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Abstract: Bone cancer pain (BCP) is a frequent and debilitating complication in patients with malignant tumors,
arising from a multifactorial interplay of bone destruction, neural injury, and inflammatory responses. Microglia can
polarize into either an M1 phenotype, which aggravates nociception, or an M2 phenotype, which facilitates pain
resolution. Activation of the TLR4/NF-kB signaling cascade is known to drive M1 polarization, thereby amplifying
inflammation and neuronal damage. This study aimed to investigate whether macrophage-derived exosomes could
mitigate BCP by modulating the TLR4/NF-kB pathway, suppressing M1 polarization, and enhancing M2 microg-
lial polarization. In vitro, RAW264.7 macrophages were polarized to the M2 phenotype via IL-4 stimulation, and
exosomes were subsequently isolated and applied to LPS-challenged BV2 microglial cultures. Polarization profiles
were analyzed using flow cytometry, immunofluorescence, gRT-PCR, and Western blotting. In vivo, a rat BCP model
was established, and exosome treatments were administered. Behavioral assays were performed to assess pain
responses, followed by evaluation of microglial polarization and TLR4/NF-kB pathway activity in spinal cord tissue.
Results demonstrated that IL-4 treatment effectively induced M2 polarization in RAW264.7 cells, and the isolated
exosomes displayed characteristic morphology and marker expression. BV2 microglia internalized these vesicles,
leading to pronounced inhibition of LPS-induced M1 polarization, promotion of M2 polarization, suppression of
pro-inflammatory cytokine release, and downregulation of TLR4/NF-kB activation. In vivo, exosome administration
elevated the mechanical pain threshold and attenuated pain-related behaviors, while spinal cord analyses revealed
reduced expression of M1 markers, increased M2 markers, and marked suppression of TLR4/NF-kB signaling.
Collectively, these findings indicate that macrophage-derived exosomes alleviate BCP through coordinated regula-
tion of TLR4/NF-kB signaling and microglial polarization, suggesting their potential as a novel therapeutic option for
managing bone cancer pain.
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Introduction system- are central mediators, capable of
detecting and responding to neural damage
and inflammatory signals [3]. Upon activation,

microglia can polarize into distinct functional

Bone cancer pain (BCP) is one of the most fre-
quent and distressing complications associat-

ed with malignant tumors. As the tumor burden
increases, pain symptoms often intensify,
markedly diminishing a patient’s quality of life
[1]. The pathology of BCP is multifactorial,
involving bone destruction, neural injury, and
robust inflammatory responses [2]. Among the
cellular mediators of this process, microglia-
resident immune cells of the central nervous

phenotypes: the pro-inflammatory M1 state
and the anti-inflammatory, reparative M2 state
[4].

M1-polarized microglia exacerbate inflamma-
tion and tissue injury by releasing cytokines
such as tumor necrosis factor-a (TNF-),
interleukin-1B (IL-1B), and IL-6, thereby intensi-
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fying nociceptive signaling [5]. Conversely,
M2-polarized microglia contribute to inflamma-
tion resolution and tissue repair through the
release of anti-inflammatory mediators, includ-
ing IL-10 and transforming growth factor-3
(TGF-B) [6]. In BCP, polarization is often skewed
toward the M1 phenotype, creating a pro-
inflammatory milieu that exacerbates pain and
neuronal injury.

A key molecular driver of this imbalance is the
activation of the Toll-like receptor 4/nuclear
factor-kB (TLR4/NF-kB) pathway [7]. TLR4, a
pattern recognition receptor, detects patho-
gen- or damage-associated molecular patterns
(PAMPs/DAMPs) and triggers downstream
NF-kB signaling [8], a canonical pro-inflamma-
tory cascade that induces cytokine production,
including TNF-a and IL-1B [9]. In BCP models,
excessive TLR4/NF-kB activation preferentially
induces M1 polarization, heightening pain sen-
sitivity [10]. Therefore, modulating this pathway
is crucial for suppressing M1 polarization,
enhancing M2 polarization, and mitigating BCP
symptoms.

Although multiple experimental approaches
have targeted TLR4/NF-kB signaling, clinically
effective interventions remain elusive, making
novel regulatory strategies a priority. Exoso-
mes-30-150 nm extracellular vesicles loaded
with proteins, lipids, mRNAs, and miRNAs-serve
as intercellular messengers capable of altering
the physiological state of recipient cells [11,
12]. Accumulating evidence implicates the key
role of exosomes in immune modulation and
inflammation control, particularly in influencing
macrophage and microglial polarization [13,
14]. Macrophage-derived exosomes, which
may carry regulatory miRNAs such as miR-216a
or miR-21, have been shown to promote M2
polarization and suppress M1 polarization
through the delivery of anti-inflammatory car-
gos and suppression of pro-inflammatory sig-
naling [15, 16]. These properties confer signifi-
cant therapeutic potential in diseases driven by
chronic inflammation. Indeed, exosome-based
interventions have demonstrated efficacy in
alleviating neuropathic and inflammatory pain
by dampening pro-inflammatory pathways,
modulating neuronal activity, and supporting
tissue repair [17].

Building on these, we hypothesize that macro-
phage-derived exosomes can relieve BCP by
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down-regulating TLR4/NF-kB activity, inhibiting
M1 and facilitating M2 microglial polarization.
In this study, we assessed these effects in
vitro-using IL-4-induced M2 macrophages as
the exosome source and lipopolysaccharide
(LPS) - stimulated microglia as targets- and in
vivo, employing a rat BCP model. These experi-
ments aim to clarify the mechanistic role of
macrophage-derived exosomes in BCP mo-
dulation and provide a theoretical foundation
for their development as novel analgesic
biotherapeutics.

Methods and materials
Cell culture and treatment

Culture and induction of M2 polarization in
RAW264.7 cells: RAW264.7 macrophages (AT-
CC) were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) containing 10% fetal bovine
serum (FBS) at 37°C in a humidified incubator
with 5% CO,. Once cultures reached approxi-
mately 70-80% confluence, M2 polarization
was induced by treating the cells with 20 ng/
mL IL-4 for 24 h. Polarization status was subse-
quently verified by flow cytometry, ELISA, and
immunofluorescence staining, confirming a
shift toward the M2 phenotype.

Extraction and characterization of exosomes:
Exosomes were isolated from the supernatant
of IL-4-treated RAW264.7 cultures via a sequen-
tial ultracentrifugation protocol. Briefly, the con-
ditioned medium was first centrifuged at 300 x
g for 10 min to remove cellular debris, followed
by a 2,000 x g spin for 20 min to exclude larger
vesicles. The clarified supernatant was then
ultracentrifuged at 120,000 x g for 70 min to
pellet the exosomes, which were resuspended
in 200 uL PBS. A second ultracentrifugation
step was performed to improve purity, and den-
sity gradient centrifugation was applied to fur-
ther minimize contamination from non-exosom-
al extracellular vesicles.

Exosome morphology was assessed by trans-
mission electron microscopy (TEM), revealing
the characteristic bilayer membrane structure
with diameters ranging from 50-150 nm.
Nanoparticle tracking analysis (NTA) showed a
predominant peak at ~100 nm and a concen-
tration of roughly 3 x 10** particles/mL. Protein
quantification by BCA assay yielded ~150 ug of
total exosomal protein per 10 mL of culture
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supernatant. Western blotting confirmed the
presence of exosome-specific markers (CD63,
CD81, CD9) and absence of the cytosolic pro-
tein GAPDH, verifying the successful isolation
of exosomes.

Culture and treatment of BV2 microglial cells:
BV2 microglial cells (ATCC) were cultured under
the same conditions as RAW264.7 cells. To
induce an inflammatory response and drive M1
polarization, BV2 cells were exposed to 1 ug/
mL LPS. Following induction, macrophage-
derived exosomes were introduced into the cul-
tures and co-incubated for an additional 24 h to
assess their regulatory influence on microglial
polarization profiles.

Exosome uptake assay (PKH67 Labeling): For
in vitro and in vivo uptake assessment, exo-
somes were labeled with the green-fluorescent
dye PKHG7. In vitro, freshly isolated exosomes
were incubated with PKH67 for 5 min at room
temperature, diluted with PBS, and ultracentri-
fuged to remove unbound dye. Labeled vesi-
cles, resuspended in PBS at a concentration of
3 x 10 particles/mL, were added to BV2 cul-
tures for 24 h.

After treatment, BV2 cells were fixed in 4%
paraformaldehyde, permeabilized with 0.3%
Triton X-100, and blocked with 5% BSA for 1 h.
Nuclei were counterstained with DAPI. Lo-
calization of PKH67-positive vesicles was visu-
alized under a fluorescence microscope, with
detection of red fluorescence (PKHG7 signal)
within microglia indicating successful vesicle
internalization. Uptake efficiency was quanti-
fied using dedicated image analysis software
under the specified experimental conditions.

For in vivo tracking, PKHG7-labeled exosomes
(100 pg in 50 uL PBS) were administered via
intrathecal injection to rats in the BCP + Exo
group. After 24 hours, rats were euthanized,
and lumbar spinal cord tissues were collected
and fixed in 4% paraformaldehyde. Tissue sec-
tions were cryoprotected with 30% sucrose,
embedded in OCT compound, and sliced into
10 um thick sections. After permeabilization
and blocking, immunofluorescence staining
was performed using microglial markers (lbal
and/or F4/80), followed by incubation with fluo-
rescent secondary antibodies. DAPI was used
for nuclear staining. Fluorescence microscopy
was used to assess the colocalization of red
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fluorescence (PKHG67-labeled exosomes) with
microglia (green, lbal) in spinal cord tissues.
DAPI (blue) was used to identify cell nuclei. Red
puncta overlapping with microglial regions indi-
cated successful delivery and uptake of exo-
somes by microglia in vivo.

Animal experiments and establishment of the
bone cancer pain model

Thirty adult male Sprague-Dawley (SD) rats,
weighing between 180-220 g, were obtained
from a designated animal center. All rats were
acclimated for one week prior to the experi-
ment under controlled conditions of constant
temperature (22+1°C) and a 12-hour light-dark
cycle. The animal experimental protocol was
approved by the First Affiliated Hospital of
Kunming Medical University’s Animal Ethics
Committee, and all procedures adhered strictly
to animal ethical guidelines. The rats were ran-
domly divided into three groups, with 10 rats
per group: Sham group, BCP (Bone Cancer
Pain) model group, and BCP + Exo (exosome
treatment) group. The BCP model was estab-
lished by inoculating Walker 256 breast cancer
cells into the tibial marrow cavity. Specifically,
under anesthesia with isoflurane (2%-3%), the
tibial cortex was exposed, and 20 pL of a physi-
ological saline suspension containing 1 x 10°
Walker 256 cells was injected into the marrow
cavity, followed by closure of the cavity. The
Sham group received an injection of an equal
volume of physiological saline without cancer
cells. The BCP + Exo group received additional
exosome exposure.

After the establishment of the BCP model, exo-
somes derived from M2-polarized RAW264.7
macrophages were administered to the BCP +
Exo group via intrathecal injection. The exo-
somes were injected directly into the intrathe-
cal space of the rats to target the spinal cord
and central nervous system. A total of 100 pg
of exosomes in 50 L of PBS was administered
per rat, with one injection given on the day fol-
lowing tumor cell inoculation and another injec-
tion at 7 days post-inoculation. Post-surgery,
animals were housed under standard condi-
tions. Euthanasia was performed at the end of
the experiment using an overdose of pentobar-
bital sodium (150 mg/kg, intraperitoneal
injection) in accordance with animal ethical
standards.

Am J Cancer Res 2025;15(12):5199-5212



Macrophage-derived exosomes induce M2 polarization of microglia to exert protect

Mechanical pain threshold testing (Von Frey
Filament Test)

The mechanical nociceptive response of the
rats was assessed using the von Frey filament
test. Rats were placed in a metal mesh cage,
and von Frey filaments were gradually applied
to the hind paw until the rat exhibited a paw
withdrawal response. Each rat was tested three
times, and the average value was calculated
as the paw withdrawal threshold (PWT). Me-
chanical nociceptive responses were assessed
every 3 days using the von Frey filament test for
a period of 18 days.

Immunofluorescence (IF) staining

The polarization state of BV2 cells was detect-
ed by immunofluorescence staining. BV2 cells
were seeded on slides in a 24-well plate and
allowed to reach 50%-60% confluence before
fixation and permeabilization. Sections were
blocked with 5% BSA for 1 hour at room tem-
perature, then incubated overnight at 4°C with
primary antibodies to CD206 and Arg-1. The
next day, sections were washed three times
with PBS for 5 minutes each and incubated
with a fluorescently labeled secondary antibody
(e.g., Alexa Fluor 488/594, 1:500) for 1 hour,
protected from light. Nuclear staining was per-
formed using DAPI (1 yg/mL), and fluorescence
signals were observed under a fluorescent
microscope to assess the effect of exosomes
on M2 polarization.

Flow cytometry

To further confirm the M2 polarization state of
RAW264.7 cells, flow cytometry was employed
to detect the expression levels of CD206 and
F4/80. Treated RAW264.7 cells were digested
with 0.25% trypsin for 5 minutes, neutralized
with culture medium, and collected. The cells
were washed twice with PBS and centrifuged at
300 x g to collect the pellet, which was then
resuspended in PBS containing 1% BSA as the
staining buffer. For each sample, 1 x 10° cells
were first incubated with anti-mouse CD16/
CD32 antibodies (1:200) for 15 minutes to
block non-specific binding, followed by incuba-
tion with CD206-FITC (1:100) and F4/80-PE
(1:100) antibodies for 30 minutes in the dark.
After incubation, cells were washed twice with
PBS and resuspended in PBS for analysis using
a flow cytometer (BD FACSCanto Il), with each
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sample acquiring at least 10,000 cells. FlowJo
software was used to analyze the data, exclud-
ing debris and dead cells, and to determine the
proportion of CD206 and F4/80 double-posi-
tive cells, which reflects the M2 polarization
status of RAW264.7 cells after IL-4 treatment.

Western blotting

Total proteins were extracted from rat spinal
cord tissues and BV2 cells, and protein concen-
trations were determined using the BCA assay
to ensure equal loading of samples. Equal
amounts of protein samples (typically 30-50
ug) were subjected to SDS-PAGE electrophore-
sis. After electrophoresis, proteins were trans-
ferred to PVDF membranes via wet transfer.
The membranes were blocked with 5% BSA or
5% skimmed milk at room temperature for 1
hour to prevent non-specific binding. Mem-
branes were then incubated overnight at 4°C
with primary antibodies targeting the following
proteins: TLR4, p-p65, p65, p-IkBa, IkBa, INOS
(M1 marker), Arg-1 (M2 marker), CD86 (M1
marker), and CD206 (M2 marker), p-p38, and
p38.

After primary antibody incubation, membranes
were washed three times with PBST (PBS
with 0.1% Tween-20) for 5 minutes each. Se-
condary antibodies conjugated with HRP (dilut-
ed 1:5,000 to 1:10,000) were applied and incu-
bated at room temperature for 1 hour. Following
secondary antibody incubation, membranes
were washed three times with PBST. Protein
bands were visualized using ECL chemilumines-
cence detection. B-actin or GAPDH served as
loading controls to ensure equal protein loading
across samples. Imagel software was used to
analyze the grayscale values of each protein
band, and the expression levels of target pro-
teins were calculated relative to the loading
control, presenting results as relative expres-
sion levels.

Quantitative real-time PCR (QRT-PCR)

Total RNA was extracted from treated BV2 cells,
and reverse transcription was performed using
a reverse transcription kit to synthesize cDNA.
Real-time quantitative PCR was conducted
to measure the mRNA expression levels of
M1-related genes (iNOS, TNF-a) and M2-related
genes (Arg-1, IL-10). The PCR reaction volume
was 20 L, with the following cycling conditions:
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initial denaturation at 95°C for 10 minutes, fol-
lowed by 40 cycles of 95°C for 30 seconds and
60°C for 30 seconds. GAPDH was used as the
internal reference gene. Relative gene expres-
sion levels were calculated using the 2*-AACt
method.

Pathway specificity verification grouping

To confirm the involvement of reactive oxygen
species (ROS) and mitogen-activated protein
kinase (MAPK) signaling in LPS-induced M1
polarization, BV2 microglia were subjected to
selective pharmacological inhibition prior to
LPS exposure. For ROS pathway inhibition,
cells were pre-incubated with 10 mM N-acetyl-
cysteine (NAC) for 1 h before LPS challenge.
NAC functions as an antioxidant, suppressing
intracellular ROS generation, thereby allowing
assessment of ROS contribution to the polar-
ization process. For MAPK pathway assess-
ment, a separate cohort of BV2 cultures was
exposed to 10 uM SB203580 - a selective p38
MAPK inhibitor - for 1 h preceding LPS stimula-
tion. This compound blocks p38 MAPK activa-
tion, providing a means to evaluate its role in
promoting the M1 phenotype. Following each
treatment regimen, total protein was extracted
from the cells, and Western blotting was per-
formed according to established protocols to
quantify pathway-related and.

Statistical analysis

All data were analyzed using GraphPad Prism
8.0 and results were presented as mean %
standard deviation (Mean % SD). Intergroup
comparisons were performed using indepen-
dent samples t-tests (for two groups) or one-
way analysis of variance (ANOVA) followed by
Tukey’s multiple comparison test. For repeated
measurements across multiple time points
within the same group, repeated measures
ANOVA was applied, and Bonferroni’s post hoc
test was used for pairwise comparisons. A
P-value of < 0.05 was considered statistically
significant.

Results

I-4 treatment successfully induced M2 polar-
ization in RAW264.7 macrophages

After IL-4 treatment, RAW264.7 macrophages
were successfully polarized to the M2 pheno-
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type. Flow cytometry results showed a signifi-
cant increase in the proportion of CD206 and
F4/80 double-positive cells in the IL-4-treated
group compared to the control group (Figure
1A), indicating IL-4-induced M2 polarization.
ELISA results demonstrated that IL-4 treatment
significantly elevated the secretion levels of
M2-specific factors IL-10, Arg-1, and vascular
endothelial growth factor (VEGF) (Figure 1B).
Immunofluorescence staining further validated
these findings, showing markedly enhanced
fluorescence intensity of CD206 (Figure 1C)
and Arg-1 (Figure 1D) after IL-4 treatment, con-
firming the upregulation of M2 markers in
RAW264.7 cells.

Successful extraction and characterization of
exosomes from M2-polarized macrophages

TEM revealed that the extracted exosomes
exhibited the typical double-layer membrane
structure with diameters ranging from approxi-
mately 50-150 nm and maintained intact mor-
phology (Figure 2A). NTA further confirmed
their size distribution, showing a predominant
peak at ~100 nm (Figure 2B), consistent with
the characteristic dimensions of exosomes.
Western blot analysis of exosome-specific
markers CD63, CD81, and TSG101, along with
the endoplasmic reticulum marker Calnexin,
showed strong signals for CD63, CD81, and
TSG101, with only a weak band for Calnexin,
indicating minimal contamination by other cel-
lular components and confirming the success-
ful isolation of exosomes (Figure 2C).

Exosomes promoted M2 polarization of BV2
microglial cells

Immunofluorescence staining results showed
that PKHG67-labeled exosomes (red fluores-
cence) were successfully internalized by BV2
microglial cells (Figure 3A). DAPI (blue) was
used for nuclear staining, and the merged
images clearly showed the red fluorescence
localized within the cytoplasm, confirming exo-
some uptake. Bar graph results further demon-
strated the regulatory effect of exosomes on
microglial polarization. The expression of M1-
related proteins iINOS, CD80, and CD86 was
significantly upregulated in the LPS-treated
group, whereas their expression was markedly
downregulated in the LPS + Exosome-treated
group (Figure 3B), indicating that exosomes
inhibited LPS-induced M1 polarization. Con-
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Figure 1. Il-4 induced M2 polarization in RAW264.7 macrophages. A. Flow cytometry analysis of CD206 and F4/80
expression in RAW264.7 cells after IL-4 treatment. The proportion of CD206 and F4/80 double-positive cells sig-
nificantly increased in the IL-4-treated group compared to the control group. B. ELISA analysis showing elevated
levels of IL-10, Arg-1, and VEGF in the IL-4-treated group. C. Immunofluorescence staining of CD206 demonstrating
increased fluorescence intensity after IL-4 treatment (x 400). D. Immunofluorescence staining of Arg-1 showing en-
hanced fluorescence intensity in the IL-4-treated group (x 400). Note: Cluster of differentiation 206 (CD206), Cluster
of differentiation 80 (F4/80), Interleukin-4 (IL-4), Arginase 1 (Arg-1), Vascular endothelial growth factor (VEGF), En-

zyme-linked immunosorbent assay (ELISA), Fluorescent dye PKH67 (PKHG7), 4’,6-diamidino-2-phenylindole (DAPI).
Data are representative of three independent experiments. *P < 0.05 vs. control.
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Figure 2. Characterization of exosomes derived from M2-polarized RAW264.7 macrophages. A. Transmission elec-
tron microscopy (TEM) image showing the morphology of the isolated exosomes with a typical double-layer mem-
brane structure (x 30000). Scale bar: 50 nm. B. Nanoparticle tracking analysis (NTA) of exosome size distribution,
with the majority of particles around 100 nm in diameter. C. The expression of exosome-specific markers CD63,
CD81, TSG101, and the endoplasmic reticulum marker Calnexin was analyzed by Western blot (n=3). Note: Trans-
mission electron microscopy (TEM), Nanoparticle tracking analysis (NTA), Cluster of differentiation 63 (CD63), Clus-
ter of differentiation 81 (CD81), Tumor susceptibility gene 101 (TSG101), Endoplasmic reticulum marker Calnexin,
Western blot (WB).

versely, the expression levels of M2-related Exosomes enhanced BV2 microglial cell prolif-
proteins CD206 and Arg-1 were significantly eration and survival and modulated M1/M2-
upregulated in the LPS + Exosome group com- related gene expression

pared to the LPS group, suggesting that exo-

somes promoted BV2 microglial cell polariza- Exosome treatment significantly enhanced the
tion toward the M2 phenotype (Figure 3C). proliferation and survival rates of BV2 microgli-
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Figure 3. Exosome uptake by BV2 microglial cells and its effect on M1/M2 polarization. A. Immunofluorescence
staining showing the uptake of PKH67-labeled exosomes (red) by BV2 microglial cells. The nuclei were stained with
DAPI (blue). The merged image confirms the internalization of exosomes into the cells (x 400). B. Bar graph display-
ing the expression levels of M1-related proteins (iNOS, CD80, CD86) in the Control, LPS, and LPS + Exosome groups.
LPS treatment significantly increased M1-associated protein expression, while exosome treatment reduced these
levels. C. Bar graph showing the expression levels of M2-related proteins (CD206, Arg-1). Exosome treatment signifi-
cantly upregulated M2-related protein expression compared to the Control and LPS groups. Note: BV2 (a microglial
cell line), Inducible nitric oxide synthase (iNOS), Cluster of differentiation 80 (CD80), Cluster of differentiation 86
(CD86), Cluster of differentiation 206 (CD206), Arginase 1 (Arg-1), Lipopolysaccharide (LPS), Standard deviation
(SD). Data are presented as mean £ SD. ****P < (0.0001, ***P < 0.001 vs. Control group (n=3).

al cells. CCK-8 assay results indicated that the the survival rate of cells subjected to LPS-
proliferation capacity of cells in the LPS + induced stress (Figure 4B).

Exosome group was significantly higher than

that in the LPS group at 24 hours, 48 hours, gRT-PCR results revealed that the expression
and 72 hours (Figure 4A), approaching or of M2 marker genes Arg-1 and IL-10 was signifi-
exceeding the proliferation levels of the control cantly upregulated, while the expression of M1
group. Colony formation assays further sup- marker genes iINOS and TNF-a was significantly
ported these finding, showing a significantly downregulated in the LPS + Exosome group
greater number of colonies in the LPS + compared to the LPS group (Figure 4C, 4D).
Exosome group compared to the LPS group, These findings suggest that exosomes enhance
indicating that exosomes effectively improved BV2 microglial proliferation and survival while
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Figure 4. Exosomes promoted BV2 microglial cell proliferation and survival, and modulated M1/M2-related gene
expression. A. CCK-8 assay showing the proliferation of BV2 cells at 24 h, 48 h, and 72 h. The LPS + Exosome group
exhibited significantly higher proliferation compared to the LPS group. B. Colony formation assay indicating the num-
ber of BV2 cells in each group. Exosome treatment improved the survival of BV2 cells, as shown by the increased
number of colonies in the LPS + Exosome group compared to the LPS group. C. qRT-PCR analysis of M2-related
genes (Arg-1, I1L-10) showing significant upregulation in the LPS + Exosome group compared to the LPS group. D.
gRT-PCR analysis of M1-related genes (iNOS, TNF-a) showing significant downregulation in the LPS + Exosome
group. Note: Cell counting kit-8 (CCK-8), Quantitative reverse transcription polymerase chain reaction (qRT-PCR),
M1 (classically activated microglia), M2 (alternatively activated microglia), Tumor necrosis factor-alpha (TNF-a),
Interleukin-10 (IL-10). Data are presented as mean * SD. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05

vs. Control or LPS group (n=3).

modulating their polarization state by inhibiting
pro-inflammatory M1 genes and promoting
anti-inflammatory M2 genes.

Exosomes regulated protein expression and
suppressed the TLR4/NF-kB signaling pathway
in BV2 microglial cells

Exosome treatment significantly modulated
protein expression and NF-kB signaling activity
in BV2 microglial cells. Western blot analysis
revealed that the expression levels of TLR4,
p-p65, and p-IkBa were markedly upregulated
in the LPS-treated group, indicating activation
of the TLR4/NF-kB pathway (Figure 5A).
However, in the LPS + Exosome group, the
expression of these proteins was significantly
reduced, suggesting that exosomes inhibited
LPS-induced TLR4/NF-kB pathway activation.
Additionally, the expression of IkBa was signifi-
cantly decreased in the LPS group but was
restored in the LPS + Exosome group, further
demonstrating the inhibitory effect of exo-
somes on inflammatory signaling. ELISA results
showed that LPS treatment significantly
increased the secretion levels of inflammatory
cytokines IL-6, TNF-a, and MCP-1 (Figure 5B),
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whereas exosome treatment markedly reduced
their levels, further demonstrating the inhibito-
ry effects of exosomes on inflammatory
responses.

Exosomes treatment alleviated bone cancer
pain and modulated M1/M2 polarization in
the spinal cord of rats

The PWT test indicated that rats in the BCP
group had a significantly reduced PWT, reflect-
ing increased mechanical pain sensitivity.
However, in the BCP + Exosome group, the PWT
was significantly elevated, demonstrating that
exosomes effectively reduced pain sensitivity
(Figure 6A). WB analysis revealed that the
expression of M1 marker CD86 was significant-
ly upregulated in the spinal cords of BCP rats,
whereas exosome treatment significantly de-
creased CD86 expression, indicating inhibition
of M1 polarization (Figure 6B). Additionally, the
expression of the M2 marker CD206 was lower
in the BCP group compared to the Sham group
but significantly upregulated in the BCP + Exo
group, suggesting that exosomes promoted M2
polarization and regulated the inflammatory
response (Figure 6C).
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Figure 5. Exosomes suppressed TLR4/NF-kB signaling pathway related protein expression in BV2 microglial cells.
A. Western blot analysis of TLR4, p-p65, p65, p-IkBa, and IkBa protein expression in BV2 microglial cells. LPS treat-
ment significantly increased the expression of TLR4, p-p65, and p-IkBa, indicating activation of the TLR4/NF-kB
pathway. Exosome treatment in the LPS + Exosome group reduced the expression of these proteins. B-actin was
used as an internal control. B. ELISA analysis of inflammatory cytokines (IL-6, TNF-a, MCP-1) in the culture super-
natants of BV2 cells. LPS treatment significantly increased the levels of these cytokines, while exosome treatment
reduced their expression. Note: Toll-like receptor 4 (TLR4), Phosphorylated p65 (p-p65), p65 subunit of nuclear
factor kappa-light-chain-enhancer of activated B cells (p65), Phosphorylated inhibitor of kB alpha (p-IkBx), Inhibitor
of kB alpha (IkBa), Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), Enzyme-linked immuno-
sorbent assay (ELISA). Data are presented as mean + SD. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05
vs. Control or LPS group (n=3).

Exosomes regulated M1/M2 polarization and
the TLR4/NF-kB signaling pathway in the spi-
nal cord of rats with bone cancer pain

To verify the coexistence of macrophages and
microglia in the BCP model, F4/80 (macro-
phage marker) and Ibal (microglial marker)
protein expression in the spinal dorsal horn
was analyzed by Western blot (Figure 7A). Both
F4/80 and Ibal levels were significantly
increased in the BNT group compared to the
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Sham group, indicating enhanced macrophage
infiltration and microglial activation. Exosome
treatment significantly reduced F4/80 and Ibal
levels compared to the BNT group (Figure 7B),
suggesting that exosomes attenuated macro-
phage recruitment and microglial reactivity
specifically in the spinal dorsal horn. To verify
the localization of exosomes in the BCP model,
double immunofluorescence staining was per-
formed on spinal cord tissues. PKHG67-labeled
exosomes (green fluorescence) were clearly
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Figure 7. Exosomes modulated F4/80 and lba-1 expression in the spinal cord of rats with bone cancer pain. A. Pro-
tein band of F4/80, Iba-1 in spinal cord sections of Sham, BCP and BCP + Exo groups. B. Quantified result of protein
levels of F4/80 and Iba-1. Note: Macrophage marker F4/80 (F4/80), lonized calcium-binding adaptor molecule 1
(Iba-1), Western blot (WB). Data are presented as mean + SD. ***P < 0.0041,**P < 0.01, vs. Sham or BCP group
(n=3).

detected within microglia and macrophages ization (Figure 8B). In contrast, exosome treat-
in the BCP + Exo group, with prominent signals ment markedly suppressed these M1 markers
in the gray matter region (Figure 8A). WB (Figure 8C). Additionally, M2 markers (CD206,
further revealed M1 markers (iNOS, CD86, Arg-1), which were downregulated in the BCP
CD68) were significantly upregulated in the group, were significantly restored in the BCP +
BCP group, reflecting cancer-induced M1 polar- Exosome group (Figure 8C), demonstrating
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Figure 8. Exosomes regulated M1/M2 polarization and the TLR4/NF-kB signaling pathway in the spinal cord of rats
with bone cancer pain. A. Immunofluorescence staining showing the localization and internalization of red PKHG67-
labeled exosomes (red) in microglia and macrophages in the gray matter region of the spinal cord. Nuclei were
stained with DAPI (blue), and merged images confirm exosome uptake in the BCP + Exo group (x 600). B. Western
blot analysis of M1 polarization markers (iNOS, CD86, CD68) in the Sham, BCP , and BCP + Exo groups. M1 mark-
ers were significantly upregulated in the BCP group, while exosome treatment reduced their expression. C. Western
blot analysis of M2 polarization markers (CD206, Arg-1). M2 markers were downregulated in the BCP group, and
exosome treatment significantly upregulated their expression. D. Western blot analysis of TLR4, p-p65, and p-IkBa.
The TLR4/NF-kB pathway was activated in the BCP group, and exosome treatment inhibited the activation of this
pathway. Note: Inducible nitric oxide synthase (iNOS), Cluster of differentiation 86 (CD86), Cluster of differentiation
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polysaccharide (LPS), Western blot (WB). Data are presented as mean + SD. ****P < 0.0001, ***P < 0.001, **P
< 0.01, *P < 0.05 vs. Sham or BCP group (n=3).

exosome-mediated promotion of M2 polariza-
tion. Regarding the TLR4/NF-kB pathway, spi-
nal dorsal horn tissues from BCP rats exhibited
elevated expression of TLR4, p-p65, and
p-IkBa, indicating pathway activation (Figure
8D). However, these proteins were significantly
downregulated in the BNT + Exo group (Figure
8D), confirming that exosomes inhibited TLR4/
NF-kB signaling in the spinal cord of rats with
BCP (Figure S1).
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Discussion

BCP is among the most prevalent and challeng-
ing chronic pain syndromes in patients with
advanced malignancies, exerting a profound
negative impact on quality of life [18, 19].
Increasing evidence suggests that microglial
activation is central to both the onset and per-
sistence of BCP, with polarization toward M1 or
M2 phenotypes dictating their pro- or anti-
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infammatory functions [20]. M1-polarized
microglia exacerbate nociception by releasing
pro-inflammatory cytokines, including TNF-q,
IL-1B, and IL-6, thereby amplifying neuroinflam-
mation and neuronal injury [21]. In contrast,
M2-polarized microglia counteract this effect
by secreting anti-inflammatory mediators, such
as IL-10 and TGF-B, which suppress inflamma-
tory signaling and promote tissue repair [22,
23].

Exosomes, increasingly recognized as pivotal
mediators of intercellular communication, have
been implicated in modulating immune cell
polarization and influencing inflammatory pro-
cesses within both tumor microenvironments
and other pathological settings [24, 25]. In our
study, macrophage-derived exosomes signifi-
cantly reduced M1 microglial polarization while
enhancing M2 polarization, ultimately attenuat-
ing BCP. This effect was largely attributable to
their ability to modulate the TLR4/NF-«kB signal-
ing pathway, resulting in the downregulation of
pro-inflammatory cytokines and suppression of
excessive inflammatory activity. These obser-
vations add to a growing body of evidence
emphasizing the immunomodulatory potential
of exosomes. For example, Arabpour et al.
[24] summarized that mesenchymal stem
cell-derived exosomes promote M2 macro-
phage polarization, exerting robust anti-inflam-
matory effects in a variety of inflammatory dis-
eases. Similarly, Wang et al. [25] demonstrated
that exosomes released from M2 macrophages
facilitated diabetic fracture healing by modulat-
ing the bone immune milieu. Conversely, Lu et
al. [26] showed that M2 macrophage-derived
exosomes could also enhance hepatocellular
carcinoma metastasis by delivering miR-23a-
3p, underscoring their potential impact-either
beneficial or deleterious-depending on the dis-
ease context.

Our data further suggest that these exosomes
may carry functional miRNAs or proteins capa-
ble of modulating TLR4/NF-kB activation in
microglia. Since this signaling axis is known to
favor M1 polarization and drive pro-inflammato-
ry cytokine release, its suppression offers a
plausible mechanism for the observed analge-
sic effects. This aligns with the findings of
Zhong et al. [27], who reported that curcumin
reduced IL-6, TNF-&, and MCP-1 secretion in
THP-1 cells via inhibition of the TLR4/NF-kB/
miR-33a pathway. Similarly, Li et al. [28], dem-
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onstrated that paeoniflorin relieved neuropath-
ic pain by modulating microglial polarization
through the RhoA/p38 MAPK cascade. Addi-
tional support comes from Wu et al. [29], who
identified the P2X7 receptor as a mediator of
spinal microglial M1 polarization in cancer-
induced bone pain, with receptor inhibition
both promoting M2 polarization and relieving
pain symptoms.

Other mechanistic insights have been report-
ed: Fei et al. [30] demonstrated that p53 lysine
lactylation under hypoxic conditions promotes
pro-inflammatory BV2 activation via NF-kB,
while He et al. [22] showed that miR-155-5p
regulates mechanical hypersensitivity in a rat
BCP model by targeting transcription factor 4 in
spinal neurons. Collectively, these studies rein-
force the concept that exosomes influence
microglial polarization through diverse molecu-
lar routes, thereby shaping the inflammatory
landscape and contributing to pain modulation
in BCP.

The clinical significance of this work lies in dem-
onstrating the promise of macrophage-derived
exosomes as a new class of biological thera-
peutics. Owing to their excellent biocompatibil-
ity and low immunogenicity, exosomes can
cross biological barriers and deliver functional
cargos directly to target cells. Such properties
make them attractive candidates for innovative
strategies in managing BCP, especially for
patients with chronic pain refractory to conven-
tional treatments. For example, Ma et al. [31]
engineered exosomes by fusing M2-type mac-
rophages with bone marrow mesenchymal
stem cells, enabling targeted delivery to bone
resorption sites and modulation of macrophage
polarization-highlighting the feasibility of tailor-
ing exosomes for bone-related pathologies.

Nonetheless, several limitations should be
acknowledged. First, the relatively small sam-
ple size may constrain the statistical robust-
ness of our conclusions. Second, while the in
vitro and in vivo models employed recapitulate
certain aspects of BCP, they cannot fully cap-
ture the complexity of the human condition.
Third, technical challenges in exosome isola-
tion and purification could affect yield consis-
tency and, consequently, therapeutic efficacy.
Future research should focus on identifying the
precise molecular constituents-such as specif-
ic miRNAs or proteins-within exosomes that
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modulate the TLR4/NF-kB axis. Additionally,
larger-scale animal experiments and rigorously
designed clinical trials are needed to confirm
the safety and efficacy of exosome-based ther-
apies. Exploring combinatorial strategies that
integrate exosome therapy with other treat-
ment modalities could further elucidate poten-
tial synergistic effects and provide comparative
therapeutic advantages.

Conclusion

Our findings demonstrate that macrophage-
derived exosomes can effectively attenuate
BCP through modulation of the TLR4/NF-«kB
signaling pathway. This mechanism involves
suppression of M1 microglial polarization,
enhancement of M2 polarization, and conse-
quent reduction in pro-inflammatory cytokine
production. Furthermore, alterations in microg-
lial polarization status and inhibition of TLR4/
NF-kB activation within spinal cord tissue pro-
vide further evidence supporting the analgesic
potential of exosome therapy in BCP.
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Specific role of exosomes in LPS-induced Microglial polarization and its independence from ROS and
p38 MAPK pathway interference

To verify the specific role of exosomes in LPS-induced microglial polarization, we added ROS inhibitor
NAC and p38 MAPK inhibitor SB203580 to the exosome treatment groups and observed their effects
on M1/M2 polarization. The results showed that, regardless of the addition of NAC or SB203580, exo-
somes were able to significantly inhibit LPS-induced M1 polarization and promote M2 polarization, and
this effect was independent of the ROS or p38 MAPK pathways. In the NAC treatment group, the expres-
sion of INOS and CD86 decreased, while M2 markers CD206 and Arg-1 increased, indicating that NAC
inhibited ROS production and alleviated M1 polarization. However, in the LPS + Exosomes + NAC group,
the expression of INOS and CD86 remained at low levels, while M2 markers CD206 and Arg-1 main-
tained higher levels, suggesting that the effect of exosomes was not significantly interfered with by NAC.
Similarly, in the SB203580 treatment group, SB203580 significantly decreased the expression of iINOS
and CD86 and promoted M2 polarization. However, in the LPS + Exosomes + SB203580 group, exo-
somes still effectively inhibited M1 polarization and promoted M2 polarization, with iNOS and CD86
remaining at low levels, while M2 markers CD206 and Arg-1 remained at high levels. These results sug-
gest that the immune regulatory effect of exosomes is independent of ROS or MAPK pathways, further
confirming the specific role of exosomes in LPS-induced polarization (Figure S1).
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