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Introduction: Osteoarthritis (OA) is a chronic degenerative joint disease accompanied by an elevated macrophage proinflammatory
phenotype, which is triggered by persistent pathologically elevated calcium ion levels in mitochondria. However, existing pharma-
cological compounds targeting the inhibition of mitochondrial calcium ion (m[Ca?']) influx are currently limited in terms of plasma
membrane permeability and low specificity for ion channels and transporters. In the present study, we synthesized mesoporous silica
nanoparticle-amidated (MSN)-ethylenebis (oxyethylenenitrilo)tetraacetic acid (EGTA)/triphenylphosphine (TPP)-polyethylene glycol
(PEG) [METP] nanoparticles (NPs), which specifically target mitochondria and block excess calcium ion influx.

Methods: m[Ca®'] overload in OA mouse bone marrow-derived macrophages (BMDMs) was detected by a fluorescence probe. A tissue
in situ fluorescence colocalization assay was used to evaluate METP NP uptake by macrophages. BMDMs from healthy mice were
pretreated with a concentration gradient of METP NPs followed by lipopolysaccharide (LPS) stimulation and detection of m[Ca®'] levels
in vitro. The optimal METP NP concentration was further applied, and the endoplasmic reticulum (ER) and cytoplasm calcium levels
were detected. The inflammatory phenotype was measured by surface markers, cytokine secretion and intracellular inflammatory gene/
protein expression. A Seahorse cell energy metabolism assay was performed to elucidate the mechanism by which METP NPs reverse the
BMDM proinflammatory phenotype.

Results: The present study identified calcium overload in BMDM mitochondria of OA mice. We demonstrated that METP NPs
reversed the increased m[Ca'] levels in mitochondria and the proinflammatory phenotype of BMDMs, with both in vivo and in vitro
experiments, via the inhibition of the mitochondrial aspartate-arginosuccinate shunt and ROS production.

Conclusion: We demonstrated that METP NPs are effective and highly specific regulators of m[Ca®'] overload. In addition, we
demonstrated that these METP NPs reverse the macrophage proinflammatory phenotype by restoring m{Ca®*] homeostasis, thereby
inhibiting the tissue inflammatory response and achieving a therapeutic effect for OA.
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Introduction

Osteoarthritis (OA) is a degenerative disease that can occur in all joints of the body, affecting 7% of the global
population, in which persistent inflammation results in synovitis and excessive immune cell accumulation, leading to
remodeling and reduced function in affected joints.'* At present, the treatment recommendation for OA is mainly
concentrated on pain control and maintenance of joint function by applying non-steroidal anti-inflammatory drugs and
local corticosteroid administration. However, the therapeutic effect is not ideal, and joint replacement is often the
ultimate treatment. Therefore, new treatment strategies for OA, including gene therapy, extracorporeal shock wave
physiotherapy, inflammation regulation and cartilage regeneration based on tissue engineering techniques,” ® are needed.

Evidence indicates that macrophages are central to the pathophysiology of OA driving episodic cycles of chronic
inflammation and tissue destruction.” In OA, due to abnormal mechanical forces applied on joints, the cartilage matrix is
damaged, forming matrix debris and crystals, which are then released into the synovial fluid, activating resting state
macrophages towards the proinflammatory phenotype; this phenotype prompts pro-matrix metalloproteinases (p-MMPs)
and cytokines, including interleukin-13 (IL-1B) and tumor necrosis factor-o. (TNF-a)), to promote cartilage destruction
and subchondral bone resorption.® '® OA patients have an increased active proinflammatory macrophage profile and few
anti-inflammatory types.'""'?

For immune cells, such as macrophages, mitochondria are organelles not only necessary for biosynthesis and energy
metabolism but also necessary for establishing and sustaining the phenotype and function of macrophages.'
Mitochondrial calcium ion (m[Ca®']) homeostasis is essential for maintaining normal mitochondrial function and
establishing inflammatory phenotypes in macrophages.'* m[Ca**] overload has been reported to induce activation of
proinflammatory phenotypes in macrophages by excess m[Ca®'] influx, which subsequently increases macrophage

15-17 18,19

glycolysis, increases reactive oxygen species (ROS) generation and impairs the ability of mitochondria to buffer
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intracellular calcium ion transients.'***?! However, the practicability of small molecule compounds targeting the
mitochondrial calcium uniporter (MCU), such as Ru360 and TG-2112x,>*** to inhibit m[Ca*'] influx are still limited
due to shortcomings, such as permeability to the plasma membrane and low selectivity to inhibit ion channels.?*2°

With the extensive application of nanoparticles (NPs), the trapping and uptake of NPs by macrophages in damaged areas
after administration in vivo has been confirmed.?’° Given the ability of macrophages to aggregate and trap exogenous
particles in inflammatory tissues, such as OA synovium, NPs are an ideal drug delivery targeting system. In the present
study, we designed the mesoporous silica nanoparticle-amidated (MSN)-ethylenebis (oxyethylenenitrilo)tetraacetic acid
(EGTA)/triphenylphosphine (TPP)-polyethylene glycol (PEG) [METP] NPs to regulate m[Ca*"] and phenotype in macro-
phages with the ability of METP NPs to target mitochondria with TPP (mitochondrial targeting agent) and consume
excessive calcium ions with EGTA, a calcium ion-binding group. Herein, we demonstrated that METP NPs effectively and
selectively inhibited the abnormal increase of m[Ca”'] in macrophages of OA mice or lipopolysaccharide (LPS)-induced
cells in vitro. Furthermore, we demonstrated that METP NPs effectively inhibited the activation of macrophage proin-
flammatory phenotypes both in vivo and in vitro by downregulating glycolysis and mitochondrial aerobic respiration to
reduce the production of inflammatory hypoxia-inducible factor-1o. (HIF-1a) in the aspartate-arginosuccinate shunt and
ROS generation. Elucidation of the mechanism of METP NPs fills the vacancy of drugs that inhibit m[Ca®"] inflow,
providing a new therapeutic strategy for OA based on the regulation of macrophage m[Ca®"].

Materials and Methods

Chemicals

NH;'H,O (AR, 25-28%) was purchased from Xi’an Sanpu Chemical Reagent Co., Ltd. (Xi’an, China).
Aminopropyltriethoxysilane (APTES) was purchased from Energy Chemical (Shanghai, China). EGTA, trimethyl [3-(tri-
methoxysilyl) propyl] ammonium chloride (TMA) (=50% methanol), TPP, N,N-dicyclohexyl carbonate diimide (DCC),
4-dimethylaminopyridine (DMAP), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro (EDC), N-hydroxysuccinimide
(NHS), and 1,3,5-trimethylbenzene (TMB) were obtained from Shanghai Macklin Biochemical Co. Tetraethylorthosilicate
(TEOS, 99.0%), anhydrous tetrahydrofuran (THF) was purchased from Sinopharm Chemical Reagent Co., Ltd. (Xi’an,
China). Hexadecyl trimethyl ammonium bromide (CTAB) and PEG (4000) was purchased from Tianjin Kemiou Chemical
Reagent Co., Ltd. (Tianjin, China). Dimethyl sulfoxide (DMSO), toluene, hydrochloric acid, and sodium hydroxide were
purchased from Tianjin HengXing Chemical Reagent Co., Ltd. (Tianjin, China). 3-bromopropionic acid was purchased from
Shanghai Aladdin Bio-Chem Technology Co., LTD (Shanghai, China).

Preparation of Mesoporous Silica Nanoparticles with Large Pores and CTAB Template

(MSNiy)

The preliminary MSNs were first fabricated by the classical CTAB-templated, base-catalyzed sol-gel method. Briefly, the
pH value of 1000 mL deionized water was adjusted to =11 with 52.8 mL ammonium hydroxide (25-28 wt% NH;-H,0).
The temperature was raised to 323 K, and then 1.12 g CTAB was added. After the CTAB was completely dissolved,
5.8 mL TEOS was added dropwise with rapid stirring. After 2 hours (h), the mixture was incubated overnight,
centrifuged and washed thoroughly with distilled water and ethanol. The as-synthesized preliminary MSNs were further
dispersed in ethanol by sonication for 30 minutes, followed by the addition of 20 mL of a 1:1 mixture (v/v) of water and
TMB. The mixture was placed in the autoclave and kept at 140°C for 4 days without stirring. The resulting white powder
was washed with ethanol and water five times each and then dried under vacuum for 20 h.

Preparation of TPP and Amino Co-Modified MSN+ (MSN+TPP-NH2)

A total of 2.62 g (1 eq, 10 mmol) of TPP and 1.68 g (1.1 eq, 11 mmol) of 3-bromopropionic acid were dissolved in
20 mL of toluene and refluxed at 90°C overnight. After cooling to room temperature, the suspension was centrifuged at
12,000 rpm for 5 minutes to collect the precipitate, which was washed with toluene three times to obtain carboxyl-
functionalized TPP (TPP-COOH). The resulting TPP-COOH was dissolved in 20 mL of anhydrous tetrahydrofuran
(THF), and the solution was refluxed overnight at 90°C after adding 3.09 g (1.5 eq, 15 mmol) of DCC, 100 mg of DMAP,
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and 2.342 mL (1 eq, 10 mol) of APTES. After cooling to room temperature and removing the insoluble substance by
centrifugation, the above solution was mixed with 180 mg of as-synthesized MSNs-T, 60 uL of APTES, and 10 mL of
THEF. The suspension was refluxed for 24 h at 90°C. Due to the existence of the CTAB template in the pores, modification
only occurred on the surface of MSNs, resulting in TPP and amino commodified MSNt (MSN-TPP-NH,). The
nanoparticles were collected by centrifuging at 12,000 rpm for 5 minutes, washed with THF five times each, and then

dried under vacuum for 20 h.

Preparation of Template-Removed MSN+TPP-NH2 with a Graft of TMA in the Pores
(TMA-MSN-TPP-NH,)

The surfactant template of as-synthesized MSN-TPP-NH, was removed by extraction using acidic methanol (9 mL of
HCI/400 mL of methanol, 36 h) at 70°C. Afterwards, the nanoparticles were centrifuged, washed several times with
ethanol, and dried under vacuum for 20 h. The resulting MSN-TPP-NH, was dispersed in THF containing 120 pL of
TMA, followed by overnight stirring to generate nanoparticles with TMA in the pores (TMA-MSN-TPP-NH,). The

obtained nanoparticles were washed with THF and dried in a vacuum oven at 60°C overnight.

Preparation of the Final TMA-MSN-TPP-EGTA-PEG (METP) Nano-Regulator

A total of 129.6 mg of EGTA and 54 mg of sodium hydroxide were dissolved in 10 mL of deionized water, and then
262 mg of EDC and 78 mg of NHS were added. After adjusting the pH value of the solution to 5.0, 60 mg of TMA-MSN
-TPP-NH, was added, followed by 10 minutes of sonication. This suspension was maintained at room temperature with
stirring overnight. The obtained nanoparticles (TMA-MSN-TPP-EGTA) were washed with deionized water and dried in
a vacuum oven at 60°C overnight. Subsequently, the as-prepared TMA-MSN-TPP-EGTA was redispersed in 10 mL of
DMSO containing EDC (786 mg), DMAP (100 mg), and PEGy4ggo (5 g). The suspension was refluxed for 4 days at 60°C.
After the reaction, the suspension was cooled to room temperature, centrifuged at 12,000 rpm for 5 minutes, washed

three times with deionized water, and then freeze-dried.

Microscopic Morphological Observation and Elemental Analysis of METP

The METP in powder form was resuspended in phosphate-buffered saline (PBS), dispersed by low-energy ultra-
sound and then dropped on copper mesh. Allow 30 seconds for METP to settle naturally on copper mesh. Absorbed
excess liquid with filter paper and dried the copper mesh under a 25°C infrared lamp for 5 minutes. METP particle
size and morphology were observed by an FEI Tecnai G12 Spirit BioTwin transmission electron microscope (TEM)
(FEI Company, Hillsboro, Oregon, USA) with an accelerating voltage of 120 kV. For scanning electron microscope
(SEM), METP in powder form was loaded on a siliceous carrier and observed surface morphology by S-4800 SEM
(Hitachi, Japan), as well as clemental analysis of energy dispersive spectrum (EDS) components (Ametek
EDAX, USA).

Particle Size and Zeta Potential Measurement of METP

The METP particle size was measured using Dynamic Light Scattering (DLS) and Nanoparticle Tracking Analysis
(NTA) method. DLS measurements were performed with Malvern Zetasizer Nano S (Malvern, Worcestershire, UK)
equipped with a 633-nm He-Ne laser at 25°C. Dispersion Technology Software version 6.01 (Malvern, Worcestershire,
UK) was used to collect and analyze the data. The polydispersity index (PDI) was obtained from the autocorrelation fit of
the data. For NTA measurements, the METP-PBS system was injected into the sample chamber with sterile syringes, and
the particle number, size, concentration and Zeta potential were measured with the NTA NanoSight NS300 (Malvern,
Worcestershire, UK) with a 633 nm laser. The NTA 3.2 software (Malvern, Worcestershire, UK) was used for capturing
and analyzing the data. Three times of measurements were performed at room temperature independently.
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Knee OA (KOA) Modeling and Articular Cavity Injection

Male mice of C57BL/6 strains aged 6 weeks underwent adaptive feeding firstly for 7 days, and KOA model was then
established using the modified Huith method.>' During the operation, the medial meniscus was exposed and removed,
and the anterior cruciate ligament was severed. Mice were fed and exercised normally in SPF animal room, and the
injection was administered into the articular cavity during 5—8 weeks after modeling. According to the injection after
modeling surgery, mice are divided randomly into 4 groups, namely the sham operation group, PBS injection group,
METP treatment group and DS16570511 treatment group (n = 8). To achieve blank control, sham operation group was
established by simple incision patellar ligament and sutured layer by layer. On day 28 after modeling operation, the PBS
solution, METP suspension (50 pug/mL) or DS16570511 (50 pmol/L, HY-115595, MedChemExpress, USA) solution
were injected into the joint cavity. A 0.3 mm X 8 mm insulin syringe (Omnican, Melsungen, Germany) was used for
puncture injection of the joint cavity. The dose of each injection was 50uL, which could be well accommodated in the
joint cavity, and the injections were performed weekly for a total of 4 times. The mice were sacrificed 7 days after the
fourth injection for knee joint sampling and fixed in 4% paraformaldehyde and set aside for later use. For co-localization
detection of METP and macrophage marker F4/80, fluorescein isothiocyanate (FITC)-labeled METP was injected into
the joint cavity and tissue sections were taken for immunofluorescence staining, and then co-localization analysis of the
two fluorescence signals was performed. Joint tissue samples were divided into 3 groups according to the time node of
sampling on 1st, 2nd and 3rd days after administration of FITC-labeled METP, respectively, and set aside for later
staining (F4/80, ab6640, Abcam, UK).
The periodontitis (PD) modeling and drug administration methods are shown in Supplementary Methods.

Extraction and Differentiation of BMDM Primary Cells
Primary bone marrow-derived macrophage (BMDM) was isolated from the bone marrow of C57 mice aged 6-8 weeks.
Cells were seeded in six-well culture dishes (Corning, NY, USA) and cultured in high glucose Dulbecco’s Modified Eagle's
Medium (DMEM; Gibco, USA) with 10% fetal bovine serum (Hangzhou Sijiging Biological Engineering Materials Co.,
Ltd. Zhejiang, China), 0.292 mg/mL L-glutamine (Invitrogen Life Technology, Carlsbad, CA, USA), 100 units/mL
penicillin (Invitrogen, USA), and 100 mg/mL streptomycin (Invitrogen, USA) at 37°C with 5% CO,. The medium was
changed every 3 days. Differentiation was induced for 7 days with murine macrophage colony-stimulating factor (M-CSF,
PeproTech, Rocky Hill, USA) with a concentration of 50 ng/mL added into the medium. After incubation with M-CSF, cells
differentiated into resting state BMDM, which can be further induced into pro-inflammatory macrophage by LPS
stimulation. Cells will not cryopreserve or passage.

F4/80 and CDI11b (123,110 and 101,206, Biolegend, CA, USA) were identified by flow cytometry, and a high
expression level of F4/80 and CDI11b was observed, which proved that BMDM extraction and differentiation were
successful (Supplementary Figure 1A).

Cell Grouping and Drug Treatment

For in vitro experiments, BMDM were divided into four groups, namely the negative control (NC) group, LPS stimulated
group, METP treatment group and DS16570511 treatment group. The NC and LPS stimulated groups are BMDM
without and with LPS stimulation (1 pg/mL, 12 h), respectively. In the METP treatment group, a pre-treatment period of
24 h and a concentration of 50 pg/mL are applied according to results 2.3. In the DS16570511 treatment group, the pre-
treatment period of DS16570511 was 15 minutes and the concentration was 50 pmol/L (uM), assessed by m[Ca*'] level
and BMDM surface markers CD86 and CD206 (Supplementary Figure 1B and C), which was also consistent with the
methodology of Belosludtsev ect reported in 2021.%% After pre-treatment, BMDM in METP treatment group and
DS16570511 treatment group will be further stimulated with LPS for 12 h.

Micro-CT Analysis and Histomorphometry Staining
All the joints and alveolar bone tissues were scanned and analyzed using a micro-Computed Tomography (micro-CT)
system (Siemens Inveon Micro-CT, Munich, Germany). After the scanning, rebuilt images were used to perform 3D
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histomorphometric analysis. For knee joint tissues, the density of subchondral bones was assessed with BV/TV, BS/BV,
TbTh, TbN and TbSp parameters (Bone Surface, BS; Bone Volume, BV; Tissue Volume, TV; Trabecular Number, Tb.N;
Trabecular Separation/Spacing, Tb.Sp; Trabecular Thickness, Tb.Th) to reflect trabecular bone remodeling. The alveolar
bone height was measured at four different sites in two molars by recording the distance from the cemento-enamel
junction (CEJ) to the top of alveolar bone crest. After the micro-CT scanning, all the tissues were treated with 17%
EDTA (Proandy company, Xi’an, China) solution with gentle shaking for 4 days to 7 days at room temperature for full
decalcification. Dehydrate the tissues with gradient ethanol solution and xylene, and embedded in paraffin, followed with
the sagittal-oriented section at of the knee joint medial compartment and alveolar bone by microchiromer with a layer
thickness of 0.3 pm. Sections were processed for hematoxylin-eosin (H&E) staining and Safranin O (Sigma-Aldrich,
USA) and Fasting Green (Sigma-Aldrich, USA) and recorded images with an Olympus BX41 Microscope (Olympus,
Japan). The severity of KOA is assessed by the international OARSI scoring system.>> The articular cartilage height on
KOA mouse and alveolar bone height on PD mouse were evaluated using ImageJ (Imagel software, USA).

Immunohistochemical Staining

The paraffin sections of the medial articular cavity of KOA mice were firstly heated at 65°C for 6 h, then dewaxed with
xylene and gradient alcohol solution, and boiled with sodium citrate antigen retrieval solution at high pressure for 3
minutes. After antigen retrieval, sections were treated with endogenous peroxidase eliminating agent for 10 minutes and
blocked nonspecific antigen site with goat serum (Sigma-Aldrich, USA) at room temperature for 30 minutes, and then
incubated with the primary antibodies for 12 h at 4°C. The primary antibodies were as follows: iNOS (D6B6S) Rabbit
mab (ab15323, Abcam, UK; 1:50), Anti-TNF alpha mab (ab1793, Abcam, UK; 1:50). Then, sections were washed with
PBS and incubated with goat against rabbit/mouse secondary antibodies (111-035-003 and 115-035-003, Jackson, USA;
1:200) for 1.5 h at room temperature. After PBS washing, sections were incubated with horseradish enzyme labeled
streptavidin working fluid for 15 minutes, Diaminobenzidine (DAB) for 20 seconds and hematoxylin for 2 minutes in
sequence (ZSGB-Bio, China). The sections were then dehydrated and sealed with neutral balsam. Recorded images of
sections with an Olympus BX41 Microscope (Olympus, Japan).

Immunofluorescence Staining

Frozen sections of KOA model mouse joint with a layer thickness of 10 pm were permeabilized in 1% Triton X-100
(Sigma-Aldrich, USA) for 5 minutes, then blocked nonspecific antigen site with goat serum (Sigma-Aldrich, USA) at
room temperature for 30 minutes. Incubated with Anti-F4/80 primary antibody (ab6640, Abcam, UK; 1:200) for 12 h at
4°C. Then, sections were washed and incubated with Alexa Flour 488 Goat Anti-Mouse IgG (Yeasen, Shanghai, China;
1:200) for 1.5 h at room temperature in the dark, washed and sealed with anti-fluorescence quenching mounting solution
(containing 4,6-diamidino-2-phenylindole, DAPI) (P0131, Beyotime Biotechnology, Shanghai, China). Cell images were
captured using the Nikon laser scanning confocal microscope (Al Plus, Nikon, Japan). The co-localization characterized
by Pearson’s coefficient was evaluated using ImageJ (Imagel software, USA).

Flow Cytometry

Prior to stainning, BMDM were washed with PBS and digested by trypsin (Thermo Fisher, USA), resuspended and
dispensed into 1.5mL centrifuge tubes at the density of 1x10° cells per 200uL PBS. The antibodies or probes were as
follows: PE Anti-CD80 mab (ab93507, Abcam, UK), PE Anti-CD86 mab (ab77226, Abcam, UK), ROS probe DCFH-
DA (2,7-Dichlorodi-hydro fluorescein diacetate) (50101ESO1, Yeasen, Shanghai, China), BALBcellProbe F3 for cyto-
plasmic calcium (c[Ca*']) (Baiaolaibo Technology, Beijing, China). BMDM was incubated with antibodies or probes at
37°C under dark conditions for 30 minutes, and detected and analyzed using FlowJo v10.6.2 (FlowJo Software, USA).

Detection of Endoplasmic Reticulum (ER) or Mitochondrial Calcium lon Levels
The ER[Ca*'] and m[Ca®'] were detected using the assay kit (GMS10153.1 v.A and GMS10267.1 v.A, GENMED
company, Shanghai, China). In short, BMDM was cultured and induced on black 96 well plates. Cell sample wells,
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maximum wells and blank control wells were set and processed following the manufacturer’s instructions. RFU (relative
fluorescence unit) was detected using the multimode plate reader (HH3400, PerkinElmer, MA, USA).

RNA Extraction, Reverse Transcription, and qPCR

Total RNA was extracted with TRIzol reagent (15-596-026, Invitrogen, USA) and converted to cDNA using PrimeScript
RT Master Mix Kit (RRO36A, Takara, Japan). Then, quantitative reverse transcription-polymerase chain reaction (qRT-
PCR) was conducted with TB Green Premix Ex Taq II (RB820A, Takara, Japan) using the qRT-PCR System (Bio-Rad,

USA). The relative expression of each gene was calculated using the 274

method for statistical analysis. The expression
was normalized to the average expression of all control individuals. The housekeeping gene used was [-actin. The

information on primers is shown in Supplementary Table.

ELISA and Western Blotting

The concentration of cytokines in joint tissue (covering subchondral bone, cartilage, and synovial tissue between the tibia
and femoral epiphysis) homogenate or the culture supernatants were measured by the enzyme-linked immuno sorbent assay
(ELISA) according to the manufacturer’s introductions. The joint tissue was collected as isolated right knee joint, and tissue
proximal to the femoral epiphysis and distal to the tibial epiphysis were removed, leaving intact joint capsule and femoral/
tibial head. For joint tissue homogenate, after sampling, the tissue was dried with absorbent paper and weighed, then
radioimmunoprecipitation assay (RIPA) histiocyte lysis buffer containing protease inhibitors of 2 times the weight of tissue
was added. Cut the tissue into small pieces about 1mm in diameter and digest for 20 minutes on the ice. Centrifuged at the
speed of 12,000 rotations per minute and collect supernatant for later measurement. The samples of tissue homogenate or
the culture supernatants were detected using ELISA Kits including TNF-a (EMC102a.96) and IL-1f (EMCO001b.96)
(NeoBioscience, Wuhan, China) according to the manufacturer’s instructions. The expression of actin (CWO0096A,
cwbiotech, China), iNOS (#13120S, Cell Signaling), Arginase-1(93668s, Cell Signaling), HIF-1a (ab179483, Abcam)
GOT1 (MA5-31526, Thermo Fisher) and NOX2 (PA5-79118, Thermo Fisher) in macrophage was measured by Western
blot. Total proteins of BMDM were extracted using RIPA buffer containing protease inhibitors and assayed with
Bicinchoninic Acid (BCA) protein assay reagent (Beyotime Biotechnology). Equal amounts of protein samples were
loaded onto sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels, separated by electrophoresis and
later transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Germany). The membrane was blocked with 5%
Bovine Serum Albumin (BSA) for 2 h at room temperature and then incubated with primary antibody at 4°C for 12 h. After
a wash with PBS containing 0.1% Tween 20 (PBST), the membranes were incubated with corresponding secondary
antibodies at room temperature for 2 h. Capture images with a Western-Light chemiluminescence detection system (Tanon,
China). Uncropped Western blot images are shown in Supplementary Figure 2.

Metabolic Analysis

Extracellular Acidification Rate (ECAR) for the glycolysis function and Oxygen Consumption Rate (OCR) for mito-
chondrial aerobic respiratory function were examined using the XF96 Seahorse Metabolic Analyzer (Seahorse
Biosciences, North Billerica, MA). BMDM at day 7 of differentiation were plated at a seeding density of 0.8x10°
cells/well. Prior to the metabolic test, the media was removed and replaced with Seahorse XF assay media (#102365-100)
containing 25 mM glucose, 2 mM glutamine, and 20 ng/mL M-CSF and the plates containing cells were incubated for 30
min at 37°C with no CO,. For the OCR test, 1 pM Oligomycin was injected in port A, 1 uM FCCP fluoro-carbonyl
cyanide phenylhydrazone in port B, and 1 pM antimycin A in port C. For the ECAR test, 56uL. Glucose was injected in
port A, 1 uM Oligomycin in port B, and 69uL 2-DG in port C (All reagents from Seahorse Biosciences, North Billerica,
MA). Data was collected and analyzed using wave software (Wave desktop software, Agilent Technologies, China).

Statistical Analysis
All experiments were repeated at least three times, and the data were presented as the mean + SD. Statistical analysis was
performed by Student’s #-test (two-tailed) with GraphPad Prism 8.0 (GraphPad Software, USA). The difference between
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groups was considered statistically significant for *p < 0.05, **p < 0.01 or ***p < 0.001, and the most significant for
*A*%p < 0.0001. Graph analysis was performed using GraphPad Prism 8.0 (GraphPad Software, USA).

Results
Mitochondrial Ca®* Levels Increase in BMDMs from KOA Mice

The KOA model was established using the modified Huith method by removing the medial meniscus and severing the
anterior cruciate ligament to destabilize the unilateral right knee joint. Immediately after the operation, a positive anterior
drawer test (ADT) was performed on the operative side of the knee joint, which demonstrated that the modeling
operation was successful (Figure 1A). The levels of the TNF-a and IL-1p proinflammatory cytokines in joint tissue
(covering subchondral bone, cartilage and synovial tissue between the tibia and femoral epiphysis) homogenates were
detected via the ELISA method. The results showed that the levels of TNF-a and IL-1B were upregulated in the joint
tissue homogenate of KOA mice compared to that of sham-operated mice (P < 0.001) (Figure 1B).

BMDM s were extracted from KOA and sham-operated mice, and the m[Ca®] levels in BMDMs from both groups
were detected by Rhod-2-AM fluorescent probe (rhodamine 123) staining. The m[Ca®'] levels in BMDMs were
significantly upregulated in the KOA mice compared to the sham-operated mice (Figure 1C). To confirm the increase
in macrophage number in KOA joint tissue, quantitative analysis of the F4/80 macrophage marker was performed by
in situ immunofluorescence staining. Fluorescence intensity analysis showed a higher F4/80 fluorescence intensity in the

OA synovial tissue than in normal synovial tissue (Figure 1D).

Intra-Articular Injection of METP NPs Alleviates Inflammation and Protects the

Articular Cartilage from Structural Destruction in OA Mice
Because m[Ca”"] overload was observed in OA BMDMs, METP NPs were synthesized to target cellular mitochondria
and chelate local excessive calcium ions. After synthesis, the METP NPs were characterized according to morphology
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observed via TEM and SEM. The METP NPs were distributed as single spherical particles, ranging in size from 100 to
150 nm, after ultrasonic dispersion under a low energy level in PBS, and they were distributed as minimal aggregates
with an average particle size of approximately 500 nm in powder form (Figure 2A and B). To further evaluate the particle
size of METP NPs, the particle size distribution of METP NPs in PBS was detected by NTA and DLS methods. The peak
METP NP size was concentrated in the range of 100 nm to 150 nm, which was consistent with the TEM results. In
addition, the PDI calculated from DLS particle size data was 0.52, which confirmed that the particle size distribution of
METP NPs was uniform in PBS after low-energy ultrasonic dispersion (Figure 2C and D). Moreover, the zeta potential
showed that METP NPs exhibited stability in the system formed with PBS (Figure 2E). In addition, the element
composition of METP NPs was analyzed by the EDS energy spectrum, and the results showed that the METP NPs
were mainly composed of oxygen, carbon, silicon, phosphorus and nitrogen (Figure 2F).

To investigate the distribution of METP NPs after intra-articular injection, METP NPs were labeled with FITC
fluorescent dye and then injected into the joint cavity of KOA mice. The METP NPs with green fluorescence showed
a colocalization Pearson’s coefficient of 0.02 with the F4/80 macrophage marker in synovial tissues of joints on the
first day. With the passage of time, the proportion of colocalization between METP NPs and F4/80 fluorescence showed
a progressive significant increase, reaching 0.38 at 3 days (P < 0.01) (Figure 1G).

To further verify the effect of METP NPs on OA mice, METP NPs and the MCU blocker, DS16570511, were injected
into the joint cavity of OA mice four times as shown in the schematic (Figure 3A). The m[Ca**] levels in BMDMs
extracted from treated mice were detected by a Rhod-2-AM fluorescent probe. The results showed that injection of
METP NPs inhibited the previously observed upregulation of BMDM m[Ca®’] levels in the KOA group (P < 0.01)
(Figure 1C).

H&E and Safranin O/fast green staining was used to determine the effects of METP NP treatment in KOA mice. In
the PBS treatment group, the integrity of the tibial articular was destroyed as indicated by a rough surface, decreased
cartilage cell number, reduced cartilage lacuna volume and significantly lower cartilage layer thickness. At the same time,
the collagen arrangement in the cartilage layer was disordered, and the tide mark was distorted and irregular in the PBS
treatment group. In addition, more inflammatory cells infiltrated the subchondral bone in the PBS treatment group
compared to the METP NP treatment group. For the METP treatment group, the surface morphology of the joint was
relatively smooth compared to the PBS group, and the number of chondrocytes and the volume of cartilage lacunae were
similar to those in the sham group. Moreover, treatment with METP NPs restored the thickness of the cartilage layer. In
addition, the collagen arrangement and tide mark morphology of the cartilage layer in the METP NP treatment group
were similar to those in the sham group (Figure 3B). Disease assessment using OARSI ranking showed that the PBS
group and DS16570511 group had disease rankings between 2.5 and 5, while the disease ranking of the METP NP group
was between 0 and 2.5 (P < 0.0001). The average OARSI score was 15-20 points in the PBS injection group, which was
higher than in the sham group (0 points) and METP NP treatment group (05 points), while the score in the DS16570511
treatment group was only slightly lower than that in the PBS injection group (P < 0.0001) (Figure 3C). However, analysis
of tibial subchondral bone by microCT in each group showed that there was no significant difference in bone parameters,
including BV/TV, BS/BV, TbTh, TbN and TbSp (Supplementary Figure 3A and B).

We next performed in situ immunohistochemical staining of knee joint tissue sections to observe the levels of TNF-a

and inducible nitric oxide synthase (iNOS) among the four groups. The number of TNF-a- and iNOS-positive pigmented
cells in the PBS injection group and DS16570511 treatment group was increased compared to the sham group, but there
were fewer TNF-a- and iNOS-positive pigmented cells in METP NP group (Figure 3D).

The pathological results showed that local injection of METP NPs had no significant effect on the tissue structure of
the mouse heart, liver, spleen, lung or kidney (Supplementary Figure 3C).

METP NPs Regulate Calcium Homeostasis in BMDMs Under LPS Stimulation in vitro
To clarify the effects of METP NPs on m[Ca”"] levels and global calcium homeostasis in macrophages under an
inflammatory microenvironment, changes in the m[Ca®"] level, ER[Ca®'] level and c¢[Ca®’] level in LPS-activated
macrophages were investigated. Firstly, to explore whether macrophages actively capture and internalize METP NPs
in vitro, METP NPs were conjugated with a FITC fluorescent dye and incubated with BMDMs. Mitochondria were
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specifically labeled with the MitoTracker Deep Red probe at each time point. The infrared and green fluorescence signals
were analyzed by Pearson’s coefficient index and statistically analyzed. The colocalization of infrared and FITC
fluorescence signals increased and reached a peak within 24-48 h (P < 0.05) but decreased at 72 h (P < 0.0001),
which indicated that the METP NPs were internalized by macrophages at 2448 h and targeted to mitochondria
(Figure 4A and B).

Secondly, to further explore the effect of different concentrations of METP NPs on regulating m[Ca®"] levels in
proinflammatory macrophages, BMDMs were treated with a concentration gradient of METP NPs from 0 to 100 pg/mL
for 24 h followed by LPS stimulation for 12 h. Measurement of m[Ca>"] levels indicated that LPS stimulation induced
a significant increase in m[Ca®*] levels in BMDMs in vitro (P < 0.01), reaching an average of 33 nM, whereas treatment
with 1, 10 and 50 pg/mL METP NPs gradually decreased the m[Ca®’] levels in BMDMs. In the METP NP treatment
group at a concentration of 50 pg/mL, the m[Ca®'] levels decreased to 25 nM compared to 33 nM in the LPS alone
group, which was the closest to that in the NC group (20 nM) among all the treatment groups (P < 0.05) (Figure 4C).

In addition to the m[Ca®"] levels, the c[Ca®"] and ER[Ca®"] levels in BMDM:s were also detected to clarify the overall
effect of METP NPs on calcium ion homeostasis in the different functional regions of the cell. The ER[Ca®'] and ¢[Ca®']
levels were labeled with a Mag-Flou-AM ER calcium-specific fluorescent probe and a F03 calcium probe, respectively.
The ER[Ca?'] level was significantly decreased in the LPS treatment group compared to the NC group (P < 0.001), but
there was no significant difference in the ER[Ca®'] levels between the NC group and METP NP treatment group
(Figure 4D). There were no significant differences in the c[Ca®'] levels among the NC group, METP NP treatment group
and LPS stimulation group. However, the c[Ca®"] level was significantly upregulated in the DS16570511 treatment group
compared to the other three experimental groups (P < 0.0001) (Figure 4E).

To explore the cytotoxicity of METP NPs, the apoptosis of BMDMs before and after METP NP treatment was
observed using Annexin-V and 7-AAD dyes to label early apoptotic cells and late apoptotic cells, respectively. Flow
cytometry analysis showed no significant change in the proportion of Annexin-V" 7-AAD" single-positive BMDMs and
Annexin-V" 7-AAD" double-positive BMDMs before and after METP NP treatment (Supplementary Figure 4A).

METP NPs Reduce the Proinflammatory Phenotype of BMDMs Under LPS Stimulation

in vitro

After determining the effects of METP NPs on global calcium homeostasis in BMDMs, we investigated the effects of
METP NPs on the BMDM proinflammatory phenotype by detecting the phenotype changes using various methods.
Firstly, flow cytometry analysis showed that the expression of CD80 (P < 0.0001) and CD86 (P < 0.01) was significantly
upregulated in the LPS stimulation group as assessed by the mean fluorescence intensity. The expression of CD80 in the
METP NP treatment group was significantly lower than that in the LPS stimulation group (P < 0.001), but the expression
of CD86 in BMDMs was not significantly differentiate among the LPS stimulation, METP NP treatment and
DS16570511 treatment groups (Figure SA).

To evaluate the cytokine secretion level of BMDMs, the concentrations of the TNF-a and IL-1B proinflammatory
cytokines in the culture supernatant were detected. The levels of secreted TNF-a were significantly increased in the LPS
stimulation group (P < 0.01) but decreased in the METP NP treatment group (P < 0.05). However, there was no
significant difference in the TNF-a secretion level between the DS16570511 treatment and LPS stimulation group. The
levels of secreted IL-1 were similar to those of secreted TNF-a. After LPS stimulation, the secretion level of IL-1p was
significantly increased (P < 0.0001), but the secretion levels of IL-1p in the METP NP treatment group (P < 0.0001) and
DS16570511 treatment group (P < 0.001) decreased (Figure 5B). In addition to the surface markers and cytokine
secretion levels, the protein expression levels of inducible nitric oxide synthase (iNOS) and arginase 1 (ARG1) in
BMDMs were detected by Western blot analysis. The expression level of iNOS was significantly increased after LPS
stimulation (P < 0.01) but significantly decreased after treatment with METP NPs or DS16570511 (P < 0.05), while no
statistical difference in iNOS expression level was observed between the METP NP and DS16570511 treatment groups.
In addition, there were no significant differences in the expression levels of the ARGI anti-inflammatory marker among
the four groups (Figure 5C and D).

1480  "we= International Journal of Nanomedicine 2023:18
Dove!


https://www.dovepress.com/get_supplementary_file.php?f=402170.pdf
https://www.dovepress.com
https://www.dovepress.com

Dove Lei et al

A oh 6h 12h

Mito Tracker
Deep Red

7]
o
=
n- L 4
-
w
= 50um
T
<
(=]
()
2
[T
=
B 06 - . kkkk C 50 T .
= r
1 404
3 04 - E '
g g
S 02 g 30 4 ol°| folo
(]
k. O
® Q
S 0.0 : . E 20+
5 40 60 80
[
a -0.2 4 Time / hr 10
METPNPs - - 1 10 50 100
-0.4 1 LPS - + + + + +
D s E
2.5 I n.s. | 37 Kkkk
— I 1
2.0 A
3 - . P26
2 15- - 227
& — - 5 n.s.
O, 1.04 \ 3
B ‘: S 14
0.5+
0.0 G 0
METPNPs - - 50 - T 50
DS16570511 - - - 50 DS16570511 - - - B0

LPS - + + 4
LPS - + + 4+

Figure 4 METP NPs regulate calcium homeostasis in BMDMs under LPS stimulation in vitro. (A) Immunofluorescence staining showing colocalization of FITC-labeled METP
NPs with the MitoTracker Deep Red probe at different treatment periods. (B) Colocalization analysis with Pearson’s coefficient (ranging —| to 0, negative correlation;
ranging 0 to |, positive correlation). (C) m[Ca2"] levels in BMDMs under LPS stimulation pretreated with a gradient concentration of METP NPs. Flow cytometry analysis of
(D) ER[Ca?®"] level and (E) c[Ca?*] level for all four groups. The concentration of METP NPs is shown in ug/mL, and the concentration of DS1657051 | is shown in uM. Data
are presented as the mean * SD. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

Abbreviation: n.s., not significant.

International Journal of Nanomedicine 2023:18 hetps: 1481
Dove:


https://www.dovepress.com
https://www.dovepress.com

Lei et al

Dove
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markers according to flow cytometry analysis. (B) Secretion levels of the TNF-a and IL-1f proinflammatory cytokines according to ELISA (pg/mL). (C and D) Protein
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The expression of proinflammatory genes in BMDMs was detected via qRT-PCR. The mRNA levels of Nos2, TNF-a,
IL-1 and IL-6 were significantly increased in the LPS stimulation group compared to the NC group (P < 0.05) but were
significantly decreased in the METP NP group (P < 0.05). Compared to the LPS stimulation group, these proinflamma-
tory genes were not significantly reduced in the DS16570511 treatment group, and the levels of TNF-a and IL-6 were
higher in the DS16570511 treatment group (P < 0.0001) (Figure 5E).

METP NPs Inhibit the Proinflammatory Mitochondrial Metabolic Characteristics of
BMDMs Stimulated by LPS in vitro

To explore how m[Ca®'] affects the BMDM proinflammatory phenotype, the energy metabolism types and characteristic
metabolite levels of BMDMs treated with METP NPs or DS16570511 under LPS stimulation were detected in vitro
based on mitochondrial metabolism. Firstly, the oxidative phosphorylation and glycolysis levels of BMDMs were
measured by a Seahorse cell energy analyzer. At 12 h after LPS stimulation, the overall ECAR level of BMDMs was
significantly higher compared to the NC group, but there was no significant change in the OCR basal level among all the
groups (Figure 6A). However, in the METP NP treatment group and DS16570511 treatment group, BMDMs showed
limited maximal respiration and spare capacity compared to the NC group and LPS stimulation group (P < 0.05)
(Figure 6B). Compared to the LPS stimulation group, the METP NP and DS16570511 treatment group showed decreased
baseline glycolysis and glycolysis capacity, and the decreases were more significant in the METP NP group than in the
DS16570511 treatment group (P < 0.05) (Figure 6B).

To measure cellular oxidative stress levels, which are closely related to m[Ca>'] overload, ROS were labeled and
detected with 2, 7-dichloride-hydro fluorescein diacetate (DCFH-DA) dye in all the groups. Compared to the NC group,
the intracellular ROS levels in the LPS stimulation group were significantly higher (P < 0.01), and this upregulation was
suppressed in the METP NP treatment group (P < 0.05). However, after treatment with the MCU blocker (DS16570511),
the ROS levels in BMDMs were significantly upregulated and higher than those in the NC group (P < 0.05)
(Supplementary Figure 4B). Western blot analysis for nicotinamide adenine dinucleotide phosphate oxidase 2 (NOX2)

showed that the protein expression levels of NOX2 were not significantly different among the NC group, LPS stimulation
group and METP NP treatment group but were significantly increased in the DS16570511 treatment group compared to
the other groups (P < 0.05) (Supplementary Figure 4C and D).

To further explore the effect of METP NPs on the expression of proinflammatory metabolites in LPS-stimulated
BMDMSs, Western blot analysis was used to detect the expression levels of HIF-la and the cytosolic aspartate
aminotransaminase, glutamic-oxaloacetic transaminase 1 (GOT1). The expression levels of HIF-lo (P < 0.05) and
GOT1 (P < 0.01) were significantly increased in the LPS stimulation group. Compared to the LPS stimulation group,
the levels of HIF-1a and GOT1 were significantly decreased after METP NP treatment (P < 0.05) (Figure 6C and D).

We next examined the differences in pyruvate utilization and the expression of proinflammatory metabolic character-
istic products among the four groups. Firstly, to elucidate the changes in pyruvate supply and consumption in macro-
phages, the concentrations of pyruvate in the BMDMs and culture supernatant were measured using a colorimetric
method. In the LPS stimulation group, the cytoplasmic pyruvate concentration was significantly increased in the
BMDMSs, while the pyruvate concentration in the culture supernatant was significantly decreased (P < 0.01).
Compared to the NC group, the cytoplasmic pyruvate concentrations in the METP NP and DS16570511 treatment
groups were not statistically different, and the pyruvate concentration in the cell culture supernatant was higher in the
METP NP treatment group and DS16570511 treatment group compared to the LPS stimulation group. In addition, the
decrease in the pyruvate concentration in the cell culture supernatant was more subtle in the METP NP treatment group
than in the DS16570511 treatment group (P < 0.01) (Figure 6E).

To explore the general therapeutic effect of METP NPs on chronic inflammation involving macrophages, a PD mouse
model was established to evaluate the anti-inflammatory effect of METP NPs. To explore the differences in the level of
alveolar bone loss (ABL) among groups, microCT was used to detect the level of ABL at the first maxillary molars of
mice. The results showed that the level of ABL at the mesiobuccal root of the first molars of PD mice was significantly
higher than that in the sham group, and the ABL level in METP NP-treated mice was significantly lower than that in the
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Figure 6 METP NPs inhibit the proinflammatory mitochondrial metabolic characteristics of BMDMs stimulated by LPS. (A) ECAR and mitochondrial respiration OCR level
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Data are presented as the mean + SD. *P < 0.05, **P < 0.01, **P < 0.00| and ****P < 0.0001.

Abbreviation: n.s., not significant.
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PD mice. However, no significant difference in ABL level was observed between the DS16570511-treated mice and the
PD mice (Supplementary Figure 5A and B). The alveolar bone height in the periodontal tissue was evaluated by H&E

staining (Supplementary Figure 5C), which demonstrated a significant recovery of alveolar bone height in METP NP-

treated mice compared to PD mice, but this recovery was not observed in DS16570511-treated mice.

Discussion

OA is characterized by chronic inflammation and structural destruction of joints. As mentioned earlier, macrophages in
OA tissues migrate to the lesion site where they are enriched and transform towards the proinflammatory phenotype.
Persistent proinflammatory macrophages are associated with the failure of healing of chronic skin wounds, myocardial
infarction and OA.**° Therefore, the continuous enrichment of proinflammatory macrophages is a potential therapeutic
target of chronic inflammatory diseases, such as OA. However, drugs that target m[Ca”"] influx to inhibit m[Ca®']
overload and related macrophage proinflammatory phenotypes still have many shortcomings.

In the present study, we designed and synthesized METP NPs, which were characterized by TEM, SEM, DLS, NTA
and EDS. Functional experiments confirmed that METP NPs specifically trapped calcium ions in both calcium-only
solutions and mixed solutions containing Ca*", Mg2+, Na” and K*.*” Our previous study demonstrated that the precision
engineered METP/si-catenin NPs have a considerable therapeutic effect on OA mice by targeting mesenchymal stem
cells (MSCs) located in subchondral bone by blocking the osteogenic detrimental Wnt/B-catenin pathway with preloaded
siRNA and restoring the mitochondrial function of MSCs.?>” However, due to the persistence of abnormal mechanical
forces on the cartilage, MSC-mediated cartilage regeneration is difficult to achieve to some extent. The application of
NPs in OA to alleviate inflammation to trigger endogenous regeneration may be another alternative. We unexpectedly
found that the intermediate product of METP/sif-catenin NP synthesis, METP NP without siRNA, also had a therapeutic
effect on cartilage height recovery in OA mice by subchondral bone injection.>” However, it remained unknown whether
and how METP NPs target macrophages in the joint cavity to relieve the tissue inflammation in OA.

In the present study, we demonstrated the therapeutic effect of METP NPs in KOA mice through intra-articular
injection. Given that intra-articular injection is more common and convenient for both clinical and experimental OA

administration,>%*°

we shifted the injection site accordingly and injected METP NPs into the joint cavity of OA mice to
investigate tissue inflammatory recovery. According to the study by Lizette et al, on the 28th day after the establishment
of the KOA model, the number of macrophages in the joint tissue does not increase, and they are not activated; however,
during the period from 28 to 56 days, the number of macrophages in the joint tissue gradually increase, and the
proportion of proinflammatory macrophages is increased.*” Based on this previous study, we selected 4 weeks after the
KOA modeling operation as the time point for intra-articular injection in the present study. We confirmed that METP NPs
effectively ameliorated the destruction of OA joint structure, and METP NP injection significantly reduced OA
inflammation with a corresponding significant reduction in the levels of tissue inflammatory cytokines (Figure 3). In
addition, there was no obvious difference in OA articular cartilage bone trabeculae diameter, bone trabeculae density or
bone cortex thickness among the four groups according to the analysis of the indicators. Because the subchondral bone
destruction and reconstruction in OA is a long-term process, the subchondral bone may not have been significantly
changed at 8 weeks, which agreed with the conclusion of Lin et al.*'

To explore how METP NPs play a role in the treatment of OA, we performed localization tracking and functional
analysis after injecting METP NPs into the articular cavity of OA mice. Considering that macrophages are mainly
responsible for the capture and clearance of exogenous non-physiological foreign bodies, such as MSN silica

particles,”” 3°

we hypothesized that macrophages may effectively internalize¢ METP NPs after application in vivo, which
was confirmed with a fluorescence colocalization experiment. By detecting the iNOS macrophage proinflammatory marker,
we confirmed that METP NPs inhibited the proinflammatory phenotype of synovial macrophages. We next examined the m
[Ca?"] levels in macrophages in OA. Because the absolute number of macrophages in the joint cavity and synovium in situ
was small and difficult to obtain, we extracted BMDMs from OA mice given OA is a total joint disease, including bone
marrow lesions.*** The results indicated that the m[Ca”"] levels in BMDMs of OA mice were upregulated and that METP
NPs reduced the m[Ca®"] levels in BMDM s to a relatively normal level. Thus, the efficacy of METP NP treatment as an m

[Ca?"] influx inhibitor was demonstrated by the therapeutic outcome of OA.
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Mitochondria are not only organelles for biosynthesis and energy supply but are also important signal transduction sites
in cells. Calcium homeostasis, which is important in cell survival and function, requires fine-tuned release and uptake of
calcium via calcium-related proteins and channels. The c[Ca**], m[Ca®"] and ER[Ca”"] levels constitute the homeostasis of
cellular calcium. As an important component of intracellular calcium homeostasis, the m[Ca®'] level is influenced by the
ER[Ca*'] level and c[Ca*'] level, and vice versa.*** To explore the effect of m[Ca>"] level intervention on intracellular
calcium homeostasis, we first selected the optimum conditions of METP NPs applied to BMDMs in vitro through the
colocalization experiment with a time gradient from 0 to 72 h to clarify the time-dependent process by which METP NPs are
internalized by BMDM and targeted to mitochondria. Based on these experiments, we selected 2448 h as the adminis-
tration time period. Secondly, we established a concentration gradient of METP NPs and selected 50 pg/mL as the optimal
concentration to regulate the m[Ca”"] level of BMDMs. In addition, we also examined the effect of METP NPs on the ER
[Ca?"]level in BMDM . The ER is an important calcium ion storage, which can be activated by both electrical and chemical
stimulation, and it modulates calcium ion flux. In response to stimulation, ER calcium is released from the high-
concentration lumen, resulting in a sharp increase in cytoplasm calcium concentration (approximately 10 pM).** LPS-
treated BMDMSs showed a significant decrease in the ER[Ca®"] levels, which may be related to the continuous activation of
the ER[Ca”"] release pathway under inflammatory stimulation, while the ER[Ca”"] levels in BMDMs pretreated with
METP NPs were not significantly different from NC BMDMs, suggesting a decrease in ER calcium release. Finally, we
measured the changes in the c[Ca”"] levels in BMDMs in each group. The c[Ca®'] level is usually stable (approximately
100 nM)* and is much lower than that in the ER lumen, which may reach 100 uM under rest conditions and 0.5 mM under
stimulation.*® The increase of c[Ca*"] in macrophages is detrimental to inflammation resolution and tissue repair. Calcium
uptake through MCU can buffer ¢c[Ca®"] disturbance, and c[Ca®'] increase induces activation of the MEK kinase 1
(MEKK 1) inhibitory nuclear factor kappa B (NF-kB) kinase, which promotes iNOS and TNF-o. production.?' Previous
studies have shown that the transition of macrophages to a proinflammatory phenotype requires the influx of extracellular
calcium,*’ and the reduction of c[Ca®"] promotes the anti-inflammatory phenotype.*® In the present study, LPS treatment
had no significant effect on c[Ca®"], while BMDMs pretreated with the MCU blocker, DS16570511, showed a significant
increase in c[Ca®"] levels, which may be due to DS16570511 blocking the uptake of ER-derived calcium flow into the
mitochondrial lumen. The accumulation of calcium ions in the cytoplasm induces proinflammatory activation of BMDMs,
which was consistent with our research on the activation of the BMDM phenotype.

We next verified that METP NPs inhibited the proinflammatory activation of macrophages in vitro by measuring
BMDM surface markers, gene transcription, protein expression and cytokine secretion levels. The MCU blocker,
DS16570511, had a lesser effect on inhibiting proinflammatory activation of macrophages than METP NPs as the METP
NPs regulated the depletion of locally excess calcium ions by chelation in the BMDMSs but not by blocking the flow of
normal calcium ions between organelles. These findings suggested that METP NPs have advantages as m[Ca®"] regulators
as they had a minimal effect on overall intracellular calcium homeostasis compared to the small molecule MCU blocker.

It remains unclear how METP NP modulation of m[Ca®"] subsequently affects the macrophage phenotype. As an
important organelle of energy metabolism in cells, mitochondrial metabolism is one of the most important downstream
pathways regulated by m[Ca*']. In macrophages, different types of metabolites significantly affect phenotypic differ-
entiation. Existing evidence suggests that m[Ca”"] induces proinflammatory metabolism in macrophages. Compared to
resting macrophages, proinflammatory macrophages are characterized by Warburg metabolism'® with enhanced glyco-
lysis, maximal glycolysis capacity, and disrupted metabolism of tricarboxylic acid (TCA) cycle carbon flow, showing
higher levels of citrate, itaconate and succinate.*’

We next detected the overall OCR and ECAR levels of LPS-stimulated BMDMs pretreated with METP NPs and
found that the metabolic characteristics of LPS-stimulated BMDMSs mainly comprised a significant upregulation of
glycolysis, which was consistent with the published findings described above. However, inhibition of LPS-induced m
[Ca?"] elevation with METP NPs resulted in the inhibition of glycolytic levels and glycolytic reserves in BMDMs. In
addition, succinic acid in the Krebs cycle promotes the stabilization of HIF-1a in proinflammatory macrophages via the
aspartate-arginosuccinate shunt, thereby driving the sustained production of proinflammatory and glycolytic genes.'*'®
In the present study, the expression of the aspartate-arginosuccinate shunt rate-limiting enzyme, GOT1, which is
characteristic of proinflammatory metabolism, also decreased after METP NP pretreatment along with a decrease in
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the HIF-1a proinflammatory factor. The resting level of OCR in the BMDMs did not change after LPS stimulation, but
BMDMs pretreated with METP NPs showed inhibited oxidative phosphorylation. In addition, METP NPs inhibited LPS-
induced ROS production in BMDMs. Taking into account the OCR results above, BMDMs pretreated with METP NPs
showed a limited oxidative phosphorylation process, indicating that the inhibited oxidative phosphorylation of BMDMs
may be related to the ROS generation process under the inhibition of m[Ca®"] signaling, which was consistent with the

phenomenon observed by Seegren et al.”

These findings suggested that the downstream mechanism of METP NPs
regulating m[Ca”"] to inhibit the proinflammatory phenotype of BMDMs may occur via inhibiting the proinflammatory
aspartate-arginosuccinate shunt and m[Ca”"]-related generation of ROS in macrophages.

Pyruvate, the end product of glycolysis, is located at an important intersection of cellular metabolic networks. m[Ca®']
signaling reprograms mitochondrial metabolism by enhancing pyruvate supply to meet the bioenergy requirements and
generate ROS.>® Consistently, we detected and observed significantly lower pyruvate uptake and utilization levels in LPS-
stimulated BMDMs pretreated with METP NPs compared to NC BMDMs. In addition to inducing proinflammatory
metabolic characteristics and ROS generation, m[Ca®'] also affects the macrophage phenotype in other ways, such as
affecting c[Ca®"] concentration.”>*' As mentioned above, METP NPs regulated the level of m[Ca®*] without affecting the
level of ¢[Ca”"], suggesting that METP NPs are superior to the small molecule MCU blocker in regulating m[Ca*"].

To further verify the control effect of METP NPs on chronic inflammation, we utilized another PD model. PD is
a chronic inflammatory disease dominated by plaques composed of a variety of bacteria and involves the immune system,
resulting in progressive resorption of alveolar bone and loss of periodontal attachment.’’ We induced periodontal tissue
inflammation and alveolar bone resorption by local injection of LPS and set up sham, PD, PD+METP NP and PD
+DS16570511 groups consistent with the KOA model. The results showed that METP NPs effectively protected alveolar
bone from resorption induced by LPS stimulation, and treatment with METP NPs had better recovery effects on alveolar
bone height than DS16570511 administration. The experimental results of METP NP treatment for PD will help to
develop new strategies for METP NP treatment.

As a simplified form of METP/si-catenin NPs, METP NPs have a simpler chemical structure, making the synthesis
process shorter and easier to obtain. In addition, METP NPs do not contain bioactive siRNA. The present study
demonstrated that the administration of METP NPs via intra-articular injection achieved desirable efficacy in the
treatment of OA in mice by inhibiting the macrophage-induced inflammatory response in the early stage of the lesion.
Compared to METP/sif-catenin NPs, METP NPs showed additional advantages in terms of biological safety and

economic effects, which will help further promote METP NPs to the clinical application stage.

Conclusion

In conclusion, we demonstrated that METP NPs inhibited calcium ion influx in macrophage mitochondria with
advantageous regulatory effects and target accuracy. Based on the macrophage uptake of METP NPs with pretreatment
or injection into the joint cavity, we demonstrated that METP NPs reversed the increase of calcium ions in mitochondria
of activated BMDMs, thus inhibiting the proinflammatory phenotype of BMDMs by suppressing the proinflammatory-
related metabolism. Furthermore, METP NPs regulated the phenotype of macrophages in vivo, which blocked the OA
inflammatory cascades at an early stage and controlled the OA-induced structure destruction, thereby achieving
a considerable therapeutic effect in alleviating OA in mice. The present study provided new therapeutic strategies for
METP NPs application in chronic inflammatory diseases, such as OA.
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