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Abstract. The aim of the present study was to investigate 
the effects of adiponectin on bone marrow-derived mono-
cytes (BMMs) in the process of osteoclastogenesis. Primary 
BMMs derived from the mouse bone marrow were cultured, 
which were then treated with different concentrations of adipo-
nectin and macrophage colony stimulating factor (M-CSF). 
Cell viability was determined by measuring the absorbance 
after 24 h with Cell Counting Kit-8 reagent. BMM cells treated 
with adiponectin and receptor activator of nuclear factor-κB 
ligand (RANKL) were induced and differentiated to mature 
osteoclasts for 1 week, and then stained with tartrate-resistant 
acid phosphatase (TRAP). The number of osteoclasts was 
evaluated under light microscopy. The expression of adipo-
nectin in BMMs at the gene and protein levels was further 
assessed with reverse transcription-quantitative polymerase 
chain reaction and western blotting, respectively. The cellular 
proliferation experiment demonstrated that the optical density 
value decreased gradually with an increase of adiponectin 
concentration, with statistically significant differences detected 
among groups. In addition, the number of osteoclasts in the 
adiponectin‑treated group was significantly reduced compared 
with that in the control group. Adiponectin expression was 
confirmed in BMMs at both the protein and mRNA levels. In 
conclusion, the present data demonstrated that adiponectin has 
a significant inhibitory effect on the osteoclast differentiation 
and proliferation of BMMs, suggesting a novel strategy for 
preventing osteoporosis.

Introduction

As mesenchymal stem cells have the ability for differentiation 
into osteoclasts, they have become important multifunctional 
seeds for bone tissue engineering research (1). When the ability 
of this directional differentiation is strengthened or suppressed, 
it disrupts the balance of bone-related metabolism in the body, 
which is a main cause of osteoporosis (OP) development (2). 
However, the search for effective strategies for preventing OP 
remains an active and challenging area of research.

OP is a metabolic bone disease characterized by a reduc-
tion of bone mass, mainly due to the augmentation of bone 
absorption (3). The occurrence of OP is directly associated 
with the activity of osteoblasts and osteoclasts, particularly 
the process of osteoclastogenesis. OP is associated with an 
increased risk of fracture and mortality, representing a classic 
aging-associated disease (4-6); the lifetime risk of an osteopo-
rotic fracture in men over the age of 50 is 30% (7). Vitamin D3 
is the traditional treatment for OP, but these effects are insuf-
ficient to completely explain the anti-OP mechanism (8). 
Thus, novel anti-OP drugs are required, warranting further 
research to identify novel drug targets. Recent studies (9) have 
demonstrated a close correlation between adiponectin and 
bone metabolism, suggesting a possible candidate for the OP 
pathogenic mechanism and treatment target.

Adiponectin is mainly secreted by adipocytes and 
serves an important role in preventing obesity, diabetes 
and atherosclerosis (10-12). Adiponectin was demonstrated 
to inhibit receptor activator of nuclear factor (NF)-κB 
ligand (RANKL)-induced osteoclast differentiation, and 
showed a significant negative correlation with bone mineral 
density (BMD) (13,14). RANK can be combined with its 
ligand RANKL or other members of the tumor necrosis 
factor (TNF) ligand family, and osteoclast precursor cells can 
continuously generate RANK. Once the content of RANK in 
the body is reduced, osteoclast progenitor cell proliferation is 
rapidly promoted through the negative feedback system, and 
osteoclastogenesis is simultaneously stimulated to markedly 
enhance bone absorption ability, contributing to OP (15,16). 
However, previous studies have demonstrated that adiponectin 
knockout in mice causes a significant increase in the number 
of mature osteoclasts compared to that in wild type mice, 
suggesting that adiponectin blocks the activity of osteoblasts 
to directly or indirectly stimulate osteoclast differentiation 
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and osteoclastogenesis, resulting in obvious bone absorption 
and bone loss leading to OP (17,18). However, a role of adipo-
nectin in promoting osteoclasts has only been reported by a 
few studies (13,19) and thus it is possible that this effect only 
occurs under certain conditions, and not universally.

Monocytes/macrophages and neutrophils can produce 
a large amount of adiponectin in response to inflammation 
(i.e., acute host defense against microorganisms, arthritis, 
and endotoxin shock), and adiponectin can regulate the bone 
metabolism effects in many types of cells, including osteo-
blasts, chondrocytes and osteoclasts (20-24). However, to the 
best of our knowledge, the effects of adiponectin on bone 
marrow-derived monocytes (BMMs) have not been demon-
strated to date. Therefore, the aim of the present study was to 
investigate the effects of adiponectin treatment in mouse BMMs 
and determine its overall influence on osteoclastogenesis.

Materials and methods

Ethics and BMM culture. All animal experiments were 
conducted following the approval of the Institutional Review 
Board (Medical Ethics Committee) of the First Affiliated 
Hospital of Nanchang University (Nanchang, China). Primary 
bone marrow samples were obtained from the long bones (i.e., 
the femur and tibia) of 4-6-week-old C57BL/6 male mice, as 
previously described (25,26). A total of 15 C57BL/6 male 
mice were purchased from the Department of Animal Science 
(Nanchang University, Nanchang, China). Animals were 
housed at 18‑22˚C with 50‑60% humidity using 12‑h light/dark 
cycles. Animals were fed in regular intervals: 3-7 g/day/animal; 
3-4 times per week; water ad libitum. In brief, bone marrow 
cells were cultured in a T75 flask in complete α-minimal 
essential medium (α-MEM) supplemented with 10% fetal 
bovine serum (FBS) (both from Gibco; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA), 1% penicillin/strepto-
mycin, and 50 ng/ml macrophage colony stimulating factor 
(M-CSF; R&D Systems, Inc., Minneapolis, MN, USA) at 
37˚C in a humidified atmosphere (5% CO2, 95% air) for 24 h. 
Non-adherent cells were subsequently collected and reseeded 
in another T75 flask to continue incubation. Following culture 
for 3-4 days, medium was replaced and the culture was washed 
gently with phosphate-buffered saline (PBS) three times to 
remove impurities and non-adherent cells; adherent cells were 
used as the BMMs. Cell culture was continued for ~3 days until 
the cells reached 90% confluence. BMMs were collected by 
trypsin digestion, and then the cells were continuously cultured 
in fresh plates or prepared for subsequent experiments.

Cell viability assay. To clarify the effects of adiponectin on the 
growth and proliferation of BMMs, the Cell Counting Kit-8 
(CCK-8; Dojindo Molecular Technologies, Inc., Kumamoto, 
Japan) assay was conducted according to the manufac-
turer's instructions. In brief, the BMMs were treated with 
various concentrations of adiponectin (0, 0.2, 1 and 5 µg/ml; 
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) in 
96-well plates at a density of 5x103 cells/well and cultured with 
α-MEM supplemented with 10% FBS and 50 ng/ml M-CSF 
at 37˚C for 24 h, and 10 µl CCK‑8 solution was added to each 
well and incubated for another 2 h at 37˚C. The absorbance 
was then detected at a wavelength of 450 nm on an ELX800 

HT spectrophotometer (Bio-Tek Instruments Inc., Winooski, 
VT, USA). Cell viability was calculated relative to that of the 
control group. The experiment was repeated three times inde-
pendently. The viability and growth of BMMs were plotted 
and statistically compared using GraphPad Prism 5.0 software.

Osteoclastogenesis assay. The BMMs were plated in a 96-well 
plate at 5x103 cells/well. The cells were cultured in complete 
α-MEM supplemented with 10% FBS, 1% penicillin/strepto-
mycin, and 50 ng/ml M-CSF, along with 50 ng/ml RANKL 
(PeproTech, Inc., Rocky Hill, NJ, USA) and different concentra-
tions of adiponectin (0, 0.2, 1 and 5 µg/ml). The cell culture 
medium was changed every 2 days until the mature osteoclasts 
formed (~1 week). The cells were then washed with PBS three 
times. The cells were fixed in 4% buffered paraformaldehyde for 
30 min at 37˚C and stained for tartrate‑resistant acid phosphatase 
(TRAP) at 37˚C for 1 h. The number and area of multinucleated 
(two or more nuclei) TRAP-positive cells were counted in all 
wells under a light microscope (magnification, x100).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) assay. RT-qPCR was used to determine the mRNA 
expression level of adiponectin in the BMMs. Following three 
generations of BMM culture, cells were seeded in 6-well plates 
in α-MEM supplemented with 10% FBS, 1% penicillin/strepto-
mycin and 50 ng/ml M-CSF, with or without 1 µg/ml adiponectin, 
and incubated at 37˚C for 24 h. Total RNA was then extracted 
from each well using TRIzol reagent (Life Technologies; 
Thermo Fisher Scientific, Inc.) following the manufacturer's 
suggestion. Total RNA (1 mg) was used to prepare cDNA using 
reverse transcriptase (Takara Bio, Inc., Otsu, Japan). Samples 
contained total RNA (2 µl), anchored oligo (DT)18 primer 
(0.5 µg/µl; 1 µl), random primer (0.1 µg/µl; 1 µl), 2X ES reaction 
mix (10 µl), EasyScript RT/RI Enzyme mix (1 µl), gDNA 
remover (1 µl) and water to 20 µl. The mixture was incubated for 
10 min at 25˚C and reverse transcribed at 42˚C for 15 min. 
cDNA samples (2 µl per 20 µl reaction) were then used as 
templates for qPCR to detect the expression of the gene of 
interest and reference gene (adiponectin and GAPDH, respec-
tively). qPCR was performed using SYBR Premix Ex Taq II 
(Tli RNaseH Plus; DRR820A; Takara Bio, Inc.) with an ABI 
StepOnePlus system (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) under the following cycling conditions: Initial 
denaturation at 95˚C for 5 min, 40 cycles of denaturation at 95˚C 
for 10 sec, and amplification at 60˚C for 30 sec, with a final 
extension for 30 sec at 72˚C. All expression levels were calcu-
lated using the 2-ΔΔCq method as described previously (27). 
GAPDH was used as a control for normalizing gene expression 
levels. Each sample was repeated three times. The following 
primers were used: GAPDH, forward, 5'-TGACCTCAACTA 
CATGGTCTACA-3' and reverse, 5'-CTTCCCATTCTCGGCC 
TTG-3'; and adiponectin, forward, 5'CATGCCCATTCGCT 
TTACCA-3' and reverse, 5'-GGAGGCCTGGTCCACATTAT-3'.

Western blotting. Generation-three BMMs were seeded in a 
10-cm-diameter petri dish at a density of 5x105 cells/petri dish 
and cultured in α-MEM supplemented with 10% FBS, 1% peni-
cillin/streptomycin, and with 0, 10, 30, or 50 ng/ml M-CSF at 
37˚C. When the cells were fully confluent, they were washed with 
PBS three times, and 5 µl protease inhibitor (Sigma-Aldrich; 
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Merck KGaA, Darmstadt, Germany) and 495 µl radioim-
munoprecipitation assay buffer (Applygen Technologies, Inc., 
Beijing, China) were added to each petri dish. The cells were 
lysed and mixed on an ice slab for 8 min, and then transferred 
to EP tubes. Lysates were centrifuged at 12,000 x g at 4˚C 
for 10 min, and the supernatants that contained the proteins 
were collected. Protein concentrations were measured using 
a bicinchoninic acid assay. A total of 25 µg of each protein 
lysate was resolved using 10% SDS-PAGE, and electropho-
retically transferred to polyvinylidene difluoride membranes 
(EMD Millipore, Billerica, MA, USA). The membranes were 

then blocked with 5% skimmed milk in TBS-Tween (0.05 M 
Tris, 0.15 M NaCl pH 7.5 and 0.2% Tween-20) for 1 h at room 
temperature, sequentially blotted with the primary antibodies 
anti-adiponectin 19F1 (1:1,000; cat. no. D8730) and anti-β-actin 
(1:2,000; cat. no. D2764) for overnight at 4˚C and secondary 
antibody (horseradish peroxidase-conjugated goat anti-rabbit 
IgG; 1:1,000; cat. no. P1402) (all from Abcam, Cambridge, UK) 
for 2 h at room temperature and visualized using enhanced 
chemiluminescence (Sigma-Aldrich; Merck KGaA). The inten-
sity of each band was analyzed using Image Lab 4.0.1 (Bio-Rad 
Laboratories, Inc., Hercules, CA, USA).

Statistical analysis. All statistical analyses were performed 
using SPSS 23.0 software (IBM Corporation, Armonk, NY, 
USA). The data are expressed as the means ± standard devia-
tion. One-way analysis of variance (ANOVA) was performed 
for comparisons among multiple groups, and Tukey's test was 
used for the post hoc test that followed ANOVA. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Effects of adiponectin on the growth and proliferation of 
BMMs. The results of the CCK-8 assay demonstrated a marked 
decrease in the absorbance of BMMs with increasing adipo-
nectin concentration. Furthermore, compared with the control 
group, there were significant differences in cell proliferation 
detected in the 1 and 5 µg/ml adiponectin groups (P<0.01 and 
P<0.001, respectively; Fig. 1).

Effect of adiponectin on osteoclastogenesis. As presented 
in Fig. 2A, a large number of osteoclasts was observed in the 

Figure 1. The effect of adiponectin on BMM viability. Adiponectin inhibits 
BMMs growth in a concentration-dependent manner. BMMs were incubated 
in the presence of macrophage colony stimulating factor and with 0.2, 1 
and 5 µg/ml adiponectin. **P<0.01, ***P<0.001 vs. control. BMM, bone 
marrow-derived monocytes.

Figure 2. (A) Morphological demonstration of adiponectin inhibition of RANKL-induced osteoclast formation from BMMs. The cells were cultured for 
7 days in the presence of macrophage colony stimulating factor and RANKL, and with or without adiponectin. Cells were fixed and subjected to TRAP 
staining (magnification, x100). (B) The number and area of TRAP‑positive cells was counted. The inhibitory of adiponectin on osteoclast formation was in 
a concentration-dependent manner. **P<0.01, ***P<0.001 vs. control. RANKL, receptor activator of nuclear factor-κB ligand; BMM, bone marrow-derived 
monocytes; TRAP, tartrate-resistant acid phosphatase.
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control group (0 µg/ml adiponectin). However, treatment with 
5 µg/ml adiponectin strongly inhibited the RANKL-induced 
formation of osteoclast-like multinucleated cells from the 
BMM cells. Both the number and area of multinucleated (two 
or more nuclei) TRAP‑positive cells were significantly higher 
in the control group than in the 1 and 5 µg/ml adiponectin 
groups (P<0.01 and P<0.001, respectively; Fig. 2B).

Expression of adiponectin mRNA and protein in BMMs. 
The qPCR results demonstrated that adiponectin mRNA 
is expressed in BMMs. Furthermore, with an increasing 
concentration of M-CSF, the adiponectin mRNA content 
gradually and significantly decreased (P<0.01; Fig. 3). 
Similarly, the western blotting results demonstrated that 
an increasing concentration of M-CSF gradually decreased 
the protein expression of adiponectin in BMMs, with a 
particularly large decrease detected in the group treated 
with 50 ng/ml M-CSF. Gray value analysis of each band 

indicated a statistically significant difference between the 
groups (P<0.001; Fig. 4).

Discussion

The present study confirms a direct effect of adiponectin 
on BMMs, indicating an important regulatory role in bone 
metabolism. First, adiponectin inhibited the growth and prolif-
eration of BMMs in a concentration-dependent manner, which 
is consistent with previous findings (28). Further, adiponectin 
strongly inhibited RANKL-induced osteoclasts formation. 
Thus, the present study suggests that adiponectin serves an 
important role as a potent negative regulator of osteoclasto-
genesis in BMMs, confirming speculations of the relevant 
literature.

Osteoclast differentiation and formation is a complex 
process that is mediated by many factors, including important 
cytokines and signaling pathways such as M-CSF and RANKL, 
two key cytokines that contribute to inducing the maturation 
of osteoclasts (29-31). RANKL expressed on the surface of 
osteoblasts/interstitial cells combines with the RANK on 
the surface of the osteoclast precursor cells, which greatly 
induces differentiation into mature osteoclasts and further 
promotes cell proliferation (32). RANKL-RANK signaling 
thus serves a pivotal role in osteoclastogenesis and osteoclast 
function (33). Yamaguchi et al (34) previously proposed that 
adiponectin acts as a potent regulator of bone resorption and 
osteoclastogenesis. The mechanism likely comprises the 
suppression of the TNF-α/RANKL-induced differentiation 
of osteoclasts by interfering with TNF receptor-associated 
factor 6 production and calcium signaling. As NF-κB regu-
lated by RANKL has an important role in the formation and 
function of osteoclasts (35), this suggests that adiponectin 
may be closely associated with NF-κB signaling pathways. 
Further, adiponectin may inhibit the expression of a key 
protein in the process of the induction of BMMs into mature 
osteoclasts, ultimately resulting in a decrease in osteoclast 
formation and bone resorption. As BMMs treated with a high 
concentration of M‑CSF exhibited significantly suppressed 
expression of adiponectin at both the mRNA and protein 

Figure 3. BMMs were stimulated with 0, 10, 30 or 50 ng/ml M-CSF for 24 h, 
total RNA was extracted and adiponectin mRNA expression was measured 
using reverse transcription-quantitative polymerase chain reaction. The 
BMMs in the 50 ng/ml M-CSF group had lower expression levels of adi-
ponectin in comparison with groups without M-CSF. All experiments were 
performed at least three times. **P<0.01, ***P<0.001 vs. control. BMM, bone 
marrow-derived monocytes; M-CSF, macrophage colony stimulating factor.

Figure 4. The expression of adiponectin in BMMs with M-CSF. (A) Adiponectin was inhibited in the presence of M-CSF, particularly, in the 50 ng/ml group. 
(B) The band intensity corresponding to adiponectin was quantified and normalized to β-actin and was presented graphically. **P<0.01, ***P<0.001 vs. control. 
BMM, bone marrow-derived monocytes; M-CSF, macrophage colony stimulating factor.
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levels, it is likely that BMMs can secrete a certain amount 
of adiponectin when cultured in M-CSF. It can be speculated 
that among the BMMs secreting endogenous adiponectin by 
autocrine, paracrine and endocrine mechanisms, the gener-
ated adiponectin will constantly reduce its own expression in 
BMMs stimulated with a high concentration of M-CSF via 
negative feedback regulation (36).

Nevertheless, there are several limitations of the present 
study that should be considered. First, it was not feasible to 
fully explore the molecular mechanism by which adiponectin 
exerts its effects on BMMs, including which signaling pathway 
is affected, which will be a focus of subsequent research. 
Second, these results are only based on in vitro experiments 
in BMMs; therefore, an in vivo experiment with an animal 
model will be required to verify the results and determine the 
potential clinical relevance of adiponectin in OP.

In summary, the present study is a clarification of direct 
effects of adiponectin on bone cells. Specifically, stimulation 
of osteoblast proliferation by adiponectin was demonstrated, 
together with inhibition of osteoclastogenesis. These findings 
have demonstrated and validated this via cell viability assay, 
osteoclastogenesis assay and detection of relevant proteins 
and genes by western blotting and RT-qPCR. Furthermore, 
primary cells were used as the research basis, which yielded 
more reliable results. This is due to commercial cell lines 
exhibiting biochemical alteration, which leads to variations in 
the cells. Accordingly, these findings support that adiponectin 
may be developed as a synthetic drug targeting the activity of 
osteoblasts or osteoclasts in the future, which may ultimately 
have utility for the treatment of OP.
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