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            Key Points

                	
                  Recent research has identified a series of previously unrecognized regulated cell death modalities beyond apoptosis, including necroptosis, parthanatos, ferroptosis and oxytosis.

                
	
                  Several genetic approaches in model systems have implicated these forms of regulated cell death in diverse pathologically relevant conditions.

                
	
                  Targeted and phenotypic screening approaches have led to the identification of small molecules that can modulate these pathways.

                
	
                  Some of these regulated forms of cell death appear to be intertwined with the innate immune response, thus possibly affecting treatment outcomes with cell-death inducers or inhibitors.

                
	
                  Strategies aiming to interfere with multiple cell death pathways might represent the optimal treatment paradigm for translational settings.

                
	
                  Owing to their recent discovery, small-molecule modulators of regulated cell death are still in their infancy and therefore require further chemical optimization to reach clinical testing.

                


              

Abstract
The discovery of regulated cell death presents tantalizing possibilities for gaining control over the life–death decisions made by cells in disease. Although apoptosis has been the focus of drug discovery for many years, recent research has identified regulatory mechanisms and signalling pathways for previously unrecognized, regulated necrotic cell death routines. Distinct critical nodes have been characterized for some of these alternative cell death routines, whereas other cell death routines are just beginning to be unravelled. In this Review, we describe forms of regulated necrotic cell death, including necroptosis, the emerging cell death modality of ferroptosis (and the related oxytosis) and the less well comprehended parthanatos and cyclophilin D-mediated necrosis. We focus on small molecules, proteins and pathways that can induce and inhibit these non-apoptotic forms of cell death, and discuss strategies for translating this understanding into new therapeutics for certain disease contexts.
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                    Figure 1: The main signalling events downstream of TNFR activation.[image: ]


Figure 2: Chemical structures of inhibitors of non-apoptotic cell death.[image: ]


Figure 3: Chemical structures of ferroptosis inducers and inhibitors.[image: ]


Figure 4: Upstream events in the control of ferroptosis.[image: ]


Figure 5: Key signalling events in parthanatos.[image: ]
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Glossary
	Pseudokinase
	
                  A protein that contains a catalytically inactive kinase domain. The loss of activity is attributed to the lack of at least one of three motifs (namely, VAIK, HRD or DFG) that are normally required for catalysis.

                
	Fluorescence polarization assay
	
                  An assay used to analyse macromolecular interactions: one of the studied molecules is labelled with a fluorophore, which allows the measurement of the ratio of bound to unbound molecule, thus directly providing an estimation of molecular affinity.

                
	Type II kinase inhibitor
	
                  An inhibitor that binds competitively with ATP, using the Asp-Phe-Gly (DFG)-out conformation.

                
	DFG-out conformation
	
                  A state in which the kinase adopts a catalytically inactive conformation whereby the Asp-Phe-Gly (DFG) motif at the amino terminus of the activation loop faces outwards.

                
	Gaucher disease
	
                  A genetic disorder characterized by deficiency of the enzyme glucocerebrosidase, leading to the accumulation of sphingolipids in certain organs. The disease is also characterized by enlargement of the liver and the spleen, low blood cell count and anaemia.

                
	Glutaminolysis
	
                  A series of metabolic reactions based on the use of glutamine to produce energy and substrates to replenish the tricarboxylic acid cycle.

                
	Pentose phosphate pathway
	
                  (PPP). A series of metabolic reactions converting glucose into precursors for nucleotide biosynthesis and reducing equivalents in the form of NADPH/H+.

                
	Network perturbation analysis
	
                  A hybrid computational and experimental approach for mode-of-action analysis. Compound-induced dysregulations in the expression of genes in a regulatory network are scored, allowing compounds with a similar mode of action to be clustered.

                
	Peroxide tone
	
                  The steady-state level of peroxides or lipid peroxides in a given cell.

                
	Harlequin neuronal cells
	
                  Neuronal cells derived from the Harlequin mouse. These animals contain a proviral insertion in the apoptosis inducing factor (Aif) gene, leading to approximately 70% reduction of AIF expression.
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