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Abstract

:

Neither the underlying pathophysiology of nor prophylactic strategies for glucocorticoid-associated femoral head osteonecrosis have yet been established. In neurovascular and cardiac ischemic disorders, necroptosis has been reported as a new concept of cell death. Here we investigated the involvement of necroptosis in glucocorticoid-induced osteonecrosis in vitro, the putative cause of which is ischemia. Murine osteocytic cells (MLO-Y4) to which 1 µM dexamethasone (Dex) was added and were cultured in 1% O2 (hypoxia) are thought to resemble the in vivo environment in which glucocorticoid-induced osteonecrosis occurs (H-D stress environment). Using such cells cultured for 24 h (Dex(+)/hypoxia(+) group), immunofluorescent staining and Western blotting were performed with receptor-interacting protein (RIP) 1 and RIP3, which are necroptosis expression factors. In addition, the necroptosis inhibitor necrostatin-1 (Nec-1) was added to Dex(+)/hypoxia(+) and cultured for 12 h and 24 h. Then using an Apoptotic/Necrotic Cells Detection Kit the numbers of apoptotic and necrotic cells were counted and compared. In Dex(+)/hypoxia(+) group, expression of both RIP1 and RIP3 was found. Additionally, in Western blotting, the addition of Nec-1 attenuated their expression. A decrease in the number of cell deaths was also found following Nec-1 administration. Necroptosis has been implicated as a cause of death in osteocytic cell necrosis. Use of the necroptosis inhibitor, Nec-1, suggests a possible approach to preventing osteocytic cell necrosis even in an H-D stress environment when given within 12 h.
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1. Introduction


Although numerous studies have focused on issues, such as the underlying pathophysiology and prevention of glucocorticoid-associated femoral head osteonecrosis, its causes and preventative strategies remain to be established. Glucocorticoid-associated femoral head osteonecrosis has been generally attributed to an ischemic-hypoxia event, but more recently factors such as oxidative injury and mitochondrial injury have also been implicated [1,2,3].



Apoptosis, which is a kind of programmed cell death, is considered to be an essential function in vivo, but an increase in the incidence of apoptosis alone does not lead to osteonecrosis, with the apoptotic cells being only metabolized and absorbed. However, here our attention was focused on necrosis occurring when trauma and/or severe stress were added to such a state. Necrosis is defined as rapid, accidental or uncontrolled cell death characterized by cell swelling and membrane rupture induced by an inflammatory reaction [4,5]. In conditions such as cerebral ischemia the importance of necrosis has been recognized, but because of its unregulated property, analysis of its molecular mechanisms has not progressed much. However, recent research has clarified that necrosis, like apoptosis, is affected by certain molecular mechanisms, and programmed necrosis has been reported. Usually, apoptosis occurs due to caspase dysfunction, with the resultant necrosis documented in a number of publications, and referred to as necroptosis. Moreover, while necroptosis is a kind of necrosis, it is considered to be a programmed necrosis [6,7]. For necroptosis to occur, activity of both receptor-interacting protein (RIP) 1 and RIP3 is believed to be necessary, and is thought to be regulated by these two proteins [8,9,10,11]. Hitherto, the morphology of apoptosis and necrosis has been considered separately, while, at present, various types of other cell death, such as necroptosis, ferroptosis and autophagy, are also being reported [12].



Recently, necroptosis has been implicated in ischemic injury occurring in conditions such as cerebral and myocardial infarction [13,14], and moreover in glucocorticoid-associated femoral head osteonecrosis, which has generally been attributed to ischemia as well. The possibility that necroptosis plays a role in glucocorticoid-associated femoral head osteonecrosis in vivo has also been reported [15]. However, because diverse environmental factors have been found to influence this condition in animal models, it is difficult to evaluate any one factor in isolation. This makes in vitro studies that make investigations possible at the cellular level especially valuable. Moreover, if it could also be documented in vitro that necroptosis, which is a programmed necrosis, is involved in the development of difficult-to-prevent glucocorticoid-induced osteonecrosis, this new information could help to promote the development of novel prophylactic strategies, as well as achieve a better understanding of the mechanisms underlying the osteonecrosis process. Additionally, when considering a preventative role against necroptosis, it will be necessary to determine the timing of necrostatin-1 (Nec-1) administration that best inhibits it.



It has been reported that the rate of osteocytic cell necrosis increases in vitro in a hypoxia environment with added dexamethasone (Dex) (H-D stress environment), which is equivalent to the in vivo environment in which glucocorticoid-induced osteonecrosis is likely to occur [16,17,18]. Here using MLO-Y4, which are cultured osteocytic cells, we investigated the role of necroptosis in an H-D stress environment prone to the development of osteocytic cell necrosis. In addition, since in cultured osteocytic cells, osteocytic cell necrosis has been successfully inhibited by avoiding an H-D stress environment for at least 12 h [19], we added Nec-1 to cells when an H-D stress environment was established and after 12 h and compared the rates of osteocytic cell necrosis so as to determine the best timing for Nec-1 administration.




2. Materials and Methods


2.1. Cell Culture


MLO-Y4 murine cultured osteocytic cells, which were used previously, were cultured [20]. The cells were plated on type I collagen-coated dishes (BD Biosciences, Bedford, MA, USA) and cultured in α-minimal essential medium (α-MEM) supplemented with 2.5% (v/v) FBS, 2.5% (v/v) FCS, streptomycin (100 μg/mL) and penicillin (100 units/mL). Then, for the hypoxia experiments, the cells were incubated for 24 h in a CO2/tri-gas incubator (Astec, Fukuoka, Japan) set to a mixture of 5% (v/v) CO2 and 1% (v/v) O2 balanced with N2 (hypoxia).




2.2. Cell Viability Assay


MLO-Y4 cells seeded in type I collagen-coated 4-chamber culture slides (BD Biosciences, Bedford, MA, USA) were cultured overnight. A total of 1 µM Dex (MSD, Tokyo, Japan) was added to MLO-Y4 in a hypoxia environment (H-D stress environment) [3], and then, after the addition of 50 µM necrostatitin-1 (Nec-1, abcam, Cambridge, UK), cultured for 24 h (Dex(+)/hypoxia(+)/Nec-1 group). In addition, MLO-Y4 was cultured for 12 h in an H-D stress environment, followed by the addition of Nec-1. A further group cultured for 12 h (total 24 h) was also prepared (HDN group). As a control group osteocytic cells cultured for 24 h in 20% O2 without addition of Dex were prepared as the Dex(−)/normoxia group. Additionally, osteocytic cells to which Dex was added, and cultured in hypoxia for 24 h were prepared as the Dex(+)/hypoxia(+) group.



Viability assays were then performed using an Apoptotic/Necrotic Cells Detection Kit (PromoKine, Heidelberg, Germany) according to the manufacturer’s instructions, and the percentages of apoptotic/necrotic cells relative to the total cell number were determined. In the viability assays, apoptotic cells can be detected by staining with fluorescein-labeled annexin V (green fluorescence) and necrotic cells by staining with Ethidium homodimer III, a highly positively charged nucleic acid probe, which is impermeant to live cells and early apoptotic cells, but stains necrotic cells and late apoptotic cells (entering into secondary necrosis) with red fluorescence. Fluorescence-positive cells were evaluated by phase contrast and fluorescence (470 nm and 530 nm LED modules) microscopy using Axiovert.A1 FL-LED (Carl Zeiss, Jena, Germany).




2.3. Immunocytochemistry


The presence/absence of RIP1 and RIP3 expression in Dex(+)/hypoxia(+) was investigated to confirm whether the conditions required for the development of necroptosis in osteocytic cells in an H-D stress environment were satisfied. Cultured cells were fixed in 4% paraformaldehyde, washed in phosphate buffered saline (PBS), and permeabilized with 0.3% Triton X-100 in PBS. Nonspecific binding was blocked by incubating sections with 10% bovine serum albumin (Dako Cytomation, Santa Clara, CA, USA) in PBS for 15 min. They were incubated with anti-RIP1 (Bioss, MA, USA) and anti-RIP3 (abcam, Cambridge, UK) antibody for 2 h at concentrations of 20.0 or 5.0 µg/mL, followed by a fluorescent-labeled secondary antibody (Alexa 594, or 488, Thermo Fisher Scientific, Waltham, MA, USA) and by DAPI for 30 min. After washing, a prolong diamond antifade mountant (Thermo Fisher Scientific) was added, and cover slips were mounted. Images were acquired using a Zeiss-LSM710.




2.4. Western Blotting


To quantitatively determine whether necroptosis was inhibited by Nec-1 Western blotting was performed. Cells were washed briefly with ice-cold PBS, and cell pellets were lysed with Laemmli Sample buffer containing 5% β-mercaptoethanol and heated at 95 °C for 5 min. Approximately 50 μg of cell lysate was electrophoresed on a 10% polyacrylamide gel and transferred on to a PVDF membrane (Merck Millipore, Darmstadt, Germany) using Trans-Blot SD Cell (Bio-Rad Laboratories, Hercules, CA, USA). After blocking with 5% skim milk in 0.05% TBS-Tween, the membranes were incubated with anti-RIP1 antibody (proteintech, Rosemont, IL, USA) or anti-RIP3 antibody (abcam) or anti-β-actin antibody (Sigma-Aldrich, Saint Louis, MO, USA), and then incubated with anti-rabbit IgG-HRP (Dako Cytomation, Tokyo, Japan). The bands were visualized with enhanced chemiluminescence (ECL) reagent (GE Healthcare Life Sciences, Little Chalfont, UK), and the images were captured using an LAS-4000 imaging system (Fujifilm, Tokyo, Japan). Protein expression was quantified via densitometry analysis using ImageJ [21,22]. The quantitative densitometric values for RIP1 and RIP3 protein were normalized to β-actin.




2.5. Statistical Analysis


All quantified results were expressed as the mean ± SD. Statistical significance in the comparison of apoptosis or necrosis, and RIP1/β-actin or RIP3/β-actin between the control and each of the experimental groups was analyzed with Dunnett’s multiple comparison test. p-values less than 0.05 were accepted as statistically significant. The statistical analysis was performed using StatView J-5.0 software (SAS Institute, Cary, NC, USA).





3. Results


3.1. Expression of RIP1 and RIP3 in Osteocytic Cells under an H-D Stress Environment


In Dex(−)/normoxia group expression of both RIP1, RIP3 was found. In Dex(+)/hypoxia(+) group as compared with Dex(−)/normoxia group significant expression of both RIP1 and RIP3 was found (Figure 1). This demonstrates that in an H-D stress environment, expression of both RIP1 and RIP3 is present. This finding, that both RIP1 and RIP3 were expressed, confirmed that necroptosis develops in osteocytes placed in an H-D stress environment.




3.2. Inhibition of Expression of RIP1, RIP3 by Necrostation-1


While by Western blotting, in Dex(+)/hypoxia(+) group, enhanced expression of both RIP1, RIP3 was found, in Dex(+)/hypoxia(+)/Nec-1 group as compared with Dex(+)/hypoxia(+) group expression was significantly inhibited (** = p < 0.05). In Dex(−)/normoxia group no significant difference noted as compared with Dex(+)/hypoxia(+)/Nec-1 group (Figure 2). In an H-D stress environment an inhibitory effect on RIP1, RIP3 was exerted by Nec-1. Quantification using Western blotting confirmed the development of necroptosis in an H-D stress environment and its significant inhibition by Nec-1.




3.3. Inhibition of Osteocytic Cell Death in an H-D Stress Environment by Necrostatin-1


In Dex(+)/hypoxia(+) group the rate of apoptosis was 23.4 ± 6.8%, and that of necrosis 12.2 ± 4.9%. In Dex(+)/hypoxia(+)/Nec-1 group apoptosis was 4.6 ± 4.2% and necrosis 2.1 ± 3.1%, with the cell death number decreased significantly as compared with Dex(+)/hypoxia(+) group (*** = p < 0.01). In addition, in HDN group apoptosis was 8.0 ± 2.5% and that of necrosis 3.4 ± 2.1%, with no significant difference noted as compared with Dex(+)/hypoxia(+)/Nec-1 group (Figure 3). With Nec-1 administration, not only was apoptosis inhibited, but necrosis was also significantly inhibited. This means that Nec-1 exerted an inhibitory effect on the death of osteocytic cells in an H-D stress environment. Namely, it could be confirmed that necroptosis exerts an influence not only on apoptosis but on necrosis as well. In addition, in HDN group under a 12 h H-D stress environment, both apoptosis and necrosis could be significantly inhibited, while osteocytic cell necrosis could be inhibited in the H-D stress environment at least within 12 h.





4. Discussion


The development of necroptosis is said to be mediated by RIP1 and RIP3, with these two factors becoming the triggers of the necroptosis pathway [23]. In the immunocytochemical study in this research, expression of both RIP1 and RIP3 was found in osteocytic cells in an H-D stress environment. In addition, expression of both RIP1, RIP3 was similarly found by Western blotting. This suggests that, not only RIP1, but also RIP3, exerts an influence on osteocytic cell necrosis. Namely, in an H-D stress environment the morphology of osteocytic cell necrosis is not limited to apoptosis and necrosis alone, but shows that the role of necroptosis must also be considered. Moreover, necroptosis has been reported to be induced by mitochondrial damage [24,25]. In a glucocorticoid-induced osteonecrosis rabbit model and in osteocytic cells in an H-D stress environment, the role of mitochondrial injury has been documented [2,26]. Thus, in osteonecrosis, one cause of which is mitochondrial injury, it is also reasonable to consider the possibility of necroptosis.



The RIP1 inhibitor, necrostatin-1 (Nec-1), has been reported to improve blood flow in a neurovascular injury model, and reduce the infarct volume [27,28,29]. Similarly, in a cardiovascular injury model it improved blood flow and significantly inhibited cell death, and so has started to attract interest as a novel and important therapeutic agent for myocardial infarction [30,31]. It has also been demonstrated that Nec-1 exerts a protective effect against necroptosis induced by ischemic reperfusion injury [29,32,33]. In the osteoporosis field as well, in MLO-Y4 treated with TNF-α, it was reported that Nec-1 administration inhibited RIP1, RIP3 and in turn necroptosis [34]. In the present study, the administration of Nec-1 inhibited the necrosis of osteocytic cells in an H-D stress environment. This result suggested that from the standpoint of prevention of osteocytic cell necrosis, the inhibition of necroptosis also needs to be considered. Another salient result was that even in an H-D stress environment the increase in osteocytic cell necrosis could be inhibited provided that Nec-1 was administered for at least 12 h. This means that to impede the development of osteonecrosis, clinically it would be important to optimally adjust the intraosseous environment within 12 h of glucocorticoid administration, again highlighting the possibility that the concept of necroptosis may be useful when considering the prevention of osteonecrosis.




5. Conclusions


The present study demonstrated that also in osteocytes placed in an H-D stress environment, at least if within 12 h, the administration of Nec-1 could inhibit osteocytic cell necrosis and necroptosis. Accordingly, in osteocytes placed in an H-D stress environment, since RIP1 and RIP3 expression was found, the morphology of osteocytic cell necrosis showed not only apoptosis and necrosis, but implied the involvement of necroptosis as well.
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Figure 1. Expression of RIP1 and RIP3 in osteocytic cells in an H-D stress environment. While no RIP1 or RIP3 expression was found in the Dex(−)/normoxia group, in the Dex(+)/hypoxia(+) group clear expression of both RIP1 (Alexa 594) and RIP3 (Alexa 488) was found. Each three independent experiments were carried out. Scale bar: 100 µm. 
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Figure 2. Inhibitory effect of necrostatin-1 on RIP1 and RIP3 by Western blotting. The graphs indicate quantification of Western blotting for RIP1 and RIP3 in the indicated conditions. The quantitative densitometric values of RIP1 or RIP3 were normalized to β-actin. Columns and bars indicate means and S.D., respectively, (n = 3). In Dex(+)/hypoxia(+) group expression of RIP1 (74 kDa), RIP3 (57 kDa) was found, while in Dex(+)/hypoxia(+)/Nec-1 group, there was significant inhibition of the expression of both RIP1 and RIP3 (** = p < 0.05). Three independent experiments each were carried out. 
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Figure 3. Cell death inhibition by necrostatin-1. (A) Immunofluorescent staining of apoptotic and necrotic cells using an Apoptotic/Necrotic Cells Detection Kit was performed as described in the Materials and Methods. (B) The graph indicates the percentages of apoptotic and necrotic cells in the indicated conditions. The numbers of apoptotic or necrotic cells were counted and related to the total number of cells. Columns and bars indicate means and S.D. respectively (n = 5). Relative to Dex(+)/hypoxia(+) group, Dex(+)/hypoxia(+)/Nec-1 group and HDN group showed significant decreases in both apoptotic and necrotic cell death (*** = p < 0.01 vs. Dex(+)/hypoxia(+) group). Scale bar: 100 µm. 
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