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Strontium—Alix interaction enhances exosomal miRNA
selectively loading in synovial MSCs for temporomandibular

joint osteoarthritis treatment

Wenxiu Yuan'?3, Jiaqi Liu'"?, Zhenzhen Zhang'?, Chengxinyue Ye', Xueman Zhou'?, Yating Yi', Yange Wu'?, Yijun Li'?,

Qinlanhui Zhang'?, Xin Xiong', Hengyi Xiao?, Jin Liu@?*

and Jun Wang'®

The ambiguity of etiology makes temporomandibular joint osteoarthritis (TMJOA) “difficult-to-treat”. Emerging evidence

underscores the therapeutic promise of exosomes in osteoarthritis management. Nonetheless, challenges such as low yields and
insignificant efficacy of current exosome therapies necessitate significant advances. Addressing lower strontium (Sr) levels in
arthritic synovial microenvironment, we studied the effect of Sr element on exosomes and miRNA selectively loading in synovial
mesenchymal stem cells (SMSCs). Here, we developed an optimized system that boosts the yield of SMSC-derived exosomes (SMSC-
EXOs) and improves their miRNA profiles with an elevated proportion of beneficial miRNAs, while reducing harmful ones by
pretreating SMSCs with Sr. Compared to untreated SMSC-EXOs, Sr-pretreated SMSC-derived exosomes (Sr-SMSC-EXOs)
demonstrated superior therapeutic efficacy by mitigating chondrocyte ferroptosis and reducing osteoclast-mediated joint pain in
TMJOA. Our results illustrate Alix’s crucial role in Sr-triggered miRNA loading, identifying miR-143-3p as a key anti-TMJOA exosomal
component. Interestingly, this system is specifically oriented towards synovium-derived stem cells. The insight into trace element-
driven, site-specific miRNA selectively loading in SMSC-EXOs proposes a promising therapeutic enhancement strategy for TMJOA.
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INTRODUCTION

As a prevalent degenerative arthropathy, temporomandibular
joint osteoarthritis (TMJOA) restricts functional movements and
causes debilitating pain, thereby severely deteriorates patients’ life
quality. However, there is hardly any curative strategy to impede
TMJOA because of ambiguous etiology.'” The therapeutic
potential of mesenchymal stem cell-derived exosomes (MSC-
EXOs) is gaining attention, particularly because of their capacity to
modulate cartilage extracellular matrix (ECM) metabolism, restore
subchondral bone homeostasis and a healthy immune micro-
environment, and more."”>8'> Exosomal miRNAs have been
identified as one of the critical elements involved in fighting
against osteoarthritis (OA). However, the efficiency of these
exosomal miRNAs in therapeutic applications could be compro-
mised by miRNA sorting mechanisms within the MSCs. Over 100
miRNAs have been identified as functionally activated in arthritis,
with some being ‘harmful’ miRNAs (e.g., miR-23a-3p, miR-146a-5p,
and miR-652-3p), which exhibit regulatory actions that promote
the progression of osteoarthritis and have been considered
candidate biomarkers related to symptoms.'®"'® Blocking these
harmful miRNAs typically alleviates OA."” Others are ‘beneficial’
miRNAs (e.g., miR-140, miR-671, and miR-214-3p), which are
negatively correlated with the pathological state of OA and
typically downregulated in arthritic tissues.®''" Activation of
these beneficial miRNAs often attenuates OA®'® Synovial
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mesenchymal stem cells (SMSCs) have been identified as a key
cell population intimately associated with the progression of
osteoarthritis, contributing to the exacerbation of the inflamma-
tory microenvironment and advancement of the disease.'#?°
Increasing evidence indicates that alterations in the synovial
exosomal miRNAs play a pivotal role in the formation of
pathologic microenvironment and progression of osteoarthri-
tis.>?"?% Therefore, optimizing the miRNA compositions within
synovial mesenchymal stem cell-derived exosomes (SMSC-EXOs)
could open new avenues to enhance their therapeutic efficacy.
The roles of trace elements (strontium, copper, selenium,
manganese, zing, etc.) in regulating miRNA composition in bone
marrow-derived mesenchymal stem cells (BMSCs), human
umbilical vein endothelial cells, and macrophages have been
addressed recently.'®?*"2® Among them, strontium (Sr), a bone-
seeking divalent metal ion, especially merits attention due to its
decreased concentration in the arthritic synovial microenviron-
ment and the known effects of Sr ion drugs on arthritis
remission.?*32 Sr iron drugs have been shown to decrease
fracture incidences, attenuate articular cartilage erosion and
soothe the pain of the joint region in osteoarthritis.'*3373¢
However, adverse events, such as gastrointestinal disorders and
increased cardiovascular risk have strongly limited the use of Sr
iron drugs in long-term treatment.%3%33 Recently, a scaffold
containing Sr was shown to promote BMSCs to release more
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Strontium—Alix interaction enhances exosomal miRNA...
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effective therapeutic exosomes to treat critical bone defects.'®
Previous studies often focused on the roles of Sr in promoting
osteogenesis and angiogenesis, inhibiting osteoclastogenesis,
balancing ECM anabolism and catabolism, and modulating
immune patterns.'333343¢ However, the effect of Sr on driving
miRNA sorting in SMSCs for OA or TMJOA remains unclearly.

Alix (Apoptosis-linked gene 2 interacting protein X), ubiqui-
tously expressed and concentrated in phagosomes and EXOs, is
involved in virus entry, neurodegeneration, tumor-mediated
immunosuppression and more, but rarely studied in the context
of arthritis.>’ 3 In our preliminary experiment, we found that the
expression of Alix was downregulated in TMJOA synovial tissues
(data not shown). Alix has been shown to enhance therapeutic
efficacy of iPSC-derived exosomes and control exosomal protein
sorting.*® Previous studies also have shown that Alix participates
in the assembly and release of many RNA viruses.*' ™** These data
indicate that the low level of Alix in arthritic SMSCs may be related
to the progression of osteoarthritis and involved in the Sr-
triggered exosomal miRNA selectively loading in SMSCs.

In this study, we explore the utilization of the trace element
strontium (Sr) to refine miRNA profiles within synovial mesench-
ymal stem cell-derived exosomes. We propose that Sr interaction
with the Alix protein plays a pivotal role in selectively enriching
therapeutic miRNA profiles. Our investigation reveals Alix’s role in
Sr-triggered miRNA loading, with miR-143-3p as a key exosomal
component for anti-TMJOA effects, thereby providing an insight
into the site-specific miRNA selectively loading and offering a
promising strategy for TMJOA therapy.

RESULTS

Strontium augmentation elevates the yield of SMSC-EXOs and
improves miRNA profiles for effective osteoarthritis intervention
To investigate the changes of overall exosomal miRNA content
resulting from Sr pretreatment, the physicochemical character-
istics, and the miRNA profiles of untreated SMSC-EXOs and Sr-
pretreated SMSC-derived exosomes (Sr-SMSC-EXOs) were ana-
lyzed. First, we isolated exosomes from Sr-pretreated and control
SMSCs (Fig. 1a, Fig. S1a-d). The features of EXOs were analyzed by
transmission electron microscope (TEM), nanoparticle tracking
analyzer (NTA) and western blot (WB). Both types of EXOs showed
a typical bilayer teacup shape, and the diameter of the EXOs
ranged from 50nm to 150 nm (Fig. 1b, Fig. S2). As shown in
Fig. 1c, the overall number of Sr-SMSC-EXOs was significantly
higher than that of SMSC-EXOs. The expressions of exosome
surface markers (CD9, CD63, CD81, and TSG101) in Sr-SMSC-EXOs
also increased significantly (Fig. 1d). In addition, CCK-8 and EDU
assays showed that Sr had no effects on the proliferation or
survival of SMSCs at working concentrations (Fig. S1e, f). Thus, Sr
pretreatment could boost the yield of SMSC-EXOs.

Second, the total RNA purified from SMSC-EXOs and Sr-SMSC-
EXOs was used for small RNA sequencing. Heatmap analysis
showed the top 50 significantly expressed miRNAs in SMSC-EXOs
and Sr-SMSC-EXOs (Fig. 1e). As predicted, the miRNA pool
included both beneficial and harmful miRNA components
(Fig. 1e, f). Among the top 100 significantly expressed miRNAs,
the ratio of beneficial/harmful miRNA in SMSC-EXO was about
1:(2.91 £0.33) (34.64% * 3.53%). Interestingly, Sr pretreatment of
SMSCs resulted in elevation of the ratio, which increased to
1:(1.80 £ 0.08) (55.53% =+ 2.54%) (Fig. 1f). Twenty-two differentially
expressed (DE) miRNAs were identified by DE Seq analysis
(Fig. 1g). Among them were several ‘harmful’ (miR-370-3p, miR-
363-3p and miR-146a-5p) and ‘beneficial’ (miR-671) miRNAs with
previously reported roles in osteoarthritis.'®'”#**> Sr-SMSC-EXOs
contained less harmful miRNAs (miR-370-3p, miR-363-3p and miR-
146a-5p) than SMSC-EXOs (Fig. Th and Tab. S1). The consistency
rate reached up to 75% (Fig. 1i). To verify the sequencing analysis,
the expression levels of some miRNAs with known (miR-146a-5p,
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miR-363-3p and miR-370-3p) and unknown (miR-191a-5p and
novel-1) functions in arthritis were analyzed by Quantitative Real-
time PCR (qRT-PCR). Consistent with the sequencing data, the
expression of miR-146a-5p, miR-363-3p, miR-370-3p and miR-
191a-5p decreased while novel-1 increased (Fig. 1j). The above
data suggest that treatment with Sr not only significantly elevated
the yield of SMSC-EXOs, but also optimized the miRNA profile
within these exosomes for effective OA intervention, selectively
increasing the level of therapeutic miRNAs, while reducing the
presence of potentially deleterious miRNAs.

Superior therapeutic performance of Sr-enhanced SMSC-EXOs in
ameliorating TMJOA symptoms in rats

To investigate whether Sr-optimized SMSC-EXOs could achieved
better therapeutic efficacy than conventional SMSC-EXOs, we
examined the dynamic changes of cartilage degeneration and pain
threshold in a rat model of temporomandibular joint osteoarthritis
(TMJOA) after treatment. Intra-articular injections (IAl) of PBS, Sr-
SMSC-EXOs or SMSC-EXOs were performed once a week for 3 or
6 weeks beginning 3 weeks after TMJOA induction (Fig. S3a). There
was a smoother articular bone surface and higher density of
subchondral bone in the Sr-SMSC-EXOs group than in the SMSC-
EXOs group. Safranin-O/Fast green staining and micro-CT analysis
showed that cartilage degradation was attenuated by both types of
EXOs. The Osteoarthritis Research Society International (OARSI) score
was significantly lower in the Sr-SMSC-EXOs group than in the
SMSC-EXOs group at 3 and 6 weeks post-first injection (Fig. 2a, Fig.
S3b). The bone volume/tissue volume (BV/TV) and trabecular
thickness (Tb. Th) also increased in rats treated with Sr-SMSC-EXOs
(Fig. 2a, Fig. S3b). Thus, compared to SMSC-EXOs, Sr-SMSC-EXOs had
superior therapeutic performance on alleviating cartilage erosion.

To further explore the mechanism by which Sr-SMSC-EXOs
protect cartilage from erosion better than SMSC-EXOs, we induced
chondrocytes with interleukin-1f (IL-18) to mimic an OA micro-
environment in vitro. The mRNA levels of genes associated with
catabolic activity (Mmp3, Mmp9, and Ptgs2) (Fig. 2b) in IL-
1B-treated chondrocytes significantly decreased after exosome
administration while anabolism-associated genes (Col2al and
Acan) were hardly affected (Fig. S3c). Compared to the SMSC-EXOs
group, the levels of Mmmp3, Mmp9, and Ptgs2 mRNA were lower
in the Sr-SMSC-EXOs group. Our previous study demonstrated that
ferroptosis contributes to cartilage degeneration.*® WB, qRT-PCR,
C11-bodipy, malondialdehyde (MDA), glutathione (GSH), and Nile
Red staining analysis showed that Sr-SMSC-EXOs led to higher
ferroptosis inhibition with increased levels of GPX4, SLC7A11 and
GSH alongside a decreased level of lipid peroxidation compared
to SMSC-EXOs (Fig. 2b-e, Fig. S3d-f). In line with in vitro data,
immunofluorescence staining showed that compared to SMSC-
EXOs, Sr-SMSC-EXOs injection also led to elevated GPX4,
decreased MMP13-positive chondrocytes in TMJOA rats (Fig. 2f,
Fig. S3g). These data imply that ferroptosis inhibition might be
involved in the mechanism by which Sr-SMSC-EXOs achieve
enhanced therapeutic efficacy for cartilage repair.

To further compare the effects of Sr-SMSC-EXOs and SMSC-
EXOs on pain relief, we first analyzed the pain threshold of TMJOA
rats using a set of Von Frey monofilaments. The pain threshold
gradually increased after EXOs injection in both groups. Interest-
ingly, the pain-relieving effect of Sr-SMSC-EXOs on TMJOA rats
appeared significant at 2 weeks post-first injection while that of
SMSC-EXOs was delayed to 4 weeks post-first injection. The pain
threshold of rats in the Sr-SMSC-EXOs group was about twice that
of the SMSC-EXOs group at 6 weeks post-first injection (Fig. 2g).
Cao lab’s study has revealed that the subchondral osteoclasts
triggered the progression of pain via sensory innervation in
arthritis.”” To further confirm the effect of Sr-SMSC-EXOs on pain
alleviation, immunofluorescence, and tartrate resistant acid
phosphatase (TRAP) staining were conducted to assess the
expression of CGRP and osteoclast activity in subchondral bone.
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Fig. 1 Strontium augmentation elevates the yield of SMSC-EXOs and improves miRNA profiles for effective osteoarthritis intervention.
a Schematic diagram of untreated SMSC-EXOs and Sr-SMSC-EXOs isolation process. b Electron micrographs of exosomes. Scale bars, 200 nm.
¢ number of particles were assessed by nanoparticle tracking analysis. d Western blot of marker proteins CD9, CD63, CD81, and TSG101 in
exosomes. e Heatmap analysis of the top 50 significantly expressed miRNAs in the SMSC-EXOs and Sr-SMSC-EXOs. f Ratio of beneficial/harmful
miRNAs (%). g Volcano plot of the miRNAs in the SMSC-EXOs and Sr-SMSC-EXOs. h Functional analysis of differentially expressed miRNAs
between the SMSC-EXOs and Sr-SMSC-EXOs based on existing studies. i The relationship between miRNAs with known function in arthritis

and DE miRNAs. j Quantitative RT-PCR analysis of the miRNA in the SMSC-EXOs and Sr-SMSC-EXOs. Data are represented as mean + SEM.
*P<0.05, **P<0.01, ***P <0.001

We observed that Sr-SMSC-EXOs injection reduced both markers Necessity of Alix upregulation for Sr-triggered miRNA loading and
more than SMSC-EXOs at 6 weeks post-first injection (Fig. 2h, exosome secretion

Fig. S3h). The above data indicate that Sr-SMSC-EXOs exhibit In our preliminary experiment, immunofluorescence staining
superior pain relief compared to SMSC-EXOs. showed that the expression of Alix was downregulated in OA
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Fig. 2 Superior therapeutic performance of Sr-enhanced SMSC-EXOs in ameliorating TMJOA symptoms in rats. a Safranin-O/Fast green
staining, OARSI scoring system showing the degradation in condylar cartilage, and 3D reconstruction of the condyles and the ratio of bone
volume to tissue volume (BV/TV) in subchondral bone. Scale bar for Safranin-O/Fast green staining, 100 um; Scale bar for 3D reconstruction,
1 mm. b Quantitative RT-PCR analysis of condylar chondrocytes 48 h after indicated treatment. ¢ Western blot analyses of the GPX4 and
SLC7A11 in condylar chondrocytes 48 h after indicated treatment. d Lipid peroxidation was determined using the BODIPY 716 581/591 C11
reagent in condylar chondrocytes 48 h after indicated treatment. e Relative MDA measurement in condylar chondrocytes 48 h after indicated
treatment. f Immunofluorescence staining for MMP13 and GPX4 in condylar cartilage at 6 weeks. Arrowheads indicate positive cells. Scale bar,
100 pm. g Measurement of the pain threshold value in TMJ region by Von Frey monofilaments testing. Compared to TMJOA group, *P < 0.05,
**p < 0.01, **P <0.001; compared to TMJOA+SMSCs-EXOs group, *P < 0.05, **#P <0.001. h Immunofluorescence staining for CGRP and
TRAP staining in subchondral bone at 6 weeks. Scale bar, 100 pm. Arrowheads indicate positive cells. Data are represented as mean + SEM.
*P < 0.05, **P < 0.01, ***P < 0.001

synovial tissues (data not shown). To further explore the precise exposure by gqRT-PCR and WB (Fig. 3a, b, Fig. S4a). We found that

molecular mechanism by which Sr regulates exosome biogenesis, the expression of Alix increased significantly after Sr exposure
we first examined the changes of some exosomal miRNA and (Fig. 3a, b). Knockdown of Alix in Sr-pretreated SMSCs by siRNA
protein loading-related factors (including Alix, Fas, Cav-1, Syntenin- transfection maintained the morphology and diameter of the

1, Vps28, Chmp4, Snf8, Snx, and Hrs)**>2 in SMSCs after Sr exosomes (Fig. 3c, Fig. S4b-d). However, the increase in the
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Fig. 3 Necessity of Alix upregulation for Sr-triggered miRNA loading and exosome secretion. a Quantitative RT-PCR and b western blot
analyses of exosome formation related genes in SMSCs 48 h after indicated treatment. ¢ Size distribution and number of particles were
assessed by nanoparticle tracking analysis. d Western blot of marker proteins CD9, CD63, CD81, Alix, and TSG101 in exosomes. e Ratio of
beneficial/harmful miRNAs (%). f Heatmap analysis of screened miRNAs in the SMSC-EXOs and Sr-SMSC-EXOs. g Functional analysis of
screened in miRNAs between the SMSC-EXOs and Sr-SMSC-EXOs based on existing studies. h The relationship between functionally known
miRNAs and screened miRNAs. i Quantitative RT-PCR analyses of the miRNA in the SMSC-EXOs, Sr-SMSC-EXOs, and SiAlix-Sr-SMSC-EXOs.
j Quantitative RT-PCR analyses of the miRNA in the SMSC-EXOs and SiAlix-SMSC-EXOs. k GO and KEGG pathway analyses of the target genes of
screened MiRNAs
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number of nanoparticles and the expressions of exosome surface
markers, such as CD9, CD63, CD81, and TSG101, were impeded
(Fig. 3¢, d, Fig. S4e). These findings suggest that Sr promotes SMSCs
to secrete more EXOs at least partially via the upregulation of Alix.

To further investigate the role of Alix in Sr-triggered miRNA
loading, we performed miRNA profile analysis of SMSC-EXOs, Sr-
SMSC-EXOs and Alix siRNA knockdown (SiAlix)-Sr-SMSC-EXOs. Nine
related miRNAs were identified. Knockdown of Alix in SMSCs
abrogated the Sr-induced increase of the beneficial/harmful
miRNA ratio among the top 100 significantly expressed miRNAs
(Fig. 3e). Heatmap analysis showed that five Sr-elevated miRNAs
were downregulated, and four Sr-decreased miRNAs were
upregulated by Alix reduction (Fig. 3f). Compared with Sr-SMSC-
EXOs, SiAlix-Sr-SMSC-EXOs contained more harmful (miR-146a-5p
and miR-26a-5p) and less beneficial miRNAs (miR-140-3p). The
consistency rate reached 100% (Fig. 3g, h, Tab. S2). Furthermore,
the sequencing data were validated using gRT-PCR, which
confirmed the differential expression of some functionally known
(miR-146a-5p, miR-26a-5p and miR-140-3p) and unknown (miR-
143-3p and novel-261) miRNAs (Fig. 3i). In addition, knockdown of
Alix in SMSCs also led to a decrease in the abundance of miR-140-
3p and miR-143-3p, coupled with an increase in miR-146a-5p (Fig.
3j). These data indicate that Sr exposure might drive SMSCs to
load more beneficial and less harmful miRNA into EXOs, which is
at least partially explained by the Alix dependent miRNA loading.

Finally, the biological processes (BP), cellular components (CC),
molecular functions (MF), and signaling pathways regulated by Sr/
Alix sorted miRNAs were determined by Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses. GO
analysis showed that the identified nine miRNAs are associated
with ‘positive regulation of lipid metabolic process’ and ‘glycosa-
minoglycan biosynthetic process’. In the KEGG analysis, the
miRNAs were also found to be involved in the ‘MAPK signaling
pathway,” ‘AMPK signaling pathway,” and ‘Ferroptosis’ (Fig. 3k).
These results suggest that Sr/Alix controlled miRNAs might be
involved in chondrocytes ferroptosis, the inflammatory micro-
environment and subchondral bone remodeling.

Alix suppression negates Sr's therapeutic efficacy in SMSC-EXOs
for TMJOA management

To further determine whether a suppression of Alix in SMSCs would
negate the enhanced therapeutic efficacy of Sr-SMSC-EXOs in vivo,
we evaluated the cartilage degeneration in TMJOA rats treated with
PBS, SMSC-EXOs, Sr-SMSC-EXOs or SiAlix-Sr-SMSC-EXOs. The results
showed that the decreased OARSI score, and increased BV/TV seen
in rats treated with by Sr-SMSC-EXOs were reversed by Alix siRNA
transfection in SMSCs. The subchondral bone in the SiAlix-Sr-SMSC-
EXOs group displayed uneven morphology and had lower density
than that of the Sr-SMSC-EXOs group. In addition, immunofluores-
cence staining also showed that the number of GPX4 and MMP13
positive chondrocytes in the SiAlix-Sr-SMSC-EXOs group sharply
decreased while the number of MMP13" chondrocytes increased
(Fig. 4a, Fig. S5a). In line with the in vivo data, in vitro assays also
showed that depletion of Alix in SMSCs led to lower inhibition of
ferroptosis in Sr-SMSC-EXOs, as evidenced by decreased levels
GPX4, SLC7A11 and GSH alongside increased levels of Mmp3,
Mmp13, Adamts and lipid peroxidation (Fig. 4b-d, Fig. S5b-d). These
findings indicate that the Alix elevation in SMSCs is crucial to
produce highly effective Sr-SMSCs-EXOs, which protects the
cartilage against erosion by inhibiting ferroptosis.

Next, we explored whether Alix downregulation in SMSCs
would abrogate the enhanced pain-relieving effect of Sr-SMSC-
EXOs. As shown in Fig. 4e, the differences in the pain threshold
between the SiAlix-Sr-SMSC-EXOs and Sr-SMSC-EXOs groups
appeared at the beginning of EXOs injection and became
significant at 2 weeks post-first injection. Consistently, the density
of CGRP' nerve endings and the number of osteoclasts in
subchondral bone also increased sharply in the SiAlix-Sr-SMSC-
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EXOs group compared to the Sr-SMSC-EXOs group (Fig. 4f, g,
Fig. S5e). These data demonstrate the critical role of Alix in the
enhanced pain relief offered by Sr-SMSC-EXOs.

Central role of miR-143-3p in Sr-SMSC-EXOs in enhancing TMJOA
alleviation

According to the analysis of the top 200 significantly expressed
miRNAs in each type of EXOs, miR-143-3p, which ranked third in
overall miRNAs of Sr-SMSC-EXOs (Fig. 5a), was hypothesized to
play a pivotal role due to its high abundance and closely
association with Sr and Alix. Here, we administered an
antagonist of miR-143-3p, known as Antagomir-143-3p, to
TMJOA mice through intra-articular injection (Fig. 5b). Histolo-
gical and imaging assays showed that cartilage degradation was
exacerbated, accompanied by drastically reduced BV/TV and Th.
Th in the TMJOA group treated with Sr-SMSC-EXOs+Antagomir
compared to those in the TMJOA+Sr-SMSC-EXOs group (Fig. 5c¢,
Fig. S6a). Furthermore, ferroptosis related GPX4" chondrocytes
also significantly decreased in the TMJOA+Sr-SMSC-EXOs
+Antagomir group (Fig. 5¢). In vitro, the downregulated cellular
MDA level and upregulated expression of GPX4 and SLC7A11 in
IL-1B-treated chondrocytes after Sr-SMSC-EXOs administration
was markedly reversed by miR-143-3p inhibitor (Fig. 5d, e). Von
Frey testing showed that the pain threshold appeared to
decrease at the beginning of Antagomir-143-3p injection in
TMJOA mice treated with Sr-SMSC-EXOs. The differences were
significant at 7 days post-first injection and peaked at about a
multiple of 4.15 at 17 days post-injection (P <0.001) (Fig. 5f).
Consistently, the density of CGRP™ nerve endings and osteoclast
activity increased significantly with Antagomir-143-3p injection
(Fig. 5g, Fig. Séb). Collectively, these findings identify miR-143-
3p as a central beneficial miRNA in Sr-SMSC-EXOs for arthritis
alleviation and further confirm the role of Sr and Alix in
exosomal miRNA loading and TMJOA remission.

MiR-143-3p targets Mfsd8 to reduce the ferroptosis susceptibility
of chondrocytes in TMJOA attenuating

To further clarify the role of miR-143-3p in TMJOA, we
administered Agomir-143-3p to TMJOA mice. Safranin-O/Fast
green staining and OARSI scores showed that cartilage degenera-
tion was attenuated by Agomir-143-3p administration (Fig. 6a).
Furthermore, the reduced BV/TV and GPX4* chondrocytes as well
as the increased Tb. Sp in TMJOA mice were rescued by Agomir-
143-3p injection (Fig. 6a, and Fig. S7a). The pain threshold
elevated sharply after Agomir-143-3p administration and reached
a peak at 10 days post-first injection (Fig. 6b). Moreover, Agomir-
143-3p significantly downregulated the CGRP expression and
osteoclast activity of subchondral bone in TMJOA (Fig. 6c,
Fig. S7b). These data imply that Agomir-143-3p alleviated TMJOA
progression mainly by suppressing cartilage degeneration and
osteoclast-induced joint pain.

Next, miRDR, MiRWalk 2.0, and TargetScan were used to predict
target genes of miR-143-3p, which showed that the 3’-untrans-
lated region (UTR) of the Mfsd8 mRNA might be the target
(Fig. 6d). A further dual-luciferase reporter assay observed that
miR-143-3p mimics retarded the activity of the wild-type (WT)
reporter but not that of the mutant (MUT) reporter (Fig. 6e).
Conversely, miR-143-3p inhibitor promoted the WT reporter
activity but not that of the MUT reporter (Fig. 6f). Moreover,
miR-143-3p mimics decreased the levels of Mfsd8 in primary
chondrocytes, while miR-143-3p inhibition increased them (Fig.
S7¢, d). Immunostaining showed that the quantity of Mfsd8"
chondrocytes in TMJOA mice as about 3.75 times that in control
mice. Agomir-143-3p injection improved the pathological increase
of Mfsd8" chondrocytes (Fig. 6g). Consistently, a decrease of
Mfsd8™ chondrocytes was observed in Sr-SMSC-EXOs treated
TMJOA mice whereas Antagomir-143-3p administration increased
Mfsd8 (Fig. S7e). In addition, MiR-143-3p mimics hampered Mfsd8
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Fig. 4 Alix suppression negates Sr's therapeutic efficacy in SMSC-EXOs for TMJOA management. a Safranin-O/Fast green staining, OARSI scoring
system, and immunofluorescence staining for GPX4 in condylar cartilage, and 3D reconstruction of the condyles and BV/TV of subchondral bone
post indicated treatment. Arrowheads indicate positive cells. Scale bar for Safranin-O/Fast green staining and immunofluorescence staining,
100 pm; Scale bar for 3D reconstruction, 1 mm. b Lipid peroxidation was determined using the BODIPY 716 581/591 C11 reagent in condylar
chondrocytes 48 h after indicated treatment. ¢ Relative MDA measurement in condylar chondrocytes 48 h after indicated treatment. d Western
blot analyses of the GPX4 and SLC7A11 in condylar chondrocytes 48 h after indicated treatment. e Measurement of the pain threshold value in
TMJ region by Von Frey monofilaments testing. Compared to TMJOA group, *P < 0.05, ***P < 0.001; compared to TMJOA+Sr-SMSC-EXOs group,
#p <0.05, #P < 0.01, #*P < 0.001. f Immunofluorescence staining for CGRP in subchondral bone. Scale bar, 100 pm. Arrowheads indicate positive
cells. g TRAP staining analyses in subchondral bone. Data are represented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 5 Central role of miR-143-3p in Sr-SMSC-EXOs in enhancing TMJOA alleviation R-143-3p expression abundance in
the SMSC-EXOs, Sr-SMSC-EXOs, and SiAlix-Sr-SMSC-EXOs. b Schematic model of the time course for establishment of unilateral anterior crossbite (UAC)
model of TMJOA mice with indicated treatment and pain test time. ¢ Safranin-O/Fast green staining, OARSI scoring system, and immunofluorescence
staining for GPX4 in condylar cartilage, and 3D reconstruction of the condyles and BV/TV in subchondral bone post indicated treatment. Arrow heads
indicated positive cells. Scale bar for Safranin-O/Fast green staining and immunofluorescence staining, 100 pm; Scale bar for 3D reconstruction, 1 mm.
d Relative MDA measurement in condylar chondrocytes 48 h after indicated treatment. e Western blot analyses of the GPX4 and SLC7A11 in condylar
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Fig. 6 MiR-143-3p targets Mfsd8 to reduce the ferroptosis susceptibility of chondrocytes in TMJOA attenuating. a Safranin-O/Fast green
staining, OARSI scoring system, and immunofluorescence staining for GPX4 in condylar cartilage, and 3D reconstruction of the condyles and
BV/TV in subchondral bone. Arrowheads indicate positive cells. Scale bar for Safranin-O/Fast green staining and immunofluorescence staining,
100 pum; Scale bar for 3D reconstruction, T mm. b Measurement of the pain threshold value in TMJ region by Von Frey monofilaments testing.
Compared to Sham group, ***P < 0.001; compared to TMJOA group, *#P < 0.001. ¢ Inmunofluorescence staining for CGRP and TRAP staining
in subchondral bone. Scale bar, 100 pm. Arrowheads indicate positive cells. d The structure of miR-143-3p and the miR-143-3p sequence and
the predicted miR-143-3p target site in the 3’-UTR of Mfsd8 (upper). Schematic of the luciferase reporter plasmids with the WT or MUT Mfsd8
3’-UTRs (lower). e, f Relative luciferase activity in HEK293T cells transfected with the indicated luciferase reporter plasmids along with miR-143-
3p mimics or inhibitors, respectively. g Immunofluorescence staining for Mfsd8 in condylar cartilage. Arrowheads indicate positive cells. Scale
bar, 100 pm. h, i Quantitative RT-PCR and j, k western blot analyses of the Mfsd8 in condylar chondrocytes 48 h after indicated treatment.
I, m Relative MDA measurement in condylar chondrocytes 48 h after indicated treatment. n Western blot analyses of the GPX4 in condylar
chondrocytes 48 h after indicated treatment. Data are represented as mean + SEM. *P < 0.05, ***P < 0.001
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and MDA upregulation induced by IL-13, while miR-143-3p
inhibitors had the opposite effect in vitro (Fig. 6h-m). These
results demonstrate that miR-143-3p targets Mfsd8 in an inhibitory
manner.

Then, we performed further experiments to clarify whether miR-
143-3p protects chondrocytes from ferroptosis by directly target-
ing Mfsd8. First, we generated Mfsd8 RNAi (SiMfsd8) and verified
that, compared to the group treated with IL-13+miR-143-3p
Inhibitors, the level of MDA in the group treated with IL-13+miR-
143-3p Inhibitors+SiMfsd8 significantly decreased (Fig. 6m).
Moreover, the suppressive effect of the miR-143-3p inhibitors on
the expression of GPX4 was reversed in Mfsd8 RNAi-transfected
cells (Fig. 6n, Fig. S7f). These data indicate that miR-143-3p
reduced the susceptibility of chondrocytes to ferroptosis by
targeting the Mfsd8 3'-UTR.

Synovium niche-derived MSCs, but not bone marrow-derived
MSCs, undergo Alix-mediated exosomal miRNA loading upon Sr
exposure

Previous studies have addressed the pivotal functions of the site-
specific stromal niche cells in pathologic and physiologic
circumstances.”*** SMSCs and BMSCs are known to be important
sources of active miRNA and EXOs in osteoarthritis. To further
investigate whether the Sr/Alix strategy for enhancing the
therapeutic efficacy of MSC-EXOs against OA is specifically
applicable only for the synovial stromal niche cells, we first
compared the changes of Alix in SMSCs and BMSCs after Sr
exposure. Interestingly, the mRNA and protein levels of Alix in
BMSCs were not altered upon Sr exposure (Fig. 7a). In addition,
neither the number of EXOs nor the level of miR-143-3p in Sr-
BMSC-EXOs differed from those of BMSC-EXOs (Fig. 7b, c).
However, SMSCs responded to Sr exposure with increases in the
levels of Alix, EXOs and miR-143-3p. These findings suggest that
synovium-derived MSCs, but not bone marrow-derived MSCs,
undergo exosomal miRNA loading via Alix upon Sr exposure.

Next, we compared the in vivo therapeutic effects of EXOs
derived from SMSCs and BMSCs, with and without Sr pretreat-
ment, in TMJOA mice. Safranin-O/Fast green staining showed
that Sr-BMSC-EXOs reduce the OARSI score more than BMSC-
EXOs in TMJOA mice (Fig. 7d, Fig. S8a). However, unlike the
group with SMSCs, there was no prominent improvement of BV/
TV or Tb. Sp in the Sr-BMSC-EXOs group compared to the BMSC-
EXOs group (Fig. 7d, Fig. S8a). Throughout the experiments, no
significant differences were manifested in pain threshold,
density of CGRP*' fibers or osteoclasts activity between Sr-
BMSC-EXOs and BMSC-EXOs injected into TMJOA mice (Fig. 7e, f,
Fig. S8b). These data suggest that the effects of Sr on regulating
exosome biogenesis vary with the source of the MSCs and
confirm the importance of the synovium niche-derived MSCs in
the strategy to increase Alix using Sr to enhance the effective-
ness of MSC-EXOs in TMJOA.

To further analyze the different responses of SMSCs and BMSCs
to Sr exposure, an mRNA sequencing assay was employed to
explore the different changes of mRNA profiles in BMSCs and
SMSCs after Sr exposure. The Venn diagram showed that there
were only 50 overlapping differentially expressed (DE) genes. In
the dataset comparing SMSCs with and without Sr pretreatment,
362 (87.86%) of the genes were entirely different, as were 513
(91.12%) of the genes in dataset comparing BMSCs with and
without Sr pretreatment (Fig. 7g). Further GO and KEGG analysis
showed that 412 DE genes in the SMSCs vs. Sr-SMSCs dataset were
associated with exosome biogenesis and chondrocyte metabo-
lism, such as ‘external encapsulating structure organization,’
‘extracellular structure organization’ and ‘extracellular matrix
organization’ biological processes, and ‘endosome membrane,
‘late endosome,’ ‘late endosome membrane,’ ‘extracellular vesicle’
and ‘extracellular exosome’. However, 563 DE genes in the BMSCs
vs. Sr-BMSCs dataset were not involved in the above functions, but
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rather were associated with aspects of bone remodeling, such as
‘ossification,’ ‘osteoblast differentiation,” ‘requlation of osteoblast
differentiation,” ‘regulation of ossification’ and ‘osteoclast differ-
entiation’ biological processes, and ‘extracellular matrix,’ ‘cell
leading edge,’ ‘collagen-containing extracellular matrix,’ ‘ruffle’
and ‘adherens junction’ (Fig. 7h). The above data further reveal the
unique alterations of transcriptome profiles in SMSCs and BMSCs
after Sr exposure.

DISCUSSION

The advantages of MSC-EXOs in OA therapy lie in their desirable
characteristics, including low immunogenicity, nanoscale size,
stable biological properties, and convenient storage and more. In
this study, we revealed that the interaction between Sr and Alix
augments the therapeutic potential of synovial mesenchymal
stem cell-derived exosomes by refining their miRNA cargo (Fig. 8).
This trace element-driven modification not only underscores the
importance of cellular microenvironment in exosome biogenesis
but also highlights a novel mechanism of site-specific miRNA
loading.

Trace elements are essential for maintaining physiological
functions and homeostasis. Aberrant level of elements, especially
insufficient amounts, can lead to the occurrence of various
diseases.>® Sr ion is especially critical for bone and joint health.
Numerous studies have suggested Sr as an important effective
component in some drugs and biomaterials for osteoporosis,
arthritis, critical bone defect, endocrine diseases, and neuromus-
cular impediments.'*3°736°557 previous studies have established
Mg?"-mediated decrease in the expression of miR-381 in
macrophage-derived exosomes as a novel strategy for the
promotion of the osteogenic differentiation of BMSCs.*® Wang
et al. proposed that copper could down-regulate anti-angiogenic
RNAs and up-regulate the pro-angiogenic RNAs in EXOs.® Li-
bioactive glass promoted the angiogenic capacity of endothelial
cells by enhancing the expressions of miR-130a in BMSCs-derived
EXOs.>” In summary, previous studies like the ones noted here
have focused on the influence of trace element on certain types of
miRNAs, such as miR-381 and miR-130a, and explored their roles
in disease progress and alleviation.”®>® However, the therapeutic
efficacy of EXOs is jointly regulated by the overall profile of active
exosomal miRNAs, including beneficial and harmful components.
As far as we were aware, this is the first study deciphering the
overall alterations of exosomal miRNAs elicited by a trace element
using small RNA sequencing. Previous studies have demonstrated
that miR-146a and miR-26a-5p are harmful and miR-140-3p is
beneficial for OA recovery."®'7°%73 |n our study, the abundance of
miR-146a and miR-26a-5p decreased and miR-140-3p increased in
Sr-SMSCs-EXOs. Moreover, we also identified upregulated novel-
261, novel-1(data not shown) and miR-143-3p as beneficial miRNA
components for arthritis alleviation in vivo. Thus, Sr not only
boosted the secretion of SMSC-EXOs, but more importantly,
optimized the miRNA compositions in EXOs to include more
beneficial and less harmful miRNAs partially via Alix. These results
confirmed the role of Sr in controlling exosomal miRNA loading
and partially revealed the Alix-mediated mechanism in arthritis.
Notably, our data also revealed that synovium niche-derived
MSCs, but not bone marrow-derived MSCs, undergo Alix-mediated
exosomal miRNA sorting upon Sr exposure. Transcriptome analysis
showed that the DE genes of SMSCs upon Sr exposure were
involved in EXOs biogenesis and chondrocyte metabolism, but
those of BMSCs upon Sr exposure were not, instead being
involved in bone remodeling. The entirely different manners in
which miR-143-3p responded to Sr in the present study might be
attributed to the different source and type of the MSCs used. The
above data thus provide a hint concerning the ‘niche cell-guided’
work pattern of Srin controlling exosomal miRNA loading. There is
still more work to be done to fully reveal the mechanism by which
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and Sr-BMSC-EXOs. d Safranin-O/Fast green staining, OARSI scoring system in condylar cartilage, and 3D reconstruction of the condyles and
BV/TV in subchondral bone post indicated treatment. Scale bar for Safranin-O/Fast green staining, 100 pm; Scale bar for 3D reconstruction,

1 mm. e Measurement of the pain threshold value in TMJ region by Von

Frey monofilaments testing. Compared to Sham group, ***P < 0.001;

compared to TMJOA + SMSC-EXOs group, *##P < 0.001. f Immunofluorescence staining for CGRP and TRAP staining in subchondral bone. Scale
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niche cells may guide the role of Sr in regulating exosome
biogenesis.

In this study, we demonstrated that Alix is required for the Sr-
triggered miRNA loading in SMSCs by conducting a detailed
analysis of functionally known and unknown DE miRNAs. Knock-
down of Alix reversed the role of Sr in promoting EXOs secretion
and specific miRNA sorting, e.g., loading more ‘beneficial’ and less
‘harmful” miRNAs into EXOs. To date, the mechanism by which Alix
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mediates the miRNA loading is largely unknown. The process of
miRNA loading is associated with RNA-binding proteins such as
Ago2 and hnRNPA2B1, as well as membranous proteins such as
Cav-1 and neural sphingomyelinase 2.5% A recent study confirmed
that YBX1 recruited and sorted miR-223 into EXOs, a process
which was impeded by perturbing phase separation.®® There is
also evidence that PDZ domains of syntenin directly bind with
CD63 and syndecans19 to support exosomal sorting.°® Hsp90a is
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therapeutic SMSC-EXOs and boost the yield of the EXOs

sorted into EXOs through the interaction with Rab coupling
protein.%” Alix can nucleate ESCRT-ll onto the MVBs limiting
membrane and identify cargo through an in Alix-dependent
mechanism.®3%° Whether Alix interacts with ESCRT and interferes
specific with miRNA binding is worth further exploring.
MiR-143-3p is decreased in the blood and dorsal root ganglia of
collagen-induced arthritic mice and in the articular cartilage of old
OA lesioned samples, the inhibition of which may result in
depletion of cellular components and lead to increased apoptosis
by the activating of EIF2 signaling.”®’" Yang reported that
miR-143-3p targets IGF1R and IGFBP5 to regulate the proliferation
and apoptosis of synovial cell lines by the Ras/p38 MAPK signaling
pathway in RA’? In this study, we identified miR-143-3p as an
important therapeutic miRNA in Sr-SMSC-EXOs and SMSC-EXOs. At
first, we noticed miR-143-3p for its high abundance in the total
miRNA and upregulated expression after Sr exposure. Then, blockage
of miR-143-3p by AntagomiR-143-3p was shown to impede the
therapeutic effects of Sr-SMSC-EXOs. Administration of Agomir-143-
3p attenuated TMJOA. Furthermore, we found that the expression of
miR-143-3p was regulated by Alix. Mfsd8 was predicted to act
upstream of TORC1 signaling and participate in cellular catabolic
processes.”® Yi et al. demonstrated that hyperactive mutation of PI3K-
AKT-mTOR signaling prevents cancer cells from ferroptosis via
SREBP1/SCD1-mediated lipogenesis.”* However, to date, whether
miR-143-3p acts as upstream of Mfsd8 is not clear. We showed that
Mfsd8 was obviously upregulated in TMJOA damaged cartilage, and
this upregulation was reversed after AgomiR-143-3p treatment.
Knockdown of Mfsd8 significantly reversed the enhancement of
ferroptosis by miR-143-3p inhibitors. Moreover, dual-luciferase
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reporter assay observed that miR-143-3p mimics retarded the activity
of the WT reporter but not that of the mutant (MUT) reporter,
confirming that Mfsd8 is the direct target of miR-143-3p with a role in
suppressing chondrocyte ferroptosis and ameliorating TMJOA. To our
knowledge, this is the first study to report the biological significance
of miR-143-3p in ameliorating TMJOA by directly targeting Mfsd8 to
inhibit chondrocyte ferroptosis. It suggests that miR-143-3p could be
a novel target for attenuating TMJOA.

There are several recognized limitations to our study. First,
miRNAs are only one type of EXO cargo among many, such as
lipids, proteins, and metabolites. To have a more comprehensive
understanding of the influence of Sr exposure on SMSC-EXOs,
more sequencing techniques and rigorous verification will be
required to analyze different kinds of exosomal cargo, so that the
alteration of EXOs can be explained more deeply. Second, in this
study, we have demonstrated that SMSC-EXOs and Sr-SMSC-EXOs
alleviate cartilage injury by inhibiting chondrocyte ferroptosis, and
we observed that these EXOs inhibited abnormal remodeling of
subchondral bone. However, we have not yet fully revealed the
specific mechanism by which SMSC-EXOs and Sr-SMSC-EXOs
affect subchondral bone, or whether there is crosstalk between
cartilage and subchondral bone in this process. This will be the
subject of future investigations. Third, there is a great unmet
medical need for a disease-modifying biological reagent to
combat OA. Although we have indicated the feasibility of using
SMSCs EXOs to treat TMJOA, this is just the first step toward the
translation of our research into clinical use. Future experiments
should test the efficacy of SMSC-EXOs and Sr-SMSC-EXOs in
TMJOA using large-animal models. Further investigation of
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appropriate EXO dosage and administration will promote the
clinical application of EXOs.

In conclusion, our results demonstrate that treatment of SMSCs
with Sr not only significantly enhanced the yield of SMSC-derived
exosomes, but also optimized the miRNA profile within these
exosomes. Functional assays indicated that Sr-SMSC-EXOs were
more effective in attenuating chondrocyte ferroptosis and
osteoclast-mediated joint pain, compared to untreated SMSC-
EXOs. Furthermore, our data suggest a mechanistic underpinning
for these effects, highlighting the involvement of the Alix protein
in Sr-induced miRNA loading. These findings establish a direct
correlation between Sr treatment, Alix-mediated miRNA selec-
tively loading, site-specific SMSCs and therapeutic efficacy in the
context of TMJOA.

MATERIALS AND METHODS

Animals

Sprague Dawley rats (8 weeks old, male, weighing an average of
200g) and C57BL/6 mice (8 weeks old, male, weighing an
average of 20g) were purchased from Dossy Experimental
Animal Limited Company (Chengdu, China). All the animals were
bred and maintained under specific-pathogen-free (SPF) condi-
tions in a 12-/12-h light/dark cycle, with free access to food and
water. Animals were anaesthetized with pentobarbital sodium
(100 mg/kg, injected intraperitoneally). A previously established
unilateral anterior crossbite (UAC) model was used to induce
TMJOA. Two metal tubes (Xinhua Pharmaceutical Co. LTD,
Shandong, China) were respectively bonded to the left maxillary
and mandibular incisor. From the next day, the instrument was
checked every other day and re-bonded in a timely manner if it
was displaced. Soft food was provided for the first three days
after the operation and a standard diet was resumed from the
fourth day. Animals were sacrificed according to the schematic
diagram after different interventions for analyses. All procedures
were approved by the Ethics Committee of the West China
School of Stomatology, Sichuan University under document
number WCHSIRB-D-2021-472.

To assess the effect of SMSC-EXOs and Sr-SMSC-EXOs on
TMJOA, animals were randomly allocated to four groups: Sham,
TMJOA, TMJOA + SMSC-EXOs, and TMJOA+Sr-SMSC-EXOs. Ani-
mals in the Sham and TMJOA group received equivalent PBS
treatment. For experiments assessing the effects of SMSC-EXOs,
Sr-SMSC-EXOs, and SiAlix-Sr-SMSC-EXOs on TMJOA, animals were
randomly allocated to five groups: Sham, TMJOA, TMJOA + SMSC-
EXOs, TMJOA+Sr-SMSC-EXOs, and TMJOA+SiAlix-Sr-SMSC-EXOs.
Animals in Sham and TMJOA group received equivalent PBS
treatment. Exosomes (25 pL EXOs suspension for every rat articular
cavity) or equal volume of PBS were injected into the TMJ articular
cavity. Upregulation or downregulation of miR-143-3p expression
in animals was achieved by TMJ articular cavity injection of
synthetic miR-143-3p agomir (250 nmol/kg body weight) or miR-
143-3p antagomir (250 nmol/kg body weight), with miR-NC used
as a negative control (250 nmol/kg body weight). Sequences are
shown in Tab. S3. These modified miRNA agomir/antagomir
exhibit high affinity to cell membranes and demonstrate increased
stability and efficacy in vivo experiments. To assess the effect of
miR-143-3p antagomir on TMJOA, animals were randomly
allocated to four groups: negative control (NC), TMJOA, TMJOA
+Sr-SMSC-EXOs, and TMJOA+Sr-SMSC-EXOs+miR-143-3p antag-
omir. Animals in the NC group, TMJOA group, and TMJOA+Sr-
SMSC-EXOs groups were administered a miR-143-3p antagomir
negative control. To assess the effect of miR-143-3p agomir on
TMJOA, animals were randomly allocated to three groups: NC,
TMJOA, TMJOA+agomir. Animals in the NC group and TMJOA
group were applied with a miR-143-3p agomir negative control.
For experiments assessing the effect of SMSC-EXOs, Sr-SMSC-
EXOs, BMSC-EXOs, Sr-BMSC-EXOs on TMJOA, animals were

International Journal of Oral Science (2025)17:6

Strontium-Alix interaction enhances exosomal miRNA...
Yuan et al.

randomly allocated to six groups: Sham, TMJOA, TMJOA + SMSC-
EXOs, and TMJOA-+Sr-SMSC-EXOs, TMJOA + BMSC-EXOs, and
TMJOA+Sr-BMSC-EXOs. Exosomes (10 uL EXOs suspension for
every mouse articular cavity) or an equal volume of PBS were
injected into the TMJ articular cavity.

Isolation and identification of SMSCs

Synovial mesenchymal stem cells (SMSCs) were isolated from
synovial tissue of 6-week-old SD rats. The cells were routinely
cultured in high glucose DMEM medium (Gibco, USA) supple-
mented with 10% fetal bovine serum (FBS; Biolnd, Kibbutz, Israel)
and 1% penicillin-streptomycin (Gibco, USA) at 37°C in a
humidified incubator with 5% CO, and 95% humidity. To further
isolate and purify stem cells, single cell suspensions of primary
cells were cloned using the limiting dilution method. SMSCs from
the same passage (passages 3-6) were used in each experiment.
For identification of SMSCs, cells were analyzed for the expression
of cell surface markers by flow cytometric analysis. For determin-
ing the multipotential differentiation capabilities of SMSCs, cells
were cultured in osteogenesis-inducing medium, adipogenesis-
inducing medium, and chondrogenesis-inducing medium for
21 days. They were then fixed and stained with ALP for osteocytes,
Oil Red O for adipocytes, and Toluidine blue and Safranin-O for
pellet culture chondrocytes.

Preparation and characterization of SMSCs exosomes

SMSCs were cultured in high-glucose DMEM containing 10%
exosome-free FBS (Gibco, USA) or in high-glucose DMEM contain-
ing 10% exosome-free FBS and 100 nmol/L trontium chloride, in
an equal volume of PBS for 48 h to collect conditioned medium
(CM). Exosomes were separated, extracted, and purified from CM
as previously described. Exosomes were resuspended with 100 pL
PBS and stored in a -80°C freezer until use. The morphology of
exosomes was observed under TEM (HITACHI H-7000FA, Japan).
The particle size distribution of exosomes was analyzed by NTA
(Malvern, UK). Western blot was used to identify the protein
expression levels.

Histology and immunofluorescence

After animals were sacrificed, bilateral TMJs were separated, fixed
with 4% paraformaldehyde solution for 24 h and stored in 70%
ethanol at 4 °C before further processing TMJs were decalcified
using 0.5 mol/L EDTA for 2 months, dehydrated, embedded in
paraffin, and sectioned to 5-um thickness used for staining.
According to the manufacturers’ recommendations, the sections
were stained with Safranin-O/Fast green (Solarbio, Beijing, China)
and TRAP staining (Sigma-Aldrich, USA). The morphology of
the articular cartilage was observed using a microscope, and the
severity of the TMJOA-like phenotype was evaluated using the
OARSI scoring system. For immunofluorescence analysis, after
antigen retrieval and blocking, frozen sections or fixed chondro-
cytes were incubated at 4 °C overnight with primary antibodies
against MMP13 (Abcam, ab39012, 1:100), GPX4 (Abcam,
ab125066, 1:100), CGRP (CST, 14959, 1:100), or Mfsd8 (ProteinTech,
24298-1-AP, 1:100). The secondary antibodies were used donkey
anti-mouse Alexa Fluor 488/555/647 and donkey anti-rabbit Alexa
Fluor 488/555/647 (Thermo Fisher Scientific). The nuclei were
counterstained with DAPI (Sigma-Aldrich, D9542), the images of
the samples were observed through a Nikon A1 confocal
microscope, processed, and analyzed with Imagel) software.
Sections were blinded and scored by two experienced researchers,
and the average scores were used in statistical analyses.

Von Frey monofilaments testing

The Von Frey monofilaments testing (Stoelting, 58011) is often
used to measure pain experienced by animals. The tip of a hard
plastic filament was used to stimulate the test area of the animal,
and the animal’s reaction was observed to judge whether it
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evidenced a painful response to the stimulus. The animals were
kept calm before the pain threshold detection. The midpoint of
the line between the corner of the eye and the ear was used as
the test area (‘temporomandibular zone’). The intensity of the
stimulus (g) was recorded when the animal was observed to
undergo a change from a calm state to a mouth-rubbing or
grasping response. Starting from the minimal filament intensity of
the minimum filaments, the test was repeated for three times at
an interval of 30 seconds. The average value was taken as the pain
threshold of the temporomandibular zone.

Micro-computed tomography

Micro-CT scanning of TMJs was performed on pCT 80 system (filter
Al 0.2 mm, 70 kV, 200 A, 10.0 um, SCANCO Medical AG, Switzer-
land) with a resolution of 10 um to detect the changes in the
subchondral bone. Three-dimensional images were reconstructed
by SCANCO Visualizer for morphological assessment. Bone density
was analyzed by SCANCO Evaluation, including the ratio of bone
volume to tissue volume (BV/TV), trabecular space (Th. Sp), and
trabecular thickness (Tb. Th).

Isolation and culture of TMJ condylar chondrocytes

TMJ condylar cartilage was dissected from 2-week-old SD rats.
Briefly, tissues were washed 3 times with PBS, dissected into
pieces, and then digested with 2.5 mg/mL collagenase type Il
(Gibco) for 2h and 0.5 mg/mL collagenase type Il overnight at
37 °C. The primary condylar chondrocytes were resuspended and
cultured in low glucose DMEM medium (Gibco) containing 10%
FBS and 1% penicillin-streptomycin at 37 °C in a humidified
incubator with 5% CO, and 95% humidity. To guarantee the
phenotype integrity, we only use first-passage chondrocytes were
used for experiments employing the in vitro chondrocyte model
of OA. Primary condylar chondrocytes were incubated with
recombinant IL-1B (10 ng/mL, Peprotech, 211-11B), SMSC-EXOs
(5 puL/mL), Sr-SMSC-EXOs (5 pL/mL), SiAlx-Sr-SMSC-EXOs (5 pL/mL),
and miR-143-3p mimics (50 nmol/L), miR-143-3p inhibitors
(50 nmol/L), mimics NC (50 nmol/L) or inhibitors NC (50 nmol/L).

CCK-8 cell viability assay and EDU assay

SMSCs were plated in 96-well plates at 3 500 cells per well in
100 uL of culture medium supplemented with 10 uL of CCK-8
reagent (MCE) and incubated at 37 °C for 2.5 h following indicated
treatments. The absorbance was measured at 450 nm using a
microplate reader (Synergy H1; BioTek). SMSCs labeled with the
EDU working fluid for 2.5 h, and stained with DAPI. The images
were acquired with fluorescence microscopy.

MDA and GSH assay

After the treatments, the malonaldehyde (MDA) level and
glutathione (GSH) level of primary condylar chondrocytes were
determined with a Lipid Peroxidation MDA Kit (Beyotime, S0131)
and GSH and GSSG Assay Kit (Beyotime, S0053) according to the
manufacturers’ protocols.

Lipid peroxidation and lipid droplet staining

After the treatments, primary condylar chondrocytes were
incubated with 5pumol/L of BODIPY581/591 C11 (Invitrogen,
D3861) for 30 min, trypsinized and filtered into single cell
suspensions. Flow cytometry analysis (Becton Dickinson) was
performed using the FITC filter for oxidized BODIPY-C11 (emis-
sion: 510nm) and PE-TexasRed filter for reduced BODIPY-C11
(emission: 590 nm). About 20 000 cells were analyzed for each
sample. FlowJo v10 (BD Bioscience) was used for data analysis.
After the treatments, primary condylar chondrocytes were stained
with DCFH-DA (Beyotime, S0033) to measure ROS and assayed by
fluorescence microscopy (Ts2R/FL; Nikon). Fixed chondrocytes
were stained with 0.1 pg/mL Nile Red (MCE, HY-D0718) for
30 minutes, and the nuclei were counterstained using DAPI
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(Sigma). Images were captured with a Nikon A1 confocal

microscope and analyzed with ImageJ software.

Measurement of mRNA and miRNA

Tissue/cell total RNA was extracted from cultured cells using an
Animal Total RNA Isolation Kit/Cell Total RNA Isolation Kit
(Foregene, RE-03011/03111) according to the manufacturers’
instructions. For mRNA, the first-strand cDNA was prepared using
HiScript Il Q RT SuperMix for qPCR (Vazyme Biotech co., China).
gRT-PCR was performed using SYBR Premix Ex Taq Il (Vazyme
Biotech co., China) in a CFX96 Real-Time System (Bio-Rad). GAPDH
RNA was used as a housekeeping control. For miRNA, 1 ug total
RNA was reverse transcribed using the All-in-One miRNA qRT-PCR
Detection Kit (GeneCopoeia, China) according to the manufacturer
instructions. U6 RNA was used as a housekeeping control. The
primer sequences are listed in Tab. S4.

Western blot

Primary condylar chondrocytes or exosomes lysates were
extracted using RIPA lysis buffer (Beyotime, PO013B) containing
PMSF (Beyotime, ST505). The protein concentration of the samples
was detected using a BCA protein assay kit (Beyotime, #P0012).
The samples were heated at 100 °C for 5min in sample buffer,
separated on 10% SDS-polyacrylamide gels, and transferred to
PVDF membranes (Bio-Rad). The membranes were blotted with
5% BSA and incubated with primary antibody at 4 °C overnight.
The membranes were washed in TBST solution and incubated with
the secondary antibodies. The antibody-antigen complexes were
visualized with Immobilon reagents (Millipore, WBKLS0100). The
following primary antibodies were applied: GPX4 (Abcam,
ab125066, 1:1 000), SLC7A11 (Abcam, ab175186, 1:1 000), Mfsd8
(ProteinTech, 24298-1-AP, 1:1 000), CD9 (Abclonal, A1703, 1:1 000),
CD63 (Abclonal, A5271, 1:1 000), CD81 (Abclonal, A4863, 1:1 000),
TSG101 (Abclonal, A5789, 1:1 000), Alix (Abclonal, A2215, 1:1 000),
GAPDH (ProteinTech, 10494-1-AP, 1:5 000) and B-actin (Protein-
Tech, 66009-1-IG, 1:5 000)

RNA interference (RNAI)

siRNAs specific to Alix were designed with the coding sequences
of Alix shown in Tab. S5. SMSCs were seeded into 6-wells plates
and transfected with siRNA (100 nmol/L using Lipofectamine
3000 (Invitrogen). Non-silencing siRNA was used as a negative
control.

Sequencing and data analysis

Small-RNA sequencing and miRNA data analysis of the SMSC-EXOs,
Sr-SMSC-EXOs, and Si-Sr-SMSC-EXOs groups were conducted by
Novogene (Beijing, China). Small-RNA sequencing was performed in
triplicate using three independent sets of RNA preparations. DESeq
analysis was used to identify differentially expressed miRNAs with a
threshold of fold change >1.5 and P < 0.05. mRNA sequencing and
mRNA data analysis of the BMSCs, Sr-BMSCs, SMSCs, and Sr-SMSCs
groups were conducted by Novogene (Beijing, China). mRNA
sequencing was performed in triplicate using three independent
sets of RNA preparations. DESeq analysis was used to identify
differentially expressed mRNAs with a threshold of fold change >1.5
and P<0.05. The consistency rate was defined as sequencing
screened mMiRNAs with the same trend of change as reported in
literature/sequencing screened miRNAs with known functions in
literature. The inconsistency rate was defined as sequencing screened
miRNAs with the opposite trend of change as reported in literature/
sequencing screened miRNAs with known functions in literature.

Dual-luciferase reporter assay

HEK293 cells (Shanghai Institutes for Biological Sciences of the
Chinese Academy of Sciences, China) were seeded into 24-well
plates and transfected upon achieving 80% confluence. A
corresponding Mfsd8-luciferase reporter (pZX-FR02-MFSD8 3/-UTR)
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containing miR-143-3p-binding sites was co-transfected into
HEK293 cells, respectively, with a mimic or inhibitor of miR-143-
3p, or miR-NC, using the Lipofectamine 3000 (Invitrogen).
Sequences are shown in Tab. S6. The cells were harvested at 48 h
after transfection, the cells lysates were extracted, and luciferase
activities of different samples were measured using a dual-
luciferase reporter assay (Promega, Madison, WI, USA). The results
were shown with relative luciferase activity (Firefly Luc/Renilla Luc).

Isolation of BMSCs and BMSCs exosomes

Bone marrow mesenchymal stem cells (BMSCs) were isolated from
bone marrow tissue of 2-week-old mice. The cells were routinely
cultured in a-MEM medium (Gibco) supplemented with 10% fetal
bovine serum (FBS; Biolnd, Kibbutz, Israel) and 1% penicillin-
streptomycin at 37 °C in a humidified incubator with 5% CO, and
95% humidity. To further isolate and purify stem cells, single cell
suspensions of primary cells were cloned with the limiting dilution
method as previously described. BMSCs from the same passage
(passages 3-6) were used in each experiment. BMSCs were
cultured in high-glucose DMEM containing 10% exosome-free
FBS (Gibco, USA) or in a-MEM medium containing 10% exosome-
free FBS and 100 nmol/L strontium chloride or equal volume of
PBS for 48 h to collect conditioned medium (CM). Exosomes were
separated, extracted, and purified from CM as previously
described. Exosomes were resuspended with 100 uL PBS and
stored in -80 °C freezer until use.

Statistical analysis

Data are presented as the mean * standard error of at least three
independent experiments. Significance of differences between
two treatment groups was evaluated using Student’s t test. A
Paired t test was used to determine the significance between
the baseline and an endpoint within a group. For multiple
comparisons of continuous measures between groups, when the
variables were distributed normally, one-way analysis of
variance (ANOVA) was performed, and Tukey's post hoc test
was applied to determine the statistical significance between
groups. When the variables were not distributed normally, the
Kruskal-Wallis’s test was used. All statistical analyses were
conducted using GraphPad Prism 8. P<0.05 was considered
statistically significant.
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