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The pro-inflammatory form of cellular death, necroptosis, is critical to age-related pathologies. Necroptosis primarily functions as an antipathogenic and antitumor biological mechanism by triggering inflammatory pathways within rogue cell bodies, resulting in cell death. Several neurodegenerative conditions have hallmarks of necroptosis, suggesting a potential role for this cell death pathway in the pathogenesis of neuroinflammation and neuronal cell death, likely through the release of pro-inflammatory cytokines that perpetuate inflammatory signaling and neurodegeneration. The receptor-interacting protein kinases 1 and 3 (RIPK1/3) signaling cascade is critical to necroptosis regulation; however, the complete mechanism behind necroptotic activation, regulation, and resolution remains incomplete. In cases where necroptosis is disadvantageous, such as neurodegenerative diseases, we lack effective pharmacological suppressors of necroptosis that could mitigate disease progression. Targeting regulatory proteins within the necroptotic signaling pathway has shown promise; however, the need for specific inhibitors limits therapeutic opportunities. This review focuses on necroptosis and its role in neuroinflammation and neurodegeneration in age-dependent disorders. We comprehensively detail the known necroptotic signaling pathways and potential signaling partners and discuss the ongoing therapeutic efforts in targeting and preventing active necroptotic signaling and their relevance to neuroprotection.
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INTRODUCTION
Cellular death within multicellular organisms is an active and vital process for regulating organismal homeostasis. Cell death, historically, is categorized by the structural appearance of the plasma membrane: apoptosis (type I), autophagy (type II), and necrosis (type III)(Schweichel and Merker, 1973; Galluzzi et al., 2007). However, several discoveries made in the mid-2000s have challenged this definition. One such discovery was a type of cell death known as necroptosis.
Necroptosis is a “programmed” form of nonapoptotic cell death distinguished by necrotic phenotypes such as cellular swelling and membrane rupture (Hanson, 2016; Dhuriya and Sharma, 2018; Shan et al., 2018). In contrast to caspase-dependent apoptosis, necroptosis is a caspase-independent form of cell death tightly regulated by two effector serine/threonine kinases from the receptor-interacting protein kinase (RIPK) family and the executioner mixed linage kinase domain-like (MLKL) pseudokinase (Vercammen et al., 1998; Sun et al., 1999; Holler et al., 2000; Degterev et al., 2005; Cho et al., 2009; Zhang et al., 2009; Yuan et al., 2019). Necroptosis is a pro-inflammatory form of cell death that is analogous to an injury response similar to the cell death observed in necrosis (Kaczmarek et al., 2013; Dhuriya and Sharma, 2018; Orozco et al., 2019).
Increased necroptosis is associated with the onset and progression of several age-dependent neuroinflammatory diseases (Ofengeim et al., 2015; Caccamo et al., 2017; Yuan et al., 2019; Oñate et al., 2020). However, it remains unclear what activates necroptotic signaling and how necroptosis is directly associated with clinical phenotypes. Importantly, it is crucial to understand the factors surrounding necroptosis in neuroinflammatory diseases as the cell types most affected, neurons, are post-mitotic cells. Given that the hallmarks of necroptosis occur in age-dependent neuroinflammatory diseases, therapies targeting this pathway are potentially valuable in preventing cell loss and localized inflammation.
This article will provide a comprehensive overview of necroptosis, including the historical beginnings and the most recent associated signaling and regulatory mechanisms involved in neuroinflammation. Additionally, we will review the therapeutic compounds used to inhibit necroptosis and their associated outcomes. Lastly, to further promote investigations into this topic, we will discuss the various methods employed to induce necroptosis within in vitro systems to provide a better understanding of how to study necroptotic cell death across laboratory settings.
NECROPTOSIS
The functions and purposes of necroptosis
How cellular death events are defined and how those events are subsequently categorized has been a regular point of contention between scientists (Kroemer et al., 2005; Galluzzi et al., 2007; Galluzzi et al., 2012; Galluzzi et al., 2018). Cellular death, predominately defined by the modality of the plasma membrane, has three classifications: type I, type II, and type III (Schweichel and Merker, 1973; Kroemer et al., 2005; Green and Llambi, 2015). Cells undergoing type I cell death exhibit phenotypes such as cell shrinkage, membrane blebbing, and chromatin condensation (an early definition of apoptosis). Type II cell death involves large intracellular vesicles that result in membrane engulfment and cytoplasm degradation (commonly referred to as autophagy). The last type of cell death, type III, was traditionally thought to occur during times of cellular injury and is characterized by cellular swelling resulting in the rupture of the plasma membrane leading to the loss of organellar structure and chromatin condensation (necrosis) (Schweichel and Merker, 1973; Kroemer et al., 2005; Kroemer et al., 2009; Green and Llambi, 2015).
However, because these categorizations rely on the structural appearance of the plasma membrane and do not account for the biochemical by-products produced by these cell death events, it is no surprise that how we categorize cell death has been routinely challenged (Kroemer et al., 2005; Kroemer et al., 2009; Galluzzi et al., 2007; Galluzzi et al., 2012; Galluzzi et al., 2018). Several discoveries within the last decade have so pushed the boundaries of these cellular death characterizations that the only way cell death can be reliably categorized is in two ways: regulated (programmed) or unregulated (nonprogrammed) cell death (RCD or URCD, respectively) (Galluzzi et al., 2012; Galluzzi et al., 2018).
One such discovery that pushed the boundaries of the original categorizations is the recently discovered form of cell death known as necroptosis. Necroptosis (referred to as TNF-induced necrosis or regulated necrosis in early literature) is a tightly regulated form of RCD that is highly pro-inflammatory (Vercammen et al., 1997; Vercammen et al., 1998; Galluzzi et al., 2012; Galluzzi et al., 2018; Moriwaki and Chan, 2013; Hanson, 2016; Dhuriya and Sharma, 2018). Like apoptosis, necroptosis is a “programmed” event involving signaling cascades but differs by the resulting localized immune response. However, while it is a form of RCD, the cell death event manifests with a necrotic morphotype, making it aptly named necroptosis. Analogous to necrosis, necroptosis is often associated with cell injury and has the connotation of being disadvantageous. However, there is mounting evidence that the induction of necroptosis can also be a vital and beneficial process (Kaczmarek et al., 2013; Dhuriya and Sharma, 2018). For example, upon failing responses to stressful stimuli, necroptosis has been shown to mediate adaptive functions and work against pathogen-mediated infections by serving as an RCD subroute (Dhuriya and Sharma, 2018). Additionally, during development, necroptosis can engage in developmental safeguard programs to aid in the elimination of potentially defective organisms before maturation (Kaczmarek et al., 2013), consistent with a multifaceted role for necroptosis within the human body. As such, we should continue to investigate this complex form of cell death to understand its role in health and disease better.
Canonical necroptosis
Inflammatory insults often initiate necroptotic signaling at the extracellular membrane or intracellular perturbations to the microenvironment (Galluzzi et al., 2018). Regarding the latter, it remains unclear exactly how and which perturbations to the intracellular microenvironment activate necroptotic signaling. In contrast, extracellular signaling occurs via inflammatory mediators and specific death receptors that initiate necroptotic signaling (Galluzzi et al., 2018). These receptors include, but are not limited to, FAS, Tumor Necrosis Factor 1 (TNFR1), pathogen recognition receptors (PRRs) such as toll-like receptors 3 and 4 (TLR3 and TLR4, respectively), the tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) death receptor 4/5, and Z-DNA binding protein (ZBP1), the later of which is involved in viral induction of necroptosis and will not be discussed in this review (Vercammen et al., 1998; Degterev et al., 2008; Upton et al., 2010; Upton et al., 2012; Kaczmarek et al., 2013; Kaiser et al., 2013; Green et al., 2014; Nahacka et al., 2018).
While significant efforts have parsed out the intracellular necroptotic signaling activators, the field has hesitated to move on from the canonical understanding of the necroptotic signaling cascade. As it stands, the molecular mechanisms and post-translational modifications that follow TNFR1 activation via binding from an inflammatory cytokine, such as tumor necrosis factor-alpha (TNFα), is the most widely investigated necroptotic signaling cascade (Vercammen et al., 1998; Wallach et al., 1999; Vanlangenakker et al., 2011; Hanson, 2016; Shan et al., 2018). Activation of TNFR1 results in the recruitment of RIPK1 to the plasma membrane, where it forms a complex (known as complex 1) with the TNFR1-associated death domain protein (TRADD), TNFR-associated factor 2 (TRAF2), cIAP1/2, and the linear ubiquitin chain assembly complex (LUBAC) (Vanlangenakker et al., 2011; Mifflin et al., 2020; Ye et al., 2023).
Following the formation of complex 1, the cell will meet one of three fates: pro-survival NF-κB signaling, caspase-dependent apoptosis, or caspase-independent pro-inflammatory necroptosis. The determining factor behind cellular survival or death lies with the post-translational modifications of RIPK1. Recent literature summarizes well the impacts and outcomes of RIPK1 post-translational modifications (Mifflin et al., 2020; Ye et al., 2023) that are outside the scope of this review. However, it is important to mention that under conditions where RIPK1 is deubiquitinated, such as in the absence of LUBAC, cIAP1/2, or other caspases, the kinase domain of RIPK1 can be phosphorylated and subsequently activated (Mifflin et al., 2020; Ye et al., 2023).
Through interactions via the RIPK homeotype interaction motif (RHIM), RIPK1 binds and phosphorylates RIPK3 for activation as well (Moriwaki and Chan, 2013; Morgan and Kim, 2022; Riebeling et al., 2022). These autophosphorylation events allow for RIPK1 and RIPK3 to form a complex with the RIPK3 substrate, mixed linage kinase domain-like pseudokinase (MLKL) (Moriwaki and Chan, 2013; Dondelinger et al., 2014). Together, RIPK1, RIPK3, and MLKL form the necrosis-inducing signaling complex known as the “necrosome” (complex IIb) (Ye et al., 2023). Necrosome formation is a crucial step in necroptosis as it is a precursor to MLKL oligomerization. During necrosome formation, active RIPK3 phosphorylates the pseudokinase domain of MLKL, allowing MLKL to become oligomeric. MLKL oligomers are then recruited to the plasma membrane through interactions between the positively charged 4-helical bundle domain on the N-terminal of MLKL and negatively charged phosphatidylinositol phosphates (PIPs) on the plasma membrane (Murphy et al., 2013; Dondelinger et al., 2014; Jacobsen et al., 2016; Petrie et al., 2017). Following MLKL recruitment to the cell membrane, several physiological events take place. These include releasing reactive oxygen species (ROS) from the mitochondria, ion influx, plasma membrane permeabilization, cellular swelling, and eventually rupture, which releases pro-inflammatory cellular contents. These physiological events all result in an inflammatory cell death similar to necrosis, making up the hallmarks of necroptotic cell death (Vercammen et al., 1998; Morgan and Liu, 2013; Dhuriya and Sharma, 2018). Several studies in recent years have identified additional events that trigger necroptosis, and we highlight these non-canonical activation triggers of necroptotic activation in the sections below.
NECROPTOSIS AND ITS IMPACT ON NEUROINFLAMMATION
Necroptosis directly triggers inflammation due to an increase in active transcription of inflammatory cytokines and chemokines, production of reactive oxygen species (ROS), and ultimately a release of these factors as well as the release of damage-associated molecular patterns (DAMPs) upon cell lysis (Figure 1) (Kaczmarek et al., 2013; Orozco et al., 2019). Unlike apoptosis, necroptosis does not involve ordered disassembly of the dying cell. Instead, necroptosis induces rapid disintegration of the affected cell, resulting in a massive release of these highly inflammatory markers. Once in the extracellular space, they activate resident immune cells and bind to and activate pro-inflammatory receptors on neighboring cells, creating a vicious cycle of inflammatory propagation (Figure 1).
[image: Figure 1]FIGURE 1 | Neuroinflammatory consequences of necroptosis. The necroptosis signaling cascade initiates through the binding of TNF-α to the TNFR1. Formation of the necrosome stimulated direct phosphorylation of pyruvate dehydrogenase (PDH), causing mitochondrial aerobic respiration, thereby producing reactive oxygen species (ROS) as a by-product. Oligomerized phospho-MLKL traffics to the phospholipid bilayer, where it attaches to phosphatidylinositol phosphates (PIPs), causing the breakdown of the phospholipid bilayer and creating a pore in the cell membrane, releasing inflammatory cytokines and damage-associated molecular patterns (DAMPs). DAMPs activate the TLR2 and TLR4 receptors of nearby microglia, astrocytes, and other neurons. In microglia, this leads to a pro-inflammatory M1 phenotype where microglia increase expression of MHC II, CD86, and FCγ receptors. Activation of the TLR2/4 receptors in microglia also stimulates NFkB nuclear translocation and increases the transcription and release of pro-inflammatory cytokines. Astrocytes are activated by the binding of DAMPs and inflammatory cytokines to TLR2/4 receptors and other receptors, leading to an increase in RIPK3 transcription and an increase in inflammatory cytokine release. In turn, the plethora of inflammation surrounding the necroptotic neuron spreads to neighboring neurons, activating their pro-inflammatory receptors and necroptosis. Figure created using BioRender.com.
During necroptosis, activated RIPK3 and MLKL trigger the production of ROS via phosphorylation of pyruvate dehydrogenase (PDH), increasing mitochondrial aerobic respiration and its by-product, ROS, leading to oxidative stress (Yang Z. et al., 2018). RIPK3 induces MLKL oligomerization via phosphorylation, causing oligomerized phospho-MLKL to traffic to the cell membrane and bind to phosphatidylinositol phosphates (PIPs) within the phospholipid bilayer, forming pores in the cell membrane (Dondelinger et al., 2014). The cell then swells and lyses, releasing DAMPs, ROS, and inflammatory cytokines into the extracellular space. Activated RIPK1 and RIPK3 also independently induce inflammation in both neurons and glia. Activated RIPK3 induces transcription of genes encoding inflammatory cytokines and chemokines, causing an increase in the translation of these mediators, which continues even once cell membrane integrity has been compromised (Orozco et al., 2019). Factors released due to necroptosis activate nearby astrocytes, increasing RIPK3 transcription and signaling, causing an increase in pro-inflammatory cytokine production and release (Chang et al., 2023). Activation of RIPK1 in both microglia and astrocytes can also induce the production of pro-inflammatory cytokines via the activation of Nuclear Factor-kB (NF-κB) in the absence of active caspases (Huang et al., 2021; Zelic et al., 2021).
From an organismal protection perspective, the release of DAMPs is a warning signal to innate immune cells of an impending threat. However, the release of DAMPs activates the innate immune response and leads to the propagation of inflammation. DAMPs associate with and activate receptors on the surface of antigen-presenting cells (APCs) and induce the maturation of APCs and subsequent production of pro-inflammatory cytokines (Oppenheim and Yang, 2005). Further, mature APCs can travel to lymphoid tissue and trigger an adaptive immune response via antigen presentation to T-cells (Oppenheim and Yang, 2005).
The resident innate immune cells of the central nervous system are microglia and astrocytes (Ransohoff and Brown, 2012; Miller, 2018; Linnerbauer et al., 2020; Singh, 2022). Microglia become activated upon binding to DAMPs and take on a pro-inflammatory M1-like phenotype, leading to an upregulation in the expression of MHC II, CD86, and FCγ receptors (Figure 1) (Cherry et al., 2014). This response aims to promote the targeting and killing of rogue cells or invading organisms and aid in the phagocytosis of cellular debris. Once this is complete, the microglia typically transition into an anti-inflammatory M2-like phenotype to promote repair of the damaged area. However, with chronic exposure to DAMPs and activation, microglia will remain in the pro-inflammatory M1-like phenotype and do more harm than good (Cherry et al., 2014). Interestingly, DAMPs and other factors released as a by-product of necroptosis activate astrocytes, increasing astrocytic RIPK3 transcription and signaling, further driving inflammatory transcription and neurotoxicity (Figure 1) (Chang et al., 2023). Therefore, necroptosis activates the pro-inflammatory states of both microglia and astrocytes in the brain.
Concomitantly, DAMPs trigger the death of nearby cells by activating pattern recognition receptors such as Toll-like receptors (TLRs) (Kaczmarek et al., 2013). TLRs are present in microglia, astrocytes, and neurons alike. When activated via the binding of a ligand such as a DAMP, TLR2, and TLR4 specifically induce NFkB translocation to the nucleus (Zhang and Ghosh, 2001) and promote the transcription and translation of pro-inflammatory cytokines such as IL-6 and TNF⍺ (Lin et al., 2022). TNF-alpha is a potent activator of cell death in the absence of active caspases, and an activator of necroptosis specifically (Zhu et al., 2018). The release of these inflammatory cytokines from nearby necroptotic cells drives the propagation of inflammation (Figure 1).
Unsurprisingly, necroptosis is present in numerous diseases and disorders, such as ischemic stroke, neurodegenerative disorders, myocardial infarction, pulmonary diseases, liver injuries, and inflammatory bowel disease (Khoury et al., 2020). Importantly, in diseases involving the loss of non-mitotic, irreplaceable cells such as neurons or cardiomyocytes, it is crucial to understand the factors surrounding the activation and inhibition of necroptosis.
NECROPTOSIS AND ITS ROLE IN AGE-DEPENDENT NEUROINFLAMMATORY DISEASES
Necroptosis appears to contribute to several age-dependent neuroinflammatory diseases, such as Alzheimer’s disease, Parkinson’s disease, ataxic disorders, and more. These diseases manifest with age or in adulthood, accompanied by neuroinflammation and neurodegeneration. However, necroptosis has also been observed independent of disease in aged mammals. Studies suggest this is due to sterile inflammation associated with aging and cellular senescence (Royce et al., 2019), highlighting the essential need for studies of necroptosis in disease and in the process of “normal” aging. One such study found that an endogenous inhibitor of RIPK1, TAK1, is reported to decrease with age and thus promote RIPK1 activation and subsequent inflammation (Xu et al., 2018). Similarly, expression of RIPK3, RIPK1, and phospho-MLKL are elevated with age in neurons of the cortex and hippocampus of otherwise healthy aged mice, further supporting the idea that necroptosis can occur due to aging in the absence of disease (Thadathil et al., 2021). Below, we focus on the involvement of necroptosis in age-dependent neuroinflammatory diseases.
Spinocerebellar Ataxia
Ataxia is an umbrella term that describes various neurological conditions that result in the lack of muscle control and coordination of voluntary movements. Spinocerebellar Ataxia (SCA), in particular, is a type of ataxia caused by autosomal mutations that result in adult-onset cerebellar atrophy and brainstem degeneration (Edamakanti et al., 2023). SCAs are chronic and progressive, and those diagnosed currently have no treatment options available (Edamakanti et al., 2023). SCA patients display a range of clinical phenotypes including, but not limited to, loss of coordination and balance, ataxic gait, hand tremors, dysarthria, hypogonadism, slurred speech, accelerated aging, and multisystemic neurodegeneration (Genis et al., 2018; De Michele et al., 2019; Mitroshina et al., 2022). While there are over 40 recognized types of SCAs, to date, 1:10,000 individuals are diagnosed with SCA(Mitroshina et al., 2022).
While the role necroptosis and the subsequent neuroinflammation have on SCA disease progression and severity still stands to be explored, an ever-growing number of studies suggest both play an active role in the manifestation of SCA onset and clinical phenotypes. It has been demonstrated through a handful of studies that targeting inflammatory pathways in SCA patients appears to have a therapeutic effect. Indeed, Park et al. found that reducing Bergmann glia inflammation via the inhibiting the c-Jun N-terminal kinase (JNK) resulted in both pathological and behavioral improvements in SCA1 knock-in mice (Edamakanti et al., 2023), consistent with the finding that a low abundance of Bergmann glia correlated with SCA1 diagnoses, suggesting that Bergmann glia loss can contribute to Purkinje cell degeneration (Shiwaku et al., 2013).
Similarly, efforts made to inhibit microglia activation using small molecule inhibitors or growth factors such as TFG- β1 resulted in suppressed cytokine activity in SCA3 patients and CA rat models, suggesting that microglia have an active role in promoting cerebellar vulnerability in ataxias (Ferro et al., 2019; Cao et al., 2020; Chiu et al., 2020). While the role necroptosis plays within this group of diseases has been less explored, Saeidikhoo et al. demonstrated that implantation of Sertoli cells resulted in a reduction of RIPK3-positive population, resulting in a neuroprotective effect which enhanced motor function and behavioral characteristics in ataxic rat models by counteracting necroptosis in cerebellar ataxia (Saeidikhoo et al., 2020). Moreover, studies using the Atxn2-CAG100-KIN transgenic mouse model of ataxia demonstrated that increased expression of RIPK1 and RIPK3 results in active necroptotic signaling in SCA2 and SCA28(Canet-Pons et al., 2021; Mitroshina et al., 2022). Increased RIPK1 and RIPK3 expression may also be relevant to Spinocerebellar Ataxia Autosomal Recessive 16 (SCAR16) and a dominant form of spinocerebellar ataxia, SCA48 (Genis et al., 2018; Schuster et al., 2018; De Michele et al., 2019). Both SCAR16 and SCA48 map to coding mutations in STUB1, the gene that encodes for the carboxyl terminus of heat-shock 70 interacting protein (CHIP)(Genis et al., 2018; Schuster et al., 2018; Shi et al., 2018; Madrigal et al., 2019). RIPK1 and RIPK3, critical kinases involved in the induction and regulation of necroptosis, are known substrates of CHIP’s ubiquitin ligase activity (Seo et al., 2016). Several studies suggest that the accelerated aging and cerebellar degeneration observed in SCAR16 and SCA48 patients result from an inability to adapt to metabolic stressors, potentially promoting an increased sensitivity to necroptosis (Seo et al., 2016; Shi et al., 2018; Madrigal et al., 2019) As such, the activation of necroptotic signaling and the subsequent neuroinflammation that follows may have a significant role in the SCA disease progression and manifestation and warrants further investigation.
Alzheimer’s disease
Alzheimer’s disease (AD) is an age-related form of dementia affecting nearly 6 million individuals in the United States today. In AD, abnormal amounts of amyloid beta protein accumulate and form plaques in the extracellular space around neurons. The abundance of amyloid beta oligomers in post-mortem human AD brain tissue coincided with increased RIPK1 activation and phospho-MLKL expression (Salvadores et al., 2022). In-vitro models showed that conditioned media from microglia exposed to amyloid-beta oligomers triggered neuronal necroptosis through TNF-alpha signaling. Pharmacological inhibition of RIPK3 using GSK872 and RIPK1 using Nec-1s ameliorated the neurodegenerative effects of amyloid beta oligomers. Thus, these findings support the contribution of microglial activation in the activation of necroptosis in AD (Salvadores et al., 2022).
Often accompanying plaque formation are increases in hyperphosphorylated tau, a microtubule-stabilizing protein. Hyperphosphorylated tau aggregates into neurofibrillary tangles or NFTs within the neurons and disrupts neuronal infrastructure and cellular signaling, causing inflammation and eventual neuronal death. The severity of AD is categorized into Braak stages by the location of NFTs within the brain, with higher Braak stages indicating more severe NFT infiltration (Scheltens et al., 2021). Evidence of increased necroptosis markers, RIPK3 and MLKL, were found in human AD brains and necrosome formation (Caccamo et al., 2017) and positively correlated with the level of patient Braak stage in human samples, cognitive deficits, and a higher degree of neuron loss in AD-model mice (Caccamo et al., 2017).
The pathophysiology of neuronal death in AD remains unclear; however, recent studies suggest an essential role for necroptosis. For example, in cultured mouse hippocampal neurons, hyperphosphorylated tau induced necroptosis and subsequent inflammation by stimulating elevated expression of pro-inflammatory cytokines via NF-κB signaling (Dong et al., 2022). Importantly, activation of NF-κB by phosphorylated Tau seems to be dependent on RIPK1/RIPK3/MLKL activity, and tau pathology improved with RIPK3 inhibition in the Tau P301S AD model mouse (Dong et al., 2022). The long noncoding RNA MEG3, found to induce necroptosis in cultured neurons, is upregulated in AD patient brain samples (Balusu et al., 2023). Experimental downregulation of MEG3 and either pharmacologic or genetic inhibition of necroptosis rescued neuronal loss in ex-vivo human neurons.
Studies suggest that levels of pro-inflammatory markers associated with necroptosis and cell death, IL-1 and TNF-alpha, are also elevated in AD patients (Zheng et al., 2016), including one study where elevated levels of TNF associated with increased necroptosis in post-mortem-AD-brains (Jayaraman et al., 2021). Additionally, there is a significant focus on the involvement of RIPK1 as a driver of necroptosis and inflammation in AD. RIPK1 expression and activation are elevated in the AD brain and correspond with amyloid beta and NFT levels, mitochondrial dysfunction, and neuronal loss (Li et al., 2022), as well as in the dysfunction of microglia (Ofengeim et al., 2017). Interestingly, microglia in post-mortem AD brains had increased expression of RIPK1(Salvadores et al., 2022). Typically, microglia are responsible for phagocytosis of abnormal cells or protein debris in the brain. However, in AD, microglia do not phagocytose amyloid beta protein, allowing the pathological plaques to build up in the brain and cause inflammation. Significantly, inhibiting RIPK1 in microglia promoted amyloid beta protein degradation (Ofengeim et al., 2017).
Another co-pathology of AD is granulovacuolar degeneration (GVD), represented by the formation of neuronal cytoplasmic vacuolar lesions. Within GVD lesions of neurons from post-mortem human AD brain samples, components of active necrosome formation were detected and colocalized with markers of GVD (Koper et al., 2020). The number of neurons positive for markers of GVD correlated with the level of NFT pathology and was inversely proportional to the density of neurons in layer III of the frontal cortex. This data suggests a role of necroptosis in GVD formation as a result of AD pathology. Limbic-predominant age-related TDP-43 encephalopathy neuropathological changes (LATE-NC) is another AD-associated pathology observed in up to 70% of symptomatic AD cases (Koper et al., 2022). In TDP-43 positive neurons from AD cases, an increase in phospho-MLKL and GVD were observed compared to TDP-43 negative AD neurons. Concomitantly, an increase in neuronal loss in the CA1 region of the hippocampus was observed in TDP-43 positive AD cases, suggesting that LATE-NC in AD contributes to GVD-mediated necroptosis and neurodegeneration (Koper et al., 2022).
Parkinson’s disease
Parkinson’s disease (PD) is an age-related form of neurodegeneration involving the loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc), an area of the brain that releases the neurotransmitter dopamine to the neurons in the striatum, which project to the basal ganglia (Ni and Ernst, 2022). Dopamine signaling to the basal ganglia is necessary for signaling to the thalamus and motor cortex, both movement control centers of the brain. Degeneration of these dopaminergic neurons impairs dopamine release and norepinephrine release, causing muscle tremors, stiffness, impaired balance and coordination, irregular blood pressure, and fatigue in affected individuals. Another hallmark of PD is the buildup of α-synuclein protofibrils that aggregate and lead to dysregulation of neuronal homeostasis and death (Stefanis, 2012). Notably, the cause of neuronal death in PD remains largely unknown. Recent studies point to necroptosis as a potential driver of dopaminergic neuron loss in PD. Similar to AD, markers of necroptosis RIPK1, RIPK3, and MLKL were elevated in the SNpc of post-mortem PD patients, suggesting necroptosis may have been active in these neurons before death (Oñate et al., 2020). In addition to brain tissue, essential necroptotic-related genes were identified in PD patients’ peripheral blood lymphocytes, again suggesting the presence of necroptosis in PD (Lei et al., 2023). Indeed, several studies have shown that RIPK1, RIPK3, and MLKL induce neuroinflammation, thereby mediating necroptotic degeneration of dopaminergic neurons in models of PD (Lin et al., 2020; Kim et al., 2023). One study found that pre-formed α-synuclein fibrils activate astrocytes via RIPK1/RIPK3-dependent activation of NF-κB, leading to increased transcription of pro-inflammatory factors and decreased phagocytic function and neurotoxicity (Chou et al., 2021). The presence of α-synuclein aggregates also induces neuroinflammation in PD via activation of the NLRP3 inflammasome and TLR2 (Araújo et al., 2022). Microglia become activated by the abundance of α-synuclein, prompting the release of pro-inflammatory IL-1β, which activates NLRP3 (Codolo et al., 2013). Aggregated α-synuclein also activates TLR2, a pro-inflammatory receptor that leads to NFkB nuclear translocation, initiating increased expression and release of pro-inflammatory cytokines (Gustot et al., 2015). Though NLRP3 inflammasome activation is commonly associated with pyroptosis, several studies demonstrated how RIPK3 activates NLRP3, and inflammasome formation frequently occurs alongside necroptosis activation, though the two are not dependent on one another (Kang et al., 2014; Lawlor et al., 2015; Guo et al., 2019). However, this association suggests an overlap between inflammation in PD and necroptosis. Pharmacological inhibition of RIPK1 in PD protected dopaminergic neurons against injury and mitochondrial toxicity-related necroptosis (Wu et al., 2015; Iannielli et al., 2018).
Huntington’s disease
Huntington’s disease (HD), one of the most common genetic age-related dementias today (MacDonald, 1993), is caused by abnormal repeats of the DNA sequence “CAG” that encodes the amino acid glutamine, resulting in the huntingtin protein carrying a long track of polyglutamine residues. Abundantly expressed in neurons throughout the CNS, mutant huntingtin aggregates and disrupts axonal transport and signaling (Sharp et al., 1995). As time passes, HD progresses in severity and leads to increased neuroinflammation, motor function disturbances, cognitive decline, and psychosis (Saba et al., 2022). Although it is unclear if necroptosis plays a causal role in the etiology of HD neuronal death, a limited number of reports detailed the effect of necroptosis inhibitors in HD models. Inhibition of RIPK1 in cultured striatal neurons and an HD transgenic mouse protected against necroptotic cell death due to huntingtin and alleviated motor function deficits (Zhu et al., 2011). Another study showed that stem cell implantation to the striatum of HD model rats prevented necroptosis and assisted in maintaining striatal volume (Bayat et al., 2021). Though few, these studies shed light on necroptosis as a potential driver of neurodegeneration in HD.
Frontotemporal dementia
Frontotemporal dementia (FTD) is another common age-related form of dementia caused by a buildup of aberrant transactive response DNA-binding protein 43 (TDP-43) and tau tangles in the frontal and temporal lobes of the brain. This results in progressive neurodegeneration of both lobes and leads to behavioral abnormalities, movement disorders, and, in some cases, aphasia. The presence of abundant TDP-43 and tau tangles in the frontal cortex leads to prolonged microglial and astrocyte activation, likely accompanied by an increase in neuroinflammation (McCauley and Baloh, 2019). Interestingly, FTD is associated with a partial loss of function of both TANK-binding kinase 1 (TBK1), a serine/threonine protein kinase, and Transforming growth factor-β activated kinase 1 (TAK1), a member of the MAPK family. Both kinases target RIPK1, an activator of necroptosis for inhibition (Xu et al., 2018). However, dysregulation of both TBK1 and TAK1 in FTD suggests that unchecked RIPK1 causes activation of necroptosis and neuronal death. Indeed, another study revealed that markers of necroptosis were elevated in spinal oligodendrocytes of FTD model mice, suggesting that degeneration of those neurons is caused by necroptosis (Wang et al., 2018).
Amyotrophic lateral sclerosis
Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s Disease, is a rare age-related neurodegenerative disease involving the progressive idiopathic loss of motor neurons in the brain, leading to a lack of signaling to the muscles in the body, resulting in movement dysfunction, muscle atrophy, and an eventual loss of all voluntary muscle control. Like PD, the means of cell death in motor neurons in ALS has yet to be clearly defined. However, in recent years, necroptosis has gained some momentum as a potential causative agent for motor neuron death in ALS, however, critical drivers of necroptosis have not been identified in all ALS studies (Dermentzaki et al., 2019; Wang et al., 2020; Dominguez et al., 2021). Re et al. reported that astrocytes from ALS-affected individuals induce death of co-cultured motor neurons in a RIPK1 and MLKL-dependent manner (Re et al., 2014). Another group showed that RIPK1 and RIPK3 play a significant role in axonal degeneration of motor neurons in a mouse model of ALS and human post-mortem brain samples from ALS patients (Ito et al., 2016). In a mouse model of ALS carrying mutations in superoxide dismutase 1 (SOD1), found in familial ALS, elevated levels of RIPK1 and RIPK3 were observed, as well as axonal degeneration similar to that of Optineurin (OPTN) null mouse models (Saccon et al., 2013; Ito et al., 2016). OPTN acts as a suppressor of RIPK1-dependent signaling that regulates the degradative ubiquitination of RIPK1. Mutant OPTN, seen in ALS, suppresses RIPK1 ubiquitin-mediated degradation and is associated with increased pro-inflammatory cytokines, axonal degeneration, and necroptosis (Ito et al., 2016; Toth and Atkin, 2018). However, RIPK1 inhibition arrested TNF-induced necroptosis in OPTN knockout oligodendrocytes, further supporting the role of RIPK1 in necroptotic degeneration of neurons in ALS (Ito et al., 2016; Politi and Przedborski, 2016; Greco et al., 2018).
Similar to FTD, mutations in TBK1 are common in ALS and promote RIPK1-dependent necroptosis in the central nervous system via a loss of suppressive phosphorylation of RIPK1(Xu et al., 2018). In addition to OPTN and TBK1 mutations, loss-of-function mutations such as p.Arg261His in the gene NEK1, which encodes a serine/threonine kinase, are involved in approximately 3% of ALS cases (Kenna et al., 2016). Mutant NEK1 promoted degradation of critical modulators of RIPK1, thus rendering endothelial cells of the cerebral vasculature susceptible to RIPK1-dependent necroptosis (Wang et al., 2021).
Several studies have shown that inflammatory cytokines and neuroinflammation are abundant in ALS and contribute to ALS pathogenesis (McGeer and McGeer, 2002; Zürcher et al., 2015; Chen X. et al., 2018; Huang et al., 2020; Tortelli et al., 2020). Similar to AD, researchers in ALS mouse models identified a subset of pro-inflammatory microglia regulated by RIPK1, and inhibiting RIPK1 activity downstream of the TNF receptor decreased the abundance of these pro-inflammatory microglia (Mifflin et al., 2021). Further, genetic and pharmacological inhibition of necroptosis in ALS models reduced oligodendrocyte death, axonal degeneration, and neuroinflammation (Ito et al., 2016; Royce et al., 2019). Using a pharmacological inhibitor of necroptosis in mouse models of ALS also improved vertical rearing activity, delayed the onset of motor dysfunction, and extended lifespan (Ito et al., 2016). This evidence suggests a prominent role for RIPK1, RIPK3, and necroptosis in the pathogenesis and progression of ALS and related neuroinflammation.
Multiple Sclerosis (MS) is an autoimmune disease that involves the loss of myelinating oligodendrocytes, causing progressive degeneration of the protective myelin sheath of neurons in the CNS, resulting in neuronal damage and axonal degeneration. Though MS, while considered an age-dependent neurodegenerative disease, does not manifest as late in life as AD, FTD, or PD, tending to manifest between twenty and 40 years of age. MS is a neuroinflammatory disease, given the elevated presence of TNF-alpha in active lesions, blood serum, and CSF of MS patients; moreover, TNF-alpha correlates with MS severity and progression (Sharief and Hentges, 1991). Given TNF-alpha’s role as a primary activator of necroptosis, several studies have investigated the role of necroptosis in the loss of oligodendrocytes and neuroinflammatory signaling in MS. Indeed, protein expression of RIPK1, RIPK3, and oligomerized phospho-MLKL were observed in post-mortem brain tissue lysates of MS patients, as well as at specific lesion sites in the brain (Ofengeim et al., 2015; Picon et al., 2021; Zelic et al., 2021). The abundance of necrosome formation correlated with the rapidity of MS disease progression in these samples (Picon et al., 2021). One study suggested that the means for oligodendrocyte degeneration was related to microglia and astrocyte activation following necroptotic stimulation (Zelic et al., 2021). This group showed that oligodendrocytes were reduced in a RIPK1-dependent manner when co-cultured with necroptosis-activated microglia and astrocytes. Indeed, RIPK1 inhibition in a mouse model of MS arrested disease progression and suppressed pro-inflammatory RIPK1-dependent signaling in microglia and astrocytes, as well as prevented necroptosis in oligodendrocytes (Ofengeim et al., 2015; Zelic et al., 2021).
Similarly, RIPK3 knockout mice showed decreased susceptibility to necroptosis-induced demyelination and reduced pro-inflammatory microglia and astrocytes (Ofengeim et al., 2015). Inhibition of RIPK1 and RIPK3 also protected oligodendrocytes from TNF-alpha-induced necroptosis in vitro (Ofengeim et al., 2015). This evidence supports the involvement of necroptotic activators in the pathology and progression of MS and places inhibitors of necroptosis as potential therapeutics for the management of MS.
The mediators, RIPK1, RIPK3, and MLKL, and canonical and non-canonical activation routes of necroptosis contribute to cell death and neuroinflammation in many age-related neurodegenerative diseases. Given the evidence of the presence of necroptosis in these highly prevalent diseases, routes of necroptotic inhibition are becoming highly sought after to both inhibit the further loss of cells and prevent further inflammation. Indeed, several studies have utilized various methods of necroptotic inhibition in disease with overall positive results.
EXPANDING THE CANONICAL NECROPTOTIC PATHWAY
While the foundation of the necroptotic signaling pathway may still be in its relative infancy, new strides have revealed new routes of necroptotic activation and associated signaling partners that expand the necroptotic signaling pathway. The following section will discuss the additional secondary signaling partners linked to active necroptotic signaling (Figure 2) by acting as either a direct or indirect activator due to regulatory dysfunction. We hope our review informs the field on the expanded necroptotic signaling pathway while specific and selective therapies to treat age-dependent neuroinflammatory diseases continue to evolve.
[image: Figure 2]FIGURE 2 | Necroptosis signaling pathway. The most widely investigated necroptotic signaling cascade is initiated by an inflammatory cytokine, such as TNF-α, binding to and activating its receptor, TNFR1. Following TNFR1 activation, the TNFR1-associated Death Domain (TRADD), which forms a complex with RIPK1, cIAP1/2, TRAF2, TAK1, and LUBAC known as Complex 1. Post-translational modifications of RIPK1 determine which singlaing pathway is activated thereafter. In conditions where RIPK1 is phosphorylated it can bind and phosphorylate RIPK3 via their shared RHIM domains. Phosphorylated RIPK1/3 then bind and phosphorylate MLKL to form a necrosis-inducing complex known as the necrosome (Complex IIb). Within the necrosome, RIPK1/3 phosphorylation of MLKL allows for MLKL to form oligomers that are then recruited to the plasma membrane through interactions between the positively charged 4-helical bundle domain on the N-terminal of MLKL and negatively charged phosphatidylinositol phosphates (PIPs) resulting in cellular rupture and leakage of cell contents, a terminal step in necroptotic cell death. The solid black arrows represent our rendention of the current conconical necroptotic signaling casade while the dashed arrows represent the additional signaling cascades explained throughout this review that may lead to necroptotic activation. Green arrows denote neuroprotetive signlaing partners that may aid in necroptotic regulation as discussed in this review. Figure created using Biorender.com.
Reactive oxygen species
Reactive oxygen species (ROS) have long been associated with, and are considered a hallmark of, necroptosis (Yang Z. et al., 2018). However, the findings of a recent study concluded that mitochondrial ROS are not involved in the necroptotic cell death events of HT-29, SVEC, and 3T3 cells (Zhang et al., 2017). This surprising observation led researchers to wonder what the actual role of ROS was in necroptosis and what the implications were on necroptotic signaling. They found that mitochondria are essential for the induction of TNF-induced necroptosis in most cell types (Zhang et al., 2017). More specifically, RIPK1 was the primary target of ROS, and the oxidation of three crucial cysteine residues resulted in RIPK1 autophosphorylation promoting the recruitment of RIPK3, leading to functional necrosome formation (Zhang et al., 2017). While mitochondrial ROS is commonly associated with aerobic respiration and known to participate in necroptosis (Turrens, 2003; Yang Z. et al., 2018), the work done by the Zhang et al. group found that TNF-induced ROS production is RIPK3-dependent (Zhang et al., 2017). The resulting model proposed that following TNF-induced necroptosis, the metabolic enzymes glycogen phosphorylase (PYGL), glutamate-ammonia ligase (GLUL), and glutamate dehydrogenase 1 (GLUD1) are targeted by RIPK3 via a positive feedback loop allowing for the production and regulation of ROS (Zhang et al., 2009; Yang Z. et al., 2018; Morgan and Kim, 2022).
Additionally, pyruvate dehydrogenase complex (PDC or PDH), an enzyme that controls aerobic respiration by linking glycolysis to the Krebs cycle, can be activated by RIPK3 (Zhang et al., 2009; Zhang et al., 2017; Yang Z. et al., 2018). The RIPK3-MLKL-containing necrosome translocates to the mitochondria, where it phosphorylates the E3 subunit of PDH, subsequently activating it. Once activated, this complex increases aerobic respiration and, subsequently, mitochondrial ROS, leading to an intracellular increase in oxidative stress and necroptosis (Yang J. et al., 2018). The role of ROS in metabolism and respiration is well understood; however, we still have a novice understanding of its impact and importance on necroptosis. Because of ROS’s critical role in promoting neuroinflammation, the mechanism behind RIPK3-dependent ROS needs further investigation.
Receptors
Fas, also known as APO-1 or CD95, is a receptor that belongs to the TNF family of receptors activated by its distinct ligand (FasL). Holler et al. were the first group to discover Fas-mediated RIPK1-dependent necroptosis (Holler et al., 2000). However, due to the discovery of TNF-induced necroptosis, investigations into the impact and outcomes of Fas-induced necroptosis appeared to be cast aside. Because of this, as Morgan et al. point out, much of the information about Fas-induced necroptosis has primarily been inferred by comparing its well-mapped-out role in apoptosis with the information we have on the TNF counterpart mechanism (Morgan and Kim, 2022).
Indeed, the mechanism behind Fas-induced necroptosis appears to behave similarly to TNF-induced necroptosis. Following FasL binding, Fas promotes the formation of the apoptotic death complex, complex IIa, comprised of FADD, caspase 8, and RIPK1 (Gupta et al., 2004; Ofengeim and Yuan, 2013; Liu et al., 2021). FADD and RIPK1 are recruited to FAS through their death domains, while caspase-8 is chaperoned directly into the receptor signaling complex (Morgan and Liu, 2013). While secondary complexes also occur in response to FasL, it remains unknown whether these are essential for Fas-induced necroptosis (Morgan and Kim, 2022). Active apoptotic signaling initiates following complex IIa formation (Holler et al., 2000). However, in conditions where cIAP is present, and caspase-8 is absent, Fas/FasL can promote the necrosome formation in a RIPK3-dependent manner (Geserick et al., 2009; Ofengeim and Yuan, 2013; Dhuriya and Sharma, 2018; Liu et al., 2021). Of interest, unlike the TNF-mediated necroptotic pathway, FADD is required for the Fas-mediated necroptosis as FADD-deficient cell types resist both necroptotic and apoptotic cell death events (Yeh et al., 1998; Holler et al., 2000; Lawrence and Chow, 2005). Morgan et al. argue that FADD supports RIPK1 recruitment to form complex IIa (Morgan and Kim, 2022). Little else is known about Fas-induced necroptosis and the physiological relevance of this mechanism; however, the findings made by Krzyzowska et al. that Fas/FasL can lead to excessive neuroinflammation following HSV-1 infection (Krzyzowska et al., 2021) suggests that Fas may have a much more significant role in neuroinflammation and necroptosis and should continue to be studied.
Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) death receptor 4/5 (DR4/5) is a cell surface receptor that belongs to the TNF receptor superfamily 10A (TNFRSF10A) that processes an intracellular death domain. Similar to the scant literature linking the Fas receptor and necroptosis, how TRAIL, specifically DR4/5, induces necroptosis is predominantly inferred or predicted. Indeed, TRAIL-induced necroptosis may behave very similarly to Fas-induced necroptosis (Morgan and Kim, 2022). Similar to TNF-induced necroptosis and Fas-induced necroptosis, TRAIL initiates necroptosis following the inhibition of cIAP and/or caspase-8 or under conditions where TAK1 is deficient (Dondelinger et al., 2013). TRAIL-induced necroptotic signaling requires FADD as the mechanisms behind the complex recruitment to the receptor are FADD-dependent (Kuang et al., 2000; Sprick et al., 2000). In alignment with Fas-induced necroptosis, because of TRAIL’s dependency on FADD, RIPK1 plays an important and essential role in the induction and activation of necroptotic signaling (Jouan-Lanhouet et al., 2012). Much like TNF-induced necroptosis, TRAIL-induced necroptosis can be regulated by the linear ubiquitination of RIPK1 (Lafont et al., 2017). While there are secondary downstream complexes from TRAIL, it is unknown whether these complexes are vital to the necroptotic signaling cascade (Morgan and Kim, 2022). While the mechanism behind TRAIL-induced necroptosis still leaves much to the imagination, the recent findings that TRAIL promotes neuroinflammation and degeneration in alcohol use disorders make this receptor an attractive target that should be further investigated (Qin et al., 2021).
Toll-like receptors 3 and 4 (TLR 3/4) belong to the family of PRRs and specialize in the recognition of pathogen-associated molecule patterns (PAMPs) and DAMPs (Kumar, 2019; Sameer and Nissar, 2021). Behind TNF-induced necroptosis, TLR-induced necroptosis via immune cell activation in response to bacterial lipopolysaccharide (LPS) is the next-best studied pathway. While TLR3/4 excels at initiating pro-inflammatory immune response through NF-κB activation, they have also been shown to induce necroptosis in developmental diseases (Liu et al., 2021) and cancer (Cen et al., 2018). The ability of these two receptors to induce necroptotic signaling stems from an identical signaling mechanism. Following the activation of the cytosolic adaptor Toll/IL-1 receptor domain-containing adaptor protein inducing interferon-β (TICAM-1, also referred to as TRIF) by LPS, TLR3/4 recruits RIPK3 through TRIF’s RHIM domain, similar to that of RIPK1 (Kaiser et al., 2013). When bound to TLR3/4, the TRIF-RIPK3 complex is formed, directly activating MLKL and necroptosis after that (Kaiser et al., 2013; Morgan and Kim, 2022). Of interest, while RIPK3 is essential for LPS-mediated necroptosis, RIPK1 does not appear to be required, making this a RIPK1-independent form of necroptosis (He et al., 2011; Lim et al., 2019). As seen in the TNF pathway, caspase-8 cleaves TRIF and can inhibit TLR-induced necroptosis (Rebsamen et al., 2008) or cIAP (McComb et al., 2012). Given the role TLR3/4 has in pro-inflammatory signaling and mainly due to its ability to induce necroptosis independent of RIPK1, making it an intrinsic mechanism, TLR-induced necroptosis needs more consideration in age-related neuroinflammatory diseases.
NOD-like Receptor Protein 3 (NLRP3) belongs to the family of intracellular PRRs. NLRP3 elicits inflammatory responses within cells, independent of cell death, through its ability to form a complex known as the inflammasome (Conos et al., 2017). Canonically, the apoptosis-associated speck-like protein containing a caspase activation and recruitment domain (ASC) also helps form the inflammasome by bridging NLRP3 proteins to form the complex (Compan et al., 2015). However, following a study in 2014, MLKL can trigger NLRP3 activation, leading to the formation of the inflammasome (Kang et al., 2014), suggesting NLRP3 may play a role in necroptotic signaling. Along with MLKL’s direct activation of NLRP3, low levels of intracellular potassium have been linked to NLRP3 action, thought to be explained by the potassium efflux that occurs when MLKL oligomers puncture the plasma membrane, allowing for disruption in ion gradients (Conos et al., 2017) further linking NLRP3 and necroptosis. In addition to MLKL’s involvement in forming the NLRP3 inflammasome, in 2015, Lawlor et al. found a link between RIPK3 and NLRP3 independent of MLKL (Lawlor et al., 2015), further supported by recent findings that suggested that RIPK3 actively participates in NLRP3 inflammasome activation and that inhibiting RIPK3 resulted in inhibited NLRP3 inflammasome activity (Chen J. X. et al., 2018; Xue et al., 2022). While our understanding of the role that NLRP3 plays in necroptosis is still developing, NLRP3’s ability to mediate the cell’s intrinsic inflammatory response makes it a popular protein to study concerning necroptosis and neuroinflammation.
Transcription factors
Nuclear factor-kB (NF-κB) is a transcription factor that regulates many genes involved in the cellular immune response and plays a crucial role in inflammation and various forms of PCD, including necroptosis (Park and Hong, 2016; Verzella et al., 2020). As stated earlier, following complex 1 formation, the cell is shepherded into pro-survival NF-κB signaling, caspase-dependent apoptosis, or caspase-independent pro-inflammatory necroptosis (Ye et al., 2023). As Mifflin et al. and Xe et al. described, RIPK1 ubiquitination chiefly determines the fate of complex 1 signaling (Mifflin et al., 2020; Ye et al., 2023). After RIPK1 polyubiquitination, complex 1 recruits TAK and IKK complexes, resulting in direct RIPK1 phosphorylation (Delanghe et al., 2020). This direct phosphorylation inhibits RIPK1 kinase activity, activating NF-κB and promoting inflammatory factor production and cell survival (Delanghe et al., 2020). While the role that RIPK1 plays in NF-κB activation following canonical RIPK1 ubiquitination is well understood, the interactions between RIPK1 and NF-κB in the non-canonical necroptotic signaling cascade are less defined (Verzella et al., 2020). Morgan et al. also point out that the role of RIPK3 in NF-κB activation is even less defined and contradictory and surmised that noncanonical NF-κB activity may require RIPK3 in specific cell types following a 2015 study that demonstrated impaired nuclear translocation of the RelB-p50 heterodimer of NF-κB in RIPK3 knockout cells. Thus, noncanonical NF-κB activity requires RIPK3 in specific cell types (Moriwaki et al., 2014; Morgan and Kim, 2022). While NF-κB and its role in necroptosis remains vague, the NF-κB-dependent regulation of pro-inflammatory genes, such as chemokines and cytokines, and known interactions with RIPK1 make NF-κB an exciting factor to study in the context of necroptotic signaling and neuroinflammation.
Regulatory proteins
Carboxyl Terminus of HSC70-Interacting Protein (CHIP) is a critical regulator of protein quality control (PQC)(Ballinger et al., 1999; Rosser et al., 2007; Min et al., 2008). While expressed throughout the body, CHIP is most abundant in tissues containing terminally differentiated cells, such as Purkinje cells, an inhibitory class of neurons located in the cerebellum (Shi et al., 2014; Schuster et al., 2018; Madrigal et al., 2019). Because of this, CHIP has been thought to be neuroprotective in multiple models of proteinopathies due to its central role in maintaining PQC during aging (Min et al., 2008). CHIP is particularly well positioned to regulate PQC due to its ability to function as both a co-chaperone protein and ubiquitin ligase enzyme. When acting as a co-chaperone, CHIP interacts with heat shock proteins (HSP) to stabilize substrates and promote refolding (Ballinger et al., 1999). Alternatively, when functioning as a ubiquitin ligase, CHIP targets and ubiquitinates terminally defective proteins through the utilization of the ubiquitin-proteasome system (Ballinger et al., 1999; Rosser et al., 2007; Seo et al., 2016). Because of CHIP’s ability to be dual functioning, it is not surprising that CHIP has been linked to several age-related protein accumulation disorders (Min et al., 2008; Schisler et al., 2013; Ronnebaum et al., 2014; Shi et al., 2014; Palubinsky et al., 2015; Madrigal et al., 2019) Both RIPK1 and RIPK3, which are critical kinases involved in the induction and regulation of necroptosis, are known CHIP substrates (Seo et al., 2016). Seo et al. demonstrated that the protein stability of RIPK3 is regulated by CHIP-mediated ubiquitylation and degraded in a lysosomal-dependent manner. Similarly, RIPK1 expression was also negatively regulated by CHIP-mediated ubiquitylation and subsequent proteasome degradation. These landmark findings were the first to suggest that CHIP was a critical regulator of RIPK1 and RIPK3 expression and validated CHIP’s role in regulating necrosome formation and necroptosis (Seo et al., 2016). Recent studies have discovered that the molecular chaperone, heat shock protein 90 kDA alpha family class A member 1 (best known as HSP90), which commonly interacts with CHIP through its tetratricopeptide repeat domain, plays a critical role in MLKL oligomerization and translocation further suggesting that CHIP may play a much more significant role in necroptotic regulation (Jacobsen et al., 2016; Marunouchi et al., 2021).
Sirtuins (Sirt 1–7) are a family of NAD+ -dependent histone deacetylases that play a role in protection against age-related diseases such as cancer (Fu et al., 2020) and neurodegeneration (Sebastián et al., 2012). One of these sirtuins, Sirtuin 6 (SIRT6), a histone deacetylase and mono-ADP-ribosyltransferase located in the nucleus of cells, has therapeutic effects on cellular processes such as inflammation, aging, metabolism, stress-resilience, and cell death (Fu et al., 2020). SIRT6 has a modulatory role in both apoptosis and necroptosis. Regarding necroptosis, SIRT6 suppresses the necroptotic signaling pathway, inhibiting cell death and preventing the inflammatory immune response (Fu et al., 2020). Overexpression of SIRT6 blocks the activation of RIPK3 and subsequent MLKL activation, while a knockdown of SIRT6 results in cell senescence and apoptosis (Chen J. et al., 2018). SIRT6 also has many anti-inflammatory, cell-protective properties that could potentially reduce inflammation caused by necroptosis. As a mono-ADP-ribosyltransferase, it can target and activate the transcription of DNA damage repair genes and antioxidant genes. SIRT6 activates Nuclear factor erythroid 2-related factor 2 (Nrf2) via mono-ADP-ribosylation of a subunit of the BAF chromatin remodeling complex, which drives the expression of antioxidant proteins (Rezazadeh et al., 2019). SIRT6 also activates poly-ADP-ribose polymerase-1 (PARP-1) by mono-ADP-ribosylation of lysine residue 521, thus promoting DNA damage repair (Mao et al., 2011). Using its deacetylase properties, Sirt6 can also inhibit the transcription of the pro-inflammatory Nuclear Factor kappa B (NF-κB). To do this, SIRT6 deacetylates lysine 9 of histone H3 at the promoter of the NF-κB target gene, which suppresses the release of inflammatory cytokines, as well as modulating macrophage inflammatory phenotypes (Kawahara et al., 2009; Lee et al., 2017; Koo et al., 2019). Though SIRT6 poses a vital role in maintaining cellular health in the face of age-related necroptosis, studies have shown that SIRT6 does indeed decrease with age and in neurodegenerative diseases such as Alzheimer’s disease (Liang et al., 2008; Kaluski et al., 2017; Garcia-Venzor and Toiber, 2021).
For the field to grow and design more effective therapies, we must expand our view of the necroptotic signaling pathway and consider what other factors may consistently influence this high-proinflammatory pathway. As such, each signaling partner spelled out above has a known role with the systems that activate and regulate necroptosis. Further identifying key necroptotic players at the transcriptional, metabolic, intra-, and extracellular levels will open new avenues to target necroptotic signaling to aid neuroprotection therapeutically.
NECROPTOTIC INHIBITORS
The role of necroptosis in influencing and promoting age-dependent neuroinflammation makes it an attractive signaling cascade for therapeutic targeting. However, despite numerous efforts and investigations, a specific and efficacious therapeutic remains to be discovered. Below, we comprehensively discuss the therapeutic compounds used to target the RIPK1-RIPK3-MLKL signaling cascade and their impact. These compounds range from small molecule inhibitors directly binding to their target protein to compounds that impact expression levels. We hope our collation of studies promotes continued investigation of compounds to treat age-dependent neuroinflammatory diseases.
RIPK1 inhibitors
RIPK1 inhibitors are the most widely investigated and available class of inhibitors within the necroptotic signaling cascade and have proved to be neuroprotective in age-dependent neuroinflammatory diseases such as AD, MS, and ALS (Ofengeim et al., 2015; Rubinsztein, 2017; Mifflin et al., 2021). Ideally, RIPK1 inhibitors designed to treat these diseases must be able to penetrate the blood-brain barrier to target specific cell types in the brain. There have been several RIPK1 inhibitors tested in clinical trials with differing degrees of success. Denali Therapeutics has been a leader in this market. Their first compound, DNL104, was identified as a specific, brain-penetrant inhibitor of RIPK1 phosphorylation and underwent Phase 1 clinical trials for the treatment of AD and ALS (Grievink et al., 2020). Post-dose liver toxicity effects found in the healthy volunteers, not associated with RIPK1 inhibition, halted the trial but provided strong evidence for RIPK1 inhibition in the CNS (Grievink et al., 2020). Following this, Denali Therapeutics then went on to initiate Phase 1 clinical trials for the treatment of AD and ALS with SAR443060 (also known as DNL747), another CNS-penetrant RIPK1 inhibitor. Although DNL747 did appear to inhibit peripheral phosphorylated RIPK1 levels, and was well-tolerated, the drug showed potential dose-limiting toxicities in preclinical long-term toxicology studies (Vissers et al., 2022). As of January 2024, Denali’s partner company, Sanofi, is currently in Phase 2 clinical trials with another CNS-penetrant RIPK1 inhibitor, SAR443820 (also known as DNL788), that is being tested in ALS and MS patients (Clinical trial IDs NCT05237284 and NCT05630547, respectively). There have been additional RIPK1 inhibitors that have gone through clinical trials, such as GSK2982772, which is a selective inhibitor of RIPK1 activity and was tested for the treatment of chronic inflammatory diseases such as ulcerative colitis (UC) and rheumatoid arthritis (RA) (Weisel et al., 2021a; Weisel et al., 2021b). Although the drug did not appear to have any significant safety or tolerability issues, in both the UC and RA trials, it did not appear to inhibit RIPK1 activity levels compared to the placebo, indicating that there may be issues with clinical efficacy when using GSK2982772 as a monotherapy ((Weisel et al., 2021a; Weisel et al., 2021b).
Additionally, SAR443122 (also known as DNL758 and eclitasertib) is a RIPK1 inhibitor that is currently in Phase 2 clinical trials for the treatment of peripheral inflammatory diseases such as, cutaneous lupus erythematosus (CLE), and ulcerative colitis (UC) (Clinical trial IDs: NCT04781816, NCT05588843) and was studied as a treatment for COVID-19 (Clot et al., 2021). As of January 2024, this drug is still undergoing clinical trials. While there has been significant headway in discovering and testing brain-penetrant RIPK1 inhibitors for the treatment of age-dependent neuroinflammatory diseases, it remains to be seen if a RIPK1 inhibitor can be both safe and efficacious enough to aid in the treatment of these diseases. As such, below, we outline the various RIPK1 inhibitors that have shown promise in laboratory settings, as these untested compounds could have clinical efficacy.
Necrostatins are a group of chemical compounds named for their ability to block necrotic cell death (Vandenabeele et al., 2013). Necrostatin-1 (Nec-1) was initially identified as a compound that blocks necrotic cell death in human and murine cells (Degterev et al., 2005). Nec-1 has since been identified more specifically as an inhibitor of RIPK1 activity, making it a therapeutic target for many necroptosis diseases (Degterev et al., 2008).Nec-1 has a very short half-life (about 1–2 h in rats) and has off-target effects, making it challenging for clinical applications (Muller et al., 2005; Geng et al., 2017). However, a stable analog of Nec-1, Nec-1s, does not produce the same off-target effects, making it more specific for RIPK1 activity (Takahashi et al., 2012). The discovery of Nec-1 and Nec-1s has proven crucial in targeting RIPK1 and has provided new insight into therapeutics that can help mediate the pathway to necroptosis. It has been demonstrated in numerous studies that both Nec-1 and Nec-1s can alleviate various pathophysiological changes associated with age-dependent neuroinflammatory diseases and can protect various neuronal cell types against necroptotic stimuli (Zhu et al., 2011; Wu et al., 2015; Ito et al., 2016; Yang et al., 2017; Iannielli et al., 2018). In addition to Nec-1, the recently identified Nec-34 has also shown promise as a RIPK1 inhibitor. While Nec-1s works as an allosteric inhibitor of RIPK1, Nec-34 stabilizes RIPK1 in its inactive conformation by binding to specific pockets within the RIPK1 kinase domain. Interestingly, Meng et al. noted that Nec-34 and Nec-1s could be used as a combination therapy to inhibit RIPK1 in vitro and in vivo, suggesting a better avenue of RIPK1 inhibition that can be utilized for the treatment of RIPK1-mediated disorders (Meng et al., 2021).
Geldanamycin (GA) is an antibiotic that works by selectively binding to a binding pocket on HSP90 chaperone protein, which prevents the binding to its client protein, one of which is RIPK1, leading to a reduction in RIPK1 protein level expression (Xie et al., 2011). Chen et al. demonstrated that primary cortical neurons, when treated with GA following ischemic injury via oxygen deprivation, showed resistance to cell death stimuli and that GA appeared to aid in neuroprotection by decreasing HSP90 protein levels, leading to the instability of RIPK1 promoting protection against neuronal injury (Chen et al., 2012). However, while GA has shown promise in its ability to be neuroprotective, RIPK1 is not the only client protein of HSP90. As such, GA can not be classified as a specific inhibitor and would need further investigation to determine its off-target effects.
Oxazolone is a compound historically used to induce colitis as a model for studying inflammatory bowel disease (IBD)(Meroni et al., 2018). However, following the screening of a small library of new molecules for potential inhibitors of necroptosis, Oliveria et al. found that Oxazolone (Oxa 12) could inhibit zVAD-fmk-induced necroptosis in mouse microglial cells (Oliveira et al., 2018). Additionally, Oxa12 can prevent the terminal steps of necroptosis by binding to a known inhibitory region of RIPK1, inhibiting necrosome formation, MLKL phosphorylation, and subsequent necrosome assembly (Oliveira et al., 2018). Oxa12 reduced the expression of specific cytokines and transcription factors involved in eliciting inflammatory responses such as TNF⍺, IL-1β, and NF-κB in glial cells, indicating the potential of Oxa12 to be therapeutic in age-dependent neuroinflammatory diseases (Oliveira et al., 2018).
RIPK3 inhibitors
GSK’872/840 GSK’872 was identified as a small molecule RIPK3 inhibitor through screening of a small molecule library and found to reduce RIPK3-dependent necrosis independent of the upstream activator, RIPK1(Kaiser et al., 2013). GSK’872 acts by binding to the kinase domain of RIPK3 to prevent RIPK3 kinase activity and inhibit the RHIM-dependent signaling that is necessary for MLKL binding to RIPK3 and necrosome formation (Mandal et al., 2014; Riebeling et al., 2022). GSK’840 also inhibits RIPK3 through a similar mechanism (Mandal et al., 2014). Though GSK’872 and GSK’840 inhibit RIPK3 and necroptosis, once bound to RIPK3, they have been shown to elicit a conformational change that promotes the recruitment of RIPK1 via the RHIM domain leading to the activation of casape 8 resulting in apoptosis (Mandal et al., 2014). However, the FDA-approved cancer treatment drug Ibrutinib was recently identified as a RIPK3 inhibitor that acts similarly to GSK’872 (Huang et al., 2023). Ibrutinib inhibits the phosphorylation and autophosphorylation of RIPK3 independent of RIPK1 (Huang et al., 2023). Unlike GSK’872 or GSK’840, Ibrutinib inhibits necroptosis without enforcing the apoptosis-inducing RIPK3 conformational change, making it a more ideal inhibitor of RIPK3 and TNF⍺-induced necroptotic cell death. This finding points to the potential of these compounds to be therapeutic against necroptotic stimuli and highlights the need for further investigation.
Zharp-99 and Compound 38 are two recently identified RIPK3 inhibitors that have proven more potent than GSK ‘872, discovered by researchers supported by Accro Bioscience Inc. Zharp-99 was identified as a small molecule inhibitor of RIPK3 activity showing potent cellular efficacy for blocking necroptosis induced by TNF⍺ signaling and TLR signaling from pathogen infection (Xia et al., 2020). Zharp-99 selectively inhibits RIPK3 while having no effect on RIPK1 activity and is a more potent inhibitor than GSK ‘872 (Xia et al., 2020). From the same group, compound 38 was identified as a potent inhibitor of TNF⍺ induced necroptosis through blocking RIPK3 kinase activity (Wu et al., 2021). Compound 38 proved more potent than GSK ‘872 and appeared stable with favorable safety testing in vitro, making it an attractive therapeutic for future studies (Wu et al., 2021).
Dabrafenib is a compound initially identified as a B-RAF inhibitor approved to treat metastatic melanoma. However, previous studies have demonstrated that Dabrafenib can prevent necroptotic signaling due to its ability to act as a RIPK3 inhibitor (Menzies et al., 2012; Cruz et al., 2018). Dabrafenib inhibits RIPK3 through competitive binding with ATP (Li et al., 2014), as it has already undergone clinical trials and received FDA approval for its use in other diseases, it makes Dabrafenib an attractive therapeutic for inhibiting RIPK3-mediated necroptotic signaling. However, further studies need to determine the brain penetrance of Dabrafenib, and its non-specific/off-target effects may limit its use.
MLKL inhibitors
Necrosulfonamide (NSA) is a compound that inhibits necroptosis by blocking the phosphorylation of MLKL, the executioner protein involved in necroptotic signaling. NSA can only inhibit necroptosis via an MLKL-dependent pathway and does not affect its upstream signaling partners, RIPK1 or RIPK3 (Sun et al., 2012). Because MLKL activation is the last step before necrosome formation and MLKL oligomerization, the terminal structure that punctures the cell membrane resulting in the distinctive necroptotic phenotype, MLKL is likely the most specific target for inhibiting necroptosis (Motawi et al., 2020). Treatment with NSA inhibits the activation of MLKL with no effect on RIPK1 or RIPK3 levels, preventing the formation of the necrosome and membrane translocation of the MLKL oligomer, thereby inhibiting necroptosis. However, NSA may not be specific to MLKL, as studies have found that it can also inhibit the pore-forming protein gasdermin D (GSDMD) involved in pyroptosis (Rathkey et al., 2018). NSA was neuroprotective in ischemic brain injury (Zhou et al., 2017) and spinal cord injury (Jiao et al., 2019) models, but its lack of specificity towards the necroptotic pathway requires further testing for use as a therapeutic in the context of neuronal injuries or necroptotic disease models.
Xanthine 35 and 36 are another class of MLKL inhibitors with increased specificity to MLKL. Xanthine 35 (TC13172 35) is a compound that was found to bind to a cysteine on the 4-helical bundle domain on the N-terminal of MLKL, inhibiting its oligomerization and membrane translocation, a similar mechanism of action to NSA (Yan et al., 2017). Xanthine 36 blocks MLKL oligomerization by stabilizing the packing structures within MLKL, as destabilizing these structures drives increased MLKL activity (Rübbelke et al., 2020). Xanthine 35 and 36 target MLKL without affecting RIPK1 and RIPK3, but their potential off-target toxicity may limit their efficacy. Further studies must test their clinical relevance, especially in age-dependent neuroinflammatory diseases (Gardner et al., 2023).
Combination inhibitors
B-RAF inhibitors are another group of FDA-approved drugs investigated for inhibiting necroptosis. Ponatinib is a B-RAF inhibitor identified as a RIPK1 and RIPK3 inhibitor in a drug repurposing screen for potential necroptotic inhibitors (Fauster et al., 2015). Like Dabrafenib, Ponatinib is another approved anti-cancer treatment. Still, due to its non-specificity and potential side effects when not used for cancer treatment, further studies need to be done to test its efficacy as a necroptotic inhibitor.
Sorafenib is another B-RAF inhibitor like the ones mentioned above, but unlike dabrafenib, this drug has been identified as a combination inhibitor of RIPK1 and RIPK3 activity (Feldmann et al., 2017). Sorafenib is an FDA-approved drug for the treatment of acute leukemia. It also inhibits Smac mimetic/TNF⍺-induced necroptosis in acute leukemia cells by inhibiting the kinase activity of RIPK1 and RIPK3, preventing necrosome formation (Feldmann et al., 2017). Beyond leukemia, Sorafenib conferred protection against an acute inflammatory response to RIPK1/3-mediated necroptosis (Martens et al., 2017).
Additionally, Quizartinib, another FDA-approved anti-cancer drug, was identified as an inhibitor of RIPK1, RIPK3, and MLKL phosphorylation (Huang et al., 2023). While the specific target and mechanism of action for quizartinib is still unknown, it is a promising inhibitor of TNF⍺-induced necroptosis. Like other B-RAF inhibitors previously mentioned, this class of inhibitors is an attractive therapeutic option for targeting the necroptotic pathway due to numerous FDA approvals. However, further in vivo studies will need to test the drug’s efficacy in neuroinflammatory-driven diseases.
Celastrol, a root extract from the Chinese herb Tripterygium wilfordii, has been shown to mediate several inflammatory diseases such as rheumatoid arthritis, osteoarthritis (Gao et al., 2020; Jing et al., 2021), and autoimmune hepatitis (Shi et al., 2022). It has also been shown to be neuroprotective in Parkinson’s disease (Zhang et al., 2021), acute ischemic stroke-induced brain injury (Cao et al., 2023), and spinal cord injury models (Dai et al., 2019). Celastrol may act through inhibition of the NF-κB signaling pathway by reducing NF-κB protein levels, as demonstrated in cells treated with high concentrations of the extract (Liang et al., 2023). Celastrol has also demonstrated its ability to inhibit the phosphorylation of RIPK1, RIPK3, and MLKL, thereby preventing necrosome formation and inhibiting necroptosis (Liang et al., 2023). Though reports on necroptosis-driven studies are few, the anti-inflammatory and anti-oxidative effects of the drug are well known. Given its recent use as a treatment for many inflammatory and neuronal diseases, Celastrol could be a potent new therapeutic for age-dependent neuroinflammatory diseases.
The therapeutics listed above have demonstrated some capacity to inhibit necroptosis in vitro or in vivo, some of which have already undergone clinical trials and received FDA approval. Concomitantly, most of these therapeutics also act as potent anti-inflammatory drugs, an essential component needed for mediating age-dependent neuroinflammatory diseases. It is important to note that small-molecule screenings of both FDA-approved and not yet approved compound libraries continue to identify more necroptotic inhibitors (Kaiser et al., 2013; Fauster et al., 2015; Huang et al., 2023), holding promise that new drugs may emerge for age-dependent neuroinflammatory diseases.
IN VITRO MODELS OF INDUCED NECROPTOSIS
One of the most significant rate-limiting steps preventing us from discovering more efficacious therapeutics that can inhibit necroptotic signaling and aid in neuroprotection is our limited ability to induce physiologically relevant necroptotic signaling using in vitro models. To further promote compound development and testing and to aid in the continued exploration of the potential signaling partners we mapped out above, we discuss below the various methodologies employed to study necroptosis in vitro. By discussing these methodologies, we hope to make the various methods of testing necroptotic signaling more transparent and inspire the creation of better models to investigate necroptosis so that the studies of age-related neuroinflammatory diseases may continue.
Small molecule cocktails
The most popular method to induce necroptosis in vitro models involves using a medley of small molecules. While various iterations of these small molecule cocktails have been used to investigate necroptotic signaling, there are two standard consistencies among them, which are the presence of an inflammatory cytokine and a caspase inhibitor (Vercammen et al., 1998; Cho et al., 2009; Laukens et al., 2011; Seo et al., 2016; Galluzzi et al., 2018; Chen et al., 2020). Using these small molecule cocktails to induce necroptosis is an ideal method to inhibit other programmed cell death pathways, specifically the apoptotic pathway, while allowing unabated necroptotic signaling. However, the true strength behind this model lies in the idea that when used in combination with small molecule therapeutics, cell death can be prevented, allowing for this model to also act as a screening platform to investigate the therapeutic potential of necroptotic inhibitors (Seo et al., 2016). In the early 2000s, the now gold standard small molecule cocktail, commonly referred to as TCZ, compromised of the inflammatory cytokine TNF⍺, the pan-caspase inhibitor z-VAD-FMK, and the protein synthesis inhibitor cycloheximide was introduced (Cho et al., 2009; Seo et al., 2016). This model has since been reimagined using the IAP antagonist, SMAC/DIABLO mimetic, in place of cycloheximide, referred to as TSZ, as it promotes TNF-induced, RIPK1-dependent, and caspase-independent necroptosis in apoptosis-resistant cell types (Laukens et al., 2011). However, there is not a one-size-fits-all approach with either the TCZ or TSZ models, and there tend to be variations in methods depending on cell type (Cho et al., 2009; Laukens et al., 2011; Seo et al., 2016; Chen et al., 2020). As such, we have outlined the differences in (Table 1) to provide a better understanding of how to use the TCZ/TSZ model best to study necroptotic signaling-associated therapeutic candidates further.
TABLE 1 | Concentrations of small molecule inhibitors used to induce necroptosis in various in vitro models.
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Oxygen-glucose deprivation (OGD) is an in vitro model for ischemic stroke. It acts as a potent activator of cell inflammation and is effective on any cell or tissue culture system. Cells or tissue can be plated and maintained in normal conditions, and then, to induce OGD, the culture media is wholly replaced with glucose-free media and moved to a low-oxygen incubator (<1% O2) for a predetermined time. Cells can then be harvested and analyzed, or glucose-containing media and oxygen are re-introduced, simulating reperfusion. Reperfusion after transient OGD mimics the restoration of blood flow to ischemic areas, which also increases inflammation and cell death as reperfusion disrupts the membrane permeability of affected cells and leads to cell death (Shi et al., 2016). OGD in cells results in the upregulation of both RIPK1 and RIPK3, as well as an increase in the release of TNF-alpha and IL-18 (Vieira et al., 2014; Yang J. et al., 2018; Guo et al., 2022), indicating that necroptosis is occurring in cells as a result of OGD.
Shikonin
Shikonin is a compound derived from the root of the shikonin plant and has historically been used in Traditional Chinese Medicine to treat inflammation, infection, and cancer (Wang et al., 2019). Recently, Shikonin and its naturally occurring analogs appear to evade cancer drug resistance through necroptosis induction (Xuan and Hu, 2009). All of the Shikonin analogs contain a naphthoquinone core structure, which researchers believe causes this compound class to induce necroptosis (Xuan and Hu, 2009). Though the mechanism of how Shikonin induces necroptosis is not entirely understood, at least in non-small cell lung cancer cells, the drug induces necroptosis in a RIPK1-dependent matter (Kim et al., 2017). RIPK1 protein expression levels increased in non-small cell lung cancer cells treated with Shikonin, an effect blocked by Nec-1 (Kim et al., 2017). Shikonin also induced necroptosis in glioma cells and increased ROS production and RIPK1/3 expression levels (Lu et al., 2017). Specific RIPK1 and RIPK3 inhibitors (Nec-1 and GSK’872, respectively) were sufficient to block Shikonin-induced necroptotic induction and ROS overproduction in glioma cells, indicating that Shikonin acts through a RIPK1/RIPK3-dependent necroptotic pathway (Lu et al., 2017). The complete mechanism of how Shikonin induces necroptosis is still not completely understood. However, these recent studies establish a solid foundation for how Shikonin can induce necroptosis in vitro. As such, researchers should reconsider Shikonin as a method to induce necroptosis as it may prove to be more physiologically relevant with less off-target effects than the methods listed above.
CONCLUSION
Necroptosis and its role in the progression and severity of age-dependent neuroinflammatory diseases is an ever-growing topic of discussion that demands more research, from the basic to the translational level. Targeting necroptotic signaling partners has potential therapeutic benefits across neuroinflammatory diseases. However, the signaling pathways activating necroptosis and any associated crosstalk need further exploration. Future studies should seek to provide the field with a clearer picture of the necroptotic machinery involved in age-dependent neuroinflammatory disease and how that machinery impacts disease progression and severity. We hope these findings will lead to the discovery of newer and more specific therapeutic targets that will provide hope and a better quality of life for those diagnosed with an age-dependent neuroinflammatory disease.
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