
152� ISSN 1757-837X online, DOI 10.15586/qas.v15i1.1246

P   U   B   L   I   C   A   T   I   O   N   S
 CODON

Quality Assurance and Safety of  Crops & Foods, 2023; 15(1): 152–159

P   U   B   L   I   C   A   T   I   O   N   S
 CODON

Aloperine inhibits RANKL-induced osteoclast differentiation via suppressing the MAPK  

signaling pathways

Xiang Wu1, Caiyun Fu1, Xuefeng He1, Shaolei Wang2*

1Department of Orthopedics, Zhejiang Medical & Health Group Hangzhou Hospital (Hanggang Hospital), Hangzhou, 
Zhejiang Province, China; 2Department of Orthopedics, Shaoxing People’s Hospital, Shaoxing Hospital of Zhejiang 
University, Shaoxing, Zhejiang Province, China

*Corresponding Author: Shaolei Wang, Department of Orthopedics, Shaoxing People’s Hospital, Shaoxing Hospital 
of Zhejiang University, No. 568, Zhongxing North Road, Shaoxing, Zhejiang Province 312000, China. Email:  
wangshaolei0812@163.com

Received: 29 November 2022; Accepted: 19 December 2022; Published: 31 January 2023
© 2023 Codon Publications

	 OPEN ACCESS 	  ORIGINAL ARTICLE 

Abstract

To figure out the molecular mechanism of aloperine (ALO) on receptor activator of nuclear factor (NF)-kappa-B 
(κb) ligand (RANKL)-caused osteoclast differentiation. The histopathological analysis and tartrate-resistant 
acid phosphatase (TRAP) staining assays were applied to check the extent of bone loss of the femur. Then, the 
protein expressions of nitric oxide synthase 2, glutathione reductase, nuclear erythroid 2-related factor 2, heme 
oxygenase-1, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 1, and catalase were checked in 
RAW264.7, a macrophage cell line, by enzyme-linked-immunosorbent serologic assay and Western blot analysis. 
Further, the TRAP staining and quantitative polymerase chain reaction assay were applied to characterize the level 
of RAW264.7 osteoclast differentiation. Besides, Western blot assay was used to check the protein expressions 
of extracellular regulated protein kinases (ERK), c-Jun N-terminal kinase (JNK), and P38 in RAW264.7. Finally, 
ERK activation blocker U0126 was used to inhibit mitogen-activated protein kinase (MAPK) signaling pathway to 
determine the effect of MAPK signaling pathway on RAW264.7 osteoclast differentiation. In this study, the results 
demonstrated that ALO could inhibit lipopolysaccharide-induced bone loss in vivo in a dose-dependent man-
ner, with significant inhibitory effects at high doses. Further research indicated that ALO could inhibit RANKL-
induced oxidative stress and osteoclast differentiation of RAW264.7. Then, ALO could inactivate MAPK signaling 
pathway. Finally, the results showed that inhibition of MAPK signaling pathway could increase ALO inhibition of 
RANKL-caused osteoclast differentiation. ALO inhibits RANKL-caused osteoclast differentiation by suppressing 
the MAPK signaling pathways.
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Introduction

Bone diseases are caused by incompatibility between 
osteoblasts for osteogenesis and osteoclasts (OCs) 
for resorption-mediated bone remodeling (Feng and 
McDonald, 2011). Excessive activation of osteoclasts 
results in excessive destruction of bone, leading to 
bone diseases caused by bone loss such as osteoporosis, 

osteolytic metastasis, and rheumatoid arthritis (Hu et al., 
2022).

Osteoclasts are the main functional cells for lysing bone 
matrix and bone resorption. Osteoclasts originate from 
the mononuclear macrophage system, and play a vital 
role in bone reconstruction. Macrophage colony stimu-
lating factor (M-CSF) and receptor activator of nuclear 
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of the Hejiang Medical & Health Group Hangzhou 
Hospital (Hanggang Hospital). All experimental proce-
dures were carried out in accordance with the National 
Institutes of Health Laboratory Animal Care and Use 
Guidelines (National Research Council Committee, 2011). 

The acquired ICR mice were divided into the following five 
groups, with five animals in each group (n = 5): Sham, lipo-
polysaccharide (LPS), LPS + aloperine (ALO; 50 mg/kg), 
LPS + ALO (100 mg/kg), and LPS + ALO (200 mg/kg). 
Mice in the LPS-treated groups were injected 5 mg/kg LPS 
peritoneally to establish a bone loss model. Mice in the 
ALO-treatment groups were given different doses of ALO 
orally according to the protocol (Kwak et al., 2020).

Histopathological analysis

Samples of the thigh bone were first fixed in 4% (v/v) 
paraformaldehyde and embedded in paraffin. Next, the 
thigh bone samples were cut into 3-μm sections and 
stained with hematoxylin and eosin (H&E) solution 
(Sigma-Aldrich, St. Louis, MO, USA). Lastly, the patho-
logical samples of the thigh bone were examined under 
microscope (Zeiss, Germany).

Tartrate-resistant acid phosphatase (TRAP) staining

In order to evaluate the number of osteoclasts, samples 
of the thigh bone were fixed in 3.85% formalin (Sigma-
Aldrich) for 8 min and permeabilized with 0.15% Triton 
X-100; then, thigh bone samples were treated with TRAP 
(Sigma-Aldrich). TRAP-positive multinucleated cells 
were considered as osteoclasts.

Cell culture and establishment of  osteoclast genesis model
RAW264.7 was obtained from Beyotime Biotechnology 
(China). The cells were cultured in Dulbecco’s modi-
fied eagle medium (DMEM; Gibco, USA) with 10% fetal 
bovine serum (FBS) and 1% penicillin–streptomycin (p/s) 
in an incubator with 5% CO2. 

In order to generate osteoclasts, RAW264.7 cells (1.5 × 
103 cells/well) were separated into five different groups, 
including control, RANKL, RANKL + ALO (25 μM), 
RANKL + ALO (50 μM), and RANKL + ALO (100 μM), 
and cultured for 4 days. Cells in the RANKL treatment 
groups were treated with 100 ng/mL of RANKL accord-
ing to the protocol (Zeng et al., 2016).

Enzyme-linked-immunosorbent serologic assay (ELISA)

ELISA kits were utilized for detecting nitric oxide 
synthase 2 (NOS2; ABIN6574224; Biocompare, South 

factor (NF)-kappaB (κB) ligand (RANKL are two key 
cytokines in regulating differentiation and activation of 
osteoclasts (Charles and Aliprantis, 2014). RANKL can 
activate NF-κB and mitogen-activated protein kinases 
(MAPKs, which are extracellular signal-regulated kinases 
[ERK], Jun N-terminal kinase [JNK], and protein kinase 
38 [p38]) by inducing the binding of RANK and tumor 
necrosis factor (TNF) receptor-associated factor 6 
(TRAF6) (Chen et al., 2020). These kinases in turn pro-
mote the expression of nuclear factor of activated T cells 
1 (NFATC1) and c-Fos, the major transcription factor of 
osteoclast generation, thereby activating the process of 
osteoclast differentiation (Jang et al., 2021).

Aloperine (ALO) is a quinolisidine alkaloid extracted from 
Aphorcuroides L., and has anti-inflammatory, antiviral, and 
anti-tumor effects and has been widely used in research 
fields. ALO can suppress the growth and metastasis of 
liver cancer, non-small cell lung cancer, ovarian cancer, and 
other tumors (Liu et al., 2019; Muhammad et al., 2020; Qiu 
et al., 2020). In terms of anti-inflammation, ALO alleviates 
dextran sulfate sodium (DSS)-induced colon inflammation 
in mice by inhibiting PP2A-mediated phosphatidylinosit-
ide 3-kinases (PI3K)/protein kinase B (Akt)/mammalian 
target of rapamycin (mTOR) signal transduction, and pro-
liferation of T cells and lymphocytes (Fu et al., 2017). 

It has also been reported that ALO suppresses the inflam-
matory response and oxidative stress of allergic airway 
in mice and can treat bronchial asthma by inhibiting 
NF-κB and MAPK pathways and activating the nuclear 
erythroid 2-related factor 2 (Nrf2)/heme oxygenase-1 
(HO-1) pathway (Wang et al., 2018). ALO also inhib-
its the differentiation of cells, such as fibroblasts. ALO 
protects mice from bleomycin-caused pulmonary fibro-
sis by inhibiting the proliferation and differentiation of 
fibroblasts (Yin et al., 2018). In addition, ALO also plays 
crucial roles in the treatment of bone diseases. Research 
reports have demonstrated that ALO inhibits hypersensi-
tivity reaction and adjuvant arthritis by reducing inflam-
matory response and oxidative stress (Chang et al., 2019). 
However, the role of ALO in osteoclast differentiation is 
rarely reported, as the mechanism remains unclear.

In this study, ALO was found to inhibit MAPK pathway 
activity, thereby inhibiting oxidative stress and osteoclast 
differentiation of RANKL, thus reducing bone loss.

Materials and Methods

Animals and establishment of bone loss model

A total of 25 Institute of Cancer Research (ICR) mice were 
obtained from VTrophic Animal Feed High-Tech Co. Ltd. 
(China). This work was approved by the Ethics Committee 
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San Francisco, CA, USA) and gutathione reductase (GSR; 
abx254139; Biocompare) protein levels. The levels of 
NOS2 and GSR in the supernatant were examined by the 
corresponding ELISA kits according to manufacturer’s 
instructions.

Western blot analysis

Cells were first washed in phosphate-buffered saline 
(PBS) for 3 times, and the total proteins was extracted by 
radioimmunoprecipitation assay (RIPA) buffer (Thermo 
Fisher Scientific, MA, USA). Total proteins were electro-
phoresed with sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (SDS-PAGE) and transferred to 
polyvinylidene difluoride (PVDF) membranes. Proteins 
were identified by specific primary antibodies, includ-
ing Nrf2 (ab137550, 1:2,500; Abcam, Cambridge, UK), 
HO-1 (ab213968, 1:3,000; Abcam), NOX1 (ab131088, 
1:1000; Abcam), Catalase (ab16731; 1:1,500; Abcam), 
p-ERK (ab201015; 1:1,500; Abcam), ERK (ab17942; 
1:3,000; Abcam), p-JNK (ab4821; 1:1,500; Abcam), JNK 
(AF1387; 1:3,000; R&D system, Minneapolis, MN, USA), 
p-P38 (ab4822; 1:1,500; Abcam), P38 (ab170099, 1:2,500; 
Abcam), and β-actin (ab8227; 1:2,500; Abcam). Then the 
membranes were incubated with horseradish peroxidase 
(HRP)-conjugated goat anti-rabbit immunoglobulin G 
(IgG) secondary antibody (ab205718; 1:1,500; Abcam) 
and visualized with ECL chemiluminescence reagent 
(Thermo Fisher Scientific). 

Cell Counting Kit-8 (CCK-8) cytotoxicity assay
Cells were seeded in 96-well plates with various concen-
trations of ALO for different times. Then the CCK-8 solu-
tion was added in plates for 2 h and the optical density 
was tested at 450 nm using a microplate reader (Tecan, 
Austria).

Quantitative polymerase chain reaction (qPCR) 

Trizol reagent (Invitrogen, MA, USA) was applied to 
isolate total RNAs from cells. Nano Drop 1000 spectro-
photometer (Thermo Fisher Scientific) was used to assess 
the integrity and quantity of isolated RNA. SYBR Premix 
EX Taq (Takara, Japan) was employed to check the 
expression of c-Src tyrosine kinase (c-Src), cathepsin K 
(CtSK), and matrix metalloproteinase-9 (MMP9). Primer 
sequences are shown in Table 1.

Statistical analysis

All data are expressed as mean ± standard error of the 
mean from three independent experiments. Differences 
between two groups were compared through Student’s 

Table 1.  Primers for c-Src, CtSK, MMP9, and reference genes.

Genes Primer Sequence (5´→3´)

c-Src Forward CCAGGCTGAGGAGTGGTACT

Reverse CAGCTTGCGGATCTTGTAGT

CtSK Forward GGCCAACTCAAGAAGAAAAC

Reverse GTGCTTGCTTCCCTTCTGG

MMP9 Forward AGTTTGGTGTCGCGGAGCAC

Reverse TACATGAGCGCTTCCGGCAC

GAPDH Forward AACTTTGGCATTGTGGAAGG

Reverse ACACATTGGGGGTAGGAACA

GAPDH: glyceraldehyde 3-phosphate dehydrogenase.

t-test, and differences between multiple groups were 
compared through one-way analysis of variance 
(ANOVA). P < 0.01 (two-tailed) was considered statisti-
cally significant.

Results

Aloperine inhibits lipopolysaccharide-caused bone  
loss in vivo 

In order to evaluate the effects of ALO (Figure 1A) on 
LPS-induced bone loss in vivo, the extent of bone loss of 
the femur was assessed by administering different doses 
of ALO with or without LPS. The H&E staining result 
revealed that the inflammatory osteolysis and trabecular 
bone loss were increased in the LPS-treated group, while 
bone matrix was gradually restored in the LPS-induced 
group treated with an increased dose of ALO (Figures 1B 
and 1C). The TRAP staining of the femur also suggested 
the protective effect of ALO on LPS-induced trabecular 
bone loss. The pink area of TRAP staining represents 
osteoclasts. The number of osteoclasts per field was 
dramatically higher in the LPS group, while their num-
ber per field was gradually decreased when LPS-induced 
mice was treated with ALO (Figures 1D and 1E). These 
results suggested that ALO could inhibit LPS-induced 
bone loss in vivo.

Aloperine inhibits RANKL-caused oxidative stress  
of RAW264.7 

In order to determine the effects of ALO on RANKL-
caused oxidative stress of mouse macrophage cell line, 
RAW264.7, the expressions of oxidative stress-related 
proteins were assessed. RAW264.7 cells were exposed to 
different concentrations of ALO with or without RANKL; 
the protein expressions of nitric oxide synthase 2 (NOS2), 
glutathione reductase (GSR), Nrf2, HO-1, nicotinamide 
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Figure 1.  Aloperine inhibits LPS-induced bone loss in vivo. (A) Chemical formula of ALO. (B) H&E staining of the femur in each 
group. (C) TRAP staining of the femur in each group. Data were presented as mean ± SD with three independent experiments. 

(A) (B)

(D)

(E)
(C)

Figure 2.  Aloperine inhibits RANKL-induced oxidative stress of RAW264.7. (A) Protein expressions of NOS2 and GSR in 
RAW264.7 in each group. (B) Protein expressions of Nrf2, HO-1, NOX1, and catalase in RAW264.7 in each group. (C) The cell via-
bility of RAW264.7 was checked by CCK8. Data were presented as mean ± S.D. with three independent experiments. ***P < 0.001 
versus the control group, #P < 0.05, ##P < 0.01, and ###P < 0.001 versus the RANKL-treated group.

(A) (C)

(B)

adenine dinucleotide phosphate (NADPH) oxidase 1 
(NOX1), and catalase in RAW264.7 cell line were deter-
mined by ELISA and Western blot analysis. Results of 
ELISA and Western blot analysis proved that RANKL 
treatment increased the protein expressions of NOS2 
and NOX1, and these two nitric oxide and superoxide 
producers enhanced the level of reactive oxidative spe-
cies (ROS) (Figure 2A). 

In addition, the RANKL treatment decreased the pro-
tein expressions of GSR, Nrf2, HO-1, and catalase, and 
these important transcription factors, which regulate 
the oxidative stress response of cells, can reduce ROS 
level (Figure 2B). However, proteins that were increased 
or decreased by RANKL treatment were reversed by 
different concentrations of ALO, obviously with rever-
sal effects at high doses (Figures 2A and 2B). In order 
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and P38 showed a dramatic upregulation in RAW264.7 
after RANKL treatment. However, the phosphorylation 
of ERK, JNK, and P38 were reversed in RANKL group 
administrated with ALO, indicating that ALO inactivated 
MAPK signaling pathway. Subsequently, we used ERK 
activator blocker U0126 to inhibit MAPK signaling. The 
results showed that U0126 also significantly reversed the 
phosphorylation of ERK, JNK, and P38 (Figure 4). 
These results suggested that ALO inhibited RANKL-
caused osteoclast differentiation by suppressing MAPK 
pathways.

Inhibition of MAPK signaling pathway increases 
aloperine inhibition of RANKL-caused osteoclast 
differentiation

Furthermore, to determine the effects of ALO and 
MAPK signaling pathway on RANKL-caused osteo-
clast differentiation of RAW264.7, TRAP staining was 
applied to estimate the number of osteoclasts to charac-
terize the level of RAW264.7 osteoclast differentiation. 
Besides, the expressions of c-Src, CtSK, and MMP9 were 
also measured by qPCR assay to determine the level of 
RAW264.7 osteoclast differentiation. As expected, both 
TRAP staining and qPCR results confirmed that RANKL 
caused osteoclast differentiation of RAW264.7, while 
ALO inhibited RANKL-caused osteoclast differentia-
tion. To determine the involvement of MAPK signaling 
pathway in mediating the inhibitory effect of ALO on 
RANKL-induced osteoclast differentiation, ERK activa-
tion blocker U0126 was used to inhibit MAPK signaling 
pathway. The TRAP staining and qPCR results showed 
that inhibition of MAPK signaling pathway increased the 
ALO inhibition of RANKL-caused osteoclast differentia-
tion (Figure 5A and 5B). Further inhibition of osteoclast 
formation was found through the combined use of ALO 

to exclude the possibility that ALO inhibits RANKL-
induced oxidative stress of RAW264.7 by cytotoxicity, 
RAW264.7 cells were subjected to cytotoxicity experi-
ments (Figure 2C). We found that ALO had no cytotoxic 
effect on osteoclast precursor cells. These results hinted 
that ALO could inhibit RANKL-caused oxidative stress 
of RAW264.7.

Aloperine inhibits RANKL-caused osteoclast 
differentiation of RAW264.7 

We next investigated the effects of ALO on RANKL-
caused osteoclast differentiation of RAW264.7. TRAP 
staining was applied to estimate the number of osteo-
clasts to characterize the level of RAW264.7 osteoclast 
differentiation. Besides, expressions of c-Src, CtSK, and 
MMP9 were also measured by qPCR assay to examine 
the RAW264.7 osteoclast differentiation. Both TRAP 
staining and qPCR results confirmed that RANKL 
caused osteoclast differentiation of RAW264.7, while 
ALO inhibited RANKL-caused osteoclast differentiation, 
and as the concentration of ALO increased, the effect 
of inhibiting RANKL-caused osteoclast differentiation 
became more obvious (Figures 3A and 3B). These results 
declared that ALO inhibited the RANKL-caused osteo-
clast differentiation of RAW264.7

Aloperine inhibits the MAPK signaling pathway

In order to estimate the mechanism of ALO on inhibi-
tion of RANKL-induced osteoclast differentiation via 
suppressing the MAPK signaling pathways, Western 
blot analysis was applied to check the expression of ERK, 
JNK, and P38 in RAW264.7. The Western blot results 
demonstrated that the phosphorylation of ERK, JNK, 

(A)

(B)

Figure 3.  Aloperine inhibits RANKL-induced osteoclast differentiation of RAW264.7 cells. (A) TRAP staining of RAW264.7.  
(B) mRNA expressions of c-Src, CtSK, and MMP9 in RAW264.7. Data were presented as mean ± S.D. with three independent 
experiments. ***P < 0.001 versus the control group and ###P < 0.001 versus the RANKL-treated group.
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Figure 4.  Aloperine inhibits MAPK signaling pathway. Protein expressions of ERK, JNK, and P38 in RAW264.7 cells. Data were 
presented as mean ± SD with three independent experiments. ***P < 0.001 versus the control group, ##P < 0.01, and ###P < 0.001 
versus the RANKL-treated group.

(A)

(B)

Figure 5.  Inhibition of MAPK signaling pathway increases the ALO inhibition of RANKL-induced osteoclast differentiation. 
(A) TRAP staining of RAW264.7 cells. (B) mRNA expressions of c-Src, CtSK, and MMP9 in RAW264.7. Data were presented as 
mean ± SD with three independent experiments. ***P < 0.001 versus the control group, ##P < 0.01, ###P < 0.001 versus the RANKL-
treated group, &P < 0.05, &&P < 0.01 versus RANKL + 100-uM ALO-treated group, @P < 0.05 and @@P < 0.01 versus RANKL + 10-uM 
U0126-treated group.

and ERK inhibitors, which further demonstrated the 
necessity and influence of ERK signaling pathway on for-
mation of osteoclasts.

Discussion

Although the clinical research on bone diseases has 
developed, the molecular mechanism of bone diseases 
is not clear. Recently, ALO has been shown to have the 
potential to play a vital role in anti-inflammatory, antivi-
ral, and anti-tumor aspects (Huang et al., 2021). However, 
there are few studies on functioning of ALO in bone dis-
eases, and studying the molecular regulation mechanism 
of ALO in bone diseases may offer new therapeutic tar-
gets for these diseases. 

Aloperine is a quinolisidine alkaloid extracted from 
Aphorcuroides L., which has been widely used in varied 
research fields, such as inflammation, hypertension, and 
vasodilation (Li et al., 2020; Zhong et al., 2020). ALO 
has also been reported to markedly diminish the clin-
ical manifestations of Alzheimer’s disease (Zhao et al., 
2018), cardiovascular disease (Huang et al., 2020), and 
other diseases. Specifically, ALO exerts antitumor effects 
on cancer of the bladder (Zhang et al., 2022). Recently, 
the relationship between ALO and vasodilatory effects 
in rat aorta has been confirmed (Yang et al., 2018). 
Moreover, ALO has been found to have anti-liver fibro-
genic effect (Wang et al., 2020). As a promising natural 
product, ALO has prospects in the development of safe 
new drugs because of multi-target actions. However, 
there are few studies on the pharmacological effects 
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