
incubation with Block‑ace (Kac co., ltd.) at room temperature 
for 120 min. after blocking, the membranes were reacted over‑
night at 4˚C with the following primary antibodies (all, 1:1,000): 
Monoclonal anti‑β‑actin mouse antibody (cat. no. a1978; 
Sigma‑aldrich; Merck KGaa), phosphorylated (p)‑p44/42 
MaPK (erk1/2) antibody (cat. no. 9101), p44/42 (erk1/2) anti‑
body (cat. no. 9102), p‑p38 MaPK rabbit monoclonal antibody 
(cat. no. 4511), p38 MaPK antibody cat. no. 9212, p‑SaPK/JnK 
rabbit monoclonal antibody (cat. no. 4671) and SaPK/JnK 
antibody (cat. no. 9252; cell Signaling Technology, inc.). The 
membranes were washed with Tris buffered saline (TBS) and 
TBS with Triton X‑100 (TBST) with gentle agitation. The 
membranes were incubated at room temperature for 60 min 
with HrP‑conjugated anti‑rabbit igG antibody (cat. no. 7074; 
cell Signaling Technology, inc.; 1:3,000) and anti‑mouse anti‑
body (cat. no. na931; Ge Healthcare; 1:10,000) as secondary 

Table i. Primers used in this study.

Gene Sequence (5'→3') Genbank number Size, bp Tm, ˚C

GaPdH F: GGTGGaGccaaaaGGGTca XM_017321385.1  138 67.3
 r: GGGGGcTaaGcaGTTGGT   64.0
TraP F: aacTTGcGaccaTTGTTa XM_011242384.2  159 56.5
 r: GGGGaccTTTcGTTGaTGT   63.7
cathepsin K F: GcaGaGGTGTGTacTaTGa Bc046320.1  73 50.3
 r: GcaGGcGTTGTTcTTaTT   57.8
ranKl F: ccTGaGGcccaGccaTTT nM_011613.3  107 63.9
 r: cTTGGcccaGccTcGaT   66.5
TnF‑α F: cTGTaGcccacGTcGTaGc nM_013693.3  97 56.4
 r: TTGaGaTccaTGccGTTG   53.9

F, forward; r, reverse; Tm, temperature; TraP, tartrate‑resistant acid phosphatase; ranKl, receptor activator of nF‑κB ligand; TnF‑α, tumor 
necrosis factor‑α.
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antibodies. The membranes were washed in TBST and TBS 
with gentle agitation. after washing, SuperSignal West Femto 
Maximum Sensitivity Substrate (Thermo Fisher Scientific, Inc.) 
was added and incubated for 5 min. The signals on blots were 
imaged using the FuSion‑FX7.edGe chemiluminescence 
imaging System (Vilber lourmat) (32).

Statistical analysis. all data are expressed as the mean ± stan‑
dard error of the mean (SeM) of more than three independent 
experiments. all data were analyzed using Statcel version 3 
software (oMS Publishing co., ltd.). differences between 

groups were examined using one‑way anoVa followed by 
Bonferroni/dunn's test. F‑values are shown in Table Si. P<0.05 
was considered to indicate a statistically significant difference.

Results

CXCR7 agonist inhibits LPS‑induced osteoclastogenesis 
in vivo. lPS was administered for 5 consecutive days and 
calvariae were stained with TraP to reveal osteoclast 
formation (Fig. 1a). large numbers of osteoclasts formed 
in the sutures of calvariae in lPS‑injected mice compared 

Figure 1. cXcr7 agonist acts as a c‑X‑c motif chemokine ligand 12 inhibitor and ameliorates lPS‑induced bone resorption. (a) Histological sections of 
mouse calvariae stained for TraP and counterstained with hematoxylin. TraP‑positive cells were stained red. Scale bar, 50 µm. (B) number of osteoclasts 
in the suture of mouse calvariae. (c) TraP and (d) cathepsin K mrna transcript levels in mouse calvariae measured by reverse transcription‑quantitative 
PCR. The statistical significance of differences was determined by one‑way ANOVA followed by Bonferroni/Dunn's test (n=4; **P<0.01). results are expressed 
as the mean ± SeM. cXcr7, c‑X‑c receptor 7; lPS, lipopolysaccharide; TraP, tartrate‑resistant acid phosphatase; PBS, phosphate‑buffered saline. 
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with the PBS‑injected mice. The number of osteoclasts was 
significantly lower in mice treated with LPS+CXCR7 agonist 
than in mice treated with lPS alone (Fig. 1B). Both TraP 
and Cathepsin K mRNA expression levels were significantly 
lower in mice injected with lPS+cXcr7 agonist than in mice 
injected with lPS alone (Fig. 1c and d).

CXCR7 agonist inhibits LPS‑induced bone resorption in vivo. 
The bone resorption areas on mouse calvariae in each treated 
mouse were evaluated by micro‑cT (Fig. 2a). lPS‑treated 
mice showed a large area bone of resorption compared with 
the PBS‑injected mice. The area of bone resorption was signif‑
icantly smaller in mice treated with lPS+cXcr7 agonist than 
in mice injected with lPS alone (Fig. 2B).

CXCR7 agonist inhibits LPS‑induced production of RANKL 
and TNF‑α in vivo. The expression levels of ranKl and 
TnF‑α mRNAs were significantly increased in LPS‑treated 
mice compared with the PBS‑injected mice. Furthermore, 
ranKl and TnF‑α mRNA levels were significantly lower in 
mice treated with lPS+cXcr7 agonist compared with those 
administered with lPS alone (Fig. 3a and B).

CXCR7 agonist inhibits RANKL‑ and TNF‑α‑induced osteo‑
clastogenesis through CXCL12 inhibition in vitro. The effects 
of cXcr7 agonist on ranKl‑ and TnF‑α‑induced osteoclas‑
togenesis were assessed to investigate whether cXcr7 agonist 
affects osteoclast precursor cells via cXcl12. cXcl12 

enhanced ranKl‑ and TnF‑α‑induced osteoclastogenesis. 
The number of osteoclasts was decreased in osteoclast precursor 
cells cultured with M‑cSF+ranKl+cXcl12+cXcr7 
agonist compared with M‑cSF+ranKl+cXcl12 (Fig. 4a). 
The number of TraP‑positive osteoclasts was also decreased 
in cultures with M‑cSF+TnF‑α+cXcl12+cXcr7 agonist 
compared with M‑cSF+TnF‑α+cXcl12 (Fig. 4B).

Inhibitory effect of CXCR7 agonist on osteoclastogenesis 
via phosphorylation of MAPKs. The signal transduction 
pathway by which cXcr7 agonist inhibits osteoclastogen‑
esis was examined. When ranKl or TnF‑α was added 
to osteoclast precursors, the phosphorylation of MaPKs 
increased at 15 min. cXcl12 enhanced the phosphoryla‑
tion of erk when cells were treated with ranKl, but p‑erk 
expression was only slightly enhanced when cells were 
treated with TnF‑α (Fig. 5a). Moreover, cXcr7 agonist 
reduced phosphorylation of erk when cells were treated with 
ranKl or TnF‑α and cXcl12 (Fig. 5a). However, no 
effect was observed on the phosphorylation of p38 and JnK 
(Fig. 5B and c).

Discussion

in the present study, the effects of a cXcr7 agonist as a 
cXcl12 inhibitor on osteoclastogenesis and bone resorption 
induced by lPS was analyzed in vivo. The cXcr7 agonist 
ameliorated osteoclastogenesis and bone resorption induced 

Figure 2. cXcr7 agonist as a c‑X‑c motif chemokine ligand 12 inhibitor ameliorates bone resorption induced by lPS injection in vivo. (a) Three‑dimensional 
reconstructed image of mouse calvariae by micro‑computed tomography. red dots show the bone resorption area. (B) ratio of bone resorption area to total 
bone area. The statistical significance of differences was determined by one‑way ANOVA followed by Bonferroni/Dunn's test (n=4; *P<0.05, **P<0.01). results 
are expressed as the mean ± SeM. cXcr7, c‑X‑c receptor 7; lPS, lipopolysaccharide; PBS, phosphate‑buffered saline. 
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by lPS. Moreover, it was found that cXcr7 agonist inhib‑
ited the induction of ranKl and TnF‑α expression by 
lPS in vivo. cXcr7 agonist inhibited ranKl‑induced and 
TnF‑α‑induced osteoclastogenesis by inhibiting cXcl12 
stimulation in vitro. cXcl12‑mediated enhancement of osteo‑
clastogenesis was inhibited by the cXcr7 agonist reducing 
the phosphorylation of erk.

it has been reported that cXcl12‑cXcr4‑induced cellular 
events, such as angiogenesis, are negatively regulated by 
cXcr7 agonist (25). There have been no studies of the effects 
of cXcr7 agonists on osteoclastogenesis and bone resorption. 
To the best of our knowledge, the present study was the first 
to elucidate the effects of a cXcr7 agonist on lPS‑induced 
osteoclastogenesis and bone resorption. a previous study 
showed that VUF11207 was a high affinity and potent ligand 
of cXcr7 (33), and this compound was used as a cXcr7 
agonist in the present study.

cXcl12 plays important roles in patients with periodon‑
titis and rheumatoid arthritis. cXcl12‑cXcr4 signaling 
accelerates alveolar bone resorption (34). The interaction of 
cXcl12 and cXcr4 in patients with rheumatoid arthritis 
is important for cytokine production, angiogenesis and local 
inflammatory cell recruitment (35). Thus, CXCR4 signaling 
via cXcl12 enhances the differentiation and function of 
osteoclasts. However, whether cXcr7 agonists can inhibit 
the effects of cXcl12 is still unknown. VuF11207 is highly 
selective for cXcr7, suggesting that cXcr7 agonists may 
inhibit cXcl12‑cXcr4 signaling (25).

LPS can induce systemic inflammation through interaction 
with cXcr4, activating the cXcl12/cXcr4 pathway (36). 
lPS can also modulate production of endogenous cXcl12 
and cXcr4 (7). our previous study showed that both cXcl12 
and cXcr4 mrna levels were increased in lPS‑injected 
mice (22). in the present study, 100 µg/day of cXcr7 
agonist was administered subcutaneously over the calvariae 
for 5 days. cXcr7 agonist inhibited osteoclastogenesis in 

the suture of the calvariae induced by lPS injection in vivo. 
TraP and cathepsin K mrna levels were also lower in mice 
co‑administered lPS and cXcr7 agonist compared with 
mice administered with lPS alone. The current study further 
investigated the inhibitory effect of cXcr7 agonist on bone 
resorption induced by lPS. The severity of bone destruction 
was evaluated by micro‑cT through calculation of the ratio of 
bone destruction area to total area. it was found that the area 
of bone resorption was significantly lower in LPS and CXCR7 
agonist‑treated mice. These results suggested that cXcr7 
agonist could attenuate osteoclastogenesis and bone resorption 
induced by lPS in vivo. These results regarding the effects of 
a cXcr7 agonist on osteoclastogenesis were similar to those 
of a previous study indicating that a cXcr7 agonist inhibited 
cXcl12‑induced angiogenesis (25).

lPS induces ranKl expression from osteoblasts and 
production of proinflammatory cytokines, such as TNF‑α 
and il‑1, from macrophages and other cells (37). it has been 
reported that periodontal ligament cells also express numerous 
types of proinflammatory cytokines to regulate osteoclas‑
togenesis by lPS (38). ranKl and TnF‑α contribute to 
lPS‑induced osteoclastogenesis and bone resorption (39). 
in the present study, ranKl and TnF‑α mrna levels 
were significantly lower in mice co‑administered LPS and 
cXcr7 agonist compared with mice administered with lPS 
alone. Furthermore, our previous study showed that cXcl12 
directly enhanced both ranKl‑ and TnF‑α‑induced 
osteoclast differentiation (22). in the present study, cXcr7 
agonist was added to this culture system to investigate the 
effects of cXcr7 agonist on ranKl‑ and TnF‑α‑induced 
osteoclastogenesis. it was found that the cXcr7 agonist 
suppressed osteoclastogenesis enhanced by cXcl12. These 
results suggested that one of the mechanisms underlying the 
inhibitory effect of cXcr7 on osteoclastogenesis induced 
by lPS may be decreased levels of osteoclast‑associated 
cytokines induced by lPS in vivo. another mechanism may 

Figure 3. cXcr7 agonist inhibits the production of lPS‑induced (a) ranKl and (B) TnF‑α in vivo. The mrna levels of ranKl and TnF‑α in mouse 
calvariae were determined by reverse transcription‑quantitative PCR. The statistical significance of differences was determined by one‑way ANOVA followed 
by Bonferroni/Dunn's test (n=4; **P<0.01). results are expressed as the mean ± SeM. cXcr7, c‑X‑c receptor 7; lPS, lipopolysaccharide; PBS, phosphate‑
buffered saline; ranKl, receptor activator of nF‑κB ligand; TnF‑α, tumor necrosis factor‑α. 
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Figure 4. cXcr7 agonist inhibits ranKl‑induced and TnF‑α‑induced osteoclastogenesis through cXcl12 inhibition. (a) Microscopic images and number of 
osteoclasts. osteoclast precursors were treated for 5 days with one of the following and then stained for TraP: i) M‑cSF (100 ng/ml); ii) M‑cSF (100 ng/ml) + 
ranKl (50 ng/ml); iii) M‑cSF (100 ng/ml) + ranKl (50 ng/ml) + cXcl12 (100 ng/ml); iv) M‑cSF (100 ng/ml) + ranKl (50 ng/ml) + cXcl12 (100 ng/ml) + 
cXcr7 agonist (100 ng/ml); v) M‑cSF (100 ng/ml) + ranKl (50 ng/ml) + cXcr7 agonist (100 ng/ml); or vi) M‑cSF (100 ng/ml) + cXcr7 agonist (100 ng/ml). 
(B) Microscopic images and number of osteoclasts. osteoclast precursors were treated for 5 days with one of the following and then stained for TraP: i) M‑cSF 
(100 ng/ml); ii) M‑cSF (100 ng/ml) + TnF‑α (50 ng/ml); iii) M‑cSF (100 ng/ml) + TnF‑α (50 ng/ml) + cXcl12 (100 ng/ml); iv) M‑cSF (100 ng/ml) + TnF‑α 
(50 ng/ml) + cXcl12 (100 ng/ml) + cXcr7 agonist (100 ng/ml); v) M‑cSF (100 ng/ml) + TnF‑α (50 ng/ml) + cXcr7 agonist (100 ng/ml); or vi) M‑cSF 
(100 ng/ml) + CXCR7 agonist (100 ng/ml). Scale bar, 500 µm. The statistical significance of differences was determined by one‑way ANOVA followed by 
Bonferroni/Dunn's test (n=4; **P<0.01). results are expressed as the mean ± SeM. cXcr7, c‑X‑c receptor 7; cXcl12, c‑X‑c motif chemokine ligand 12; TraP, 
tartrate‑resistant acid phosphatase; ranKl, receptor activator of nF‑κB ligand; TnF‑α, tumor necrosis factor‑α; M‑cSF, macrophage colony stimulating factor. 
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involve cXcr7 agonist‑mediated inhibition of ranKl‑ and 
TnF‑α‑induced osteoclastogenesis via inhibition of cXcl12. 
Furthermore, cXcr7 agonists may indirectly inhibit osteo‑
clastogenesis in vivo.

cXcr7 transduces signals via the β‑arrestin pathway 
rather than the G protein‑mediated pathway (40). it has been 
reported that cXcl12 leads to the phosphorylation of erk 
in cXcr7‑positive glioma cells (41). We hypothesized that 
cXcl12 and cXcr7 agonist may regulate the phosphoryla‑
tion of MaPKs in osteoclast precursors. in the present study, 
immunoblotting was performed to investigate signal trans‑
duction. cXcl12 enhanced phosphorylation of erk when 
osteoclast precursors were treated with ranKl or TnF‑α. 
This result suggested that cXcl12 enhanced phosphorylation 
in osteoclast precursors as well as in glioma cells. Moreover, 
cXcr7 agonist reduced phosphorylation of erk. These results 
were consistent with the inhibitory effect of cXcr7 agonist 
on osteoclastogenesis in vitro. Therefore, suppression of 
cXcl12‑enhanced phosphorylation of erk was considered to 
play a major role in the inhibitory effect of cXcr7 agonist on 
osteoclastogenesis.

cXcl12 is associated with various diseases, and cXcr7 
agonists have been shown to be useful in these diseases (42). 
The findings of the present study suggested that cXcr7 
agonists have the potential to suppress inflammation by 
CXCL12‑enhanced osteoclastogenesis. To confirm the role 
of cXcr7 agonists in more detail, further analysis including 
knockout mice should be performed in the future. it was 
concluded that cXcr7 agonists inhibited osteoclastogenesis 
and bone resorption induced by lPS in vivo. Furthermore, 
cXcr7 agonists also inhibited ranKl‑ and TnF‑α‑induced 
osteoclastogenesis by inhibiting cXcl12‑mediated enhance‑
ment of osteoclastogenesis in vitro. The underlying mechanisms 
through which cXcr7 agonists attenuated osteoclastogenesis 
and bone destruction induced by lPS in vivo appeared to 
be related to inhibitory effects on lPS‑induced TnF‑α and 
ranKl expression in vivo, as well as on ranKl‑ and 
TnF‑α‑induced osteoclastogenesis in vitro via inhibition of 
cXcl12‑mediated upregulation of osteoclastogenesis.
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