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Abstract. The regulation of bone mass relies on a 
dynamic interplay between bone‑forming osteoblasts and 
bone‑resorbing osteoclasts. Imbalances in this regulatory 
system favor bone resorption and are implicated in the devel‑
opment of osteolytic disorders such as osteoporosis. Although 
current treatments targeting osteoclast activity are effective, 
safety concerns remain a notable limitation. As a multifunc‑
tional adipokine, apelin (APLN) serves a role in angiogenesis 
and metabolic regulation. However, to the best of our knowl‑
edge, its involvement in osteoclast differentiation has not yet 
been characterized. The present study thus examined the 
effects of APLN on osteoclastogenesis using a murine‑macro‑
phage model stimulated with receptor activator of NF‑κB 
ligand (RANKL). The results revealed that APLN augmented 
RANKL‑induced osteoclast differentiation, promoting the 
formation of tartrate‑resistant acid phosphatase‑positive 
multinucleated cells and the development of organized 
F‑actin rings. Transcriptome analyses of a public dataset 
confirmed the temporal upregulation of osteoclast‑related 

genes under RANKL stimulation. It was further discovered 
that co‑treatment with APLN and RANKL significantly 
enhanced the expression of these osteoclast‑specific markers. 
APLN co‑treatment with RANKL upregulated the ERK, 
JNK, p38 and NF‑κB signaling pathways, and this activation 
was effectively attenuated by specific pathway inhibitors. In 
conclusion, these findings identified APLN as an enhancer of 
RANKL‑dependent osteoclast differentiation and signaling, 
suggesting that the modulation of APLN activity may provide 
a promising strategy for controlling excessive bone resorption 
in skeletal diseases.

Introduction

Bone homeostasis is maintained through the dynamic 
balance between osteoblast‑mediated bone formation and 
osteoclast‑mediated bone resorption (1). The disruption of this 
balance results in bone loss, contributing to a variety of skel‑
etal disorders, including osteoporosis, rheumatoid arthritis, 
periodontitis and bone metastases (2‑4). Among these disor‑
ders, osteoporosis is the most prevalent, particularly in aging 
populations, and is marked by decreased bone mass and a 
higher risk of fractures  (5). Current therapeutic strategies 
for bone loss primarily target osteoclast function, including 
bisphosphonates, denosumab and selective estrogen receptor 
modulators (SERMs) (6). However, these treatments are often 
associated with side effects, including osteonecrosis of the jaw, 
atypical femoral fractures and impaired bone remodeling (7), 
highlighting the need for the identification of novel therapeutic 
targets with improved safety profiles.

Bone loss typically results from dysregulated osteo‑
clastogenesis and increased osteoclast‑mediated resorption. 
Osteoclasts are multinucleated cells derived from macrophage 
progenitors, which are important for physiological bone 
remodeling and pathological bone resorption (8). The differ‑
entiation and activity of osteoclasts are tightly regulated by a 
range of signaling molecules, among which receptor activator 
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of NF‑κB ligand (RANKL) serves a central role  (9). The 
binding of RANKL to receptor activator of NF‑κB (RANK) on 
osteoclast precursors initiates multiple intracellular signaling 
cascades, including the MAPK and NF‑κB pathways, which 
converge to activate transcription factors such as nuclear factor 
of activated T‑cells 1 (NFATc1) and c‑Fos (10). These events 
drive the fusion of mononuclear precursors into multinucle‑
ated osteoclasts capable of bone resorption. Given the central 
role of RANKL signaling in osteoclastogenesis, the inhibition 
of its downstream pathways has been considered a promising 
therapeutic approach for mitigating pathological bone loss.

Apelin (APLN) is an endogenous peptide and an adipo‑
kine implicated in various physiological processes (11). APLN 
exerts its effects through binding to the G protein‑coupled 
receptor APLN receptor, and is known to regulate angiogen‑
esis, energy homeostasis and cardiovascular function (12‑14). 
For example, studies have demonstrated that APLN promotes 
the expression of hypoxia‑inducible factor‑1, VEGF and 
VEGF receptor 2, thereby enhancing endothelial cell prolif‑
eration and migration, and ultimately facilitating new blood 
vessel formation  (12,15). APLN has also been reported to 
promote inflammatory responses by upregulating the expres‑
sion of IL‑1β in human synovial fibroblasts, an effect linked 
to microRNA (miRNA)‑144‑3p suppression, and activation 
of the PI3K and ERK signaling pathways  (16). Emerging 
evidence has indicated that adipokines may influence bone 
metabolism. Leptin is known to influence bone formation 
through central and peripheral pathways (17), whereas adipo‑
nectin has been demonstrated to inhibit osteoclastogenesis and 
enhance osteoblast differentiation (18). Previous evidence has 
suggested a regulatory role for APLN in skeletal homeostasis, 
as APLN deficiency in mice leads to increased trabecular and 
cortical bone mass along with elevated osteoblast activity and 
bone formation. APLN promotes osteoblast proliferation but 
does not enhance mineralized nodule formation, suggesting a 
potential disruption of osteoblast maturation. These findings 
indicate that APLN may act as an antianabolic factor and 
contribute to bone metabolic imbalance (19). However, the 
potential influence of APLN on osteoclast lineage cells, which 
are primarily responsible for bone resorption, remains ambig‑
uous. Elucidating whether APLN contributes to osteoclast 
formation and function is important for understanding its 
broader role in bone remodeling.

To address this, the present study examined the effects 
of APLN on RANKL‑induced osteoclastogenesis using the 
murine RAW264.7 cell model. Specifically, the present study 
evaluated the role of APLN in promoting osteoclast differen‑
tiation, regulating cytoskeletal organization and modulating 
intracellular signaling pathways associated with osteoclast 
activation. The results of the current study may provide new 
perspectives on the involvement of APLN in bone metabolism 
and suggest that the inhibition of APLN may represent a novel 
therapeutic strategy for suppressing excessive bone resorption 
in osteolytic diseases.

Materials and methods

Materials and reagents. Recombinant APLN was purchased 
from MyBiosource, Inc., and recombinant RANKL was 
obtained from PeproTech, Inc. (Thermo Fisher Scientific, Inc.). 

The ERK inhibitor FR180204, and antibodies against phos‑
phorylated (p)‑ERK (cat. no. sc‑7383), p‑JNK (cat. no. sc‑6254) 
and p‑p38 (cat. no. sc‑166182), and total ERK (cat. no. sc‑1647), 
JNK (cat. no. sc‑7345) and p38 (cat. no. sc‑7972) were acquired 
from Santa Cruz Biotechnology, Inc. The JNK inhibitor 
SP600125 was purchased from Enzo Life Sciences, Inc. 
whereas the p38 inhibitor SB203580 and NF‑κB inhibitor 
pyrrolidinedithiocarbamate ammonium (PDTC) were 
obtained from MilliporeSigma.

Antibodies against IKK (cat.  no.  GTX52348), IκB 
(cat.  no.  GTX110521), p65 (cat.  no.  GTX102090) and 
β‑actin (1:10,000; cat.  no.  GT5512) were purchased from 
GeneTex International Corporation. Antibodies for p‑IKK 
(cat. no. 2697S) were from Cell Signaling Technology, Inc., 
antibodies for p‑IκB (cat. no. sc‑8404) were obtained from 
Santa Cruz Biotechnology, Inc. and antibodies targeting 
p‑p65 (cat. no. AP0124) were obtained from ABclonal Biotech 
Co., Ltd.

Cells and cell cultures. RAW264.7 murine macrophage‑like 
cells were purchased from the American Type Culture 
Collection, and were maintained in Dulbecco's modified 
Eagle's medium (DMEM; Gibco, Thermo Fisher Scientific, 
Inc.) supplemented with 10% characterized fetal bovine 
serum (FBS; HyClone™; Cytiva) and the standard antibiotics 
penicillin/streptomycin (100 IU/ml). Cells were maintained at 
37˚C in a 5% CO2 humidified incubator.

Osteoclast differentiation and treatment. RAW264.7 cells 
(2x103/well) were seeded into 24‑well plates and cultured 
in DMEM supplemented with 10% FBS. For osteoclast 
differentiation, cells were treated with RANKL (50 ng/ml), 
either alone or in combination with APLN (1, 3 or 10 ng/ml), 
for 5 days at 37˚C with 5% CO2. For the neutralization group, 
cells were pre‑incubated with APLN antibody (1  µg/ml; 
cat.  no. NBP3‑12282; Novus Biologicals; Bio‑Techne) for 
30  min before the addition of RANKL and APLN. The 
culture medium was refreshed every 2 days. The optimal 
concentration of APLN (10 ng/ml) was determined from a 
preliminary dose response assay in RAW264.7 cells, in which 
this concentration induced maximal osteoclast differentiation 
without affecting cell viability. A previous study also reported 
that pyroglutamyl‑APLN‑13, a distinct peptide fragment of 
the APLN molecule, at the same concentration modulated 
macrophage functions in RAW264.7 cells (20). 

For tartrate‑resistant acid phosphatase (TRAP) staining, 
cells were fixed with 10% paraformaldehyde for 5 min at room 
temperature, followed by incubation with the TRAP Staining 
Kit (cat. no. PMC‑AK04‑COS; Cosmo Bio Co., Ltd.) at 37˚C 
for 60 min. TRAP staining was conducted using a commercial 
TRAP kit (Cosmo Bio Co., Ltd.), and TRAP‑positive multinu‑
cleated cells, defined as cells containing three or more nuclei, 
were identified by light microscopy (KimForest Enterprise 
Co., Ltd.). Images were analyzed using ImageJ software 
(v1.8.0; National Institutes of Health). The TRAP‑positive area 
in each well was quantified and mean values were calculated 
from three independent experiments. For each well, images 
from three randomly selected microscopic fields were captured 
and averaged. For comparative analysis, TRAP‑positive areas 
were normalized to the RANKL‑only group (100%), which 
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served as the positive control. All images include a scale bar 
of 100 µm.

For pathway inhibition, RAW264.7 cells (1x105/well) were 
seeded into 6‑well plates and pretreated with specific pathway 
inhibitors for 30 min at 37˚C with 5% CO2 before stimulation 
with RANKL (50 ng/ml) + APLN (10 ng/ml) for 5 days. The 
culture medium was refreshed every 2 days. The final inhibitor 
concentrations were as follows: ERK inhibitor FR180204 
(10 µM), JNK inhibitor SP600125 (10 µM), p38 inhibitor 
SB203580 (10 µM) and NF‑κB inhibitor PDTC (20 µM).

Immunofluorescence staining. RAW264.7 cells (2x103/well) 
were seeded directly into 24‑well plates and treated with 
RANKL (50 ng/ml) with or without APLN (10 ng/ml) for 
5 days at 37˚C. Following treatment, the cells were fixed with 
3.7% paraformaldehyde for 15 min and permeabilized with 
0.5% Triton X‑100 for 10 min at room temperature. F‑actin 
staining was performed by incubating the cells overnight at 4˚C 
with Alexa Fluor 488‑conjugated phalloidin (cat. no. A12379; 
Thermo Fisher Scientific, Inc.; diluted 1:300 in PBS). Nuclei 
were counterstained with DAPI. Fluorescence images 
were captured using an ImageXpress Pico imaging system 
(Molecular Devices, LLC). The F‑actin ring area was quanti‑
fied using ImageJ software (v1.8.0) and expressed relative to the 
RANKL‑only group. All images include a scale bar of 100 µm.

Transcriptome analysis. RNA‑sequencing (RNA‑seq) 
data from the GSE21639 dataset were downloaded from 
the Gene Expression Omnibus database (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE21639)  (21). 
Differentially expressed genes (DEGs) between control 
and RANKL‑treated RAW264.7 cells on days  2 and 5 
were identified using GEO2R (https://www.ncbi.nlm.nih.
gov/geo/info/geo2r.html) (22), applying a threshold of absolute 
log2(fold change)≥2 and an adjusted P‑value≤0.05. Boxplot 
and uniform manifold approximation and projection (UMAP) 
analyses were performed using R software (version 4.2.2) 
(https://cran.r‑project.org/bin/windows/base/old/4.2.2/) with 
the GEOquery (https://bioconductor.org/packages/release/
bioc/html/GEOquery.html), limma (https://bioconductor.
org/packages/release/bioc/html/limma.html) and UMAP 
packages (https://cran.r‑project.org/web/packages/umap/index.
html) to evaluate the quality of the GSE21639 dataset, and 
to confirm consistent overall gene expression distributions 
and clustering patterns. Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analyses were performed using the Database for 
Annotation, Visualization and Integrated Discovery v.6.8 
(https://davidbioinformatics.nih.gov) (23).

Reverse transcription‑quantitative PCR (RT‑qPCR). 
Cellular RNA was obtained from RAW264.7 cells using 
TRIzol® reagent according to the manufacturer's instructions 
(cat.  no.  12183555; Invitrogen; Thermo Fisher Scientific, 
Inc.), and cDNA was generated using the M‑MLV Reverse 
Transcriptase Kit (Invitrogen; Thermo Fisher Scientific, Inc.) 
in accordance with the manufacturer's recommendation. 
SYBR Green‑based qPCR was performed using SYBR™ 
Green PCR Master Mix (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) on a StepOnePlus Real‑Time PCR System 

(Applied Biosystems; Thermo Fisher Scientific, Inc.), with 
GAPDH as the reference gene. The cycling conditions were 
as follows: Initial denaturation at 95˚C for 20 sec, followed by 
40 cycles at 95˚C for 3 sec and 60˚C for 30 sec. Subsequently, 
a melt curve analysis was performed. Expression levels were 
normalized and calculated using the 2‑ΔΔCq method (24). The 
mouse primer sequences used were as follows: Cathepsin 
K (CTSK), forward 5'‑AGT​AGC​CAC​GCT​TCC​TAT​CC‑3', 
reverse 5'‑CCA​TGG​GTA​GCA​GCA​GAA​AC‑3'; acid phospha‑
tase 5, tartrate resistant (ACP5), forward 5'‑ATG​GGC​GCT​
GAC​TTC​ATC​AT‑3', reverse 5'‑GGT​CTC​CTG​GAA​CCT​CTT​
GT‑3'; matrix metalloproteinase 9 (MMP9), forward 5'‑GGA​
CCC​GAA​GCG​GAC​ATT​G‑3', reverse 5'‑CGT​CGT​CGA​AAT​
GGG​CAT​CT‑3'; NFATc1, forward 5'‑GAC​CCG​GAG​TTC​
GAC​TTC​G‑3', reverse 5'‑TGA​CAC​TAG​GGG​ACA​CAT​AAC​
TG‑3'; and GAPDH, forward 5'‑TGT​GTC​CGT​CGT​GGA​TCT​
GA‑3', reverse 5'‑TTG​CTG​TTG​AAG​TCG​CAG​GAG‑3.

Western blot analysis. RAW264.7 cells were lysed in RIPA 
buffer (cat. no. P0013; Beyotime Biotechnology) containing 
protease and phosphatase inhibitors. Protein levels were 
measured by BCA assay, and total proteins (30  µg) were 
separated by SDS‑PAGE on 10% gels and were subsequently 
transferred to PVDF membranes. Blocking was performed 
with 5% non‑fat milk for 1 h at room temperature, followed 
by overnight incubation with primary antibodies (1:1,000 for 
p‑proteins and 1:2,000 for total proteins) at 4˚C, and detection 
with HRP‑conjugated secondary antibodies (goat anti‑rabbit 
IgG, cat. no. sc‑2004 for IKK, IκB, p65, p‑IKK, p‑IκB, and 
p‑p65; 1:2,000; goat anti‑mouse IgG, cat.  no.  sc‑2302 for 
p‑ERK, p‑JNK, p‑p38, ERK, JNK, and p38; 1:2,000; both from 
Santa Cruz Biotechnology, Inc.) for 1 h at room temperature, 
followed by western chemiluminescent HRP substrate (ECL) 
detection (MilliporeSigma). Band intensities were measured 
using ImageJ software (v1.8.0).

NF‑κB reporter assay. NF‑κB luciferase reporter assays were 
conducted using the pNF‑κB‑Luc plasmid from the NF‑κB 
cis‑Reporting System (cat. no. 219077; Agilent Technologies, 
Inc.). The vector contains five tandem NF‑κB response 
elements upstream of a minimal promoter driving luciferase 
expression. RAW264.7 cells were transfected with NF‑κB 
luciferase constructs using Lipofectamine® 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.) and treated with RANKL 
(50 ng/ml) or RANKL (50 ng/ml) + APLN (10 ng/ml) 24 h 
after transfection for an additional 24 h at 37˚C with 5% CO2. 
Luciferase activity was assessed using the Dual‑Luciferase 
Reporter assay (Promega Corporation) and measured with a 
Fluoroskan Ascent Microplate Luminometer (Thermo Fisher 
Scientific, Inc.). The relative NF‑κB luciferase activity was 
normalized to the control group and expressed as a percentage 
of the control value (% of control). 

Statistical analysis. All experiments were performed in 
triplicate. Statistical analysis was performed using one‑way 
ANOVA followed by the Bonferroni post hoc test for pairwise 
comparisons between selected groups. All data are presented 
as the mean ± standard deviation, and P<0.05 was considered 
to indicate a statistically significant difference. Analyses were 
performed using GraphPad Prism 9.0 (Dotmatics).
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Results

APLN promotes RANKL‑induced osteoclast differentiation 
and enhances F‑actin ring formation. The ability of RANKL 
to induce osteoclast differentiation in RAW264.7 cells has 
been extensively validated in vitro (25). In the present study, 
RAW264.7 cells were stimulated with RANKL (50 ng/ml) 
in the presence of increasing concentrations of APLN (1, 3 
or 10 ng/ml) for 5 days to assess whether APLN modulated 
osteoclastogenesis. TRAP staining revealed a marked increase 
in the size of multinucleated osteoclasts in cells co‑treated 
with APLN and RANKL compared with RANKL alone 
(Fig. 1A). By contrast, APLN treatment alone did not induce 
osteoclast formation (Fig. 1A), indicating that APLN enhanced 
RANKL‑induced osteoclastogenesis as opposed to initiating 
the differentiation process independently.

In addition, quantitative analysis of the mature osteo‑
clast area supported that APLN co‑treatment with RANKL 
significantly increased the osteoclast area in a concentra‑
tion‑dependent manner, with the 10 ng/ml treatment group 
having exhibited the most pronounced effect (Fig.  1B). 
Furthermore, to functionally validate whether the pro‑osteo‑
clastic effect of APLN was reversible, an APLN‑neutralizing 
antibody was co‑administered together with RANKL and 
APLN (10 ng/ml). TRAP staining results demonstrated that 
the enhanced osteoclast formation observed in the APLN + 
RANKL group was markedly attenuated by the addition of 
APLN antibody (Fig. 1A). Quantitative analysis showed a 
significant reduction in osteoclast area, not only reversing the 
APLN‑mediated enhancement but further suppressing osteo‑
clastogenesis, resulting in an osteoclast area lower than that 
induced by RANKL alone (Fig. 1B). These findings suggested 
that APLN may serve an important modulatory role in osteo‑
clast differentiation and that its effects could be effectively 
neutralized by targeted‑antibody blockade. 

To further investigate whether APLN also affected the 
functional activity of mature osteoclasts, the present study 
evaluated F‑actin ring formation using immunofluorescence 
staining, which specifically reflects cytoskeletal organization 
and the resorptive capacity of osteoclasts. RAW264.7 cells 
treated with RANKL alone exhibited F‑actin ring formation. 
By contrast, co‑treatment with APLN led to a concentra‑
tion‑dependent increase in the size of F‑actin rings (Fig. 2A). 
Quantitative analysis revealed that the F‑actin ring area was 
significantly greater in the cells co‑treated with RANKL 
and APLN, particularly in the cells treated with the 10 ng/ml 
APLN, compared with the RANKL‑only group (Fig. 2B). 
These findings allowed for the comprehensive assessment of 
the functional activity of osteoclasts in the presence of APLN 
and provided further insight into its role in RANKL‑mediated 
osteoclastogenesis and bone resorption.

APLN facilitates RANKL‑induced osteoclastogenic gene 
expression. Previous research has demonstrated that osteoclast 
marker genes such as ACP5, CTSK, MMP9 and NFATc1 are 
upregulated during osteoclast differentiation (26). To support 
this observation, the present study analyzed RNA‑seq data 
from the GSE21639 dataset, which included RAW264.7 cells 
treated with or without RANKL for 2 and 5 days. The heatmap 
with hierarchical clustering revealed increased expression of 

ACP5, CTSK, MMP9 and NFATc1 in RANKL‑treated groups 
compared with that in the control groups. Both control and 
RANKL groups clustered tightly within their respective 
branches, indicating high intra‑group consistency and clear 
separation between conditions (Fig. 3A). As additional evidence 
of dataset quality, boxplot and UMAP analyses showed consis‑
tent expression distributions without outliers and clustering 
patterns aligned with experimental conditions (Fig.  3B), 
indicating effective normalization, high reproducibility and 
biological relevance. Further quantification revealed that the 
ACP5, CTSK and MMP9 levels were significantly elevated 
on both day 2 and 5 following RANKL stimulation compared 
with those in the control group. However, NFATc1 exhibited a 
significant increase in expression in the RANKL‑treated group 
on day 5 only (Fig. 3C). The present study also validated the 
findings of the transcriptome analysis and assessed the effects 
of APLN on osteoclast‑specific gene expression in RAW264.7 
cells. RT‑qPCR analysis demonstrated that co‑treatment with 
RANKL and APLN increased ACP5, CTSK, MMP9 and 
NFATc1 mRNA expression relative to RANKL alone, showing 
a dose‑dependent response, with statistical significance 
observed only at 10 ng/ml APLN (Fig. 3D). Notably, APLN 
treatment alone had no notable effect. These findings indicated 
that APLN may facilitate RANKL‑induced osteoclastogenic 
gene expression, thereby supporting its functional role as a 
positive regulator of osteoclast differentiation.

Transcriptome enrichment analysis reveals osteoclast‑related 
pathways activated by RANKL. To provide further mecha‑
nistic insights into the biological processes and signaling 
pathways involved in APLN‑enhanced osteoclastogenesis, the 
present study analyzed DEGs using RNA‑seq data from the 
GSE21639 dataset. This dataset contains data on RAW264.7 
cells cultured with RANKL for 5 days. DEGs were defined 
using thresholds of |log2(fold change)|>2 and P<0.05. GO 
enrichment analysis revealed that upregulated DEGs were 
significantly associated with biological processes relevant to 
osteoclast activity, including ‘osteoclast differentiation’, ‘regu‑
lation of bone remodeling’ and ‘regulation of bone resorption’ 
(Fig. 4A). Furthermore, KEGG pathway analysis demonstrated 
significant enrichment in key signaling cascades, including 
the ‘MAPK signaling pathway’ and ‘NF‑ kappa B signaling 
pathway’ (Fig. 4B). These findings highlighted the involve‑
ment of osteoclast‑related biological processes and signaling 
pathways in RANKL‑induced differentiation.

APLN promotes RANKL‑mediated osteoclast differentiation 
through MAPK and NF‑κB signaling pathways. Given the 
enrichment of MAPK and NF‑κB pathways observed in tran‑
scriptome analysis, the present study then investigated whether 
these pathways contributed to the pro‑osteoclastogenic effects 
of APLN. Western blot analysis revealed that co‑treatment with 
APLN and RANKL markedly enhanced the phosphorylation 
of ERK, JNK and p38 compared with RANKL treatment alone 
(Fig. 5A). Quantitative analysis of the western blots revealed that 
treatment with RANKL significantly increased the phosphory‑
lation of ERK, JNK and p38 compared with the control group 
(Fig. 5B). This phosphorylation was significantly enhanced by 
co‑treatment with RANKL and APLN. To determine whether 
APLN promoted osteoclast differentiation through MAPK 
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pathway activation, the effects of selective MAPK inhibitors 
on APLN‑treated cells were assessed. RAW264.7 cells were 
treated with APLN and RANKL in the presence of the ERK 
inhibitor FR180294, JNK inhibitor SP600125 or p38 inhibitor 
SB203580, and the expression levels of osteoclast marker genes 
were subsequently assessed by RT‑qPCR analysis. As expected, 
treatment with RANKL and APLN significantly upregulated 
the mRNA expression levels of ACP5, CTSK, MMP9 and 
NFATc1 compared with those in the control group. However, 
this enhanced expression was significantly suppressed upon 
treatment with MAPK inhibitors (Fig. 5C), indicating that the 
activation of MAPK signaling was important for APLN activity 
in promoting RANKL‑mediated osteoclast differentiation. 

The present study then investigated the role of NF‑κB 
signaling in APLN‑enhanced RANKL‑induced osteoclasto‑
genesis. Western blot analysis and signal semi‑quantification 
revealed that RANKL treatment significantly increased the 
phosphorylation of IKK, IκB and NF‑κB p65 compared 
with that in the control group. Co‑treatment with APLN and 
RANKL significantly enhanced the phosphorylation levels 
of these proteins relative to RANKL alone (Fig. 6A and B). 
Consistently, luciferase reporter assays revealed that APLN 
significantly enhanced RANKL‑induced NF‑κB transcrip‑
tional activity (Fig.  6C). In addition, RT‑qPCR analysis 
demonstrated that co‑treatment of RAW264.7 cells with 
APLN and RANKL significantly upregulated the expression 

Figure 1. APLN promotes RANKL‑induced osteoclast differentiation. RAW264.7 cells were treated with RANKL (50 ng/ml) in the presence or absence of 
APLN (1, 3 or 10 ng/ml) for 5 days. (A) Representative images of cells were stained with tartrate‑resistant acid phosphatase to identify mature osteoclasts. 
(B) Quantification of the osteoclast area percentage using ImageJ software. Scale bar, 100 µm. *P<0.05 vs. RANKL‑treated group. #P<0.05 vs. RANKL + 
APLN (10 ng/ml)‑treated group. RANKL, receptor activator of NF‑κB ligand; APLN, apelin.

Figure 2. APLN enhances F‑actin ring formation in RANKL‑treated RAW264.7 cells. (A) Immunofluorescence staining of F‑actin (green, Alexa Fluor 488) 
and nuclei (blue, DAPI) in RAW264.7 cells treated with RANKL (50 ng/ml) and various concentrations of apelin (1, 3 or 10 ng/ml) for 5 days. Merged images 
are also shown. (B) Quantification of F‑actin ring area relative to the RANKL‑treated group. Scale bar, 100 µm. *P<0.05 vs. RANKL‑treated group. RANKL, 
receptor activator of NF‑κB ligand; APLN, apelin.

https://www.spandidos-publications.com/10.3892/mmr.2025.13751
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Figure 4. Transcriptome enrichment analysis identifies osteoclast‑related signaling pathways activated by RANKL. DEGs were identified from the GSE21639 
dataset by comparing RANKL‑treated and control RAW264.7 cells on day 5 (|log2 fold change|>2, P<0.05). (A) Gene Ontology enrichment analysis of 
upregulated DEGs revealed significant enrichment in BP, CC and MF terms. (B) Kyoto Encyclopedia of Genes and Genomes pathway analysis revealed the 
significant enrichment of the ‘NF‑kappa B signaling pathway’ and ‘MAPK signaling pathway’. Adjusted P<0.05 was considered to indicate a significant 
difference. *P<0.05, **P<0.01 and ***P<0.001. DEGs, differentially expressed genes; BP, biological process; CC, cellular component; MF, molecular function; 
RANKL, receptor activator of NF‑κB ligand.

Figure 3. APLN enhances osteoclast marker gene expression under RANKL stimulation. (A) Heatmap analysis of osteoclast‑related gene expression (ACP5, 
CTSK, MMP9 and NFATc1) from the GSE21639 dataset. RAW264.7 cells were treated with or without RANKL for 2 or 5 days. (B) Boxplot and UMAP 
analyses of the GSE21639 dataset. The boxplot shows consistent overall gene expression distributions across all samples without outliers, while the UMAP plot 
illustrates the clustering of samples according to experimental conditions (Control or RANKL treatment on days 2 and 5). These analyses were conducted to 
assess dataset quality and comparability prior to differential expression analysis. (C) Violin plot visualization of the transcript levels of each gene. Data were 
log2‑transformed and grouped by treatment condition. (D) RAW264.7 cells were treated with RANKL (50 ng/ml) and increasing concentrations of APLN (1, 3 
or 10 ng/ml) for 5 days. The mRNA expression of osteoclast markers was determined using reverse transcription‑quantitative PCR. *P<0.05 vs. RANKL‑treated 
group. UMAP, uniform manifold approximation and projection analyses; RANKL, receptor activator of NF‑κB ligand; APLN, apelin; ACP5, acid phosphatase 
5, tartrate resistant; CTSK, cathepsin K; MMP9, matrix metalloproteinase 9; NFATc1, nuclear factor of activated T‑cells 1.
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of osteoclast marker genes compared with the control group; 
however, this effect was significantly reduced by the NF‑κB 
inhibitor PDTC (Fig.  6D). Taken together, these results 

suggested that APLN may promote RANKL‑mediated 
osteoclast differentiation by activating the MAPK and NF‑κB 
signaling pathways.

Figure 5. APLN promotes osteoclast differentiation through activation of the MAPK pathway. (A) RAW264.7 cells were exposed to a control medium, 
RANKL (50 ng/ml) or RANKL + APLN (10 ng/ml) for 10 min. Cell lysates were subjected to western blot analysis to assess the phosphorylation of MAPK 
family members, including ERK, JNK and p38. (B) Signal intensities of p‑ERK, p‑JNK and p‑p38 were semi‑quantified using ImageJ software and normalized 
to their respective total protein levels. *P<0.05 vs. RANKL‑treated group. (C) mRNA expression levels of osteoclast marker genes (ACP5, CTSK, MMP9 and 
NFATc1) were assessed using reverse transcription‑quantitative PCR in cells treated with RANKL + APLN (10 ng/ml), either alone or in combination with 
MAPK inhibitors (FR180204 for ERK, SP600125 for JNK and SB203580 for p38). *P<0.05 vs. Control group; #P<0.05 vs. RANKL + APLN group. APLN, 
apelin; RANKL, receptor activator of NF‑κB ligand; ACP5, acid phosphatase 5, tartrate resistant; CTSK, cathepsin K; MMP9, matrix metalloproteinase 9; 
NFATc1, nuclear factor of activated T‑cells 1; p‑, phosphorylated‑; ERK/JNK/p38i, ERK/JNK/p38 inhibitor.

Figure 6. APLN enhances RANKL‑induced activation of the NF‑κB signaling pathway. (A) Western blot analysis of RAW264.7 cells treated with control 
medium, RANKL (50 ng/ml) or RANKL + APLN (10 ng/ml) for 10 min. Protein levels of p‑IKK, p‑IκB and p‑p65 were detected to evaluate pathway 
activation. (B) Semi‑quantification of p‑IKK, p‑IκB and p‑p65 levels relative to their corresponding total proteins was performed using ImageJ software. 
(C) RAW264.7 cells were transfected with an NF‑κB luciferase reporter construct and treated with RANKL (50 ng/ml) or RANKL + APLN (10 ng/ml) for 
24 h. Luciferase activity was measured using cell lysates and reporter buffer mixed at a 1:1 ratio. NF‑κB transcriptional activity is shown as the fold change 
relative to the RANKL‑only group. *P<0.05 vs. RANKL‑treated group. (D) Reverse transcription‑quantitative PCR analysis of osteoclast marker genes 
(ACP5, CTSK, MMP9 and NFATc1) in cells treated with RANKL + APLN (10 ng/ml) with or without the NF‑κBi PDTC (20 µM). *P<0.05 vs. Control 
group; #P<0.05 vs. RANKL + APLN group. APLN, apelin; RANKL, receptor activator of NF‑κB ligand; ACP5, acid phosphatase 5, tartrate resistant; 
CTSK, cathepsin K; MMP9, matrix metalloproteinase 9; NFATc1, nuclear factor of activated T‑cells 1; p‑, phosphorylated‑; NF‑κBi, NF‑κB inhibitor; PDTC, 
pyrrolidinedithiocarbamate ammonium.

https://www.spandidos-publications.com/10.3892/mmr.2025.13751
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Discussion

Adipokines are bioactive peptides derived from adipose 
tissue that regulate key physiological processes, including 
metabolism, inflammation and vascular function. Increasing 
evidence has indicated that adipokines exert effects on the 
musculoskeletal system and also participate in the regula‑
tion of bone remodeling (27,28). Leptin has been shown to 
induce the production of oncostatin M in human osteoblasts, 
thereby promoting inflammatory signaling that disrupts 
osteoblast function and bone homeostasis (29). The proin‑
flammatory and catabolic effects of visfatin in gingival 
fibroblasts may indirectly promote osteoclast activation, 
thereby exacerbating alveolar bone resorption in periodon‑
titis  (30). However, the roles of numerous adipokines in 
bone homeostasis remain yet to be fully elucidated. APLN 
has been identified as an adipokine implicated in cardio‑
vascular control, glucose metabolism and inflammatory 
responses (31‑33). Despite its broad biological role, informa‑
tion on the influence of APLN on osteoclast differentiation 
or bone resorption is limited. 

The present study demonstrated that APLN enhanced 
RANKL‑induced osteoclast differentiation and function in a 
concentration‑dependent manner. Co‑treatment with APLN 
significantly increased TRAP‑positive multinucleated cell 
formation, F‑actin ring size and the expression of osteoclast 
marker genes, including ACP5, CTSK, MMP9 and NFATc1. 
These findings provided novel insights into the bone‑regulatory 

role of APLN and suggested that APLN inhibition may serve 
as a potential strategy to modulate osteoclast function.

Bone remodeling is a dynamic process that requires regu‑
lation to maintain a balance between osteoblast‑mediated bone 
formation and osteoclast‑mediated bone resorption (1). The 
disruption of this balance, particularly when bone resorption 
outpaces formation, contributes to the pathogenesis of various 
skeletal disorders, including osteoporosis, rheumatoid arthritis 
and periodontitis  (34‑36). Osteoclast differentiation and 
activation are primarily driven by RANKL, which initiates a 
cascade of intracellular signaling events upon binding to its 
receptor RANK on osteoclast precursors (37). Activated path‑
ways include the NF‑κB and MAPK pathways, both of which 
are important for the induction of key osteoclastogenic tran‑
scription factors such as NFATc1 (38). The present study found 
that APLN co‑treatment with RANKL significantly enhanced 
the phosphorylation of ERK, JNK and p38 in the MAPK 
pathway, as well as IKK, IκB and NF‑κB p65 in the canonical 
NF‑κB pathway. The inhibition of these signaling pathways 
significantly attenuated the APLN‑induced upregulation of 
osteoclast‑specific genes, indicating that APLN promoted 
osteoclastogenesis through the activation of classical signaling 
cascades downstream of RANKL. These findings suggested 
that APLN may facilitate pathological bone resorption by 
amplifying RANKL‑induced signals.

Building on these mechanistic insights, targeting APLN 
may represent a promising therapeutic strategy for osteolytic 
conditions such as osteoporosis, rheumatoid arthritis and 

Figure 7. APLN promotes RANKL‑mediated osteoclastogenesis, and activates MAPK and NF‑κB signaling pathways. APLN augmented RANKL‑induced 
phosphorylation of ERK, JNK, p38 and NF‑κB p65, leading to the increased expression of osteoclast marker genes and enhanced osteoclast differentiation 
and function. APLN, apelin; RANKL, receptor activator of NF‑κB ligand; ACP5, acid phosphatase 5, tartrate resistant; CTSK, cathepsin K; MMP9, matrix 
metalloproteinase 9; NFATc1, nuclear factor of activated T‑cells 1.
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periodontitis. However, given that APLN is a multifunctional 
adipokine involved in cardiovascular regulation, angiogenesis 
and metabolic homeostasis, systemic inhibition may lead to 
undesirable off‑target effects (39‑42). To overcome these limita‑
tions, localized treatment strategies may offer a more favorable 
therapeutic strategy. For example, APLN‑silencing molecules, 
such as small interfering RNAs or miRNA mimics, could be 
encapsulated within engineered exosomes for targeted delivery 
to the bone microenvironment. This approach may enable 
site‑specific suppression of APLN activity, thereby attenuating 
osteoclast overactivation while minimizing systemic effects. 
Further investigations are warranted to evaluate the feasibility 
and therapeutic benefit of exosome‑mediated APLN inhibition 
in bone‑resorptive diseases.

Current pharmacological approaches for the treatment of 
bone‑resorptive diseases mainly focus on inhibiting osteo‑
clast activity (43). Bisphosphonates, such as alendronate and 
zoledronic acid, are used to suppress osteoclast‑mediated 
bone resorption by inducing osteoclast apoptosis (44). While 
effective in reducing fracture risk, their prolonged use has 
been shown to be associated with complications such as 
atypical femoral fractures and osteonecrosis of the jaw (45). 
Denosumab, a monoclonal antibody against RANKL, 
provides the potent and reversible suppression of osteoclas‑
togenesis, but its discontinuation may lead to rapid bone loss 
and an increased risk of multiple vertebral fractures  (46). 
Furthermore, both treatments broadly suppress bone turnover, 
potentially impairing the physiological remodeling process. 

Other anti‑resorptive agents, including calcitonin, 
hormone replacement therapy (HRT) and SERMs such as 
raloxifene, have also been used in clinical practice. However, 
these options are limited by suboptimal efficacy and potential 
systemic risks. For example, calcitonin has been associated 
with an increased risk of developing cancer (47); and HRT has 
been a subject of concern regarding cardiovascular disease 
and hormone‑sensitive cancers  (48). In addition, SERMs 
may increase the risk of thromboembolism  (49). Given 
these limitations, there is growing interest in identifying 
novel osteoclastogenic regulatory pathways complementing 
current therapies. A co‑therapeutic strategy combining 
adipokine‑targeted interventions with current anti‑resorptive 
agents may improve outcomes in osteolytic disease treatment.

In conclusion, the present study demonstrated that APLN 
may promote RANKL‑induced osteoclast differentiation and 
function, and upregulate the levels of key osteoclast marker 
genes. APLN was found to enhance the MAPK and NF‑κB 
signaling pathways in the presence of RANKL, and the 
inhibition of these pathways attenuated the ability of APLN 
to promote osteoclast differentiation (Fig. 7). These findings 
provide a novel perspective into the role of APLN in bone 
remodeling and identify APLN as an important enhancer 
of osteoclastogenesis. Given these observations, therapeutic 
strategies aimed at inhibiting APLN signaling may represent 
a novel approach for mitigating pathological bone resorption 
in conditions such as osteoporosis, inflammatory arthritis and 
periodontitis. 
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