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Introduction

It has become evident that a programmed form of necrosis-like cell death called "necroptosis" is a crucial event underlying pathomechanisms of heart injury [START_REF] Adameova | Necroptotic cell death in failing heart: relevance and proposed mechanisms[END_REF][START_REF] Adameova | Evidence of necroptosis in hearts subjected to various forms of ischemic insults[END_REF][START_REF] Adameova | Interplay of Oxidative Stress and Necrosis-like Cell Death in Cardiac Ischemia/Reperfusion Injury: A Focus on Necroptosis[END_REF][START_REF] Lichý | Different signalling in infarcted and non-infarcted areas of rat failing hearts: A role of necroptosis and inflammation[END_REF][START_REF] Szobi | Analysis of necroptotic proteins in failing human hearts[END_REF][START_REF] Jarabicová | Analysis of necroptosis and its association with pyroptosis in organ damage in experimental pulmonary arterial hypertension[END_REF], neurodegeneration [START_REF] Zhang | Necroptosis in neurodegenerative diseases: a potential therapeutic target[END_REF], cancer [START_REF] Colbert | Pronecrotic Mixed Lineage Kinase Domain-Like Protein Expression Is a Prognostic Biomarker in Patients With Early-Stage Resected Pancreatic Adenocarcinoma[END_REF][START_REF] Meng | Necroptosis in tumorigenesis, activation of anti-tumor immunity, and cancer therapy[END_REF], as well as of some viral and microbial infections [START_REF] Guo | Herpes Simplex Virus Suppresses Necroptosis in Human Cells[END_REF][START_REF] Kitur | Toxin-induced necroptosis is a major mechanism of Staphylococcus aureus lung damage[END_REF].

In addition, some lung [START_REF] Hussain | Mouse lung fibroblasts are highly susceptible to necroptosis in a reactive oxygen species-dependent manner[END_REF][START_REF] Mizumura | Mitophagydependent necroptosis contributes to the pathogenesis of COPD[END_REF][START_REF] Kim | Ischemia-reperfusion induces death receptor-independent necroptosis via calpain-STAT3 activation in a lung transplant setting[END_REF][START_REF] Sun | 2-Methoxy-6-acetyl-7-methyljuglone (MAM), a natural naphthoquinone, induces NO-dependent apoptosis and necroptosis by H2O2-dependent JNK activation in cancer cells[END_REF][START_REF] Huang | RIPK3 activates MLKL-mediated necroptosis and inflammasome signaling during streptococcus infection[END_REF], liver [START_REF] Ramachandran | Receptor interacting protein kinase 3 is a critical early mediator of acetaminophen-induced hepatocyte necrosis in mice[END_REF][START_REF] Zhang | Role of receptor interacting protein (RIP)1 on apoptosis-inducing factor-mediated necroptosis during acetaminophen-evoked acute liver failure in mice[END_REF][START_REF] Roychowdhury | Absence of receptor interacting protein kinase 3 prevents ethanol-induced liver injury[END_REF][START_REF] Tian | Phosphorylation of eIF2α mitigates endoplasmic reticulum stress and hepatocyte necroptosis in acute liver injury[END_REF][START_REF] Günther | The pseudokinase MLKL mediates programmed hepatocellular necrosis independently of RIPK3 during hepatitis[END_REF][START_REF] Wu | MLKL-dependent signaling regulates autophagic flux in a murine model of non-alcohol-associated fatty liver and steatohepatitis[END_REF][START_REF] Pomlok | An IgM monoclonal antibody against domain 1 of CD147 induces non-canonical RIPK-independent necroptosis in a cell type specific manner in hepatocellular carcinoma cells[END_REF], intestinal [START_REF] Liu | Necroptosis is active and contributes to intestinal injury in a piglet model with lipopolysaccharide challenge[END_REF][START_REF] Xiao | Long-chain PUFA ameliorate enterotoxigenic Escherichia coli-induced intestinal inflammation and cell injury by modulating pyroptosis and necroptosis signaling pathways in porcine intestinal epithelial cells[END_REF][START_REF] Lou | EZH2 Regulates Intestinal Inflammation and Necroptosis Through the JNK Signaling Pathway in Intestinal Epithelial Cells[END_REF][START_REF] Sun | Cytosolic calcium mediates RIP1/RIP3 complex-dependent necroptosis through JNK activation and mitochondrial ROS production in human colon cancer cells[END_REF], and renal diseases [START_REF] Zhu | Necroptosis mediated by receptor interaction protein kinase 1 and 3 aggravates chronic kidney injury of subtotal nephrectomised rats[END_REF][START_REF] Al-Lamki | Tubular epithelial cells in renal clear cell carcinoma express high RIPK1/3 and show increased susceptibility to TNF receptor 1-induced necroptosis[END_REF][START_REF] Sureshbabu | RIPK3 promotes sepsis-induced acute kidney injury via mitochondrial dysfunction[END_REF][START_REF] Feng | RIP3 Translocation into Mitochondria Promotes Mitofilin Degradation to Increase Inflammation and Kidney Injury after Renal Ischemia-Reperfusion[END_REF][START_REF] Grynberg | JUN Amino-Terminal Kinase 1 Signaling in the Proximal Tubule Causes Cell Death and Acute Renal Failure in Rat and Mouse Models of Renal Ischemia/Reperfusion Injury[END_REF] have also been associated with active necroptosis. This wide and varied role for necroptotic cell death is mainly mediated through the stimulation of death receptors, such as tumour necrosis factor superfamily receptors (TNFRs), toll-like receptors (TLRs), and interferon receptors [START_REF] Moquin | The molecular regulation of programmed necrotic cell injury[END_REF], although genotoxic stress [START_REF] Oberst | Catalytic activity of the caspase-8-FLIP(L) complex inhibits RIPK3dependent necrosis[END_REF] has also been implicated in the signalling pathways of necroptosis activation. Necroptosis promotion by TNF upon the stimulation of the TNFR1 has been most studied and its intracellular signalling is well characterized [START_REF] Feoktistova | Pick your poison: The Ripoptosome, a cell death platform regulating apoptosis and necroptosis[END_REF][START_REF] Oerlemans | Inhibition of RIP1-dependent necrosis prevents adverse cardiac remodeling after myocardial ischemia-reperfusion in vivo[END_REF]. It represents complex protein machinery involving the formation of a short-lived membrane signalling complex I (containing TNFR1-associated death domain protein -TRADD, Fasassociated via death domain -FADD, receptor-interacting protein kinase 1 -RIPK1, TNF receptor-associated factor 2/5 -TRAF2/5, and cellular inhibitor of apoptosis 1/2 -cIAP1/2), inactivation of caspase-8, removal of ubiquitin chain from RIPK1 promoting its interaction with RIPK3 and finally execution of necroptosis through the activation of mixed lineage kinase domain-like pseudokinase (MLKL) [START_REF] Grootjans | Initiation and execution mechanisms of necroptosis: an overview[END_REF][START_REF] Feoktistova | Programmed necrosis and necroptosis signalling[END_REF][START_REF] Huang | The MLKL Channel in Necroptosis Is an Octamer Formed by Tetramers in a Dyadic Process[END_REF][START_REF] Wang | Mixed Lineage Kinase Domain-like Protein MLKL Causes Necrotic Membrane Disruption upon Phosphorylation by RIP3[END_REF]. The assembly of RIPK1, RIPK3 and MLKLthe so-called "necrosome"has been indicated to be the main pro-necroptotic structure while MLKL has been considered to be the most cytotoxic protein of this signalling pathway, so far.

In line, interventions targeting individual RIPK1, RIPK3 or MLKL, thus referring to as selective RIPK1 inhibitors, RIPK3 inhibitors and MLKL inhibitors, as well as dual-target inhibitors (e.g.: RIPK1/RIPK3 inhibitors) have been shown to elicit remarkable anti-cell death effects which are accompanied by the mitigation of organ dysfunction [START_REF] Oerlemans | Inhibition of RIP1-dependent necrosis prevents adverse cardiac remodeling after myocardial ischemia-reperfusion in vivo[END_REF][START_REF] Iannielli | Pharmacological Inhibition of Necroptosis Protects from Dopaminergic Neuronal Cell Death in Parkinson's Disease Models[END_REF][START_REF] Cruz | Dabrafenib, an inhibitor of RIP3 kinasedependent necroptosis, reduces ischemic brain injury[END_REF][START_REF] Koshinuma | Combination of necroptosis and apoptosis inhibition enhances cardioprotection against myocardial ischemiareperfusion injury[END_REF][START_REF] Dmitriev | Study of cardioprotective effects of necroptosis inhibitors on isolated rat heart subjected to global ischemia-reperfusion[END_REF][START_REF] Yan | Discovery of a new class of highly potent necroptosis inhibitors targeting the mixed lineage kinase domain-like protein †[END_REF][START_REF] Horvath | Inhibition of Cardiac RIP3 Mitigates Early Reperfusion Injury and Calcium-Induced Mitochondrial Swelling without Altering Necroptotic Signalling[END_REF].

The molecular aspects of this form of programmed necrosis are discussed in more detail in the following sections, including the distinction between canonically and noncanonically activated necroptosis. Furthermore, the relevance of other pathways resulting in necroptotic cell death, which, however, do not proceed with such conventional ways and thereby are proposed to be coined as "non-conventional, alternative pathways of necroptosis" is reviewed in different tissue types. In addition, this review also introduces some microRNAs (miRNAs), small non-coding RNAs that control gene expression via either mRNA degradation or translational repression [START_REF] Jang | The role of microRNAs in cell death pathways[END_REF], which have been shown to regulate various mediators of the necroptotic process.

Canonical and non-canonical necroptotic signalling pathways

The above-indicated RIPK1─RIPK3─MLKL pathway promoting cell swelling followed by disruption of the plasma membrane is referred to as the canonical pathway of necroptosis.

However, RIPK1 can be dispensable for the promotion of necroptotic signalling under certain conditions, indicating that RIPK3 activation occurs without RIPK1 kinase activity. For example, Toll-interleukin-1 receptor domain-containing adapter-inducing interferon (TRIF) can induce the activation of RIPK3 independently of RIPK1 in some cells [START_REF] He | Toll-like receptors activate programmed necrosis in macrophages through a receptor-interacting kinase-3-mediated pathway[END_REF][START_REF] Kaiser | Toll-like Receptor 3-mediated Necrosis via TRIF, RIP3, and MLKL[END_REF]. Likewise, necroptosis signalling triggered by cytomegalovirus infection can omit RIPK1 by the direct interaction of RIPK3 with the DNA-dependent activator of interferon regulatory factors/Z-DNA binding protein 1 (DAI/ZBP1) [START_REF] Upton | DAI/ZBP1/DLM-1 complexes with RIP3 to mediate virus-induced programmed necrosis that is targeted by murine cytomegalovirus vIRA[END_REF]. Thus, because TRIF and DAI do not possess kinase activity, the activation of RIPK3 under such conditions appears to be a result of conformational changes promoting the autophosphorylation of RIPK3. These pathways with the unlikely function of RIPK1 and promoting RIP3 activation due to the interaction with TRIF adaptor or DAI/ZBP1, are known to promote necroptosis non-canonically (Figure 1) [START_REF] Oberst | Catalytic activity of the caspase-8-FLIP(L) complex inhibits RIPK3dependent necrosis[END_REF][START_REF] Kaiser | Toll-like Receptor 3-mediated Necrosis via TRIF, RIP3, and MLKL[END_REF][START_REF] Upton | DAI/ZBP1/DLM-1 complexes with RIP3 to mediate virus-induced programmed necrosis that is targeted by murine cytomegalovirus vIRA[END_REF][51].

The current understanding of the signalling pathway of necroptosis execution and the definition of this cell death mode emphasises the role of the RIPK3─MLKL link and downplays the role of RIPK1 [51,[START_REF] Mishra | Guidelines for evaluating myocardial cell death[END_REF]. Whether it is phosphorylated by RIPK1 or autophosphorylation, activated RIPK3 further phosphorylates and activates MLKL resulting in cell destruction. There are several ways in which MLKL cause necroptosis. One of the most widely accepted cytotoxic actions of MLKL is inducing the loss of membrane integrity due to the formation of the MLKL pores [START_REF] Adameova | Interplay of Oxidative Stress and Necrosis-like Cell Death in Cardiac Ischemia/Reperfusion Injury: A Focus on Necroptosis[END_REF][START_REF] Mishra | Guidelines for evaluating myocardial cell death[END_REF]. Using NMR spectroscopy, it has been found that the N-terminal membrane binding domain of MLKL forms a helical structure in solution, with C-terminal helix 6 sticking out over the top of the four-helix bundle core. Helix 6 stabilizes the four-helix bundle and thereby inhibits the interaction with the membrane. Once MLKL becomes activated due to the phosphorylation of the C-terminal domain by RIPK3, helix 6 dissociates from the core to insert all four helices of the helical core into the membrane and interact with it extensively.

Accordingly, the four-helix bundle is sufficient and needed to mediate membrane breakdown and induce the leakage of the cells facing necroptosis [START_REF] Shin | Switch for the necroptotic permeation pore[END_REF]. In addition to this cytotoxic mechanism of MLKL oligomers, other cell-damaging events of the activated MLKL have also been reported. Some of them are i) alterations in ion homeostasis promoting cell lysis [START_REF] Cai | Plasma membrane translocation of trimerized MLKL protein is required for TNF-induced necroptosis[END_REF][START_REF] Chen | Translocation of mixed lineage kinase domain-like protein to plasma membrane leads to necrotic cell death[END_REF];

ii) shedding of various cell surface proteins including receptors, adhesion molecules, growth factors, and cytokines [START_REF] Cai | Activation of cell-surface proteases promote necroptosis, inflammation and cell migration[END_REF]; iii) and activation of the NACHT, LRR, and PYD domains containing protein 3 (NLRP3) inflammasome complex leading to the engagement of caspase-1 and subsequent interleukin-1β (IL-1β) production [START_REF] Conos | Active MLKL triggers the NLRP3 inflammasome in a cell-intrinsic manner[END_REF]. 

Alternative, non-conventional necroptotic signalling pathways

Irrespective of proceeding with the canonical or the non-canonical pathway, there is compelling evidence that RIPK3 is the key common mediator of this type of programmed necrosis. In addition, it can interact with other proteins, such as metabolic enzymes, including glycogen phosphorylase, glutamate-ammonia ligase, glutamate dehydrogenase 1, and pyruvate dehydrogenase to promote mitochondrial production of reactive oxygen species (ROS) [START_REF] Christofferson | Necroptosis as an alternative form of programmed cell death[END_REF][START_REF] Yang | RIP3 targets pyruvate dehydrogenase complex to increase aerobic respiration in TNF-induced necroptosis[END_REF]. In this regard, oxidative stress has been highlighted as a driving force in the activation of some pro-necroptotic proteins. For instance, cysteines of RIPK1 have been found to be oxidized by mitochondrial ROS with resultant RIPK1 autophosphorylation and subsequent formation of the necrosome [START_REF] Schenk | Reactive oxygen species regulate Smac mimetic/TNFα-induced necroptotic signaling and cell death[END_REF][START_REF] Zhang | RIP1 autophosphorylation is promoted by mitochondrial ROS and is essential for RIP3 recruitment into necrosome[END_REF]. However, since necroptosis in Jurkat cells and T-29 cells is reported to be ROS-independent [START_REF] Moquin | The molecular regulation of programmed necrotic cell injury[END_REF][START_REF] Guo | Necroptosis in heart disease: Molecular mechanisms and therapeutic implications[END_REF], the role of ROS in the execution of necroptosis might be cell-specific, and this particular pathway linking ROS and RIPK3 should be viewed with considerable caution. In addition, RIPK3 activation by Ca2+/calmodulindependent protein kinase IIδ (CaMKIIδ) can promote mitochondrial permeability transition pore (mPTP) opening, thereby implicating mitochondria in necroptosis execution independently of mitochondrial ROS production [START_REF] Zhang | CaMKII is a RIP3 substrate mediating ischemia-and oxidative stressinduced myocardial necroptosis[END_REF]. Moreover, the activation of mitochondrial protein phosphatase PGAM5 by RIPK3 leads to the dephosphorylation of the mitochondrial fission factor dynamin-related protein 1 (Drp1) at Ser637, and activation of its GTPase activity, which in turn can promote mitochondrial fragmentation, elevation in ROS production, and cell death [START_REF] Wang | The Mitochondrial Phosphatase PGAM5 Functions at the Convergence Point of Multiple Necrotic Death Pathways[END_REF]. Based on these findings indicating the involvement of mitochondria in the promotion of necroptotic cell death, it is very likely that necroptosis can be co-executed by several additional signalling pathways apart from the constitution of membrane MLKL homooligomers or RIPK3─MLKL hetero-oligomers. It should, however, be mentioned that the involvement of mitochondria in the process of necroptotic cell loss can be questioned, at least in some cells/tissue, since complete depletion of the mitochondria failed to alleviate the execution of necroptosis in NIH/3T3 fibroblasts [START_REF] Tait | Widespread mitochondrial depletion via mitophagy does not compromise necroptosis[END_REF]. Nevertheless, the above-indicated mitochondrial signalling pathways suggesting RIPK3 as a multifunctional protein affecting mitochondrial function and dynamics can be viewed as other, alternative, non-conventional pathways of necroptosis. Furthermore, there are also some indications arguing for the involvement of the endoplasmic reticulum (ER), nucleus and inflammasome in necroptosis, thereby extending the evidence on the non-plasma membrane-mediated signalling pathways of this cell death mode. They are schematically depicted in Figure 2 and discussed below in detail.

It is, however, necessary to note that currently, the relationship between the wellaccepted RIPK3─MLKL executioner of the canonical, non-canonical and the novel, alternative "non-canonical" necroptotic pathways and their relevance to specific tissueand/or diseasespecific is completely unknown. It can also be mentioned that the nomenclature referring to the canonical and non-canonical pathways of necroptosis seems to be used variously and inconsistently with the definition of necroptosis. In fact, the pathways proceeding necroptosis via other non-MLKL adaptors of RIPK3 have also been considered to be the non-canonical signalling of necroptosis by some authors [START_REF] Adameova | Interplay of Oxidative Stress and Necrosis-like Cell Death in Cardiac Ischemia/Reperfusion Injury: A Focus on Necroptosis[END_REF][START_REF] Horvath | Inhibition of Cardiac RIP3 Mitigates Early Reperfusion Injury and Calcium-Induced Mitochondrial Swelling without Altering Necroptotic Signalling[END_REF][START_REF] Kaiser | Toll-like Receptor 3-mediated Necrosis via TRIF, RIP3, and MLKL[END_REF][START_REF] Upton | DAI/ZBP1/DLM-1 complexes with RIP3 to mediate virus-induced programmed necrosis that is targeted by murine cytomegalovirus vIRA[END_REF][START_REF] Grootjans | Initiation and execution mechanisms of necroptosis: an overview[END_REF]. However, to be in line with the definition set by the expertise group on cell death [START_REF] Upton | DAI/ZBP1/DLM-1 complexes with RIP3 to mediate virus-induced programmed necrosis that is targeted by murine cytomegalovirus vIRA[END_REF] and for a didactic purpose, we adopt the canonical, non-canonical and non-conventional, alternative pathways of necroptosis throughout this manuscript.

Based on the data from the Human Protein Atlas (www.proteinatlas.org), the protein expression of some below-discussed alternative adapters of necroptosis (e.g., mitochondrial protein phosphatase PGAM5 and Drp1) is comparable across several tissue types. On the other hand, although there is no comparative data on the protein expression of RIPK3, its mRNA expression increases in order from the cerebral tissue through the liver, heart, lungs, and kidneys and reaches the highest levels in the intestines [START_REF] Uhlén | Tissue-based map of the human proteome[END_REF][START_REF] Yang | RIP3 beta and RIP3 gamma, two novel splice variants of receptor-interacting protein 3 (RIP3), downregulate RIP3-induced apoptosis[END_REF]. However, since both mRNA and protein expression can be highly altered by several factors important in disease processes, such as inflammation and oxidative stress [START_REF] Walker | Connecting aging biology and inflammation in the omics era[END_REF], the abundance of pro-necroptotic proteins in healthy tissues may not directly correspond to the importance of the canonical or other, alternative necroptotic pathways in the diseased tissue. 

Evidence for additional, non-conventional pathways of necroptosis in the heart

Several major studies have demonstrated the importance of the necroptotic signalling pathways being not directly associated with the RIPK1─RIPK3─MLKL axis in the heart (reviewed in [START_REF] Adameova | Interplay of Oxidative Stress and Necrosis-like Cell Death in Cardiac Ischemia/Reperfusion Injury: A Focus on Necroptosis[END_REF][START_REF] Davidson | Mitochondrial and mitochondrial-independent pathways of myocardial cell death during ischaemia and reperfusion injury[END_REF]). The RIPK3─CaMKIIδ─mPTP pathway has been documented in the hearts subjected to 30 min ischemia (I) and 120 min reperfusion (R) [START_REF] Zhang | CaMKII is a RIP3 substrate mediating ischemia-and oxidative stressinduced myocardial necroptosis[END_REF]. Likewise, CaMKIIδ inhibition has been shown to be cardioprotective in acute models of myocardial I/R-and doxorubicin-induced cardiac damage by mitigating necrotic and necroptotic cell death [START_REF] Vila-Petroff | CaMKII inhibition protects against necrosis and apoptosis in irreversible ischemia-reperfusion injury[END_REF][START_REF] Szobi | Mitigation of postischemic cardiac contractile dysfunction by CaMKII inhibition: Effects on programmed necrotic and apoptotic cell death[END_REF].

Similarly, treatment of I/R hearts with KN-93, a CaMKII inhibitor, reduced the expression of RIPK1 in the left ventricles of I/R hearts [START_REF] Szobi | Mitigation of postischemic cardiac contractile dysfunction by CaMKII inhibition: Effects on programmed necrotic and apoptotic cell death[END_REF]. This association between RIPK1 and mPTP is also supported by a study using necrostatin-1 (Nec-1), a RIPK1 inhibitor, which was able to retard both necroptotic cell death and mitochondria-related damage due to the reduction of the mPTP opening [START_REF] Lim | The cardioprotective effect of necrostatin requires the cyclophilin-D component of the mitochondrial permeability transition pore[END_REF].

A role for the alternative RIPK3─PGAM5─Drp1 pathway is indicated by a study in which mice with cardiac-specific PGAM5 knockout exhibited less MLKL phosphorylation, smaller infarct size and reduced cardiac inflammation and IL-6 expression [START_REF] Zhu | Phosphoglycerate mutase 5 exacerbates cardiac ischemia-reperfusion injury through disrupting mitochondrial quality control[END_REF]. In contrast, in a study examining the early phase of reperfusion (first 10 min) following ischemia, no evidence of MLKL phosphorylation or alterations in other markers of necroptosis (either canonical or those referring to alternative ones) was observed, suggesting that necroptosis occurs later during reperfusion [START_REF] Horvath | Inhibition of Cardiac RIP3 Mitigates Early Reperfusion Injury and Calcium-Induced Mitochondrial Swelling without Altering Necroptotic Signalling[END_REF]. Interestingly, PGAM5 depletion has not altered the phosphorylation of Drp1 at Ser616 [START_REF] Vila-Petroff | CaMKII inhibition protects against necrosis and apoptosis in irreversible ischemia-reperfusion injury[END_REF], which is associated with the induction of mitochondrial fission [START_REF] Tong | The role of Drp1 in mitophagy and cell death in the heart[END_REF], but preserved the phosphorylation at Ser637 [START_REF] Zhu | Phosphoglycerate mutase 5 exacerbates cardiac ischemia-reperfusion injury through disrupting mitochondrial quality control[END_REF]. Interestingly, with regards to RIPK3, different studies have reported a RIPK3-dependent increase in pSer616-Drp1 and a decrease in pSer637-Drp1 expression under in vivo myocardial I/R conditions [START_REF] She | Inhibition of Phosphoglycerate Mutase 5 Reduces Necroptosis in Rat Hearts Following Ischemia/Reperfusion Through Suppression of Dynamin-Related Protein 1[END_REF] as well as in vitro hypoxia/reoxygenation (H/R) conditions [START_REF] Hou | The role of RIP3 in cardiomyocyte necrosis induced by mitochondrial damage of myocardial ischemiareperfusion[END_REF]. Thus, since dephosphorylation of Drp1 at Ser637 has been associated with impaired cardiac function following I/R, direct inhibition of PGAM5, or by its upstream molecule -RIPK3 may represent an important cardioprotective tool [START_REF] Davidson | Mitochondrial and mitochondrial-independent pathways of myocardial cell death during ischaemia and reperfusion injury[END_REF][START_REF] Sharp | Dynamin-related protein 1 (Drp1)-mediated diastolic dysfunction in myocardial ischemia-reperfusion injury: Therapeutic benefits of Drp1 inhibition to reduce mitochondrial fission[END_REF]. In support, a deficiency of RIPK3 has been reported to improve ejection fraction and retard post-ischemic adverse remodelling during chronic left anterior descending coronary artery ligation [START_REF] Luedde | RIP3, a kinase promoting necroptotic cell death, mediates adverse remodelling aftermyocardial infarction[END_REF].

Song et al. have described another mitochondria-associated necroptotic pathway [START_REF] Song | Ripk3 mediates cardiomyocyte necrosis through targeting mitochondria and the JNK-Bnip3 pathway under hypoxia-reoxygenation injury[END_REF].

They found that in cardiomyocytes under conditions of H/R, RIPK3 deletion conferred protective effects on the mitochondria in terms of reducing mitochondrial oxidative stress and limiting mPTP opening as a result of reduced activation of c-Jun N-terminal kinase (JNK) and BCL2 Interacting Protein 3 (BNIP3) [START_REF] Song | Ripk3 mediates cardiomyocyte necrosis through targeting mitochondria and the JNK-Bnip3 pathway under hypoxia-reoxygenation injury[END_REF]. In a model of myocardial I/R, mPTP opening has also likely been preserved due to RIPK3 inhibition however, such cardioprotection was not mediated by affecting the JNK─BNIP3 pathway [START_REF] Horvath | Inhibition of Cardiac RIP3 Mitigates Early Reperfusion Injury and Calcium-Induced Mitochondrial Swelling without Altering Necroptotic Signalling[END_REF]. Thus, such conflicting findings might suggest that the activation of the RIPK3─JNK─BNIP3 pathway can be significantly affected by respective experimental conditions.

Of note, the promotion of necroptosis due to mPTP opening has been demonstrated to also involve the ER, indicating a novel inter-organelle molecular mechanism for necroptosis execution [START_REF] Zhu | Ripk3 promotes ER stress-induced necroptosis in cardiac IR injury: A mechanism involving calcium overload/XO/ROS/mPTP pathway[END_REF]. Indeed, under conditions of acute I/R, RIPK3-evoked ER stress has led to the elevation in intracellular Ca2+ concentration in cardiomyocytes with subsequent upregulation in the expression of xanthine oxidase (XO). As a result, the elevated levels of XO caused ROS accumulation resulting in increased mPTP opening and finally cell death [START_REF] Zhu | Ripk3 promotes ER stress-induced necroptosis in cardiac IR injury: A mechanism involving calcium overload/XO/ROS/mPTP pathway[END_REF].

Although some studies employing cardiomyocytes have indicated that these other, additional pathways evidenced in the heart do have a place in these particular cardiac cells, it is unknown whether other types of cells in the heart (e.g., fibroblasts, vascular smooth muscle cells, etc.) respond to the deleterious stimuli similarly. On the other hand, since cardiomyocytes have a high reliance on energy production by the mitochondria, these cardiac cells are likely more prone to mitochondria-related alternative necroptosis and the subsequent molecular events, including higher ROS production, can promote the signalling pathways in the neighbouring cells and thereby promote further damage e.g., fibrosis. From the abovementioned discussion, it is evident that the activation of either of these alternative necroptotic signalling pathways under myocardial damage might be associated with impaired mitochondrial function and dynamics via Drp1 allowing the division of one mitochondrion in two daughter mitochondria. It is also evident that RIPK3 acts as a convergent point of multiple mitochondrial pathways apart from the plasma membrane RIPK3─MLKL signalling. Therefore, it seems that the RIPK3-targeting interventions may be a promising and powerful tool to elicit cardioprotection. In this regard, in our recent study employing an ex vivo model of a short period of ischemia and reperfusion we have shown that RIPK3 inhibition by two different agents is cardioprotective in terms of the prevention of membrane disruption and mitochondrial swelling. However, these pharmacological interventions targeting RIPK3 did not affect the activation of the known canonical (RIPK1─RIPK3─MLKL) and alternative pathways of necroptosis (RIPK3─CaMKII, RIPK3─PGAM5─Drp1, RIPK3─JNK─BNIP3) [START_REF] Horvath | Inhibition of Cardiac RIP3 Mitigates Early Reperfusion Injury and Calcium-Induced Mitochondrial Swelling without Altering Necroptotic Signalling[END_REF]. Thus, such findings likely indicate that the role of RIPK3 is rather more complex.

Similarly to apoptosis and necrosis, miRNAs have also been implicated in necroptosis regulation. The specific miRNAs regulating the canonical pathway include miRNA-181b-1, -19, -874, -512-3p, -128a, -155, -21, -223-5p/3p, -24-3p, -325-3p, -103 and are reviewed elsewhere [START_REF] Jang | The role of microRNAs in cell death pathways[END_REF][START_REF] Cai | Non-coding RNAs in necroptosis, pyroptosis, and ferroptosis in cardiovascular diseases[END_REF]. Regarding the alternative, non-conventional pathways of necroptosis delineated in this review, increased expression of miRNA-105 and miRNA-873 has been shown to prevent necroptosis through the direct downregulation of RIPK proteins in cardiomyocytes [START_REF] Shin | Simultaneous Suppression of Multiple Programmed Cell Death Pathways by miRNA-105 in Cardiac Ischemic Injury[END_REF][START_REF] Wang | The long noncoding RNA NRF regulates programmed necrosis and myocardial injury during ischemia and reperfusion by targeting miR-873[END_REF]. In adult mouse cardiomyocytes, miRNA-874 has been reported to promote necroptosis by suppressing the expression of caspase-8 [START_REF] Wang | miR-874 regulates myocardial necrosis by targeting caspase-8[END_REF]. Nevertheless, in a study using a transgenic mouse model with heart-specific overexpression of miR-223, TNFR1 and death receptor 6 (DR6), both known to initiate necroptosis upon stimulation by the respective ligands, have been identified as targets of miRNA-223-5p. On the other hand, miRNA-223-3p has been found to directly suppress the expression of NLRP3 and inhibitory kappa B kinase alpha (IKKα) which resulted in the exacerbation of necroptotic death [START_REF] Qin | MicroRNA-223-5p and -3p Cooperatively Suppress Necroptosis in Ischemic/Reperfused Hearts[END_REF].

Indeed, increased expression of miRNA-103/107 targeting FADD, a negative regulator of necroptosis, has been associated with the progression of myocardial infarction [START_REF] Wang | MicroRNA-103/107 Regulate Programmed Necrosis and Myocardial Ischemia/Reperfusion Injury Through Targeting FADD[END_REF]. However, in TNF-induced necroptosis, the participation of such miRNA-103/107─FADD pathway has not been confirmed [START_REF] Wang | MicroRNA-103/107 Regulate Programmed Necrosis and Myocardial Ischemia/Reperfusion Injury Through Targeting FADD[END_REF]. It has also been suggested that miRNA-2861 contribute to H2O2-or I/R-induced necroptosis in cardiomyocytes by inhibiting the gene expression of adenine nucleotide translocator 1 (ANT1), a protein which facilitates the exchange of cytosolic ADP and mitochondrial ATP across the mitochondrial inner membrane and has a protective effect against cell necrosis [START_REF] Wang | MicroRNA-2861 regulates programmed necrosis in cardiomyocyte by impairing adenine nucleotide translocase 1 expression[END_REF]. Another study demonstrated that delivery of exosomal miRNA-17-3p to the heart alleviated the programmed necrosis due to I/R injury by regulating tissue inhibitor of metalloproteinases 3 (TIMP3) expression [START_REF] Liu | Exosomal miR-17-3p Alleviates Programmed Necrosis in Cardiac Ischemia/Reperfusion Injury by Regulating TIMP3 Expression[END_REF]. miRNA-214 has been shown to prevent cardiomyocyte damage due to ischemia through the suppression of CaMKII and CypD [START_REF] Aurora | MicroRNA-214 protects the mouse heart from ischemic injury by controlling Ca2+ overload and cell death[END_REF]. Interestingly, oxidative stress and the inflammatory response as well as MAPK signalling have been suggested to be involved in miRNA-200a-5p-induced additional pathways of necroptosis in cardiomyocytes [START_REF] Yang | miR-200a-5p regulates myocardial necroptosis induced by Se deficiency via targeting RNF11[END_REF]. 

Evidence of additional, non-conventional necroptosis in non-cardiac tissue types

Intestines

In a model of LPS-induced sepsis, necroptosis has been shown to be implicated in the loss of intestinal cells based on the upregulation of RIPK1, RIPK3 and MLKL, as well as PGAM5 and Drp1, indicating the involvement of both the canonical and alternative necroptosis [START_REF] Liu | Necroptosis is active and contributes to intestinal injury in a piglet model with lipopolysaccharide challenge[END_REF]. Moreover, pre-treatment with a RIPK1 inhibitor, Nec-1, was able to reverse the alterations in the expression of these proteins, mitigate jejunal morphological injury and improve digestive and barrier function [START_REF] Liu | Necroptosis is active and contributes to intestinal injury in a piglet model with lipopolysaccharide challenge[END_REF]. Similarly, in a model of enterotoxigenic Escherichia coli-induced intestinal damage, treatment of intestinal porcine epithelial cells 1 (IPEC-1) with eicosapentaenoic or arachidonic acid reduced the protein levels of phosphorylated RIPK3 and phosphorylated MLKL as well as the gene expression of PGAM5 and Drp1 [START_REF] Xiao | Long-chain PUFA ameliorate enterotoxigenic Escherichia coli-induced intestinal inflammation and cell injury by modulating pyroptosis and necroptosis signaling pathways in porcine intestinal epithelial cells[END_REF]. The authors also found downregulated expression of NLRP3, caspase-1 and gasdermin D, indicating that the application of these polyunsaturated fatty acids resulted in the suppression of both necroptosis and pyroptosis as well as cellular inflammation [START_REF] Xiao | Long-chain PUFA ameliorate enterotoxigenic Escherichia coli-induced intestinal inflammation and cell injury by modulating pyroptosis and necroptosis signaling pathways in porcine intestinal epithelial cells[END_REF].

p-JNK, a stress-and mitogen-activated protein kinase (MAPK), has been found to serve as another potential mediator of alternative necroptosis in the intestines [START_REF] Lou | EZH2 Regulates Intestinal Inflammation and Necroptosis Through the JNK Signaling Pathway in Intestinal Epithelial Cells[END_REF][START_REF] Sun | Cytosolic calcium mediates RIP1/RIP3 complex-dependent necroptosis through JNK activation and mitochondrial ROS production in human colon cancer cells[END_REF].

Treatment of colon cancer cell lines with 2-methoxy-6-acetyl-7-methyljuglone, an inductor of necroptosis [START_REF] Sun | 2-Methoxy-6-acetyl-7-methyljuglone (MAM), a natural naphthoquinone, induces NO-dependent apoptosis and necroptosis by H2O2-dependent JNK activation in cancer cells[END_REF], promoted the formation of RIPK1─RIPK3 complex along with the sustained p-JNK activation and increased mitochondrial ROS production [START_REF] Sun | Cytosolic calcium mediates RIP1/RIP3 complex-dependent necroptosis through JNK activation and mitochondrial ROS production in human colon cancer cells[END_REF]. Similarly, Nec-1 as well as SP600125, a JNK inhibitor, were able to prevent these alterations, thereby confirming a mechanistic link between these molecular events. In support, in an in vitro model of inflammatory bowel disease, the silencing of a histone methyltransferaseenhancer of zeste homolog 2 (EZH2) increased the expression of p-JNK along with canonical proteins of necroptosis [START_REF] Lou | EZH2 Regulates Intestinal Inflammation and Necroptosis Through the JNK Signaling Pathway in Intestinal Epithelial Cells[END_REF].

Kidneys

In subtotal nephrectomised rats, the remnant kidneys had elevated expression of RIPK1, RIPK3, MLKL and Drp1 while these changes were prevented by Nec-1 treatment. This anti-necroptotic agent also relieved kidney dysfunction and overall cell injury evidenced by transmission electron microscopy [START_REF] Zhu | Necroptosis mediated by receptor interaction protein kinase 1 and 3 aggravates chronic kidney injury of subtotal nephrectomised rats[END_REF]. TNF-induced necroptosis of renal clear cell carcinoma cells has also been found to be mediated by Drp1, since the application of mitochondrial division inhibitor-1 (Mdivi-1), a Drp1 inhibitor, prevented the translocation of p-MLKL to the mitochondria. These findings have suggested a mechanistic link between Drp1 and MLKL that was RIPK3-independent [START_REF] Al-Lamki | Tubular epithelial cells in renal clear cell carcinoma express high RIPK1/3 and show increased susceptibility to TNF receptor 1-induced necroptosis[END_REF]. Interestingly, in addition to the indicated protective effects of Nec-1 on Drp1-mediated mitochondrial fission, such pharmacological intervention was also able to decrease ROS production under these pathological conditions in the kidneys [START_REF] Zhu | Necroptosis mediated by receptor interaction protein kinase 1 and 3 aggravates chronic kidney injury of subtotal nephrectomised rats[END_REF].

Likewise, in a mouse model of sepsis-induced acute kidney injury, activated RIPK3 stimulated the pro-oxidant enzyme NADPH oxidase 4 (NOX4) independently of MLKL and caused robust ROS production, induced mitochondrial dysfunction and thus, cell death [START_REF] Sureshbabu | RIPK3 promotes sepsis-induced acute kidney injury via mitochondrial dysfunction[END_REF]. Interestingly, the authors also detected higher urinary RIPK3 levels and thus, identified a potential biomarker for such injury in the kidney [START_REF] Sureshbabu | RIPK3 promotes sepsis-induced acute kidney injury via mitochondrial dysfunction[END_REF]. In a model of renal I/R injury, RIPK3 has also been found to be translocated to the mitochondria and promote the release of mtDNA via degradation of the inner mitochondrial protein, Mitofilin, therefore exacerbating cell death [START_REF] Feng | RIP3 Translocation into Mitochondria Promotes Mitofilin Degradation to Increase Inflammation and Kidney Injury after Renal Ischemia-Reperfusion[END_REF]. Additionally, JNK has been associated with the process of necroptotic death under the conditions of renal I/R injury. However, it is assumed that JNK serves rather as an upstream activator of the canonical RIPK3-MLKL axis since the inhibition of JNK by CC-930 downregulated the core markers of necroptosis (p-RIPK3 and p-MLKL) with concomitant mitigation of kidney dysfunction, tubular damage, and inflammation [START_REF] Grynberg | JUN Amino-Terminal Kinase 1 Signaling in the Proximal Tubule Causes Cell Death and Acute Renal Failure in Rat and Mouse Models of Renal Ischemia/Reperfusion Injury[END_REF]. Furthermore, there are some indications that RIPK3 independently of MLKL proceeds to renal fibrogenesis. It has been shown that both genetic deletion, as well as pharmacologic inhibition of RIPK3, were protective against TGF-β1mediated increased kidney fibrosis, while these results were not achieved by genetic depletion of MLKL [START_REF] Imamura | RIPK3 promotes kidney fibrosis via AKT-dependent ATP citrate lyase[END_REF].

So far, there is only a limited number of studies investigating the regulation of necroptosis by miRNAs in renal diseases. Zhao et al. have found that overexpression of miRNA-381-3p blocks TNF-induced necroptosis in renal cancer cells by inhibiting the activation of RIPK3 and MLKL [START_REF] Zhao | MicroRNA-381-3p Functions as a Dual Suppressor of Apoptosis and Necroptosis and Promotes Proliferation of Renal Cancer Cells[END_REF]. Likewise, miRNA-500a-3p has been shown to alleviate kidney injury by targeting MLKL-mediated necroptosis in renal epithelial cells [START_REF] Jiang | hsa-miR-500a-3P alleviates kidney injury by targeting MLKL-mediated necroptosis in renal epithelial cells[END_REF]. Shen et al.

[97] have identified a necroptotic pathway linking hypoxia-inducible factor 1-α (HIF-1α), miRNA-26a, transient receptor potential channel 6 (TRPC6), and poly(ADP-ribose) polymerase 1 (PARP1) in ischemic acute kidney injury model. Mechanistically, HIF-1α has been suggested to bind to the promoter region of miRNA-26a which in turn affect TRPC6.

Liver

In an early phase of acetaminophen (APAP)-induced liver injury, both RIPK3 inhibition and genetic deletion attenuated necrosis-like cell death which was accompanied by the alleviation of mitochondrial dysfunction, Drp1 translocation and ROS production [START_REF] Ramachandran | Receptor interacting protein kinase 3 is a critical early mediator of acetaminophen-induced hepatocyte necrosis in mice[END_REF].

Furthermore, the application of Drp1 inhibitor to hepatocytes isolated from mice exposed to APAP resulted in reduced necrosis compared to non-treated cells [START_REF] Ramachandran | Receptor interacting protein kinase 3 is a critical early mediator of acetaminophen-induced hepatocyte necrosis in mice[END_REF], supporting the relevance of the RIPK3─Drp1-mediated necroptosis under such liver damage. Similar protection has been found in another study using the same model of APAP-induced hepatotoxicity in which RIPK1 inhibition decreased the expression of RIPK3 and prevented necroptosis. In addition, such pharmacological intervention has been linked to the attenuation of mitochondrial JNK activation and apoptosis-inducing factor (AIF) nuclear translocation, depicting a novel RIPK1─RIPK3─AIF-mediated necroptosis signalling [START_REF] Zhang | Role of receptor interacting protein (RIP)1 on apoptosis-inducing factor-mediated necroptosis during acetaminophen-evoked acute liver failure in mice[END_REF]. A signalling pathway linking RIPK3-mediated necroptosis with oxidative stress has also been delineated in a model of hepatotoxicity induced by chronic ethanol intake [START_REF] Roychowdhury | Absence of receptor interacting protein kinase 3 prevents ethanol-induced liver injury[END_REF]. Depletion of hepatic RIPK3 prevented hepatocytes injury, oxidative stress and JNK activation. Because the upregulation of hepatic RIPK3 in mice fed with ethanol required ROS produced by ethanol metabolic transformation such a complex interplay between RIPK3 and oxidative stress has supported the previous findings on the role of ROS in the other, non-conventional pathway of necroptosis in the liver.

In addition to mitochondrial dysfunction and overproduction of ROS, ER stress has also been implicated in necroptosis signalling under the conditions of hepatic injury. In a tunicamycin-or d-galactosamine-induced acute liver damage, both necroptotic cell loss and ER stress have been identified, while pharmacological inhibition of ER stress displayed a protective effect against hepatocyte necroptosis [START_REF] Tian | Phosphorylation of eIF2α mitigates endoplasmic reticulum stress and hepatocyte necroptosis in acute liver injury[END_REF].

As previously mentioned, RIPK3 is currently considered a core component of necroptosis signalling, however, in the liver several RIPK3-independent molecular axes have been identified. In fact, Günther et al. [START_REF] Günther | The pseudokinase MLKL mediates programmed hepatocellular necrosis independently of RIPK3 during hepatitis[END_REF] have reported that in a model of inflammationdependent hepatitis, MLKL played an essential role in mediating programmed necrosis, which, indeed, occurred independently of RIPK3 activation and rather required RIPK1 kinase activity.

Furthermore, MLKL, but not RIPK3, upregulation was induced in the interferon-gamma (IFNγ) ─signal transducer and activator of transcription 1 (STAT1)-dependent manner. In support, alternative necroptosis mediated only by MLKL has also been described in a model of nonalcoholic steatohepatitis [START_REF] Wu | MLKL-dependent signaling regulates autophagic flux in a murine model of non-alcohol-associated fatty liver and steatohepatitis[END_REF] and hepatocellular carcinoma cells treated with a monoclonal antibody against CD147 [START_REF] Pomlok | An IgM monoclonal antibody against domain 1 of CD147 induces non-canonical RIPK-independent necroptosis in a cell type specific manner in hepatocellular carcinoma cells[END_REF]. Although the underlying molecular mechanisms, including some other MLKL-activating kinases, have not been identified yet it is worth mentioning that these findings might indicate a novel view on necroptosis signalling in the liver. Likewise, it should also be noted that a simple comparison of the findings of these studies investigating additional pro-necroptotic pathways in the liver would not be accurate as different methodical approaches have been adopted. Therefore, it is intended just to indicate an observation that in drug-induced liver damage, RIPK3 mediates mitochondria and/or ER-related necroptosis, while inflammation-associated damage of hepatocytes is rather characterized by MLKL activation, only.

In the liver, miRNAs have been reported to regulate necroptotic cell death via the inhibition of caspase-8. Visalli et al. [START_REF] Visalli | miRNA expression profiling regulates necroptotic cell death in hepatocellular carcinoma[END_REF] suggested three miRNAs including miRNA-371-5p, miRNA-373 and miRNA-543 promote necroptosis in hepatocellular carcinoma by directly targeting the downregulation of the gene for caspase-8. Furthermore, miRNA-675 has been found to promote liver necroptosis in response to inflammatory signals by downregulation of FADD expression [START_REF] Harari-Steinfeld | The lncRNA H19-Derived MicroRNA-675 Promotes Liver Necroptosis by Targeting FADD[END_REF]. Gu et al. [START_REF] Gu | miR-425-5p improves inflammation and septic liver damage through negatively regulating the RIP1-mediated necroptosis[END_REF] suggested that miRNA-425-5p negatively controls the RIPK1-mediated necroptotic signalling cascades in a mouse model of sepsis-related liver damage. In addition, it has been shown that deletion of miRNA-21 in primary mouse hepatocytes resulted in decreased mRNA expression of cyclin-dependent kinase 2-associated protein 1 (CDK2AP1) followed by a similar result in RIPK3 expression [START_REF] Afonso | miRNA-21 ablation protects against liver injury and necroptosis in cholestasis[END_REF]. In the liver damage induced by LPS, miRNA-155 has been suggested to regulate necroptosis by targeting TNF receptor-associated factor 3 (TRAF3), thereby activating the JNK pathway, and promoting the respective alternative non-conventional pathway of this cell death [START_REF] Zhirong | Methionine selenium antagonizes LPS-induced necroptosis in the chicken liver via the miR-155/TRAF3/MAPK axis[END_REF].

Central nervous system

Several additional, non-conventional pathways of necroptosis have recently been implicated in the pathophysiology of central nervous system (CNS) diseases. Indeed, in both in vitro and in vivo models of hypoxic/ischemic brain damage, the knockdown of RIPK3 attenuated necroptotic cell loss via decreasing the phosphorylation of CaMKIIδ, one of the first identified mediators of alternative necroptosis [START_REF] Zhang | CaMKII is a RIP3 substrate mediating ischemia-and oxidative stress-induced myocardial necroptosis[END_REF]. Moreover, such intervention also prevented mitochondrial membrane potential dissipation and MLKL plasma membrane translocation [START_REF] Qu | RIPK3 interactions with MLKL and CaMKII mediate oligodendrocytes death in the developing brain[END_REF]. On the other hand, despite the indication of CaMKIIδ being downstream of RIPK3 [START_REF] Zhang | CaMKII is a RIP3 substrate mediating ischemia-and oxidative stress-induced myocardial necroptosis[END_REF], others have shown that in an early stage of cerebral I/R injury, CaMKIIα, another isoform of CaMKII being highly expressed in the brain, acted rather as an upstream activator of the RIPK1─RIPK3 complex, since pretreatment of rats with CaMKII inhibitor, KN-93, markedly reduced such interaction as well as the activation of Drp1 [START_REF] Zhan | Hypoxic preconditioning attenuates necroptotic neuronal death induced by global cerebral ischemia via Drp1dependent signaling pathway mediated by CaMKIIα inactivation in adult rats[END_REF].

In addition to CaMKII and Drp1, several other proteins related to mitochondrial damage have been proposed to mediate necroptosis execution under cerebral I/R conditions. It has been shown that AIF, an inter-membrane mitochondrial protein inducing caspase-independent apoptosis [START_REF] Cregan | Role of AIF in caspase-dependent and caspaseindependent cell death[END_REF], co-localized with RIPK3 in the cytoplasm while this complex subsequently translocated into the nucleus and promoted DNA degradation and necroptosis of neurons damaged by I/R [START_REF] Hu | Regulation of JNK signaling pathway and RIPK3/AIF in necroptosis-mediated global cerebral ischemia/reperfusion injury in rats[END_REF][START_REF] Xu | RIP3 induces ischemic neuronal DNA degradation and programmed necrosis in rat via AIF[END_REF]. Interestingly, it is worth mentioning that such RIPK3─AIF-mediated necroptosis was suppressed by treatment with both RIPK1 and RIPK3 inhibitors [START_REF] Hu | Regulation of JNK signaling pathway and RIPK3/AIF in necroptosis-mediated global cerebral ischemia/reperfusion injury in rats[END_REF][START_REF] Xu | RIP3 induces ischemic neuronal DNA degradation and programmed necrosis in rat via AIF[END_REF], as well as with an inhibitor of JNK, SP600125 [START_REF] Hu | Regulation of JNK signaling pathway and RIPK3/AIF in necroptosis-mediated global cerebral ischemia/reperfusion injury in rats[END_REF], thereby pointing out novel crosstalk between the RIPK3─AIF axis and the JNK inflammatory pathway in necroptosis execution. Such interactions. Furthermore, DAXX activation was able to improve cognitive functions and increase neuronal survival [START_REF] Yang | Necrostatin-1 protects hippocampal neurons against ischemia/reperfusion injury via the RIP3/DAXX signaling pathway in rats[END_REF].

The mitochondria-associated necroptosis pathway involving RIPK3, PGAM5 and Drp1 and/or overproduction of ROS has also been found to promote CNS injury. In an in vivo model of multiple sclerosis, the expression of the canonical necrosome components along with the levels of PGAM5 and Drp1 were elevated in the spinal cord [START_REF] Wang | Butylphthalide ameliorates experimental autoimmune encephalomyelitis by suppressing PGAM5-induced necroptosis and inflammation in microglia[END_REF]. PGAM5 seems to play a key role under these conditions since its silencing ameliorated the disease via suppressing Drp1 activation, necroptosis of microglia, inflammation and ROS production [START_REF] Wang | Butylphthalide ameliorates experimental autoimmune encephalomyelitis by suppressing PGAM5-induced necroptosis and inflammation in microglia[END_REF]. An interplay between necroptosis, inflammatory response and oxidative stress has also been described in a model of traumatic brain injury. Under such pathological conditions, RIPK3 deficiency improved cognitive functions and alleviated brain damage while the underlying mechanisms included the mitigation of the NLRP3-inflammatory pathway, apoptosis, oxidative stress and canonical necroptosis [START_REF] Liu | RIP3 deficiency protects against traumatic brain injury (TBI) through suppressing oxidative stress, inflammation and apoptosis: Dependent on AMPK pathway[END_REF]. Thus, it is plausible that both the conventional and novel, alternative signalling of necroptosis including mitochondria/oxidative stress-related pathways as well as the other RIPK3-mediated deleterious events might act in cooperation to promote brain damage.

The knowledge of non-conventional necroptosis in CNS has been extended by another study implicating NLRP3 inflammasome in necroptotic cell loss in a cerebral I/R model. In fact, the treatment of rats with a novel pan-caspase inhibitor, Q-VD-OPH, which was used to induce necroptosis, resulted in both the canonical necrosome and the NLRP3 inflammasome activation in the ischemic neurons while the treatment with NLRP3 inhibitor significantly reduced the infarct volume [START_REF] Teng | NLRP3 inflammasome is involved in Q-VD-OPH induced necroptosis following cerebral ischemia-reperfusion injury[END_REF]. However, such interconnection depicted in this study warrants further investigation since the precise mechanism underlying NLRP3 activation in cells undergoing necroptotic death remains unknown.

Another described mechanism of alternative necroptosis in CNS has been shown to involve the stress of the ER. In a model of spinal cord injury, both MLKL and RIPK3 translocated into the ER of microglia and macrophages, which were also positive for increased levels of ER stress sensor, GRP78 [START_REF] Fan | Involvement of endoplasmic reticulum stress in the necroptosis of microglia/macrophages after spinal cord injury[END_REF]. The participation of ER stress in necroptosis execution has been further confirmed in an in vitro model of ischemia, in which both ER stress and necroptosis co-existed while necroptotic cell loss was suppressed by the treatment with an ER stress inhibitor [START_REF] Fan | Involvement of endoplasmic reticulum stress in the necroptosis of microglia/macrophages after spinal cord injury[END_REF]. Such proposed interplay was also strongly supported by evidence on both p-MLKL and GRP78 upregulation in microglia and macrophages isolated from human injured spinal cord [START_REF] Fan | Involvement of endoplasmic reticulum stress in the necroptosis of microglia/macrophages after spinal cord injury[END_REF].

The available literature offers only scattered studies dealing with the regulation of necroptosis by miRNAs in the CNS. miRNA-425 has been shown to target RIPK1 and promote the phosphorylation of MLKL resulting in necroptosis in the brains of patients with Parkinson`s disease [START_REF] Hu | miR-425 deficiency promotes necroptosis and dopaminergic neurodegeneration in Parkinson's disease[END_REF]. Cui et al. [START_REF] Cui | Selenium-deficient diet induces necroptosis in the pig brain by activating TNFR1 via mir-29a-3p[END_REF] have shown that selenium deficiency induced necroptosis through the regulation of TNFR1 by miRNA-29a-3p in the pig brain. In another study, selenium deficiency induced the deregulation of the miR-130─CYLD axis and caused RIPK3-dependent necroptosis in the pig cerebellum [START_REF] Jiao | miR-130-CYLD Axis Is Involved in the Necroptosis and Inflammation Induced by Selenium Deficiency in Pig Cerebellum[END_REF].

Lungs

Current studies on various models of pulmonary diseases strongly support a concept of additional pathways of necroptosis which is mediated, at least partly, via alterations in oxidative stress and/or mitochondrial activity. In A549 human lung adenocarcinoma cells, tanshinol A, a cytotoxic compound, induced MLKL-mediated necroptosis which was completely independent of both RIPK1 and RIPK3. Furthermore, the authors of this study have shown that MLKL activation was a downstream event of ROS generation since treatment with antioxidants prevented its phosphorylation, membrane translocation and cell death [START_REF] Liu | Induction of an MLKL mediated non-canonical necroptosis through reactive oxygen species by tanshinol A in lung cancer cells[END_REF].

Such findings agree with several other studies showing that necroptosis was almost completely abolished by treatment with ROS scavengers [START_REF] Hussain | Mouse lung fibroblasts are highly susceptible to necroptosis in a reactive oxygen species-dependent manner[END_REF][START_REF] Jiang | Methyl methanesulfonate induces necroptosis in human lung adenoma A549 cells through the PIG-3-reactive oxygen species pathway[END_REF][START_REF] Ma | Novel CHOP activator LGH00168 induces necroptosis in A549 human lung cancer cells via ROSmediated ER stress and NF-κB inhibition[END_REF]. Likewise, studies reporting that Nec-1 suppressed ROS production and increased the expression of antioxidant proteins, such as heme oxygenase 1 (HO-1), nuclear factor erythroid 2-related factor 2 (NRF2) and superoxide dismutase 2 (SOD2) [START_REF] Hussain | Mouse lung fibroblasts are highly susceptible to necroptosis in a reactive oxygen species-dependent manner[END_REF][START_REF] Lin | Necrostatin-1 protects mice from acute lung injury by suppressing necroptosis and reactive oxygen species[END_REF] support a link between oxidative stress and necroptosis. Further evidence of such phenomenon comes from a study investigating a model of Streptococcus pneumoniae infection, where RIPK3 formed a complex with RIPK1, MLKL and the mitochondrial calcium uniporter (MCU) with resultant necroptosis of macrophages via mitochondrial ROS-induced mPTP opening [START_REF] Huang | RIPK3 activates MLKL-mediated necroptosis and inflammasome signaling during streptococcus infection[END_REF]. Interestingly, besides mediating necroptosis, RIPK3 also promoted the activation of the NLRP3 inflammasome through the mitochondrial ROS─AKT pathway [START_REF] Huang | RIPK3 activates MLKL-mediated necroptosis and inflammasome signaling during streptococcus infection[END_REF]. A link between necroptosis and mitochondrial dysfunction was also indicated in a model of cigarette smoke-induced chronic obstructive pulmonary disease (COPD), in which both Drp1 inhibition by Mdivi-1 and knockdown of a mitophagy regulator, PTEN-induced kinase 1 (PINK1), resulted in reduced phosphorylation of MLKL [START_REF] Mizumura | Mitophagydependent necroptosis contributes to the pathogenesis of COPD[END_REF],

suggesting a crosstalk between necroptosis and autophagy. In addition, BNIP3, a pro-death protein inducing mitochondrial dysfunction [START_REF] Zhang | Role of BNIP3 and NIX in cell death, autophagy, and mitophagy[END_REF], has also been suggested as a mediator of alternative necroptosis in the lungs. In A549 cancer cells, treatment with TNF resulted in necroptotic cell loss which was executed via ROS-dependent mitochondrial insertion of BNIP3, while this effect was suppressed by the administration of both Nec-1 and Nacetylcysteine [START_REF] Kim | BNip3 is a mediator of TNF-induced necrotic cell death[END_REF].

Like in other tissues reported in this paper, the role of ER stress in the novel, additional pathways of necroptosis has also been indicated as a pathomechanism of lung damage. In an in vitro model of lung I/R injury, the canonical necrosome formation proceeded into the stress of ER with subsequent mitochondrial calcium overload, overproduction of ROS and necrotic cell loss [START_REF] Kim | Ischemia-reperfusion induces death receptor-independent necroptosis via calpain-STAT3 activation in a lung transplant setting[END_REF]. Moreover, this study indicated that the formation of such a pronecroptotic complex was dependent on calpain-induced STAT3 phosphorylation [START_REF] Kim | Ischemia-reperfusion induces death receptor-independent necroptosis via calpain-STAT3 activation in a lung transplant setting[END_REF], thereby indicating that necroptosis might also be related to disrupted calcium homeostasis under the conditions of I/R.

The involvement of MAPKs in necroptosis has also been discussed under the conditions of lung injury. In an in vitro model of heat stress-induced damage to lungs, pharmacological inhibition of either extracellular signal-regulated kinase (ERK) or nuclear factor-kappa B (NF-κB) or c-Jun suppressed necroptotic cell loss along with preventing cytosolic translocation of high mobility group box 1 protein (HMGB1) [START_REF] Huang | Heat stress induces RIP1/RIP3-dependent necroptosis through the MAPK, NF-κB, and c-Jun signaling pathways in pulmonary vascular endothelial cells[END_REF]. Moreover, RIPK1/RIPK3 siRNA transfection negatively regulated the activation of c-Jun and ERK, while Nec-1 decreased NF-κB p65

nuclear translocation [START_REF] Huang | Heat stress induces RIP1/RIP3-dependent necroptosis through the MAPK, NF-κB, and c-Jun signaling pathways in pulmonary vascular endothelial cells[END_REF], indicating the involvement of such non-conventional mediators downstream of the RIPK1─RIPK3 necrosome. JNK, another member of the MAPK family, has also been found in mechanisms of necroptosis in the lungs. It was shown that treatment of A549 lung cancer cells with an anti-cancer agent, 2-methoxy-6-acetyl-7-methyljuglone, induced necroptosis which was reversed by both JNK silencing as well as pharmacologic inhibition by SP600125. In fact, the activation of JNK was ROS-dependent and resulted in increased nitrosative stress with the subsequent promotion of necroptosis via mitochondrial alterations and downregulation of pro-survival genes [START_REF] Sun | 2-Methoxy-6-acetyl-7-methyljuglone (MAM), a natural naphthoquinone, induces NO-dependent apoptosis and necroptosis by H2O2-dependent JNK activation in cancer cells[END_REF].

Concerning miRNAs and necroptosis in lung diseases, in a model of LPS-induced lung damage, necroptosis execution has been associated with increased expression of miRNA-16-5p targeting phosphatidylinositol 3-kinase (PI3K) with the resultant inhibition of the PI3K/AKT pathway [START_REF] Wang | Selenium deficiency exacerbates LPS-induced necroptosis by regulating miR-16-5p targeting PI3K in chicken tracheal tissue[END_REF]. LPS stimulation has also been found to inhibit miRNA-15a, and simultaneously increase the expression of JNK, NLRP3, caspase-1, RIPK1, RIPK3, and MLKL, thereby collectively promoting necroptosis in chicken lungs. Furthermore, in LPS-induced lung injury in four-month-old chickens, miRNA-15a/JNK has been suggested to serve as a modulator of both necroptosis and oxidative stress [START_REF] Wang | Selenomethionine alleviates LPS-induced JNK/NLRP3 inflammasome-dependent necroptosis by modulating miR-15a and oxidative stress in chicken lungs[END_REF]. Nevertheless, another study by Carnino et al.

[129] have depicted that miRNA-185-5p promotes necroptosis in alveolar type II cells via modulating the FADD/caspase-8 pathway.

Blood vessels

Mitochondrial damage due to excessive mPTP opening seems to play a pivotal role in necroptosis that can occur in cells of the vasculature. It has been found that pharmacological inhibition of mPTP, as well as deficiency of a key mPTP regulator, cyclophilin D (CypD), in microvascular endothelial cells exposed to necroptosis-inducing agents, suppressed MLKL phosphorylation and necroptotic cell death with the resultant decrease in HMGB1 release [START_REF] Gan | Mitochondrial permeability regulates cardiac endothelial cell necroptosis and cardiac allograft rejection[END_REF]. Similarly, in an in vitro model of hypoxia/reoxygenation, both CypD inhibition and deletion inhibited necroptosis of endothelial cells while the underlying mechanism included the prevention of AIF translocation into the nucleus [START_REF] Qamar | Cyclophilin d regulates the nuclear translocation of aif, cardiac endothelial cell necroptosis and murine cardiac transplant injury[END_REF]. In support, in a mouse model of cardiac transplantation, CypD deficiency in donor's hearts showed protective effects in terms of reducing endothelial damage, graft rejection and mortality possibly due to suppressing necroptosis mediated by the mitochondrial release of AIF and its subsequent nuclear translocation [START_REF] Gan | Mitochondrial permeability regulates cardiac endothelial cell necroptosis and cardiac allograft rejection[END_REF][START_REF] Qamar | Cyclophilin d regulates the nuclear translocation of aif, cardiac endothelial cell necroptosis and murine cardiac transplant injury[END_REF]. Furthermore, in the context of cardiac microvascular I/R injury, the mitochondrial phosphatase PGAM5 activated by RIPK3 has been found to directly colocalize with CypD while promoting its phosphorylation which in turn led to the opening of mPTP and endothelial necroptosis [START_REF] Zhou | Inhibitory effect of melatonin on necroptosis via repressing the Ripk3-PGAM5-CypD-mPTP pathway attenuates cardiac microvascular ischemia-reperfusion injury[END_REF]. Another mPTP-related mechanism of I/R-induced microvascular endothelial necroptosis has been found to include intracellular calcium overload and MCU upregulation subsequently leading to excessive mPTP opening [START_REF] Li | SERCA overexpression reduces reperfusion-mediated cardiac microvascular damage through inhibition of the calcium/MCU/mPTP/necroptosis signaling pathways[END_REF]. Interestingly, overexpression of sarcoplasmic/endoplasmic reticulum Ca 2+ -ATPase 2a (SERCA2a) prevented the calcium─MCU─mPTP necroptosis pathway and also normalized the I/Rinduced upregulation of both RIPK3 and PGAM5 with resultant improvements in endothelial function [START_REF] Li | SERCA overexpression reduces reperfusion-mediated cardiac microvascular damage through inhibition of the calcium/MCU/mPTP/necroptosis signaling pathways[END_REF].

Other mechanisms of necroptosis promoted via CaMKII signalling have also been shown to significantly contribute to the pathogenesis of vessel injury. In a model of coronary vascular endothelial damage induced by bisphenol A, CaMKIIα has been suggested to stimulate necroptosis downstream of RIPK3, since RIPK3 silencing prevented both p-CaMKIIα upregulation and necroptotic cell loss. On the other hand, CaMKII inhibition by KN-93 did not affect RIPK3 expression but suppressed necroptosis, thereby supporting a role for RIPK3 signalling to CaMKIIα rather than CaMKIIα to RIPK3 [START_REF] Reventun | Bisphenol A induces coronary endothelial cell necroptosis by activating RIP3/CamKII dependent pathway[END_REF]. The concept of CaMKII acting as a downstream molecule of the "classical" necrosome has been further supported by a study on a model of abdominal aortic aneurysm showing that RIPK3 deficiency, as well as MLKL knockdown, diminished CaMKIIδ phosphorylation, but knockdown of CaMKIIδ failed to affect the expression of such proteins [START_REF] Zhou | Mlkl and camkii are involved in ripk3-mediated smooth muscle cell necroptosis[END_REF]. This study also indicated that MLKL rather than RIPK3 might serve as an upstream activator of CaMKIIδ since co-immunoprecipitation studies revealed no direct interactions between RIPK3 and CaMKIIδ [START_REF] Zhou | Mlkl and camkii are involved in ripk3-mediated smooth muscle cell necroptosis[END_REF]. Therefore, it is obvious that CaMKII is closely associated with the mediators of the canonical pathway of necroptosis but the precise relationship between RIPK3─MLKL and CaMKII might vary depending on the CaMKII isoform, the specific pathological conditions and the particular type of injured cells.

p38 MAPK has been proposed to mediate necroptosis via RIPK3 in a model of high glucose (HG)-induced damage of human umbilical vein endothelial cells. It has been reported

that treatment of cells with a p38 inhibitor, SB203580, suppressed RIPK3 upregulation and both Nec-1 administration and RIPK3 silencing reduced the phosphorylation of p38 while all these interventions reversed HG-induced cytotoxicity [START_REF] Lin | Exogenous sodium hydrosulfide protects against high glucose-induced injury and inflammation in human umbilical vein endothelial cells by inhibiting necroptosis via the p38 MAPK signaling pathway[END_REF]. Thus, it is likely that a positive feedback loop between p38 and necroptosis might exist. Furthermore, both RIPK3 silencing and SB203580 treatment attenuated ROS production and prevented the loss of mitochondrial membrane potential [START_REF] Lin | Exogenous sodium hydrosulfide protects against high glucose-induced injury and inflammation in human umbilical vein endothelial cells by inhibiting necroptosis via the p38 MAPK signaling pathway[END_REF] indicating that such events might, at least partially, contribute to the necroptotic loss of endothelial cells induced by HG. Consistent with these reports, necroptosis induced by tert-butyl hydroperoxide in the endothelial cells has been shown to be mediated by both p38 MAPK and mitochondrial alterations. In fact, inhibition of p38, as well as mitochondrial ROS production, prevented necroptotic cell loss while silencing of the canonical necrosome components suppressed p38 activation, generation of mitochondrial ROS and loss of mitochondrial membrane potential [START_REF] Zhao | Tert-butyl hydroperoxide (t-BHP) induced apoptosis and necroptosis in endothelial cells: Roles of NOX4 and mitochondrion[END_REF]. Based on these data, it is plausible that both p38 signalling and oxidative stress generated by mitochondria cooperate to execute necroptosis in endothelial cells.

Finally, receptor for advanced glycation end products (RAGE) has been identified as another non-conventional mediator of necroptosis in a murine model of red blood cell transfusion. RAGE knockout in mice has been found to attenuate necrosis-like cell death as evidenced by decreased plasma levels of RIPK3 and HMGB1 [START_REF] Faust | RAGE interacts with the necroptotic protein RIPK3 and mediates transfusion-induced danger signal release[END_REF]. Further, in vitro investigations have revealed that knockdown of RAGE suppressed necroptosis of human lung endothelial cells while RAGE was found to directly interact with RIPK3 in both the nucleus and cytosol [START_REF] Faust | RAGE interacts with the necroptotic protein RIPK3 and mediates transfusion-induced danger signal release[END_REF] supporting the relevance of this novel identified mediator of necroptosis signalling.

Concluding remarks

From the aforementioned discussion as well as from Table 1, summarising evidence of some of the additional, non-conventional pathways of necroptosis, it is evident that the scientific view on necroptosis and its regulation has advanced since several mitochondrial and ER-related proteins have been suggested, at least under some circumstances, to promote necroptotic cell loss. Thus, it is clear that the conventional concept of necroptosis signalling involving the RIPK3─MLKL axis as the main executioner might be challenged and other, additional adapters of necroptotic signalling might be involved in the final proceeding necroptotic cell death. Although many issues need to be clarified, it is clear that some of the additional pathways, being not directly and not exclusively associated with the traditionally accepted terminal pro-necroptotic protein, have been identified in specific pathological conditions of some organs only while under other conditions, or in other organs, the authors have suggested a role of different ones. These alternative, non-canonical pathways being specific for certain tissues, at least according to current knowledge, are schematically depicted in Figure 3. These observations support very complex and possibly organ and injury-type specific events. However, it is also possible that a lack of studies in this field explains this level of current knowledge. Irrespective of these facts, we propose that a simple approach considering only the genetically determined expression levels of pro-necroptotic proteins in different healthy tissues is unlikely to provide sufficient information on the regulation and preferential promotion of either of the alternative signalling pathways since the gene and protein expression among various cells does not significantly differ under basal conditions. On the other hand, it should be mentioned that although the basal mRNA levels of RIPK3 are lower in the heart compared to the lungs, this protein kinase seems to be crucially involved in all of the proposed cardiac non-conventional molecular pathways of necroptosis. In contrast, the cells in the lungs seem to undergo necroptosis independently of RIPK3, and rather in an MLKL-dependent manner. It is also worth pointing out that some of the proposed molecular targets of the novel, additional pathways are also known to be involved in the regulation of other types of programmed cell death. For instance, AIF is implemented in apoptosis activation while at the same time, it has also been found to promote necroptosis via nuclear translocation of RIPK3-AIF complex in some organs. Collectively, the additional, non-conventional pathways shown to mediate cell loss via necroptosis have partially challenged the definition of necroptotic death referred to as "a modality of regulated cell death triggered by perturbations of extracellular or intracellular homeostasis that critically depends on MLKL, RIPK3, and (at least in some settings) on the kinase activity of RIPK1" [START_REF] Kaiser | Toll-like Receptor 3-mediated Necrosis via TRIF, RIP3, and MLKL[END_REF]. Thus, further intensive experimental work in this area of biology, as well as reconsideration of the definition of this cell death mode, might be expected soon. Accordingly, the design of novel anti-necroptotic approaches mitigating necroptotic injury due to targeting either of the other, alternative axes along with the canonical pathway of necroptosis might be significantly affected.

Table 2. A list of some of the additional, non-conventional pathways of necroptosis in various tissues and main findings supporting their relevance apart from the canonical pathway. 

Figure 1 :

 1 Figure 1: A schematic illustration of the TNF-induced canonical pathway of necroptosis and the non-canonical necroptotic signalling mediated by various ligands, such as damageassociated molecular patterns, pathogen-associated molecular patterns and cytomegalovirus. In the canonical signalling pathway, TNF activates its receptor TNFR1 leading to the activation of RIPK1 and RIPK3, while in the non-canonical necroptosis signalling RIPK3 is activated due to the direct interaction with TRIF or DAI/ZBP1 as a result of the stimulation of TLR3/4 or due to cytomegalovirus infection. Both these axes lead to the activation of the final necroptotic executive protein MLKL resulting in the formation of MLKL oligomers and their translocation to the plasma membrane to proceed with its disruption. Abbreviations: DAI/ZBP1 -DNAdependent activator of interferon regulatory factors/Z-DNA binding protein 1; DAMPsdamage-associated molecular patterns; MLKLmixed lineage kinase domain-like pseudokinase; PAMPspathogen-associated molecular patterns; RIPK1/3receptorinteracting protein kinase 1/3; TLR3/4toll-like receptor 3/4, TNFtumour necrosis factor;

Figure 2 :

 2 Figure 2: A schematic illustration of some of the additional, non-conventional axes found to promote necroptosis via inducing DNA damage, mPTP opening, endoplasmic reticulum stress and inflammation apart from the MLKL-mediated plasma membrane rupture. Abbreviations:

  Abbreviations: ANT1adenine nucleotide translocator 1, CaMKII -Ca2+/calmodulin-dependent protein kinase II, CDK2AP1cyclin-dependent kinase 2-associated protein 1, CYLD -cylindromatosis, CypDcyclophilin D, DR6death receptor 6, FADD -Fas-associated death domain, HIF-1αhypoxiainducible factor 1 alpha, MAPKmitogen-activated protein kinase, MLKLmixed lineage kinase domain-like pseudokinase, NCX1sodium/calcium exchanger 1, NLRP3 -NACHT, LRR, and PYD domains containing protein 3, PI3Kphosphatidylinositol 3-kinase, RIPK3receptor-interacting protein kinase 3, TIMP3tissue inhibitor of metalloproteinase 3, TNFR1tumour necrosis factor receptor 1, TRAF3/JNK -TNF receptor-associated factor 3/c-Jun N-terminal kinase, TRPC6transient receptor potential channel 6.

  interplay was further supported by an observation that pharmacologic inhibition of RIPK3 by GSK'872 decreased the levels of both p-JNK and IL-6[START_REF] Hu | Regulation of JNK signaling pathway and RIPK3/AIF in necroptosis-mediated global cerebral ischemia/reperfusion injury in rats[END_REF]. These signalling pathways involving RIPK3, AIF and JNK are also likely involved in the pathophysiology of intracerebral haemorrhage (ICH). Indeed, RIPK3 has been found to bind with both CaMKII and AIF under such pathological conditions of the brain [109]. The formation of these complexes was inhibited by RIPK3 knockdown and treatment with the combination of KN-93, a CaMKII inhibitor, and cyclosporine A, an inhibitor of mPTP opening, while all these interventions resulted in a significant improvement in neurological functions[109]. Investigating the same model, Huang et al.[START_REF] Huang | RIPK3-Dependent Necroptosis Activates MCP-1-Mediated Inflammation in Mice after Intracerebral Hemorrhage: RIPK3 activates MCP-1[END_REF] have found that treatment with GSK'872 reversed an ICH-induced increase in the expression of RIPK3, p-MLKL, p-JNK, IL-6 and monocyte chemoattractant protein-1 (MCP-1), a prominent proinflammatory protein[START_REF] Rollins | Monocyte chemoattractant protein 1: a potential regulator of monocyte recruitment in inflammatory disease[END_REF], as well as disturbed the interactions between RIPK3 and MCP-1. These findings have suggested a comprehensive role of RIPK3 in mediating both the canonical necroptosis and the MCP-1─JNK─IL-6 proinflammatory signalling in brain injury due to intracerebral haemorrhage. Besides the mentioned RIPK3 downstream effectors, death-associated protein (DAXX) has recently been identified as a novel substrate of RIPK3. Administration of Nec-1 before inducing cerebral I/R in rats suppressed RIPK3 phosphorylation and both RIPK1─RIPK3 and RIPK3─DAXX
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 631714 Abbreviations: AIFapoptosis-inducing factor; APAPacetaminophen; BNIP3 -BCL2 Interacting Protein 3; CaMKII -Ca2+/calmodulin-dependent protein kinase II; COPDchronic obstructive pulmonary disease; CypDcyclophilin D; DAXXdeath-associated protein; Drp1dynamin-related protein 1; ERendoplasmic reticulum; ERKextracellular signal-regulated kinase; HMGB1high mobility group box 1 protein; HO-1heme oxygenase-1; H/R -hypoxia/reoxygenation; IFN-γinterferon-gamma; IL-6interleukin 6; I/R -ischemia/reperfusion; JNKc-Jun N-terminal kinase; LPS lipopolysaccharide; MCP-1monocyte chemoattractant protein-1; MCUmitochondrial calcium uniporter; MLKLmixed lineage kinase domain-like pseudokinase; mPTPmitochondrial permeability transition pore; NF-κBnuclear factor-kappa B; NLRP3 -NACHT, LRR, and PYD domains containing protein 3; NOX4 -NADPH oxidase 4; NRF2nuclear factor erythroid 2-related factor 2; PGAM5mitochondrial serine/threonine protein phosphatase; XOxanthin oxidase; PINK1 -PTEN-induced kinase 1; PUFApolyunsaturated fatty acid; RAGEreceptor for advanced glycation end products; RIPK1receptor-interacting protein kinase 1; RIPK3receptor-interacting protein kinase 3; ROSreactive oxygen species; SOD2superoxide dismutase 2; STAT1signal transducer and activator of transcription 1; STAT3signal transducer and activator of transcription 3; TNFtumour necrosis factor.

Figure 3 .

 3 Figure 3. Summary of the other, non-conventional pathways of necroptosis in the heart and in some other tissues, such as the brain, intestines, kidneys, liver, lungs, and vessels. The "-" symbol: represents the signalling order, while the "↔" symbol indicates the possibility of mutual activation. Abbreviations: AIFapoptosis-inducing factor; BNIP3 -BCL2 Interacting Protein 3; CaMKII -Ca2+/calmodulin-dependent protein kinase II; CypDcyclophilin D; DAXXdeath-associated protein; Drp1dynamin-related protein 1; ERendoplasmic reticulum; ERKextracellular signal-regulated kinase; IFN-γinterferon-gamma; IL-6interleukin 6; JNKc-Jun N-terminal kinase; MCP-1monocyte chemoattractant protein-1; MCUmitochondrial calcium uniporter; MLKLmixed lineage kinase domain-like pseudokinase; mPTPmitochondrial permeability transition pore; NF-κBnuclear factorkappa B; NOnitric oxide; NOX4 -NADPH oxidase 4; PGAM5mitochondrial serine/threonine protein phosphatase; XOxanthin oxidase; PINK1 -PTEN-induced kinase 1; RAGEreceptor for advanced glycation end products; RIPK1receptor-interacting protein kinase 1; RIPK3receptor-interacting protein kinase 3; ROSreactive oxygen species; SERCA2asarcoplasmic/endoplasmic reticulum Ca 2+ -ATPase 2a; STAT1signal transducer and activator of transcription 1; STAT3signal transducer and activator of transcription 3.

Table 1 .

 1 Specific miRNAs and their target proteins involved in cardiac necroptosis.

		miRNAs	Targets	References
		miRNA-105, miRNA-873 RIPKs	[84,85]
	Canonical	miRNA-874	caspase-8	[86]
	necroptosis	miRNA-223-5p	TNFR1, DR6	[87]
		miRNA-103/107	FADD	[88]
		miRNA-2861	ANT1	[89]
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