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Abstract

Ferroptosis, a lipid peroxidation-driven form of regulated cell death, has emerged as a central mechanism in neurological disease. While
most studies have focused on neuronal vulnerability, non-neuronal cells, including oligodendrocytes, astrocytes, microglia, brain endothelial
cells, and central nervous system (CNS) infiltrating T cells, play equally critical roles in shaping disease progression. These cell types regulate
iron homeostasis, lipid metabolism, antioxidant defenses, and inflammatory signaling, thereby establishing the microenvironmental
conditions that determine ferroptotic susceptibility within the CNS. Accumulating evidence demonstrates lipid peroxidation and
ferroptosis-related signaling in demyelinating disorders, ischemic injury, small vessel disease, Alzheimer's disease, Parkinson's disease, and
spinal cord injury. However, the contribution of non-neuronal cells to ferroptotic stress and execution remains comparatively underexplored.
In this review, we synthesize emerging data highlighting cell type-specific dependencies on glutathione peroxidase 4 (GPX4), solute carrier
family 7 member 11 (SLC7A11), ferroptosis suppressor protein 1 (FSP1), nuclear factor erythroid 2-related factor 2 (NRF2), peroxiredoxin
(PRDX), thioredoxin (TRX), iron-handling proteins, and lipid remodeling pathways, and discuss how these regulatory networks differ across
CNS-resident and CNS infiltrating T cells. We propose that ferroptosis in neurological disease is not solely a neuron-autonomous event, but a
tissue-level process orchestrated by non-neuronal cells with distinct metabolic and immunological programs. Understanding these cell
type-specific vulnerabilities and regulatory mechanisms will be essential for the development of targeted therapeutic strategies aimed at
modulating ferroptotic stress in neuroinflammatory and neurodegenerative disorders.
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1. Introduction

Ferroptosis is a regulated form of cell death driven by iron-dependent lipid peroxidation and characterized by the accumulation of
oxidized phospholipids within cellular membranes. Since its initial description!'), ferroptosis has been extensively studied across
cancer biology, metabolic disorders, and neurodegeneration, and its molecular mechanisms have been comprehensively reviewed
elsewherel>°l. While substantial progress has been made in defining the core biochemical framework of ferroptosis, its cell
type-specific regulation and execution within the central nervous system (CNS) remain incompletely understood.

Neurological diseases represent one of the fastest growing global health challenges, with increasing prevalence driven by aging
populations and improved survival from acute injuryl®”l. Particularly, neurodegenerative diseases pose a substantial burden due to
the ageing society!® 1%, Understanding the underlying molecular processes is crucial to identify novel therapeutic strategies. The CNS

© The Author(s) 2026. This is an Open Access article licensed under a Creative Commons Attribution 4.0 International License

BY (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing, adaptation, distribution and reproduction in
any medium or format, for any purpose, even commercially, as long as you give appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were made.


https://crossmark.crossref.org/dialog?doi=10.70401/fos.2026.0030&domain=pdf
mailto:m.woo@uke.de
https://doi.org/10.70401/fos.2026.0030
https://creativecommons.org/licenses/by/4.0/

Ferroptosis Oxid Stress. 2026;2:202609 | https://doi.org/10.70401/f0s.2026.0030 Page 2 of 19

is a highly specialized and tightly regulated organ system, characterized by complex cellular heterogeneity and finely tuned
metabolic coupling between neurons, glia, endothelial cells, and infiltrating immune populations. These cells perform distinct yet
interdependent functions, including myelination, barrier formation, immune surveillance, and metabolic support. Their unique lipid
composition, iron handling, and antioxidant programs suggest that ferroptosis may manifest differently across CNS cell types
compared to peripheral tissues. Increasing evidence implicates ferroptosis in a broad spectrum of neurological diseases, including
Alzheimer’s disease (AD)!'!"!7], Parkinson’s disease (PD)!'82°, amyotrophic lateral sclerosis (ALS)?1:??l, Huntington’s disease (HD)[?324],
multiple sclerosis (MS)2>3%, and strokel!3!l, where iron accumulation, glutathione depletion, mitochondrial dysfunction, and lipid
peroxidation are recurrent pathological featuresl*>. Moreover, pharmacological inhibition of ferroptosis using iron chelators, radical
trapping agents, or nuclear factor erythroid 2-related factor 2 (NRF2) activators ameliorates neuronal injury and functional deficits in
multiple preclinical disease models*> 38l further supporting ferroptosis as a therapeutically relevant mechanism in
neurodegeneration.

To date, much of the focus on ferroptosis in the CNS has centered on neurons. Neuronal ferroptosis has been reviewed in depth
elsewherel%:38-101 demonstrating that neurons are highly dependent on selenium and glutathione peroxidase 4 (GPX4) for survival,
and that neuronal GPX4 deletion robustly induces ferroptotic degeneration in vivol3>*1-43l, Conversely, deletion of acyl-CoA synthetase
long-chain family member 4 (ACSL4)“Yl is protective in models of inflammation-induced neurodegeneration!?”), highlighting the
importance of phospholipid remodeling in neuronal ferroptosis susceptibility. Under steady-state conditions, neurons express
relatively low levels of NRF2 and solute carrier family 7 member 11 (SLC7A11)!*°], rendering them particularly dependent on
GPX4-mediated lipid peroxide detoxification. During inflammation, however, non-canonical signaling pathways can be activated that
shift neuronal redox balance and promote glutathione-GPX4-dependent cell death programs!*®:2°l. Neuronal ferroptosis closely
interacts with excitotoxicity, neuroinflammation, and mitochondrial metabolic dysfunction, positioning lipid peroxidation as a
convergence point of multiple pathogenic pathways in neurodegenerative disease.

In contrast to neurons, the regulation and execution of ferroptosis in non-neuronal CNS cell types, including oligodendrocytes,
astrocytes, microglia, brain endothelial cells, and CNS infiltrating T cells, have received less systematic attention. These cells possess
distinct iron-handling mechanisms, lipid metabolic programs, and antioxidant networks that may either suppress or amplify
ferroptotic stress within the neural microenvironment. Given their central roles in myelination, blood-brain barrier integrity,
immune signaling, and metabolic support, ferroptosis in these populations may critically shape disease trajectories in
neuroinflammatory and neurodegenerative disorders.

The aim of this review is to systematically examine current evidence for lipid peroxidation and ferroptosis across non-neuronal CNS
and CNS-infiltrating immune cells (graphical visualizations are shown in Figure 1, Figure 2, Figure 3, Figure 4 and Figure 5). By
comparing cell type-specific dependencies on key ferroptosis regulators and identifying emerging mechanistic themes and gaps, we
seek to highlight how ferroptotic stress operates as a tissue-level process in neurological disease and to define priorities for future
investigation.
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Figure 1. Molecular regulation of ferroptosis in oligodendrocytes. Oligodendrocytes are highly vulnerable to ferroptotic stress due to their elevated iron content and lipid-

rich membranes required for myelin synthesis. GPX4-dependent detoxification of PLOOH is supported by cystine uptake through system Xc (SLC7A11), glutathione synthesis,

and potentially by alternative antioxidant pathways including FSP1/CoQH2 and PRDX/TRX systems, although their precise roles in oligodendrocytes remain insufficiently

resolved. ACSL4-mediated phospholipid remodeling and PLIN2-associated lipid droplets expand the pool of peroxidation-prone lipids, thereby increasing ferroptotic

susceptibility. In parallel, secretion of FTH1 may contribute to extracellular iron buffering and neuroprotection. Green indicates protective pathways, red indicates detrimental
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pathways, and blue indicates unresolved or context-dependent mechanisms. Created in BioRender. Winneberger, J. (2026) https://BioRender.com/arrl9t0. GPX4: glutathione
peroxidase 4; SLC7A11: solute carrier family 7 member 11; PLOOH: phospholipid hydroperoxides; FSP1: ferroptosis suppressor protein 1; PRDX: peroxiredoxin;
TRX: thioredoxin; ACSL4: acyl-CoA synthetase long-chain family member 4; PLIN2: perilipin-2; FTH1: ferritin heavy chain 1; NRF2: nuclear factor erythroid 2-related factor 2;
GSH: glutathione.
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Figure 2. Molecular regulation of ferroptosis in brain endothelial cells. Brain endothelial cells rely on tightly regulated antioxidant and lipid metabolic pathways to maintain
blood-brain barrier integrity and suppress lipid peroxidation. GPX4-dependent detoxification of PLOOH is supported by cystine uptake via system Xc™ (SLC7A11), glutathione
synthesis, and alternative antioxidant systems including FSP1/CoQH2, vitamin E, and the PRDX/TRX pathway. NRF2, KLF6, and p53 regulate the transcriptional expression of
ferroptosis-associated genes, whereas miRNA-17-92 suppresses ACSL4 expression. In parallel, ROS/peroxide signaling contributes to endothelial activation, proliferation, and
angiogenesis, highlighting that lipid peroxidation may exert both physiological signaling and pathological ferroptotic functions in BECs. Green indicates protective pathways,
red indicates detrimental pathways, and blue indicates unresolved or context-dependent mechanisms. Created in BioRender. Winneberger, J. (2026)
https://BioRender.com/swexm06. GPX4: glutathione peroxidase 4; PLOOH: phospholipid hydroperoxides; SLC7A11: solute carrier family 7 member 11; FSP1: ferroptosis
suppressor protein 1; PRDX: peroxiredoxin; TRX: thioredoxin; NRF2: nuclear factor erythroid 2-related factor 2; KLF6: Krueppel-like factor 6; ACSL4: acyl-CoA synthetase
long-chain family member 4; ROS: reactive oxygen species; BECs: brain endothelial cells.
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Figure 3. Molecular regulation of ferroptosis in astrocytes. Astrocytes coordinate iron metabolism, lipid homeostasis, antioxidant defense, and glutamate signaling to
regulate ferroptotic stress within the CNS. GPX4-dependent detoxification of PLOOH is supported by cystine uptake through system Xc (SLC7A11), glutathione synthesis,
NRF2 signaling, and alternative antioxidant systems including FSP1/CoQH2 and PRDX6/TRX. Astrocytic iron handling is regulated by CP, PCBP1, hepcidin, and TfR1, whereas
lipid remodeling pathways involving ACSL4, APOE, lipid droplets, and cAMP signaling influence the abundance of peroxidation-prone lipids. In parallel, NOX4-derived ROS

production and glutamate release via system Xc connect ferroptosis-related pathways to oxidative stress and excitotoxicity. Green indicates protective pathways, red
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indicates detrimental pathways, and blue indicates unresolved or context-dependent mechanisms. Created in BioRender. Winneberger, J. (2026)
https://BioRender.com/80w9t9n. CNS: central nervous system; PLOOH: phospholipid hydroperoxides; SLC7A11: solute carrier family 7 member 11; FSP1: ferroptosis
suppressor protein 1; PRDX6: peroxiredoxin 6; TRX: thioredoxin; NRF2: nuclear factor erythroid 2-related factor 2; CP: ceruloplasmin; PCBP1: poly(rC)-binding protein 1;
TfR1: transferrin receptor 1; ACSL4: acyl-CoA synthetase long-chain family member 4; APOE: apolipoprotein E; cAMP: cyclic adenosine-monophosphate; NOX4: NADPH
oxidase 4; ROS: reactive oxygen species; GPX4: glutathione peroxidase 4.
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Figure 4. Molecular regulation of ferroptosis in microglia. Microglia integrate iron metabolism, inflammatory signaling, lipid remodeling, and antioxidant defense pathways
that collectively determine ferroptotic sensitivity. GPX4-dependent detoxification of PLOOH is supported by cystine uptake via system Xc' (SLC7A11), glutathione synthesis,
NRF2 signaling, and alternative antioxidant systems including FSP1/CoQH2 and PRDX1/TRX1. Inflammatory signaling pathways such as TNFa-RIPK1 promote lipid
peroxidation, whereas STAT1-, NFkB-, and P2RY12-dependent signaling increase GPX4 and SLC7A11 expression. Lipid droplet accumulation, regulated by APOE4 and DGAT2,
together with ACSL4-mediated phospholipid remodeling, expands the pool of peroxidation-prone lipids. In parallel, autophagy- and vesicle trafficking-associated proteins
including ATG7 and SEC24B modulate ferroptotic stress, highlighting the close interplay between lipid metabolism, inflammation, and ferroptosis in microglia. Green
indicates protective pathways, red indicates detrimental pathways, and blue indicates unresolved or context-dependent mechanisms. Created in BioRender. Winneberger, J.
(2026) https://BioRender.com/2x46ir9. GPX4: glutathione peroxidase 4; PLOOH: phospholipid hydroperoxides; SLC7A11: solute carrier family 7 member 11; FSP1: ferroptosis
suppressor protein 1; PRDX6: peroxiredoxin 6; TRX1: thioredoxin 1; TNFa: tumor-necrosis factor o; RIPK1: receptor-interacting serine/threonine-protein kinase 1;

STAT1: signal transducer and activator of transcription 1; NFkB: nuclear factor kappa B; APOE4: apolipoprotein E 4; DGAT2: dacylglycerol O-acyltransferase 2; ACSL4: acyl-CoA
synthetase long-chain family member 4; ATG7: autophagy related 7.
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Figure 5. Molecular regulation of ferroptosis in CNS-infiltrating T-cells. Infiltrating T cells rely on tightly controlled antioxidant and metabolic pathways to balance activation,
proliferation, and ferroptotic stress. GPX4-dependent detoxification of PLOOH is supported by cystine uptake through system Xc (SLC7A11), glutathione synthesis, and

alternative antioxidant pathways including FSP1/CoQH2 and PRDX/TRX systems. NRF2 signaling promotes GPX4 expression and redox homeostasis, whereas
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ACSL4-mediated phospholipid remodeling increases the pool of peroxidation-prone lipids. Interestingly, ferroptosis-related pathways are closely linked to T-cell activation
and proliferation, suggesting that controlled lipid peroxidation may participate in metabolic signaling and immune effector functions beyond terminal ferroptotic cell death.
Green indicates protective pathways, red indicates detrimental pathways, and blue indicates unresolved or context-dependent mechanisms. Created in BioRender.
Winneberger, J. (2026) https://BioRender.com/59b299m. CNS: central nervous system; GPX4: glutathione peroxidase 4; PLOOH: phospholipid hydroperoxides;
SLC7A11: solute carrier family 7 member 11; FSP1: ferroptosis suppressor protein 1; PRDX: peroxiredoxin; TRX: thioredoxin; NRF2: nuclear factor erythroid 2-related factor 2;

ACSL4: acyl-CoA synthetase long-chain family member 4.

2. Oligodendrocyte Lineages

Among all CNS cell types, oligodendrocytes exhibit the highest iron content, which is required for myelin synthesis. In addition to
myelination, oligodendrocytes provide essential trophic and metabolic support to neurons, underscoring their importance for
neuronal integrity and circuit function. Oligodendrocyte pathology has classically been studied in demyelinating disorders such as
multiple sclerosis (MS)[*°l where oligodendrocytes accumulate the lipid peroxidation by-products malondialdehyde (MDA) and
4-hydroxynonenal (4-HNE)!*7-#8], However, emerging evidence indicates that oligodendrocyte dysfunction and death also contribute to
acute ischemic injury, cerebral small vessel disease, and other primary neurodegenerative diseases, including AD!*’-5!1 where lipid
peroxidation in oligodendrocytes has not been systematically investigated.

Oligodendrocytes and their precursor cells robustly express GPX4, highlighting a strong dependence on lipid peroxide detoxification.
GPX4 expression is consistently reduced in oligodendrocytes and oligodendrocyte precursor cells (OPCs) in mouse models of
demyelination*’>2531 and has also been reported to be altered in hemorrhagic strokel>*>°, chronic cerebral hypoperfusionl>*! and
neurodegenerative disease contextsl>’l. In addition, the system Xc is downregulated in oligodendrocytes in MS, as suggested by
epigenetic and transcriptional studies!®®l. By contrast, the expression and functional relevance of alternative ferroptosis-modulating
pathways, including peroxiredoxins, ferroptosis suppressor protein 1 (FSP1), or related antioxidant systems, have not been
systematically investigated in oligodendrocyte lineage cells.

Functional studies in vitro support a critical role for ferroptosis in oligodendrocytes. Pharmacological inhibition of GPX4 or SLC7A11
as well as iron overload induces lipid peroxidation and oligodendrocyte death in vitro, which are blocked by radical trapping agents
(RTA) such as Lip-1 and Fer-15%59?1, Interestingly, susceptibility to erastin-induced ferroptosis decreases during maturation in an
oligodendrocyte cell linel>”], suggesting developmental stage-dependent differences in glutathione metabolism and redox buffering
capacity during oligodendrocyte maturation. Additionally, hemin-induced ferroptosis correlates with GPX4 downregulation>*],
providing further evidence for the central role of GPX4 in maintaining redox homeostasis. Interestingly, perilipin-2 (PLIN2), a key
regulator of lipid droplet formation, is upregulated in oligodendrocytes in a mouse model of ischemic strokel*! and its deletion limits
oligodendrocyte death in contrast to gastric cancer cells where PLIN2 deletion increases ferroptosis(®’l, suggesting that lipid droplets
are a relevant source of lipid peroxidation in oligodendrocytes. Along these lines, inhibitors of the fatty acid binding proteins 5 and 7
reduce lipid peroxidation!**! in preclinical MS models, highlighting that the oxidized lipid pool and sources are highly cell type, tissue
and context specific (Figure 1).

While systemic treatments with RTAs ameliorate lipid peroxidation in mouse models of demyelination and cerebral ischemial>3555¢1 it
is unclear whether this is a direct effect on oligodendrocytes or an indirect effect. Therefore, cell type-specific genetic deletion in vivo
studies should be prioritized. Although selenium is essential for myelin production and oligodendrocyte development[®4%1 it is
unclear how selenium is transported to oligodendrocytes, how intracellular selenium metabolism is regulated, and whether selenium
availability becomes rate-limiting for GPX4 activity in disease states. Moreover, the contribution of GPX4-independent
ferroptosis-suppressing pathways, such as the FSP1-CoQ10[°*-° axis, peroxiredoxin (PRDX) or thioredoxin (TRX) systems[*®:°°l, remains
largely unexplored in oligodendrocytes. Beyond cell-autonomous mechanisms, oligodendrocytes may also modulate ferroptotic
stress in neighboring cells. Notably, oligodendrocytes can secrete ferritin heavy chain 1 (FTH1), which exerts neuroprotective
effects!’’l, pointing toward ferritin-mediated iron buffering as an additional layer of ferroptosis regulation. Whether such mechanisms
are altered in demyelinating, ischemic, or neurodegenerative diseases remains unknown.

3. Brain Endothelial Cells

Brain endothelial cells (BECs) are central regulators of the blood brain barrier (BBB) and CNS homeostasis, controlling the exchange of
nutrients, metabolites, and immune signals between the circulation and the brain. Disruption of BBB integrity is a shared pathological
feature across virtually all neuroinflammatory and neurodegenerative diseases, including MS, stroke, AD, and related disorders. In
vivo evidence from preclinical models and histopathological human postmortem studies of ischemic stroke, traumatic brain injury,
and AD demonstrates lipid peroxidation and oxidative stress in vascular cellsl’!"74l. The unique lipid composition with enrichment of
polyunsaturated fatty acids (PUFAs) in specific membrane domains and exceptionally low membrane turnover and transcytosis of

brain endothelial cells!’>7°l, while essential for BBB integrity, may predispose these cells to lipid peroxidation when antioxidant
defenses or iron homeostasis are compromised.

This concept is supported by in vivo evidence demonstrating that endothelial cell-specific deletion of GPX4 alone does not elicit an
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overt phenotype but leads to pronounced BBB dysfunction and thrombus formation only when combined with vitamin E
deficiency!”’], similarly to hematopoietic stem cells and hepatocellular cells!’®7°l. In addition, BECs exhibit high expression of the
antioxidant transcription factor NRF2, which plays a central role in maintaining redox homeostasis at the BBB. Notably, NRF2 deletion
exacerbates oxidative stress and BBB dysfunction in mouse models of stroke and cerebral hemorrhage, correlating with reduced
expression of GPX4 and SLC7A1130-80], However, direct evidence linking these changes to lipid peroxidation-driven cell death remains
limited. Congruently, pharmacological activation of NRF2 ameliorates BBB disruption in preclinical brain injury models[8%:81],
underscoring the importance of NRF2-regulated antioxidant programs in preserving endothelial barrier integrity. In addition to the
Xc/GPX4-axis, periredoxins crucially maintain the functionality of endothelial cells. Deletion of peroxiredoxin 4 (PRDX4) in BECs
increases the vulnerability to cerebral ischemia/reperfusion injury in vivol®’l, and PRDX2 is an essential antioxidant enzyme during
steady-state to prevent the oxidation and inactivation of the vascular endothelial growth factor receptor 2 (VEGFR2)I*7l. Vascular
endothelial growth factor (VEGF)-signalling is essential for angiogenesis, and can be therapeutically increased by thioredoxin mimetic
peptidesl®’l. Furthermore, endothelial deletion of the thioredoxin reductase 2 (TXNRD2) increases vascular stiffness and leads to
vascular hypertrophy in micel®®l, underlining the close interaction between the redox balance and endothelial functionality. Systemic
treatment with RTAs like ferrostatin-1 or liproxstatin-11717288-91 counteracts BBB dysfunction in preclinical brain injury and infectious
models; however, cell type specific models are required for further mechanistic studies. In addition, SLC7A11 is downregulated in
BECs in mouse models of stroke, MS, traumatic brain injury, and epilepsy!®!l. However, further studies are warranted to answer
whether the endothelial SLC7A11 downregulation is functionally and phenotypically relevant in these mouse models.

Ferroptosis in brain endothelial cells has thus far been investigated predominantly in vitro. Beyond direct inhibition of GPX4 or
SLC7A11, physiologically relevant stressors such as hypoxia, lipopolysaccharide, and altered shear stress induce lipid peroxidation
and ferroptotic cell death in endothelial cells, concomitant with reduced expression of GPX4 and SLC7A111729293 while increasing the
expression of TRX and PRDX proteins[’*%°l, In cell culture models, co-enzyme Q10 depletion also increases the susceptibility to
ferroptosis!”®?7l. However, its endogenous synthesis and regulation in BECs remains unexplored. Interestingly, overexpression of the
transcription factor Krueppel-like factor 6 (KLF6) increases SLC7A11 expression and co-enzyme Q10 synthesis!”?! while p53 increases
GPX4 expression’®], thereby, acting synergistically with NRF2. Notably, because hypoxia and shear stress are known to activate NRF2
signaling in endothelial cellsl?-1°%, these findings suggest that additional regulatory mechanisms in addition to NRF2-mediated
adaptive responses regulate the endothelial vulnerability to ferroptosis under pathological conditions. In addition to transcriptional
regulation, the GPX4-stability is modulated by direct binding to p23!°? that reduces GPX4-degradation, which is mechanistically
unresolved. It is likely that GPX4-stability and degradation are highly cell type specific. Interestingly, the miRNA-17-92 protects
endothelial cells from ferroptosis by targeting ACSL4!['°!], indicating that the key players of ferroptosis are regulated on several levels
in endothelial cells (Figure 2).

A major limitation of current ferroptosis research in brain endothelial cells is the paucity of in vivo studies. Given that endothelial
GPX4 deletion induces overt endothelial dysfunction only in the context of concurrent vitamin E deficiency!’’], identifying the
compensatory antioxidant mechanisms that protect brain endothelial cells under physiological conditions represents a critical
priority. Furthermore, it is essential to distinguish between endothelial dysfunction at the BBB and overt endothelial cell death.
Ferroptotic cell death represents the terminal stage of uncontrolled lipid peroxidation, whereas sublethal lipid peroxidation is likely
to exert important regulatory and signaling functions that modulate BBB permeability, transport, and inflammatory responses.
Accordingly, future studies should dissect how lipid peroxidation and the modulation of key ferroptosis-related proteins and enzymes
influence BBB function independently of cell death, and how endothelial cell death itself reshapes the surrounding
microenvironment, including immune cell infiltration and neuroinflammation.

4. Astrocytes

Astrocytes occupy a central position in the regulation of ferroptosis in the CNS. In contrast to neurons and oligodendrocytes,
astrocytes are generally more resistant to ferroptotic cell death and function as metabolic and redox regulators that shape
ferroptosis susceptibility in neighboring cells, particularly neurons!!°>"1%4l, This role is rooted in their specialized capacity to control
iron homeostasis, lipid metabolism, cystine-glutamate exchange, and NRF2-dependent antioxidant programs, positioning astrocytes
as key gatekeepers of ferroptotic stress across the neurovascular unit.

Astrocytes play a pivotal role in cerebral iron handling and act as buffers that limit iron-induced oxidative stress. Astrocytic
expression of ceruloplasmin (CP) facilitates iron export and its ferroxidase activity maintains iron in a redox-safe state, thereby
preventing iron accumulation and secondary lipid peroxidation. Loss or dysfunction of astrocytic CP results in iron overload,
increased oxidative stress, age-dependent neurodegeneration, and impaired myelination in vivol'%-11 underscoring the importance
of astrocyte-mediated iron regulation for long-term brain homeostasis. In a stroke mouse model, transferrin receptor 1 dependent
iron-overload also induces death in astrocytes themselves!''°l. Along these lines, poly(rC)-binding protein 1 (PCBP1)-dependent iron
stabilization reduces lipid peroxidation in astrocytes!''!l while iron retention via injury-induced hepcidin expression increases
ferroptosis in astrocytes in vivol''?l, Perivascular astrocytes appear to exert antioxidative functions in regions exposed to fluctuating
iron levels, suggesting spatial specialization of astrocytic iron buffering.
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Astrocytes are highly specialized for lipid uptake, storage, and redistribution, enabling them to buffer excess fatty acids and protect
neurons from lipid-induced toxicity!'!’l. They efficiently take up PUFAs and channel them into lipid droplets, thereby limiting the
incorporation of peroxidation-prone lipids into neuronal membranes. Lipid droplet metabolism is profoundly regulated by the
apolipoprotein E (APOE)!!!*l. Genetic APOE deletion or the APOE4 genotype, which is the greatest genetic risk factor for AD, promote
lipid accumulation while impairing lipid export and turnover, thereby increasing the availability and residence time of oxidizable
lipids!!'!>1°l, This shift renders astrocytes, and indirectly neurons, more vulnerable to lipid peroxidation and ferroptosis. Intriguingly,
astrocytic lipid peroxidation is detectable in AD mouse models and postmortem AD tissues, further supporting the need to study
ferroptotic cell death in astrocytes. This is additionally regulated by NADPH oxidase 4 (NOX4)-dependent reactive oxygen species (ROS)
production that sensitizes astrocytes to lipid peroxidation and ferroptotic cell death in AD mouse models!!!7-!!8], Enzymes regulating
fatty acid activation and phospholipid remodeling, including ACSL4, further shape this balancel!'!%2%, In vivo, early growth response 1
(Egr1) dependent ACSL4 expression drives ferroptosis in astrocytes in a mouse model of autoimmune CNS inflammation!2!l. Cyclic
adenosine-monophosphate (CAMP), a key 2nd messenger of astrocytes that shapes neuroglia coupling, induces ACSL4 expression in
cultured astrocytes!'??l. This might point towards a physiological role of activity-dependent lipid peroxidation for neuroglia coupling.

Astrocytes are the predominant cell type expressing the cystine-glutamate antiporter system Xc1*°), making them central regulators
of cystine uptake and glutathione synthesis in the brain. Through this pathway, astrocytes maintain their own redox balance and
supply cysteine-derived metabolites to neighboring cells, thereby suppressing ferroptosis in more vulnerable populations. At the
same time, system Xc -mediated glutamate release introduces a pathological trade-offl'?3l, as excessive glutamate export under
inflammatory conditions may exacerbate excitotoxic signaling and indirectly promote neuronal injury!?%2%1241251 Thus, astrocytic
system Xc™ activity represents a finely tuned balance between ferroptosis protection and excitotoxic risk. Intriguingly, SLC7A11 has
been recently identified to be located in lysosomes where it mediates slow H" efflux, and its deletion induces overacidification and
subsequent reduced degradation of proteins!'?°l. This links glutathione metabolism directly with protein aggregation, a hallmark of
neurodegenerative diseases. The expression of SLC7A11 is mostly controlled by NRF2 in astrocytes!'?’:128], Astrocytes have the most
robust NRF2-dependent antioxidant responses among CNS cell types, enabling strong basal and inducible defenses against oxidative
stress. Impairment of NRF2 signaling in astrocytes promotes oxidative stress and has been linked to astrocytic ferroptosis in an AD
mouse modell'?’, whereas NRF2 activation preserves astrocyte viability and enhances neuroprotection!'3%131, Importantly, astrocytic
NRF2 activity not only protects astrocytes themselves but also indirectly shields neurons and oligodendrocytes from ferroptotic
injury by maintaining tissue-level redox balance. Interestingly, inflammatory cytokines and lipopolysaccharide (LPS) induce SLC7A11
expression in cultured astrocytes!'*?l, rendering them more susceptible to erastin induced ferroptosis. Since this correlates with
decreased GPX4 expression after LPS stimulation!!?3], this suggests SLC7A11 as a major anti-oxidative system under inflammatory
conditions and possibly yet undiscovered glutathione (GSH)-dependent anti-oxidative pathways. Astrocytic GPX4 is furthermore
transcriptionally downregulated in an in vivo model of chronic stress, which correlates with lipid peroxidation and can be
counteracted with the iron-chelator deferipronel'!!l. Interestingly, in an acute in vivo brain injury model, GPX4 is upregulated in
astrocytes while it is downregulated in neurons!'?!l, further supporting that astrocytes are essential for the anti-oxidative defense
system of neurons. However, in vivo studies with astrocyte-specific GPX4 deletion are required to causally link GPX4 to lipid
peroxidation and ferroptosis in astrocytes.

In addition to the Xc/GPX4-axis, co-enzyme Q10 protects astrocytes against oxidative damage and death in vitrol'>> 137, However, its
regulation in vivo and the role of FSP1 in astrocytes remain unexplored. Astrocytes also highly express peroxiredoxin 6 (PRDX6) and its
deletion promotes while its overexpression inhibits the development of AD pathologies in preclinical in vivo models!!3%139], Although
in vitro studies suggest that thioredoxins maintain the expression of perioredoxins!'*0.11 further in vivo studies with
astrocyte-specific deletions are required to delineate Xc /GPX4-independent anti-ferroptotic defense in astrocytes (Figure 3).

Although astrocytes are critical regulators of iron and lipid metabolism in the brain, there is only limited evidence for direct lipid
peroxidation and ferroptotic cell death in vivo. Histological studies provide evidence for astrocytic lipid peroxidation in AD!!!7-118] and
potentially ferroptosis-sensitive astrocyte populations have been identified by single-cell sequencing studies!!3*!42l. However, these
need to be interpreted with caution since a lot of ferroptosis key players are regulated by their enzymatic activity, protein
degradation, or cellular localization rather than their transcriptional expression. Astrocytic dysfunction, atrophy, and eventual death
are key features of neurodegenerative diseases and it is likely that ferroptosis plays an important role. It is critical to understand
astrocyte pathologies since they also modulate neuronal ferroptosis by lipid detoxification and secretion of soluble factors like
lactoferrin or other unknown factors. Cell-type specific deletion in vivo studies are required to address which enzymes regulate
ferroptosis in astrocytes.

5. Microglia

Microglia are the resident myeloid cells of the CNS with a pivotal position at the intersection of iron metabolism, lipid handling, and
inflammatory signaling. Under physiological conditions, microglia contribute to tissue homeostasis by clearing debris, recycling iron,
and coordinating repair processes. These same functions render microglia particularly prone to accumulating labile iron and
oxidizable lipids in disease states, thereby lowering the threshold for lipid peroxidation. Iron-accumulating microglia have been
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increasingly recognized as drivers of neurodegenerative and neuroinflammatory diseases!!'>111_ As a result, microglia are
increasingly recognized not only as responders to ferroptosis in the parenchyma, but as cells that themselves experience ferroptotic
stress and actively shape ferroptosis susceptibility in surrounding neural cells.

Microglial vulnerability to ferroptosis reflects a balance between iron availability, lipid composition, and antioxidant capacity.
Microglia rely on the SLC7A11-GSH-GPX4 axis[!*>"1°% to suppress phospholipid peroxidation, and disruption of this pathway repeatedly
emerges as a common feature of microglial ferroptosis across experimental systems. In addition, some studies suggest that
co-enzyme Q10 protects microglia from oxidative injury!'>%!>2l, However, these rely on systemic or indirect co-enzyme Q10
modulation and therefore need to be interpreted carefully. In parallel, disease-associated changes in the overload of labile iron!!>315¢]
and lipid remodeling enzymes, including those that promote incorporation of PUFAs into membrane phospholipids, expand the pool
of peroxidation-prone substrates. A prominent manifestation of altered microglial lipid handling is the accumulation of intracellular
lipid droplets. Lipid droplet-accumulating microglia represent a dysfunctional and proinflammatory state that becomes increasingly
prevalent with aging and neurodegeneration. While lipid droplets may initially buffer excess fatty acids and limit membrane lipid
peroxidation, chronic stress appears to convert them into reservoirs of oxidized lipids, thereby amplifying ferroptotic stress and
rendering them dysfunctionall’>3157-1601 Notably, the homozygous APOE4 genotype is associated with an accumulation of lipid
droplets!'®!l and amyloid-f stimulates Diacylglycerol-O-Acyltransferase 2 mediated lipid droplet synthesis!!®?l that strongly inhibits the
phagocytic capacity in AD, positioning microglia lipid metabolism as central players in AD pathology.

Crucially, microglia do not need to undergo terminal ferroptotic death to exert pathogenic effects. Increasing evidence supports the
existence of sublethal ferroptotic stress states in microglial'®*! and ACSL4-dependent lipid remodelling!'°!l impairs cellular function
without immediate cell loss. Such states are associated with altered cytokine and chemokine release, reduced phagocytic efficiency,
and metabolic rewiring, collectively reshaping the tissue environment in a manner that sensitizes neurons and oligodendrocytes to
secondary injury!'®>), This distinction between ferroptotic stress and ferroptotic death is particularly relevant for chronic
neurodegenerative diseases, where microglia persist over long time scales and may oscillate between adaptive and maladaptive
phenotypes.

In addition to impaired phagocytic clearance in AD, ferroptotic signalling in microglia has been implicated in maintaining a
pro-inflammatory microenvironment in white matter abnormalities during aging!!°®l, Parkinson’s diseasel!*7-1¢71  cerebral
ischemia-reperfusion injury!!'*®1®°l and spinal cord injury!!’%!71l. While tumor-necrosis factor o (TNFa) and its downstream signaling
receptor-interacting serine/threonine-protein kinase 1 (RIPK1) promote ferroptosis in microglial'’>!7%, interferon-induced signal
transducer and activator of transcription 1 (STAT1), NRF2 or nuclear factor kappa B (NFKB) signalling increases the resilience to
ferroptosis by inducing GPX4 and SLC7A11 expression!!>%-174l, These are also transcriptionally regulated by lactate!l'*’l and
adenosine-nucleotides via the purinergic receptor P2Y12['7°1 further underlining that ferroptotic sensitivity is associated with
microglial injury responses. Additionally, PRDX1 protects microglia from oxidative cell death!'’%!7"1 while restricting oxidative tissue
damage in in vivo stroke models!'’8l. Similarly, thioredoxin-1 (TRX1) regulates microglia polarization into an anti-inflammatory
phenotypel!”®-180, However, these redox systems have been mostly investigated in vitro or by indirect system modulation in vivo.
Targeted approaches are required to further study the interplay between microglia activation states and the PRDX/TRX-axis.
Interestingly, o-synuclein mutations that impair autophagy, the vesicle trafficking protein SEC24B, and autophagy related 7 (ATG7) are
important regulators of microglial ferroptosis!!*’-103181] suggesting an important interplay between autophagy and lipid peroxidation
in microglia (Figure 4).

Despite substantial progress, most evidence for microglial ferroptosis still derives from in vitro or acute injury models, and in vivo
studies that clearly distinguish ferroptotic signaling from terminal cell death remain limited. This distinction is particularly important
given that ferroptotic stress may coexist or interact with other inflammatory death pathways, such as pyroptosis in AD, that
decisively drives protein aggregation!!®?], and that the integration of ferroptotic signaling with broader immune responses is still
poorly understood.

6. CNS Infiltrating T Cells

In addition to classical inflammatory brain disorders, increasing evidence supports a role for CNS-infiltrating peripheral T cells in
neurodegenerative diseases!!®3185], Ischemic and inflammatory microenvironments expose these cells to oxidized lipids, iron
dysregulation, and oxidative stress, suggesting that ferroptosis-related mechanisms may influence their survival and effector function
within the CNS. While most studies have focused on how ferroptotic death in tumor cells shapes immune responses!'#%87] emerging
data indicate that ferroptosis pathways directly regulate immune cell biology. Cytotoxic T cells critically depend on GPX4-mediated
lipid peroxide detoxification, and disruption of this antioxidant axis impairs their survival and function('#$-1°1l, Conversely,
ferroptosis-suppressing mechanisms such as FSP1 are upregulated in activated regulatory T cells and its deletion increases T-cell
mediated cytotoxicity against tumors!'°?l Interestingly, proliferative T cells strongly upregulate the expression of the PRDX/TRX-axis.
While PRDX2-deletion increases proliferation, activation and death of effector T cells!'?*1°l, TRX1 overexpression promotes a central
memory phenotype and decreases the effector functions of T cells[!?>1°¢], This suggests that compartmentalized regulation of
oxidation differentially affects T cell proliferation, activation and phenotype conversion into memory phenotypes. Ferroptosis
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inhibition increases the cytotoxicity and durability of engineered T cells!'°”l while systemic RTA treatment or genetic modulation of
lipid remodeling enzymes like ACSL4 inhibit T cell activation and CNS infiltration in experimental autoimmune and infectious
models?”18l, These findings point towards highly immune cell type specific ferroptosis mechanisms.

The oxidative stress-responsive transcription factor NRF2 represents an additional metabolic checkpoint in T cells. NRF2 supports
antioxidant gene expression and oxidative phosphorylation, thereby enhancing ferroptosis resistance and maintaining cellular redox
balance!'??2°1, Inhibition of NRF2 in cytotoxic T cells has been shown to increase their proliferation and effector function, suggesting
that antioxidant support can limit maximal immune activation and that NRF2 is not the dominant anti-oxidative factor in T
cellsl?02204l, Together, these findings indicate that ferroptosis-related pathways and NRF2 signaling not only regulate immune cell
survival but also shape inflammatory potency. How these mechanisms operate within CNS-infiltrating immune cells, and whether
ferroptosis primarily limits immune persistence or modulates inflammatory amplification in neurodegenerative disease, remains to
be clarified (Figure 5).

7. Physiological Role of Ferroptosis

While the majority of the literature (including this review) focuses on ferroptosis in diseases, it is unclear whether there is a
physiological role for ferroptosis in the brain. While controlled oxidation of lipids is a well-established signaling cascade in neurons
and non-neuronal cells (e.g. by phospholipases or lipoxygenases[?°5208]), it is less clear whether uncontrolled lipid peroxidation
participates in homeostatic signaling. Since the generation of reactive oxygen species, particularly from mitochondria, represents an
important second messenger coupling cellular respiration to distinct activation and proliferation states, it is likely that lipid
peroxidation also participates in these signaling processes. Along these lines, most in vivo evidence currently derives from BECs,
where oxidative stress can be induced by physiological stimuli, like shear stress’>?!, and the PRDX/TRX system plays a central role in
regulating angiogenesis and vascular morphology under homeostatic conditions*®2°’l. However, it remains important to distinguish
whether these phenotypes are directly mediated by modulation of lipid peroxidation or reflect additional ferroptosis-independent
functions of the PRDX/TRX system.

Ferroptosis-related pathways appear to play important roles during brain development, although current evidence suggests that this
primarily reflects the need to maintain redox homeostasis during periods of high metabolic activity rather than physiological
ferroptotic cell death itself. Complete deletion of GPX4[*’! or the glutamate-cysteine ligasel>!l is embryonically lethal, underscoring
the essential role of lipid peroxide detoxification for cellular survival and developmental integrity. In both neuronal and
non-neuronal lineages, expression of ferroptosis-associated regulators changes dynamically during differentiation, proliferation, and
migration!?!1:2121 likely reflecting increased oxidative stress and metabolic demand during these processes. Along these lines, retinoic
acid signaling has been implicated in the induction of anti-ferroptotic programs in differentiating neurons!*!3l, and because retinoic
acid is also a central regulator of glial and vascular development, similar mechanisms may operate across multiple CNS cell types.
Along these lines, the epigenetic regulator G9A suppresses the expression of ferroptosis-associated genes under neuroinflammatory
conditions®Y, Since G9A plays an important role for brain development and is associated with neurodevelopmental disorders!?!+215l,
similar regulatory mechanisms may likewise operate in glia cell differentiation. However, despite these developmental links to
antioxidant and lipid metabolic pathways, there is currently no convincing evidence that ferroptotic cell death itself acts as a
physiological mechanism controlling cell proliferation, migration, or developmental patterning in the brain.

Ferroptosis is likely to be a relevant mechanism to prevent uncontrolled proliferation and the rise of primary brain tumors, including
neuroblastoma and astrocytic tumors. Increasing evidence suggests that brain tumor cells actively suppress ferroptosis sensitivity
through metabolic adaptations, including lipid remodeling programs that reduce the abundance of peroxidation-prone phospholipids
and thereby limit lipid peroxide accumulation(?'°218], In line, pharmacological or genetic enhancement of ferroptosis sensitivity can
improve the efficacy of existing therapeutic approaches!?!?-2231, supporting ferroptosis induction as a promising strategy for brain
tumor treatment. These findings further raise the possibility that ferroptosis may represent an endogenous tumor-suppressive
mechanism within the CNS. At the same time, the interaction between tumor cells and surrounding non-neuronal CNS and infiltrating
immune populations likely shapes ferroptotic sensitivity and therapeutic response, highlighting an important area for future
investigation.

8. Conclusion

Accumulating evidence supports the presence of lipid peroxidation across multiple inflammatory, degenerative, ischemic and
traumatic neurological diseases. However, much of the current literature relies on altered expression of canonical ferroptosis
regulators as indirect evidence, rather than on direct demonstration of lipid peroxidation-driven cell death. Changes in GPX4,
SLC7A11, NRF2, ACSL4, PRDX or TRX expression provide important mechanistic clues but do not, by themselves, establish ferroptosis
as the dominant execution mechanism in vivo. Future studies must therefore distinguish transcriptional or metabolic adaptation from
bona fide ferroptotic cell death.

Across cell types, distinct regulatory dependencies emerge. Oligodendrocytes appear highly dependent on GPX4-mediated lipid
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peroxide detoxification, consistent with their iron-rich and lipid-dense physiology, while the functional relevance of SLC7A11 and
alternative antioxidant systems remains incompletely defined. Brain endothelial cells exhibit strong NRF2 activity and require GPX4
and the PRDX/TRX system particularly under conditions of antioxidant compromise, yet direct in vivo evidence for endothelial
ferroptotic death is limited. Astrocytes display robust NRF2- and SLC7A11-driven antioxidant programs and act as regulators of
ferroptotic stress within the neurovascular unit, whereas direct GPX4-dependent ferroptosis in vivo remains insufficiently
demonstrated. Microglia show pronounced sensitivity to iron accumulation and lipid remodeling via ACSL4, with emerging evidence
supporting GPX4-dependent ferroptotic stress states that may amplify neuroinflammation. In infiltrating immune cells, GPX4 is
critical for survival of cytotoxic T cells, while NRF2 and the PRDX/TRX-system function as a metabolic checkpoint that shapes effector
states rather than serving solely as ferroptosis suppressors.

Notably, several ferroptosis-modulating systems, including vitamin E-dependent lipid scavenging?>*??°], the FSP1-CoQ10 axis[®®¢7], and
PRDX/TRX[%$:¢1 pathways, remain poorly investigated in vivo across non-neuronal CNS cell types. Whether these systems provide
redundancy, compensation, or cell type-specific protection is largely unknown.

A critical conceptual distinction must also be maintained between lipid peroxidation-induced signaling and terminal ferroptotic cell
death. Sublethal lipid peroxidation can profoundly alter cell function, inflammatory output, and intercellular communication without
necessarily leading to membrane rupture or execution of ferroptosis. Particularly in chronic neurodegenerative diseases, such
ferroptotic stress states may be more relevant than overt cell death. Importantly, as demonstrated in neurons, ferroptosis and lipid
peroxidation should be investigated not only under pathological conditions but also in steady-state physiology!*!"*3l, where tightly
regulated lipid oxidation may contribute to metabolic signaling, cell-cell communication, and tissue homeostasis. Along these lines,
particular attention should be drawn to the localization of lipid peroxidation. In neurons, the GPX4-localization determines its
anti-ferroptotic activity!*!l. Particularly, the differential effects of the Xc/GPX4 and PRDX/TRX-axes on different CNS-resident cell
types underline the importance of compartment-specific lipid peroxidation and oxidative challenges for cellular homeostasis and
signalling.

Mechanistically, progress will require systematic in vitro screening approaches in purified cell populations, combined with rigorous
in vivo genetic modulation using cell type-specific deletion or overexpression of ferroptosis regulators. Such strategies are essential
to identify novel, cell-specific ferroptosis regulators and to disentangle adaptive redox responses from true ferroptotic execution. A
deeper understanding of how ferroptotic stress is differentially regulated across CNS cell types may enable the development of
precision biomarkers[??°] and therapies that selectively modulate lipid peroxidation in defined cellular compartments, reshaping
neuroinflammatory and neurodegenerative disease trajectories.
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