Aus der Klinik fir Neurologie
der Heinrich-Heine-Universitat Disseldorf
Direktor: Univ.-Prof. Dr. Dr. Sven G. Meuth

The Effects of Diroximel Fumarate on Ferroptotic Glial Cell Death
and Demyelination

Dissertation

zur Erlangung des Grades eines Doktors der Medizin
der Medizinischen Fakultidt der Heinrich-Heine-Universitat Diisseldorf

vorgelegt von

Dipl.-Math. Katinka Fischer

2025



Als Inauguraldissertation gedruckt mit der Genehmigung der
Medizinischen Fakultat der Heinrich-Heine-Universitat Disseldorf

gez.:

Dekan: Univ.-Prof. Dr. Nikolaj Kl6cker
Erstgutachter: Univ.-Prof. Dr. med. Orhan Aktas
Zweitgutacher: Univ.-Prof. Dr. rer. nat. Bjorn Stork



Abstract

Background: Ferroptosis is an iron-dependent, non-apoptotic cell death mechanism characterized by
lipid peroxidation and has been implicated in the pathogenesis of multiple sclerosis (MS). A critical
enzyme in preventing ferroptosis, glutathione peroxidase 4 (GPx4), is found at reduced levels in the
brain tissue of MS patients. Fumarates such as diroximel fumarate (DRF) and dimethyl fumarate
(DMF), which are approved for the treatment of relapsing-remitting MS (RRMS), exert their effects
through activation of the nuclear factor erythroid 2-related factor 2 (Nrf2) pathway. This pathway
mitigates oxidative stress by regulating the expression of antioxidant and anti-inflammatory proteins.
However, the role of Nrf2 activation in protecting against neuroinflammation and axonal demye-
lination, particularly in the context of ferroptosis, remains inadequately understood.

Aim: The aim of this study is to evaluate the effect of fumarates on oligodendrocytes and myelin struc-
ture in relation to ferroptosis-induced damage.

Methods: The effects of DRF and its primary metabolite monomethyl fumarate (MMF) on GPx4 gene
and protein expression, cell survival, lipid peroxidation, and myelin integrity were investigated in OLN-
93 oligodendrocytes and organotypic cerebellar slice cultures subjected to ferroptosis induction by
Erastin or iron (ammonium iron(ll) sulphate, (NH4)2Fe(SO4)2). Additionally, GPx4 gene expression was
assessed in mouse brain tissue (wild-type C57BL/6J) and peripheral blood mononuclear cells (PBMCs)
from five patients with RRMS before and after one year of DMF therapy. These results were compared
with those from five patients treated with ocrelizumab (OCR) over the same period and four healthy
controls.

Results: OLN-93 cells exhibited sensitivity to the ferroptosis inducers Erastin and iron. Pretreatment
with the fumarates MMF and DRF conferred protection against Erastin-induced cell death, but not
against iron-induced cell death. The ferroptosis inhibitor liproxstatin-1 (LIP-1) effectively reduced lipid
peroxidation, while a 24-hour pretreatment with fumarates did not offer the same protection. In or-
ganotypic cerebellar slice cultures, Erastin predominantly caused myelin damage, whereas iron in-
duced both myelin and axonal damage. DRF and MMF mitigated myelin damage, similar to the effects
observed with LIP-1 and the iron chelator salicylaldehyde isonicotinoyl hydrazone (SIH). In mouse
brains, DMF treatment elevated GPx4 mRNA and protein levels in the white matter but not in the gray
matter. In RRMS patients with an average Expanded Disability Status Scale (EDSS) score of 2 (IQR:
[1,2]), GPx4 mRNA levels in PBMCs were unchanged compared to healthy controls. One year of DMF
treatment resulted in a moderate increase in GPx4 gene expression in only two of the five patients
(median 1.01, IQR: [0.80, 2.52]). In contrast, OCR treatment led to an average increase in GPx4 mRNA
levels of 570% (IQR: [537%, 713%]) at 12 months.

Discussion and conclusion: The results suggest a detrimental role of ferroptosis in glial cells, as evi-
denced by the indirect induction of ferroptosis in OLN-93 cells following Erastin exposure and point
the potential of fumarates to protect oligodendrocytes from ferroptotic cell death. The observed in-
crease in expression of the anti-ferroptotic enzyme GPx4 in both OLN-93 cells and mouse brain paren-
chyma after fumarate treatment points to a possible underlying mechanism. However, the exact
mechanism remains unclear, as a reduction in lipid peroxidation could not be demonstrated. More
frequent fumarate administration (e.g., twice daily) may be necessary to reduce lipid peroxidation.
The moderate elevation of GPx4 levels in PBMCs from young RRMS patients does not provide defini-
tive conclusions regarding oligodendrocytes but may suggest that fumarates increase GPx4 levels in
CNS-infiltrating monocytes and macrophages, potentially protecting resident CNS cells from excess
iron. Additionally, the marked increase in GPx4 levels in ocrelizumab-treated patients may suggest a
role for ocrelizumab in inhibiting ferroptosis, a potential, yet unexplored, additional aspect of its
mechanism of action.



Zusammenfassung

Hintergrund: Ferroptose, ein eisenabhdngiger nicht-apoptotischer Mechanismus, der lber Lipidper-
oxidation Zelltod induziert, wird mit dem Pathomechanismus der Multiplen Sklerose (MS) in Verbin-
dung gebracht. Glutathionperoxidase 4 (GPx4) ist ein Schlliisselenzym in der Inhibierung der Ferrop-
tose und wird niedriger exprimiert im Hirngewebe von MS-Patienten. Die zur Behandlung der schub-
formig remittierenden MS (RRMS) zugelassenen Fumarate Diroximelfumarat (DRF) und Dimethyl-
fumarat (DMF) wirken auf den Nuclear factor erythroid 2—related factor 2 (Nrf2) -Signalweg, der vor
oxidativen Schaden schiitzt, indem er die Expression von antioxidativen und entziindungshemmenden
Proteinen reguliert. Die Relevanz der Nrf2-Aktivierung beim Schutz vor Neuroinflammation und axo-
naler Demyelinisierung im Kontext von Ferroptose ist jedoch noch unklar.

Ziel: Ziel dieser Studie ist es die Wirkung von Fumaraten auf Oligodendrozyten und die Myelinstruk-
tur im Hinblick auf Ferroptose-induzierte Schaden zu bewerten.

Methoden: Die Auswirkungen von DRF und Monomethylfumarat (MMF, als Hauptmetabolit von DMF
und DRF) auf GPx4-Gen- und Proteinexpression, Zelllibereben, Lipidperoxidationsschutz und Myelin-
schadigung wurden in OLN-93-Oligodendrozyten und organotypischen Kleinhirnschnittkulturen unter
den Ferroptose-Induktoren Erastin oder Eisen (Ammoniumeisen(ll)-sulfat, (NH4),Fe(S04),). unter-
sucht. Des Weiteren wurde die GPx4-Genexpression in Maushirngewebe (Wildtyp C57BL/6J) sowie in
peripheren mononukledren Blutzellen (PBMCs) von fiinf RRMS-Patienten vor und nach einer einjahri-
gen Behandlung mit Dimethylfumarat analysiert. Diese Ergebnisse wurden mit denen von fiinf RRMS-
Patienten, die Uber den gleichen Zeitraum eine Behandlung mit Ocrelizumab (OCR) erhielten, sowie
mit den Ergebnissen von vier gesunden Probanden verglichen.

Ergebnisse: OLN-93-Zellen sind sensitiv gegenliber den Ferroptose-Induktoren Erastin und Eisen, kén-
nen durch Vorbehandlung mit den Fumaraten MMF und DRF jedoch gegen Erastin-Exposition ge-
schiitzt werden. Gegen Zelltod durch Eisenbehandlung schiitzen Fumarate jedoch nicht. Der Ferrop-
toseinhibitor Liproxstatin-1 (LIP-1) verminderte Lipidperoxidation, eine 24-stlindige Fumarat-Vorbe-
handlung dagegen nicht. In den Hirnschnittkulturen schadigte Erastin hauptsachlich Myelin, wahrend
Eisen zusatzlich Axone schadigte. DRF und MMF milderten Myelinschdden ab, wie LIP-1 und der Ei-
senchelator Salicylaldehyd-Isonicotinoyl-Hydrazone (SIH). DMF steigerte sowohl GPx4-mRNA-, als
auch -Protein-Menge in der weiRen, jedoch nicht in der grauen Substanz von Mausgehirnen. Bei
RRMS-Patienten mit einem durchschnittlichen EDSS (Expanded Disability Status Scale) von 2 (IQR:
[1,2]) waren die GPx4-mRNA-Spiegel in PBMCs im Vergleich zu gesunden Probanden nicht verdandert.
Eine einjahrige DMF-Behandlung fiihrte lediglich bei zwei Patienten zu einer moderaten Erhéhung der
GPx4-Genexpression (Median 1,01, IQR: [0,80, 2,52]). Im Vergleich dazu fiihrte die OCR-Behandlung
nach 12 Monaten zu einem durchschnittlichen Anstieg der GPx4-mRNA-Spiegel um 570% (IQR: [537%,
713%]).

Diskussion und Schlussfolgerung: Die Ergebnisse deuten auf eine schadliche Rolle der Ferroptose in
Gliazellen hin, wie die indirekte Induktion von Ferroptose in OLN-93-Zellen nach Erastin-Exposition
zeigt und weisen auf das Potenzial von Fumaraten hin, Oligodendrozyten vor ferroptotischem Zelltod
zu schiitzen. Die beobachtete Zunahme der Expression des anti-ferroptotischen Enzyms GPx4 sowohl
in OLN-93-Zellen als auch im Gehirnparenchym von Mausen nach Fumarat-Behandlung deutet auf den
moglichen zugrunde liegenden Mechanismus hin. Der genaue Mechanismus bleibt jedoch unklar, da
eine Verringerung der Lipidperoxidation nicht nachgewiesen werden konnte. Eine haufigere Verabrei-
chung von Fumarat (z. B. zweimal taglich) konnte moglicherweise erforderlich sein, um die Lipidper-
oxidation zu verringern. Der moderate Anstieg der GPx4-Konzentrationen in PBMCs von jungen RRMS-
Patienten lasst keine endgiltigen Schlussfolgerungen in Bezug auf Oligodendrozyten zu, kdnnte aber
auf einen Schutz vor Gberschiissigem Eisen durch Fumarate in ZNS-infiltrierenden Monozyten und
Makrophagen hindeuten. Der deutliche GPx4-Anstieg bei Ocrelizumab-Behandlung ldsst eine mogli-
che Hemmung der Ferroptose vermuten, was einen potenziellen, noch unerforschten Aspekt seines
Wirkmechanismus darstellen kénnte.
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1 Introduction

1.1 Multiple Sclerosis

Multiple sclerosis (MS) is the most common chronic inflammatory disease of the central nervous
system (CNS) in western countries (Lassmann, 2020). The main features of this autoimmune dis-
ease are inflammatory demyelination and axonal degeneration, resulting in a variety of neurologi-
cal symptoms of varying severity. Although there have been significant research efforts, the etiol-
ogy and pathogenesis of MS are still not fully understood and it remains an incurable disease. How-
ever, an increasing number of approved immunomodulatory and symptomatic treatments can in-
fluence the course of the disease and relieve symptoms, such as neuropathic pain and spasticity,
making life easier for patients.

1.1.1 Epidemiology

According to the Atlas of MS published by the MS International Federation, there is a prevalence of
approximately 2.9 million patients worldwide (Atlas of MS, 2023). Over the past decade, the num-
ber of diagnosed MS cases globally has increased by about 30%, with an incidence of 2.1 per
100,000 people per year (Walton et al., 2020).

Worldwide, the prevalence of MS is three times higher in women than in men (Jakimovski et al.,
2024). With a disease onset between the ages of 20 and 40 years, MS is typically diagnosed at an
average age of 32 years (Atlas of MS, 2023). In addition, there are at least 30,000 people under the
age of 18 living with MS worldwide, based on data from 55 reporting countries (Atlas of MS, 2023).
Higher prevalence rates are observed in Europe, North America, Australia, and Iran, while lower
rates are seen in regions along the Silk Road, Africa (note: low reported rates here), and South
America (Atlas of MS, 2023). In general, MS is less common in non-Caucasian than in Caucasians
(Marrie, 2011). Migration studies have shown that even after moving to distant areas with different
disease rates, individuals over 15 years of age retain the specific disease risk of their origin (Gale &
Martyn, 1995). The reasons for the geographical distribution and the general increase in risk of
developing MS are not fully understood but may involve a combination of genetic, environmental,
infectious and lifestyle factors. Among the established risk factors for MS are certain genetic vari-
ants within the HLA-DRB1 gene, low blood levels of vitamin D, cigarette smoking, and a history of
infection with the Epstein-Barr virus (EBV) (Cortese et al., 2020; Moutsianas et al., 2015).

In Germany, approximately 280,000 individuals are affected by MS, with a prevalence of 337 per
100,000 citizens annually. On average, 14,600 people get diagnosed every year, averaging 33 years
old. In Germany, 72% of MS patients are female (Atlas of MS, 2023).

1.1.2 Pathogenesis

MS is a chronic inflammatory disease characterized by focal demyelinating lesions in the brain and
spinal cord (Lassmann, 2022). In the early stages of the disease, most patients experience reversible
clinical deficits due to inflammatory attacks involving a cascade of inflammation, demyelination,
and remyelination in the CNS (Lassmann, 2022). The current understanding of MS pathogenesis
primarily involves autoimmune mechanisms, including the activation of autoreactive T and B lym-
phocytes, as well as myeloid immune cells, in the peripheral immune system (Duffy et al., 2014).



This complex interplay of immune cells contributes to the initiation and perpetuation of inflamma-
tory processes within the CNS, leading to myelin damage, axonal injury and neurodegeneration
(Duffy et al., 2014).

Inflammation is initiated by the infiltration of activated autoreactive T cells from the periphery,
crossing the blood-brain barrier (BBB) into the CNS. Hereby, BBB permeability is increased by cyto-
kines released by pathogenic Th17 cells (Duarte-Silva et al., 2023). However, the reason for the
activation of autoreactive T cells remains unknown (Faiss, 2020). Recent studies suggest that B cells
play an additional crucial role in the pathogenesis of MS. Natural mechanisms of B cells are antibody
production, antigen presentation, and the production of immunoregulatory cytokines. In MS pa-
tients, intrathecal synthesis of immunoglobulins is a well-known phenomenon (Bittner et al., 2017).
However, there is currently no specific autoantibody and autoimmune reaction that has been iden-
tified as the cause of MS (Lassmann, 2022). Recent studies have identified a subtype of memory B
cells that produce granulocyte macrophage colony-stimulating factor (GM-CSF), which are more
prevalent and active in the blood of MS patients compared to healthy controls. These GM-CSF-
producing B cells can induce a proinflammatory phenotype in myeloid cells and subsequently in T
cells (Bittner et al., 2017). Proinflammatory myeloid cells sustain neuroinflammation by enhancing
their phagocytic activity, generating reactive oxygen species (ROS), and secreting proinflammatory
cytokines (Duarte-Silva et al., 2023). Emerging evidence suggests a synergistic relationship between
the major risk factors HLA-DR15 and Epstein-Barr virus (EBV). This interplay appears to facilitate the
interaction between B and T lymphocytes through antigen presentation mechanisms, specifically
with CD4+ T cells recognizing EBV-infected or EBV antigen-presenting B cells (Marti et al., 2024).
Overall, B cells modulate T-cell function and drive demyelinating processes within MS lesions. Fur-
thermore, recent studies have identified the presence of meningeal lymphoid follicles containing
B-cells, T-cells and antigen-presenting cells. These cells may contribute to cortical neuronal damage
through ongoing inflammatory processes (Bittner et al., 2017). In addition, two-way interactions
between periphery and central immune system. In addition, Blauth et al. (2015) examined the bi-
directional trafficking of B lymphocytes between the CNS and the peripheralimmune compartment.

MS lesions are usually located in areas with a high concentration of medium to large drainage veins,
which may explain why they tend to occur in specific locations, such as the optic nerve, spinal cord
(especially the cervical spinal cord), and periventricular, juxtacortical, and infratentorial white mat-
ter (Faiss, 2020). This MRI-detectable central vein inside MS lesions (central vein sign, CVS) appears
to be specific for MS (La Rosa et al., 2022).

MS lesions exhibit heterogeneity in their demyelination patterns including macrophage-associated
demyelination, demyelination with oligodendropathy including apoptosis of oligodendrocytes and
reduced tendency for remyelination, as well as primary oligodendrocyte degeneration in the pe-
riphery of the lesion. The latter is often the cause of secondary demyelination and is particularly
common in progredient forms of MS (Faiss, 2020).

Recent studies have highlighted the role of iron metabolism dysregulation in the CNS and subse-
quent ferroptosis in MS progression. During demyelination, iron released from oligodendrocytes
accumulates extracellularly, leading to uptake by microglia and infiltrating macrophages (Duarte-
Silva et al., 2023). Notably, iron plaques form in the periphery of chronically active lesions (iron rim
lesions or paramagnetic rim lesions, PRL), a feature specific to MS (Clarke et al., 2024).



Axonal and neuronal degeneration, associated with permanent clinical deficits, occur in active le-
sions during early disease stages and in the periphery of active chronic lesions during progressive
stages (Faiss, 2020).

The resolution of inflammation involves complex mechanisms, including the activation of regula-
tory T cells (Tregs) and the production of anti-inflammatory cytokines such as IL-10 and TGF-beta.
In MS, while Treg cell numbers may not be significantly altered, their suppressive function is often
impaired. Current understanding suggests that autoimmune disorders, including MS, involve a
dysregulation in the balance between pro-inflammatory cells (such as Th17) and regulatory cells
(such as Tregs), along with other factors affecting immune homeostasis (Duarte-Silva et al., 2023).

Remyelination failure is a key pathological process in MS. Oligodendrocyte precursor cells (OPCs)
and their differentiation into mature myelinating oligodendrocytes are essential for remyelination.
In MS lesions, OPCs persist with reduced numbers and uneven distribution, while mature oligoden-
drocytes are largely lost. Impaired oligodendrocyte differentiation contributes to remyelination fail-
ure, particularly in progressive MS resulting in neurodegeneration (Kuhlmann et al., 2023). Early
stages of MS exhibit incomplete remyelination, resulting in thinner myelin sheaths and reduced
nerve conduction velocity (Faiss, 2020).

However, the precise mechanisms of neuroinflammatory demyelination and their contribution to
neurodegeneration remain unclear. This is an area of ongoing research.

1.1.3  Forms and Symptoms

MS typically presents in three clinical courses: relapsing-remitting (RRMS), primary progressive
(PPMS), and secondary progressive (SPMS). RMS encompasses both RRMS and active SPMS with
relapses.

The most prevalent form of MS is the RRMS, which is diagnosed in 85% of cases (Atlas of MS, 2023)
and typically begins before the age of 30 (Hufschmidt, 2020). This form is characterized by well-
defined relapses with either new or worsening neurological symptoms that resolve completely or
incompletely. A relapse is defined as an episode of subjective or objective symptoms lasting at least
24 hours, with a latency period of at least 30 days from the last relapse. Between relapses, the
disease is stable (Hufschmidt, 2020).

Longitudinal cohort studies indicate that the majority of RRMS-patients progress to SPMS over time,
typically in the 5" decade of life (Hufschmidt, 2020). A transition to SPMS is usually characterized
by a gradual increase in clinician-assessed neurological dysfunction, that persists for a specified
period, typically twelve months, and is not related to relapse activity. However, a precise definition
is still lacking (Ziemssen et al., 2023). Additionally, SPMS can have active episodes (relapses with or
without full remission or MRI activity), and stable episodes (Lublin, 2014).

10-15% of MS patients have PPMS, which is characterized by a progressive course from the begin-
ning without early relapses or remissions (Atlas of MS, 2023). Typically, the onset of the disease is
around the age of 40 (Hufschmidt, 2020).

Neurological symptoms can be varied and typically correspond to the affected areas of damage.
Early symptoms of the disease often include sensory disturbances (30-40%) such as paraesthesia
and a positive Lhermitte’s sign, retrobulbar neuritis, typically associated with visual disturbances
and pain on movement of the affected eye (20-30%). Other common issues in the course of the

3



disease include motor disorders such as spastic paresis and internuclear ophthalmoplegia, cerebel-
lar disorders such as ataxia and intention tremor, as well as fatigue (affect up to 90% of MS-patients
during the course of the disease), and sensory, bladder/gastrointestinal, and cognitive disorders.
20-50% of patients suffer from neuropathic or other forms of pain (Faiss, 2020). Clinical assessment
is typically conducted using the Expanded Disability Status Scale (EDSS) to evaluate the level of dis-
ability, the Symbol Digit Modalities Test (SDMT) to assess cognitive impairment, and the Modified
Fatigue Impact Scale (MFIS) to determine the impact of fatigue on the patient's life (Hufschmidt,
2020).

1.1.4 Diagnostic

Due to the lack of pathognomonic biomarkers, MS remains a disease that can only be diagnosed by
exclusion of other diagnoses. This means that no alternative explanation for symptoms or paraclin-
ical findings can be identified (Thompson et al., 2018).

Since 2001, the McDonald criteria (last updated in 2017) have been used to diagnose MS. They
require typical clinical symptoms and evidence of dissemination in time (DIT) and dissemination in
space (DIS) of inflammatory demyelinating lesions in the CNS (McDonald et al., 2001). The revised
McDonald criteria for multiple sclerosis diagnosis, presented by Xavier Montalban at ECTRIMS 2024,
are expected to be published in early 2025, introducing significant updates to improve diagnostic
accuracy and early detection.

Demyelinating lesions can be detected with a high degree of sensitivity by means of MRI. MRI cri-
teria for dissemination in space include the four typical MS regions for CNS lesions: periventricular,
cortical or juxtacortical, infratentorial, and spinal cord. The upcoming Montalban criteria will likely
include the optic nerve as the fifth typical MS region. If two of these regions are involved, a dissem-
ination in space can be assumed. The distinction between old and new active demyelinating lesions,
e.g. based on their different contrast agent uptake behavior due to a disrupted blood-brain barrier,
serves as evidence of dissemination in time (Faiss, 2020).

Cerebrospinal fluid (CSF) analysis is a crucial diagnostic tool for MS, particularly when MRI findings
are inconclusive. Key diagnostic markers in CSF include the presence of oligoclonal bands (OCBs)
and the MRZ reaction, which measures the intrathecal, polyspecific humoral immune response
against measles, rubella, and varicella zoster viruses. Oligoclonal bands are detected in over 95% of
MS patients and represent antibodies produced intrathecally by plasma cell clones. While OCBs are
highly sensitive for MS diagnosis, they are not entirely specific to the disease. The positive MRZ
reaction is more specific but less sensitive than OCBs, making it a valuable complement in the diag-
nostic process (Faiss, 2020). The 2017 McDonald criteria for MS diagnosis allow for OCBs to replace
for MRI-based evidence of dissemination in time (Thompson et al., 2018). Key CSF findings also
include an increased cell count and total protein levels, although these are often within normal
limits (Faiss, 2020).

The upcoming Montalban criteria for MS diagnosis are expected to incorporate the central vein sign
(CVS) and paramagnetic rim lesions (PRL) as additional MRI markers for DIS. According to the pro-
posed changes, DIS criteria may be fulfilled if either at least six CVS or one PRL is detected on MR,
in combination with MS-typical symptoms and a single lesion in a characteristic MS location.



Furthermore, the revised criteria are likely to consider elevated kappa free light chains (KFLCs) in
the CSF as an alternative to OCBs for demonstrating DIT. KFLCs are essential components of anti-
bodies and their presence in CSF can indicate intrathecal immunoglobulin synthesis. This modifica-
tion would allow KFLCs to substitute for the current requirement of simultaneous detection of con-
trast-enhancing and non-enhancing lesions on MRl for establishing DIT (Fagnart et al., 1988; Levraut
et al., 2023).

In addition to MRI and the CSF examination, there are other important paraclinical methods that
can contribute to the diagnosis of MS. Measurements of visual, motor, or somatosensory evoked
potentials (VEP, MEP, SSEP) are valuable in detecting subclinical or past manifestations. The meas-
urement of retinal fiber layer thickness by optical coherence tomography (OCT) is an appropriate
tool to assess the extent of neuroaxonal damage after acute optic neuritis and, thus, to detect ad-
vanced neurodegenerative changes in the anterior segment of the visual pathway (Faiss, 2020).

1.1.5 Therapy
The treatment of MS can be divided into three categories: acute relapse therapy, chronic disease-
modifying therapy and symptomatic/supportive therapy.

The acute treatment of MS relapses with methylprednisolone is widely accepted as the standard of
care. In cases where therapy escalation is necessary, plasmapheresis or immunoadsorption may be
considered (Faiss, 2020).

Disease-modifying therapies (DMTs) aim to prevent MS relapses and slow progression. The two
main treatment strategies for active MS are: The escalation approach which starts with lower-effi-
cacy DMTs and escalate if disease activity persists. The early high-efficacy intervention which begins
with high-efficacy DMTs at diagnosis, especially for patients with poor prognostic factors, i.e. young
age, severe initial relapse, polysymptomatic onset, incomplete remission, high lesion load, infraten-
torial/spinal lesions (Wiendl et al., 2021). Recent studies suggest that early high-efficacy interven-
tion is associated with less disability progression (He et al., 2020; Pipek et al., 2023; Spelman et al.,
2021). A systematic review and meta-analysis found a 30% reduction in EDSS worsening at 5 years
with early high-efficacy therapy compared to escalation (Pipek et al., 2023). A Scandinavian study
showed that initiating high-efficacy DMTs within 2 years of disease onset reduced the risk of disa-
bility progression by 29% compared to escalation (Spelman et al., 2021).

Current DMTSs target multiple inflammatory processes, including immune cell depletion, reduced
cell proliferation, migration blockade, and pleiotropic effects. These treatments affect the periph-
eral immune system, the blood-brain barrier, and the CNS and can be divided into monoclonal an-
tibodies and pharmacological agents (Bierhansl et al., 2022). In addition, DMTs are classified based
on their efficacy observed in clinical trials. Low to moderate efficacy DMTs for mild to moderate
RRMS, including beta-interferons, glatirameroids, teriflunomide, and fumarates, demonstrate a 20-
50% relative reduction in relapse rate compared to placebo (Singer et al., 2024). Beta-interferons,
and glatirameroids are immunomodulators with incompletely understood modes of action.
Fumarates modulate cytokine expression and activate the Nrf2 pathway, though their precise
mechanism remains still unclear. Teriflunomide exerts immunosuppression by inhibiting the prolif-
eration of activated immune cells (Wiendl et al., 2021). Advancements in the understanding of MS
pathogenesis have led to more effective and targeted therapies, including substances with higher



efficacy. These DMTs for highly active RRMS, including Cladribine, S1P receptor modulators, Natali-
zumab, anti-CD20 antibodies, and Alemtuzumab, demonstrate a relative reduction in annualized
relapse rate exceeding 50% compared to placebo (Singer et al., 2024). Cladribine suppresses the
immune system by disrupting DNA synthesis, reducing circulating lymphocytes (Warnke et al.,
2012). S1P receptor modulators Fingolimod, Ozanimod, and Ponesimod bind to S1P1 receptors,
inhibiting lymphocyte migration from lymphoid tissues, thus preventing their entry into the CNS
(Aktas et al., 2010; Ingwersen et al., 2012; Wiendl et al., 2021). Alemtuzumab, Natalizumab, and
the anti-CD20 antibodies are monoclonal antibodies selectively suppress the immune system.
Alemtuzumab, a CD52 antibody, eliminates primarily T cells and, for a short time, B cells from cir-
culation (Hartung et al., 2015). Natalizumab, an alpha4 integrin inhibitor, hinders T-cell migration
across the blood-brain barrier (Wiendl et al., 2021). Anti-CD20 antibodies, including Ocrelizumab,
Ofatumumab, Ublituximab, and off-label Rituximab, deplete circulating CD20+ B cells (Graf et al.,
2020).

Approved treatments for active SPMS include beta-interferons, Cladribine, the S1P receptor mod-
ulator Siponimod (Wiendl et al., 2021). For PPMS, the anti-CD20 antibody Ocelizumab alone is ap-
proved (Graf et al., 2020; Wiendl et al., 2021).

Symptomatic therapy in MS aims to alleviate specific symptoms and enhance quality of life. It in-
cludes drug-based and non-medication approaches such as physiotherapy, ergotherapy, and neu-
ropsychological interventions. (Faiss, 2020)

1.2 Ferroptosis
Recent research has linked ferroptosis to the development of various neurodegenerative diseases,

such as Parkinson's disease, Alzheimer's disease, and ischemic stroke (Ou et al., 2022; Ren et al.,
2020). In addition, its role in the pathogenesis and, in particular, the progression of MS is an area
of growing interest (Van San et al., 2023).

Ferroptosis is a distinct form of regulated cell death that differs from apoptosis, necrosis, necrop-
tosis, or autophagy in its morphology, biochemistry, and genetics (Dixon et al., 2012). Ferroptosis
is characterized by the accumulation of lipid peroxidation products in cell membranes. These prod-
ucts result from the iron-catalyzed oxidation of polyunsaturated fatty acids (PUFA), which are the
most susceptible fatty acids to ferroptosis. These modifications result in noticeable changes in cel-
lular morphology, including damaged mitochondria with condensed membrane density, reduced or
absent cristae, and a ruptured outer membrane (Hu et al., 2019).

Certain genes and proteins have been observed to be overexpressed and have been suggested as
biomarkers for ferroptosis. Notably, in neurons, the upregulation of acyl-CoA synthetase long-chain
family member 4 (ACSL4) promotes the esterification of PUFAs. This increases neuronal vulnerabil-
ity to ferroptosis (Tang et al., 2021).

However, our current understanding of the mechanisms that control ferroptosis remains incom-
plete. Recent evidence suggests that mitochondria-mediated production of reactive nitrogen and
oxygen species (RNS and ROS), including hydrogen peroxide (H,0,), as well as DNA stress and met-
abolic reprogramming, play a critical role in triggering lipid peroxidation and ferroptosis. In addition,



ferroptosis is closely related to iron accumulation and an imbalance of cellular oxidant-antioxidant
mechanisms, resulting in an unstable cellular redox state (Tang et al., 2021).

In the subsequent process, the redox-active ferrous iron Fe?* reacts with hydrogen peroxide in
the Fenton reaction, resulting in the creation of hydroxyl radicals. These radicals then react with
lipids, initiating a chain reaction that produces numerous toxic lipid peroxides, such as initial lipid
hydroperoxides (LOOH) and subsequent reactive aldehydes (e.g., malondialdehyde (MDA) and 4-
hydroxynonenal (4-HNE)) until the reaction is complete (Girotti, 1985; Tang et al., 2021).

Physiologically, the prevention of lipid peroxide accumulation is primarily achieved through the ac-
tivity of the intracellular antioxidant enzyme GPx4 and the cellular homeostasis of its substrate glu-
tathione (GSH). GSH homeostasis is maintained through both the regulation of the GSH redox state,
achieved by the reduction of glutathione disulfide (GSSG) to GSH mediated by glutathione reduc-
tase (GSR), and de novo synthesis (Harvey et al., 2009). GSH is a tripeptide composed of glutamic
acid, cysteine, and glycine. It is synthesized through glutamate cysteine ligase (GCL) and depends
on the intracellular availability of cysteine derived from cystine. The xCT antiporter maintains ade-
quate cystine levels by exchanging extracellular cystine for intracellular glutamate (Tang et al.,
2021). Thus, XxCT , GCL and GSR are essential for maintaining normal GSH levels and work together
with GPx4 to efficiently reduce harmful hydroperoxides and, thus, inhibit ferroptosis. However, it
is important to note that under physiological conditions, intracellular GSH concentrations are at
least 1,000 times higher than peroxide levels. In situations where peroxides accumulate, a reduc-
tion in GPx4 has a greater impact on the oxidative/antioxidative balance than a reduction in gluta-
thione (Hu et al., 2019). GPx4 utilizes GSH as an electron donor to convert peroxidized phospholip-
ids in biological membranes into their respective alcohols. (Hu et al., 2019). In addition to GPx4,
several other enzymes play a role in regulating ferroptosis, including GTP cyclohydrolase 1 (GCH1),
ferroptosis suppressor protein (FSP1), and dihydroorotate dehydrogenase (DHODH). These en-
zymes can partially compensate for the decrease in GPx4 activity (Van San et al., 2023). Nonethe-
less, the importance of GPx4 for neuronal survival is supported by several studies. Seiler et al. (2008)
demonstrated that neuron-specific GPx4-knockout mice show relevant degeneration of neurons in
the hippocampal CA3 region and the cerebral cortex. Yoo et al. (2012) showed that the ablation of
the GPx4 gene in adult mice resulted in profound neurodegeneration. Thus, ferroptotic cell death
is mainly regulated by GPx4 and inhibition of its enzymatic activity induces ferroptosis (Yang et al.,
2014).

Specifically, the Nrf2 transcriptional pathway regulates a relevant number of essential endogenous
components that suppress ferroptosis (see Chapter 1.4) (Dodson et al., 2019).

In general, ferroptosis can be induced by direct inhibition of GPx4 or indirectly by reducing GSH
levels through blockade of the cystine-glutamate-antiporter xCT or iron overload. Erastin, an acro-
nym for eradicator of RAS and ST-expressing cells, is a small molecule inhibitor that induces ferrop-
tosis via the inhibition of cystine uptake by the xCT-antiporter (Dixon et al., 2012). The small mole-
cule RAS-selective lethal 3 (RSL3) was initially developed by Yang and Stockwell (2008) for potential
anti-cancer applications. It was thought to directly inhibit selenoprotein GPx4 and protect against
ferroptotic cell death. However, recent studies have shown that RSL3 may have additional targets,
particularly other selenoproteins such as thioredoxin reductase 1 (TXNRD1), and mechanisms of
action beyond GPx4 inhibition, such as the activation of the NF-kB pathway (Cheff et al., 2023; Li et
al., 2021).



LIP-1 has been found as a potent inhibitor of ferroptotic cell death in oligodendrocytes (Fan et al.,
2021). LIP-1 prevents cell death by decreasing mitochondrial lipid peroxidation, featuring restored
GSH production, and the expression of Glutathione peroxidase 4 (GPX4) and glutathione-independ-
ent FSP1. By this, LIP-1 exhibits immunomodulatory effects (through decreasing microglia activation
and reducing secretion levels of proinflammatory cytokines IL-6, IL-1B, and TNF-a (Cao et al., 2021;
Fan et al., 2021). Additionally, the radical scavenger Ferrostatin-1 (Fer-1) acts as a potent inhibitor
of ferroptosis (Dixon et al., 2012). In the presence of added iron, iron chelators, such as deferox-
amine and SIH, also inhibit ferroptosis (Berndt et al., 2010; Yan et al., 2021).

1.3 Ferroptosis as a Possible Part of Pathogenesis in Multiple Sclerosis

1.3.1 Demyelination and Neurodegeneration in Multiple Sclerosis

Inflammatory demyelination and neurodegeneration are key processes in the pathogenesis of mul-
tiple sclerosis. Multifactorial mechanisms can lead to their onset. These include activation of im-
mune cells, chronic oxidative damage, accumulation of mitochondrial damage in axons, and dysbal-
anced iron homeostasis in neurons and oligodendrocytes, which are also associated with ferropto-
sis (Mahad et al., 2015; Van San et al., 2023). However, the detailed process from the development
of inflammatory demyelination to neurodegeneration as well as the exact role of ferroptosis in the
pathogenesis of MS has not yet been fully elucidated.

1.3.2 Activated Microglia Promote Oxidative Stress in the Central Nervous System

Activated pro-inflammatory microglia and Lipopolysaccharide (LPS) have been found in close prox-
imity to neurons (Lucchinetti et al., 2011) in both active and chronic MS lesions (Gray et al., 2008;
Jack et al., 2005). According to Fischer et al. (2012) these cells largely produce reactive oxygen and
nitrogen species in early MS lesions. Furthermore, oxidized phospholipids accumulate in the cyto-
plasm of degenerating neurons, axons, and myelin sheaths in cortical areas with high levels of mi-
croglial activation (Fischer et al., 2013; Mahad et al., 2015). Therefore, it is postulated that oxidative
damage, particularly through the action of microglia, may enhance inflammatory responses by ac-
tivating signaling pathways that lead to the production of proinflammatory cytokines, which are
associated with axonal degeneration and neuronal and oligodendrocyte cell death (Fischer et al.,
2013). In comparison to other inflammatory diseases of the CNS, microglia activation and oxidative
damage of tissue are significantly more apparent in active lesions in multiple sclerosis (Mahad et
al., 2015).

1.3.3 Oxidative and Mitochondrial Damage in Multiple Sclerosis

In addition to microglia activation and oxidative damage, molecular studies have revealed an accu-
mulation of axonal mitochondrial damage in MS lesions (Lassmann, 2022). Excessive accumulation
of mitochondrial injury results in ATP deficiency, leading to axonal and neuronal degeneration, and
tissue destruction (Mahad et al., 2009). In addition, dysfunction in the respiratory chain may also
produce reactive oxygen species, intensifying oxidative damage and contributing to further tissue
destruction (Mahad et al., 2015).

Severe oxidative and mitochondrial damage can cause the loss of cell processes, disrupting cell-cell
interactions and ultimately leading to cell death (Lassmann & van Horssen, 2016). Lassmann (2022)
describes the consequences for each cell type in detail: The distal processes of oligodendrocytes
are particularly affected, leading to their cell death and demyelination. In neurons, synapses are



primarily damaged, followed by axonal and dendritic damage and severing, resulting in a loss of
signal transmission and subsequent neuronal and axonal degeneration. In demyelinated MS lesions,
it has been observed that the few surviving oligodendrocyte precursor cells do not differentiate
into mature oligodendrocytes, which may be due in part to the loss of their cellular processes,
thereby hindering the remyelination process (Lassmann & van Horssen, 2016).

The accumulation of mitochondrial damage promotes demyelination and neurodegeneration in
MS, which leads to the progression of the disease (Mahad et al., 2015).

1.3.4  Susceptibility of Oligodendrocytes to Ferroptosis
The most relevant oxidative damage in active MS lesions is found in myelin and oligodendrocytes
(Lassmann & van Horssen, 2016).

Oligodendrocytes are the cells in the CNS with the highest iron content (Connor & Menzies, 1996).
To form myelin sheaths, they need enough iron to produce essential myelin components such as
cholesterol and phospholipids (Stephenson et al., 2014). In addition, iron is a co-factor for several
enzymes that are involved in the proliferation of OPC and their differentiation into mature oligoden-
drocytes (Cheli et al., 2020). Several proteins collaborate to maintain cellular iron homeostasis by
controlling the uptake and storage of iron. Transferrin (Tf) is the primary transporter of iron. After
binding to its receptor (TfR) situated on the cell surface, the ligand-receptor (Tf-TfR) complex un-
dergoes internalization through receptor-mediated endocytosis (Cheli et al., 2020). Significant lev-
els of transferrin stimulate the production of myelin constituents (Saleh et al., 2003) and facilitates
OPC differentiation into mature oligodendrocytes (Paez et al., 2002).

Recent studies have identified the Transferrin receptor 1 (TfR1) as a reliable marker for ferroptosis.
Feng et al. (2020) reported notable TfR1 accumulation on the cell surface in ferroptosis within the
HT-1080 fibrosarcoma cell line, and anti-TfR1 antibodies could distinguish ferroptosis from apopto-
sis in these cells. However, the exact reason for the upregulation in the ferroptotic cells has not yet
been clarified.

Zhang et al. (2006) demonstrated that ferritin, secreted by ferritin-positive-microglia, acts as a pri-
mary iron delivery protein to mature oligodendrocytes, in addition to its ability as an intracellular
iron storage and regulatory protein with ferroxidase activity. The results of their cell culture exper-
iments showed that conditioned media containing ferritin enhances the survival of oligodendro-
cytes. Additionally, Schulz et al. (2012) showed that the efflux of iron from astrocytes, facilitated by
the iron exporter ferroportin, is involved in OPC maturation and myelination and remyelination.
Consequently, proper iron supply is essential for optimal oligodendrocyte maturation, particularly
in the first postnatal weeks, but also for efficient adult brain remyelination (Cheli et al., 2018; Ste-
phenson et al., 2014) and preservation of myelin (Zhang et al., 2006).

Physiologically, most intracellular iron is bound to ferritin in its trivalent form (Fe3*) to minimize
the amount of free iron, as free trivalent iron is constantly in dynamic equilibrium with its oxidizing
bivalent form (Fe?*) (Lassmann & van Horssen, 2016). Zhang et al. (2005) demonstrated that a
dysbalance in iron homeostasis, such as a deficiency in ferritin, can result in a high concentration of
free redox-active ferrous iron (Fe2™), which increases the susceptibility of oligodendrocytes to ox-
idative stress and cytokine toxicity. The susceptibility mentioned is intensified by the relatively low
levels of antioxidants, particularly Glutathione (GSH), in oligodendrocytes (Lassmann & van Hors-
sen, 2016; van Horssen et al., 2011).



Oligodendrocytes produce huge amounts of their plasma membrane and ensheathe axons in mul-
tiple layers within the CNS, known as myelin sheaths (Aggarwal et al., 2011). In addition, these my-
elin sheaths are mainly composed of lipids (about 80%), including polyunsaturated fatty acids
(PUFA)(Barnes-Velez et al., 2023). The increased susceptibility to oxidative stress and the high con-
centration of fatty acids make oligodendrocytes susceptible to lipid peroxidation, which facilitates
membrane permeabilization and ultimately ferroptotic cell death and axon demyelination in the
CNS (Li et al., 2023). Compared to mature oligodendrocytes, oligodendrocyte precursor cells are
more susceptible to oxidative stress and ferroptosis (Baud et al., 2004; Wu et al., 2024). Addition-
ally, Lepka et al. (2017) demonstrated that treatment with ferroptosis inducer Erastin causes cell
death in primary mouse oligodendroglial progenitor cells. Furthermore, the death of oligodendro-
cyte progenitor cells due to ferroptosis may impede the process of remyelination.

1.3.5 Ferroptosis and T Cells in the Pathogenesis of Experimental RRMS Models

During the acute phase, the pathogenesis of MS is a complex process involving intricate interactions
between peripheral and central immune cells. It is established that peripheral leukocytes, including
T cells, B cells, and myeloid cells, play a pivotal role in the pathogenesis of MS (Charabati et al.,
2023). Upon migration into the CNS, these immune cells can activate resident cells, such as micro-
glia and astrocytes, and interact with myelin and other antigens, resulting in damage to oligoden-
drocytes and neurons (Charabati et al., 2023; Hohlfeld et al., 2016). Murphy et al. (2010) demon-
strated that autoreactive T lymphocytes, especially Thl and Th17 cells, are significantly associated
with acute episodes of MS. Th1l cells contribute to the disease process in a number of ways, includ-
ing the stimulation of macrophages and microglia through the release of factors such as granulo-
cyte-macrophage colony-stimulating factor (GM-CSF) and the impairment of the survival and dif-
ferentiation of oligodendrocyte progenitor cells. Th17 cells exacerbate the condition by disrupting
the blood-brain barrier, promoting the infiltration of inflammatory phagocytes, and altering glial
cell functions (Charabati et al., 2023). Additionally, autoreactive B lymphocytes in MS promote the
proliferation of Th1 and Th17 cells recruited from the CNS (Jelcic et al., 2018).

Autoreactive lymphocytes are typically eliminated in the thymus during negative selection or later
in blood circulation through death ligand pathways. These pathways are crucial for immune home-
ostasis and apoptosis regulation and appear dysregulated in MS. The Fas-Fas ligand (FasL) pathway,
extensively studied, mediates apoptosis of autoreactive lymphocytes during negative selection, ac-
tivation-induced cell death of repeatedly stimulated T cells, elimination of autoreactive B cells, and
regulation of B cell somatic hypermutation. In MS and experimental autoimmune encephalomyeli-
tis (EAE), dysregulation of this pathway is evident. Th17 cells in MS exhibit low FasL expression,
potentially enabling persistent inflammation, while FasL-deficient mice develop prolonged EAE
symptoms (Volpe et al., 2016). Other relevant factors include increased expression of anti-apop-
totic Bcl-X(L) in MS patients' PBMCs and elevated soluble TNF-related apoptosis-inducing ligand
(TRAIL) levels (Waiczies et al., 2002; Wandinger et al., 2003). In the context of neuroinflammation
TRAIL emerges as a significant mediator of neuronal injury. In EAE, Aktas et al. (2005) demonstrates
that TRAIL blockade leads to a marked reduction in neuronal damage and clinical severity. Con-
versely, intracerebral TRAIL administration in EAE-affected subjects resulted in an exacerbation of
clinical deficits. These findings collectively suggest a pivotal role for TRAIL in the pathogenesis of
inflammatory neurological conditions. Notably, interferon-beta responders in MS treatment can be
identified by early and persistent expression of soluble TRAIL, highlighting its potential as a bi-
omarker for treatment efficacy (Wandinger et al., 2003).
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While T cells are initially activated in the periphery during an acute attack and subsequently migrate
into the CNS, CD4+ T cells can also be activated within the CNS. In EAE, ferroptosis has been demon-
strated to be a pivotal mechanism underlying T cell-mediated neurodegeneration (Luogian et al.,
2022; White, 2023). EAE specifically stimulates an upregulation of ACSL4 expression, which is a bi-
omarker for ferroptosis (Dodson et al., 2019; Luogian et al., 2022). The enzyme ACSL4 facilitates
the esterification of PUFAs in neurons, rendering them susceptible to ferroptosis (Tuo et al., 2022).
The supernatant obtained from ferroptotic neurons increases T cell receptor (TCR) signaling, result-
ing in the activation of CD4+ T cells and their differentiation into Th1l and Th17 cells. These cells
cause demyelination and neurodegeneration via the secretion of cytokines like interleukin 2 (IL-2)
and Interferon gamma (IFN-Y) (Luogian et al., 2022).

In support of this, Lucchinetti et al. (2011) discovered that T cells are in the proximity of oligoden-
drocytes within early demyelinating lesions. Van San et al. (2023) also demonstrated in an experi-
mental RRMS model in Biozzi ABH mice that inflammation during a disease attack is primarily me-
diated by macrophages, microglia and T cells, while B cell infiltration is observed during the chronic
course of the disease.

Luogian et al. (2022) revealed that ferroptosis inhibitors, such as LIP-1, ameliorated neuroinflam-
mation by regulating T-cell activation in the CNS of EAE-mice. This provides further support for the
implication of ferroptosis in immune process regulation.

Van San et al. (2023) identified fluctuating alterations in the levels of distinct antioxidant proteins
throughout the progression of EAE disease in spinal cord segments of mice. During the acute phase,
decreased levels of the primary inhibitor of ferroptosis, GPx4, were observed in conjunction with
the upregulation of Hmox1 and, as a potential feedback mechanism for GPx4 deficiency, two addi-
tional ferroptosis antagonists: FSP1 and GCH1 (Carvalho et al., 2014; Kraft et al., 2020; Van San et
al., 2023).

Furthermore, the expression of TFR1 was found to increase during the pre-acute phase of EAE, but
it decreases significantly as the disease progresses until the first attack occurs.
In EAE, during the remission phase, a significant increase in GPx4 was reported (Van San et al.,
2023). Van San et al. (2023) also have shown that administering ferroptosis inhibitor UAMC-3203,
a third-generation synthetic lipophilic radical trap compound, protects against the early progressive
disease course in experimental RRMS in Biozzi ABH mice. The evaluation of the demyelinated region
revealed a significant decrease in damage observed in the lumbar spinal cords. Iron chelators, such
as deferoxamine (Pedchenko & LeVine, 1998) and deferiprone (Mitchell et al., 2007), have been
shown to suppress the disease activity of EAE. As far as is currently known, no agents that signifi-
cantly increase GPx4 activity have been discovered.

1.3.6  Oxidative Stress, Iron Accumulation and Ferroptosis in Multiple Sclerosis
The pathogenesis of MS appears to be decisively influenced by oxidative stress, imbalance of iron
homeostasis and ferroptotic cell death, as several clinical and basic scientific studies have shown.

One of the main biochemical characteristics of ferroptosis is the accumulation of iron alongside
lipid peroxidation (Tang et al., 2021). Recent neuropathological and magnetic resonance imaging
(MRI) studies provide evidence that progressive iron accumulation is a central factor in the CNS
tissue damage associated with MS (Absinta et al., 2019; Dal-Bianco et al., 2021; Lassmann, 2022).
Iron accumulation was mainly found in lesions with chronically active but low-grade inflammation,
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such as in progressive MS, e.g. smoldering lesions, but also in lesions with acute inflammation, such
as in relapsing-remitting MS (Dal-Bianco et al., 2017; Dal-Bianco et al., 2021).

High levels of ferrous iron were observed in active MS lesions from postmortem samples, compared
to normal-appearing white matter (NAWM) and non-MS control samples (Van San et al., 2023). In
addition, Van San et al. (2023) recently reported a significant increase in the ratio of redoxactive
ferrous to ferric iron (Fe?*/Fe3*) in the cerebrospinal fluid (CSF) of MS patients. In contrast, the
total iron content and ferritin-bound iron were comparable in the CSF of MS and non-MS patients.

Some white matter lesions that are chronically active are surrounded by a rim composed of acti-
vated microglia and macrophages. These lesions expand slowly and are referred to as smoldering
lesions (Lassmann, 2022). Iron accumulation in chronically active lesions is primarily located in their
rim (Dal-Bianco et al., 2017; Ropele et al., 2017). The process of iron uptake by microglia and mac-
rophages, as well as the development of iron rim lesions, was described by Mahad et al. (2015).
Iron is released from compromised myelin and oligodendrocytes during inflammatory demye-
lination. It enters the extracellular space where it transforms into bier ferrous form, potentially
increasing the toxicity of reactive oxygen species. To prevent further damage, released iron is pri-
marily absorbed by activated microglia and macrophages. It accumulates within the cells at the
periphery of the lesion and in the perivascular space, forming the rim lesion as described by Lass-
mann (2022).

The histopathological findings are consistent with the imaging observations of iron rim lesions in
high-field MRI utilizing iron-sensitive sequences in postmortem patients (Dal-Bianco et al., 2017).
The dynamics of iron accumulation in lesions can also be observed through live imaging (Lassmann,
2022). In a seven-year prospective longitudinal MRI-study, Dal-Bianco et al. (2021) discovered that
chronically active lesions with iron rims grow slowly after their initial formation, over a period of
more than five years, eventually merging with adjacent rim lesions. In comparison, non-iron rim
lesions shrink over a three-year period before stabilizing in size (Lassmann, 2022). Iron-rim lesions
typically develop in the later stages of RRMS but persist after the disease has converted into a pro-
gressive form (Dal-Bianco et al., 2021). They seem to contribute to the gradual progression of neu-
rodegeneration and are associated with a more severe disease course, as well as a higher likelihood
of conversion to a progressive form of MS (Dal-Bianco et al., 2021; Lassmann, 2022). This is sup-
ported by the results from Hametner et al. (2013). Iron-containing microglia and macrophages show
signs of dystrophy and deterioration, leading to secondary iron release and uptake by neurons,
oligodendrocytes, and other microglia and macrophages. This process, in combination with ROS
released from other activated microglia and macrophages (Fischer et al., 2012), can lead to lipid
peroxidation in these cells (Hametner et al., 2013; Van San et al., 2023), further demyelination, and
subsequently, lesion growth. These findings suggest that ferroptosis may be involved in MS pro-
gression.

This concept is supported by studies of post-mortem samples and cerebrospinal fluid (CSF) from
MS-patients. These studies have demonstrated lipid peroxidation and other features of ferroptosis
in both active and chronic lesions (Van San et al., 2023). According to Hu et al. (2019), mRNA levels
of major ferroptosis inhibitor GPx4 are reduced in the MS brain, while GPx4 protein levels in MS are
still unclear. Bizzozero et al. (2005) demonstrated reduced levels of GPx4-substrate GSH and in-
creased lipid peroxidation in the gray matter of individuals with MS. Furthermore, Van San et al.
(2023) demonstrated accumulation of lipid degradation products, such as 4-HNE, particularly within
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active lesions and the peripheral area of chronically active lesions. Mahad et al. (2009) found struc-
tural changes in neuronal mitochondria in MS, including the disappearance of cristae and damage
to the outer membrane, resulting in impaired cellular respiration, leading to energy failure, accu-
mulation of oxidative stress, ferroptotic cell death, further demyelination and neurodegeneration
(Mahad et al., 2015). In addition, in the CSF of MS patients, the activity of GPx and the levels of its
substrate GSH were significantly lower than in control subjects. This contributes to an altered de-
toxification of reactive oxidants in the CNS (Calabrese et al., 1994; Calabrese et al., 2002; Carvalho
et al., 2014). However, the available evidence on GPx activity in peripheral blood mononuclear cells
(PBMCs) and erythrocytes of MS patients is still inconclusive (Carvalho et al., 2014).

These observations indicate that ferroptosis plays an important role in the pathology of MS. To
date, there is no known therapy in humans that specifically targets ferroptosis. However, these
findings suggest that a therapy that prevents ferroptosis in the CNS may be a promising new
treatment for the active and progressive form of MS.

1.4 Fumarates in Multiple Sclerosis: Mode of Action and its Effects on Demyelination
Fumarates are a natural compound found in every cell of every organism and are produced by met-

abolic pathways such as the citrate and urea cycles, as well as the purine biosynthesis (Papadopou-
lou et al., 2010). Dimethyl fumarate (DMF), a fumaric acid ester, has been approved for the treat-
ment of psoriasis vulgaris since 1994 and for the treatment of RRMS in adult patients since 2013
(Corazza et al., 2021; Wicks et al., 2016). Since 2021, another fumaric acid ester, DRF, has been
approved in Europe for the treatment of RRMS in adults. DMF and its successor DRF are low to
moderate efficacy DMTs for mild to moderate RRMS.

The most common adverse events observed with both DMF and DRF include flushing and gastroin-
testinal symptoms such as abdominal pain, diarrhea, and nausea. However, the EVOLVE-MS-2 trial
investigated the gastrointestinal tolerability of DMF and DRF and demonstrated superior gastroin-
testinal tolerability of DRF compared to DMF. This was evidenced by a reduction in self-rated symp-
tom days and a lower discontinuation rate due to gastrointestinal issues (Naismith et al., 2020).
DRF's superiority is explained by its molecular and pharmacokinetic characteristics. Upon oral in-
gestion, intestinal esterases promptly hydrolyze both fumaric acid esters into the active metabolite,
Monomethyl fumarate (MMF) (Linker & Gold, 2013). DMF and DRF provide bioequivalent MMF
exposure, indicating similar efficacy and safety profiles (Naismith et al., 2020). MMF reaches peak
serum concentrations of approximately 20 uM, distributing uniformly in organs, including the CNS,
and undergoes subsequent metabolism in the citrate cycle (Linker & Gold, 2013). However, the
hydrolysis of DMF and DRF produces several metabolites, including methanol in the case of DMF
and hydroxyethyl succinimide (HES) in the case of DRF. Small amounts of methanol are also pro-
duced in the latter. Methanol is a known gastrointestinal irritant. DMF produces higher levels of
methanol, resulting in more severe gastrointestinal adverse effects. Furthermore, DMF may have
more off-target interactions with Gl receptors or microbiota/proteins due its larger molecular size,
higher electrophilicity with greater reactivity, and longer half-life (Palte et al., 2019).

The mode of action of fumaric acid esters in MS remains incompletely understood. DMF studies
have reported multiple anti-inflammatory, immunomodulatory, and neuroprotective effects. DMF
treatment reduces lymphocyte counts in MS patients' PBMCs by approximately 30% after six

13



months, primarily affecting CD4+ and CD8+ memory T cells. This reduction preferentially targets
memory T cells over naive T cells, with a decrease in TH1 cells and an increase in TH2 cells (Gross et
al., 2016). This shift has an impact on cytokine expression, such as a decrease in the production of
pro-inflammatory Th1 cytokines (such as IL-22, GM-CSF, TNF-q, IFN-y) (Gross et al., 2016). Ex vivo
incubation of healthy donor PBMCs with MMF increased production of anti-inflammatory Th2 cy-
tokines (such as IL-4, IL-10) (Moharregh-Khiabani et al., 2009). However, IL-4 levels remained stable
in PBMCs from DMF-treated MS patients (Gross et al., 2016). In addition, fumarate incubation in
endothelial cell culture experiments decreased adhesion molecules like ICAM-1 and E-selectin,
which is partly mediated by the observed inhibition of the NF-kB pathway and causes a reduction
in the migration of immune cells across the blood-brain barrier into the CNS . In addition, DMF
treatment increases the proportion of peripheral regulatory T cells (pTreg) in PBMCs of MS patients,
whose function is often compromised in patients with MS (Gross et al., 2016). Microglial culture
and EAE studies demonstrated microglia polarization from M1 pro-inflammatory to M2 anti-inflam-
matory phenotype via hydroxycarboxylic acid receptor 2 (HCAR2) activation. The observed anti-
inflammatory effect in the brain was partially Nrf2-dependent (Parodi et al., 2015; Satoh & Lipton,
2017).

The main mechanism of action is explained through the activation of the Nrf2 signaling pathway,
which helps maintain intracellular redox homeostasis, particularly during periods of increased oxi-
dative or metabolic stress (Linker et al., 2011; Wang et al., 2024). Nrf2 is regulated by Kelch-like
ECH-associated protein 1 (Keapl). Keapl functions as a sensor for the cellular redox state through
its reactive thiol groups, due to its high cysteine content. This regulatory mechanism relies on
Keap1l's ability to detect changes in the cellular redox state (Lu et al., 2016). Keapl modulates the
ubiquitination level of Nrf2 in response to the redox state, thereby influencing its overall activity.
Under normal conditions, Keapl binds to Nrf2 and facilitates its degradation, but in the presence
of oxidative stress or cellular insults, Nrf2 stabilizes, escapes Keapl-mediated degradation, and
translocates to the nucleus. In the nucleus, Nrf2 binds to the antioxidant response element (ARE)
in regulatory DNA regions and activates transcription of genes, resulting in the expression of over
100 antioxidant proteins (Lu et al., 2016). For example, Nrf2 plays a central role in maintaining GSH
homeostasis by regulating the cystine-glutamate antiporter xCT, which influences de novo GSH syn-
thesis, and by regulating glutathione reductase (GSR), which modulates the redox state of GSH (Har-
vey et al., 2009). Furthermore, Nrf2 regulates key metabolic pathways, including lipid and iron me-
tabolism (via expression of Hmox1, light chain and heavy chain of ferritin (FTL/FTH1), ferroportin
(FPN1)), and apoptosis (Dodson et al., 2019). Additionally, the key enzyme that inhibits ferroptosis,
GPx4, seems to be a target gene of Nrf2 (Dodson et al., 2019; Osburn et al., 2006; Salazar et al.,
2006). However, some authors question whether the Nrf2 pathway regulates GPx4, as the pro-
moter region of GPx4 lacks the necessary structural cis-elements (Berndt et al., 2024). Specifically,
during embryonic brain development, the expression of GPx4 seems to be upregulated by guanine-
rich sequence binding factor 1 (GRFS1) (Ufer et al., 2008). Nevertheless, the regulatory mechanisms
governing GPx4 expression in oligodendrocytes remain an area of ongoing investigation.
Moreover, the Nrf2 and the pro-inflammatory NF-kB pathways act as antagonists and work to-
gether to maintain cellular homeostasis and respond appropriately to stressors (Gao et al., 2021).
Thus, proper Nrf2 function is critical for cell survival and may mediate neuroprotective effects in
the CNS (Gross et al., 2016; Lu et al., 2016).
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After MMF incubation of rodent astrocyte cultures, the Keap1l protein was found to be covalently
modified at cysteine residue 151, thereby stabilizing Nrf2 (Wang et al., 2024). Elevated levels of
Nrf2 were found in the CNS of DMF-treated mice (Linker et al., 2011). In addition, Linker et al. (2011)
demonstrated the protective effect of DMF treatment as a result of stimulation of the Nrf2 pathway
on neurons, oligodendrocytes, myelin, and axons in MOG-EAE. They observed a reduction in protein
nitrosylation, a marker of oxidative stress. Conversely, the absence of this protective effect in Nrf2
knockout mice supports the dependency of the functional impact of DMF on Nrf2. Additionally,
Linker et al. (2011) showed that mice with an Nrf2 knockout developed a more severe form of MOG-
EAE compared to mice with wild-type Nrf2. This exacerbation was associated with increased oxida-
tive damage in the CNS. This ultimately led to more extensive demyelination and axonal loss.
Scannevin et al. (2012) confirmed that DMF and its primary MMF exert cytoprotective effects on
primary CNS cells against oxidative stress-induced injury. However, Schulze-Topphoff et al. (2016)
demonstrated that DMF exhibits potent anti-inflammatory and immunomodulatory activity in CNS
autoimmunity that may not require Nrf2 for many of its beneficial effects. They showed that DMF
protected both wild-type and Nrf2-deficient mice equally well from acute EAE, reducing Th1l and
Th17 cells and inducing anti-inflammatory M2 monocytes. This suggests that DMF's therapeutic
effects in EAE can also occur through Nrf2-independent pathways.

1.5 Research Question and Aim of this Thesis
Ferroptosis has been implicated in the pathomechanism of MS. However, it remains unclear

whether and how ferroptosis contributes to death of oligodendrocytes and the demyelination pro-
cess in MS. Luogian et al. (2022) demonstrated in EAE mice that ferroptosis primarily triggers neu-
ronal cell death directly, while demyelination occurs indirectly through activated T cells (Figure 1).

As oligodendrocytes are particularly susceptible to ferroptosis, it is thought that they may undergo
direct ferroptotic cell death without the influence of T cells, leading to demyelination (Figure 1).
One objective of this thesis is to investigate whether oligodendrocytes are susceptible to ferroptotic
cell death by exposing them to various concentrations of known ferroptosis inducers, specifically
Erastin and iron. To investigate whether the death of oligodendrocytes is indeed ferroptotic, the
level of lipid peroxidation is measured. Subsequently, it will be investigated whether ferroptosis
can trigger demyelination in organotypic cerebellar slice cultures (OSCs).

Fumarates have been used in the treatment of RRMS for 10 years. The mechanism of action involves
the Nrf2 signaling pathway, a cellular signaling mechanism that protects against oxidative damage
by regulating gene expression of antioxidant and anti-inflammatory proteins and that is downreg-
ulated in MS patients, among others (Maldonado et al., 2022). The extent to which activation of
this physiological protective mechanism is involved in protection against further neuroinflamma-
tion and axonal demyelination remains unclear. Considering that ferroptosis, triggered by oxidative
stress and iron accumulation, can lead to cell death, and potentially contribute to demyelination,
this study aims to contribute to the existing body of knowledge by exploring the potential protective
effects of fumarates, with a particular focus on DRF and its active substance MMF, against increased
lipid peroxidation and subsequent ferroptotic cell death in oligodendrocytes.
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Figure 1 A Potential Role of Ferroptotic Cell Death in Demyelination and Neurodegeneration
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Fig. 1: According to Luogian et al. (2022), autoimmune neuroinflammation is induced by activated microglia
and macrophages, which triggers the accumulation of reactive species and iron dysbalance in favor of toxic
divalent iron. This process induces lipid peroxidation through the Fenton reaction, which particularly affects
neurons and leads to their death. The supernatant of ferroptotic neurons triggers T cell activation, resulting
in cytokine-induced demyelination and neurodegeneration. The aim of this study is to demonstrate the
direct relationship between ferroptosis and oligodendrial cell death, leading to demyelination. Created
with BioRender.com; GPx4: Glutathione Peroxidase 4, PUFA: Polyunsaturated Fatty Acid, RNS: Reactive ni-
trogen species, ROS: Reactive oxygen species.

Furthermore, it will be investigated whether diroximel fumarate modulates the effect of iron accu-
mulation. In addition, the ability of fumarates to protect against ferroptosis-induced demyelination
will be tested in cerebellar OSCs.

Given that the key enzyme that protects against ferroptosis, GPx4, is discussed as a gene product
within the Nrf2 signaling pathway, this study will investigate whether and to what extent GPx4 is
upregulated in oligodendrocytes as well as in brain tissue after fumarate treatment.

To investigate the potential ferroptosis inhibition by fumarates in a more clinically relevant manner,
the study was extended to in vivo experiments using blood samples from MS patients. However,
due to the significant physiological heterogeneity among humans and the limited sample size in this
study, the results can, at best, indicate a potential trend rather than definitive conclusions. Consid-
ering the previously identified GPx4 deficiency in the postmortem brain tissue of MS patients, an
additional investigation will assess the existence of an in vivo deficiency in GPx4 gene expression.
Furthermore, the research aims to determine if cellular GPx4 gene expression increases in MS pa-
tients after one year of DMF treatment.

Assuming that GPx4 is expressed in all nucleated cells, PBMCs will be used for this study. Since the
CNS is enveloped by CSF, cells from CSF would reflect CNS processes more accurately than PBMCs.
However, due to the retrospective nature of the study, the decision to utilize PBMCs instead of CSF

16



was primarily influenced by the availability of materials. No CSF puncture was performed at the
specified time points immediately before and 12 months after switching to the new drug. Further-
more, in their gene expression analysis, Brynedal et al. (2010) found in their gene expression anal-
ysis that the stage of the disease determines the level of gene expression. Generally, most differ-
ences in gene activity between MS patients and healthy individuals are found in the CSF. For in-
stance, it has been found that the activity of glutathione peroxidase (GPx) and the amount of its
substrate GSH are significantly lower in the CSF of MS patients compared to control subjects. In
contrast, the available findings on GPx activity in the PBMCs and erythrocytes of MS patients are
not yet conclusive (Carvalho et al., 2014). However, disease relapses can only be recognized based
on PBMCs, suggesting a peripheral genesis of relapses. Consequently, the study of gene expression
profiles in PBMCs represents a useful starting point for further investigations

Fumarate-induced increase in GPx4 levels in CNS cells may inhibit ferroptotic cell death, potentially
contributing to its therapeutic mechanism in MS. However, whether the current dosing regimen of
DMF and DRF achieves sufficient CNS concentrations for this effect requires further investigation.
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2 Materials and Methods

2.1 Cell Culture Experiments

The OLN-93 cell line (RRID: CVCL_5850) (Richter-Landsberg & Heinrich, 1996) was maintained in
low glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine se-
rum (FBS) and a mixture of 100 pug/ml penicillin and 100 pg/ml streptomycin in a humidified incu-
bator with 5% CO, at 37°C. In experimental conditions, serum-free DMEM/F-12 media was used.
Cell dissociation and passaging were performed using 1 ml of Trypsin/EDTA solution prepared in
PBS (without Ca?*, M g?*) following an incubation period at 37°C for 1-3 minutes. The cells under-
went testing for mycoplasma infection utilizing the MycoStrip™ mycoplasma detection kit. All cell
culture procedures were consistently conducted under as sterile conditions as feasibly achievable.

16 hours prior to treatment, cells were seeded in 96-well plates (3 000 cells/well), 24-well plates
(40 000 cells/well), 6-well plates (120 000 cells/well) or 60-mm dishes (1 000 000 cells/dish).

2.2 Treatments
Monomethyl fumarate (MMF) and dimethyl fumerate (DMF) were purchased from Sigma-Aldrich

and dissolved in 100% dimethyl sulfoxide (DMSO). 500 mM aliquots were stored at -20°C until use.
Diroximel fumarate (DRF; Vumerity®) was provided as a promotional sample by Biogen. To prepare
the DRF solution, the spheroids from one capsule, 240 mg of the fumarate, were initially soaked
with 200 ul of water and subsequently solubilized by the addition of 800 ul of 100% DMSO. The
resulting 480 mM aliquots were stored at -20°C. Unless otherwise stated, OLN-93 cells were treated
with 2 uM and 10 uM concentrations of MMF and DRF after 16 hours of cultivation, with untreated
cells as controls. Following 24 hours of incubation at 37°C and 5% CO,, the treatment media were
removed, and cells were further processed as required by the specific experiment.

Erastin, an acronym for eradicator of RAS and ST-expressing cells, is a small molecule inhibitor that
induces ferroptosis via several mechanism (Zhao et al., 2020). One of these mechanisms is the in-
hibition of cystine uptake by the cystine-glutamate antiporter (system Xc-) by Erastin (Dixon et al.,
2012). This leads to a loss of cysteine access (cystine availability) and subsequent inability to pro-
duce the antioxidant GSH in Erastin-treated cells. This process depletes the intracellular antioxidant
defenses, leading to the accumulation of reactive species and an excessive amount of lipid peroxi-
dation. Ultimately, this results in iron-dependent oxidative non-apoptotic cell death.

Ferrous ammonium sulphate (NH,),Fe(50,), was utilised as an iron-dependent cell death in-
ducer. This compound is a double salt consisting of ferrous sulphate and ammonium sulphate
(NHy)2Fe(S04)s.

Lipopolysaccharide (LPS) is an endotoxin derived from the outer membrane of Gram-negative bac-
teria. It is a potent inducer of neuroinflammation through the activation of microglia (Skrzypczak-
Wiercioch & Salat, 2022).

LIP-1 is a highly potent radical-trapping antioxidant in lipid bilayers, which reduces lipid peroxida-
tion of mitochondrial and cellular membranes (Fan et al., 2021; Shah et al., 2017; Zilka et al., 2017).
In more detail, it blocks directly mitochondrial lipid ROS, stimulates the production of reduced glu-
tathione (GSH) and the expression of GPx4 and the glutathione-independent FSP1 (Fan et al., 2021).
Moreover, LIP-1 exhibits immunomodulatory effects (through decreasing microglia activation and
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reducing secretion levels of proinflammatory cytokines IL-6, IL-1B, and TNF-a (Cao et al., 2021; Fan
et al., 2021).

Erastin, LPS and LIP-1 were dissolved in 100% DMSO and stored at -20°C in 6 mM, 10uM and 0.1
mM aliquots, respectively. Given the observed variability in sensitivity to Erastin-induced ferropto-
sis across the maturation states of oligodendrocytes (Hoshino et al., 2020), the dosages (IC5) were
determined on a cell-by-cell basis for cultured OLN-93 cells and myelinated slice cultures. LIP-1 was
employed at 100 nM and 200 nM concentrations for cell culture and slice culture experiments,
respectively (Fan et al., 2021; Lepka et al., 2017).

A 10mM water solution of iron salt (ferrous ammonium sulphate) was prepared immediately prior
to use. During the incubation period, cultures treated with the iron salt were continuously shaken
on a rotating platform to ensure uniform distribution. The optimal concentrations of iron salt cho-
sen for treatment were determined based on intracellular iron concentrations observed in oli-
godendrocytes of adult rat brain (Reinert et al., 2019).

SIH is an orally active lipophilic iron chelator (Hofer et al., 2014). Accumulating evidence demon-
strates its antiproliferative effect due to its ability to inhibit iron uptake in various types of trans-
formed cells (Wang et al., 2019), including the human neuroblastoma cell line SK-N-MC (Wu et al.,
2020). Subsequently, SIH was shown to inhibit membrane lipid peroxidation and oxidative damage
(Hofer et al., 2014; Wu et al., 2020). The iron chelator SIH was purchased from Cayman Chemicals
and dissolved in 100% DMSO. 1 mM aliquots were stored at -20°C. 100 uM was used to chelate iron
in cultured cells according to (Berndt et al., 2010).

2.3 Cell viability assay

Cell viability was assessed using a variety of methods. The resazurin-resorufin-based assay (the
CellTiter-Blue® CTB Cell Viability Assay) is based on the ability of living cells to metabolize a redox-
sensitive dye. Metabolic activity and the resulting cell health are measured using this method. In
brief, the assay contains the redox dye resazurin, which is irreversibly reduced to the fluorescent
dye resorufin in viable cells. Unlike the dark blue resazurin, the pink resorufin emits high fluores-
cence (excitation 579 nm/ emission 584 nm). For this reason, together with the immediate loss of
metabolic capacity after death, non-vital cells do not produce a fluorescent signal. The quantity of
fluorescence is thus directly proportional to the number of viable cells (Promega, 2023) serving as
an indirect measure of cell viability.

The second method involve the propidium iodide (Pl)-based assessment of membrane integrity. PI
can only enter a cell through a damaged plasma membrane and only emits fluorescence when it
binds to nucleic acids (excitation 535nm/emission 612nm). Therefore, there is no fluorescence sig-
nal in viable cells with an intact plasma membrane, and conversely, the higher the fluorescence
signal, the more affected cells are present. For clarity and comparability with the CTB cell viability
plots, the fluorescence signal data has been converted to its counter-event and presented in the PI
cell viability plots.

OLN-93 cells were seeded in a 96-well plate and pre-treated for 24 hours with fumarates (DRF or
MMF) at various concentrations. Subsequently, the medium was replaced with serum-free
DMEM/F-12 media supplemented with Erastin (at a final concentration of <0.35% v/v DMSO; Sigma
Aldrich) oriron salt (ferrous ammonium sulphate dissolved in media), along with the concentrations
of fumarates used in the pre-treatment period. The cells were then cultured for a further 24 hours.
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The control group was treated with the corresponding concentrations of DMSO (< 0.35 % DMSO).
The viability of the cells was evaluated using a resazurin-resorufin-based assay (the CellTiter-Blue®
Cell Viability Assay) or a propidium iodide (Pl)-based assessment of membrane integrity for the
Erastin- or iron-treated groups, respectively. Depending on the assay, a CellTiter-Blue® (CTB) solu-
tion prepared by dilution 1:6 in DMEM culture medium or a 5 pg/mL Pl solution was applied for
incubation periods of 2 hours or 5 minutes, respectively, in a light-protected environment. Follow-
ing incubation, the fluorescence signals of the Pl samples were measured after washing, while the
CTB samples were measured directly without washing. Fluorescence measurements of resorufin
were conducted using a microplate reader (TECAN GENios Pro) at a wavelength of 590 nm (for the
CTB assay) and excitation 535nm/emission 612nm (for the Pl-based assay). The relative fluores-
cence unit (RFU) was determined by normalizing the fluorescence level to that of the control
groups. The maximal fluorescence of Pl was determined in cultures treated with 0.02% Triton X-
100. Three independent experiments were conducted for each treatment, with three replicates per
experiment.

2.4 Lipid Peroxidation Detection (Flow Cytometry Analysis)
The processes of intra- and extracellular lipid peroxidation can result in potential damage to the

plasma membrane and mitochondrial membranes, and potentially lead to cell death. Lipid peroxi-
dation was measured by flow cytometry using the redox-sensitive fluorescent dye BODIPY™
581/591 C11. Cells were loaded with the fatty acid BODIPY™ (boron-dipyrromethene), which can
pass through the cell membrane. Lipid peroxides catalyze the oxidation of the dye, leading to a shift
in the fluorescence emission peak from around 590 nm (red) to around 510 nm (green) (Thermo
Fisher Invitrogen™, 2012). Measuring fluorescence levels via the FITC channel (peak emission at 525
nm) in flow cytometry enables quantification of the amount of lipid peroxides present in individual
cells (Martinez et al., 2020).

BODIPY™ 581/591 C11 was dissolved in 100% ethanol to form a 1mM stock solution. Aliquots were
stored at -20°C until use. Lipid peroxidation was indirectly induced in OLN-93 cells using Erastin.

In a pharmacokinetic study conducted by Tim Prozorovski, a researcher in our laboratory research
group, the protein expression of GPx4 was investigated in OLN-93 cells over incubation periods
ranging from 0 to 48 hours. The results showed that GPx4 expression peaked after three hours of
incubation (data unpublished). Cells plated in six-well plates were pretreated with 2 uM DRF, 2 uM
MMF, or 100 nM Liproxstatin for three or 24 hours, followed by a 6-hour incubation with Erastin at
its [C5g (2x IC5q , 4x I1C5q) concentration along with the respective pretreatment substance.

DMSO concentration was standardized to 0.165% v/v across all experimental groups. After 6 hours,
cells were washed with PBS and loaded with 1 uM of the redox-sensitive fluorescent dye C11-
BODIPY prepared from a 1 mM stock in 100% DMSO, as described by (Martinez et al., 2020). Fol-
lowing 15 minutes of incubation, adherent cells were washed with PBS (without Ca2+, Mg2+), tryp-
sinized, and resuspended in 250 pul of MACS buffer (10% FCS, 2 mM EDTA in PBS). Fluorescence was
measured using a 488 nm laser for excitation, with green fluorescence (oxidized dye) detected using
an FL1 filter (533/30 nm) and red fluorescence (non-oxidized dye) using an FL2 filter (585/40 nm).
A total of 10,000 gated events were collected.
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Table 1 Cell Culture Media and MACS Buffer for Flow Cytometry Analysis

Culture Medium Experimental Medium MACS-Buffer

DMEM low glucose* DMEM/F-12 low glucose* PBS*

10% FCS** 10% FCS
2mM EDTA

*1% penicillin G/streptomycin sulphate (100ug/ml // 100ug/ml), sterile filtered was supplemented,

** Fetal calf serum, heat inactivated, sterile filtered. DMEM: Dulbecco’s modified eagle medium, EDTA:
Ethylene diamine tetraacetic acid, FCS: Fetal calf serum, PBS: phosphate buffered saline, MACS: Mag-
netic-activated cell sorting, mM: millimolar, ug/ml: microgram per milliliter.

2.5 Mouse Treatment with DMF in Vivo and Brain Dissection

Brain tissue from C57BL/6 wild-type mice (female, six weeks old, 20-25 g BW) exposed to DMF or
to 10% DMSO (as vehicle control) was kindly provided by Michael Dietrich, a former researcher in
our department. The tissue originates from a previous neuroophthalmological experiment pub-
lished in 2020 (Dietrich et al., 2020). The animal experiments were conducted in accordance with
protocols approved by the Ministry for Environment, Agriculture, Conservation and Consumer Pro-
tection of the State of North Rhine-Westphalia (animal protocols: AZ 8402.4.2014.A059 and AZ 84-
02.04.2016.A137).

In brief, 15 mg/kg or 30 mg/kg body weight of DMF (20 mg/ml stock solution prepared in 10%
DMSO) was administered daily in drinking water. To ensure precise dosing, the DMF concentrations
in the water were adjusted to match the estimated daily drinking volume of mice. After seven days
of treatment mice were anaesthetized and intracardially perfused with PBS. The whole brains were
dissected, snap-frozen and stored at -80°C freezer for further sub-dissection, RNA isolation, or pro-
tein analyses.

After thawing, brain tissue from three and eight mice treated with 15 mg/kg BW and 30 mg DMF/kg
BW, respectively, and from seven control mice was dissected into white and gray matter. White
matter was obtained from the cerebellum and gray matter from the occipital cortex.

2.6 Gene Expression Analysis in OLN-93 Cells and Brain Parenchyma
Real-time quantitative PCR was employed to measure the expression levels of GPx4 and Hmox1

MRNA obtained from cultured cells, murine brain tissue, and PBMCs from human blood samples.

For RNA isolation, OLN-93 cells and dissected mouse brain tissue were stored at -80°C in 1 ml Trizol
solution. Phenol/chloroform-based RNA extraction was performed according to the manufacturer's
protocol for Trizol RNA isolation. Human blood samples stored in PaxGene tubes were thawed at
4°C and RNA isolation was performed using the Qiagen PaxGene RNA Blood Kit according to the
manufacturer's protocol.

The NanoDrop™ 2000 spectrophotometer was utilized to determine the total RNA quantity in every
sample. Purity assessments were carried out on RNA samples for any phenol/chloroform or protein
contamination utilizing the NanoDrop™ 2000 tool. The RNA purification manuals were followed
during the process. 2 ug of total RNA was used for cDNA synthesis using the High-Capacity cDNA
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Reverse Transcription Kit. The cDNA obtained was diluted at a ratio of 1:5 in nuclease-free water
and stored at +4°C. gPCR measurements were performed during the following 1-2 weeks.

gPCR analysis was performed on an Applied Biosystems 7000 instrument. Briefly, specific primer
pairs (synthesized by Eurofins) were used to amplify genes of interest using SYBRGreen Master Mix.
Gapdh (used as a housekeeping gene) was amplified using Tagman Master Mix and Gapdh-
Fam/Tamra probe.

Duplicates of 15 pl of the mixtures and 5 pl of cDNA from each sample were added to an optical 96-
well plate (suitable for the Applied Biosystems 7000 instrument), ensuring that it was protected
from light. The plate was sealed using an optic membrane. Subsequently, gPCR was conducted uti-
lizing a standard amplification protocol on the Applied Biosystems 7000 instrument with a program
of 45 cycles. Ct values were used to quantify relative expression (RE) for each gene, normalized to
the RE of Gapdh.

For human specimens collected at baseline and after a 12-month follow-up period, gene expression
data were normalized using either 18S rRNA or B-actin as reference genes. The mRNA expression
levels were then standardized relative to the median expression levels observed in healthy controls.
For better comparability, the ratios of the gene expression values after 12 months of follow-up to
the values before the start of the therapy are presents. In addition, the individual progressions are
shown in line plots.

2.7 Bicinchoninic Acid Assay

To ensure equitability in protein concentration among each sample, a bicinchoninic acid assay (BCA)
was performed. The BCA is a colorimetric method for quantifying proteins which is based on the
reduction of protein-bound bivalent copper ions to monovalent ones under alkaline pH. The protein
concentration in the sample can be measured via an absorbance plate reader using the absorbance
at 562 nm, which is proportionate to the protein amount. Standard protein reference curve was
employed for determining protein concentrations.

In this study, the BC Assay Protein Quantitation Kit from Interchim and bovine serum albumin (BSA)
with a stock solution of 2 mg/mL were used as the standard protein. BSA standards were prepared
by serial dilution of the stock with deionized water (dH,0) to concentrations ranging from 6.25
pg/mL to 1000 pg/mL. 3 pl of each sample were diluted 1:10 in dH, 0. Duplicates were plated in a
96-well plate. Next, 10 ul of BSA standards and samples were added to a 96-well plate, followed by
the addition of 150 pl of BCA assay reagent (50 parts solution A and 1 part solution B) to each well.
The plate was incubated for 30 minutes at 37°C according to the standard protocol for plate assays
(Interchim, 2023). The absorbance was measured at 562 nm using a TECAN reader. Interpolation of
the protein concentrations in the samples was performed automatically using the reference curve
for standard BSA. The protein concentration in each sample was generally normalized to 1 mg/ml
with water.

2.8 Western Blotting
Western blotting was performed to analyze GPx4 expression levels in OLN-93 cells and brain tissues.

Briefly, proteins were separated by gel electrophoresis based on their molecular weight by loading
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onto an SDS-PAGE gradient gel and electrophoresing under denaturing (SDS) conditions. The pro-
teins were then transferred to a nitrocellulose membrane. The separated protein bands were de-
tected by immunostaining with specific primary and fluorescence-labelled (secondary) antibodies.

OLN-93 cells were seeded in each well of a six-well plate. After pretreatment with MMF or DMF for
24 hours, the cells were harvested using 100ul of trypsin (2x) and transferred to a 1.5ml Eppendorf
tube using additional 900ul of ice-cold PBS. The supernatant was aspirated after centrifugation at
1500xg for 5 minutes at 4°C. Cells were washed 2 times to remove trypsin. For cell lysis, the pellet
was resuspended in ice-cold (40 pl) radioimmunoprecipitation assay buffer (RIPA buffer) with the
addition of a cocktail of protease and phosphatase inhibitors from Promega. Lysates were stored
at -80°C (up to three months).

Prior to Western blotting, BCA (2.7) was performed to measure the total protein concentration in
each sample. Total protein levels were then adjusted to 20 pug/100 pl using 10 pl 1M DTT, 25 pl 4X
loading buffer and nuclease-free water. Each well of BioRad TransPlotGel (20 ul) was loaded with
15 pl of protein mixture. Additionally, one of the pockets was loaded with 5 ul of VWR Life Science's
peqGOLD Protein Marker IV to run alongside the samples.

Gel electrophoresis was performed using the Bio-Rad Mini-Protean® Tetra System and the Biometra
Standard Power Pack P25T at 120V for approximately 2 hours until the running front reached the
black line at the end of the gel. Running buffer consisted of 10% TRIS-glycin-SDS buffer in water.
For protein blotting, proteins were transferred from the gel to a 0.2um nitrocellulose membrane
using the Trans-Blot Turbo™ Transfer System (Bio-Rad Laboratories). The membranes were then
turbo-blotted for 10 minutes at 1.3 A and 25 V. To avoid non-specific antibody binding, the mem-
branes were incubated in Bio-Rad EveryBlot Blocking Buffer for 1 hour at RT.

The membranes were immunostained with specific primary antibodies and IR-Dye secondary anti-
bodies: rabbit anti-GPx4 (1:1000) and mouse anti-B-actin (1:5000). Mouse anti-B-actin served as
loading controls for normalization. IR-Dye secondary antibodies (680 or 800) were used at a
1:15000 dilution. All antibodies were diluted in 2.5% BSA in PBS-T. Proteins on the membrane were
simultaneously incubated with two primary antibodies (10 ml solution) overnight at 42C on a
shaker. The membranes were washed three times in PBS-T (five minutes each) and then incubated
with the appropriate fluorescence-labelled secondary antibodies) for 1-2 hours at room tempera-
ture on a shaker, protected from light. While the primary antibodies were reused up to five times,
the secondary antibodies were always freshly prepared in their concentrations and protected from
light.

Membranes were scanned using the ChemiDoc™ MP imaging system, and specific immunoreactive
bands were quantified by densitometry using ImagelJ software (RRID:SCR_003070).

2.9 Organotypic Cerebellar Slice Culture
To assess the protective effects of DRF and MMF against ferroptosis-induced demyelination, organ-

otypic cerebellar slice cultures derived from C57BL/6 wild-type mouse brains (P9-P11) were isolated
and cultured.

Organotypic cerebellar slice culture (OSC) is a well-established in vitro model that accurately rep-
resents all major cell types of the CNS and their physiological cell-to-cell interactions. In particular,
cerebellar slices prepared from sagittal slices retain myelinated axons that can be propagated in
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culture over long periods of time. Therefore, it is a valuable alternative to in vivo animal models
such as EAE for drug screening and investigation of pathological mechanisms.

Figure 2 Procedure of Cerebellar Slice Preparation, Cultivation, Treatment, and Staining
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and cultivation pre-treatment (inhibitors)

DIV 5/6 DIV 4

Fixation & Staining Treatment +/- inhibitors Media change & 4 hours
& 24h incubation starvation in exper. medium

Fig. 2: Created with BioRender.com; DIV: Days in vitro.

To ensure the best possible outcome in terms of survival of the slices and their treatment a slightly
modified protocol for slice preparation and culture from Kocur et al. (2015) based on Stoppini et al.
(1991) and a slightly modified protocol for experimental manipulations from O'Sullivan and Dev
(2017) were used here (see Figure 2). C57BL/6 wild-type mice (P9-P11) were sacrificed by decapi-
tation. The cerebellum (see Figure 3) was dissected, carefully extracted and sectioned into 400um
thick sagittal slices using a Mcllwain Tissue Chopper. Undamaged slices were collected in ice-cold
dissection medium (see Figure 3, Table 2), separated and the remaining meninges removed under

a Leica binocular microscope.

Figure 3 Schematic of the Mouse Brain and an Image of a Cerebellar Slice
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Fig. 3: A) Mouse brain, midline sagittal slice, created with BioRender.com. B) Undamaged sagittal cerebel-
lar slice under light microscope, DIV 2 (used for culture). DIV: Days in vitro, um: micrometer.

After washing in ice-cold washing medium (see Table 2) for 10 minutes, four slices from four differ-
ent mice were transferred to the porous membrane of a cell culture insert (Millicell; pore size
0.2um). 1 ml of tissue culture medium (see Table 2) was pipetted into each well below the insert.
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All media mentioned have been optimized to contain the necessary nutrients to maintain cell via-
bility.

Table 2 Media for Organotypic Slice Cultures

Dissection medium Washing medium Slice culture medium Experimental slice culture
(pH=7,4)** medium
100% HBSS* (with Ca2+, 50% MEM* 50% MEM* 75% Opti-MEM
Mg2+) (no glutamine) (no glutamine) Medium
1mM kynurenic acid (dis-  50% HBSS* (with Ca2+, 25% HBSS* (with Ca2+, 25% HBSS (with
solved in 2ml NaOH) Mg2+) Mg2+) Ca2+, Mg2+)
1.1% glucose 45% 2.5% HEPES 25mM 25% Horse serum (heat 1.1% glucose 45%

inactivated)

1,1% glucose 45%

1% Glutamax (2mM L-
glutamine)

*All media were supplemented with 1% penicillin G/streptomycin sulphate (100ug/ml // 100ug/ml) and
sterile filtered, **pH adjustment for dissection media was made by bad buffering.

Ca: Calcium, HBSS: Hanks‘ balanced salt solution, MEM: Mg: Magnesium, NaOH: Sodium hydroxide, mM:
millimolar, ug/ml: microgram per mililiter, pH: potentia hydrogenii.

In addition, culture conditions were adapted to physiological conditions to ensure optimal cell via-
bility. The slices were cultured at 37°C, 5% carbon dioxide and 80% relative humidity. After 24 hours,
the culture medium was completely replaced to remove toxic waste products. From the third day,
50% (0.5 ml) of the medium was replaced with fresh medium every other day to ensure the contin-
ued presence of factors produced that are important for myelin maintenance (e.g. CNTF from as-
trocytes, see Sendtner et al. (1994)).

After three days in vitro (DIV3), the slices were pretreated with potential (fumarates) or known (LIP-
1) inhibitors of lipid peroxidation and incubated under the same physiological conditions as before.
After 24 hours, the entire medium was replaced with experimental horse serum-free slice culture
medium (ESCM), which did not contain serum-derived antioxidants. After 4 hours of starvation to
increase potential myelin damage by ferroptosis inducers and to elucidate the role of intrinsic an-
tioxidant enzymes in the absence of plasma antioxidants, slices were treated with the ferroptosis
inducers Erastin and iron (in the form of ammonium ferrous sulphate (NH,),Fe(50,), and incu-
bated at 37°C for 24 hours. In the case of slices pretreated with fumarate or LIP-1, the correspond-
ing substances were again added to the ESC medium. To avoid the formation of precipitates of
ferrous ammonium sulphate, which would damage the section, the slices were incubated on a hor-
izontal shaker at 37°C, 10 rpm.

After 24 hours, the slices were fixed with 4% paraformaldehyde (PFA) for 30 minutes on a shaker
at room temperature (RT). After three washes with PBS, the slices were stored in PBS at 4°C.
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2.10 Immunohistochemistry
To sufficiently enable antibodies to access intracellular target antigens, fixed slices were incubated

with 1.5% TritonX-100 in PBS (v/v) for 45 minutes at RT to effectively permeabilize the tissue and
cellular membranes. After washing the insert membranes three times with PBS, the individual tis-
sue sections were cut out and transferred en bloc into a 12-well plate with 500 uL blocking buffer
(or a 48-well plate with 100 pL blocking buffer) (see Table 3). To avoid any non-specific binding of
antibodies to undesired antigens and to reduce background staining, samples were treated with
blocking buffer for 45 minutes at room temperature. Primary antibodies anti-MBP and anti-NF200
were then applied in an antibody solution (see Table 3) and incubated overnight at 4°C on a shaker,
10 rpm. Myelin basic protein (MBP) is an essential protein of the myelin sheath and provides an
excellent target for the detection of myelin and myelin debris. Neurofilament component 200k
(NF200) is primarily located in large, myelinated axons and functions as a marker for evaluating
axon morphology, distribution, and density.

After three washes (the first with 0.1% Triton X-100, followed by PBS), the slices were incubated
with secondary antibodies (see Table 3) for 2 hours at RT, protected from light.

After three additional washes, a nuclear acid stain (Hoechst 33342) was applied in the initial wash
at a 1:1000 dilution to stain the nuclei. The membrane with the slices were mounted onto a micro-
scope slide with objective glass, placing the membrane side on the glass and using ImmuMount for
adherence. A cover slip with a thickness of 0.17mm was used to cover the slide. The slides with
slices were dried at RT for 24 hours, stored (upright) at 4C and analyzed by fluorescence microscopy
(Olympus BX51).

Table 3 Blocking Buffer, Antibodies and Antibody Solution for Inmunohistochemistry

Blocking buffer Antibody solution Primary antibodies Secondary antibodies
94.75% PBS* 50% blocking buffer Anti-MBP (rat) 1:500 Goat ag. rat Cy3® 1:500
5% Goat serum** 50% PBS* Anti-NF200 (rabbit) Goat ag. Rabbit Cy2°®
1:500 1:500
0.25% Triton-X 100 Hoechst 1:1000

*supplemented with 1% penicillin G/streptomycin sulphate (100ug/ml // 100ug/ml), sterile filtered, **
sterile filtered; ag.: against, MBP: Myelin basic protein, NF: Neurofilament, PBS: Phosphate buffered sa-
line.

2.11 Analysis of Myelin and Axonal Damage in Organotypic Slice Culture

The evaluation process was completely blinded. The cerebellar slice treatments' descriptions were
masked on microscope slides and arranged in random order. Two independent assessors visually
classified the demyelinated areas and axonal damage in each cerebellar branch by using fluores-
cence microscopy (Olympus, BX51).

Specifically, myelin damage/demyelination was assessed by evaluating a reduced MBP fluorescence
signal, myelin conglomerates away from axons, and myelin debris (based on the shape of MBP
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staining). Axonal damage was assessed by reduction in NF200 fluorescence, axonal bulges and frag-
mentation. The degree of damage for each branch was classified into one of five classes ranging
from 0% (complete destruction) to 100% (complete preservation). The mean value across all cere-
bellar branches was calculated for every slice. The interrater reliability of these means was analyzed
utilizing the Pearson correlation coefficient. Any coefficient exceeding 0.8 was deemed almost per-
fect, and the outcomes were employed for experimental analysis.

2.12  Animal Experiment Approval
Tissue collection for cerebellar slice cultures was conducted in compliance with approved animal

experimentation protocol number 047/08. This protocol authorized the harvesting of organs for
research purposes. All experiments were conducted in accordance with the ARRIVE criteria
(https://arriveguidelines.org/). The mice were bred under conditions that were specifically patho-
gen-free and kept in individually ventilated cages for the experiments.

2.13 Patients and ethical vote
Blood samples were taken from the biobank of the Department of Neurology at Diisseldorf Univer-

sity Hospital (Registration Number: 2017044238, Study Number 5951R, date of ethics vote:
28.06.2018) from patients with RRMS who had undergone a change in immunotherapy. The sam-
ples were taken both before the start of treatment and 12 months afterwards. The study cohort
comprised six RRMS patients taking an oral dose of 240 mg DMF (Tecfidera®) twice daily. A com-
parative control group consisted of six MS patients who received intravenous infusions of 600 mg
OCR (Ocrevus®) bi-annually, without prior administration of DMF. In addition, a second control
group of four healthy donors was formed. The healthy blood donors willingly contributed their
blood samples and had no reported auto-immune diseases or diseases affecting the CNS, heart,
kidneys and liver. They were in good overall health at the time of sample collection.

Patients in all cohorts were carefully selected and matched by age and sex. In addition, patients
within the RRMS groups were matched for disease duration EDSS scores (see Table 4). Due to in-
sufficient mRNA concentration in a sample obtained from one DMF-treated patient, both this pa-
tient and her matched partner were excluded from the study. This implies that each patient group
comprised five individuals, while the healthy donor group consisted of four individuals (Table 4).

The blood samples from the DMF group were stored at -20°C for an average duration of 4.9 years
+ 7.6 months prior to therapy initiation and 3.9 years £ 7.1 months after the 12-month follow-up
period. Similarly, for the OCR group, the samples were stored for an average of 4.8 years + 5.7
months prior to therapy initiation and 4 years £+ 1 month after the 12-month follow-up period. In
contrast, samples from the healthy control group were stored for an average of 5 days = 1 day.

Regarding age and sex, all three groups are comparable: 40.2 years * 10.9 years with two males in
the DMF group, 40.7 years + 10.2 years with two males in the OCR group, and 39.5 years * 9.6 years
with two males among the healthy donors.

The disease duration differed between treatment groups, with DMF patients having a shorter du-
ration (median: 7.6 months, IQR: [5.8 months, 1.3 years]) compared to the OCR group (median:
4.84 years, IQR: [3.8 years, 7.8 years]) (Figure 4). In the DMF group, four out of five patients were
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treatment-naive at therapy initiation, while one patient had concluded their last immunotherapy
12 months prior (Figure 4). In contrast, only two out of five patients in the OCR group were treat-
ment-naive. The remaining three OCR patients had previously received highly effective immuno-
therapies, such as natalizumab and daclizumab, which were discontinued due to increased risk fac-
tors despite their efficacy. Specifically, natalizumab was discontinued due to an elevated JC virus
antibody index, while daclizumab was withdrawn in 2018.

Figure 4 Disease Courses and Individualized Maintenance Immunotherapy in 10 RRMS Patients
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Fig. 4: 5 DMF-patients were matched with 5 OCR-patients regarding age and sex. First attacks are shown
as black diamonds and subsequent attacks as white diamonds. Blood sampling times are shown as black
circles. For OCR2, the exact number of attacks before 2016 is unknown; DMF: Dimethyl fumarate, IFN: In-
terferone, OCR: Ocrelizumab.

At baseline, the median EDSS was lower in the DMF group (2.0, IQR: [1.5, 2.0]) than in the OCR
group (3.0, IQR: [1.0,5.0]). EDSS values remained stable over 12 months of treatment, with a slight
decrease observed (DMF: median 1.0, IQR: [1.0,2.0]; OCR: median 3, IQR: [0, 4.5]). Baseline annu-
alized attack rates (AAR) for the two years prior to treatment were comparable (DMF: 0.5, IQR:
[0,1.0]; OCR: 0.5, 1QR: [0,0.5]). The low baseline AAR in the OCR group was attributed to prior highly
effective immunotherapies. After 12 months of treatment, AAR decreased to 0 (IQR: [0,0]) in both
groups, with one attack occurring in the DMF group at 10 months.
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Table 4 Detailed Information of the 10 RRMS Patients and 4 Blood Donors

Patient Age at DMF/ OCR start Sex Pre-immunotherapies EDSS at AAR two years Attacks under Side effects
DMF/OCR start prior DMF/OCR start DMF/OCR
DMF1 30 yrs m IFN beta 2 0.5 No Flush
DMF2 26 yrs f None 1.5 1 Yes Flush, gastro-intesti-
nal complaints

DMF3 51 yrs m None 1 No Lymphopenia

DMF4 45 yrs f None 0.5 No None

DMF5 48 yrs f None 0.5 No None

OCR1 32 yrs m IFN beta, 1 0.5 No None
Fingolimod,
Daclizumab

OCR2 49 yrs f Natalizumab 6.5 0 No None

OCR3 51 yrs m None 5 0.5 No None

OCR4 27 yrs f None 1 1 No None

OCR5 44 yrs f Natalizumab, 3 0 No None
Daclizumab

Healthyl 44 yrs f None

Healthy2 50 yrs m None

Healthy3  30yrs f None

Healthy4d 32 yrs m None

Blood samples were extracted from both patients treated with DMF or OCR, as well as from matched healthy control individuals, in order to measure the levels of ex-
pression of GPX4 and Hmox1 mRNA , OCR: Ocrelizumab, DMF: Dimethyl fumarate, IFN beta: Interferon beta, AAR: annualized attack rate, EDSS: Expanded Disability
Status Scale, m: male, f: female, yrs: years.
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2.14  Data Analysis
Statistical analysis was performed using version 4.0.5 of the R statistics package. The results of the

experiments were expressed as mean or median and standard deviation (SD) or interquartile range
(IQR). In contrast to the actual definition, the IQR is presented as an interval from the 1st quartile to
the 3rd quartile, rather than as their distance, to provide a clearer representation of the data disper-
sion, especially when the sample sizes were very small. Depending on the data dispersion and the
nature of the variables being analyzed, either the Spearman correlation coefficient p or the Pearson
correlation coefficient r was determined. Likewise, depending on the data situation, the data was vis-
ualized using bar plot with error bars, dot plots with or without box plots and scatter plots as well as
a swimmer plot to illustrate individual disease progressions. The Wilcoxon rank-sum test was em-
ployed to compare two independent groups (e.g., two different treatments), assessing whether the
distributions of their observations differ significantly. The Wilcoxon signed-rank test was used for
paired data, such as pre- and post-therapy results, to evaluate whether there was a significant differ-
ence between paired observations within the same group. For analyses involving more than two
groups, the Kruskal-Wallis test with the Dunn post hoc test and Dunn-Bonferroni correction was ap-
plied.

The R package 'drc' (Ritz et al., 2015) was utilized to analyze cell viability and dose-response curves.
For slice culture experiments, interrater reliability of scores was analyzed using Pearson's correlation
coefficient. A coefficient greater than 0.8 was considered near perfect and the results were used for
experimental analysis. Results of statistical tests are presented as p-values with a significance level of
alpha=0.05. Statistical tests were performed, and p-values were determined only when appropriate.

Image) (www.imagej.net) was used to measure optical densities on Western blots. Kaluza analysis
software (Beckman Coulter, Version 2.1) was used for analysis of FACS data.

2.15 Cell Line and Mouse Strain

Name Reference Supplier, order number

OLN-93 cell line C. Richter-Landsberg, 1996 Glow-Biologics, USA, GBTC-
0366H

C57BL/6J wildtype Internal breeding, project
number 074/08

2.16  Chemicals

Product Name Reference Order number
BSA Standard Interchim, France UP36859A
BODIPY™ 581/591 C11 Invitrogen, USA 2362423
CellTiter-Blue® Promega, USA G8082
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Dimethyl fumarate (DMF)

Diroxymel fumarate (DRF)

Dimethyl sulfoxide (DMSO)
Dithiothreitol (DTT)

Dulbecco’s modified eagle medium
(DMEM)

Dulbecco’s modified eagle medium
(DMEM)/F-12

Dulbecco’s phosphate buffered saline
(DPBS)

Ethylene diamine tetraacetic acid (EDTA)
Erastin

70% Ethanol

Ferrous ammonium sulphate

Fetal Bovine Serum (FBS) (=FCS)

20% Glucose

GlutaMAX™ (100x)

Normal Goat serum

Hanks‘ balanced salt solution (HBSS)
+Ca2+,+Mg2+)

Hoechst 33342
(N-2-hydroxyethylpiperazine-N-2- ethane
sulfonic acid) (HEPES 1M)

Horse serum

Immu Mount

Kynurenic acid

Lipopolysaccharide

Sigma-Aldrich, USA

Biogen, Germany

Sigma-Aldrich, USA

Bio-Rad Laboratories, Ger-
many

Thermo Fisher Scientific, USA

Invitrogen, USA

Thermo Fisher Scientific, USA

Sigma-Aldrich, USA
Sigma-Aldrich, USA
AppliChem, Germany
Sigma-Aldrich, USA

Thermo Fisher Scientific, USA
Thermo Fisher Scientific, USA
Thermo Fisher Scientific, USA
Invitrogen, USA

Thermo Fisher Scientific, USA

Thermo Fisher Scientific, USA
Thermo Fisher Scientific, USA
Thermo Fisher Scientific, USA
Fisher Scientific, USA
Sigma-Aldrich, USA

Sigma-Aldrich, USA

242926

promotional
product

SHBMO0176

1610611

2436378

31330038

2375288

E6758

E7781
A2192
1037920500
10500064
2390221
2401813
31873

2131865

15831459
2193374
16050130
9990402
K3375

L8274
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Liproxstatin-1 Sigma-Aldrich, USA SML1414

Monomethyl fumarate Sigma-Aldrich, USA 651419
Minimal essential medium (MEM) (no Thermo Fisher Scientific, USA 2192687
glutamine)
Sodium hydroxide solution 2mol/I Carl Roth, Germany T135.1
Nuclease-free water Invitrogen, USA AM9937
Opti-MEM Thermo Fisher Scientific, USA 31985062
4%- Paraformaldehyde solution in PBS Thermo Fisher Scientific, USA  j61899.AK
Penicillin/ Streptomycin Thermo Fisher Scientific, USA 2441409
Propidium iodide Thermo Fisher Scientific, USA  P1304MP
Protease/phosphatase inhibitors Thermo Fisher Scientific, USA 78429
Protein loading buffer (4x) LI-COR Bioscience, USA 928-40004
Radioimmunoprecipitation assay buffer Sigma-Aldrich, USA R0278
(RIPA)
Salicylaldehyde isonicotinoyl hydrazine Cayman Chemicals, USA 33314
(SIH)
10x TRIS/Glycin/SDS Bio-Rad Laboratories, Ger- 1610772
many
Trypan Blue 0.4% solution Thermo Fisher Scientific, USA 15250061
10% Triton X-100 Sigma-Aldrich, USA 93443
TRIzol Thermo Fisher Scientific, USA 15596026
0.5 % Trypsin-EDTA (10x) Thermo Fisher Scientific, USA 2511568
VWR Life Science’s pegGOLD protein VWR Life Science, USA 27-2110
marker IV

2.17 Antibodies

Antibody (host) Reference Order number

Anti-a-tubulin (rat) Abcam, UK ab7291

Anti-B-actin (mouse) Abcam, UK ab8226



Anti-GPx4 (rabbit) Abcam, UK ab231174
Anti-MBP (rat) Sigma-Aldrich, USA MAB386
Anti NF200 (rabbit) Sigma-Aldrich, USA N4142
IR680 anti mouse I1gG Invitrogen, USA 35519
IR800 anti rabbit IgG Invitrogen, USA SA5-10036
IR800 anti rat IgG Invitrogen, USA SA5-10024
Goat against rabbit Cy2® Millipore, USA AP202)
Goat against rat Cy3® Millipore, USA AP136C
2.18 Primers and Probes
Product name Reference Order number/

Oligonucleotides 5°->3°

SYBR™ Green Master Mix

Thermo Fisher Scien-
tific, USA

TagMan® Fast Advanced Master ~ Thermo Fisher Scien-

Mix
mrhHmox1 F1
mrhHmox1 R1
mrhGPx4 F1
mrhGPx4 R1
mrhMbp F1
mrhMbp R1
mrhMbp probe(Fam/TAMRA)
mrTubb3 F1
mrTubb3 R1
mGfap F1
mGfap R1

hTfrc F1

tific, USA

Eurofins, Germany
Eurofins, Germany
Eurofins, Germany
Eurofins, Germany
Tim Prozorovski
Tim Prozorovski
Tim Prozorovski
Tim Prozorovski
Tim Prozorovski
Tim Prozorovski
Tim Prozorovski

Tim Prozorovski

A46109

4444557

GCCGAGAATGCTGAGTTCATG

TGCAGCTCCTCAGGGAAGTAGA

CCGATACGCTGAGTGTGGTT

TCACCACGCAGCCGTTCT

CACAGAGACACGGGCATCCT

TCTGCTTTAGCCAGGGTACCTT

CATCCTTGACTCCATCGGGCGC

GCCAAGTTCTGGGAGGTCATC

CCGAGTCCCCCACATAGTTG

AACCGCATCACCATTCCTGTA

TGGTGTCCAGGCTGGTTTC

TCAAGCCAGATCAGCATTCTCTAA
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hTfrc R1

hTfrcl Probe (Fam/TAMRA)
h18S rRNA F1

h18S rRNA R1

h18S rRNA probe (Fam/TAMRA)
mGapdh F1

mGapdh R1

mGapdh probe (Fam/TAMRA)
rGapdh F1

rGapdh R1

rGapdh Probe (Fam/TAMRA)
rActb (B-actin) F1

rActb (B-actin) R1

mhActb (B-actin) F1

mhActb (B-actin) R1

Tim Prozorovski

Tim Prozorovski

Tim Prozorovski

Tim Prozorovski

Tim Prozorovski

Tim Prozorovski

Tim Prozorovski

Tim Prozorovski

Tim Prozorovski

Tim Prozorovski

Tim Prozorovski

Tim Prozorovski

Tim Prozorovski

Tim Prozorovski

Tim Prozorovski

TCCACATGACTGTTATCTCCATCTAC

1T

TCATACACCCGGTTTAGCCTTGCTCG

CGGCTACCACATCCAAGGAA

TGCTGGCACCAGACTTGCCCTC

GCTGGAATTACCGCGGCT

CCAGCCTCGTCCCGTAGAC

CCATTCTCGGCCTTGACTGT

CGGATTTGGCCGTATTGGGCG

AGATGGTGAAGGTCGGTGTGA

TGCCGTGGGTAGAGTCATACTG

CGGACGCCTGGTTACCAGGGC

CCCGCGAGTACAACCTTCTTG

AAGCCGGCCTTGCACAT

GGCACCCAGCACAATGAAG

GCCGATCCACACGGAGTACT

h: human, m: mouse, r: rat, F: forward, R: reverse, Actb: 8-actin, Tubb3: 8-l tubulin, Gfap: Glial fibrillary
acidic protein, Gapdh: Glyceraldehyde 3-phosphate dehydrogenase, Gpx4: Glutathione peroxidase 4, Hmox1:
Heme oxygenase 1, Mbp: Myelin basic protein, rRNA: ribosomal ribonucleic assay, Tfrc: Transferrin receptor

2.19 Kits

Product name

Reference

Order number

BC Assay Protein Quantification Kit

High-Capacity cDNA Reverse Transcription Kit

MycoStrip™ mycoplasma detection kit

Qiagen PaxGene RNA Blood Kit

Interchim, France

Qiagen, Germany

InvivoGen, France

UP40840A

Thermo Fisher Scientific, USA 4368814

rep-mys-10

762164
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2.20 Material

Product name

Reference

Order number

Bio-Rad Mini-Protean TGX
Stain-Free Gels

Bio-Rad Every Blot Blocking
Buffer

Cell culture flask, 175 cm2
Counting Slides

Cryo Vials (2ml)

Disposal bag 700x1100mm
Eppendorf tube, 0.5ml
Eppendorf tube, 1.5ml
Eppendorf tube, 2ml
Falcon, 15ml

Falcon, 50ml

Filter, 0.2um

Filtropur 500ml

Glass coverslips, 24 x 50mm
Greiner Cellstar dish
INTEGRA inserts
Microscope slide 76x26mm

Millipore-Millicel-CM culture
inserts

Original Perfusor Syringe 50ml
PaxGene blood RNA tubes

Safeshield scalpel No.15

Bio-Rad Laboratories, Ger-
many

Bio-Rad Laboratories, Ger-
many

Greiner Bio-One, Germany
Bio-Rad Laboratories, Ger-
many

Greiner Bio-One, Germany
VWR Life Science, USA
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Greiner Bio-One, Germany
Greiner Bio-One, Germany
Sigma-Aldrich, Germany
Sarstedt, Germany

VWR Life Science, USA
Greiner Bio-One, Germany
INTEGRA Biosciences, Ger-
many

Engelbrecht Medizin-&Labor-
technik, Germany
Sigma-Aldrich, Germany
Braun, Germany

Qiagen, Germany

PFM Medical AG

4568096

12010020

660160

1450016

122261

129-9714

EP0030124537

HS4323

7628034

T1943

T2318

CLS431231

22-2489CR

630-2603

639160

6318

11102

PICM03050

21G09D8008

762165

23050452
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Stripettes (2ml-25ml)

Pipette tips (20ul-1000pul)

Sigma-Aldrich, Germany

Starlab, Germany

CLS4486, CLS4487, CLSA4488,
CLS4489

$1111-3200, S1113-1716,
$1111-6001

Syringe Omnifix® Luer Lock Braun, Germany 24E20C8

Solo 20ml

6-well plate Greiner Bio-One, Germany 657160

24-well plate Greiner Bio-One, Germany 662160

48-well plate Greiner Bio-One, Germany 677180

96-well plate (U) Greiner Bio-One, Germany 650180

96-well plate (Flat-bottom) Greiner Bio-One, Germany 655180
2.21 Equipment

Product name Producer

Applied Biosystems 7000 instrument

TC10 Automated Cell Counter

Binocular

Biometra Standard Power Pack P25T

HI221 Calibration Check Microprocessor pH Meter

Centifuge Rotanda 460R
Centrifuge 5417R

Centrifuge 5418

ChemiDoc™MP imaging System

Chirurgical instruments
CytoFLEX S

Eppendorf mastercycler

Applied Biosystems, USA

Bio-Rad Laboratories, USA

Leica, Germany

Biometra,

Germany

HANNA instruments, USA

Hettich AG, Switzerland

Eppendorf, Germany

Eppendorf, Germany

Bio-Rad Laboratories, USA

Fine Science Tools, Canada

Beckman Coulter, USA

Eppendorf, Germany
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Eppendorf pipettes (0.5ul-1000ul)

Eppendorf, Germany

Eppendorf thermomixer comfort 1.5ml Eppendorf, Germany

Fluorescence microscopy BX51
F-View CCD Camera

Incubator Heracell 240i
INTEGRA pipetboy 2

Mcllwain Tissue Chopper
Microscope Osram 644275

Multichannel pipette

NanoDrop™ 2000 spectrophotometer

Olympus U-RFL-T Burner

3D Rocking Shaker

TECAN GENios Microplate Reader

Vortexer

Olympus K.K., Japan

Olympus K.K., Japan

Thermo Scientific , USA

Integra Biosciences, Germany

Mickle Laboratory Engineering Co. Ltd.,

USA

Hund Wetzlar, Germany

Eppendorf, Germany

Olympus K.K., Japan

Starlab smart instruments, Germany

TECAN, Switzerland

Thermo Scientific, USA

VWR International, USA

2.22  Software

Software name Software-Repository/ Publisher Version

BioRender Shiz Aoki, Canada, https://app.bioren- 2024
der.com/

EndNote™ Clarivate Analytics, USA 21.2.0.17387

Image) Wayne Rasband, USA, https://imagej.net/ 1.51

Kaluza Beckman coulter, USA 2.1

Microsoft Office 365 Microsoft Corporation; USA 2024

R statistics package CRAN team, https://cran.r-project.org/ 4.0.5
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3 Results

First, the susceptibility of oligodendrocytes to ferroptotic cell death following exposure to varying con-
centrations of established ferroptosis inducers such as Erastin and iron is presented. To determine the
ferroptotic nature of oligodendrocyte death, lipid peroxidation levels were quantified. These cell cul-
ture experiments were performed with OLN-93 cells. Furthermore, ferroptosis is shown to induce de-
myelination in cerebellar OSCs. Simultaneously, the potential of fumarates, particularly DRF and its
active component MMF, to protect oligodendrocytes from accumulation of lipid peroxidation, subse-
qguent ferroptotic cell death and demyelination is demonstrated.

Next, the extent of upregulation of GPx4 compared to the established Nrf2 gene Hmox1 after
fumarate treatment in OLN-93 cells is shown. To translate the cell culture results to animal and patient
samples, brain tissue from DMF-treated mice and PBMCs from DMF-treated patients were examined
for upregulation of GPx4. For the latter, the mRNA expression levels of GPx4, Hmox1 and TfR1 were
measured in PBMCs from RRMS patients at baseline and after 12 months of treatment with DMF and

compared to a group of healthy controls and RRMS patients receiving ocrelizumab.

3.1 Ferroptotic Susceptibility of OLN-93 Cells and Protective Effects of Fumarate Treatment
The susceptibility of oligodendrocytes to ferroptosis was assessed by exposing them to different con-

centrations of the known ferroptosis inducers Erastin and iron. Subsequently, the ability of fumarates
to attenuate ferroptotic death of oligodendrocytes was analyzed. For this reason, cell survival assays
were performed on the OLN-93 cell line.

OLN-93 cells were exposed to increasing concentrations of Erastin (0, 0.1, 0.32, 1, 3.2, 10 uM) and iron
(0,1,3.2,10, 32,100, 320, 1000 uM). The ICg( values for Erastin and iron were 2.3 £ 0.5 uM and 362.5
UM, respectively (Fig. 5A,D). To determine the appropriate doses for OLN-93-cell protection by MMF
and DRF, OLN-93 cells were pretreated with increasing concentrations of MMF and DRF (0, 0.1, 0.32,
1, 3.2, 10, 32, 100 uM) and incubated for 24 hours. The cells were then treated with Erastin at the
mean [Csq concentration of 2.3 uM and additionally with the corresponding concentrations of MMF
or DRF as before. A plateau was observed in the cell survival curve at a concentration of 2uM DRF (Fig.
5C). While a minimum of 50% of the cells survived at 10 uM MMF, cytotoxicity exhibited a tendency
to increase in OLN-93 cells at 10 uM DRF. Therefore, concentrations of 2uM and 10uM MMF/DRF
were used for further experiments.

To analyze whether DRF and MMF can enhance the survival rate of oligodendrocytes against ferrop-
totic cell death, OLN-93 cells were exposed to increasing concentrations of Erastin or iron, as described
before. The IC5, values in untreated control cells and in cells treated with 2 or 10 uM DRF or MMF
were determined.
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Figure 5 Cell Survival in OLN-93 Cells after Treatment with Ferroptosis Inducers and Fumarates
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Fig. 5: Cell survival curves: A,B) OLN-93 cells were exposed to increasing concentrations of Erastin after a 24-
hour pretreatment with MMF or DRF. Cell survival was assessed by CTB assay, n=3 experiments, 2 replicates
each. C) Dose-response curve for increasing concentrations of MMF or DRF, OLN-93 cells were treated with
Erastin (Erastin concentration corresponded to the mean ICs, concentration 2.3uM), n=3 experiments. D,E)
OLN-93 cells were exposed to increasing concentrations of iron after a 24-hour pretreatment with MMF or
DRF. Cell survival was assessed by Pl assay, n=1 experiment, 2 replicates each; Ctrl: Control, DRF: Diroximel

fumarate, Fe: Iron, MMF: Monomethyl fumarate, uM: micromolar.
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For cells treated with Erastin, the ICsq values increased from 2.3 £ 0.5 uM in control cells to 3.6 + 0.7
UM (2 UM DRF), 4.4 + 2.2 uM (10 uM DRF), 3.7 + 1.0 uM (2 pM MMF), and 3.6 + 1.2 uM (10 uM MMF)
(Fig. 5A,B). In cells treated with iron, the IC5, values decreased from 362.5 uM in control cells to 173
MM (2 pM DRF), 138 uM (10 uM DRF), 225 pM (2 pM MMF), and 135 pM (10 pM MMF) (Fig. 5D,E).

For OLN-93 cells treated with Erastin, cell survival analyses were performed three times with two rep-
licates each. However, survival analysis for OLN-93 cells treated with iron was only performed once,
resulting in n=1 with two replicates each.

In summary, the survival rate of OLN-93 cells decreased with increasing concentrations of ferroptosis
inducers Erastin and iron. However, pretreatment with the fumarates MMF and DRF increased cell
survival rates when exposed to Erastin. It is important to note that fumarates did not protect against
cell death when cells were exposed to iron. In fact, the viability of the fumarate pre-treated cells was
even lower than the control cells that were not pre-treated.

3.2 Fumarate Treatment Does Not Significantly Reduce Lipid Peroxidation in OLN-93 Cells
It was analyzed whether the cell death of the oligodendrocytes was indeed preceded by an accumu-

lation of lipid peroxidation, suggesting that the cells died by ferroptotic cell death. It was further in-
vestigated whether DRF and MMF are able to protect the cells by reducing lipid peroxidation, suggest-
ing that fumarates can indeed protect the cells from ferroptotic cell death.

Therefore, the extent of lipid peroxidation after Erastin-induced ferroptosis in OLN-93 cells was inves-
tigated by flow cytometry. The lipid peroxidation values after fumarate pretreatment were compared
to the values after pretreatment with the established ferroptosis inhibitor LIP-1. LIP-1 at concentra-
tions of 100nM was utilized to inhibit Erastin-induced ferroptosis. Cell survival was observed at 2 uM
DRF and MMF in the cell viability assay, and no significant difference was observed compared to 10
MM. Therefore, the cells were only treated at the low concentration here.

Following an incubation period of between three or 24 hours with potential ferroptosis inhibitors,
Erastin was added at a concentration corresponding to the ICs, (one-fold to four-fold) in the cell via-
bility assay (2.5 uM-10 uM) in combination with the corresponding ferroptosis inhibitor (2 uM DRF, 2
UM MMF, 10 uM or 100 nM LIP-1). After a 6-hour incubation period, the cells were stained with the
redox-sensitive fluorescent dye BODIPY™ 581/591 C11. The level of lipid peroxidation in cell mem-
branes was quantified as fluorescence intensity via flow cytometry using the FITC-channel and ana-
lyzed employing an appropriate gating strategy within the Kaluza software. The distribution of fluo-
rescence intensities is shown in histograms, with a rightward shift indicating an increased degree of
lipid peroxidation.
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Figure 6 Lipid Peroxidation Levels in OLN-93 cells after Treatment with Ferroptosis Inducers and Potential

Pretreatment 83 simultaneous [l 3hours HH 24 hours

Inhibitors
A
200 -
=
S
= 150 -
©
o
x
g L o . i e
Q_1OO- 02900800 —-—-m ——
°
2
-
50 -
1 1 1 1 1 1
5 = = = = =
- =3 3 3 = | =
c ) Y I3 S) S
8 o w [ = S
c 14 = = c
7 [a) s = =
s+ + = =
w = s * 2
= = = =}
] o) a S
N o 0 3
£ c N +
@ = £
g & 7 =
w ] S ©
w N
=
@
o
L
B

Erastin 5uM -

Erastin 5uM + DRF 2uM -

Erastin 5uM + MMF 2uM -

|Erastin 2.5uM + LIP-1

Zrastin 2.5uM + DRF 2uM (con)

DRF 2.5uM

B -

|Erastin 2.5uM + DRF 2uM (pre) .

Crastin 2.5uM + MMF 2|.|M(con/) \

MMF 2puM

|Erastin 2.5uM + MMF_2;1M(yl(~

LErastin SpuM

rastin 2.5uM

Control (DMSO)

104

FITC-A

+
L
I
I

Erastin 5uM + Liproxstatin 100nM -

Liproxstatin 100nM -

11
[}
L]
==,
s
.—
N e et L
- °
| o |
L L L e D e
s = s = = s = s
=N~ "E - " - — "R~ "S- ‘S~
o N N o N o « o
s & £ T % &g oy
o S5 £ 5 2 o &
S++% =
s s %
2 5 9
2 & =
£ £ 3
3 G
s g 2=
(T =
=)
£
2
o
L

Fig. 6: Lipid peroxidation levels in OLN-93
cells after 6 hours of treatment with the fer-
roptosis inducer Erastin. Cells were pre-
treated with 2uM MMF, 10uM, 2uM DRF or
100nM Liproxstatin (=LIP-1) for 3, 24 hours
or simultaneously with Erastin, except con-
trol cells. A) Mean fluorescence intensities
expressed as a percentage of the untreated
control group, with standard deviation indi-
cated, n=1-7 (depending on the case). B) The
histograms illustrate the distribution of fluo-
rescence intensities, with a rightward shift
indicating an increased degree of lipid per-
oxidation; pre=3 hours pretreatment,
con=simultaneous treatment; DMSO: Dime-
thyl sulfoxide, DRF: Diroximel fumarate,
FITC-A: Fluorescein isothiocyanate-Area, LIP-
1: Liproxstatin 1, uM: micromolar, MMF:
Monomethyl fumarate.
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Median fluorescence intensities and their interquartile ranges for all treatments relative to untreated
control cells are presented in box plots (Figure 6A). The cells treated with 10 uM Erastin without a
ferroptosis inhibitor showed a 163.3 (IQR: [154.5,166.3]) increase of lipid peroxidation compared to
untreated cells [2.5uM Erastin: 114.5% (IQR: [111.4%,115.3%]), 5uM Erastin: 119.1% (IQR:
[114.5%,123.7%)])].

Initially, cells were pretreated for 24 hours as in in the cells survival assays and treated with 10uM
Erastin. In these cases, treatment with LIP-1 resulted in a median reduction of lipid peroxidation to
86.3% (IQR: [72.5%,99.7%]). However, neither 2 uM DRF (median 142.1% (IQR: [83.4%,152%]) nor 2
UM MMF (median 140% (IQR: [97.3%,157.8%]) was observed to reduce Erastin-induced lipid peroxi-
dation.

In the case of a three-hour pretreatment with fumarates and a 2.5uM Erastin treatment, a median
reduction of Erastin-induced lipid peroxidation to 110.3% (IQR: [103.1%,134%)]) for 2 uM DRF and
99.9% (IQR: [98.7%,107.2%]) for 2 uM MMF was observed.

In summary, the findings indicated a decline in lipid peroxidation in cells treated with the validated
ferroptosis inhibitor LIP-1. Nevertheless, the protective effect against lipid peroxidation observed af-
ter 24 hours of fumarate pretreatment could not be demonstrated in OLN-93 cells. In the case of a
three-hour pretreatment and a concentration of 2.5 uM Erastin, a slight protective effect against lipid
peroxidation was observed, particularly in the presence of 2 uM MMF.

3.3 Erastin-Induced Demyelination and Fumarate Protection in Organotypic Slice Culture
Next, the impact of ferroptosis on demyelination and axonal degeneration was analyzed. Further-

more, the effectiveness of DRF and MMF in protecting against ferroptosis-induced demyelination was
evaluated.

For this thesis in vitro treated mouse cerebellar OSCs to investigate myelin/oligodendrocyte and ax-
onal/neuronal damage following treatment with various ferroptosis inducers and inhibitors were
used. To induce myelin and axonal damage, the slices were treated with Erastin, iron or LPS. In a first
experiment, the optimal concentrations of Erastin, iron and LPS were determined with respect to de-
myelination and axonal damage of about 50 % (relative to controls) in OSCs. The percentages of
healthy myelin and axons were directly compared with the corresponding control slices treated only
with the respective solvent (DMSO for Erastin and LPS, deionized water for iron) (Figure 7). For each
case, n=3 independent experiments with up to 3 slices each were performed.

The percentages of healthy myelin and healthy axons in control slices were 54% (median, IQR:
[49.3%,54.7]) and 80.5% (median, IQR: [77.1%,83.9]) respectively. For better comparability, the per-
centages of healthy myelin and axons were set to 100% for the controls in each experiment separately.
The percentages of myelin and axonal damage are given in relation to their corresponding controls in
the experiment (Figure 8A, 9A). Then, healthy myelin was reduced to 65.9% (median, IQR:
[60.5%,73.2]) and 46.8% (median, IQR: [36.0%,66.4%]) with 30 and 60 uM Erastin, respectively. 1 and
3 mM iron decreased healthy myelin to 57.5% (median, IQR: [56.0%,59.0%]) and 46.7% (median, IQR:
[43.8%,46.7%)]) respectively. 1 uM LPS reduced healthy myelin to 77.8% (median, IQR: [74.7%,79.8%]).
The percentages of healthy axons were reduced to 88.5% (median, IQR: [75%,93.8%]) and 101.6%
(median, IQR: [96.5%,102.2%]) with 30 and 60 uM Erastin, respectively. 1 and 3 mM iron decreased
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healthy axons to 64.6% (median, IQR: [60.4%,68.7%]) and 49.0% (median, IQR: [44.5%,52.3%]), re-
spectively. 1 uM LPS reduced healthy axons to 74.8% (median, IQR: [69.7%,83.9%]). The quality of the
axons was evaluated in relation to the presence of healthy myelin.

The protective effect of the multiple sclerosis drug DRF and its active metabolite MMF against the
ferroptosis-induced damage to myelin and axons caused by Erastin and iron was then investigated
(Figure 8,9 B-E). In addition, the protective effects of the known ferroptosis inhibitor LIP-1 and the iron
chelator SIH were compared with that of fumarates (Figure 8,9 D-E).

Slices treated with DRF (4 uM: 102.7% (median, IQR: [75%,105.5%]), 20 uM: 90.9% (median, IQR:
[73.0%,93.4%])) and high-dose MMF (20 uM: 97.1% (median, IQR: [93.7%,124.9%])) showed compa-
rable levels of healthy myelin compared to controls. Treatment with low-dose MMF (118.9% (median,
IQR: [112.9%,136.6%]) resulted in a slight increase in myelin protection.

In slices treated with 60uM Erastin, DRF (4 uM: 90.9% (median, IQR: [76.7.1%,104.0%]); 20 uM: 87.1%
(median, IQR: [75.4%,100.8%]), p<0.01), low-dose MMF (4 uM: 84.4% (median, IQR: [83.3%,114.5%)]),
p<0.01), and 200nM LIP-1 (median: 93.7, IQR: [88.5%,104.1%])) effectively attenuated induced myelin
damage (Figure 8B). Treatment with high-dose MMF (20 uM: 75.8% (median, IQR: [66.3%,77.7%]))
had a weaker effect. After treatment with 1 mM iron, only SIH and low-dose DRF were able to signifi-
cantly mitigate the decrease of healthy myelin (SIH: median: 87.1%, IQR: [82.4%,90.9%]; 4uM DRF:
median: 90.9%, IQR: [90.9%,98.5%]). Lower concentrations MMF provided some level of protection (4
UM MMF: median: 77.7%, IQR: [76.8%,78.6%])). However, high-dose DRF and MMF were unable to
maintain myelin protection (20 uM DRF: median: 45.5%, IQR: [45.5%,68.2%]), 20 uM MMF: median:
60.6%, IQR: [42.6%,76.8%]). The administration of a higher dose of iron (3 mM) did not result in the
protection of myelin loss when combined with either DRF or MMF (Figure 9D, E).

Axonal integrity was largely preserved in slices exposed to DRF at concentrations of 4 uM (median:
83.3%, IQR: [80.4%,86.7%] and 20 uM (median: 70.0%, IQR: [61.9%-78.1%], as well as in slices treated
with LIP-1 (median: 86.5%, IQR: [84.5%,90.3%)]. These results were comparable to the minimal axonal
damage observed in control slices. Additionally, there was minimal axonal damage observed in slices
treated with 60 uM Erastin (median: 101.6%, IQR: [96.5,102.2]). Similar results were observed in
fumarate-treated slices (4 uM DRF: median: 85.25, IQR: [70.3%,102.3%]; 20 uM: median: 94.8%, IQR:
[84.9%,104.7%]; 4 uM MMF: median: 84.4%, IQR: [83.3%,114.5%]; 20 uM: median: 75.8%, IQR:
[66.3%,77.7%])) (Figure 9).

In contrast to this, treatment with iron results in significant axonal damage (Figure 9). After treatment
with 1 mM iron, only SIH was able to mitigate the decrease of healthy axons to 96.9% (median, IQR:
[92.5,100.4]). Lower concentrations of DRF and MMF as well as high dose MMF provided some level
of protection (4 UM DRF: median: 72.9%, IQR: [70.8%,75.5%]; 4 uM MMF: median: 80.8%, IQR:
[79.4%,82.1%], 20 uM DRF: median: 67.7%, IQR: [52.6%,69.0%]; 20 uM MMF: median: 82.0%, IQR:
[76.8%,91.8%]). After treatment with 3 mM iron, only 200 nM LIP-1 and 4 uM MMF provided some
level of protection (200nM LIP-1: median: 85.2%, IQR: [76.1%,86.5%]; 4 uM MMF: median: 74.3%, IQR:
[68.1%,78.5%]). However, DRF and high-dose MMF were unable to maintain myelin protection (4 uM
DRF: median: 49.0%, IQR: [38.7%,60.0%]; 20 uM DRF: median: 53.7%, IQR: [51.1%,57.3%]; 20 uM
MMF: median: 55.8%, IQR: [48.8%,61.9%)]).
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In summary, the ferroptosis-inducing agent Erastin primarily affected myelin, whereas iron affected
both myelin and axons. In Erastin-treated slices, LIP-1, DRF, and MMF were equally effective in atten-
uating the induced myelin damage. In slices treated with iron, the iron chelator SIH provided the best
protection against demyelination and axonal damage.

Figure 7 Immunochemical Images of Myelin and Axonal Damage in Cerebellar Slices.

MBP NF200

Fig.7: Myelin (anti-MBP) and axonal (anti-Neurofilament 200, anti-NF200) damage were analyzed using im-
munohistochemistry. The images demonstrate the quantification of healthy myelin. Classification of myelin
damage for each branch is categorized into five classes, ranging from 0% (complete destruction) to 100%
(complete preservation); MBP: Myelin basic protein, NF: Neurofilament.
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Figure 8 Demyelination in Cerebellar Slices
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Fig. 8: Percentages (median, IQR) of healthy myelin structure in cerebellar slices for different treatments (in-
cubated for 24 hours), standardized to those of the corresponding control slice treated with DMSO, n=3 with
up to 3 replicates each. Damaged and poorly stained slices were not analyzed. A) Comparison of the propor-
tion of myelin damage after treatment with the ferroptosis inducers Erastin and iron and the neuroinflam-
mation activator LPS. B,C) Proportion of myelin damage in Erastin-treated slices after pretreatment with
fumarates compared to Liproxstatin (LIP-1). D,E) Proportion of myelin damage in iron-treated slices after
pretreatment with fumarates compared to the iron chelator SIH and Liproxstatin; Ctrl: Control, DMSO: Dime-
thyl sulfoxide, DRF: Diroximel fumarate, Fe: Iron, LPS: Lipopolysaccharide, uM: micromolar, mM: millimolar,
MMF: Monomethyl fumarate, SIH: Salicylic acid isonicotinoyl hydrazone.
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Figure 9 Axonal Damage in Cerebellar Slices
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Fig. 9: Percentages (median, IQR) of healthy axonal structure in cerebellar slices for different treatments (in-
cubated for 24 hours), standardized to those of the corresponding control slice treated with DMSO, n=3 with
up to 3 replicates each. Damaged and poorly stained slices were not analyzed. A) Comparison of the propor-
tion of axonal damage after treatment with the ferroptosis inducers Erastin, iron or LPS. B,C) Proportion of
axonal damage in Erastin-treated slices after pretreatment with fumarates compared to Liproxstatin (LIP-1).
D,E) Proportion of axonal damage in iron-treated slices after pretreatment with fumarates compared to the
iron chelator SIH and Liproxstatin; Ctrl: Control, DMSO: Dimethyl sulfoxide, DRF: Diroximel fumarate, Fe:

Iron, LPS: Lipopolysaccharide, uM: micromolar, mM: millimolar, MMF: Monomethyl fumarate, SIH: Salicylic
acid isonicotinoyl hydrazone.
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3.4 Upregulation of GPx4 Expression in OLN-93 Cells Following Fumarate Treatment
To investigate the upregulation of GPx4 in oligodendrocytes following DRF and MMF treatment, GPx4

gene expression was measured in OLN-93 cells after 24 hours of exposure to these compounds using
gPCR. In addition, to confirm that the observed gene upregulation was a result of Nrf2 pathway acti-
vation, the expression of Hmox1, a well-established Nrf2 target gene, was assessed.

Figure 10A shows that GPx4 mRNA expression is upregulated after 24 hours of treatment with DRF
and MMF. Compared to the untreated control cells (median 100%, IQR: [65%,126%]) treatment with
2 UM (median 198%, IQR: [174%,244%]), p=0.0093) and 10 pM MMF (median 217%, IQR:
[163%,283%], p=0.0147) significantly increased GPx4 mRNA levels. Similarly, treatment with 2 uM
(median 217%, 1QR: [163%,283%]) and 10 uM DRF (median 127%, IQR: [127%,171%]) also elevated
GPx4 mRNA levels. Figure 10B demonstrates that treatment with 10 uM MMF significantly increased
Hmox1 mRNA levels (median 225%, IQR: [216%,317%]), p=0.0065) while treatment with 2 uM MMF
resulted in a moderate increase in Hmox1 mRNA levels (median 125%, IQR: [104%,146%]) compared
to untreated cells (median 100%, IQR: [75%,169%]). Similarly, treatment with 2uM and 10 uM DRF
also resulted in elevated Hmox1 mRNA levels (median 187%, IQR: [176%,213%]; median 190%, IQR:
[175%,208%)], respectively). These results further support the conclusion that both DRF and MMF
treatment enhance Hmox1 and GPx4 protein expression in OLN-93 cells.

These findings were further validated at the protein level through Western Blotting (Figure 10C,D).
Treatment with 2 uM DRF resulted in a GPx4 protein level of median 122% (IQR: [108%,138%], while
10 uM DRF treatment led to a level of median 160% (IQR: [128%,189%]. Similarly, treatment with 2
UM MMF resulted in a GPx4 protein level of median 148% (IQR: [126%,182%)] and treatment with 10
UM MMF led to a level of median 162% (IQR: [138%,216%].

In summary, the results confirm the upregulation of the key ferroptosis enzyme GPx4 in OLN-93 cells
following the administration of DRF and MMF.
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Figure 10 GPx4 and Hmox1 Gene and Protein Induction in OLN-93 Cells
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Fig. 10: Gene expression levels of GPx4 (A) and
Hmox1 (B) were measured using mRNA isolated
from OLN-93 cells treated with fumarates (DRF
green, MMF blue) for 24 hours through qPCR
analysis. Ct values were determined for the tar-
get genes GPx4 and Hmox1, along with the
housekeeping genes 8-actin or a-tubulin, used
as reference genes to normalize the gene ex-
pression data. The levels are presented as per-
centages relative to the corresponding control,
n=3 experiments, 2 replicates each. C) Repre-
sentative Western blot showing GPx4 and a-tu-
bulin protein levels in OLN-93 cells treated for 24
hours (here a-tubulin was used instead of 6-ac-
tin, because of a bubble in a 8-actin band). Un-
cropped (complete) blot can be found in the sup-
plements. D) Quantification of GPx4 protein
level by densitometric analysis of western blot
bands normalized to housekeeping protein 8-ac-
tin in OLN-93 cells after 24 hours of treatment
with fumarates, here presented as percentages
relative to the corresponding control, n=5 exper-
iments. Ctrl: Control, DRF: Diroximel fumarate,
GPx4: Glutathione peroxidase 4, Hmox1: Heme
oxygenase 1, MMF: Monomethyl fumarate, uM:
micromolar, mRNA: messenger ribonucleic acid.
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3.5 Increased GPx4 Levels in the White Matter of Mouse Brains after DMF Treatment
To translate the cell culture findings to an in vivo model, the GPx4 upregulation in brain tissue from

DMF-treated mice was examined. Mice were administered DMF at doses of 15 mg/kg BW or 30 mg/kg
BW, with DMSO serving as a control. GPx4 mRNA expression was quantified by qPCR.

Figure 11A shows that GPx4 mRNA expression is upregulated in both gray and white matter after
seven days of DMF treatment. The median GPx4 mRNA expression in control white matter tissues
(median 100%, IQR: [91%,103%]) increased significantly to a median of 129% (IQR: [119%,148%],
p=0.0037) after treatment with 30 mg/kg BW DMF. However, the increase in gray matter GPx4 mRNA
expression from a median of 100% (IQR: [83%,102%] to a median of 117% (IQR: [112%,122%]) was not
statistically significant (p=0.4320). In the case of Hmox1, after treatment with 30 mg/kg BW DMF,
MRNA levels in gray matter increased significantly with a median of 158% (IQR: [150%,163%)],
p=0.0060) compared to control gray matter (median 100%, IQR: [93%,122%} (Figure 11B). However,
Hmox1 mRNA levels in white matter showed no difference compared to control tissue (median 91%,
IQR: [81%,133%)] versus control (median 100%, IQR: [73%,110%])).

This finding of GPx4 mRNA upregulation in the white matter was confirmed at the protein level using
Western blot analysis. Cell extracts were taken from the white and gray matter of six mice treated
with 30 mg/kg BW DMF and six control mice previously used for gene expression analysis. White mat-
ter samples showed a significant increase in GPx4 protein levels (median 129%, IQR: [112%,135%])
compared to white matter controls (median 97%, IQR: [86%,107%], p=0.0304). Consistent with the
gene expression results, gray matter samples did not show elevated GPx4 levels (median 114%, IQR:
[99%,119%]) compared to controls (median 112%, IQR: [92%,133%]) (Figure 11C).

In summary, upregulation of GPx4 gene and protein was detected in the brain tissue of DMF-treated
mice, with a notable increase in the white matter.
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Figure 11 GPx4 and Hmox1 Gene and Protein Induction in Gray and White Matter of Mouse Brains
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Fig.11: Gene expression levels of GPx4 (A) and Hmox1 (B) in gray and white matter of mouse brain tissue.
After treatment with DMF (light blue: 15 mg/kg BW, n=3 mice; light green: 30 mg/kg BW, n=8 mice) for 7
days, mRNA was isolated from cerebellum (white matter) and occipital cortex (gray matter) and measured
by gPCR analysis. Ct values were determined for the target genes GPx4 and Hmox1, along with the house-
keeping gene Gapdh (as reference gene to normalize the gene expression data). Levels are presented as per-
centages relative to the corresponding control (gray, n=7 mice). C) Quantification of GPx4 protein level by
densitometric analysis of western blot bands normalized to housekeeping protein 8-actin, here presented as
percentages relative to the corresponding control, n=6 mice each. Cell extracts were taken from the white
and gray matter of six mice treated with 30 mg/kg BW DMF and six control mice previously used for gene
expression analysis. D) Representative Western blot showing GPx4 and 8-actin protein levels in OLN-93 cells
treated for 24 hours. Uncropped (complete) blots can be found in the supplements; V: vehicle, T: treatment,
i.e.: V#1 Vehicle mouse number 1, BW: Body weight, DMF: Dimethyl fumarate, Gapdh: Glyceraldehyde 3-
phosphate dehydrogenase, GPx4: Glutathione peroxidase 4, Hmox1: Heme oxygenase 1, mg/kg: milligram
per kilogram, mRNA: messenger ribonucleic acid.
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3.6 Gene Expression in RRMS" PBMCs

One aim of this study was to investigate the possible deficiency of GPx4 gene expression in vivo, given
the GPx4 deficiency observed in postmortem brain tissue studies of patients with MS. The first ques-
tion was whether there is a deficiency in GPx4 expression in PBMCs, as this cannot be expected uni-
formly for all GPx4-expressing cells. Furthermore, this study compares GPx4 mRNA-levels in relation
to disease duration and severity of MS, as assessed by the EDSS. Additionally, the study investigated
whether cellular GPx4 gene expression in MS patients significantly increases after one year of treat-
ment with DMF.

3.6.1 GPx4 and Hmox1 mRNA Expression in PBMCs of RRMS Patients

To investigate a potential deficiency in GPx4 expression in PBMCs of RRMS patients, blood samples
were collected prior to scheduled DMF or OCR treatment. The expression levels of GPx4 and Hmox1
mRNA in the isolated cells were subsequently quantified using qPCR.

Comparative analysis revealed a slight decrease in median GPx4 gene expression in MS patients (me-
dian 83.8%, IQR: [45.7%, 103.6%]) compared to healthy controls (median 100%, IQR: [68.6%, 202.3%])
(Figure 12A). Moreover, the levels of Hmox1 gene expression were found to be similar between MS
patients and healthy volunteers, with median values of 100% (IQR: [66.6%, 136.9%]) for healthy pro-
bands and 91% (IQR: [58.4%, 174.5%]) for MS patients (see Figure 12B).

Figure 12 GPx4 and Hmox1 Gene Induction in Patients and Healthy Blood Donors at Baseline
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Fig.12: Levels of A) GPx4 mRNA expression and B) Hmox1 mRNA expression in MS patients (n=10) and
healthy probands (n=4). Blood from MS patients was collected prior to the scheduled DMF or OCR treatment.
The mRNA expression levels were normalized to the median of the corresponding mRNA expression levels of
the healthy probands; DMF: Dimethyl fumarate, GPx4: Glutathione peroxidase 4, Hmox1: Heme oxygenase
1, MS: Multiple Sclerosis, mRNA: messenger ribonucleic acid, OCR: Ocrelizumab.

A subgroup analysis of GPx4 and Hmox1 mRNA expression is feasible only to a very limited extent due
to the very small number of cases. However, it is conducted to identify potential trends. To explore
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potential correlations between demographic factors (age and sex) or clinical parameters (disease du-
ration, AAR, and EDSS) and the gene expression of GPx4 and Hmox1, the data were visualized using
scatter plots, dot plots, and box plots.

There was no observable correlation between age and gene expression for GPx4 and Hmox1 in either
group (for the MS-patients: Spearman correlation coefficient p=0.2 for GPx4 and p=-0.21 for Hmox1,
Figure 13 A,B). Furthermore, the mRNA levels of both GPx4 and Hmox1 were found to be unaffected
by the sex of the probands (Figure 13 C,D).

Figure 13 GPx4 and Hmox1 Gene Induction at Baseline: Correlation Analysis Including Age and Sex
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Fig.13: A,B) The scatter plots demonstrate the relationship between the gene expression levels of GPx4 and Hmox1
across various ages in MS patients (red, n=10) and healthy probands (blue, n=4) prior to the initiation of treatment with
DMF or OCR. Spearman’s correlation coefficients (p) were calculated to measure the strength of association between
age and gene expression. C,D) The dot and box plots demonstrate the gene expression levels of GPx4 and Hmox1 with
respect to sex in MS patients (red, n=10) and healthy probands (blue, n=4) prior to the initiation of treatment with DMF
or OCR. All mRNA expression levels were normalized to the median of the corresponding mRNA expression levels of the
healthy probands; DMF: Dimethyl fumarate, GPx4: Glutathione peroxidase 4, Hmox1: Heme oxygenase 1, mRNA: mes-
senger ribonucleic acid, MS: Multiple Sclerosis, OCR: Ocrelizumab.
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Figure 14 GPx4 and Hmox1 Gene Induction at Baseline: Correlation Analysis Including Disease Duration, AAR,

and EDSS
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Fig. 14: Visualization of the relationship between the gene expression levels of GPx4 and Hmox1 across vari-
ous disease duration (A,B), AAR (C,D) and EDSS scores (E,F) in pretreated MS patients (red, n=3) and MS pa-
tients without immunotherapy in the last 12 months (blue, n=7; comprising 6 therapy-naive patients and one
patient who underwent immunotherapy 6.5 years ago). Spearman’s correlation coefficients (p) were calcu-
lated to measure the strength of association between disease duration and gene expression, as well as be-
tween EDSS scores and gene expression. All mMRNA expression levels were normalized to the median of the
corresponding mRNA expression levels of the healthy probands; AAR: Annualized Attack Rate, DMF: Dime-
thyl fumarate, EDSS: Expanded Disability Status Score, GPx4: Glutathione peroxidase 4, Hmox1: Heme oxy-
genase 1, mRNA: messenger ribonucleic acid, MS: Multiple Sclerosis, OCR: Ocrelizumab.
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No relevant statistical trends were observed in the subgroup analysis that examined the correlation
between GPx4 and Hmox1 gene expression levels and clinical parameters, such as disease duration
and severity quantified by the AAR in the previous two years prior to DMF/OCR initiation and the pre-
treatment EDSS score. Since three patients had received immunotherapies prior to the start of OCR
treatment, which could potentially influence gene expression values, the data from this subgroup
were excluded from the subsequent analysis and merely highlighted in the diagrams. Among the seven
remaining patients, six were therapy-naive, while one patient had received immunotherapy 6.5 years
ago prior DMF initiation. In treatment-naive patients, a slight downward trend in GPx4 mRNA expres-
sion was observed with increasing disease duration (Spearman’s p=-0.68, Figure 14 A). However, no
trend was observed for the expression of the Hmox1 gene (Spearman’s p=-0.07, Figure 14 B). No cor-
relation was observed between AAR and gene expression for GPx4 and Hmox1 (Figure 14 C,D). In ad-
dition, the mRNA levels of both GPx4 and Hmox1 were not affected by the EDSS of the patients (for
the treatment-naive patients: Spearman’s p=-0.15 for GPx4 and p=0.17 for Hmox1, Figure 14 E,F).

In summary, there was no clear deficiency of GPx4 detected in PBMCs of RRMS patients.

3.6.2 Gene Expression in RRMS Patients' PBMCs after DMF or OCR Treatment

To assess potential upregulation of GPx4 gene expression in PBMCs from MS patients following one
year of DMF or OCR treatment, gene expression ratios were analyzed by comparing 12-month values
to baseline measurements.

Following DMF treatment, a clear increase in GPx4 gene expression was observed in only two patients,
while one patient remained stable, and there was even a decrease in expression for the other two
patients (median 1.01, IQR: [0.80, 2.52]). Remarkably, the patient who experienced an attack during
DMF therapy exhibited the highest level of GPx4 mRNA expression in the DMF group (black circle,
Figure 15 C). Comparative analysis unveiled a significant difference in median GPx4 gene expression
among OCR patients (median 6.70, IQR: [6.37, 8.13], p<0.01) compared to DMF patients (Figure 15
A,C). Significant differences were also found in Hmox1 gene expression between DMF and OCR pa-
tients, with median values of 1.2 (IQR: [1.2, 1.26]) for DMF patients and 7.96 (IQR: [6.07, 11.39]) for
OCR patients (p<0.01, see Figure 15 B). However, in four out of five DMF patients, Hmox1 gene ex-
pression increased after 12 months compared to the time point before therapy (Figure 15 D).
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Figure 15 Alterations of GPx4 and Hmox1 Gene Induction after 12 Months of Treatment: Temporal and
Treatment Dependent Effects on Expression Profiles
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Fig. 15: Ratios (12 months follow-up/baseline) of A) GPx4 and B) Hmox1 mRNA expression in DMF (blue) and
OCR (green) patients (n=5 each). Blood was drawn from MS patients before and after 12 months of treat-
ment with DMF or OCR. The horizontal line is positioned at 1 (no difference between pre- and post-12-month
therapy). C, D) The individual progressions of gene expression levels are shown in line plots. The mRNA ex-
pression values were normalized to the median of the corresponding mRNA expression values of the healthy
probands. The horizontal line is positioned at 100% (median value of the healthy probands). The black circles
indicate the respective mRNA expression values of the patient who suffered an attack under DMF treatment;
DMF: Dimethyl fumarate, GPx4: Glutathione peroxidase 4, Hmox1: Heme oxygenase 1, mRNA: messenger
ribonucleic acid, MS: Multiple Sclerosis, OCR: Ocrelizumab.

A subgroup analysis was conducted to identify potential trends related to the change in GPx4 and
Hmox1 mRNA expression after 12 months of treatment. To investigate potential correlations between
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demographic factors (such as age and sex) or clinical parameters (including disease duration, AAR, and
EDSS) and the respective ratios of GPx4 and Hmox1 gene expression, data were visualized using scatter
plots and dot plots.

In both groups, the ratio of GPx4 gene expression decreased with increasing age of the patient
(p =-0.8 for DMF, p = -0.7 for OCR; Figure 16 A). This effect was not observed for the ratio of Hmox1
gene expression (p = 0.4 for DMF, p = -0.4 for OCR; Figure 16 B). With respect to sex, no discernible
differences were observed in the ratios of gene expression for any of the treatment groups or genes
(Figures 16 C,D).

Figure 16 Alterations of GPx4 and Hmox1 Gene Induction after 12 Months of Treatment: Correlation Analy-
sis Including Age and Sex
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Fig. 16: Ratios (12 months follow-up/baseline) of A, C) GPx4 mRNA expression and B, D) Hmox1 mRNA ex-
pression in DMF (blue) and OCR (green) patients (n=5 each) with respect to age and sex of the patients. The
horizontal line is positioned at 1 (no difference between pre- and post-12-month therapy). The black circles
indicate the ratio of the respective mRNA expression values for the patient who suffered an attack during
DNF therapy; DMF: Dimethyl fumarate, GPx4: Glutathione peroxidase 4, Hmox1: Heme oxygenase 1, ,
mRNA: messenger ribonucleic acid, MS: Multiple Sclerosis, OCR: Ocrelizumab.
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Figure 17 Alterations of GPx4 and Hmox1 Gene Induction after 12 Months of Treatment: Correlation Analy-
sis including Disease Duration, AAR, and EDSS.
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Fig. 17: Ratios (12 months follow-up/baseline) of A, C, E) GPx4 and B, D, F) Hmox1 mRNA expression in DMF

(blue) and OCR (green) patients (n=5 each) with respect to disease duration, AAR and EDSS of the patients.

The horizontal line is positioned at 1 (no difference between pre- and post-12-month therapy). The black cir-

cles indicate the ratio of the patient who suffered an attack during DMF therapy; AAR: Annualized Attack
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Rate, DMF: Dimethyl fumarate, EDSS: Expanded Disability Status Score, GPx4: Glutathione peroxidase 4,
Hmox1: Heme oxygenase 1, mRNA: messenger ribonucleic acid, MS: Multiple Sclerosis, OCR: Ocrelizumab.

In the subsequent subgroup analysis exploring the potential correlation between GPx4 or Hmox1 gene
expression levels and clinical parameters like disease duration and severity (measured by the AAR in
the last two years prior to the second blood draw under DMF or OCR therapy, and the current EDSS
score), no significant trends were observed based on visual assessment (Figure 17).

In summary, no overall increase in GPx4 mRNA expression was observed in the PBMCs of MS patients
after 12 months of DMF treatment. However, a slight rise in Hmox1 mRNA expression was noted. In
contrast, the OCR group exhibited a significant increase in both GPx4 and Hmox1 mRNA expression
after 12 months of OCR treatment. During both DMF and OCR treatment, the expression levels of
GPx4 increased more in younger patients compared to older patients. However, this trend was not
evident for Hmox1. Among the DMF cohort, the subject exhibiting the highest GPx4 expression level
experienced an attack during DMF therapy.

3.6.3 Changes in GPx4, Hmox1, and TfR mRNA Levels of DMF-Treated RRMS Patients
Finally, in the DMF-treated group, mRNA expression levels of GPx4, Hmox1, and TfR1 were compared,
this time after normalization to reference gene B-actin.

The ratios of gene expression levels after 12 months of follow-up to the levels before the start of
therapy are shown in Figure 18. Increased GPx4 gene expression was observed in four patients and
decreased expression in one patient (median 1.47, IQR: [1.06, 2.62]). Compared to GPx4, Hmox1
MRNA expression showed a higher median expression level after 12 months of DMF treatment (me-
dian 1.62, IQR: [1.38, 1.80]). Conversely, TfR1 mRNA levels decreased in three patients, remained sta-
ble in one patient, and increased in one patient (median 0.69, IQR: [0.46, 1.02]). Notably, the patient
who suffered an attack during DMF had a stable TfR1 expression level (red circle, Figure 18).

In summary, no general increase in GPx4 mRNA expression was observed in the PBMCs of MS patients
after 12 months of DMF treatment. A slight overall increase in Hmox1 mRNA expression was observed.
Atrend towards a decrease in the ferroptosis marker TfR1 was observed after 12 months of treatment.
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Figure 18 Alterations of GPx4, Hmox1 and TfR1 Gene Induction after 12 Months of Treatment
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Fig.18: Ratios (12 months follow-up/baseline) of GPx4 (red), Hmox1 (green) and TfR1 (blue) mRNA expres-
sion before and after 12 months of treatment in DMF-treated patients (n=5). The horizontal line is positioned
at 1 (no difference between pre- and post-12-month therapy). The red circles indicate the ratio of the respec-
tive mRNA expression values for the patient who suffered an attack during DMF therapy; DMF: Dimethyl
fumarate, GPx4: Glutathione Peroxidase 4, Hmox1: Heme oxygenase 1, TfR1: Transferrin receptor 1, mRNA:
messenger ribonucleic acid.
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4 Discussion

Ferroptosis has been implicated in the pathogenesis of MS, but its role in the demyelination process
and the protective effects of established therapies against ferroptosis remain unclear. This study in-
vestigated the effects of ferroptosis on oligodendrocytes and cerebellar myelin, focusing on lipid pe-
roxidation, cell death and demyelination. In addition, the study investigated the potential of
fumarates to attenuate cell death and demyelination associated with ferroptosis.

4.1 Cell Survival after Erastin- and Fumarate-Treatment
The susceptibility of oligodendrocytes to ferroptotic cell death was investigated in OLN-93 cells. The

survival rate of OLN-93 cells demonstrated a decline with the elevation of ferroptosis inducers Erastin
and iron.

In EAE, Hu et al. (2019) did not find GPx4 deficiency in oligodendrocytes, despite a reduced cell number
and suggested that neurons are directly affected by ferroptosis, while oligodendrocytes are impacted
by various inflammatory mediators. Supporting this, Luogian et al. (2022) reported that after neurons
are damaged by ferroptosis, oligodendrocytes are injured by cytokines expressed by T cells activated
by the supernatant of ferroptotic neurons. Nevertheless, the findings of this study suggest a detri-
mental role, as reflected by the indirect induction of ferroptosis in OLN-93 cells upon Erastin exposure.
Whether this process occurs in the pathomechanism of EAE and MS remains unclear.

Furthermore, in vitro pretreatment with the fumarates MMF and DRF increased cell survival when
cells were incubated with Erastin, but not when exposed to iron. While treatment with Erastin leads
to an intracellular cystine deficiency and a consequent inability for de novo synthesis of the antioxi-
dant GSH, treatment with fumarates causes the expression of over 100 antioxidant proteins via the
activation of the Nrf2-pathway, thereby counteracting the deleterious effects of Erastin (Lu et al.,
2016). One potential mechanism is the increase in the intracellular recycling rate of pre-existing GSH
through the enhanced activation of GSR, thereby increasing GSH availability (Harvey et al., 2009).
Iron was supplied to the cells in the form of ferrous ammonium sulphate. When iron is not bound to
proteins such as ferritin or transferrin, as is normally the case physiologically, but is present in free
form, it is highly reactive and can potentially cause considerable intra- and extracellular damage
through the generation of ROS. This could trigger a cascade of events ranging from membrane and
protein damage to DNA damage, disrupted signaling pathways, and ultimately cell damage or cell
death (Zuo et al., 2020). Since fumarates mainly act intracellularly via the Nrf2 signaling pathway and
could thereby make the cell more resistant to intracellular ROS, the destructive effects originating
extracellularly might not be inhibited, which is why fumarates may not be effective in this scenario
(Linker et al., 2011; Wang et al., 2024). Furthermore, the incubation process with ferrous ammonium
sulphate proved to be a significant challenge due to the rapid precipitation that occurred. To ensure
a homogeneous incubation process, the cells were incubated on a horizontal shaker with a rotation
speed of 10 rpm. These resulting shear forces may have exerted deleterious effects on cell mem-
branes, potentially leading to additional cell damage and death.

It's important to note that OLN-93 cells display surface antigens similar to those found on primary,
late immature oligodendrocytes, including MBP, myelin-associated glycoprotein (MAG), and proteoli-
pid protein (PLP) (Richter-Landsberg & Heinrich, 1996). These cells are positioned between late pre-
oligodendrocytes and late immature oligodendrocytes (Buckinx et al., 2009). Consequently, the results
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obtained from studies using OLN-93 cells may not be entirely applicable to human oligodendrocytes,
whether they are mature cells or at various precursor stages.

Hoshino et al. (2020) demonstrated in M03.13 cells, another immature oligodendrocyte cell line, that
their susceptibility to Erastin-induced ferroptosis decreases with maturation.

In further studies, the susceptibility of primary oligodendrocytes to ferroptotic cell death should be
investigated. Given the established vulnerability of OPCs to ferroptosis, it is imperative to investigate
the differential susceptibility of primary oligodendrocytes and their progenitors to ferroptosis induc-
ers at varying stages of maturation (Lepka et al., 2017). This approach could provide valuable insights
into whether ferroptosis plays a role in remyelination processes, which are often impaired in MS
(Gharagozloo et al., 2022).

4.2 Extent of Lipid Peroxidation in Erastin- and Fumarate-Treated OLN-93 Cells
The hypothesis that oligodendrocyte death following Erastin treatment is preceded by lipid peroxida-

tion, indicating ferroptotic cell death, was investigated in OLN-93 cells. Additionally, it was examined
whether DRF and MMF could protect cells by reducing lipid peroxidation, suggesting that fumarates
can prevent ferroptosis. Cells treated with Erastin for six hours showed an accumulation of lipid pe-
roxidation, while pretreatment with the ferroptosis inhibitor LIP-1 reduced lipid peroxidation as ex-
pected. However, protection against lipid peroxidation after fumarate pretreatment could not be
demonstrated in OLN-93 cells. Nevertheless, survival assays showed increased cell viability at certain
Erastin concentrations when treated with MMF and DRF.

Therefore, the experimental conditions were changed by adjusting several parameters, including the
concentrations of fumarates (2-10 uM) and Erastin (IC5q- 4x [C5q: 2.5-10 pM) as well as the incubation
time of the pretreatment (0, 3, 24 hours).

None of these changes in experimental conditions led to a clear confirmation that treatment with
fumarates leads to a reduction in lipid peroxidation. However, a trend toward protection against lipid
peroxidation was observed at the lowest concentration of Erastin 2.5uM and three hours of pretreat-
ment with fumarates, especially in the presence of 2uM MMF.

It is notable that treatment with fumarates alone resulted in a reduction in lipid peroxidation com-
pared to the untreated control cells. In accordance with the experimental conditions, all cells were
incubated in serum-free medium, which has been demonstrated to induce oxidative stress. These
findings suggest that fumarates may provide some protection against oxidative stress following a sin-
gle pretreatment and an incubation period of 24 hours. However, this effect may not be sufficient to
reduce lipid peroxidation when cells are exposed to Erastin.

One potential explanation for the absence of a reduction in lipid peroxidation is that the antioxidant
gene products of the Nrf2 pathway, including GPx4, FSP1, and GSR, which are activated by fumarates,
may exhibit diminished efficacy in OLN-93 cells and necessitate a period exceeding six hours to neu-
tralize lipid peroxides.

The most efficient cellular strategy for preventing ferroptosis involve upregulating the GSH/GPx4 sys-
tem, primarily via the Nrf2 pathway (Seiler et al., 2008; Yang et al., 2014; Yoo et al., 2012). However,
given that GSH levels in oligodendrocytes are naturally low and decline further under oxidative condi-
tions, the GSH/GPx4 system in these cells, including OLN-93 cells, may be insufficient to prevent the
accumulation of reactive oxygen products and lipid peroxides (Fan et al., 2021; Lassmann & van Hors-
sen, 2016). Although Hu et al. (2019) demonstrated that GPx4 reduction has a greater impact on the
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oxidative/antioxidant balance than GSH reduction in EAE when peroxides accumulate, it can be pos-
tulated that this GSH deficiency may play a more significant role in oligodendrocytes. Moreover, while
the de novo synthesis of GSH is part of the Nrf2 pathway, the subsequent blocking of the Xc- system
by Erastin may have a more significant impact on intracellular GSH levels. Increasing antioxidant en-
zymes such as GPx4 can improve GSH recycling, but the effect is diminished when GSH levels are in-
adequate.

Moreover, the current understanding of the regulation of the GSH/GPx4 system, particularly in the
context of oligodendrocytes, remains relatively limited. In addition to Nrf2, other transcription factors
have been identified as regulators of GPx4 gene expression. These include TFAP2c and Sp1 in neurons
and p53 in endothelial cells (Alim et al., 2019; Chen et al., 2021; Lan et al., 2023). Although it has been
demonstrated that GPx4 is upregulated via the Nrf2 pathway (see 3.4 and 4.4), an alternative pathway
of GPx4 gene expression that is not targeted by fumarates may prove to be a more effective approach
in oligodendrocytes.

Moreover, it remains unclear whether GPx4 and other antioxidant enzymes can be adequately stabi-
lized despite the observed upregulation of their gene expression. Post-translational modifications play
a pivotal role in the stabilization of GPx4. The precise mechanism by which this occurs remains to be
fully elucidated (Lan et al., 2023). Recently, the linear ubiquitin chain assembly complex has been pro-
posed as an important stabilizer for GPx4 (Dong et al., 2022).

Furthermore, the quantity of gene products may be inadequate following a single pretreatment with
fumarates prior to Erastin treatment. Accordingly, repeated treatment with fumarates or higher dos-
ing prior to Erastin exposure may be necessary to induce higher expression of antioxidant genes, in-
cluding genes involved in GSH synthesis, and thus provide better protection against the effects of
Erastin. Brennan et al. (2016) reported that after administering a single oral dose of DMF at 100 mg/kg
BW to wild-type mice, they detected MMF in the brain tissue at a concentration of 100 uM. At this
dosage, our own cell survival assays have demonstrated approximately 80% cell survival after MMF
treatment (Fig. 3C). In contrast, DMF and DRF exhibited increasing toxicity at such high doses in cell
culture experiments (Fig. 3C), (Majkutewicz, 2022). Given that MMF is the primary metabolite of both
DRF and DMF, and MMF is the only metabolite detectable in blood plasma following their ingestion,
experiments involving the brain or its cellular components should be conducted exclusively with MMF
to accurately reflect the in vivo conditions.

It is important to note that the inhibition of ferroptosis and its regulation vary between different cell
types and diseases (Lan et al., 2023). Thus, it remains unclear whether oligodendrocytes possess an
alternative, more efficient protective mechanism against ferroptosis than the GPx4/GSH system, such
as the GSH-independent enzyme FSP1, which is also targeted by Nrf2. Supporting the idea that the
GPx4/GSH system is not the major protection mechanism is the observation by Hu et al. (2019) that
oligodendrocyte GPx4 levels remained stable while the number of oligodendrocytes decreased. It is
also conceivable that no intrinsic effective protective mechanism exists, rendering oligodendrocytes
particularly vulnerable to oxidative stress. Nonetheless, artificial upregulation of GPx4/GSH or FSP1
can still provide a protective antioxidant effect in oligodendrocytes. However, the kinetics of FSP1 in
OLN-93 cells, similar to GPx4, have not been examined.

However, since membrane damage caused by lipid peroxides likely increases only after significantly
more than six hours, subsequent neutralization could still protect the cells from death. This would be
consistent with the results presented in Chapter 3.1.
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On the other hand, treatment with LIP-1 proved to be much more effective in eliminating lipid perox-
idation. In contrast to fumarates, LIP-1 intervenes more rapidly, preventing the formation of lipid per-
oxides by directly inhibiting the oxidation of polyunsaturated fatty acids in the bilayers, thereby more
efficiently preventing the accumulation of lipid peroxides and restoring the activity of GSH, GPx4 and
FSP1 (Fan et al., 2021).

In conclusion, the precise mechanism by which fumarate exerts its protective effect against ferroptotic
cell death remains uncertain. The hypothesis that it reduces the accumulation of lipid peroxidation
was not confirmed after a single pretreatment and concurrent treatment with fumarates. Further
studies with repeated applications of fumarates to OLN-93 cells should be conducted.

4.3 Demyelination and Protection in Organotypic Slice Cultures
The impact of Erastin- and iron-induced ferroptosis on demyelination and axonal degeneration was

analyzed, along with the effectiveness of DRF and MMF in protecting against ferroptosis-induced de-
myelination. Cerebellar OSCs from C57BL/6 wild-type mouse brains (P9-P11) were used, as OSC is a
well-established in vitro model representing all major CNS cell types and their interactions, excluding
peripheral immune cell migration.

Erastin primarily caused myelin damage, while iron affected both myelin and axons. In the experi-
ments of this thesis, the amount of healthy myelin and axons were assessed after 24 hours incubation
with ferroptosis inducers Erastin and iron. The results indicate that the stablished ferroptosis inhibitor
LIP-1, DRF, and MMF equally attenuated Erastin-induced myelin damage. For iron-treated slices, the
iron chelator SIH offered the best protection against both demyelination and axonal damage.

As observed in cell culture experiments, treatment with fumarates alone resulted in higher healthy
myelin in OSCs compared to untreated control slices. Under experimental conditions, all slices were
incubated in serum-free medium, which can induce oxidative stress. This suggests that fumarates may
offer some protection against oxidative stress after two treatments, as observed in OLN-93 cells in cell
culture experiments.

The results of the iron experiments are only partially conclusive due to the difficulty in distinguishing
between mechanical and iron-induced ferroptotic damage. As previously stated in chapter 4.1, the
incubation process with ferrous ammonium sulphate proved to be challenging due to its rapid precip-
itation. To ensure uniform incubation conditions, cells were shaken horizontally at 10 rpm, which may
have resulted in shear forces that potentially caused additional cell damage. Moreover, the persistent
precipitation despite shaking probably required higher iron concentrations than necessary to induce
visible damage.

As already described in Birgbauer et al. (2004), the results of the Erastin-treated slices also indicate
that the initial consequence of ferroptosis induction is demyelination, namely damage to oligoden-
drocytes, before axons are targeted. This is supported by the observation that oligodendrocytes are
particularly susceptible to ferroptosis, and that they can undergo direct ferroptotic cell death, as pre-
viously discussed in Chapter 1.3.4.

While the results for fumarate appear promising with regard to protection against demyelination fol-
lowing Erastin treatment, it is important to consider that this is merely an artificial ferroptosis induc-
tion. Given the evidence suggesting that a pro-inflammatory environment likely promotes ferroptosis
in MS pathogenesis (Fischer et al., 2012; Lucchinetti et al., 2011),
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future studies should investigate demyelination in cerebellar slice cultures following induced neuroin-
flammation, as well as the potential inhibitory effects of fumarate treatment on this process. To sim-
ulate MS-related processes, it is proposed to introduce CD4+ T cells, including CNS-specific Thl and
Th17 cells, into the cerebellar slices. Th1l cells exacerbate pathology by activating local macrophages
and microglia via granulocyte-macrophage colony-stimulating factor (GM-CSF), which impairs the sur-
vival and differentiation of OPCs (Charabati et al., 2023; Murphy et al., 2010). Proinflammatory micro-
glia have also been demonstrated to play a pivotal role in the initiation of ferroptosis (Ryan et al.,
2023). Furthermore, within the CNS, GM-CSF has been observed to promote the differentiation of
pathogenic astrocyte subsets while simultaneously inhibiting the functions of anti-inflammatory as-
trocyte subsets (Charabati et al., 2023). This results in the creation of an additional pro-inflammatory
environment. Another approach to induce neuroinflammation in slice cultures would be to add T cells
specific to PLP and ovalbumin to brain slices. Nitsch et al. (2004) demonstrated that these cells exhibit
a Thl-like profile, predominantly secreting IFN-y and TNF-a with minimal IL-4 production. In slice cul-
tures, these T cells directly interacted with neurons in an MHC-independent manner, inducing calcium
oscillations. Prolonged T cell contact ultimately resulted in lethal increases in neuronal calcium levels.

The precise role of ferroptosis in MS remains uncertain. Does it represent an initial mechanism of
neuroinflammation and demyelination, or does it serve as an amplification mechanism in the context
of secondary demyelination? The role of ferroptosis in the progression of MS has been previously
investigated by Van San et al. (2023). Further studies are required to assess the development of myelin
and axon degeneration and regeneration over time, with a longer incubation period or multiple ad-
ministrations of ferroptosis inducers. It is imperative to assess the activity of oligodendrocyte precur-
sor cells (OPCs) in this context, as it is well-established that OPCs are highly susceptible to ferroptotic
cell death (Lepka et al., 2017; Wu et al., 2024).

4.4 Fumarate Treatment Elevates GPx4 Levels in OLN-93 Cells
It is established that treatment with fumarates results in the activation of the Nrf2 pathway and the

transcription of antioxidant genes, thereby maintaining intracellular redox homeostasis. The extent to
which the Nrf2 signaling pathway also regulates GPx4 is still discussed in the literature (Berndt et al.,
2024).

To elucidate the regulation of GPx4, the gene expression of GPx4 and the established Nrf2 target gene
Hmox1 in OLN-93 cells following 24 hours of treatment with DRF and MMF was quantified using qPCR.
This suggests that GPx4 regulation in oligodendrocytes, particularly in OLN-93 cells, is at least partially
mediated by the Nrf2 pathway. However, it is imperative to assess the expression levels of additional
known Nrf2 target genes following a 24-hour exposure to fumarates. Nevertheless, it is conceivable
that an alternative signaling pathway activated by fumarates could be involved in the regulation of
GPx4.

The gene expression results for GPx4 were validated at the protein level through Western blotting of
OLN-93 cell extracts. The results showed a consistent upregulation of GPx4 in all cases, regardless of
concentration (2 or 10uM) or substance (MMF or DRF), although specific levels could not be deter-
mined due to high variability in the data of expression levels.

Since GPx4 gene expression levels are increased after 3 hours of incubation compared to 24 hours, it
is recommended to repeat the experiments in this specific case (Tim Prozorovski, 2024, data un-
published). Nevertheless, it is still unclear which quantity of GPx4 is sufficient for optimal protection
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against lipid peroxidation. Repeated administration of fumarates may be necessary to achieve an ef-
fective level that protects against the accumulation of lipid peroxidation and ferroptotic cell damage.
In addition, the same experiments could be repeated with FSP1 as the investigated anti-ferroptotic
enzyme, considering that the FSP1 system may be the main protective mechanism against oxidative
stress in oligodendrocytes.

The combined findings suggest that DRF and MMF treatments may confer antioxidant protection in
oligodendrocytes through the activation of the Nrf2 pathway, which subsequently leads to the upreg-
ulation of antioxidant protein expression.

4.5 Fumarate Treatment Elevates GPx4 Levels in Mouse Brain White Matter
The study aimed to validate cell culture findings by examining GPx4 upregulation in brain tissue from

DMF-treated mice, while also comparing GPx4 gene expression and protein levels between gray and
white matter in different brain regions.

DMF treatment, especially at high doses, significantly increased GPx4 gene and protein expression in
mouse brain tissue, with the enhanced effect likely due to repeated administration over seven days.
Whether this amount of GPx4 would better protect against the accumulation of lipid peroxidation
should be tested in a new experiment by inducing ferroptosis with e.g. Erastin on brain slices from the
treated mice and observing them for demyelination and remyelination.

In addition, a significant increase in white matter compared to gray matter was observed in the ex-
periments for this thesis. However, since GPx4 gene expression was not significantly upregulated in
gray matter in the experiments for this thesis despite Nrf2 activation by fumarates, this suggests that
neuronal GPx4, at least in the cerebrum, is not primarily regulated by Nrf2. Instead, it is likely that
GPx4 in neurons is regulated by another transcription factor that is not activated via fumarates. For
example, it could be regulated by the TFAP2¢c/Sp1 system, as demonstrated in the context of stroke
by Alim et al. (2019). TFAP2c and Sp1 were shown to be dysregulated in MS according to the microar-
ray gene expression study conducted by Islam et al. (2019).

In EAE, Hu et al. (2019) did not find GPx4 deficiency in oligodendrocytes, despite a reduced cell num-
ber. However, the results in section 3.5 show a marked increase in GPx4 expression at the gene and
protein levels in the white matter of the cerebellum, which is primarily composed of oligodendrocytes
and axons. This suggests that while the GPx4/GSH system in oligodendrocytes plays a minor role in
the physiological protection against ferroptosis, it can be artificially upregulated to exhibit some anti-
oxidant effects.

4.6 Gene Expression Levels in PBMCs of RRMS Patients
This experiment investigated the potential absence of GPx4 gene expression in vivo, given the GPx4

deficiency observed in postmortem brain tissue samples from MS patients. It also evaluated whether
one year of DMF treatment significantly increased GPx4 gene expression in PBMCs from RRMS pa-
tients.

The study used PBMCs due to material availability, as CSF was not collected at the required timepoints.
While CSF better reflects CNS processes, PBMC gene expression can indicate disease relapses
(Brynedal et al., 2010). However, former findings on GPx activity in PBMCs remained inconclusive (Car-
valho et al., 2014).
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A major limitation of the study is the small and heterogeneous sample size, with only five patients per
group and four healthy volunteers, which precludes statistically significant results and meaningful sub-
group analyses, especially for widely scattered gene expression levels. These factors limit the statisti-
cal power of the study and the generalizability of the results. Consequently, only descriptive trends
can be cautiously discussed. In addition, differences in disease activity levels prior to treatment switch-
ing and different pretreatment histories between the ocrelizumab and dimethyl fumarate groups may
have influenced baseline gene expression, although no such differences were observed. Similarly, no
differences in GPx4 gene expression were found between MS patients and healthy probands. Given
the disease state-dependent gene expression patterns and the fact that all patients were in remission
at the time of blood sampling, it was expected that patients in remission would not show significant
differences.

After 12 months of DMF therapy, hardly any change in GPx4 mRNA expression was observed in the
PBMCs of MS patients. Only in two patients a slight upregulation was observed. In addition, a slight
increase in Hmox1 mRNA expression was observed, which may indicate activation of the Nrf2 signaling
pathway in PBMCs by DMF. A trend towards a decrease in TfR1, a marker for ferroptosis, was also
observed, which may indicate the general potential of DMF to inhibit ferroptosis.

Disease activity remained stable in all but one patient, as measured by AAR. In the patient who re-
lapsed one month before the last blood draw, TfR1 levels did not change compared to the first exam-
ination, while GPx4 and Hmox1 levels increased slightly. However, as gene expression can change rap-
idly in relation to disease activity, the gene expression values at the time of relapse are not clear. A
limitation of this study is that TfR gene expression was only measured in the PBMCs of DMF-treated
patients.

In contrast, the OCR group showed a change in both GPx4 and Hmox1 mRNA expression after 12
months of treatment. The precise mechanism of action of ocrelizumab remains to be fully elucidated.
Ocrelizumab exerts its effects through immunomodulation, specifically by reducing the number and
function of CD20+ B cells (Flynn & Gerriets, 2024). B cells are implicated in the pathogenesis of MS
via mechanisms including antigen presentation, autoantibody production, cytokine regulation, and
the formation of ectopic lymphoid aggregates in the meninges, potentially leading to cortical demye-
lination and neurodegeneration (Hauser et al., 2017; Li et al., 2015; Michel et al., 2015). In RRMS, the
migration of activated B cell populations between the CNS and peripheral circulation has been ob-
served (Palanichamy et al., 2014). Disruption of this migratory pathway may underlie the clinical effi-
cacy of ocrelizumab (Hauser et al., 2017). In the OPERA trials, ocrelizumab demonstrated superior
efficacy compared to interferon beta-1a, with significantly reduced disability progression at both 12
and 24 weeks, and greater disability improvement at 12 weeks (Hauser et al., 2017). In this patient
cohort, we observed elevated GPx4 levels in PBMCs. This finding may suggest that certain migrating
immune cells, such as monocytes, T cells, and B cells, could potentially be shifting towards an anti-
inflammatory and anti-oxidative phenotype. While further research is needed, these changes might
play a role in modulating ferroptosis, though the exact mechanisms require additional investigation.
Given that ferroptosis may be important in the pathogenesis of progressive MS (Van San et al., 2023),
the inhibition of ferroptosis may explain ocrelizumab's protective effect on disease progression
(Hauser et al., 2017).

This study doesn't clarify if GPx4 expression also increases in oligodendrocytes. If Ocrelizumab reaches
sufficient concentrations in the CNS (currently unproven), it could potentially increase GPx4 in glial
cells and their precursors, potentially protecting them from ferroptotic cell death. The relationship
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between Ocrelizumab, GPx4 expression, and ferroptosis in MS is an area that warrants additional in-
vestigation.

Further studies with larger sample sizes are needed to gain a more comprehensive understanding of
the subject matter. Additionally, evaluating gene expression levels in PBMCs during or shortly after
relapse is crucial, as these cells undergo significant compositional changes during that time (Brynedal
et al,, 2010).
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5 Conclusion

Ferroptosis has been implicated in the pathogenesis of MS, although its precise role in the demye-
linating process remains unclear. This study suggests that ferroptosis has a detrimental effect on oli-
godendrocytes and myelin, as demonstrated by Erastin-induced damage in the oligodendroglial cell
line OLN-93. Pretreatment with fumarates enhanced cell viability following Erastin exposure. How-
ever, it did not mitigate the accumulation of lipid peroxides in OLN-93 cells. These results suggest that
the current dosage and incubation regimen may need to be further optimized to accelerate the rele-
vant biochemical processes, reduce the lipid peroxides produced and enhance the protective mecha-
nisms. In OSCs, Erastin-induced ferroptosis primarily targeted myelin, with oligodendrocyte damage
preceding axonal injury. The comparable efficacy of an established ferroptosis inhibitor and fumarates
in attenuating ferroptosis-associated myelin damage suggests that inhibition of ferroptotic glial cell
death may be a part of the mechanism of action of fumarates. This effect may occurs via upregulation
of GPx4 through Nrf2 activation.

In conclusion, this study highlights the need for further investigation into the complex relationship
between neuroinflammation and ferroptosis-induced demyelination. Future research should focus on
long-term dynamics of myelin and axon degeneration and, the role of oligodendrocyte progenitor cells
in ferroptosis, as well as possible modulation by fumarates. Recent clinical and MRI evidence suggests
that in advanced stages of RRMS, paramagnetic rim lesions (PRLs), reflecting iron-related pathological
processes, contribute to the gradual progression of demyelination and axonal degeneration, poten-
tially facilitating the transition to progressive MS. Given that ferroptosis may be the underlying mech-
anism driving this process, it is crucial to investigate the optimal dosage of fumarates for preventing
ferroptosis in MS patients. Notably, a controlled, randomized study found that DMF had no effect on
disease progression in patients with PPMS (Hojsgaard Chow et al., 2021), suggesting that the current
standard doses of DMF may be insufficient to inhibit ferroptosis. These investigations may provide
crucial insights into MS pathogenesis and inform the development of more effective therapeutic strat-
egies.
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7 Supplements
Figure 19 GPx4 Protein Expression in OLN-93 Cells
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Fig. 19: The GPx4 bands on the left plot correspond to the 8-actin bands on the right plot, respectively. It is
the same blot, but images were acquired separately for each protein. Normally, GPx4 was normalized to 8-
actin, in this experiment it was normalized to a-tubulin due to a bubble in the bands of 8-actin. 1: control, 2:
2uM DRF, 3: 10uM DRF, 4: 2uM MMF, 5: 10uM MMF. Molecular masses of proteins: GPx4: 22 kDa, a-tubulin:
52 kDa, 8-actin: 42 kDa; DRF: Diroximel fumarate, GPx4: Glutathione Peroxidase 4, kDa: Kilodalton, MMF:
Monomethyl fumarate.

Figure 20 GPx4 Protein Expression in White and Gray Matter of DMF-Treated Mice
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Fig. 20: The GPx4 bands on the left plot correspond to the 8-actin bands on the right plot, respectively. It is
the same blot in each case, but images were acquired separately for each protein. Mouse 1 to 6: control
mice, mouse 7 to 12: mice treated with DMF. Molecular masses of proteins: GPx4: 22 kDa, 8-actin: 42 kDa;
DMF: Dimethyl fumarate, GPx4: Glutathione Peroxidase 4, kDa: Kilodalton.

81



Danksagung

Mein aufrichtiger Dank gilt zundchst meinem Doktorvater, Prof. Dr. Orhan Aktas, fiir die Uberlassung
des spannenden Themas dieser Arbeit. Seine stete Bereitschaft, bei Problemen zur Seite zu stehen
und wertvolle Anregungen zu erteilen, hat maRgeblich zum Gelingen dieser Arbeit beigetragen.
Besonders mochte ich auch meinem Betreuer, PD Dr. Carsten Berndt, fiir die vielen interessanten
Ideen und unsere Diskussionen danken, die diese Arbeit bereichert haben.
Herrn Dr. Tim Prozorovski und Frau Mary Bayer gebiihrt mein herzlicher Dank fiir ihre geduldige Hilfe
bei den experimentellen Arbeiten und die Beantwortung unzahliger Fragen, die den Fortschritt meiner
Forschung erheblich vorangetrieben haben. Dem gesamten Laborteam danke ich fiir die vielfaltigen
Hilfestellungen und die Bereitschaft, jederzeit meine Fragen zu beantworten. Eure Unterstiitzung war
von unschatzbarem Wert.

Herrn Tim Lohoff mochte ich fiir seine geduldige mentale Unterstiitzung wahrend des gesamten Pro-
motionsprozesses danken. Deine Ermutigung und dein Verstandnis haben mir Kraft gegeben, auch in
schwierigen Phasen durchzuhalten. Nicht zuletzt gilt mein tiefer Dank meiner Familie und meinen
Freunden fir ihre unerschitterliche Unterstiitzung, ihre Geduld und ihren Zuspruch wahrend meines
gesamten Studiums und der Arbeit an dieser Dissertation.



