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Abstract

Ferroptosis, an iron-dependent programmed cell death driven by lipid peroxidation, plays
a critical role in autoimmune diseases such as rheumatoid arthritis, systemic lupus ery-
thematosus, and psoriasis. This review systematically explores the interaction between
ferroptosis and the immune system, highlighting its dynamic regulation of immune cell
function (e.g., Treg cell stability, neutrophil activity) and inflammatory microenvironments
via signaling pathways including JAK/STAT and NF-«B. Ferroptosis suppresses inflamma-
tion in rheumatoid arthritis by eliminating pro-inflammatory synoviocytes but exacerbates
tissue damage in systemic lupus erythematosus through neutrophil ferroptosis. While
ferroptosis inhibitors (e.g., Fer-1) and inducers (e.g., IKE) show promise in preclinical mod-
els, clinical translation faces challenges such as disease-specific mechanistic heterogeneity,
insufficient drug selectivity, and complex metabolic interactions. Future research should
integrate multi-omics, organoid models, and Al-driven predictions to develop precision-
targeted strategies, offering novel therapeutic paradigms for autoimmune diseases.

Keywords: ferroptosis; autoimmune diseases; JAK/STAT pathway; NF-kB pathway; lipid
peroxidation; precision therapy

1. Introduction

The immune system uses a variety of immune cells to eliminate senescent cells and
immune complexes in the body and establish autoimmune tolerance to resist foreign
invading pathogens, which is a defense mechanism of the human body. In certain instances,
the disruption of autoimmune tolerance can lead to an aberrant immune response where the
body’s immune system attacks its own tissues and cells, causing cellular or tissue damage
and associated clinical manifestations, ultimately resulting in autoimmune diseases [1-3].

Approximately 20% of the global population is impacted by over 100 distinct types
of autoimmune diseases. Among them, psoriasis (2-4%), rheumatoid arthritis (0.5-1%),
Graves’ disease (0.5%), Crohn’s disease (0.2-0.3%) and systemic involvement of systemic
lupus erythematosus were the most common [4]. As early as 1999, the World Health
Organization listed autoimmune diseases as the third major threat to human health after
cardiovascular diseases and cancer. After summarizing the different prevalence of Acquired
Immune Deficiency Syndrome (AIDs) in 11 countries, T Ngo found that the incidence of
AIDs in women was higher than that in men [5]. In the past few decades, the overall
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incidence of AIDs has shown an upward trend, which has brought harm to people’s life
and economy [3,6]. At present, the research on AIDs is multi-faceted, involving a variety of
pathways and microstates. Among them, ferroptosis is a more popular research direction.
Ferroptosis is a new type of programmed cell death different from apoptosis, which has
the characteristics of immunogenic cell death. Ferroptosis can be caused by abnormal
lipid accumulation in immune cells, which in turn can act on abnormal expression of
immune cell function [7]. Ferroptosis has been proved to play a role in different diseases,
and previous studies have also carried out experimental analysis and explanation of the
mechanism of ferroptosis in the immune system from different angles. In this paper, a
comprehensive review of multiple studies was conducted to examine the role of ferroptosis
in the immune system.

2. Overview and Important Components of Ferroptosis
2.1. Overview

The concept of ferroptosis is a form of programmed cell death (PCD) that is differ-
ent from apoptosis and autophagy, which was first proposed by Dixon et al. in 2012 [8].
Cellular features of ferroptosis include loss of membrane integrity, increased membrane
density, mitochondrial shrinkage, and rupture of the mitochondrial outer membrane, but
normal nuclear morphology [8]. Current studies suggest that ferroptosis is related to fatal
lipid peroxidation, and ferroptosis is also the result of imbalance of cellular metabolism
and redox homeostasis. After literature review, we found that ferroptosis plays an impor-
tant physiological role in the occurrence of neurodegenerative diseases, ischemic organ
damage [9], gastrointestinal system diseases, tumors, and immune diseases.

2.2. Important Components and Pathways of Ferroptosis

Ferroptosis is an iron-dependent form of regulated cell death characterized by
unchecked lipid peroxidation. Two central regulatory systems are the glutathione perox-
idase 4 (GPX4) axis and the system Xc~ pathway. GPX4, a selenoprotein, serves as the
primary antioxidant enzyme that reduces lipid hydroperoxides (L-OOH) to their corre-
sponding alcohols, thereby protecting cell membranes from peroxidative damage [10].
It relies on glutathione (GSH) as an essential co-factor. Inhibition or genetic deletion of
GPX4 leads to the accumulation of L-OOH, which, in the presence of redox-active iron,
propagates a destructive cascade via the Fenton reaction, culminating in ferroptosis [11].
Conversely, conditional knockout mouse models have demonstrated that GPX4 expression
in various tissues is crucial for preventing ferroptosis-related damage and subsequent
inflammation. The system Xc™ is a cystine/glutamate antiporter composed of subunits
SLC3A2 and SLC7A11 [12]. It is essential for the cellular uptake of cystine, which is subse-
quently reduced to cysteine for the synthesis of GSH. The well-characterized ferroptosis
inducer erastin inhibits system Xc™, depleting intracellular GSH and sensitizing cells to
ferroptosis [8]. Another inducer, RSL3, directly targets and inhibits GPX4 activity [13]. The
action of both inducers underscores the critical, complementary roles of system Xc~ and
GPX4 in regulating ferroptotic cell death. Furthermore, the activity of system Xc™ is closely
linked to the expression of SLC7A11, which can be transcriptionally regulated by factors
such as ATF3.

Amino acid metabolism, iron accumulation, and lipid peroxidation related to system
Xc™—-GSH are key biochemical processes underlying ferroptosis. This will be described in
the next section.
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3. Metabolism of Ferroptosis
3.1. Role of Amino Acid Metabolism in Ferroptosis

System Xc~ is an antiporter responsible for the exchange of glutamate and cystine,
playing an indispensable role in amino acid metabolism. On the extracellular side, it
facilitates cystine uptake, while intracellularly, it is crucial for the synthesis of cysteine
and GSH, thereby contributing to the cellular antioxidant defense system. In the 1950s,
Harry Eagle’s research demonstrated that amino acid deprivation, particularly cysteine
deficiency, resulted in cell death [14]. Additionally, his studies revealed that the endogenous
synthesis of cysteine from methionine and glucose provided a protective effect against
this cell death [15]. Cell survival depends on cysteine, which is an essential cellular
antioxidant. Cysteine is also a substrate of GSH [16], and cysteine can protect cells from
oxidative stress damage by promoting GSH synthesis. GSH is not only the most abundant
reductant in mammalian cells, but also a cofactor of many enzymes, which can reduce
the accumulation of lipid peroxides through oxidation reduction, thereby inhibiting the
occurrence of ferroptosis [17]. In addition to cystine, the common amino acid metabolism
also includes glutamic acid. Glutamine is the most abundant amino acid in blood and cell
culture media, and its dependent performance is regulated by SLC7A11 in system Xc™
and has an impact on cancer [18] which once again proves the importance of amino acid
metabolism for ferroptosis.

3.2. Role of Iron Metabolism in Ferroptosis

Iron, an essential element, exists in two primary redox states, ferrous (Fe**) and
ferric (Fe®"), and its dyshomeostasis is a pivotal driver of ferroptosis [19]. Excess cellular
iron, often termed labile iron, catalyzes the generation of lethal lipid peroxides through
two primary mechanisms: the Fenton reaction and by serving as a co-factor for enzymes
like arachidonate lipoxygenases (ALOXs). Systemic iron homeostasis is predominantly
regulated by the liver, but cellular iron metabolism is governed by key proteins including
transferrin (Tf), transferrin receptor 1 (TfR1), ferritin (the primary iron storage protein),
ferroportin (FPN/SLC40A1, the sole known iron exporter), and iron-responsive element-
binding proteins (IRPs). Dietary Fe®* is bound by circulating Tf and enters cells via
TfR1-mediated endocytosis. Within the endosome, Fe3* is reduced to Fe?" and transported
into the cytosol by divalent metal transporter 1 (DMT1). Cytosolic iron can be stored in
ferritin, utilized for metabolic processes, or exported via FPN. The critical role of iron
export in suppressing ferroptosis is demonstrated by evidence that overexpression of FPN
ameliorates ferroptosis, while its knockdown promotes it [17]. This establishes a direct link
between cellular iron handling and susceptibility to ferroptotic death [9].

The focus of this review is to explain the association between ferroptosis and immune
diseases.

3.3. Lipid Metabolism—An Important Link in Ferroptosis

Lipid metabolism is an important link in ferroptosis, and the occurrence of ferroptosis
is a death process driven by iron-dependent phospholipid peroxidation (PL), which is char-
acterized by the accumulation of iron-dependent lethal lipid peroxide (LPO) [9]. Reactive
oxygen species (ROS) are by-products of aerobic metabolism that are constantly produced,
converted and consumed in all living organisms. ROS can lead to DNA damage, genetic
instability and cell death by enhancing cell proliferation and survival [20]. It is well known
that mammalian cells contain a certain level of PUFA-PL and bioactive iron. In the presence
of bioactive iron, PUFA-PL can convert ROS into phospholipid peroxides (PLOOH) in
an enzymatic or non-enzymatic manner. If PLOOH is not effectively neutralized, it will
destroy the integrity of the plasma membrane and cause ferroptosis in vivo. There are
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many pathways to prevent lipid peroxidation, and the GPX4 pathway mentioned above
is the most classic inhibitory mode, which can catalyze the reduction in toxic PLOOH
to non-toxic Plol (PLOH) [21]. Moreover, GPX4 is the only enzyme that directly reduces
lipid hydroperoxides in biofilms, and it can convert GSH to oxidized glutathione disulfide
to reduce LPO, thus maintaining cell REDOX homeostasis [22]. In addition, there are
lipophilic free radical trapping antioxidants (RTA) that can terminate the propagation of
PL, thereby blocking ferroptosis caused by GPX4 deficiency [8]

In conclusion, the occurrence of ferroptosis is not a single factor, but a combination
of factors. Because ferroptosis has multiple triggers, the link to the immune system is not
unique. Next, we will describe the signaling pathways of ferroptosis and the immune
system to further elaborate the relationship between them (Figure 1).
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Figure 1. Mechanisms and signaling pathways of ferroptosis. The occurrence of ferroptosis is
predominantly associated with system Xc™, lipid peroxidation, and iron metabolism. System Xc™,
functioning as a cystine/glutamate antiporter, mediates the import of cystine into cells and the export
of glutamate. Intracellular cystine is reduced to cysteine, which participates in the biosynthesis of
GSH. GSH, under the catalytic action of GPX4, reduces lipid hydroperoxides (PLOOH)—which are
formed from PUFAs—to corresponding alcohols (such as PUFAs-OH), while GSH itself is oxidized
to oxidized glutathione (GSSG). In terms of iron metabolism, Tf loaded with two iron molecules
interacts with the cell membrane, releasing Fe®*, which is subsequently reduced to Fe?* via SLC40A1.
Mitochondria, through transporters like SLC25A28 and SLC25A37, participate in Fe?* metabolism,
thereby promoting the generation of ROS. When the activity of GPX4 is inhibited or the level of
GSH is insufficient, PLOOH accumulates, triggering lipid peroxidation. Meanwhile, ROS, in conjunc-
tion with Fe?*—related processes, exacerbates lipid peroxidation. Ultimately, the accumulation of
lipid peroxidation leads to ferroptosis, and the liver may be implicated in this process. Color Key:
Green: Cystine/Glutamate metabolism and Glutathione synthesis pathway. Yellow: Transferrin/iron
metabolism pathway. Blue: Mitochondrial ROS production. Red: Core process of lipid peroxidation
and ferroptosis.
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4. Ferroptosis and Signaling Pathways of the Immune System
4.1. The JAK/STAT Signaling Pathway

Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling
pathway is considered to be one of the central communication nodes in cellular functions.
Studies have found that JAK/STAT signaling pathway participates in the generation
of more than 50 cytokines and growth factors, and plays an important role in immune
regulation, which is closely related to various immune diseases [23].

4.1.1. JAK/STAT Signaling Pathway and Immune Response

STAT transcription factors are regulated by various cytokines and growth factors
and are involved in the regulation of immune responses in the microenvironment [24].
Myeloid-derived suppressor cells (MDSC) are derived from hematopoietic stem cells in
bone marrow and have immunosuppressive properties of adaptive and innate immunity.
A report in 2016 stated that VEGF, G-CSF, GM-CSE, FIt3L and other anti-inflammatory
cytokines (such as interleukin-6) can activate STAT signaling and regulate the proliferation
and activation of MDSC [25]. In particular, VEGF and IL-6 can activate STAT3 on MDSC
and accelerate the proliferation of MDSC [26]. IFN-y is a key cytokine in anti-tumor host
immunity, and blocking IFN-y or destroying STAT1 will affect the inhibitory effect of
MO-MDSCs [27]. Natural killer (NK) cells are important immune cells in the body and
participate in the occurrence of autoimmune diseases. Proliferation of NK cells depends on
IL-15 induced by STAT1 in the JAK/STAT signaling pathway [28]. In addition, STAT5 and
STATS5b are important transcription factors for NK cell activation and proliferation, and the
number of NK cells is significantly decreased in patients with STAT5b deficiency [29]. T
cells are also associated with immune responses, and the JAK/STAT pathway plays a key
role in T cells, which are the cells that produce the largest number of cellular immunities
among lymphocytes. T cells can differentiate into multiple effector subsets, among which
Treg cells play a regulatory role and suppress potential pathological immune responses.
Treg specific transcription factor is FoxP3 [30], and its promoter binds to STATS to promote
Treg differentiation [31]. Studies have shown that STAT3 and FoxP3 can also be used as
transcription factors to regulate the biological function of Treg [32].

Activation of the JAK/STAT pathway has been found to promote the progression of
various diseases, including various solid tumors [33], leukemia, inflammatory diseases,
and immune diseases [34].

4.1.2. JAK/STAT Signaling Pathway and Ferroptosis

IFN-y, a key cytokine in anti-tumor host immunity mentioned above, is not only
associated with the immune system, but also inhibits the transcription of Xc™ in erastin or
RSL3-induced cell death through the JAK/STAT signaling pathway, thereby increasing cell
sensitivity to ferroptosis activators [35]. In addition, it has been found that IFN-y interacts
with transcription factors in the JAK/STAT signaling pathway to affect cell ferroptosis.
IFN-y can promote the binding of STAT1 to SLC7A11, a member of the Xc~ family of the
system, thereby increasing lipid peroxidation in vivo and slowing the growth of xenograft
tumors, while STAT1 deficiency can reverse this situation [36]. Wang et al. further demon-
strated that IFN-y sensitizes adrenocortical carcinoma cells to erastin-induced ferroptosis
by downregulating SLC7A11 via the JAK/STAT pathway [37] Furthermore, in hepato-
cellular carcinoma, IFN-y was found to activate the JAK/STAT pathway, subsequently
downregulating the mRNA and protein levels of SLC3A2 and SLC7A11, key components
of system Xc™ [38] Beyond this, STAT family members are directly involved in regulating
the expression of ferroptosis-related molecules. Propofol, a widely used anesthetic, was
shown in a cellular study to induce ferroptosis in gastric cancer cells by upregulating
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miR-125b-5p, which suppresses STAT3 expression; this effect was reversed upon STAT3
overexpression [39]. Similarly, Zhao et al. reported that propofol could induce ferroptosis
in colorectal cancer cells by modulating STAT3 [40]. As mentioned, a hallmark of ferropto-
sis is iron accumulation, and maintaining iron homeostasis to prevent this accumulation
relies on the hormone hepcidin (corrected from ‘ferriregulin’). Research indicates that
the JAK/STAT signaling pathway is a key mechanism driving hepcidin expression [41].
Iron overload subsequently promotes ROS production via the Fenton reaction, leading to
cellular damage and death [38]. Certain therapeutics, such as dandelion polysaccharides in
hepatocellular carcinoma [42] and auranofin (corrected from ‘Jinnophin’) in rheumatoid
arthritis [43], exert their effects partly by modulating hepcidin through the JAK/STAT
pathway. Conversely, ferroptosis can also regulate the STAT pathway. It has been reported
that ferroptosis induction is associated with increased expression of interleukin-6 (IL-6)
and interleukin-8 (IL-8). This occurs because ferroptosis activates p38 MAPK, leading to
the subsequent phosphorylation and activation of STAT3, which promotes angiogenesis
and upregulates inflammatory cytokine expression, thereby contributing to disease patho-
genesis [44]. These studies collectively demonstrate a bidirectional crosstalk between the
JAK-STAT signaling pathway and ferroptosis, highlighting potential therapeutic avenues
for ferroptosis-related diseases.

4.2. NF-«xB Signaling Pathway
4.2.1. NF-«B Signaling Pathway and Immune Response

NEF-«B is a classical transcription factor, and its signaling pathways are activated by
different mechanisms, which can be divided into typical pathway and atypical pathway.
Activation of NF-«B signaling pathway is associated with apoptosis, viral replication, tu-
morigenesis, inflammation and various autoimmune diseases [44]. The classical NF-«B
pathway is activated by pro-inflammatory signals, Toll-like receptors (TLR) and lympho-
cyte receptors. TLR are pattern recognition receptors, which can recognize damage-related
molecular patterns and activate the expression of related receptors and inflammatory genes,
thus playing a protective role [37]. In addition, TLR is also crucial in the production of
autoantibodies, and studies have found that the pathogenesis of autoimmune diseases is
related to defective clearance of apoptotic cell debris [41]. Activation of the NF-kB signaling
pathway is also closely related to lymphoid tissue development and function. It not only
makes the development of myeloid thymic epithelial cells more clear, but also promotes the
maintenance and activation of mature lymphocytes [42], which is specifically manifested as
mediating T and B cell responses. The atypical pathway is mediated by NEMO and IKKf{3
independent IKKa dimer complexes. Recent studies have revealed that the non-classical
NEF-«B signaling pathway can regulate different aspects of immune function, and NIK is
the core component of the non-classical NF-«B pathway [43]. The first aspect pertains to
the impact on lymphocytes, which constitute a critical component of the body’s immune
response. The non-canonical NF-«B signaling pathway plays an essential role in mediating
the proper development of secondary lymphoid organs [45]. Research has demonstrated
that the loss of NIK function in mice with lymphatic dysplasia impairs lymph node de-
velopment and results in splenic structural abnormalities. Furthermore, mice deficient in
NIK exhibit severe defects in the development of primary lymphoid organs, specifically the
thymus. The non-canonical NF-«kB pathway facilitates dendritic cells (DCs) in recognizing
infections and tissue damage via pattern recognition receptors, enabling their maturation
into competent antigen-presenting cells. This process is pivotal for T cell generation and
activation and serves as a bridge between innate and adaptive immunity [46].

NIK serves as a central mediator in immune responses, and its abnormal activation or
expression is closely associated with the onset of immune-related diseases. For instance,
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experiments conducted on mice and NIK knockout mice revealed B cell deficiency due
to disordered lymph nodes, Peyer’s patches, and spleen structures. Additionally, NIK
mutations were identified in patients with combined immunodeficiency [46]. Furthermore,
individuals with NIK mutations exhibited deficiencies in follicular helper cells, memory
T cell populations, and natural killer cells [46]. These findings suggest that targeting NIK
could offer novel therapeutic strategies for autoimmune diseases. Highly selective and
potent small-molecule inhibitors of NIK have been shown to effectively treat experimental
lupus in NZB/WF1 mice [47]. Moreover, NIK plays a role in promoting inflammatory
activation of human endothelial cells in the synovial fluid of rheumatoid arthritis (RA)
patients, and NIK inhibitors demonstrate promising efficacy in treating RA [48]. Consistent
with this, the inflammatory activation of endothelial cells induced by synovial fluid from
RA patients was significantly attenuated following NIK knockdown [49]. Collectively,
these results indicate that targeting NIK represents a promising approach and methodology
for the treatment of immune-related disorders.

4.2.2. NF-kB Signaling Pathway and Ferroptosis

NEF-«B has long been recognized as a master regulator of inflammation. In a recent high-
throughput mRNA sequencing experiment, we found that cystine deprivation-induced
ferroptosis in smooth muscle cells was accompanied by activation of the NF-kB inflam-
matory signaling pathway, with sustained upregulation of p65 phosphorylation levels
during ferroptosis, suggesting that ferroptosis exacerbates inflammatory responses [50]
RSL3 is a well-characterized ferroptosis inducer that acts by inhibiting GPX4 activity,
thereby promoting lipid peroxidation [51]. In a cellular experiment, Li et al. [52] observed
that RSL3-induced ferroptosis in glioblastoma cells was characterized by elevated lipid
ROS and decreased GPX4 expression. Notably, inhibition of the NF-kB pathway by BAY
11-7082 attenuated RSL3-induced ferroptosis in vitro [53]. These findings indicate a close
link between NF-kB and ferroptosis. Based on this, we conducted further investigations,
suggesting that modulating ferroptosis may have therapeutic potential for ameliorating
certain diseases. In the classical NF-kB pathway, studies have found that miR-93-5p can
promote apoptosis and ferroptosis of granulosa cells and improve polycystic ovarian
syndrome (PCOS) by regulating the NF-«B signaling pathway [54]. Dimethyl fumarate
(DMF) alleviates neuroinflammation and ferroptosis in chronic cerebral hypoperfusion by
mediating NF-«B signaling pathway, significantly improves cognitive impairment, and
partially reverses hippocampal neuronal damage and loss [55]. Heat shock protein beta-1
(HSPB1) binding to Ik3-« and promoting its ubiquitin-mediated degradation can lead to
the activation of NF-«B signal transduction, and inhibition of ferroptosis can upregulate the
expression of HSPB1, thereby promoting the resistance to breast cancer treatment drugs [56].
Non-classical NF-«B activation has also been associated with ferroptosis. Specific knockout
or inhibition of NIK prevented excessive lipid peroxidation in primary hepatocytes, thereby
alleviating APAP-mediated hepatotoxicity in mice [57].

5. Ferroptosis in Immune Diseases
5.1. Rheumatoid Arthritis

RA is a chronic progressive inflammatory disease. Abnormal proliferation of fibroblast-
like synoviocytes (FLS) drives inflammatory signals leading to the appearance of RA. RA
usually affects the knee joint and elbow joint, which may lead to joint and periarticular
structure damage and systemic inflammation if not treated in time [58]. Moreover, RA is
characterized by the infiltration of immune cells in the joints [59], and the main clinical
symptoms are joint swelling, stiffness and pain, and even bone and joint deformation
and loss of function in severe cases [60]. According to the survey, the global incidence of
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RA is 0.5-1%, and it mostly occurs in women aged 30-50 years [61]. RA is the strongest
systemic immune system disease in autoimmune diseases, and it is difficult to treat clinically
and has many complications [62]. In recent years, ferroptosis has received widespread
attention in the treatment of inflammatory arthritis. A bioinformatics analysis found that
34 potential ferroptosis related genes found in RA were mainly enriched in HIF-1 signaling
pathway, FoxO signaling pathway, and ferroptosis pathway [63]. Most researchers hold
two explanations for the role of ferroptosis in RA:

First, excessive iron accumulation can damage osteoblasts. As early as in 1996, Fritz
conducted an experimental analysis of 86 synovium from patients with rheumatoid arthritis
(RA) or osteoarthritis (OA) and found that iron deposits in RA synovium were significantly
increased compared with OA patients [64]. Iron overload is one of the characteristics of
death, and the experimental evidence that iron overload is one of the culprits of osteoporosis
and bone fracture, the mice was discovered in the iron overload in mice model of [59] bone
balance is broken, and in vitro experiments have confirmed that iron overload can reduce
the activity of osteoblast [65]. In addition, in vitro iron was found in a mouse model of
hemophilia to lead to increased expression of the p53 binding protein mdm?2, which may
underlie the development of hemophilia synovitis [66]. The above studies have proved that
excessive iron in synovial fluid is positively correlated with the severity of RA, and iron
deposition can also aggravate RA by inducing ferroptosis in macrophages. Therefore, the
use of ferroptosis inhibitor (LPX-1) can alleviate the development of arthritis [67] (Table 1).

Table 1. Effect of different ferroptosis treatment routes on the disease.

Disease Approach Mechanism Effect Reference
o Mice with induced arthritis Effectlvely. relieve joint
By inhibiting the . swelling and
were treated with : L
RA occurrence ferroptosis inhibitor synovial hyperplasia in [68]
of ferroptosis (LPX-1) mice, inhibit
inflammation
By inhibiting the Wasp venom (WV) Ferroptosis inducers are
RA occurrence accumulates ROS to induce offec tiI\)/e in RA treatment [69]
of ferroptosis GPX4-mediated ferroptosis
For collagen-induced .
arthritis mice exhibiting a Ferroptosis 13ducer IKE
By inducing the significant increase in in ﬂamrcr?;cifn Zrcfi tissue
RA occurrence of fibroblast-like synoviocytes damace b [69]
ferroptosis (FLS), the ferroptosis . §e by
inducer IKE . reducmg the number of
was administered. fibroblasts in mouse synovium
Glycine promotes
By inducing the Glycine was used in the CIA ferroptosis by
RA occurrence mouse model and the effect  increasing the concentration of [70]
of ferroptosis was evaluated S-adenosylmethionine
(SAM) to treat RA
By inhibiting the Targeted activation of Effectively inhibit the
RA occurrence of N2 reduces ROS proliferation and migration [71]
ferroptosis of FSL
FLS isolated from RA
By inhibiting the patients were treated with Ferroptosis inhibitors can
RA occurrence of LPS and ferroptosis inhibit NCOA4-mediated iron [72]
ferroptosis inducers and ferroptosis phagocytosis to protect FLS

inhibitors, respectively
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Table 1. Cont.
Disease Approach Mechanism Effect Reference
Erucic acid regulates the
By inhibiting the Erucic acid was used to immune response of
SLE occurrence of suppress T cells in patients pathogenic T cells and [73]
ferroptosis with SLE improves pregnancy response
in SLE
The ferroptosis inhibitor
Liproxstatin-2 can reverse
By inhibiting the Erucic acid was used to the serum
SLE occurrence of suppress T cells in patients induced ferroptosis in [72,74]
ferroptosis with SLE proximal renal tubular
epithelial cells of LN patients
and improve LN symptoms
By inhibiting the Fer-‘};i‘g}llalsl\?[}é? if;uioegmce Fer-1 improved the increase in
PsO occurrence of Lo skin thickness and [75]
P . psoriasis-like L
erroptosis d .. dyskeratosis in mice
ermatitis
By inhibiting the The ferroptosis inhibitor Fer-1 Fe?—l 1ph1b1ts lipid
PsO occurrence of .. peroxidation to block the [76]
. was administered .
ferroptosis inflammatory response
By inhibiting the . Significantly upregulated
IBD occurrence of Use of CURina mouse GPX4 expression and [77]
P . model of colitis .
erroptosis decreased UC ferroptosis
e Significantly upregulated
By inhibiting the The expression of Furin GPX4 expression and
IBD occurrence of rotease was measured in UC decreased UC [78]
ferroptosis P ;
ferroptosis
By inhibiting Use of iron chelators Effectively reduce
IBD (including maltol and kojic y [79]

occurrence of
ferroptosis

o0, inflammation index
acid) in a male

Second, lipid peroxidation can cause bone damage and aggravate immune disorders.
Datta et al. measured the synovial fluid of RA patients by flow cytometry and found
the existence of a large number of ROS [80]. The results of another clinical experiment
showed that the levels of GSH and GPX4 in the blood of were reduced [80]. GSH can
inhibit the production of ROS and the occurrence of ferroptosis, and the decreased levels
indicate the increase in ROS in patients. In addition, studies have confirmed that the
tumor suppressor gene p53 is expressed in RA and FSL, and p53 can inhibit systemic
Xc™ by downregulating the expression of SLC7A11, resulting in a decrease in antioxidant
capacity and ROS accumulation in the body [81]. Similarly, Mateen et al. also detected ROS
production and lipid peroxidation in the blood of RA patients [82], indicating that ROS can
be used as a potential marker of RA disease progression. In addition, ROS is an important
element in the ROS/TNF-« feedback pathway, and the production of TNF-« depends on the
activation of NF-«B signaling pathway stimulated by ROS. Studies have shown that NF-«B
signaling pathway can activate p38/JNK signaling pathway to accelerate the progression
of RA [83]. Other studies have shown that wasp venom can not only reduce the level of
TNEF-« by inactivating JAK/STAT signaling pathway, but also accumulate ROS to induce
GPX4-mediated ferroptosis to treat RA [84]. The treatment of RA by inducing ferroptosis
is not unique. FLS was significantly increased in a mouse model of collagen-induced
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arthritis, and the use of ferroptosis inducer IKE could reduce the number of fibroblasts in
the synovium of mice, thereby reducing inflammation and tissue damage [68]. Glycine
can reduce the expression of GPX4 and FTH1 by increasing the methylation of GPX4
promoter mediated by the concentration of S-adenosine methionine (SAM) and reducing
the expression of FTH1 in RA and FLS, thereby enhancing ferroptosis and achieving the
effect of RA treatment [85]. Studies have found that targeted activation of Nrf2 can not
only reduce ROS, but also inhibit the proliferation and migration of FSL, indicating that
inhibition of ferroptosis can also improve RA. Similarly, inhibition of NCOA4-mediated
iron phagocytosis can protect RA and FLS from ferroptosis in LPS-induced inflammation
under hypoxia [86] (Table 1).

5.2. Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) is a typical autoimmune disease characterized
by excessive activation of the immune system, resulting in lesions of autoantibodies and
immune complexes, which may involve systemic tissues and organs [69]. The skin and
mucosa are mainly involved, and butterfly erythema occurs, accompanied by nervous
system involvement. Investigation shows that SLE is the most sex-different disease among
autoimmune diseases, with a male to female incidence rate of 1:9, which is more common
in young women [87]. Currently, the management of SLE remains imperfect, characterized
by high treatment costs and numerous sequelae, which impose significant psychological
stress and economic burdens on patients.

The accumulation of iron has been proven to be closely related to the onset of SLE [88].
Lupus nephritis (LN) is one of the most severe manifestations of lupus, and most patients
will develop this condition within 5 years after the diagnosis of SLE [70]. In the kidneys of
LN mouse models and in human autoimmune inflammatory diseases, the accumulation
of iron increases [71,72]. Ferritin is a major iron regulator and an endogenous protective
molecule against ferroptosis [88]. Yogesh et al. discovered that after establishing a lupus
nephritis mouse model and treating it with hepatic ferritin, the ferritin levels in the kidneys
of lupus nephritis mice significantly increased. This may help reduce iron deposition in
the kidneys and the infiltration of immune cells in the kidneys, thereby further improving
the condition of kidney inflammation [89]. In addition, the accumulation of ROS and
lipid peroxidation play a crucial role in SLE. In the experiments of LN mice, in addition
to the accumulation of iron, it was also observed that excessive ROS accumulation in
renal tubular epithelial cells (RTEC) would exacerbate inflammation and fibrosis, leading
to kidney damage and the progression of chronic kidney disease [90]. And using the
lipid ROS inhibitor lipistat-1 can effectively inhibit the lipid ROS level in neutrophils and
significantly improve the lupus model in mice [91]. Moreover, in patients with SLE, we
found that lipid oxidative stress biomarkers, such as malondialdehyde (MDA), 4-hydroxy-
nonenal (HNE), conjugated diene (CD), and isoprostanes, were significantly elevated and
positively correlated with the disease activity of SLE [92]. These findings all confirm that
iron deposition and lipid peroxidation play important roles in the development of SLE.

Neutrophils are the main immune cells in the circulation and are important in both
innate and adaptive immunity [93]. Neutrophil death in SLE may serve as an autoantigen
to induce interferon (IFN) production, thereby contributing to the pathogenesis of SLE [94].
Li et al. demonstrated that GPX4-induced ferroptosis of neutrophils causes the emergence
of autoimmune diseases [95]. In addition, B cells also play an important role in maintaining
immune homeostasis, and higher ROS levels affect the activation and differentiation process
of B cells [91], while GPX4 is also essential in preventing ferroptosis of B cells [73]. In
addition, studies have found that iron in T cells of SLE patients is increased compared
with normal people [96], and GSH level in T cells of SLE patients is lower, and the degree
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of GSH reduction is related to mitochondrial hyperpolarization and increased ROS [97].
Therefore, SLE can be improved by mediating T cells, such as erucic acid inhibiting the
effector function of T cells and improving the pregnancy response of SLE [74].

Kidney is one of the most severely damaged organs in SLE. Iron deposition and
severe lipid peroxidation in the kidney have been observed in lupus-susceptible mouse
models [98]. Iron accumulation in the kidneys of LN mice leads to albuminuria and
transferrin uria [99], which can be prevented and alleviated by the ferroptosis inhibitor
liproxstatin-2 [71]. In addition, the typical manifestation of SLE is skin lesions. Studies have
found that the increase in skin iron content after ultraviolet B radiation exposure leads to
excessive accumulation of ROS and GSH depletion, leading to the death of immunogenic
keratinocytes, thereby causing skin inflammation [100] (Table 1).

5.3. Psoriasis

Psoriasis (PsO) is a common chronic autoimmune skin disease. The occurrence of
psoriasis is related to the activation of abnormal infiltrating immune cells, excessive pro-
liferation of keratinocytes and accumulation of inflammatory cytokines [101]. PsO is the
autoimmune disease with the highest incidence at present. According to statistics, about
125 million people worldwide suffer from psoriasis, and the incidence rate is as high as
2-4% [102]. PsO clinically presents with localized or extensive erythema, papules, and
desquamation, and even pruritus. According to different clinical manifestations, PsO is
divided into four types, including plaque psoriasis, spotting psoriasis, erythrodermic psori-
asis and pustular psoriasis, among which plaque psoriasis is the most common, accounting
for 80-90% of the total incidence [103]. Unlike other autoimmune diseases, while persistent
inflammation in PsO is the primary cause, genetic and environmental factors also play
important roles [102]. PsO has a strong genetic susceptibility, with a prevalence of up to
17.7% in first-degree relatives of PsO, which is mainly related to alleles in the major histo-
compatibility complex genetic region in the short arm of chromosome 6 [104]. In addition,
obesity [105], smoking [106], and bacterial infection [107] were all positively associated
with the development of PsO. These external causes can trigger immune inflammatory
responses in genetically predisposed patients under certain conditions. The relationship
between ferroptosis and inflammatory diseases has been mentioned many times before,
and PsO is no exception.

Studies have shown that the occurrence of skin diseases is mainly related to oxidative
stress in the skin microenvironment, and the anti-oxidative imbalance in the external envi-
ronment is the key to the pathogenesis of skin diseases [75]. The research conducted by
Selvin et al. [108] indicates that for patients with long-term psoriasis, the concentrations
of blood selenium in their plasma and red blood cells are significantly reduced. Selenium
is a necessary trace element, and its main function is to protect the skin from harmful
environmental factors. The well-known GPX4 protein is also a type of selenium protein.
It is one of the main antioxidant reductases that eliminate lipid peroxidation products.
Compared to healthy skin, the iron content in the skin cells of psoriasis patients increases,
while the expression of GPX4 is downregulated [106]. This may be due to the fact that the
low selenium content affects the synthesis of GPX4, thereby leading to the occurrence of
lipid peroxidation and ferroptosis. In another study, it was also found that the GPX4 in
keratinocytes of psoriasis patients was significantly reduced, and lipid peroxidation was
enhanced [107]. Keratinocytes play a crucial role in psoriasis, and their death can exacerbate
the inflammatory effect [76]. Moreover, gene database analysis shows that genes related to
ferroptosis in psoriasis are involved in the regulation of immune microenvironment [109].
For example, acyl-coa synthetase long-chain family member 4 (ACSL4) can enhance in-
flammatory response by promoting lipid peroxidation and activating ferroptosis [110].
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Therefore, we can infer that modulating ferroptosis is a new approach for treating psoriasis.
Ferroptostain-1 (Fer-1) is an aromatic amine antioxidant and also a ferroptosis inhibitor.
Studies have shown that Fer-1 can inhibit ferroptosis by blocking the production of lipid
reactive oxygen species induced by Erastin, effectively treating psoriasis [76]. This might be
because Fer-1 blocks the inflammatory response and alleviates skin damage by inhibiting
lipid peroxidation [111]. In a mouse model of psoriasis-like skin disease induced by im-
iquimod, the application of Fer-1 significantly improved skin thickness and keratinization
disorders [75]. These findings also provide new ideas for preventing and treating psoriasis
by inhibiting ferroptosis (Table 1).

5.4. Inflammatory Bowel Disease

Inflammatory bowel disease (IBD) is a chronic inflammatory disorder of the gas-
trointestinal tract, clinically categorized into CD and ulcerative colitis (UC). CD typically
manifests as widespread transmural inflammation of the gastrointestinal tract, whereas
UC primarily affects the left side of the colon [112]. The most common early symptom
of IBD is bloody diarrhea, with over 90% of UC patients reporting rectal bleeding [113].
Other frequent intestinal symptoms include abdominal pain, tenesmus, fecal incontinence,
and vomiting [114], and in severe cases, it can lead to arthritis, liver dysfunction, and skin
lesions [112]. Research has found that the pathogenesis of IBD is driven by the interaction
of genetic and environmental factors. Environmental exposures such as diet, smoking,
medication, and family history can disrupt the immune system [115], leading to abnormal
responses of the gut microbiota [116]. Numerous studies have demonstrated the involve-
ment of various pro-inflammatory cytokines, such as Th17, IL-1§3, and IFN-y. In UC, IL-13
has been shown to promote the development of intestinal inflammation [117]. In CD, IL-17
produced by Th17 is considered a crucial inflammatory factor in its pathogenesis, capable
of activating STAT3 to induce a strong inflammatory response [118], and the inhibition of
IL-17A can reduce the occurrence of inflammation [119].

Ferroptosis is a form of cell death, which plays a pivotal role in epithelial renewal,
tissue homeostasis and chronic inflammation of intestinal epithelial cells [120]. Intesti-
nal epithelial cells are highly selective barriers between the intestinal lumen and cells
in the lower layer of the immune system, and stress in the endoplasmic reticulum can
promote the development of chronic intestinal inflammation by downregulating tissue
homeostasis [121]. Iron exposure to intestinal epithelial cells can easily trigger endoplasmic
reticulum stress [122]. The involvement of ferroptosis has been widely confirmed in nu-
merous studies. Some genes related to ferroptosis are involved in the regulation of lipid
or iron metabolism, such as ACSL4, acyl-CoA synthase family member 2, GPX4 carrier
SLC38A1, and glucose-6-phosphate dehydrogenase. These genes have been proven to show
significant changes in ulcerative colitis specimens [77,78]. These changes led to increased
iron deposition, decreased GSH levels, inactivation of GPX4, and lipid peroxidation in
intestinal cells. Overall, they caused intestinal cell death and persistent inflammation,
which further damaged the intestinal tissue and barrier [79,123,124].

In fact, reports of chronic inflammation of the gastrointestinal tract caused by iron
exposure are not single. A Japanese study showed that either excessive dietary iron intake
or oral iron treatment aggravated UC [125], and Carrier’s study also demonstrated that
excessive iron aggravated intestinal inflammation [126]. Iron overload will increase the
disease activity of IBD, which is due to the damage of iron overload to the intestinal
antioxidant defense system, resulting in increased ROS and oxidative stress response. In
addition, the ROS production detected in the colonic mucosa of IBD patients is also a strong
demonstration [127]. Therefore, we reasoned that inhibition of the onset of ferroptosis
could improve IBD. Curculigoside (CUR) is a natural ingredient with antioxidant and
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anti-inflammatory effects. The use of CUR in a mouse model of colitis can significantly
upregulate the active expression of GPX4 and reduce the occurrence of ferroptosis in
UC [128]. We know that GPX4 is an important antioxidant enzyme, and Dong found that by
upregulating the expression of GPX4 in UC, it can significantly inhibit ferroptosis, thereby
improving UC symptoms [129]. In the male Wistar rat model, the use of iron chelating
agents (including maltol and kojic acid) can effectively reduce the inflammatory index [130].
These data indicate that ferroptosis inhibitors have a significant effect on IBD (Table 1).

5.5. Multiple Sclerosis

Multiple sclerosis (MS) is an autoimmune disease mediated by T cells, with common
clinical manifestations of movement disorders, focal demyelination in the brain stem and
spinal cord, which is the main cause of disability in young people [131]. In recent years,
the prevalence of MS has shown an increasing trend [132], with its incidence rising as
latitude increases [133]. Consequently, the etiology of MS is believed to be associated with
environmental factors and geographical location [134]. Furthermore, exposure to ultraviolet
B (UVB) radiation, Epstein—-Barr (EB) virus infection, obesity, and smoking have been
identified as potential contributors that may exacerbate the condition of MS [135]. GPX4 is
broadly expressed in neurons and glial cells, where it plays a critical role in protecting these
cells from oxidative stress [136]. Both GPX4 mRNA and protein levels are reduced, while
lipid peroxidation is elevated in the brains of MS patients [135]. Additionally, MRI imaging
has revealed an increased iron concentration in gray matter structures, providing evidence
that ferroptosis is implicated in the pathogenesis of MS [137]. At present, the pathogenesis
of ferroptosis in MS is not clear, and some researchers believe that oxidative stress caused
by iron accumulation is one of the causes. Iron accumulation promotes neurodegeneration
through pro-inflammatory mechanisms and mitochondrial dysfunction [138], and can also
lead to impaired cerebral venous drainage [139].

The aforementioned studies indicate that ferroptosis inhibitors hold potential as thera-
peutic agents for MS. Fer-1, a commonly utilized ferroptosis inhibitor, has been shown to
effectively prevent Cuprizone-induced loss of oligodendrocytes and myelin in demyeli-
nated mice, thereby alleviating symptoms associated with MS [140]. DMF, a drug approved
by the FDA for the treatment of MS, exerts its therapeutic effects by mitigating oxidative
stress damage through the NRF2/NF-«B signaling pathway, thereby demonstrating signifi-
cant anti-inflammatory and antioxidant properties [55,141]. Additionally, DMF has been
shown to ameliorate chronic cerebral insufficiency, markedly elevate GSH levels, reduce
iron expression, and alleviate hippocampal neuronal damage in rat models. Another FDA-
approved agent, Desferrione (DFP), serves as a potent inhibitor of ferroptosis and is utilized
in the treatment of iron overload disorders [142]. In a lysophospholipid-induced mouse
model of focal demyelination in the optic nerve, DFP effectively attenuates the proliferation
of microglia and astrocytes, as well as the associated myelin loss [143] (Table 1).

5.6. Type I Diabetes

Type 1 Diabetes Mellitus (T1DM) is also a chronic autoimmune disease characterized
by pancreatic 3-cell damage. According to statistical analysis of epidemiological data,
T1DM is more common in adults [144], and its incidence is related to diet and living
habits [145]. Research has demonstrated that diets rich in meat and protein are associated
with an increased risk of developing T1DM [134,146]. This correlation is attributed to
the propensity of such diets to induce hypercholesterolemia and obesity. Hypercholes-
terolemia, in turn, exacerbates oxidative stress, leading to the apoptosis of pancreatic
[-cells [147]. Furthermore, obesity triggers a state of low-grade inflammation, wherein
infiltrating macrophages release pro-inflammatory cytokines, thereby intensifying 3-cell
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autoimmunity [148]. The pro-inflammatory cytokine IFN-y has been shown to directly
impair the function and viability of 3-cells in cyclophosphamide-induced autoimmune
diabetic mice [149]. The secretion of pro-inflammatory cytokines is closely associated with
the activation of autoreactive T cells and the generation of ROS [150]. Moreover, lipid
metabolism plays a significant role in the pathogenesis of TIDM. Free fatty acids (FFAs),
which are crucial components of lipids, have been implicated in this process. Lipidomic
analysis of serum FFAs in infants and young children revealed that T1IDM significantly
impacts the activity of lipid elongases [151]. Research has demonstrated that elevated
levels of FFAs not only diminish peripheral insulin sensitivity but also contribute to (3-cell
dysfunction and apoptosis [152]. Long-term supplementation with w-3 polyunsaturated
fatty acids in children who have a genetic predisposition to TIDM during early stages of
life can significantly reduce the likelihood of developing islet autoimmune diseases [153].
w-3 polyunsaturated fatty acids and their bioactive derivatives have been shown to ef-
fectively suppress the inflammatory and immune responses associated with TIDM by
modulating the NF-«B signaling pathway [154]. Studies have demonstrated that NaHS can
effectively inhibit the release of pro-inflammatory cytokines and alleviate depression-like
and anxiety-like behaviors induced by TIDM. The underlying mechanism is associated
with reducing iron accumulation and oxidative stress, while increasing the expression of
GPX4 and SLC7A11, thereby significantly mitigating ferroptosis in mouse models [155].
Furthermore, berberine (BBR) has been identified as a GPX4-targeting agent that effectively
inhibits ferroptosis in pancreatic beta cells [156]. In addition, human umbilical cord mes-
enchymal stem cells (HUCMSCs) have been shown to significantly increase iron content
and ROS levels in the penile tissue, leading to a notable improvement in erectile dysfunc-
tion in diabetic rats. Concurrently, HUCMSCs were found to markedly downregulate
the expression of key lipid metabolism genes [157]. These findings collectively suggest a
strong association between T1DM and ferroptosis, and further indicate that the inhibition
of ferroptosis can ameliorate TIDM-related complications (Table 1).

6. Conclusions

Ferroptosis, an iron-dependent form of programmed cell death driven by lipid per-
oxidation, plays a dual role in autoimmune diseases: it can suppress inflammation by
eliminating hyperactivated immune cells (e.g., fibroblast-like synoviocytes in RA) while
exacerbating tissue damage through iron overload and lipid peroxidation (e.g., neutrophil
ferroptosis in SLE). Its regulatory network involves crosstalk between signaling pathways
(e.g., JAK/STAT, NF-kB) and metabolism of amino acids, iron, and lipids. For instance,
IFN-y downregulates system Xc~ via JAK/STAT to enhance ferroptosis sensitivity in can-
cer cells, whereas the NF-«B pathway influences macrophage iron metabolism through
ferritinophagy. This tissue-specific dynamic regulation provides novel therapeutic targets
but also poses challenges, including disease-specific mechanistic heterogeneity (e.g., protec-
tive ferroptosis in RA vs. pathogenic ferroptosis in SLE, insufficient drug selectivity, and
complex metabolic interactions.

Future research must integrate interdisciplinary approaches, such as spatial transcrip-
tomics to map ferroptosis in situ, Al-driven drug design, and humanized organoid models
for translational validation. Key directions include developing tissue-targeted ferroptosis
modulators (e.g., liposome-encapsulated GPX4 agonists), exploring combination therapies
(e.g., ferroptosis inhibitors with anti-TNF-a monoclonal antibodies), deciphering crosstalk
between ferroptosis and other cell death modalities (e.g., pyroptosis), and investigating
metabolic reprogramming effects on ferroptosis susceptibility. These advancements will
shift treatment strategies from “one-size-fits-all” approaches to precision regulation of
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the immune-metabolic—ferroptosis axis, opening new frontiers for autoimmune disease
therapy.
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Abbreviations
Summary of Abbreviations Appearing in This Article.

Abbreviation Full Title

JAK/STAT pathway Janus kinase/signal transducer and activator of transcription signaling pathway
NF-«B pathway Nuclear Factor kappa-light-chain-enhancer of activated B cells
AlDs Acquired Immune Deficiency Syndrome
PCD Programmed cell death

GPX4 Glutathione peroxidase 4

GSH Glutathione

L-OOH Lipid hydroperoxides

ATF3 Automotive Transmission Fluid3
ALOXs Arachidonate lipoxygenases

TfR1 Transferrin receptor 1

Tf Transferrin

IRPs Iron-responsive element-binding proteins
DMT1 Divalent metal transporter 1

PL Peroxidation

LPO Lipid peroxide

ROS Reactive oxygen species

PUFA Polyunsaturated fatty acids

PLOOH Phospholipid peroxides

RTA Radical trapping antioxidants

MDSC Myeloid-derived suppressor cells

VEGF Vascular endothelial growth factor

NK Natural killer

IL-6 Interleukin-6

TLR Toll-like receptors

NIK NF-«B inducing kinase

DCs Dendritic cells

PCOS Polycystic ovarian syndrome

DMF Dimethyl fumarate

HSPB1 Heat shock protein beta-1

FLS Fibroblast-like synoviocytes

RA Rheumatoid Arthritis

OA Osteoarthritis

SLE Systemic lupus erythematosus
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LN Lupus nephritis

RTEC Renal tubular epithelial cells

MDA Malondialdehyde

HNE Hydroxynonenal

CD Conjugated diene

IFN Interferon

UVB Ultraviolet B radiation

PsO Psoriasis

ACSL4) Acyl-coa synthetase long-chain family member 4
IBD Inflammatory Bowel Disease

CD Crohn’s disease

ucC Ulcerative colitis

MS Multiple sclerosis

DFP Desferrione

T1DM Type 1 Diabetes Mellitus

FFAs Free fatty acids

HUCMSCs Human umbilical cord mesenchymal stem cells
MHC Major Histocompatibility Complex

APC Antigen-Presenting Cell

References

1.

10.

11.

12.
13.

14.

15.

16.
17.

Song, Y.; Li, J.; Wu, Y. Evolving understanding of autoimmune mechanisms and new therapeutic strategies of autoimmune
disorders. Signal Transduct. Target. Ther. 2024, 9, 263. [CrossRef]

Chen, C.; Wang, P.; Zhang, R.-D.; Fang, Y.; Jiang, L.-Q.; Fang, X.; Zhao, Y.; Wang, D.-G.; Ni, ].; Pan, H.-F. Mendelian randomization
as a tool to gain insights into the mosaic causes of autoimmune diseases. Autoimmun. Rev. 2022, 21, 103210. [CrossRef]

Gao, W.,; Zhang, T.; Wu, H. Emerging Pathological Engagement of Ferroptosis in Gut Diseases. Oxid. Med. Cell Longev. 2021,
2021, 4246255. [CrossRef]

Huang, J.; Zhang, J.; Ma, J.; Ma, ].; Liu, J.; Wang, F; Tang, X. Inhibiting Ferroptosis: A Novel Approach for Ulcerative Colitis
Therapeutics. Oxid. Med. Cell Longev. 2022, 2022, 9678625. [CrossRef] [PubMed]

Conrad, N.; Misra, S.; Verbakel, ].Y.; Verbeke, G.; Molenberghs, G.; Taylor, PN.; Mason, J.; Sattar, N.; McMurray, J.].V.; McInnes,
L.B.; et al. Incidence, prevalence, and co-occurrence of autoimmune disorders over time and by age, sex, and socioeconomic
status: A population-based cohort study of 22 million individuals in the UK. Lancet 2023, 401, 1878-1890. [CrossRef]

Ngo, S.T.; Steyn, EJ.; McCombe, P.A. Gender differences in autoimmune disease. Front. Neuroendocrinol. 2014, 35, 347-369.
[CrossRef] [PubMed]

Wang, L.; Wang, F.; Gershwin, M.E. Human autoimmune diseases: A comprehensive update. J. Intern. Med. 2015, 278, 369-395.
[CrossRef]

Miller, EW. The increasing prevalence of autoimmunity and autoimmune diseases: An urgent call to action for improved
understanding, diagnosis, treatment, and prevention. Curr. Opin. Immunol. 2023, 80, 102266. [CrossRef]

Maahs, D.M.; West, N.A.; Lawrence, ].M.; Mayer-Davis, E.]. Epidemiology of type 1 diabetes. Endocrinol. Metab. Clin. North Am.
2010, 39, 481-497. [CrossRef] [PubMed]

Dixon, S.J.; Lemberg, K.M.; Lamprecht, M.R.; Skouta, R.; Zaitsev, E.M.; Gleason, C.E.; Patel, D.N.; Bauer, A.].; Cantley, A.M.; Yang,
W.S,; et al. Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell 2012, 149, 1060-1072. [CrossRef]

Jiang, X.; Stockwell, B.R.; Conrad, M. Ferroptosis: Mechanisms, biology and role in disease. Nat. Rev. Mol. Cell Biol. 2021,
22,266-282. [CrossRef]

Eagle, H. Nutrition needs of mammalian cells in tissue culture. Science 1955, 122, 501-514. [CrossRef]

Conrad, M.; Pratt, D.A. Publisher Correction: The chemical basis of ferroptosis. Nat. Chem. Biol. 2019, 15, 1137-1147; Correction
in Nat. Chem. Biol. 2020, 16, 223-224. [CrossRef] [PubMed]

Bridges, R.J.; Natale, N.R,; Patel, S.A. System Xc™ cystine/glutamate antiporter: An update on molecular pharmacology and
roles within the CNS. Br. J. Pharmacol. 2012, 165, 20-34. [CrossRef] [PubMed]

Xie, Y.; Hou, W.; Song, X; Yu, Y.; Huang, J.; Sun, X.; Kang, R.; Tang, D. Ferroptosis: Process and function. Cell Death Differ. 2016,
23,369-379. [CrossRef] [PubMed]

Xie, Y.; Kang, R.; Klionsky, D.J.; Tang, D. GPX4 in cell death, autophagy, and disease. Autophagy 2023, 19, 2621-2638. [CrossRef]
Xu, C; Sun, S,; Johnson, T.; Qi, R.; Zhang, S.; Zhang, J.; Yang, K. The glutathione peroxidase Gpx4 prevents lipid peroxidation and
ferroptosis to sustain Treg cell activation and suppression of antitumor immunity. Cell Rep. 2021, 35, 109235. [CrossRef]


https://doi.org/10.1038/s41392-024-01952-8
https://doi.org/10.1016/j.autrev.2022.103210
https://doi.org/10.1155/2021/4246255
https://doi.org/10.1155/2022/9678625
https://www.ncbi.nlm.nih.gov/pubmed/35378823
https://doi.org/10.1016/S0140-6736(23)00457-9
https://doi.org/10.1016/j.yfrne.2014.04.004
https://www.ncbi.nlm.nih.gov/pubmed/24793874
https://doi.org/10.1111/joim.12395
https://doi.org/10.1016/j.coi.2022.102266
https://doi.org/10.1016/j.ecl.2010.05.011
https://www.ncbi.nlm.nih.gov/pubmed/20723815
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1126/science.122.3168.501
https://doi.org/10.1038/s41589-019-0434-z
https://www.ncbi.nlm.nih.gov/pubmed/31896823
https://doi.org/10.1111/j.1476-5381.2011.01480.x
https://www.ncbi.nlm.nih.gov/pubmed/21564084
https://doi.org/10.1038/cdd.2015.158
https://www.ncbi.nlm.nih.gov/pubmed/26794443
https://doi.org/10.1080/15548627.2023.2218764
https://doi.org/10.1016/j.celrep.2021.109235

Int. J. Mol. Sci. 2025, 26, 10449 17 of 22

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Meister, A. Glutathione metabolism. Methods Enzymol. 1995, 251, 3-7. [CrossRef]

Shi, Z.-Z.; Osei-Frimpong, ].; Kala, G.; Kala, S.V,; Barrios, R.J.; Habib, G.M.; Lukin, D.]J.; Danney, C.M.; Matzuk, M.M.; Lieberman,
M.W. Glutathione synthesis is essential for mouse development but not for cell growth in culture. Proc. Natl. Acad. Sci. USA 2000,
97,5101-5106. [CrossRef]

Timmerman, L.A.; Holton, T.; Yuneva, M.; Louie, R.]J.; Padré, M.; Daemen, A.; Hu, M.; Chan, D.A.; Ethier, S.P,; Veer, L.].v.; et al.
Glutamine sensitivity analysis identifies the xCT antiporter as a common triple-negative breast tumor therapeutic target. Cancer
Cell 2013, 24, 450-465. [CrossRef]

Silvestri, L.; Pettinato, M.; Furiosi, V.; Volpe, L.B.; Nai, A.; Pagani, A. Managing the Dual Nature of Iron to Preserve Health. Int. ].
Mol. Sci. 2023, 24, 3995. [CrossRef]

Moloney, J.N.; Cotter, T.G. ROS signalling in the biology of cancer. Semin. Cell Dev. Biol. 2018, 80, 50-64. [CrossRef]

Ursini, F; Maiorino, M.; Valente, M.; Ferri, L.; Gregolin, C. Purification from pig liver of a protein which protects liposomes and
biomembranes from peroxidative degradation and exhibits glutathione peroxidase activity on phosphatidylcholine hydroperox-
ides. Biochim. Biophys. Acta 1982, 710, 197-211. [CrossRef]

Brigelius-Flohé, R.; Maiorino, M. Glutathione peroxidases. Biochim. Biophys. Acta 2013, 1830, 3289-3303. [CrossRef]

Hu, X.; Li, J.; Fu, M.;; Zhao, X.; Wang, W. The JAK/STAT signaling pathway: From bench to clinic. Signal Transduct. Target. Ther.
2021, 6, 402. [CrossRef]

Hu, Q.; Bian, Q.; Rong, D.; Wang, L.; Song, ].; Huang, H.-S.; Zeng, ].; Mei, ].; Wang, P.-Y. JAK/STAT pathway: Extracellular signals,
diseases, immunity, and therapeutic regimens. Front. Bioeng. Biotechnol. 2023, 11, 1110765. [CrossRef] [PubMed]

Ko, H.-J.; Kim, Y.-]. Signal transducer and activator of transcription proteins: Regulators of myeloid-derived suppressor cell-
mediated immunosuppression in cancer. Arch. Pharm. Res. 2016, 39, 1597-1608. [CrossRef] [PubMed]

Jayaraman, P; Parikh, F; Lopez-Rivera, E.; Hailemichael, Y.; Clark, A.; Ma, G.; Cannan, D.; Ramacher, M.; Kato, M.; Overwijk,
W.W,; et al. Tumor-expressed inducible nitric oxide synthase controls induction of functional myeloid-derived suppressor cells
through modulation of vascular endothelial growth factor release. J. Immunol. 2012, 188, 5365-5376. [CrossRef] [PubMed]
Movahedi, K.; Guilliams, M.; Bossche, ].V.D.; Bergh, R.V.D.; Gysemans, C.; Beschin, A.; De Baetselier, P.; Van Ginderachter, J.A.
Identification of discrete tumor-induced myeloid-derived suppressor cell subpopulations with distinct T cell-suppressive activity.
Blood 2008, 111, 4233-4244. [CrossRef]

Becknell, B.; Caligiuri, M.A. Interleukin-2, interleukin-15, and their roles in human natural killer cells. Adv. Immunol. 2005,
86,209-239. [CrossRef]

Bernasconi, A.; Marino, R.; Ribas, A.; Rossi, J.; Ciaccio, M.; Oleastro, M.; Ornani, A.; Paz, R.; Rivarola, M.A.; Zelazko, M.; et al.
Characterization of immunodeficiency in a patient with growth hormone insensitivity secondary to a novel STAT5b gene mutation.
Pediatrics 2006, 118, e1584—e1592. [CrossRef]

Zhou, L.; Chong, M.M.W,; Littman, D.R. Plasticity of CD4+ T cell lineage differentiation. Immunity 2009, 30, 646—-655. [CrossRef]
Burchill, M.A.; Yang, ]J.; Vogtenhuber, C.; Blazar, B.R.; Farrar, M.A. IL-2 receptor beta-dependent STAT5 activation is required for
the development of Foxp3+ regulatory T cells. J. Immunol. 2007, 178, 280-290. [CrossRef]

Woods, D.M.; Ramakrishnan, R.; Laino, A.S.; Berglund, A.E.; Walton, K.; Betts, B.C.; Weber, J.S. Decreased Suppression and
Increased Phosphorylated STAT3 in Regulatory T Cells are Associated with Benefit from Adjuvant PD-1 Blockade in Resected
Metastatic Melanoma. Clin. Cancer Res. 2018, 24, 6236—6247. [CrossRef] [PubMed]

Reddy, D.; Kumavath, R.; Ghosh, P; Barh, D. Lanatoside C Induces G2/M Cell Cycle Arrest and Suppresses Cancer Cell Growth
by Attenuating MAPK, Wnt, JAK-STAT, and PI3K/AKT/mTOR Signaling Pathways. Biomolecules 2019, 9, 792. [CrossRef]
[PubMed]

Xin, P; Xu, X,; Deng, C.; Liu, S.; Wang, Y.; Zhou, X.; Ma, H.; Wei, D.; Sun, S. The role of JAK/STAT signaling pathway and its
inhibitors in diseases. Int. Immunopharmacol. 2020, 80, 106210. [CrossRef] [PubMed]

Kong, R.; Wang, N.; Han, W.; Bao, W.; Lu, J. IFNy-mediated repression of system xc(-) drives vulnerability to induced ferroptosis
in hepatocellular carcinoma cells. J. Leukoc. Biol. 2021, 110, 301-314. [CrossRef]

Wang, W.; Green, M.; Choi, J.E.; Gijéon, M.; Kennedy, P.D.; Johnson, ] K.; Liao, P.; Lang, X.; Kryczek, I; Sell, A.; et al. CD8(+) T cells
regulate tumour ferroptosis during cancer immunotherapy. Nature 2019, 569, 270-274. [CrossRef]

Jounai, N.; Kobiyama, K.; Takeshita, F,; Ishii, K.J. Recognition of damage-associated molecular patterns related to nucleic acids
during inflammation and vaccination. Front. Cell Infect. Microbiol. 2012, 2, 168. [CrossRef]

Roembhild, K.; von Maltzahn, F.; Weiskirchen, R.; Kntichel, R.; von Stillfried, S.; Lammers, T. Iron metabolism: Pathophysiology
and pharmacology. Trends Pharmacol. Sci. 2021, 42, 640-656. [CrossRef]

Liu, Y.-P; Qiu, Z.-Z,; Li, X.-H.; Li, E.-Y. Propofol induces ferroptosis and inhibits malignant phenotypes of gastric cancer cells by
regulating miR-125b-5p /STAT3 axis. World ]. Gastrointest. Oncol. 2021, 13, 2114-2128. [CrossRef]

Zhao, X.; Chen, E. Propofol induces the ferroptosis of colorectal cancer cells by downregulating STAT3 expression. Oncol. Lett.
2021, 22, 767. [CrossRef]


https://doi.org/10.1016/0076-6879(95)51106-7
https://doi.org/10.1073/pnas.97.10.5101
https://doi.org/10.1016/j.ccr.2013.08.020
https://doi.org/10.3390/ijms24043995
https://doi.org/10.1016/j.semcdb.2017.05.023
https://doi.org/10.1016/0005-2760(82)90150-3
https://doi.org/10.1016/j.bbagen.2012.11.020
https://doi.org/10.1038/s41392-021-00791-1
https://doi.org/10.3389/fbioe.2023.1110765
https://www.ncbi.nlm.nih.gov/pubmed/36911202
https://doi.org/10.1007/s12272-016-0822-9
https://www.ncbi.nlm.nih.gov/pubmed/27572156
https://doi.org/10.4049/jimmunol.1103553
https://www.ncbi.nlm.nih.gov/pubmed/22529296
https://doi.org/10.1182/blood-2007-07-099226
https://doi.org/10.1016/s0065-2776(04)86006-1
https://doi.org/10.1542/peds.2005-2882
https://doi.org/10.1016/j.immuni.2009.05.001
https://doi.org/10.4049/jimmunol.178.1.280
https://doi.org/10.1158/1078-0432.CCR-18-1100
https://www.ncbi.nlm.nih.gov/pubmed/30131384
https://doi.org/10.3390/biom9120792
https://www.ncbi.nlm.nih.gov/pubmed/31783627
https://doi.org/10.1016/j.intimp.2020.106210
https://www.ncbi.nlm.nih.gov/pubmed/31972425
https://doi.org/10.1002/JLB.3MA1220-815RRR
https://doi.org/10.1038/s41586-019-1170-y
https://doi.org/10.3389/fcimb.2012.00168
https://doi.org/10.1016/j.tips.2021.05.001
https://doi.org/10.4251/wjgo.v13.i12.2114
https://doi.org/10.3892/ol.2021.13028

Int. J. Mol. Sci. 2025, 26, 10449 18 of 22

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.
61.
62.
63.

64.
65.

66.

67.

68.

69.

Mufioz, L.E.; Lauber, K.; Schiller, M.; Manfredi, A.A.; Herrmann, M. The role of defective clearance of apoptotic cells in systemic
autoimmunity. Nat. Rev. Rheumatol. 2010, 6, 280-289. [CrossRef]

Irla, M.; Hugues, S.; Gill, ].; Nitta, T.; Hikosaka, Y.; Williams, L.R.; Hubert, EX.; Scott, H.S.; Takahama, Y.; Hollan-der, G.A.; et al.
Autoantigen-specific interactions with CD4+ thymocytes control mature medullary thymic epi-thelial cell cellularity. Immunity
2008, 29, 451-463. [CrossRef] [PubMed]

Xiao, G.; Harhaj, EW,; Sun, S.-C. NF-kappaB-inducing kinase regulates the processing of NF-kappaB2 p100. Mol. Cell 2001,
7,401-409. [CrossRef]

Sun, S.-C. The noncanonical NF-«B pathway. Immunol. Rev. 2012, 246, 125-140. [CrossRef]

Steinman, R.M.; Hemmi, H. Dendritic cells: Translating innate to adaptive immunity. Curr. Top. Microbiol. Immunol. 2006,
311, 17-58. [CrossRef] [PubMed]

Willmann, K.L.; Klaver, S.; Dogu, E; Santos-Valente, E.; Garncarz, W.; Bilic, I.; Mace, E.; Salzer, E.; Conde, C.D.; Sic, H.; et al.
Biallelic loss-of-function mutation in NIK causes a primary immunodeficiency with multifaceted aberrant lymphoid immunity.
Nat. Commun. 2014, 5, 5360. [CrossRef]

Brightbill, H.D.; Suto, E.; Blaquiere, N.; Ramamoorthi, N.; Sujatha-Bhaskar, S.; Gogol, E.B.; Castanedo, G.M.; Jackson, B.T.; Kwon, Y.C,;
Haller, S,; et al. NF-«B inducing kinase is a therapeutic target for systemic lupus erythematosus. Nat. Commun. 2018, 9, 179. [CrossRef]
Noort, A.R,; Tak, P.P; Tas, S.W. Non-canonical NF-«kB signaling in rheumatoid arthritis: Dr Jekyll and Mr Hyde? Arthritis Res.
Ther. 2015, 17, 15. [CrossRef]

Kucharzewska, P.; Maracle, C.X.; Jeucken, K.C.M.; van Hamburg, J.P,; Israelsson, E.; Furber, M.; Tas, S.W.; Olsson, H.K. NIK-IKK
complex interaction controls NF-kB-dependent inflammatory activation of endothelium in response to LTBR ligation. J. Cell Sci.
2019, 132, 225615. [CrossRef]

Chen, Y.; Yi, X.; Huo, B.; He, Y.; Guo, X.; Zhang, Z.; Zhong, X.; Feng, X.; Fang, Z.-M.; Zhu, X.-H.; et al. BRD4770 functions as a
novel ferroptosis inhibitor to protect against aortic dissection. Pharmacol. Res. 2022, 177, 106122. [CrossRef]

Wang, J.; Wang, H.; Liu, Y.; Fan, X.; Zhang, X.; Peng, D.; Wang, Y. Structural optimization and biological evaluation of ferrocene-
appended RSL3 derivatives as potent ferroptosis inducers. Eur. J. Med. Chem. 2025, 301, 118162. [CrossRef]

Yang, W.S.; SriRamaratnam, R.; Welsch, M.E.; Shimada, K.; Skouta, R.; Viswanathan, V.S.; Cheah, ].H.; Clemons, P.A.; Shamji, A.F;
Clish, C.B.; et al. Regulation of ferroptotic cancer cell death by GPX4. Cell 2014, 156, 317-331. [CrossRef]

Li, S.; He, Y,; Chen, K,; Sun, ].; Zhang, L.; He, Y.; Yu, H.; Li, Q. RSL3 Drives Ferroptosis through NF-«B Pathway Activation and
GPX4 Depletion in Glioblastoma. Oxid. Med. Cell Longev. 2021, 2021, 2915019. [CrossRef]

Tan, W.; Dai, F; Yang, D.; Deng, Z.; Gu, R.; Zhao, X.; Cheng, Y. MiR-93-5p promotes granulosa cell apoptosis and ferroptosis by
the NF-kB signaling pathway in polycystic ovary syndrome. Front. Immunol. 2022, 13, 967151. [CrossRef] [PubMed]

Yan, N.; Xu, Z.; Qu, C.; Zhang, J. Dimethyl fumarate improves cognitive deficits in chronic cerebral hypoperfusion rats by
alleviating inflammation, oxidative stress, and ferroptosis via NRF2/ARE/NF-«B signal pathway. Int. Immunopharmacol. 2021,
98, 107844. [CrossRef] [PubMed]

Liang, Y.; Wang, Y.; Zhang, Y.; Ye, F; Luo, D.; Li, Y,; Jin, Y.; Han, D.; Wang, Z.; Chen, B.; et al. HSPB1 facilitates chemoresistance
through inhibiting ferroptotic cancer cell death and regulating NF-«B signaling pathway in breast cancer. Cell Death Dis. 2023,
14, 434. [CrossRef] [PubMed]

Zhong, X.; Zhang, Z.; Shen, H.; Xiong, Y.; Shah, YM.; Liu, Y.; Fan, X; Rui, L. Hepatic NF-kB-Inducing Kinase and Inhibitor of NF-«xB
Kinase Subunit o« Promote Liver Oxidative Stress, Ferroptosis, and Liver Injury. Hepatol. Commun. 2021, 5, 1704-1720. [CrossRef]
Cush, J.J. Rheumatoid Arthritis: Early Diagnosis and Treatment. Rheum. Dis. Clin. North Am. 2022, 48, 537-547. [CrossRef]
Smolen, J.S.; Aletaha, D.; McInnes, I.B. Rheumatoid arthritis. Lancet 2016, 388, 2023-2038. [CrossRef]

Grassi, W.; De Angelis, R.; Lamanna, G.; Cervini, C. The clinical features of rheumatoid arthritis. Eur. J. Radiol. 1998, 27 (Suppl. S1), S18-524.
[CrossRef] [PubMed]

Wright, H.L.; Moots, R.J.; Edwards, S.W. The multifactorial role of neutrophils in rheumatoid arthritis. Nat. Rev. Rheumatol. 2014,
10, 593-601. [CrossRef]

Firestein, G.S. Evolving concepts of rheumatoid arthritis. Nature 2003, 423, 356-361. [CrossRef]

Li, X.; He, A,; Liu, Y.; Huang, Y.; Zhang, X. Bioinformatics identification of ferroptosis-related genes and therapeutic drugs in
rheumatoid arthritis. Front. Med. 2023, 10, 1192153. [CrossRef]

Fritz, P; Saal, ].G.; Wicherek, C.; Laschner, W.; Rautenstrauch, H.; Kénig, A. Quantitative photometrical assessment of iron
deposits in synovial membranes in different joint diseases. Rheumatol. Int. 1996, 15, 211-216. [CrossRef] [PubMed]

Xiao, W.; Beibei, F.; Guangsi, S.; Yu, J.; Wen, Z.; Xi, H.; Youjia, X. Iron overload increases osteoclastogenesis and aggravates the
effects of ovariectomy on bone mass. J. Endocrinol. 2015, 226, 121-134. [CrossRef]

Marks, E.S.; Bonnemaison, M.L.; Brusnahan, S.K.; Zhang, W.; Fan, W.; Garrison, J.C.; Boesen, E.I. Renal iron accumulation occurs
in lupus nephritis and iron chelation delays the onset of albuminuria. Sci. Rep. 2017, 7, 12821. [CrossRef]

Perl, A.; Gergely, P.; Banki, K. Mitochondrial dysfunction in T cells of patients with systemic lupus erythematosus. Int. Rev.
Immunol. 2004, 23, 293-313. [CrossRef] [PubMed]


https://doi.org/10.1038/nrrheum.2010.46
https://doi.org/10.1016/j.immuni.2008.08.007
https://www.ncbi.nlm.nih.gov/pubmed/18799151
https://doi.org/10.1016/S1097-2765(01)00187-3
https://doi.org/10.1111/j.1600-065X.2011.01088.x
https://doi.org/10.1007/3-540-32636-7_2
https://www.ncbi.nlm.nih.gov/pubmed/17048704
https://doi.org/10.1038/ncomms6360
https://doi.org/10.1038/s41467-017-02672-0
https://doi.org/10.1186/s13075-015-0527-3
https://doi.org/10.1242/jcs.225615
https://doi.org/10.1016/j.phrs.2022.106122
https://doi.org/10.1016/j.ejmech.2025.118162
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.1155/2021/2915019
https://doi.org/10.3389/fimmu.2022.967151
https://www.ncbi.nlm.nih.gov/pubmed/36341347
https://doi.org/10.1016/j.intimp.2021.107844
https://www.ncbi.nlm.nih.gov/pubmed/34153667
https://doi.org/10.1038/s41419-023-05972-0
https://www.ncbi.nlm.nih.gov/pubmed/37454220
https://doi.org/10.1002/hep4.1757
https://doi.org/10.1016/j.rdc.2022.02.010
https://doi.org/10.1016/S0140-6736(16)30173-8
https://doi.org/10.1016/S0720-048X(98)00038-2
https://www.ncbi.nlm.nih.gov/pubmed/9652497
https://doi.org/10.1038/nrrheum.2014.80
https://doi.org/10.1038/nature01661
https://doi.org/10.3389/fmed.2023.1192153
https://doi.org/10.1007/BF00290523
https://www.ncbi.nlm.nih.gov/pubmed/8717105
https://doi.org/10.1530/JOE-14-0657
https://doi.org/10.1038/s41598-017-13029-4
https://doi.org/10.1080/08830180490452576
https://www.ncbi.nlm.nih.gov/pubmed/15204090

Int. J. Mol. Sci. 2025, 26, 10449 19 of 22

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.
89.

90.

91.

92.

93.

94.

Wen, Q.; Liu, J.; Kang, R.; Zhou, B.; Tang, D. The release and activity of HMGBI in ferroptosis. Biochem. Biophys. Res. Commun.
2019, 510, 278-283. [CrossRef]

Xu, M.; Tao, J.; Yang, Y.; Tan, S.; Liu, H.; Jiang, J.; Zheng, F,; Wu, B. Ferroptosis involves in intestinal epithelial cell death in
ulcerative colitis. Cell Death Dis. 2020, 11, 86. [CrossRef]

Lin, J.H.; Walter, P; Yen, T.B. Endoplasmic reticulum stress in disease pathogenesis. Annu. Rev. Pathol. 2008, 3, 399-425. [CrossRef]
[PubMed]

Wang, Y.; Ding, H.; Zheng, Y.; Wei, X.; Yang, X.; Wei, H.; Tian, Y.; Sun, X.; Wei, W.; Ma, ].; et al. Alleviated NCOA4-mediated
ferritinophagy protected RA FLSs from ferroptosis in lipopolysaccharide-induced inflammation under hypoxia. Inflamm. Res.
2024, 73, 363-379. [CrossRef]

Irazabal, M.V,; Torres, V.E. Reactive Oxygen Species and Redox Signaling in Chronic Kidney Disease. Cells 2020, 9, 1342. [CrossRef]
Vats, K.; Kruglov, O.; Mizes, A.; Samovich, S.N.; Amoscato, A.A.; Tyurin, V.A,; Tyurina, Y.Y.; Kagan, V.E.; Bunimovich, Y.L.
Keratinocyte death by ferroptosis initiates skin inflammation after UVB exposure. Redox Biol. 2021, 47, 102143. [CrossRef]
Liang, X.; Ou, C.; Zhuang, J.; Li, ].; Zhang, F.; Zhong, Y.; Chen, Y. Interplay Between Skin Microbiota Dysbiosis and the Host
Immune System in Psoriasis: Potential Pathogenesis. Front. Immunol. 2021, 12, 764384. [CrossRef]

Gu, F-M,; Li, Q.-L;; Gao, Q,; Jiang, J.-H.; Zhu, K.; Huang, X.-Y.; Pan, J.-F; Yan, J.; Hu, J.-H.; Wang, Z.; et al. IL-17 induces
AKT-dependent IL-6/JAK2/STAT3 activation and tumor progression in hepatocellular carcinoma. Mol. Cancer 2011, 10, 150.
[CrossRef] [PubMed]

Fort, M.M.; Cheung, J.; Yen, D.; Li, ].; Zurawski, S.M.; Lo, S.; Menon, S.; Clifford, T.; Hunte, B.; Lesley, R.; et al. IL-25 induces IL-4,
IL-5, and IL-13 and Th2-associated pathologies in vivo. Immunity 2001, 15, 985-995. [CrossRef] [PubMed]

Giinther, C.; Neumann, H.; Neurath, M.E,; Becker, C. Apoptosis, necrosis and necroptosis: Cell death regulation in the intestinal
epithelium. Gut 2013, 62, 1062-1071. [CrossRef]

Hakobyan, N.; Kazarian, T.; Jabbar, A.A.; Jabbar, K.J.; Valentino, L.A. Pathobiology of hemophilic synovitis I: Overexpression of
mdm?2 oncogene. Blood 2004, 104, 2060-2064. [CrossRef]

Liu, Y,; Luo, X;; Chen, Y,; Dang, ].; Zeng, D.; Guo, X.; Weng, W.; Zhao, J.; Shi, X.; Chen, J.; et al. Heterogeneous ferroptosis susceptibility
of macrophages caused by focal iron overload exacerbates rheumatoid arthritis. Redox Biol. 2024, 69, 103008. [CrossRef]

Ni, L.-L,; Che, Y.-H.; Sun, H-M.; Wang, B.; Wang, M.-Y.; Yang, Z.-Z.; Liu, H,; Xiao, H.; Yang, D.-S.; Zhu, H.-L.; et al. The therapeutic
effect of wasp venom (Vespa magnifica, Smith) and its effective part on rheumatoid arthritis fibroblast-like synoviocytes through
modulating inflammation, redox homeostasis and ferroptosis. J. Ethnopharmacol. 2023, 317, 116700. [CrossRef]

Zhang, Y.; Wang, G.; Wang, T.; Cao, W.; Zhang, L.; Chen, X. Nrf2-Keapl pathway-mediated effects of resveratrol on oxidative
stress and apoptosis in hydrogen peroxide-treated rheumatoid arthritis fibroblast-like synoviocytes. Ann. N. Y. Acad. Sci. 2019,
1457, 166-178. [CrossRef]

Gasparotto, M.; Gatto, M.; Binda, V.; Doria, A.; Moroni, G. Lupus nephritis: Clinical presentations and outcomes in the 21st
century. Rheumatology 2020, 59 (Suppl. S5), v39—v51. [CrossRef]

Wang, Z.; Yin, W.; Zhu, L.; Li, J.; Yao, Y.; Chen, E; Sun, M.; Zhang, J.; Shen, N.; Song, Y.; et al. Iron Drives T Helper Cell
Pathogenicity by Promoting RNA-Binding Protein PCBP1-Mediated Proinflammatory Cytokine Production. Immunity 2018,
49, 80-92.e7. [CrossRef] [PubMed]

Zhang, H.; Wang, L.; Chu, Y. Reactive oxygen species: The signal regulator of B cell. Free Radic. Biol. Med. 2019, 142, 16-22.
[CrossRef] [PubMed]

Telfer, N.R.; Chalmers, R.J.G.; Whale, K.; Colman, G. The role of streptococcal infection in the initiation of guttate psoriasis. Arch.
Dermatol. 1992, 128, 39-42. [CrossRef] [PubMed]

Xu, C.; Liu, Z; Xiao, J. Ferroptosis: A Double-Edged Sword in Gastrointestinal Disease. Int. J. Mol. Sci. 2021, 22, 12403. [CrossRef]
Datta, S.; Kundu, S.; Ghosh, P.; De, S.; Ghosh, A.; Chatterjee, M. Correlation of oxidant status with oxidative tissue damage in
patients with rheumatoid arthritis. Clin. Rheumatol. 2014, 33, 1557-1564. [CrossRef]

Hassan, S.Z.; Gheita, T.A.; Kenawy, S.A.; Fahim, A.T.; El-Sorougy, I.M.; Abdou, M.S. Oxidative stress in systemic lupus
erythematosus and rheumatoid arthritis patients: Relationship to disease manifestations and activity. Int. J. Rheum. Dis. 2011,
14, 325-331. [CrossRef]

Sun, Y.; Cheung, H.S. p53, proto-oncogene and rheumatoid arthritis. Semin. Arthritis Rheum. 2002, 31, 299-310. [CrossRef]
[PubMed]

Mateen, S.; Moin, S.; Khan, A.Q.; Zafar, A.; Fatima, N. Increased Reactive Oxygen Species Formation and Oxidative Stress in
Rheumatoid Arthritis. PLoS ONE 2016, 11, €0152925. [CrossRef] [PubMed]

Xie, Z.; Hou, H,; Luo, D.; An, R.; Zhao, Y.; Qiu, C. ROS-Dependent Lipid Peroxidation and Reliant Antioxidant Ferroptosis-Suppressor-
Protein 1 in Rheumatoid Arthritis: A Covert Clue for Potential Therapy. Inflammation 2021, 44, 35-47. [CrossRef] [PubMed]

Wu, J.; Feng, Z.; Chen, L,; Li, Y.; Bian, H.; Geng, J.; Zheng, Z.-H.; Fu, X; Pei, Z.; Qin, Y.; et al. TNF antagonist sensitizes synovial
fibroblasts to ferroptotic cell death in collagen-induced arthritis mouse models. Nat. Commun. 2022, 13, 676. [CrossRef]


https://doi.org/10.1016/j.bbrc.2019.01.090
https://doi.org/10.1038/s41419-020-2299-1
https://doi.org/10.1146/annurev.pathmechdis.3.121806.151434
https://www.ncbi.nlm.nih.gov/pubmed/18039139
https://doi.org/10.1007/s00011-023-01842-9
https://doi.org/10.3390/cells9061342
https://doi.org/10.1016/j.redox.2021.102143
https://doi.org/10.3389/fimmu.2021.764384
https://doi.org/10.1186/1476-4598-10-150
https://www.ncbi.nlm.nih.gov/pubmed/22171994
https://doi.org/10.1016/S1074-7613(01)00243-6
https://www.ncbi.nlm.nih.gov/pubmed/11754819
https://doi.org/10.1136/gutjnl-2011-301364
https://doi.org/10.1182/blood-2003-12-4231
https://doi.org/10.1016/j.redox.2023.103008
https://doi.org/10.1016/j.jep.2023.116700
https://doi.org/10.1111/nyas.14196
https://doi.org/10.1093/rheumatology/keaa381
https://doi.org/10.1016/j.immuni.2018.05.008
https://www.ncbi.nlm.nih.gov/pubmed/29958803
https://doi.org/10.1016/j.freeradbiomed.2019.06.004
https://www.ncbi.nlm.nih.gov/pubmed/31185253
https://doi.org/10.1001/archderm.1992.01680110049004
https://www.ncbi.nlm.nih.gov/pubmed/1739285
https://doi.org/10.3390/ijms222212403
https://doi.org/10.1007/s10067-014-2597-z
https://doi.org/10.1111/j.1756-185X.2011.01630.x
https://doi.org/10.1053/sarh.2002.31550
https://www.ncbi.nlm.nih.gov/pubmed/11965594
https://doi.org/10.1371/journal.pone.0152925
https://www.ncbi.nlm.nih.gov/pubmed/27043143
https://doi.org/10.1007/s10753-020-01338-2
https://www.ncbi.nlm.nih.gov/pubmed/32920707
https://doi.org/10.1038/s41467-021-27948-4

Int. J. Mol. Sci. 2025, 26, 10449 20 of 22

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Ling, H.; Li, M.; Yang, C.; Sun, S.; Zhang, W.; Zhao, L.; Xu, N.; Zhang, |.; Shen, Y.; Zhang, X; et al. Glycine increased ferroptosis
via SAM-mediated GPX4 promoter methylation in theumatoid arthritis. Rheumatology 2022, 61, 4521-4534. [CrossRef]
Swaminathan, S. Iron Homeostasis Pathways as Therapeutic Targets in Acute Kidney Injury. Nephron 2018, 140, 156-159.
[CrossRef]

Scindia, Y.; Wlazlo, E.; Ghias, E.; Cechova, S.; Loi, V.; Leeds, J.; Ledesma, J.; Helen, C.; Swaminathan, S. Modulation of iron
homeostasis with hepcidin ameliorates spontaneous murine lupus nephritis. Kidney Int. 2020, 98, 100-115. [CrossRef]

Li, P; Jiang, M.; Li, K;; Li, H.; Zhou, Y.; Xiao, X.; Xu, Y.; Krishfield, S.; Lipsky, P.E.; Tsokos, G.C.; et al. Glutathione peroxidase
4-regulated neutrophil ferroptosis induces systemic autoimmunity. Nat. Immunol. 2021, 22, 1107-1117. [CrossRef]

Mansour, R.B.; Lassoued, S.; Gargouri, B.; E1 Gaid, A.; Attia, H.; Fakhfakh, F. Increased levels of autoantibodies against catalase and
superoxide dismutase associated with oxidative stress in patients with rheumatoid arthritis and systemic lupus erythematosus.
Scand. |. Rheumatol. 2008, 37, 103-108. [CrossRef]

Bowlus, C.L. The role of iron in T cell development and autoimmunity. Autoimmun. Rev. 2003, 2, 73-78. [CrossRef]

Nathan, C. Neutrophils and immunity: Challenges and opportunities. Nat. Rev. Immunol. 2006, 6, 173-182. [CrossRef] [PubMed]
Garcia-Romo, G.S.; Caielli, S.; Vega, B.; Connolly, J.; Allantaz, F; Xu, Z.; Punaro, M.; Baisch, J.; Guiducci, C.; Coffman, R.L.; et al.
Netting neutrophils are major inducers of type I IFN production in pediatric systemic lupus erythematosus. Sci. Transl. Med.
2011, 3, 73ra20. [CrossRef] [PubMed]

Muri, J.; Thut, H.; Bornkamm, G.W.; Kopf, M. Bl and Marginal Zone B Cells but Not Follicular B2 Cells Require Gpx4 to Prevent
Lipid Peroxidation and Ferroptosis. Cell Rep. 2019, 29, 2731-2744.e4. [CrossRef]

Zhao, M,; Li, M.-Y,; Gao, X.-F;; Jia, S.-].; Gao, K.-Q.; Zhou, Y.; Zhang, H.-H.; Huang, Y.; Wang, J.; Wu, H.-].; et al. Downregulation
of BDH2 modulates iron homeostasis and promotes DNA demethylation in CD4(+) T cells of systemic lupus erythematosus. Clin.
Immunol. 2018, 187, 113-121. [CrossRef]

Chang, Y.; Jiang, M.; Wang, Y.; Fu, Q.; Lin, S.; Wu, J.; Di, W. Erucic acid improves the progress of pregnancy complicated with
systemic lupus erythematosus by inhibiting the effector function of CD8(+) T cells. MedComm 2023, 4, e382. [CrossRef]

Feng, Q.; Yang, Y.; Ren, K,; Qiao, Y.; Sun, Z,; Pan, S,; Liu, F; Liu, Y.; Huo, J.; Liu, D.; et al. Broadening horizons: The multifaceted
functions of ferroptosis in kidney diseases. Int. J. Biol. Sci. 2023, 19, 3726-3743. [CrossRef]

Alli, A.A.; Desai, D.; Elshika, A.; Conrad, M.; Proneth, B.; Clapp, W.; Atkinson, C.; Segal, M.; Searcy, L.A.; Denslow, N.D.; et al.
Kidney tubular epithelial cell ferroptosis links glomerular injury to tubulointerstitial pathology in lupus nephritis. Clin. Immunol.
2023, 248, 109213. [CrossRef] [PubMed]

Armstrong, A.W.; Read, C. Pathophysiology, Clinical Presentation, and Treatment of Psoriasis: A Review. Jama 2020, 323, 1945-1960.
[CrossRef]

Schett, G.; Rahman, P.; Ritchlin, C.; McInnes, I.B.; Elewaut, D.; Scher, J.U. Psoriatic arthritis from a mechanistic perspective. Nat.
Rev. Rheumatol. 2022, 18, 311-325. [CrossRef]

Stuart, P.E.; Nair, R.P.; Tsoi, L.C.; Tejasvi, T.; Das, S.; Kang, H.M.; Ellinghaus, E.; Chandran, V.; Callis-Duffin, K.; Ike, R.; et al.
Genome-wide Association Analysis of Psoriatic Arthritis and Cutaneous Psoriasis Reveals Differences in Their Genetic Architec-
ture. Am. . Hum. Genet. 2015, 97, 816-836. [CrossRef]

Bhole, VM.; Choi, HK.; Burns, L.C.; Kellet, C.V.; Lacaille, D.V.; Gladman, D.D.; Dutz, ].P. Differences in body mass index among
individuals with PsA, psoriasis, RA and the general population. Rheumatology 2012, 51, 552-556. [CrossRef] [PubMed]

Gazel, U,; Ayan, G.; Solmaz, D.; Akar, S.; Aydin, S.Z. The impact of smoking on prevalence of psoriasis and psoriatic arthritis.
Rheumatology 2020, 59, 2695-2710. [CrossRef]

Serwin, A.B.; Wasowicz, W.; Gromadzinska, J.; Chodynicka, B. Selenium status in psoriasis and its relations to the duration and
severity of the disease. Nutrition 2003, 19, 301-304. [CrossRef]

Shou, Y.; Yang, L.; Yang, Y.; Xu, J. Inhibition of keratinocyte ferroptosis suppresses psoriatic inflammation. Cell Death Dis. 2021,
12,1009. [CrossRef]

Wu, M.-N.; Zhou, D.-M.; Jiang, C.-Y.; Chen, W.-W.; Chen, J.-C.; Zou, Y.-M.; Han, T.; Zhou, L.-J. Genetic analysis of potential
biomarkers and therapeutic targets in ferroptosis from psoriasis. Front. Immunol. 2022, 13, 1104462. [CrossRef]
Karpinska-Mirecka, A.; Bartosinska, J.; Krasowska, D. The Impact of Hypertension, Diabetes, Lipid Disorders, Over-
weight/Obesity and Nicotine Dependence on Health-Related Quality of Life and Psoriasis Severity in Psoriatic Patients Receiving
Systemic Conventional and Biological Treatment. Int. . Environ. Res. Public. Health 2021, 18, 13167. [CrossRef]

Fumery, M,; Singh, S.; Dulai, P.S.; Gower-Rousseau, C.; Peyrin-Biroulet, L.; Sandborn, W.J. Natural History of Adult Ulcerative
Colitis in Population-based Cohorts: A Systematic Review. Clin. Gastroenterol. Hepatol. 2018, 16, 343-356. [CrossRef] [PubMed]
Dignass, A.; Eliakim, R.; Magro, F.; Maaser, C.; Chowers, Y.; Geboes, K.; Mantzaris, G.; Reinisch, W.; Colombel, J.-E.; Vermeire,
S.; et al. Second European evidence-based consensus on the diagnosis and management of ulcerative colitis part 1: Definitions
and diagnosis. J. Crohns Colitis 2012, 6, 965-990. [CrossRef] [PubMed]


https://doi.org/10.1093/rheumatology/keac069
https://doi.org/10.1159/000490808
https://doi.org/10.1016/j.kint.2020.01.025
https://doi.org/10.1038/s41590-021-00993-3
https://doi.org/10.1080/03009740701772465
https://doi.org/10.1016/S1568-9972(02)00143-X
https://doi.org/10.1038/nri1785
https://www.ncbi.nlm.nih.gov/pubmed/16498448
https://doi.org/10.1126/scitranslmed.3001201
https://www.ncbi.nlm.nih.gov/pubmed/21389264
https://doi.org/10.1016/j.celrep.2019.10.070
https://doi.org/10.1016/j.clim.2017.11.002
https://doi.org/10.1002/mco2.382
https://doi.org/10.7150/ijbs.85674
https://doi.org/10.1016/j.clim.2022.109213
https://www.ncbi.nlm.nih.gov/pubmed/36566913
https://doi.org/10.1001/jama.2020.4006
https://doi.org/10.1038/s41584-022-00776-6
https://doi.org/10.1016/j.ajhg.2015.10.019
https://doi.org/10.1093/rheumatology/ker349
https://www.ncbi.nlm.nih.gov/pubmed/22120603
https://doi.org/10.1093/rheumatology/keaa179
https://doi.org/10.1016/S0899-9007(02)01081-X
https://doi.org/10.1038/s41419-021-04284-5
https://doi.org/10.3389/fimmu.2022.1104462
https://doi.org/10.3390/ijerph182413167
https://doi.org/10.1016/j.cgh.2017.06.016
https://www.ncbi.nlm.nih.gov/pubmed/28625817
https://doi.org/10.1016/j.crohns.2012.09.003
https://www.ncbi.nlm.nih.gov/pubmed/23040452

Int. J. Mol. Sci. 2025, 26, 10449 21 0f22

119.

120.
121.
122.
123.

124.

125.

126.

127.

128.

129.

130.

131.
132.

133.

134.

135.
136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Dubinsky, M.C.; Panaccione, R.; Lewis, ].D.; Sands, B.E.; Hibi, T.; Lee, S.D.; Naegeli, A.N.; Shan, M.; Green, L.A.; Morris, N.; et al.
Impact of Bowel Urgency on Quality of Life and Clinical Outcomes in Patients With Ulcerative Colitis. Crohns Colitis 2022,
4, otac016. [CrossRef]

Loftus, E.V,, Jr. Clinical epidemiology of inflammatory bowel disease: Incidence, prevalence, and environmental influences.
Gastroenterology 2004, 126, 1504-1517. [CrossRef]

Chang, ]J.T. Pathophysiology of Inflammatory Bowel Diseases. N. Engl. ]. Med. 2020, 383, 2652-2664. [CrossRef] [PubMed]
Dinarello, C.A. Interleukin-1beta and the autoinflammatory diseases. N. Engl. |. Med. 2009, 360, 2467-2470. [CrossRef] [PubMed]
Clavel, T.; Haller, D. Bacteria- and host-derived mechanisms to control intestinal epithelial cell homeostasis: Implications for
chronic inflammation. Inflamm. Bowel Dis. 2007, 13, 1153-1164. [CrossRef]

Werner, T.; Wagner, S.J.; Martinez, I.; Walter, J.; Chang, J.-S.; Clavel, T.; Kisling, S.; Schuemann, K.; Haller, D. Depletion of luminal
iron alters the gut microbiota and prevents Crohn’s disease-like ileitis. Gut 2011, 60, 325-333. [CrossRef]

Kobayashi, Y.; Ohfuji, S.; Kondo, K.; Fukushima, W.; Sasaki, S.; Kamata, N.; Yamagami, H.; Fujiwara, Y.; Suzuki, Y.; Hirota,
Y.; et al. Association between dietary iron and zinc intake and development of ulcerative colitis: A case-control study in Japan. J.
Gastroenterol. Hepatol. 2019, 34, 1703-1710. [CrossRef]

Carrier, J.C.; Aghdassi, E.; Jeejeebhoy, K.; Allard, J.P. Exacerbation of dextran sulfate sodium-induced colitis by dietary iron
supplementation: Role of NF-kappaB. Int. ]. Colorectal Dis. 2006, 21, 381-387. [CrossRef] [PubMed]

Millar, A.D.; Rampton, D.S.; Blake, D.R. Effects of iron and iron chelation in vitro on mucosal oxidant activity in ulcerative colitis.
Aliment. Pharmacol. Ther. 2000, 14, 1163-1168. [CrossRef]

Wang, S.; Liu, W.; Wang, J.; Bai, X. Curculigoside inhibits ferroptosis in ulcerative colitis through the induction of GPX4. Life Sci.
2020, 259, 118356. [CrossRef]

Dong, S.; Lu, Y.; Peng, G,; Li, ].; Li, W,; Li, M.; Wang, H.; Liu, L.; Zhao, Q. Furin inhibits epithelial cell injury and alleviates
experimental colitis by activating the Nrf2-Gpx4 signaling pathway. Dig. Liver Dis. 2021, 53, 1276-1285. [CrossRef]

Minaiyan, M.; Mostaghel, E.; Mahzouni, P. Preventive Therapy of Experimental Colitis with Selected iron Chelators and
Anti-oxidants. Int. ]. Prev. Med. 2012, 3 (Suppl. S1), S162-5169. [PubMed]

Dobson, R.; Giovannoni, G. Multiple sclerosis—A review. Eur. J. Neurol. 2019, 26, 27-40. [CrossRef] [PubMed]

Browne, P; Chandraratna, D.; Angood, C.; Tremlett, H.; Baker, C.; Taylor, B.V.; Thompson, A.]. Atlas of Multiple Sclerosis 2013: A
growing global problem with widespread inequity. Neurology 2014, 83, 1022-1024. [CrossRef] [PubMed]

Koch-Henriksen, N.; Serensen, P.S. The changing demographic pattern of multiple sclerosis epidemiology. Lancet Neurol. 2010,
9, 520-532. [CrossRef]

Muntoni, S.; Mereu, R.; Atzori, L.; Mereu, A.; Galassi, S.; Corda, S.; Frongia, P.; Angius, E.; Pusceddu, P; Contu, P; et al. High meat
consumption is associated with type 1 diabetes mellitus in a Sardinian case-control study. Acta Diabetol. 2013, 50, 713-719. [CrossRef]
Ascherio, A. Environmental factors in multiple sclerosis. Expert. Rev. Neurother. 2013, 13, 3-9. [CrossRef]

Cardoso, B.R; Hare, D.J.; Bush, A.L; Roberts, B.R. Glutathione peroxidase 4: A new player in neurodegeneration? Mol. Psychiatry
2017, 22, 328-335. [CrossRef]

Neema, M.; Arora, A.; Healy, B.C.; Guss, Z.D.; Brass, S.D.; Duan, Y.; Buckle, G.J.; Glanz, B.I; Stazzone, L.; Khoury, S.J.; et al. Deep
gray matter involvement on brain MRI scans is associated with clinical progression in multiple sclerosis. J. Neuroimaging 2009,
19, 3-8. [CrossRef]

Zhang, X.; Surguladze, N.; Slagle-Webb, B.; Cozzi, A.; Connor, J.R. Cellular iron status influences the functional relationship
between microglia and oligodendrocytes. Glia 2006, 54, 795-804. [CrossRef]

Singh, A.V.; Zamboni, P. Anomalous venous blood flow and iron deposition in multiple sclerosis. J. Cereb. Blood Flow. Metab. 2009,
29, 1867-1878. [CrossRef]

Jhelum, P,; Santos-Nogueira, E.; Teo, W.; Haumont, A.; Lenoél, I.; Stys, PK.; David, S. Ferroptosis Mediates Cuprizone-Induced
Loss of Oligodendrocytes and Demyelination. J. Neurosci. 2020, 40, 9327-9341. [CrossRef]

Cattani-Cavalieri, I.; Valenga, H.d.M.; Moraes, J.A.; Brito-Gitirana, L.; Romana-Souza, B.; Schmidt, M.; Valenga, S.S. Dimethyl
Fumarate Attenuates Lung Inflammation and Oxidative Stress Induced by Chronic Exposure to Diesel Exhaust Particles in Mice.
Int. ]. Mol. Sci. 2020, 21, 9658. [CrossRef]

Kwiatkowski, ].L.; Hamdy, M.; El-Beshlawy, A.; Ebeid, F.S.E.; Badr, M.; AlShehri, A.A.M.; Kanter, J.; Inusa, B.D.P; Adly, A.AM,;
Williams, S.; et al. Deferiprone vs. deferoxamine for transfusional iron overload in SCD and other anemias: A randomized,
open-label noninferiority study. Blood Adv. 2022, 6, 1243-1254; Correction in Blood Adv. 2023, 7, 2925. [CrossRef]

Rayatpour, A.; Foolad, F,; Heibatollahi, M.; Khajeh, K.; Javan, M. Ferroptosis inhibition by deferiprone, attenuates myelin damage
and promotes neuroprotection in demyelinated optic nerve. Sci. Rep. 2022, 12, 19630. [CrossRef] [PubMed]

Leslie, R.D.; Evans-Molina, C.; Freund-Brown, J.; Buzzetti, R.; Dabelea, D.; Gillespie, KM.; Goland, R.; Jones, A.G.; Kacher, M.; Phillips,
L.S,; et al. Adult-Onset Type 1 Diabetes: Current Understanding and Challenges. Diabetes Care 2021, 44, 2449-2456. [CrossRef]
Ogrotis, I.; Koufakis, T.; Kotsa, K. Changes in the Global Epidemiology of Type 1 Diabetes in an Evolving Landscape of
Environmental Factors: Causes, Challenges, and Opportunities. Medicina 2023, 59, 668. [CrossRef]


https://doi.org/10.1093/crocol/otac016
https://doi.org/10.1053/j.gastro.2004.01.063
https://doi.org/10.1056/NEJMra2002697
https://www.ncbi.nlm.nih.gov/pubmed/33382932
https://doi.org/10.1056/NEJMe0811014
https://www.ncbi.nlm.nih.gov/pubmed/19494224
https://doi.org/10.1002/ibd.20174
https://doi.org/10.1136/gut.2010.216929
https://doi.org/10.1111/jgh.14642
https://doi.org/10.1007/s00384-005-0011-7
https://www.ncbi.nlm.nih.gov/pubmed/16133010
https://doi.org/10.1046/j.1365-2036.2000.00828.x
https://doi.org/10.1016/j.lfs.2020.118356
https://doi.org/10.1016/j.dld.2021.02.011
https://www.ncbi.nlm.nih.gov/pubmed/22826760
https://doi.org/10.1111/ene.13819
https://www.ncbi.nlm.nih.gov/pubmed/30300457
https://doi.org/10.1212/WNL.0000000000000768
https://www.ncbi.nlm.nih.gov/pubmed/25200713
https://doi.org/10.1016/S1474-4422(10)70064-8
https://doi.org/10.1007/s00592-012-0385-2
https://doi.org/10.1586/14737175.2013.865866
https://doi.org/10.1038/mp.2016.196
https://doi.org/10.1111/j.1552-6569.2008.00296.x
https://doi.org/10.1002/glia.20416
https://doi.org/10.1038/jcbfm.2009.180
https://doi.org/10.1523/JNEUROSCI.1749-20.2020
https://doi.org/10.3390/ijms21249658
https://doi.org/10.1182/bloodadvances.2021004938
https://doi.org/10.1038/s41598-022-24152-2
https://www.ncbi.nlm.nih.gov/pubmed/36385152
https://doi.org/10.2337/dc21-0770
https://doi.org/10.3390/medicina59040668

Int. J. Mol. Sci. 2025, 26, 10449 22 0f 22

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Syrjald, E.; Nevalainen, J.; Peltonen, J.; Takkinen, H.M.; Hakola, L.; Akerlund, M; Veijola, R.; Ilonen, J.; Toppari, J.; Knip, M.; et al.
A Joint Modeling Approach for Childhood Meat, Fish and Egg Consumption and the Risk of Advanced Islet Autoimmunity. Sci.
Rep. 2019, 9, 7760. [CrossRef] [PubMed]

Cnop, M.; Hannaert, J.C.; Grupping, A.Y.; Pipeleers, D.G. Low density lipoprotein can cause death of islet beta-cells by its cellular
uptake and oxidative modification. Endocrinology 2002, 143, 3449-3453. [CrossRef] [PubMed]

Buzzetti, R.; Zampetti, S.; Pozzilli, P. Impact of obesity on the increasing incidence of type 1 diabetes. Diabetes Obes. Metab. 2020,
22,1009-1013. [CrossRef]

Campbell, I.L.; Kay, T.W.; Oxbrow, L.; Harrison, L.C. Essential role for interferon-gamma and interleukin-6 in autoimmune
insulin-dependent diabetes in NOD/Wehi mice. J. Clin. Investig. 1991, 87, 739-742. [CrossRef]

Padgett, L.E.; Broniowska, K.A.; Hansen, P.A.; Corbett, J.A.; Tse, H.M. The role of reactive oxygen species and proinflammatory
cytokines in type 1 diabetes pathogenesis. Ann. N. Y. Acad. Sci. 2013, 1281, 16-35. [CrossRef]

Sobczak, A.L; Pitt, S.J.; Smith, TK.; Ajjan, R.A.; Stewart, A.]. Lipidomic profiling of plasma free fatty acids in type-1 diabetes
highlights specific changes in lipid metabolism. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2021, 1866, 158823. [CrossRef]

Lee, Y.; Hirose, H.; Ohneda, M.; Johnson, J.H.; McGarry, ].D.; Unger, R.H. Beta-cell lipotoxicity in the pathogenesis of non-insulin-
dependent diabetes mellitus of obese rats: Impairment in adipocyte-beta-cell relationships. Proc. Natl. Acad. Sci. USA 1994,
91, 10878-10882. [CrossRef]

Norris, ].M.; Yin, X.; Lamb, M.M.; Barriga, K.; Seifert, J.; Hoffman, M.; Orton, H.D.; Barén, A.E.; Clare-Salzler, M.; Chase, H.P,; et al.
Omega-3 polyunsaturated fatty acid intake and islet autoimmunity in children at increased risk for type 1 diabetes. Jama 2007,
298, 1420-1428. [CrossRef]

Zhang, ].; Xiao, Y.; Hu, J.; Liu, S.; Zhou, Z; Xie, L. Lipid metabolism in type 1 diabetes mellitus: Pathogenetic and therapeutic
implications. Front. Immunol. 2022, 13, 999108. [CrossRef] [PubMed]

Wang, Y,; Wang, S.; Xin, Y.; Zhang, J.; Wang, S.; Yang, Z.; Liu, C. Hydrogen sulfide alleviates the anxiety-like and depressive-like
behaviors of type 1 diabetic mice via inhibiting inflammation and ferroptosis. Life Sci. 2021, 278, 119551. [CrossRef] [PubMed]
Bao, L.; Jin, Y;; Han, J.; Wang, W.; Qian, L.; Wu, W. Berberine Regulates GPX4 to Inhibit Ferroptosis of Islet § Cells. Planta Med.
2023, 89, 254-261. [CrossRef]

Feng, H; Liu, Q.; Deng, Z.; Li, H.; Zhang, H.; Song, J.; Liu, X.; Liu, J.; Wen, B.; Wang, T. Human umbilical cord mesenchymal stem
cells ameliorate erectile dysfunction in rats with diabetes mellitus through the attenuation of ferroptosis. Stem Cell Res. Ther. 2022,
13, 450. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41598-019-44196-1
https://www.ncbi.nlm.nih.gov/pubmed/31123290
https://doi.org/10.1210/en.2002-220273
https://www.ncbi.nlm.nih.gov/pubmed/12193557
https://doi.org/10.1111/dom.14022
https://doi.org/10.1172/JCI115055
https://doi.org/10.1111/j.1749-6632.2012.06826.x
https://doi.org/10.1016/j.bbalip.2020.158823
https://doi.org/10.1073/pnas.91.23.10878
https://doi.org/10.1001/jama.298.12.1420
https://doi.org/10.3389/fimmu.2022.999108
https://www.ncbi.nlm.nih.gov/pubmed/36275658
https://doi.org/10.1016/j.lfs.2021.119551
https://www.ncbi.nlm.nih.gov/pubmed/33945828
https://doi.org/10.1055/a-1939-7417
https://doi.org/10.1186/s13287-022-03147-w
https://www.ncbi.nlm.nih.gov/pubmed/36064453

	Introduction 
	Overview and Important Components of Ferroptosis 
	Overview 
	Important Components and Pathways of Ferroptosis 

	Metabolism of Ferroptosis 
	Role of Amino Acid Metabolism in Ferroptosis 
	Role of Iron Metabolism in Ferroptosis 
	Lipid Metabolism—An Important Link in Ferroptosis 

	Ferroptosis and Signaling Pathways of the Immune System 
	The JAK/STAT Signaling Pathway 
	JAK/STAT Signaling Pathway and Immune Response 
	JAK/STAT Signaling Pathway and Ferroptosis 

	NF-B Signaling Pathway 
	NF-B Signaling Pathway and Immune Response 
	NF-B Signaling Pathway and Ferroptosis 


	Ferroptosis in Immune Diseases 
	Rheumatoid Arthritis 
	Systemic Lupus Erythematosus 
	Psoriasis 
	Inflammatory Bowel Disease 
	Multiple Sclerosis 
	Type I Diabetes 

	Conclusions 
	References

