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Ferroptosis, a novel type of regulated cell death mediated by iron-dependent
lipid oxidation, was discovered a decade ago. Significant progress has been made
in our knowledge of ferroptosis and immune dysfunction. This review covers
recent advancements in the interaction of ferroptosis and the immune system,
with an emphasis on autoimmune diseases. The critical regulators of ferroptosis
are summarized in the context of reactive oxygen species biology, lipid
metabolism, and iron homeostasis. The molecular crosstalk between
ferroptosis and different immune cells is also highlighted. Future research is
expected to yield new insights into the mechanisms governing ferroptosis and its
potential therapeutic benefits in autoimmune diseases.
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1 Introduction

Cell death and immunity are two essential biological activities that have been conserved
throughout evolution to maintain homeostasis by means of intricate cellular and molecular
interactions (1). The timely removal of cellular debris mediated by efferocytosis is critical to
preventing the onset of autoimmune and inflammatory diseases. Meanwhile, exposing
intracellular molecules to cells in the process of dying or that are already dead can induce
adaptive immune responses, which are necessary to fight intracellular pathogens and
tumor-associated antigens (1). Ferroptosis, an atypical type of cell death first reported by
Dixon and colleagues in 2012 (2), is fundamentally different from other types of cell death,
such as pyroptosis, apoptosis, autophagy, and necroptosis (3, 4). It is widely accepted that
lipid peroxidation and iron metabolism are two essential elements of ferroptosis (5).
Numerous studies show that an overabundance of iron promotes ferroptosis through the
production of reactive oxygen species (ROS). The inhibition of glutathione peroxidase 4
(GPX4) or the depletion of glutathione (GSH) leads to ferroptosis by excessive lipid
peroxidation and elevated intracellular lipid ROS. Furthermore, ROS damages membranes
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and causes cell death by attacking polyunsaturated fatty acids
(PUFAs) in lipid membranes, generating high amounts of lipid
peroxides. Small-molecule compounds, including RAS-selective
lethal 3 (RSL3) and erastin, promote ferroptosis, whereas proteins
such as liproxstatin-1 (Lip-1), ferrostatin-1 (Fer-1), and the iron
chelator deferoxamine (DFO) exert opposite effects (6-9).

In recent years, considerable progress has been made in
understanding ferroptosis on a molecular level since it appears to
be the primary cause of several diseases and affords a range of
pharmacologically tractable therapeutic intervention nodes (10).
Alterations in the ferroptosis-regulating network also contribute to
the development of autoimmune diseases. Therefore, this review
aims to present emerging evidence on the molecular basis of
ferroptosis and related functions in the immune system. We
further attempt to discuss the pathogenic and therapeutic
implications of ferroptosis in different autoimmune diseases to
identify possible diagnostic targets and therapeutic options.

2 Core mechanisms of ferroptosis

Many studies have shed light on the inherent mechanisms that
inhibit ferroptosis, the critical factors of iron metabolism that
govern ferroptosis sensitivity, and the specified lipids that induce
oxidation during ferroptosis. This has revolutionized our
understanding of how ferroptosis affects diverse biological and
pathological processes. Thus, in this section, we will focus on the
importance of ferroptosis in the crosstalk of lipid metabolism,
oxidative stress biology, and iron homeostasis.

2.1 Lipid metabolism

The peroxidation of certain lipids in the membrane is essential
for ferroptosis. Free PUFAs were formerly thought to be the basis of
ferroptosis due to their vulnerability to peroxidation caused by the
weak C-H bonds between successive C=C double bonds. However,
a recent study has shown that in order to lethally impact the
peroxidation process, PUFAs must be activated and integrated
into phospholipids (PLs), a form of membrane lipid, and that free
fatty acids cannot trigger ferroptosis. Over the last decade, a major
achievement in ferroptosis has been the discovery of specialized
lipids that induce cell death and the identification of enzymes that
promote integration into cell membranes.

The acyl-coenzyme A (CoA) synthetase long-chain family
(ACSL) located on the mitochondrial outer membrane and
endoplasmic reticulum (ER) can catalyze the transformation of
fatty acids to acyl-CoAs (11). As intermediates in the lipid
metabolic chain, acyl-CoAs are involved in fatty acid metabolism
and membrane modifications. Five ACSL isoforms (ACSL1, ACSL3,
ACSL4, ACSL5, and ACSL6) have been found in humans and
rodents (12, 13). ACSL4 preferentially activates arachidonic acid by
thioesterifying it with CoA, resulting in arachidonyl-CoA (14-16).
Phosphatidylcholine (PC) is a major PL with a wide range of
structural diversity in mammalian cell membranes (17). Four
lysophatidylcholine acyltransferases (LPCATs), LPCAT1-4,
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participate in PC remodeling (18). The primary isoform,
LPCATS3, is particularly important in lipoprotein production as it
selectively catalyzes the insertion of acylated arachidonic acid into
membrane phospholipids (12, 19). Thus, deletion of ACSL4 and
LPCAT3 is thought to suppress ferroptosis by restricting the
membrane-resident pool of oxidation-sensitive fatty acids.

Studies conducted on the haploid cell line KBM7 through
insertional mutagenesis indicate that the inactivation of LPCAT3
and ACSL4 allows cells to become resilient against RSL3 and
ML162, two GPX4 inhibitors (20). Additionally, a CRISPR
suppression screen and ferroptosis-resistant cell line investigation
revealed the deactivation of ACSL4 as a critical mechanism for
inhibiting ferroptosis in various conditions. Conversely, ACSL4
overexpression renders the cells more susceptible to ferroptosis
(15). Hence, PUFAs must be in the membrane-bound form to be
lethal when exposed to peroxidation. The cystine/glutamate reverse
transporter (System Xc') and GPX4 are effective suppressors of
ferroptosis, while ACSL4 and LPCAT3 are identified as pro-
ferroptosis due to their role in incorporating PUFAs into
membrane lipids. Recent research has elucidated that ACSL4 is
involved in a feedforward loop to regulate ferroptosis. Protein
kinase C P type isoform 2 (PKCBII) is able to recognize the initial
lipid peroxidation, promote the phosphorylation of ACSL4 on
Thr328 to activate phospho-ACSL4, and facilitate the
incorporation of PUFA into PLs, leading to the termination of
the cells (9). ACSL4 is a signaling component that plays a role in
regulating ferroptosis. E-cadherin is responsible for controlling the
expression of ACSL4 through the Merlin-Hippo-Yap pathway,
affecting the vulnerability of cells to ferroptosis (21). Moreover,
other ACSL enzymes, such as o-eleostearic acid, require ACSL1 to
exhibit pro-ferroptosis activity (22), while monounsaturated fatty
acids require ACSL3 to perform anti-ferroptosis activities (23). The
integration of fatty acids into membrane-bound lipids is believed to
be vital for ACSL-dependent actions to modulate ferroptosis and
convert fatty acids into CoA esters.

According to recent findings, membrane lipids are key
regulators of ferroptosis. The phospholipase A2 group VI
(iPLA2B) can reduce p53-mediated ferroptosis by removing
oxidized PUFA tails from PLs (24) (Figure 1), suggesting that
oxidized PUFA must be present in a membrane-bound PL in
order to trigger ferroptosis. The oxidation of PUFA tails has no
effect on cell death once they are separated from PLs, implying that
PUFA oxidation is intrinsically nontoxic. When oxidized PUFA-
carrying lipids accumulate in cell membranes, the ferroptosis
process is initiated (25, 26). Therefore, ferroptosis is better
described as an accumulative process of lethal membrane-
localized lipid peroxides instead of a type of oxidative stress.

It has been documented that one fatty acyl tail of PLs is mainly
derived from a saturated fatty acid, and the other is from
unsaturated fatty acids. Both fatty acyl tails are integral to
ferroptosis (27). Nevertheless, uncommon PLs with two PUFA
tails are also of great importance. Ether lipids such as
plasmalogens and 2-arachidonoyl glycerol, which contain PUFAs,
are associated with ferroptosis sensitivity (27). Thus, a variety of
lipids with PUFA tails are involved in the induction of ferroptosis.
Furthermore, energy stress can activate adenosine-monophosphate-
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FIGURE 1

Core mechanisms of ferroptosis. Cystine is imported by System Xc™ and converted to the amino acid cysteine in the cell. Reduced glutathione is
made from cysteine and glutamate and then used by GPX4 to convert reactive PUFA phospholipid hydroperoxides (PUFA-PL-OOH) to non-reactive
and non-lethal PUFA phospholipid alcohols (PUFA-PL-OH). Alternatively, iPLA2P can eliminate the oxidized PUFAOOH tail from a phospholipid,
preventing cell death. ALOXs oxidize PUFA-PLs in conjunction with PEBP1 and POR. TFR1 transports Fe (Ill) into cells, where it is reduced to Fe (II).
Iron is stored in ferritin as Fe (Ill), where it is inaccessible and cannot induce ferroptosis. Iron export in MVBs is promoted by Prom2, which prevents
ferroptosis. ACSL4, LPCAT3, and ACSL1 are all involved in the formation of PUFA-PLs from acetyl-CoA, and ACSL4 can be stimulated further by
PKCBII phosphorylation. ALOXs, lipoxygenases; AMPK, adenosine-monophosphate-activated protein kinase; ACC, acetyl-coenzyme A carboxylase;
ACSL, acyl-CoA synthetase long-chain family member; ATM, ATM serine/threonine kinase; BH4, tetrahydrobiopterin; CDO1, cysteine dioxygenase 1;

CoA, coenzyme A; CoQ10, coenzyme Q10; cys, cysteine; DHODH, dihydroorotate dehydrogenase; FIN56, ferroptosis-inducer-56; FINO2, 1,2-
dioxolane; FSP1, ferroptosis suppressor protein 1/AIFM2; GCH1, GTP cyclohydrolase 1; Glu, glutamate; GPX4, glutathione peroxidase 4; GSH,
glutathione; IL4i1, interleukin-4-induced-1; In3Py, indole-3-pyruvate; iPLA2f, phospholipase A2 group VI; LPCAT3, lysophosphatidylcholine
acyltransferase 3; lysoPL, lysophospholipid; MDR1, multiple drug resistance 1; MUFA, monounsaturated fatty acid; MVB, multivesicular body; NADPH,
reduced nicotinamide adenine dinucleotide phosphate; PEBP1, phosphatidylethanolamine binding protein 1; PKCBII, protein kinase C B type isoform
2; PL, phospholipid; POR, cytochrome p450 oxidoreductase; Prom2, prominin-2; PUFA, polyunsaturated fatty acid; PUFA-PL-OOH, phospholipid

with peroxidized polyunsaturated fatty acyl tail; ROS, reactive oxygen species; System Xc~,

sodium-independent, anionic amino acid transport

system; TF, transferrin; TFR1, transferrin receptor protein 1; Yap, Yes-associated protein.

activated protein kinase (AMPK), which, in turn, controls acetyl-
CoA carboxylase, ultimately limiting PUFA production and
reducing the susceptibility to ferroptosis (28) (Figure 1).
Collectively, PUFA-containing membrane lipids, especially PLs
and ether lipids, are important elements in ferroptosis.

2.2 Oxidative stress biology

GSH is a water-soluble tripeptide composed of glutamate,
cysteine, and glycine amino acid residues. A deficiency in GSH
impairs the cells’ ability to oppose free radicals and act as an
antioxidant. GPX4 relies on GSH to decrease lipid peroxide. As a
critical regulator of ferroptosis, GPX4 is the most potent anti-lipid
peroxidase in the cell (29, 30). In order to produce GSH, System Xc~
is required to exchange extracellular cystine and intracellular
glutamate. System Xc~ is composed of the solute carrier family 7
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member 11 (SLC7A11) and the solute carrier family 3 member 2
(SLC3A2). By blocking System Xc~ or impeding the glutamate
metabolic pathway, more ROS-induced lipid peroxidation and
ferroptosis are triggered (31-33).

Erastin and RSL3 are two well-known compounds that induce
ferroptosis (8). These compounds collaborate to prevent cystine
absorption via System Xc  and to inhibit GPX4, respectively
(Figure 1). Moreover, other approaches aimed at depleting GSH
can also render cells prone to ferroptosis. For example, MDRI gene
augments ferroptosis sensitivity by promoting GSH efflux, while
cysteine dioxygenase 1 (CDOL) increases ferroptosis sensitivity by
depleting cysteine and GSH (34, 35). Glutamate-cysteine ligase
protects cells from ferroptosis by decreasing glutamate levels,
converting them to y-glutamyl peptides, and boosting GSH
production (36) (Figure 1). Researchers have also discovered a
compound, ferroptosis-inducer-56 (FIN56), that can degrade GPX4
and deplete coenzyme Q10 (CoQ10) via the mevalonate pathway,
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thus initiating ferroptosis (37). Additionally, GPX4 degradation via
chaperone-mediated autophagy is another approach to induce
ferroptosis (38) (Figure 1).

It is widely accepted that GPX4 plays an inhibitory role in
ferroptosis; however, three GPX4-independent pathways have been
determined. These include ferroptosis suppressor protein 1(FSP1)/
CoQ10, GTP cyclohydrolasel (GCH1)/tetrahydrobiopterin (BH4),
and dihydroorotate dehydrogenase (DHODH) (Figure 1). GPX4 is
the primary endogenous defense mechanism against lipid
peroxidation, while CoQ10 provides secondary protection against
lipid peroxidation-induced ferroptosis. Research has indicated that
FSP1 could be instrumental in reducing CoQ10 when nicotinamide
adenine dinucleotide phosphate (NADPH) is present (39, 40).
Furthermore, NADPH has been identified as an effective signal
for gauging resistance to ferroptosis. The cytoplasmic phosphatase
metazoan spot homologue 1 (MESHI1) is able to affect the
susceptibility to ferroptosis by altering the levels of NADPH
(41, 42).

In the past 2 years, two novel pathways unrelated to GPX4 have
been discovered to inhibit lipid peroxidation associated with
ferroptosis. The first pathway involves GCH1, which was
identified as a ferroptosis inhibitor through a CRISPR gain-of-
function screen (27). GCHI plays an essential role in preventing
ferroptosis by synthesizing the lipophilic antioxidant BH4,
which helps reduce lipid peroxidation, and by remodeling
lipid membranes to increase the reduced CoQ10 while decreasing
the PUFA-PLs. The second pathway involves DHODH, a
mitochondrial suppressor of ferroptosis that downregulates the
abundance of mitochondrial CoQ10 (43). Cells expressing high
levels of GCH1 or DHODH possess a greater ability to withstand
ferroptosis. Emerging evidence reveals that the amino acid oxidase
interleukin (IL)-4-induced-1 (IL4il) can produce indole-3-pyruvate
(In3Py) to inhibit ferroptosis through radical scavenging and
altering a gene expression profile (44) (Figure 1).

2.3 lron homeostasis

The Fenton reaction, promoted by iron-dependent enzymes
and labile iron pool, is responsible for the peroxidation of
membrane-bound, PUFA-containing lipids (45, 46). 15-
Lipoxygenase can form a complex by binding with
phosphatidylethanolamine binding protein 1 (PEBPI1), which
alters the enzyme’s substrate selectivity from free PUFAs to the
PUFA tails of PLs (47) (Figure 1). In addition, 12-lipoxygenase is
necessary for p53-mediated ferroptosis (48). Cytochrome P450
oxidoreductase also participates in lipid peroxidation during
ferroptosis (49), implying that multiple iron-containing enzymes
can stimulate lipid peroxidation (Figure 1).

The availability of ferritin has a direct effect on the volume of the
labile iron pool. Manipulating ferritin levels through ferritinophagy
can influence the iron abundance and the susceptibility to
ferroptosis (50, 51). Ataxia telangiectasia kinase (ATM) has been
reported to control the susceptibility to ferroptosis by affecting
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ferritin levels (52). Other mechanisms that regulate the intracellular
iron abundance, such as the exportation of iron via various
multivesicular bodies and exosomes carrying ferroportin or
prominin2-mediated ferritin, can also affect the cellular sensitivity
to ferroptosis, as they deplete the cellular iron and accelerate the
lipid peroxidation (53) (Figure 1).

Ferroptosis can be triggered by the interaction of endoperoxide
molecules with iron. Abrams et al. identified 1,2-dioxolane (FINO2)
as the fourth class of chemicals able to induce ferroptosis (54).
Unlike other chemicals which cause ferroptosis, FINO2 oxidizes Fe
(II) to Fe (III). Consequently, iron chelators are more effective in
counteracting its effects than they are against other substances.
Upon FINO2 treatment, cells exhibit a more extensive oxidized
lipid profile, indicating that FINO2 carries out a Fenton reaction
with Fe (II), creating alkoxyl radicals that lead to lipid peroxidation
(55). Therefore, endoperoxides are regarded as the origin of pro-
ferroptosis agents, which can act as intrinsic triggers of ferroptosis
in certain conditions.

Cells maintain a labile iron pool of Fe (II), linked to low-
molecular-weight compounds, such as GSH. A decline in GSH can
cause Fe (IT) to be employed for Fenton chemistry, leading to lipid
peroxide accumulation and ferroptosis (56). The transportation of
the GSH-iron complex to ferritin, mediated by chaperone poly(rC)
binding protein 1, is necessary for iron storage in ferritin. As a
result, a decrease in GSH can lead to a labile iron availability (57).

3 Ferroptosis in immune cells

The immune system is usually separated into two distinct
categories: innate and adaptive immunity. Ferroptosis can
influence both the quantity and function of the immune cells.
Intriguingly, cells undergoing ferroptosis can be recognized by
immune cells, subsequently promoting various immune
responses. This section will explore how ferroptosis affects various
types of immune cells, which may guide the development of tailored
therapy (Figure 2).

3.1 Neutrophils

Neutrophil granulocytes are the first line of defense against
inflammation in tissues, utilizing phagocytosis, degranulation, and
generation of neutrophil extracellular traps (NETs) to combat
pathogens. Peptidyl arginine deiminase 4 (PADI4) and NADPH
oxidase are necessary for NET synthesis (58, 59). Sulfasalazine has
been found to increase the nonenzymatic synthesis of oxidized PLs,
resulting in the formation of NETSs in neutrophils, which is
mediated by lipid peroxidation (60). Furthermore, neutrophils are
able to cause lipid peroxidation in glioblastoma cells by
incorporating myeloperoxidase (61).

Following injury, the aggregation of neutrophils significantly
contributes to activating and maintaining early inflammatory
responses, which are necessary for the initial stage of the healing
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Role of ferroptosis in diverse immune cells and different autoimmune diseases. As shown, ferroptosis has been associated with various immune cell
subpopulations and autoimmune diseases. CD4 Teff, CD4+ effector T cell; CD8 Teff, CD8+ effector T cell; DC, dendritic cell; M1, macrophage 1; M2,
macrophage 2; NK, natural killer cell; Neu, neutrophils; ROS, reactive oxygen species; Tfh, follicular helper T cell; Treg, regulatory T cell.

process and introduction of further tissue damage (62). In animal
studies, the stimulation of ferroptosis accelerates the neutrophil
migration to the myocardium following heart transplantation,
resulting in cardiac injury (63). In contrast, Fer-1, a specific
ferroptosis inhibitor, has been shown to reduce the lipid
peroxidation end products, thus inhibiting cardiomyocyte death
and preventing neutrophil recruitment after heart transplantation
(63). Arachidonate lipoxygenase 15 (ALOX15), a member of the
ALOX family, has the potential to facilitate the production of lipid
peroxidation (64). Accordingly, ALOX15 can serve as a direct target
of Fer-1. Considering that Fer-1 suppresses the sterile cardiac
inflammation caused by ferroptosis, future exploration is
anticipated to ascertain whether ALOX15 deletion can also
protect against cardiac injury.

3.2 Natural Killer cells

Natural killer (NK) cells possess the ability to destroy virus-
infected and tumor cells without prior sensitization and are proficient
interferon-y (IFN-y) producers (65). Kong et al. found that IFN-y can
accelerate GSH consumption, increase lipid peroxidation, and render
hepatocellular carcinoma more vulnerable to ferroptosis by
promoting Janus kinase/signal transducer and activator of
transcription (JAK/STAT) signaling while suppressing System Xc~
(66). However, in the tumor microenvironment (TME), NK cells
become impaired, which may be linked to ferroptosis. In NK cells,
exposure to TME downregulates the expression of CD71, CD98, and
glucose transporter type 1 (GLUT-1) but elevates the abundance of
proteins related to ferroptosis, oxidative damage, and lipid
peroxidation (67). To investigate the role of ferroptosis enhancers
or suppressors in tumor-associated NK cells, more intensive research
is warranted in the future.

Frontiers in Immunology

3.3 Dendritic cells

Dendritic cells (DCs) are a heterogeneous family of
hematopoietic cells that are specialized for recognizing pathogens
(68). DCs are involved in T-cell activation and the presentation of
antigens. Under normal circumstances, DCs are immature, with a
high capacity for capturing antigens, limited ability to produce
cytokines, and low levels of co-stimulatory molecules (69). In the
presence of infection or tissue damage, DCs enter a mature state
characterized by the high expression of major histocompatibility
complex (MHC) and co-stimulatory molecules, enhanced cytokine
release, and increased cell motility. In the TME, DCs play a key role
in capturing, processing, and presenting tumor-associated antigens,
as well as providing co-stimulation and soluble factors to regulate
T-cell responses (70). Upon encountering an antigen, immature
DCs transform into mature DCs due to their robust antigen
phagocytic capacities. DCs will interact with T cells and induce
an immunological response (69, 71). While GPX4-induced
inhibition of ferroptosis in T and B cells has been linked to
weakened adaptive immune systems, the underlying molecular
basis of GPX4 inhibition in DCs remains unknown.

Han et al. demonstrated that the GPX4 inhibitor RSL3
selectively promotes ferroptosis in DCs (72). This phenomenon
results in DCs losing the capability to release MHC class I and
several pro-inflammatory cytokines in response to the maturation
of lipopolysaccharide (LPS) and failing to stimulate CD8+ T cells to
produce IFN-y. In DCs, peroxisome proliferator-activated receptor-
Y (PPARY), a nuclear receptor, has been shown to promote RSL3-
caused ferroptosis. PPARY knockout restores the maturation and
function of DCs (72). Therefore, PPARY-associated ferroptosis in
DCs hinders anti-tumor immunity in mice, which suggests that
ferroptotic DCs possess a novel function in fostering an
immunosuppressive TME.
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It is reported that sestrin2 (Sesn2) is a highly evolved, stress-
responsive protein essential for oxidative stress resistance.
Upregulation of Sesn2 was found to have antioxidative properties
in inflammatory settings (73). However, the exact role of Sesn2 in
ferroptosis related to the immune system is still unclear. In LPS-
stimulated DCs, a recent study has found that activation of Sesn2 in
the ferroptosis network can regulate the immunological function of
DCs (74). Sesn2 expression also increases in response to LPS
stimulation, but LPS treatment leads to ferroptosis and impedes
DC maturation and motivation. Furthermore, deletion of Sesn2
intensifies LPS-induced ferroptosis and impairs the ferroptosis and
immunological response of DCs after cecal ligation and puncture
(74). These findings suggest that Sesn2 may act as a negative
regulator of ferroptosis in the context of sepsis.

3.4 Macrophages

Macrophages are a pivotal type of immune cells in most
organisms and are responsible for tissue homeostasis and defense.
Studies have revealed that macrophages derived from human
monocytes are less capable of phagocytosing during ferroptosis
than their apoptotic counterparts in Jurkat T cells. This may be
because the latter releases more molecules that signal macrophages to
consume them (75). This observation supports the hypothesis that
ferroptosis, a type of nonapoptotic cell death, has a greater possibility
of inducing inflammation than apoptosis. Meanwhile, during the
ferroptosis, cells release oxygenated phosphatidylethanolamines on
the outer plasma membrane, which are detected by macrophages via
toll-like receptor 2, allowing the clearance of ferroptosis cells (76).

Macrophages participate in iron regulation by retrieving and
scavenging iron from aged erythrocytes, which may lead to
macrophage ferroptosis and impair their immunological
function (77). Research has shown that administration of red
blood cells that have been affected by cold temperatures can
induce erythrophagocytosis, which is related to the Fer-1-induced
inhibition in splenic red pulp macrophages (78). Additionally,
exogenous ferric citrate-induced cell death in bone marrow-
derived macrophages (BMDM) may be prevented by Fer-1,
underlining the involvement of iron in promoting ferroptosis in
macrophages. Iron has been found to upregulate SLC7A11mRNA
as a protective mechanism via increasing activities of the ROS-
nuclear factor erythroid 2-related factor 2 (NRF2) signaling, which
helps to inhibit ferroptosis in BMDM (79). Furthermore,
transforming growth factor-f 1 (TGFP1), released by
macrophages, modulates the expression of SLC7A11 via the Smad
pathway. In macrophages, silence of the SLC7A11 gene promotes
iron overload-induced ferroptosis, suggesting that the TGFf
signaling pathway is crucial for regulating macrophage ferroptosis
(21, 80, 81).

Interestingly, the susceptibility of macrophages to ferroptosis
varies significantly between the subtypes (82). This is due to the fact
that M1 macrophages, which are pro-inflammatory, possess higher
concentrations of inducer nitric oxide synthase (iNOS), leading to a
greater production of nitric oxide free radicals and stronger
protection against lipid peroxidation, when compared to M2
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macrophages, which are anti-inflammatory and have lower
iNOS concentrations (83). Additionally, hypoxia-induced
downregulation of nuclear receptor coactivator 4 and p53
polymorphisms also control the susceptibility of macrophages to
ferroptosis (50, 51, 84). Therefore, it is essential to explore the
transcriptional patterns in different populations of macrophages in
various organs to gain a deeper understanding of their influence on
ferroptosis sensitivity.

3.5 T lymphocytes

3.5.1 Cytotoxic and helper T cells

Recent studies have suggested that both ferroptosis and lipid
peroxidation modulate the function of CD8+cytotoxic and CD4
+helper T cells. SLC7A11, which is not present in naive human CD4
+ T cells, is substantially increased due to the activation of T cells
(85, 86). The proliferation and activation of T cells are associated
with a decrease in extracellular GSH levels that subsequently result
in a reduction of intracellular GSH levels (87). Furthermore,
downregulation of GPX4 via genetic deletion or chemical
inhibition can lead to ferroptosis in T cells, while upregulation of
GPX4 and genetic deletion of ACSL4 can suppress ferroptosis in
CD8+ T cells (88, 89). Interestingly, ablation of GPX4 in T cells
disrupts CD8+ T-cell homeostasis in the periphery but does not
affect thymopoiesis in mice (88). GPX4-knockout CD8+ T cells and
CD4+ T cells are unable to develop during acute infection, which
can be reversed by the administration of vitamin E, a powerful lipid-
soluble antioxidant (88). Ferroptosis in CD8+ T cells promotes the
anti-tumor function through activating the JAK/STAT pathway,
which limits cystine absorption by tumor cells (90). Notably, iron
overload can cause inequalities in the proportion of CD4+ and CD8
+ T cells, a rise of ROS levels in T cells, and DNA damage (91).
Hence, regulating the interferon and iron metabolism in T cells is a
possible direction for improving the efficacy of T cell-mediated
immunotherapy (90, 92).

3.5.2 Follicular helper T cells

CD4+ T cells have a specialized subset named follicular helper T
(Tth) cells associated with the germinal center (GC) response. The
GC is where B cells differentiate into memory cells and long-lasting
plasma cells. Within the context of autoimmunity, pathogenic
autoantibodies are produced in response to abnormal Tfh cell
response (93, 94). On the other hand, Tth cells play a protective
role in the humoral immunity stimulated by vaccination (95, 96).
Recent research has highlighted the importance of ferroptosis in
maintaining the function of Ttfh cells generated by an acute viral
infection or protein immunization (97-99). GPX4, a key lipid
peroxidation scavenger, is critical for the survival of Tth cells. To
be specific, deletion of GPX4 in T cells resulted in loss of Tth cells
and GC responses in immunized mice, suggesting that Tth cells are
particularly susceptible to ferroptosis. Selenium supplementation
could increase GPX4 expression in T cells, thereby leading to an
increase in Tth cell numbers and improved antibody responses in
vaccinated mice and young adults post-influenza vaccination (97).
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These findings demonstrate the significance of the selenium-
GPX4-ferroptosis pathway in maintaining Tth cell homeostasis,
which can be used to improve Tth cell performance during infection
and after vaccination.

Accumulating evidence has revealed that ferroptosis functions
as a key factor in regulating Tth cell activity in immunization mice
models and controlling the preservation of viral-infected memory
Tth cells (98). In mice with acute lymphocytic choriomeningitis
virus, CD4+ T cells with the silence of mechanistic target of
rapamycin complex-2 (mTORC2) impede the formation and
growth of memory CD4+ T cells, which is attributed to the IL-7-
activated mTORC2-AKT-GSK3 signaling pathway, leading to
excessive GPX4 peroxidase and suppression of ferroptosis in
memory cells (98). Moreover, the mTORC2 signaling pathway
can promote Tfh cell development in mice following viral/protein
antigen vaccination (100-102). More research is necessary to
investigate how the mTORC2 signaling in Tth cells drives
ferroptosis and cell lineage differentiation.

3.5.3 Regulatory T cells

Regulatory T (Treg) cells are key components of immunological
tolerance and anti-tumor immunity (103-105), yet the mechanisms
underlying the related cellular redox equilibrium are still unknown.
To elucidate the role of ferroptosis in Treg cells, GPX4 is selectively
deleted, which leads to an impairment of immunological balance
without affecting the longevity of Treg cells (106). When exposed to
T-cell receptor and CD28 simultaneously, GPX4-deficient Treg cells
experience augmented lipid peroxidation and ferroptosis.
Restricting access to lipid peroxidation and limiting iron
availability reverses ferroptosis in GPX4-knockout Treg cells.
Furthermore, GPX4-knockout Treg cells show increased
production of mitochondrial superoxide and IL-1f, which, in
turn, amplify Th17 cellular responses. Lastly, specific ablation of
GPX4 in Treg cells suppresses tumor growth and boosts anti-tumor
immunity (106). These findings actively support the importance of
GPX4 in preventing activated Treg cells from ferroptosis and lipid
peroxidation and suggest a potential therapeutic avenue to optimize
cancer therapy.

3.2 B cells

B cells can be divided into three distinct compartments: a long-
lived pool that recycles through secondary lymphoid organs, a static
compartment concentrated in the marginal zone B (MZB) cells in
the splenic marginal zone, and B1 cells that mature in the peritoneal
and pleural cavities (107). GPX4 has been identified as a critical
factor for the development and function of MZB and B1 cells but
does not have such effects on follicular B cells (108). In mice,
deletion of GPX4 triggers ferroptosis and inhibits the production of
IgM antibodies in response to Streptococcus pneumoniae.
Furthermore, upregulation of CD36, a fatty acid transporter
protein, has been observed in MZB and B1 cells, which can
promote fatty acid absorption and ferroptosis sensitivity (108).
These findings shed light on the mechanism underlying the redox
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regulation that affects the B-cell homeostasis. Of note, Bla cells are
more reliant on external fatty acid intake and mobilization via
autophagy for cell self-renewal and survival than follicular B2 cells
(109). This is because lipid droplets are the primary storage location
for fatty acids, thus preventing PUFA oxidation (110). Autophagy-
mediated lipid droplet destruction (lipophagy) causes ferroptosis by
increasing the intracellular free fatty acids (111). This suggests that
lipophagy may influence B-cell activity via ferroptosis, a hypothesis
that requires further validation. Moreover, the ferroptosis inducer
erastin downregulates the activity of bone morphogenetic protein
(BMP) family members and promotes the differentiation and
growth of human peripheral blood mononuclear cells into B and
NK cells (112). BMPs are part of the TGFf} superfamily, which can
regulate the cellular activities of B, NK, and myeloid cells (113). The
above observations provide new insights into the role of lipid
peroxidation in B-cell development and function.

Targeting ferroptosis constitutes a promising strategy for B cell-
related complex diseases. For instance, through blocking the System
Xc™ activity, erastin triggers ferroptosis, eventually inhibiting tumor
growth in mouse models of lymphoma (114). Dimethyl fumarate
decreases the levels of GSH and GPX4 and increases the expression
of 5-lipoxygenase in GC B-cell diffuse large B-cell lymphoma, which
helps induce ferroptosis by impeding nuclear factor-kB (NF-xB)
and JAK/STAT signaling pathway (115). Furthermore, a protein-
protein interaction network analysis has suggested that ferroptosis
may be strongly correlated to B-cell receptor signaling and IgA
synthesis in immune-deficient intestinal tissues (116).

4 Ferroptosis in autoimmune diseases

Great attention has been paid to the involvement of ferroptosis
in various human disorders. Depending on the specific conditions,
ferroptosis can be either pathogenic or therapeutic. Here, we will
discuss the role of ferroptosis in different autoimmune diseases and
highlight the emerging therapeutic opportunities and associated
challenges with future prospects (Figure 2).

4.1 Ferroptosis and systemic
lupus erythematosus

Systemic lupus erythematosus (SLE) is a prototype
of autoimmune disease characterized by chronic inflammation,
high level of autoantibody production, and multiple
systems involvement (117). A recent study has revealed the
immunopathogenic effects of neutrophil ferroptosis in SLE (118).
Compared to healthy controls, SLE patients displayed a reduction of
GPX4 in neutrophils. Intervention with SLE serum or interferon-o.
(IFN-0)) reduced GPX4 expression and caused neutrophil death,
while inhibition of IFN-a. restored neutrophil survival. Similarly,
administration of ferroptosis inhibitors also reduced the neutrophil
death caused by SLE serum. Mechanistically, a conserved binding
site for the transcriptional repressor cAMP-responsive element
modulator oo (CREMo) was found in the GPX4 promoter. Under
the influence of SLE serum or IFN-o, neutrophils derived from
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healthy controls showed stronger binding of CREMa. to the GPX4
promoter and more nuclear accumulation, leading to GPX4
suppression and elevated lipid peroxidation (118). These findings
propose a paradigm that places neutrophil ferroptosis at the center
of the pathogenesis of SLE. Therefore, targeting GPX4 transcription
and neutrophil ferroptosis may have therapeutic benefits for
SLE patients.

Cao et al. recently demonstrated that iron overload can lead to
the proliferation of Tfh cells, the release of pro-inflammatory
cytokines, and the formation of autoantibodies in lupus mice
(119). When mice were fed with a high-iron diet, a more
significant antigen-specific GC response and a greater number of
Tth cells were observed, indicating that iron could assist in Tth cells’
differentiation. However, iron chelation suppressed the
development of Tfh cells. From the mechanism, iron
accumulation in Tth cells was regulated by the microRNA-21/3-
hydroxybutyrate dehydrogenase-2 axis, which also strengthened the
Fe (II)-dependent TET enzyme activity and demethylation of the
BCL6 gene (119). This study implies that maintaining iron
homeostasis is essential for eliminating pathogenic Tfh cells,
which may lead to a more effective treatment for SLE patients.

Lupus nephritis (LN) is a severe form of organ damage that
develops in most patients within 5 years of being diagnosed with
SLE. Tubulointerstitial damage is a pathological hallmark of the
lupus kidney, and its associated inflammation is critical to diagnose
and predict the prognosis of LN (120-122). Renal tubular epithelial
cells (RTECs) are an important factor in this milieu and are
responsible for inducing interstitial inflammation and kidney
injury (123). It has been reported that iron deposition in LN leads
to albuminuria (124) and that RTECs are responsible for
reabsorbing most of the filtered iron. These cells also undergo
ferroptosis under pathological contexts (125-127). Consequently, it
is plausible that iron accumulation in RTECs may aggravate
inflammatory responses by increasing ROS production, ultimately
resulting in renal failure.

4.2 Ferroptosis and rheumatoid arthritis

Rheumatoid arthritis (RA) is the typical autoimmune disease that
primarily targets the synovial membrane of the joints, resulting in the
synovium transforming into a hyperplastic and invasive tissue that
destroys cartilage and bone (128). Although the exact mechanism of
RA remains elusive, immune cells and fibroblast-like synoviocytes
(FLS) are thought to be involved in its progression (129, 130).

Synovium hyperplasia is a key factor in the development of RA,
which contributes to cartilage degradation and invasive pannus
formation (131). According to preliminary results, ferroptosis may
be involved in balancing the synovium growth and death. Ling et al.
found a decline of ferroptosis in RA synovium and RA-FLS, with the
upregulation of GPX4 and ferritin heavy chain 1 (FTHI) and the
downregulation of ACSL4 (132). RNA sequencing (RNA-seq) and
further verification showed that glycine modulates ferroptosis by
inhibiting the expression of FTH1 and GPX4 and promoting the
expression of S-adenosylmethionine in RA-FLS (132). Hence, these
findings suggest that glycine supplementation can induce
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ferroptosis, which helps to reduce the RA-FLS proliferation and
inflammation, consequently alleviating the progression of RA.

Building on the collagen-induced arthritis (CIA) mouse model,
Wu et al. discovered that administration of imidazole ketone erastin
(IKE), a ferroptosis inducer, could mitigate synovitis and prevent
joint destruction (133). RNA-seq data further revealed two groups of
FLS with different susceptibilities to IKE-induced ferroptosis.
Notably, ferroptosis-resistant FLS exhibited a greater amount of
tumor necrosis factor (TNF)-related transcriptome. Mechanistically,
TNF facilitated cystine absorption and GSH production via activation
of the NF-xkB pathway to shield FLS from ferroptosis. Finally,
combining low-dosage IKE with etanercept, a TNF inhibitor,
triggered ferroptosis in FLS and delayed arthritis progression in the
CIA model (133). Taken together, these results indicate that the
combination of TNF inhibitor and ferroptosis inducer could be a
promising therapy for RA treatment.

4.3 Ferroptosis and inflammatory
bowel disease

Inflammatory bowel disease (IBD), including Crohn’s disease
(CD) and ulcerative colitis (UC), is a chronic and progressive
disorder with recurrent episodes (134, 135). Although the etiology
of IBD remains unknown, it is believed that a cocktail of genetic
factors, environment, intestinal microbiota, and immune responses
are to blame (136). Recent studies have demonstrated the cell
death’s role in the homeostasis of the intestinal epithelium in IBD
(137). For example, Werner et al. discovered that iron
supplementation could alter gut microbial homeostasis and
exacerbate intestinal inflammation in a murine model of CD
(138). Kobayashi et al. also found that a high-iron diet can
increase the risk of UC. In contrast, a high intake of zinc could
reduce mucosal ROS production and improve colonic symptoms in
IBD (139). These findings reveal a potential crosstalk between IBD
and ferroptosis, where the Fenton reaction causes oxidative stress by
generating ROS from excess iron in the gut. Lipid peroxidation then
occurs and leads to ferroptosis, which, in turn, causes the damage of
intestinal epithelial cells (IECs) and destruction of the intestinal
mucosal barrier. Conversely, ferroptosis inhibitors, such as Lip-1,
Fer-1, and DFO, have been shown to improve disease symptoms
and extend the diminution of the colon length in dextran sulfate
sodium (DSS)-induced colitis in mice, indicating that suppression
of ferroptosis has a positive effect on IBD (140-142). Intriguingly, a
Western diet high in PUFAs can induce intestinal inflammation in
mice lacking one allele of GPX4 in IECs, which implies that dietary
PUFAs may be a trigger of GPX4-restricted mucosal inflammation
phenocopying aspects of human CD (143).

NRF2 can regulate cellular antioxidant response by affecting the
expression of genes associated with redox homeostasis. Mutations in
the NRF2-lipid peroxidation-ferroptosis pathway have been
observed in malignancies (144). Heme oxygenase-1 (HO-1), a
cytoprotective enzyme, possesses anti-inflammatory properties and
is involved in ferroptosis (145). Chen et al. determined that Fer-1
could alleviate the symptoms of DSS-induced colitis through the
NRF2/HO-1 signaling pathway, suggesting that the NRF2 pathway
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may be a key factor mediating the ferroptosis in UC (140). ER stress
has also been linked to ferroptosis in the pathogenesis of IBD. Xu
et al. demonstrated that ferroptosis contributes to UC via ER stress-
mediated IECs death; on the other hand, the phosphorylation of NF-
KB-p65 can inhibit ER stress-mediated IEC ferroptosis to mitigate
UC (141). Collectively, ferroptosis inhibition may be expected to
open a new avenue for IBD treatment.

4.4 Ferroptosis and multiple sclerosis

Multiple sclerosis (MS), a chronic inflammatory condition of
the central nervous system, is characterized by neuroinflammation,
demyelination, oligodendrocyte loss, and neurodegeneration (146,
147). Owing to their capacity to modify the transcriptional profile
and prompt multiple inflammatory phenotypes, microglia are of
great significance in the development of MS (148).

Hu et al. revealed that the gray matter of MS patients and the
spinal cord of experimental autoimmune encephalomyelitis mice both
display decreased expression of GPX4 (149). This pioneering
investigation uncovered the correlation between ferroptosis,
microglia-driven neuroinflammation, and MS. Research has shown
that cuprizone, a commonly used copper chelator, exacerbates the
rapid loss of oligodendrocytes and demyelination caused by
ferroptosis (150). In vitro, ferroptosis activates inflammatory
responses in microglia, and the systemic inflammation caused by
LPS stimulation can be partially inhibited by Fer-1 (151). Interestingly,
recent studies have demonstrated that microglia are resistant to
ferroptosis (83, 150). Compared to anti-inflammatory counterparts,
pro-inflammatory microglia performed increased resistance to
ferroptosis, likely because of an elevated NRF2 expression and a
greater abundance of iNOS/nitric oxide. Furthermore, pro-
inflammatory microglia have been reported to promote distant
inhibition of ferroptosis (83, 151), indicating that these cells possess
the anti-ferroptosis properties in neuroinflammation. However, the
precise mechanism of ferroptosis in MS is yet to be elucidated.

4.5 Ferroptosis and idiopathic
inflammatory myopathy

Idiopathic inflammatory myopathy (IIM), also known as
myositis, is a heterogeneous group of autoimmune disorders that
often involve persistent inflammation of muscle tissue, with various
clinical presentations and different prognoses (152). It has been
proposed that the pathophysiology of IIM could be attributed to
increased cell death, inadequate removal of cell debris, and excessive
autoantigens and pro-inflammatory cytokines, which eventually
result in over-stimulated immunological and inflammatory
responses (152). Hyperferritinemia is a feature identified in IIM-
related interstitial lung disease that has been linked to disease severity
and prognosis (153-156). Moreover, the mitochondrial abnormalities
and elevated ROS levels have also been implicated in the pathogenesis
of IIM (157-159). Therefore, it is plausible that ferroptosis may be
involved in the occurrence and development of IIM, and further
research is required to fully understand the inherent connection.
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5 Conclusion and perspectives

With the growing importance of ferroptosis in various
autoimmune disorders, it is emerging as a promising therapeutic
target. To better understand its role, more intensive studies must be
conducted to explore how it affects the different cells, tissues, and
the entire organism.

Considerable progress has been made toward developing new
drugs for ferroptosis, utilizing the well-known targets of the
pathological conditions (160, 161). High-throughput screening
and automation, as well as artificial intelligence-based strategies,
can be used to identify novel ferroptosis modulators and the
underlying mechanisms. Additionally, illuminating the
relationship between structure and function and optimizing small
molecules can expedite the production of new therapeutic agents.
Finally, pharmacological research is needed to ensure that drugs are
delivered to the necessary organs, such as the inflammatory joints of
RA, with optimum safety and efficiency in a wide range of
autoimmune diseases.

Research has made great strides in comprehending the role of
ferroptosis in autoimmune diseases. However, a few important
questions remain to be answered for the effective clinical
application of ferroptosis-focused treatments. To begin with, can
biomarkers of ferroptosis in autoimmune diseases be accurately
identified with precision and sensitivity? Moreover, which
immunological reactions or phases of the disease should be the
target of ferroptosis? It is still unclear how, where, and when these
culminate in cell death. Furthermore, there is an urgent need to
develop innovative methods and elucidate mechanisms for
selectively controlling ferroptosis in a way that does not harm
healthy cells while treating autoimmune diseases. Addressing these
questions could provide useful new insights into ferroptosis and
broaden its application to various biological fields.
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Glossary
ACSL acyl-CoA synthetase long-chain family
ALOX15 arachidonate lipoxygenase 15
AMPK adenosine-monophosphate-activated protein kinase
ATM ATM serine/threonine kinase
BH4 tetrahydrobiopterin
BMDM bone marrow-derived macrophages
BMP bone morphogenetic protein
CD Crohn’s disease
CDO1 cysteine dioxygenase 1
CIA collagen-induced arthritis
CoA coenzyme A
CoQl10 coenzyme Q10
CREMo. cAMP-responsive element modulator o
DC dendritic cell
DFO deferoxamine
DHODH dihydroorotate dehydrogenase
DSS dextran sulfate sodium
ER endoplasmic reticulum
Fer-1 ferrostatin-1
FIN56 ferroptosis-inducer-56
FINO2 1,2-dioxolane
FLS fibroblast-like synoviocytes
FSP-1 ferroptosis suppressor protein 1
FTH1 ferritin heavy chain 1
GC germinal center
GCH1 GTP cyclohydrolasel
GLUT-1 glucose transporter type 1
GPX4 glutathione peroxidase 4
GSH glutathione
HO-1 heme oxygenase-1
IBD inflammatory bowel disease
IEC intestinal epithelial cells
IFN-o interferon-ou
IFN-y interferon-y
M idiopathic inflammatory myopathy
IKE imidazole ketone erastin
IL interleukin
iNOS inducer nitric oxide synthase

(Continued)
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Continued
iPLA2f phospholipase A2 group VI
JAK/STAT Janus kinase/signal transducer and activator of transcription
Lip-1 liproxstatin-1
Lipophagy autophagy-mediated lipid droplet destruction
LN lupus nephritis
LPCAT lysophatidylcholine acyltransferases
LPS lipopolysaccharide
MESH1 metazoan spot homologue 1
MHC major histocompatibility complex
MS multiple sclerosis
mTORC2 mechanistic target of rapamycin complex-2
MZB marginal zone B
NADPH nicotinamide adenine dinucleotide phosphate
NETs neutrophil extracellular traps
NF-xB nuclear factor-«xB
NK natural killer
NRF2 nuclear factor erythrid-2 related factor 2
PADI4 peptidyl arginine deiminase 4
PC phosphatidylcholine
PEBP1 phosphatidylethanolamine binding protein 1
PL phospholipids
PKCBIL protein kinase C
PPARy peroxisome proliferator-activated receptor-y
PUFA polyunsaturated fatty acid
RA rheumatoid arthritis
RNA-seq RNA sequencing
ROS reactive oxygen species
RSL-3 RAS-selective lethal 3
RTEC renal tubular epithelial cells
Sesn2 sestrin 2
SLC3A2 solute carrier family 3 member 2
SLC7A11 solute carrier family 7 member 11
SLE systemic lupus erythematosus
System Xc~ cystine/glutamate reverse transporter
Tth follicular helper T cell
TGFp1 transforming growth factor-§
TME tumor microenvironment
TNF tumor necrosis factor
Treg regulatory T cell
ucC ulcerative colitis.
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