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Diabetic retinopathy (DR) is one of the primary causes of visual impairment in the working-age population. Retinal cell death is recognized as a prominent feature in the pathological changes of DR. Several types of cell death occurrence have been confirmed in DR, which might be the underlying mechanisms of retinal cell loss. Regulated cell death (RCD) originates from too intense or prolonged perturbations of the intracellular or extracellular microenvironment for adaptative responses to cope with stress and restore cellular homeostasis. Pyroptosis, necroptosis, and ferroptosis represent the novel discovered RCD forms, which contribute to retinal cell death in the pathogenesis of DR. This evidence provides new therapeutic targets for DR. In this review, we summarize the mechanisms of three types of RCD and analyse recent advances on the association between novel RCD and DR, aiming to provide new insights into the underlying pathogenic mechanisms and propose a potential new strategy for DR therapy.
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INTRODUCTION
Diabetes mellitus is a global epidemic and leads to various complications, including macrovascular and microvascular complications, such as cardiovascular disease, stroke, and kidney disease (Shaw et al., 2010). Diabetic retinopathy (DR) is one of the microvascular complications of diabetes mellitus and is recognized as the primary cause of visual impairment in the working-age population (Antonetti et al., 2012). The Wisconsin Epidemiologic Study of Diabetic Retinopathy (WESDR) study reported that approximately 75% of diabetes patients would develop DR 10 years after diabetes diagnosis (Klein et al., 1984a; Klein et al., 1984b). For DR patients at baseline, approximately 67% of patients would develop to the severe stage of DR, and approximately 20% of patients developed proliferative DR (PDR) or diabetic macular edema (DME) (Klein et al., 1984c; Klein et al., 1995). The main vascular pathologic changes of DR caused by chronic hyperglycemia include endothelial cell death, thickening of the capillary membrane, increased vascular permeability, retinal tissue ischemia and capillary leakage, and the release of various vasoactive substances, leading to neovascularization (Wong et al., 2016). Clinically, DR can be classified into nonproliferative DR (NPDR) and PDR according to whether retinal vascularization occurs. In the early stage, NPDR is characterized by microaneurysms, increasing vascular permeability, retinal edema and hemorrhage, and vascular occlusion, which can be subdivided further into mild, moderate and severe NPDR. During severe NPDR, vascular occlusion is aggravated, and various growth factors are secreted, signaling to the retina to form new vessels to provide blood and oxygen (Cunha-Vaz et al., 2014; Daruich et al., 2018). Subsequently, PDR develops in some patients and is characterized by the formation of new blood vessels in the retinal vasculature. Due to the instability and dysfunction of new blood vessels, unsealed neovascular vessels leak erythrocytes and plasma into surrounding retinal tissue, resulting in vitreous hemorrhage and retinal detachment, which severely impair visual acuity (Simó et al., 2006).
Most studies of DR to date have focused on retinal microangiopathy, which has been directly implicated in visual impairments (Wong et al., 2016). The roles of retinal neurodegeneration and inflammation in the development of DR are being studied (Forrester et al., 2020). Pathological changes in the retina have been detected, and all retinal cell types are affected by diabetes. Histologically, retinal neurons, glia, endothelial cells and pericytes in the retina are cohesive structures and link with retinal pigment epithelium (RPE) cells to constitute retinal tissue (Meng et al., 2021). Indeed, loss of these retinal cells seems to be a prominent pathologic change and is related to the pathogenesis of DR. Increasing evidence has demonstrated retinal cell death occurrence in DR. However, identifying potential modes of cell death is complex, and the death pathway and markers are still being explored.
According to the guidelines for the definition and interpretation of cell death formulated by the Nomenclature Committee on Cell Death 2018, regulated cell death (RCD) is defined as the form of cell death that results from the activation of signal transduction modules and hence can be pharmacologically or genetically modulated (Galluzzi et al., 2018). It is involved in two completely opposed scenarios. One is RCD occurrence as an effector of physiological process for development or tissue regeneration without any exogenous environmental perturbation. The other is RCD occurrence originating from intracellular or extracellular microenvironmental perturbations when such perturbations are too prolonged or intense for adaptative responses to deal with stress and restore cellular homeostasis (Galluzzi et al., 2018). Apoptosis, as a type of RCD, is the most studied cell death mode in DR early and has well-defined features (Kang and Yang, 2020). Recent studies have revealed several novel RCDs involved in the pathogenesis of DR, including pyroptosis, necroptosis and ferroptosis. PANoptosis and cuproptosis are novel RCD pathways recently discovered and named. PANoptosis is a unique inflammatory RCD with characteristic of apoptosis, necroptosis and pyroptosis that cannot be explained by any of these three RCD pathway alone (Wang and Kanneganti, 2021). Cuproptosis is a copper-triggered and lipoylated tricarboxylic acid cycle proteins-mediated modality of mitochondrial cell death (Tsvetkov et al., 2022). These two RCD are lacking in direct evidence of the association with DR currently. In this review, we focus on the three types of novel RCD, including pyroptosis, necroptosis and ferroptosis, and summarize recent advances in the association between cell death and DR. Finally, we propose that novel RCD is a potential therapeutic target for DR treatment in the future.
NOVEL REGULATED CELL DEATH IN DIABETIC RETINOPATHY
Overview of Pyroptosis
Pyroptosis is a pathway of RCD that depends on the pore-forming activity of the gasdermin protein family with an inflammatory response. As an important part of the body’s innate immune response, it plays an indispensable role in antagonizing pathogen infection and sensing endogenous danger signals (Man et al., 2017; Shi et al., 2017) (Figure 1). Cells are stimulated by various stimuli to form a multiprotein complex called the inflammasome, which can activate the cysteine-containing aspartate-specific protease Caspase-1. Activated caspase-1 cleaves gasdermin D (GSDMD) and releases its N-terminal domain to punch in the cell membrane and form membrane pores, causing cell swelling and rupture and pyroptosis (Ding et al., 2016; Liu et al., 2016). Meanwhile, activated caspase-1 matures inflammatory factors (such as interleukin (IL)-1, IL-18, etc.) that are released to the extracellular matrix through ruptured cell membranes. Mature IL-1 acts as a potent proinflammatory mediator to recruit innate immune cells to infection sites and regulate adaptive immune cells, while mature IL-18 promotes the production of interferon-γ (IFN-γ) and enhances the cytolytic activity of natural killer T cells and T cells, contributing to the elimination of pathogenic microbial infection or abnormal cells in vivo (Bergsbaken et al., 2009). Pyroptosis-mediated cell death is associated with the progression of various human diseases, including infectious diseases, metabolic diseases, autoimmune diseases, neurological-related diseases, cardiovascular diseases, and ocular diseases (Man et al., 2017; Van Gorp et al., 2019; Zeng et al., 2019; McKenzie et al., 2020; Sharma and Kanneganti, 2021). Recently, a growing amount of evidence reports that inflammasome activation plays a significant role in triggering pyroptosis-mediated cell death and promotes DR progression (Gu et al., 2019).
[image: Figure 1]FIGURE 1 | Overview of pyroptosis. Pyroptotic priming signals are usually triggered by endogenous cytokines and activate the NF-κB signaling pathway to induce the transcription of inactive NLRP3 and pro-IL-1β. Activation signals are triggered by the stimulation of DAMPs or PAMPs, stimulating NLRP3 oligomerization to recruit ASC and pro-caspase-1 and then form the NLRP3 inflammasome. Activated caspase-1 cleaves GSDMD to release the N-terminal domain and form the plasma membrane pore, leading to pyroptosis. Activated caspase-1 promotes the maturation and secretion of IL-1β. In addition, LPS binds to pro-caspase-4/5/11 to activate it, inducing pyroptosis via cleavage of GSDMD and formation of pores. Activated caspase-4/5/11 can also induce K+ efflux and activate the NLRP3 inflammasome. Abbreviations: ASC, apoptosis speck-like protein; DAMPs, damage-associated molecular patterns; GSDMD, gasdermin D; IKKα/β, IkB kinase α/β; IL-1β, interleukin-1β; LPS, lipopolysaccharide; PAMPs, pathogen-associated molecular patterns; TAK1, beta-activated kinase 1; TLR, toll-like receptor.
The inflammasome was first proposed by Professor J. Tschopp in 2002 (Martinon et al., 2002). It is a complex constructed by pattern recognition receptors (PRRs), apoptosis speck-like protein (ASC) and pro-caspase-1 when cells are suffering danger signal stimulations. It has the function of activating caspase-1 and is also a core of the occurrence of pyroptosis.
Pattern recognition receptors (PRRs) are a class of immune receptors mainly expressed in immune cells that recognize multiple damage-related molecular patterns (DAMPs) or pathogen-related molecular patterns (PAMPs) of invading microorganisms (Dostert et al., 2008). They are the first process of the innate immune system to resist infection and include the NOD-like receptor (NLR), AIM2-like receptor (ALR) families, C-type (carbohydrate-binding lectin domain) lectin receptor (CLR), Toll-like receptor (TLR), and retinoic acid–inducible gene (RIG)-I–like receptor (RLR), (Brubaker et al., 2015). Among them, multiple PRRs of the NLR family and the ALR family have been confirmed to construct inflammasomes and mediate pyroptosis occurrence. The NLRP3 (NOD-, LRR-, PYD containing 3) inflammasome is currently the most studied inflammasome. NLRP3 is composed of three domains, pyrin domain (PYD), nucleotide-binding and oligomerization domain (NACHT) and leucine-rich repeat (LRR), which cannot directly recruit and activate caspase-1 and requires the participation of the adaptor protein ASC(Swanson et al., 2019). Canonical NLRP3 inflammasome activation requires two signals. The first priming signal, triggered by endogenous factors or microorganisms, causes the upregulation of NLRP3 and pro-IL-1 expression through activating the NF-κB signaling pathway (Bauernfeind et al., 2009). The second activation signal is triggered by various stimuli and further induces K+ efflux, Cl-efflux, etc. These events promote NLRP3 oligomerization to recruit both ASC and pro-caspase-1 and to form an activated NLRP3 inflammasome (Gritsenko et al., 2020). Activated caspase-1 cleaves gasdermin D to release the N-terminal domain and induce the occurrence of pyroptosis. Meanwhile, caspase-1 cleaves pro-IL-1β into IL-1β and releases it into the extracellular matrix (He et al., 2016). Nonclassical NLRP3 inflammasome activation is induced by lipopolysaccharide (LPS) and activates caspase-4/5/11, which in turn triggers pannexin-1 channels to induce K+ efflux and adenosine triphosphate (ATP) release (Rühl and Broz, 2015). Subsequently, the NLRP3 inflammasome is activated to release mature IL-1. Activated caspase-4/5/11 also induced pyroptosis by cleaving gasdermin D and forming pores on the cell membrane (Kayagaki et al., 2011; Hagar et al., 2013).
ASC, an apoptosis speck-like protein containing a caspase-recruitment domain (CARD) and PYD as an adaptor protein, is part of various inflammasome complexes. Through the PYD-PYD and CARD-CARD-mediated stacking function, ASC can anchor and activate more caspase-1 and enhance the cell response to stimulation signals to achieve signal amplification (Dick et al., 2016; Agrawal and Jha, 2020). For PRRs with PYD domains, such as NLRP3 and absent in melanoma 2 (AIM2), inflammasome formation is strictly dependent on the ASC protein, and ASC deficiency completely blocks the assembly and activation of these classes of inflammasomes (Sharma and De Alba, 2021).
Caspase family proteins are a class of cysteine-dependent endoproteases that specifically hydrolyze their substrates after specific aspartic acid residues. Their function is involved in the regulation of apoptosis, pyroptosis and necroptosis (Van Opdenbosch and Lamkanfi, 2019). Caspases are usually present in an inactive zymogenic state, and when stimulated by upstream signals, caspases present dimerization-induced conformational changes to undergo autoactivation and exert a proteolytic enzyme function (Lamkanfi et al., 2002). At present, 11 kinds of caspase proteins have been identified in humans, among which caspase-1, 4, 5, and 11 are involved in pyroptosis and caspase-4, 5, and 11 participate in the NLRP3 nonclassical activation pathway (Kayagaki et al., 2015; Schmid-Burgk et al., 2015; Shi et al., 2015). Caspase-1 is a component of multiple inflammasomes and is activated depending on the inflammasome complexes to form a fully functional protease (p20/p10). Activated Caspase enzymatically digested its substrates (GSDMD, pro-IL-1 and pro-IL-18), causing pyroptosis and the release of inflammatory factors (Shi et al., 2015).
Gasdermin (GSDM) protein is an effector protein. GSDMA-E incorporates two domains, a C-terminal suppressive domain and an N-terminal activator domain (Liu et al., 2021). Normally, the two domains of the GSDMs interact to keep the GSDMs in an autoinhibited state. When the C-terminal suppressive domain is hydrolyzed, the N-terminal activator domain will bind with specific lipid components, such as phosphoinositide and cardiolipin, in the cell membrane, penetrating holes and destroying the cell membrane integrity (Ding et al., 2016). GSDMD is the first protein of the gasdermin family found to be involved in pyroptosis, which can be directly activated by activated caspase-1/4/5/8/11 (He et al., 2015; Shi et al., 2015; Liu et al., 2016). The holes formed by GSDMD are approximately 22 nm in diameter and have negative electricity in the pore, which is very important to release mature IL-1β (positive electricity on the surface) (Xia et al., 2021). In addition to GSDMD, activation of other gasdermin family members also causes pyroptosis, but these are independent of the inflammasome and without inflammatory cytokine release (Wang et al., 2017). Thus, the potential relationship between pyroptosis and DR progression remains to be investigated. Numerous studies are ongoing to explore the molecular mechanism of pyroptosis and its potential role in DR pathogenesis.
Pyroptosis and Diabetic Retinopathy
It was recently found that pyroptosis may occur in multiple types of retinal cells in DR models in vitro and in vivo, including endothelial cells, pericytes, retinal neurons, Müller cells, microglia and retinal pigmental epithelium (RPE) cells. Histologically, retinal neurons, glia cells (Müller cells, astrocytes, and microglia), and blood cells (endothelial cells and pericytes) in the retina compose an important structure named the retinal neurovascular unit (Hammes, 2018).
Vascular endothelial cells and pericytes are important components of the retinal microvasculature and internal blood–retina barrier, whose normal function and complete structure rely on interactions of endothelial cells and pericytes (Huang, 2020). NLRP3/caspase-1 activation and IL-1β release have been reported in retinal endothelial cells (RECs) and retinal microvascular endothelial cells (RMECs) in multiple in vitro and in vivo models of DR (Chen et al., 2017; Jiang et al., 2017; Gu et al., 2019). The levels of and cytosolic high-mobility group box 1 (HMGB1) are significantly increased in high glucose-induced RECs, which has been reported to activate HMGB1 and are associated with the NLRP3 inflammasome (Berger et al., 2016; Jiang et al., 2017). Meanwhile, cleaved caspase-1 and activated IL-1β were markedly increased in RECs incubated in high glucose compared with controls. Epac1 (a downstream mediator of β-adrenergic receptors) agonist and/or NLRP3 siRNA can effectively reduce hyperglycemia-induced increases in TLR4, HMGB1, cleaved caspase-1, and IL-1β in RECs(Jiang et al., 2017). Another study showed that hyperglycemia significantly increased the expression of NLRP3, ASC, and proinflammatory cytokines in high glucose-induced RMECs and diabetic rat retinas. Upregulation of mature IL-1β, IL-18 secretion and caspase-1 cleavage was also observed compared with controls. NLRP3 silencing or thioredoxin interacting protein (TXNIP) silencing blocked these alterations in hyperglycemia-induced RMEC and diabetic rat retinas, indicating that the TXNIP pathway mediates NLRP3 inflammasome activation and that inflammasome activation leads to inflammation in DR (Chen et al., 2017). Gu et al. found that the activity and expression of caspase-1 and IL-1β were markedly increased in HG-induced HRMEC and clinical vitreous samples, suggesting that pyroptosis is involved in the pathogenesis of DR. In addition, downregulated miR-590–3p and upregulated NLRP1/NOX4 levels were observed in RMECs of DR, which means downregulationg of miR-590–3p promoted pyroptosis by targeting NLRP1 and activating the NOX4-mediated pathway (Gu et al., 2019). These results suggest that canonical pyroptosis pathway may occur in RECs and RMECs, and targeting NLRP3 and caspase-1 may be a therapeutic strategy to inhibit pyroptosis in DR.
Pericyte coverage can provide structural support to the vessel wall and regulate the expression of tight junction proteins in the surrounding endothelial cells (Lechner et al., 2017). A recent study showed that high glucose induces NLRP3-caspase-1-GSDMD activation and pore formation in a dose- and time-dependent manner and results in the release of the inflammatory cytokines IL-1β and IL-18 and lactate dehydrogenase (LDH) from human retinal pericytes, which are all signs of retinal pericyte pyroptosis (Gan et al., 2020). Caspase-3 or caspase-1 inhibitors or GSDMD silencing synergistical treatment blunts these effects in part by reversing high glucose-induced inflammation and pyroptosis (Gan et al., 2020). In addition, advanced glycation end products (AGEs) play an important role in the depletion of pericytes by activating intracellular oxidative stress and inflammatory responses through binding to receptors for AGEs on the cell surface (Maeda et al., 2014). Another study used AGE-modified bovine serum albumin to simulate the DR environment and found that it induced activated caspase-1 and gasdermin D cleavage, increased the release of IL-1β, IL-18 and LDH, and reduced cell viability, indicating the occurrence of caspase-1-mediated pyroptosis in retinal pericytes (Yu et al., 2021). In this process, long noncoding RNA myocardial infarction-associated transcripts relieved the depression of caspase-1 by sponging miR-342–3p, thus facilitating caspase-1-dependent pericyte pyroptosis, which may provide novel insight into pericyte loss mechanisms and DR treatment (Yu et al., 2021). These studies suggest that pyroptotic pericyte loss may occur during DR development and blocking GSDMD and caspase-1 may maintain pericyte viability potentially.
Retinal neurons are the major cells that transmit light signals and form vision, wherein retinal ganglion cells (RGCs) are the output neurons integrating information (Völgyi, 2020). Multiple studies have confirmed retail neuronal alterations in early DR, such as neuronal degeneration and neuronal death, even earlier than clinical vasculopathy. Retinal ganglion cells undergo inflammatory caspase-mediated pyroptosis (Thomas et al., 2017). In the diabetic rat model, NLRP3, ASC, and caspase-1 were specifically located in the ganglion cell layer and the inner and outer nuclear layers, as shown by immunohistochemistry. The number of cells expressing NLRP3, ASC, and caspase-1 was markedly increased in the diabetic rat group. The suppression of NLRP3 inflammasome activation inhibits the expression of IL-1β and IL-18 (Yin et al., 2017). Pyroptosis mediated by inflammatory caspases can occur in RGCs in other retinal diseases. In the partial optic nerve crush injury model, NLRP3 was upregulated in retinal microglial cells and subsequently led to the upregulation of caspase-1 and IL-1β. Knocking out the NLRP3 gene delays RGC loss after partial optic nerve crush injury (Puyang et al., 2016). Pyroptosis is involved in retinal ischemic damage and promotes RGC death via the caspase-8-HIF-1α-NLRP12/NLRP3/NLRP4 pathway in acute glaucoma (Chen H. et al., 2020). Pyroptosis also participates in photoreceptor degeneration after retinal detachment (Li et al., 2020). RGC death via caspase-dependent mechanisms primarily occurs in ocular injury and progressive degenerative diseases of the eye, and future studies need to determine whether all retinal neurons undergo pyroptotic cell death in DR.
Müller cells, as the most abundant and widely distributed macroglia in the retina, participate in structural support and metabolic nutrition in a healthy retina (Coughlin et al., 2017). Considering that DR is viewed as a potential chronic inflammatory disease, Müller cells have long been speculated to respond to high glucose levels by undergoing pyroptotic cell death rather than apoptosis (Feenstra et al., 2013). Early studies showed that Müller cell death occurred in diabetic retinopathy and that dying Müller cells presented hypertrophy consistent with the sign that during pyroptosis, cells swell rather than shrink, as observed in apoptotic cell death (Hori and Mukai, 1980; Mizutani et al., 1998). Clear identification of retinal cells dying via pyroptosis was difficult given the lack of studies of specific proteins associated with pyroptosis execution at that time. Subsequent studies have confirmed that elevated glucose contributes to the activation of caspase-1 and IL-1β production in a cultured rat Müller cell model (Trueblood et al., 2011). Using minocycline inhibits caspase-1 activity and the production of IL-1β and subsequent cell death in retinal Müller cells of diabetic mice (Vincent and Mohr, 2007). These studies demonstrated Müller cell loss in DR and suggested that cell death might occur via a pyroptotic mechanism. A study published in 2020 found that the reactive oxygen species (ROS)/TXNIP/NLRP3 inflammasome axis was activated in high glucose-stimulated Müller cells in vitro and in Müller cells of DR mice. The levels of NLRP3 inflammasome-associated proteins, including ASC, cleaved caspase-1, and cleaved IL-1β, were increased by high glucose treatment of Müller cells in vitro and in vivo. Müller cells proliferate and produce pro-angiogenic factors such VEGF to promote proliferative DR. Moreover, the NLRP3 inhibitor MCC950 and the prodrug of epigallocatechin-3-gallate can reduce high glucose-induced upregulation of NLRP3 inflammasome-associated proteins and pro-angiogenic factors (Du et al., 2020). This finding illustrates the activation of the NLRP3 inflammasome pathway in Müller cells in DR and provides support for a specific role of NLRP3 in the neovascularization of PDR.
Microglia are resident immune cells that monitor retinal surroundings and remove metabolic waste in the retina (Rathnasamy et al., 2019). It occurs in various retinal disease states and migrates to the outer nuclear layer instead of spreading over the internal and outer plexiform layer, internal nuclear layer and ganglion cell layer in a normal state (Vecino et al., 2016; Rathnasamy et al., 2019). A recent study showed that S100 protein (S100A12) is a proinflammatory trigger in hyperglycemia-induced retinal microglial activation and inflammation by regulating NLRP3 activation. It also induces IL-1β and IL-18 release from microglia through a miR-30a-dependent mechanism (Dong and Wang, 2019). Another study confirmed that high glucose induces retinal microglial pyroptosis through NLPR3 inflammasome signaling. High-glucose stimulation decreases cell viability, enhances LDH release and upregulates the protein expression of IL-1β, NLRP3, cleaved caspase-1, and cleaved GSDMD. NLRP3 inhibitors or caspase-1 inhibitors can inhibit NLRP3 inflammasome activation and prevent retinal microglia from undergoing pyroptosis (Huang et al., 2021). Furthermore, retinal ischemia and reperfusion injury, as the basis of multiple retinal diseases, including DR, glaucoma and retinal artery occlusion, has been demonstrated to promote retinal microglial pyroptotic death, which is linked with lncRNA H19 (Hartsock et al., 2016). A recent study proved that NLRC5 promotes ganglion cell death in ischemic retinopathy through inducing microglial pyroptosis (Deng et al., 2021). In addition, high glucose increases IL-1β expression in rat retinal neural cells, which in turn impacts retinal microglial cell proliferation (Baptista et al., 2017). These studies suggest that activated retinal microglia-related inflammation and pyroptosis under high-glucose conditions may play a significant role in the development of DR.
Finally, although RPE cells are not traditionally included in the retinal neurovascular unit and are not viewed as key for the pathophysiology of DR, several studies have recently found that RPE pyroptosis is also involved in the development of DR and have tried to elucidate the mechanisms underlying RPE cell pyroptosis in DR. High glucose inhibits RPE cell proliferation and promotes RPE cell apoptosis and pyroptosis. Pyroptotic-associated proteins (Caspase-1, Gasdermin D, NLRP3, IL-1β and IL-18) are upregulated under high-glucose stimulation, which is alleviated by overexpressing METTL3 by targeting miR-25–3p and aggravated by knocking down METTL3 in RPE cells (Zha et al., 2020). Another study found that high glucose (50 mM) induced ROS-mediated pyroptotic cell death in ARPE-19 cells. Overexpression of miR-130a abrogated high glucose-induced ARPE-19 cell pyroptosis by targeting the TNF-α/SOD1/ROS axis (Xi et al., 2020). Recently, the STAT3 axis was reported to be involved in proptosis by elevating the transcription of the GSDMC gene and increasing STAT3 phosphorylation in DR rats. MiR-20b-5p rescues ARPE-19 cell pyroptosis by targeting STAT3 (Liang et al., 2021). The TXNIP-Trx-TrxR redox pathway may participate in RPE dysfunction in DR. Auranofin, as a thioredoxin reductase 1 (TrxR1) and TrxR2 inhibitor, can activate the NLRP3 inflammasome to release proinflammatory caspase-1 and cause pyroptotic cell death as measured by LDH leakage. NLRP3 and Caspase-1 inhibitors (NLRP3 and Caspase-1 inhibitors) can significantly reduce auranofin-induced LDH release and pyroptosis (Yumnamcha et al., 2019). Overall, the role of RPE pyroptosis in the mechanism of DR has gradually become a concern.
Furthermore, numerous studies have confirmed that NLRP3 inflammasome activation is associated with DR in vivo. Increased gene and protein expression of NLRP3, ASC, and caspase-1 in peripheral blood mononuclear cells of adults with DR compared with that in normal people. Meanwhile, elevated expression of NLRP3 and ASC was observed in fibrovascular membranes from proliferative DR patients (Chen et al., 2018). The expression levels of the inflammasomes NLRP3 and caspase-1 and the proinflammatory factors IL-1β and IL-18 were notably observed in vitreous of DR patients (Loukovaara et al., 2017). These studies suggest that the initiation of NLRP3 inflammasomes may promote the progression of DR. However, we need to be wary of the literature on inflammasome activation and pyroptosis in DR. As the critical role of gasdermin in pyroptosis was not established until 2015, earlier studies on pyroptosis were limited to confirmation of inflammasome and caspase-1 activation in DR (He et al., 2015). The N-terminal GSDMD domain can perforate the plasma membrane and form membrane pores, which play a crucial role in pyroptosis, further leading to cell swelling, cell content release and lytic cell death. Thus, an activated inflammasome, mature caspase-1, and the release of inflammatory cytokines in retinal cells do not necessarily mean that pyroptosis occurs in these cells. However, very few studies have directly demonstrated that the pyroptotic executor, the N-terminal GSDMD domain, is activated in DR. Future studies targeting GSDMD-N are needed to assess its value as a therapeutic target for DR.
Overview of Necroptosis
Necroptosis is a caspase-independent RCD characterized by cell swelling, mitochondrial membrane permeabilization, and membrane rupture followed by the release of cellular contents and proinflammatory factors (Kaczmarek et al., 2013). It is executed in response to specific stimuli and is involved in the activation of special signal transduction pathways. Several necroptotic inducers comprise tumor necrosis factor α (TNFα), the CD95 receptor/Fas ligand complex, and other members of the TNF superfamily and small molecules causing serious cell stress, etoposide, and viral infections. Primary factors involved in necroptosis-associated cellular signal transduction include receptor interacting serine/threonine-protein kinase 1 (RIPK1), receptor interacting serine/threonine-protein kinase 3 (RIPK3), and mixed lineage kinase ligand (MLKL), which coordinate multiple protein complexes to conjointly execute necroptotic cell death (Grootjans et al., 2017) (Figure 2).
[image: Figure 2]FIGURE 2 | Overview of necroptosis. With stimulation of TNFα, TNFR1 recruits TRADD and binds with RIPK1, combining with TRAF2 and cIAP1/2 to form complex I. RIPK1 can be ubiquitinated by cIAP1/2, which promotes dissociation of TRADD and RIPK1 from complex I to trigger apoptosis or necroptosis. In apoptosis, FADD and caspase-8 are recruited to TRADD and RIPK1, respectively, to form complex IIa and complex IIb. Caspase-8 is activated, and apoptosis is induced. In necroptosis, when caspase-8 is inhibited, RIPK1 phosphorylates and activates RIPK3 to form necrosome complexes and phosphorylate MLKL. Phosphorylated MLKL undergoes oligomerization and migrates to the plasma membrane, where it induces necroptosis by initiating membrane rupture. Abbreviation: cIAP, cellular inhibitors of apoptosis protein; FADD, Fas-associated death domain; IKKα/β, IkB kinase α/β; MLKL, mixed lineage kinase domain-like protein; RIPK1, receptor-interacting protein kinase 1; RIPK3, receptor interacting protein kinase 3; TAK1, beta-activated kinase 1; ITLR, toll-like receptor; TRADD, TNF receptor-associated death domain; TRAF, TNF receptor-associated factor; TRIF, TIR-domain-containing adapter-inducing interferon-β; ZBP1, Z-DNA-binding protein 1.
RIPK1 was the first protein found to be crucial for Fas-, TNF- and TNF-related apoptosis-inducing ligand (TRAIL)-induced necroptosis, including the N-terminal kinase domain, C-terminal death domain (DD), and an intermediate domain (Holler et al., 2000). Based on the posttranslational modifications of the intermediate domain and death domain, RIPK1 orchestrates different multiprotein complexes (Complexes I, IIb and IIc) (Festjens et al., 2007). The formation of necroptosis-specific protein complexes has been confirmed for TNF signal transduction. TNF receptor 1 (TNFR1) recruits TNF receptor type 1 associated death domain (TRADD), TNF receptor associated factor 2 (TRAF2), cellular inhibitors of apoptosis 1 and 2 (cIAP1 and cIAP2) and RIPK1 to form Complex I to induce RIPK1 polyubiquitination, in which the C-terminal DD of RIPK1 is responsible for the interaction with TNFR1 and TRADD (Festjens et al., 2007). The C-terminal DD participates in RIPK1 dimerization and activation during its transition from Complex I to Complex IIb(Meng et al., 2018). The N-terminal kinase domain is involved in S161 and S166 autophosphorylation and RIPK3 activation during the formation of Complex IIc. The intermediate domain is responsible for a scaffold for K63 and linear M1 ubiquitylation, which recruits the TGFβ activated kinase 1 (TAK1) complex and the IκB kinase (IKK) complex. It is also required for the recruitment of RIPK3 and for binding to other RHIM-containing proteins (Vandenabeele et al., 2010).
RIPK3 is homologous to RIPK1 and consists of a similar N-terminal kinase domain, an intermediate domain, and an RHIM domain at its C-terminus but lacks the C-terminal death domain compared to RIPK1(Wu et al., 2014). Through the RHIM-domain interaction, RIPK3 and RIPK1 ultimately assemble Complex IIc, which in turn causes RIPK3 autophosphorylation. Subsequently, RIPK3-mediated phosphorylation activates MLKL attracted by the complex, and then the RIPK3-MLKL complex transfers into the cytosol to construct Complex IIc(Weber et al., 2018).
Another crucial mediator of necroptosis, MLKL, is the sole and main effector of necroptosis. Its N-terminal four-helical bundle domain can directly or indirectly cause membrane pore formation (Hildebrand et al., 2014). MLKL interacts with RIPK3 through its kinase domains, in which phosphorylation of RIPK3 at Ser277 is necessary for their interaction. Activated MLKL forms amyloid-like oligomers and is transferred to the cytoplasmic membrane, facilitating the terminal steps of necroptosis (Weber et al., 2018).
TNF-induced necroptosis is the canonical necroptotic pathway. Upon TNF stimulation, TNF receptor 1 recruits multiple proteins (TRADD, TRAF2, cIAP1/2 and RIPK1) to assemble TNFR1 Complex I. The key step of necroptosome (Complex IIc) formation is RIPK1 deubiquitylation and caspase 8 inhibition, as well as the kinase activities of RIPK1 and RIPK3. RIPK3 phosphorylates phosphoglycerate mutase family member 5 (PGAM5) to activate dynamin-1-like protein (DRP1), which causes mitochondrial fission and participates in the necroptosis process. Moreover, MLKL phosphorylation is performed by RIPK3 followed by the formation of MLKL oligomers that transfer to the membrane as MLKL ion channels, leading to necroptosis (Khan et al., 2021).
Necroptosis and Diabetic Retinopathy
Previous studies have implicated necrosis in the development of DR, such as increased necrotic cell death of pericytes in the retinas of diabetic rats (Feenstra et al., 2013). Subsequent studies have found that necroptosis plays a key role in the pathogenesis of blindness diseases, including glaucoma, age-related macular degeneration and retinitis pigmentosa, which are involved in the death of RGCs, RPE cells and cone cells, respectively (Peng et al., 2020). Similarly, it has been extensively reported that necroptosis contributes to neuronal damage in a retinal ischemia–reperfusion injury model through the ERK1/2-RIP3 pathway, which can be inhibited by necrostatin 1 in vitro and in vivo experiments (Dvoriantchikova et al., 2014; Gao et al., 2014). Retinal ischemia is involved in various disorders, including DR, glaucoma, optic neuropathies and retinopathy of prematurity. Death-associated protein (Daxx), a novel substrate of RIP3, has been implicated in ischemic necrosis of retinal cells. The phosphorylation of Daxx by RIP3 plays a crucial role in ischemic necrosis in rat RGCs(Lee et al., 2013). However, only a few studies reported retinal cell necroptotic death in DR. Our previous study indicated that high glucose could induce the expression of RIPK1/RIPK3 and phosphorylated RIPK1/RIPK3, and necrostatin-1 could effectively protect RGCs from glucose-induced necroptosis (Gao et al., 2021). Blue light acts on the mitochondria of RGCs and has the potential to elicit necroptosis through RIP1/RIP3 to stimulate RGC death in diseases such as glaucoma and DR, a process that is dependent on mitochondria (Del Olmo-Aguado et al., 2016). Studies associated with necroptosis in DR are mainly focused on RGC cells, and whether other retinal cells undergo necroptosis under high glucose induction still needs further investigation. Further clarification of the definition of necroptosis and the pathways involved may be necessary to better understand and identify this process in DR.
Overview of Ferroptosis
Ferroptosis is defined as an iron-catalyzed form of regulatory cell death that occurs through the excessive peroxidation of polyunsaturated fatty acids (PUFAs) (Dixon et al., 2012) (Figure 3). Since the proposal of the concept of ferroptosis, ferroptosis has attracted much interest. Morphologically, cells suffering from ferroptosis usually show necrosis-like morphological changes, including cell swelling, plasma membrane integrity disruption and swelling of cytoplasmic organelles, along with abnormal mitochondria with reduced or absent cristae, a condensed membrane, and a ruptured outer membrane at the ultrastructural level (Dixon et al., 2012; Friedmann Angeli et al., 2014). Furthermore, ferroptotic cells do not present features of apoptosis, and knockdown of necroptotic key mediators cannot prevent ferroptosis (Friedmann Angeli et al., 2014). Ferroptosis is an ROS-dependent cell death involved in two core biochemical features, namely, iron accumulation and lipid peroxidation. Ferroptosis execution relies on an iron-catalyzed excessive peroxidation of PUFA-containing phospholipids in cell membranes (Yang et al., 2016). The classical ferroptosis activator erastin inhibits the antioxidant system to accumulate the intracellular iron concentration. Excessive iron can directly create excess ROS via the Fenton reaction to cause oxidative damage and then activate lipoxygenase (LOX) or prolyl hydroxylases to disturb lipid peroxidation and oxygen homeostasis (Chen X. et al., 2020). Cells maintain relatively stable iron metabolism by regulating intracellular iron uptake, utilization, storage, and export. Disorganized iron metabolic processes can promote or inhibit ferroptosis, depending on the levels of intracellular free iron (Chen X. et al., 2020). Nonenzymatic lipid peroxidation is a free radical-driven chain reaction in which ROS trigger the excessive peroxidation of PUFAs(Ayala et al., 2014). Enzymatic lipid peroxidation is mediated in a regulated manner by the LOX family that can catalyze the dioxygenation of PUFAs to generate various lipid hydroperoxides. However, the clear mechanism of lipid peroxidation leading to ferroptosis remains elusive. It is hypothesized that it might be associated with the formation of a structured lipid pore, membrane fluidity and structure modification, increased membrane permeability, loss of membrane integrity, or destabilized membrane by excessive oxidant access, causing pore and micelle formation (Agmon et al., 2018; Cheng et al., 2018). In addition, it has been reported that the toxicity of lipid peroxidation might inactivate proteins involved in essential cellular processes to promote ferroptosis (Zhong and Yin, 2015).
[image: Figure 3]FIGURE 3 | Overview of ferroptosis. The figure shows four systems regulating ferroptosis. Iron metabolism, Fe3+ is transferred into the cell through TFR1 and reduced to Fe2+ by STEAP3. Fe2+ is transported to the cytoplasm through DMT1. Excess Fe2+ causes the Fenton reaction and the initiation of lipid peroxidation, OH−. GSH-GPX4 pathway GSH synthetization is catalyzed by GSS and γ-GCS. GPX4 converts GSH to GSSG to inhibit lipid ROS production. Lipid metabolism and OH− promote the oxidation of PUFAs on the cell membrane, leading to the accumulation of PE-PUFA-OOH and 4-HNE generation. PE-PUFA-OOH can be repaired by GPX4 to reduce lipid hydrogen. In the mevalonate pathway, FSP1 is recruited to the cell membrane and decreases CoQ and suppresses lipid peroxidation, which mediates a nonmitochondrial CoQ antioxidant system. Abbreviations: ACSL4, acyl-CoA synthetase long-chain family member 4; CoQ, coenzyme Q; Cys, cysteine; DMT1, divalent metal transporter 1; FSP1, ferroptosis suppressor protein 1; GPX4, glutathione peroxidase 4; GSH, glutathione; GSS, glutathione synthetase; GSSG, oxidized glutathione; LPCAT3, lysophosphatidylcholine acyltransferase 3; NCOA4, nuclear receptor coactivator 4; PUFA, polyunsaturated fatty acid; PUFA-CoA, polyunsaturated fatty acyl CoA; PLOOH, phospholipid hydroperoxides; ROS, reactive oxygen species; STEAP3, the six-transmembrane epithelial antigen of the prostate 3; TFR, transferrin receptor; γGSC, γ-glutamylcysteinyl synthetase; 4-HNE, 4-hydroxynonenal.
In recent years, the mechanistic understanding of ferroptosis has made rapid progress. Two important cellular components have been identified, the inhibition of which can induce cell ferroptosis: glutathione peroxidase 4 (GPX4) and system xc− (cystine/glutamate antiporter), inhibited by the compounds RSL3 and erastin, respectively (Dixon et al., 2014; Yang et al., 2014). The role of the cysteine-glutathione (GSH)- GPX4 mechanism in inhibiting ferroptosis has been identified, in which phospholipid hydroperoxide (PLOOH) acts as a ferroptosis executioner. Canonical ferroptosis is induced through the GPX4-regulated ferroptotic pathway. GPX4 is the primary enzyme that catalyzes the reduction of PLOOH and reduces phospholipids and cholesterol hydroperoxides to their corresponding alcohols (Maiorino et al., 2018). The inactivation of GPX4 deprives cells of cysteine, an essential cellular antioxidant and a building block of GSH, which leads to PLOOH accumulation and consequently rapid and unrepairable damage to the plasma membrane, causing ferroptosis (Jiang et al., 2021). Furthermore, unrestrained lipid peroxidation is the hallmark of ferroptosis. Initiating lipid peroxidation requires the extraction of diallyl hydrogen atoms between the two carbon-carbon double bonds from the polyunsaturated fatty acyl part of the phospholipid (PUFA-PL) bound to the lipid double layer to form the carbon center radical, which then reacts with molecular oxygen to produce peroxide radicals. Without conversion to lipid hydroperoxides and reduction to the corresponding alcohols, propagation of the radical-mediated reaction leads to the formation of numerous secondary products that disrupt membrane integrity and ultimately rupture organelles and membranes (Jiang et al., 2021). Additionally, multiple lines of evidence have demonstrated that metabolism plays a crucial role in ferroptosis. Various metabolic events (including lipogenesis, autophagy, and the mitochondrial TCA cycle) and signaling pathways (including the E-cadherin-NF2-Hippo-YAP pathway, glucose-regulated AMPK signaling, and p53 and BAP1 tumor suppressor functions) are involved in the regulation of ferroptosis (Gao et al., 2015; Gao et al., 2016; Jiang et al., 2021). For example, cysteine deprivation-induced ferroptosis requires glutamine metabolism or glutaminolysis, which directly links ferroptosis to cellular metabolism (Gao et al., 2015).
Ferroptosis and Diabetic Retinopathy
Although the specific physiological function of ferroptosis has not been clearly demonstrated, the role of ferroptosis in human diseases has been established. Recent studies have reported a significant role of ferroptosis in the progression of diabetes mellitus and its multiple complications, including diabetic kidney disease, diabetic neuropathy, diabetic osteoporosis and DR (Yang and Yang, 2022). One recent study found that extracellular glia maturation factor-β (GMFB), a neurodegenerative factor upregulated in the vitreous at a very early stage of diabetes, can translocate the ATPase ATP6V1A from the lysosome and damage lysosomal acidification in RPE cells, which causes ACSL4 protein accumulation and catalyzes the production of lethal lipid species and induces ferroptosis in RPE cells, ultimately impairing the function of the retina. In a diabetic rat model, the ferroptosis inhibitor liproxstatin-1 (LX-1), GMFB antibody, lysosome activator NKH477, and CMA activator QX77 all present strong protective effects on retinal function (Liu et al., 2022). An in vitro study in ARPE-19 cells showed that circ-PSNE1 was increased in high glucose-treated ARPE-19 cells. Knockdown of circ-PSEN1 regulates intracellular concentrations of GSH, malondialdehyde, and ferrous iron, increases the cell survival rate and suppresses ferroptosis in high glucose-treated ARPE19 cells. Circ-PSEN1 mitigates high glucose-induced ferroptosis via the miR-200b-3p/cofilin-2 axis (Zhu et al., 2021). Similarly, the expression of miR-138–5p is upregulated in RPE cells treated with high glucose, which reduces Sirt1/Nrf2 activity and antioxidant expression and ultimately induces RPE cell ferroptosis. Astragaloside-IV alleviates high glucose-induced ferroptosis in RPE cells by disrupting the expression of miR-138–5p/Sirt1/Nrf2(Tang et al., 2022). In addition, a novel miR-338–3p/SLC1A5 axis has been reported that regulates oxidative stress-mediated RPE cell ferroptosis to modulate DR progression. High glucose upregulates miR-338–3p to cause SLC1A5 degradation in RPE cells, leading to oxidative stress-mediated ferroptosis. Thus, targeting the miR-338–3p/SLC1A5 axis is effective in increasing the resistance of the RPE to high glucose-induced ferroptosis (Zhou et al., 2022).
In addition to RPE cell changes, retinal capillary endothelial cell (RCEC) dysfunction also contributes to diabetic retinal damage early in DR. High glucose suppresses human RCEC growth and induces ferroptosis, which is reversed by a ferroptotic inhibitor. RCECs treated with high glucose exhibited increased TRIM46 expression, and TRIM46 overexpression decreased cell resistance against high glucose-induced ferroptosis. TRIM46 interacted with GPX4 to promote its ubiquitination. Overexpression of GPX4 ameliorates the effects of TRIM46 upregulation and protects RCECs against ferroptosis. Thus, TRIM46 contributes to high glucose-induced ferroptosis in human RCECs by facilitating GPX4 ubiquitination (Zhang et al., 2021). These studies indicate that ferroptosis plays a crucial role in damage to RPE cells and RCECs in DR progression. In addition, Fe2+ intravitreal injection increases the levels of oxidative stress markers and components of ferroptosis in the retina and induces photoreceptor death dependent on ferroptosis (Shu et al., 2020). However, whether ferroptosis participates in hyperglycemia-induced retinal neuron, pericyte or glial cell loss dependent on ferroptosis is still unclear and requires further exploration.
NOVEL REGULATED CELL DEATH AS THERAPEUTIC TARGETS FOR DIABETIC RETINOPATHY
Based on the evidence above, novel RCD may contribute to retinal cell death and the pathogenesis of DR progression. Different cell death modes may all be candidates for therapeutic targets of DR.
Pyroptosis occurrence has been confirmed in high glucose-induced retinal cells and DR rat models. Some studies have reported that several pyroptosis or inflammasome inhibitors have been tested in DR models in vivo and in vitro. MCC950, as the most potent and specific NLRP3 inhibitor, has been confirmed to attenuate NLRP3 inflammasome initiation and IL-1β secretion and rescue cell death in high-glucose-stimulated HRECS via the NLRP3–NEK7 pathway (Zhang et al., 2017). Epigallocatechin-3-gallate (EGCG), the key bioactive compound found in tea, can inhibit Müller cell proliferation and proangiogenic factor production by suppressing the ROS/TXNIP/NLRP3 inflammasome axis in streptozotocin (STZ)-stimulated DR mouse models (Du et al., 2020). The connexin-32 hemichannel inhibitor can inhibit inflammation of the retina in DR by preventing NLRP3 inflammasome complex assembly, Müller cell activation, and the release of proinflammatory cytokines (Louie et al., 2021). Another study suggested that connexin 43 hemichannels may mediate RPE disruption that occurs in DME in an ATP release/inflammasome pathway activation-dependent manner, which can be blocked by peptide 5 (Kuo et al., 2020). Moreover, high glucose-stimulated P2X7 purinergic receptor (P2X7R) mediates NLRP3 inflammasome activation in DR pathogenesis. H3 relaxin treatment can remarkably attenuate P2X7R and NLRP3 inflammasome activation in HRMEC, which further decreased pyroptosis and migration of HRMECs in response to AGEs mediated by P2X7R activation of the NLRP3 inflammasome (Yang et al., 2020). Several natural products can also be potential pharmacological drugs for DR by suppressing inflammasome-mediated cell death. Palbinone has been reported to exhibit protective effects against DR through the downregulation of IL-18 and IL-1β levels, enhancement of antioxidant capacities, and negative regulation of inflammasome component expression (NLRP3, cleaved caspase-1, IL-1β and ASC) by activating the Nrf2 signaling pathway (Shi et al., 2020). Similarly, sulforaphane, an isothiocyanate found in cruciferous vegetables, stimulates the Nrf2 pathway and remarkably attenuates the retinal expression levels of NLRP3, cleaved-caspase 1, ASC, and cleaved IL-1β in STZ-induced mouse models (Li et al., 2019). Gambogic acid, as the active component of gambode resin, inhibits TXNIP/NLRP3 activation by downregulating TXNIP, NLRP3, ASC, cleaved-caspase 1, and cleaved-IL 1β levels to flatten the inflammatory response in RPE cells by modulating the Nrf2 signaling pathway (Chen et al., 2021). In addition, methylene blue, as an oxidation–reduction molecule, can significantly decrease NLRP3 inflammasome activation and attenuate IL-1β and IL-18 secretion in STZ-stimulated diabetic rat models (Hao et al., 2019). Hydrogen sulfide (H2S) has been shown to protect against oxidative stress injury and inflammation in high glucose-induced RPE cells by inhibiting ROS formation and NLRP3 inflammasome activation (Wang et al., 2019). Resolvin D1 treatment efficiently decreased IL-1β and IL-18 secretion by suppressing the NF-kB pathway in the retinal tissue of DR rats (Yin et al., 2017). These findings suggest that pyroptosis-related proteins and inflammasomes may be potential novel therapeutic targets for DR.
Targeting necroptosis might be an alternative method to reverse cell death in the development of DR. Necroptosis contributes to neuronal damage in the retinal ischemia–reperfusion injury model. Necroptosis inhibitors (necrostatin-1) exemplified the treatment effect on RGC death induced by high glucose (Gao et al., 2021). However, due to the few studies and limited current therapeutic options, it remains necessary to further evaluate necroptosis as a potential novel therapeutic target for DR.
With the deeper recognition of the ferroptosis mechanism, several specific inhibitors of ferroptosis have been discovered, such as ferrostatin-1, liproxstatin-1 and deferoxamine, which have been studied in diabetes and its complications. ACSL4, as the substrate of chaperone-mediated autophagy, is an essential component of ferroptosis. It has been reported that GMFB induces ferroptosis by impairing chaperone-mediated autophagic degradation of ACSL4 in early DR. The ferroptosis inhibitor liproxstatin-1 is effective in a diabetic rat model to prevent early DR and maintain normal visual function (Liu et al., 2022). Some natural products have been developed to suppress cell ferroptosis. Quercetin, resveratrol, germacrone and cryptochlorogenic acid all have been reported to have potential anti-ferroptosis properties in diabetes mellitus or its complications (Yang and Yang, 2022). In a DR in vitro model, astragaloside-IV, a high-purity natural product extracted from Astragalus membranaceus, alleviates high glucose-induced ferroptosis in RPE cells by disrupting the expression of miR-138–5p/Sirt1/Nrf2(Tang et al., 2022). In addition, downregulation of TRIM46 increases RCEC resistance against high glucose-induced perroptosis. Administration of RSL3, a ferroptosis agonist, was able to reverse the protective effects of TRIM46 silencing (Zhang et al., 2021). These studies suggest that ferroptosis is a promising therapeutic target for DR. Further studies are needed to identify novel targets of ferroptosis for the development of effective drugs for DR treatment.
CONCLUSION
In conclusion, we summarize the role and possible mechanisms of RCD in DR, including pyroptosis, necroptosis and ferroptosis. Cell death seems to be a remarkable feature in the progression of DR, and several retinal cell types have been demonstrated to suffer different forms of RCD. PANoptosis and cuproptosis are concentrated on the role of protection against infection and anti-tumor therapy currently. The field of these 2 cell death pathways is nascent in many ways, thus further studies are needed to explore the association with DR. Moreover, further studies are needed to reveal how different forms of RCD interact under retinal hyperglycemia conditions and what key factors ultimately determine the specific death type to which retinal cells will be attributed in a pathological state. This is also crucial for the development of therapeutics targeting RCD. Finding potential links between RCD facilitates a deeper understanding of the interacting mechanisms of cell death in DR. The microenvironment around retinal cells in a hyperglycemic state also deserves attention from researchers later, which may partly determine the type of cell death. Based on the evidence from different retinal cell death in DR in in vitro and animal model studies, there is reason to assume that novel RCD may act as a therapeutic target for DR. Drugs that target ferroptosis may provide new treatment strategies for patients with diabetes. Targeting pyroptosis-mediated cell death in DR has attracted widespread attention and may be a promising strategy. In the future, targeted drugs can be designed to block these RCD pathways in DR to achieve effective treatment and improve prognosis.
AUTHOR CONTRIBUTIONS
SG searched the databases and drafted and edited the manuscript. YZ drafted the manuscript and drew the figures. MZ conceived and reviewed the manuscript.
FUNDING
This work is supported by the Sichuan Provincial Science and Technology Support Project (Nos. 2022YFQ0070, 2022NSFSC1288, 2021ZYD0110).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Agmon, E., Solon, J., Bassereau, P., and Stockwell, B. R. (2018). Modeling the Effects of Lipid Peroxidation during Ferroptosis on Membrane Properties. Sci. Rep. 8, 5155. doi:10.1038/s41598-018-23408-0
 Agrawal, I., and Jha, S. (2020). Comprehensive Review of ASC Structure and Function in Immune Homeostasis and Disease. Mol. Biol. Rep. 47, 3077–3096. doi:10.1007/s11033-020-05345-2
 Antonetti, D. A., Klein, R., and Gardner, T. W. (2012). Diabetic Retinopathy. N. Engl. J. Med. 366, 1227–1239. doi:10.1056/NEJMra1005073
 Ayala, A., Muñoz, M. F., and Argüelles, S. (2014). Lipid Peroxidation: Production, Metabolism, and Signaling Mechanisms of Malondialdehyde and 4-Hydroxy-2-Nonenal. Oxidative Med. Cell. Longev. 2014, 360438. doi:10.1155/2014/360438
 Baptista, F. I., Aveleira, C. A., Castilho, Á. F., and Ambrósio, A. F. (2017). Elevated Glucose and Interleukin-1β Differentially Affect Retinal Microglial Cell Proliferation. Mediat. Inflamm. 2017, 4316316. doi:10.1155/2017/4316316
 Bauernfeind, F. G., Horvath, G., Stutz, A., Alnemri, E. S., Macdonald, K., Speert, D., et al. (2009). Cutting Edge: NF-KappaB Activating Pattern Recognition and Cytokine Receptors License NLRP3 Inflammasome Activation by Regulating NLRP3 Expression. J. Immunol. 183, 787–791. doi:10.4049/jimmunol.0901363
 Berger, E. A., Carion, T. W., Jiang, Y., Liu, L., Chahine, A., Walker, R. J., et al. (2016). β-Adrenergic Receptor Agonist, Compound 49b, Inhibits TLR4 Signaling Pathway in Diabetic Retina. Immunol. Cell Biol. 94, 656–661. doi:10.1038/icb.2016.21
 Bergsbaken, T., Fink, S. L., and Cookson, B. T. (2009). Pyroptosis: Host Cell Death and Inflammation. Nat. Rev. Microbiol. 7, 99–109. doi:10.1038/nrmicro2070
 Brubaker, S. W., Bonham, K. S., Zanoni, I., and Kagan, J. C. (2015). Innate Immune Pattern Recognition: a Cell Biological Perspective. Annu. Rev. Immunol. 33, 257–290. doi:10.1146/annurev-immunol-032414-112240
 Chen, H., Deng, Y., Gan, X., Li, Y., Huang, W., Lu, L., et al. (2020). NLRP12 Collaborates with NLRP3 and NLRC4 to Promote Pyroptosis Inducing Ganglion Cell Death of Acute Glaucoma. Mol. Neurodegener. 15, 26. doi:10.1186/s13024-020-00372-w
 Chen, H., Zhang, X., Liao, N., Mi, L., Peng, Y., Liu, B., et al. (2018). Enhanced Expression of NLRP3 Inflammasome-Related Inflammation in Diabetic Retinopathy. Invest. Ophthalmol. Vis. Sci. 59, 978–985. doi:10.1167/iovs.17-22816
 Chen, J., Li, L., Zhou, Y., Zhang, J., and Chen, L. (2021). Gambogic Acid Ameliorates High Glucose- and Palmitic Acid-Induced Inflammatory Response in ARPE-19 Cells via Activating Nrf2 Signaling Pathway: Ex Vivo. Cell Stress Chaperones 26, 367–375. doi:10.1007/s12192-020-01182-1
 Chen, W., Zhao, M., Zhao, S., Lu, Q., Ni, L., Zou, C., et al. (2017). Activation of the TXNIP/NLRP3 Inflammasome Pathway Contributes to Inflammation in Diabetic Retinopathy: a Novel Inhibitory Effect of Minocycline. Inflamm. Res. 66, 157–166. doi:10.1007/s00011-016-1002-6
 Chen, X., Yu, C., Kang, R., and Tang, D. (2020). Iron Metabolism in Ferroptosis. Front. Cell Dev. Biol. 8, 590226. doi:10.3389/fcell.2020.590226
 Cheng, C., Geng, F., Cheng, X., and Guo, D. (2018). Lipid Metabolism Reprogramming and its Potential Targets in Cancer. Cancer Commun. 38, 27. doi:10.1186/s40880-018-0301-4
 Coughlin, B. A., Feenstra, D. J., and Mohr, S. (2017). Müller Cells and Diabetic Retinopathy. Vis. Res. 139, 93–100. doi:10.1016/j.visres.2017.03.013
 Cunha-Vaz, J., Ribeiro, L., and Lobo, C. (2014). Phenotypes and Biomarkers of Diabetic Retinopathy. Prog. Retin. Eye Res. 41, 90–111. doi:10.1016/j.preteyeres.2014.03.003
 Daruich, A., Matet, A., Moulin, A., Kowalczuk, L., Nicolas, M., Sellam, A., et al. (2018). Mechanisms of Macular Edema: Beyond the Surface. Prog. Retin. Eye Res. 63, 20–68. doi:10.1016/j.preteyeres.2017.10.006
 Del Olmo-Aguado, S., Núñez-Álvarez, C., and Osborne, N. N. (2016). Blue Light Action on Mitochondria Leads to Cell Death by Necroptosis. Neurochem. Res. 41, 2324–2335. doi:10.1007/s11064-016-1946-5
 Deng, Y., Fu, Y., Sheng, L., Hu, Y., Su, L., Luo, J., et al. (2021). The Regulatory NOD-like Receptor NLRC5 Promotes Ganglion Cell Death in Ischemic Retinopathy by Inducing Microglial Pyroptosis. Front. Cell Dev. Biol. 9, 669696. doi:10.3389/fcell.2021.669696
 Dick, M. S., Sborgi, L., Rühl, S., Hiller, S., and Broz, P. (2016). ASC Filament Formation Serves as a Signal Amplification Mechanism for Inflammasomes. Nat. Commun. 7, 11929. doi:10.1038/ncomms11929
 Ding, J., Wang, K., Liu, W., She, Y., Sun, Q., Shi, J., et al. (2016). Pore-forming Activity and Structural Autoinhibition of the Gasdermin Family. Nature 535, 111–116. doi:10.1038/nature18590
 Dixon, S. J., Lemberg, K. M., Lamprecht, M. R., Skouta, R., Zaitsev, E. M., Gleason, C. E., et al. (2012). Ferroptosis: an Iron-dependent Form of Nonapoptotic Cell Death. Cell 149, 1060–1072. doi:10.1016/j.cell.2012.03.042
 Dixon, S. J., Patel, D. N., Welsch, M., Skouta, R., Lee, E. D., Hayano, M., et al. (2014). Pharmacological Inhibition of Cystine-Glutamate Exchange Induces Endoplasmic Reticulum Stress and Ferroptosis. Elife 3, e02523. doi:10.7554/eLife.02523
 Dong, N., and Wang, Y. (2019). MiR-30a Regulates S100A12-Induced Retinal Microglial Activation and Inflammation by Targeting NLRP3. Curr. Eye Res. 44, 1236–1243. doi:10.1080/02713683.2019.1632350
 Dostert, C., Meylan, E., and Tschopp, J. (2008). Intracellular Pattern-Recognition Receptors. Adv. Drug Deliv. Rev. 60, 830–840. doi:10.1016/j.addr.2007.12.003
 Du, J., Wang, Y., Tu, Y., Guo, Y., Sun, X., Xu, X., et al. (2020). A Prodrug of Epigallocatechin-3-Gallate Alleviates High Glucose-Induced Pro-angiogenic Factor Production by Inhibiting the ROS/TXNIP/NLRP3 Inflammasome axis in Retinal Müller Cells. Exp. Eye Res. 196, 108065. doi:10.1016/j.exer.2020.108065
 Dvoriantchikova, G., Degterev, A., and Ivanov, D. (2014). Retinal Ganglion Cell (RGC) Programmed Necrosis Contributes to Ischemia-Reperfusion-Induced Retinal Damage. Exp. Eye Res. 123, 1–7. doi:10.1016/j.exer.2014.04.009
 E. Chepchumba Yego, D. J. F., Yego, E. C., and Mohr, S. (2013). Modes of Retinal Cell Death in Diabetic Retinopathy. J. Clin. Exp. Ophthalmol. 04, 298. doi:10.4172/2155-9570.1000298
 Festjens, N., Vanden Berghe, T., Cornelis, S., and Vandenabeele, P. (2007). RIP1, a kinase on the crossroads of a cell's decision to live or die. Cell Death Differ. 14, 400–410. doi:10.1038/sj.cdd.4402085
 Forrester, J. V., Kuffova, L., and Delibegovic, M. (2020). The Role of Inflammation in Diabetic Retinopathy. Front. Immunol. 11, 583687. doi:10.3389/fimmu.2020.583687
 Friedmann Angeli, J. P., Schneider, M., Proneth, B., Tyurina, Y. Y., Tyurin, V. A., Hammond, V. J., et al. (2014). Inactivation of the Ferroptosis Regulator Gpx4 Triggers Acute Renal Failure in Mice. Nat. Cell Biol. 16, 1180–1191. doi:10.1038/ncb3064
 Galluzzi, L., Vitale, I., Aaronson, S. A., Abrams, J. M., Adam, D., Agostinis, P., et al. (2018). Molecular Mechanisms of Cell Death: Recommendations of the Nomenclature Committee on Cell Death 2018. Cell Death Differ. 25, 486–541. doi:10.1038/s41418-017-0012-4
 Gan, J., Huang, M., Lan, G., Liu, L., and Xu, F. (2020). High Glucose Induces the Loss of Retinal Pericytes Partly via NLRP3-Caspase-1-GSDMD-Mediated Pyroptosis. BioMed Res. Int. 2020, 4510628. doi:10.1155/2020/4510628
 Gao, M., Monian, P., Pan, Q., Zhang, W., Xiang, J., and Jiang, X. (2016). Ferroptosis Is an Autophagic Cell Death Process. Cell Res. 26, 1021–1032. doi:10.1038/cr.2016.95
 Gao, M., Monian, P., Quadri, N., Ramasamy, R., and Jiang, X. (2015). Glutaminolysis and Transferrin Regulate Ferroptosis. Mol. Cell 59, 298–308. doi:10.1016/j.molcel.2015.06.011
 Gao, S., Andreeva, K., and Cooper, N. G. (2014). Ischemia-reperfusion Injury of the Retina Is Linked to Necroptosis via the ERK1/2-RIP3 Pathway. Mol. Vis. 20, 1374–1387.
 Gao, S., Huang, X., Zhang, Y., Bao, L., Wang, X., and Zhang, M. (2021). Investigation on the Expression Regulation of RIPK1/RIPK3 in the Retinal Ganglion Cells (RGCs) Cultured in High Glucose. Bioengineered 12, 3947–3956. doi:10.1080/21655979.2021.1944456
 Gritsenko, A., Yu, S., Martin-Sanchez, F., Diaz-Del-Olmo, I., Nichols, E.-M., Davis, D. M., et al. (2020). Priming Is Dispensable for NLRP3 Inflammasome Activation in Human Monocytes In Vitro. Front. Immunol. 11, 565924. doi:10.3389/fimmu.2020.565924
 Grootjans, S., Vanden Berghe, T., and Vandenabeele, P. (2017). Initiation and Execution Mechanisms of Necroptosis: an Overview. Cell Death Differ. 24, 1184–1195. doi:10.1038/cdd.2017.65
 Gu, C., Draga, D., Zhou, C., Su, T., Zou, C., Gu, Q., et al. (2019). miR-590-3pInhibits Pyroptosis in Diabetic Retinopathy by TargetingNLRP1and Inactivating the NOX4 Signaling Pathway. Invest. Ophthalmol. Vis. Sci. 60, 4215–4223. doi:10.1167/iovs.19-27825
 Hagar, J. A., Powell, D. A., Aachoui, Y., Ernst, R. K., and Miao, E. A. (2013). Cytoplasmic LPS Activates Caspase-11: Implications in TLR4-independent Endotoxic Shock. Science 341, 1250–1253. doi:10.1126/science.1240988
 Hammes, H.-P. (2018). Diabetic Retinopathy: Hyperglycaemia, Oxidative Stress and beyond. Diabetologia 61, 29–38. doi:10.1007/s00125-017-4435-8
 Hao, J., Zhang, H., Yu, J., Chen, X., and Yang, L. (2019). Methylene Blue Attenuates Diabetic Retinopathy by Inhibiting NLRP3 Inflammasome Activation in STZ-Induced Diabetic Rats. Ocular Immunol. Inflamm. 27, 836–843. doi:10.1080/09273948.2018.1450516
 Hartsock, M. J., Cho, H., Wu, L., Chen, W.-J., Gong, J., and Duh, E. J. (2016). A Mouse Model of Retinal Ischemia-Reperfusion Injury through Elevation of Intraocular Pressure. J. Vis. Exp. (113), 54065. doi:10.3791/54065
 He, W.-t., Wan, H., Hu, L., Chen, P., Wang, X., Huang, Z., et al. (2015). Gasdermin D Is an Executor of Pyroptosis and Required for Interleukin-1β Secretion. Cell Res. 25, 1285–1298. doi:10.1038/cr.2015.139
 He, Y., Hara, H., and Núñez, G. (2016). Mechanism and Regulation of NLRP3 Inflammasome Activation. Trends Biochem. Sci. 41, 1012–1021. doi:10.1016/j.tibs.2016.09.002
 Hildebrand, J. M., Tanzer, M. C., Lucet, I. S., Young, S. N., Spall, S. K., Sharma, P., et al. (2014). Activation of the Pseudokinase MLKL Unleashes the Four-Helix Bundle Domain to Induce Membrane Localization and Necroptotic Cell Death. Proc. Natl. Acad. Sci. U.S.A. 111, 15072–15077. doi:10.1073/pnas.1408987111
 Holler, N., Zaru, R., Micheau, O., Thome, M., Attinger, A., Valitutti, S., et al. (2000). Fas Triggers an Alternative, Caspase-8-independent Cell Death Pathway Using the Kinase RIP as Effector Molecule. Nat. Immunol. 1, 489–495. doi:10.1038/82732
 Hori, S., and Mukai, N. (1980). Ultrastructural Lesions of Retinal Pericapillary Müller Cells in Streptozotocin-Induced Diabetic Rats. Albr. V. Graefes Arch. Klin. Exp. Ophthal. 213, 1–9. doi:10.1007/bf02391205
 Huang, H. (2020). Pericyte-Endothelial Interactions in the Retinal Microvasculature. Int. J. Mol. Sci. 21, 7413. doi:10.3390/ijms21197413
 Huang, L., You, J., Yao, Y., and Xie, M. (2021). High Glucose Induces Pyroptosis of Retinal Microglia through NLPR3 Inflammasome Signaling. Arq. Bras. Oftalmol. 84, 67–73. doi:10.5935/0004-2749.20210010
 Jiang, X., Stockwell, B. R., and Conrad, M. (2021). Ferroptosis: Mechanisms, Biology and Role in Disease. Nat. Rev. Mol. Cell Biol. 22, 266–282. doi:10.1038/s41580-020-00324-8
 Jiang, Y., Liu, L., Curtiss, E., and Steinle, J. J. (2017). Epac1 Blocks NLRP3 Inflammasome to Reduce IL-1βin Retinal Endothelial Cells and Mouse Retinal Vasculature. Mediat. Inflamm. 2017, 2860956. doi:10.1155/2017/2860956
 Kaczmarek, A., Vandenabeele, P., and Krysko, D. V. (2013). Necroptosis: the Release of Damage-Associated Molecular Patterns and its Physiological Relevance. Immunity 38, 209–223. doi:10.1016/j.immuni.2013.02.003
 Kang, Q., and Yang, C. (2020). Oxidative Stress and Diabetic Retinopathy: Molecular Mechanisms, Pathogenetic Role and Therapeutic Implications. Redox Biol. 37, 101799. doi:10.1016/j.redox.2020.101799
 Kayagaki, N., Stowe, I. B., Lee, B. L., O’Rourke, K., Anderson, K., Warming, S., et al. (2015). Caspase-11 Cleaves Gasdermin D for Non-canonical Inflammasome Signalling. Nature 526, 666–671. doi:10.1038/nature15541
 Kayagaki, N., Warming, S., Lamkanfi, M., Walle, L. V., Louie, S., Dong, J., et al. (2011). Non-canonical Inflammasome Activation Targets Caspase-11. Nature 479, 117–121. doi:10.1038/nature10558
 Khan, I., Yousif, A., Chesnokov, M., Hong, L., and Chefetz, I. (2021). A Decade of Cell Death Studies: Breathing New Life into Necroptosis. Pharmacol. Ther. 220, 107717. doi:10.1016/j.pharmthera.2020.107717
 Klein, R., Klein, B. E. K., Moss, S. E., and Cruickshanks, K. J. (1995). The Wisconsin Epidemiologic Study of Diabetic Retinopathy XV. The Long-Term Incidence of Macular Edema. Ophthalmology 102, 7–16. doi:10.1016/s0161-6420(95)31052-4
 Klein, R., Klein, B. E. K., Moss, S. E., Davis, M. D., and Demets, D. L. (1984c). The Wisconsin Epidemiologic Study of Diabetic Retinopathy. IV. Diabetic Macular Edema. Ophthalmology 91, 1464–1474. doi:10.1016/s0161-6420(84)34102-1
 Klein, R., Klein, B. E., Moss, S. E., Davis, M. D., and Demets, D. L. (1984a). The Wisconsin Epidemiologic Study of Diabetic Retinopathy. II. Prevalence and Risk of Diabetic Retinopathy When Age at Diagnosis is Less Than 30 Years. Arch. Ophthalmol. 102, 520–526. doi:10.1001/archopht.1984.01040030398010
 Klein, R., Klein, B. E., Moss, S. E., Davis, M. D., and Demets, D. L. (1984b). The Wisconsin Epidemiologic Study of Diabetic Retinopathy. III. Prevalence and Risk of Diabetic Retinopathy When Age at Diagnosis is 30 Or More Years. Arch. Ophthalmol. 102, 527–532. doi:10.1001/archopht.1984.01040030405011
 Kuo, C., Green, C. R., Rupenthal, I. D., and Mugisho, O. O. (2020). Connexin43 Hemichannel Block Protects against Retinal Pigment Epithelium Cell Barrier Breakdown. Acta Diabetol. 57, 13–22. doi:10.1007/s00592-019-01352-3
 Lamkanfi, M., Declercq, W., Kalai, M., Saelens, X., and Vandenabeele, P. (2002). Alice in Caspase Land. A Phylogenetic Analysis of Caspases from Worm to Man. Cell death Differ. 9, 358–361. doi:10.1038/sj.cdd.4400989
 Lechner, J., O'leary, O. E., and Stitt, A. W. (2017). The Pathology Associated with Diabetic Retinopathy. Vis. Res. 139, 7–14. doi:10.1016/j.visres.2017.04.003
 Lee, Y.-S., Dayma, Y., Park, M.-Y., Kim, K. I., Yoo, S.-E., and Kim, E. (2013). Daxx Is a Key Downstream Component of Receptor Interacting Protein Kinase 3 Mediating Retinal Ischemic Cell Death. FEBS Lett. 587, 266–271. doi:10.1016/j.febslet.2012.12.004
 Li, S., Yang, H., and Chen, X. (2019). Protective Effects of Sulforaphane on Diabetic Retinopathy: Activation of the Nrf2 Pathway and Inhibition of NLRP3 Inflammasome Formation. Exp. Anim. 68, 221–231. doi:10.1538/expanim.18-0146
 Li, X., Liu, Y., Sun, M., Gao, M., Li, T., Liang, J., et al. (2020). Photoreceptors Degenerate through Pyroptosis after Experimental Retinal Detachment. Invest. Ophthalmol. Vis. Sci. 61, 31. doi:10.1167/iovs.61.8.31
 Liang, G. H., Luo, Y. N., Wei, R. Z., Yin, J. Y., Qin, Z. L., Lu, L. L., et al. (2022). CircZNF532 Knockdown Protects Retinal Pigment Epithelium Cells against High Glucose-induced Apoptosis and Pyroptosis by Regulating the miR-20b-5p/STAT3 axis. J Diabetes Invest. 13, 781–795. doi:10.1111/jdi.13722
 Liu, C., Sun, W., Zhu, T., Shi, S., Zhang, J., Wang, J., et al. (2022). Glia Maturation Factor-β Induces Ferroptosis by Impairing Chaperone-Mediated Autophagic Degradation of ACSL4 in Early Diabetic Retinopathy. Redox Biol. 52, 102292. doi:10.1016/j.redox.2022.102292
 Liu, X., Xia, S., Zhang, Z., Wu, H., and Lieberman, J. (2021). Channelling Inflammation: Gasdermins in Physiology and Disease. Nat. Rev. Drug Discov. 20, 384–405. doi:10.1038/s41573-021-00154-z
 Liu, X., Zhang, Z., Ruan, J., Pan, Y., Magupalli, V. G., Wu, H., et al. (2016). Inflammasome-activated Gasdermin D Causes Pyroptosis by Forming Membrane Pores. Nature 535, 153–158. doi:10.1038/nature18629
 Louie, H. H., Shome, A., Kuo, C. Y., Rupenthal, I. D., Green, C. R., and Mugisho, O. O. (2021). Connexin43 Hemichannel Block Inhibits NLRP3 Inflammasome Activation in a Human Retinal Explant Model of Diabetic Retinopathy. Exp. Eye Res. 202, 108384. doi:10.1016/j.exer.2020.108384
 Loukovaara, S., Piippo, N., Kinnunen, K., Hytti, M., Kaarniranta, K., and Kauppinen, A. (2017). NLRP3 Inflammasome Activation Is Associated with Proliferative Diabetic Retinopathy. Acta Ophthalmol. 95, 803–808. doi:10.1111/aos.13427
 Maeda, S., Matsui, T., Ojima, A., Takeuchi, M., and Yamagishi, S.-i. (2014). Sulforaphane Inhibits Advanced Glycation End Product-Induced Pericyte Damage by Reducing Expression of Receptor for Advanced Glycation End Products. Nutr. Res. 34, 807–813. doi:10.1016/j.nutres.2014.08.010
 Maiorino, M., Conrad, M., and Ursini, F. (2018). GPx4, Lipid Peroxidation, and Cell Death: Discoveries, Rediscoveries, and Open Issues. Antioxidants Redox Signal. 29, 61–74. doi:10.1089/ars.2017.7115
 Man, S. M., Karki, R., and Kanneganti, T.-D. (2017). Molecular Mechanisms and Functions of Pyroptosis, Inflammatory Caspases and Inflammasomes in Infectious Diseases. Immunol. Rev. 277, 61–75. doi:10.1111/imr.12534
 Martinon, F., Burns, K., and Tschopp, J. (2002). The Inflammasome: Molecular Platform Triggering Activation of Inflammatory Caspases and Processing of Proil-Beta. Mol. Cell 10, 417–426. doi:10.1016/s1097-2765(02)00599-3
 Mckenzie, B. A., Dixit, V. M., and Power, C. (2020). Fiery Cell Death: Pyroptosis in the Central Nervous System. Trends Neurosci. 43, 55–73. doi:10.1016/j.tins.2019.11.005
 Meng, C., Gu, C., He, S., Su, T., Lhamo, T., Draga, D., et al. (2021). Pyroptosis in the Retinal Neurovascular Unit: New Insights into Diabetic Retinopathy. Front. Immunol. 12, 763092. doi:10.3389/fimmu.2021.763092
 Meng, H., Liu, Z., Li, X., Wang, H., Jin, T., Wu, G., et al. (2018). Death-domain Dimerization-Mediated Activation of RIPK1 Controls Necroptosis and RIPK1-dependent Apoptosis. Proc. Natl. Acad. Sci. U.S.A. 115, E2001–e2009. doi:10.1073/pnas.1722013115
 Mizutani, M., Gerhardinger, C., and Lorenzi, M. (1998). Müller Cell Changes in Human Diabetic Retinopathy. Diabetes 47, 445–449. doi:10.2337/diabetes.47.3.445
 Peng, J.-J., Song, W.-T., Yao, F., Zhang, X., Peng, J., Luo, X.-J., et al. (2020). Involvement of Regulated Necrosis in Blinding Diseases: Focus on Necroptosis and Ferroptosis. Exp. Eye Res. 191, 107922. doi:10.1016/j.exer.2020.107922
 Puyang, Z., Feng, L., Chen, H., Liang, P., Troy, J. B., and Liu, X. (2016). Retinal Ganglion Cell Loss Is Delayed Following Optic Nerve Crush in NLRP3 Knockout Mice. Sci. Rep. 6, 20998. doi:10.1038/srep20998
 Rathnasamy, G., Foulds, W. S., Ling, E.-A., and Kaur, C. (2019). Retinal Microglia - A Key Player in Healthy and Diseased Retina. Prog. Neurobiol. 173, 18–40. doi:10.1016/j.pneurobio.2018.05.006
 Rühl, S., and Broz, P. (2015). Caspase-11 Activates a Canonical NLRP3 Inflammasome by Promoting K(+)efflux. Eur. J. Immunol. 45, 2927–2936. doi:10.1002/eji.201545772
 Schmid-Burgk, J. L., Gaidt, M. M., Schmidt, T., Ebert, T. S., Bartok, E., and Hornung, V. (2015). Caspase-4 Mediates Non-canonical Activation of the NLRP3 Inflammasome in Human Myeloid Cells. Eur. J. Immunol. 45, 2911–2917. doi:10.1002/eji.201545523
 Sharma, B. R., and Kanneganti, T.-D. (2021). NLRP3 Inflammasome in Cancer and Metabolic Diseases. Nat. Immunol. 22, 550–559. doi:10.1038/s41590-021-00886-5
 Sharma, M., and De Alba, E. (2021). Structure, Activation and Regulation of NLRP3 and AIM2 Inflammasomes. Int. J. Mol. Sci. 22, 872. doi:10.3390/ijms22020872
 Shaw, J. E., Sicree, R. A., and Zimmet, P. Z. (2010). Global Estimates of the Prevalence of Diabetes for 2010 and 2030. Diabetes Res. Clin. Pract. 87, 4–14. doi:10.1016/j.diabres.2009.10.007
 Shi, J., Gao, W., and Shao, F. (2017). Pyroptosis: Gasdermin-Mediated Programmed Necrotic Cell Death. Trends Biochem. Sci. 42, 245–254. doi:10.1016/j.tibs.2016.10.004
 Shi, J., Zhao, Y., Wang, K., Shi, X., Wang, Y., Huang, H., et al. (2015). Cleavage of GSDMD by Inflammatory Caspases Determines Pyroptotic Cell Death. Nature 526, 660–665. doi:10.1038/nature15514
 Shi, Q., Wang, J., Cheng, Y., Dong, X., Zhang, M., and Pei, C. (2020). Palbinone Alleviates Diabetic Retinopathy in STZ‐induced Rats by Inhibiting NLRP3 Inflammatory Activity. J. Biochem. Mol. Toxicol. 34, e22489. doi:10.1002/jbt.22489
 Shu, W., Baumann, B. H., Song, Y., Liu, Y., Wu, X., and Dunaief, J. L. (2020). Ferrous but Not Ferric Iron Sulfate Kills Photoreceptors and Induces Photoreceptor-dependent RPE Autofluorescence. Redox Biol. 34, 101469. doi:10.1016/j.redox.2020.101469
 Simo, R., Carrasco, E., Garcia-Ramirez, M., and Hernandez, C. (2006). Angiogenic and Antiangiogenic Factors in Proliferative Diabetic Retinopathy. Curr. Diabetes. Rev. 2, 71–98. doi:10.2174/157339906775473671
 Swanson, K. V., Deng, M., and Ting, J. P.-Y. (2019). The NLRP3 Inflammasome: Molecular Activation and Regulation to Therapeutics. Nat. Rev. Immunol. 19, 477–489. doi:10.1038/s41577-019-0165-0
 Tang, X., Li, X., Zhang, D., and Han, W. (2022). Astragaloside-IV Alleviates High Glucose-Induced Ferroptosis in Retinal Pigment Epithelium Cells by Disrupting the Expression of miR-138-5p/Sirt1/Nrf2. Bioengineered 13, 8240–8254. doi:10.1080/21655979.2022.2049471
 Thomas, C. N., Berry, M., Logan, A., Blanch, R. J., and Ahmed, Z. (2017). Caspases in Retinal Ganglion Cell Death and Axon Regeneration. Cell Death Discov. 3, 17032. doi:10.1038/cddiscovery.2017.32
 Trueblood, K. E., Mohr, S., and Dubyak, G. R. (2011). Purinergic Regulation of High-Glucose-Induced Caspase-1 Activation in the Rat Retinal Müller Cell Line rMC-1. Am. J. Physiology-Cell Physiology 301, C1213–C1223. doi:10.1152/ajpcell.00265.2011
 Tsvetkov, P., Coy, S., Petrova, B., Dreishpoon, M., Verma, A., Abdusamad, M., et al. (2022). Copper Induces Cell Death by Targeting Lipoylated TCA Cycle Proteins. Science 375, 1254–1261. doi:10.1126/science.abf0529
 Van Gorp, H., Van Opdenbosch, N., and Lamkanfi, M. (2019). Inflammasome-Dependent Cytokines at the Crossroads of Health and Autoinflammatory Disease. Cold Spring Harb. Perspect. Biol. 11, a028563. doi:10.1101/cshperspect.a028563
 Van Opdenbosch, N., and Lamkanfi, M. (2019). Caspases in Cell Death, Inflammation, and Disease. Immunity 50, 1352–1364. doi:10.1016/j.immuni.2019.05.020
 Vandenabeele, P., Galluzzi, L., Vanden Berghe, T., and Kroemer, G. (2010). Molecular Mechanisms of Necroptosis: an Ordered Cellular Explosion. Nat. Rev. Mol. Cell Biol. 11, 700–714. doi:10.1038/nrm2970
 Vecino, E., Rodriguez, F. D., Ruzafa, N., Pereiro, X., and Sharma, S. C. (2016). Glia-neuron Interactions in the Mammalian Retina. Prog. Retin. Eye Res. 51, 1–40. doi:10.1016/j.preteyeres.2015.06.003
 Vincent, J. A., and Mohr, S. (2007). Inhibition of Caspase-1/Interleukin-1β Signaling Prevents Degeneration of Retinal Capillaries in Diabetes and Galactosemia. Diabetes 56, 224–230. doi:10.2337/db06-0427
 Völgyi, B. (2020). Molecular Biology of Retinal Ganglion Cells. Cells 9, 2483. doi:10.3390/cells9112483
 Wang, P., Chen, F., Wang, W., and Zhang, X.-D. (2019). Hydrogen Sulfide Attenuates High Glucose-Induced Human Retinal Pigment Epithelium Cell Inflammation by Inhibiting ROS Formation and NLRP3 Inflammasome Activation. Mediat. Inflamm. 2019, 8908960. doi:10.1155/2019/8908960
 Wang, Y., Gao, W., Shi, X., Ding, J., Liu, W., He, H., et al. (2017). Chemotherapy Drugs Induce Pyroptosis through Caspase-3 Cleavage of a Gasdermin. Nature 547, 99–103. doi:10.1038/nature22393
 Wang, Y., and Kanneganti, T.-D. (2021). From Pyroptosis, Apoptosis and Necroptosis to PANoptosis: A Mechanistic Compendium of Programmed Cell Death Pathways. Comput. Struct. Biotechnol. J. 19, 4641–4657. doi:10.1016/j.csbj.2021.07.038
 Weber, K., Roelandt, R., Bruggeman, I., Estornes, Y., and Vandenabeele, P. (2018). Nuclear RIPK3 and MLKL Contribute to Cytosolic Necrosome Formation and Necroptosis. Commun. Biol. 1, 6. doi:10.1038/s42003-017-0007-1
 Wong, T. Y., Cheung, C. M. G., Larsen, M., Sharma, S., and Simó, R. (2016). Diabetic Retinopathy. Nat. Rev. Dis. Prim. 2, 16012. doi:10.1038/nrdp.2016.12
 Wu, X.-N., Yang, Z.-H., Wang, X.-K., Zhang, Y., Wan, H., Song, Y., et al. (2014). Distinct Roles of RIP1-RIP3 Hetero- and RIP3-RIP3 Homo-Interaction in Mediating Necroptosis. Cell Death Differ. 21, 1709–1720. doi:10.1038/cdd.2014.77
 Xi, X., Yang, Y., Ma, J., Chen, Q., Zeng, Y., Li, J., et al. (2020). MiR-130a Alleviated High-Glucose Induced Retinal Pigment Epithelium (RPE) Death by Modulating TNF-α/SOD1/ROS Cascade Mediated Pyroptosis. Biomed. Pharmacother. 125, 109924. doi:10.1016/j.biopha.2020.109924
 Xia, S., Zhang, Z., Magupalli, V. G., Pablo, J. L., Dong, Y., Vora, S. M., et al. (2021). Gasdermin D Pore Structure Reveals Preferential Release of Mature Interleukin-1. Nature 593, 607–611. doi:10.1038/s41586-021-03478-3
 Yang, K., Liu, J., Zhang, X., Ren, Z., Gao, L., Wang, Y., et al. (2020). H3 Relaxin Alleviates Migration, Apoptosis and Pyroptosis through P2X7R-Mediated Nucleotide Binding Oligomerization Domain-like Receptor Protein 3 Inflammasome Activation in Retinopathy Induced by Hyperglycemia. Front. Pharmacol. 11, 603689. doi:10.3389/fphar.2020.603689
 Yang, W. S., Kim, K. J., Gaschler, M. M., Patel, M., Shchepinov, M. S., and Stockwell, B. R. (2016). Peroxidation of Polyunsaturated Fatty Acids by Lipoxygenases Drives Ferroptosis. Proc. Natl. Acad. Sci. U.S.A. 113, E4966–E4975. doi:10.1073/pnas.1603244113
 Yang, W. S., Sriramaratnam, R., Welsch, M. E., Shimada, K., Skouta, R., Viswanathan, V. S., et al. (2014). Regulation of Ferroptotic Cancer Cell Death by GPX4. Cell 156, 317–331. doi:10.1016/j.cell.2013.12.010
 Yang, X.-D., and Yang, Y.-Y. (2022). Ferroptosis as a Novel Therapeutic Target for Diabetes and its Complications. Front. Endocrinol. 13, 853822. doi:10.3389/fendo.2022.853822
 Yin, Y., Chen, F., Wang, W., Wang, H., and Zhang, X. (2017). Resolvin D1 Inhibits Inflammatory Response in STZ-Induced Diabetic Retinopathy Rats: Possible Involvement of NLRP3 Inflammasome and NF-κ Signaling Pathway. Mol. Vis. 23, 242–250.
 Yu, X., Ma, X., Lin, W., Xu, Q., Zhou, H., and Kuang, H. (2021). Long Noncoding RNA MIAT Regulates Primary Human Retinal Pericyte Pyroptosis by Modulating miR-342-3p Targeting of CASP1 in Diabetic Retinopathy. Exp. Eye Res. 202, 108300. doi:10.1016/j.exer.2020.108300
 Yumnamcha, T., Devi, T. S., and Singh, L. P. (2019). Auranofin Mediates Mitochondrial Dysregulation and Inflammatory Cell Death in Human Retinal Pigment Epithelium Cells: Implications of Retinal Neurodegenerative Diseases. Front. Neurosci. 13, 1065. doi:10.3389/fnins.2019.01065
 Zeng, C., Wang, R., and Tan, H. (2019). Role of Pyroptosis in Cardiovascular Diseases and its Therapeutic Implications. Int. J. Biol. Sci. 15, 1345–1357. doi:10.7150/ijbs.33568
 Zha, X., Xi, X., Fan, X., Ma, M., Zhang, Y., and Yang, Y. (2020). Overexpression of METTL3 Attenuates High-Glucose Induced RPE Cell Pyroptosis by Regulating miR-25-3p/PTEN/Akt Signaling Cascade through DGCR8. Aging 12, 8137–8150. doi:10.18632/aging.103130
 Zhang, J., Qiu, Q., Wang, H., Chen, C., and Luo, D. (2021). TRIM46 Contributes to High Glucose-Induced Ferroptosis and Cell Growth Inhibition in Human Retinal Capillary Endothelial Cells by Facilitating GPX4 Ubiquitination. Exp. Cell Res. 407, 112800. doi:10.1016/j.yexcr.2021.112800
 Zhang, Y., Lv, X., Hu, Z., Ye, X., Zheng, X., Ding, Y., et al. (2017). Protection of Mcc950 against High-Glucose-Induced Human Retinal Endothelial Cell Dysfunction. Cell Death Dis. 8, e2941. doi:10.1038/cddis.2017.308
 Zhong, H., and Yin, H. (2015). Role of Lipid Peroxidation Derived 4-hydroxynonenal (4-HNE) in Cancer: Focusing on Mitochondria. Redox Biol. 4, 193–199. doi:10.1016/j.redox.2014.12.011
 Zhou, J., Sun, C., Dong, X., and Wang, H. (2022). A Novel miR-338-3p/SLC1A5 axis Reprograms Retinal Pigment Epithelium to Increases its Resistance to High Glucose-Induced Cell Ferroptosis. J. Mol. Histol. Online ahead of print. doi:10.1007/s10735-022-10070-0
 Zhu, Z., Duan, P., Song, H., Zhou, R., and Chen, T. (2021). Downregulation of Circular RNA PSEN1 Ameliorates Ferroptosis of the High Glucose Treated Retinal Pigment Epithelium Cells via miR-200b-3p/cofilin-2 axis. Bioengineered 12, 12555–12567. doi:10.1080/21655979.2021.2010369
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Gao, Zhang and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-10-932886-g003.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Targeting Novel Regulated Cell Death: Pyroptosis, Necroptosis, and Ferroptosis in Diabetic Retinopathy		Introduction

		Novel Regulated Cell Death in Diabetic Retinopathy		Overview of Pyroptosis

		Pyroptosis and Diabetic Retinopathy

		Overview of Necroptosis

		Necroptosis and Diabetic Retinopathy

		Overview of Ferroptosis

		Ferroptosis and Diabetic Retinopathy





		Novel Regulated Cell Death as Therapeutic Targets for Diabetic Retinopathy

		Conclusion

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-10-932886-g001.gif
TR W e

| wtammsme

N
j

o
Acte Caspaset






OPS/images/fcell-10-932886-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





