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Purpose: Exosomes from mesenchymal stromal cells (MSCs) can prevent the development of medication-related osteonecrosis of the
jaw (MRONJ) by promoting tooth socket wound healing; however, the exact mechanism remains to be clarified. In this study, our aim
was to explore the mechanisms of exosomes derived from adipose-derived mesenchymal stromal cells (ADSCs) in preventing MRONJ
by focusing on macrophage M1 polarization and pyroptosis.

Methods: The MRONJ model was established by the administration of zoledronate and tooth extraction. Exosomes isolated from the
supernatant of ADSCs were mixed with hydrogel and locally injected into the extraction site after tooth extraction. Stereoscope
observations, micro computed tomography (microCT), and histological analysis were used to assess tooth socket wound healing.
Results: The results showed that exosomes could effectively avoid MRONI via accelerating gingival wound healing and tooth socket
bone regeneration. Mechanistically, zoledronate triggered the NF-«xB signaling pathway and promoted p65 transferring into the nucleus
in macrophages, resulting in macrophage M1 polarization and pyroptosis-mediated tissue inflammation, while exosomes could reduce
macrophage pyroptosis and pro-inflammation cytokines release by suppressing the NF-kB/NLRP3/IL-1p axis. Additionally, IL-1RA
derived from exosomes plays a key role in preventing MRONIJ. Pyroptosis-related and inflammatory-related processes were
upregulated in MRONJ patients further confirmed by assessing MRONJ gingival samples and healthy gingival tissues.
Conclusion: ADSCs-derived exosomes could effectively promote tooth socket healing and prevent MRONIJ by inhibiting M1
macrophage activation and pyroptosis by blocking the NF-kB/NLRP3/IL-1f axis.

Keywords: Medication-related osteonecrosis of the jaw, exosomes, macrophage M1 polarization and pyroptosis, primary wound
healing, NF-«B/NLRP3/IL-1f axis

Introduction
MRON!J is a rare and debilitating condition characterized by progressive bone destruction in the maxillofacial region in
patients with a history of antiangiogenic or antiresorptive agents, which are commonly used to treat bone-metastatic
cancers, Paget’s disease, osteoporosis, multiple myeloma, and osteogenesis imperfecta.' > The hypotheses of MRONJ
pathophysiology include bone remodeling inhibition, angiogenesis inhibition, inflammation or infection, immune dys-
function, and genetic predisposition. However, these hypotheses have not been fully confirmed, and the pathogenesis of
MRONT still needs to be explored.'** Also, the therapeutic efficiency remains limited.

Treatment of MRONIJ typically involves surgical interventions and drug therapy. However, the success rate of
surgical management is approximately 61-89%, and MRONJ may recur after surgery.” Recently, hyperbaric oxygen

International Journal of Nanomedicine 2024:19 12675-12693 12675
Received: 28 August 2024 © 2024 Theng et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
AT php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http:/creati org/licenses/by-nc/3.0/). By accessing the

Accepted: 20 November 2024
Published: 26 November 2024

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0001-8194-6057
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Zheng et al Dove

therapy, platelet-rich plasma, and low-level light therapy have been proven to be effective for MRONIJ.* Currently, the
optimal treatment for MRONJ has not been determined, and consensus on the sequential treatment of MRONJ still needs
further study. MSCs therapy has been suggested as an alternative but effective option for MRONJ.®® ADSCs are derived
from adipose tissue and have advantages over other MSCs due to their rich sources, high yield, simple access, and little
harm to the donor.'®!'" However, the clinical application of MSCs therapy raises some safety concerns, such as the risk of
promoting tumor growth and metastasis.'”

Emerging evidence has shown that paracrine signaling is the key mechanism of MSCs therapeutic efficacy to exert
regenerative and immunomodulatory potential.'> Exosomes (Exo) are important paracrine products of cell culture
supernatant, which can transfer bioactive cargo to target cells, including nucleic acids, metabolites, proteins, and, lipids,
mediating specific intracellular signaling pathways.'*'® As Exo can move through body fluids like blood, saliva, and
urine, reaching distant cells and tissues, they are considered an innovative strategy for tissue repair and regeneration.'”
Several studies have shown that MSCs-derived Exo effectively promote tooth socket wound healing and prevent
MRONTJ."®!? Our previous serial studies further suggested ADSCs and the Exo derived from ADSCs (ADSCs-Exo)
successfully avoid MRONJ by promoting tooth socket wound healing.”*?> However, the exact mechanism remains
unclear.

Pyroptosis is a lytic and programmed cell death that is active by inflammasomes and performed by gasdermin
proteins, which is associated with inflammation response.*> 2> Recently, macrophage pyroptosis has also drawn much
concern in inflammation-related diseases.”*>® Excessive macrophage pyroptosis and pro-inflammation factors produc-
tion result in postponed wound healing and impaired tissue regeneration.”’>° There is a close connection between
macrophage M1 polarization and pyroptosis. The activation of M1 macrophages and the release of inflammatory
mediators, like interleukin-1p (IL-1pB), may induce pyroptosis.®' In addition, macrophage M1 polarization and pyroptosis
share some signaling pathways or regulatory mediators. For example, the TLR/NF-«kB pathway not only plays an
important role in macrophage M1 polarization, but also participates in the process of pyroptosis.**** Studies have
found that Exo can attenuate colitis®® and inflammatory pain®> and can repair ischemic muscle injury’® by regulating
macrophage pyroptosis. Thus, our study assessed the mechanisms of macrophage M1 polarization and pyroptosis in
ADSCs-Exo-meditated gingival healing and prevention of MRONIJ. These findings might contribute to clarifying the
mechanisms of MRONIJ and offer an alternative approach to the prevention of MRONIJ.

Materials and Methods

Exosomes Isolation and ldentification

The protocol for preparing ADSCs culture and Exo was as previously described.?’ Briefly, ADSCs were collected from
the cell bank and cultured in a-modified Eagle medium with 10% fetal bovine serum (FBS) and 1% penicillin
—streptomycin. ADSCs differentiation into osteogenic and adipogenic lineages and flow cytometry identification were
described in supplementary methods. Exo were isolated from the supernatants of ADSCs by ultracentrifugation. The size

and distribution of isolated Exo were measured with NTA. The morphology of isolated Exo was observed by TEM.
Western blot was conducted to detect the main Exo markers (calnexin, CD63, and CD9). The hydrogel-exosome complex
preparation was described in supplementary methods.

Cell Culture

BMDMs were prepared from the femur and tibia of male C57BL/6N mice (6-8-week-old), cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium with 10% FBS, 30 ng/mL M-CSF (576406, BioLegend, San Diego, CA, USA),
and 1% penicillin—streptomycin. The cell viability test of Zol on BMDMs and exosomes uptake assay were described in
supplementary methods. After reaching ~90% confluency, cells were pre-treated with Zol (25 uM, SML0223, Sigma,
St. Louis, MO, USA) and/or Exo (100 pg/mL) or Raleukin (5 pg/mL, HY-108841, MCE, New Jersey, USA) for 24 h,
after which they were stimulated with LPS (100 ng/mL, L.2880, Escherichia coli, 055:B5, Sigma, St. Louis, MO, USA)
for 4 h. For the MCC950 group, MCC950 (10 uM, No. S8930, Selleckchem, USA) was added for the final hour. Then,
nigericin (10 pM, HY-100381, MCE, New Jersey, USA) was added for 1 h following LPS stimulation.
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Flow Cytometry

Flow cytometry detected the surface markers. Brieflyy, BMDMs were cultured in 6-well cell culture plates. After
incubation, BMDMs were collected and incubated with blocking antibody CD16/32 (B362118, Biolegend, San Diego,
CA, USA) for 10 min and then with PE-CY7 anti-mouse CD86 (B360043, Biolegend, San Diego, CA, USA), PE anti-
mouse CD206 (B347490, Biolegend, San Diego, CA, USA), BV421 anti-mouse F4/80 (B340005, Biolegend, San Diego,
CA, USA), and APC anti-mouse CD11b (B336472, Biolegend, San Diego, CA, USA) antibodies for 30 min, then cells
were washed and suspended in 300 puL phosphate buffer saline (PBS) with 1% FBS, after which flow cytometry was
performed (Aria Sorp, BD, USA).

Cell Immunofluorescent Staining

BMDMs were cultured in 24-well plates. After incubation, cells were fixed with 4% paraformaldehyde (PFA) for
10 min and then incubated with 0.1% Triton X-100 for 15 min. Next, BMDMs were incubated with specific
antibodies against iNOS (13120, CST, Boston, MA, USA), F4/80 (ab6640, Abcam, Cambridge, UK), NLRP3
(15101, CST, Boston, MA, USA), GSDMD (39754, CST, Boston, MA, USA), and P65 (8242, CST, Boston, MA,
USA) at 4 °C overnight. BMDMs were then incubated with TRITC-conjugated (ZLI-0316, ZSGB-BIO, China)
and/or FITC-conjugated secondary antibodies (ab96899, Abcam, Cambridge, UK) for 1 h at room temperature
(RT). Next, cells were stained with 4', 6-diamidino-2-phenylindole (DAPI) and assessed using an Olympus
microscope.

RNA-Seq Analysis

Total RNA extraction and mRNA from clinical samples were enriched using TRIzol (Invitrogen, Thermo Fisher
Scientific, USA) following the manufacturer’s protocol. The clinical samples were sent to Beijing Allwegene
Technology Co., Ltd. (Beijing, China) for the construction of the cDNA library. Illumina high-throughput sequencing
platform (HiSeq 2500/4000) was used for RNA-seq. The raw reads obtained from Illumina sequencing (FASTQ format)
were filtered to acquire clean reads by SOAPnuke. The following data mining and analysis, like KEGG, GO and PPI
analysis, were carried out based on Dr. Tom Multi-omics mining system.

Western Blot

Western blot was conducted to analyze the proteins extracted from clinical samples, ADSCs, Exo, and BMDMs. Clinical
gingival samples and cell lysates were obtained by sonication and centrifugation in RIPA lysis buffer (R0020, Solarbio,
Beijing, China). BCA assay (23225, Thermo Fisher Scientific, USA) was used to measure the protein concentrations.
Total proteins were separated on 10% SDS-PAGE gels and then transferred to polyvinylidene fluoride membranes
(IPVHO08100, Millipore, Germany). Then, block the membranes with 5% BSA for 1 h at RT, and incubate the membranes
with primary antibodies against NLRP3 (15101, CST, Boston, MA, USA), cleaved-caspase-1 (89332, CST, Boston, MA,
USA), caspase-1 (24232, CST, Boston, MA, USA), GSDMD (39754, CST, Boston, MA, USA), Phospho-NF-kB p659
(3033S, CST, Boston, MA, USA), IxkBa (4812S, CST, Boston, MA, USA), Phospho-IkBa (2859S, CST, Boston, MA,
USA), NF-kB p65 (82425, CST, Boston, MA, USA), CD9 (ab263019; Abcam, Cambridge, UK), calnexin (ab133615,
Abcam, Cambridge, UK), CD63 (ab134045, Abcam, Cambridge, UK), and -Actin (TA-09, ZSGB-BIO, China) at 4 °C
overnight. The next day, the membranes were incubated with HRP-conjugated secondary antibodies for 1 h at RT.
Finally, samples were assessed using an ECL kit (P10300, NCM Biotech, Suzhou, China) using a Fusion system for
imaging.

Enzyme-Linked Immunosorbent Assay (ELISA)

BMDMs culture supernatant was harvested, and the concentrations of tumor necrosis factor-a (TNF-a) (CSB-E04741m,
Cusabio, Wuhan, China), IL-1p (432604, Biolegend, San Diego, CA, USA), and IL6 (E-EL-M0044c, Elabscience,
Wuhan, China) were detected using ELISA kits under the manufacturer’s instructions.
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Animals

C57BL/6N male mice (6-8-week-old) were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd.
All the animals were kept in specific pathogen-free facilities and given water and a regular diet ad libitum. All animal
studies were authorized by the Ethics Committee of the Peking University Health Science Center (Permit number:
LA2018017) and done in compliance with the regulations and guidelines of the Peking University Institutional Animal
Care and Use Committee and ARRIVE guidelines. The mice were left in their cages for 1 week to familiarize themselves
with their environment.

MRON] Mouse Model

The mice were randomly assigned to four groups, with five mice in each group: (1) Ctrl group: administration of 0.9%
NaCl saline (Veh) once a day; (2) Zol group: administration of Zol (Img/kg) once a day; (3) Hydrogel group:
administration of Zol once a day; (4) Exo group (100 pg/mL, 2-3 pL): administration of Zol once a day. Zol was
administrated intraperitoneally (i.p). Once a day for four weeks to build the MRONJ model. Under general anesthesia by
i.p. injection of pentobarbital (50 mg/kg), the mice’s maxillary first molars were extracted after two weeks of Zol
administration. Then, PBS, hydrogel, and hydrogel-Exo complex were injected locally into the extraction site respec-
tively of the Zol, Hydrogel, and Exo groups. Two weeks after tooth extraction, mice maxillae were collected and fixed in
4% PFA.

In further experiments, NLRP3 inhibitor MCC950 (10 mg/kg, three times a week for one week, i.p.) or Raleukin
(100 pg per mouse, local injection into the tooth socket) were injected into mice for further evaluation.

Patients
The present study involved five patients diagnosed with MRONIJ.! However, a control group of five healthy donors who
had undergone orthopedic surgeries was also included. Table S1 presents the clinical information. Clinical gingival
samples were collected from patients who had undergone orthopedic or MRONIJ surgeries at Peking University Hospital
of Stomatology, and preserved at —80 °C for future examination.

All procedures were authorized by The Institutional Review Board of Peking University Hospital of Stomatology
(Permit number: PKUSSIRB-202170184) and performed according to the principles of Declaration of Helsinki.
Individuals enrolled in the study gave written informed consent.

MicroCT Analysis

The mice maxillae were scanned with a microCT scanner (60 kV, 2 mA, Inveon MM Gantry-STD 3121, Siemens,
Germany). Three-dimensional images of maxillary tissues were reconstructed using Inveon Research Workplace
(SIEMENS, Germany). Then, parameters of the bone microarchitecture of the tooth sockets, including BMD, BV/TV,
and Tb.Th were determined. The data were analyzed with Image J.

Histology

The samples containing the extracted socket were dissected, fixed in 4% PFA, and decalcified in 10% ethylenediami-
netetraacetic acid for 2 weeks at 37 °C. Next, the bone specimens were embedded in paraffin, and processed into
4-um-thick slices for subsequent H&E and Masson staining following the instructions. Finally, the histological sections
were observed and pictured with an Olympus microscope.

Immunochemistry Staining and Immunofluorescent Staining

For immunochemistry (IHC) staining, human and mice gingival sections were dewaxed with xylene and rehydrated with
graded ethyl alcohol. Then, sections were incubated in 3% H,O, for 20 min at RT, and treated with 10 mm sodium citrate
buffer solution for 20 min at 95 °C. Next, the sections were cooled at RT and incubated with specific antibodies against
TNF-a antibodies (ab1793, Abcam, Cambridge, UK), and IL-1B antibodies (ab9722, Abcam, Cambridge, UK) at 4 °C
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overnight. Then, the sections were incubated with appropriate secondary antibodies for 20 min at RT. Finally, the sections
were incubated with a DAB kit (P0203, Beyotime, China) and imaged using an Olympus microscope.

For immunofluorescent (IF) staining, human and mice gingival sections were also dewaxed with xylene and
rehydrated with graded ethyl alcohol, and treated with 10 mm sodium citrate buffer solution for 20 min at 95 °C.
Then, the sections were incubated with 0.1% Triton X-100 for 15 min, blocked in goat serum for 1 h at RT, and incubated
with specific antibodies against iNOS (13120, CST, Boston, MA, USA), NLRP3 (15101, CST, Boston, MA, USA),
GSDMD (39754, CST, Boston, MA, USA), CD68 (ab955, Abcam, Cambridge, UK) and F4/80 (ab6640, Abcam,
Cambridge, UK) at 4 °C overnight and then incubated with TRITC-conjugated and FITC-conjugated secondary
antibodies for 1 h RT. Next, nuclei were stained with DAPI and visualized with a fluorescence microscope. The positive
area or cells were analyzed with Image J software.

Statistical Analysis

The data were analyzed using the GraphPad Prism 10 software and presented as the mean value-standard deviation. The
unpaired two-tailed Student’s #-test was used to determine the statistical significance of 2-group comparisons. The
ANOVA analysis was used to determine the statistical significance among more than 2 groups. P values < 0.05 (*), <0.01
(**), <0.001 (***), <0.0001 (****) were considered statistically significant.

Results

ADSCs-Exo Prevents MRON] by Accelerating Gingival Wound Healing in vivo
ADSCs showed spindle-shaped morphology (Figure S1A), alizarin red S-positive calcium deposits when cultured in the
osteogenic medium, as well as oil-red O-positive lipid droplets when cultured in the adipogenic medium (Figure S1B and
C). Moreover, ADSCs were positive for the MSCs-related markers (CD105, CD73, CD44, and CD90) but lack of
hematopoietic markers (HLA-DR, CD19, CD45, CD11b, and CD34) (Figure S1D). In addition, Nanoparticle tracking
analysis (NTA) and transmission electron microscopy (TEM) indicated that ADSCs-Exo were about 128 nm in diameter
and displayed a round, cup-shaped morphology (Figure 1A and B) and positive expression for traditional Exo markers
CD63 and CD9, as well as negative expression for calnexin (Figure 1C). The results of confocal scanning showed that
PKH26-labelled Exo was uniformly distributed in the hydrogel and released slowly in vitro (Figure 1D and E).
MRONI-like mouse model was constructed following a protocol described in our previous study.”” Exo was then
locally delivered into the tooth sockets to investigate whether Exo could promote tooth socket healing (Figure 1F). Two
weeks later, the macrograph found that the zoledronate (Zol)-treated mice had an open alveolar socket, delayed oral
mucosa healing, and exposed socket bone compared with the Ctrl group, while the Exo groups had intact covered mucosa
(Figure 1G). MicroCT further suggested less bone formation in the tooth sockets of the Hydrogel and Zol groups versus
the Exo and the Ctrl groups. In addition, decreased bone mineral density (BMD), bone volume fraction (BV/TV), and
trabecular thickness (Tb.Th) were seen in the Hydrogel and Zol groups versus the Exo and Ctrl group (Figure 1H and I).
Hematoxylin and eosin (H&E) staining suggested that the tooth sockets experienced a typical healing course, including
full oral mucosal coverage, epithelial migration, and bone formation in the Ctrl group within two weeks. However,
deficient epithelial lining, necrotic bones with empty lacunae, as well as inflammatory cells infiltration were found in the
Hydrogel and Zol groups. Exo contributed to complete epithelial healing and bone formation of the tooth sockets
(Figure 1J). Besides, Masson staining showed that the tooth sockets exhibited greater collagen fiber formation and
deposit after Exo administration (Figure 1K). These data suggested that ADSCs-Exo prevented MRONJ by accelerating
gingival wound healing in vivo.

Increased Pyroptosis and Inflammation Cytokines in MRON] Patients

RNA sequence (RNA-seq) was then conducted on clinical gingival samples extracted from MRONIJ patients and the healthy
subjects. Principal component analysis showed a difference in MRONJ patients and healthy samples (Figure 2A). We
identified 2295 differentially expressed genes (DEGs) in MRONI patients, with 1597 up-regulated genes and 698 down-
regulated genes by using the significance threshold of |log2 fold change| > 1 and q value < 0.05 as criteria (Figure 2B). The up-
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regulated DEGs were chosen for KEGG and GO enrichment analyses, which were related to pyroptosis and inflammation
pathways, for example, NF-«kB signaling pathway, TNF signaling pathway, NOD-like receptor signaling pathway, immune
response, and inflammatory response (Figure 2C and D). The heatmap showed the expression level of 72 pyroptosis-related
DEGs in the NOD/NF-«B signaling pathway (Figure 2E). Protein-protein interaction (PPI) analysis assessed the interaction
among 72 pyroptosis-related DEGs and suggested that /L-18, BCL2A1, TNF-0, CXCLS, IL-6, LBP, NLRP3, and CASPI are
overlapping hub genes (Figure S2). Furthermore, Western blot results confirmed that inflammasome-related proteins, like
NLR family pyrin domain containing 3 (NLRP3) and gasdermin D (GSDMD), and cleaved-caspase-1, were increased in
gingival tissues collected from MRONJ patients (Figure 3A and B). The heatmap indicated higher expression of M1
macrophage-related genes in MRON]J patients (Figure 3C).

ADSCs-Exo Prevents MRON]J by Regulating Macrophage M| Polarization and
Pyroptosis in vivo

Next, we assessed the impact of ADSCs-Exo on regulating macrophage M1 activation and pyroptosis in MRONIJ mice.
Our results showed Zol significantly increased gingival tissue M1 macrophages (CD68+iNOS+ cells) in MRONIJ patients
and M1 macrophages (F4/80+iNOS+ cells) in mice samples (Figure 3D-I). Also, pyroptosis-related proteins, NLRP3 and
GSDMD, were both highly expressed in the gingiva in MRONJ patients and Zol-treated mice. However, Exo admin-
istration reduced the NLRP3 and GSDMD expression (Figure 3E-K). Meanwhile, the gingival tissue showed increased
expression of pro-inflammatory factors (IL-1p and TNF-a), indicating that the macrophage inflammation-related activity
accompanied the gingival wound and inflammatory response induced by Zol. On the contrary, Exo administration could
decrease M1 macrophage activation and alleviate tissue inflammation (Figure 3G—M). These results suggested that
ADSCs-Exo inhibited Zol-induced macrophage M1 polarization and pyroptosis in vivo.

NLRP3 Inhibitors MCC950 Rescues the Lesions of MRON] by Inhibiting Macrophage
Pyroptosis

To investigate the role of pyroptosis in MRONJ, we administered NLRP3 inhibitor MCC950 (inhibitor of pyroptosis) to
the Zol-treated mice (Figure 4A). The clinical examination showed intact oral mucosa coverage without bone exposure in
the MCC950 group versus the Zol-treated mice (Figure 4B). MicroCT analysis further showed that the MCC950 group
had more new bone regeneration, with elevated BMD, BV/TV, and Tb.Th (Figure 4C and D). H&E and Masson staining
showed that the tooth sockets in the MCC950 group had complete epithelial lining, collagen synthesis, and new bone
formation versus the Zol group (Figure 4E and F). Furthermore, histological staining showed fewer local M1 macro-
phages and a decreased pyroptosis response, with less expression of GSDMD and NLRP3 in the gingiva tissue of
MCC950 group (Figure 4G—L). Besides, IL-1 and TNF-a expression in the gingiva wound tissue were significantly
decreased in the MCC950 group versus the Zol group (Figure 4J-L). These data suggested the role of macrophage
pyroptosis in the development of MRONI.

ADSCs-Exo and MCC950 Inhibit Macrophage M| Polarization and Pyroptosis by NF-
KB/NLRP3/IL-1 Axis in vitro

Next, bone marrow-derived macrophages (BMDMs) were cultured with PKH26-labeled Exo in vitro to verify animal
data. BMDMSs could internalize PKH26-labeled Exo and increase the content over time at 6 h, 12 h, and
24 h (Figure 5A). According to the CCK-8 assay results, 25 uM Zol was used to minimize the adverse effects on cell
viability (Figure 5B). BMDMs were pre-treated with Zol, Exo, and MCC950 for 24 h, then exposed to lipopolysacchar-
ide (LPS) for 4 h, which could activate macrophages to M1 phenotype. Next, nigericin was used to activate the
pyroptosis in BMDMs for 1 hour after LPS stimulation. Flow cytometry revealed that Zol significantly raised the
percentage of M1 macrophages (CD86+CD206- cells) from 42.2% to 70.0%, while Exo and MCC950 decreased M1
macrophages from 70% to 46.5% and 50.5%, respectively (Figure 5C and D). This is consistent with the result obtained
by cell IF staining. After Zol treatment, BMDMs expressed higher iNOS expression, a marker of M1 macrophage, while
Exo and MCC950 could significantly decrease iNOS expression (Figure SE and F). Furthermore, Zol increased the
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Figure 4 NLRP3 inhibitor MCC950 prevents MRON] by inhibiting M| macrophage activation and pyroptosis in vivo. (A-F) Amelioration of MRON]J-like lesion formation by
NLRP3 inhibitor MCC950 intraperitoneal. n=5 per group. (G) IF staining for F4/80 and iNOS. White square indicates the magnified areas. Scale bar = 50 um. (H) IF staining
for F4/80 and NLRP3. Scale bar = 50 um. () IF staining for F4/80 and GSDMD. Scale bar = 50 um. (J) IHC staining for IL-1. Black arrowheads indicate the IL-1B-positive
area. Scale bar = 50 pm. (K) IHC staining for TNF-o. Scale bar = 50 pm. (L) The quantitative analysis of the numbers of F4/80+iINOS+ M| macrophages, F4/80+NLRP3+
macrophages, F4/80+GSDMD+ macrophages, IL-1B-positive area, TNF-a-positive area by Image] software. Data in this figure, mean = SD, ns = not significant, *p<0.05,
**p<0.01, ¥*p<0.001, ***+p<0.0001.

inflammasome-related proteins, like NLRP3, GSDMD, and cleaved-caspase-1, in BMDMs in vitro. Such enhanced
effects were significantly counteracted by the Exo or MCC950 administration (Figure 5G and H). Furthermore, IF
staining showed an increase in NLRP3 and GSDMD expression in Zol-affected BMDMs, which was significantly
reduced in BMDMs after Exo and MCC950 administration (Figure 6A and B).

Given that the NLRP3 inflammasome signal is a possible target of the NF-«kB signaling pathway, we assessed the
protein levels of NF-kB family members, including the degradation level of the nuclear factor of kappa light polypeptide
gene enhancer in B-cell inhibitor a (IkBa) and transcription factor P65 phosphorylation (p-P65) level in the BMDMs. Zol
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Figure 6 ADSCs-Exo and MCC950 inhibit pyroptosis by NF-kB signaling pathway in vitro. (A) IF staining for NLRP3 in BMDMs. Scale bar = 25 um. (B) IF staining for
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enhanced NF-kB activation, as evidenced by an increase in the proportion of p-P65 and p-IxBa levels in BMDMs and
MRONIJ patients, while Exo and MCC950 administration greatly attenuated phosphorylation of IkBa and p65
(Figure 6C—E). Furthermore, IF staining showed that p65 was located more in the nucleus after treatment with Zol,
but Exo and MCC950 inhibited phosphorylation and transfer of p65 into the nucleus (Figure 6F). For further validation,
the release of pro-inflammatory mediators, TNF-a, IL-1B, and IL-6 were up-regulated in Zol-exposed BMDMs as
assessed by ELISA, which could be inhibited by Exo and MCC950 treatment (Figure 6G). These findings supported
that Exo and MCC950 dramatically suppressed NF-«kB signaling activation and subsequent pyroptosis in BMDMs.
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IL-1RA Derived from ADSCs-Exo is the Key Factor in Preventing MRON]

Interleukin-1 receptor antagonist (IL-1RA) derived from gingival mesenchymal stromal cells plays a key role in
promoting gingival wound healing.*” Also, IL-1RA is a natural inhibitor of IL-1p, which could effectively inhibit the
inflammatory response.*® Therefore, we performed IF staining and found that Zol reduced IL-1RA expression in the
gingiva tissue of both MRONIJ patients and Zol-treated mice versus the Ctrl group. However, ADSCs-Exo treatment
significantly improved IL-1RA expression (Figure 7A and B). Then, IF staining confirmed that ADSCs contained IL-
IRA (Figure 7C), and Western blot results indicated that ADSCs-Exo was rich in IL-1RA (Figure 7D). To further verify
the role of IL-1RA in the prevention of MRONIJ, Raleukin, a recombinant IL-1RA, was used in the subsequent
experiments. Raleukin effectively promoted wound healing and bone regeneration of the tooth sockets and reduced
macrophage pyroptosis and inflammatory response in the gingiva tissue in vivo (Figure 7E-J and 8 A—G). Furthermore,
Raleukin reduced Zol-induced BMDMSs pyroptosis and inflammatory cytokines release by inhibiting NF-xB/NLRP3/IL-
1P axis in vitro (Figure 8H-M and S3). These results confirmed that IL-1RA derived from ADSCs-Exo might be crucial
in preventing MRONJ.

Discussion

Exosomes exert crucial functions in intercellular communications by delivering multiple bioactive molecules between
cells.'®*** For example, ADSCs-Exo could transfer mitochondria components to alveolar macrophages, improving
homeostasis and reducing lung inflammatory conditions.*' Also, another study found that ADSCs-Exo can reduce
inflammation response and oxidative stress by regulating the function of macrophages in sepsis.** Consistently, we
found that Exo can inhibit macrophage M1 polarization and gingival inflammation, accelerate gingiva wound closure,
and increase bone mass in the tooth extraction sockets. In vitro studies further suggested that Exo can reverse
macrophage M1 activation and pyroptosis induced by Zol. These findings suggest that macrophage may be the crucial
target in ADSCs-Exo meditated gingival healing and prevention of MRONJ.

Pyroptosis is an inflammatory cell death that occurs in macrophages upon pathogen infection. It is accompanied by
cell swelling, membrane rupture, and the release of cellular contents, which causes the secretion of pro-inflammatory
cytokines, such as IL-1p, IL-18, TNF-q, and IL-6.**> Mechanistically, pathogen-associated molecular patterns (PAMPs)
and damage-associated molecular patterns induce pyroptosis by pattern recognition receptors, like Toll-like receptors
(TLRs) and NOD-like receptors.*® Although pyroptosis is vital for the host immune defense against pathogenic infection
in normal physiology, excessive and uncontrolled pyroptosis can result in extensive and chronic inflammatory
responses.*”*® Previous studies have demonstrated that macrophage pyroptosis could release IL-1p and exert pyroptosis-
related cytotoxic effects in delayed chronic wounds, which could be reversed by macrophage pyroptosis and inflamma-
tory response amelioration.”” NF-kB family members have a crucial impact on inflammatory cytokine release and can
affect M1 macrophage polarization and NLRP3 inflammasome.**>! TLRs can recognize PAMPs and activate the NF-xB
signaling pathway, leading the IkBa/NF-kB complex to be phosphorylated and dissociated.’® IxBa degradation and P65
nuclear translocation initiate target gene transcription, like NLRP3, promoting M1 polarization and pyroptosis, ultimately
releasing numerous mature inflammatory mediators.’>>* In addition, NLRP3 activation increases the secretion of
caspase-1, accelerates the disruption of GSDMD (effector of pyroptosis) and IL-1B, and causes pyroptosis and
inflammatory response.> Zol can activate TLR4 signaling, induce the NF-kB nuclear translocation, and produce pro-
inflammatory cytokines in macrophages.’® RNA-seq results demonstrated the pyroptosis and inflammatory processes
were up-regulated in MRONJ patients, such as NF-kB signaling pathway and NOD-like receptor signaling pathway.
Heatmap results further confirmed that Zol could significantly up-regulate the expression of M1 macrophage related-
markers (CD80, IL-1pB, IL-6, TLR4, TNF-a, CD86, CXCL9, CCLY5), and expression of NLRP3 complexes (NLRP3 and
CASP1). These results demonstrate that macrophage M1 polarization and pyroptosis might have an essential function in
the pathogenesis of MRONJ.

Exosomes affect macrophage M1 polarization and pyroptosis in many diseases. For example, Exo can reduce M1
macrophage numbers, inflammation-induced pyroptosis, and harmful cardiac remodeling’’ or attenuate DSS-induced
colitis.”® Our study found that more M1 macrophages and pro-inflammatory cytokines existed in the gingiva tissue
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during tooth sockets wound healing in vivo, while Exo could reduce excessive M1 macrophage infiltration and IL-1p,
TNF-a expression during the wound healing process. Besides, GSDMD and NLRP3 expression significantly increased in
the gingiva tissue, which could be alleviated by Exo. Exo could also attenuate Zol-effected macrophage shift into M1
phenotype and pyroptosis and decrease pro-inflammatory cytokines, like IL-1B, IL-6, and TNF-o release in vitro.
Furthermore, MCC950, an NLRP3 inhibitor, could effectively alleviate M1 macrophage activation and pyroptosis and
rescue the development of MRONJ in vivo and in vitro. Our results indicate that ADSCs-Exo could target the NF-xB/
NLRP3/IL-1p axis in macrophages to prevent MRONJ.

NLRP3 inflammasome activation and caspase-1 cleavage lead to the maturation and secretion of IL-1f, which is
considered a key cytokine in amplifying the inflammatory response. IL-1RA is a natural inhibitor of IL-1f, which can
effectively block IL-1B-driven inflammatory signals and regulate immune status.*® IL-IRA can effectively inhibit the
activity of inflammasome.”® For example, recombinant IL-IRA could inhibit NLRP3 inflammasome activation and
reduce liver inflammation by reducing intracellular ROS levels.”® IL-IRA knockout mice may develop severe inflam-
matory responses related to infection, but exogenous supplementation of Raleukin can reduce excessive inflammatory
responses and tissue damage.®® In our study, the exploration of the mechanism by which ADSCs-Exo inhibits NLRP3
inflammasome activation revealed that IL-1RA plays a key role in preventing MRONJ (Figure 9). We found that ADSCs-
Exo was rich in IL-1RA. Raleukin, a recombinant IL-1RA, effectively alleviated NLRP3 inflammasome activation and
pyroptosis and prevented MRONIJ in vivo. Additionally, Raleukin reduced Macrophage M1 polarization and pyroptosis
in BMDMs by blocking NF-kB/NLRP3/IL-1f axis in vitro.
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inflammatory factors delay the healing of tooth extraction sockets. IL-IRA derived from ADSCs-Exo can competitively bind to the IL-IR on the cell membrane surface and
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However, our present study has limitations. The results only revealed the role of macrophages in the prevention of
MRONJ by ADSCs-Exo, but did not explore the regulatory effects of ADSCs-Exo on other cells, like osteoblasts,
osteoclasts, endothelial cells, and epithelial cells. In future studies, more research is needed to investigate the possible
interactions between ADSCs-Exo and other cells.

Conclusion

In conclusion, our study indicated that macrophage pyroptosis is increased in MRONJ wound healing, which might cause
the release of inflammatory cytokines and delay wound healing. IL-1RA derived from ADSCs-Exo attenuated macro-
phage M1 polarization and pyroptosis, reduced tissue inflammation by blocking NF-kB/NLRP3/IL-1p axis, and pro-
moted primary gingival wound closure to prevent MRONIJ. Consequently, our research sheds light on the
pathophysiology of MRONIJ and might offer an appropriate strategy for preventing MRONJ.
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