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M2 macrophage-secreted exosomal miR-216a regulates 
microglial polarization by targeting the HMGB1/TLR4/
NF-κB pathway to alleviate bone cancer pain
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Abstract: Objective: M2 macrophage-derived exosomes (M2-exos) hold promise for patients with bone cancer pain 
(BCP). This study aimed to investigate the therapeutic effect and related mechanisms of M2-exos in both in vitro 
and in vivo models of BCP. Method: RAW 264.7 macrophages were treated with IL-4 to generate M2-polarized 
macrophages. M2-exos were characterized by transmission electron microscope and Western blotting. A mouse 
model of BCP was established, and BV2 microglia were activated by lipopolysaccharide stimulation. The effects of 
M2-exos were evaluated in vitro by coculture with reactive BV2 microglia and in vivo by microinjection into the ros-
tral ventromedial medulla (RVM) of BCP mice. CCK-8 assays, ELISAs, flow cytometry and immunofluorescence were 
used to determine the effects of M2-exos on microglial activation. The therapeutic effects of M2-exos were evalu-
ated via pain behavior experiments. Bioinformatic analysis and rescue experiments were performed to investigate 
the mechanisms through which M2-exos affect the progression of BCP. Results: In vitro, M2-exos administration 
repolarized microglial toward the anti-inflammatory M2 phenotype in coculture systems. In vivo analysis indicated 
that microinjection of M2-exos into the RVM region improved neuroinflammation. Notably, miR-216a expression 
was significantly increased in M2-exos and could be delivered into BV2 microglia. Blockade of miR-216a abolished 
the therapeutic effects of M2-exos in vitro and in vivo. Mechanistically, miR-216a negatively regulates high mobil-
ity group Box 1 protein (HMGB1) expression, further inhibiting Toll-like receptor 4 (TLR4)/NF-κB and inducing M2 
microglial polarization, thereby delaying BCP progression. Conclusion: M2 macrophage-derived exosomal miR-216a 
could delay BCP progression by targeting HMGB1/TLR4/NF-κB-mediated microglial M2 polarization.
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Introduction

Bone cancer pain (BCP) is among the most 
prevalent forms of pain among cancer patients 
and is typically persistent, sudden, and sponta-
neous. BCP is a major contributor to patient 
suffering in advanced stages of cancer and sig-
nificantly impairs the quality of life and self-effi-
cacy of cancer survivors [1]. The etiology and 
pathophysiological mechanisms of BCP are 
highly complex and involve tumor-induced bone 
destruction, peripheral sensory system hyper-
algesia, and central nervous system hyperalge-
sia [2-4]. However, the precise mechanisms un- 
derlying BCP remain incompletely understood. 
Current clinical interventions for BCP, including 
pharmacotherapy, radiotherapy, chemotherapy 

and nerve blocks, lack specificity and have not 
yielded satisfactory pain management out-
comes [5-7]. Therefore, further investigations 
into the underlying mechanisms and the identi-
fication of novel therapeutic targets are essen-
tial for the development of effective BCP treat- 
ments.

The rostral ventromedial medulla (RVM) is a 
critical component of the brainstem’s descend-
ing pain modulation system. It originates from 
the reticular formation and plays a central role 
in the initiation and maintenance of neuropath-
ic pain. In BCP models, microglia in the RVM are 
markedly activated [8]. The inhibition of microg-
lial activation in the RVM was shown to alleviate 
BCP progression [9]. As resident macrophages 
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within the central nervous system, microglia 
exhibit remarkable plasticity [10]. Upon expo-
sure to various stimuli, microglia can polarize 
into two major phenotypes: proinflammatory 
(M1) and anti-inflammatory (M2) [11]. Proin- 
flammatory cytokines secreted by M1-polarized 
microglia can activate neighboring neurons, 
contributing to central sensitization, whereas 
M2-polarized microglia secrete anti-inflamma-
tory mediators that promote immune homeo-
stasis and alleviate pain [12]. The polarization 
of microglia is closely associated with the pro-
gression of BCP and could be a new therapeu-
tic target [13].

Exosomes are extracellular vesicles derived 
from the endocytic pathway with diameters 
ranging from 30 to 150 nm. Exosomes con- 
tain a variety of bioactive molecules, including 
small RNAs (miRNAs), mRNAs, and proteins, 
and their functional properties are determined 
by their cellular origin and molecular cargo [14, 
15]. Exosomes are secreted by almost all cell 
types, including cancer cells, mesenchymal 
stem cells, neurons and macrophages [16-19]. 
In the extracellular environment, exosomes  
can interact with target cells through receptor-
mediated adhesion, followed by internalization 
via endocytosis or direct membrane fusion, ulti-
mately delivering their contents into recipient 
cells [20]. The favorable biological properties of 
exosomes include their low toxicity, low immu-
nogenicity and high engineerability. Thus, exo-
some-based therapies have been intensively 
investigated. Numerous studies have demon-
strated that exosomes hold promise as cell-
free therapies for pain relief [21]. However, 
whether M2 macrophage-derived exosomes 
(M2-exos) delay BCP progression requires fur-
ther investigation.

In this study, we aimed to determine the thera-
peutic effect of M2-exos on BCP and the relat-
ed mechanism. M2-exos alleviated symptoms 
of BCP in mice in vivo and attenuated the LPS-
induced activation of BV-2 cells in vitro. We  
also revealed that M2-exos could induce M2 
microglial polarization via the secretion of miR-
216a, thereby regulating the high mobility 
group Box 1 protein (HMGB1)/TLR4 (Toll-like 
receptor 4)/NF-κB pathway and ultimately alle-
viating the progression of BCP.

Materials and methods

Cell culture, treatment and transfection

RAW264.7 macrophages and BV2 cells were 
obtained from the Cell Bank of the Chinese 
Academy of Sciences (Shanghai, China). RAW- 
264.7 cells were cultured in high-glucose Dul- 
becco’s modified Eagle’s medium (DMEM; The- 
rmo Fisher) supplemented with 10% fetal bov- 
ine serum (FBS; Gibco) and 100 U/ml penicillin 
and streptomycin. BV2 cells were cultured in 
DMEM supplemented with 10% FBS and 1% 
penicillin-streptomycin. The cells were incubat-
ed at 37°C with 5% CO2.

RAW264.7 macrophages were polarized to the 
M2 phenotype by stimulation with interleukin 4 
(IL-4, 20 ng/mL). Lipopolysaccharide (LPS; 100 
ng/mL) was used to stimulate the BV2 cells.

The miR-216a inhibitor and NC inhibitor (10 nM; 
RiboBio) were transfected into M2 macroph- 
ages using Lipofectamine 3000 (Thermo Fi- 
sher) to downregulate the expression of miR-
216a. At 48 h after transfection, the M2 macro-
phage supernatant was collected for exosome 
isolation.

Exosome extraction and identification

Exosomes were isolated from the collected M2 
macrophage culture medium through ultracen-
trifugation. First, the culture medium was cen-
trifuged at 4°C and 2000×g for 20 min, after 
which the supernatant was collected, and the 
pellet was discarded. The supernatant was 
subsequently subjected to centrifugation at 
4°C and 10,000×g for 40 min, after which the 
supernatant was collected, and the resulting 
pellet was discarded. The supernatant was 
then filtered using a 0.22 μm filter, and the  
filtrate was ultracentrifuged at 4°C and 
110,000×g for 70 min. The supernatant was 
discarded, and the pellet was retained. The  
pellet was resuspended in PBS, followed by 
ultracentrifugation at 4°C and 110,000×g  
for 70 min. After removal of the supernatant, 
the exosomal pellet was resuspended in an 
appropriate volume of PBS and stored at 4°C 
for subsequent experiments.

Exosomes were identified by detecting the 
expression of the marker proteins CD9, CD81, 
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CD63, TSG101 and Calnexin by Western blot-
ting. The morphology of the exosomes was 
identified using a transmission electron micro-
scope. Exosome samples were fixed with 2% 
(v/v) paraformaldehyde for 30 min and then 
dropped onto a carbon-coated copper grid. The 
samples were negatively stained twice with 1% 
(w/v) uranyl acetate before image acquisition.

Exosome uptake assay

Exosomes (50 μg/mL) were added to recipient 
BV2 cells. Exosomes were stained with PKH26 
and added to the BV2 cell media. After 24 h, 
fluorescence was detected under a fluores-
cence microscope.

CCK-8 assay

Cell viability was evaluated using the CCK-8 
assay according to the manufacturer’s instruc-
tions. Exosome-treated BV2 cells were seeded 
into 96-well plates for 24 h, after which 10 μL 
of CCK8 reagent (Beyotime) was added to each 
well. After 4 h, the absorbance at 450 nm was 
measured using a microplate reader.

ELISA

The cell supernatants were collected and ana-
lyzed using an IL-6 and TNF-α kit (Beyotime) 
according to the manufacturer’s instructions. 
The absorbance at 450 nm was measured 
using a microplate reader.

Western blotting

The concentrations of proteins extracted from 
exosomes, cells and tissues were measured 
with a BCA kit (Beyotime). A sample loading  
system containing 25 μg of protein was pre-
pared, and the proteins were separated by 
SDS-PAGE and transferred to a polyvinylidene 
fluoride (PVDF) membrane. After blocking with 
5% skim milk or 5% bovine serum albumin 
(BSA; Solarbio), the membrane was probed 
with the following primary antibodies: anti-
CD63 (1:2000; Abcam), anti-CD9 (1:1000; 
Abcam), anti-81 (1:1000; Abcam), anti-TSG101 
(1:1000; Abcam), anti-Calnexin (1:1000; Be- 
yotime), anti-Iba-1 (1:1000; Abcam), anti-
HMGB1 (1:2000; Abcam), anti-TLR4 (1:1000; 
Abcam), anti-p65 (1:1000; Abcam), anti-p-p65 
(1:2000; Abcam), and anti-GAPDH (1:5000; 
Proteintech). After the primary antibodies were 
removed, the membranes were washed with 

TBST and incubated with HRP-conjugated sec-
ondary antibodies (anti-rabbit, 1:5000; anti-
mouse, 1:4000; Proteintech). After incubation, 
the membranes were washed with TBST, and a 
chemiluminescence kit (Thermo Fisher) was 
used to visualize the immunoreactivity of the 
target proteins. Quantitative data were ana-
lyzed using ImageJ software (ImageJ).

qPCR

The expression of miR-216a, IL-6 and TNF-α 
was analyzed by qPCR. Total RNA was extract-
ed from the RVM samples using TRIzol reagent 
(Invitrogen, USA) according to the manufactur-
er’s instructions. Complementary DNA (cDNA) 
was synthesized from mRNA with a PrimeScript 
RT reagent kit (Takara). For miRNAs, reverse 
transcription was conducted using the miRNA 
First Strand cDNA Synthesis kit (Sangon). qPCR 
was performed using a SYBR Premix Ex Taq II 
Kit (Takara) following the manufacturer’s rec-
ommended protocol. The transcript levels of 
mRNA and miRNA were normalized to those of 
GAPDH and U6, respectively. Relative RNA 
expression was determined using the standard 
2-ΔΔCt method. The following primers were used:

IL-10 F: 5’-CCAAGCCTTATCGGAAATGA-3’, R: 5’- 
TTTTCACAGGGGAGAAATCG-3’; TNF-α F: 5’-CC- 
ACCACGCTCTTCTGTCTAC-3’, R: 5’-AGGGTCTG- 
GGCCATAGAACT-3’; GAPDH F: 5’TTCAACGG- 
CACAGTCAAGG-3’, R: 5’-CACCAGTGGATGCAGG- 
GAT-3’; miR-216a; F: 5’-TGTCGCAAATCTCTGC- 
AGG-3’, R: 5’-CAGAGCAGGGTCCGAGGTA 3’; and 
U6 F: 5’-CTCGCTTCGGCAGCACA-3’, R: 5’-ACG- 
CTTCAC GAATTTGCGT-3’.

Flow cytometry

Flow cytometry was used to assess the expres-
sion of RAW 264.7 cell and BV2 cell surface 
markers. IL-4-stimulated RAW 264.7 macro-
phages were incubated with F4/80-PE (Thermo 
Fisher Scientific) and CD206-APC (BD Phar- 
mingen) at 4°C in the dark for 30 min. LPS-  
and exosome-treated BV2 cells were incubated 
with a PE-conjugated anti-mouse CD206 anti-
body (BD Pharmingen) at 4°C in the dark for  
30 min. A CytoFLEX flow cytometer was used 
for analysis.

Dual-luciferase reporter assay

Plasmid vectors containing the wild-type and 
mutant HMGB1 3’ UTR with predicted miR-
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216a binding sites were constructed. HEK-293 
T cells were seeded into a 96-well plate and co-
transfected with either the wild-type or mutant 
luciferase plasmids. After 48 h, the luciferase 
activity was assessed using a dual luciferase 
kit (Promega).

Animal experiments

Eight-week-old male C57BL/6 mice (20-25 g) 
were provided by Beijing Weitong Lihua La- 
boratory Animal Technology Co., Ltd. Mice were 
housed in a controlled environment with a  
room temperature of 22-26°C and humidity 
maintained at 70-80%. A 12-hour light/dark 
cycle was implemented, and the mice were 
allowed free access to food and water. The  
animal experiments conformed to the Guide  
for the Care and Use of Laboratory Animals. 
The Committee of Animal Care and Use of 
Kunming Medical University approved this 
study (Approval No. kmmu2021424). The pro-
cedures were conducted in accordance with 
the National Institutes of Health’s Guide for the 
Care and Use of Laboratory Animals and the 
ARRIVE (Animal Research: Reporting In Vivo 
Experiments) guidelines.

To generate a BCP model, the mice were anes-
thetized via intraperitoneal injection of 50 mg/
kg pentobarbital sodium. After routine disinfec-
tion and draping, the femoral plateau of the  
left knee joint was exposed using ophthalmic 
scissors. A small concave hole was created 
between the medial and lateral condyles using 
a fine needle, and the osteocortex was punc-
tured with a dental drill.

In the sham group, 10 μL of heat-inactivated 
Lewis lung carcinoma (LLC) cells was injected 
into the left femoral cavity of each mouse. In 
the BCP group, 10 μL of Walker-256 breast can-
cer cells were injected into the left femoral cav-
ity of each mouse. The injection site was sealed 
with bone wax. The wound was rinsed with nor-
mal saline, treated with penicillin powder, and 
then sutured.

To explore exosome function in vivo, exosomes 
(200 μg/mouse) were microinjected into the 
RVM as described in our previous study [8].

Mechanical pain test

The mice were placed in acrylic observation 
chambers with a wire mesh floor. Testing com-

menced after a 30-min acclimatization period. 
von Frey filaments were applied perpendicularly 
to the central region of the right hind paw for 
6-8 sec. A positive response was defined as 
paw withdrawal or licking in response to the 
stimulus. Each filament was tested five times 
with an interval of at least 10 sec between tri-
als. The minimum filament force required to 
elicit at least three positive responses was 
recorded as the paw withdrawal mechanical 
threshold (PWMT).

RVM sample collection

Immediately after the behavioral pain tests 
were completed, the mice were euthanized 
under chloral hydrate anesthesia. On an ice-
cooled surface, the skin and fascia were 
incised, the neck muscles were dissected, and 
the skull was carefully opened using forceps. 
The brain and cerebellum were removed to 
expose the medulla oblongata, which was then 
sectioned at the upper and lower boundaries. 
The sampling area was defined as the area 
between the abducens nerve and the inferior 
cerebellar artery.

Immunofluorescence staining

For immunofluorescence staining, cells were 
fixed with 4% paraformaldehyde at 4°C for 30 
min, permeabilized by incubation in 0.05% 
Triton X-100 solution and then blocked with  
5% BSA. Cells were stained with anti-CD206 
(Thermo Fisher), anti-Iba-1 (Thermo Fisher) and 
anti-F4/80 (Thermo Fisher) antibodies in the 
dark at room temperature for 30 min. The cells 
were then incubated with the appropriate sec-
ondary antibodies. The nuclei were stained with 
DAPI. Fluorescence images were then acquired 
under a fluorescence microscope.

For tissue immunofluorescence staining, the 
RVM sections were incubated in a blocking 
solution containing 10% BSA and 0.3% Triton 
X-100. The blocking solution was gently re- 
moved, and the sections were stained with 
anti-Iba1 (Thermo Fisher), anti-iNOS (Thermo 
Fisher), anti-206 (Thermo Fisher), anti-HMGB1 
(Abcam), anti-TLR4 (Abcam) and anti-p65 (Ab- 
cam) antibodies. The corresponding fluores-
cent secondary antibodies were subsequently 
applied. Images of the RVM sections were cap-
tured using a confocal fluorescence micro- 
scope.
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Statistical analysis

Statistical analysis was performed using Gra- 
phPad Prism 6.0. All the data are presented as 
the mean ± standard deviation (mean ± SD). 
Student’s t test was used to assess the signifi-
cance of the differences between the experi-
mental and control groups. Statistical compari-
sons of more than two groups were carried out 
using one-way analysis of variance with the 
Bonferroni post hoc correction. A p value < 
0.05 was considered to indicate statistical 
significance.

Results

Identification of M2 macrophages and M2-
exos

RAW264.7 macrophages were polarized to the 
M2 phenotype by stimulation with IL-4. M2 
macrophages were analyzed by light microsco-
py. M2-like macrophages were significantly en- 
larged and appeared mainly as round cells 
(Figure 1A) and subjected to flow cytometry 
(Figure 1B). Exosomes were isolated from M2 
macrophages. The morphology and phenoty- 
pes of M2-exos were subsequently character-
ized. The results indicated that compared with 
M2 macrophages, M2-exos were enriched in 
TSG101, CD63, CD81 and CD9; in contrast, 
calnexin was barely detected (Figure 1C). The 
morphology of M2-exos was further analyzed 
by TEM (Figure 1D).

M2-exos attenuated LPS-induced inflamma-
tion in microglia and promoted M2 microglia 
polarization

We first investigated the effects of M2-exos on 
the viability, inflammatory cytokine release and 
M2 polarization of microglia. A neuroinflamma-
tion model was established using LPS-treated 
BV-2 cells in vitro, as confirmed by the increas- 
ed expression of Iba-1 (Figure 2A). M2-exos 
were labeled with PKH67 dye and incubated 
with LPS-stimulated BV2 cells. As shown in 
Figure 2B, M2-exos were effectively internal-
ized. Following LPS stimulation, BV2 cell viabil-
ity was significantly reduced; however, treat-
ment with M2-exos promoted the recovery of 
cell activity (Figure 2C). Moreover, LPS inhibit- 
ed M2 macrophage polarization, whereas exo-
some administration induced M2 polarization 
(Figure 2D and 2E). Furthermore, M2-exos sup-

pressed the expression of proinflammatory 
cytokines (Figure 2F and 2G).

M2-exos delayed BCP progression in mice

To evaluate the role of M2-exos in BCP, a mouse 
model of BCP was established by tumor cell 
injection (Figure 3A). Following successful mo- 
del establishment, M2-exos were administer- 
ed via intrathecal injection. As shown in Figure 
3B, M2-exo treatment significantly alleviated 
pain symptoms in mice with BCP. The activa- 
tion of microglia in the RVM was suppressed 
following M2-Exo treatment (Figure 3C and  
3D). A decrease in the expression of CD206, a 
marker of M2 macrophages, was observed 
(Figure 3E). In contrast, the M1 macrophage 
marker iNOS was upregulated in mice with BCP 
and suppressed upon M2-Exo administration 
(Figure 3F). Furthermore, M2-Exo treatment 
reduced the expression of proinflammatory 
cytokines (Figure 3G and 3H).

M2-exos transport miR-216a into BV2 cells 
and promote M2 polarization

To elucidate the molecular mechanism by whi- 
ch M2-exos alleviate BCP progression, miRNA 
microarray and RNAlocate analyses were per-
formed [22]. On the basis of previous findings, 
miR-216a was identified as a potential media-
tor of M2-exos-induced alleviation of BCP.  
qPCR demonstrated that the expression of 
miR-216a was significantly upregulated in M2- 
Exos (Figure 4A) and markedly increased in 
BV2 cells following M2-Exo treatment (Figure 
4B). To validate the functional role of miR-216a 
in the inflammatory activity of microglia, we 
transfected miR-216a inhibitors into macro-
phages and subsequently collected their exo-
somes (Figure 4C and 4D). However, inhibition 
of miR-216a failed to restore the viability of 
LPS-treated BV2 cells (Figure 4E). The results 
revealed that miR-216a knockdown sup-
pressed M2 macrophage polarization (Figure 
4F and 4G) and increased the expression of 
inflammatory factors (Figure 4H and 4I).

Exosomal miR-216a inhibited pain hypersensi-
tivity and M2 polarization in mice with BCP

To confirm the role of exosomal miR-216a in 
BCP mice, we first analyzed the expression of 
miR-216a in the RVM of sham mice, BCP mice 
and M2-exo-treated BCP mice. The level of miR-
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Figure 1. Identification of M2 macrophages and M2-exos. A. Cellular morphology analyzed by light microscopy. B. Expression and quantitative analysis of CD206 
markers in IL-4-stimulated RAW264.7 cells assessed by flow cytometry. C. Western blot analysis of the expression of the exosomal markers CD9, CD63, CD81 and 
TSG101 in M2-exos. D. TEM analysis of M2-exos. Scale bars: 200 nm. ***P < 0.001.
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Figure 2. M2-exos attenuated LPS-induced inflammation in microglia and promoted M2 microglial polarization. 
A. The expression of Iba-1 in LPS-induced BV2 microglia detected by immunofluorescence, scale bars: 50 μm. B. 
PKH67-labeled M2-exos were taken up by BV2 cells, scale bars: 50 μm. C. The viability of LPS-induced BV2 microg-
lia detected by a CCK-8 assay. D. Immunofluorescence staining of CD206 in BV2 cells, scale bars: 100 μm. E. The 
percentage of M2 macrophages was assessed by flow cytometry. F. The concentration of IL-6 released by BV2 cells 
was detected by ELISA. G. The concentration of TNF-α released by BV2 cells was detected by ELISA. The data are 
presented as the mean ± SD; *P < 0.05, ***P < 0.001; n = 3.

216a in mice with BCP was reduced, while 
M2-exos treatment upregulated its expression 
(Figure 5A). Subsequently, BCP mice were tr- 
eated with miR-216a-deficient M2-exos (Figure 
5B). As shown in Figure 5C, the PWMT in mice 

decreased following miR-216a inhibition. 
Moreover, miR-216a knockdown failed to sup-
press microglial activation (Figure 5D) or pro-
mote M2 macrophage polarization (Figure 5E). 
Notably, the secretion of inflammatory cyto-
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Figure 3. M2-exos alleviated BCP progression in mice. (A) HE staining images showing the pathological changes in 
the sham mice and BCP mice, scale bars: 100 μm. (B) Mechanical allodynia of sham mice, BCP mice and BCP mice 
treated with M2-exos. (C) Expression of Iba-1 in the RVM in different experimental groups, as assessed by Western 
blotting. (D) Expression of Iba-1 in the RVM in different experimental groups, as detected by immunofluorescence, 
scale bars: 20 μm. The expression of the M2-like macrophage marker CD206 (E) and the M1-like macrophage mark-
er iNOS (F) in the different experimental groups was analyzed by immunofluorescence, scale bars: 100 μm. mRNA 
expression of IL-6 (G) and TNF-α (H) in different experimental groups detected by qPCR. The data are presented as 
the mean ± SD; *P < 0.05, **P < 0.01, ***P < 0.001; n = 6.

Figure 4. M2-exos transport miR-216a into BV2 cells and promote M2 polarization. (A) miR-216a expression in M2 
macrophages and M2-exos was analyzed by qPCR. (B) miR-216a expression in BV2 cells, LPS-treated BV2 cells 
(BV2+LPS) and LPS-stimulated BV2 cells treated with M2-exos was detected by qPCR. (C) Expression of miR-216a 
in M2 macrophages transfected with the NC inhibitor or miR-216a inhibitor, as assessed by qPCR. (D) The expres-
sion of miR-216a in BV2 cells cocultured with M2-exos derived from NC or miR-216a-silenced M2 macrophages was 
detected by qPCR. (E) Viability of BV2 cells cocultured with M2-exos derived from NC or miR-216a-silenced M2 mac-
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rophages, as assessed by a CCK-8 assay. (F) Immunofluorescence staining of CD206 in BV2 cells cocultured with 
M2-exos derived from NC or miR-216a-silenced M2 macrophages, scale bars: 50 μm. (G) Flow cytometry analysis of 
M2 microglia after coculture with M2-exos derived from NC or miR-216a-silenced M2 macrophages. Expression of 
IL-6 (H) and TNF-α (I) in BV2 cells cocultured with M2-exos derived from NC or miR-216a-silenced M2 macrophages. 
The data are presented as the mean ± SD; *P < 0.05, **P < 0.01, ***P < 0.001; n = 3.

Figure 5. Exosomal miR-216a inhibited pain hypersensitivity and M2 microglial polarization in mice with BCP. (A) The 
expression of miR-216a in the RVM of sham mice, BCP mice and BCP mice treated with M2-exos was assessed by 
qPCR. (B) The expression of miR-216a in the RVM of BCP mice treated with exosomes derived from NC or miR-216a-
silenced M2 macrophages was detected by qPCR. (C) Mechanical allodynia of BCP mice treated with exosomes de-
rived from NC or miR-216a-silenced M2 macrophages. (D) Expression of Iba-1 in the RVM of mice with BCP treated 
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kines was reversed upon miR-216a silencing 
(Figure 5F and 5G).

Identification of HMGB1 as a target of miR-
216a

miRNAs typically exert their biological func- 
tions by targeting downstream mRNAs. Bio- 
informatics analysis predicted HMGB1 as a 
potential target of miR-216a (Figure 6A), which 
was validated by dual-luciferase reporter 
assays (Figure 6B). In LPS-induced BV2 cells, 
HMGB1 expression was significantly upregulat-
ed (Figure 6C), whereas M2-exo treatment led 
to a decrease in HMGB1 levels (Figure 6D). 
Notably, when activated BV2 cells were treat- 
ed with miR-216a-deficient M2-exos, HMGB1 
expression was restored (Figure 6E), indicating 
that M2 macrophage-derived exosomal miR-
216a exerts its effects via HMGB1.

Similarly, HMGB1 expression was elevated in 
mice with BCP but decreased following exo-
some microinjection. However, when exosomes 
with miR-216a knockdown were administered 
to BCP mice, HMGB1 expression levels were 
increased (Figure 6F).

Exosomal miR-216a blocked the TLR4/NF-κB 
signaling pathway

The TLR4/NF-κB signaling pathway plays a cru-
cial role in HMGB1-mediated disease progres-
sion and has been implicated in BCP develop-
ment. Therefore, we assessed the expression 
of TLR and NF-κB in both cells and the RVM of 
mice. In LPS-treated BV2 cells, the TLR4/NF-κB 
signaling pathway was activated (Figure 7A), 
whereas M2-exo treatment suppressed its acti-
vation (Figure 7B). However, M2-exos with miR-
216a knockdown failed to inhibit the TLR4/
NF-κB pathway in activated microglia (Figure 
7C). In the RVM of mice with BCP, fluorescence 
signal of p65 in the nucleus and TLR4 were 
elevated but were reduced after M2-exo inter-
vention (Figure 7D and 7E). Upon inhibition of 
miR-216a in exosomes, fluorescence signal of 
p65 in the nucleus and TLR4 were restored 
(Figure 7D and 7E).

Discussion

In this study, we demonstrated the therapeutic 
role of M2-exos in BCP and explored the possi-
ble underlying mechanisms. Our major findings 
are as follows. 1) M2-exos promoted M2 macro-
phage polarization and alleviated BCP progres-
sion. 2) M2-exos transported miR-216a and 
promoted M2 polarization in vivo and in vitro. 3) 
M2-exos induced M2 macrophage polariza- 
tion and delayed BCP progression by regula- 
ting the HMGB1/TLR4/NF-κB pathway through 
the transport of miR-216a.

With the advancement of modern medical sci-
ence, sophisticated medical technologies have 
significantly improved the long-term survival of 
an increasing number of cancer patients. Ne- 
vertheless, the concurrent pain symptoms ex- 
perienced by these patients remain inade-
quately managed [1]. BCP is among the most 
common and distressing symptoms in cancer 
patients and has both neuropathic and inflam-
matory components [23]. Inadequate pain con-
trol often leads to psychological conditions 
such as depression and anxiety, a marked 
decline in quality of life, and an increased mor-
tality risk [24, 25]. Therefore, the exploration of 
effective therapeutic strategies to alleviate 
BCP and increase patient survival remains a 
critical priority in clinical practice.

Neurons are considered the primary mediators 
of chronic pain. However, accumulating evi-
dence highlights the significant role of neuroin-
flammation within the central nervous system, 
particularly the activation of glial cells such as 
microglia and astrocytes, in modulating chro- 
nic pain states [26]. The activation of glial cells 
and the subsequent release of inflammatory 
mediators may contribute to the initiation and 
maintenance of chronic pain [27]. Activated 
microglia are the major contributors to the 
development of inflammatory and neuropathic 
pain [28]. Microglial activation is heteroge-
neous and can be categorized into two types: 
the proinflammatory M1 phenotype and the 
anti-inflammatory M2 phenotype [29]. The 

with exosomes derived from NC- or miR-216a-silenced M2 macrophages, as detected by immunofluorescence, 
scale bars: 20 μm. (E) CD206 expression in the RVM of mice with BCP treated with exosomes derived from NC- or 
miR-216a-silenced M2 macrophages was detected by immunofluorescence, scale bars: 20 μm. mRNA expression 
of IL-6 (F) and TNF-α (G) in different experimental groups detected by qPCR. The data are presented as the mean ± 
SD; **P < 0.01, ***P < 0.001; n = 6.
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Figure 6. Identification of HMGB1 as a target of miR-216a. A. Prediction of binding sites between miR-216a and 
HMGB1. B. Dual-luciferase reporter assay of miR-216a and the HMGB1 mRNA 3’ UTR binding sites. C. HMGB1 ex-
pression in BV2 cells and LPS-stimulated BV2 cells detected by Western blotting. D. Western blot analysis of HMGB1 
expression in LPS-stimulated BV2 cells with/without M2-exo treatment. E. Expression of HMGB1 in LPS-stimulated 
BV2 cells cocultured with M2-exos derived from NC or miR-216a-silenced M2 macrophages, as assessed by West-
ern blotting. F. HMGB1 expression in the RVM of sham mice, BCP mice, and BCP mice treated with exosomes 
derived from NC or miR-216a-silenced M2 macrophages was detected by immunofluorescence, scale bars: 20 μm. 
The data are presented as the mean ± SD; *P < 0.05, **P < 0.01, ***P < 0.001; n = 3; n = 6.

polarization of microglia plays a pivotal role in 
the pathogenesis and maintenance of chronic 
pain. Paeonol alleviates neuropathic pain by 
modulating microglial M1 and M2 polarization 
[30]. The inhibition of microglial M1 polarization 
attenuates neuropathic pain [31]. In contrast, 
the promotion of M2 microglial polarization can 
suppress neuropathic pain [32]. Thus, inducing 

microglial polarization toward the M2 pheno-
type represents a novel therapeutic strategy 
for chronic pain.

Compared with cell-based therapies, exosomes 
have advantages such as decreased infusion-
related toxicity, low immunogenicity and high 
biocompatibility [33, 34]. Thus, they are widely 
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Figure 7. Exosomal miR-216a suppressed the TLR4/NF-κB signaling pathway. A. Expression of TLR4/NF-κB pathway-
related proteins in BV2 cells and LPS-stimulated BV2 cells detected by Western blotting. B. Western blot analysis of 
the expression of TLR4/NF-κB pathway-related proteins in LPS-stimulated BV2 cells with/without M2-exo treatment. 
C. Western blot analysis of the expression of TLR4/NF-κB pathway-related proteins in LPS-stimulated BV2 cells co-
cultured with M2-exos derived from NC or miR-216a-silenced M2 macrophages. D. Immunofluorescence analysis of 
TLR4 in the RVM of sham mice, BCP mice, and BCP mice treated with exosomes derived from NC or miR-216a-si-
lenced M2 macrophages, as detected by immunofluorescence, scale bars: 20 μm. E. Immunofluorescence analysis 
of the nuclear translocation of NF-κB p65 in the RVM of sham mice, BCP mice, and BCP mice treated with exosomes 
derived from NC or miR-216a-silenced M2 macrophages, as detected by immunofluorescence, scale bars: 20 μm. 
The data are presented as the mean ± SD; *P < 0.05, **P < 0.01, ***P < 0.001; n = 3; n = 6.

used in fundamental and clinical studies. For 
example, exosomes derived from allogeneic 
bone marrow mesenchymal stem cells were 
used to treat patients with severe COVID-19 
[35]. By encapsulating bioactive molecules 
such as lipids, nucleic acids and proteins, exo-
somes facilitate the transfer of biological infor-
mation between cells, serving as key mediators 
in intercellular communication [36]. Exosomes 
have attracted extensive attention in the pre-

diction and treatment of BCP [21, 37]. Previous 
studies have shown that exosomes can signifi-
cantly affect macrophage polarization. Tumor-
derived exosomes induce macrophage M2 
polarization to promote colorectal cancer liver 
metastasis [38]. Exosomes from mesenchymal 
stem cells promote M2 macrophage polariza-
tion and inhibit periodontal bone loss [39]. M2 
macrophages can mediate macrophage polar-
ization through the release of exosomes [40]. 
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Specifically, M2-exos promoted the polarization 
of macrophages toward the M2 rather than the 
M1 phenotype and attenuated inflammation 
[19]. In the present study, an in vitro neuroin-
flammation model was established using LPS-
treated BV-2 cells, and a BCP mouse model 
was established by cancer cell injection. M2 
macrophage-derived exosomes were isolated 
and characterized. M2-exos promoted microg-
lial M2 polarization and alleviated the progres-
sion of BCP both in vivo and in vitro.

BCP is associated with microRNA dysregula- 
tion [41]. Accumulating evidence indicates that 
M2-exos exert therapeutic effects mainly th- 
rough the delivery of miRNAs [42, 43]. On the 
basis of our previously published studies, we 
focused our investigation on miR-216a [22].  
As a critical miRNA, miR-216a can suppress 
chronic pain through different pathways [44, 
45]. Specifically, miR-216a functions upon its 
delivery via exosomes. Human urine-derived 
stem cell-derived exosomal miR-216a allevi-
ates renal ischemia/reperfusion injury [46]. 
Bone marrow mesenchymal stem cell exo-
some-derived miR-216a attenuates neuronal 
injury and microglia-mediated inflammation 
[47]. In addition, exosomal miR-216a partici-
pates in the regulation of M1/M2 polarization 
[48]. Our study demonstrated that miR-216a 
was highly enriched in M2-exos and could be 
transferred into BV2 cells and BCP mice. miR-
216a-silenced M2-exos impaired the ability of 
M2-exos to enhance microglial M2 polarization 
and alleviated the inhibitory effect of M2-exos 
on BCP progression. These results showed that 
M2-Exos delay BCP progression and regulate 
microglial polarization toward the M2 pheno-
type via delivery of miR-216a.

Exosomal miRNAs can regulate gene expres-
sion in recipient cells by binding to the 3’ UTR of 
genes. On the basis of bioinformatics data and 
luciferase reporter assays, HMGB1 was deter-
mined to be the target gene of exosomal miR-
216a. As a proinflammatory cytokine, HMGB1 
plays a pivotal role in neuropathic and inflam-
matory pain [49, 50]. Thus, HMGB1 may serve 
as a therapeutic target for pain management. 
HMGB1 is a highly mobile nuclear protein that 
can interact with variety of cell surface recep-
tors [51]. TLR4 is one of the receptors for 
HMGB1 which is expressed on microglia and 
mediates neuroinflammatory diseases [52]. Of 
note, HMGB1 and TLR-4 interactions may lead 

to NF-κB upregulation, which results in pro- 
ducing and releasing inflammatory cytokines 
[53]. HMGB1-mediated activation of the TLR4/
NF-κB signaling pathway contributes to the pro-
gression of microglial activation and neuroin-
flammation [54, 55]. Moreover, the HMGB1/
TLR4/NF-κB pathway widely influences microg-
lial polarization [56]. These findings suggest 
that targeting the HMGB1/TLR4/NF-κB signal-
ing axis may represent a promising therapeu- 
tic strategy for mitigating BCP. It is noteworthy 
that our previous research findings have dem-
onstrated a correlation between M2-exos and 
both the TLR signaling pathway and the NF-κB 
signaling pathway [22]. The results of the pres-
ent study revealed that the HMGB1/TLR4/
NF-κB pathway was activated in LPS-stimulat- 
ed BV2 cells and BCP mice and that treatment 
with M2-exos decreased the expression of 
HMGB1 and TLR4/NF-κB pathway-related mol-
ecules both in vitro and in vivo. The silencing of 
miR-216a largely reversed the exosomal miR-
216a-mediated suppression of the HMGB1/
TLR4/NF-κB signaling pathway.

Nevertheless, several limitations remain in the 
current study. For instance, miR-216a was se- 
lected as the primary focus based on prior 
sequencing data generated by the research 
team; however, other miRNAs identified in the 
same sequencing results may also contribute 
significantly to the observed biological effects, 
warranting further investigation. Furthermore, 
the present study was primarily conducted us- 
ing in vitro cell cultures and animal models. 
Although the functional role of exosomes has 
been preliminarily elucidated, substantial chal-
lenges persist regarding their clinical transla-
tion. Specifically, the optimal dosage and timing 
of exosome-based interventions require addi-
tional systematic evaluation.

In summary, we conclude that M2-exos contain-
ing miR-216a promote the polarization of M1 
microglia to the M2 phenotype by suppressing 
the HMGB1/TLR4/NF-κB-p65 signaling path-
way, suggesting a potential therapeutic app- 
roach for the treatment of BCP.
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