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Adequate control of autoimmune diseases with an unclear etiology resulting from autoreactivation of the immune system remains a major challenge. One of the factors that trigger autoimmunity is the abnormal induction of cell death and the inadequate clearance of dead cells that leads to the exposure or release of intracellular contents that activate the immune system. Different from other cell death subtypes, such as apoptosis, necroptosis, autophagy, and pyroptosis, ferroptosis has a unique association with the cellular iron load (but not the loads of other metals) and preserves its distinguishable morphological, biological, and genetic features. This review addresses how ferroptosis is initiated and how it contributes to the pathogenesis of autoimmune diseases, including systemic lupus erythematosus, rheumatoid arthritis, and inflammatory bowel diseases. The mechanisms responsible for ferroptosis-associated events are discussed. We also cover the perspective of targeting ferroptosis as a potential therapeutic for patients with autoimmune diseases. Collectively, this review provides up-to-date knowledge regarding how ferroptosis occurs and its significance in autoimmune diseases.
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Introduction

Autoimmune diseases are a group of complicated diseases with unknown etiologies. Different autoimmune diseases may share certain similarities in their clinical presentations and yet preserve unique characteristics in each individual autoimmune disease. For example, patients with rheumatoid arthritis (RA) suffer mainly from polyarthritis involving the hand joints, and the extra-articular major organ like kidney is less commonly involved. Different from RA, patients with systemic lupus erythematosus (SLE) may have multiple organ involvement due to overproduction of a variety of autoantibodies and the deposition of antibody-antigen immune complexes in various organs, such as the kidney, causing organ damage. In comparison, although oligoarthritis can occur in certain populations of patients with inflammatory bowel disease (IBD), the major presentation of IBD is chronic intestinal inflammation. Extensive studies have been conducted to identify the factors causing immune activation in autoimmune diseases. One of these directions has focused on investigating the occurrence of abnormal or increased cell death and the inadequate clearance of dead cells that leads to the release of the intracellular contents from the dead cells to trigger inflammatory reactions.

While screening for antitumor compounds, the group led by Stockwell BR synthesized and identified two major compound types displaying synthetic lethality with oncogenic RAS in cancer cell lines. One of these compounds is erastin, and the other is RAS synthetic lethal 3 (RSL3) and RSL5, which facilitate iron-dependent, nonapoptotic cell death in cancer cells expressing an oncogenic isoform of RAS (1, 2). The authors observed that cells transformed with oncogenic RAS have an increased iron load compared with their untransformed counterparts by upregulating transferrin receptor 1 and downregulating ferritin heavy chain 1 and ferritin light chain (2). Erastin and RSLs do not target RAS but rather bind to voltage-dependent anion channels to induce RAS-RAF-MEK-dependent oxidation and nonapoptotic cell death (3). These studies raised an interesting observation that links nonapoptotic cell death with cellular iron load.

Ferroptosis was first proposed by Dixon et al. based on the observation that cell death induced by erastin or RSL showed an increase in cytosolic, and lipid reactive oxygen species (ROS) and cell death can be suppressed by cotreatment with the iron chelator deferoxamine (4). Coincubation with different exogenous sources of iron, but not other divalent metal ions, such as Cu2+, Mn2+, Ni2+, and Co2+, potentiated erastin-induced cell death (4). Several features of ferroptosis, including loss of membrane integrity, increased membrane density, shrinking mitochondria and rupture of the outer mitochondrial membrane with morphologically normal nuclei distinguish this death subtype from other cell death subtypes, such as apoptosis, necrosis and autophagy (4–7). Phenotypically, ferroptosis shares a certain similarity with H2O2-induced necrosis; however, the ATP pool that is depleted in H2O2-induced necrosis is not affected in ferroptosis (4). Different organelles, such as lysosomes and the endoplasmic reticulum (ER), are involved in the processes of ferroptosis (8). The authors analyzed a shRNA library targeting mainly mitochondrial genes and observed that erastin-induced ferroptosis was regulated by a subset of genes, such as ribosomal protein L8, iron responsive element binding protein 2, ATP5G3, TPR repeat protein 35, citrate synthase and acyl-CoA synthetase family member 2, which are different from those involved in staurosporine-induced apoptosis (4). The studies thus provide strong evidence that an iron-dependent accumulation of ROS contributes to ferroptosis. Following these early studies, subsequent works revealed that ferroptosis occurs in many clinical disorders, such as kidney disease, cardiomyopathy, atherosclerosis, neurodegenerative disorders, ischemia/reperfusion (I/R) injury, cancers and immune-mediated diseases, such as diabetes, multiple sclerosis, and asthma (9, 10). In comparison, given that most of the published studies have focused on investigating the roles of ferroptosis in cancer (11), knowledge about the involvement and mechanisms of ferroptosis in autoimmune diseases remains largely unclear.

To discuss how ferroptosis is involved in the pathogenesis of autoimmune diseases, some prototypic autoimmune diseases were chosen based upon the accessible messages from published work. Accordingly, several autoimmune disorders, such as SLE, RA, and IBD, were chosen as examples for a discussion of ferroptosis. Importantly, several interesting studies recently reported that ferroptosis contributes to the pathogenesis of these three distinctive autoimmune diseases that do share some similarities. In addition to ferroptosis, other subtypes of cell death such as apoptosis, necroptosis and pyroptosis can also be detected in immune or non-immune cells in patients with SLE, RA and IBD (12–18). Furthermore, in addition to that in SLE, RA and IBD, ferroptosis also play roles in the pathogenesis of multiple sclerosis, an autoimmune neurological disorder, with mechanisms involving the reduced expression of Gpx4 mRNA in the gray matter of multiple sclerosis patients and decreased Gpx4 protein levels in experimental autoimmune encephalomyelitis mice (19). This review specifically addresses how ferroptosis occurs and the factors that trigger ferroptosis as well as the underlying mechanisms in patients with SLE, RA and IBD. Furthermore, we will discuss the perspective of targeting ferroptosis to achieve better therapeutic control of autoimmune diseases.


Distinguishing Features of Different Cell Death Subtypes

Apoptosis is a noninflammatory form of programmed cell death mediated by the activation of caspases that occurs in a well-organized manner (Table 1). Apoptosis is generally considered a mechanism that occurs under physiological conditions (20, 21). Apoptosis can be executed by sensing intrinsic signals such as cell stress or by sensing extrinsic signals delivered from outside cells as the commonly recognized intrinsic pathway and extrinsic pathway, respectively. Activation of the intrinsic pathway depends on the release of mitochondrial proteins from the mitochondria, whereas activation of the extrinsic pathway is mediated by extracellular ligands that bind to death receptors on the cell surface; caspases, such as caspases 3, 8 and 9, are involved in apoptotic pathways (22). In addition to caspases, B-cell lymphoma-2 (Bcl-2) family members, death receptors, and members of the tumor necrosis factor (TNF) receptor superfamily are individually involved in the intrinsic and extrinsic apoptotic pathways (23). Aside from the changes in mitochondria (24), the characteristic features of apoptosis are membrane blebbing, chromatin condensation and margination, and exposure of membrane phosphatidylserine that induces phagocytosis of apoptotic cells by macrophages (25, 26). Importantly, the intact plasma membrane during apoptosis prevents the release of intracellular content, a process that can potentially trigger overwhelming immune responses. In comparison, a unique feature of necroptosis is swelling of the cytoplasmic organelles, dilated perinuclear space and permeabilization and rupture of the plasma membrane, suggesting the morphological features of necrosis (27–29). In addition, under electron microscopic examination, the electron density of the nucleus is maintained in the early phase and then the nucleus progresses to show sickle-like morphology in the late phase due to compression of the inner nuclear membrane by the dilated perinuclear space (27). The mechanisms of necroptosis involve the formation of a signaling platform named necrosome, the core machinery of the necroptosis death complex that consists of mainly receptor-interacting protein kinases (RIPK1 and RIPK3) and pseudokinase mixed lineage kinase domain-like (MLKL) (29–31). The resulting rupture of the plasma membrane extensively involves the activation of different kinases, such as MLKL, IkappaB kinase (IKK)ϵ, and TANK-binding kinase 1 (TBK1), as well as participation by the ubiquitination process. Although commonly recognized as a host defense mechanism against viral infection, recent studies have suggested that unsuccessful caspase-mediated cleavage of RIPK1 may lead to autoinflammatory syndrome (32, 33).


Table 1 | Distinguished features of different subtypes of cell death*.



The formation of plasma membrane pores resulting in dysfunctional ion fluxes, intact but swollen mitochondria with reduced matrix density and collapsed cristae, a peculiar form of chromatin condensation and intact nuclei, and cell lysis are characteristic features of pyroptosis (34–38). Pyroptosis is a highly inflammatory form of cell death that is commonly observed with infection by intracellular pathogens and functions as part of the antimicrobial immune responses (35, 39). The formation of a large supramolecular complex called the inflammasome in response to intracellular danger signals is a hallmark of pyroptosis and mitochondria is a major organ regulating pyroptosis and metabolism (40). In the inflammasome, the activation signal triggers caspase signaling pathways (involving caspase-1/4/5 in humans and caspase-11 in mice; these caspases are different from those involved in apoptosis) and results in the cleavage of pro-interleukin (IL)-1β, pro-IL-18 and gasdermin D (GSDMD), a pore-forming protein (21, 37). The formation of pores then disrupts the cell membrane and releases intracellular molecules such as high-mobility group box 1 (HMGB1), ATP, DNA, and proinflammatory cytokines, which then perpetuate the inflammatory responses and cause tissue injury (41). Given that the different subtypes of cell death preserve their individual unique features and the underlying mechanisms and involved molecules vary, crosstalk or linkages among the different cell death pathways exist. One example is that RIPK1 and caspase-8 regulate the crosstalk between apoptosis, necroptosis, and pyroptosis (42). The interaction between autophagy and apoptosis involving a complex array of biomarkers to coordinate and regulate cell survival or death was also recently addressed in cancers (43).

In addition to the distinguishable morphological changes in ferroptotic cells, one unique feature of ferroptosis is that it does not involve death receptors or sensers to trigger the ferroptotic processes (21). The signaling pathways involved in apoptosis and other cell death subtypes, including cytochrome c release, caspase activation, and activation of receptor-interacting protein 1 and MLKL, do not necessarily participate in ferroptosis (44). Another striking characteristic of ferroptosis is the involvement of iron metabolism dysregulation that results in the accumulation of high amounts of lipid peroxides in cellular membranes (4). Following events such as lipid peroxidation and formation and the accumulation of cytotoxic adducts, the plasma membrane is disrupted, damage-associated molecular patterns like HMGB1 is released and activated and cellular function is damaged (45, 46). The morphological changes of ferroptosis include intact but lucent nucleus under electron microscopy and changes of mitochondria, including swollen mitochondria, increase in mitochondrial membrane density, and disappearance of mitochondrial cristae (8, 27). Although studies suggested that the oxidoreductases, including NADPH-cytochrome P450 reductase (POR) and NADH-cytochrome b5 reductase (CYB5R1) may be responsible for causing membrane damage in ferroptosis (47), it remains unclear whether any specific death-inducing proteins or protein complexes are responsible for causing the accumulation of ROS and the execution of ferroptosis. A detailed review of the different subtypes of cell death in endocrine diseases has been reported in a sophisticated manner by Tonnus et al. (21).



Dysregulated Iron Metabolism and Oxidative Responses in Ferroptosis

Iron is critical for the survival and reproduction of all mammals. Under physiological conditions, most iron is contained in red blood cells or forms a transferrin complex (Tf-Fe3+) that circulates in the bloodstream to supply oxygen to the tissue cells from red blood cells (48). Aging red blood cells are undergoing phagocytosis mainly by macrophages, and hemoglobin-derived iron must be recycled back to the circulation for utilization by erythropoietic cells for hemoglobin synthesis. Both ferrous (Fe2+) and ferric (Fe3+) iron integrated within iron-sulfur (Fe-S) clusters, hemoproteins and ribonucleotide reductases mediate various biological functions, such as maintenance of the electron transport chain in the mitochondria, cellular respiration, energy production, and DNA replication and repair (49). Furthermore, iron is a crucial regulator in resuming the functions of enzymes such as catalases, peroxidases, lipoxygenases, cyclooxygenases, and nitric oxide synthases (11). Given that the bioavailability of iron is low under physiological conditions and that iron is important for commensal and pathogenic bacteria to grow, the host coordinates immune mechanisms to limit the accessibility of iron to bacterial invaders and fight against bacterial infection (50).

Iron as an electron carrier also functions as a redox catalyst in the Fenton and Haber-Weiss reactions, resulting in the generation of ROS (51). In response to oxidative stress, various forms of ROS, including superoxide radicals, hydrogen peroxide, hydroperoxyl radicals, hydroxyl radicals and lipid-associated ROS (such as hydroperoxides, peroxyl radicals and alkoxyl radicals), and iron or iron-containing complexes are generated and participate in the formation or decomposition of ROS (52, 53). To counteract oxidative stress, iron must lose electrons to undergo the necessary chemical reactions. Thus, because iron is involved in various reactions to maintain body homeostasis, the mechanisms of maintaining cellular iron levels are critical, and excess intracellular iron triggered by exaggerated oxidative stress will be toxic and cause damage to proteins, DNA and the plasma membrane (49, 51, 54). As one of the recognized effects, the dysregulation of iron metabolism may lead to the iron-dependent accumulation of lethal lipid peroxides in the phospholipid bilayer of the plasma membrane, a mechanism contributing to ferroptosis (4).

The cellular homeostatic mechanisms preventing damage to the cell membrane from lipid peroxides occur via glutathione peroxidase 4 (Gpx4), a selenoenzyme responsible for catalyzing the reduction of oxidized biolipids that converts toxic lipid hydroperoxides into nontoxic lipid alcohols through its cofactor glutathione (GSH) (55–58) (Figure 1). Inside the cell, cystine is reduced to cysteine and then cysteine is used by the enzymes c-glutamyl cysteine synthetase and glutathione synthetase for the synthesis of GSH (59, 60). One molecule of cystine, a predominant extracellular form of cysteine, crosses the plasma membrane in exchange for one molecule of glutamate through a cystine-glutamate antiporter (system Xc-) (61). This cystine/glutamate transporter system also plays critical roles in maintaining intracellular glutathione levels and the redox balance in the extracellular space. The expression of system Xc- is regulated by the nrf2-keap1 pathway (nrf2, nuclear factor E2-related factor-Kelch-like ECH-associated protein 1) (62, 63) and is increased under oxidative stress (64). Given that the cellular cystine/cysteine/GSH/Gpx4 axis is an important pathway to protect cells from undergoing ferroptosis (9), any events triggering oxidative stress or generating inhibitory events on the cystine-glutamate antiporter (system Xc-) by increasing the level of glutamate or an exogenous stimulant, such as sulfasalazine, can deplete intracellular GSH, reduce Gpx4 substrate availability and disrupt the axis (4). Collectively, several key factors, including cystine uptake, GSH level, and Gpx4 activity, act as upstream regulators that counteract the iron-dependent generation of lipid peroxidation products and prevent ferroptosis and plasma membrane damage (53). Studies have shown that Gpx4-knockout mice die at the same embryonic stage, and cells from mice with inducible Gpx4 inactivation exhibit 12/15-lipoxygenase-derived lipid peroxidation and apoptosis-inducing factor (AIF)-mediated cell death (58). In addition to showing that neuron-specific Gpx4 depletion results in a neurodegenerative phenotype in mice (58), inducible Gpx4 depletion manifests with a very large amount of renal tubular epithelial cell death that leads to acute renal failure and early death in mice (5).




Figure 1 | Initiation and mechanisms regulating ferroptosis. Several key factors, including cystine uptake, levels of GSH, and activities of Gpx4, act as crucial regulators counteracting iron-dependent generation of lipid peroxidation products and preventing ferroptosis and plasma membrane damage. One molecule of cystine across plasma membrane with an exchange of one molecule of glutamate through cystine-glutamate antiporter (System Xc-). Inside the cell, cystine is reduced to cysteine for GSH synthesis. GSH is easily oxidized to the disulfide dimer GSSG (oxidized form of glutathione). Extracellular iron can be transported to intracellular through transferring protein 1. Iron as an electron carrier also functions as a redox catalyst in the Fenton and Haber-Weiss reactions resulting in the generation of ROS. Mitochondria are critical organelle containing ferroptosis-related genes and regulate generation of lipid peroxides through the electron-transporting chain. Ferroptotic pathway can be initiated by activation of cytokines such as IFN-α, IFN-γ and IL-6 or serum IgG (e.g. in SLE patients) leading to the activation of CaMKIV/CREMα axis as an example demonstrated in SLE. Binding of CREMα to Gpx4 promoter resulted in suppression of Gpx4 expression which regulates biosynthesis of GSH. Gpx4 also catalyzes the reduction of oxidized biolipids, that converts toxic lipid hydroperoxides into non-toxic lipid alcohols through its cofactor GSH. Dysregulation of these factors leads to ferroptosis with release of damage-associated molecular patterns like HMGB1 and membrane rupture. GSH, glutathione; GPX4, glutathione peroxidase 4; CaMKIV, Ca2+/calmodulin–dependent kinase IV; CREMα, cAMP-responsive element modulator α; IFN-α, interferon-alpha; IFN-γ, interferon-gamma; IL-6, interleukin-6; HMGB1, high mobility group box 1; OXPHOS, oxidative phosphorylation.



While inhibition of system Xc−-mediated cystine uptake is sufficient for erastin-induced ferroptosis, it may not be necessary to execute ferroptosis given that RSL3-induced ferroptosis shares similar patterns with erastin-induced ferroptosis, which does not inhibit cystine uptake. How the increased iron load induces ferroptosis remains unclear because H2O2 treatment also results in iron-catalyzed ROS production; however, H2O2-induced cell death patterns are different from ferroptosis (4). Indeed, up-to-date research has still not disclosed the signals that ignite message transmission leading to ferroptosis (65). In addition, it remains unclear whether the phenotypic changes seen in ferroptotic cells are a consequence of the disruption of the plasma membrane due to extensive lipid peroxidation or a consequence of downstream signaling-mediated events. More comprehensive reviews about the mechanisms and processes involved in ferroptosis can be found elsewhere (57, 66).



Ferroptosis in Autoimmune Diseases


Ferroptosis in SLE

Systemic lupus erythematosus is a unique autoimmune disease triggered by the overproduction of a variety of autoantibodies directed against cellular components from the nucleus, cytoplasm and membrane, and the resulting formation and deposition of immune complexes in different tissues and organs can cause organ damage. The induction and exaggeration of cell death and impairment of the removal or uptake of dead cells by macrophages increases the opportunity to expose intracellular contents to the immune system and induce immune responses (67, 68). In the hemopoietic system, a decrease in immune cells, such as neutrophils, lymphocytes, red blood cells and platelets, is commonly observed in patients with SLE, although the mechanisms are not exactly clear. Studies have shown that peripheral blood neutrophils collected from pediatric SLE patients tend to die spontaneously and more quickly than healthy neutrophils in cell culture (69). A significant event accompanying neutrophil death is the induction of neutrophil extracellular trap (NET) release, which activates Toll-like receptors and induces the generation of ROS. NET is also a potent stimulant that induces the release of type I interferon (IFN) from plasmacytoid dendritic cells, which causes intense inflammatory reactions (69).

The mechanisms of cell death in neutrophils were recently demonstrated to be through ferroptosis manifesting with morphological changes, including vacuole formation, and the disappearance of cristae and increased membrane density in mitochondria (70). Reduced expression of Gpx4 in neutrophils can be readily detected in patients with SLE compared to healthy controls (Table 2). While treatment with serum immunoglobulin IgG from SLE patients or IFN-α causes a reduction in Gpx4 and neutrophil death, blockade of IFN-α resumes the survival of neutrophils (Figure 1). Treatment with ferroptosis inhibitors such as liproxstatin-1, a potent spiroquinoxalinamine derivative, and deferoxamine, an intracellular iron chelator, could attenuate neutrophil death induced by SLE patient serum. By analyzing the regulation of Gpx4 expression, the authors observed a conserved binding site in the Gpx4 promoter for cAMP-responsive element modulator α (CREMα), a tissue-specific transcriptional repressor. Further studies revealed increased nuclear accumulation and increased binding of CREMα to the Gpx4 promoter in SLE neutrophils, a phenomenon reproducibly detected by treating neutrophils from healthy individuals with SLE serum or IFN-α. The results are supportive for the observations of activated Ca2+/calmodulin–dependent kinase IV (CaMKIV)/CREMα axis in T lymphocytes of SLE patients (71). Insufficient CREMα brought about by genetic knockdown recovers the expression levels of Gpx4 (70).


Table 2 | Summary of study findings of ferroptosis in autoimmune diseases.



Strikingly, mice bearing myeloid-specific Gpx4 haploid deficiency developed several features characteristic of lupus, such as the production of anti-double stranded DNA (anti-ds DNA) antibodies, skin lesions and proteinuria and disease severity could be significantly reduced by the treatment with a specific ferroptosis inhibitor (70). Moreover, neutrophils from these genetically modified mice showed impaired viability and increased levels of lipid peroxidation (70). Somewhat unexpectedly, along with neutrophil ferroptosis in patients with SLE, there were no evident NETosis features in the neutrophils observed in this study, as suggested by Kenny et al. (70, 72). Although known as probably one of the most critical cytokines that mediates the pathogenic effects in SLE patients, how IFN-α mediates pathogenic processes remains largely unknown. The study by Li et al. demonstrated the critical roles of IFN-α in downregulating Gpx4 expression and inducing neutrophil ferroptosis in patients with SLE, highlighting the pathogenic roles and mechanisms of IFN-α in SLE (70). The roles of ferroptosis in SLE were also recently reviewed in a sophisticated manner (73). It is interesting to know whether blockade of neutrophil ferroptosis can show any therapeutic benefits in patients with SLE.

Knowing that ferroptosis is tightly correlated with iron dysregulation, studies have revealed a strong association between iron status and iron availability and SLE. To maintain iron homeostasis, ferroportin, the only known exporter controlling the release of iron, is responsible for the export of ferrous iron from the cytoplasm in macrophages (74). The regulation of ferroportin expression is complex and varies among different cell types, whereas the levels of membrane-associated ferroportin are regulated by its ligand, the liver-derived peptide hepcidin, which is also regulated by iron (74, 75). The binding of hepcidin to ferroportin results in endocytosis and ferroportin proteolysis in lysosomes; therefore, a low hepcidin concentration is an indicator of a high level of ferroportin in tissue cells. In contrast, an increase in hepcidin leads to the reduced release of iron from stores and causes insufficient iron availability. The proinflammatory cytokine IL-6, which is elevated in patients with SLE, can regulate hepcidin expression and induce iron retention by downregulating ferroportin in macrophages (76). In addition, the deposition of immune complexes in the glomerulus of the kidney stimulates inflammatory reactions and increases hepcidin expression (77). Notably, there is reduced iron availability in patients with SLE compared to healthy controls due to a decrease in the level of the iron transporter transferrin (78). Studies by Vanarsa et al. have suggested that serum transferrin concentrations are inversely correlated with disease activity in patients with SLE (79). Altogether, the effects and mechanisms disclosed by these studies highlight and support the notion that the dysregulation of iron metabolism or iron availability by, for example, IFN-α, can result in ferroptosis and lead to characteristic features such as neutropenia, proteinuria, and the production of anti-ds DNA antibodies in patients with SLE (70).



Ferroptosis of Synovial Fibroblasts and Rheumatoid Arthritis

Oxidative stress increases the production of ROS to activate immune cells, induce synovial proliferation and synovitis, and lead to joint destruction in patients with RA (80). An assumption has indicated that oxidative stress-mediated ROS generation may be protective for synovial cells to proliferate in inflamed joints. Examination of the hallmarks of lipid peroxidation in synovial tissues revealed increased levels of the oxidative DNA damage biomarker 8-OHdG and the lipid peroxide 4-hydroxynonenal, an α,β-unsaturated hydroxyalkenal, in patients with RA compared to those in patients with osteoarthritis (OA) (81). Similarly, the increased expression levels of 8-OHdG and 4-hydroxynonenal were observed in the inflamed joints of mice with collagen-induced arthritis (CIA). Moreover, increased iron levels in the synovial fluid of patients with RA correlated well with disease activity (81).

Consistent with the notion that suppression of synovial fibroblast ferroptosis is one of the mechanisms involved in maintaining the inflammation status in joints, administration of the lipid peroxidation and ferroptosis inducer imidazole ketone erastin (IKE) resulted in a decrease in synovitis severity and prevented the development of arthritis and joint damage in CIA mice (81). Experiments showed that IKE treatment selectively reduced the population of fibroblast activation protein-α (FAPα)-positive synovial fibroblasts that were undetectable under noninflammatory conditions but significantly increased in the inflamed synovium of CIA mice (81). Interestingly, treatment with the Gpx4 inhibitor RSL3 specifically increased cell death in fibroblast activation protein-α (FAP)α+ fibroblasts but not in macrophages, endothelial cells, T cells or B cells (81). The increased sensitivity to RSL-induced cell death in synovial fibroblasts prepared from inflamed synovial fluid compared to fibrocytes obtained from peripheral blood suggests that certain environmental factors inside inflamed joints are responsible for preventing synovial fibroblasts from undergoing ferroptosis and producing lipid ROS. Furthermore, a higher number of surviving FAPα+ fibroblasts in synovial areas were close to macrophages, suggesting that macrophages may protect FAPα+ fibroblasts from lipid peroxidation and ferroptosis induced by IKE treatment in CIA mice. By applying single-cell RNA sequencing, researchers identified different subsets of FAPα+ fibroblasts in the synoviums of RA patients and CIA mice. The ferroptosis-sensitive subset expressed higher levels of genes related to extracellular matrix formation and remodeling, and the ferroptosis-resistant subset expressed higher levels of genes associated with cellular proliferation (81).

The protective effect provided by macrophages to ferroptosis-resistant FAPα+ fibroblasts in the synovium is likely due to the enriched production of TNF-α, a major proinflammatory cytokine that is mainly produced by macrophages and is a major contributor to the pathogenesis of RA (81, 82) (Figure 2). Genetic analysis of synovial fibroblasts from RA patients revealed that long-term treatment with TNF resulted in the increased expression of cell proliferation genes and the decreased expression of extracellular matrix-related genes (81). The dissection of cells with different lineages from RA hyperplastic synovium to examine the interplay among fibroblasts, macrophages, and TNF was then carried out. The results confirmed the existence of fibroblast subsets with distinct ferroptosis sensitivities that is likely due to reception of signaling of TNF released from activated macrophages (81). TNF-mediated protection against ferroptosis was also observed in human synovial fibroblasts treated with the ferroptosis inducers IKE and RSL3; however, the TNF-conferred protection from undergoing ferroptosis in fibroblasts was only observed at low doses and not at high doses (81). Treatment with IKE resulted in the depletion of GSH while TNF administration reversed this effect and increased the GSH levels in synovial fibroblasts. Treatment with TNF did not affect iron availability, whereas it did enhance the expression of several regulators associated with GSH biosynthesis, including solute carrier family 7 member 11 (SLC7A11), a functional subunit of system Xc- and a molecule responsible for the generation of intracellular GSH, GCLC (a glutamate-cysteine ligase regulatory subunit) and GCLM (a glutamate-cysteine ligase catalytic subunit) (81). It would also be interesting to know whether the therapeutic benefits of anti-TNF biologics may be attributed in part to blocking the TNF-mediated protection of synovial fibroblasts in the inflamed joints of RA patients.




Figure 2 | Ferroptosis of synovial fibroblasts in RA and its association with disease activity. Oxidative stress resulted in increased production of ROS, induced proliferation of synovial fibroblasts and caused synovitis and joint destruction in patients with RA. In synovial space, infiltrating macrophages produced proinflammatory cytokines such as TNF-α and IL-6, both are critical in mediating RA pathogenesis. However, TNF-α and IL-6 have different roles in regulating ferroptosis. TNF-α provided survival signal for fibroblast activation protein-α (FAP)α+ fibroblasts in synovial areas close to infiltrating macrophages, exaggerated synovial inflammation and increased RA disease activity. This was done by activating or inducing several regulators associated with GSH biosynthesis, including SLC7A11, GSH, NF-κB, GCLC, GCLM and reducing ACSL4 in ferroptosis-resistant FAPα+ fibroblasts. In contrast, IL-6 increased intracellular iron levels, decreased the expression of SLC40A1 and ferritin and resulted in inducing ferroptosis of synovial fibroblasts. Auranofin differential regulated ferroptosis depending on the dosages of administration. IKE and Gpx4 inhibitor RSL3 treatment induced ferroptosis, downregulated numbers of FAPα+ fibroblasts and reduced severity of synovitis. TNF-α, tuor necrosis factor alpha; IL-6, interleukin-6; FAP, fibroblast activation protein; Gpx4, glutathione peroxidase 4; SLC7A11, solute carrier family 7 member 11; GSH, glutathione; GCLC, a glutamate-cysteine ligase regulatory subunit; GCLM, a glutamate-cysteine ligase catalytic subunit; SLC40A1, solute carrier family 40 member 1; IKE, imidazole ketone erastin; RSL3, RAS synthetic lethal 3.



The ferroptosis-protective effects of TNF on synovial fibroblasts appear to be specific because the effects were not observed for other proinflammatory cytokines, such as IL-6, which is also highly induced in inflamed joints in RA. In contrast, under similar conditions, IL-6 treatment increased intracellular iron levels, decreased the expression of solute carrier family 40 member 1 (SLC40A1) and ferritin and yet without changing the GSH levels, and resulted in the sensitization of fibroblasts to ferroptosis (81). This study further demonstrated that the combination of a low dose of IKE to deprive cystine and a low dose of the TNF blocker etanercept provided a synergistic effect to reduce p-NF-κB, GCLM, and GCLC expression by inducing fibroblast ferroptosis in CIA mice (81).

Furthermore, a reduction in ferroptosis accompanied by a decrease in acyl coenzyme A synthetase long chain 4 (ACSL4) and increases in Gpx4, ferritin heavy chain 1 and SLC7A11 was observed in the synoviums and synovial fibroblasts from RA patients compared to those from healthy controls (81). RNA-Seq analysis revealed that glycine could regulate the ferroptosis pathway by upregulating the S-adenosylmethionine (SAM) concentration and downregulating Gpx4 expression by inducing SAM-mediated Gpx4 promoter methylation in RA synovial fibroblasts (83). Altogether, these studies (81, 83) suggest that inducing ferroptosis in proliferating synovial fibroblasts in the inflamed joints of RA patients may be therapeutically beneficial. Regarding this, the older anti-RA mediation auranofin can also serve as an example. Auranofin contains gold and was used to treat patients with RA (84); however, because of its high toxicity and the great advancements in modern therapeutics, this medication is no longer used to treat patients with RA, although it remains a potential treatment for other diseases (85). Given that high-dose auranofin treatment (25 mg/kg) caused lipid peroxidation and ferroptosis by inhibiting thioredoxin reductase (TXNRD) activity, treatment with a low dose (5 mg/kg) potently induced the expression of hepcidin by activating the bone morphogenetic protein (BMP)/Smad and IL-6/Janus kinase (Jak)2/signal transducer and activator of transcription (Stat)3 pathways, leading to reduced serum iron, transferrin saturation and inhibition of ferroptosis in mice (86). Aiming to regulate cellular ferroptosis while maintaining tolerable drug toxicity, choosing a therapeutic dose of auranofin appears to be critical. Given the critical process of ROS production in RA pathogenesis, ferroptosis-targeted therapy has been proposed (87, 88).



Ferroptosis and Inflammatory Bowel Diseases

As the intestinal epithelium is a critical organ for nutrient absorption, cell death here must be carefully regulated, and any interference with cell regeneration or cell death processes may cause pathologies. The inflammatory bowel diseases Crohn’s disease (CD) and ulcerative colitis (UC) manifest with more cell death in the intestine and colon due to chronic inflammation. Several cell death subtypes have been shown to participate in causing chronic intestinal inflammation (89). Over-supplementation of iron increases its deposition in the intestine, resulting in excessive production of ROS and inducing intestinal inflammation in dextran sodium sulfate (DSS)-induced colitis in mice, an animal model of IBD (90, 91) (Figure 3). Indeed, iron supplementation may have either beneficial or detrimental effects by influencing the gut microbiota (92). Additionally, supported by studies showing the crucial roles of ROS and iron in the progression of UC (93), colonic mucosal specimens from UC patients expressed genetic patterns compatible with those in ferroptosis (94). Similar features were also observed in experimental colitis in mice treated with DSS (94). In addition, treatment with the ferroptosis inhibitor ferrostatin-1 attenuated experimental colitis induced by DSS administration (94).




Figure 3 | Ferroptosis of intestinal epithelial cells in IBD. Over-supplementation of iron caused its deposition in the intestine and led to excessive production of ROS and intestinal inflammation (red IEC). AA, EPA and DHA listed here are part of PUFAs. PUFAs whose uptake is mediated by CD36 are the major substrates for lipid peroxidation. The oxidation of PUFAs can be regulated by either lipoxygenase-mediated reaction, or Fenton-type reaction, in the plasma membrane. ACSL4 that esterifies AA into phospholipids facilitated peroxidation. Oxidation of PUFAs induced pro-inflammatory cytokines or mediators like IL-6, CXCL1 production in IEC as well as lipid peroxidation and ferroptosis of IECs. The expression and enzymatic activity of Gpx4 prevents lipid peroxidation in IEC (green IEC). The ER stress was also shown to be mediating IEC ferroptosis and suppression of ER stress with GSK2606414 inhibited ferroptosis of IECs. CD, Crohn’s disease; UC, ulcerative colitis; IEC, intestinal epithelial cell; PUFAs, polyunsaturated fatty acids; AA: arachidonic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; GSH, glutathione; Gpx4, glutathione peroxidase 4; ACSL4, acyl coenzyme A synthetase long chain 4; ER, endoplasmic reticulum; IL-6, interleukin-6; CXCL1, chemokine (C-X-C motif) ligand 1.



Polyunsaturated fatty acids (PUFAs), especially arachidonic acid (AA) and linoleic acid, preserve highly oxidizable methylene groups that bridge two double bonds and are the two major substrates for lipid peroxidation (66, 95). Compared to the less reactive monounsaturated and saturated fatty acids, PUFAs are ideal targets for attack by ROS, and accumulated cytosolic and lipid ROS serve as potent triggers to oxidize PUFAs to generate lipid peroxides, thus inducing ferroptosis (10, 96). The oxidation of PUFAs can be regulated by either an enzymatic reaction, such as a lipoxygenase-mediated reaction, or a nonenzymatic reaction, such as a Fenton-type reaction, in the plasma membrane (57, 97). Exposure to a PUFA-enriched Western diet induced lipid peroxidation and intestinal inflammation in mice with the specific deletion of one Gpx4 allele, which resulted in an ~50% reduction in Gpx4 mRNA and protein levels in the intestinal epithelial cells (IECs) of both the large and small intestines compared to wild-type mice (97). In addition, the oral uptake of AA resulted in neutrophil infiltration in the small intestines of iron-primed mice with IECs deficient in one Gpx4 allele (97). Certain features, including neutrophil infiltration into mucosal and submucosal lesions, epithelial injury, crypt hyperplasia, and granuloma-like accumulation of inflammatory cells reminiscent of certain small intestinal CD characteristics, were observed in PUFA WD-fed Gpx4+/−IEC mice (97). In addition, epithelial lipid peroxidation and the increased expression of chemokine (C-X-C motif) ligand 1 (CXCL1) were noted in the lesions. However, there was no evident IEC death in Gpx4+/−IEC mice fed a PUFA-enriched Western diet, suggesting that cell death was not absolutely required for PUFA-induced intestinal inflammation in Gpx4+/−IEC mice (97). Ferric iron promoted lipid peroxidation and AA-induced IL-6 and CXCL1 production in siGpx4 IECs, whereas treatment with the iron chelator deferoxamine or the lipid peroxidation scavenger ferrostatin-1 and α-tocopherol or inhibition of lipoxygenases (LOX)15 reduced IL-6 and CXCL1 production in AA-stimulated siGpx4 IECs (97). These data suggested that iron availability is critical to control PUFA-induced lipid peroxidation and cytokine production in IECs with reduced Gpx4 levels and enzymatic activity.

In patients with active UC, AA accumulates in the colonic mucosa (98), which correlates with evidence showing that increased uptake of dietary AA increases the risk of UC (99). Since ACSL4, an enzyme that ligates long PUFAs to coenzyme A, esterifies AA into phospholipids to facilitate peroxidation (7, 100), subsequent experiments demonstrated that AA-induced IL-6 and CXCL1 production was blocked in Acsl4-deleted siGpx4 IECs (97). In parallel, AA stimulation induced lipid peroxidation, which was not inhibited by Acsl4 deletion in siGpx4 IECs. These results indicate that ACSL4 and Gpx4 may differentially regulate AA-induced cytokine responses and lipid peroxidation, respectively (97). In addition, reduced expression and decreased enzymatic activity of Gpx4 and lipid peroxidation in IECs derived from the lesioned small intestinal mucosa of patients with CD were observed (97). Production of the proinflammatory cytokine IL-6 and the chemokine CXCL1 was induced by treatment with PUFAs, specifically AA, in IECs showing reduced Gpx4 activity. Arachidonic acid treatment also induced the expression of IL-6 and CXCL1 in IECs treated with siGpx4 but not those treated with the control reagent (97). Similar effects were observed in IECs treated with different ω-3 and ω-6 PUFAs, including stearidonic acid, docosahexaenoic acid, eicosapentaenoic acid and docosapentaenoic acid, all of which also induce lipid peroxidation and CXCL1 and IL-6 production (97). The conclusions from these studies are consistent with a meta-analysis incorporating CD and UC genome-wide association scans that revealed a genetic association between Gpx4 and CD (101).




Perspective and Potential of Targeting Ferroptosis for Autoimmune Disease Therapeutics

As indicated, how ferroptosis is initiated and executed remains largely unclear. Several inducers/sensitizers such as erastin or its analogues, drugs like sulfasalazine, sorafenib and statins, and high concentration of extracellular glutamate could serve to trigger ferroptosis (57). However, there is no specific receptors involved in response to these potential ferroptosis inducers/sensitizers (57). Our current understanding about ferroptosis is that ferroptosis is induced by the dysregulation of molecules critically controlling redox systems and preventing lipid peroxidation (66). Different tissue cells may show differential sensitivity to ferroptosis and cancer cells seem to be very sensitive to lipid peroxidation (21). As an example, in SLE, ferroptosis happened only in neutrophils but not in monocytes or lymphocytes, a phenomenon likely due to the relatively lower levels of Gpx4 in neutrophils compared to that in monocytes and lymphocytes in healthy people (70). The downstream signaling molecules and signaling pathways involved in mediating ferroptosis is also not clear. Nevertheless, several critical molecules that are of potential to regulate ferroptosis processes have been identified. By using a synthetic lethal CRISPR-Cas9 screen, the researchers identified ferroptosis suppressor protein 1 (FSP1), also known as apoptosis-inducing factor mitochondria associated 2 (AIFM2), as a potent ferroptosis-resistance molecule that effectively prevented ferroptosis in a GSH-independent manner. To be effective, FSP1 must be recruited to the plasma membrane via its myristylation binding motifs and mediate oxidoreductase activity to reduce coenzyme Q10 (CoQ), a lipophilic radical-trapping antioxidant halting the propagation of lipid peroxides (102, 103). Applying RNA-seq approaches, Brown et al. identified a pentaspanin protein prominin 2, a lipid dynamic regulator, that could promote the formation of ferritin-containing multivesicular bodies and exosomes and mediate transportation of iron out of the cell to inhibit ferroptosis (104). We refer the readers to an excellent review by Stockwell et al. (57) regarding the inducers, inhibitors and genes involved in ferroptosis as well as its association with metabolism. 

In terms of therapeutics, targeting ferroptosis for the treatment of autoimmune diseases appears to be complicated because ferroptotic processes occurring in different diseases and different tissues may have different impacts. As discussed above, while the induction of ferroptosis in the synovium of patients with RA may be therapeutically beneficial, cell survival preservation and ferroptosis inhibition or prevention may be favorable for treating diseases such as IBD and SLE. In addition, given that the factors that induce ferroptosis in these different autoimmune diseases remain largely unclear, cytokines such as TNF-α and IFN-α regulate ferroptosis in different manners and contribute in various ways to disease pathogenesis (70, 81). While IL-6 may be detrimental by causing ferroptosis in IECs (97), the ferroptosis-inducing effects of IL-6 may be beneficial for controlling joint inflammation in RA patients (81). Furthermore, as the example in SLE patients shows, under exposure to the same extracellular conditions, IFN-α-induced ferroptosis occurred only in neutrophils but not in lymphocytes or monocytes (70). All these clues make targeting ferroptosis for therapeutic purposes even more complicated. It is evident that scientific societies need more studies to examine ferroptosis events and the underlying mechanisms that occur in autoimmune diseases. Whether a beneficial or a detrimental outcome is achieved by manipulating cellular ferroptosis will be dependent on the results from animal studies and clinical trials.

Practically, there are many different approaches to block ferroptosis: pharmacologically using thiazolidinediones to inhibit ACSL4 activity, restoring the level of the key ferroptosis regulator Gpx4, administering ferroptosis-specific inhibitors such as ferrostatins and liproxstatins, preventing lipid peroxidation with supplementation of fatty acids, iron chelators and antioxidants, or modulating metabolic pathways (53). As an example, one antirheumatic drug, sulfasalazine, is a ferroptosis inducer. Sulfasalazine suppresses GSH biosynthesis and inhibits system Xc- to induce ferroptosis in tumors (4, 105). However, it remains unclear whether the pro-ferroptotic effects of sulfasalazine may account for the observed effects in autoimmune disorders such as RA and spondyloarthritis. Given that ER stress was shown to mediate IEC ferroptosis in colonic mucosal specimens from UC patients, inhibiting ER stress with GSK2606414 could prevent IECs from undergoing ferroptosis and reduce the severity of experimental colitis in mice (94). Furthermore, treatment with OTSSP167, a MELK-selective inhibitor, significantly inhibited ferroptosis and reduced DSS-induced colitis in mice by suppressing the protein kinase B (AKT)/IKK/p65 and extracellular signal-regulated kinase (ERK)/IKK/p65 signaling cascades (106).

Knowing that apoptosis and other cell death subtypes are also observed in IECs from patients with UC and CD (107–111), how these different cell death pathways interact with one another and the consequences of these interactions in autoimmune diseases are interesting topics to investigate. In addition, how cellular mechanisms regulate these different cell death subtypes to either maintain homeostasis or counteract threats from extracellular stress or pathogens is largely unknown and deserves further investigation. Altogether, studies targeting ferroptosis events, effects, mechanisms, and therapeutics will be hot topics to pursue in the field of autoimmune diseases in the future.
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Source of Mice with myeloid-specific Gpx4 haploid deficiency and  CIA mice model and joint synovium from  IECs in colonic mucosal samples from IBD patients
the findings ~ SLE patients RA patients and mice with DSS-induced colitis or preserving
one Gpx4 allele
Methods of  Analyzing Gpx4 expression and neutrophil death and Administering imidazole ketone erastin or  Mice fed with PUFA-enriched diet like AA, or
studies SLE parameters such as proteinuria and anti-ds DNA RSL3 and examining synovial fibroblasts  treated with DSS and examination on lipid
antibodies levels subsets and macrophages peroxidation, IL-6 and CXCL1 production
Observations Gpx4 haploid deficiency mice developed features Decrease of synovitis severity and Ferroptosis of IECs from IBD patients and PUFA-
characteristic of lupus, such as the production of anti- prevention of arthritis and joint damage fed Gpx4+/-IEC mice. Dietary AA induced
ds DNA antibodies, skin lesions and proteinuria. by induction of ferroptosis. TNF-o was production of IL-6 and CXCL1. Treatment with
Neutrophils underwent ferroptosis in SLE patients. protective against ferroptosis. ferrostatin-1 attenuated DSS-induced colitis.
Mechanisms  IFN-o. or SLE serum suppressed Gpx4 expression by Macrophages released TNF-o. to increase  Dietary AA administration reduced expression and
increasing binding of CREMa. to the Gpx4 promoter. GSH biosynthesis and mediated enzymatic activity of Gpx4 and caused lipid
protection of FAPa-positive synovial peroxidation and ferroptosis in IECs.
fibroblasts from undergoing ferroptosis.
*, references.

CIA, collagen-induced arthritis; anti-ds DNA, anti-double stranded DNA; IFN-e, interferon-alpha; DSS, dextran sodium sulfate; GSH, glutathione; RSL3, RAS synthetic lethal 3; CREMa,
cAMP-responsive element modulator alpha; TNF-a, tumor necrosis factor-alpha; IEC, intestinal epithelial cells; IL-6, interleukin-6; CXCL1, chemokine (C-X-C motif) ligand 1; PUFA,
polyunsaturated fatty acids; AA, arachidonic acid.
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Membrane Membrane blebbing; Membrane permeabilization and disruption Formation of membrane Rupture of plasma membrane
features exposure of membrane pores and membrane (due to accumulation of high lipid
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Nuclear Nuclear shrink, nuclear Maintaining nuclear electron density in early phase and  Peculiar form of chromatin ~ No nuclear morphological
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margination dilated perinuclear space (under EM) damage of nuclear DNA
Organelle Swollen mitochondria, Cytoplasmic sweling, opening of the mitochondrial Intact and swollen Swollen mitochondria, increase in
morphology mitochondrial outer permeability transition pores mitochondria with reduced ~ mitochondrial membrane density,
membrane permeabilization matrix density and disappearance of mitochondrial
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EM)
Biochemical Caspases (2, 3, 6-10), Bcl-2  RIPK1, RIPK3, MLKL, IKKe, TBK1 Caspases (1/4/5 in human;  Iron load, Gpx4, ACSL4, POR,
determinants  family members, death 11 in mice), IL-1B, IL-18, CYBS5R1, lipid peroxidation
receptors, TNF receptor GSDMD

superfamily members

* There are interactions or overlapping features among different subtypes of cell death and thus the listed features are not necessarily excluding other uncovered features. In addition,
different death triggers happening in different tissue cells may also cause variations.

*, references.

Bel-2, B-cell lymphoma 2; TNF, tumor necrosis factor; RIPK, receptor-interacting serine/threonine-protein kinase; MLKL, Mixed lineage kinase domain-like; IKK, I-kappaB-alpha kinase;
TBK1, TANK-binding kinase 1; IL-1, interleukin-1; GSDMD, gasdermin D; ACSL4, acyl-CoA synthetase long chain family member 4; POR, NADPH-cytochrome P450 reductase; CYB5R1,
NADH-cytochrome b5 reductase; EM, electron microscope.





