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Abstract
Background Osteoarthritis (OA), a degenerative joint disease characterized by cartilage degradation and 
inflammation, lacks effective disease-modifying therapies. Quercetin, a bioactive flavonoid derived from Traditional 
Chinese Medicine, exhibits anti-inflammatory and chondroprotective properties but is limited by poor bioavailability. 
Mesenchymal stem cell-derived exosomes (MSC-Exos) offer a promising strategy for targeted drug delivery and 
cartilage regeneration.

Methods Bone marrow-derived MSC exosomes (Que-Exo) were isolated after preconditioning with quercetin (1µM, 
24 h). Their effects were evaluated in IL-1β-stimulated chondrocytes via RT-qPCR, Western blot, transcriptomics, and 
proteomics. An ACLT-induced OA mouse model received intra-articular injections of Que-Exo, with cartilage integrity 
assessed by Safranin O staining and OARSI scoring.

Results Que-Exo significantly reduced IL-1β-induced pro-inflammatory markers (MMP9 and COX-2) and restored 
cartilage repair genes (SOX9 and Collagen II) compared to untreated exosomes. Multi-omics analyses revealed 
activation of PI3K-AKT signaling and glutathione metabolism pathways. In vivo, Que-Exo mitigated cartilage 
degradation and preserved proteoglycan content.

Conclusions Quercetin-preconditioned MSC exosomes synergistically enhance chondroprotection and anti-
inflammatory effects, offering a novel therapeutic strategy for OA by combining herbal bioactive compounds with 
exosome-mediated delivery.
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Introduction
Osteoarthritis (OA), a multifaceted degenerative joint 
pathology, manifests as a complex interplay of carti-
lage matrix metalloproteinase-mediated extracellular 
matrix degradation, synovial macrophage-driven chronic 
inflammation, and aberrant mechanotransduction in 
subchondral bone [1, 2]. This triad of pathological pro-
cesses creates a self-perpetuating cycle of joint destruc-
tion, affecting over 300  million patients globally [3, 4]. 
Despite advances in molecular diagnostics, current ther-
apeutic paradigms remain trapped in a palliative model—
NSAIDs mask pain while accelerating cartilage erosion 
through COX-2 mediated prostaglandin cascades, intra-
articular corticosteroids transiently suppress inflamma-
tion but inhibit cartilage progenitor cell activation, and 
joint arthroplasty, though effective in end-stage disease, 
carries substantial risks of prosthesis failure and septic 
complications [5, 6]. The absence of disease-modifying 
OA drugs (DMOADs) capable of simultaneously inter-
rupting inflammatory signaling cascades while activating 
cartilage anabolic pathways underscores a critical unmet 
clinical need.

Traditional Chinese Medicine (TCM) offers a poly-
pharmacological approach particularly suited to OA’s 
multidimensional pathogenesis [7]. Some studies reveal 
that TCM formulations like Du-Huo-Ji-Sheng-Tang 
exert chondroprotection through multi-level regulation 
of Rho/NF-κB-mediated inflammations [8], Notch1/ 
NLRP3 oxidative stress response [9], and SMAD 1/5/8-
ERK signaling bone remodeling balance [10]. Among 
TCM-derived bioactive molecules, quercetin—a diphe-
nolic flavonoid with a 3,3’,4’,5,7-pentahydroxyflavone 
structure—exhibits unique pleiotropic effects: (1) Com-
petitive inhibition of TLR4/Myd88 complex formation 
[11–13]; (2) Activation of SIRT1-mediated deacetylation 
to enhance FOXO3-driven antioxidant gene expression 
[14]; (3) Modulation of Wnt/β-catenin signaling to pre-
vent hypertrophic chondrocyte differentiation [15]. How-
ever, quercetin’s therapeutic potential is paradoxically 
constrained by poor solubility, low bioavailability, and 
rapid systemic clearance, limiting its therapeutic efficacy 
[16, 17].

Recent advances in regenerative medicine highlight the 
potential of mesenchymal stem cell-derived exosomes 
(MSC-Exos) as novel treatments for many diseases, 
such as periodontitis [18], ischemic heart disease [19], 
COVID-19 [20] and Alzheimer’s disease [21]. Studies 
demonstrate that MSC-Exos contain bioactive compo-
nents including growth factors (VEGF, PDGF-AA), and 
anti-inflammatory cytokines (IL-1RA), which collec-
tively enhance tissue repair through promoting cell pro-
liferation and stem cell migration [22]. The emergence of 
mesenchymal stem cell-derived exosomes (MSC-Exos) 

as endogenous nanotherapeutics (40–100  nm diameter) 
presents a paradigm-shifting drug delivery strategy [23].

These nanosized extracellular vesicles exhibit inher-
ent advantages, including immunomodulation, anti-
inflammatory activity, and tissue repair capabilities, 
particularly in promoting cartilage regeneration [24, 25]. 
Notably, exosomes can serve as natural carriers for bio-
active molecules, enhancing drug stability and targeted 
delivery [25]. These phospholipid bilayer vesicles natu-
rally encapsulate therapeutic payloads including: (i) Car-
tilage-targeting miRNAs (miR-140-3p promoting HIF-1α 
[26]; miR-125a-5p inhibiting E2F2 [27]); (ii) Tissue repair 
proteins (s-GAG [28]); (iii) Metabolic regulators (down-
regulating METTL3 combating ferroptosis [29]).

Building on this, we hypothesize that quercetin pre-
conditioning reprograms MSC-Exos to amplify anti-
inflammatory and cartilage regenerative effects while 
overcoming quercetin’s pharmacokinetic barriers. Pre-
conditioning MSCs with quercetin could modulate exo-
somal cargo, to enhance their chondroprotective and 
anti-OA functions. This study aims to investigate the effi-
cacy and mechanisms of quercetin-preconditioned MSC-
Exos in OA treatment. We propose a dual strategy: (1) 
utilizing exosomes to improve quercetin’s bioavailability 
and cartilage targeting, and (2) elucidating how querce-
tin reprograms exosomal contents to activate regenera-
tive pathways. Through integrated transcriptomic and 
proteomic analyses, we will identify key molecular net-
works regulated by quercetin-exosomes interactions. 
Our approach bridges traditional herbal medicine with 
cutting-edge exosomes technology, offering a novel para-
digm for OA therapy.

Materials and methods
Preparation and identification of engineering exosomes 
derived from quercetin-preconditioned BMSCs
Bone marrow-derived mesenchymal stem cells (BMSCs) 
were isolated from the femurs and tibias of 6-week-old 
C57BL/6 mice. The bone marrow was flushed out using 
phosphate-buffered saline (PBS) containing 1% penicil-
lin-streptomycin. The collected marrow cells were cul-
tured in complete α-MEM (alpha minimum essential 
medium) supplemented with 10% fetal bovine serum 
(FBS, Gibco, USA) and 1% penicillin-streptomycin. The 
cells were maintained at 37  °C in a humidified incu-
bator with 5% CO₂. Quercetin (Sigma-Aldrich, USA) 
was dissolved in DMSO to prepare a stock solution. 
MSCs at passage 3 were treated with varying concen-
trations of quercetin (1 µM [30]) for 24  h. The control 
group was treated with an equivalent volume of DMSO. 
After the preconditioning period, the culture medium 
was replaced with fresh growth medium, and the cells 
were incubated for another 48  h to allow for exosomes 
secretion. Exosomes were isolated from the culture 
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supernatants of quercetin-preconditioned MSCs using a 
commercial exosomes isolation kit (ExoQuick-TC, USA). 
Briefly, after removing the cell debris by centrifugation at 
300 × g for 10 min, the supernatant was further centri-
fuged at 2,000 × g for 30 min to eliminate larger vesicles. 
The resulting supernatant was subjected to ultracentrifu-
gation at 100,000 × g for 90 min at 4℃ to pellet the exo-
somes. The exosomes pellet was then resuspended in PBS 
and stored at − 80  °C until further characterization. The 
size distribution and zeta potential of the exosomes were 
analyzed using Dynamic Light Scattering (DLS) and Zeta 
potential measurement, respectively. Exosomes samples 
were diluted in PBS and analyzed using a Zetasizer Nano 
(Malvern Instruments, UK).

Transmission electron microscope (TEM)
To confirm the morphology of the isolated exosomes, 
a portion of the exosomes’ suspension was negatively 
stained with 2% uranyl acetate and observed under a 
transmission electron microscope (Hitachi HT7700, 
Japan). Exosomes samples were placed on copper grids, 
air-dried, and then imaged at an acceleration voltage of 
80 kV. Exosomes size, shape, and the presence of the typi-
cal cup-shaped morphology were assessed.

Culture and treatment of mouse chondrocytes
The isolation of primary mouse chondrocytes was per-
formed using the trypsin-collagenase digestion method 
[31]. Cartilage tissues were harvested aseptically from the 
knee and hip joints of C57BL/6 mice (7 days old), minced 
into small pieces, and digested with 0.2% type II colla-
genase (Sigma, USA) at 37  °C for 4–6 h, until complete 
digestion and the formation of a single-cell suspension. 
The digestion was terminated using DMEM/F12 medium 
supplemented with 10% fetal bovine serum (FBS) and 
1% penicillin-streptomycin, followed by centrifugation 
at 1000 rpm for 5 min to collect the cells. The cell pellet 
was resuspended in DMEM/F12 complete medium and 
seeded into 6-well plates or culture flasks. The cells were 
maintained in an incubator at 37 °C with 5% CO₂, and the 
culture medium was replaced every 2–3 days. To estab-
lish an in vitro inflammatory stimulation model, primary 
chondrocytes at 70–80% confluence were pre-cultured 
in serum-free medium for 12  h, followed by treatment 
with 10 ng/mL recombinant mouse interleukin-1β (IL-
1β, PeproTech, USA) together with 10  µg/mL Exo or 

Que-Exo for 24  h [32]. All subsequent in vitro analyses 
were performed after this standardized 24-hour treat-
ment period to ensure consistency. The control group 
was treated with serum-free medium only.

RT-qPCR
Total RNA was extracted from cells using RNAiso Plus 
reagent (TAKARA, Japan). RNA concentration and 
purity were determined using a NanoDrop spectropho-
tometer. Reverse transcription was performed using the 
PrimeScript™ RT Reagent Kit (TAKARA, Japan), where 
1 µg of RNA was converted into cDNA. Real-time PCR 
was conducted using the TB Green™ Premix Ex Taq™ II 
(TAKARA, Japan) with specific primers for the target 
genes. The reaction was run in a Bio-Rad CFX96 ther-
mal cycler, with an initial denaturation at 95 °C for 30 s, 
followed by 40 cycles of 95 °C for 5 s and 60 °C for 30 s. 
Gene expression was normalized to GAPDH and cal-
culated using the 2−ΔΔCt method. Data were obtained in 
triplicates and repeated at least three times. Each sam-
ple was analyzed in triplicate, and the experiments were 
repeated at least three times. The primer sequences used 
are shown in Table 1.

Western blot
Total proteins were extracted from cells using RIPA buf-
fer (TAKARA, Japan) supplemented with protease inhib-
itors. After lysis and centrifugation (12,000 × g, 15 min, 
4  °C), protein concentration was measured using the 
BCA Protein Assay Kit (Thermo Scientific, USA). Pro-
tein samples were mixed with SDS loading buffer, boiled, 
and separated by SDS-PAGE (10% gel). Proteins were 
transferred to PVDF membranes at 260 V for 2 h. Mem-
branes were blocked with 5% non-fat milk in TBST for 
1 h, then incubated with primary antibodies (overnight, 
4  °C). After washing, membranes were incubated with 
HRP-conjugated secondary antibodies for 1  h. Protein 
bands were detected using ECL substrate (Millipore, 
USA) and visualized using a chemiluminescence imaging 
system (Bio-Rad, USA). Band intensities were quantified 
using ImageJ software. The antibodies used are shown in 
Table 2.

Immunofluorescence staining
Immunofluorescence (IF) staining was performed to 
assess the expression of MMP9 and Collagen II (COL II) 
in chondrocytes. Cells were cultured on confocal dishes 
and treated with IL-1β, Exo and Que-Exo. After the 
designated treatments, cells were washed with PBS and 
fixed with 4% paraformaldehyde at room temperature 
for 15 min. Cells were then permeabilized with 0.1% Tri-
ton X-100 for 10 min and blocked with 5% bovine serum 
albumin (BSA) for 1  h to prevent non-specific binding. 
Primary antibodies against MMP9, and COL II were 

Table 1 The primer sequences
Gene Forward primers (5’-3’) Reverse primers (5’-3’)
Col2a1 GCAGAGATGGAGAACCTGGTA AGCCTTCTCGTCATACCCT
Sox9 GAGCCGGATCTGAAGAGGGA GCTTGACGTGTGGCTTGTTC
Cox2 GCCAGCAAAGCCTAGAGCAA GCCTTCTGCAGTCCAGGTTC
Mmp9 CTGGACAGCCAGACACTAAAG CTCGCGGCAAGTCTTCAGAG
Gapdh CAGGAGCGAGACCCCACTAA ATCACGCCACAGCTTTCCAG
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diluted in 1% BSA and incubated overnight at 4  °C. The 
next day, cells were washed with PBS and incubated with 
fluorescently labeled secondary antibodies (Alexa Fluor 
488 or 594-conjugated) at room temperature for 1  h in 
the dark. Actin was stained with Actin-Tracker (Phal-
loidin, Green 488 or Red-594, Beyotime, China) at room 
temperature for 30 min in the dark. Nuclei were counter-
stained with DAPI (4′,6-diamidino-2-phenylindole) for 
5 min in the dark. Images were captured using a Confocal 
microscope (ZEISS LSM980, German) under identical 
settings for all groups. The antibodies used are shown in 
Table 2.

RNA-seq analysis
Total RNA was extracted from the treated cells using 
TRIzol Reagent (Invitrogen, USA) according to the 
manufacturer’s protocol. After RNA extraction, the qual-
ity and concentration of the RNA were assessed using a 
NanoDrop spectrophotometer and RNA integrity was 
evaluated using an Agilent 2100 Bioanalyzer (Agilent 
Technologies, USA). Only RNA samples with an RNA 
Integrity Number (RIN) > 7 were used for sequencing. 
Subsequently, RNA samples were used for library con-
struction and sequencing (LC-Bio Technology CO., Ltd., 
China). The libraries were constructed using the TruSeq 
Stranded mRNA Library Prep Kit (Illumina, USA) 
according to the manufacturer’s instructions. Briefly, 
poly(A) mRNA was isolated from total RNA using mag-
netic oligo(dT) beads, followed by fragmentation, reverse 
transcription to cDNA, and adapter ligation. The cDNA 
libraries were then amplified and quality-checked before 
sequencing. Sequencing was performed on the Illumina 
NovaSeq 6000 platform, generating paired-end reads 
(150  bp). The raw sequencing data were processed and 

analyzed for gene expression profiling and differential 
expression analysis.

Quantitative proteomics analysis
Total proteins were extracted using RIPA buffer 
(TAKARA, Japan) and quantified by the BCA Protein 
Assay Kit (Thermo Scientific, USA). Equal amounts of 
protein (50  µg) were digested using the FASP method: 
reduction with DTT, alkylation with iodoacetamide, and 
overnight trypsin digestion (Promega, USA). Peptides 
were desalted using C18 spin columns (Thermo Scien-
tific, USA), then reconstituted in 0.1% formic acid. The 
samples were analyzed by Orbitrap Astral High-Resolu-
tion Mass Spectrometry (Thermo Fisher Scientific, USA) 
coupled with an Easy-nLC 1200 system (Thermo Fisher 
Scientific, USA). The peptides were separated on a C18 
column with a 120-minute gradient, and mass spectra 
were acquired in positive ion mode with a resolution of 
120,000. Raw data were processed with MaxQuant soft-
ware for protein identification and quantification. Differ-
entially expressed proteins were analyzed using Perseus 
software, with statistical significance determined by t-test 
and ANOVA (p < 0.05).

Establishment and disposal of OA mouse model
8-week-old male C57BL/6 mice, purchased from the 
Guangdong Provincial Laboratory Animal Center, were 
housed under standard conditions with a 12-hour light/
dark cycle and free access to food and water. Osteoarthri-
tis (OA) was induced by anterior cruciate ligament tran-
section (ACLT) under anesthesia with isoflurane. The 
mice were randomly divided into four groups (n = 5 per 
group): the Sham Surgery group, the ACLT + PBS injec-
tion group, the ACLT + Exo group, and the ACLT + Que-
Exo group. In the ACLT groups, the anterior cruciate 
ligament was transected in the right knee. Mice received 
intra-articular injections of 2 µg Exo or Que-Exo (resus-
pended in 5 µL normal saline) twice weekly for 8 weeks, 
as previously validated for exosome efficacy in OA mod-
els. Sham and ACLT groups received 5 µL normal saline 
alone under the same regimen.

H&E staining
After 8 weeks of treatment, knee joint tissues were col-
lected and fixed in 4% paraformaldehyde (PFA) overnight 
at 4  °C. The fixed tissues were then decalcified in 10% 
ethylenediaminetetraacetic acid (EDTA) solution for 2 
weeks, followed by dehydration in graded alcohol solu-
tions. The tissues were embedded in paraffin and sec-
tioned into 5-µm-thick slices using a microtome.

For Hematoxylin and Eosin (H&E) staining, the par-
affin sections were deparaffinized in xylene and rehy-
drated through a graded alcohol series. The sections were 
stained with hematoxylin for 5 min, followed by rinsing 

Table 2 The antibodies
Brand Catalog 

Number
Collagen II Proteintech 28459-1-AP
SOX9 Abcam ab185966
COX2 Proteintech 27308-1-AP
MMP9 Proteintech 10375-2-AP
GAPDH Proteintech 60004-1-Ig
iNOS Abcam ab15323
TNF-α Abcam ab183218
MMP13 Abcam ab315267
MMP3 Proteintech 17873-1-AP
HRP-conjugated Goat Anti-Rabbit 
IgG(H + L)

Proteintech SA00001-2

HRP-conjugated Goat Anti-Mouse 
IgG(H + L)

Proteintech SA00001-1

Goat Anti-Rabbit IgG H&L (Alexa Fluor® 
488)

Abcam ab150077

Goat Anti-Rabbit IgG H&L (Alexa Fluor® 
594)

Abcam ab150080
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in water and differentiation in 1% hydrochloric acid in 
ethanol. After staining with eosin for 2  min, the slides 
were dehydrated through alcohol, cleared in xylene, and 
mounted with a coverslip. Histological changes in the 
joint tissues were observed under a light microscope.

Safranin O/fast green staining
For Safranin O/Fast Green staining, the sections were 
deparaffinized and rehydrated as described above. The 
slides were stained with Safranin O solution for 10 min, 
followed by Fast Green solution for 5 min to counterstain 
the tissues. After washing in distilled water, the slides 
were dehydrated, cleared, and mounted with a coverslip. 
This staining was used to assess cartilage integrity and 
proteoglycan content in the knee joints. Following stain-
ing, the degree of OA severity was evaluated using the 
Osteoarthritis Research Society International (OARSI) 
scoring system, which assesses cartilage degeneration, 
subchondral bone changes, and synovial inflammation. 
Cartilage lesions were scored based on the extent of sur-
face irregularity, loss of cartilage, and subchondral bone 
involvement, with a higher score indicating more severe 
OA changes. Scoring was conducted by two blinded 
researchers to ensure accuracy and consistency.

Statistical analysis
Data are presented as the mean ± standard deviation 
(SD). Statistical analysis was performed using Graph-
Pad Prism 8.0 (GraphPad Software, USA). Differences 
between two groups were analyzed using unpaired Stu-
dent’s t-test, while comparisons among multiple groups 
were performed using one-way analysis of variance 
(ANOVA) followed by Tukey’s post hoc test for pairwise 
comparisons. A p-value of less than 0.05 (p < 0.05) was 
considered statistically significant. All experiments were 
repeated at least three times to ensure reproducibility.

Results
Characterization and evaluation of engineered exosomes 
derived from quercetin-preconditioned MSCs
In this study, we first used mass spectrometry to analyze 
the composition and content of Traditional Chinese Med-
icine Gu Bao Wan, and the results from Fig. 1A showed 
that quercetin was the most abundant component in Gu 
Bao Wan. Quercetin was then used to pre-treat BMSCs 
for 24 h, after which exosomes were extracted from the 
quercetin-pretreated BMSCs. The calibration curve for 
quercetin (Fig. 1B) demonstrated reliable quantification, 
and the mass spectrometry peak corresponding to quer-
cetin (Fig. 1C) showed a clear signal with a high signal-
to-noise ratio, confirming the successful detection of 
quercetin. The schematic diagram in Fig.  1D illustrates 
the process of quercetin pre-treatment of BMSCs and 
the subsequent exosomes extraction. Figure 1E presents 

the TEM image of the extracted quercetin-pretreated 
BMSCs exosomes (Que-Exo), showing typical spherical 
morphology with a size of approximately 100  nm. The 
particle size distribution (Fig. 1F) and zeta potential mea-
surements (Fig. 1G) confirmed that Que-Exo had a stable 
size and negative charge, ensuring good stability. Finally, 
Fig. 1H shows Western blot analysis for exosomes mark-
ers CD81 and CD63, confirming the successful isolation 
and quality of the exosomes.

Engineered exosomes improve inflammatory changes in 
chondrocytes caused by IL-1β
In this experiment, the effects of quercetin-pretreated 
exosomes (Que-Exo) on gene and protein expression 
related to osteogenesis and inflammation were evalu-
ated in IL-1β-stimulated BMSCs. As shown in Fig.  2A, 
RT-qPCR analysis revealed that IL-1β treatment signifi-
cantly increased the expression of Mmp9, Cox-2, Sox9 
and Collagen II mRNA compared to the control group. 
However, treatment with exosomes (Exo) and quercetin-
pretreated exosomes (Que-Exo) significantly reduced the 
expression of Mmp9 and Cox-2, with the Que-Exo group 
showing the most substantial decrease. The expression 
of Sox9 and Collagen II mRNA, was also significantly 
upregulated in the Que-Exo group compared to both 
IL-1β groups.

Similarly, western blot analysis (Fig. 2B and C) demon-
strated that treatment with Exo and Que-Exo reduced the 
expression of MMP9 and COX-2, with Que-Exo exhibit-
ing the strongest inhibitory effect. Additionally, SOX9 
and Collagen II expression was significantly higher in the 
Que-Exo group compared to IL-1β groups.

Immunofluorescence analysis (Fig.  2D) corroborated 
the protein expression profiles. Compared to the control 
group, IL-1β-treated chondrocytes exhibited pronounced 
upregulation of MMP9 expression accompanied by sig-
nificant downregulation of COL II. Exo-treated cells 
demonstrated partial mitigation of these pathological 
changes, with moderate reduction in MMP9 signal inten-
sity and restoration of COL II expression. Notably, Que-
Exo exhibited enhanced therapeutic efficacy, achieving 
near-baseline MMP9 levels and complete recovery of 
COL II deposition.

To further validate the hypothesis that Quercetin-
preconditioned MSC-derived exosomes (Que-Exo) 
synergistically enhance chondroprotection and exert 
anti-inflammatory effects, we performed Western blot 
analysis to assess the expression of inflammatory mark-
ers (iNOS, TNF-α) and catabolic enzymes (MMP-3, 
MMP-13) in IL-1β-stimulated chondrocytes. As shown 
in Figure S1, IL-1β stimulation significantly upregulated 
the expression of iNOS, TNF-α, MMP-3, and MMP-13 
compared with the control group. Treatment with Exo 
partially attenuated this upregulation, whereas Que-Exo 
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treatment exhibited a significantly stronger suppressive 
effect on all tested markers. Notably, the expression lev-
els of iNOS and TNF-α were markedly reduced in the 
Que-Exo group compared to the Exo group, indicating 
enhanced anti-inflammatory activity.

These findings support that Que-Exo possess supe-
rior therapeutic potential over unmodified exosomes 
in suppressing IL-1β-induced inflammatory and cata-
bolic responses, thereby contributing to enhanced 
chondroprotection.

Differential gene expression and pathway enrichment 
analysis in Que-Exo-treated chondrocytes
RNA sequencing was performed to systematically char-
acterize the transcriptomic reprogramming effects of 
Que-Exo on IL-1β-stimulated chondrocytes. Differential 
gene expression analysis revealed a significant change 
between the Que-Exo and Exo groups, with 752 upregu-
lated and 89 downregulated genes (Fig. 3B). The Pearson 
correlation heatmap (Fig. 3A) confirmed a high correla-
tion within the replicate groups, indicating consistency 
in the sample treatments. The volcano plot (Fig. 3C) fur-
ther illustrated the distribution of upregulated (red) and 

Fig. 1 Analysis of Gu Bao Wan and the characterization of Que-Exo. (A) Mass spectrometry results showing the composition and content of compounds 
in Gu Bao Wan. (B) Calibration curve for quercetin used for quantification. (C) Mass spectrometry peak for quercetin. (D) Schematic diagram illustrating 
the process of quercetin pre-treatment of BMSCs for 24 h followed by exosomes extraction. (E) TEM image of the Que-Exo. (F) Particle size distribution of 
Que-Exo. (G) Zeta potential of Que-Exo. (H) Western blot analysis of exosomes markers CD81 and CD63. The data are presented as mean ± SD
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Fig. 2 Effect of quercetin-pretreated exosomes (Que-Exo) on gene and protein expression in IL-1β-stimulated chondrocytes. (A) RT-qPCR analysis of the 
relative gene expression of Mmp9, Cox-2, Collagen II, and Sox9. (B) Western blot analysis of protein expression of MMP9, COX-2, Collagen II, and SOX9. 
(C) Quantification of protein expression from Western blot analysis. (D) Immunofluorescence staining for MMP9 and COL II; bar = 20 μm. The data are 
presented as mean ± SD. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 3 Differential Gene Expression and Pathway Enrichment Analysis in Quercetin-Preconditioned Exosomes-treated Chondrocytes. (A) Pearson cor-
relation heatmap. (B) Bar plot of the number of differentially expressed genes between the Que-Exo and IL-1β groups. (C) Volcano plot. (D) Hierarchical 
clustering heatmap. (E) KEGG pathway enrichment analysis. (F) Gene Ontology (GO) enrichment analysis
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Fig. 4 (See legend on next page.)
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downregulated (blue) genes, highlighting the substantial 
changes induced by Que-Exo treatment. Figure  3D dis-
plays a hierarchical clustering heatmap of differentially 
expressed genes between Que-Exo and IL-1β groups.

KEGG pathway enrichment analysis (Fig.  3E) identi-
fied several pathways significantly affected by Que-Exo 
treatment, including cellular processes such as cell cycle 
regulation and neurotrophin signaling, as well as meta-
bolic pathways such as drug metabolism and glutamate 
metabolism. Notably, the PI3K-AKT signaling pathway, 
a crucial regulator of cell survival, proliferation, and 
metabolism, was enriched. These findings suggest that 
Que-Exo treatment may influence a variety of biologi-
cal processes, including cell proliferation, signaling, and 
metabolism. Furthermore, Gene Ontology (GO) enrich-
ment analysis (Fig.  3F) categorized the enriched genes 
into biological processes, cellular components, and 
molecular functions, with biological processes related to 
RNA metabolic processes and cellular responses to stress 
being particularly prominent.

Differential proterins expression and pathway enrichment 
analysis in Que-Exo-treated chondrocytes
Quantitative proteomics analysis identified 472 upreg-
ulated and 474 downregulated proteins between the 
Que-Exo and IL-1β groups (Fig.  4B). The volcano 
plot (Fig.  4D) shows the distribution of differentially 
expressed proteins, with upregulated proteins in red and 
downregulated proteins in blue. Subcellular localization 
analysis (Fig.  4A) revealed that the majority of proteins 
were localized in the cytoplasm, followed by the mem-
brane and nucleus. Heatmap analysis (Fig.  4C) showed 
distinct clustering of proteins between the Que-Exo 
and IL-1β groups, indicating clear differences in pro-
tein expression profiles. InterPro enrichment analysis 
(Fig. 4E) identified enriched protein families and domains 
related to protein kinases and enzymes, highlighting their 
roles in signal transduction and metabolic processes. 
KEGG pathway enrichment analysis (Fig.  4G) revealed 
significant enrichment of the PI3K-AKT signaling path-
way, along with pathways involved in cell cycle regula-
tion and metabolism, suggesting key biological processes 
influenced by Que-Exo treatment. Gene Ontology (GO) 
enrichment analysis (Fig.  4F) categorized the differen-
tially expressed proteins into biological processes such as 
cellular response to stress and RNA processing, cellular 
components like cytoplasm and nucleus, and molecular 

functions including ATP binding and protein kinase 
activity.

Integrated transcriptomic and proteomic analysis of Que-
Exo treatment in IL-1β-Stimulated chondrocytes
Integrated analysis of transcriptomic and proteomic data 
revealed key insights into the molecular changes induced 
by Que-Exo in IL-1β-stimulated chondrocytes. The scat-
ter plot (Fig. 5A) shows the correlation between the log2 
fold change of differentially expressed genes and proteins, 
with genes and proteins that exhibit similar expression 
patterns being closely positioned. The Spearman corre-
lation coefficient (Fig. 5B) further confirms the moder-
ate correlation (median = 0.14) between gene expression 
and protein levels, suggesting some divergence between 
mRNA and protein regulation.

KEGG pathway enrichment analysis (Fig. 5C) high-
lighted several significantly enriched pathways, includ-
ing glutathione metabolism, cytokine-cytokine receptor 
interaction, and drug metabolism by cytochrome P450, 
among others. These pathways are involved in critical 
processes such as oxidative stress response, immune sig-
naling, and drug metabolism, indicating the wide-ranging 
effects of Que-Exo treatment on cellular function.

Gene Ontology (GO) enrichment analysis (Fig. 5D) fur-
ther categorized the biological processes, cellular com-
ponents, and molecular functions associated with the 
differentially expressed genes and proteins. Significant 
enrichment was observed in the extracellular region, 
membrane, and plasma membrane for cellular compo-
nents, suggesting a major impact of Que-Exo on cellu-
lar structures involved in signaling and communication. 
Molecular functions related to calcium ion binding, col-
lagen binding, and signaling receptor activity were also 
highly enriched, indicating potential roles in cellular sig-
naling and extracellular matrix regulation (Fig. 5).

Differential GO and KEGG enrichment analysis in gene and 
protein expression across Que-Exo-treated chondrocytes
Further integrated analysis of transcriptomic and pro-
teomic data revealed distinct biological insights into the 
effects of Que-Exo on IL-1β-stimulated chondrocytes. 
In the group with downregulated genes and upregu-
lated proteins (Fig. 6A-B), Gene Ontology (GO) enrich-
ment analysis highlighted significant biological processes 
such as cellular response to stress, protein folding, and 
immune response. Enriched KEGG pathways included 
phagosome and cytokine-cytokine receptor interaction.

(See figure on previous page.)
Fig. 4 Quantitative Proteomics Analysis of Que-Exo in IL-1β-Stimulated Chondrocytes. (A) Subcellular localization analysis of differentially expressed pro-
teins. (B) Bar plot illustrating the number of upregulated (472) and downregulated (474) proteins between the Que-Exo and IL-1β groups. (C) Heatmap of 
differentially expressed proteins between Que-Exo and IL-1β groups. (D) Volcano plot showing the differential expression of proteins between Que-Exo 
and IL-1β groups. (E) InterPro enrichment analysis. (F) Gene Ontology (GO) enrichment analysis of differentially expressed proteins. (G) KEGG pathway 
enrichment analysis
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For the upregulated genes and downregulated proteins 
group (Fig. 6C-D), GO enrichment analysis identified 
pathways such as response to oxidative stress and trans-
membrane transport, suggesting a cellular adaptation 
to stress and regulation of signaling. In the correspond-
ing KEGG pathway analysis, EGFR signaling and MAPK 
signaling were significantly enriched, supporting the 
involvement of Que-Exo in cell signaling pathways.

In the downregulated genes and downregulated pro-
teins group (Fig. 6E-F), GO enrichment analysis revealed 
enrichment in cell cycle regulation and cellular response 
to DNA damage, highlighting a potential effect of Que-
Exo on cell cycle progression and DNA repair. KEGG 

pathway analysis further identified proteasome pathways 
and glutathione metabolism, reflecting an influence on 
protein degradation and oxidative stress management.

Finally, for the upregulated genes and upregulated 
proteins group (Fig. 6G-H), GO enrichment analysis 
highlighted calcium ion binding and collagen binding, 
suggesting that Que-Exo treatment may impact signal-
ing and extracellular matrix remodeling. KEGG path-
way enrichment revealed significant pathways such as 
phagocytosis, PI3K-AKT signaling, and neuroactive 
ligand-receptor interaction, which are crucial for cellular 
survival, immune regulation, and tissue remodeling (Fig. 
6).

Fig. 5 Integrated Transcriptomic and Proteomic Analysis of Que-Exo in IL-1β-Stimulated Chondrocytes. (A) Volcano plot. (B) Spearman correlation den-
sity plot. (C) KEGG pathway enrichment analysis comparing the transcriptomic and proteomic data. (D) GO enrichment analysis comparing the transcrip-
tomic and proteomic data
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Fig. 6 (See legend on next page.)
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Protective effect of Que-Exo on osteoarthritis in ACLT-
Induced mouse model
Histological analysis of the knee joints in the ACLT-
induced osteoarthritis (OA) mouse model revealed the 
effects of different treatments on cartilage degeneration. 
Figure  7A shows representative Safranin O and Hema-
toxylin and Eosin (H&E) staining of the knee joint sec-
tions. Safranin O staining (which highlights proteoglycan 
content) demonstrated significant cartilage degradation 
in the Normal saline and Exo groups, while the Que-Exo 
group showed preservation of proteoglycan in the carti-
lage. H&E staining revealed more severe structural dam-
age in the Normal saline and Exo groups compared to the 
Que-Exo group, which exhibited less tissue damage and 
better cartilage integrity.

Figure 7B shows the OARSI (Osteoarthritis Research 
Society International) score, indicating the severity of 
cartilage damage. The Que-Exo group exhibited a sig-
nificantly lower OARSI score compared to the Normal 
saline and Exo groups, indicating a protective effect on 
cartilage. The Sham group had the lowest OARSI score, 
confirming that no OA-induced damage occurred in the 
control group.

Figure 7C quantifies proteoglycan loss as a percentage 
relative to total cartilage. The Que-Exo group had sig-
nificantly less proteoglycan loss compared to the Normal 
saline and Exo groups, indicating that Que-Exo treat-
ment helped maintain cartilage structure and function. 
The Sham group showed negligible proteoglycan loss

Discussion
Osteoarthritis (OA) is a degenerative joint disease that is 
characterized by cartilage degradation, subchondral bone 
remodeling, and chronic inflammation, with no effective 
disease-modifying treatments currently available [33, 
34]. Traditional treatments primarily focus on symptom 
relief, but they fail to address the underlying pathophysi-
ology. In this study, we explored the potential of Que-Exo 
as a novel therapeutic strategy for OA. Our results dem-
onstrate that Que-Exo not only improves the bioavailabil-
ity of quercetin but also enhances its chondroprotective 
and anti-inflammatory effects.

One of the major findings from this study is that 
Que-Exo significantly reduced the expression of pro-
inflammatory genes, such as Mmp9 and Cox-2, in 
IL-1β-stimulated chondrocytes, as shown by RT-qPCR 
and Western blot analyses. Que-Exo also significantly 

reduced the protein expression of iNOS, TNF-α, MMP-
3, and MMP-13, as confirmed by Western blot analysis. 
These results highlight that Que-Exo not only attenuates 
inflammation but also prevents cartilage matrix degrada-
tion—two core pathological processes in OA progression. 
These findings align with previous studies demonstrating 
that MSC-Exos ameliorate OA cellular pathology [35]. 
Our study further highlights the synergistic efficacy of 
quercetin delivery via exosomes, which enables more 
potent modulation of OA-related gene expression pro-
files compared to exosomes monotherapy. This enhanced 
therapeutic outcome may be attributed to quercetin’s 
anti-inflammatory and antioxidant properties [36, 37]. 
The immunofluorescence staining further confirmed 
these findings by demonstrating a restoration of Collagen 
II expression in the Que-Exo group, which was signifi-
cantly downregulated in the IL-1β-treated groups [38].

The RNA-seq and proteomic analyses revealed that 
Que-Exo treatment altered a broad range of pathways 
related to cellular processes such as cell cycle regulation, 
neurotrophin signaling, and glutathione metabolism, 
with the PI3K-AKT signaling pathway being significantly 
enriched in both gene and protein expression profiles. 
This pathway is crucial for regulating cell survival, pro-
liferation, and metabolism, and its enrichment suggests 
that Que-Exo might promote chondrocyte survival and 
regeneration [39, 40]. Moreover, Gene Ontology (GO) 
enrichment further highlighted significant biological 
processes related to RNA metabolic processes and stress 
responses, which may contribute to cartilage repair and 
protection in OA [41].

In the ACLT-induced OA mouse model, histological 
analysis revealed that Que-Exo treatment significantly 
mitigated cartilage degradation and proteoglycan loss, as 
indicated by Safranin O and H&E staining. The OARSI 
score and proteoglycan loss quantification further sup-
ported the therapeutic potential of Que-Exo, showing 
its ability to protect cartilage integrity and reduce the 
severity of OA. The Que-Exo group exhibited less tissue 
damage compared to the Normal saline and Exo groups, 
reinforcing the conclusion that Que-Exo exerts a protec-
tive effect on joint cartilage.

These findings collectively suggest that Que-Exo may 
offer a promising approach for OA treatment by com-
bining the regenerative potential of exosomes with the 
therapeutic benefits of quercetin. The modulation of 
inflammatory pathways, enhancement of chondrocyte 

(See figure on previous page.)
Fig. 6 Differential GO and KEGG Enrichment Analysis in Gene and Protein Expression Across Que-Exo-Treated Chondrocytes. (A) GO enrichment analy-
sis for downregulated genes and upregulated proteins. (B) KEGG pathway enrichment analysis. (C) GO enrichment analysis for upregulated genes and 
downregulated proteins. (D) KEGG pathway enrichment analysis of upregulated genes and downregulated proteins. (E) GO enrichment analysis for 
downregulated genes and downregulated proteins. (F) KEGG pathway enrichment analysis of downregulated genes and downregulated proteins. (G) 
GO enrichment analysis for upregulated genes and upregulated proteins. (H) KEGG pathway enrichment analysis of upregulated genes and upregulated 
proteins
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Fig. 7 Protective Effect of Que-Exo on Osteoarthritis in ACLT-Induced Mouse Model. (A) Representative Safranin O staining and Hematoxylin and Eosin 
(H&E) staining of knee joint sections from mice. (B) OARSI score. (C) Proteoglycan loss as a percentage relative to total cartilage area. The data are pre-
sented as mean ± SD. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001
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survival, and promotion of cartilage repair observed in 
this study underscore the translational potential of this 
novel therapy.

Conclusion
In conclusion, our study demonstrates the potential of 
Que-Exo as a novel therapeutic strategy for osteoarthri-
tis. By enhancing quercetin’s bioavailability and targeting 
its regenerative effects to chondrocytes, Que-Exo signifi-
cantly reduces inflammation, promotes cartilage repair, 
and protects joint integrity in an OA mouse model. 
The integration of transcriptomic and proteomic data 
revealed key molecular pathways, particularly the PI3K-
AKT signaling pathway, that may mediate these thera-
peutic effects. Our findings provide a strong foundation 
for future clinical studies investigating the use of Que-
Exo in OA treatment and other degenerative diseases, 
bridging the gap between traditional herbal medicine and 
modern regenerative therapies.
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