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Joint replacement surgery is the most effective treatment for end-stage arthritis. Aseptic loosening caused by periprosthetic osteolysis is a common complication after joint replacement. Inflammation induced by wear particles derived from prosthetic biomaterials is a major cause of osteolysis. We emphasize that bone marrow-derived macrophages and their fusion-derived osteoclasts play a key role in this pathological process. Researchers have developed multiple intervention approaches to regulate macrophage/osteoclast activation. Aiming at wear particle-induced periprosthetic aseptic osteolysis, this review separately discusses the molecular mechanism of regulation of ROS formation and inflammatory response through intervention of macrophage/osteoclast RANKL-MAPKs-NF-κB pathway. These molecular mechanisms regulate osteoclast activation in different ways, but they are not isolated from each other. There is also a lot of crosstalk among the different mechanisms. In addition, other bone and joint diseases related to osteoclast activation are also briefly introduced. Therefore, we discuss these new findings in the context of existing work with a view to developing new strategies for wear particle-associated osteolysis based on the regulation of macrophages/osteoclasts.
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1 Introduction

Total joint replacement, which includes hip, knee, shoulder, and ankle replacements, is one of the most effective surgical procedures used by orthopedic surgeons to treat end-stage joint disease. Census data show that the number of total hip arthroplasty (THA) and primary total knee arthroplasty (TKA) in the U.S. will increase from 498,000 and 1.065 million in 2020 to 1.429 million and 3.416 million in 2040, respectively. The Australian Orthopedic Association survey found that the 19-year survival rates for total THA and TKA were 87.8% and 91%, respectively (1). Although significant improvements have been made in surgical methods and prosthetic design, periprosthetic osteolysis (PPO) and prosthetic loosening (PL) due to various reasons are important reasons for long-term surgical failure. By 2060, revisions of THA and TKA are expected to reach 110,000 and 253,000 cases in the U.S, respectively (2). However, revision surgery takes a physical and emotional toll on patients and increases economic pressure on families, society, and the healthcare system. As the life expectancy of joint replacement patients increases, the service life of artificial joints becomes more and more important, accordingly, the prevention of PPO will become an effective treatment for PL. At present, there is no effective drug for the prevention and treatment of PPO in clinical practice.

Mechanical factors and/or biological responses are the two main causes of AL. According to the presence or absence of microbial infection, PL can be divided into infectious loosening and aseptic loosening. Osteolysis caused by wear particles falls into the latter category. In the following sections, non-sterile osteolysis will be briefly discussed. Biological responses induced by wear particles released by artificial joint components at the bone-implant interface are key factors leading to the progression of PPO and PL (3, 4). The material of the wear particles is metal (titanium), alloy (cobalt chromium molybdenum), bone cement, polyethylene or ceramic (5), and the size varies from submicron to hundreds of microns. Although the material of joint prosthesis has been iterated several times, traditional ultra-high molecular weight polyethylene (UHMWPE) has been the main component of joint prosthesis due to its low cost, good biocompatibility, low coefficient of friction, along with high compressive and impact strength. Millions of joint replacements worldwide still contain UHMWPE (6, 7). There is currently no material that does not generate wear debris, and the challenge of wear debris-related biological responses is ongoing. Studies have shown that wear particles with a diameter of 0.1-2.0μm are the most biologically active triggers for inflammatory responses (8). Periprosthetic membrane (PM), formed at the bone-prosthesis interface after joint replacement, is primarily a dense collagen network formed by fibroblasts, in which immune and nonimmune cells contribute to the long-term homeostasis of periprosthetic tissues through inflammatory responses, angiogenesis, collagen deposition, and fibrous tissue remodeling. After phagocytosis of wear particles, macrophages, osteoblasts, osteoclasts, and fibroblasts in PM release a variety of inflammatory factors, such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β and IL-6, which expand the inflammatory storm. These cells secrete proinflammatory mediators and chemokines, including tumor necrosis factor-α (TNF-α), macrophage colony-stimulating factor (M-CSF), IL-1β, IL-6, IL- 17a, prostaglandin E2 (PGE2), vascular endothelial growth factor (VEGF), and RANKL further promote osteoclast formation, differentiation, and maturation, shifting bone metabolic homeostasis to osteolysis, which ultimately leads to periprosthetic bone resorption and osteolysis (9–11). During this pathological process, upregulation of receptor activator of nuclear factor kappa-B ligand (RANKL) and inhibition of osteoprotegerin (OPG) accelerate osteoclast maturation and bone resorption (12). Macrophages are key cells in specific innate immune responses (13). Osteoclasts formed by the fusion and differentiation of macrophages are known as master bone sculptors and are the only and powerful osteolytic effector cells. Inflammatory effects mediated by macrophages play a pivotal role in the development of PPO and AL. Therefore, it is of great clinical significance to elucidate the molecular mechanism of macrophages in aseptic osteolysis and to explore potential strategies for the treatment and prevention of PPO.




2 Macrophages

Tissue-resident macrophages (TRM) are distributed in various organs, such as Kupffer cells in the liver; microglia in the central nervous system; Langerhans cells in the skin; bone marrow macrophages and osteoclasts in the bone and alveolar macrophages, which are sentinels of the immune system (14–18). Macrophages maintain bone tissue homeostasis through osteoimmunology regulation (13). Although macrophages, osteoblasts, osteoclasts, fibroblasts, and dendritic cells are involved in wear particle-induced PPO, monocyte-macrophage immune surveillance, phagocytosis and antigen presentation considered primary and crucial (13, 19, 20). Continuously produced wear particles on the bone-prosthesis interface are phagocytized by bone marrow-derived macrophage (BMDMs), exerting innate immunity (nonspecific immunity), which on the one hand leads to increased expression of cytokines (TNF-α, IL-1, IL-6 and TNFSF15), reactive oxygen species (ROS) and proteases, on the other hand, activates the pro-inflammatory M1 phenotype and osteoclasts (21–24). The result is osteolysis around the prosthesis, the destruction of the bony structure supporting the prosthesis, and eventual loosening of the prosthesis. However, the molecular mechanisms by which macrophages recognize wear particles and subsequently induce an inflammatory response have not been fully elucidated. Current studies have revealed that NF-κB signaling pathway is one of the key pathways (25, 26). Thus, regulating the upstream and downstream molecules of the NF-κB signaling pathway is considered to be an important target for the prevention and treatment of PPO (27).




3 Osteoclasts

As the rigid structure responsible for movement, protection and support of vital organs, bones are dynamic organs. Bone homeostasis is maintained by the coordination among osteoblasts, osteocytes and osteoclasts. Osteoblasts derived from the mesenchymal lineage secrete a large amount of bone matrix proteins to form a mineralized network, and the osteoblasts encapsulated in it evolve into terminally differentiated osteocytes. Osteoclasts are also members of the myeloid system, which precisely complete bone resorption by tightly attaching to the bone surface and secreting acids as well as proteases. An actively resorbing osteoclast possesses a unique cytoskeletal organization, the actin ring, that forms a bone resorption lacuna in a sealed area (28). Under normal physiological conditions, osteoclasts are critical for maintaining calcium homeostasis, a bone matrix of proper strength and bone remodeling. In addition, osteoclasts promote endochondral bone growth by removing calcified cartilage beneath the growth plate. Stimulatory signals, however, lead to abnormal activation of osteoclasts, leading to pathological bone loss. Several types of pathological osteolysis have been described below.

Monocyte-macrophage fusion forms multinucleated giant cells, which are precursors of osteoclasts. Macrophage CSF (M-CSF), also known as CSF-1, is a dimeric glycoprotein that plays an important role in the proliferation and division of monocytes. CSF-1 is a key factor in osteoclastogenesis, which can promote the expression of receptor activator of nuclear factor kappa B (RANK), a TNF receptor family member, in osteoclast precursors (29, 30). Intriguingly, RANKL is responsible for the fusion of osteoclast precursor cells and differentiation to the osteoclast lineage. RANKL, a membrane-bound and soluble TNF family member, can be produced by a variety of cells, including adipocytes, B and T lymphocytes, chondrocytes, as well as vascular endothelial cells (31). The combination of RANKL and RANK activates NF-κB and mitogen activated protein kinase (MAPK) pathways through TNF receptor-associated factor 6 (TRAF 6), which activate activator protein 1 (AP-1), a key molecular for initiation of nuclear factor of activated T cells c1 (NFATc1) transcription (32, 33). NFATc1 is a master transcription factor in osteoclastogenesis (34). However, increased transcription of NFATc1 is not sufficient to effectively promote osteoclast formation. Downregulation of inhibitory signals including IRF-8, BCL-6 and MAFB is also critical (35). These negative regulators are repressed by BLIMP1. Thus, increased expression of BLIMP1 can promote osteoclast activation (36). In addition to NFATc1, other osteoclast-related genes, such as Dcstamp, VA TPase d2, Acp 5, MMP9 and c-Fos, are activated upon RANKL/RANK binding to accelerate osteolysis of osteoclasts (37, 38). Osteoprotegerin (OPG), a soluble extracellular protein, is a soluble decoy receptor that can bind to RANKL to inhibit all its known functions (39, 40). The imbalance of RANKL/OPG is an important mechanism leading to bone loss. Therapies that antagonize RANKL, such as the anti-RANKL antibody denosumab, are an effective way to treat osteolytic diseases (41). Wear particles around the prosthesis stimulate macrophage fusion and differentiation into osteoclasts. RANKL produced by inflammatory cells competes with OPG produced by osteoblasts to bind to RANK on the surface of monocyte-macrophages, thereby initiating osteolysis (42, 43).

The current research on the mechanism of macrophages/osteoclasts in wear particle-induced aseptic osteolysis mainly focuses on three types of mechanisms, namely RANKL/MAPKs/NF-κB pathway, reactive oxygen species/antioxidation and inflammation. These three types of mechanisms will be discussed separately below, nevertheless, they are not independent molecular mechanisms (Figure 1).




Figure 1 | Inhibits osteoclast activation by regulating RANKL/MAPKs (ERK, JNK and p38)/NF-κB, ROS and inflammation pathway. Macrophage-derived exosomes enriched in miR-3470b inhibit NF-κB pathway by targeting TAB3. TYMP promotes osteoclast differentiation by activating integrin-FYN, thereby initiating MAPK and NF-κB signaling pathways. ICA promotes the expression of p-IKKβ, p-p65 and p-IκBα through ERα, and inhibits TNF-α and IL-6. ERα translocates from the cytoplasm to the nucleus thereby inhibiting the translocation of P65 to the nucleus. FNC inhibits p65, p38 and JNK phosphorylation by reducing the expression of ROS. MM-Exos reduce the production of ROS and inflammatory factors (IL-6 and TNF-α) as well as promote the expression of OCN. TBHQ activates NRF2, which on the one hand inhibits osteoclast differentiation by reducing the accumulation of ROS and inflammatory factors (TNF-α and IL-1β), on the other hand promotes osteoblast Col1, OPN, Bcl-2, along with BAX inhibition. Pt@ZIF-8@La scavenges ROS to impede p-Akt and reduce the phosphorylation and degradation of IκBα, while downregulating the levels of IL-1β and TNF-α. Identically, it hinders the expression of RANKL and increases the levels of OPG and osteogenic factors. ALN from UHMWPE-ALN not only reduces the expression of TNF-α, IL-6 and IL-1β, but also promotes the expression of osteoblast ALP and OPG, and inhibits RANKL. 3-MA or LY294002 reduces the activation of inflammatory factors (TNF-α, IL-1β and IL-6) and osteoclasts by inhibiting autophagy.






4 Inhibiting RANKL/MAPKs (ERK, JNK and p38)/NF-κB pathway

NF-κb is a ubiquitous transcription factor that is directly involved in cytoplasmic/nuclear signal transduction and has direct regulatory effects on osteoclast activation, inflammation and PPO (44–46). Osteoclast differentiation is essentially controlled by the RANKL, mainly via NF-κB and NFATc1.

Exosomes and non-coding RNA (non-coding RNA, ncRNA) have great potential in promoting bone repair, remodeling and regulating bone metabolism (47, 48). Exosomes are bilayered lipid vesicles with a diameter of 50-150 nm produced by the shedding of intracellular compartments or plasma membranes, and carry out signal transduction between cells. For example, miR-214-3p-enriched exosomes derived from osteoclasts inhibit osteoblast bone formation after being taken up by osteoblasts (47). Due to the multiple advantages of exosomes, including lower immunogenicity, wide range of sources, and easy uptake, exosomes have also been extensively studied in the field of osteolysis. Transforming growth factor-β (TGF-β)-activated kinase 1 (TAK1)-binding protein (TAB) 1, TAB2, and TAB3 are all necessary for NF-κB activation. TAB1 binds to the N-terminus of TAK1, whereas TAB2 or TAB3 binds to the C-terminus of TAK1. TAB3 can activate NF-κB through a TRAF6-TAK1-dependent pathway (49, 50). B Pan et al. (51) unmasked that macrophage-derived Exos enriched for miR-3470b rescued Ti particle-induced osteoclast differentiation by targeting TAB3 to inhibit NF-κB pathway.

Bulk RNA sequencing (RNA-seq) has become a powerful weapon for current researchers by identifying novel genes and elucidating their involvement in related signaling networks in orthopedic diseases (52). Since stimulated macrophages expressed gene signatures of rheumatoid arthritis, G Matsumae et al. (53) used RNA-seq analysis to identify 12 target molecules that were highly expressed in rheumatoid arthritis. The results of osteoclast differentiation experiments indicated that thymidine phosphorylase (TYMP) had the highest potential to induce osteoclast differentiation. Strikingly, the increased expression of TYMP in periprosthetic tissue and serum of patients with aseptic loosening further confirmed its potential role as an osteoclastic factor. In a model of cranial osteolysis, TYMP induced bone resorption lesions comparable to RANKL. TYMP induces osteoclasts through the integrin-FYN signaling pathway, thereby activating MAPK and NF-κB signaling pathways. Oral administration of the FYN kinase inhibitor saracatinib could significantly alleviate osteolysis induced by UHMWPE particles.

Icariin (ICA), a flavonoid compound with estrogen-like properties, can antagonize RANKL and estrogen deficiency-induced osteolysis (54–56). Previous studies demonstrated that ICA not only promoted MC3T3-E1 differentiation and mineralization through estrogen receptor-mediated ERK and JNK, but also prevented bone loss caused by estrogen deficiency via activating STAT3 (55, 57, 58). ICA delayed the progression of osteolysis and decreased the expression of TNF-α, IL-1β, and IL-6 in a wear particle-induced calvarial osteolysis model (59). In order to better simulate the actual clinical situation, G Fu et al. (60) extracted and prepared lipopolysaccharide-free wear particles from discarded CoCrMo femoral head implants in clinical revision patients by manufacturing high-vacuum three-electrode direct current. The wear particles and ICA were used in vivo and in vitro experiments, and the results suggested that ICA could significantly reduce the protein expression levels of p-IKKβ, p-p65 and p-IκBα, and promote the expression of phospho-ERα Ser118 and phospho-ERα Ser167 proteins. In addition, ERα translocated from the cytoplasm to the nucleus, thereby inhibiting the translocation of P65 to the nucleus. ICA also reversed the expression of TNF-α and IL-6 mediated by wear particles through the NF-κB signaling pathway (60). Recent findings suggested that piperlongumine inhibited osteoclast formation and bone resorption by repressing the activation of MAPKs (ERK, JNK, p38) and NF-κB induced by RANKL as well as downregulating the expression of NFATc1 protein (61). Herein, inhibition of the RANKL/MAPKs (ERK, JNK, and p38)/NF-κB pathway in macrophages/osteoclasts is considered a promising approach for the prevention and treatment of PPO.




5 Anti-oxidation and hindering ROS formation

It is well established that the proper intensity of redox reactions is critical to the homeostasis of various organs, including the skeletal system (62, 63). Under normal physiological conditions, an appropriate level of ROS acts as a second messenger of cell signal transduction to facilitate the maturation of osteoclasts (64). However, oxidative stress leads to enhanced osteoclast activation (64, 65). Wear particles stimulate the local immune-inflammatory response, activate and recruit macrophages to produce excess ROS containing unpaired electrons, such as hydroxyl radicals, hydrogen peroxide, superoxide anion, hydrogen peroxide superoxide anion, singlet oxygen and hydroxyl radicals (66). During inflammation, ROS maintain M1 macrophage polarization (67). Studies have identified that ROS enhances osteoclast differentiation through NF-κB and MAPK pathways (64). RANKL induces increased ROS production in BMDMs through the TRAF6/Nox1 signaling pathway. Accumulated ROS on the one hand oxidizes tyrosine phosphatases, thereby inducing MAPK phosphatase (MKPs) inhibition and activation of MAPKs (68). On the other hand, it promotes the homodimerization of LC8, leads to the dissociation of LC8 and IκBα, and then increases the phosphorylation and degradation of IκBα, consequently, promoting the nuclear translocation of NF-κB dimer (69, 70). Accordingly, reducing and scavenging excess ROS to inhibit osteoclast activation is a realistic strategy to alleviate wear particle-induced aseptic osteolysis.

ROS scavenging depends on antioxidant enzymes such as superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT) (71, 72). Nuclear factor-erythroid 2 related factor 2 (Nrf2), a redox-related transcription factor, promotes the gene expression of multiple antioxidant enzymes through translocation to the nucleus (73–75). Previous study has suggested that Nrf2 deficiency in BMDMs leads to ROS accumulation and exacerbated osteolysis (76). Targeting Nrf2 has been unmasked to effectively inhibit osteoclast differentiation and bone resorption (77–79). Enhancing endogenous antioxidants to reduce ROS and the downstream molecules formation may effectively counteract the adverse effects of wear particles.

Oxidative stress inhibits the osteogenic effect of osteoblasts and promotes the formation of osteoclasts (63). Nrf2, a key regulator of oxidative stress, not only regulates the transcription of antioxidant enzymes, including glutathione reductase, SOD, glutathione oxidase and CAT, etc., but also inhibits the inflammatory response of macrophages by blocking the transcription of pro-inflammatory cytokines (80–83). J Dong et al. (84) found that metal wear particles significantly inhibited the expression of NRF2 during the process of calvarial osteolysis. In mice with NRF2 gene (Nfe2l2) knockout, the expressions of NFATc1 and cathepsin K (CTSK) in osteoclasts were enhanced after Ti particle stimulation, simultaneously, collagen 1 (Col1), Osteopontin (OPN) and apoptotic proteins were increased in osteoblasts. Compared with the more severe osteolysis caused by Nfe2l2 knockout, the NRF2 agonist tert-butylhydroquinone (TBHQ) could block ROS accumulation and effectively correct the effects of NRF2 deficiency on osteoclasts and osteoblasts, thereby reversing metal particle-induced inflammation and oxidative osteolysis.

Although Exos have made important progress in skeletal diseases and spinal cord injuries (85, 86), which show great promise in the field of tissue damage repair and regeneration, their clinical applications are still limited. Exosomes lack tissue and organ targeting and are easily phagocytized by immune cells such as macrophages. Encapsulating drugs through the macrophage membrane can avoid being cleared by the autoimmune system, which has a higher target delivery efficiency for inflammatory diseases (87–89). Some scholars have found that macrophage membrane-encapsulated urine-derived stem cell-derived exosomes (MM-Exos) can be targeted and delivered to the osteolytic zone, which can not only promote the osteogenic differentiation of bone marrow-mesenchymal stem cells (BMSCs), but also inhibit ROS, RANKL, IL-6 and TNF-α production, thereby attenuating UHMWPE-induced osteolysis (90). By providing immune camouflage to Exos to enhance delivery efficiency, it provides a new drug delivery system for the treatment of inflammatory diseases, including osteolysis.

K Sun et al. (91) developed a new antioxidant, few-layered Nb2C (FNC), based on ternary metal carbide/nitride, which reduced cytokine production and inhibited osteoclastogenesis by adsorbing ROS. FNC was able to inhibit the phosphorylation of NF-κB p65, p38 and JNK, but not ERK(1/2), after LPS or RANKL stimulation. Although the conclusion may support that FNC regulated inflammation (IL-1β and IL-6 involved) or bone resorption through NF-kB and MAPKs signaling pathways, the authors did not interfere with this target and further confirm it.

A bimetallic organic framework (Pt@ZIF-8@La) loaded with platinum (Pt) nanozyme with ROS scavenging and anti-inflammatory capabilities as well as osteogenic active element lanthanum (La) was constructed for Ti-induced calvarial osteolysis model. Pt@ZIF-8@La exhibited strong ROS scavenging ability both in vivo and in vitro. On the one hand, Pt@ZIF-8@La inhibited the p-Akt of RAW 264.7 cell line to rescue the phosphorylation and degradation of IκBα, and decreased the expression levels of NO, IL-1β, and TNF-α. On the other hand, while increasing the expression of OPG and the ratio of OPG/RANKL in MC3T3-E1 cells, it also promoted the expression of osteogenesis-related genes ALP, RUNX2, Osterix and OCN (92). It seems to be an effective way to promote the osteogenic effect of osteoblasts while inhibiting the oxidative stress and inflammatory factors mediated by osteoclast ROS.




6 Inhibiting inflammation

Wear particle-induced inflammation is the central process in osteolysis and aseptic loosening. Toll-like receptors (TLRs) not only recognize exogenous pathogen-associated molecular patterns (PAMPs), but also detect endogenous products associated with inflammation, such as heat shock proteins, high mobility base box (HMGB) 1, fibronectin Protein and Hyaluronic Acid. Adenosine triphosphate (ATP) and ROS can further activate NLRP3, a member of the nucleotide-binding oligomerization domain (NOD)-like receptor (NLRs) family, which intensifies and perpetuates the process of inflammation (93–95).

Alendronate sodium hydrate (ALN), an inhibitor of farnesyl diphosphate synthase, is a commonly used anti-osteoporosis drug in clinical (96). Y Liu et al (97). loaded alendronate sodium on critical size UHMWPE (UHMWPE-ALN), and used alginate-coated beads as a cell reactor to co-culture cells and UHMWPE-ALN wear particles. On the one hand, the release from UHMWPE-ALN particles inhibited the expression of TNF-α, IL-6, IL-1β inflammatory factors and the proliferation of RAW264.7, on the other hand, it promoted the osteogenesis of osteoblasts and the level of OPG and down-regulated RANKL gene expression. Unfortunately, the author did not conduct the necessary confirmation through animal experiments. Although this drug-loading method provides a new idea for the treatment of PPO, the stability of drug release and the negative effects of long-term drug effects are issues that need to be considered in clinical applications.

Autophagy, as a highly conserved process of self-degradation and energy dynamic cycle unique to eukaryotic cells, plays an important role in PPO (98). However, autophagy is a double-edged sword, which may bring different results at different stages of PPO development and in different cells (98). W Chen et al. (99) found that Ti particle-induced osteoclastogenesis and decreased expression of TNF-α, IL-1β and IL-6 could be alleviated by inhibiting autophagy (3-MA, LY294002 or knocking out Atg5 gene). Relevant literatures are summarized in Table 1.


Table 1 | Experimental study of macrophages/osteoclasts in attenuating wear particle-induced aseptic osteolysis.






7 Other forms of osteolysis mediated by macrophages/osteoclasts

In addition to wear particle-induced aseptic osteolysis, abnormal activation of osteoclasts is also closely related to a variety of other bone diseases, including osteoporosis, primary and metastatic bone tumors, rheumatoid arthritis, and bone infection. The following will briefly introduce these types of osteolysis.



7.1 Osteoporosis

Osteoporosis is a systemic disease characterized by bone loss, decreased bone density, and microarchitectural deterioration of bone tissue, leading to an increased risk of fracture (32, 100). It is estimated that in the United States, more than 25 percent of women over the age of 65 have osteoporosis, compared with 5 percent of men (101). In China, the prevalence of osteoporosis in women over 50 years old is 29.13% (102). The pathogenesis is usually due to a combination of abnormal osteoclast activation and osteoblast dysfunction. Estrogen has an antagonistic effect on osteoclasts. Ovary secretion of estrogen decreases in postmenopausal women, leading to hyperactivation of osteoclasts. Therefore, selective estrogen receptor modulators (SERMs), such as raloxifene and strontium ranelate, can exert estrogen receptor-mediated bone protection (103, 104). However, studies have also found that exogenous estrogen intake is a potential cause of breast cancer and other tumors (105). The most important treatment for osteoporosis is to block the occurrence and cell function of osteoclasts. In addition to estrogens, bisphosphonates and RANKL inhibitors are also being developed. The application of these drugs will inevitably bring certain side effects. For example, bisphosphonates can cause hypocalcemia, osteonecrosis of the jaw, and atrial fibrillation (106, 107). Denosumab, a human anti-RANKL antibody, potently blocks the interaction between RANK and its ligands to inhibit bone resorption, but long-term use can lead to infection, rash, and atypical femoral fractures (108, 109). Due to the long half-life of Denosumab and the need for parenteral administration, Morikawa N et al. (110) developed a new oral small molecule RANKL signal transduction inhibitor, AS2690168, which can simultaneously reduce RANKL-induced NFATc1 mRNA expression in RAW264 cells, inhibit parathyroid hormone-stimulated calcium release from the skull of mice, and alleviate the decline in femoral BMD in ovariectomized rats.

Some scholars have also found that multiple histone deacetylases and histone acetyltransferases are expressed during osteoclast differentiation, which are considered potential targets for the treatment of osteoporosis (111, 112). In recent years, a series of new drugs have been applied to inhibit osteoclast differentiation and anti-osteoporosis in LPS-induced mouse calvarial bone loss model and ovariectomy (OVX)-induced osteoporosis model. For example, Saikosaponin D, the active extract of Bupleurum bupleuri, decreases the expression of genes related to osteoclast differentiation and function, including VA TPase d2, Dcstamp, acp5 and c-Fos (113). Another small molecule compound extracted from natural plants, methyl 3,4-dihydroxybenzoate (MDHB), can promote Nrf2 expression by reducing ubiquitination-mediated proteasomal degradation of Nrf2 and reducing ROS levels, thereby inhibiting RANKL-induced activation of MAPK and NF-κB pathways (114). Tetrandrine inhibits osteoclast bone resorption by enhancing the ubiquitination degradation of TNF-related apoptosis-inducing ligand (TRAIL) and inhibiting the phosphorylation of p38, p65, JNK, IKBα and IKKα/β (115). Ceritinib is used to treat anaplastic lymphoma kinase (ALK)-rearranged non-small cell lung cancer, which inhibits RANKL-induced phosphorylation of Akt and p65 in osteoclast and improves trabecular bone loss in OVX-mice (116). Collectively, these newly developed drugs inhibit osteoclast mainly through ROS, MAPK, and NF-κB pathways.




7.2 Bone tumor

Osteolytic bone metastases are common in solid tumors, including lung and breast cancer, and are one of the direct causes of death (117). About 30-40% of patients with non-small cell lung cancer develop bone metastases, and even more than 90% in prostate cancer (118, 119). PTHrP, IL-11, IL-6, and TNF-α secreted by tumor cells induce hyperactivation of osteoclasts, giving preference to osteolysis over osteogenesis (120). Although prostate cancer bone metastasis ultimately manifests as an osteogenic effect, accumulating evidence suggests that accelerated bone resorption induced by osteoclasts is the key to tumor bone metastasis (121–123). Drugs targeting osteoclast inhibition, such as bisphosphonates and Denosumab, have been tried for the treatment of osteolytic bone tumors, while clinical benefits are limited by high cost, side effects and little long-term benefit (124, 125).

Multiple myeloma (MM) is characterized by malignant clonal expansion of plasma cells, and osteolytic destruction is a classic hallmark. Osteolytic lesions occurred in more than 80% of patients, accompanied by hypercalcemia, pathological fractures, bone pain and spinal cord compression, which seriously threatened the life of patients (126). Increased osteoclast-mediated bone resorption is accompanied by decreased osteoblast-mediated bone formation in patients with multiple myeloma (127), the molecular mechanism of which has not yet been elucidated.

Cystatin M/E (CST6), a cysteine ​​protease inhibitor, belongs to the type 2 cystatin family and inhibit Cathepsin B (CTSB), Cathespin L (CTSL) and Legumain (LGMN) proteases (128). CST6 is considered a tumor suppressor due to its epigenetic silencing in tumors along with inhibition of cancer cell proliferation and metastasis (129). Study has implied that MM cells secrete CST6 to block RANKL-induced osteoclast maturation by inhibiting cathepsin-mediated cleavage of NF-κB/p100 and TRAF3, thereby alleviating bone loss in MM patients (130). Furthermore, breast cancer cell-derived CST6 enters osteoclasts through endocytosis and upregulates the hydrolysis substrate of CTSB, SPHK1, by inhibiting CTSB. Sphingosine kinase 1 (SPHK1) inhibits RANKL-induced p38 activation, thereby hindering osteoclast maturation and breast cancer bone metastasis (129). More and more researches have revealed that the expression of CST6 can prevent bone metastasis of tumors (129, 131). Accordingly, CST6 is considered to be a new type of anti-resorptive agent for the treatment of osteoclast-mediated osteolysis.

Increasing evidences imply that cargoes of extracellular vesicle (EV), such as microRNAs, can serve as “messengers” for communication between tumor cells and osteoclasts. Prostate cancer cell-derived miR-378a-3p-enriched EVs are taken up by macrophages, and miR-378a-3p promotes nuclear translocation of Nfatc1 by inhibiting Dyrk1a, thereby accelerating osteolysis (132). Sclerostin, a small glycoprotein encoded by the Sost gene, is secreted mainly by osteocytes and is essential for osteoblast development (133). Sclerostin also plays an important regulatory role in bone formation and bone resorption (134). Intriguingly, sclerostin and RANKL secreted by osteocytes are significantly elevated in circulating serum of multiple myeloma patients (135). The study has unmasked that 2-deoxyD-ribose derived from myeloma cells promoted the expression of major histocompatibility complex class II transactivator (CIITA) in osteocytes through the STAT1/IRF1 signaling pathway. CIITA induces hyperactivation of osteoclasts by increasing the secretion of osteolytic cytokines by osteocytes through acetylation of histone 3 lysine 14 in the promoters of TNFSF11 (encoding RANKL) and SOST (encoding sclerostin) (136). Inhibition of sclerostin expression significantly reduces osteolytic bone lesions in a mouse model of myeloma (134). Consequently, therapeutic targeting of anti-sclerostin has also been attempted for the treatment of osteoclast-associated osteolytic diseases. However, the mechanism by which osteocytes secrete osteolytic cytokines under the stimulation of tumor cells remains to be elucidated.




7.3 Rheumatoid arthritis

Rheumatoid arthritis (RA) is an autoimmune disease common in women, with an incidence of about 1% (137). Long-term chronic inflammation leads to osteoclast activation and degeneration of cartilage and bone tissue. During the pathological process of the disease, the release of RANKL by activated lymphocytes induces osteoclast activation and the release of TNF-α and IL-6 (138). Another autoimmune disease, psoriatic arthritis (PsA), has a similar cellular mechanism (139). Study has exhibited that CD83 can reduce the expression levels of RANKL, OC-Stamp, MMP9, IL-1b and IL-6 by inducing the downstream of the signaling cascade to bind to the toll-like receptor 4/(TLR4/MD2) receptor complex, thereby inhibiting osteoclast formation and preventing arthritic bone erosion (140).




7.4 Bacterial infection of bone

Just as its name implies, aseptic osteolysis is defined first by absence of evidence of clinical or microbial infection and second by compliance with clinical symptoms and radiographic evidence (141, 142). Despite significant advances in medicine to combat infection, bone infection remains a formidable threat in orthopedic surgery. In the United States, there are about 10,000-20,000 cases of joint replacement infection and 30%-42% of fracture-related infections each year, and the most important pathogen is Staphylococcus aureus (143, 144). The clinical outcome of infection is mostly surgical failure and revision surgery with a high recurrence rate.

The molecular mechanism of bone infection-mediated osteolysis remains to be elucidated. Existing evidence shows that macrophages are the first line of defense against pathogens, while neutrophils are the main executors of the innate immune response to bacteria. When anti-inflammatory M2 macrophages are activated by pattern recognition receptors (PRRs), PRRs recognize bacterial pathogen-associated molecular patterns (PAMPs), leading to macrophage M1 polarization (145, 146). Macrophages secrete chemokines TNFα, IL-1β, and CXCL1 to recruit and activate neutrophils (147–149). RANKL released by neutrophils can promote osteoclastogenesis (150). Simultaneously, macrophages that phagocytize wear particles increase the release of pro-inflammatory factors, accelerating osteoclast activation and osteolysis.

The essential role of osteocytes in bacterially induced osteolysis depends on the regulation of RANKL release. PAMPs increase the release of RANKL by activating the myeloid differentiation primary response 88 (MYD88) pathway in osteocytes. Inhibition of MYD88 blocks calvarial osteolysis induced by PAMPs and resist alveolar bone resorption induced by oral Porphyromonas gingivalis (Pg) infection. Mechanistically, MYD88 promotes phosphorylation of CREB and STAT3, thereby increasing RANKL release from osteocytes (151). As a pleiotropic cytokine, the role of IL-27 in bacterial infection remains controversial. Exogenous IL-27 administration for Staphylococcus aureus-infected osteomyelitis not only induces accumulation of pro-inflammatory IL-17-producing RORγt+ neutrophils, leading to reduced abscess formation, but also inhibits RANKL-induced osteoclast activation to relieve osteomyelitis osteolysis (152). It has also been confirmed in multiple studies that IL-27 can directly inhibit rank-induced osteoclastogenesis and reduce bone loss (153–158). Macrophages are the host cells of M. tuberculosis infection and the innate immune cells of the host responsible for killing and clearing M. tuberculosis (159). STAT1 and CXCL10 are involved in M1-macrophage polarization and contribute to osteolysis and bone remodeling during extrapulmonary tuberculosis infection (160). In addition, osteopetrosis, a congenital generalized abnormal development of bone structure, is caused by defects in the production of osteoclast factors (161). There is currently no effective treatment for osteopetrosis, although bone marrow transplants and cord blood transfusions hold promise. Notably, the regulation of osteoclasts may provide new therapeutic strategies.





8 Disscussion

Total joint arthroplasty (TJA) is the most appropriate way to treat end-stage arthritis, although surgical methods and implanted materials are constantly evolving, aseptic PPO and PL, mainly mediated by wear particles, are the most common causes of TJA failure reason (162). BMDMs, immune cells of the nonspecific innate immune response, and osteoclasts differentiated and fused by BMDMs play a crucial role in periprosthetic bone homeostasis. Phagocytosis of wear particles by macrophages results in the release of proinflammatory cytokines, growth factors, and chemokines. The inflammatory cascade stimulates the maturation of osteoclasts and, meanwhile, inhibits the osteoblast lineage (13). Therefore, the regulation of macrophage and osteoclast function is a potential strategy to optimize the biological and clinical outcomes of joint prosthesis implantation surgery. To date, there are no approved pharmacological interventions that effectively prevent particle-associated periprosthetic osteolysis. Although some anti-osteoclast drugs, such as bisphosphonates, estrogens, and RANKL inhibitors, have been developed, their therapeutic effects are controversial (163, 164). For example, bisphosphonates are used in anti-osteoporotic therapy, while macrophages exposed to zoledronic acid polarize to an M1 pro-inflammatory phenotype, for this reason, the use of bisphosphonates to treat wear particle-associated osteolysis is not theoretically supported (165, 166). Currently, new ways to modulate macrophage/osteoclast activity to replace existing therapies are urgently needed.

The current research on the signaling pathways of macrophages and osteoclasts mainly focuses on the formation of ROS and inflammatory factors mediated by the RANKL/NF-κB/MAPKs pathway. This is a classic signaling pathway that crosstalks with various regulatory cell deaths, such as pyroptosis, autophagy, pyroptosis, and ferroptosis. Many of these unknown mechanisms remain to be elucidated may provide valuable strategies for mitigating PPO. Exosomes can not only stimulate stem cell-like regenerative effects in damaged tissues, but also avoid the risks and drawbacks associated with stem cell transplantation therapy (167, 168). Some stem cell-derived exosomes can promote osteogenic differentiation and inhibit the production of inflammatory factors and osteoclast activation, which has great potential in preventing PPO. Undoubtedly, the recognition and subsequent clearance of exosomes by immune cells in the body is the biggest challenge for the application of exosomes in vivo. Recently, research on biomimetic drug delivery systems has attracted more and more attention. Macrophage membrane-coated nanoparticles have high targeted delivery efficiency and show good therapeutic effects on various inflammatory diseases, including wear particle-induced periprosthetic inflammation (88, 169). Currently, there are many types of nanoparticles or drugs coated in macrophage membranes, for example, lactose-acid nanoparticles (170), liposomes (169), poly(lactic-co-glycolic acid) (88), nano-gemcitabine (171), magnetic photothermal nanocomplexes (172), poly lactic-co-glycolic acid nanoparticle vaccine carrying PilY1 Ep (173) and mesoporous silica nanoparticles (174), etc. Macrophage membrane-coated drugs can avoid being recognized and cleared by the immune system, thereby enhancing the stability of drug release (175). Notably, protein molecules on cell membranes may elicit an immune response. These potential safety issues need to be addressed before their successful application in clinical practice.

The constant renewal of materials, such as highly polished cobalt chromium alloy and zirconia ceramics, to reduce the generation of wear debris has achieved a certain effect. Although the wear intensity is relatively reduced, osteolytic wear particles are still unavoidable (176). The development of biomaterials to suppress inflammatory responses and osteoclastogenesis through prosthetic drug delivery provides opportunities for the treatment of PPO. UHMWPE loaded with antioxidant vitamin E can significantly reduce the production of osteolytic cytokines TNFα, IL-1β, IL-6 and IL-8 by peripheral blood mononuclear cells, which reduces the generation of wear particles of implants (43). In the coating on the surface of the prosthesis, such as ceramics and hydroxyapatite, adding antibacterial drugs or metal ions can enhance the antibacterial performance (177–179). Adding bone morphogenetic protein-2 (BMP-2) to the coating can significantly promote osteogenesis (180). Similarly, loading prosthetic coatings with drugs that inhibit inflammation and osteoclast activation may benefit from the same therapeutic strategy.

Despite current knowledge, wear particle-induced periprosthetic osteolysis is an aseptic loosening, ie without evidence of clinical or microbial infection. However, a large body of research evidence also supports the role of bacteria in aseptic loosening (181–183). Macrophages, foreign body giant cells, T cells, and B cells were also present in the tissue surrounding the prosthesis during revision surgery with a diagnosis of aseptic loosening. Some scholars believe that wear-related inflammatory reactions, including sterility and suppuration, are interrelated (184–186). The molecular mechanism may involve the impact of wear debris on macrophages and neutrophils impairing the ability of the innate immune system to clear bacteria. In addition, wear particles destroy dendritic cells and T lymphocytes of the adaptive immune response. Although the role of dendritic cells in the mechanisms of implant debris-induced inflammation remains unclear, they are required for targeted responses to infection in periprosthetic joints (187) In conclusion, the combination of antibiotic drugs, anti-inflammatory drugs and antioxidants to modify implanted prosthetic materials is a potential strategy to reduce the risk of PPO (188, 189).

In summary, orthopedic surgeons must accurately implant prostheses during joint replacement and continuously improve surgical skills. Simultaneously, they also need to pay attention to the outstanding problem of PPO, which leads to long-term failure of surgery. Efficient regulation of macrophages and osteoclasts is a promising way to treat wear particle-mediated PPO.





Author contributions

ZY: Conceptualization, Investigation, Software, Writing – review & editing, Supervision. GG: Investigation, Supervision, Formal Analysis, Validation, Writing – original draft. XL: Investigation, Writing – original draft, Funding acquisition, Methodology, Resources, Visualization, Writing – review & editing. JY: Investigation, Writing – original draft, Writing – review & editing, Conceptualization, Data curation, Software.





Funding

We acknowledge financial support from Jiangsu Provincial Health Commission Project (LGY2020052), the Natural Science Foundation of Jiangsu Province (SBK2019022658), Nanjing Health Science and Technology Development Special Fund Project (YKK22222), and Lianyungang Science and Technology Bureau Project (SF2118).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1274679/full#supplementary-material



Abbreviations

ALP, alkaline phosphatase; Col1, collagen 1; Erα, estrogen receptor α; FNC: few-layered Nb2C, a new type of antioxidant; FYN, tyrosine kinase; ICA, icariin; MM-Exos, macrophage membrane encapsulated urine-derived stem cell-derived exosomes; NRF2, nuclear factor erythroid derived 2-related factor 2; OCN, osteocalcin; OPG, osteoprotegerin; RANKL, receptor activator of nuclear factor kappa-B ligand; ROS, reactive oxygen species; TAB3, transforming growth factor-β (TGF-β)-activated kinase 1 (TAK1)-binding protein 3; TBHQ, tert-butylhydroquinone, an NRF2 agonist; TYMP, thymidine phosphorylase; UHMWPE-ALN, UHMWPE loaded with alendronate sodium.




References

1. Singh, J, Yu, S, Chen, L, and Cleveland, J. Rates of total joint replacement in the United States: future projections to 2020-2040 using the national inpatient sample. J Rheumatol (2019) 46(9):1134–40. doi: 10.3899/jrheum.170990

2. Goodman, S, Gibon, E, Gallo, J, and Takagi, M. Macrophage polarization and the osteoimmunology of periprosthetic osteolysis. Curr osteo Rep (2022) 20(1):43–52. doi: 10.1007/s11914-022-00720-3

3. Sartori, M, Vincenzi, F, Ravani, A, Cepollaro, S, Martini, L, Varani, K, et al. RAW 264.7 co-cultured with ultra-high molecular weight polyethylene particles spontaneously differentiate into osteoclasts: an in vitro model of periprosthetic osteolysis. J Biomed mater Res Part A (2017) 105(2):510–20. doi: 10.1002/jbm.a.35912

4. Ormsby, R, Cantley, M, Kogawa, M, Solomon, L, Haynes, D, Findlay, D, et al. Evidence that osteocyte perilacunar remodelling contributes to polyethylene wear particle induced osteolysis. Acta biomater (2016) 33:242–51. doi: 10.1016/j.actbio.2016.01.016

5. Jiang, Y, Jia, T, Wooley, P, and Yang, S. Current research in the pathogenesis of aseptic implant loosening associated with particulate wear debris. Acta orthop Belgica (2013) 79(1):1–9.

6. Werner, J, Rosenberg, J, Keeley, K, and Agrawal, D. Immunobiology of periprosthetic inflammation and pain following ultra-high-molecular-weight-polyethylene wear debris in the lumbar spine. Expert Rev Clin Immunol (2018) 14(8):695–706. doi: 10.1080/1744666x.2018.1511428

7. Cobelli, N, Scharf, B, Crisi, G, Hardin, J, and Santambrogio, L. Mediators of the inflammatory response to joint replacement devices. Nat Rev Rheumatol (2011) 7(10):600–8. doi: 10.1038/nrrheum.2011.128

8. Kandahari, A, Yang, X, Laroche, K, Dighe, A, Pan, D, and Cui, Q. A review of UHMWPE wear-induced osteolysis: the role for early detection of the immune response. Bone Res (2016) 4:16014. doi: 10.1038/boneres.2016.14

9. Goodman, S, and Gallo, J. Periprosthetic osteolysis: mechanisms, prevention and treatment. J Clin Med (2019) 8(12). doi: 10.3390/jcm8122091

10. Yang, H, Xu, Y, Zhu, M, Gu, Y, Zhang, W, Shao, H, et al. Inhibition of titanium-particle-induced inflammatory osteolysis after local administration of dopamine and suppression of osteoclastogenesis via D2-like receptor signaling pathway. Biomaterials (2016) 80:1–10. doi: 10.1016/j.biomaterials.2015.11.046

11. Xian, G, Chen, W, Gu, M, Ye, Y, Yang, G, Lai, W, et al. Titanium particles induce apoptosis by promoting autophagy in macrophages via the PI3K/Akt signaling pathway. J Biomed mater Res Part A. (2020) 108(9):1792–805. doi: 10.1002/jbm.a.36938

12. Gu, Y, Wang, Z, Shi, J, Wang, L, Hou, Z, Guo, X, et al. Titanium particle-induced osteogenic inhibition and bone destruction are mediated by the GSK-3β/β-catenin signal pathway. Cell Death dis (2017) 8(6):e2878. doi: 10.1038/cddis.2017.275

13. Nich, C, Takakubo, Y, Pajarinen, J, Ainola, M, Salem, A, Sillat, T, et al. Macrophages-Key cells in the response to wear debris from joint replacements. J Biomed mater Res Part A. (2013) 101(10):3033–45. doi: 10.1002/jbm.a.34599

14. Yona, S, and Gordon, S. From the reticuloendothelial to mononuclear phagocyte system - the unaccounted years. Front Immunol (2015) 6:328. doi: 10.3389/fimmu.2015.00328

15. Guilliams, M, Mildner, A, and Yona, S. Developmental and functional heterogeneity of monocytes. Immunity (2018) 49(4):595–613. doi: 10.1016/j.immuni.2018.10.005

16. Naito, M, Umeda, S, Yamamoto, T, Moriyama, H, Umezu, H, Hasegawa, G, et al. Development, differentiation, and phenotypic heterogeneity of murine tissue macrophages. J leukocyte Biol (1996) 59(2):133–8. doi: 10.1002/jlb.59.2.133

17. Ginhoux, F, and Guilliams, M. Tissue-resident macrophage ontogeny and homeostasis. Immunity (2016) 44(3):439–49. doi: 10.1016/j.immuni.2016.02.024

18. Blériot, C, Chakarov, S, and Ginhoux, F. Determinants of resident tissue macrophage identity and function. Immunity (2020) 52(6):957–70. doi: 10.1016/j.immuni.2020.05.014

19. Nich, C, Takakubo, Y, Pajarinen, J, Gallo, J, Konttinen, Y, Takagi, M, et al. The role of macrophages in the biological reaction to wear debris from artificial joints. J long-term effects Med implants. (2016) 26(4):303–9. doi: 10.1615/JLongTermEffMedImplants.2017011287

20. Goodman, S, Gallo, J, Gibon, E, and Takagi, M. Diagnosis and management of implant debris-associated inflammation. Expert Rev Med devices. (2020) 17(1):41–56. doi: 10.1080/17434440.2020.1702024

21. Garrigues, G, Cho, D, Rubash, H, Goldring, S, Herndon, J, and Shanbhag, A. Gene expression clustering using self-organizing maps: analysis of the macrophage response to particulate biomaterials. Biomaterials (2005) 26(16):2933–45. doi: 10.1016/j.biomaterials.2004.06.034

22. Kitaura, H, Kimura, K, Ishida, M, Kohara, H, Yoshimatsu, M, and Takano-Yamamoto, T. Immunological reaction in TNF-α-mediated osteoclast formation and bone resorption in vitro and in vivo. Clin Dev Immunol (2013) 2013:181849. doi: 10.1155/2013/181849

23. Ritchlin, C, Haas-Smith, S, Li, P, Hicks, D, and Schwarz, E. Mechanisms of TNF-alpha- and RANKL-mediated osteoclastogenesis and bone resorption in psoriatic arthritis. J Clin Invest (2003) 111(6):821–31. doi: 10.1172/jci16069

24. Terkawi, M, Hamasaki, M, Takahashi, D, Ota, M, Kadoya, K, Yutani, T, et al. Transcriptional profile of human macrophages stimulated by ultra-high molecular weight polyethylene particulate debris of orthopedic implants uncovers a common gene expression signature of rheumatoid arthritis. Acta biomater (2018) 65:417–25. doi: 10.1016/j.actbio.2017.11.001

25. Lin, T, Pajarinen, J, Nabeshima, A, Córdova, L, Loi, F, Gibon, E, et al. Orthopaedic wear particle-induced bone loss and exogenous macrophage infiltration is mitigated by local infusion of NF-κB decoy oligodeoxynucleotide. J Biomed mater Res Part A. (2017) 105(11):3169–75. doi: 10.1002/jbm.a.36169

26. Gao, X, Ge, J, Li, W, Zhou, W, Xu, L, and Geng, D. NF-κB/let-7f-5p/IL-10 pathway involves in wear particle-induced osteolysis by inducing M1 macrophage polarization. Cell Cycle (Georgetown Tex). (2018) 17(17):2134–45. doi: 10.1080/15384101.2018.1515549

27. Hu, X, Yin, Z, Chen, X, Jiang, G, Yang, D, Cao, Z, et al. Tussilagone inhibits osteoclastogenesis and periprosthetic osteolysis by suppressing the NF-κB and P38 MAPK signaling pathways. Front Pharmacol (2020) 11:385. doi: 10.3389/fphar.2020.00385

28. Blangy, A, Bompard, G, Guerit, D, Marie, P, Maurin, J, Morel, A, et al. The osteoclast cytoskeleton - current understanding and therapeutic perspectives for osteoporosis. J Cell Sci (2020) 133(13). doi: 10.1242/jcs.244798

29. Wiktor-Jedrzejczak, W, Bartocci, A, Ferrante, A, Ahmed-Ansari, A, Sell, K, Pollard, J, et al. Total absence of colony-stimulating factor 1 in the macrophage-deficient osteopetrotic (op/op) mouse. Proc Natl Acad Sci United States America. (1990) 87(12):4828–32. doi: 10.1073/pnas.87.12.4828

30. Yoshida, H, Hayashi, S, Kunisada, T, Ogawa, M, Nishikawa, S, Okamura, H, et al. The murine mutation osteopetrosis is in the coding region of the macrophage colony stimulating factor gene. Nature (1990) 345(6274):442–4. doi: 10.1038/345442a0

31. Lacey, D, Timms, E, Tan, H, Kelley, M, Dunstan, C, Burgess, T, et al. Osteoprotegerin ligand is a cytokine that regulates osteoclast differentiation and activation. Cell (1998) 93(2):165–76. doi: 10.1016/s0092-8674(00)81569-x

32. Fujii, T, Murata, K, Mun, S, Bae, S, Lee, Y, Pannellini, T, et al. MEF2C regulates osteoclastogenesis and pathologic bone resorption via c-FOS. Bone Res (2021) 9(1):4. doi: 10.1038/s41413-020-00120-2

33. Kim, B, Lee, K, and Park, B. Icariin abrogates osteoclast formation through the regulation of the RANKL-mediated TRAF6/NF-κB/ERK signaling pathway in Raw264.7 cells. Phytomed: Int J phytother phytopharmacol (2018) 51:181–90. doi: 10.1016/j.phymed.2018.06.020

34. Go, E, Oh, J, Park, J, Lee, S, and Lee, N. Spi-C positively regulates RANKL-mediated osteoclast differentiation and function. Exp Mol Med (2020) 52(4):691–701. doi: 10.1038/s12276-020-0427-8

35. Miyauchi, Y, Ninomiya, K, Miyamoto, H, Sakamoto, A, Iwasaki, R, Hoshi, H, et al. The Blimp1-Bcl6 axis is critical to regulate osteoclast differentiation and bone homeostasis. J Exp Med (2010) 207(4):751–62. doi: 10.1084/jem.20091957

36. Hou, H, Peng, Q, Wang, S, Zhang, Y, Cao, J, Deng, Y, et al. viaAnemonin attenuates RANKL-induced osteoclastogenesis and ameliorates LPS-induced inflammatory bone loss in mice modulation of NFATc1. Front Pharmacol (2019) 10:1696. doi: 10.3389/fphar.2019.01696

37. Yagi, M, Miyamoto, T, Sawatani, Y, Iwamoto, K, Hosogane, N, Fujita, N, et al. DC-STAMP is essential for cell-cell fusion in osteoclasts and foreign body giant cells. J Exp Med (2005) 202(3):345–51. doi: 10.1084/jem.20050645

38. Kim, K, Lee, S, Ha Kim, J, Choi, Y, and Kim, N. NFATc1 induces osteoclast fusion via up-regulation of Atp6v0d2 and the dendritic cell-specific transmembrane protein (DC-STAMP). Mol Endocrinol (Baltimore Md). (2008) 22(1):176–85. doi: 10.1210/me.2007-0237

39. Theoleyre, S, Wittrant, Y, Tat, S, Fortun, Y, Redini, F, and Heymann, D. The molecular triad OPG/RANK/RANKL: involvement in the orchestration of pathophysiological bone remodeling. Cytokine Growth factor Rev (2004) 15(6):457–75. doi: 10.1016/j.cytogfr.2004.06.004

40. Udagawa, N, Koide, M, Nakamura, M, Nakamichi, Y, Yamashita, T, Uehara, S, et al. Osteoclast differentiation by RANKL and OPG signaling pathways. J Bone mineral Metab (2021) 39(1):19–26. doi: 10.1007/s00774-020-01162-6

41. Khosla, S, and Hofbauer, L. Osteoporosis treatment: recent developments and ongoing challenges. Lancet Diabetes endocrinol (2017) 5(11):898–907. doi: 10.1016/s2213-8587(17)30188-2

42. von Knoch, M, Buchhorn, G, von Knoch, F, Köster, G, and Willert, H. Intracellular measurement of polyethylene particles. A histomorph study Arch orthop Trauma surg (2001) 121(7):399–402. doi: 10.1007/s004020000256

43. Bladen, C, Teramura, S, Russell, S, Fujiwara, K, Fisher, J, Ingham, E, et al. Analysis of wear, wear particles, and reduced inflammatory potential of vitamin E ultrahigh-molecular-weight polyethylene for use in total joint replacement. Journal of biomedical materials research Part B. Appl biomater (2013) 101(3):458–66. doi: 10.1002/jbm.b.32904

44. Senftleben, U, Cao, Y, Xiao, G, Greten, F, Krähn, G, Bonizzi, G, et al. Activation by IKKalpha of a second, evolutionary conserved, NF-kappa B signaling pathway. Sci (New York NY). (2001) 293(5534):1495–9. doi: 10.1126/science.1062677

45. Baeuerle, P, and Baltimore, D. NF-kappa B: ten years after. Cell (1996) 87(1):13–20. doi: 10.1016/s0092-8674(00)81318-5

46. Scott, O, and Roifman, C. NF-κB pathway and the Goldilocks principle: Lessons from human disorders of immunity and inflammation. J Allergy Clin Immunol (2019) 143(5):1688–701. doi: 10.1016/j.jaci.2019.03.016

47. Li, D, Liu, J, Guo, B, Liang, C, Dang, L, Lu, C, et al. Osteoclast-derived exosomal miR-214-3p inhibits osteoblastic bone formation. Nat Commun (2016) 7:10872. doi: 10.1038/ncomms10872

48. Song, H, Li, X, Zhao, Z, Qian, J, Wang, Y, Cui, J, et al. Reversal of osteoporotic activity by endothelial cell-secreted bone targeting and biocompatible exosomes. Nano letters. (2019) 19(5):3040–8. doi: 10.1021/acs.nanolett.9b00287

49. Lei, X, Han, N, Xiao, X, Jin, Q, He, B, and Wang, J. Enterovirus 71 3C inhibits cytokine expression through cleavage of the TAK1/TAB1/TAB2/TAB3 complex. J virol (2014) 88(17):9830–41. doi: 10.1128/jvi.01425-14

50. Hong, C, Park, M, Sun, E, Choi, W, Hwang, J, Bae, W, et al. Gal-3BP negatively regulates NF-κB signaling by inhibiting the activation of TAK1. Front Immunol (2019) 10:1760. doi: 10.3389/fimmu.2019.01760

51. Pan, B, Zhang, Z, Wu, X, Xian, G, Hu, X, Gu, M, et al. Macrophage-derived exosomes modulate wear particle-induced osteolysis via miR-3470b targeting TAB3/NF-κB signaling. Bioactive mater (2023) 26:181–93. doi: 10.1016/j.bioactmat.2023.02.028

52. Wang, T, Wang, L, Zhang, L, Long, Y, Zhang, Y, and Hou, Z. Single-cell RNA sequencing in orthopedic research. Bone Res (2023) 11(1):10. doi: 10.1038/s41413-023-00245-0

53. Matsumae, G, Shimizu, T, Tian, Y, Takahashi, D, Ebata, T, Alhasan, H, et al. Targeting thymidine phosphorylase as a potential therapy for bone loss associated with periprosthetic osteolysis. Bioeng Trans Med (2021) 6(3):e10232. doi: 10.1002/btm2.10232

54. Zhang, D, Fong, C, Jia, Z, Cui, L, Yao, X, and Yang, M. Icariin stimulates differentiation and suppresses adipocytic transdifferentiation of primary osteoblasts through estrogen receptor-mediated pathway. Calcified Tissue Int (2016) 99(2):187–98. doi: 10.1007/s00223-016-0138-2

55. Ho, M, Poon, C, Wong, K, Qiu, Z, and Wong, M. Icariin, but not genistein, exerts osteogenic and anti-apoptotic effects in osteoblastic cells by selective activation of non-genomic ERα Signaling. Front Pharmacol (2018) 9:474. doi: 10.3389/fphar.2018.00474

56. Xu, H, Zhou, S, Qu, R, Yang, Y, Gong, X, Hong, Y, et al. Icariin prevents oestrogen deficiency-induced alveolar bone loss through promoting osteogenesis via STAT3. Cell prolife (2020) 53(2):e12743. doi: 10.1111/cpr.12743

57. Xie, Y, Sun, W, Yan, F, Liu, H, Deng, Z, and Cai, L. Icariin-loaded porous scaffolds for bone regeneration through the regulation of the coupling process of osteogenesis and osteoclastic activity. Int J nanomed (2019) 14:6019–33. doi: 10.2147/ijn.S203859

58. Huang, X, Jin, A, Wang, X, Gao, X, Xu, H, Chung, M, et al. Napabucasin induces mouse bone loss by impairing bone formation via STAT3. Front Cell Dev Biol (2021) 9:648866. doi: 10.3389/fcell.2021.648866

59. Shao, H, Shen, J, Wang, M, Cui, J, Wang, Y, Zhu, S, et al. Icariin protects against titanium particle-induced osteolysis and inflammatory response in a mouse calvarial model. Biomaterials (2015) 60:92–9. doi: 10.1016/j.biomaterials.2015.04.048

60. Guangtao, F, Zhenkang, W, Zhantao, D, Mengyuan, L, Qingtian, L, Yuanchen, M, et al. viaIcariin alleviates wear particle-induced periprosthetic osteolysis down-regulation of the estrogen receptor α-mediated NF-κB signaling pathway in macrophages. Front Pharmacol (2021) 12:746391. doi: 10.3389/fphar.2021.746391

61. Liu, X, Diao, L, Zhang, Y, Yang, X, Zhou, J, Mao, Y, et al. Piperlongumine inhibits titanium particles-induced osteolysis, osteoclast formation, and RANKL-induced signaling pathways. Int J Mol Sci (2022) 23(5). doi: 10.3390/ijms23052868

62. Park, C, Lee, Y, Kim, K, Lee, Z, Joo, M, and Kim, H. Nrf2 is a novel regulator of bone acquisition. Bone (2014) 63:36–46. doi: 10.1016/j.bone.2014.01.025

63. Sun, Y, Xu, A, Yang, Y, and Li, J. Role of Nrf2 in bone metabolism. J Biomed sci (2015) 22:101. doi: 10.1186/s12929-015-0212-5

64. Lee, N, Choi, Y, Baik, J, Han, S, Jeong, D, Bae, Y, et al. A crucial role for reactive oxygen species in RANKL-induced osteoclast differentiation. Blood (2005) 106(3):852–9. doi: 10.1182/blood-2004-09-3662

65. Garrett, I, Boyce, B, Oreffo, R, Bonewald, L, Poser, J, and Mundy, G. Oxygen-derived free radicals stimulate osteoclastic bone resorption in rodent bone in vitro and in vivo. J Clin Invest (1990) 85(3):632–9. doi: 10.1172/jci114485

66. Matés, J. Effects of antioxidant enzymes in the molecular control of reactive oxygen species toxicology. Toxicology (2000) 153:83–104. doi: 10.1016/s0300-483x(00)00306-1

67. Li, L, Chen, X, Lv, M, Cheng, Z, Liu, F, Wang, Y, et al. Platycodon grandiflorusEffect of polysaccharide on M1 polarization induced by autophagy degradation of SOCS1/2 proteins in 3D4/21 cells. Front Immunol (2022) 13:934084. doi: 10.3389/fimmu.2022.934084

68. Chen, K, Qiu, P, Yuan, Y, Zheng, L, He, J, Wang, C, et al. Pseurotin A inhibits osteoclastogenesis and prevents ovariectomized-induced bone loss by suppressing reactive oxygen species. Theranostics (2019) 9(6):1634–50. doi: 10.7150/thno.30206

69. Dröge, W. Free radicals in the physiological control of cell function. Physiol Rev (2002) 82(1):47–95. doi: 10.1152/physrev.00018.2001

70. Jung, Y, Kim, H, Min, S, Rhee, S, and Jeong, W. Dynein light chain LC8 negatively regulates NF-kappaB through the redox-dependent interaction with IkappaBalpha. J Biol Chem (2008) 283(35):23863–71. doi: 10.1074/jbc.M803072200

71. Sies, H. Oxidative stress: oxidants and antioxidants. Exp Physiol (1997) 82(2):291–5. doi: 10.1113/expphysiol.1997.sp004024

72. Forrester, S, Kikuchi, D, Hernandes, M, Xu, Q, and Griendling, K. Reactive oxygen species in metabolic and inflammatory signaling. Circ Res (2018) 122(6):877–902. doi: 10.1161/circresaha.117.311401

73. Muri, J, and Kopf, M. Redox regulation of immunometabolism. Nat Rev Immunol (2021) 21(6):363–81. doi: 10.1038/s41577-020-00478-8

74. Sies, H, and Jones, D. Reactive oxygen species (ROS) as pleiotropic physiological signalling agents. Nat Rev Mol Cell Biol (2020) 21(7):363–83. doi: 10.1038/s41580-020-0230-3

75. Dai, X, Yan, X, Wintergerst, K, Cai, L, Keller, B, and Tan, Y. Nrf2: redox and metabolic regulator of stem cell state and function. Trends Mol Med (2020) 26(2):185–200. doi: 10.1016/j.molmed.2019.09.007

76. Hyeon, S, Lee, H, Yang, Y, and Jeong, W. Nrf2 deficiency induces oxidative stress and promotes RANKL-induced osteoclast differentiation. Free Radical Biol Med (2013) 65:789–99. doi: 10.1016/j.freeradbiomed.2013.08.005

77. Su, X, Guo, W, Yuan, B, Wang, D, Liu, L, Wu, X, et al. Artesunate attenuates bone erosion in rheumatoid arthritis by suppressing reactive oxygen species via activating p62/Nrf2 signaling. Biomed pharmacother = Biomedec pharmacother (2021) 137:111382. doi: 10.1016/j.biopha.2021.111382

78. Ha, Y, Choi, Y, Oh, Y, Kang, E, Khang, G, Park, Y, et al. Fucoxanthin suppresses osteoclastogenesis via modulation of MAP kinase and nrf2 signaling. Mar Drugs (2021) 19(3). doi: 10.3390/md19030132

79. Ni, S, Qian, Z, Yuan, Y, Li, D, Zhong, Z, Ghorbani, F, et al. Schisandrin A restrains osteoclastogenesis by inhibiting reactive oxygen species and activating Nrf2 signalling. Cell prolife (2020) 53(10):e12882. doi: 10.1111/cpr.12882

80. Itoh, K, Chiba, T, Takahashi, S, Ishii, T, Igarashi, K, Katoh, Y, et al. An Nrf2/small Maf heterodimer mediates the induction of phase II detoxifying enzyme genes through antioxidant response elements. Biochem Biophys Res Commun (1997) 236(2):313–22. doi: 10.1006/bbrc.1997.6943

81. Ozmen, I, Naziroglu, M, and Okutan, R. Comparative study of antioxidant enzymes in tissues surrounding implant in rabbits. Cell Biochem Funct (2006) 24(3):275–81. doi: 10.1002/cbf.1225

82. Kobayashi, E, Suzuki, T, Funayama, R, Nagashima, T, Hayashi, M, Sekine, H, et al. Nrf2 suppresses macrophage inflammatory response by blocking proinflammatory cytokine transcription. Nat Commun (2016) 7:11624. doi: 10.1038/ncomms11624

83. Ahmed, S, Luo, L, Namani, A, Wang, X, and Tang, X. Nrf2 signaling pathway: Pivotal roles in inflammation. Biochim Biophys Acta Mol basis dis (2017) 1863(2):585–97. doi: 10.1016/j.bbadis.2016.11.005

84. Dong, J, Zhang, L, Ruan, B, Lv, Z, Wang, H, Wang, Y, et al. NRF2 is a critical regulator and therapeutic target of metal implant particle-incurred bone damage. Biomaterials (2022) 288:121742. doi: 10.1016/j.biomaterials.2022.121742

85. Chen, Y, Wu, Y, Guo, L, Yuan, S, Sun, J, Zhao, K, et al. Exosomal Lnc NEAT1 from endothelial cells promote bone regeneration by regulating macrophage polarization via DDX3X/NLRP3 axis. J nanobiotechnol (2023) 21(1):98. doi: 10.1186/s12951-023-01855-w

86. Ge, X, Zhou, Z, Yang, S, Ye, W, Wang, Z, Wang, J, et al. Exosomal USP13 derived from microvascular endothelial cells regulates immune microenvironment and improves functional recovery after spinal cord injury by stabilizing IκBα. Cell biosci (2023) 13(1):55. doi: 10.1186/s13578-023-01011-9

87. Thamphiwatana, S, Angsantikul, P, Escajadillo, T, Zhang, Q, Olson, J, Luk, B, et al. Macrophage-like nanoparticles concurrently absorbing endotoxins and proinflammatory cytokines for sepsis management. Proc Natl Acad Sci United States America. (2017) 114(43):11488–93. doi: 10.1073/pnas.1714267114

88. Li, R, He, Y, Zhu, Y, Jiang, L, Zhang, S, Qin, J, et al. Route to rheumatoid arthritis by macrophage-derived microvesicle-coated nanoparticles. Nano letters. (2019) 19(1):124–34. doi: 10.1021/acs.nanolett.8b03439

89. Yin, C, Zhao, Q, Li, W, Zhao, Z, Wang, J, Deng, T, et al. Biomimetic anti-inflammatory nano-capsule serves as a cytokine blocker and M2 polarization inducer for bone tissue repair. Acta biomater (2020) 102:416–26. doi: 10.1016/j.actbio.2019.11.025

90. Xie, J, Hu, Y, Li, H, Wang, Y, Fan, X, Lu, W, et al. Targeted therapy for peri-prosthetic osteolysis using macrophage membrane-encapsulated human urine-derived stem cell extracellular vesicles. Acta biomater (2023) 160:297–310. doi: 10.1016/j.actbio.2023.02.003

91. Sun, K, Wu, Y, Xu, J, Xiong, W, Xu, W, Li, J, et al. Niobium carbide (MXene) reduces UHMWPE particle-induced osteolysis. Bioactive mater (2022) 8:435–48. doi: 10.1016/j.bioactmat.2021.06.016

92. Pan, H, Miao, X, Deng, J, Pan, C, Cheng, X, and Wang, X. Bimetallic metal-organic framework for mitigating aseptic osteolysis. ACS Appl mater interf (2023) 15(4):4935–46. doi: 10.1021/acsami.2c19449

93. Gong, G, Wan, W, Liu, X, and Yin, J. Apelin-13, a regulator of autophagy, apoptosis and inflammation in multifaceted bone protection. Int immunopharmacol (2023) 117:109991. doi: 10.1016/j.intimp.2023.109991

94. Yin, J, Yin, Z, Lai, P, Liu, X, and Ma, J. Pyroptosis in periprosthetic osteolysis. Biomolecules (2022) 12(12). doi: 10.3390/biom12121733

95. Yin, J, Gong, G, Wan, W, and Liu, X. Pyroptosis in spinal cord injury. Front Cell Neurosci (2022) 16:949939. doi: 10.3389/fncel.2022.949939

96. Tarafder, S, and Bose, S. Polycaprolactone-coated 3D printed tricalcium phosphate scaffolds for bone tissue engineering: in vitro alendronate release behavior and local delivery effect on in vivo osteogenesis. ACS Appl mater interf (2014) 6(13):9955–65. doi: 10.1021/am501048n

97. Liu, Y, Shi, F, and Qu, S. Insight into the molecule impact of critical-sized UHMWPE-ALN wear particles on cells by the alginate-encapsulated cell reactor. Int J Mol Sci (2023) 24(4). doi: 10.3390/ijms24043510

98. Yin, Z, Gong, G, Wang, X, Liu, W, Wang, B, and Yin, J. The dual role of autophagy in periprosthetic osteolysis. Front Cell Dev Biol (2023) 11:1123753. doi: 10.3389/fcell.2023.1123753

99. Chen, W, Xian, G, Gu, M, Pan, B, Wu, X, Ye, Y, et al. Autophagy inhibitors 3-MA and LY294002 repress osteoclastogenesis and titanium particle-stimulated osteolysis. Biomater sci (2021) 9(14):4922–35. doi: 10.1039/d1bm00691f

100. Guo, T, Xing, Y, Zhu, H, Yang, L, Liu, G, and Qiao, X. Extracellular regulated kinase 5 mediates osteoporosis through modulating viability and apoptosis of osteoblasts in ovariectomized rats. Biosci Rep (2019) 39(9). doi: 10.1042/bsr20190432

101. Sarafrazi, N, Wambogo, E, and Shepherd, J. Osteoporosis or low bone mass in older adults: United States, 2017-2018. NCHS Data brief (2021) 405):1–8. doi: 10.15620/cdc:103477

102. Zeng, Q, Li, N, Wang, Q, Feng, J, Sun, D, Zhang, Q, et al. The prevalence of osteoporosis in China, a nationwide, multicenter DXA survey. J Bone mineral res: Off J Am Soc Bone Mineral Res (2019) 34(10):1789–97. doi: 10.1002/jbmr.3757

103. Eastell, R, O’Neill, T, Hofbauer, L, Langdahl, B, Reid, I, Gold, D, et al. Postmenopausal osteoporosis. Nat Rev Dis primers (2016) 2:16069. doi: 10.1038/nrdp.2016.69

104. Franks, L, Ford, B, and Prather, P. Selective estrogen receptor modulators: cannabinoid receptor inverse agonists with differential CB1 and CB2 selectivity. Front Pharmacol (2016) 7:503. doi: 10.3389/fphar.2016.00503

105. Lin, C, Yap, Y, Lee, K, Im, S, Naito, Y, Yeo, W, et al. Contrasting epidemiology and clinicopathology of female breast cancer in Asians vs the US population. J Natl Cancer Instit (2019) 111(12):1298–306. doi: 10.1093/jnci/djz090

106. Kim, K, Kim, T, Ihn, H, Kim, J, Choi, J, Shin, H, et al. Inhibitory Effect of Purpurogallin on Osteoclast Differentiation in Vitro through the Downregulation of c-Fos and NFATc1. Int J Mol Sci (2018) 19(2). doi: 10.3390/ijms19020601

107. Zhang, C, Zhong, Z, Sang, W, Ghorbani, F, Ghalandari, B, Mohamadali, M, et al. The dibenzyl isoquinoline alkaloid berbamine ameliorates osteoporosis by inhibiting bone resorption. Front endocrinol (2022) 13:885507. doi: 10.3389/fendo.2022.885507

108. Palmerini, E, Chawla, N, Ferrari, S, Sudan, M, Picci, P, Marchesi, E, et al. Denosumab in advanced/unresectable giant-cell tumour of bone (GCTB): For how long? Eur J Cancer (Oxford England: 1990) (2017) 76:118–24. doi: 10.1016/j.ejca.2017.01.028

109. Dore, R, Cohen, S, Lane, N, Palmer, W, Shergy, W, Zhou, L, et al. Effects of denosumab on bone mineral density and bone turnover in patients with rheumatoid arthritis receiving concurrent glucocorticoids or bisphosphonates. Ann rheum dis (2010) 69(5):872–5. doi: 10.1136/ard.2009.112920

110. Morikawa, N, Kato, Y, Takeshita, N, and Shimizu, Y. Pharmacological characterization of AS2690168, a novel small molecule RANKL signal transduction inhibitor. Eur J Pharmacol (2022) 924:174941. doi: 10.1016/j.ejphar.2022.174941

111. Pal, S, and Tyler, J. Epigenetics and aging. Sci adv (2016) 2(7):e1600584. doi: 10.1126/sciadv.1600584

112. Nishikawa, K, Iwamoto, Y, Kobayashi, Y, Katsuoka, F, Kawaguchi, S, Tsujita, T, et al. DNA methyltransferase 3a regulates osteoclast differentiation by coupling to an S-adenosylmethionine-producing metabolic pathway. Nat Med (2015) 21(3):281–7. doi: 10.1038/nm.3774

113. Wu, X, Zhao, K, Fang, X, Lu, F, Zhang, W, Song, X, et al. Inhibition of lipopolysaccharide-induced inflammatory bone loss by saikosaponin D is associated with regulation of the RANKL/RANK pathway. Drug design Dev Ther (2021) 15:4741–57. doi: 10.2147/dddt.S334421

114. Huang, Z, Jiang, Z, Zheng, Z, Zhang, X, Wei, X, Chen, J, et al. in vitroMethyl 3,4-dihydroxybenzoate inhibits RANKL-induced osteoclastogenesis via Nrf2 signaling and suppresses LPS-induced osteolysis and ovariectomy-induced osteoporosis. Acta Biochim Biophys Sinica (2022) 54(8):1068–79. doi: 10.3724/abbs.2022087

115. Li, J, Li, X, Zhou, S, Wang, Y, Lu, Y, Wang, Q, et al. Tetrandrine inhibits RANKL-induced osteoclastogenesis by promoting the degradation of TRAIL. Mol Med (Cambridge Mass). (2022) 28(1):141. doi: 10.1186/s10020-022-00568-4

116. He, W, Cao, X, Kong, K, Rong, K, Han, S, and Qin, A. viaCeritinib (LDK378) prevents bone loss suppressing Akt and NF-κB-induced osteoclast formation. Front endocrinol (2022) 13:939959. doi: 10.3389/fendo.2022.939959

117. Coleman, R, Lipton, A, Roodman, G, Guise, T, Boyce, B, Brufsky, A, et al. Metastasis and bone loss: advancing treatment and prevention. Cancer Treat Rev (2010) 36(8):615–20. doi: 10.1016/j.ctrv.2010.04.003

118. Rossi, A, Gridelli, C, Ricciardi, S, and de Marinis, F. Bone metastases and non-small cell lung cancer: from bisphosphonates to targeted therapy. Curr med Chem (2012) 19(32):5524–35. doi: 10.2174/092986712803833209

119. Ganguly, S, Li, X, and Miranti, C. The host microenvironment influences prostate cancer invasion, systemic spread, bone colonization, and osteoblastic metastasis. Front Oncol (2014) 4:364. doi: 10.3389/fonc.2014.00364

120. Furugaki, K, Moriya, Y, Iwai, T, Yorozu, K, Yanagisawa, M, Kondoh, K, et al. Erlotinib inhibits osteolytic bone invasion of human non-small-cell lung cancer cell line NCI-H292. Clin Exp metastasis (2011) 28(7):649–59. doi: 10.1007/s10585-011-9398-4

121. Brown, J, Cook, R, Major, P, Lipton, A, Saad, F, Smith, M, et al. Bone turnover markers as predictors of skeletal complications in prostate cancer, lung cancer, and other solid tumors. J Natl Cancer Instit (2005) 97(1):59–69. doi: 10.1093/jnci/dji002

122. Zhang, J, Dai, J, Qi, Y, Lin, D, Smith, P, Strayhorn, C, et al. Osteoprotegerin inhibits prostate cancer-induced osteoclastogenesis and prevents prostate tumor growth in the bone. J Clin Invest (2001) 107(10):1235–44. doi: 10.1172/jci11685

123. Keller, E, and Brown, J. Prostate cancer bone metastases promote both osteolytic and osteoblastic activity. J Cell Biochem (2004) 91(4):718–29. doi: 10.1002/jcb.10662

124. Domschke, C, and Schuetz, F. Side effects of bone-targeted therapies in advanced breast cancer. Breast Care (Basel Switzerland). (2014) 9(5):332–6. doi: 10.1159/000368844

125. O’Carrigan, B, Wong, M, Willson, M, Stockler, M, Pavlakis, N, and Goodwin, A. Bisphosphonates and other bone agents for breast cancer. Cochrane Database system Rev (2017) 10(10):CD003474. doi: 10.1002/14651858.CD003474.pub4

126. Liu, H, Liu, Z, Du, J, He, J, Lin, P, Amini, B, et al. Thymidine phosphorylase exerts complex effects on bone resorption and formation in myeloma. Sci Trans Med (2016) 8(353):353ra113. doi: 10.1126/scitranslmed.aad8949

127. Liu, H, He, J, Koh, S, Zhong, Y, Liu, Z, Wang, Z, et al. Reprogrammed marrow adipocytes contribute to myeloma-induced bone disease. Sci Trans Med (2019) 11(494). doi: 10.1126/scitranslmed.aau9087

128. Zeeuwen, P, Cheng, T, and Schalkwijk, J. The biology of cystatin M/E and its cognate target proteases. J Invest Dermatol (2009) 129(6):1327–38. doi: 10.1038/jid.2009.40

129. Li, X, Liang, Y, Lian, C, Peng, F, Xiao, Y, He, Y, et al. CST6 protein and peptides inhibit breast cancer bone metastasis by suppressing CTSB activity and osteoclastogenesis. Theranostics (2021) 11(20):9821–32. doi: 10.7150/thno.62187

130. Gai, D, Chen, J, Stewart, J, Nookaew, I, Habelhah, H, Ashby, C, et al. CST6 suppresses osteolytic bone disease in multiple myeloma by blocking osteoclast differentiation. J Clin Invest (2022) 132(18). doi: 10.1172/jci159527

131. Jin, L, Zhang, Y, Li, H, Yao, L, Fu, D, Yao, X, et al. Differential secretome analysis reveals CST6 as a suppressor of breast cancer bone metastasis. Cell Res (2012) 22(9):1356–73. doi: 10.1038/cr.2012.90

132. Wang, J, Du, X, Wang, X, Xiao, H, Jing, N, Xue, W, et al. Tumor-derived miR-378a-3p-containing extracellular vesicles promote osteolysis by activating the Dyrk1a/Nfatc1/Angptl2 axis for bone metastasis. Cancer letters. (2022) 526:76–90. doi: 10.1016/j.canlet.2021.11.017

133. Delgado-Calle, J, Sato, A, and Bellido, T. Role and mechanism of action of sclerostin in bone. Bone (2017) 96:29–37. doi: 10.1016/j.bone.2016.10.007

134. Delgado-Calle, J, Anderson, J, Cregor, M, Condon, K, Kuhstoss, S, Plotkin, L, et al. Genetic deletion of Sost or pharmacological inhibition of sclerostin prevent multiple myeloma-induced bone disease without affecting tumor growth. Leukemia (2017) 31(12):2686–94. doi: 10.1038/leu.2017.152

135. Clarke, B, and Drake, M. Clinical utility of serum sclerostin measurements. BoneKEy Rep (2013) 2:361. doi: 10.1038/bonekey.2013.95

136. Liu, H, He, J, Bagheri-Yarmand, R, Li, Z, Liu, R, Wang, Z, et al. Osteocyte CIITA aggravates osteolytic bone lesions in myeloma. Nat Commun (2022) 13(1):3684. doi: 10.1038/s41467-022-31356-7

137. Guo, Q, Wang, Y, Xu, D, Nossent, J, Pavlos, N, and Xu, J. Rheumatoid arthritis: pathological mechanisms and modern pharmacologic therapies. Bone Res (2018) 6:15. doi: 10.1038/s41413-018-0016-9

138. Papadaki, M, Rinotas, V, Violitzi, F, Thireou, T, Panayotou, G, Samiotaki, M, et al. New insights for RANKL as a proinflammatory modulator in modeled inflammatory arthritis. Front Immunol (2019) 10:97. doi: 10.3389/fimmu.2019.00097

139. Kovács, O, Tóth, E, Ozohanics, O, Soltész-Katona, E, Marton, N, Buzás, E, et al. Proteomic changes of osteoclast differentiation in rheumatoid and psoriatic arthritis reveal functional differences. Front Immunol (2022) 13:892970. doi: 10.3389/fimmu.2022.892970

140. Royzman, D, Andreev, D, Stich, L, Peckert-Maier, K, Wild, A, Zinser, E, et al. The soluble CD83 protein prevents bone destruction by inhibiting the formation of osteoclasts and inducing resolution of inflammation in arthritis. Front Immunol (2022) 13:936995. doi: 10.3389/fimmu.2022.936995

141. Parvizi, J, Tan, T, Goswami, K, Higuera, C, Della Valle, C, Chen, A, et al. The 2018 definition of periprosthetic hip and knee infection: an evidence-based and validated criteria. J arthrop (2018) 33(5):1309–14.e2. doi: 10.1016/j.arth.2018.02.078

142. Abdelaziz, H, Rademacher, K, Suero, E, Gehrke, T, Lausmann, C, Salber, J, et al. The 2018 international consensus meeting minor criteria for chronic hip and knee periprosthetic joint infection: validation from a single center. J arthrop (2020) 35(8):2200–3. doi: 10.1016/j.arth.2020.03.014

143. Depypere, M, Morgenstern, M, Kuehl, R, Senneville, E, Moriarty, T, Obremskey, W, et al. Pathogenesis and management of fracture-related infection. Clin Microbiol infect: Off Publ Eur Soc Clin Microbiol Infect Dis (2020) 26(5):572–8. doi: 10.1016/j.cmi.2019.08.006

144. Govaert, G, Kuehl, R, Atkins, B, Trampuz, A, Morgenstern, M, Obremskey, W, et al. Diagnosing fracture-related infection: current concepts and recommendations. J orthop trauma (2020) 34(1):8–17. doi: 10.1097/bot.0000000000001614

145. Benoit, M, Desnues, B, and Mege, J. Macrophage polarization in bacterial infections. J Immunol (Baltimore Md: 1950) (2008) 181(6):3733–9. doi: 10.4049/jimmunol.181.6.3733

146. Zheng, X, Hong, Y, Feng, G, Zhang, G, Rogers, H, Lewis, M, et al. Lipopolysaccharide-induced M2 to M1 macrophage transformation for IL-12p70 production is blocked by Candida albicans mediated up-regulation of EBI3 expression. PloS One (2013) 8(5):e63967. doi: 10.1371/journal.pone.0063967

147. Prince, L, Allen, L, Jones, E, Hellewell, P, Dower, S, Whyte, M, et al. The role of interleukin-1beta in direct and toll-like receptor 4-mediated neutrophil activation and survival. Am J pathol (2004) 165(5):1819–26. doi: 10.1016/s0002-9440(10)63437-2

148. De Filippo, K, Henderson, R, Laschinger, M, and Hogg, N. Neutrophil chemokines KC and macrophage-inflammatory protein-2 are newly synthesized by tissue macrophages using distinct TLR signaling pathways. J Immunol (Baltimore Md: 1950) (2008) 180(6):4308–15. doi: 10.4049/jimmunol.180.6.4308

149. Biondo, C, Mancuso, G, Midiri, A, Signorino, G, Domina, M, Lanza Cariccio, V, et al. The interleukin-1β/CXCL1/2/neutrophil axis mediates host protection against group B streptococcal infection. Infect immun (2014) 82(11):4508–17. doi: 10.1128/iai.02104-14

150. Chakravarti, A, Raquil, M, Tessier, P, and Poubelle, P. Surface RANKL of Toll-like receptor 4-stimulated human neutrophils activates osteoclastic bone resorption. Blood (2009) 114(8):1633–44. doi: 10.1182/blood-2008-09-178301

151. Yoshimoto, T, Kittaka, M, Doan, A, Urata, R, Prideaux, M, Rojas, R, et al. Osteocytes directly regulate osteolysis via MYD88 signaling in bacterial bone infection. Nat Commun (2022) 13(1):6648. doi: 10.1038/s41467-022-34352-z

152. Morita, Y, Saito, M, Rangel-Moreno, J, Franchini, A, Owen, J, Martinez, J, et al. Systemic IL-27 administration prevents abscess formation and osteolysis via local neutrophil recruitment and activation. Bone Res (2022) 10(1):56. doi: 10.1038/s41413-022-00228-7

153. Kalliolias, G, Zhao, B, Triantafyllopoulou, A, Park-Min, K, and Ivashkiv, L. Interleukin-27 inhibits human osteoclastogenesis by abrogating RANKL-mediated induction of nuclear factor of activated T cells c1 and suppressing proximal RANK signaling. Arthritis rheum (2010) 62(2):402–13. doi: 10.1002/art.27200

154. Furukawa, M, Takaishi, H, Takito, J, Yoda, M, Sakai, S, Hikata, T, et al. IL-27 abrogates receptor activator of NF-kappa B ligand-mediated osteoclastogenesis of human granulocyte-macrophage colony-forming unit cells through STAT1-dependent inhibition of c-Fos. J Immunol (Baltimore Md: 1950) (2009) 183(4):2397–406. doi: 10.4049/jimmunol.0802091

155. Terkawi, M, Kadoya, K, Takahashi, D, Tian, Y, Hamasaki, M, Matsumae, G, et al. Identification of IL-27 as potent regulator of inflammatory osteolysis associated with vitamin E-blended ultra-high molecular weight polyethylene debris of orthopedic implants. Acta biomater (2019) 89:242–51. doi: 10.1016/j.actbio.2019.03.028

156. Li, X, Luo, W, Hu, J, Chen, Y, Yu, T, Yang, J, et al. Interleukin-27 prevents LPS-induced inflammatory osteolysis by inhibiting osteoclast formation and function. Am J Trans Res (2019) 11(3):1154–69.

157. Shukla, P, Mansoori, M, Kakaji, M, Shukla, M, Gupta, S, and Singh, D. Interleukin 27 (IL-27) alleviates bone loss in estrogen-deficient conditions by induction of early growth response-2 gene. J Biol Chem (2017) 292(11):4686–99. doi: 10.1074/jbc.M116.764779

158. Kamiya, S, Nakamura, C, Fukawa, T, Ono, K, Ohwaki, T, Yoshimoto, T, et al. Effects of IL-23 and IL-27 on osteoblasts and osteoclasts: inhibitory effects on osteoclast differentiation. J Bone mineral Metab (2007) 25(5):277–85. doi: 10.1007/s00774-007-0766-8

159. Lundahl, M, Mitermite, M, Ryan, D, Case, S, Williams, N, Yang, M, et al. Macrophage innate training induced by IL-4 and IL-13 activation enhances OXPHOS driven anti-mycobacterial responses. eLife (2022) 11. doi: 10.7554/eLife.74690

160. Liang, T, Chen, J, Xu, G, Zhang, Z, Xue, J, Zeng, H, et al. STAT1 and CXCL10 involve in M1 macrophage polarization that may affect osteolysis and bone remodeling in extrapulmonary tuberculosis. Gene (2022) 809:146040. doi: 10.1016/j.gene.2021.146040

161. Wein, M, Liang, Y, Goransson, O, Sundberg, T, Wang, J, Williams, E, et al. SIKs control osteocyte responses to parathyroid hormone. Nat Commun (2016) 7:13176. doi: 10.1038/ncomms13176

162. Wooley, P, and Schwarz, E. Aseptic loosening. Gene Ther (2004) 11(4):402–7. doi: 10.1038/sj.gt.3302202

163. Rodan, G, and Martin, T. Therapeutic approaches to bone diseases. Sci (New York NY). (2000) 289(5484):1508–14. doi: 10.1126/science.289.5484.1508

164. Cosman, F, de Beur, S, LeBoff, M, Lewiecki, E, Tanner, B, Randall, S, et al. Clinician’s guide to prevention and treatment of osteoporosis. Osteop Int (2014) 25(10):2359–81. doi: 10.1007/s00198-014-2794-2

165. Weber, M, Homm, A, Müller, S, Frey, S, Amann, K, Ries, J, et al. Zoledronate causes a systemic shift of macrophage polarization towards M1 in vivo. Int J Mol Sci (2021) 22(3). doi: 10.3390/ijms22031323

166. Kaneko, J, Okinaga, T, Hikiji, H, Ariyoshi, W, Yoshiga, D, Habu, M, et al. Zoledronic acid exacerbates inflammation through M1 macrophage polarization. Inflammation regen (2018) 38:16. doi: 10.1186/s41232-018-0074-9

167. Basu, J, and Ludlow, J. Exosomes for repair, regeneration and rejuvenation. Expert Opin Biol Ther (2016) 16(4):489–506. doi: 10.1517/14712598.2016.1131976

168. Zhang, J, Chen, C, Hu, B, Niu, X, Liu, X, Zhang, G, et al. Exosomes derived from human endothelial progenitor cells accelerate cutaneous wound healing by promoting angiogenesis through erk1/2 signaling. Int J Biol Sci (2016) 12(12):1472–87. doi: 10.7150/ijbs.15514

169. Cao, H, Dan, Z, He, X, Zhang, Z, Yu, H, Yin, Q, et al. Liposomes coated with isolated macrophage membrane can target lung metastasis of breast cancer. ACS nano (2016) 10(8):7738–48. doi: 10.1021/acsnano.6b03148

170. Li, J, and Yin, J. Interleukin-10-alveolar macrophage cell membrane-coated nanoparticles alleviate airway inflammation and regulate Th17/regulatory T cell balance in a mouse model. Front Immunol (2023) 14:1186393. doi: 10.3389/fimmu.2023.1186393

171. Li, J, Wu, Y, Wang, J, Xu, X, Zhang, A, Li, Y, et al. Macrophage membrane-coated nano-gemcitabine promotes lymphocyte infiltration and synergizes antiPD-L1 to restore the tumoricidal function. ACS nano (2023) 17(1):322–36. doi: 10.1021/acsnano.2c07861

172. Song, X, Qian, R, Li, T, Fu, W, Fang, L, Cai, Y, et al. Imaging-guided biomimetic M1 macrophage membrane-camouflaged magnetic nanorobots for photothermal immunotargeting cancer therapy. ACS Appl mater interf (2022) 14(51):56548–59. doi: 10.1021/acsami.2c16457

173. Gao, C, Chen, Y, Cheng, X, Zhang, Y, Zhang, Y, Wang, Y, et al. A novel structurally identified epitope delivered by macrophage membrane-coated PLGA nanoparticles elicits protection against Pseudomonas aeruginosa. J nanobiotechnol (2022) 20(1):532. doi: 10.1186/s12951-022-01725-x

174. Wen, X, Xiong, X, Yang, G, Xiao, W, Hou, J, Pan, T, et al. A macrophage membrane-coated mesoporous silica nanoplatform inhibiting adenosine A2AR via in situ oxygen supply for immunotherapy. J Controlled release (2023) 353:535–48. doi: 10.1016/j.jconrel.2022.12.001

175. Wang, Y, Zhang, K, Li, T, Maruf, A, Qin, X, Luo, L, et al. Macrophage membrane functionalized biomimetic nanoparticles for targeted anti-atherosclerosis applications. Theranostics (2021) 11(1):164–80. doi: 10.7150/thno.47841

176. Lachiewicz, P, Kleeman, L, and Seyler, T. Bearing surfaces for total hip arthroplasty. J Am Acad Orthop Surg (2018) 26(2):45–57. doi: 10.5435/jaaos-d-15-00754

177. Kuehl, R, Brunetto, P, Woischnig, A, Varisco, M, Rajacic, Z, Vosbeck, J, et al. Preventing implant-associated infections by silver coating. Antimicrobial Agents chemother (2016) 60(4):2467–75. doi: 10.1128/aac.02934-15

178. Prinz, C, Elhensheri, M, Rychly, J, and Neumann, H. Antimicrobial and bone-forming activity of a copper coated implant in a rabbit model. J biomater applications (2017) 32(2):139–49. doi: 10.1177/0885328217713356

179. Ghosh, R, Swart, O, Westgate, S, Miller, B, and Yates, M. Antibacterial copper-hydroxyapatite composite coatings via electrochemical synthesis. Langmuir: ACS J surf colloids (2019) 35(17):5957–66. doi: 10.1021/acs.langmuir.9b00919

180. Xie, C, Lu, X, Wang, K, Meng, F, Jiang, O, Zhang, H, et al. Silver nanoparticles and growth factors incorporated hydroxyapatite coatings on metallic implant surfaces for enhancement of osteoinductivity and antibacterial properties. ACS Appl mater interf (2014) 6(11):8580–9. doi: 10.1021/am501428e

181. Nalepka, J, Lee, M, Kraay, M, Marcus, R, Goldberg, V, Chen, X, et al. Lipopolysaccharide found in aseptic loosening of patients with inflammatory arthritis. Clin orthop related Res (2006) 451:229–35. doi: 10.1097/01.blo.0000224050.94248.38

182. Moojen, D, van Hellemondt, G, Vogely, H, Burger, B, Walenkamp, G, Tulp, N, et al. Incidence of low-grade infection in aseptic loosening of total hip arthroplasty. Acta orthop (2010) 81(6):667–73. doi: 10.3109/17453674.2010.525201

183. Trampuz, A, Piper, K, Jacobson, M, Hanssen, A, Unni, K, Osmon, D, et al. Sonication of removed hip and knee prostheses for diagnosis of infection. New Engl J Med (2007) 357(7):654–63. doi: 10.1056/NEJMoa061588

184. Chen, W, Bichara, D, Suhardi, J, Sheng, P, and Muratoglu, O. Effects of vitamin E-diffused highly cross-linked UHMWPE particles on inflammation, apoptosis and immune response against S. aureus Biomater (2017) 143:46–56. doi: 10.1016/j.biomaterials.2017.07.028

185. Hosman, A, Bulstra, S, Sjollema, J, van der Mei, H, Busscher, H, and Neut, D. The influence of Co-Cr and UHMWPE particles on infection persistence: an in vivo study in mice. J orthop Res (2012) 30(3):341–7. doi: 10.1002/jor.21526

186. Bernard, L, Vaudaux, P, Huggler, E, Stern, R, Fréhel, C, Francois, P, et al. Inactivation of a subpopulation of human neutrophils by exposure to ultrahigh-molecular-weight polyethylene wear debris. FEMS Immunol Med Microbiol (2007) 49(3):425–32. doi: 10.1111/j.1574-695X.2007.00222.x

187. Wang, W, Han, B, Chen, J, Tian, H, Sun, M, Jiang, Y, et al. Tolerogenic dendritic cells suppress titanium particle-induced inflammation. Exp Ther Med (2021) 22(1):712. doi: 10.3892/etm.2021.10144

188. Wang, G, Chen, K, Ma, C, Wang, C, Chen, D, He, J, et al. Roburic acid attenuates osteoclastogenesis and bone resorption by targeting RANKL-induced intracellular signaling pathways. J Cell Physiol (2022) 237(3):1790–803. doi: 10.1002/jcp.30642

189. Wang, G, Ma, C, Chen, K, Wang, Z, Qiu, H, Chen, D, et al. Cycloastragenol attenuates osteoclastogenesis and bone loss by targeting RANKL-induced nrf2/keap1/ARE, NF-κB, calcium, and NFATc1 pathways. Front Pharmacol (2021) 12:810322. doi: 10.3389/fphar.2021.810322




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Yin, Gong, Liu and Yin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Mechanism of regulating macrophages/osteoclasts in attenuating wear particle-induced aseptic osteolysis

      

        		

          1 Introduction

        



        		

          2 Macrophages

        



        		

          3 Osteoclasts

        



        		

          4 Inhibiting RANKL/MAPKs (ERK, JNK and p38)/NF-κB pathway

        



        		

          5 Anti-oxidation and hindering ROS formation

        



        		

          6 Inhibiting inflammation

        



        		

          7 Other forms of osteolysis mediated by macrophages/osteoclasts

        

          		

            7.1 Osteoporosis

          



          		

            7.2 Bone tumor

          



          		

            7.3 Rheumatoid arthritis

          



          		

            7.4 Bacterial infection of bone

          



        



        



        		

          8 Disscussion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1274679-g001.jpg
' Wear particles
Exosomal m
miR-3470b RANK

&

l Intergrin

N

. LA
S~
’l

Nucleus
. . — 2

Autophagy

Pt@ZIF-8@La

UHMWPE-ALN

2

UHMWPE-ALN






OEBPS/Images/table1.jpg
Intervention = Key Mole- Cell model Molecular mechanism
target/ cules or
agents Pathways
Macrophages- TAB3,NF-xB  Calvarial Macrophages stimulated by Ti ~ Exosomal miR-3470b inhibits osteoclast differentiation by 51
derived exosomes | signaling osteolysis particles co-cultured with targeting TAB3/NF-KB.
induced by Ti osteoclasts and osteoblasts
particles respectively
TYMP FYN, c-Myc, Calvarial Macrophages stimulated by TYMP promotes osteoclast differentiation by activating 53
P65, RELB, osteolysis UHMWPE integrin-FYN, thereby initiating MAPKs and NF-kB signaling
MEK1/2, induced by pathways.
ERK1/2, NF-kB ~ UHMWPE or
TYMP
Icariin NF-kB, Ero, Calvarial BMDMs stimulated by ICA alleviates osteolysis and inflammatory factors through 60
TNF-o0, IL-6 osteolysis CoCrMo ERo-mediated NF-kB signaling pathway.
induced by
CoCrMo
FNC ROS, p65, p38, Calvarial BMDMs stimulated by M-CSF FNC inhibits osteoclast activation and osteolysis by reducing 90
JNK osteolysis and RANKL ROS generation. NE-kB and MAPKSs signaling pathways may
induced by be involved.
UHMWPE
MM-Exos ROS, RANKL, Calvarial RAW264.7 stimulated by MM-Exos can be targeted and enhance the effect of exosomes. = 89
IL- 6, TNF- o. osteolysis UHMWPE and RANKL MM-Exos not only inhibits osteoclastogenesis by reducing
induced by ROS, IL-6 and TNF-0, but also promotes the expression of
UHMWPE osteogenic OCN.
NRF2 ROS, IL-1B, Calvarial Osteoclast (from BMDMs Deletion of NRF2 promotes osteoclast differentiation and 83
TNF-o0, Bcl-2, osteolysis stimulated by M-CSF and inhibits osteogenesis of osteoblasts. TBHQ enhances the anti-
BAX, OPN, induced by Ti RANKL) and osteoblasts osteolytic effect of NRE2 by blocking ROS accumulation.
Coll particles or Co- stimulated by Ti particles
particles
Pt@ZIF-8@La ROS, IL-1B, Calvarial RAW264.7 and MC3T3-El Pt@ZIF-8@La scavenges ROS to relieve inflammation of RAW 91
TNF-0, OCN osteolysis stimulated by Ti particles 264.7 and promote the ratio of OPG/RANKL in MC3T3-E1
RUNX2, OPG, induced by Ti cells and osteogenic effect.
Osterix, particles
UHMWPE-ALN TNF-0, IL-6, Not implemented RAW264.7 stimulated by ALN released from UHMWPE-ALN wear particles inhibits 96
IL-1B UHMWPE the expression of TNF-q, IL-6, and IL-1B and promotes
RAW264.7 apoptosis, while promoting osteoblast OPG and
down-regulating RANKL.
3-MA, LY294002, TNF-o0, IL-1B, Calvarial RAW264.7 stimulated by Inhibition of autophagy alleviates osteoclast activation. 98
Atg5 gene IL-6 osteolysis RANKL
knockout induced by Ti
particles

ALP, alkaline phosphatase; BMDMs, bone marrow derived macrophages; Col1, collagen 1 ; Co-particles, cobalt-chromium-molybdenum alloy particles; Era, estrogen receptor o ; ENC, few-
layered Nb,C, a new type of antioxidant; FYN, tyrosine kinase; ICA, icariin; MM-Exos, macrophage membrane encapsulated urine-derived stem cell-derived exosomes; NRF2, nuclear factor
erythroid derived 2-related factor 2; OCN, osteocalcin; OPG, osteoprotegerin; Pt@ZIF-8@La, platinum@zinc imidazolium zeolite framework-8@lanthanum; RANKL, receptor activator of
nuclear factor kappa-B ligand ; ROS, reactive oxygen species; TAB3, transforming growth factor-B (TGE-P)-activated kinase 1 (TAK1)-binding protein 3; TBHQ, tert-butylhydroquinone, an
NRE2 agonist ; Ti, titanium; TYMP, thymidine phosphorylase; UHMWPE, ultra-high molecular weight polyethylene ; UHMWPE-ALN, UHMWPE loaded with alendronate sodium.





OEBPS/Images/fimmu.2023.1274679_cover.jpg
& frontiers | Frontiers in Immunology

Mechanism of regulating
macrophages/osteoclasts in attenuating
wear particle-induced aseptic osteolysis





