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Abstract
Background  Osteoarthritis (OA) is a prevalent degenerative joint disease and current therapies are insufficient to 
halt its progression. Mesenchymal stem cells-derived extracellular vesicles (MSCs-EVs) offer promising therapeutic 
potential for OA treatment, and their efficacy can be enhanced through strategic engineering approaches.

Methods  Inspired by the immune memory of the adaptive immune system, we developed an engineered strategy 
to impart OA-specific immune memory to MSCs-EVs. Using Luminex technology, inflammatory factors (IFN-γ, IL-6, and 
TNF-α), which mimic the OA inflammatory microenvironment, were identified and used to prime MSCs, generating 
immune memory-bearing MSCs-EVs (iEVs). Proteomic analysis and complementary experiments were conducted to 
evaluate iEVs’ effects on macrophage phenotypic reprogramming.

Results  iEVs, particularly IL-6-EV, exhibited potent immunoregulatory functions along with the ability to modulate 
mitochondrial metabolism. Both in vitro and in vivo, IL-6-EV significantly reprogrammed macrophages towards the M2 
subtype, effectively suppressing articular inflammation and OA progression. Mechanistic studies revealed that IL-6-EV 
facilitated M2 polarization by regulating mitochondrial oxidative phosphorylation via the mt-ND3/NADH-CoQ axis.

Conclusion  This study introduces a strategy to enhance MSCs-EVs’ therapeutic efficacy in OA. Multi-omics analysis 
and biological validation demonstrate its potential, providing new insights for MSCs-EVs’ future application in OA and 
other clinical conditions.
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Introduction
Osteoarthritis (OA) represents a significant global health 
challenge, affecting over 240  million individuals world-
wide [1]. OA is one of the fastest-growing causes of dis-
ability worldwide [2]. Despite the high prevalence and 
disability burden of OA, no effective methods currently 
exist to halt its progression. Therefore, exploring poten-
tial therapeutic strategies based on the pathological 
mechanisms of OA is imperative.

Macrophage-mediated synovitis plays a pivotal role 
in the initiation and progression of OA [3, 4]. Previ-
ous studies conducted by our group have demonstrated 

a significant elevation in the M1/M2 macrophage ratio 
in both the synovium and synovial fluid of OA patients, 
with this ratio being closely associated with the sever-
ity of the disease [5]. Modulating the polarization of M1 
macrophages toward the M2 phenotype has been shown 
to significantly ameliorate OA progression [6].

In recent years, numerous studies have highlighted the 
potential of extracellular vesicles derived from mesen-
chymal stem cells (MSCs-EVs) in promoting M2 mac-
rophage polarization and alleviating OA progression [7, 
8]. However, the ability of MSCs-EVs to regulate macro-
phage polarization is closely linked to the condition of 
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the parent cells. For instance, EVs derived from MSCs of 
young donors exhibit potent immunomodulatory prop-
erties, whereas EVs derived from older donors display 
significantly diminished immunosuppressive capacity [9]. 
Furthermore, the immunomodulatory capacity of mes-
enchymal stem cells is not inherent, but is acquired by 
the stimulation of multiple inflammatory factors in the 
inflammatory microenvironment. In response to differ-
ent inflammatory stimuli, MSCs acquire distinct immu-
nophenotypes and activate different signaling pathways 
that may regulate immune responses differently [10–12].

This may account for the suboptimal immunoregu-
latory effects of MSCs-EVs in certain studies. Conse-
quently, researchers have explored various strategies to 
enhance the therapeutic efficacy of MSCs-EVs in OA. 
For instance, 3D cultivation has been shown to improve 
the efficacy of EVs in OA [13], while hypoxia precon-
ditioning enhances EVs-driven reprogramming of M2 
macrophages [14]. Although these strategies have shown 
some progress, the preconditioning factors often lack 
direct relevance to OA, contributing to the heterogene-
ity observed in EVs treatment outcomes. Moreover, most 
studies have focused on the impact of preconditioning 
strategies on the therapeutic potential of MSCs-EVs, with 
limited evidence regarding how these strategies influ-
ence the composition of EVs. This may represent another 
factor contributing to the heterogeneity in treatment 
outcomes. This heterogeneity inevitably hinders the clini-
cal application of MSCs-EVs, necessitating that future 
research focus on enhancing MSCs-EVs efficacy while 
minimizing this variability.

Under physiological conditions, MSCs exist in a qui-
escent state [15]. However, when their microenviron-
ment is altered, both the content and function of the EVs 
secreted by MSCs undergo corresponding changes [16]. 
This responsiveness of MSCs-EVs to external stimuli par-
allels the adaptive immune system’s defense responses 
to foreign invaders. When the adaptive immune system 
encounters stimuli such as viruses and bacteria, it gener-
ates immune memory through processes such as antigen 
presentation, leading to the secretion of specific anti-
bodies that allow the body to combat these threats more 
rapidly and effectively [17]. Inspired by this phenomenon 
of immune memory, we hypothesized that MSCs might 
exhibit a comparable “immune memory” mechanism. 
Specifically, when MSCs are exposed to external stimuli, 
the changes in the EVs they secrete are not nonspecific 
but represent targeted responses to the stimuli, thereby 
endowing MSCs-EVs with specific “immune memory”. 
For instance, a study by Yuki Nakao et al. demonstrated 
that MSCs-EVs treated with pro-inflammatory factors 
exhibited stronger anti-inflammatory effects [18]. Fur-
thermore, compared to EVs derived from resting MSCs, 
EVs derived from IL-1β-preactivated MSCs can more 

effectively reprogram pro-inflammatory macrophages 
into anti-inflammatory phenotypes [19]. Our previous 
research also demonstrated that MSCs-EVs precondi-
tioned with IFN-γ exhibited stronger anti-inflammatory 
effects in both in vitro and in vivo OA models [20]. How-
ever, the design of the preconditioning strategies in these 
studies was non-specific and not directly related to the 
diseases under study. Based on these findings, we pro-
pose an innovative strategy to optimize the therapeutic 
efficacy and reduce the heterogeneity of MSCs-EVs: pre-
conditioning MSCs with disease-related stimuli to gener-
ate EVs that possess “immune memory” specific to those 
stimuli, thereby enhancing their effectiveness in promot-
ing tissue repair in specific diseases.

On the other hand, although numerous studies have 
reported that MSCs-EVs can regulate the balance of 
macrophage polarization [21, 22], the underlying mech-
anisms remain unclear. Mitochondria are central to cel-
lular metabolism, providing energy, participating in 
biosynthesis, maintaining redox balance, and acting as 
platforms for various immune signaling pathways [23]. A 
study has shown that anti-inflammatory macrophages in 
the later stages of inflammation contain more mitochon-
dria than early-stage pro-inflammatory counterparts 
[24]. Furthermore, in M1 macrophages, mitochon-
drial oxidative phosphorylation (OXPHOS) is impaired, 
accompanied by a decrease in membrane potential and 
reduced ATP production, while ROS levels are elevated, 
all of which hinder the transition to the M2 phenotype 
[25, 26]. These findings suggest that mitochondria play a 
critical role in macrophage phenotypic alterations. Based 
on these findings, we hypothesized that MSCs-EVs may 
influence macrophage polarization by regulating mito-
chondrial metabolism.

To explore the potential and mechanisms of OA-spe-
cific immune memory MSCs-EVs (iEVs) for modulating 
macrophage polarization and treating OA inflammation, 
we first examined the cytokines in the joint fluid of OA 
patients and screened out three highly enriched inflam-
matory factors (IFN-γ, IL-6, and TNF-α), which were 
used to prime MSCs to obtain immune-engineered EVs. 
Proteomic analyses and complementary experiments 
revealed the molecular signature and immunoregulatory 
capabilities of iEVs. Multi-omic approaches were then 
employed to investigate the underlying molecular mech-
anisms of immunoregulation. The results demonstrated 
that iEVs enhance mitochondrial energy metabolism in 
M1 macrophages by regulating the mt-ND3/NADH-
CoQ axis, thereby reprogramming them to the M2 phe-
notype. This, in turn, reduces chondrocyte inflammation 
and inhibits OA progression. In summary, MSCs-EVs 
endowed with OA-specific immune memory show signif-
icant therapeutic potential for OA, offering new insights 
into their application in treating OA and other diseases.
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Materials and methods
MSCs culture and MSCs-EVs isolation from conditioned 
medium
Mouse MSCs(C3H/10T1/2) were purchased from Pri-
cella Biotechnology (Wuhan, China). IFN-γ, IL-6 and 
TNF-α were obtained from MedChemExpress (Shanghai, 
China). MSCs were maintained in the MEM-α medium 
supplemented with 10% fetal bovine serum (FBS) and 1% 
penicillin/streptomycin (P/S) at 37  °C in 5% CO2, with 
medium changes every 2 days. MSCs-EVs were isolated 
as previously described [20]. Briefly, we first screened for 
the three inflammatory factors IFN-γ, IL-6, and TNF-α by 
Luminex assay. MSCs were then cultured in conditioned 
medium containing IFN-γ, IL-6, and TNF-α at concentra-
tions of 0, 20, 50, 100, 200, and 500 ng/mL for 48 h. Sub-
sequently, the cells were incubated in EVs-free medium 
for additional 48  h to allow for EVs secretion. The con-
ditioned medium was then collected and centrifuged at 
1,000 g for 10 min to remove cellular debris; The super-
natant was collected and large particles were removed by 
centrifugation at 10,000 g for 30 min; Finally, the super-
natant was filtered through a 0.22  μm membrane and 
ultracentrifuged at 120,000 g for 2 h to collect MSCs-EVs 
(CON-EV, IFN-γ-EV, IL-6-EV, and TNF-α-EV). The pro-
tein content of MSCs-EVs (1 × 10^8 particles) was quan-
tified by BCA Protein Assay Kit (Beyotime, Shanghai, 
China). Furthermore, the protein expressions of CD9, 
CD63, CD81, and COX IV in MSCs-EVs were assessed 
by Western Blot.

Transmission electron microscopy (TEM) analysis of MSCs-
EVs
For TEM analysis, a 10 µL aliquot of the vesicle suspen-
sion was placed onto a carbon-coated copper grid and 
allowed to adsorb for 5  min. Excess liquid was wicked 
away with filter paper. The grid was then negatively 
stained with 2% uranyl acetate for 1 min to enhance con-
trast. After drying, the grid was examined under a trans-
mission electron microscope (JEOL JEM-2000FX) at an 
accelerating voltage of 80  kV. Images were captured to 
document the morphology and size of the extracellular 
vesicles.

Nanoparticle tracking analysis (NTA) of MSCs-EVs
We measured the exosome particle size and concen-
tration using nanoparticle tracking analysis (NTA) at 
VivaCell Biosciences with ZetaView PMX 110 (Par-
ticle Metrix, Meerbusch, Germany) and corresponding 
software ZetaView 8.04.02. The isolated extracellular 
vesicle samples were appropriately diluted using phos-
phate-buffered saline (PBS) to measure the particle size 
and concentration. NTA measurements were recorded 
and analyzed at 11 positions. The ZetaView system was 

calibrated using 110 nm polystyrene particles. Tempera-
ture was maintained around 23 °C to 30 °C.

MSCs-EVs proteomic sequencing and data analysis
We used Tandem Mass Tag (TMT) labeling quantitative 
proteomics technology to analyze the MSCs-EVs samples 
(CON-EV, IFN-γ-EV, IL-6-EV, and TNF-α-EV), explor-
ing the protein composition, expression differences, and 
corresponding biological functions. We revealed protein 
types and analyzed differentially expressed proteins in 
MSCs-EVs using Principal Component Analysis (PCA) 
and Subcellular localization. Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes pathway 
(KEGG) enrichment analyses were performed using a 
p-value < 0.05 as the exclusion criterion.

Uptake of MSCs-EVs by RAW264.7
MSCs-EVs were labeled with the red fluorescent dye 
DiI (Beyotime, China). The labeled MSCs-EVs were co-
cultured with RAW264.7 macrophages for 24 h at 37 °C 
in 5% CO2. After the co-culture, the cells were fixed with 
4% paraformaldehyde. Nuclei were stained with DAPI 
(Beyotime, China). Finally, the uptake of MSCs-EVs was 
visualized and captured with a fluorescence microscope 
(Olympus, Japan).

Identification of macrophage polarization
RAW264.7 macrophages were purchased from Pricella 
Biotechnology (Wuhan, China) and cultured in DMEM 
medium. Lipopolysaccharide (LPS) was purchased from 
MedChemExpress(Shanghai, China) and utilized to 
induce macrophages polarization towards M1 phenotype 
(200ng/mL for 12 h). Afterward, the culture medium was 
replaced with fresh DMEM medium containing CON-EV 
or IL-6-EV (3 × 10^8 particles/mL). After 48 h of culture, 
the cells were collected and subjected to immunofluores-
cence and qPCR analysis to assess the expression levels 
of CD86, CD206, ARG-1, iNOS, IL-6, TNF-α, IL-1β, and 
IL-10. The primer sequences are provided in Table S1 
(Supplementary Material).

Detection of mitochondrial morphology and function in 
macrophages
Macrophages from various groups were collected and 
subjected to fixation, embedding, and sectioning, fol-
lowed by observation of mitochondrial morphology 
using transmission electron microscopy. Mitochondrial 
membrane potential was assessed using the JC-1 assay kit 
(Beyotime, China), while ATP production was quantified 
using an enhanced ATP detection kit (Beyotime, China). 
ROS levels were evaluated using the DCFH-DA probe 
(Beyotime, China).
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The interaction between macrophages and chondrocytes
Following the previously described method [27], primary 
chondrocytes were isolated from the knee joint cartilage 
of C57BL/6 mice. After the induction of inflammation in 
chondrocytes with IL-1β (20ng/mL, 24 h) in vitro, mac-
rophages from different groups were co-cultured with the 
chondrocytes using the transwell system. Immunofluo-
rescence and Western blot analyses were subsequently 
conducted to examine the expression of type II collagen 
(COL II), ADAMTS5, Cleaved-caspase3 (C-caspase3), 
and MMP13 in the chondrocytes.

RNA sequencing of macrophages and complementary 
experiments
RAW264.7 macrophages were cultured in DMEM 
medium. LPS was used to induce macrophages polariza-
tion towards M1 phenotype (200ng/mL for 12  h). The 
culture medium was then replaced with fresh DMEM 
medium containing IL-6-EV (3 × 10^8 particles/mL) or 
IL-4 (20ng/mL). After 48  h of culture, total RNA from 
macrophages (LPS, IL-6-EV, IL-4) was isolated and puri-
fied using TRIzol (Beyotime, China). Sequencing was 
performed using the Illumina NovaSeqTM 6000 (LC Bio 
Technology, Hangzhou, China) with standard operating 
procedures for paired-end sequencing, with a sequenc-
ing mode of PE150. The sequencing data were filtered 
to yield high-quality sequencing data (Clean Data) 
which underwent an analysis using R programming lan-
guage. Differentially expressed genes (DEGs), with a 
p-value < 0.05 and fold change > 2, were identified. The 
identified DEGs were subjected to enrichment analyses 
for functional annotations in GO and signal pathways in 
KEGG. The gene expressions of mt-ND1, mt-ND2 and 
mt-ND3 were detected by qPCR. The protein expression 
of mt-ND3 was assessed using both immunofluorescence 
and Western blot analyses. The primer sequences of 
mt-ND1, mt-ND2 and mt-ND3 are provided in Table S1 
(Supplementary Material).

Detection of oxidative phosphorylation and complex I 
activity
Western blot analysis was used to detect the protein 
expression levels of electron transport chain (ETC) 
Complexes I-V (NDUFB8, SDHB, UQCRC2, MTCO2, 
and ATP5A), reflecting the oxidative phosphorylation 
(OXPHOS) status in macrophages. The activity of Com-
plex I was evaluated using the NADH-CoQ reductase 
activity assay kit (Elabscience, China).

Small interfering RNA (siRNA) transfection
The mt-ND3 siRNA (ND3-si) and negative control siRNA 
(NC-si) were purchased from Sangon Biotech (Shanghai, 
China). siRNA transfection was performed using Lipo-
fectamine RNAiMAX (Invitrogen, USA) according to the 

manufacturer’s instructions. After 48  h of siRNA treat-
ment, cells were collected and subjected to qPCR, West-
ern blot, and immunofluorescence analyses to assess the 
expression levels of mt-ND3, CD86, CD206 and electron 
transfer chain Complexes I-V. Additionally, ATP pro-
duction and activity of Complex I were measured. The 
sequences of mt-ND3-siRNA are listed in Table S2.

Western blot
Protein samples were prepared from cell lysates by lys-
ing cells in RIPA buffer with protease and phospha-
tase inhibitors. Protein concentration was determined 
using the BCA Protein Assay Kit (Beyotime, China). 
Equal amounts of protein (40  µg) were loaded onto a 
10% SDS-PAGE gel and separated by electrophoresis at 
a constant voltage of 120  V for approximately 1  h until 
the bromophenol blue dye front reached the bottom of 
the gel. The separated proteins were then transferred to 
a PVDF membrane. The membrane was blocked with 5% 
non-fat milk for 1 h at room temperature to prevent non-
specific binding. The membrane was incubated overnight 
at 4  °C with primary antibodies specific to the target 
proteins (COL II, ADAMTS5, C-caspase3, GAPDH, 
mt-ND3, NDUFB8, SDHB, UQCRC2, MTCO2, ATP5A, 
and β-ACTIN, diluted 1:1000). After washing the mem-
brane three times with Tris-buffered saline containing 
Tween-20 (TBST) for 5 min each, it was incubated with 
horseradish peroxidase (HRP)-conjugated secondary 
antibodies (diluted 1:5000) for 1 h at room temperature. 
The membrane was washed three more times with TBST. 
Protein bands were detected using an enhanced chemilu-
minescence (ECL) substrate (Beyotime, China) and visu-
alized using a chemiluminescent imaging system.

Quantitative real-time PCR (qPCR)
Total RNA was extracted from RAW264.7 macrophages 
in different treatment groups using an RNA extraction kit 
(Accurate Biology, China) and reverse transcribed into 
cDNA. qPCR conditions were as follows: 95 °C for 5 min, 
followed by 40 cycles of 95 °C for 10 s and 60 °C for 30 s. 
The CFX96 Real-Time PCR System (Bio-Rad, USA) was 
used for the qPCR reaction. Cycle threshold (Ct) values 
were obtained and normalized to GAPDH levels. Primer 
sequences are provided in Table S1.

Immunofluorescence
In brief, the cells underwent the following steps: fixa-
tion with 4% paraformaldehyde for 15  min, followed by 
treatment with 0.1% Triton X-100 at room temperature 
for 10  min. The 5% goat serum was used to block the 
cells that were kept in a wet box at 37 °C for 1 h. These 
were then incubated with primary antibodies overnight 
at 4 °C in a wet box. After 12 h, the cells were incubated 
with Alexa Fluor®488- or Alexa Fluor®594-conjugated 
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secondary antibodies (1:500) at room temperature for 
1 h in the dark. Finally, the cell nuclei were stained using 
DAPI. After each step, the cells were washed with phos-
phate buffered saline (PBS). After staining, the cells were 
observed and recorded using a fluorescence microscope 
(Olympus, Japan).

Animal model of osteoarthritis
The animal study was approved by the Ethics Commit-
tee of Chongqing Medical University (Approval Num-
ber: IACUC-CQMU-2024-0381). Twenty SD rats were 
randomly divided into four groups, with 5 rats in each 
group. Group 1 was the Sham group, which underwent 
arthrotomy without the surgical manipulation of the 
anterior cruciate ligament and medial meniscus. Group 
2 was the PBS group, which underwent anterior cruci-
ate ligament transection (ACLT) and destabilization of 
the medial meniscus (DMM), followed by intra-articular 
injection of PBS solution. The CON-EV group underwent 
ACLT and DMM procedures, followed by treatment 
with CON-EV. The IL-6-EV group underwent ACLT and 
DMM procedures, followed by treatment with IL-6-EV. 
MSCs-EVs (1 × 10^10 particles/mL, 30µL) were injected 
starting at the fourth week post-surgery, once per week. 
At the eighth week post-surgery, the rats were euthanized 
(pentobarbital, 150  mg/kg, intraperitoneal injection), 
and knee joint specimens were collected for radiological 
examination.

After fixation with 4% paraformaldehyde, decalcifica-
tion, and paraffin embedding, the knee joints underwent 
histological analysis, including staining with hematoxy-
lin and eosin (HE) and Safranin O-fast green on sagittal 
sections for further evaluation. The severity of OA car-
tilage damage and synovitis was independently evalu-
ated by three assessors using a modified Mankin scoring 
system [28] and a synovitis scoring system [29], respec-
tively. Immunohistofluorescence assays were performed 
to evaluate the expression of MMP13 and Aggrecan in 
the OA cartilage matrix. Additionally, the expression of 
IL-6, CD206, iNOS, and mt-ND3 in OA synovium was 
observed using immunohistofluorescence and immuno-
histochemical techniques.

Immunohistofluorescence
Tissue sections were initially subjected to antigen 
retrieval by incubation in citrate antigen retrieval solu-
tion (0.01  M, pH 6.0). Subsequent staining procedures 
followed those used in immunofluorescence. Finally, 
images were captured using a fluorescence microscope.

Immunohistochemistry
Prior to staining, antigen retrieval was performed by 
incubating the sections in citrate buffer (pH 6.0) in a 
pressure cooker for 10  min to expose epitopes. The 

sections were then cooled at room temperature for 
20 min. Endogenous peroxidase activity was blocked by 
incubating sections in 3% hydrogen peroxide for 10 min. 
After washing with PBS, sections were treated with a 
protein blocking solution for 60  min to prevent non-
specific binding. The IL-6 primary antibody (1:200) was 
applied to the sections and incubated overnight at 4  °C. 
After incubation, the sections were washed with PBS 
and incubated with a secondary antibody conjugated to 
horseradish peroxidase for 1 h at room temperature. The 
sections were then reacted with diaminobenzidine (DAB) 
and counterstained with hematoxylin. Finally, the stained 
sections were examined under a light microscope, and 
images were captured for further analysis.

Statistical analysis
The analysis of the data was done using SPSS 22 and 
GraphPad Prism 8 software. One-way analysis of vari-
ance (ANOVA) was used for data analysis, followed by 
Tukey’s test for group comparisons. The results are pre-
sented as mean ± S.D. p-values < 0.05 for were considered 
statistically significant for differences between groups.

Results
Extraction and identification of MSCs-EVs
Figure  1A presents a schematic representation of the 
process used to isolate MSCs-EVs. The Luminex assay 
demonstrated significant upregulation of IFN-γ, IL-6, and 
TNF-α in the synovial fluid of OA patients (Figure S1). To 
determine the optimal concentrations of IFN-γ, IL-6, and 
TNF-α, these inflammatory factors were added to com-
plete culture media at concentrations of 0, 20, 50, 100, 
200, and 500 ng/mL, followed by assessment of the total 
protein and COX IV content in the extracted EVs. Quan-
titative analysis (Fig. 1B-D) revealed a significant increase 
in total protein content (1 × 10^8 particles) in the IFN-γ 
(100 ng/mL), IL-6 (50 ng/mL), and TNF-α (50 ng/mL) 
groups, compared to the control group. Additionally, the 
levels of COX IV in MSCs-EVs were assessed as an indi-
cator of mitochondrial content. As shown in Figure S2A-
C, the protein levels of COX IV in the IFN-γ (100 ng/
mL), IL-6 (50 ng/mL), and TNF-α (50 ng/mL) treatment 
groups were significantly higher than in those treated 
with other concentrations. Therefore, IFN-γ (100 ng/mL), 
IL-6 (50 ng/mL), and TNF-α (50 ng/mL) were selected as 
the optimal concentrations for subsequent experiments. 
Transmission electron microscopy (TEM) images showed 
that EVs from all groups exhibited a bilayer, cup-shaped, 
or oval structure (Fig. 1E), with sizes ranging from 100 to 
150 nm. Western blot confirmed the expression of small 
extracellular vesicle-specific markers, including CD9, 
CD63, and CD81 (Fig. 1F). Nanoparticle tracking analy-
sis (NTA) showed the peak particle sizes for each group 
(Fig. 1G). The effects of different inflammatory factors on 
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Fig. 1  Characterization of MSCs-EVs with or without preconditioning. (A) Schematic of CON-EV, IFN-γ-EV, IL-6-EV and TNF-α-EV extraction. (B-D) MSCs-
EVs protein content under different concentrations of inflammatory factors (IFN-γ, IL-6, and TNF-α-EV) pretreatment. (E) Morphological characteristics of 
CON-EV, IFN-γ-EV, IL-6-EV and TNF-α-EV under transmission electron microscopy. (F) EV-specific protein markers CD9, CD63, and CD81 investigated by 
Western blot. (G) Particle size of various MSCs-EVs. (H) The protein content of MSCs-EVs under different inflammatory factors stimulation. (I) Labeling of 
phagocytosed MSCs-EVs by DiI. All data are shown as means ± standard deviations (n = 3), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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the total protein and COX IV content of EVs were also 
compared. As shown in Fig. 1H and Figure S2D, all three 
inflammatory factors increased the total protein and 
COX IV content of EVs, with the IL-6 treatment group 
showing the most significant effect. Additionally, fluo-
rescence microscopy demonstrated that DiI-labeled EVs 
from all groups were engulfed by macrophages, primar-
ily localizing in the cytoplasm (Fig. 1I). These results sug-
gest that preconditioning with these three inflammatory 
factors increase the total protein and COX IV content of 
EVs; however, iEVs (IFN-γ-EV, IL-6-EV, TNF-α-EV) do 
not show significant differences from CON-EV in terms 
of morphology, size, or internalization.

Analysis of the protein expression profile in iEVs
To explore the compositional and functional changes in 
MSCs-EVs following stimulation with IFN-γ, IL-6, and 
TNF-α, we conducted proteomic analysis of the EVs. 
Principal component analysis (PCA) showed significant 
compositional differences between IFN-γ-EV, IL-6-EV, 
TNF-α-EV, and CON-EV (Fig. 2A). Subcellular localiza-
tion analysis identified the top five proteins identified in 
the EVs, which included cytoplasmic proteins, nuclear 
proteins, extracellular proteins, plasma membrane pro-
teins, and mitochondrial proteins (Fig. 2B). Gene Ontol-
ogy (GO) analysis of IFN-γ-EV demonstrated significant 
enrichment in biological processes such as ATP binding, 
mitochondrion, granulocyte chemotaxis and regulation 
of interleukin-18 production (Fig.  2C). Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway analysis 
of IFN-γ-EV revealed enrichment in mitochondrial car-
bohydrate metabolism and immune-related pathways, 
including the citrate cycle (TCA cycle), pyruvate metabo-
lism, antigen processing and presentation and AMPK 
signaling pathways (Fig.  2F). GO analysis of IL-6-EV 
indicated significant enrichment in antioxidant activity, 
inflammatory response, mitochondrion, and ATP binding 
(Fig. 2D). KEGG enrichment analysis of IL-6-EV showed 
involvement in mitochondrial nutrient metabolism and 
energy metabolism pathways, including pyruvate metab-
olism, glutathione metabolism, glycolysis/gluconeogen-
esis and oxidative phosphorylation (Fig. 2G). TNF-α-EV 
exhibited GO enrichment in NF-kappaB binding, Notch 
signaling pathway, and regulation of interleukin-8 pro-
duction, indicating immune-related biological processes 
(Fig. 2E). KEGG analysis of TNF-α-EV highlighted path-
ways related to cell proliferation and communication, 
including DNA replication, ECM-receptor interaction, 
cell cycle, and PI3K-Akt signaling pathway (Fig.  2H). 
These results suggest that IFN-γ-EV, IL-6-EV, and TNF-
α-EV have the potential to regulate cellular immune pro-
cesses and mitochondrial metabolism. To further validate 
the proteomic analysis of iEVs, we treated macrophages 
with each EV group and assessed M1 and M2 markers 

using immunofluorescence and qPCR. As shown in 
Fig. 2I-L, IFN-γ-EV, IL-6-EV, and TNF-α-EV significantly 
reduced the expression of iNOS in macrophages, while 
all three iEVs types markedly increased the expression of 
the M2 marker ARG-1. Notably, qPCR results indicated 
that, compared with other EVs, IL-6-EV significantly 
suppressed the expression of iNOS (Figure S3A) and 
enhanced the expression of ARG-1 (Figure S3B).

IL-6-EV promotes M2 macrophage polarization and 
mitochondrial function
To further validate the ability of IL-6-EV to regulate 
macrophage phenotype reprogramming, we assessed 
pro-inflammatory and anti-inflammatory macrophage 
markers using immunofluorescence and qPCR. As shown 
in Fig.  3A and B, lipopolysaccharide (LPS) significantly 
increased CD86 expression, while CON-EV and IL-6-EV 
downregulated CD86 expression, with IL-6-EV show-
ing a stronger effect. Additionally, IL-6-EV significantly 
increased the expression of the M2 macrophage marker 
CD206 (Fig. 3A and C). qPCR results indicated that IL-
6-EV significantly upregulated the gene expression of 
CD206 and ARG-1, while notably downregulating CD86 
and iNOS expression (Fig. 3D). M1 and M2 macrophages 
play distinct roles in OA by secreting different cytokines. 
As shown in Fig.  3E, IL-6-EV significantly inhibited the 
gene expression of pro-inflammatory cytokines TNF-α, 
IL-6, and IL-1β, while promoting the gene expression of 
the anti-inflammatory cytokine IL-10.

Additionally, proteomic sequencing analysis of IL-6-EV 
revealed high enrichment of mitochondrial proteins and 
related pathways (Fig. 2), and there is a strong relation-
ship between mitochondrial function and macrophage 
phenotype reprogramming [30]. Therefore, we fur-
ther investigated the effects of IL-6-EV on macrophage 
mitochondria. Mitochondrial structure is fundamen-
tal to their function. As shown in Fig. 4A, TEM images 
revealed that the mitochondria in the CON group were 
elongated or oval-shaped with neatly arranged cristae. 
In the LPS group, the mitochondria became rounded 
and swollen, with disrupted cristae. In the CON-EV 
group, the number of swollen, rounded mitochondria 
decreased, and their cristae were better organized com-
pared to those in the LPS group. Mitochondria in the 
IL-6-EV group exhibited structures and cristae similar 
to those in the CON group. JC-1 assay results indicated 
that LPS reduced mitochondrial membrane poten-
tial, whereas IL-6-EV significantly prevented this LPS-
induced decrease (Fig.  4C and D). Additionally, ROS 
measurements revealed that both CON-EV and IL-6-EV 
significantly inhibited mitochondrial ROS production 
(Fig.  4E and F). Similarly, IL-6-EV also showed a sig-
nificant improvement in mitochondrial ATP production 
(Fig.  4B). Taken together, LPS disrupted mitochondrial 
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Fig. 2  Proteomic sequencing analysis of CON-EV, IFN-γ-EV, IL-6-EV and TNF-α-EV. (A) Principal component analysis of different EVs. (B) Subcellular local-
ization of proteins contained in EVs. (C-E) GO enrichment analysis of differentially expressed proteins in various EVs. (F-H) KEGG enrichment analysis of 
differentially expressed proteins in various EVs. (I, J) Immunofluorescence staining of iNOS in RAW264.7 macrophages and statistical analysis. (K, L) Immu-
nofluorescence staining of ARG-1 in RAW264.7 macrophages and statistical analysis. All data are shown as means ± standard deviations (n = 3), *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001
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morphology, reduced membrane potential, decreased 
ATP production, and increased ROS generation in mac-
rophages, whereas IL-6-EV demonstrated a strong capac-
ity to positively regulate mitochondrial structure and 
function. The present findings are consistent with the 
proteomic sequencing of IL-6-EV shown in Fig. 2, high-
lighting the substantial potential of IL-6-EV in promoting 
macrophage polarization to M2 phenotype and improv-
ing mitochondrial function.

Macrophages reprogrammed by IL-6-EV improve 
chondrocytes homeostasis
We first simulated the OA-environment in vitro to assess 
the impact of IL-6-EV-reprogrammed macrophages on 
chondrocyte homeostasis using the transwell co-culture 
system (Fig. 5A). Primary mouse chondrocytes were iso-
lated, and the characterization results confirmed their 
typical chondrocyte features (Fig. 5B). Western blot anal-
ysis revealed that IL-1β treatment significantly reduced 

Fig. 3  Effects of CON-EV and IL-6-EV on macrophage phenotype polarization. (A) Immunofluorescence detection of M1 macrophage marker (CD86) 
and M2 macrophage marker (CD206) expression. (B) Statistical analysis of fluorescence intensity of CD86 and CD206. (D) Gene expression of M1 and 
M2 macrophages markers (CD206, ARG-1, CD86, and iNOS) was determined using qPCR. (E) Gene expression of pro-inflammatory and anti-inflamma-
tory cytokines in macrophages was determined using qPCR. All data are shown as means ± standard deviations (n = 3), *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001
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the expression of COL II, while promoting the expression 
of ADAMTS5 and C-caspase3 compared to the control 
group (Fig. 5C). In contrast, treatment with IL-1β + CON-
EV-M2 and IL-1β + IL-6-EV-M2 significantly increased 
the expression of COL II in chondrocytes, with levels 
rising by 1.73-fold and 2.96-fold, respectively, compared 
to the IL-1β group (Fig.  5D). Additionally, the levels of 
ADAMTS5 in the IL-1β + CON-EV-M2 and IL-1β + IL-
6-EV-M2 groups were 58% and 21% of those observed in 
the IL-1β group, respectively (Fig. 5E). The protein levels 
of C-caspase3 in the IL-1β + CON-EV-M2 and IL-1β + IL-
6-EV-M2 groups was also reduced to 68% and 37% of 
the IL-1β group, respectively (Fig.  5F). Furthermore, 
immunofluorescence results (Fig.  5G-J) demonstrated 
that MMP13 expression was significantly reduced in the 
IL-1β + IL-6-EV-M2 group, while COL II expression was 
increased, consistent with the Western blot findings. 
These results suggest that IL-6-EV-reprogrammed M2 

macrophages significantly restore homeostatic balance in 
inflammatory chondrocytes.

Analysis of macrophage RNA sequencing
To investigate the mechanisms by which IL-6-EV regu-
lates macrophage polarization, we conducted RNA 
sequencing of macrophages. PCA revealed significant 
differences among macrophages treated with IL-6-EV, 
LPS, and IL-4. (Figs. 6 A and S4). The volcano plot of dif-
ferentially expressed genes showed that 550 genes were 
significantly downregulated and 1,094 genes were signifi-
cantly upregulated in the IL-6-EV group (Fig.  6B). Pre-
vious proteomic analysis of IL-6-EV showed that these 
vesicles contain proteins involved in regulating mito-
chondrial metabolic pathways. Furthermore, our bio-
logical experiments confirmed that IL-6-EV promotes 
M2 macrophage polarization and enhances mitochon-
drial structure and function. Based on our findings and 

Fig. 4  Effects of CON-EV and IL-6-EV on the morphology and function of mitochondria in macrophages. (A) The morphology of mitochondria observed 
by transmission electron microscopy. (B) ATP production of mitochondria under different treatments. (C) JC-1 staining of mitochondria and (D) statisti-
cal analysis of mitochondrial membrane potential. (E) ROS levels detected by DCFH-DA probe. (F) Statistical analysis of ROS levels. All data are shown as 
means ± standard deviations (n = 3), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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reports from other studies [30], we hypothesized that 
IL-6-EV promotes M2 polarization by modulating mito-
chondrial oxidative phosphorylation (OXPHOS). There-
fore, we present the expression of OXPHOS proteins 

enriched in IL-6-EV proteome sequencing via a cluster 
heatmap (Fig.  6C). We then generated a Venn diagram 
to intersect the differentially expressed genes from RNA 
sequencing with oxidative phosphorylation gene sets 

Fig. 5  Crosstalk of reprogrammed macrophages on chondrocytes. (A) Schematic illustration of the co-culture model featuring macrophages and chon-
drocytes. (B) Identification of primary chondrocytes. (C) COL II, ADAMTS5, and C-caspase3 among various groups investigated by Western blot. (D-F) 
Statistical analysis of COL II, ADAMTS5, and C-caspase3. (G, H) COL II and MMP13 among various groups investigated by Immunofluorescence staining 
and (I, J) statistical analysis of them. All data are shown as means ± standard deviations (n = 3), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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from various databases (IL-6-EV vs. LPS, IL-6-EV vs. 
IL-4, IL-4 vs. LPS, KEGG, GO, and GSEA), identifying 
three genes: mt-ND1, mt-ND2, and mt-ND3 (Fig. 6D). As 
shown in Fig. 6E, clustering of highly expressed differen-
tially expressed genes (FPKM > 1) revealed that mt-ND3 
ranked 19th, mt-ND1 ranked 36th, and mt-ND2 ranked 
56th among the 582 upregulated genes. Protein-protein 
interaction (PPI) network analysis predicted interactions 
between the eight oxidative phosphorylation proteins 
enriched in IL-6-EV (Fig. 6C) and the mt-ND1, mt-ND2, 
and mt-ND3 genes (Fig.  6F). These results suggest 
that IL-6-EV may regulate the expression of mt-ND1, 
mt-ND2, and mt-ND3 in macrophages, influencing the 
function of the mitochondrial electron transport chain 
(ETC, the site of OXPHOS), and ultimately controlling 
macrophage phenotype polarization.

IL-6-EV promotes the expression of mt-ND3 and ETC 
complexes in macrophages
To validate the results from macrophage the RNA 
sequencing analysis, we used qPCR to examine the 
expression of mt-ND1, mt-ND2, and mt-ND3 in macro-
phages. As shown in Fig.  7A-C, LPS treatment did not 
significantly affect the expression of mt-ND1 or mt-ND2 
but significantly suppressed mt-ND3 expression. In con-
trast, IL-6-EV treatment significantly increased mt-ND3 
expression compared to the LPS group, whereas CON-
EV treatment had no significant effect on mt-ND3 
expression. Therefore, we identified mt-ND3 as the key 
target for further exploration. Immunofluorescence and 
Western blot results (Fig. 7D-G) showed that LPS mark-
edly inhibited mt-ND3 protein expression, whereas IL-
6-EV significantly reversed this effect, consistent with the 
qPCR findings. mt-ND3 is a critical subunit of Complex I, 
closely related to its activity. We measured NADH-CoQ 
reductase activity as a proxy for Complex I activity. As 
shown in Fig. 7N, LPS significantly suppressed Complex I 

Fig. 6  Crosstalk of reprogrammed macrophages on chondrocytes. (A) Schematic illustration of the co-culture model featuring macrophages and chon-
drocytes. (B) Identification of primary chondrocytes. (C) COL II, ADAMTS5, and C-caspase3 among various groups investigated by Western blot. (D-F) 
Statistical analysis of COL II, ADAMTS5, and C-caspase3. (G, H) COL II and MMP13 among various groups investigated by Immunofluorescence staining 
and (I, J) statistical analysis of them. All data are shown as means ± standard deviations (n = 3), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

 



Page 14 of 24Zhan et al. Journal of Nanobiotechnology          (2025) 23:140 

Fig. 7  Effects of CON-EV and IL-6-EV on mt-ND3 and OXPHOS in macrophages. (A-C) The expression of mt-ND1, mt-ND2, and mt-ND3 in macrophages 
investigated by qPCR. (D) The expression of mt-ND3 among different groups detected by immunofluorescence and (E) statistical analysis. (F) The expres-
sion of mt-ND3 among different groups detected by Western blot and (G) statistical analysis. (H) The expression of ETC Complexes I-V investigated by 
Western blot. (I-N) Statistical analysis of ETC Complexes I-V. All data are shown as means ± standard deviations (n = 3), *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001
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activity, whereas IL-6-EV treatment significantly attenu-
ated this LPS-induced decrease. Complex I is the start-
ing point of the ETC and the largest complex in the 
respiratory chain. After observing the effect of IL-6-EV 
on mt-ND3 expression and Complex I activity, we fur-
ther examined its impact on the expression of ETC com-
plexes (OXPHOS) in macrophages. Western blot results 
demonstrated that LPS inhibited the expression of ETC 
Complexes I-V, suggesting that LPS-induced M1 mac-
rophage polarization also suppressed OXPHOS activity 
(Fig.  7H). While CON-EV treatment partially mitigated 
the LPS-induced reduction in Complexes I, II, IV, and V 
(Fig. 7I, J, L, M), it had no significant effect on Complex 
III. In contrast, IL-6-EV treatment significantly restored 
the expression of Complex III, as well as Complexes I, 
II, IV, and V (Fig. 7K, I, J, L, M). These findings suggest 
that in LPS-induced M1 macrophages, the expression of 
mt-ND3 and the activity of Complex I are suppressed, 
along with a downregulation of ETC Complexes I-V 
expression. Notably, IL-6-EV demonstrates a remarkable 
capacity to alleviate these alterations.

The mt-ND3/NADH-CoQ Axis as a key target for IL-6-EV to 
promote M2 macrophage polarization
To further elucidate the role of mt-ND3 in IL-6-EV-
mediated M2 macrophage polarization, we used 
mt-ND3-siRNA (ND3-si) to knock down its expression 
in macrophages and observed the effects of IL-6-EV 
treatment. The results of qPCR (Fig.  8A) showed that 
ND3-si significantly inhibited the gene expression of 
mt-ND3, reducing it to 29% of the CON group(P < 0.05). 
Similarly, Western blot and qPCR results confirmed that 
ND3-si significantly decreased mt-ND3 protein lev-
els (Fig.  8B, C). After silencing mt-ND3 expression, we 
examined mitochondrial Complex I activity and found 
that IL-6-EV’s ability to enhance Complex I activity was 
significantly inhibited (Fig. 8M). Furthermore, as shown 
in Fig.  8D and E, after mt-ND3 knockdown, IL-6-EV 
could no longer increase the expression of NDUFB8, 
a subunit of Complex I (p > 0.05 compared to the LPS 
group). Interestingly, ND3-si increased the expres-
sion of SDHB, a subunit of Complex II (Fig. 8D, F). Fig-
ure  8G-I show that ND3-si had no significant effect on 
the subunits of Complexes III, IV, and V compared to the 
IL-6-EV group. We then measured changes in ATP pro-
duction in macrophages. As shown in Fig. 8N, after ND3-
si was introduced, IL-6-EV could no longer counteract 
the LPS-induced decrease in ATP levels. Additionally, 
immunofluorescence analysis of macrophages (Fig.  8J-
L) demonstrated that IL-6-EV significantly altered the 
expression of CD86 and CD206, but after the addition of 
ND3-si, the expression levels of these markers returned 
to baseline LPS group levels. These results suggest that 
IL-6-EV enhances Complex I activity by activating the 

expression of mt-ND3, improving oxidative phosphory-
lation and ATP production, and ultimately promoting 
macrophage polarization to the M2 phenotype.

IL-6-EV promotes OA cartilage repair
To evaluate whether IL-6-EV promote the repair and 
regeneration of cartilage in OA, we established a rat 
model of OA using ACLT and DMM. Four weeks post-
surgery, the rats received intra-articular injections of 
PBS, CON-EV, or IL-6-EV (Fig. 9A). X-rays imaging was 
used to observe the knee joints of rats eight weeks after 
model induction. The results showed that, compared 
to the Sham surgery group, the joint space width in the 
PBS group was significantly narrowed (P < 0.05), indicat-
ing substantial cartilage damage. The joint space width 
in the CON-EV group was also significantly narrowed 
(P < 0.05), but showed some improvement compared to 
the PBS group (P < 0.05). IL-6-EV treatment resulted in a 
significant improvement in cartilage damage, with joint 
space width noticeably wider than that in both the PBS 
and CON-EV groups (P < 0.05), and no significant differ-
ence compared to the Sham group (Fig. 9B-D).

In addition to radiographic assessments, we conducted 
histological analyses using hematoxylin and eosin (HE) 
and Safranin O-fast green staining to evaluate carti-
lage changes. The results showed that the Sham group 
exhibited smooth, intact articular cartilage with evenly 
distributed cells and prominent staining of the cartilage 
extracellular matrix (ECM). In contrast, the PBS group 
exhibited severe cartilage erosion, thinning of the car-
tilage layer, and reduced ECM staining. The CON-EV 
group also showed substantial cartilage wear and signifi-
cant loss of cartilage matrix. However, the IL-6-EV group 
exhibited smoother, more intact cartilage with evenly 
distributed cells, and ECM staining was noticeably stron-
ger than in the PBS and CON-EV groups (Fig.  10A-B). 
We then assessed the severity of cartilage damage using 
the modified Mankin score. The results showed that the 
total Mankin scores, as well as the scores for structure, 
cells, and staining, were significantly lower in the IL-
6-EV group compared to the PBS and CON-EV groups 
(P < 0.05), with no significant difference from the Sham 
group (Fig.  10C-F), indicating that IL-6-EV significantly 
alleviated OA cartilage damage. We further examined the 
knee joint cartilage of OA rats with immunofluorescence 
staining. As shown in Fig.  10G-H, MMP13 expression 
was significantly higher in the PBS and CON-EV groups 
compared to the Sham group (P < 0.05), whereas MMP13 
expression in the IL-6-EV group was not significantly dif-
ferent from the Sham group. In the Sham group, Aggre-
can expression was markedly higher, while its expression 
in the PBS group was significantly reduced (P < 0.05). 
Although CON-EV partially restored Aggrecan expres-
sion, a significant difference remained compared to the 
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Fig. 8  The mt-ND3/NADH-CoQ axis is the key target for IL-6-EV to regulate mitochondrial OXPHOS and macrophage polarization. (A) The gene expres-
sion of mt-ND3 investigated by qPCR after negative control siRNA (NC-si) and mt-ND3-siRNA (ND3-si) transfection. (B) The protein expression of mt-ND3 
investigated by Western blot after ND3-si transfection and (C) statistical analysis. (D-I) The protein expression of ETC Complexes I-V investigated by 
Western blot after ND3-si transfection and statistical analysis. (J-L) The expression of CD86 and CD206 detected by immunofluorescence after ND3-si 
transfection and statistical analysis. (M) Effect of ND3-si on NADH-CoQ reductase activity. (N) Effect of ND3-si on ATP production. All data are shown as 
means ± standard deviations (n = 3), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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Fig. 9  Effects of CON-EV and IL-6-EV on the knee joint space width in rats. (A) Schematic diagram of experimental design in rats. (B) Anteroposterior and 
lateral radiographs of the knee joint in each group. (C, D) Statistical analysis of joint space width in the anteroposterior and lateral views. All data are shown 
as means ± standard deviations (n = 5), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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Sham group (P < 0.05). In contrast, IL-6-EV significantly 
increased Aggrecan expression compared to the PBS and 
CON-EV groups (P < 0.05) and showed no significant dif-
ference from the Sham group (Fig.  10I-J). These results 
are consistent with the X-ray findings, indicating that IL-
6-EV can inhibit cartilage inflammation and promote the 
repair of OA cartilage.

IL-6-EV inhibits OA synovitis
Synovial inflammation is a key factor in the development 
and progression of OA. After demonstrating that IL-
6-EV inhibits macrophage inflammation in vitro, we next 
aimed to assess its effect on synovitis in vivo. HE stain-
ing of synovial tissue showed that the Sham group exhib-
ited a single layer of synovial lining cells, and the synovial 

Fig. 10  Effects of CON-EV and IL-6-EV on cartilage degeneration in rats. (A) HE and (B) Safranin O-fast green staining of rat articular cartilage in each group 
at 8 weeks after surgery. (C-F) The structure, cell, staining, and total Mankin score of cartilage in each group. (G, I) Immunofluorescence staining and (H, 
J) statistical analysis of MMP13 and Aggrecan. All data are shown as means ± standard deviations (n = 5), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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stroma exhibited normal cellularity with no inflamma-
tory infiltrates. In contrast, the PBS group showed 4–5 
layers of synovial lining cells, a significant increase in 
stromal cell density, and substantial inflammatory cell 
infiltration forming follicle-like structures. Both the 
CON-EV and IL-6-EV groups demonstrated significant 
improvements in synovial lining cell layers, stromal cell 
density and inflammatory infiltration compared to the 
PBS group (Fig. 11A). Pathological scoring of the synovial 
tissue (Fig. 11B) showed that the Sham group had a score 
of 6.80 ± 0.84, indicative of severe synovitis (P < 0.05). 
The CON-EV group scored 4.00 ± 1.22 (mild to moder-
ate synovitis), representing a significant reduction com-
pared to the PBS group, although remaining higher than 
the Sham group (P < 0.05). The IL-6-EV group scored 
1.80 ± 1.30, showing no significant difference compared 
to the Sham group (P > 0.05). Immunohistochemistry 
results (Fig.  11C-D) indicated that the number of IL-
6-positive cells in the PBS group was significantly higher 
than in the Sham group (P < 0.05). Treatment with CON-
EV and IL-6-EV significantly reduced the proportion of 
IL-6-positive cells in the OA synovium, with IL-6-EV 
demonstrating superior effects compared to CON-EV 
(P < 0.05), suggesting that IL-6-EV significantly allevi-
ates OA synovitis. Furthermore, immunofluorescence 
staining (Fig.  11E-G) revealed that IL-6-EV significantly 
inhibited iNOS expression in the OA synovium while 
enhancing CD206 expression, suggesting that IL-6-EV 
can inhibit M1 macrophage polarization and promote 
M2 macrophage polarization.

To further investigate the role of the mt-ND3 in IL-
6-EV-mediated suppression of synovitis in vivo, we per-
formed immunofluorescence staining for mt-ND3. The 
results (Fig.  11H-I) showed that mt-ND3 fluorescence 
intensity was significantly lower in the PBS group com-
pared to in the Sham group (P < 0.05). Both the CON-
EV and IL-6-EV groups exhibited significantly higher 
mt-ND3 fluorescence intensity compared to the PBS 
group (P < 0.05), with the mt-ND3 fluorescence intensity 
in the IL-6-EV group comparable to that of the Sham 
group (P > 0.05). These results suggest that IL-6-EV 
enhances mt-ND3 expression in synovial macrophages in 
vivo, promotes M2 macrophage polarization, and conse-
quently reduces the severity of OA synovitis.

Discussion
Osteoarthritis (OA) is a disease that affects the entire 
joint; while multiple initial factors contribute to its onset, 
synovitis plays a central role in its progression [3]. Mac-
rophages are the most abundant immune cells in the 
synovium and are strongly associated with synovial 
inflammation and OA severity [31]. Under physiologi-
cal conditions, macrophages remain in a resting state. 
However, in OA, damage-associated molecular patterns 

(DAMPs) activate macrophages, inducing polariza-
tion into M1 macrophages that play a pro-inflammatory 
role and assist in debris clearance. Once the M1 phase 
of debris clearance is complete, it is essential for mac-
rophages to promptly transition into M2 macrophages 
to exert anti-inflammatory and tissue repair functions 
[32]. If there is a blockade in the transition from M1 to 
M2, it may manifest as persistent inflammation in OA 
[33]. Therefore, regulating macrophage polarization bal-
ance represents a promising therapeutic target for OA. 
Mesenchymal stem cell-derived extracellular vesicles 
(MSCs-EVs) have significant immunoregulatory poten-
tial and are effective in modulating macrophage polariza-
tion balance, with the ability to enhance these capabilities 
through appropriate preconditioning [15]. In this study, 
the key difference from previous research is our innova-
tive approach of using the “harmful” inflammatory fac-
tors present in the OA microenvironment to design a 
preconditioning strategy for MSCs, ultimately achieving 
a more effective treatment for OA. We demonstrated 
that preconditioning MSCs in the OA-specific micro-
environment altered the protein profile of MSCs-EVs, 
enabling them to carry additional components involved 
in immune regulation and mitochondrial metabolism. 
Furthermore, our study revealed that IL-6-EV targets 
the mt-ND3/NADH-CoQ axis in macrophages, enhanc-
ing mitochondrial oxidative phosphorylation and thereby 
promoting M2 macrophage polarization. This novel 
mechanistic insight provides a new perspective on the 
potential of EV-based therapies for OA, offering promis-
ing avenues for future treatment strategies.

MSCs-EVs refer to particles released from cells, delim-
ited by a lipid bilayer, that cannot replicate independently 
[34]. They can be considered modulators of intercellular 
communication, transferring lipids, nucleic acids (mRNA 
and microRNA), and cell-specific proteins between cells, 
thereby eliciting different cellular responses in recipient 
cells [35]. Importantly, the composition and function of 
MSCs-EVs are closely linked to the state of their parent 
cells [36]. Under physiological conditions, mesenchy-
mal stem cells remain a low functional state, exhibiting 
phenotypic changes only upon stimulation by external 
factors [37]. This is reminiscent of the adaptive immune 
system’s response to external stimuli, leading us to 
hypothesize whether MSCs possess a similar form of 
“immune memory.” In this study, we observed that pre-
conditioning MSCs with inflammatory factors (IFN-γ, 
IL-6, and TNF-α) highly expressed in OA synovial fluid 
led to an increased cargo of proteins involved in immune 
regulation and mitochondrial metabolism in the result-
ing EVs. Notably, IFN-γ, IL-6, and TNF-α are secreted 
by M1 macrophages and function as pro-inflammatory 
factors, contributing to the progression of inflamma-
tion and cartilage catabolism in the OA joint cavity [32]. 
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Interestingly, preconditioning MSCs with these fac-
tors in vitro enhanced the immunoregulatory capac-
ity of the resulting MSCs-EVs. This is consistent with 
our prior research, which demonstrated that MSCs-EVs 

preconditioned with IFN-γ exhibited enhanced abilities 
to modulate OA inflammation [20]. Similarly, a study by 
Chen et al. confirmed that IFN-γ-preconditioned EVs 
effectively promote the polarization of M1 microglia to 

Fig. 11  Effects of CON-EV and IL-6-EV on synovitis and mt-ND3 in vivo. (A) HE staining of the synovium and (B) synovitis score in each group. (C) Immuno-
histochemical staining of IL-6 in the synovium and (D) statistical analysis. (E) Immunofluorescence staining and quantitative analysis of (F) CD206 and (G) 
iNOS in the synovium. (H) The expression of mt-ND3 in synovial macrophages from each group was detected by immunofluorescence. (I) Statistical analy-
sis of mt-ND3 fluorescence intensity in vivo. All data are shown as means ± standard deviations (n = 5), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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M2 microglia [38]. Yuki Nakao et al. also demonstrated 
that EVs derived from TNF-α-treated human gingiva-
derived MSCs enhance M2 macrophage polarization 
[18]. These findings further validate our hypothesis that 
MSCs possess a form of immune memory similar to that 
of the adaptive immune system: MSCs-EVs can func-
tion like specific antibodies in the adaptive immune sys-
tem, providing a targeted “counterattack” against initial 
stimuli. On the other hand, among IFN-γ-EV, IL-6-EV, 
and TNF-α-EV, IL-6-EV appears to have a greater capac-
ity to promote M2 macrophage polarization. This may be 
attributed to IL-6-EV carrying more proteins involved in 
mitochondrial metabolism, with KEGG pathways signifi-
cantly enriched in oxidative phosphorylation. Oxidative 
phosphorylation refers to the biological process of gen-
erating ATP and H2O within the mitochondrial electron 
transport chain, which is closely associated with mac-
rophage phenotype reprogramming [39]. Studies have 
suggested that enhancing OXPHOS in macrophages can 
promote M2 polarization [28, 40], which may explain 
why IL-6-EV exhibits superior effects.

After investigating how the OA-specific microenviron-
ment affects the proteomic composition of MSCs-EVs, 
we further focused on the impact of IL-6-EV on macro-
phage polarization and its underlying mechanisms. The 
metabolic hallmark of M1 macrophages is a shift from 
oxidative phosphorylation to aerobic glycolysis [41]. 
Enhanced glycolytic metabolism increases flux into the 
pentose phosphate pathway, providing more NADPH 
to drive NADPH oxidase and generate reactive oxygen 
species (ROS) [42]. Under these conditions, the elec-
tron transport process in the mitochondrial inner mem-
brane is inhibited, reducing the proton gradient across 
the membrane, which decreases mitochondrial mem-
brane potential, leading to increased ROS production 
and decreased ATP generation [43]. Moreover, recent 
studies in immunometabolism have shown that changes 
in mitochondrial structure and cristae morphology can 
directly influence macrophage polarization by altering 
energy metabolism [44, 45]. Our study found that when 
macrophages were polarized to the M1 phenotype by 
LPS induction, the changes in mitochondrial morphol-
ogy and function aligned with these observations. Fur-
thermore, IL-6-EV not only enhanced M1 macrophage 
polarization toward the M2 phenotype but also signifi-
cantly improved mitochondrial structure and function. 
Therefore, we hypothesize that IL-6-EV may promote 
M2 macrophage polarization by enhancing OXPHOS in 
M1 macrophages. To test this hypothesis, we performed 
RNA sequencing on macrophages treated with LPS and 
IL-6-EV. By intersecting the differentially expressed 
genes with oxidative phosphorylation gene sets from the 
GSEA, GO, and KEGG databases, we identified three 
key genes: mt-ND1, mt-ND2, and mt-ND3. These genes 

ranked highly among the differentially expressed genes 
and interacted with the eight OXPHOS pathway proteins 
carried by IL-6-EV, suggesting that IL-6-EV may regu-
late these genes to promote M2 macrophage polariza-
tion. Mitochondria contain their own DNA (mtDNA), 
a circular, double-stranded DNA molecule 16.6  kb in 
length. They encode 13 proteins, 22 tRNAs and 2 rRNAs, 
all of which are essential components for mitochondrial 
energy metabolism [46]. The mt-ND1, mt-ND2, and 
mt-ND3 are mtDNA-encoded proteins and core sub-
units of ETC Complex I [47]. Complementary experi-
ments following RNA sequencing analysis revealed that 
LPS-induced M1 macrophages did not show significant 
decreases in mt-ND1 or mt-ND2 expression; however, 
mt-ND3 expression was significantly suppressed by LPS 
and upregulated by IL-6-EV treatment. Moreover, we 
observed a consistent trend in the expression of mt-ND3 
in macrophages, which paralleled the activity of Com-
plex I (NADH-CoQ) and the expression patterns of ETC 
Complexes I-V. This finding underscores a potential 
correlation among these factors. After using siRNA to 
inhibit mt-ND3 expression in macrophages, the posi-
tive effects of IL-6-EV on Complex I expression, NADH-
CoQ activity, ATP production, and M2 polarization were 
abrogated. This indicates that mt-ND3 is a crucial target 
through which IL-6-EV regulates mitochondrial func-
tion and macrophage polarization. Notably, inhibition 
of mt-ND3 did not reduce the expression of Complexes 
II-V; in fact, Complex II exhibited enhanced expression. 
This may be because Complex I and Complex II serve 
as two entry points into the ETC; when Complex I is 
inhibited, Complex II may compensate by increasing its 
expression and function. This suggests that a deficiency 
in mt-ND3 expression alone is sufficient to disrupt mito-
chondrial energy metabolism, reduce ATP production, 
and inhibit M2 macrophage polarization.

Complex I, also known as NADH-CoQ reductase, is 
the largest Complex in the respiratory chain and a major 
source of ROS [48]. Dysfunction in Complex I is closely 
associated with mitochondrial diseases and macrophage 
reprogramming [47]. In mammals, Complex I exists in 
both active and inactive states, with the inactive state 
resulting from reversible damage to the ubiquinone bind-
ing site [49]. Research has shown that mt-ND3 originates 
from the mitochondrial inner membrane and exten-
sively interacts with hydrophilic domains. Cryo-electron 
microscopy studies have revealed that it is encircled by 
transmembrane helices (TMH), forming an mt-ND3-
TMH1-2 loop positioned at the anterior of the structural 
domain. This loop restricts conformational changes at 
the hydrophobic/hydrophilic interface, a dynamically 
variable domain interface that serves as a crucial tar-
get for coupling ubiquinone reduction to proton trans-
location. Dysfunction of this interface impairs overall 
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Complex I function [50]. Previous studies have found 
that deficiency in the Ndufs4 protein, a core subunit of 
Complex I, enhances pro-inflammatory metabolic char-
acteristics in macrophages and amplifies their response 
to LPS [51]. Other research has shown that mt-ND3 
abnormalities can lead to decreased basal and maximal 
respiratory capacities in cells with Complex I deficien-
cies, and that MSCs can ameliorate such mitochondrial 
dysfunction [52]. These findings are consistent with our 
results, indicating that IL-6-EV enhances mitochondrial 
energy metabolism and promotes M2 macrophage polar-
ization by regulating mt-ND3 expression and improving 
Complex I function.

Next, we investigated the effect of IL-6-EV-repro-
grammed macrophages on IL-1β-induced chondrocytes 
inflammation. Consistent with previous studies, IL-1β 
disrupted the anabolic/catabolic balance of chondrocytes 
and induced apoptosis [53]. Macrophages reprogrammed 
by IL-6-EV (IL-6-EV-M2) effectively suppressed IL-1β-
mediated chondrocytes inflammation and apoptosis 
while increasing COL II expression. Our results indicate 
that macrophages treated with IL-6-EV can improve 
chondrocyte homeostasis in a paracrine manner. As 
expected, once IL-6-EV induced macrophages to adopt 
an M2 phenotype, they secreted anti-inflammatory 
factors such as IL-10, which suppressed chondrocyte 
inflammation. This further confirms that IL-6-EV not 
only induced changes in macrophage surface markers 
(CD86/CD206) but also reprogrammed them into func-
tional M2 macrophages capable of secreting anti-inflam-
matory factors.

Subsequently, we explored the therapeutic effects of 
IL-6-EV on synovitis and cartilage degeneration in a rat 
model of OA. X-ray imaging of joint space width can 
reflect the degree of cartilage damage and the severity 
of arthritis [54]. In this study, we observed that intra-
articular injection of IL-6-EV significantly increased joint 
space width. Furthermore, histopathological analysis cor-
roborated the radiological findings, showing that the OA 
model group exhibited thinning of the cartilage matrix, 
surface erosion of the cartilage, a reduced number of 
chondrocytes, disorganized chondrocyte arrangement, 
elevated MMP13 expression, and decreased Aggre-
can content. Intra-articular injection of IL-6-EV effec-
tively inhibited these changes, suggesting that IL-6-EV 
plays a protective role in preserving articular cartilage 
in vivo. The severity of synovitis is primarily assessed 
by the number of layers of synovial lining cells, stromal 
cell density, and inflammatory infiltration [29]. IL-6 is a 
major pro-inflammatory factor produced by M1 macro-
phages and serves as a marker of synovitis severity [32]. 
Our study revealed that IL-6-EV significantly inhibited 
OA synovitis in rats. The polarization imbalance between 
M1 and M2 macrophages is a critical factor in the onset 

and progression of synovitis [55]. Immunofluorescence 
analysis for iNOS (M1) and CD206 (M2) confirmed an 
increase in M1 macrophages in the OA group, while 
IL-6-EV significantly promoted M2 macrophage polar-
ization in vivo, consistent with our in vitro findings. 
The inhibitory effect of IL-6-EV on OA synovitis and its 
protective effect on cartilage degeneration further sug-
gest that IL-6-EV suppresses synovitis by regulating the 
polarization balance of macrophages, thereby reducing 
the secretion of inflammatory factors and protecting 
cartilage tissue. Additionally, we assessed the expression 
of mt-ND3 in macrophages in vivo. Our study revealed 
that during severe synovitis, the expression of mt-ND3 in 
synovial macrophages was significantly reduced, whereas 
IL-6-EV treatment notably increased mt-ND3 expres-
sion, aligning with the mechanistic results observed in 
our in vitro experiments. In summary, the in vivo results 
demonstrate the superiority of IL-6-EV in treating OA, 
as it promotes M2 macrophage polarization by enhanc-
ing mt-ND3 expression, thereby inhibiting synovitis and 
protecting articular cartilage.

Additionally, this study has several limitations. For 
instance, the mechanism by which IL-6-EV regulates 
mt-ND3 expression may involve epigenetic reprogram-
ming of the gene or other mechanisms that were not 
explored in depth in our study. Furthermore, our study is 
not without the limitations that have persisted in previ-
ous EVs-based therapeutic strategies for diseases, namely, 
the inability to identify the specific components within 
the EVs responsible for the therapeutic effects. Although 
our study sequenced the protein profile of MSCs-EVs 
and showed complex interaction networks between the 
OXPHOS proteins and mt-ND3 through multi-omics 
analysis, we did not investigate the therapeutic effects of 
individual components.

Conclusion
In summary, this study illustrates that the OA-specific 
microenvironment preconditioning strategy enables 
MSCs to acquire a form of immune memory specific to 
OA, resulting in the secretion of MSCs-EV (IL-6-EV) that 
carry more components involved in immune regulation 
and energy metabolism. This preconditioning enhances 
their ability to promote M2 macrophage polarization, 
both in vivo and in vitro. Mechanistically, our findings 
suggest that IL-6-EV enhances mitochondrial oxida-
tive phosphorylation in macrophages by regulating the 
mt-ND3/NADH-CoQ axis, thereby achieving the modu-
lation of macrophage polarization and the treatment of 
OA. In conclusion, we have demonstrated the superior-
ity of MSCs-EVs under the OA-specific microenviron-
ment preconditioning strategy for OA treatment, offering 
novel insights for the clinical application of MSCs-EVs.
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