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Abstract

:

Biomaterials are designed to replace and augment living tissues in order to provide functional support to skeletal deformities. However, wear debris produced from the interfaces of metal implants initiates inflammatory bone loss, causing periprosthetic osteolysis. Lately, fibroblast-like synoviocytes (FLS) have been shown to play a role in wear-debris-induced osteolysis. Thus, here we have tried to understand the underlying mechanism of FLS involvement in wear-debris-induced osteolysis. Our results demonstrate that the effects of Ti particle (1:100 cell-to-Ti particle ratio) on FLS can induce Cox-2 expression and activate NFkB signaling. Moreover, the mRNA expression of pro-inflammatory cytokines such as IL-6, IL-8, IL-11, IL-1β, and TNFα was found to be elevated. However, among these pro-inflammatory cytokines, the mRNA and protein levels of only IL-6, IL-1β, and TNFα were found to be significantly higher. Ti particles activated extracellular signal-regulated kinase (ERK) and c-Jun N-terminal kinase (JNK) mitogen-activated protein kinases (MAPKs) as an early response in FLS. Co-inhibition of ERK and JNK signaling pathways by their specific inhibitors (PD9805 and SP600125, respectively) resulted in the suppression of mRNA and protein levels of IL-6, IL-1β, and TNFα in FLS. Taken together, targeting ERK and JNK MAPKs in FLS might provide a therapeutic option for reducing the secretion of bone-resorbing pro-inflammatory cytokines, thus preventing periprosthetic osteolysis.
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1. Introduction


Degenerative skeletal diseases such as osteoarthritis, rheumatoid arthritis, and osteoporosis lead to skeletal disabilities and often require total joint arthroplasty (TJA) to provide restoration of function and pain relief. TJA is an overwhelming successful surgical intervention of modern medicine that is a remarkably effective and safe method of treatment [1,2]. Annually, millions of people (>1.3 million) undergo TJA [3]. However, within 10 years of surgery, up to 20% of these cases require a revision [4]. Moreover, as young and more active populations are undergoing TJA with insufficient implant durability, more TJAs revisions are expected [5]. Wearing of prosthetic implants with time is the major concern related to TJAs [6]. Particulate debris can be produced by diverse kinds of processes, including corrosion, micromotion, and oxidative reactions of implants [7]. The buildup of particulate debris from the interface of orthopedic implants can trigger biological response leading to aseptic loosening and immense bone loss, requiring revision of surgery for the patients [8]. The size of osteolytic lesions and the subsequent risks are extensively reliant on the arrangement of the implants and the size and state of the particles [9,10]. A progressive insidious bone resorption event associated with a well-functioning TJA is often referred to as periprosthetic osteolysis. The inability to diagnose the severity of bone defects at early stages eventually leads to bone destruction in the vicinity of implants, requiring early surgical interventions [11].



The pathogenesis of implant loosening is still not clear, but genetical, biological, and mechanical factors might be the contributing factors for implant-induced osteolysis [12,13]. Varied osteolytic responses to wear debris have highlighted the fact that genetic variation among the inflammatory and bone turnover signaling pathways are crucial factors for assessing the susceptibility of patients to osteolysis [3,14]. Anti-bone resorptive drugs such as bisphosphonates are available for pharmacological interventions for treating osteolysis. However, these drugs are useful only in the initial stages of osteolysis. Thus, in the absence of any regime of treatment, researchers are focusing on the cellular and molecular levels to study this multifactorial disease state and understand the molecular mechanism. A detailed insight into the molecular event could help in identifying any novel therapeutic targets.



The generation of wear particles from articular surfaces of a prosthesis forms a granulomatous periprosthetic membrane, which is abundant in macrophages, fibroblasts, chondrocytes, lymphocytes, endothelial cells, mesenchymal stem cells (MSCs), and implant-derived wear particles [15,16]. The majority of these cells can phagocyte the wear particles. Wear-debris-stimulated macrophages are the most prominent cells, which upon phagocytosing the submicron size wear particle secrete a variety of pro-inflammatory cytokines (IL-6, IL-11. IL-8, IL-1β, TNF-α, etc.) and bone-resorbing mediators (matrix metalloproteinases—MMP-1, MMP-13, RANKL), mediating bone degradation [17,18]. Dendritic cells are other immune cells that are able to releases various pro-inflammatory cytokines in response to wear particles [19].



In granulomatous soft tissue membranes around bone–prosthesis interfaces that are separate from the monocyte or macrophage cell linage, fibroblasts such as fibroblast-like synoviocytes (FLS) are the other cell types that are in close contact with wear debris. Recently, the role of FLS in the pathogenesis of aseptic loosening has been acknowledged. The dynamic integrity and the composition of the synovial fluid and extracellular matrix of the joints is maintained by FLS [20,21]. FLS can cause destruction of the extracellular matrix of bone by secreting bone-resorbing MMPs, stromelysin, and collagenase in response to wear debris [22]. Moreover, in response to wear debris, FLS releases pro-inflammatory cytokines like IL-6, IL-8, IL-1β, TNF-α, MCP-1, and RANKL [23]. These factors have a vital role in elevating bone-resorbing processes such as osteoclastogenesis. Ti and its alloys are the most promising biomaterials, which have been widely used in various kinds of arthroplasty prostheses and dental implants. Due to the formation of a stable thin oxide layer on its surface, Ti has superior biocompatibility and excellent corrosion resistance properties [4]. The process of passivation or repassivation spontaneously forms an oxide film on its surface. However, poor tribological properties and weak fretting fatigue resistance due to their low hardness make Ti and its alloys less favorable under strained mechanical conditions [24]. Because of these characteristics, a substantial number of Ti particles are often observed in tissues nearby the failed implants [25], and an ever-increasing accumulation of Ti particles can be expected over time. Recently, FLS has been shown to contribute either in an autocrine or paracrine manner to the complex milieu of periprosthetic space. However, the mechanism by which Ti particles affect FLS leading to secretion pro-inflammatory cytokines remains elusive. Henceforth, the purpose of this study was to investigate the effect of Ti particles on the human FLS cell line and to investigate the probable mechanism by which it might affect or participate in the process of bone loss during periprosthetic osteolysis.




2. Materials and Methods


2.1. Preparation of Ti Particles


Ti particles for this study were purchased from Johnson Matthey Company (Ward Hill, MA, USA). About 86% of Ti particles were of <10 μm in diameter and were confirmed by histologic analysis. Initially, Ti particles were sterilized by an overheated process of 6 h at 180 °C and kept submerged for 48 h in 70% ethanol. Next, Ti particles were suspended and preserved in sterile phosphate-buffered saline (PBS). For this study, Limulus assay (E-TOXATE; Sigma Aldrich, St Louis, MO, USA) confirmed that particles were endotoxin-free.




2.2. Cell Culture


The human synovial cell line, SW982, was obtained from the American Type Culture Collection (Rockville, MD, USA). SW982 cells were grown and maintained in sterile Dulbecco’s modified Eagle’s medium (DMEM) at 37 °C in a 5% CO2 incubator. To make complete growth medium, 10% fetal bovine serum (FBS: Gibco, Thermo Fisher, Grand Island, NY, USA), 2 mM L-glutamine, 100 U/mL penicillin, and 100 U/mL streptomycin (Invitrogen, Carlsbad, CA, USA) were added to DMEM.




2.3. MTT Assay


The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT; Sigma Aldrich, St Louis, MO, USA) assay was performed to evaluate the viability of cells after giving stimulation of Ti particles to SW982 cells, as per our lab-established protocol. Cells were cultured into 96-well plates and incubated overnight until reaching the required confluency level. The next day, MTT reagent at a concentration of 5 mg/mL per well was added and further incubated for 3 to 4 h at 37 °C in a 5% CO2 incubator after removal of culture media. Dark purple formazan, produced as a result of viable cells with an active metabolism, was dissolved by adding 200 µL/well of dimethyl sulfoxide (DMSO). Finally, the optical density of each sample was read at 570 nm by using a plate-reading spectrophotometer.




2.4. Lactate Dehydrogenase Activity (LDH) Assay


Cytotoxicity detection kit (Roche Diagnostics, Indianapolis, IN, USA) was used to measure LDH released into the cell culture media from damaged cells. To perform LDH activity assays, 10 μL cell culture media was used and added into a new 96-well plate with 40 μL sterile PBS. Then, 50 μL of LDH reagent provided in the kit was added to each well. The plate was then kept in the dark for incubation (45 min). Stop solution was added into each well to stop the enzymatic reaction. Spectrophotometer at 490 nm wavelength was used to measure optical density. For positive control, complete cell lysate was used.




2.5. Protein Isolation and Western Blotting


RIPA (Radioimmunoprecipitation assay buffer) cocktail buffer supplement with protease inhibitors (Roche Diagnostics, Indianapolis, IN, USA) was added into the wells for cell lysis. The protein concentration of each sample was evaluated using a protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA). As per our lab manual, SDS-polyacrylamide gel electrophoresis was performed with the isolated total protein [26]. The membrane was probed with the required primary antibodies against Cox-2, IκBα, phospho-extracellular signal-regulated kinase (pERK), ERK, phospho-c-Jun N-terminal kinase (pJNK), JNK, phospho-p38 (p-p38), and p38 (Cell Signaling Technology, Danvers, MA, USA). As a loading control, β-actin antibody (Santa Cruz Biotechnology, Dallas, TX, USA) was used. Blots were rinsed twice with 10 mM Tris-HCl, 50 mM NaCl, 0.25% Tween 20 (TBST) prior to secondary antibody treatment. Target proteins on blots were detected with horseradish-peroxidase-conjugated secondary antibody and visualized using treating chemiluminescence reagents (Bionote, Inc., Gyeonggi-do, Korea).




2.6. RNA Isolation and Real-Time RT-PCR


Total RNA was harvested from the cells by adding Trizol reagent (Invitrogen). The quality and integrity of RNA samples were evaluated carefully before performing RT-PCR. For synthesized first-strand cDNA, total RNA (2 µg) was used with SuperScript II (Invitrogen, Carlsbad, CA, USA). Each PCR blend contained one-tenth of the cDNA and EXPRESS SYBR green qPCR Supermix (BioPrince, Seoul, Korea). In the real-time PCR analysis, the thermal cycle reaction included about 10 min preheating of samples at 95 °C and amplification of 50 cycles at 95 °C for 20 s, 60 °C for 20 s, and 72 °C for 25 s. The relative mRNA expressions of each selected target gene were standardized and normalized to the housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH). For quantification, the ΔΔCT method was used. The sequences of primers used for RT-PCR are listed in Table 1.




2.7. Luciferase Assay


SW982 cells were cultured in a 24-well plate at a confluence of 4 × 105 cells. Then, cells were transfected with 100 ng AP-1 plasmid construct (Addgene, Cambridge, MA, USA) and another Renilla luciferase thymidine construct (Invitrogen) by utilizing Genefectine transfection reagent (Genetrone Biotech Co., Seoul, Korea), as per the manufacturer’s recommendation. Ti particles were treated for 24 h to transfect the cells. The luciferase activity was assessed with cell lysate of SW982 cells using a dual-luciferase assay kit (Promega, Sunnyvale, CA, USA). Luminometer (Glomax, Promega) was utilized to measure luciferase activity. Every sample reading was standardized and normalized with Renilla luciferase activity.




2.8. ELISA


ELISA kit was used for the quantitative measurement of pro-inflammatory cytokines, such as IL-6 (Ab Frontier, Seoul, Korea), IL-1β (Ab Frontier), and TNFα (ABclonal Biotechnology, Woburn, MA, USA), in the cell culture medium. ELISA was performed as per the manufacturer’s protocol.




2.9. Statistical Analysis


All the statistical data associated with this study were analyzed by Graphpad Prism 8.2 (San Diego, CA, USA) and assessed by a two-tailed Student’s t-test. Values measuring p < 0.05 were considered to indicate statistical significance.





3. Results


3.1. Ti Particles Induce Inflammation in FLS


Initially, any effect of Ti particles as wear debris on fibroblast-like synoviocytes (FLS) was analyzed. In this study, the SW982 synovial cell line was used to depict FLS-like characteristics [27]. Several cell-to-Ti particles ratios were used for the treatment of SW982 for 24 h, and any effects of Ti particles on the cell viability and cell toxicity were analyzed by MTT and LDH assays, respectively. The results demonstrated that until reaching a ratio of 1:100 (cells to Ti particles), there was no effect on the cell viability or cell cytotoxicity of SW982 cells (Figure 1A,B). Hence, a ratio of 1:100 was used for further experiments. As evidenced by RT-PCR results, a time-dependent treatment with Ti particles of SW982 cells showed induction in the mRNA expression pro-inflammatory marker, Cox-2 (Figure 1C). After 3 h of treatment, a 5-fold increase in Cox-2 mRNA was observed, while after 6 h and until the observed time point a 24 h, nearly 10-fold mRNA induction was recorded (Figure 1C).



Further, Ti particles were treated with SW982 cells for 6, 12, and 24 h, and the expression level of Cox-2 expression was analyzed by Western blotting. The results showed that after 6 h of treatment, an induction in the expression level of Cox-2 was observed until 24 h compared to the control (Figure 1D). Moreover, phosphorylation of IκBα was observed after 6 h of Ti particle treatment until 24 h compared to the control, implicating activation of NFκB signaling activity. The instability of IκBα further verified the activation of NFκB signaling after the treatment of Ti particles to SW982 cells. Taken together, the results here clearly demonstrate the induction of Cox-2 and NFκB signaling pathways in FLS after Ti particle treatment for FLS.




3.2. Ti Particles Induced the Expression of Pro-Inflammatory Cytokines in FLS


As we observed an induction of the Cox-2 and NFκB signaling pathway, an analysis of the release of cytokines in FLS after the treatment with Ti particles was required. For this, SW982 cells were treated with Ti particles for 6, 12, 24, and 48 h, and mRNA was collected. RT-PCR analysis demonstrated an increase in the mRNA expression of IL-6, IL1β, TNFα, IL-8, and IL-11 in SW982 cells after 12 h of treatment (Figure 2A–E). However, the mRNA expression levels at 12 h varied for each cytokine—IL-6 showed 3-fold, IL1β showed 4.5-fold, TNFα showed 3.5-fold, IL-8 showed 2-fold, and IL-11 showed 1.5-fold expression. Maximum mRNA expression was observed at 48 h for most of the cytokines—IL-6 showed 4.5-fold, IL1β showed 5.5-fold, TNFα showed 6-fold, IL-8 showed 2-fold, and IL-11 showed 2.5-fold expression. Since maximum induction of more than 4-fold or above was observed for IL-6 (4.5 fold), IL1β (5.5 fold), and TNFα (6.5 fold), we tried to analyze the secreted amounts of these cytokines in the culture medium. ELISA results showed that after 48 h of Ti particle treatment of SW982 cells, elevated amounts of IL-6 (3300pg/mL), IL1β (2218 pg/mL), and TNFα (2111 pg/mL) were observed in the culture medium (Figure 2B(a–c)).




3.3. Ti Particles Activate ERK and JNK Signaling Pathways in FLS


Any activation of mitogen-activated protein kinase (MAPKs) in FLS via treatment with Ti particles was assessed at early time points by Western blotting. Ti particle stimulation of SW982 cells induced the phosphorylation of ERK MAPKs at an early time point of 15 min until 2 h of treatment (Figure 3). Quantification of Western bands showed a significant increment in the phosphorylation of ERK MAPKs (Figure 3A(a)). Similarly, phosphorylation of JNK was also observed after 15 min of Ti particle treatment until 2 h. In the case of JNK MAPKs, a significant increase in the phosphorylation of JNKs was recorded after 30 min of Ti particle stimulation of SW982 cells (Figure 3A(b)). However, any phosphorylation of p38 was not observed after the Ti particle treatment for the above time course. Moreover, the increased luciferase reporter activity of the activator protein-1 (AP-1) construct confirmed the activation of MAPK signaling pathways in Ti-particle-treated SW982 cells. This implies that the ERK and JNK signaling pathway might be involved in the secretion of inflammatory cytokines in Ti-particle-treated SW982 cells.




3.4. Co-Inhibition of ERK and JNK Signaling Pathways Suppressed Secretion of IL-6, IL1β, and TNFα from FLS


To define the role of activated ERK and JNK pathways in the secretion of inflammatory cytokines in Ti-particle-stimulated FLS, we tried to inhibit the respective MAPKs with their specific inhibitors and analyzed the secretion of cytokines from FLS. SW982 cells pre-incubated with either PD98059 (5 µM), SP600125 (5 µM), or PD98059 along with SP 600,125 for 30 min were treated with Ti particles for 48 h. The concentration of PD98059 + SP 600,125 utilized for inhibition was enough to inhibit the activity of ERK and JNK in SW982 cells. The mRNA was harvested after 48 h of treatment and screened for the expression of IL-6, IL1β, and TNFα. Treatment alone with either PD98059 or SP600125 was not sufficient to block the secretion of IL-6, IL1β, and TNFα from Ti-particle-stimulated SW982 cells. However, co-inhibition of ERK and JNK MAPKs resulted in suppression of mRNA expression of IL-6, IL1β, and TNFα in Ti-particle-stimulated SW982 cells (Figure 4A(a–c)). Moreover, ELISA results also demonstrated that the co-inhibition of ERK and JNK MAPKs in Ti-particle-stimulated SW982 cells was able to significantly reduce the secretion of IL-6, IL1β, and TNFα (Figure 4B(a–c)).





4. Discussion


The prostheses used in TJA have to mimic natural functional roles, and thus have to withstand mechanical and chemical challenges and provide a durable, smooth sliding surface for painless stable movement over a period of time [28]. All total joint replacement implants are exposed to particulates from the bearing surfaces, fabrication wear debris, and additional by-products of the different materials cast in the surgical reconstruction [29]. Aseptic loosening of implants usually follows after periprosthetic osteolysis in the majority of cases, which unfortunately is asymptomatic in nature for a long time. It may be observed that a fibrous membrane, irregularly organized and resembling synovial tissue, can form around the bone–prosthesis interface post-operatively [30]. This synovial-like interfacial membrane is primarily composed of macrophages and fibroblasts and enables the expansion of particle disease across the prosthetic tissue via the joint fluid. Numerous researchers have admitted that the FLS might play a decisive role during the initial stage of the biological reaction of the body to wear debris generation [7,31,32]. Hence, this study aimed to assess the response of FLS to Ti particles as wear debris and investigate the probable mechanism behind this. Usually, primary FLS from the synovial membrane is the preferred choice to study the physiological response of FLS to inflammatory signals. However, primary FLS are associated with certain drawbacks, such as difficulties in harvesting and establishing the culture, due to heterogenous clones, a lack of reproducibility, and varying outcomes due to non-standardized patient tissue samples. Thus, herein SW982 cells were utilized in the human synovial cell line. SW982 cells have been shown to possess characteristic features similar to FLS in synovium and have been successfully used to study rheumatoid arthritis [27]. Elevated Cox-2 expression along with the activation of NFκB signaling pathway in SW982 confirmed an inflammatory response to Ti particle treatment (Figure 1C,D). A cell-to-Ti particle ratio of 1:100 was sufficient to induce this inflammatory response without affecting the cell viability or toxicity of SW982 cells (Figure 1A,B).



In response to wear debris, FLS has been shown to secrete various pro-inflammatory cytokines in the synovium [33,34]. Since Ti particles induced Cox-2 expression and activated the NFκB signaling pathway in SW982, we expected an induction of the release of pro-inflammatory cytokines from Ti-particle-stimulated SW982 cells. Our results showed increased mRNA expression of IL-6, IL-8, IL-11, IL-1β, and TNFα in 48 h Ti-particle-treated SW982 cells (Figure 2A(a–e)). However, among these, the induction of cytokines IL-6, IL-1β, and TNFα was more than 5-fold. Hence, we analyzed the amounts of these cytokines in the medium using ELISA. The results showed elevated amounts of IL-6 (~3500 pg/mL), IL-1β (~2400 pg/mL), and TNFα (~2300 pg/mL) in the medium containing 48 h Ti-particle-treated SW982 cells (Figure 2B(a–c)). Induction of cytokines at mRNA and protein levels confirmed our inflammatory FLS model of SW982 cells, as well established the release of inflammatory mediators in the medium containing Ti-particle-stimulated SW982 cells. As discussed, FLS are crucial for the maintenance of the synovium, as they contribute to the extracellular matrix state of the synovial membrane. Joints are encapsulated with synovium, which is responsible for providing structural support, lubrication abilities, and nutrition to the cartilage. Hence, it has been clinically suggested that during total hip replacements, some of the synovium could be retrieved to lessen the friction amongst the different parts of the implants [35]. However, considering the release of pro-inflammatory cytokines by FLS in response to wear debris, a retrieval of synovium for lubrication purposes should be reconsidered by the clinicians after replacement surgeries.



Activation of MAPKs by wear particles is associated with induced inflammatory responses in various cell types [36,37,38]. Wear debris has been shown to stimulate intracellular signaling pathways such as MAPKs, leading to the secretion of pro-inflammatory cytokines. For example, Ti particles have been shown to activate MAPKs in macrophages to induce the secretion of various cytokines [39]. Hence, we analyzed any activation of MAPKs in Ti-particle-treated FLS at early time points (Figure 3). The results demonstrated the activation of ERK and JNK signaling pathways after 15 min of stimulation of SW982 cells with Ti particles. Activation of the ERK signaling pathway is associated with the release of IL-6 in osteoprogenitors [40], while JNK MAPKs have been shown to mediate the release of pro-inflammatory cytokines in macrophages [41]. Concurrently, we found that Ti particles have the ability to activate ERK and JNK signaling pathways in the case of FLS.



The P38 MAPK signaling pathway has been shown to be activated by Ti particles in mouse osteoclasts, and its inhibition is shown to be associated with the downregulation of inflammatory osteolysis [42]. However, no activation of p38 MAPK was not observed in SW982 cells (Figure 3). Likewise, no activation of p38 by Ti particles has been reported in osteoblasts [36]. It appears that p38 signaling activation depends on the cell type, which might be essential for osteoclasts and macrophages, contributing to the inflammatory osteolysis.



In order to investigate any relationship of the activation of ERK and JNK signaling pathways with the release of pro-inflammatory cytokines (IL-6, IL-1β, and TNFα) in SW982 cells, we tried to inhibit the ERK and JNK MAPKs with their specific inhibitors (PD98059 for ERK and SP600125 for JNK) and analyzed any effects on the induction of mRNAs and secretion of IL-6, IL-1β, and TNFα from SW982 cells. Inhibition of either ERK or JNK MAPKs did not affect the release of IL-6, IL-1β, and TNFα in SW982 cells. However, a co-inhibition of both MAPKs (ERK and JNK MAPKs) significantly reduced the cytokines’ mRNA induction, as well as the secretion in the cellular medium of SW982 cells (Figure 4A,B). Thus, it can be assumed that in the case of FLS, Ti particles activate ERK and JNK MAPKs to induce secretion of pro-inflammatory cytokines, such as IL-6, IL-1β, and TNFα. Enhanced secretion of these cytokines might further aggravate the bone resorbing process at the site of wear-debris-induced inflammatory osteolysis. For instance, TNF-α from macrophages has been shown to affect the osteogenic ability of osteoprogenitors, IL-6 acts as a chemokine to attract macrophages at the site of inflammation, and IL-1β is known to induce osteoclasts formation [40,43]. Thus, inhibition of the ERK and JNK MAPKs might be able to reduce the secretion of IL-6, IL-1β, and TNFα in FLS, which in turn could help in suppressing the hyper immunological cellular damage around the implants.



However, as the inhibition of ERK and JNK MAPKs could not completely block the secretion of cytokines from Ti-particle-stimulated FLS, this raises the possibility of involvement of other signaling pathways. For instance, the JAK-STAT signaling pathway has been reported to be involved with the secretion of pro-inflammatory cytokines during wear-debris-induced osteolysis [44]. Moreover, we have observed the induced expression of Cox-2 and activation of the NFκB signaling pathway after the treatment of SW982 cells with Ti particles. In synovial fibroblasts, crosstalk between JNK, ERK, and Cox-2 has been suggested under inflammatory conditions [45]. It appears that Ti particles stimulate ERK and JNK MAPKs in FLS, and might have an interaction with the NFκB signaling pathway downstream for the release of pro-inflammatory cytokines. However, further studies would be required to delineate the crosstalk among these signaling pathways, which appears otherwise complicated in inflammatory conditions.




5. Conclusions


The study provides evidence of the fact that the Ti particles can stimulate FLS to secrete a significant amount of pro-inflammatory cytokines such as IL-6, IL-1β, and TNFα in the synovium. For this, Ti particles activate ERK and JNK MAPKs at every early time point to initiate the release of these cytokines. Co-inhibition of ERK and JNK MAPKs could prevent the excessive release of these bone-resorbing cytokines from FLS. Thus, targeting ERK and JNK MAPKs might provide a therapeutic option for containing the release of the pro-inflammatory cytokines from FLS, and could help to protect the elevated bone resorption, as observed during inflammatory conditions such as rheumatoid arthritis and periprosthetic osteolysis.







Author Contributions


Conceptualization, A.R.S. and S.-S.L.; data curation, A.R.S. and S.J.; validation, A.R.S., S.J., and C.C.; investigation A.R.S. and S.J.; writing—original draft preparation, A.R.S. and S.J.; writing—review and editing, C.C. and S.-S.L.; supervision, S.-S.L.; funding acquisition, A.R.S. and S.-S.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Hallym University Research Fund (HURF-2017-60) and Basic Science Research Program through the National Research Foundation of Korea (NRF), funded by the Ministry of Education (NRF-2020R1C1C1008694).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wroblewski, B.M.; Fleming, P.A.; Siney, P.D. Charnley low-frictional torque arthroplasty of the hip. 20-to-30 year results. J. Bone Jt. Surg. Br. Vol. 1999, 81, 427–430. [Google Scholar] [CrossRef]

	



Shon, W.Y.; Park, B.Y.; Rajsankar, N.R.; Park, P.S.; Im, J.T.; Yun, H.H. Total Hip Arthroplasty: Past, Present, and Future. What Has Been Achieved? Hip Pelvis 2019, 31, 179–189. [Google Scholar] [CrossRef] [PubMed]

	



Veronesi, F.; Tschon, M.; Fini, M. Gene Expression in Osteolysis: Review on the Identification of Altered Molecular Pathways in Preclinical and Clinical Studies. Int. J. Mol. Sci. 2017, 18, 499. [Google Scholar] [CrossRef] [PubMed]

	



Saini, M.; Singh, Y.; Arora, P.; Arora, V.; Jain, K. Implant biomaterials: A comprehensive review. World J. Clin. Cases 2015, 3, 52–57. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.H.; Choi, Y.; Kim, J.S. Osteolysis in well-functioning fixed- and mobile-bearing TKAs in younger patients. Clin. Orthop. Relat. Res. 2010, 468, 3084–3093. [Google Scholar] [CrossRef]

	



Fraser, J.F.; Werner, S.; Jacofsky, D.J. Wear and loosening in total knee arthroplasty: A quick review. J. Knee Surg. 2015, 28, 139–144. [Google Scholar]

	



Goodman, S.B.; Gibon, E.; Yao, Z. The basic science of periprosthetic osteolysis. Instr. Course Lect. 2013, 62, 201–206. [Google Scholar]

	



Cobelli, N.; Scharf, B.; Crisi, G.M.; Hardin, J.; Santambrogio, L. Mediators of the inflammatory response to joint replacement devices. Nat. Rev. Rheumatol. 2011, 7, 600–608. [Google Scholar] [CrossRef]

	



Gallo, J.; Goodman, S.B.; Konttinen, Y.T.; Wimmer, M.A.; Holinka, M. Osteolysis around total knee arthroplasty: A review of pathogenetic mechanisms. Acta Biomater. 2013, 9, 8046–8058. [Google Scholar] [CrossRef]

	



Xu, S.; Lim, W.J.; Chen, J.Y.; Lo, N.N.; Chia, S.L.; Tay, D.K.J.; Hao, Y.; Yeo, S.J. The influence of obesity on clinical outcomes of fixed-bearing unicompartmental knee arthroplasty: A ten-year follow-up study. Bone Jt. J. 2019, 101, 213–220. [Google Scholar] [CrossRef]

	



Maloney, W.; Rosenberg, A. What is the outcome of treatment for osteolysis? J. Am. Acad. Orthop. Surg. 2008, 16 (Suppl. S1), S26–S32. [Google Scholar] [CrossRef] [PubMed]

	



Harris, W.H. Osteolysis and particle disease in hip replacement. A review. Acta Orthop. Scand. 1994, 65, 113–123. [Google Scholar] [CrossRef] [PubMed]

	



Jagga, S.; Sharma, A.R.; Bhattacharya, M.; Chakraborty, C.; Lee, S.S. Influence of single nucleotide polymorphisms (SNPs) in genetic susceptibility towards periprosthetic osteolysis. Genes Genom. 2019, 41, 1113–1125. [Google Scholar] [CrossRef] [PubMed]

	



Tuan, R.S.; Lee, F.Y.I.; Konttinen, Y.; Wilkinson, J.M.; Smith, R.L. What are the local and systemic biologic reactions and mediators to wear debris, and what host factors determine or modulate the biologic response to wear particles? J. Am. Acad. Orthop. Surg. 2008, 16 (Suppl. S1), S42–S48. [Google Scholar] [CrossRef] [PubMed]

	



Ingham, E.; Fisher, J. The role of macrophages in osteolysis of total joint replacement. Biomaterials 2005, 26, 1271–1286. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Jia, T.H.; Chong, A.C.; Bai, L.; Yu, H.; Gong, W.; Wooley, P.H.; Yang, S.Y. Cell-based osteoprotegerin therapy for debris-induced aseptic prosthetic loosening on a murine model. Gene Ther. 2010, 17, 1262–1269. [Google Scholar] [CrossRef]

	



Gallo, J.; Goodman, S.B.; Konttinen, Y.T.; Raska, M. Particle disease: Biologic mechanisms of periprosthetic osteolysis in total hip arthroplasty. Innate Immun. 2013, 19, 213–224. [Google Scholar] [CrossRef]

	



Purdue, P.E.; Koulouvaris, P.; Nestor, B.J.; Sculco, T.P. The central role of wear debris in periprosthetic osteolysis. Hss J. Musculoskelet. J. Hosp. Spec. Surg. 2006, 2, 102–113. [Google Scholar] [CrossRef]

	



Murray, P.J.; Wynn, T.A. Protective and pathogenic functions of macrophage subsets. Nat. Rev. Immunol. 2011, 11, 723–737. [Google Scholar] [CrossRef]

	



Iwanaga, T.; Shikichi, M.; Kitamura, H.; Yanase, H.; Nozawa-Inoue, K. Morphology and functional roles of synoviocytes in the joint. Arch. Histol. Cytol. 2000, 63, 17–31. [Google Scholar] [CrossRef]

	



Broeren, M.G.A.; Waterborg, C.E.J.; Wiegertjes, R.; Thurlings, R.M.; Koenders, M.I.; Van Lent, P.; Van der Kraan, P.M.; Van de Loo, F.A.J. A three-dimensional model to study human synovial pathology. ALTEX 2019, 36, 18–28. [Google Scholar] [CrossRef] [PubMed]

	



Cao, H.; Zhu, K.; Qiu, L.; Li, S.; Niu, H.; Hao, M.; Yang, S.; Zhao, Z.; Lai, Y.; Anderson, J.L.; et al. Critical role of AKT protein in myeloma-induced osteoclast formation and osteolysis. J. Biol. Chem. 2013, 288, 30399–30410. [Google Scholar] [CrossRef] [PubMed]

	



Green, T.R.; Fisher, J.; Stone, M.; Wroblewski, B.M.; Ingham, E. Polyethylene particles of a ‘critical size’ are necessary for the induction of cytokines by macrophages in vitro. Biomaterials 1998, 19, 2297–2302. [Google Scholar] [CrossRef]

	



Eliaz, N. Corrosion of Metallic Biomaterials: A Review. Materials 2019, 12, 407. [Google Scholar] [CrossRef] [PubMed]

	



Buly, R.L.; Huo, M.H.; Salvati, E.; Brien, W.; Bansal, M. Titanium wear debris in failed cemented total hip arthroplasty. An analysis of 71 cases. J. Arthroplast. 1992, 7, 315–323. [Google Scholar] [CrossRef]

	



Nam, J.S.; Jagga, S.; Sharma, A.R.; Lee, J.H.; Park, J.B.; Jung, J.S.; Lee, S.S. Anti-inflammatory effects of traditional mixed extract of medicinal herbs (MEMH) on monosodium urate crystal-induced gouty arthritis. Chin. J. Nat. Med. 2017, 15, 561–575. [Google Scholar] [CrossRef]

	



Chang, J.H.; Lee, K.J.; Kim, S.K.; Yoo, D.H.; Kang, T.Y. Validity of SW982 synovial cell line for studying the drugs against rheumatoid arthritis in fluvastatin-induced apoptosis signaling model. Indian J. Med Res. 2014, 139, 117–124. [Google Scholar]

	



Kandahari, A.M.; Yang, X.; Laroche, K.A.; Dighe, A.S.; Pan, D.; Cui, Q. A review of UHMWPE wear-induced osteolysis: The role for early detection of the immune response. Bone Res. 2016, 4, 16014. [Google Scholar] [CrossRef]

	



Greidanus, N.V.; Peterson, R.C.; Masri, B.A.; Garbuz, D.S. Quality of Life Outcomes in Revision Versus Primary Total Knee Arthroplasty. J. Arthroplast. 2011, 26, 615–620. [Google Scholar] [CrossRef]

	



Korovessis, P.; Repanti, M. Evolution of aggressive granulomatous periprosthetic lesions in cemented hip arthroplasties. Clin. Orthop. Relat. Res. 1994, 300, 155–161. [Google Scholar] [CrossRef]

	



Jacobs, J.J.; Roebuck, K.A.; Archibeck, M.; Hallab, N.J.; Glant, T.T. Osteolysis: Basic science. Clin. Orthop. Relat. Res. 2001, 393, 71–77. [Google Scholar] [CrossRef] [PubMed]

	



Gilbert, T.J.; Anoushiravani, A.A.; Sayeed, Z.; Chambers, M.C.; El-Othmani, M.M.; Saleh, K.J. Osteolysis Complicating Total Knee Arthroplasty. JBJS Rev. 2016, 4. [Google Scholar] [CrossRef] [PubMed]

	



Koreny, T.; Tunyogi-Csapo, M.; Gal, I.; Vermes, C.; Jacobs, J.J.; Glant, T.T. The role of fibroblasts and fibroblast-derived factors in periprosthetic osteolysis. Arthritis Rheum. 2006, 54, 3221–3232. [Google Scholar] [CrossRef] [PubMed]

	



Fujii, J.; Niida, S.; Yasunaga, Y.; Yamasaki, A.; Ochi, M. Wear debris stimulates bone-resorbing factor expression in the fibroblasts and osteoblasts. Hip Int. J. Clin. Exp. Res. Hip Pathol. Ther. 2011, 21, 231–237. [Google Scholar]

	



Park, J.B.; Duong, C.T.; Chang, H.G.; Sharma, A.R.; Thompson, M.S.; Park, S.; Kwak, B.C.; Kim, T.Y.; Lee, S.S. Role of hyaluronic acid and phospholipid in the lubrication of a cobalt-chromium head for total hip arthroplasty. Biointerphases 2014, 9, 031007. [Google Scholar] [CrossRef]

	



Nam, J.S.; Sharma, A.R.; Jagga, S.; Lee, D.H.; Sharma, G.; Nguyen, L.T.; Lee, Y.H.; Chang, J.D.; Chakraborty, C.; Lee, S.S. Suppression of osteogenic activity by regulation of WNT and BMP signaling during titanium particle induced osteolysis. J. Biomed. Mater. Res. Part. A 2017, 105, 912–926. [Google Scholar] [CrossRef]

	



Seo, S.W.; Lee, D.; Cho, S.K.; Kim, A.D.; Minematsu, H.; Celil Aydemir, A.B.; Geller, J.A.; Macaulay, W.; Yang, J.; Lee, F.Y. ERK signaling regulates macrophage colony-stimulating factor expression induced by titanium particles in MC3T3.E1 murine calvarial preosteoblastic cells. Ann. New York Acad. Sci. 2007, 1117, 151–158. [Google Scholar] [CrossRef]

	



Zhang, Z.; Fang, Y.; Wang, Q.; Sun, Y.; Xiong, C.; Cao, L.; Wang, B.; Bao, N.; Zhao, J. Tumor necrosis factor-like weak inducer of apoptosis regulates particle-induced inflammatory osteolysis via the p38 mitogen-activated protein kinase signaling pathway. Mol. Med. Rep. 2015, 12, 1499–1505. [Google Scholar] [CrossRef]

	



Zhao, S.; Sun, Y.; Li, X.; Wang, J.; Yan, L.; Zhang, Z.; Wang, D.; Dai, J.; He, J.; Wang, S. Scutellarin inhibits RANKL-mediated osteoclastogenesis and titanium particle-induced osteolysis via suppression of NF-kappaB and MAPK signaling pathway. Int. Immunopharmacol. 2016, 40, 458–465. [Google Scholar] [CrossRef]

	



Lee, H.G.; Minematsu, H.; Kim, K.O.; Celil Aydemir, A.B.; Shin, M.J.; Nizami, S.A.; Chung, K.J.; Hsu, A.C.; Jacobs, C.R.; Lee, F.Y. Actin and ERK1/2-CEBPbeta signaling mediates phagocytosis-induced innate immune response of osteoprogenitor cells. Biomaterials 2011, 32, 9197–9206. [Google Scholar] [CrossRef]

	



Zhu, K.; Yang, C.; Dai, H.; Li, J.; Liu, W.; Luo, Y.; Zhang, X.; Wang, Q. Crocin inhibits titanium particle-induced inflammation and promotes osteogenesis by regulating macrophage polarization. Int. Immunopharmacol. 2019, 76, 105865. [Google Scholar] [CrossRef] [PubMed]

	



Chen, D.; Guo, Y.; Mao, X.; Zhang, X. Inhibition of p38 mitogen-activated protein kinase down-regulates the inflammatory osteolysis response to titanium particles in a murine osteolysis model. Inflammation 2012, 35, 1798–1806. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.S.; Sharma, A.R.; Choi, B.S.; Jung, J.S.; Chang, J.D.; Park, S.; Salvati, E.A.; Purdue, E.P.; Song, D.K.; Nam, J.S. The effect of TNFalpha secreted from macrophages activated by titanium particles on osteogenic activity regulated by WNT/BMP signaling in osteoprogenitor cells. Biomaterials 2012, 33, 4251–4263. [Google Scholar] [CrossRef] [PubMed]

	



Rakshit, D.S.; Ly, K.; Sengupta, T.K.; Nestor, B.J.; Sculco, T.P.; Ivashkiv, L.B.; Purdue, P.E. Wear debris inhibition of anti-osteoclastogenic signaling by interleukin-6 and interferon-gamma. Mechanistic insights and implications for periprosthetic osteolysis. J. Bone Jt. Surg. Am. Vol. 2006, 88, 788–799. [Google Scholar]

	



Kitanaka, T.; Nakano, R.; Kitanaka, N.; Kimura, T.; Okabayashi, K.; Narita, T.; Sugiya, H. JNK activation is essential for activation of MEK/ERK signaling in IL-1beta-induced COX-2 expression in synovial fibroblasts. Sci. Rep. 2017, 7, 39914. [Google Scholar] [CrossRef]








[image: Materials 13 03628 g001 550] 





Figure 1. Ti particle effects on SW982 cell line. Ti particles were treated with SW982 cells for 24 h in a dose-dependent manner (cell-to-particle ratios of 1:50, 1:100, 1:150, and 1:200). The control (Cont.) group was treated with PBS only. Cell viability and cell cytotoxicity were analyzed by (A) MTT and (B) LDH activity assay, respectively. (C) RT-PCR analysis after the treatment with Ti particles (cell-to-particle ratio of 1:100) of SW982 at different time points (0 to 24 h) displayed an increase in the mRNA expression level of Cox-2. (D) Quantification of protein by Western blotting after 0, 6, 12, and 24 h of Ti particle treatment (cell-to-particle ratio of 1:100) of SW982 cells showed increased expression levels of Cox-2 and p-Iκbα. At the same time, an instability of Iκbα was observed. The results are demonstrated as means ± standard deviations (SDs) of three different independent experiments. Note: * p < 0.05, ** p < 0.01, and *** p < 0.001 indicate significant differences from the control group. 
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Figure 2. Effects of Ti particles on the secretion of pro-inflammatory cytokines from SW982 cells. Ti particles were used to treat (cell-to-particle ratio of 1:100) SW982 at several time points until 48 h. (A) RT-PCR analysis showed increased mRNA expression of (a) IL-6, (b) IL-8, (c) IL-11, (d) IL-1β, and (e) TNF α. The mRNA expression of each targeted gene was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). (B) ELISA results demonstrated enhanced secretion of pro-inflammatory cytokines such as (a) IL-6, (b) IL-1β, and (c) TNF α in Ti-particle-stimulated SW982 medium. The results are demonstrated as means ± SDs of three independent experiments. In the graphical representations, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 indicate significant differences from the control group. 
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Figure 3. Effect of Ti particle on the activation of MAPKs in SW982 cells. (A(a)) Representative Western blots showing protein levels of total and phosphorylated forms of extracellular signal-regulated kinase (ERK) and c-Jun N-terminal kinase (JNK) and P38 mitogen-activated protein kinases (MAPKs) after treatment with Ti particles (cell-to-particle ratio of 1:100) of SW982 cells for 15, 30, 60, and 120 min. Here, β-actin was taken as control. (A(b)) Fusion FX software was utilized for quantitative densitometric analysis of the proteins. (B) AP1-luc reporter plasmids were transfected to SW982 cells for 24 h and luciferase activity was analyzed. Renilla luciferase activity was used for normalization. The results are demonstrated as means ± SDs of three independent experiments. In the graphical representations, * p < 0.05 and ** p < 0.01 indicate significant differences from the control group. 
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Figure 4. Co-inhibition of ERK and JNK MAPKs suppresses the expression of pro-inflammatory cytokines in SW982 cell line. Ti particles were used to treat (Cell-to-particle ratio of 1:100) SW982 cells prior to incubation (30 min) with either PD98059 (5 µM), SP600125 (5 µM), or PD98059 along with SP600125 for 24 h. RT-PCR analysis showing the mRNA expression of (A(a)) IL-6, (A(b)) IL-1β, and (A(c)) TNF α after co-inhibition of ERK and JNK MAPKs. The mRNA expression of each targeted gene was normalized to GAPDH. (B) ELISA results demonstrated secretion levels of (B(a)) IL-6, (B(b)) IL-1β, and (B(c)) TNF α after co-inhibition of ERK and JNK MAPKs. The results are presented as means ± SDs of three independent experiments. In the graphical representations, ** p < 0.01 and *** p < 0.001 indicate significant differences from the control group. 
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Table 1. Primers for real-time RT-PCR.
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	Target
	Forward Primer (5′–>3′)
	Reverse primer (3′–>5′)





	Cox-2
	CCAAATCCTTGCTGTTCCCACCCAT
	GTGCACTGTGTTTGGAGTGGGTTT



	IL-6
	CCAGCTATGAACTCCTTCTC
	GCTTGTTCCTCACATCTCTC



	IL-8
	AAGAAACCACCGGAAGGAACCATCT
	AGAGCTGCAGAAATCAGGAAGGCT



	IL-11
	AGATATCCTGACATTGGCCAGGCA
	ACTTCAGTGATCCACTCGCTTCGT



	IL-1β
	AACCAGGCTGCTCTGGGATTCTCTT
	ATTTCACTGGCGAGCTCAGGTACT



	TNF-α
	AAGGACGAACATCCAACCTTCCCAA
	TTTGAGCCAGAAGAGGTTGAGGGT



	GAPDH
	TCGACAGTCAGCCGCATCTTCTTT
	ACCAAATCCGTTGACTCCGACCTT











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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