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Abstract



AKR1C1 protect mature oligodendrocytes from ferroptotic cell

death

Ferroptosis is a form of iron-dependent programmed cell death, regulated by specific
pathways and characterized by genetic, biochemical, and morphological features that
distinguish it from other cell death mechanisms, such as apoptosis and necrosis.
Ferroptosis has been implicated in various neuroinflammatory disorders, including
Parkinson’s and Alzheimer’s diseases, and may also contribute to oligodendrocyte

degeneration during the onset and progression of Multiple Sclerosis.

Oligodendrocytes (OLs) are specialized neural cells responsible for forming myelin

sheath that insulates neurones and ensures efficient signal transmission.

To investigate the potential connection between ferroptosis and oligodendrocyte loss
and demyelination, we analyzed the induction and execution of ferroptosis at the
molecular level in the human M03.13 oligodendrocyte cell line (OLs). Interestingly, our
findings revealed that mature OLs exhibit resistance to ferroptosis, regardless of the

inducing stimulus, in contrast to their immature counterparts.

The ongoing search for molecular players involved in ferroptosis resistance led us to
investigate the role of Aldo keto-reductase family 1 member C1 (AKR1C1) in mature OLs
ferroptotic death. AKR1C1 is detoxifying enzymes known to contribute to ferroptosis

resistance.

Recent findings suggest that the enzyme Aldo-keto reductase family 1 member C1
(AKR1C1) may play a critical protective role in ferroptotic resistance. However, its

potential protective mechanisms within mature OLs against ferroptosis is not known.

In this study, we observed that high expression levels of AKR1C1 in mature OLs
significantly reduced the ferroptotic cell death. These results can offer an interesting
starting point to outline a new potential anti-ferroptotic pathway and a new approach for
the treatment of neurodegenerative disease which often do not respond to conventional

therapy.






1. introduction



1.1 ferroptosis

Celldeathis acrucial process for normal development, homeostasis, and the prevention
of hyperproliferative diseases such as cancer. The most common form of cell death in
mammalian cells is mediated by the activation of caspase-dependent apoptosis.
However, recent research has identified several regulated non-apoptotic cell death

pathways that are activated in specific disease states’.

In 2013, in the Stockwell laboratory a new compound, erastin, was discovered which had
a selectively lethal effect on RAS mutated cancer cells, but the pattern of cell death was
different from what had been described before 2. Subsequently, a RAS-selective lethal
small molecule3 (RSL3) has been identified which was able to cause the same pattern of

cell death?.

The new form of cell death named ferroptosis which is identified as a nonapoptotic forms
of cell death may facilitate the selective elimination of some tumor cells or be activated
in specific pathological states. This form of cell death was named ferroptosis due to the

key role of iron.

Ferroptosis is morphologically, biochemically, and genetically distinct from apoptosis,

necrosis, and autophagy’.

Since it lacks the typical morphological characteristics of apoptosis, such as nuclear
fragmentation, mitochondrial cytochrome c release, and generation of apoptotic bodies.
In fact, cells are usually rounded up and detached in response to erastin; they exhibit
changed mitochondrial morphology, which appear smaller with increased membrane
densities and reduced cristae; there is no condensation of chromatin but, however, there
is an increased level of intracellular reactive oxygen species (ROS), and cell death is

completely inhibited by iron chelation or genetic inhibition of cellular iron uptake.*®

Ferroptosis is characterized by the production and accumulation of lipid peroxides (Lipid-
ROS), which are a key step in this newly identified form of cell death. The exact

mechanisms of lipid-ROS toxicity are still debated. Recent findings suggest that it may



involve their integration into phospholipids (mainly PE-OOH) and translocation into the
cell membrane, thereby, compromising membrane protein activity and/or membrane

physiology and structure®.

The production of lipid peroxides within cells is a consequence of various factors such as

iron metabolism, lipoxygenase activity and ROS production’.

1.1.1 Iron metabolic pathway and ferroptosis

Iron metabolism is recognized as a central mediator of ferroptosis since iron is essential
for lipid peroxidation. In fact, supplementing the growth medium with a bioavailable form
of iron, but not other divalent metals, accelerates erastin-induced ferroptosis’. Iron
overload induces membrane lipid peroxidation by facilitating the catalytic breakdown of
H20, into hydroxyl radicals and superoxide anions, two highly reactive oxygen species
(ROS), through chemical reactions known as the Fenton and Haber-Weiss reactions. Iron
acts as a cofactor in both inorganic chemical reactions and enzymatic reactions, which
are responsible for the iron-dependent accumulation of lipid peroxides (Lipid-ROS)

during ferroptosis execution?.

An example of an enzymatic reaction is the oxidation of polyunsaturated fatty acids
(PUFASs) into lipid hydroperoxides mediated by lipoxygenases (LOX). LOX, a family of non-
heme iron-containing enzymes, plays a crucial role in ferroptosis by promoting lipid
peroxidation. The sensitivity to lipid peroxidation and ferroptosis depends on iron uptake,

storage, and export®.

The internalization of iron in cells occurs through the membrane protein transferrin
receptor 1 (TFR1), which facilitates the uptake of extracellular ferric iron (Fe3+) carried by
transferrin (TF) into the endosome. In the endosome, (Fe3+) is reduced to ferrous iron (Fe
2+) by the ferrireductase STEAPS3 (six-transmembrane epithelial antigen of the protease
3). Fe2+ can then be released from the endosome into the cytoplasm by the divalent

metal transporter 1 (DMT1). In the cytoplasm, iron can bind to ferritin, a storage protein.



Conversely, intracellular iron can be exported out of the cell through the membrane

protein ferroportin (FPN). (Figure 1) °.

Increased iron uptake (due to higher TFR1 expression) and reduced iron storage (due to
lower FTL and FTH1 expression) enhance the ferroptosis sensitivity of cells, in contrast to

ferroptosis-resistant cells™.

There are factors that reduce the ferroptosis sensitivity of cells. Iron chelators, such as
Deferoxamine (DFO) and Ciclopiroxolamine (cpx), protect cells from ferroptosis by

limiting iron availability and preventing lipid peroxidation.

Additionally, downregulation of IREB2 leads to an increase in iron metabolism-
associated gene expression (e.g., TFR.FTH1, and FTL) and reduces erastin-stimulated
ferroptosis. Thus, IREB2 encodes a master transcription factor that regulates iron

metabolism’.

Ferritinophagy is the autophagic degradation of ferritin, which stimulates ferroptosis by
increasing labile iron levels. Nuclear receptor coactivator 4 (NCOAA4) is a cargo receptor
responsible for autophagy-dependent ferritin degradation. It binds to ferritin and
transportsitto phagophores, and subsequently to autophagolysosomes, where ferritin is

degraded".

The levels of NCOAA4 are regulated by intracellular iron. When intracellular iron levels are
high, NCOA4 undergoes degradation by the proteasome, a process mediated by HERC2.
Consequently, there is a negative correlation between HERC2 activity and ferroptosis
induction. Moreover, impaired ferritinophagy may lead to increased IREB2 activity, which

subsequently upregulates transcription factors as a feedback mechanism’.
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Figure 1:Iron plays a centralrole in ferroptosis by promoting lipid peroxidation. Trasferrine
receptor 1 (TFR1) mediates iron uptake into the cell, while ferritin stores excess iron. The
degradation of ferritin through ferritinophagy releases free iron, increasing ferroptosis
sensitivity. Free iron catalyzes the Fenton reaction, generating reactive oxygen species

(ROS) that drive lipid peroxidation, ultimately promoting ferroptosis™



1.1.2 lipid peroxidation metabolism

Lipids containing Polyunsaturated fatty acids (PUFAs) with labile bis-allylic hydrogen
atoms are highly prone to lipid peroxidation, and their oxidized forms play a central role
in ferroptosis'™. Three key enzymes mediate lipid oxidation: Cyclooxygenases (COXs),
Cytochrome P450 (CYPs), and Lipoxygenases (LOXs). Among these, LOXs play a crucial
role by catalyzing the deoxygenation of PUFAs in cell membranes, leading to formation of

lipid hydroperoxides and promoting ferroptosis™®.

The disruption of GPX4 and the increased production of ROS lead to alterations in the
expression of genes associated with lipid metabolism, such as ACSL4 and PE, thereby
promoting cell death’. ACSL4 plays a crucial role in lipid peroxidation by catalyzing the
esterification of arachidonic acid (AA) into PE. Subsequently, LOX-15 facilitates the

oxidation of AA-PE, generating lipid peroxides that drive ferroptosis®’.

Free lipid radical formation occurs as a consequence of a chain reaction initiated by a
free radical that extracts an electron from PUFAs. The resulting lipid radical then reacts
with oxygen to produce a peroxyl radical, which transforms polyunsaturated fatty acids
into lipid hydroperoxides. Lipid ROS molecules are characterized by their instability and

disruptive effect on the cell membrane’®.

Ferroptosis is triggered by an imbalance between lipid hydroperoxide (LOOH)

detoxification and iron-dependent L-ROS accumulation™.

Downstream accumulation of lipid peroxides represents a key step mediating the
execution of ferroptosis. Antioxidant agents can block ferroptosis by inhibiting the lipid
peroxidation pathway. These agents act as potent peroxyl radical scavenger with high
affinity for unpaired electrons breaking a cascade of chain reactions in the lipid
peroxidation of membranes. Additionally, ferroptosis suppressor protein 1(FSP1) confers
protection against ferroptosis induced by GPX4 deletion and cooperates with GPX4 and
glutathion to suppress phospholipid peroxidation and ferroptosis. Moreover,

lipoxygenases inhibitors can supress LOX activity to rescue cells from ferroptosis.™



1.1.3 key regulators of ferroptosis: system Xc- and GPX4

Cystine-glutamate antiporter (system Xc-) is a heterodimeric integral cell membrane
antiporter that uptake cystine from the extracellular space exchanging one molecule of
cystine with one molecule of glutamate. It comprises two subunits: SLC7A11 which
passes the membrane 12 time and bound to SLC3A2 via disulfide bridge that passes one
time through membrane?®. Cystine, the oxidized form of cysteine, is converted to cysteine
which is a precursor for GSH synthesis. The expression of system XC- is regulated by the
nuclear factor erythroid 2-related factor 2 (NRF2), which enhances its transcription under
oxidative stress?'. Furthermore, p53 can also modulate the activity of the system XC-,
downregulating the expression of SLC7A11, thus resulting in a reduction in cell
antioxidant capacity, accumulation of lipid-ROS, thus inducing the ferroptotic process?.
The intake of cystine is associated to the release of glutamate, which is strictly controlled
since high extracellular glutamate concentrations are neurotoxic?®. The inhibition of
system Xc- deprives the cellular cystine, making it unavailable for GSH synthesis.
Depletion of GSH leads to the inhibition of Glutathione peroxidase 4 activity and resulting
in accumulation of lipid ROS, protein or membrane damage, ultimately ferroptotic cell

death (figure 2)%.

Glutathione peroxidases (GPX) are a family of antioxidant enzymes responsible for
reducing per-oxidized molecules into lower reactive alcohols. Specifically, GPX4 is the
only GPX known to catalyze the reduction of lipid hydroperoxides (Lipid-ROS), essential
for life, since its knockout causes embryonic lethality?>2¢. GPX4 converts glutathione into
oxidized glutathione (GSSG) concomitantly reducing the cytotoxic lipid peroxides (LOOH)
to the corresponding alcohol (L-OH). RSL3 directly acts on GPX4 inhibiting its activity,
thus promoting lipid-ROS accumulation, decreased GPX4 expression, and inducing
ferroptosis?’. While GPX4 overexpression confers resistance to ferroptosis induced by
RSL3%. To note, GPX4 overexpression is also associated with poor prognosis in patients

with diffuse large B-cell lymphoma.?



Figure 2: Mechanism of ferroptotic cell death. System xc- transports intracellular
Glutamate to the extracellular space and extracellular Cys2 into the cell, which is then
transformed into Cys for GSH synthesis. GPX4 reduces the endogenous neutralization of
PUFAs-OOH to PUFAs-OH, ultimately reducing ROS accumulation. The iron excess is the
basis for ferroptosis execution. Circulated iron was combined with transferrin in the form
of Fe®, and then it entered into cells by TFR1. Iron in Fe®* form was deoxidized to iron in
Fe?* by iron oxide reductase STEAP3. Ultimately, Fe?* was released into a labile iron pool

in the cytoplasm from the endosome mediated by DMT12°,



1.1.4 Antioxidant defense in ferroptotic cell death

The imbalance between injury and defense signals leads to cell death. Classic
ferroptosis inducers are inhibitors of the antioxidants system Xc-glutathione (GSH)-
glutathione peroxidase 4 (GPX4) axis. In addition, a large number of anti-ferroptosis
mediators are transcriptionally regulated by the nuclear factor, erythroid 2-like2 (NFE2L2,
known as NRF2) pathway?®'. In absence of glutathione, cells initiate a complex of defense
system, allowing their survival and cytoprotection. Upon chemical GSH depletion, NRF2,
the antioxidant master transcription factor, can be activated. Newly evidence suggest
that ER stress (with unfolded protein accumulation) can activate the NRF2-KEAP1
signaling pathway in a PERK-dependent manner. Once activated, PERK induces
modifications of specific KEAP1 cystine residues leading to its conformational changes
and resulting in the release of NRF2 from KEAP1. After release, NRF2 translocates from
cytosol into the nucleus, binds to the Antioxidant Responsive Elements (AREs) and
enhances the expression of antioxidant factors (quinone oxidoreductase 1, NQO),
molecular chaperons, tumor suppression (such as p53) and intracellular detoxification
genes (Glutathione S-transferase, GST; Aldo keto reductase, AKR; and Heme oxygenase,

HO-1)%2%,

Among all genes with antioxidant activity, particularlyimportantis FSP1 which is recently
identified as a glutathione-independent ferroptosis suppressor®* and the superfamily of

enzymes AKR, specially AKR1C1, AKR1C2 & AKR1C3.™

FSP1 acts as an oxidoreductase that reduces coenzyme Q10 to ubiquinol using NAD(P)H,
thereby preventing lipid peroxidation in cell membranes®. It contains a flavin adenine
dinucleotide (FAD)-binding domain and a NAD(P)H-binding domain, like other NADH
oxidoreductase. A unique carboxy-terminal domain is crucial for its catalytic activity and
ferroptosis inhibition by mediating dimerization and forming two active sites responsible
for ubiquinone reduction and FAD hydroxylation. FSP1 catalyzes the production of
hydrogen peroxide and converts FAD to 6-hydroxy-FAD in the presence of oxygen and
NAD(P)H. 6-hydroxy-FAD acts as a potent radical-trapping antioxidant, directly inhibiting

ferroptosis in cells®.



In this context aldo-keto reductase enzymes (AKRs) play a crucial role in ferroptosis
resistance, thus, human AKR is a superfamily of detoxifying enzymes that catalyze the
conversion of aldehydes and ketones into their low-reactive primary and second
alcohols, by using NAD(P)H as a cofactor®. AKR family display a catalytic activity in
cellular signaling involved in the regulation of endogenous substrates such as lipid

aldehydes, that explain its implicated in pathogenesis and neurodegenerative disease®.

Downstream upregulation/activation of AKR1C1+3C is a mechanism involving the
inhibition of ferroptotic cell death through the reduction of lipid peroxide levels. Several
studies indicated that AKRs are highly expressed in a series of tumors. Therefore, a new
potential therapeutic strategy for effectively killing cancer cells could be based on pro-

ferroptosis drugs coupled with AKR1C1 +3 inhibitors™.

1.1.5 Ferroptosis and disease

Under physiological conditions, iron and ROS are important for cell proliferation and
signal transduction. Under pathological conditions, and after exceeding a certain limit of

damage, iron overload and oxidative damage can cause ferroptotic cell death®:.

Ferroptosis plays an important role in regulation of oxidative stress and inflammatory
responses. Thus, ferroptosis is capable of releasing pro-inflammatory damage-
associated molecular patterns (DAMPs) that promote sterile inflammation and the

development of numerous inflammatory disease®.

Acute ferroptosis participates in pathological cell loss as well as in malignant
processes®. Recently, novel evidence highlights ferroptosis as a pivotal player in the
development and progression of numerous organ injuries and disease such as cancer,
ischemic organ injuries,* liver disease *' and neurodegenerative pathologies, such as
Parkinson’s disease (PD)* Huntington’s disease (HD), Alzheimer’s disease (AD)*,

Multiple sclerosis (MS)**45 | cardiovascular diseases®®.



Since ferroptosis functions as tumour-suppression mechanism, dysregulated
ferroptosis has been shown to be involved in cancer. Ferroptosis has been linked to
cancer since the very beginning of this field of research: the initial discovery of chemical
inducers of ferroptosis is the result of hunting for novel anti-cancer therapeutic
compounds. Subsequent mechanistic studies have revealed that numerous cancer-
relevant genes and signalling pathways regulate ferroptosis. Interestingly it has been
observed that mesenchymal and dedifferentiated cancer cells, which are often resistant
to apoptosis and common therapeutics, are highly susceptible to ferroptosis inducers.
Conceptually, as ferroptosis is an oxidative-stress-induced form of cell death that is
tightly interwoven with cell metabolism, it seems logical to propose that cancer cells may
have higher tendency to undergo ferroptosis, due to overall more active metabolism and
higher ROS load*. Additionally, it has been shown that cancer cells often demand high

iron supply, which may further sensitize them to ferroptosis“®.

Nowadays, research focused on development of ferroptosis induction-based cancer
therapies. To this aim, several untargeted nanoparticle-based strategies to deliver iron,
peroxides, and other toxic cargoes to kill tumour cells have been tested. Since ferroptosis
process is controlled by multiple enzymes, the development of targeted approaches is
possible. Despite the most obvious target is recognized in GPX4, the low specificity of its
inhibitors and the fact that selenoproteins are essential for various peripheral tissues,
such as kidney tubular cells and neuronal subpopulation, targeting GPX4 will probably
cause substantial side effects. Unlike targeting GPX4, approaches to limit cellular

cyst(e)ine availability by inhibiting system Xc- are highly promising*.

In addition, recent results identify ferroptosis as a detrimental and targetable factor in
multiple sclerosis (MS). These findings create novel potential treatment options for MS

patients. Characterized by progressive loss of neurons and oligodendrocytes®’.



1.2 Oligodendrocyte

In the human central nervous system (CNS), glial cells, also known as neuroglia, play
divers and dynamic roles in orchestrating nearly all aspects of nervous system formation
and functions. Glial cells include Radial glia, astrocytes, oligodendrocyte progenitor

cells, oligodendrocytes and microglia“®.

Glial cells serve essential housekeeping functions, responding to stress conditions to

protect CNS and preserve its normal function.

Among them, oligodendrocyte progenitor cells (OPCs) are the most proliferative cells in

the CNS, continuously generating myelinating oligodendrocytes throughout life“®.

OPCs originate from the ventricular zone during early development, proliferate and
migrate into the different developing areas of the brain, where they differentiate into
myelin-forming Oligodendrocyte (Ols). Unlike most progenitor cells, OPCs persist
throughout life as adult, self-renewing OPCs that can differentiate into newly formed

myelinating Ols to maintain myelin plasticity or in response to damaging signals®°.

The OL differentiation passes through four stages: proliferative OPCs, pre-Ols,
differentiated Ols and myelinating Ols. This process is controlled by the combination of
OL-specific transcription factors, extracellular signals, epigenetic modification and
specific signalling pathways, which homeostatic balance maintains proper

differentiation®.

In general, we can distinguish between positive regulators such as transcription factor
(SOX10, OLID2 and ASCL1) which stimulate differentiation and support formation of
myelin in central nervous system , and negative regulator (HES1, HES5 and ID2, 1D4,
SOX5 and SOX6) which act as an inhibitor of myelinating gene and maintain

oligodendrocyte precursor cells (OPCs) in an undifferentiated state®.

The differentiated OLs can be divided into two stages: pre-myelinating and myelinated

Ols. The inhibition of some proteins and stimulation of others allow the formation of



myelin sheath around axons which is very essential for the proper function of CNS%'

(figure 3).

Current data indicate that the epigenetic mechanisms such as DNA methylation, histone
modification, micro-RNAs (miRNAs) - including miR-125a, miR-23, miR-138, miR-338
and miR-219 - play an essential role in regulating the differentiation of OLs. These
epigenetic signatures translate extracellular signals into functional cellular changes,
also coordinating the transcriptional machinery responsible for the differentiation

process®’%2,

Oligodendrocytes play a vital role in maintaining the integrity of myelin, and its proper
function in efficient signal transmission, as well as, in preserving the structural and
functional integrity of axons which is vital for overall neuronal health. Thus, OLs produce
myelin, a fatty substance that forms a sheath around neuronal axons. Myelin sheath is
crucial for enhancing the speed and efficiency of electrical signal transmission along

neurons, also protecting axons from damage®:.
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Figure 3: The origin and development of oligodendrocyte lineage cells start from neural

stem cells, can be subdivided into three stages: oligodendrocyte progenitor cells (OPCs),

pre-myelinating oligodendrocytes and mature oligodendrocytes (Ols).*"



2. Project aim



The aims of the project are to:

1. evaluate the susceptibility of human mature OLs to ferroptosis induction and ex-
ecution;
2. unveil the molecular mechanism(s) regulating the ferroptotic process in OLs.
All the experiments were carried out by using the human oligodendrocyte precursor cell

line MO3.13 as a model



3. Result and discussion



1.3 Differentiation of M0O3.13 cells

The difficulties of working with oligodendrocyte progenitor cells (OPCs), such as their
intrinsic heterogeneity, variable differentiation trajectories into myelin oligodendrocytes
(myOLs), and high cost, make M03.13 cell lines an acceptable alternative to study the
biology of OLs and their role in neurodegenerative disease at the molecular level.
However, it is important to note that these cells fail to achieve terminal differentiation

typical of myOLs.

In order to induce the phenotypic and metabolic characteristics of mature OLs, MO3.13
cells were differentiated, exposing cells to 100nM PMA, in a serum-free medium, for 3

days.

Undifferentiated (UND) or immature M0O3.13 cells appear flat and less branched. While

Mature (MAT) cells become more elongated and show branched structures (Fig 4, A).

Cell maturation was monitored at biochemical levels, by measuring the expression of
well-known mature OLs markers such as OLIG1, BMP, NOX3, NOX5 and OLIG2%%5, The
expression of these markers increased in mature M0O3.13 (fig 4, B-C), in parallel with

morphological changes (fig 4, A).
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Figure 4: Validation of OLs differentiation. (A) Representative images of
undifferentiated (on the right) and differentiated (on the left) MO3.13 cells. (B) mMRNA
levels of OLIG1, BMP, NOX3 and NOX5 were evaluated by qRT-PCR, in undifferentiated
and differentiated M03.13. L34 was used as internal control. (C) Representative images
of immunofluorescence staining for oligodendrocyte maturation markers OLIG2 (green),
while DAPI was used to stain nuclei, in MO3.13 cells. Experiments were performed in
triplicate and repeated three times. Histograms represent the mean * SD; * p <0.05; ** p

<0.01; *** p <0.001; **** p <0.0001.



2.3 Maturation of M0O3.13 correlate with resistance to
ferroptotic execution

Next, we evaluated the susceptibility of precursor MO3.13 to ferroptosis execution.
Different treatments were applied to M0O3.13 cells, and cell viability was measured at 18

and 24 hours by Alamar Blue.

In order to induce ferroptosis, UND M03.13 were exposed to ERA (Erastin) or RSL3, in
absence or presence of the specific ferroptotic inhibitors Deferoxamine (DFO) and

Ferrostatin-1 (Fer), to confirm the ferroptotic cell death modality.

Deferoxamine is an iron chelator that prevents iron overload complications, while

Ferrostatin (Fer) is a lipid peroxide scavenger.

Thus, results shown in Figure 5A clearly demonstrate that UND cells are susceptible to
ferroptosis independently from the specific stimulus, while both DFO or Fer completely

prevented ERA- or RSL3-induced cell death, confirming the induction of ferroptosis.

To evaluate the sensitivity of OLs during maturation, both undifferentiated and mature

MO3.13 cells were treated with the same ferroptosis inducers: ERA and RSLS.

Interestingly, while UND cells were sensitive to both stimuli, mature OLs remained
resistant to ferroptosis, maintaining high viability, indicating that maturation protect OLs

from ferroptosis (Fig:5-B).

Since lipid peroxides are considered a hallmark of ferroptosis, a significant increase in
lipid-ROS was observed in UND cells exposed to ERA or RSL3, while no accumulation
was observed in mature OLs (Fig:5-C). These results indicate that mature OLs are

protected from ferroptosis execution.
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Figure 5: Evaluation of ferroptosis sensitivity in differentiated M0O3.13 cells.
(A) Undifferentiated M03.13 cell viability analysis after 24h from exposer to Erastin
(ERA;1 pM) and after 18h from exposer to RSL3 (0.5 yM), both in presence or
absence of Fer-1 (10 uM) or DFO (100 pM). (B) UND and MAT cells were exposed
24hto ERA (1 uM) or RSL3 (0.5 uM), and cellviability was evaluated by Alamar Blue.
(C) UND and MAT M0O3.13 were treated for 4h by ERA (1 uM) or RSL3 (0.5 pM) and
lipids peroxides were evaluated by DOBIPY C11. Result show mean = SD from

three independent experiments; *P< 0.05; **P< 0.01; P<0.001; ****P< 0.0001.



3.3 AKR1C1 expression increased in mature MO3.13
cells

Since mature OLs are resistant to ferroptosis, we aimed to investigate the underlying

mechanism(s) responsible for this phenotype.

We previously identified members of the aldo-keto reductase (AKRs) superfamily of

enzymes as ferroptosis inhibitors in metastatic melanoma’:.

AKRs are a family of enzymes capable of converting aldehydes and ketones into their
corresponding less reactive alcohols. They are also involved in the reduction of lipid-ROS,
thereby inhibiting ferroptosis. AKR1C1 is considered the main isoform of the superfamily

of AKRs® enzymes expressed in the CNS%’.

To investigate whether AKRs are induced upon maturation of MO3.13, the expression of
AKR1C1 was measured in undifferentiated and mature M0O3.13 at both protein (Fig:6-A
and B) and mRNA level (Fig:6-C). Data reported in Fig:6A-C show a clear increase in

AKR1C1 expression in mature OLs compare to undifferentiated cells.

The maturation-dependent increase of AKR1C1 was further confirmed by measuring its
enzymatic activity, using the Coumberol Assay. AKR1C1 catalyzes the conversion of
Coumberone into Coumberol, and its activity can be monitored by measuring Coumberol
levels. MPA, an inhibitor of AKR1C1 (10uM and 30uM), was used as a control. Figure 6-D
show low levels of Coumberol in undifferentiated cells which confirm the low enzymatic
activity of AKR1C1, in contrast, matured cells show increased Coumberol levels,
indicating higher AKR1C1 activity. The conversion was inhibited by MPA, in a dose-
dependent manner. These results support that AKR1C1 is highly expressed and

enzymatically active in mature M0O3.13 cells.
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Figure 6: AKR1C1 is upregulated in mature Oligodendrocytes.

(A) Representative images of immunofluorescence staining for AKR1C1 (green) and DAPI
(blue) of undifferentiated and mature M03.13. (B) mRNA level of AKR1C1 was evaluated
by qPCR analysis. (C) AKR1C1 protein levels were evaluated by western blot analysis.
(D)AKRs enzymatic activity was measured evaluating the conversion of Coumberol in
absence or presence of MPA (10 or 30 uM). Data represent mean = SD; *P < 0.05; **P <

0.01; ***P <0.001; ****P <0.0001.



4.3 AKR1C1 confers resistance to ferroptosis execution
of mature OLs

To confirm the role of AKR1C1 in the resistance of ferroptosis execution in mature OLs,
cells were treated with the AKR1C1 specific inhibitor 3-bromo-5-phenyl salicylic acid
(AS), and cell viability was evaluated at 24h post treatment. Data reported at Fig:7A show
decrease cell viability with increasing concentrations of AS, supporting the role of

AKR1C1 in protect the cell from ferroptosis.

Combined treatment including AKR1C1 inhibitor plus ferroptosis inducer guaranteed
decrease cell viability. Cells treated with AS50+ ERA show significant decrease in cell

viability Fig:7B.

Collectively, these data support the conclusion that AKR1C1 is a key mediator of

ferroptosis resistance in mature OLs.
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Figure 7: Functional role of AKR1C1 in ferroptosis resistance. (A) Mature OLs were
treated 24h with AS (10, 50, 100 uM) and the cell viability was evaluated. (B) Mature OLs
were treated 24h with ERA (1 pM) in combination with3-bromo-5-phenyl salicylic acid
(AS;10 or 50 uM) and the cell viability was evaluated. Histograms represent the mean +

SD; *P < 0.05; **P <0.01; ***P < 0.001; ****P < 0.0001.



4. Conclusion

Multiple sclerosis (MS) is considered the most common cause of non-traumatic

neurological injury affecting quality of life, physical functioning, and cognitive



performance. Worldwide a total of 2.8 million people (35.9 per 100,000 population) are

estimated to be affected by MS¥.

MS is a chronic autoimmune disease characterized by demyelination, inflammation,
neuronal loss and gliosis®® in the brain and spinal cord®®. Demyelination with consequent
axonal loss is the primary cause of MS progression. Thus, signals transmitted across
nerves are slowed or blocked, causing neurological symptoms that can result in
decreased quality of life and disability®. Taking in consideration that Oligodendrocytes
play essential role in nerve conduction and overall neuronal health due to their function
in producing myelin, finding new therapeutic avenues that prevent their death becomes

a priority. 2

The main goal of current MS treatments is to manage sudden symptoms, use medicines
that slow down the disease. This shows that more research is needed to find better

treatments. Right now, there aren’t any treatments that focus on stopping cell death®®’#’.

Some patients with progressive MS can keep their disease stable with treatment, they
don’t get worse, and there are no new symptoms or changes on MRl scans. This leads to
an important question: is it possible to actually improve or reverse disability in these

patients?

Recent studies show that the ferroptosis might be involved in the progressive

neurodegeneration observed in Multiple Sclerosis.”.

Our results shown that the maturation of oligodendrocytes confers a significant
resistance to ferroptosis, a regulated form of iron-dependent cell death associated with
oxidative stress. The findings demonstrate that mature OLs exhibit increased expression
of AKR1C1 (aldo-keto reductase family 1 member C1), a key enzyme that confers
protection against ferroptosis due to its role in detoxifying Lipid-ROS, the mai
executioners of the ferroptotic process. The upregulation of AKR1C1 appears to be a key
mechanism by which mature OLs evade ferroptotic cell death. These findings have
importantimplications for understanding neurodegenerative and demyelinating disease,

such as multiple sclerosis (MS), where oligodendrocyte death contributes to disease



progression. The protective role of AKR1C1 suggests that enhancing its expression or
activity could be a potential therapeutic strategy to promote OL survival and
remyelination in such disorders. Eventually, provide a new insight into therapeutic
strategy that target ferroptosis execution for neurodegenerative disease and MS. Further
research could explore whether AKR1C1 overexpression in animal models of
demyelination improves remyelination and disease outcomes. Also examine AKR1C1
expression in human brain tissue from MS patients to validate its relevance in human

disease.



5. Method



Cell culture and treatments
For these experiments were used M0O3.13 cell lines and were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, EuroClone), supplemented with 10% Fetal Bovine

Serum (FBS; Merck), 100U/ml penicillin, 100pg/ml streptomycin (Euroclone).

Cells were incubated at 37°C in 5% CO? atmosphere. MO3.13 cells were differentiated
using serum-free DMEM supplemented with 100 nM phorbol 12-Myristate 13-Acetate
(PMA; Merck) for 3 days. Cells were treated with erastin 1uM (ERA; Merck), RSL3 0,5 uM
(Merck), Deferoxamine 100uM (DFO; Cayman Chemicals), Ferrostatin-1 10uM (Fer-1;
Merck), 3- bromo-5-phenyl salicylic acid 10-50 uM (AS; Merck).

All agents were diluted in DMSO or PBS. Control cells were treated with the

corresponding vehicle in equal volum.

Quantitative PCR (gPCR)

Total RNA was isolated using TripleXtactor reagent (Smobio) following the manufacturer’s
recommendations. cDNA synthesis was performed using the AMV Reverse Transcriptase
Kit (Promega) by using 2ug of total RNA. Rt-gPCR was conducted on a CFX96
thermocycler (Bio-Rad) to produce fluorescently labelled PCR products during repetitive
cycling of the amplification reaction using Maxima SYBR Green q PCR Master Mix
(Smobio), a melting curve was used to verify amplification specificity. Primers were
designed using IDT PrimerQuest Tool. Primers sequences were designed by using the

online IDT pri-merQuest Tool software, and sequences reported below:



Gene Forward primer Reverse primer

NOX5 GGGTGACTCAGCAGTTTAAG GTGATGGTGCCACTTCTATC
NOX3 GAGGGTCTCTCCACCATATT TTGAGGTAGCTCTCGTTAGG
OLIG1 CCCAGCAGTAGGATGTAGT GTCATCCTGCCCTACTCA
MBP CTGTCCCTGAGCAGATTTAG CCCTTGTGAGCCGATTTAT
AKR1C1 GCCGTGGAGAAGTGTAAAG CAGACAGGCTTGTACTTGAG
L34 GTCCCGAACCCCTGGTAATAGA GGCCCTGCTGACATGTTTCTT

Results were expressed as the treshold cycle (CT). The ACT is the difference between the
CT for the specific mRNA and the CT for the reference mRNA, L34. To determine relative
MRNA levels, 2 was raised to the power of AACT (the difference between the ACT from

treated cells and the ACT from untreated cells).

Wastern blotting

Proteins were isolated by using a RIPA buffer (50mM Tris-HCL, ph7.5, 150mM NaCl,1%
NP40, 0.5%deoxycholate, 0.1% SDS) supplemented with a protease inhibitor cocktail
(Sigma), and an equal amount of proteins (30pg) were subjected to an SDS-PAGE, and
electroblotted onto nitrocellulose membranes (Bio-Rad). Membranes were blocked 2h
by using 5% non -fat dry milk (Merck) in PBS plus 0.1% Tween20 (Merck) and incubated
with the indicated primary antibodies in blocking solution, overnight at 4 C: anti-
Olig2(1:500, Millipore), anti-GAPDH (1:500, Santa Cruz Biotechnology),), anti-AKR1C1
(1:500; OriGene). Detection was achieved using horseradish peroxidase-conjugate

secondary antibody (1:5000; Jackson ImmunoResearch) and visualized with ECL plus



(Amersham Biosciences). Images were acquired by using a ChemiDocTM Touch Imaging

System (Bio-Rad) and analyzed by Image Lab software (Bio-Rad).

Immunofluorescence

Cells were grown on glass coverslips, coated with1% fibronectin (Merck) and 1% collagen
(Merck), under experimental conditions, as described. Olig-2 detection: cells were fixed
in 4% PFA (Merck) in PBS, supplemented with 2% sucrose (Merck), PH 7.4, for 15 min at
room temperature. Samples were washes in PBS plus 2% sucrose and permeabilized for
10 min at 4°C with 20mM Hepes (Merck), 300mM Sucrose (Merck), 50mM NaCl (Merck),
3mM MgCl2 (Merck), plus 0.1% Triton X-100 (Merck). Cells were then incubated 30 min at
4°C with blocking buffer consisting in 20% FBS in PBS. Samples were incubated with
primary rabbit polyclonal anti human Olig-2 antibody (Millipore), 1h (rt), washed and
labelled with secondary 488 anti-rabbit IgG, 300 min, rt.

AKR1C1 staining samples were washed with cold PBS and fixed in PFA 4% for 15 min at
4°C, permeabilized with 0.5% Triton X-100 in cold PBS for 10 min at 4°C, washed twice
and incubated with 10% donkey serum (Jackson ImmunoResearch) plus 0.05% Triton X-
100in cold PBS, 30 min at 4°C. Next, the slides were washed and incubated with anti-AKR
primary antibody in 1% donkey serum plus 0.05% Triton X-100 in cold PBS, 1h at 4°C. After
washing, the slides were incubated with appropriate secondary antibodies (Jackson
ImmunoResearch) 1:500 in 1% donkey serum plus 0.05% Triton X-100 in cold PBS and
incubated for 1Th at 4°C. Coverslips were mounted onto glass using ProLong Gold Antifade

with DAPI mounting solution (Thermo Fisher).

Images were acquired using a THUNDER 3D cell Imager (Leica) or SP8 confocal

microscope (Leica).

Measurement of AKRS enzymatic activity

35 x 103 cells/well were seeded in 12-wellplate and supplemented in complete media

(DEME w/o phenol red plus 100U/ml penicillin, 100pg/ml streptomycin, 4mM L-



glutamine, and 10% FBS) containing coumberone (10uM; MedChemExpress) £+ MPA (10
or 30uM; Cayman Chemicals). The fluorescence of the cell medium was recorded after
3h, by using a 96-wellplate, by a Cytation 5 plate reader (biotek). Metabolic conversion
rate was obtained by detecting fluorescence at 510 nm upon excitation at 385 nm.
Coumberol was quantified using 0.1-10 uM Coumberol calibration curves in culture

medium.

Cell viability

Cell viability was measured using AlamarBlueTM reagent (Bio-Rad) according to
manufacturer’s instructions. Briefly, 35 x 10° cells/well were plated in 24-well plates,
treated as indicated, cell medium was discarded and an appropriate amount of
Alamarblue reagent was added. cells were incubated 4 h, and fluorescence was
monitored (530-560 nm excitation, and 590 nm emission wavelength) using a TECAN

automation platform.

Lipid peroxides evaluation

35 x 103cells were treated as indicated and cells harvested at indicate time points. Then,
cells were washed with PBS and stained with BODIPY C11 (2 uM in PBS; Invitrogen) 15
min at 37 °C in the dark. Cells were pelleted and resuspended in PBS and 10 x 102 events
were acquired by using a FACSympony (Beckton Dickinson). Data analysis was

performed using the following software.
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