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CAT/SOD-Enriched Achyranthes bidentata 2
nanovesicles mitigate TMJOA via ROS

scavenging and JNK/FOXO1 pathway

Inhibition
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Abstract

Temporomandibular joint osteoarthritis (TMJOA) is an inflammatory disorder with limited treatment options. Given
the key role of oxidative stress in TMJOA progression, targeting this pathway may offer therapeutic benefits. In this
study, we isolated and characterized exosome-like nanovesicles from Achyranthes bidentata (ABNVs), a traditional
Chinese herb known for its antioxidant properties. ABNVs exhibited an average size of 134.7 nm and a negatively
charged surface (-30.32 mV), and were enriched with antioxidant enzymes such as catalase (CAT) and superoxide
dismutase (SOD). In a rat TMJOA model, ABNVs (1 ug/ml) effectively reduced cartilage degradation, bone damage,
and synovial inflammation while maintaining high biocompatibility. Immunohistochemical analysis revealed that
ABNVs suppressed M1 macrophage polarization. In vitro, ABNVs did not impair chondrogenic differentiation but
mitigated chondrocyte inflammation. Mechanistically, ABNVs scavenged reactive oxygen species (ROS) and reduced
macrophage inflammation through CAT/SOD-mediated ROS clearance and modulation of the JNK/FOXO1 pathway.
Additionally, ABNVs indirectly enhanced chondrogenic differentiation by inhibiting M1 macrophage activation. Our
findings demonstrate that ABNVs hold promise as a therapeutic strategy for TMJOA by targeting oxidative stress
and inflammation via ROS scavenging and JNK/FOXO1 regulation.
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Graphical Abstract

Scheme 1: The mechanism of Achyranthes bidentata-derived nanovesicles (ABNVs) ameliorates TMJOA by ROS
scavenging and modulation of inflammatory levels in M1-type macrophages. This results in reduced cartilage matrix
degradation and enhanced matrix synthesis in the TMJOA animal model
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Temporomandibular joint osteoarthritis (TMJOA) is a
prevalent degenerative joint disorder that causes chronic
pain, orofacial deformities, and psychological distress,
including depression and anxiety [1]. The temporo-
mandibular joint (TM]J), one of the most mechanically
stressed joints in the body, is highly susceptible to dam-
age from trauma, excessive loading, and repetitive stress,
all of which contribute to TMJOA pathogenesis [2]. Epi-
demiological data suggest that 60—70% of adults exhibit
TMJ disorder symptoms [3], with 8—16% progressing to
TMJOA [4]. Current clinical management of TMJOA
employs a stepwise treatment approach, initially utilizing
conservative therapies such as bite splints, intra-articular
injections (e.g., hyaluronic acid), and physical therapy.
These treatments typically provide only temporary relief,
alleviating symptoms without halting disease progres-
sion. For advanced cases, invasive surgical intervention is
required, yet such procedures carry significant risks and
offer unpredictable long-term outcomes [5-7]. There is
currently no disease-modifying therapy capable of effec-
tively reversing or halting the pathological progression of
TMJOA, underscoring the urgent need to develop safer
and more effective treatment strategies.

TMJOA is marked by articular chondrocyte apopto-
sis, extracellular matrix (ECM) degradation, subchondral
bone remodeling, and synovial inflammation. Growing
evidence highlights oxidative stress as a key driver of
osteoarthritis (OA) progression [8, 9]. Under pathological

mulate in TMJ-resident cells, including chondrocytes and
macrophages, triggering pro-inflammatory M1 macro-
phage polarization. This process amplifies the release of
inflammatory mediators such as IL-1B, iNOS, TNEF-q,
and IL-6 [10, 11], which impair chondrocyte viability and
differentiation, exacerbating cartilage destruction. Given
this cascade, antioxidant-based therapies targeting ROS
in macrophages and chondrocytes represent a promising
approach for TMJOA treatment.

Achyranthes bidentata (AB), known as “Niu Xi” in Tra-
ditional Chinese Medicine, is a tropical/subtropical herb
with demonstrated efficacy in osteoarthritis (OA) man-
agement. Studies indicate AB extracts promote chondro-
cyte proliferation, protect cartilage integrity, and reduce
inflammation while exhibiting potent antioxidant activ-
ity [12-14]. However, clinical translation of traditional
herbal extracts is limited by poor bioavailability, stability,
and tolerability [15]. Medicinal plant-derived exosome-
like nanovesicles (MPENSs) offer a solution. These natural
nanocarriers deliver bioactive miRNAs, lipids, and pro-
teins with high cellular uptake efficiency [16]. Emerg-
ing research shows MPENs from turmeric, tomato, and
spinach can alleviate OA through immunomodulation,
anti-inflammatory effects, and cartilage regeneration
[17-20]. Their superior biocompatibility, stability, low
immunogenicity, and scalable production make MPENs
ideal therapeutic candidates [21]. However, the potential
of MPENs derived from Achyranthes bidentata, a herb
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with recognized efficacy in OA, remains largely unex-
plored for TMJOA treatment. Given the central role of
oxidative stress and inflammation in TMJOA pathogene-
sis, we hypothesized that Achyranthes bidentata-derived
nanovesicles (ABNVs) could serve as a novel and potent
nanotherapy by leveraging their innate antioxidant
enzyme cargo to target ROS accumulation and inflam-
matory responses in the joint simultaneously. Building on
these advantages, we propose ABNVs as a next-genera-
tion TMJOA treatment.

In this study, we successfully isolated ABNVs through
ultracentrifugation and systematically evaluated their
therapeutic potential in OA. Our results demonstrate
that ABNVs: (1) significantly attenuated cartilage degra-
dation and subchondral bone destruction in a TMJOA
rat model; (2) effectively suppressed synovial inflamma-
tion while maintaining excellent biocompatibility; and (3)
outperformed hyaluronic acid, the current clinical stan-
dard for TMJOA treatment. Mechanistic studies revealed
that ABNVs are enriched with antioxidant enzymes
(SOD and CAT), which confer dual therapeutic effects
by simultaneously scavenging ROS and modulating the
JNK/FOXOL1 signaling pathway, thereby mitigating M1
macrophage polarization and subsequent inflammatory
cascades.

Materials and methods
Detailed information for antibodies (Table S1) and prim-
ers (Table S2) is provided in the supplementary materials.

Animal

All animal procedures were approved by the Ethics
Committee of Guangdong HUA WEI Testing Co., Ltd.
(Approval No. 2024060013). All rats were obtained from
the Guangdong Medical Laboratory Animal Center and
housed in specific pathogen-free (SPF) barrier facilities.

Isolation of ABNVs

Fresh AB root was purchased from Sichuan, China.
Briefly, the root of AB was gently washed twice with
deionized water and then processed using a juice extrac-
tor. The extracted AB juice was sequentially centrifuged
at 2,000 x g for 30 min and 10,000 x g for 60 min at 4°C
to remove large particles, fibers, and dead cells from the
supernatant. Then, using a fixed-angle gravity rotor ultra-
centrifuge (Beckman Optima L-90 K, UAS), the superna-
tant was centrifuged twice at 100,000 x g for 70 min at
4°C. The resulting pellet was resuspended in 500 pL of
phosphate-buffered saline (PBS) and filtered through a
0.22 pm filter. The final ABNVs were aliquoted and stored
at -80°C for further experiments. The protein concen-
tration of ABNVs was determined using a BCA assay kit
(Beyotime, #P0010, China).
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Cell culture

Primary condylar chondrocytes were isolated from the
temporomandibular joint (TM]) of 4-week-old female
Sprague-Dawley (SD) rats. The condylar cartilage was
minced into small pieces, washed three times with PBS,
and digested with 0.2% collagenase II (Sigma-Aldrich,
USA) at 37°C for 6 h. The digested tissue was filtered
through a 40 pm nylon mesh strainer (Corning, NY, USA)
to obtain single cells. RAW?264.7 macrophages (National
Collection of Authenticated Cell Cultures, Shanghai,
China) were used as a macrophage model. Both chon-
drocytes and RAW?264.7 macrophages were cultured as
previously described [22]. Cells were passaged at 80%
confluence, and second-passage (P2) chondrocytes were
used for in vitro experiments.

LPS, IL-1B, and ABNVs treatment

RAW264.7 macrophages were seeded in six-well plates
and divided into three experimental groups: control, LPS,
and LPS+ABNVs. The control group was maintained
under standard culture conditions without treatment.
In the LPS group, RAW264.7 macrophages were treated
with 100 ng/mL E. coli LPS serotype O111:B4 (Sigma-
Aldrich, USA) for 24 h. For the LPS + ABNVs group, cells
were first stimulated with LPS for 24 h, after which the
LPS-containing medium was replaced, and the cells were
treated with ABNVs for an additional 24 h.

Similarly, condylar chondrocytes were divided into
three groups: control, IL-1B, and IL-1f+ ABNVs. In the
IL-1p group, chondrocytes were treated with IL-1f (Pep-
roTech, #400-01B, USA) for 24 h. For the IL-1+ ABNVs
group, cells were first exposed to IL-1p for 24 h, after
which the IL-1B-containing medium was replaced, and
the cells were treated with ABNVs for an additional 24 h.
The control group remained untreated throughout the
experiment.

Conditioned medium (CM) collection

After treating macrophages with either LPS or LPS +
ABNVs, the original medium was replaced with fresh
serum-free medium. Following 12 h of incubation, the
culture supernatants were collected and centrifuged at
1,000 x g for 5 min. The supernatants were then mixed
with DMEM/F12 medium at a 1:1 ratio and supple-
mented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin (PS) to prepare the CM. The
CM was designated as Ctrl-CM (from untreated macro-
phages), LPS-CM (from M1-type macrophages), and LPS
+ ABNVs-CM (from ABNVs co-cultured with M1-type
macrophages) [22]. Condylar chondrocytes were sub-
sequently cultured in these CM for 7 days for further
experiments.
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Animal experiment

Eight-week-old female specific-pathogen-free (SPF)
Sprague-Dawley (SD) rats were randomly divided into
four groups (6 rats per group): sham, osteoarthritis
(OA) + normal saline (NS), OA + hyaluronic acid (HA),
and OA + ABNVs. HA is derived from Sculptra® medi-
cal hyaluronic acid gel, with a weight-average molecular
weight > 850 kDa. The TMJOA model was established as
described in our previous study [23]. Each experimen-
tal subject received a bilateral intratibial injection of 0.5
mg monoiodoacetate (MIA) (Sigma-Aldrich, USA) in
50 pL PBS, targeting the anterosuperior compartment
of the TMJ. The sham group received 50 uL PBS. After
2 weeks, the sham group underwent further needling.
The OA + NS group received 50 pL of NS, the OA + HA
group received 50 puL of HA, and the OA + ABNVs group
received intra-articular injections of 50 uL. ABNVs (1 pg/
uL) weekly for 4 weeks. Six weeks after the start of the
experiment, the rats were euthanized via a rapid intra-
peritoneal overdose of sodium pentobarbital. Peripheral
blood was collected from the exposed abdominal aorta
into anticoagulation tubes for routine blood tests. Fol-
lowing euthanasia, blood, heart, liver, spleen, lungs, kid-
neys, and bilateral TMJs were harvested for subsequent
experiments.

Cell counting Kit-8 (CCK-8) assay

Cells were cultured in 96-well plates and exposed to vari-
ous treatment regimens for 24, 48, or 72 h. After optimal
growth, 10 pL of CCK-8 (Dojindo, #CKO04, Japan) was
added to each well. After 2 h of incubation, the OD450
was measured using a microplate reader (Thermo Fisher
Scientific, Waltham, MA, USA).

Uptake of ABNVs by RAW264.7

ABNVs were labeled with PKH26 red fluorescent dye
(MedChemExpress) and co-cultured with RAW264.7
for 24 h. Cells were fixed in 4% paraformaldehyde for
15 min, rinsed three times with PBS, and stained with
4,6-diamidino-2-phenylindole (DAPI) (Beyotime, China)
for 1 h. The cell samples were observed under an inverted
fluorescence microscope (Leica, Germany).

RT-qPCR analysis

Total RNA was isolated using an RNA isolation kit (EZB,
#B0004D, China). The concentration of RNA was deter-
mined using the NanoDrop 2000 (Thermo Scientific,
MA, USA). A reverse transcription kit (Accurate Bio-
technology, #AG11621, China) was utilized to transcribe
the isolated RNA into cDNA. The primer sequences uti-
lized are provided in Table S2.
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Western blot

Extracted protein (25 pg) from cells was loaded onto
polyacrylamide gels for electrophoresis, transferred to
PVDF membranes (Millipore, #IPVH00010, USA), and
blocked with 5% skim milk for 2 h. Next, membranes
were incubated with primary antibodies at 4C overnight,
followed by incubation with corresponding HRP-conju-
gated secondary antibodies at room temperature for 1 h.
Protein bands were detected using an ECL kit (Epizyme
Biomedical Technology, China) and quantified, with
normalization against GAPDH, using Image] software
(National Institutes of Health, USA). The experiments
were independently repeated three times. Details of the
primary antibodies used for western blotting are pro-
vided in Table S1.

Toluidine blue staining

Chondrocytes (2 x 10* cells/well) seeded in 48-well plates
were cultured with ABNVs or macrophage CM for 7 d.
Cells were fixed with 4% paraformaldehyde for 15 min
and stained with toluidine blue (Solarbio, #G3660,
China). Images were taken using a light microscope
(Leica Microsystems, Germany).

Micro-CT analysis

TM]J specimens were collected and fixed with 4% para-
formaldehyde for 48 h. TMJ] condyles were scanned
using a micro-CT (Al 0.5 mm filter; Bruker MicroCT,
SkyScan1276, Germany) to observe structural changes,
which were then reconstructed using NRecon soft-
ware (dynamic image range 0.016000—0.058000; Bruker
MicroCT, Germany). The histomorphometric param-
eters, including BV/TV, BS/BV, Tb.N, and Tb.Sp, were
analyzed using CTAn software (threshold 80-255, Bruker
MicroCT, Germany). Additionally, 3D images were
reconstructed using CTVox software (Bruker MicroCT,
Germany) for morphological assessment.

Histology

TM] samples were demineralized in 10% EDTA (pH
7.2-7.4) for 6 weeks, dehydrated, embedded in paraf-
fin, and sectioned at 4 pm thickness. The samples were
then stained with Safranin O and Fast Green (Service-
bio, #G1053, China). Cartilage thickness was quantified
by H&E staining, whereas proteoglycan changes in the
cartilage matrix were analyzed via Safranin O staining.
Osteoarthritis (OA) severity was graded using the modi-
fied Mankin scoring system.

Immunohistochemistry

After deparaffinization and rehydration, paraffin sections
underwent citrate-based antigen retrieval. Endogenous
peroxidase activity was blocked by incubation with 3%
hydrogen peroxide for 25 min. Sections were uniformly
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coated with 3% bovine serum albumin and incubated
for 30 min at room temperature. After removal of the
blocking solution, sections were incubated with primary
antibodies (COL2A1, IL-6, Aggrecan, CD163, iNOS and
MMP13) overnight at 4°C under humidified conditions.
Subsequently, horseradish peroxidase-conjugated sec-
ondary antibodies (Servicebio, 1:300, GB21303, China)
were applied for 50 min at room temperature. Follow-
ing three PBS washes (5 min each), color development
was performed using DAB substrate (Servicebio, 1:100,
GB11117, China). After rinsing with tap water, sections
were restained with hematoxylin (Servicebio, #G1004,
China) for 3 min, dehydrated through an ethanol series,
cleared in xylene, and sealed with neutral mounting
medium. Images were captured using a conventional
bright-field microscope. Details of primary antibodies
used for immunohistochemistry are provided in Table S1.

Immunofluorescence staining

Chondrocytes were seeded on chamber slides (Thermo
Scientific, #177402PK, USA). Cells were fixed with 4%
paraformaldehyde for 15 min at RT, washed with PBS
three times, permeabilized with 0.25% Triton X-100 (Ser-
vicebio, #G1204, China), and then blocked with 1% BSA
at RT for 30 min. Afterward, cells were incubated with
primary antibodies (MMP3, MMP9, and COL2A1) at 4°C
overnight. Following PBS washes, cells were incubated
with horseradish peroxidase-conjugated goat anti-rabbit
secondary antibody (Servicebio, 1:300, #GB21303, China)
for 1 h at 37°C. Finally, cells were stained with antifade
mounting medium containing DAPI (Beyotime, #P0131,
China) and observed under a fluorescence microscope
(Leica, Germany). Details of primary antibodies used for
immunofluorescence are provided in Table S1.

Intracellular ROS measurements

The intracellular ROS levels in cells were quantified using
DCFH-DA (Beyotime, China) fluorescence probes. Cell
samples were placed in a chamber slide and incubated
with 10 pM DCFH-DA for 20 min at 37°C in the dark.
Fluorescence images were captured using a fluorescence
microscope (Leica, Germany).

Proteomic analysis

The protein expression in ABN'Vs was analyzed by APT-
BIO (Shanghai, China). The analysis process involved two
stages: mass spectrometry experiments and data analysis.
The mass spectrometry experiments included protein
extraction, peptide digestion, and liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS) data-inde-
pendent acquisition (DIA). Subsequently, bioinformatics
analysis of the DIA data was performed, which included
protein identification, differential expression analysis,
and functional analysis.
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SOD and CAT detection

The levels of SOD and CAT in ABNVs were measured
using the SOD assay kit (Beyotime, #50051, China) and
the CAT assay kit (Beyotime, #S0101S, China), respec-
tively. All assessments were conducted following the
manufacturer’s instructions.

Trypsin digestion experiment

Incubate ABN'Vs with 0.25% trypsin at 37°C for 5 min and
30 min, then terminate digestion with 4 volumes of PBS
relative to the trypsin volume. Centrifuge at 100,000 g for
70 min at 4 °C to remove residual trypsin. Resuspend the
pellet in PBS and determine the activity of both enzymes
using the CAT and SOD activity assay kits.

Transcriptome sequencing

Total RNA was extracted from RAW264.7 macrophages
using the Trizol Plus RNA Purification Kit (Thermo
Fisher Scientific, USA). RNA degradation and contami-
nation were assessed by 1% agarose gel electrophoresis.
RNA concentration and purity were measured using a
Nanodrop 2000 instrument (Thermo Fisher Scientific,
USA), and RNA integrity was evaluated with the RNA
Nano 6000 Assay Kit on the Agilent Bioanalyzer 2100
System (Agilent Technologies, USA). Library construc-
tion and sequencing were conducted by Health Time
Gene (Shenzhen, China). RNA-seq data analysis was per-
formed as described in our previous work [24].

IVIS imaging

ABNVs was labeled with DiR (MedChemExpress, #HY-
D1048, USA) and then precipitated by ultracentrifuga-
tion at 100,000xg for 70 min. After washing with PBS,
DiR-labeled ABNVs was resuspended in PBS. Free DiR
and DiR-labeled ABNVs were administered intra-articu-
larly into rat joints following MIA-induced arthritis. Flu-
orescence intensity within rats was detected using an In
Vivo Imaging System (IVIS, PerkinElmer, USA) on Day 1
and subsequent time points.

Statistical analysis

All data are presented as mean * standard deviation and
analyzed using GraphPad Prism 8.0 software (GraphPad,
USA). Comparisons between two groups were performed
using the Student’s t-test, while comparisons among
more than two groups were evaluated by one-way analy-
sis of variance (ANOVA).

Results

Isolation and biological properties of ABNVs

ABNVs were isolated via ultracentrifugation (Fig. 1A).
TEM images revealed that ABNVs exhibit a double
bilayer vesicle-like structure (Fig. 1B). NTA analy-
sis showed that ABNVs have an average particle size of
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Fig. 1 Isolation and biological properties of Achyranthes bidentata-derived nanovesicles (ABNVs). (A) The isolation procedure of ABNVs from fresh Achy-
ranthes bidentata (AB) juice. (B) TEM images of ABNVs. (C) The particle size and (D) surface charge of ABNVs were analyzed using NTA. (E) ABNVs' proteins
were extracted and separated using SDS-PAGE, and then stained with Coomassie brilliant blue dye. (F) The total number of proteins and peptides con-
tained in ABNVs was identified by proteomic analysis. (G) Non-targeted metabolomics analysis of ABNVs

134.7 nm (Fig. 1C) and a zeta potential of -30.32 mV
(Fig. 1D). SDS-PAGE identified proteins in ABNVs with
molecular weights ranging from 10 to 100 kDa (Fig. 1E).
Lastly, we performed proteomic, non-targeted metabo-
lomic analyses to analyze the composition of ABNVs.
A total of 102 proteins and 653 peptides were identified
within ABNVs cargo (Fig. 1F). Non-targeted metabolo-
mics to detect the presence of Benzenoids, Lipids, and
lipid-like molecules, and Organic oxygen compounds
in ABNVs (Fig. 1G). The endotoxin level of ABNVs was
tested by the Endotoxin assay kit (Beyotime, #C0271S,
China), showing no endotoxicity of ABNVs (0.03 EU/
mL). These results collectively demonstrate that the iso-
lated ABNVs possess the characteristic features of plant
exosome-like nanovesicles (PENs).

ABNVs alleviated TMJOA in rats
To establish optimal ABNVs’ concentrations for in vivo
application, chondrocytes were isolated and treated with

a concentration gradient (0.25-4 ug/mL) over 24-72
h (Fig. S1A-D). Notably, 4 pug/mL ABNVs markedly
reduced chondrocyte viability (Fig. S1C). Following IL-1
stimulation (a standard method for modeling TMJOA in
vitro [25]), chondrocytes showed upregulated ECM deg-
radation markers (Mmp13, Adamts5) and downregulated
ECM synthesis marker (Acan). ABNVs treatment dose-
dependently suppressed catabolic gene expression while
failing to reverse Acan downregulation (Fig. S1C-D).
Based on these findings, 1 ug/mL was selected for subse-
quent in vivo studies.

We first explored the therapeutic effects of ABNVs in
vivo by establishing a TMJOA model using monoiodo-
acetate (MIA) in Sprague-Dawley (SD) rats (Fig. 2A)
following the standard protocol [23]. Following intra-
articular injection of DiR-labeled ABNVs (ABNVs-DiR)
or free DiR dye, in vivo imaging was performed on days
1, 5, and 7. By day 7, the ABNVs-DiR group still exhib-
ited a small amount of signal (Fig. S2). This indicates



Li et al. Journal of Nanobiotechnology

Sagittal

O 3 superior 3D lateral

S&F

(2025) 23:782

OA+NS

MIA injection

v

ABNVSs injection

‘

Sample harvest

V

I OA+ABNVs

Y N

|— Injection once a week —|

8-week age

OA+HA

OA+ABNVs

BS/BV (1/mm)

P g

=1
.

s - T
" E 4 &b
L m =
2
=
10- i
o §G- l
l za- #
£ 4 1
o
=

F.;..

coLzal

M aggrecan  MMP13

Page 7 of 17

Fig. 2 Local injection of ABNVs alleviated TMJOA in rats. (A) Flow chart for establishing the TMJOA model and ABNVs treatment in SD rats. (B) Superior
and lateral views of the condylar morphology and subchondral bone changes. (C) Quantitative analysis of subchondral bone parameters, including BV/
TV, BS/BV, Tb.N, and Tb.Sp. (D, E) Representative images of H&E staining, typical Safranin O-Fast Green, and IHC staining of COL2A1, MMP13, and Aggrecan
in condylar cartilage after 4 weeks of ABNVs injection. (F, G) Representative images of H&E and IHC staining for CD163, iNOS, and IL-6 in synovial tissue
after 4 weeks of ABNVs injection. Statistical analysis was conducted via one-way ANOVA (n=3). Statistical significance compared with the Sham group,
"p<0.05 and “p<0.01; compared with the OA+NS group, p<0.05, #p <0.01, and *p < 0.001."ns"indicates no significant difference
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that ABNVs persist in the joint cavity for over 7 days,
with sustained signaling supporting our weekly dos-
ing regimen. Three treatment groups were included: the
OA + NS group (saline injection), the OA + HA group
(hyaluronic acid injection), and the OA + ABNVs group
(ABNVs injection).

The Sham group underwent needling without injec-
tion. HA served as a routinely used clinical therapy
for TMJOA. Micro-CT scanning of condylar samples
revealed that the ABNVs group exhibited improved con-
dylar bone integrity, characterized by increased bone
volume, higher trabecular number, reduced trabecular
separation, and overall superior effects compared to the
OA + NS group without affecting bodyweight (Fig. 2B, C,
and Fig. S3).

Histological analysis using H&E staining and Safranin
O-Fast Green staining showed that both HA and ABNVs’
treatment increased cartilage layer thickness, chondro-
cyte numbers, and proteoglycan staining intensity in the
condyle (Fig. 2D, E). Compared to the OA +NS group,
the ABNVs group also exhibited reduced levels of matrix
metalloproteinases, such as MMP13. Notably, COL2A1
and aggrecan levels in the condylar cartilage were sig-
nificantly lower in the OA + NS group compared to the
Sham group, but ABNVs treatment restored COL2A1
and aggrecan levels in the TM] (Fig. 2D, E). These find-
ings emphasize the ability of ABNVs to restore TMJOA
condylar cartilage and subchondral bone.

In the early stages of OA, macrophages accumulate
in the synovial endothelium, contributing to synovial
inflammation and disease progression [26]. Synovial tis-
sue analysis revealed significant thickening of the synovial
layer in the OA + NS group, along with increased inflam-
matory cell infiltration and blood vessel formation, indi-
cating active synovial inflammation. In contrast, HA and
ABNVs' treatments effectively reduced synovial inflam-
mation and synovial thickening (Fig. 2F, G). Immunohis-
tochemical (IHC) analysis showed a significant increase
in M1 macrophage markers IL-6 and iNOS expression
and a decrease in M2 macrophage marker CD163 in the
OA + NS group as compared to the Sham group, suggest-
ing an increase in the activity and inflammatory intensity
of M1-type macrophages. Importantly, HA or ABNVs’
treatment significantly decreased IL-6 and iNOS expres-
sion and increased CD163 expression. ABNVs decreased
the number of M1 macrophages and increased the num-
ber of anti-inflammatory macrophages, demonstrating
significant anti-inflammatory effects (Fig. 2F, G).

Blood samples collected from rats for liver and kid-
ney function and routine blood analysis showed no sig-
nificant changes in the individual indices, and all values
remained within the normal range after treatment (Fig.
S4A, B). In addition, vital organs (heart, liver, spleen,
lungs, and kidneys) were collected for histopathologic
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analysis. H&E staining and associated scoring revealed
no significant signs of inflammation or other adverse
reactions (Fig. S4C, D). The results confirmed the good
biosafety profile of ABNVs.

ABNVs alleviated ECM degradation in condylar
chondrocytes

Cartilage is essential for condylar function, relying on the
extracellular matrix (ECM) produced by chondrocytes
[27]. To assess ABNVs’ role in condylar chondrocytes, we
first confirmed chondrocyte identity using toluidine blue
staining and COL2A1 immunofluorescence (Fig. S1A,
B). PKH26-labeled ABNVs were efficiently internalized
by chondrocytes (Fig. 3A), demonstrating their cellular
uptake. In IL-1B-stimulated chondrocytes, ABNVs signif-
icantly reduced the expression of ECM-degrading genes
(Mmp3, Mmp9, Mmp13, Adamts5; Fig. 3C) and proteins
(MMP3, MMP9; Fig. 3D, E), supported by immunofluo-
rescence (Fig. 3F, G). However, ABNVs did not restore
COL2A1 levels (Fig. 3D, E) or reverse IL-1p-induced
proteoglycan loss (toluidine blue staining; Fig. 3B). These
findings indicate that ABN'Vs mitigate ECM degradation
under inflammation but do not rescue ECM synthesis.

ABNVs alleviated M1 macrophage polarization in vitro
Synovial macrophages, particularly the pro-inflamma-
tory M1 phenotype, drive OA progression by releasing
reactive oxygen species (ROS) and inflammatory cyto-
kines (e.g., IL-1B, IL-6, TNF-a), which exacerbate ECM
degradation [28, 29]. Our in vivo study showed remark-
able downregulation of M1 markers and inflammatory
markers in ABNVs-treated TMJ-OA tissues (Fig. 2). We
further evaluated whether ABNVs could mitigate M1
macrophage polarization in vitro.

CCK-8 assays revealed that 4 pg/mL ABNVs inhibited
macrophage survival at 72 h (Fig. 4B), corroborated by
live/dead staining (Fig. 4C, D). In LPS-stimulated mac-
rophages, 1 pg/mL ABNVs optimally suppressed inflam-
matory gene expression (Fig. S5) and were selected for
further macrophage in vitro experiments. PKH26-labeled
ABNVs were efficiently internalized by macrophages
(Fig. 4A). LPS stimulation upregulated M1 markers (I/6,
Tnf, Nos2, and Cd86) at mRNA (Fig. 5E and Fig. S5) and
protein levels (IL-6, TNF-a, and iNOS; Fig. 4F, G). Flow
cytometry demonstrated a downregulation of the sur-
face marker CD86 on M1 macrophages following ABNVs
treatment, indicating that ABNVs can suppress M1
macrophage polarization to a certain extent (Fig. 4H, I).
ABNVs’ treatment significantly reduced these inflamma-
tory mediators. Additionally, ABNVs decreased secreted
IL-6, TNF-a, IL-1B, and nitric oxide (NO) in culture
supernatants (Fig. 4], K), confirming their anti-inflamma-
tory efficacy in macrophages.
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Fig.3 ABNVs alleviated ECM degradation in condylar chondrocytes. (A) Chondrocyte uptake of ABNVs (red). (B) Toluidine blue staining of chondrocytes
cultured with ABNVs for 7 days, assessing extracellular matrix integrity. (C) gRT-PCR analysis of matrix degradation-related genes (Mmp3, Mmp9, Mmp13,
Adamts5) in IL-1B-stimulated chondrocytes+ ABNVs. (D, E) Western blot of MMP9, MMP3, and COL2A1 in IL-1B3-stimulated chondrocytes + ABNVs. (F, G)
Immunofluorescence of MMP3 (red). Data analyzed by one-way ANOVA (n=3); 'p<0.05, “p<0.01,"p<0.001 vs. Control; *p < 0.05, #*p <0.01, #*p < 0.001

vs. IL-1f group. "ns” indicates no significant difference

ABNVs restored chondrocyte functions in vitro via
modulation of the macrophage inflammatory response
Our investigation of macrophage-chondrocyte cross-
talk in TMJOA used conditioned media (CM) from: (1)
control macrophages (Ctrl-CM), (2) LPS-induced M1
macrophages (LPS-CM), and (3) ABNVs-treated M1
macrophages (LPS + ABNVs-CM) [30]. LPS-CM sig-
nificantly reduced chondrocyte viability and migration
compared to Ctrl-CM (Fig. 5A and Fig. S6A, B), while
LPS + ABNVs-CM attenuated these effects. Toluidine
blue staining revealed LPS + ABNVs-CM prevented
LPS-CM-induced proteoglycan loss (Fig. 5B). At the

molecular level, LPS-CM upregulated matrix-degrading
genes (Mmp3, Mmp13) and downregulated matrix-form-
ing genes (Sox9, Acan), with LPS + ABNVs-CM partially
reversing these changes (Fig. 5C). Western blot analysis
confirmed ABNVs reduced LPS-CM-induced MMP9
overexpression and restored COL2A1/SOX9 levels (Fig.
5D, E), supported by immunofluorescence (Fig. 5F, G). To
further validate the paracrine effects of macrophages, we
also co-cultured macrophages and chondrocytes using
the Transwell system. Specifically, untreated (control)
and LPS-induced M1-type RAW264.7 cells were placed
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Fig. 4 ABNVs attenuate M1 macrophage inflammation. (A) Macrophage uptake of PKH26-labeled ABNVs (red). (B) Viability of RAW264.7 macrophages
treated with ABNVs (0.25-4 pg/mL) for 24-72 h (CCK-8 assay). (C, D) Live/dead staining of macrophages after ABNVs treatment. (E) gRT-PCR of M1 markers
(ll6, Tnf, Cd86, Nos2). (F, G) Western blot of IL-6, TNF-g, and iNOS. (H) Representative images and (I) statistical results of flow cytometry detection of CD86
positivity, a marker of M1 polarization in macrophages. (J) ELISA of IL-6, TNF-q, and IL-1(3 in supernatants. (K) Nitric oxide (NO) levels in supernatants. Data
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analyzed by one-way ANOVA (n=3); "p<0.01, “p<0.001 vs. Control; *p <0.05, #p < 0.01, #p <0.001 vs. LPS group
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Fig. 5 ABNVs rescue chondrocyte function by modulating macrophage responses. (A) Chondrocyte metabolic activity (CCK-8 assay) after 24-72 h cul-
ture with macrophage CM. (B) Proteoglycan content (toluidine blue staining). (C) RT-gPCR of matrix genes (Mmp3, Mmp13, Acan, Sox9). (D, E) Western
blot and quantification of SOX9, MMP9, and COL2A1. (F, G) Immunofluorescence of COL2A1 (green) and MMP9 (red). Data analyzed by one-way ANOVA

(n=3);"p<0.05, "p<0.01 vs. Ctrl-CM; *p < 0.05, ¥p < 0.01 vs. LPS-CM

in the upper chamber. Similarly, ABNVs were added to
the upper chamber, while condylar chondrocytes were
placed in the bottom wells. The results closely mirrored
those obtained with conditioned medium: ABNVs treat-
ment alleviated M1 macrophage-induced degradation of
the cartilage matrix and restored levels of COL2A1 and
proteoglycans (Fig. S7A-D). These findings demonstrate
ABNVs counteract M1 macrophage-mediated chondro-
cyte dysfunction in TMJOA by modulating inflammatory
responses, suggesting therapeutic potential for cartilage
protection.

CAT- and SOD-enriched ABNVs reduced oxidative stress in
M1 macrophages

Our proteomic analysis of ABNVs identified catalase
(CAT) and superoxide dismutase (SOD) as key anti-
oxidant components, with KEGG and GO enrichment
analyses highlighting their roles in catalytic activity and
stress response among the top 50 proteins (Fig. 6A, B).
CAT and SOD accounted for 2.21% and 0.18% of ABNVs
proteins, respectively, with the majority of the remain-
ing proteins being plant-specific or structural in func-
tion (Fig. S8). Functional assays confirmed these enzymes
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Fig. 6 Antioxidant effects of CAT- and SOD-enriched ABNVs in macrophages. (A, B) GO and KEGG enrichment analysis of top 50 ABNVs proteins. (C)
CAT and SOD enzymatic activity in ABNVs. (D, F) Intracellular ROS levels (DCFH-DA, green) and quantification. (E, G) Mitochondrial membrane potential
(JC-1 staining; red: high AWm, green: low AWm). Data analyzed by Student’s t-test and one-way ANOVA (n=3); ' p<0.05, p<001,  p<0.001 vs. Control;

p<0.05, #¥p<0.01 vs. LPS group

maintain activity within ABNVs (Fig. 6C), supporting
their potential to combat oxidative stress.

ABNVs exhibited a distinct enzyme profile compared
to root extracts, with higher CAT but slightly lower SOD
activity, suggesting the vesicle interior is better suited
for CAT (Fig. S9A). Trypsin treatment confirmed that
both enzymes are encapsulated within the lipid bilayer,
protecting them from degradation (Fig. S9B). Further-
more, ABNVs demonstrated remarkable stability after
lyophilization and one month of storage at —80 °C. They
maintained their cup-shaped structure, particle size,
and dispersibility without aggregation (Fig. S10A, C).
While the zeta potential slightly decreased, it remained
stable, and enzyme activity showed only a minimal,
non-progressive loss (Fig. S10B, D, E). In conclusion,

freeze-drying is an effective method for preserving
ABNVs structure and bioactivity for short-term storage.
Since CAT and SOD work synergistically to neutral-
ize ROS, with SOD converting superoxide to hydrogen
peroxide, which CAT then breaks down to water and
oxygen [31], we evaluated their therapeutic effects in
OA. In LPS-stimulated macrophages, ABNVs signifi-
cantly reduced intracellular ROS levels (Fig. 6D, F) and
restored mitochondrial membrane potential (A¥m), as
evidenced by increased JC-1 aggregate (red) fluorescence
and decreased monomeric (green) fluorescence (Fig. 6E,
@G). Parallel antioxidant effects were observed in chon-
drocytes (Fig. S11A, B), demonstrating broad cellular
protection. These findings establish that CAT- and SOD-
enriched ABNVs mitigate oxidative damage by both
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scavenging ROS and preserving mitochondrial function
[32], offering a promising approach to disrupt ROS-
mediated inflammation in OA.

ABNVs inhibit JNK/FOXO1 signaling to attenuate
macrophage inflammation

To elucidate the anti-inflammatory mechanism of
ABNVs in macrophages, we performed transcriptome
sequencing of LPS-stimulated M1 macrophages treated
with ABNVs, identifying 1,652 differentially expressed
genes (632 upregulated, 1,020 downregulated) (Fig. 7A,
B). KEGG pathway analysis revealed significant altera-
tions in the chemical carcinogenesis-reactive oxygen spe-
cies pathway (Fig. 7C), which is closely associated with
MAPK and FOXO signaling pathways [33]. Given that
FOXO1, a key regulator of macrophage polarization, is
activated by JNK (a MAPK family member) in response
to ROS [34, 35], we hypothesized that ABNVs attenuate
inflammation through ROS-mediated JNK/FOXO1 inhi-
bition. Western blot analysis confirmed ABNVs signifi-
cantly reduced phosphorylation of both JNK and FOXO1
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in RAW264.7 macrophages (Fig. 7D, E), with immuno-
histochemical staining of rat synovial tissue showing
consistent suppression of p-JNK and p-FOXO1 (Fig. 7F,
G). These findings demonstrate that ABNVs exert their
anti-inflammatory effects by disrupting the ROS-JNK-
FOXOL1 signaling axis, thereby inhibiting M1 macro-
phage polarization.

Mechanistic validation of abnvs’ anti-inflammatory effects

through CAT/SOD-JNK/FOXO1 axis

Our mechanistic studies demonstrate that CAT- and
SOD-enriched ABNVs alleviate inflammation through
ROS scavenging and JNK/FOXO1 pathway modulation.
To directly validate this pathway, we employed the JNK
activator anisomycin (25 ng/mL) [34], which reversed
ABNVs’ suppression of p-JNK phosphorylation and
restored IL-6/TNF-a production (Fig. 8A, B), confirm-
ing INK/FOXO1’s essential role. CCK8 results indicate
that the use of anisomycin has no significant effect on
cell viability (Fig. S12). Building on our identification
of functional CAT and SOD in ABNVs (Fig. 6C), we
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NVs-treated macrophages. (C) KEGG pathway enrichment of DEGs. (D, E) Western blot and quantification of p-JNK/JNK and p-FOXO1/FOXO1. (F, G) IHC
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directly applied exogenous CAT and SOD to M1 mac-
rophages. The results demonstrated that both enzymes
exhibit potent anti-inflammatory effects while simulta-
neously inhibiting JNK activation (Fig. S13A, B). Addi-
tionally, we used specific enzyme inhibitors (ATZ [36]
for CAT; LCS-1 [37] for SOD) to probe their contribu-
tion. ABNVs were incubated with each inhibitor at 37°C
for 3 h. Enzyme assays revealed that inhibitor-treated
ABNVs exhibited a statistically significant reduction in
corresponding enzyme activity, while the control group
maintained baseline activity (Fig. S13C). This confirms
that both inhibitors selectively and effectively block their
target enzymes in ABNVs. Notably, inhibitor treatment
abolished ABNVs’ anti-inflammatory effects, increasing:
(1) IL-6/TNE-a levels, (2) INK/FOXO1 phosphorylation
(Fig. 8C, D), and (3) intracellular ROS accumulation (Fig.
8E, F).

Macrophages were treated with 100 uM H,O, to induce
oxidative stress [38], under the following conditions: (1)

control, (2) H,O,, (3) H,O, + ABNVs, and (4) H,O, +
ABNVs + LCS-1 + ATZ. Results showed that H,O, sig-
nificantly increased ROS (Fig. S14A, B) and p-JNK levels
(Fig. S14C, D), and these effects were effectively reversed
by ABNVs. The co-administration of ABNVs with
enzyme inhibitors significantly attenuated their protec-
tive effects, as evidenced by the return of ROS levels and
p-JNK activation to near-baseline (model) conditions.
This result establishes a direct causal pathway: ABNVs
suppress JNK activation by scavenging ROS, and this
mechanism is negated when their ROS-clearing capac-
ity is inhibited. Together, these gain and loss-of-func-
tion experiments establish a clear mechanistic cascade:
ABNVs’ CAT/SOD enzymes reduce ROS, leading to
JNK/FOXO1 pathway inhibition and subsequent inflam-
mation suppression in macrophages.
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Discussion

TMJOA is a debilitating condition characterized by
progressive cartilage degradation, subchondral bone
remodeling, and chronic pain, significantly impairing
jaw function and quality of life [39]. Current treatments,
including conservative approaches (occlusal splints,
intra-articular injections) and surgical interventions,
offer limited disease-modifying effects or carry substan-
tial risks [5—7]. This unmet clinical need has driven inter-
est in plant-derived exosome-like nanovesicles (PENs),
which combine the therapeutic potential of natural bio-
molecules with the advantages of scalable production
and biocompatibility [40—42]. Among these, Achyran-
thes bidentata-derived nanovesicles (ABNVs) emerge as
a promising candidate, addressing both the mechanistic
drivers of TMJOA and the practical challenges of clinical
translation.

Our study demonstrates that ABNVs, enriched with
catalase (CAT) and superoxide dismutase (SOD), exert
dual therapeutic effects: (1) direct ROS scavenging and
(2) suppression of macrophage-mediated inflamma-
tion via JNK/FOXO1 pathway inhibition. These findings
bridge the gap between traditional medicine and nano-
technology, as Achyranthes bidentata has long been rec-
ognized for its anti-inflammatory and chondroprotective
properties [12]. However, crude extracts suffer from poor
bioavailability and instability, limitations overcome by
ABNVs through their natural encapsulation of bioactive
components. In vivo, ABNVs outperformed hyaluronic
acid, the current clinical standard, by mitigating cartilage
degradation and synovial inflammation in a rat TMJOA
model, while exhibiting no systemic toxicity.

The ROS-inflammation axis is central to OA pathogen-
esis, with excessive ROS driving mitochondrial dysfunc-
tion, cartilage breakdown, and sustained inflammation
[43, 44]. ABNVs disrupt this cycle through their CAT/
SOD cargo, which scavenges ROS and subsequently
inhibits ROS-activated JNK signaling.

ABNVs present a significant advantage over synthetic
nanoformulations by embodying a naturally optimized,
“ready-to-use” nanoplatform. Although sophisticated
synthetic nanoreactors co-delivering CAT and SOD
have been engineered for enhanced cascade reactions
in anti-inflammatory therapy [8], their development
faces inherent hurdles in complexity, immunogenicity,
and scalability. ABNVs, in contrast, inherently possess a
biocompatible lipid bilayer that natively and efficiently
co-encapsulates these enzymes in their active conforma-
tions. This evolutionarily refined architecture not only
ensures targeted delivery but also circumvents the con-
siderable challenges of synthetic design and manufactur-
ing. ABNVs reduce pro-inflammatory cytokine secretion
(e.g., TNF-a, IL-6) and prevent M1 macrophage polariza-
tion [35, 45], as evidenced by decreased p-JNK/p-FOXO1
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levels and restored chondrocyte matrix integrity. Notably,
the ABNVs-treated macrophages reversed the catabolic
effects of M1 macrophages on chondrocytes, underscor-
ing the therapeutic potential of targeting macrophage-
chondrocyte crosstalk [30, 46, 47]. Beyond TMJOA,
ABNVs exemplify the broader promise of PENs, which
offer targeted delivery, stability, and diverse adminis-
tration routes [48-52]. For instance, ginseng-derived
exosomes promote wound healing [49], while Pueraria
lobata exosomes ameliorate osteoporosis [50] and colitis
[51, 52]. Our work extends these applications to joint dis-
orders, highlighting ABNVs’ potential for inflammatory
and age-related conditions.

While this study highlights the therapeutic promise
of ABNVs for TMJOA, some experimental limitations
should be noted. First, the in vivo validation was per-
formed in an acute MIA-induced rat model, which may
not fully replicate the chronic, low-grade inflammation
characteristic of human TMJOA progression. Second,
the therapeutic concentration of ABNVs was optimized
in vitro (1 pg/mL) but requires further pharmacokinetic
studies to determine optimal dosing regimens for clini-
cal translation. Future work should incorporate chronic
disease models and advanced co-culture systems to bet-
ter understand the temporal and spatial dynamics of
ABNVs-mediated joint protection.

Conclusion

In summary, ABNVs represent a breakthrough in
TMJOA therapy, combining the therapeutic heritage of
Achyranthes bidentata with the advantages of nanoves-
icle technology. By delivering functional CAT and
SOD, ABNVs directly scavenge ROS and suppress JNK/
FOXO1-mediated inflammation, effectively mitigating
cartilage degradation and synovitis in vivo. Their superior
efficacy over hyaluronic acid, coupled with excellent bio-
safety, positions ABNVs as a clinically translatable candi-
date for TMJOA and potentially other inflammatory joint
disorders. Future research should focus on optimizing
delivery strategies and evaluating long-term therapeutic
outcomes to realize the full potential of this innovative
platform.
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