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Abstract

Redoxins, oxidoreductases of the thioredoxin (Trx) family, are important regulators of signaling processes. The Trx family is characterized by
the Trx fold consisting of a four-stranded B-sheet surrounded by three-four a-helices. This article mainly focuses on mammalian Trxs,
glutaredoxins, and peroxiredoxins, herein referred to as redoxins. This review article summarizes the current knowledge on redoxin-driven
processes related to ferroptosis, a non-apoptotic cell death mechanism based on uncontrolled oxidation of polyunsaturated fatty acids in
membranes. To a great extent, the formation of these lipid hydroperoxides depend on the non-enzymatic formation of hydroxyl radicals, the
product of the Fenton reaction between hydrogen peroxide and redox active iron. Redoxins are regulators of both redox and iron
homeostasis, and some redoxins use lipid hydroperoxides directly as substrates. This review article aims to increase the recognition of
redoxins as potential regulators of ferroptosis in both physiological and pathological conditions, while also promoting research to address
the numerous gaps in cell specificity and the molecular mechanisms influencing ferroptotic pathways.
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1. Redoxins

Oxidative modifications of cysteinyl side chains alter the function of numerous proteins that contain cysteines of structural
importance, within their catalytic centers or as part of interaction interfaces. Primarily, the redox state of these thiol groups is
controlled by the oxidoreductases of the thioredoxin (Trx) family, to which Trxs, glutaredoxins (Grxs), and peroxiredoxins (Prxs)
belong!?l. These enzyme families are often referred to as redoxins. Members of the Trx family share a common structural motif
known as the Trx fold. In its most basic form, found in some bacterial Grxs, this fold consists of three a-helices surrounding a central
core made up of a four-stranded B-sheetl®l. In many Grxs of higher organisms, Trxs, and particularly Prxs, this motif is expanded by
additional a-helices or B-strands. The redox-active site of the proteins is located on a loop connecting strand 1 and helix a1 and
consists of one or two cysteine residues. Trxs and Grxs are thiol-disulfide oxidoreductases, whereas Prxs mainly reduce peroxides.

1.1 Trxs

Trxs were originally identified as the electron donor for ribonucleotide reductase (RNR) in E. colil!l. Trx proteins undergo reversible
protein-disulfide exchange reactions with their substrates!'-’l. The reaction is initiated by a nucleophilic attack of the more
N-terminal cysteine residue of the CGPC consensus active site on the target disulfide. The resulting mixed disulfide between Trx and
the substrate is reduced by the more C-terminal active site cysteine, thus completing the exchange reaction. The disulfide in the
active site of Trxs can subsequently be reduced by a dedicated reductase, i.e., Trx reductase (TrxR), at the expense of reduced
nicotinamide adenin dinucleotide phosphate (NADPH). Mammalian TrxRs are homodimeric selenoenzymes of 55-60 kDa in
a head-to-tail conformation, with every subunit containing a flavin adenine dinucleotide, an NADPH-binding domain, and the
C-terminal active site motif GCUC. Together, Trx and TrxR are often referred to as the “thioredoxin system” (Figure 1)[*->1,

Mammalian genomes encode two Trx systems. Trx1 and TrxR1 make up the cytosolic system. Trx1 has also been shown to translocate
into the nucleus in response to various stimuli and can be secreted[®7]. In the mitochondria, Trx2 and TrxR2 are present!sl.
Additionally, there is a third testis-specific Trx reductase, TrxR3, also known as thioredoxin glutathione reductase, which is primarily
expressed in germ cells and contains a class I Grx domain! (see below). Trx1 and Trx2 share 35% sequence homology and exhibit
similar catalytic properties in vitrol'?l, Notably, mitochondrial Trx2 contains the active site motif found in Trx1 but lacks additional
structural cysteines, proposed to modulate its function as regulatory sites!'’'?. Moreover, one of the extra cysteine residues, Cys73, is
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the second ligand of a Fe,S, cluster bound by Trx1[!%l, The other ligand is the active site Cys32. The assembly/disassembly of the
FeS-Trx1 dimer fine tunes the activity of IRP1, a main regulator of iron homeostasis acting on the posttranslational levell!3-3l,
Whereas IRP1 with coordinated FeS cluster functions as aconitase, iron deficiency activates the mRNA binding activity of IRP1. The
cysteines coordinating the FeS cluster are the same that bind specific iron-responsive elements (IREs) formed by mRNAs encoding
proteins involved in iron homeostasis. However, to bind IREs, these cysteines need to be reduced by Trx1['31],
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Figure 1. Functions of redoxins. Trx, glutaredoxins (class I and class 1I), and Prx display overlapping and different functions. Created in inkscape. Trx: thioredoxin;
Prx: peroxiredoxin; GR: glutathione reductase; GSH: glutathione; GSSG: GSH disulfide; NADPH: reduced nicotinamide adenin dinucleotide phosphate; NADP*: oxidized

nicotinamide adenin dinucleotide phosphate; red: reduced; ox: oxidized.

1.2 Grxs

Grxs were initially identified as alternative electron donors in essential metabolic processes, foremost the reduction of
ribonucleotides for DNA synthesis!'’-!8]. The members of the first class of Grxs, often referred to as class I or dithiol Grxs, share a
common CPYC motif in their active sites. The two cysteines in this motif catalyze glutathione (GSH)-dependent thiol-disulfide
exchange reactions, i.e., the reduction of protein disulfides and, with high specificity, reversible (de-)glutathionylation!'*! Oxidized
Grxs are reduced by GSH, the resulting GSH disulfide (GSSG) by glutathione reductase (GR) using NADPH as electron sourcel?°l. A
subgroup of the class I Grxs features a variation in the active site where the proline residue is replaced by serine or glycine residues
(C(S/G)YC). These Grxs can coordinate a Fe,S, cluster at the interface of a dimer formed by two Grxs, using the two N-terminal active
site thiols and the thiols of two non-covalently bound GSH molecules as ligands?22],
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Mammalian cells contain four Grxs: Grx1, Grx2, Grx3 (previously known as PICOT), and Grx5 as stated in a previous review!?’l. Grx1, a
12-kDa class I Grx with CPYC active site, is mainly found in the cytosol but can also enter the nucleus or be exported from the
cell?>24, Grx2, the second class I Grx is targeted to mitochondrial®®), but has cancer/testis- and differentiation-specific isoforms/?¢-27]
located in the cytosol and nucleus. Grx2 contains the CSYC active site, allowing it to accept electrons from TrxR[?*l and to form the
dimeric Fe,S,-bridged holo-complex!?!2°l. Grx3 is a 38-kDa class Il Grx that features two N-terminal Grx domains with the active site
CGFS and a C-terminal Trx domain. It is found in the cytosol and nucleus and has been linked to protein kinase C-0 signaling®” and
iron homeostasisl*!l. Grx5, a 16-kDa class II Grx, is targeted to mitochondria and is critical for iron-sulfur cluster biogenesisl?>33.

Class I Grxs can reduce protein disulfides in a similar dithiol reaction mechanism as Trxsl*!l. The resulting disulfide in the Grx active
site, however, is not reduced by a dedicated reductase, but by two molecules of GSH that reduce the Grx via a Grx active site and GSH
(Grx-S-SG) mixed disulfide intermediate (Figure 1). In contrast, the reversible (de-)glutathionylation reaction involves only the more
N-terminal cysteine residue in the active site, and is thus referred to as the monothiol reaction mechanism. In summary, the reaction
begins when the thiolate of this cysteine residue nucleophilically attacks the GSH moiety of the glutathionylated protein. This attack
results in the reduction of the protein substrate and the formation of a mixed disulfide bond between the N-terminal cysteine residue
of the Grx-S-SG. Subsequently, this disulfide bond is reduced by a second molecule of GSH. The mechanism for the reduction of this
mixed disulfide involves a second GSH binding site on Grxs, which is believed to activate GSH as the reducing agent[*°l. Details on both
reaction mechanisms were discussed in a review by Lillig and Berndt!*'l. Originally only described for the reduction of GSH-mixed
disulfides, the monothiol reaction mechanism may also be functional for the reduction of certain protein disulfides, e.g., mammalian
RNR and engineered GFP variants[3%37l. Notably, all these reaction steps are reversible, with their direction determined by
thermodynamic restrains, such as the current redox potential of the GSH/GSSG redox couple.

The second class of Grxs, known as class II or monothiol Grxs, features a consensus CGFS active site motif. These proteins play a
crucial role in iron metabolism, particularly in the biogenesis of FeS clusters, as well as in the transport of iron!$:3%! (Figure 1). The
ability of CGFS-type Grxs to bind a Fe,S, cluster in a similar manner to class I FeS Grxs!‘’ is essential for these functions!‘!; however,
neither of the FeS-Grxs from both classes can compensate for the loss of the other. Both classes of Grxs share a similar basic structure
and possess all the necessary motifs required to interact with GSH moieties in a highly similar manner!*!l. Class-specific differences in
the loop preceding the active site determine the functions of both classes of Grxs!*243,

1.3 Prxs

Prxs are 20-30 kDa proteins that exist in different isoforms across various cellular compartments and can make up to 1% of soluble
cellular proteins in mammalian cellsl*!. Alongside their peroxidase activity, they may also function as molecular chaperones!*’l and
specific oxidases in signaling pathways through redox relay reactions!*®7l,

Mammalian cells contain six Prxs, classified into three groups: 2-Cys Prxs (Prx1-4), atypical 2-Cys Prx (Prx5), and 1-Cys Prx (Prx6). The
2-Cys Prxs form dimers during the reaction cycle and adopt decameric complexes, whereas the atypical 2-Cys and 1-Cys Prxs do not
form dimers (as stated in previous reviews!*®*%)). Prx1 is primarily located in the cytosol, nucleus, and peroxisomes, but it can also be
detected in serum/®’l. Prx2 is present in the cytosol and nucleus and has the ability to bind to membranes>!l. Prx3 is mainly restricted
to mitochondrial>?, but is also found at the plasma membranel>’], whereas Prx4 is found in the cytosol, the endoplasmic reticulum and
as secreted proteinl>!l. Prx5 is located in the cytosol, mitochondria, and peroxisomes!*?l, while Prx6 is predominantly in the cytosol®l,
Knockout of Prxs is generally not lethal; however, it results in increased levels of hydrogen peroxide and defects in certain cellular
pathways.

The reduction of hydrogen peroxide by Prxs proceeds through a conserved catalytic cyclel*>%%7], In the first step, the peroxidatic
cysteine performs a nucleophilic attack on H,0, and is partially reduced, resulting in a water molecule and a sulfenic acid
intermediate at the N-terminal peroxidatic cysteine. This intermediate is then reduced by a second resolving cysteine residue located
outside the classical active site, forming a disulfide bond. Typical 2-Cys Prxs (i.e., human Prx 1-4) feature a resolving cysteine at the
C-terminus and form intermolecular disulfides between adjacent subunits, while atypical 2-Cys Prxs (i.e., human Prx5) form
intramolecular disulfides. Both types are primarily reduced by Trxs. In contrast, 1-Cys Prx family members (i.e., human Prx6) lack a
resolving cysteine and are likely reduced by GSH (Figure 1). Prx6 also functions as a phospholipase, a lysophosphatidylcholine acyl
transferase, and a selenium transfer and utilization factor (Figure 1)33°%°l By reaction of the sulfenic acid intermediate, Prxs can
become over-oxidized to sulfinic and sulfonic acids. Sulfinic acid formation is typically regarded irreversible. The only known
reductase for sulfinic acids is specific for Prxs(®!l. These sulfiredoxin (Srx) use ATP to convert sulfinic acids via phosphoryl esters into
thiosulfinatesl®?. Srx then reduces these intermediates back to sulfenic acids, a process dependent on disulfide bond formation!®3l,

2. Ferroptosis

Ferroptosis is a regulated form of cell death characterized by uncontrolled iron-dependent peroxidation of (phospho)lipids(®+¢]
(Figure 2), representing a pivotal aspect of redox cell biology and a promising avenue for therapeutic intervention!®>°7l. The following
section introduces the key aspects of ferroptotic cell death.
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Figure 2. Hallmarks of ferroptosis. Created in inkscape. ACSL3: synthetase long-chain-fatty-acid family member 3; ACSL4: acyl-CoA synthetase long-chain-fatty-acid family
member 4; a-TO: a-tocopherol/vitamin E; CoQ,: co-enzyme Q,,; ETC: electron transport chain; FSP: ferroptosis suppressor protein; GSH: glutathione; GSSG: GSH disulfide;
GPX: GSH peroxidase; LOX: lipid oxidase; MBOAT: membrane-bound O-acetyltransferase; MUFA: mono-unsaturated fatty acid; NAD(P)H: reduced nicotinamide adenin
dinucleotide (phosphate); NAD(P)": oxidized nicotinamide adenin dinucleotide (phosphate); PUFA: poly-unsaturated fatty acid.

2.1 Iron and the Fenton-reaction-driven initiation of lipid oxidation

At the core of ferroptosis lies the redox reactivity of iron. Ferrous iron (Fe?') catalyzes the Fenton reaction with hydrogen peroxide,
generating hydroxyl radicals (‘OH) that extract hydrogen atoms from bis-allylic carbons of polyunsaturated fatty acids (PUFAs). The
resulting lipid radicals (L*) react with oxygen to form lipid peroxyl radicals (LOO), propagating chain reactions that yield lipid
hydroperoxides (LOOH)!°®l. Subsequently, this leads to oxidative membrane damage, rupture, and ferroptotic cell death. Lipophilic
radical-trapping antioxidants such as a-tocopherol (vitamin E) can interrupt this chain reaction by donating hydrogen atoms to lipid
peroxyl radicals, thereby preventing cells from undergoing ferroptosis[®’l.

2.2 Glutathione peroxidase 4 (GPX4): the master regulator of ferroptosis

The central suppressor of ferroptosis is GPX4, a selenoprotein that reduces phospholipid hydroperoxides to their corresponding
alcohols!’%721. GPX4 uniquely accommodates membrane phospholipids within its catalytic site, preventing the propagation of lipid
peroxidation. Its enzymatic activity depends on GSH as electron donor, linking ferroptosis resistance to intracellular thiol redox
homeostasis!’>74l. Because GPX4 contains a catalytically essential selenocysteine (Sec) residue, selenium availability and selenoprotein
biosynthesis are indispensable for the suppression of ferroptosis!’!l. When intracellular GSH levels decrease, GPX4 activity declines,
allowing lipid peroxides to accumulate. Alternative thiol reductants such as 3-mercaptoethanol can partially reduce GPX4, but they
cannot fully substitute the functions of GSHI™L.

Through these mechanisms, GPX4 establishes the redox threshold that separates cell survival from lipid peroxidation-induced death,
functioning as the master regulator of ferroptosis.
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2.3 System Xc: cystine uptake and biosynthesis of GSH and polysulfides

The supply of cysteine, the rate-limiting precursor for GSH, is maintained by the cystine/glutamate antiporter system Xc’, composed
of SLC7A11 (also known as xCT) and SLC3A2[7°l Inhibition of system Xc’, for example by erastin, depletes intracellular cysteine and
GSHI*!l, thereby decreasing GPX4 activity and promoting ferroptosis. Conversely, system Xc™ upregulation enhances cystine uptake
and confers ferroptosis resistance, a mechanism frequently exploited by cancer cells to survive oxidative stress.

In addition to GSH, cysteine metabolism produces reactive sulfur species such as hydrogen polysulfides (H,S,), which can act as
nucleophilic and redox-active metabolites scavenging reactive oxygen species and lipid peroxyl radicals, thereby mitigating lipid
peroxidation independently of the GPX4-GSH axisl’”-78],

2.4 FSP1, CoQ,,, and vitamin K: an alternative ferroptosis defense line

Although GPX4 is indispensable for detoxifying LOOH, ferroptosis can also be prevented by a parallel antioxidant system centered on
ferroptosis suppressor protein 1 (FSP1, formerly AIFM2)7:80, FSP1 is an NAD(P)H-dependent oxidoreductase that regenerates the
lipophilic antioxidant ubiquinol (CoQH,) from coenzyme Q, (ubiquinone) at cellular membranes!®'-52l. COQH, traps lipid radicals and
halts the propagation of lipid peroxidation independently of GPX4. Furthermore, FSP1 participates in the reduction of vitamin K to its
hydroquinone form, linking the vitamin K redox cycle to ferroptosis defensel®3l. Together, the GPX4-GSH and FSP1-CoQ,/vitamin K
systems provide overlapping protection against oxidative lipid damage, ensuring cellular survival under diverse metabolic
conditions.

2.5 ACSL4, MBOAT, and the lipid composition of membranes

Ferroptosis sensitivity is strongly influenced by the fatty acid composition of phospholipids. Acyl-CoA synthetase long-chain family
member 4 (ACSL4) preferentially activates polyunsaturated fatty acids such as arachidonic and adrenic acids, forming acyl-CoA
derivatives that are incorporated into phosphatidylethanolamine (PE) by membrane-bound O-acyltransferases (MBOATS)**5°], These
PUFA-PE species are particularly vulnerable to peroxidation and act as key executioner lipids in ferroptosis. Cells lacking ACSL4 or
MBOAT1/2 exhibit decreased levels of PUFA-phospholipids and display marked resistance to ferroptosis. Thus, ACSL4 and MBOAT
enzymes define a lipid metabolic landscape that determines whether a cell is predisposed to ferroptotic cell death.

2.6 Therapeutic perspectives

Ferroptosis integrates multiple metabolic pathways: (1) iron catalysis driving hydroxyl radical formation, (2) lipid metabolism
determining peroxidation substrates, (3) thiol metabolism maintaining the redox environment, and (4) selenium metabolism enabling
selenoprotein-based detoxification. Disruption of any of these axes, including iron overload, PUFA enrichment, cysteine depletion, or
selenium deficiency, can shift the cellular balance towards ferroptotic collapse. Therapeutically, manipulating these pathways offers
both cytoprotective and cytotoxic opportunities. Of particular interest, the ability of ferroptosis to target (chemo)therapy-resistant
and metastatic cancers underscores its potential as a highly attractive strategy for future treatments/**"*°l. Ferroptosis inducers such
as erastin or GPX4 inhibitors may selectively eliminate drug-resistant tumor cells, whereas inhibitors including liproxstatin-1,
ferrostatin-1, vitamin E, and CoQ,, can protect neurons and cardiac tissues from oxidative damagel®l. Targeting ACSL4-dependent
lipid remodeling or enhancing FSP1-mediated antioxidant defense provides additional strategies to modulate ferroptosis in disease
contexts. Altogether, ferroptosis represents a metabolic checkpoint that determines cell fate by balancing iron-driven lipid oxidation
with multi-layered redox and metabolic defense systems.

3. Redoxins in Ferroptosis

Redoxins and associated proteins, as well as those that interact with them, play a crucial role in regulating various aspects of
ferroptosis, e.g., GSH metabolism, iron homeostasis, and post-translational modifications of ferroptotic proteins. Several of the
described functions of redoxins are known for a long time but were not directly connected to ferroptosis. The impact of changed
redoxin function on ferroptosis could also be based on secondary effects, e.g., the increase in superoxide formation upon loss of
mitochondrial redoxins!®°!l or activation of the nuclear factor erythroid 2-related factor 2 (Nrf2) pathway!°>°3], a major regulator of
transcription of antioxidant and anti-ferroptotic enzymes!®3l. This section mainly focuses on direct effects on ferroptotic pathways.

3.1 Trxs

The cytosolic Trx system might directly protect against ferroptosis by reducing lipid hydroperoxides (Figure 3). Hydroperoxides of
beta-linoleoyl-gamma-palmitoylphosphatidylcholine formed after photoperoxidation of liposomes were decreased to 2/3 by addition
of TrxR and to less than 50% after addition of TrxR and Trx[°‘l. This potential peroxide reducing function is increased in ferroptosis
resistant non-small cell lung cancer lacking the tumor suppressor SMARCA4. Lack of SMARCA4 inhibits expression of the aldehyde
dehydrogenase ALDH16A1 that binds to the Trx1 active site and inhibits its function but also promotes lysosomal degradation of the
redoxin(®’l. The newly developed ferroptosis inducing compound ferroptocide is a Trx inhibitor!®®l. Ferroptocide binds covalently to
the active site cysteines 32 and 35 and the additional cysteine 73 of Trx1°°I inhibiting its enzymatic function and the coordination of
the FeS-cluster!'3.
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Figure 3. Functions of the Trx system and TXNIP or TRP14 in ferroptosis. Created in inkscape. Trx: thioredoxin; TXNIP: Trx-interacting protein; TRP14: thioredoxin-related

protein of 14 kDa; GSH: glutathione; IRP: iron regulatory protein; LOX: lipid oxidase.

Moreover, selenide produced by the reduction of selenite by NADPH and TrxR is an efficient inhibitor of lipoxygenasesl®’l. Trx1
promotes reverse cholesterol transport (Figure 3) via nuclear translocation of liver X receptor o and subsequent increase of
ATP-binding cassette transporter A1 expression, thereby inhibiting hepatic steatosis!’®], a disease condition linked to ferroptosis!’’l. In
addition, cholesterol is thought to contribute to the lipid peroxidation burden during ferroptosis!'°’l. Trx is able to form hydrogen
sulfide and polysulfides in vitro (Figure 3)l'°!l. This might have an anti-ferroptotic function since sulfane sulfur species can protect
against lipid peroxidation!’sl.

Trxs are also involved in iron homeostasis via regulation of IRP1 activity, as shown abovel'?l. The role of TrxRs in ferroptosis is not
clear. Although they are inhibited by GPX4 inhibitors such as RSL3 in vitro, treatment of cells with more specific TrxR inhibitors,
e.g., TRi, does not induce ferroptosis!'??! indicating that TrxR is not directly involved in ferroptosis. However, as mentioned above,
TrxR is able to reduce lipid hydroperoxides®**7l. Furthermore, TrxR inhibition by different gold-based compounds induces ferroptosis
in KRAS-WT lung cancer!'%, triple-negative breast cancer cells!'’!], and hepatic cells!'®l In contrast, TrxR1 knockout in pancreatic
cancer cells increases protection against ferroptosis via upregulated levels of GPX4!'°°l, The authors of this study explain the
upregulation with the increased availability of Sec, although this was not shown for knockout of other selenoproteins, e.g., GPX1[1%7],

The Trx-interacting protein (TXNIP) promotes ferroptosis in mouse models of bronchopulmonary dysplasial!’®l, cardiac
ischemia/reperfusion injury!'?’), sepsis-induced cardiomyopathy!''°l, and polycystic ovary syndromel!'!l. Moreover, the role of TXNIP
in ferroptosis is described as important in initiating sarcopenial''?l, and as a prognostic/diagnostic marker in breast!''3], gastricl'!,
bladder!'"”!, and lung cancer!!'®!17] intervertebral disc degeneration!!!®], as well as multiple sclerosis!''’l. Surprisingly, the role of
TXNIP in liver ferroptosis seems to be the opposite. Decreased levels of TXNIP increase cholesterol content in liver!'?°l and initiate
liver fibrosis via ferroptosis!'?!l. The impact of TXNIP on ferroptosis seems to be manifold, as it downregulates SLC7A11 and GPX4
levels!'%%1221 increases the labile iron pool via NCOA4-mediated ferritinophagy!!'?>!?4l, and disrupts GSH synthesis (Figure 3)!'12.,

Thioredoxin-related protein of 14 kDa (TRP14) may be the protein mainly responsible for the reduction of intracellular
cystine (Figure 3)l'>. Thereby, TRP14 supports the function of SLC7A11 and the synthesis of GSH.
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3.2 Grxs

As described above, Grxs function either as oxidoreductases (class I Grxs 1 and 2) or FeS-cluster transferases/regulators of iron
homeostasis (class IT Grxs 3 and 5).

Both Grxs 1 and 2 are involved in protection against lens damagel'?®127l. Ferrostatin-1 is able to increase survival of UV-B-treated
human lens epithelial cells and decreases the opaque region in UV-B irradiated mouse lenses!!?®! linking lens damage to ferroptosis.
Grx2 knockout or overexpression exacerbates or diminishes lipid peroxidation in human lens epithelial cells or opacity in mouse
lenses, respectively, after treatment with ferroptosis inducers or UV-B via modulation of mitochondrial structure and the GSH/GSSG
ratiol'?8l,

S-glutathionylation is linked to ferroptosis-related proteins. Grx1 de-glutathionylates cysteine residues 23 and 240 of the ovarian
tumor deubiquitinase OTUB1!'?°], In concert with the E2 ubiquitin-conjugating enzyme UBCHS5a, glutathionylated OTUB1 interacts
with SLC7A11 and prevents proteasomal degradation (Figure 4). Thereby, knockdown of Grx1 leads to increased levels of SLC7A11 and
of GSH in lung cells!'?°]. Surprisingly, loss of Grx1 shows no effect on ferroptosis in MEFs or HeLa cells. In contrast, loss of Grx2
increases ferroptosis vulnerability. Grx2 is essential to de-glutathionylate GPX4, thereby affecting structural features important for
lipid binding of GPX4[!%l, These effects impair functionality of this anti-ferroptotic enzyme. Upon ferroptosis induction, Grx2 becomes
activated by disassembly of the FeS-cluster introducing the FeS-cluster bound in Grx2 dimers as a ferroptosis sensor. In line, Grx2
knockout mice resemble phenotypes of mice expressing a hypomorphic Gpx4 allele, such as lipid peroxidation in the brain or loss of
parvalbumin-positive neurons!’"],
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protein.

Although currently not found to be directly linked to the activity of Grxs, ADP-ribosylation factor 6 is S-glutathionylated under
ferroptotic conditions, regulating localization of the transferrin receptor on the cell membrane and transferrin uptakel'3!l.

Disturbed FeS-cluster biosynthesis promotes ferroptosis in various cancer cell lines[!3%133, whereas intact FeS-cluster biosynthesis
inhibits ferroptosis!'3¥l. Consistent with these findings, downregulation of Grx5 sensitizes cisplatin-resistant head and neck cancer
towards ferroptosis!'®>l. Knockout of either Grx5 or Grx3 leads to iron accumulation in cells3%13¢.137] jmpaired FeS cluster
biosynthesis!'*®], and deregulated iron homeostasis via IRPsI*-137.1391 (Figure 4).
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Free fatty acids, that might also contribute to ferroptosis!'?’], deplete Grx5 in a model of type 2 diabetes mellitus!'*’l. In addition, Grx3
displays protein kinase C-0 activity. Although this specific protein kinase is currently not found to be involved in ferroptosis, protein
kinase C- is pro-ferroptotic via phosphorylation and thereby activation of ACSL4[!*1].

3.3 Prxs

Inhibition of Prx1 triggers ferroptosis in non-small cell lung cancer!'*?l. Conversely, overexpression of Prx1 prevents ferroptosis in a
model of oxygen-glucose deprivation/reperfusion-induced neuronal cell death!!*’l. Lai et al.l'*!l claim that Prx1’s peroxidase activity in
prostate cancer is preserved by the oncogene Holliday junction recognition protein (HJURP) that is found in several cancer typesl!*l.
Formation of intermolecular disulfides between HJURP and Prx1 protects the active site of the redoxin against overoxidation during
ferroptosis induction. Binding of Prx1 to long non-coding RNA LncFASA leads to phase separation, formation of Prx1-containing
condensates, and subsequently ferroptotic cell death in triple-negative breast cancer!'*°l. Prxs 1 and 2 are targets for direct binding to
artesunate, a derivative of the anti-malaria and anti-tumor drug artemisinin. Binding to Prx1 Gly4 or Prx2 Arg7 and Thr120 promotes
ferroptosis in diffuse large B-cell lymphomal'*’l. In addition, Prx1 protects diffuse large B-cell lymphoma against erastin-induced
ferroptosis by inhibition of the MAPK/ERK pathwayl!*$l. Song et al.['*’] suggested that, next to the peroxidase activity, the chaperone
activity of Prx1 also provides ferroptosis protection. Prx1 Cys83 binds to cullin-3, a ubiquitin ligase modulating Nrf2 ubiquitination!!>°],
and thereby inhibits degradation of Nrf2 allowing transcription of anti-ferroptotic enzymesl'*’l.

Lipid hydroperoxides are substrates for Prx2 (Figure 5)>!l suggesting an anti-ferroptotic function as demonstrated in adipose-derived
mesenchymal stem cells!'>!l. Prx2 interaction with different proteins regulates its exosomal secretion. Binding of apoptosis-linked
gene-2-interacting protein X to its N-terminal region promotes secretion, whereas keratin 20 binding at this region inhibits secretion
and thereby prevents ferroptosis in kidney tubular cells!'>?l. Oral squamous cell carcinoma cells protect themselves against
ferroptosis by upregulation of RUNT-related transcription factor 2 (RUNX2), a protein connected to survival and metastasis of various
cancer typesl!>3l. RUNX2 binds to the promoter of the Prx2 encoding gene and enhances the transcription, thereby decreasing
vulnerability towards ferroptosis!!>!l. In contrast, binding of nuclear factor of activated T cells 5 to the promotor leads to
downregulated Prx2 expression and increased ferroptosis in pancreatic -cells during progression of obese type 2 diabetes
mellitus(>1.
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Hyperoxidized (sulfinic and sulfonic acids) Prx3 was suggested as a ferroptosis markerl!>°l. Although less sensitive to hyperoxidation
by H,0, than Prxs 1 and 2, Prx3 is rapidly hyperoxidized by lipid hydroperoxides!'>7-158l. Under these conditions, Prx3 is localized not
only in mitochondria, but also at the plasma membranel>*15¢159, Since enzymes that are able to inhibit or reduce hyperoxidation of
Prx3, sulfiredoxin!'*®), Grx2, and Trx2[!°!], are only partly correlated to ferroptosis!'®?, the specificity of hyperoxidized Prx3 as a
ferroptotic marker needs further investigation. Downregulation of Prx3 was observed in patients suffering from osteoarthritis and
knock-out of this redoxin induced ferroptosis and cartilage injury in an osteoarthritis mouse modell'®3l. Prx3 is connected to
ferroptosis in ovarian cancer stem cells!l.

Prx4, together with all other Prxs, is upregulated in multiple myeloma patients and serves as a prognostic and diagnostic marker!'°>.,

Prx5 protects against ferroptosis in bladder cancer, where it is also a potential biomarker!'°®l, colorectal cancer cells!'*7], and
cisplatin-induced ferroptosis leading to acute kidney injury!°®l.

The best investigated Prx in the context of ferroptosis is Prx6. Prx6 protects against ferroptosis in intestinal epithelial cells!'*”), heart
failurel'’°l, diabetic podocyte injury!'’!l, lung endothelial cells!'’>173], sepsis-associated acute lung injury!'’*l, chronic obstructive
pulmonary diseasel'’l, periodontitis!'’®), xenograft tumor models!'’”), neuroblastomal!’®l, as well as colorectal cancer cells!'7l.
Mechanistically, this redoxin directly reduces lipid hydroperoxides!'®%-181l  alleviates ferroptosis-induced mitophagy!'®?l, remodels
membrane phospholipid composition!!®3], or diminishes inflammatory pathways!'73:17¢1_ All Prx6 functions, including peroxidase,
phospholipase, lysophosphatidylcholine acyl transferase, and selenium transfer and utilization factor, modulate
ferroptosis (Figure 5)°%5%184185 The selenium transfer function was discovered only recently. Prx6 operates through its function as a
selenium acceptor protein, channeling reactive selenium species toward the biosynthesis of selenoproteins, especially GPX4. A direct
interaction between Prx6 and GPX4 and the importance of Sec in GPX4 has been described beforel’.°¢l, In intracellular selenium
metabolism, selenium must be converted into Sec for selenoprotein translation. Canonically, this involves the decomposition of Sec
by selenocysteine B-lyase, producing selenide that is phosphorylated by selenophosphate synthetase 2 (SEPHS2) to generate
selenophosphate for Sec-tRNA synthesis!'®°l. Because selenide is highly reactive, it has long been hypothesized that specific molecular
carriers exist to transport selenium in a stabilized form within cells!'*”]. Prx6 is now identified as such a selenium-acceptor protein,
functioning as a safe and efficient mediator of intracellular selenium trafficking!®®!77.178l, Prx6 directly binds selenide or selenol
intermediates at its catalytic cysteine 47 in the presence of GSH. Through this covalent relay, Prx6 transfers selenium to SEPHS2 and
thereby enhances the efficiency of Sec-tRNA[Ser]Sec formation and subsequent selenoprotein translation. In line, Prx6 knockout mice
exhibit markedly reduced levels of GPX4 and other selenoproteins, with this decrease being particularly pronounced in the brain!!7"],
highlighting the critical role of this redoxin in selenium metabolism and providing a missing link in selenoprotein biology that
explains how cells coordinate thiol and selenium metabolism to counteract lipid peroxidation. Given the central role of GPX4 in
suppressing lipid peroxidation, these findings further suggest that Prx6 may exert substantial influence on ferroptosis-related
pathologies through its regulation of GPX4 expression. Importantly, recent studies indicate that deficiency in Prx6-dependent
selenium delivery can significantly decrease GPX4 protein level, with a corresponding reduction in ferroptosis sensitivity of similar
magnitude. However, the precise kinetics of selenium handover from Prx6 to SEPHS2, the structural determinants that govern
selenium selectivity, and the extent to which Prx6 activity becomes rate-limiting during oxidative stress remain unclear. These
unresolved questions underscore Prx6 as a potentially druggable regulatory node. Small molecules that stabilize the Prx6-selenium
intermediate or enhance its interaction with SEPHS2 could augment GPX4 biosynthesis, whereas pharmacological inhibition of this
pathway may sensitize cancer cells to ferroptosis-inducing therapies.

Prxs can undergo different posttranslational modifications that regulate the impact on ferroptosis. Membrane associated Prx1 can be
phosphorylated at Tyr194 allowing the accumulation of H,0,['#81 and lipid peroxidation. Inhibition of Tyr194 phosphorylation elevates
the peroxidase activity of Prx1 and makes it an efficient anti-ferroptotic enzymel'*3l. Lactylation of Prx1 at Lys67 enhances nuclear
translocation and Nrf2-dependent transcription of anti-ferroptotic enzymes!'®”l. De-acetylation of Prx3 at Lys92 by the de-acetylase
sirtuin 4 confers protection against ferroptosis in the context of liver ischemia-reperfusion injury!'°’l

In summary, redoxins are clearly involved in ferroptosis regulation, although many publications are rather descriptive, focusing only
on survival in presence or absence of ferroptosis inhibitors/inducers and lipid peroxidation levels. The available data do not allow
conclusions regarding the specific functions of the three distinct redoxin families in ferroptosis. Single enzymes affect different
hallmarks of ferroptosis, e.g., Prx6 can provide GPX4 with selenium, directly reduce lipid hydroperoxides, or regulate the MUFA/PUFA
ratio. Moreover, different cell types or metabolic conditions might contribute to the different importance of the redoxin families.
GPX4 activity depends on GSH and selenium levels, which also affects either the Grx system (GSH-dependent activity of Grxs) or the
Trx system (selenium-dependent activity of TrxR). Thus, context-dependent research focusing on molecular mechanisms is essential
to validate the role of redoxins in ferroptosis.

4. Ferroptosis and Redoxins in Pathology

Several diseases are linked to both ferroptotic cell death and (mis-)function of redoxins. Redoxins contribute to diseases mainly in
their roles as regulators of iron homeostasis and of redox signaling by modulating oxidative posttranslational modifications and/or
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levels of oxidants.

As evident from the above cited publications, cancer is such a disease with several examples showing the impact of redoxins or
ferroptosis in cancer progression or therapy. Other examples of pathological conditions clearly linked to ferroptosis as well as
redoxins include neurodegeneration!'’!*°3l, neuroinflammation and other inflammatory diseases!!?*1%°], ischemia/reperfusion!'?%!77],
diabetes mellitus!'?®1?°l, and iron-related diseases such as Friedreich’s Ataxial?0%-201l,

In most of these pathological conditions, the connection between ferroptosis and redoxins remains to be specified. As stated above,
especially mechanistic insights are missing, and in the case of diseases, this is even more evident. Moreover, investigation of cell-type
specificity may be important for addressing different diseases. Depending on the tumor, higher levels of Trx have been associated
with both increased resistance and increased cell death!?°?l. Inhibition of the Trx system by auranofin induced cell death (most likely
ferroptosis) only in non-endocrine small cell lung cancer, whereas inhibition of the Grx system by buthionine sulfoximine killed
specifically the endocrine cells>*3l, Ferroptosis susceptibility and impact on tumor growth differ between cancer types>**l and even
within the same cancer type the protective ferroptotic pathway can change as shown for melanoma cells in which protection against
ferroptosis shifts from GPX4 to FSP1 during lymphatic metastasis*’l. The recently demonstrated importance of FSP1 in a lung cancer
mouse model>°°l, which was not observed in cell culture indicates further differences between in vivo and in vitro experiments, that
should be also considered in evaluating the role of redoxins.

Based on the existing literature, modulation of redoxin’s activity offers new therapeutic strategies to induce or inhibit ferroptosis.
Several redoxin inhibitors induce ferroptosis, such as the already mentioned Trx inhibitor ferroptocide. Moreover, arsenic trioxide,
nitrosourea, e.g., busulfan or carmustine, or natural compounds, such as curcumine(-derivates) or piperlongumine, are potent
inhibitors of the Trx and Grx systems via inhibition of TrxR, GR, or depletion of GSH?7:2%8] and inducers of ferroptosis?°s211l, At the
same time, these compounds are promising or already approved anticancer drugs[?°%.210.212-2141 [nhibition of the Trx system should
also inhibit Prxs. Nevertheless, some specific Prx inhibitors induce ferroptosis and exhibit anti-cancer activity, e.g., artesunatel!*7],
Finally, at least one compound, glaucocalyxin A, inhibits both TR1 and Prx1 to induce ferroptosis in cancer cells!!*?. Future research
will show whether all redoxin inhibitors, including the recently described very specific Prx3[> or yet-to-be-developed specific Grx
inhibitors, induce ferroptosis. To our knowledge, activators of redoxins have yet not been identified. Trx1’s activity is inhibited by
binding to TXNIP and subsequent blocking of the active sitel>'°l. Therefore, inhibition of TXNIP should increase Trx1 activity. Recently,
such a TXNIP inhibitor, TIX100, has been published?'’l. This compound is being tested in clinical trials targeting type 1 diabetes, but
whether it inhibits ferroptosis remains unknown!?'8l. Nevertheless, activation of redoxin activity would be a novel strategy to
suppress ferroptosis and combat diseases such as diabetes and neurodegeneration.

5. Conclusions

As modulators of redox and iron homeostasis, redoxins regulate hallmarks of ferroptosis. In fact, several hallmarks of ferroptosis were
connected to the functions of thio-, gluta-, and peroxiredoxins years or even decades ago. However, compared to the number of
publications related to ferroptosis, publications connecting ferroptosis and redoxins are surprisingly rare. Moreover, a number of
these publications do not provide detailed mechanisms linking redoxin activities to ferroptotic pathways. Therefore, most data are
rather descriptive based on knockout, inhibition, or overexpression of redoxins and subsequent measurement of lipid peroxidation
and/or rescue by ferroptosis inhibitors/inducers. Future research addressing these knowledge gaps and linking redoxin activity to
ferroptotic cell death should increase our knowledge in molecular mechanisms underlying or regulating ferroptosis in different
(patho-)physiological conditions.
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