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Abstract
Osteoarthritis (OA), one of the major diseases afflicting the elderly, is a type of degenerative joint disease related to carti-
lage and synovium. This study aimed to clarify the role and mechanism of adipose mesenchymal stem cell (ADSC)-derived 
exosomes (Exos) in OA-induced chondrocyte degradation and synovial hyperplasia, thus improving the quality of life of 
patients. The rat OA model, chondrocytes, synovial fibroblast models and immunofluorescence were applied to observe the 
in vivo and in vitro functions of human ADSC (hADSC)-derived Exos in OA and its possible regulatory signaling pathways. 
Bioinformatics software and luciferase reporter assay were carried out to verify the mechanism of microRNA-376c-3p (miR-
376c-3p) in hADSC-derived Exos in OA in vitro. Moreover, Safranine O-Fast Green Cartilage staining, Masson staining, 
immunohistochemistry and immunofluorescence were conducted to verify the role of miR-376c-3p in hADSC-derived Exos 
in OA in vivo. hADSC-derived Exos mitigated OA-induced chondrocyte degradation and synovial fibrosis both in vivo and 
in vitro models by repressing the WNT-beta-catenin signaling pathway. For the mechanism exploration in vitro, miR-376c-3p 
was raised in hADSC-derived Exos and mediated the fibrosis of synovial fibroblasts in OA, and miR-376c-3p targeted the 
3’-untranslated region of WNT3 or WNT9a. Meanwhile, the in vivo experiments also corroborated that the miR-376c-3p 
in hADSC-derived Exos mitigated OA-induced chondrocyte degradation and synovial fibrosis. MiR-376c-3p in hADSC-
derived Exos repressed the WNT-beta-catenin pathway by targeting WNT3 or WNT9a, and then mitigating OA-induced 
chondrocyte degradation and synovial fibrosis, thereby providing theoretical basis for clinical implementation of treatment.
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Abbreviations
OA	� Osteoarthritis
ADSC	� Adipose mesenchymal stem cell
Exos	� Exosomes
hADSC	� Human ADSC
ECM	� Extracellular matrix
MSCs	� Mesenchymal stem cells
MIA	� Monosodium iodoacetate

PBS	� Phosphate buffer saline
LPS	� Lipopolysaccharide
IHC	� Immunohistochemistry
EdU	� 5-Ethynyl-2-deoxyuridine
HPF	� High-power field
CT	� Cycle threshold
SDS-PAGE	� Sulfate-polyacrylamide gel electrophoresis
PVDF	� Polyvinylidene fluoride
3′UTR​	� 3′-Untranslated region
miRNAs	� MicroRNAs
SO	� Safranine O-fast green cartilage
NC	� Negative control

Introduction

Osteoarthritis (OA) is a common degenerative joint disease 
involving cartilage and synovium and is a key factor leading 
to pain and disability [1, 2]. OA is the result of various cell 
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interactions, among which chondrocytes and synovial fibro-
blasts are bound up with OA progression [3, 4]. Increasing 
studies confirm that the destruction of articular cartilage in 
OA is mainly caused by the imbalance between the synthesis 
and degradation of the cartilage extracellular matrix (ECM). 
Among them, the metalloproteinases secreted by chondro-
cytes, such as MMP13 and proteoglycanases (aggrecanases, 
ADAMTS-4/5), induce the degradation of chondrocytes [5, 
6]. Synovium is a thin membranous tissue that surrounds the 
joints and secretes compounds such as hyaluronic acid and 
lubricant to maintain normal joint function, and synovial 
fibrosis triggers OA by aggravating joint dysfunction [7]. 
Synovial fibroblasts are affected by the intra-articular micro-
environment to generate inflammatory factors and induce 
synovitis, leading to synovial hyperplasia and even fibrotic 
lesions, which directly raise the burden of OA patients [8, 
9]. Therefore, restraining cartilage degradation and reducing 
synovial hyperplasia have the potential to relieve OA.

Mesenchymal stem cells (MSCs) are a momentous mem-
ber of the stem cell family and have cartilage regeneration 
functions [10, 11]. Previous studies expound that adipose 
mesenchymal stem cells (ADSCs) can be applied as seed 
cells for the repair of OA cartilage injury, thereby delaying 
OA development [12, 13], 14]. However, the direct applica-
tion of MSCs to treat OA has certain limitations, mainly 
including the potential for immune rejection [15]. Thus, 
probing into a novel method that can take full advantage 
of MSC therapy and reduce potential risks is conducive to 
mitigate OA. As we all know, exosomes (Exos) are mem-
brane-bound vesicles secreted by cells and mediate com-
munication between different cells [16, 17]. Importantly, 
compared with other stem cell-derived Exos, MSC-derived 
Exos have higher stability and lower immunogenicity under 
different physiological and pathological conditions [18, 19]. 
Emerging evidence expounds that MSC-derived Exos play 
pivotal functions in cartilage regeneration and OA treatment 
[20]. Because hADSCs produce and secrete more Exos than 
MSCs, and these Exos inherit a variety of cellular functions. 
Thus, hADSC-derived Exos are more versatile than MSC-
derived Exos [21]. To our knowledge, hADSC-derived 
Exos function in OA have not been studied. Therefore, this 
study aimed to firstly probe into the role and mechanism of 
hADSC-derived Exos in OA-induced chondrocyte degrada-
tion and synovial hyperplasia.

In the present study, we applied monosodium iodoacetate 
(MIA)-induced rat OA model, IL-1β-induced chondrocytes, 
and IL-1β or TGF-β1-induced synovial fibroblast models 
to probe into the potential mechanism of hADSC-derived 
Exos in OA-induced chondrocyte degradation and synovial 
hyperplasia.

Materials and methods

Isolation and identification of hADSCs

We collected subcutaneous thigh adipose tissues of patients 
who underwent liposuction operation at the Plastic Surgery 
Department of the First Affiliated Hospital of Zhengzhou 
University from November 2018 to April 2019. This study 
was approved by the Institute Research Medical Ethics Com-
mittee of the First Affiliated Hospital of Zhengzhou Univer-
sity. Written informed consents were obtained from all the 
patients involved. A total of 20 g adipose tissues was washed 
twice in a sterile environment, treated with 0.1% collagenase 
type I for approximately 45 min, centrifuged at 800 r/min at 
room temperature for about 5 min, and resuspended and cen-
trifuged twice. The cell suspension was plated in a 75 cm2 
culture flask, labeled as the P0 generation. P0 cells were 
incubated at 37 °C, 5% CO2 environment. When the P0 cells 
grew to 80% ~ 90%, they were passaged in a certain propor-
tion. The P3 generation was applied in this study. The flow 
cytometry (FACSCanto II; BD Biosciences, San Jose, CA, 
USA) was conducted to identify the hADSCs [22]. The anti-
CD45 (ab10559, 1:100), anti-D29 (ab134179, 1:100), anti-
CD31 (ab134168, 1:100), and anti-CD90 (ab23894, 1 µg) 
antibodies were obtained from Abcam (Cambridge, UK).

Induction of osteogenesis and adipogenesis 
of hADSCs

When the P3 generation hADSCs grew to 80–90%, their cul-
ture medium was replaced with osteogenic induction solu-
tion (dexamethasone sodium phosphate 10–8 mol/l, ascorbic 
acid 0.1 mmol/l, and DMEM/F12 medium, all from Gibco, 
Waltham, MA, USA) [23]. The supernatant was discarded 
after 21 days of culture. The cells were fixed with 4% para-
formaldehyde solution for nearly 5 min and stained with 
alizarin red staining solution (Gibco, Waltham, MA, USA) 
for 20 min. Then the cells were observed under an inverted 
phase-contrast microscope (Olympus, Tokyo, Japan). For 
the induction of adipogenesis, the hADSC adipogenic dif-
ferentiation medium was obtained from Cyagen (HUXMD-
90031, Suzhou, Jiangsu, China), and was used given the 
manufactures’ instructions. The cells were fixed with 4% 
paraformaldehyde solution for 5 min and stained with Oil 
Red O staining solution (Roche, Basel, Switzerland) for 
nearly 10 min. Subsequently, the cells were observed under 
an inverted phase-contrast microscope (Olympus, Tokyo, 
Japan).
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Isolation and identification of hADSC‑derived Exos

The hADSC supernatant was centrifuged at 2000 g at 4 °C 
for 30 min, and the precipitate was discarded. Then the 
sample was centrifuged at 20,000×g at 4 °C for nearly 1 h, 
followed by discarding the precipitate and repeating the cen-
trifugation. After that, the supernatant was centrifuged at 
100,000×g at 4 °C for 1 h, followed by discarding the super-
natant and repeating the centrifugation once after washing 
with phosphate buffer saline (PBS) [24]. After being resus-
pended with 200 μl PBS after discarding the supernatant, the 
collected precipitate was the hADSC-derived Exos. The iso-
lated Exos (10 μl) were dropped on a 300-mesh copper net 
and stained with 3% phosphotungstic acid solution for 1 min, 
dried and observed with a transmission electron microscope 
(HT7830, HITACHI, Ltd., Tokyo, Japan). The expressions 
of Exo markers, containing CD63 (ab59479, 1:500, Abcam), 
TSG101 (ab125011, 1:1000, Abcam), and CD9 (ab92726, 
1:2000, Abcam) were determined using Western blot.

Establishment of the rat OA model

All animal experiments were complied with the ARRIVE 
guidelines and were carried out following the U.S. Public 
Health Service Policy on Humane Care and Use of Labora-
tory Animals. SD rats weighing from 230 to 280 g were 
obtained from the Shanghai Lab Animal Research Center 
(Shanghai, China). To establish the osteoarthritis model, 
50 µl monosodium iodoacetate (MIA, 3 mg in saline) was 
injected into the right knee joint of the rats [25]. The control 
rats (Sham group) were injected with the same volume of 
saline. After 2 weeks of MIA injection, Exos (100 µg/250 µl) 
were injected into the right knee joint of the rats as the 
OA + exosome group [26]. There were five rats in each 
group. The rats were sacrificed 2 weeks later and the knee 
joint tissues were gathered for subsequent testing.

To investigate the therapeutic effects of exosomal micro-
RNA-376c-3p (miR-376c-3p), the miR-376c-3p antagomir 
(RiboBio Technology, Guangzhou, Guangdong, China) was 
injected into the right knee joint of OA rats together with 
Exos. The control antagomir (anta NC) was applied as the 
negative control (NC). Two weeks after the establishment of 
the rat OA model, 50 nmol anta NC (OA + anta NC group), 
100 µg Exos and 50 nmol anta-NC (OA + Exo + anta NC 
group) or 100 µg Exos and 50 nmol miR-376c-3p antagomir 
(OA + Exo + miR anta group) were injected into the right 
knee joint of the rats. There were five rats in each group. The 
rats were sacrificed 2 weeks later, and the knee joint tissues 
were gathered for next testing.

Safranine O‑fast green cartilage staining 
and masson staining

The Modified Safranine O-Fast Green FCF Cartilage Stain 
Kit (G1371, Solarbio Life Sciences, Beijing, China) was 
applied in the Safranine O-Fast Green FCF Cartilage Stain-
ing. Specifically, the isolated knee joint was fixed with 10% 
formalin for 24 h. After decalcification in 10% (v/v) ETDA, 
the sections were embedded in paraffin and made into 5 μm 
sections. After dewaxing, the sections were stained with the 
Weigert dye solution for 3–5 min. After the acidic differ-
entiation for 15 s, the sections were washed with distilled 
water and stained with the fast-green dye solution for about 
5 min. Before being stained with safranine O dye solution 
for 5 min, the sections were washed with the weak acid solu-
tion for 10–15 s. The Masson’s Trichrome Stain Kit (G1340, 
Solarbio Life Sciences, Beijing, China) was applied in the 
Masson staining. The staining procedure was performed 
given the manufactures’ instructions. Then the sections were 
dehydrated and observed under an inverted phase-contrast 
microscope (Olympus, Tokyo, Japan).

Cell culture and treatment

Human chondrocytes were bought from Procell Technology 
(CP-H096, Wuhan, Hubei, China). The chondrocytes were 
put in the human articular chondrocyte complete medium 
(CM-H096, Procell Technology) at 37 °C. Chondrocytes 
were treated with IL-1β (10 ng/ml) for about 24 h to induce 
the chondrocyte injury and they were treated with Exos 
(10 μg/ml) to relieve the IL-1β-induced injury.

The isolation and culture of rat primary synovial fibro-
blasts were carried out given the previously described 
method with minor changes [27]. In brief, the rat synovial 
tissues were digested with enzymes trypsin and collagenase 
and filtered using sterile 20 μm sieve to separate synovial 
fibroblasts. The synovial fibroblasts were put in DMEM 
and 10% fetal bovine serum (FBS, Solarbio Life Sciences, 
Beijing, China) until a fusion of nearly 80% was achieved. 
The rat primary synovial fibroblasts were treated with IL-1β 
(10 ng/ml) or lipopolysaccharide (LPS, 50 ng/ml) for nearly 
24 h to induce the inflammatory responses and they were 
treated with Exos (10 μg/ml) to relieve such responses.

In order to verify the role of miR-376c-3p on WNT3, 
WNT9a and β-catenin expreesions, miR-376c-3p inhibitior 
(RiboBio Technology) was transfected into chondrocytes 
or synovial fibroblasts. To further search for whether miR-
NAs in Exos functioned in OA progression, we treated the 
chondrocytes and synovial fibroblasts with hADSC-derived 
Exos,and then continued to treat the cells with 100 μg/ml 
RNase for about 1 h at 37 °C [28].
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Immunohistochemistry and immunofluorescence 
staining

Collagen II expression in rat cartilage tissues was deter-
mined using immunohistochemistry (IHC) [29]. The anti-
Collagen II antibody (ab34712, Abcam) was applied during 
the IHC. The percentage of Collagen II positive cells per 
high-power field (HPF) was calculated by randomly select-
ing 4 HPFs. For the immunofluorescence staining, human 
chondrocytes were incubated with the anti-Collagen II anti-
body (ab34712, Abcam) or anti-MMP13 antibody (ab39012, 
Abcam) after penetrating cell membrane using 0.5% Triton 
X-100, followed by the incubation with the second antibody 
conjugated with fluorescence for nearly 1 h [30]. The rat 
primary synovial fibroblasts were incubated with anti-Col-
lagen III antibody (ab7778, Abcam) or anti-α-SMA antibody 
(ab32575, Abcam) for immunofluorescence staining. The rat 
cartilage tissues and the rat synovial tissues were incubated 
with anti-β-catenin antibody (ab16051, Abcam) for immu-
nofluorescence staining.

Cell proliferation assay

The cell proliferation of synovial fibroblasts was tested using 
the 5-Ethynyl-2-deoxyuridine (EdU) labeling detection [31]. 
The synovial fibroblasts were exposed to 50 μM EdU (Ribo-
Bio, Guangzhou, China). Subsequently, the contents were 
stained with DAPI (Thermo Fisher Scientific) for approxi-
mately 30 min and visualized under microscopy (Olympus, 
Tokyo, Japan).

Quantitative real‑time PCR (qRT‑PCR)

Given the previously described method [32], we carried out 
the qRT-PCR assay. Specifically, the TRIzol lysate (Thermo 
Fisher Scientific) was conducted to extract the total RNA. 
The PrimeScript™RT reagent Kit (RR047AA, Takara, 
Dalian, Liaoning, China) was applied during the reverse 
transcription after determining the RNA concentration. The 
PCR reaction systems were presented: 95 °C (5 min); 40 
cycles of 95 °C (30 s), 60 °C (30 s), 72 °C (1 min); 72 °C 
(10 min). U6 was the internal control of miR-376c-3p, and 
GAPDH was the internal control of mRNAs. Cycle thresh-
old (CT) values were calculated by 2−ΔΔCT to quantify the 
relative gene expressions.

Western blot analysis

RIPA buffer (Gibco, Waltham, MA, USA) was applied to 
isolate total proteins. The proteins were quantified using a 
BCA Protein Assay Kit (Thermo Fisher Scientific). After 
performing the sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS-PAGE) for about 2.5 h, the samples 

were transferred to the polyvinylidene fluoride (PVDF) 
membranes (Sigma-Aldrich, St Louis, MO, USA). After 
being blocked using 3% bovine serum albumin (BSA, 
Thermo Fisher Scientific), the samples were incubated with 
primary antibodies, containing MMP13 (ab39012, 1:3000, 
Abcam), ADAMTS5 (ab41037, 1:250, Abcam), Collagen 
II (ab34712, 1:1000, Abcam), Aggrecan (ab3778, 1:100), 
α-SMA (ab32575, 1:1000, Abcam), Collagen III (ab7778, 
1:5000, Abcam), β-catenin (ab16051, 0.25 µg/ml, Abcam), 
WNT3 (ab32249, 1 µg/ml, Abcam), WNT9a (ab125957, 
1 µg/ml, Abcam) and GAPDH (ab8245, 1/500, Abcam), 
overnight at 4 °C. Then, the samples were incubated with 
the secondary antibody (ab205718, 1:2000, Abcam) at 37 °C 
for 1 h. Images were obtained using a Pierce™ ECL Western 
Blotting Substrate (32,209, Thermo Fisher Scientific).

Luciferase reporter assay

The DNA sequences of the WNT3 3′-untranslated region 
(3′UTR) and the WNT9a 3′UTR of human (Homo) or rat 
were amplified by PCR. The sequences were inserted into 
the pRL-TK-REPORT Vector (Promega, Madison, WI, 
USA). The 293 T cells (1.2 × 104) in a 96-well plate were co-
transfected with 50 nM miR-376c-3p mimic or mimic con-
trol (RiboBio Technology, Guangdong, China) and 2 μg/ml 
WNT3 3′UTR vector or WNT9a 3′UTR vector. After 48 h 
post-transfection, the luciferase activity was tested using the 
Luciferase Reporter Assay System (Promega, Madison, WI, 
USA) and the firefly luciferase activity was normalized to 
the Renilla luciferase activity [33].

Cell transfection

The miR-376c-3p mimic, obtained from the RiboBio Tech-
nology, was carried out to overexpress miR-376c-3p in 
human chondrocytes and rat primary synovial fibroblasts. 
The negative control was also from RiboBio Technology. 
The cell transfection was performed using the Lipofectamine 
2000 reagent as previously reported [34].

Endocytosis experiment

The purified Exos were labeled using the green fluorescent 
PKH67 (Sigma-Aldrich, St Louis, MO, USA) [35]. Briefly, 
2 μM PKH67 was added to the hADSC-derived Exos. Then, 
the labeled Exos were were injected into the right knee joint 
of the rats. Two weeks later, the knee joint tissues were gath-
ered and the area of cartilage and synovium were observed 
by fluorescence microscope. The chondrocytes or synovial 
fibroblasts were co-incubated with the labeled Exos for 24 h. 
After that, the cell supernatant was discarded and the per-
centage of PKH67 positive cells was tested using the flow 



366	 Apoptosis (2023) 28:362–378

1 3

cytometry (FACSCanto II; BD Biosciences, San Jose, CA, 
USA).

Statistical analysis

All cell experiments had at least three independent biologi-
cal replicates for quantitative analysis. Data were presented 
as mean ± standard deviation. We applied the Graphpad 
Prism 5.0 and the SPSS 18.0 (IBM, Armonk, NY, USA) 
to assess data. The difference between the two groups was 
compared using the unpaired two-tailed Student’s t-test. The 
difference among multiple groups was compared using the 
one-way ANOVA analysis combined with Games-Howell 
Post-Hoc or LSD post hoc test, Kruskal-Wallis test with 
Dunn's post-hoc. When P < 0.05, the differences were con-
sidered statistically significant.

Results

Exosomes derived from hADSCs mitigate OA in SD 
rats

Here, we first probed into whether the hADSC-derived Exos 
functioned in OA. The identification of hADSC-derived 
Exos and the identification of Exos entering chondrocytes 
and synovial fibroblasts were displayed in Supplementary 
Fig. 1. After establishing a rat model of OA, hADSC-derived 
Exos were injected into the rats, the specific protocols were 
displayed in Fig. 1A. Safranine O-fast green cartilage (SO) 
Staining expounded that the cartilage tissue degradation in 
the OA group was severe, while this effect was relieved after 
hADSC-derived Exos injection. Masson staining analysis 
authenticated that the fibrosis in the OA group was aggra-
vated, while hADSC-derived Exos injection reduced the 
fibrosis (Fig. 1B). The Osteoarthritis research society inter-
national (OARSI) evaluation in the OA group displayed a 
higher score than the sham group, while hADSC-derived 
Exos injection reduced the OARSI score (Fig. 1B). The 
above data authenticated that hADSC-derived Exos had the 
function of mitigating OA in SD rats.

hADSC‑derived Exos promote the expression 
of Collage II in cartilage tissues

Next, we investigated the potential mechanism of hADSC-
derived Exos to mitigate OA. Immunohistochemical stain-
ing of Collagen II on the cartilage tissues expounded 
that Collagen II was lessened in the OA group, and the 
injection of hADSC-derived Exos increased Collagen II 
(Fig. 2A). Besides, as displayed in Fig. 2B, after injec-
tion of hADSC-derived Exos, the expressions of inflam-
matory factors (IL-1β, iNOS, TNF-α, IL-6 and IFN-γ), 

chondroprotection-related molecules (Col2a1, Sox9, 
Comp and ACAN) and fibrosis-related molecules (α-SMA, 
Col1a3, MMP3, MMP13, TIMP1, TIMP2, ADAMTS4 and 
ADAMTS5) changed memorably and the pain and prolif-
eration-related molecules (CGRP, NGF, P75NTR, PCNA, 
Bax, casp3 and casp8) had no remarkable changes. Thus, 
we selected these indicators for subsequent detection.

hADSC‑derived Exos mitigate the dysfunction 
of chondrocytes induced by IL‑1β and synovial 
fibroblasts induced by IL‑1β or TGF‑β1

We next explored the hADSC-derived Exos functions in 
chondrocytes and synovial fibroblasts. As displayed in 
Fig. 3A, IL-1β treatment lessened Collage II and raised 
MMP13, while these trends were partly reversed after 
the hADSC-derived Exos treatment. Western blot analy-
sis expounded that IL-1β treatment enhanced extracel-
lular matrix related molecules MMP13 and ADAMTS5 
expressions, and weakened chondrocyte marker molecule 
Collagen II and Aggrecan expressions, while these effects 
were partly reversed after the hADSC-derived Exos treat-
ment, prompting that hADSC-derived Exos restrained 
chondrocyte degradation (Fig. 3B). Furthermore, IL-1β 
treatment raised inflammatory cytokines TNF-α and IL-6 
in synovial fibroblasts, while this raise was partly reversed 
after the hADSC-derived Exos treatment (Fig. 3C). The 
LPS treatment enhanced inflammatory cytokines IL-1β, 
IL-6, TNF-α and IFN-γ expressions in synovial fibroblasts, 
while this enhance was reversed after the hADSC-derived 
Exos treatment, hinting that hADSC-derived Exos miti-
gated the inflammatory response of synovial fibroblasts 
(Fig. 3D). Moreover, TGF-β1 treatment raised fibrosis-
related molecules α-SMA and Collagen III in synovial 
fibroblasts, and this raise was reversed after the hADSC-
derived Exos treatment (Fig. 3E). Besides, in the synovial 
fibroblasts of OA rats, we also corroborated that hADSC-
derived Exos treatment reduced the induction effect 
of TGF-β1 on the synovial fibroblasts (Supplementary 
Fig. 2). Meanwhile, as displayed in Fig. 3F, the trends of 
α-SMA and Collagen III expressions in synovial fibro-
blasts detected by immunofluorescence were the same as 
that in Fig. 3E, and the results of EdU cell proliferation 
authenticated that hADSC-derived Exos restrained the 
proliferation of synovial fibroblasts induced by TGF-β1 
(Fig.  3F). Generally, hADSC-derived Exos restrained 
IL-1β-induced chondrocyte degradation and mitigated the 
inflammatory response of synovial fibroblasts induced by 
IL-1β or LPS, and mitigated the pro-fibrosis and prolifera-
tion effects of synovial fibroblasts induced by TGF-β1.
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Fig. 1   Effects of adipose mesenchymal stem cells (ADSC)-derived 
exosomes (Exos) on SD rats with osteoarthritis. A The specific pro-
tocols for the rat model of osteoarthritis (OA). B Safranine O-Fast 
Green Cartilage (SO) Staining (Scale bar: 200  μm, 50  μm) and 
Masson staining (Scale bar: 100  μm) were conducted to evaluate 
the degree of cartilage tissue degradation and synovial fibrosis and 
the osteoarthritis research society international (OARSI) score was 

applied. OARSI score: sham vs. OA: Kruskal–Wallis with Dunn’s 
post-hoc, N = 5; OA vs OA + Exo: Kruskal–Wallis with Dunn’s post-
hoc, N = 5. Fibrosis: One-way ANOVA analysis combined with Tuk-
ey's post-hoc, N = 5. **P < 0.01 versus. sham, ##P < 0.05 versus OA. 
MIA monosodium iodoacetate, SO safranine O-fast green cartilage 
staining, OA osteoarthritis
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Fig. 2   Effects of hADSC-
derived Exos on Collage II 
in cartilage tissues. A Immu-
nohistochemical staining of 
collagen II on the cartilage 
tissues (Scale bar: 20 μm). 
One-way ANOVA analysis 
combined with Games-Howell 
Post-Hoc, N = 5. B Heat map 
analysis of inflammatory factors 
(IL-1β, iNOS, TNF-α, IL-6 
and IFN-γ), chondroprotection-
related molecules (Col2a1, 
Sox9, Comp and ACAN) and 
fibrosis-related molecules 
(α-SMA, Col1a3, MMP3, 
MMP13, TIMP1, TIMP2, 
ADAMTS4 and ADAMTS5) 
and the pain and proliferation-
related molecules (CGRP, NGF, 
P75NTR, PCNA, Bax, casp3 
and casp8). **P < 0.01 versus 
sham, #P < 0.05 versus OA. Exo 
exosome
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hADSC‑derived Exos inhibit the WNT‑beta‑catenin 
signaling pathway

TO clarify the underlying mechanism behind hADSC-
derived Exos mitigating OA in SD rats and restraining the 
dysfunction of chondrocytes and synovial fibroblasts, we 
carried out immunofluorescence detection of β-catenin in 
rat cartilage tissues and rat synovial tissues in vivo, and 
we mitigate authenticated that β-catenin was raised in the 
OA group, while β-catenin was lessened in the OA + Exo 
group (Fig. 4A), and there were more normal chondrocytes 
in the OA + Exo group than in the OA group (Fig. 4A). 
The quantitative analysis results were displayed in Fig. 4A. 
Furthermore, in vitro detection of IL-1β-induced chondro-
cytes, or LPS or TGF-β1-induced synovial fibroblasts, the 
expression of β-catenin was enhanced, while β-catenin was 
lessened after the treatment with hADSC-derived Exos 
(Fig. 4B), implying that hADSC-derived Exos might medi-
ate the β-catenin signaling pathway. Thus, we further tested 
the expressions of other important molecules of classical 
WNT-β-catenin WNT1, WNT2, WNT3, WNT8a, WNT8b, 
WNT9a, WNT10a and WNT10b. We authenticated that 
hADSC-derived Exos lessened the mRNA levels of WNT1, 
WNT2, WNT3 and WNT9a both in synovial fibroblasts 
and chondrocytes (Fig. 4C and Supplementary Fig. 3A), 
while RNase treatment raised the protein levels of WNT3 
and WNT9a and had no prominent changes in WNT1 and 
WNT2 protein levels (Fig. 4D and Supplementary Fig. 3B), 
hinting that the RNA in hADSC-derived Exos might mediate 
the β-catenin signaling pathway. Considering that we hope 

to conduct in-depth study on miRNAs carried in hADSC-
derived Exos, we chose WNT3 and WNT9a for further 
studies. In summary, the hADSC-derived Exos restrained 
the WNT-beta-catenin signaling pathway and the RNA in 
hADSC-derived Exos might mediate this process.

miR‑376c‑3p in hADSC‑derived Exos regulates 
chondrocyte and synovial fibroblast function 
and targets WNT3 or WNT9a

Increasing evidence expound that miRNAs are one of the 
key molecules that function in Exos [19]. Here, we applied 
software available online (TargetScan) to computation-
ally identify 19 miRNAs that might target WNT3 and 
WNT9a gene both in rats and humans, and discovered a 
total of 11 common miRNAs and the red markers repre-
sented the miRNAs whose sequences were conserved both 
in humans and rats (Supplementary Fig. 4A). miR-376c-3p 
was highly expressed in hADSC-derived Exos (Supplemen-
tary Fig. 4B), which had attracted our attention. Meanwhile, 
miR-376c-3p expression was raised after chondrocytes and 
synovial fibroblasts were treated with hADSC-derived Exos 
(Supplementary Fig. 4C). The expression of mir-376c-3p 
did not change significantly after chondrocytes or fibroblast 
was treated with ActD, indicating that the increase in mir-
376c-3p expression was not a consequence of endogenous 
miRNA synthesis, but reflected the direct transfer of Exos. 
(Supplementary Fig. 4C). Next, we tried to clarify the pos-
sible downstream target genes of miR-376c-3p. As displayed 
in Supplementary Fig. 4D, miR-376c-3p targeted the 3'UTR 
region of WNT3 or WNT9a, and miR-376c-3p negatively 
regulated the luciferase activity of WNT3 or WNT9a both 
in humans and rats. XAV939 is an inhibitor of the WNT-β-
catenin signaling pathway [36], and XAV939 treatment was 
applied as a positive control to prove that miR-376c-3p may 
function through inactivating the WNT-β-catenin signaling 
pathway. Furthermore, interference with miR-376C-3p can 
revised Exo function in chondrocytes and fibroblasts (Sup-
plementary Fig. 4E, F), indicating that miR-376C-3p medi-
ates the regulation of chondrocyte and fibroblast functions 
by hADSC exosomes in vitro.

Next, as displayed in Fig. 5A, miR-376c-3p overexpres-
sion reversed the low Collage II expression and the high 
MMP13 expression in chondrocytes induced by IL-1β. Also, 
miR-376c-3p overexpression lessened the protein levels of 
WNT3, WNT9a and β-catenin in chondrocytes (Fig. 5B). 
Furthermore, miR-376c-3p overexpression reversed the high 
expressions of Collagen III and α-SMA in synovial fibro-
blasts and the high proliferation ability of the cells induced 
by TGF-β1 (Fig. 5C). Besides, miR-376c-3p overexpression 
lessened the protein levels of WNT3, WNT9a and β-catenin 
in synovial fibroblasts (Fig. 5D). In summary, our data 
authenticated that miR-376c-3p in hADSC-derived Exos 

Fig. 3   Effect of hADSC-derived Exos on the chondrocytes induced 
by IL-1β and synovial fibroblasts induced by IL-1β or TGF-β1. 10 ng/
ml IL-1β alone or 10 ng/ml IL-1β combined with 10 ug/ml hADSC-
derived Exos were carried out to treat human chondrocytes CP-H096 
for nearly 24  h. A Immunofluorescence detection of Collage II and 
MMP13 (Scale bar: 20  μm). One-way ANOVA analysis combined 
with LSD post-hoc, N = 3. B Western blot detection of MMP13, 
ADAMTS5, Collagen II and Aggrecan. 10  ng/ml IL-1β alone or 
10 ng/ml IL-1β combined with 10 ug/ml hADSC-derived Exos were 
applied to treat synovial fibroblasts for about 24  h. Unpaired two-
tailed Student’s t-test, N = 3. C Detection of TNF-α and IL-6 expres-
sions by qRT-PCR. 50 ng/ml LPS alone or 50 ng/ml LPS combined 
with 10  ug/ml hADSC-derived Exos were conducted to treat syno-
vial fibroblasts for nearly 24 h. One-way ANOVA analysis combined 
with LSD post-hoc, N = 3. D Detection of IL-1β, IL-6, TNF-α, and 
IFN-γ expressions using qRT-PCR. 10 ng/ml TGF-β1 alone or 10 ng/
ml TGF-β1 combined with 10 ug/ml hADSC-derived Exos were car-
ried out to treat synovial fibroblasts for about 24 h. One-way ANOVA 
analysis combined with LSD post-hoc, N = 3. E Detection of α-SMA 
and Collagen III protein levels by Western blot. Unpaired two-tailed 
Student’s t-test, N = 3. F Immunofluorescence detection of α-SMA 
and Collagen III (Scale bar: 100 μm), and 5-Ethynyl-2-deoxyuridine 
(EdU) detection of cell proliferation. One-way ANOVA analysis com-
bined with LSD post-hoc, N = 3. **P < 0.01 versus NC or control. 
#P < 0.05, ##P < 0.01 versus IL-1β, LPS, and TGF-β1. NC negative 
control, LPS lipopolysaccharide
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regulated the chondrocytes and synovial fibroblasts func-
tions and negatively regulated WNT3 or WNT9a expression.

miR‑376c‑3p in hADSC‑derived Exos participates 
in the process of hADSC‑derived Exos mitigating OA 
in rats

We then verified miR-376c-3p function in hADSC-derived 
Exos in the rat OA model in vivo. The specific protocols 
were displayed in Fig. 6A. The area of cartilage and Syn-
ovium presented obvious green fluorescent dots under the 
fluorescent microscope after intra-articular injection of 
PKH67-labelled exosomes (Fig. 6A). The SO staining results 
authenticated that hADSC-derived Exos mitigated the carti-
lage injury in the rat OA model, and miR-376c-3p antago-
mir injection aggravated the cartilage injury, hinting that 
miR-376c-3p mediated the regulation of hADSC-derived 
Exos on cartilage injury. Masson staining (the synovial 
fibroblast sites) analysis expounded that hADSC-derived 
Exos restrained the synovial-hyperplasia and fibrosis, and 
miR-376c-3p antagomir injection boosted the synovial-
hyperplasia and fibrosis, implying that miR-376c-3p medi-
ated the regulation of hADSC-derived Exos on synovial-
hyperplasia and fibrosis (Fig. 6B). Overall, miR-376c-3p 
in hADSC-derived Exos was interrelated to the process of 
hADSC-derived Exos mitigating OA in rats.

The regulation of miR‑376c‑3p in hADSC‑derived 
Exos on Collagen II and β‑catenin in OA rats

As displayed in Fig. 7A, the hADSC-derived Exos injection 
raised the Collage II expression, and this raise was reversed 
after the miR-376c-3p antagomir injection. Immunofluo-
rescence analysis expounded that the hADSC-derived Exos 
injection lessened the β-catenin expression, and this trend 
was reversed after the miR-376c-3p antagomir injection 
(Fig. 7B), and the semi-quantitative statistical results of the 
above immunohistochemistry and immunofluorescence were 
displayed in Fig. 7C, D. These data authenticated that miR-
376c-3p in hADSC-derived Exos mediated the regulation 

of hADSC-derived Exos on the Collagen II and β-catenin 
expressions in OA rats.

Discussion

The focus of this study was to probe into the role and mecha-
nism of hADSC-derived Exos in OA-induced chondrocyte 
degradation and synovial hyperplasia. Here, we firstly 
authenticated that hADSC-derived Exos mitigated OA-
induced chondrocyte degradation and synovial fibrosis by 
repressing the WNT-beta-catenin signaling pathway in vivo 
and in  vitro models. Our in-depth mechanism research 
results expounded that the miR-376c-3p in hADSC-derived 
Exos authenticated OA-induced chondrocyte degradation 
and synovial fibrosis by targeting the restraint of WNT3 and 
WNT9a, and this is the first study to investigate the miR-
376c-3p function in hADSC-derived Exos in OA.

Recently, researchers have sought to emphasize the Exos 
function in the diagnosis and treatment of various human 
diseases [37]. Due to the large number of Exos produced by 
MSCs and the immunosuppressive characteristics of MSCs-
derived Exos, MSCs-derived Exos gradually attracted exten-
sive attention [38, 39]. Compared with the wide application 
of Exos derived from other MSCs in OA, there are few stud-
ies on hADSC-derived Exos. In the current study, we authen-
ticated that hADSC-derived Exos weakened OA-induced rat 
cartilage tissue degradation and synovial fibrosis in vivo, 
and irestrained IL-1β-induced chondrocyte degradation and 
IL-1β or TGF-β1-induced synovial fibroblast proliferation 
and fibrosis in vitro. Our results preliminarily authenticated 
that hADSC-derived Exos lightened OA-induced cartilage 
tissue degradation and synovial fibrosis.

WNT-beta-catenin signaling pathway plays a momentous 
role in the OA pathogenesis, and the abnormal activation 
of this signaling pathway can be found in cartilage tissues 
and synovial tissues [36, 40]. Recent research expounds that 
lorecivivint treatment mitigates the symptoms of OA by 
restraining the WNT pathway and boosting cartilage growth 
[41]. Besides, the restraint of the WNT-beta-catenin pathway 
reduces collagen generation and synovial fibroblast prolif-
eration in the OA mouse model, hinting that the WNT-beta-
catenin signaling pathway might also regulate OA-induced 
synovium fibrosis [36]. Here, we authenticated that hADSC-
derived Exos mitigated OA-induced chondrocyte degrada-
tion and synovial fibrosis by restraining the WNT-beta-
catenin signaling axis in vivo and in vitro models, which 
was consistent with the above researches. Besides, previous 
studies evaluate the function of the WNT/β-catenin signal-
ing pathway inhibitor SM04690 in clinical trials of OA and 
preliminarily authenticates that SM04690 is well tolerated 
[42]. Although the acquisition and preparation of MSCs-
derived Exos are relatively complex, MSCs-derived Exos 

Fig. 4   Effect of hADSC-derived Exos on the WNT-beta-catenin sign-
aling pathway. A Immunofluorescence detection of β-catenin in rat 
cartilage tissues and rat synovial tissues in vivo and the quantitative 
analysis results were presented (Scale bar: 48 μm or 20 μm). One-way 
ANOVA analysis combined with LSD post-hoc, N = 5. B Detection 
of β-catenin protein level in IL-1β-induced chondrocytes or LPS or 
TGF-β1-induced synovial fibroblasts by Western blot. C Detection 
of WNT3 and WNT9a mRNA levels in IL-1β-induced chondrocytes 
or LPS or TGF-β1 induced-synovial fibroblasts by qRT-PCR. The 
chondrocytes induced by IL-1β or the synovial fibroblasts induced by 
LPS or TGF-β1 were treated with RNase, respectively. Unpaired two-
tailed Student’s t-test, N = 3.  D Detection of WNT3, WNT9a, and 
β-catenin protein levels by Western blot. *P < 0.05 versus IL-1β or 
LPS. **P < 0.01 versus IL-1β, TGF-β1 or sham. ##P < 0.01 versus OA

◂
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Fig. 5   Effect of miR-376c-3p 
in hADSC-derived Exos on 
chondrocytes and synovial 
fibroblasts and exploration 
of the interaction between 
miR-376c-3p and WNT3, 
miR-376c-3p and WNT9a. 
A miR-376c-3p mimic was 
transfected into chondrocytes 
or synovial fibroblasts, and 
then the cells were treated with 
IL-1β or TGF-β1, respectively. 
Detection of Collage II and 
MMP13 expressions (Scale 
bar: 20 μm). One-way ANOVA 
analysis combined with LSD 
post-hoc, N = 3. B Detection of 
WNT3, WNT9a and β-catenin 
protein levels in chondrocytes. 
Unpaired two-tailed Student’s 
t-test, N = 3. C Detection of 
Collage III and MMP13 and 
cell proliferation (Scale bar: 
100 μm). One-way ANOVA 
analysis combined with LSD 
post-hoc, N = 3. D Detection of 
WNT3, WNT9a and β-catenin 
protein levels in synovial 
fibroblasts. Unpaired two-tailed 
Student’s t-test, N = 3. *P < 0.05 
versus IL-1β. **P < 0.01 versus 
miR-19a-3p, chondrocyte, fibro-
blast, control, IL-1β, or TGF-
β1. Exo: exosome. XAV939 
(WNT-beta-catenin inhibitor): a 
positive control
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Fig. 6   miR-376c-3p in hADSC-derived Exos is involved in process 
of hADSC-derived Exos mitigating OA in rats. A The specific proto-
cols for a rat model of OA and hADSC-derived Exos + miR-376c-3p 
antagomir injection. B SO Staining (Scale bar: 200 μm or 50 μm) and 
Masson staining (Scale bar: 150  μm) were applied to evaluate the 

degree of cartilage tissue degradation and synovial fibrosis. One-way 
ANOVA analysis combined with LSD post-hoc, N = 5. **P < 0.01 
versus OA + anta NC. #P < 0.05 versus OA + Exo + anta NC. Anta: 
antagomir
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are more stable under different physiological conditions and 
present low immunogenicity [18]. Thus, the application of 
MSCs-derived Exos is more extensive.

In recent decades of research, it is generally believed 
that microRNAs (miRNAs) regulate the expressions of 
target genes at the post-transcriptional level by restraining 

the translation of mRNA or boosting mRNA degradation, 
thereby regulating various cellular processes [43, 44]. 
However, the instability of miRNAs in the extracellular 
environment severely restricts their functions. Increasing 
evidence expounds that Exos have the function of protect-
ing miRNAs from degradation and miRNAs carried in 

Fig. 7   Analysis of miR-376c-3p in hADSC-derived Exos on Col-
lagen II and β-catenin in OA rats. A Immunohistochemical assay of 
Collagen II expression (Scale bar: 10 μm or 20 μm). B Immunofluo-
rescence analysis of β-catenin expression (Scale bar: 20  μm). C, D 

Semi-quantitative statistical results of the above immunohistochem-
istry and immunofluorescence. One-way ANOVA analysis with LSD 
post-hoc. **P < 0.01 versus OA + anta NC. #P < 0.05, ##P < 0.01 ver-
sus OA + Exo + anta NC
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Exos can be applied as a pivotal means of communication 
between different cells [45, 46]. Recent studies authenticate 
that the miR-92a-3p in MSCs-derived Exos regulates carti-
lage development and maintains homeostasis by targeting 
WNT5a, hinting that exosomal miR-92a-3p has the poten-
tial to mitigate OA [33]. In the rat OA model, Exos derived 
from human synovial mesenchymal stem cells overexpress-
ing miR-140-5p mitigate OA by strengthening cartilage 
tissues [47]. Here, we applied software available online 
(TargetScan) to computationally identify 19 miRNAs that 
might target the WNT-beta-catenin pathway-related impor-
tant molecules WNT3 and WNT9a expressions both in rats 
and humans and discovered the sequences of 5 miRNAs 
were conserved in both rats and humans. Among these, 
we authenticated that miR-376c-3p was highly expressed 
in hADSC-derived Exos and miR-376c-3p targeted WNT3 
and WNT9a. Importantly, miR-376c-3p, a conservative 
miRNA sequence, has been authenticate to mediate vari-
ous cell apoptosis and injury [48], 49]. Our in-depth studies 
expounded that the miR-376c-3p in hADSC-derived Exos 
mitigated OA-induced chondrocyte degradation and synovial 
fibrosis both in vivo and in vitro.

Conclusion

In summary, our data authenticated that the novel and 
critically important miR-376c-3p in hADSC-derived Exos 
restrained the WNT-beta-catenin pathway by targeting 
WNT3/WNT9a, thereby mitigating OA-induced chondro-
cyte degradation and synovial fibrosis. Our experimental 
data confirmed that the miR-376c-3p in hADSC-derived 
Exos had the potential to mitigate OA, which might pro-
vide novel insights for the prevention and treatment of OA. 
Besides, the main limitation is that our research is still in the 
stage of basic research and has not been applied in clinical 
treatment.
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