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Background: Rheumatoid arthritis (RA) is an autoimmune disease leading to chronic joint inflammation. 
Bone erosion is the most serious pathological condition of RA and the main cause of joint deformities and 
disability. Melittin acupoint injection (MAI) is an effective traditional Chinese medicine (TCM) method for 
RA treatment. This study aimed to investigate the effect of MAI on RA bone erosion and to elucidate the 
underlying mechanism.
Methods: A collagen-induced arthritis (CIA) mouse model was established as the experimental subject. 
MAI was administrated once every other day for 28 days to mice with CIA. The effects of MAI on joint 
diseases were assessed by body weight, arthritis index (AI) score, swollen joint count (SJC) score, and hind 
paw thickness. Ankle radiological changes were captured by micro-computed tomography (micro-CT) 
and histological changes were observed by pathological staining. Organ histological changes, spleen index, 
alanine aminotransferase (ALT), aspartate aminotransferase (AST), and creatinine (Crea) levels of serum 
were tested to evaluate the toxicity of MAI. Cytokine expression levels were confirmed by enzyme-linked 
immunosorbent assay (ELISA) to evaluate the immunity of CIA mice.
Results: MAI administration markedly improved the clinical signs of CIA in mice, including hind paw 
thickness, AI, and the number of swollen paw joints (most of them P<0.05 or even <0.01). According to 
histopathological analysis, MAI ameliorated inflammatory cell infiltration, synovial hyperplasia, pannus 
formation, and bone erosion (all P<0.01). Micro-CT and tartrate-resistant acid phosphatase (TRAP) staining 
(P<0.01) also revealed that MAI could relieve bone erosion via reducing the formation of osteoclasts. Not 
only could MAI relieve the immunological boost [P<0.05 for the high-dose MAI (HM) group], but also it 
had no liver or kidney side effects (P>0.05). In addition, it decreased the serum levels of interleukin (IL)-6 and 
tumor necrosis factor-α (TNF-α) and increased the serum levels of IL-4 and IL-10 (the majority of P<0.05 
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Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune 
disease with unclear etiology, characterized by synovial 
inflammation, pannus formation, articular cartilage 
destruction, and bone erosion (1). According to an 
epidemiological survey, approximately 1% of the world’s 
population has RA, with a female preponderance (2). A 
study showed that the global age-standardized prevalence 
of RA increased by 7.4% and the incidence by 8.2% 
between 1990 and 2017. During this period, the number 
of years living with disability globally attributable to RA 
as a percentage of the worldwide total years with disability 
increased from 0.24 % to 0.31% (3).

Currently, the main anti-RA therapeutics include 
antirheumatic drugs, nonsteroidal anti-inflammatory 
drugs, glucocorticoids, and biological agents. As a result 
of occasionally serious side effects (4,5), the effectiveness 
of these drugs is far from satisfactory and cannot meet 
the demand of all patients with RA. Bone erosion is the 
cause of disability in RA; it usually appears early in the 
development of RA and accompanies the entire progression 
of the disease, which is closely related to innate immune 
mechanisms, autoimmunity, and synovitis (6,7). RA bone 
erosion is rarely repaired, and spontaneous repair is almost 
nonexistent (6). Consequently, there is an urgent need to 
identify effective treatment methods and avoid the further 
development of RA in its early treatment.

Melittin, which accounts for 40–60% of the whole dry 
venom (8), is originally separated and purified from honey 
bee (Apis mellifera) venom and is the main active ingredient 
(8,9). Melittin has various biological, pharmacological, and 
toxicological properties, including those conferring anti-
arthritic, anti-tumor, anti-infection, and neuroprotective 

effects, among others (10-13). Melittin mainly plays an 
anti-arthritic and pain-relieving role in RA, and delays the 
progression of RA disease, thus alleviating the bone erosion 
of RA. A study (10) reported that polymeric microneedle-
mediated transdermal delivery of melittin could effectively 
suppress RA progression in adjuvant-induced arthritis, as 
indicated by the reduction in paw swelling and arthritis 
score, inhibition of interleukin (IL)-17 and tumor necrosis 
factor-α (TNF-α), and increased percentage of regulatory 
cluster of differentiation 4 (CD4) T cells. 

It is well known that traditional Chinese medicine 
(TCM) is widely used in RA, including decoction, 
acupuncture, moxibustion, and acupoint injection 
methods. A study showed that the Chinese herbal 
medical formula Fufang Shatai Heji exerts a cartilage 
protective effect by inhibiting the expression of matrix 
metalloproteinases (MMPs) in collagen-induced arthritis 
(CIA) mice (14). Acupoint injection is a treatment in 
which drugs are injected into specific acupoints, such as 
Zusanli (ST36), to stimulate these points and thus achieve 
therapeutic effects (15). It is an alternative supplementary 
therapy based on the meridian theory, which belongs to 
the category of TCM. Acupoint injection has the dual 
function of drug delivery and acupuncture, so it is more 
effective than Western medicine alone (16). It is currently 
used in a variety of diseases, such as type 2 diabetic 
peripheral neuropathy, stroke accompanied by hemiplegia, 
and arthritis (16-18). 

Both melittin and acupoint injection are closely related to 
the treatment of RA. Melittin acupoint injection (MAI) has 
the effects of melittin drug administration and acupuncture. 
The receptor activator of the nuclear factor κB ligand/
nuclear factor kappa B (RANKL/NF-κB) pathway is one 
of the pathways involved in osteoclast differentiation, and 

or even <0.01). Transcriptome sequencing results indicated that MAI affected the expression of osteoclast 
differentiation pathway genes, which was connected with the receptor activator of the nuclear factor κB 
ligand/nuclear factor kappa B (RANKL/NF-κB) pathway. 
Conclusions: Based on our findings, MAI could suppress joint inflammation and inhibit RANKL/NF-
κB-mediated osteoclast differentiation to rescue bone erosion in CIA mice, suggesting that MAI can be a 
potentially therapeutic substance for RA.
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blocking this pathway has been shown to reduce bone 
erosion in CIA mice (19). However, the pharmacological 
mechanism of MAI in treating RA is still unclear, and 
whether its effect on RA bone erosion is via the RANKL/
NF-κB pathway has not been evaluated. Therefore, 
this study aimed to investigate the regulatory effect of 
MAI on joint bone erosion in CIA mice and to elucidate 
the underlying mechanism. We present this article in 
accordance with the ARRIVE reporting checklist (available 
at https://qims.amegroups.com/article/view/10.21037/
qims-23-254/rc).

Methods

Animals

A total of 48 7–8-week-old male DBA/1 mice weighing 
18–20 g were obtained from Charles River Laboratories 
(Beijing, China) and then housed in a specific-pathogen-
free (SPF) level laboratory under standard conditions  
(25±1 ℃, 12-h light-dark cycle, and 60%±10% humidity) 
with free access to water and food. Before the experiment, 
they had to adapt to the environmental conditions for 1 week. 
Animal experiments were performed under a project license 
(No. SMUL2022024) granted by the Ethics Committee of 
Southern Medical University, in compliance with Southern 
Medical University guidelines for the care and use of animals. 
A protocol was prepared before the study without registration. 

Materials and reagents

Melittin was purchased from Shanghai Aladdin Biochemical 
Technology (Shanghai, China). Bovine type II collagen 
solution [20022], complete Freund’s adjuvant [7009], and 
incomplete Freund’s adjuvant [7002] were acquired from 
Chondrex (Woodinville, WA, USA). A hematoxylin and 
eosin (HE) staining kit, a safranin O-fast green (SafO) 
staining kit, and a tartrate-resistant acid phosphatase 
(TRAP) staining kit were obtained from Solarbio (Beijing, 
China); IL-4, IL-6, IL-10, and TNF-α, enzyme-linked 
immunosorbent assay (ELISA) kits were procured from 
Mlbio (Shanghai, China); aspartate aminotransferase 
(AST), alanine aminotransferase (ALT), and creatine (Crea) 
kits were provided by Nanjing Jiancheng Bioengineering 
Institute (Nanjing, China); 10% ethylene diamine 
tetraacetic acid (EDTA) decalcified fluid was purchased 
from Leagene Biotechnology (Beijing, China).

Establishment of the CIA model and treatment

The CIA animal model was established as previously 
described (20). Briefly, on day 0, 40 randomly selected male 
mice were injected intradermally with a mixture of 100 μL 
of emulsion containing 100 μg of bovine type II collagen 
solution (2 mg/mL) and an equal volume of complete 
Freund’s adjuvant (2 mg/mL) at the base of the tail as the 
first immunization.

On day 21, the mice were given a booster immunization 
with 100 μg of bovine type II collagen solution emulsified 
in equal volumes of incomplete Freund’s adjuvant by the 
same route. The normal control group mice (NC; n=8) 
were injected in the same way with saline. Mice were then 
monitored daily for arthritis progression. Special care was 
taken to ensure that all mice had adequate access to food 
and water during the development of the disease. 

On day 28, CIA mice were randomly assigned into  
5 groups: a CIA model group (MO; n=8), a methotrexate 
group (MT; n=8), a low-dose MAI group (LM; n=8), a 
medium-dose MAI group (MM; n=8), and a high-dose 
MAI group (HM; n=8). The acupoint ST36 was located 
near the knee joint of the hind limbs, 1.5 mm distal to the 
distal anterior tibial tubercle (21). Except for those in the 
MT group, all mice received MAI once every other day 
beginning from the 28th day of the experiment. For the 
LM, MM, and HM groups, ST36 was positioned, and 0.25, 
0.5, and 1.0 mg/kg of melittin was injected, respectively (16). 
A melittin solution (0.02 mL) was administered at ST36 on 
both sides in turn each time. The NC and MO group were 
administered an equal volume of saline. The MT group 
was given a dose of 2 mg/kg of methotrexate (MTX) once a 
week intragastrically. All the mice were treated for 28 days 
and were euthanized under anesthesia. Blood, joint tissues, 
and internal organs were harvested for further study.

Assessment of arthritis

Beginning on day 28 after the initial immunization, arthritis 
index (AI) score, swollen joint count (SJC) score, hind paw 
thickness, and body weight were evaluated every 4 days. 
AI scores were measured from 0 to 4 points for each limb 
under the following scoring system: 0 point, normal, no 
redness or swelling; 1 point, swelling and/or redness of 
the interphalangeal joints; 2 points, involvement of 3 to 
4 interphalangeal joints or 1 larger joint; 3 points, severe 
redness and swelling of the paw below the ankle; and  
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4 points, severe arthritis of an entire paw including the 
ankle (22,23). The values for the 4 paws contributed to the 
total score, and the highest was 16 points. The SJC score 
was evaluated as previously reported: the ankle (or wrist) 
and 5 finger (toe) joints of each limb were calculated, with 
the highest possible score being 24 points (23). Moreover, 
the thickness of the hind paws was measured with vernier 
calipers. Scoring and hind paw thickness measurements 
were carried out by 2 researchers blinded to the treatment 
group of the animal. Additionally, the changes in the body 
weight of each mouse were calculated.

Spleen index measurement

Mice were euthanized on day 56 after the init ial 
immunization. The spleens were collected, washed in 4 ℃ 
phosphate-buffered saline (PBS) solution, blotted with filter 
paper, and weighed. The spleen index was calculated as 
follows: spleen index (‰) = spleen mass (g)/body weight (g) 
× 1,000 (24). 

Micro-computed tomography analysis

After euthanasia of the mice, the right ankle joints were 
immediately dissected and fixed in 4% paraformaldehyde at 
4 ℃ for 1 week. To evaluate bone focal erosion in the ankle 
joint, 3-dimensional (3D) reconstructions were obtained by 
micro-computed tomography (micro-CT; ZKKS-MCT-
Sharp, Zhongke Kaisheng Medical Technology, Guangzhou, 
China) with the following parameters: scanning voltage,  
70 kv; power, 7 w; angle gain, 0.72°; exposure time, 100 ms;  
and number of superimposed frames, 4. The scanning 
was completed after 1 rotation. The scanned images 
were observed and analyzed using a 3D medical image 
processing and analyzing system (3Dmed v. 5.2 software; 
Key Laboratory of Molecular Imaging, Chinese Academy 
of Sciences, Beijing, China).

HE staining and analysis

After micro-CT scanning, the ankle joints were decalcified 
in 10% EDTA solution and embedded in paraffin. The 
spleen, liver, and kidney were fixed directly for 1 week in 4% 
paraformaldehyde. Sections (5 μm) were stained with HE, 
SafO, or TRAP.

The degree of right ankle histopathological damage was 
based on previously described criteria and scored on a scale 
of 0–3 according to the degree of synovitis, pannus, and 

destruction of cartilage and bone, as follows (25): grade 0, 
normal; grade 1, mild synovitis with hyperplastic membrane 
and no inflammatory reaction; grade 2, moderate synovitis, 
no pannus formation, and localized bone and cartilage 
destruction; and grade 3, severe synovitis with pannus 
formation, extensive bone and cartilage erosions, and 
disordered joint architecture. Histopathological analysis was 
evaluated by independent observers in a blinded manner.

SafO staining and analysis

The paraffin sections of right ankle tissue were prepared for 
staining with SafO. The combination of basophil cartilage 
and basic dye saffron O shows red, whereas the combination 
of eosinophilic bone and the acid dye fast green shows 
green or blue, which is in sharp contrast with red cartilage, 
which can distinguish between cartilage and bone tissue. 
The cartilage erosion in arthritic joints was scored on a 
scale of 0–3 as described previously (26). Similarly, scoring 
was performed by 2 investigators with blinding, and the 
mean of both scores was calculated.

TRAP staining and analysis

The paraffin section of right ankle tissue was prepared 
for TRAP staining to identify osteoclasts. All steps were 
performed in strict accordance with the relevant kit 
instructions. If purplish red granulation appeared on the 
tissue, it was considered a positive reaction. TRAP-positive 
cells were captured using a pathological section scanner 
(KFBIO, Yuyao, China) on the slides (magnification 100×), 
and the expression rate of positive cells was quantified using 
ImageJ software (National Institutes of Health, Bethesda, 
MD, USA).

Serum cytokines assay and biochemical measurement

Blood was collected from mice at the end of the experiment. 
After centrifugation at 3,500 rpm for 15 minutes at 4 ℃, 
the serum was collected, and the levels of IL-4, IL-6, IL-10, 
and TNF-α were assessed with ELISA kits according to the 
manufacturer’s protocols. Hepatotoxicity was determined by 
measuring serum levels of AST and ALT, and renal toxicity 
assessed by measuring serum Crea.

Transcriptome sequencing and bioinformatics analysis

Left ankle tissues were selected from the NC, MO, 
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and MM groups (n=3 each group) for studies. Library 
construction, messenger RNA sequencing (mRNA-
seq), and bioinformatic analysis were commissioned to 
Majorbio Bio-pharm Technology (Shanghai, China). 
The general workflow was as follows: RNA extraction 
and detection; mRNA enrichment, fragmentation, and 
reverse transcription into complementary DNA (cDNA); 
cDNA end repair, a-tailing, and sequencing adapters; and 
polymerase chain reaction (PCR) enrichment and library 
construction. An Illumina NovaSeq 6000 (Illumina, San 
Diego, CA, USA) was used for RNA sequencing. 

Sample quality was assessed first, and the samples were 
qualified only when they met the following quality control 
requirements: the average error rate (%) of sequencing 
bases was less than 0.1%, and quality score 20 (Q20) was 
above 85% whereas the quality score 30 (Q30) was above 
80% in the sample. Then, cluster analysis was performed 
to evaluate gene expression correlation. Taking P<0.05 and 
fold change =1.8 as the threshold for significant differential 
expression, differential genes or transcripts were screened 
for Gene Ontology (GO) annotations analysis and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analysis. Ultimately, target genes were selected 
from the differential genes for protein network interaction 
analysis (https://cn.string-db.org/).

Statistical analyses

All quantitative data were presented as the mean ± standard 
deviation (SD) of 3 independent experiments. Statistical 
analyses were performed with the software SPSS 22.0 (IBM 
Corp., Armonk, NY, USA). One-way analysis of variance 
(ANOVA) was used to evaluate the statistical significance 
of differences in multigroup-designed experiments, which 
was followed by the least significant difference (LSD) post 
hoc analyses for multiple groups. A P value <0.05 was 
considered statistically significant.

Results

MAI ameliorated arthritis in CIA mice

To evaluate the therapeutic effect of MAI on the CIA model, 
a classic RA animal model was established by injecting 
complete Freund’s adjuvant or incomplete Freund’s adjuvant 
simulated bovine type II collagen solution, and MAI was 
administrated 28 days later (Figure 1A). After 4 weeks of 
treatment, the effects of MAI on arthritis were analyzed. As 

illustrated in Figure 1B, the forepaw and hind paw arthritis 
of the treatment group was relieved after treatment. The 
body weights of the MO group significantly decreased to 
different degrees compared to the NC group throughout 
the experiment. However, none of the treatment groups 
showed significant difference in body weight compared 
to the MO group during the experimental period  
(Figure 1C). Interestingly, the MO group displayed 
consistently and significantly increased AI scores and SJC 
scores. On the contrary, the administration of MAI or MTX 
significantly reduced AI and SJC scores in arthritis mice 
(Figure 1D,1E). 

Additionally, the hind paw thickness of CIA mice 
gradually increased on days 28–36, and then gradually 
decreased after reaching their peak on day 36. The hind 
paw thickness in the MO group was significantly higher 
than that in the NC group during the treatment period. 
Nevertheless, MAI treatment improved these symptoms 
in the therapeutic groups compared with the MO group. 
Moreover, similar to MAI, the approved drug MTX 
exerted similar effects on suppressing the development of 
hind paw thickness (Figure 1F), which indicated that both 
MAI and MTX demonstrated significant amelioration 
on joint swelling and inflammation. Therefore, our data 
demonstrated that MAI ameliorated arthritis in mice, 
suggesting the protective role of MAI in arthritis.

Safety of MAI in CIA mice

Considering the safety of MAI in biological and clinical 
applications, we measured spleen index, HE staining, and 
hematological parameters in mice injected with various 
dosages of melittin. It is well known that the relative organ 
weights of the spleen and HE staining are important 
indicators of immunological function. The pathological 
staining and biochemical measurement of the liver and 
kidneys could indicate the hepatorenal toxicity of the 
therapeutic agents applied to the mice.

As shown in Figure 2A,2B, the spleen volume and 
organ index were significantly increased in the MO group 
compared to the NC group. After drug administration, 
the spleen index decreased compared with the MO group. 
There were significant differences in the relative weights of 
the spleen between the MO and HM groups. Meanwhile, 
HE staining of the spleen revealed significant white and red 
pulp hyperplasia, and germinal center appearance of all the 
MO group mice. In contrast, MAI- and MTX-treated mice 
exhibited only slight pathological changes (Figure 2C). In 

https://cn
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Figure 1 Effect of MAI on the symptoms in CIA mice. (A) Experimental design. Mice were treated on day 28 after primary immunization. 
(B) Photographs of representative paws from mice after finishing treatment. (C) Body weight. (D) AI score. (E) SJC score. (F) Hind paw 
thickness. All data are presented as the mean ± SD (n=8). #, P<0.05 or ##, P<0.01 vs. NC group, *, P<0.05 or **, P<0.01 vs. MO group. CIA, 
collagen-induced arthritis; NC, normal control group; MO, CIA model group; LM, low-dose MAI group; MM, medium-dose MAI group; 
HM, high-dose MAI group; MT, methotrexate group; AI, arthritis index; SJC, swollen joint count; MAI, melittin acupoint injection; SD, 
standard deviation. 

NC                           MO                             LM                         MM                         HM                          MT

NC

MO

LM

MM

HM

MT

NC

MO

LM

MM

HM

MT

NC

MO

LM

MM

HM

MT

NC

MO

LM

MM

HM

MT

ClA model establishment Melittin acupoint injection

d0                                                          d21                             d28                                                        d56

Initial immunization Booster immunization Treat Sacrifice

Fore paw 

Hind paw

A

B

C

E

D

F

B
od

y 
w

ei
gh

t, 
g

S
JC

 s
co

re

H
in

d 
pa

w
 th

ic
kn

es
s,

 m
m

A
I s

co
re

27

25 

23

21

19 

17

15

24 

20 

16 

12 

8 

4

0

6.0 

5.5 

5.0 

4.5 

4.0 

3.5 

3.0

16 

12 

8 

4 

0

d28 d32 d36 d40 d44 d48  d52 d56

d28 d32 d36 d40 d44 d48  d52  d56 d28 d32 d36 d40 d44 d48  d52 d56

d28 d32 d36 d40 d44 d48  d52 d56



Liu et al. Effect of MAI on RA bone erosion6002

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2023;13(9):5996-6013 | https://dx.doi.org/10.21037/qims-23-254

Figure 2 Effect of MAI on the visceral organ toxicity in CIA mice. (A) Gross view of splenic tissue at the time the mice were killed. (B) 
Spleen index. (C-E) Spleen, liver, and kidney HE staining (magnification, ×100). (F,G) ALT and AST in mice serum. (H) Crea in mice 
serum. Results are shown as the mean ± SD (n=8). ##, P<0.01 vs. NC group, *, P<0.05 vs. MO group. NC, normal control group; MO, CIA 
model group; LM, low-dose MAI group; MM, medium-dose MAI group; HM, high-dose MAI group; MT, methotrexate group; ALT, 
alanine transaminase; AST, aspartate aminotransferase; Crea, creatine; MAI, melittin acupoint injection; CIA, collagen-induced arthritis; 
HE, hematoxylin and eosin; SD, standard deviation. 
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addition, the pathological examination of liver and kidney 
interestingly showed that MAI had no toxic effect on the 
liver and kidney (Figure 2D,2E). Furthermore, the ALT, 
AST, and Crea levels fell within the normal range (P>0.05; 
Figure 2F-2H).

Collectively, our data suggested that MAI could alleviate 
the immunological boost due to the induction of CIA 

without inducing liver or kidney side effects.

MAI inhibited bone erosion in CIA mice

Micro-CT and histologic scores were used to estimate 
the influence of MAI on bone destruction in CIA mice. 
High-resolution scanning images using micro-CT  
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(Figure 3A) revealed the curative effect of MAI on bone and 
joint destruction. Compared with the NC group, the MO 
group had severe bone surface roughness, bone resorption, 
and decreased bone density with narrow joint space. 
Meanwhile, MAI and MTX treatment attenuated joint 
destruction, especially in the MM group.

The pathological changes of the joint tissues were 
observed under the microscope and scored (Figure 3B,3C). 
HE staining showed that there were obvious inflammatory 
cell infiltration, pannus formation, cartilage erosion, or 
bone destruction in the MO group. The histopathology and 
necrosis were so extensive that it was difficult to identify the 
intact articular cavity. In contrast with the MO group, MAI 
and MTX effectively reduced these histological severity 
scores.

Similar results were obtained by analyzing ankle joint 
sections stained with SafO (Figure 3D,3E). Substantial 
proteoglycan loss and cartilage erosion were observed in 
CIA mice treated with saline, suggesting severe degradation 
and destruction of articular cartilage tissue. Cartilage was 
less damaged in animals treated with MAI and MTX.

TRAP, as a specific marker enzyme of osteoclasts, was 
specifically distributed in the cytoplasm of osteoclasts. If 
the cells showed tartaric acid resistance, the cytoplasm 
of the cells was purple or purplish-red (positive granules) 
after TRAP staining solution was added. Accordingly, the 
functional status of osteoclasts could be understood by 
observing the positive particles in the sections. Abundant 
osteoclasts in the ankle joints of the MO group mice were 
characterized by TRAP staining. In contrast with the MO 
group, MAI and MTX administration significantly reduced 
the number of osteoclasts in the treatment group, as shown 
in Figure 3F,3G. In general, these findings indicated that 
MAI prevented bone erosion to a certain extent.

MAI decreased serum levels of proinflammatory cytokines 
and increased serum levels of anti-inflammatory cytokines 
in CIA mice

Multiple proinflammatory cytokines, including IL-6 and 
TNF-α, not only induced and exacerbated inflammation 
but also caused cartilage damage and bone destruction in 
RA, whereas IL-4 and IL-10 had the opposite effect. The 
imbalance between pro- and anti-inflammatory cytokines 
activities is well acknowledged to favor the induction 
of autoimmunity in RA (27,28). Hence, we investigated 
whether MAI exerted regulatory effects on the functions of 
pro- and anti-inflammatory cytokines.

As can be seen in Figure 4A,4B, the serum levels of 
IL-6 and TNF-α in the MO group mice were increased, 
whereas MAI and MTX administration could significantly 
decrease the levels of the above 2 cytokines. Compared 
with that in the NC group, the levels of serum IL-4 and 
IL-10 in the MO group were significantly decreased 
(P<0.01). Meanwhile, the increase of serum IL-10 level in 
HM (P<0.01) and MT (P<0.05) groups were statistically 
significant compared to the MO group. Nonetheless, 3 
different doses of MAI and positive drugs could increase 
IL-4 and IL-10 levels (Figure 4C,4D). These findings 
suggested that MAI could regulate the secretions of both 
proinflammatory and anti-inflammatory cytokines in CIA 
models.

MAI affected the expression of osteoclast differentiation 
pathway genes

According to the above research results, the MM group 
was selected as the representative to conduct ankle mRNA-
seq study with the NC and MO groups. The 3 groups of 
samples were extracted and sequenced for mRNA. On the 
whole, the quality inspection results of the samples in this 
study all met the quality control requirements, indicating 
that the test results and data analysis were credible (Table 1). 

To analyze the expression patterns and expression 
levels of different genes/transcripts, cluster analysis was 
performed in this study. In cluster analysis, the closer the 
expression pattern of all genes/transcripts in 2 samples is, 
the closer the trend of their expression quantity. According 
to the heat map figures (Figure 5A), the expression patterns 
of the NC and MM group were close to each other, whereas 
the MO group was opposite to NC and MM group. These 
results indicated that MAI treatment was effective, because 
the gene expression of the MM group mice after therapy 
gradually tended to be closer to the NC group, whereas the 
MO group did not show this change.

Subsequently, the genes/transcripts detected were 
screened for statistically significant differences under the 
conditions of P<0.05 and fold change =1.8 as the threshold. 
Compared with the NC group, a total of 4,550 differentially 
expressed genes (DEGs) were screened in the MO group, 
including 2,268 upregulated genes and 2,282 downregulated 
genes. After the intervention of MAI, 891 upregulated 
genes and 813 downregulated genes were found in the MM 
group compared to the MO group (Figure 5B).

Sequentially, we further analyzed the DEGs. As can be 
seen from Figure 5C, GO annotation distribution included 
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Figure 3 Effect of MAI on joint pathology in CIA mice. (A) Representative micro-CT 3-dimensional images of the ankle joint (n=3). (B,C) 
Ankle joint HE staining (magnification, ×100) and histopathological inflammatory scores. (D,E) Ankle joint SafO staining (magnification, 
×100) and histopathological inflammatory scores. (F,G) Ankle joint TRAP staining (magnification, ×100) and TRAP-positive osteoclast 
percentage. Results in parts (B-G) are shown as the mean ± SD (n=8). ##, P<0.01 vs. NC group; **, P<0.01 vs. MO group. NC, normal control 
group; MO, CIA model group; LM, low-dose MAI group; MM, medium-dose MAI group; HM, high-dose MAI group; MT, methotrexate 
group; HE, hematoxylin and eosin; SafO, safranin O-fast green; TRAP, tartrate-resistant acid phosphatase; MAI, melittin acupoint injection; 
CIA, collagen-induced arthritis; CT, computed tomography. 
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3 parts: biological process (BP), cellular component (CC), 
and molecular function (MF). From the perspective of 
BP, biological regulation and cellular processes were more 
involved. Cells and organelles were significantly enriched 
in CC, and blinding also had a strong significance in MF. 
The bubble plot in Figure 5D shows the top 20 pathways 
enriched by KEGG. These pathways included osteoclast 
differentiation, RA, cytokine-cytokine receptor interaction, 
the NF-κB signaling pathway, TNF signaling pathway, 
IL-17 signaling pathway, and calcium signaling pathway, 
among others, which were all related to autoimmunity and 
inflammation. As the osteoclast differentiation pathway was 
of particular interest to our research, a total of 32 DEGs 
(i.e., target genes) in the osteoclast differentiation pathway 
were screened out, including 28 downregulated genes and 4 
upregulated genes, as shown in Table 2.

Ultimately, 32 target genes were uploaded to the 
STRING (Search Tool for the Retrieval of Interacting 
Genes/Proteins) database to analyze protein interactions. 

It could be seen that the Gpc3 and Map2k6 genes were 
not found to interact with each other. Among the other 
30 genes, Tnfsf11 (RANKL), Nfkb2, Relb, Fos, Junb, Acp5 
(TRAP), Ctsk, Oscar, Ocstamp, Atp6v0d2, and others, had 
a wide range of interactions (Figure 6). This study found 
that MAI affected the genes of osteoclast differentiation 
pathway, with the RANKL/NF-κB pathway being the most 
closely related to osteoclast differentiation. Consequently, 
we found that MAI could inhibit bone destruction in 
CIA mice, likely via inhibiting osteoclast differentiation 
mediated by the RANKL/NF-κB pathway.

Discussion

In this study, we focused on the effect of MAI treatment 
on a CIA mouse model. As previously described (29), 
the CIA mice showed weight loss, severe arthritis, joint 
swelling, and pathological change of inflammatory cell 
infiltration, pannus formation, and joint destruction. These 

Figure 4 Effect of MAI on the expression of inflammatory cytokines. (A) IL-6, (B) TNF-α, (C) IL-4, and (D) IL-10 in mice serum after 
treatment. Data are represented as the mean ± SD (n=8). ##, P<0.01 vs. NC group; *, P<0.05 or **, P<0.01 vs. MO group. NC, normal control 
group; MO, CIA model group; LM, low-dose MAI group; MM, medium-dose MAI group; HM, high-dose MAI group; MT, methotrexate 
group; IL, interleukin; TNF, tumor necrosis factor; MAI, melittin acupoint injection; SD, standard deviation; CIA, collagen-induced 
arthritis. 
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Table 1 Assessment of transcriptome sample quality

Sample Raw reads Raw bases Clean reads Clean bases Error rate (%) Q20 (%) Q30 (%) GC content (%)

NC_1 50838896.00 7676673296.00 48723532.00 7179869674.00 0.03 97.42 92.89 50.03 

NC_2 43597456.00 6583215856.00 41613634.00 6104604978.00 0.03 97.01 91.86 50.01 

NC_3 46249712.00 6983706512.00 44392506.00 6543592130.00 0.03 97.33 92.67 49.97 

MO_1 51578442.00 7788344742.00 50265860.00 7310689606.00 0.03 97.21 92.31 51.49 

MO_2 45027350.00 6799129850.00 43999112.00 6404791918.00 0.03 97.44 92.77 51.57 

MO_3 43920450.00 6631987950.00 42360782.00 6194500928.00 0.03 97.01 91.93 49.23 

MM_1 49729902.00 7509215202.00 48057796.00 7004714137.00 0.03 97.32 92.56 50.27 

MM_2 48480050.00 7320487550.00 46879718.00 6858385049.00 0.03 97.38 92.73 50.62 

MM_3 46988918.00 7095326618.00 45618064.00 6671715606.00 0.03 97.23 92.38 50.92 

NC, normal control group; MO, CIA model group; MM, medium-dose MAI group; Q20, quality score 20; Q30, quality score 30; GC, 
guanine and cytosine; CIA, collagen-induced arthritis; MAI, melittin acupoint injection.

manifestations demonstrated that the model establishment 
met the experimental criteria. From these outcomes, it was 
easy to conclude that MAI can improve clinical symptoms 
and pathological lesions without liver or kidney damage. 
Surprisingly, bone erosion was rescued after the MAI 
administration. Moreover, MAI decreased proinflammatory 
cytokines levels and increased anti-inflammatory cytokines 
in CIA mice, which suggested that MAI could not only 
reduce the infiltration of joint inflammatory cells, but 
also regulated the levels of proinflammatory and anti-
inflammatory factors in serum. Likewise, the results 
indicated that MAI could affect osteoclast differentiation 
by suppressing the RANKL/NF-κB signaling pathway. 
This was the first time that MAI was applied to CIA mice, 
and the experimental results showed that MAI had strong 
anti-arthritic and osteoprotective effects. Bee venom 
is produced by female worker bees and contains many 
active components, including melittin, apamin, mast cell 
degranulating peptide, phospholipase A2, hyaluronidase, 
amino acids, and other compounds (9). As mentioned 
above, melittin, as the main component responsible for the 
pharmacological effect, is widely used in clinical practice, 
especially in RA. However, bee venom often leads to 
allergic reactions, with phospholipase A2 being the main  
allergen (30). Recently, a study (31) found that the 
detoxification of bee venom (with melittin as its retained 
active component) could not only increase its anti-
inflammatory activity but also decrease its cytotoxic and 
allergic activity. In other words, melittin can both play an 
anti-inflammatory role and reduce allergic reactions. This is 

why melittin was chosen for acupoint injection in this study.
ST36 is an acupoint on the stomach meridian of the 

Foot-Yangming channel in TCM, with the functions 
of dispelling pathogenic wind and removing dampness, 
relieving rigidity of muscles, and activating collaterals. It 
can thus confer anti-inflammatory and analgesic effects 
and is a commonly used acupoint for treating RA. It was 
previously found that ST36 acupuncture could alleviate paw 
edema, upregulate the nociceptive threshold, and inhibit 
immune cell communication networks to improve adjuvant-
induced arthritic symptoms. Equally, manual acupuncture at 
ST36 has also been shown to ameliorate RA by suppressing 
M1 macrophage polarization and elevating regulator T 
cell (Treg) populations in adjuvant-induced arthritis rats 
(32,33). Our experimental results were consistent with these 
findings, which once again confirmed that MAI has a good 
effect on RA. 

According to osteoimmunology, the immune system and 
the skeletal system share a variety of cytokines, chemokines, 
transcription factors, and signaling molecules, and they 
interact and regulate bone formation and resorption (34). 
It is well known that under physiological conditions, bone 
remodeling continues to occur as a coordinated process 
leading to bone formation and degradation, which maintains 
a balance between osteoblast-mediated bone formation 
and osteoclast-regulated bone absorption, thus ensuring 
bone homeostasis. Under pathological conditions, excessive 
activation of osteoclasts results in abnormal bone resorption 
and destruction of bone homeostasis, leading to abnormal 
osteoclast formation (7,35). Many studies maintain that 
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Figure 5 Effect of MAI on the inhibition of osteoclast differentiation in CIA mice (n=3). (A) Heatmap. (B) Differential gene statistic. (C) 
GO annotations analysis. (D) Top 20 KEGG pathway enrichment analysis. DEGs, differentially expressed genes; MO, CIA model group; 
NC, normal control group; MM, medium-dose MAI group; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; 
TNF, tumor necrosis factor; IL, interleukin; NF, nuclear factor; MAI, melittin acupoint injection; CIA, collagen-induced arthritis; SD, 
standard deviation. 
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Table 2 The differential genes related to osteoclast differentiation in this study

Gene 
name

Gene description
FC  

(MM/MO)
Log2FC  

(MM/MO)
P value Regulation

Il1b Interleukin 1 beta 0.134292 −2.8965497 0.0000 Down

Fosl1 Fos-like antigen 1 0.154761 −2.6918851 0.0000 Down

Socs3 Suppressor of cytokine signaling 3 0.295596 −1.7583011 0.0000 Down

Fosb FBJ osteosarcoma oncogene B 0.296927 −1.7518192 0.0012 Down

Sirpb1b Signal-regulatory protein beta 1B 0.301659 −1.7290115 0.0000 Down

Tnfsf11 Tumor necrosis factor (ligand) superfamily, member 11 0.340598 −1.5538601 0.0000 Down

Oscar Osteoclast associated receptor 0.359699 −1.4751398 0.0076 Down

Ocstamp Osteoclast stimulatory transmembrane protein 0.382262 −1.3873659 0.0035 Down

Sirpb1c Signal-regulatory protein beta 1C 0.404903 −1.3043517 0.0000 Down

Tyrobp TYRO protein tyrosine kinase binding protein 0.418965 −1.2550995 0.0000 Down

Junb Jun B proto-oncogene 0.436807 −1.1949318 0.0000 Down

Cd300lf CD300 molecule like family member F 0.457483 −1.1282103 0.0002 Down

Sbno2 Strawberry notch 2 0.45762 −1.1277768 0.0000 Down

Atp6v0d2 Atpase, H+ transporting, lysosomal V0 subunit D2 0.474209 −1.0764065 0.0168 Down

Atp6v0b Atpase, H+ transporting, lysosomal V0 subunit B 0.484969 −1.0440367 0.0017 Down

Tcirg1 T cell, immune regulator 1, atpase, H+ transporting, lysosomal V0 protein A3 0.485776 −1.0416378 0.0318 Down

Acp5 Acid phosphatase 5, tartrate resistant 0.488476 −1.0336416 0.0021 Down

Tfrc Transferrin receptor 0.500787 −0.9977298 0.0170 Down

Socs1 Suppressor of cytokine signaling 1 0.502007 −0.9942197 0.0000 Down

Atp6v0e Atpase, H+ transporting, lysosomal V0 subunit E 0.503671 −0.9894465 0.0000 Down

Fos FBJ osteosarcoma oncogene 0.504342 −0.9875268 0.0371 Down

Sirpb1a Signal-regulatory protein beta 1A 0.504386 −0.9873994 0.0261 Down

Il1r1 Interleukin 1 receptor, type I 0.512523 −0.964311 0.0018 Down

Ctsk Cathepsin K 0.513274 −0.9621981 0.0071 Down

Nfkb2 Nuclear factor of kappa light polypeptide gene enhancer in B cells 2, p49/p100 0.516089 −0.9543074 0.0001 Down

Gm49339 Predicted gene, 49339 0.528553 −0.9198802 0.0093 Down

Fosl2 Fos-like antigen 2 0.530645 −0.9141807 0.0000 Down

Relb Avian reticuloendotheliosis viral (v-rel) oncogene related B 0.533646 −0.9060441 0.0001 Down

Pparg Peroxisome proliferator-activated receptor gamma 1.969141 0.97756671 0.0197 Up

Trf Transferrin 2.100132 1.07047982 0.0177 Up

Map2k6 Mitogen-activated protein kinase kinase 6 2.434473 1.2836092 0.0000 Up

Gpc3 Glypican 3 2.597385 1.37705978 0.0011 Up

FC, fold change; MM, medium-dose MAI group; MO, CIA model group; CIA, collagen-induced arthritis; MAI, melittin acupoint injection.
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RA bone destruction is mainly related to abnormal bone 
resorption caused by excessive osteoclast activation (36,37).

Immune factors play a pivotal role in osteoclast 
differentiation and expression. TNF-α and IL-6 are major 
proinflammatory cytokines in RA. IL-6 can promote 
osteoclast formation via inducing RANKL or directly 
stimulating osteoclast precursors (35). TNF-α not only 
inhibits bone formation but can also promote osteoclasts 
by inducing RANKL and directly stimulating osteoclast 
precursors through TNF receptor 1 (6,38). As anti-
inflammatory factors, IL-4 and IL-10 suppress osteoclast 
formation (39,40). A study found that naringenins inhibited 
RANKL-induced osteoclastogenesis and osteoclast bone 
resorption by promoting the release of IL-4 from T 
cells (41). Notably, Gao et al. also confirmed that IL-10 
binds to signal transducer and activator of transcription 1 
(STAT1) through maternally expressed gene 3 (MEG3) 
and further regulates interferon regulatory factor 8 (IRF8) 
expression, thereby affecting osteoclast differentiation and 
wear particle-induced osteolysis (42). Similarly, we also 

showed that the more severe the joint bone destruction is, 
the higher the serum levels of TNF-α and IL-6, yet the 
lower the levels of IL-4 and IL-10 are compared with the 
other groups. All these results indicated that both anti-
inflammatory and pro-inflammatory factors were closely 
related to osteoclast formation and thus affected the 
progression of bone destruction.

As a bridge between the immune system and the skeletal 
system (43), RANKL is a key cytokine for inducing 
osteoclasts (44,45). When RANKL combines with RANK, 
it induces the trimerization of RANK and tumor necrosis 
factor receptor-associated factors 6 (TRAF6), thereby 
activating NF-κB, mitogen-activated protein kinase (MAPK), 
and other pathways (46). According to the contents of 
the KEGG database (https://www.genome.jp/kegg/), 
osteoclast differentiation mainly includes the NF-κB, 
MAPK, phosphatidylinositol-3-kinase (PI3K)-protein kinase 
B (PKB or Akt), Janus kinase (JAK)-STAT, and calcium 
signaling pathways. Activation of the NF-κB signaling 
pathway has been shown to be fatal in osteoclastogenesis, 

Figure 6 Protein network interaction analysis of differentially expressed genes in the osteoclast differentiation pathway in the CIA mice. 
CIA, collagen-induced arthritis.

https://www.genome.jp/kegg/
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which can be induced by RANKL (47,48). A previous study 
showed that melittin enhances apoptosis by inhibiting NF-
κB and STAT3 activation and B-cell lymphoma 2 (Bcl-2)  
expression in human fibroblast-like synoviocytes in RA 
induced by the IL-6-sIL-6R complex (49). The activation 
of NF-κB depends on both classical and alternative  
pathways (50). The alternative pathway proceeds via 
phosphorylation and proteolytic processing of NF-κB2 
(p100) and the subsequent activation of heterodimer 
RelB/NF-κB2 (p52). More specifically, NF-κB-inducing 
kinase (NIK) stability is destabilized by combined TRAF3 
under normal conditions. However, activation of receptor 
subsets through the TNFR superfamily (such as RANK) 
and lymphotoxin-βR causes TRAF proteins (including 
TRAF3) to be recruited into the receptor. When TRAF3 
is inactivated (probably by degradation or sequestration), 
the active NIK is thus released. Subsequently, NIK 
phosphorylates and activates I kappa-B kinase alpha (IKKα) 
homodimer. IKKα phosphorylates p100 to induce processing 
to p52; p52 combines with RelB and then produces the 
RelB/p52 heterodimer, which migrates to the nucleus 
(51,52). Our study found that the NF-κB2 and RelB genes 
are downregulated, and belong to the nonclassical NF-κB 
pathway. 

The NF-κB pathway contributes to the induction and 
activation of Fos and subsequent nuclear factor of activated T 
cells 1 (NFATc1) induction (53). The downstream Fos family 
proteins (c-Fos, FosB, Fra-1, and Fra-2) form the activating 
protein-1 (AP-1) complex with the Jun family proteins 
(c-Jun, JunB, and JunD) and play a key role in osteoclast 
differentiation (54,55). Together with NFATc1 and other 
transcription factors, AP-1 can directly induce the expression 
of a variety of osteoclast-specific genes, such as CTSk, TRAP, 
and OSCAR, to achieve osteoclast differentiation (47,56,57). 
In our study, we found that MAI treatment decreased the 
RANKL, CTSK, OSCAR, OCSTAMP, and AP-1 at the gene 
level, while minimizing the osteoclast expression of the ankle 
in CIA mice. This supports its effectiveness in alleviating 
bone destruction in RA.

Conclusions

MAI can inhibit the inflammation of arthritis and the 
RANKL/NF-kB pathway to reduce osteoclast generation, 
thereby inhibiting bone destruction in CIA mice and 
exerting osteoprotective effects. MAI simultaneously 
has the triple effects of melittin, acupoint function, and 
needling. However, this study also had some limitations, 

such as whether MAI can affect osteoblasts and further alter 
the balance between osteoblasts and osteoclasts on bone 
destruction, a relationship which should be investigated in 
additional research.
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