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Abstract: Multiple sclerosis (MS) is a chronic autoimmune inflammatory demyelinating disease of
the central nervous system (CNS), which is triggered by an autoimmune assault targeting oligo-
dendrocytes and myelin. Recent research indicates that the demise of oligodendrocytes due to an
autoimmune attack contributes significantly to the pathogenesis of MS and its animal model experi-
mental autoimmune encephalomyelitis (EAE). A key challenge in MS research lies in comprehending
the mechanisms governing oligodendrocyte viability and devising therapeutic approaches to enhance
oligodendrocyte survival. Here, we provide an overview of recent findings that highlight the contri-
butions of oligodendrocyte death to the development of MS and EAE and summarize the current
literature on the mechanisms governing oligodendrocyte viability in these diseases.
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1. Introduction

Multiple sclerosis (MS) is an autoimmune inflammatory demyelinating disease of the
central nervous system (CNS), driven primarily by T-cell-mediated inflammation [1–4].
The distinctive feature of MS pathology involves the occurrence of demyelinated plaques
within the white matter of the CNS. These plaques are characterized by inflammation,
the depletion of oligodendrocytes, demyelination, and the degeneration of axons. While
the precise cause of MS remains uncertain, it is theorized to stem from an autoimmune
assault targeting mature oligodendrocytes and the myelin sheath [1–4]. The prevailing
theory suggests that the components of myelin induce the activation of T cells within
the peripheral immune system of individuals with MS. Consequently, these T cells (with
reactivity to myelin components) penetrate the blood–brain barrier, gaining entry into
the CNS and instigating inflammation. In MS-related CNS inflammation, there is an
infiltration of T cells, B cells, and monocytes, along with the activation of macrophages
and microglia. This process leads to heightened levels of inflammatory cytokines and
reactive oxygen species (ROS). The resulting inflammatory environment contributes to
the demise of oligodendrocytes, myelin damage, and axon degeneration [1–4]. Genome-
wide association studies (GWAS) have uncovered over 200 MS risk genes. A significant
portion of these genes is linked to either autoimmunity or inflammation [1–4]. Experimental
autoimmune encephalomyelitis (EAE) serves as the principal animal model for MS research,
replicating numerous immunological, clinical, and pathological characteristics observed
in MS [5–8]. In contrast to MS, which is a spontaneous and idiopathic disease, EAE is
induced by inoculating animals, commonly mice and rats, with myelin components such
as MOG (myelin oligodendrocyte glycoprotein), PLP (proteolipid protein), or MBP (myelin
basic protein).
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Oligodendrocytes play a crucial role in the CNS by producing the myelin sheath, which
wraps around axons to provide insulation and protection [9,10]. In MS and EAE, oligo-
dendrocytes face destruction from both specific, cell-selective immune mechanisms and
non-specific bystander mechanisms [11–13]. Autoantibodies that target myelin components
can trigger oligodendrocyte death and demyelination. This can occur through the activation
of complement pathways or by binding to Fc-receptors on activated macrophages. Similarly,
cytotoxic T cells, directed against myelin components, can induce oligodendrocyte death
and demyelination. On the other hand, oligodendrocytes are particularly susceptible to
ROS due to a combination of factors such as elevated intracellular iron, elevated metabolic
rate, and reduced levels of antioxidant glutathione. Oxidative damage is a critical contribu-
tor to oligodendrocyte death in MS and EAE. Oligodendrocytes also express receptors that
render them vulnerable to excitotoxic cell death. They carry kainate, AMPA, and NMDA
receptors, making them susceptible to glutamate toxicity. Moreover, oligodendrocyte death
can result from exposure to immune cytokines that are produced by myelin-reactive T
cells. For instance, tumor necrosis factor α (TNFα) can cause oligodendrocyte apoptosis
by binding to their p55 TNF receptor. Apart from these direct actions, immune cytokines
have the potential to indirectly harm oligodendrocytes. This occurs through the activa-
tion of macrophages and microglia, leading to an upsurge in the production of ROS and
inflammatory mediators [11–13].

Mounting evidence suggests that the death of oligodendrocytes, induced by autoim-
mune inflammation, significantly contributes to the development of MS and EAE [13,14].
The earliest structural alteration in newly developing demyelinating lesions in both MS and
EAE is the apoptosis of oligodendrocytes, as observed in various studies [15,16]. Studies
employing mice with an enforced expression of anti-apoptotic proteins (such as p35) or the
knockout of pro-apoptotic proteins (such as the TNF receptor 1, Fas, and Fas-associated
protein with death domain), specifically in oligodendrocytes, have demonstrated their
protective effects on oligodendrocytes against inflammatory attacks. This protection leads
to the amelioration of oligodendrocyte death, myelin damage, axon degeneration, and
inflammation in the lesion sites and results in the attenuation of disease severity in the
EAE model [17–20]. Several reports also showed that augmenting survival-signaling path-
ways in oligodendrocytes confers protection to mice against EAE, whereas impairing these
pathways renders mice susceptible to the disease [16,21–25]. Notably, a study has shown
that oligodendrocyte apoptosis alone is sufficient to trigger T cell-mediated autoimmunity
against myelin, leading to immune-mediated CNS demyelination [26]. This highlights the
pivotal role of oligodendrocyte death in pathogenies of MS and EAE.

Although considerable progress has been made in anti-inflammatory treatments for
MS, there is no effective treatment that can enhance oligodendrocyte survival in MS [27–29].
A significant challenge in MS research lies in comprehending the mechanisms that dictate
the viability of oligodendrocytes and in devising therapeutic strategies to shield these cells
and myelin from inflammation. In this review, we summarize the current knowledge about
the intrinsic mechanisms governing oligodendrocyte viability in MS and its animal models.

2. Mechanisms Regulating Oligodendrocyte Viability in MS and Its Animal Models

Evidence is accumulating that immune cytokines, oxidative stress, mitochondria, the
unfolded protein response (UPR), and NF-κB signaling are the major players in regulating
oligodendrocyte viability in MS and its animal models.

2.1. Immune Cytokines

Immune cytokines, including interferon-γ (IFN-γ) and TNFα, among others, are
the key players in regulating the development of MS and EAE [1–4]. Due to the word
limit, in the review, we focus on summarizing the effects of IFN-γ on oligodendrocytes
in MS and its animal models. IFN-γ, a pleiotropic cytokine, intensifies inflammation
by promoting the differentiation of Th1 T cells, activating microglia and macrophages,
and inducing the expression of various inflammatory mediators. IFN-γ also influences
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oligodendrocyte viability in MS and its animal models [30–32]. IFN-γ applies its impact
by attaching to its receptors on the cell surface, IFN-γR1 and IFN-γR2, triggering receptor
oligomerization. This, in turn, activates Janus kinases 1 (JAK1) and JAK2, leading to the
phosphorylation of both JAKs and the receptors [33,34]. Following receptor activation, the
signal transducer and activator of transcription 1 (STAT1) is recruited and subsequently
phosphorylated. Upon phosphorylation, STAT1 undergoes dimerization, moves to the
nucleus, and regulates gene expression by attaching to gamma-activated sequence (GAS)
elements found within the promoters of genes responsive to IFN-γ, including interferon
regulatory factor 1 (IRF-1) [33,34]. On the other hand, suppressors of cytokine-signaling 1
(SOCS1) can inhibit IFN-γR-induced JAK/STAT1 signaling and modulate the impact of
IFN-γ on cells [35].

IFN-γ, typically imperceptible in the healthy CNS, becomes detectable in the symp-
tomatic phases of MS and EAE [31,36]. In vitro studies reveal that IFN-γ can directly act
on oligodendrocytes to induce apoptosis [37,38]. However, the role of IFN-γ in MS and
EAE is complex and sometimes contradictory. Administering IFN-γ to patients with MS
and mice with EAE leads to enhanced inflammation in the CNS and exacerbated clinical
symptoms [39–41]. Enforcing the expression of IFN-γ in the CNS induces inflammation and
leads to abnormalities of oligodendrocytes and myelin in the CNS of transgenic mice [42,43].
Conversely, mice with a knockout of IFN-γ or its receptors maintain susceptibility to EAE,
even developing the disease with increased morbidity and mortality [44,45]. Eliminating
IFN-γ or its receptors renders mouse strains that are typically resistant to EAE susceptible
to the disease [46]. CNS expression of IFN-γ before disease onset protects mice from EAE
and prevents oligodendrocyte apoptosis and demyelination in the cuprizone model [47,48].
Moreover, there is evidence that the beneficial or detrimental effects of IFN-γ in EAE are
dependent on the timing of its presence [49,50]. Enforced expression of IFN-γ in the CNS
at the recovery stage of EAE hampers the process of recovering from the disease, which
is accompanied by attenuated oligodendrocyte regeneration and remyelination in EAE
demyelinated lesions [49]. In contrast, enforced expression of IFN-γ in the CNS before EAE
onset ameliorates disease severity, which is accompanied by attenuated oligodendrocyte
death, myelin damage, and axon damage in the CNS [50]. Additionally, these studies
suggest that the paradoxical effects of IFN-γ on EAE development are mediated by the
UPR [49,50]. Notably, a report demonstrated that IFN-γ exerts its effects on oligodendro-
cytes through JAK/STAT1 signaling in mouse models [51].

Furthermore, utilizing transgenic mice expressing SOCS1 exclusively in oligoden-
drocytes, a study demonstrated that enforced SOCS1 expression blocks oligodendrocyte
response to IFN-γ, resulting in an acceleration of EAE development and an increase in
EAE-induced oligodendrocyte apoptosis [21]. Intriguingly, GWAS has shown that IRF-1 is
an MS risk gene [52]. IRF-1 knockout mice, while appearing normal under physiological
conditions, exhibit resistance to EAE with abnormal IFN-γ responses [53]. Using transgenic
mice expressing dominant-negative IRF-1 (dnIRF-1) exclusively in oligodendrocytes, a
study showed that enforced expression of dnIRF-1 in oligodendrocytes attenuates dis-
ease severity and ameliorates oligodendrocyte apoptosis and myelin damage in the EAE
model [22]. In summary, the available data collectively suggest that IFN-γ exerts its direct
actions on oligodendrocytes in MS and EAE through IFN-γR-JAK/STAT-IRF-1 signaling,
although its precise role in oligodendrocyte viability remains a subject of controversy.

2.2. Oxidative Stress

Oxidative stress stands as a prominent factor propelling tissue damage in inflam-
matory diseases, including MS and EAE [54,55]. This stress is primarily induced by the
production of ROS, mainly by microglia and macrophages, during inflammation. Cells
possess biological antioxidants, such as glutathione, ascorbic acid, and carotenoids, which
interact with various oxidants to neutralize ROS and detoxify them. Nevertheless, when
the production of ROS surpasses the cellular antioxidant capacity, elevated levels of ROS
can induce the breakdown of essential cellular components, including lipids, proteins, and
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DNA, eventually culminating in cell apoptosis or necrosis [56,57]. Oligodendrocytes are
highly susceptible to ROS because of reduced levels of antioxidant glutathione [58,59].
ROS can also disrupt the function of the mitochondrial respiratory chain, causing electron
leakage and further contributing to oxidative injury [60]. Another factor that amplifies
oxidative damage is the release of divalent iron from damaged cells into the extracellular
space [61]. Moreover, oligodendrocytes express receptors for kainate, AMPA, and NMDA,
making them susceptible to glutamate excitotoxicity in MS and EAE [62,63]. Glutamate exci-
totoxicity can trigger oligodendrocyte apoptosis by inducing mitochondrial depolarization
and oxidative stress [62,63].

Cells possess an inherent mechanism designed to counteract excessive ROS and shield
against oxidative damage. This mechanism, known as the oxidative stress response, is
primarily regulated by the transcription factor nuclear factor (erythroid-derived 2)-like
2 (Nrf2) [64,65]. The modulation of Nrf2 activity primarily occurs at the protein level,
regulated by its redox-sensitive inhibitor known as the kelch-like ECH-associated protein 1
(Keap1). In normal circumstances, Keap1 guides Nrf2 towards proteasomal degradation
via polyubiquitination. However, when exposed to oxidants or electrophiles, crucial thiol
groups within Keap1 undergo oxidation, leading to a conformational change in Keap1 and
the subsequent liberation of Nrf2. Following this liberation, Nrf2 moves to the nucleus
and attaches to antioxidant response elements (ARE) situated in the promoter region of
various genes [64,65]. These genes encode proteins with cytoprotective functions, including
heme oxygenase 1, NADPH quinone oxidoreductase, and sulfiredoxin, among others [66].
The activity of these enzymes proves effective in preventing cell damage associated with
oxidative stress and inhibiting the initiation of apoptosis [64–66].

The level of Nrf2 is elevated in active MS lesions. The nuclear Nrf2 expression and
upregulation of its downstream targets (such as heme oxygenase 1) are particularly strong
in oligodendrocytes in MS lesions [67]. An in vitro study utilizing Nrf2 knockdown with
shRNA demonstrated an exacerbation of oligodendrocyte apoptosis in response to oxidative
stress. Conversely, Nrf2 activation achieved through the knockdown of its inhibitor, Keap1,
showed an attenuation of oligodendrocyte apoptosis under oxidative stress conditions [68].
Several investigations have revealed that a global deficiency in Nrf2 exacerbates disease
severity, demyelination, and inflammation in the EAE model [69,70]. On the other hand,
compounds that activate Nrf2 signaling have been shown to reduce EAE disease severity.
Notably, Dimethyl fumarate (DMF) induces modifications to thiol groups on the Nrf2
inhibitor Keap1, thereby stabilizing the Nrf2 protein and promoting the elevated expression
of cytoprotective genes targeted by Nrf2, ultimately resulting in the attenuation of EAE
disease severity [71–73]. Crucially, a study utilizing mice with Nrf2 deficiency exclusively in
oligodendrocytes has shown that Nrf2 deficiency does not impact oligodendrocyte viability
and function under normal, physiological conditions but exacerbates oligodendrocyte
death and axonal degeneration in the cuprizone model [74]. Collectively, these findings
underscore the crucial role of the Nrf2-mediated oxidative stress response in regulating
oligodendrocyte viability in MS and its animal models.

2.3. Mitochondrial Damage

Mitochondria, which are double-membrane-bound subcellular organelles, are vital
for fundamental cellular processes such as ATP production, calcium signaling, and iron
homeostasis [75–77]. They face constant challenges from oxidative stress due to ROS gener-
ated in the electron transport chain [75–78]. Maintaining a proper mitochondrial function
relies on a complex web of mitochondrial quality-control mechanisms, encompassing
ROS scavenging, DNA repair, protein refolding/degradation, mitochondrial fusion and
fission, mitophagy, and mitochondrial biogenesis [75–78]. Mitochondrial fusion promotes
the mixing of content between healthy and partially dysfunctional mitochondria, while
fission segregates damaged components [77,79]. Mitophagy selectively targets damaged
or dysfunctional mitochondria for lysosomal degradation [77,80]. Mitochondria also have
a central role in apoptosis. The release of cytochrome c from mitochondria, followed by
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caspase activation, represents a crucial mechanism through which mitochondrial damage
induces cell apoptosis [81–83].

Mitochondrial dysfunction/damage in oligodendrocytes has been implicated in var-
ious demyelinating diseases [84–86]. Oligodendrocyte death and demyelination are ob-
served in various inherited mitochondrial diseases in humans, such as Leber’s hereditary
optic neuropathy (LHON) and Kearns–Sayre Syndrome [86,87]. LHON mutations also
increase the risk of developing MS [88]. A study showed that double-strand breaks of
mitochondrial DNA (mtDNA) in oligodendrocytes result in mitochondrial dysfunction,
oligodendrocyte apoptosis, and demyelination in mice [89]. Data indicate that neuro-
toxin cuprizone causes oligodendrocyte apoptosis in the cuprizone-induced demyelination
model by inducing mitochondrial dysfunction [90–92]. Notably, evidence suggests that
inflammation-induced mitochondrial damage contributes to oligodendrocyte apoptosis in
MS and EAE [84–86,93–95]. In vitro studies demonstrated that inflammatory mediators,
including immune cytokines and ROS, induce oligodendrocyte apoptosis by damaging
mitochondria [96–98]. Mitochondrial defects in oligodendrocytes are observed in acute MS
lesions [93]. Utilizing a novel mouse model expressing the H2O2 biosensor mito-roGFP2-
Orp1, researchers demonstrated significant mitochondrial oxidation in oligodendrocytes
during EAE. Intriguingly, this redox change is apparent even prior to EAE onset, preced-
ing CNS inflammation, and persists during the clinical phase, accompanied by reduced
mitochondrial density and impaired mitochondrial morphology [94]. Another study re-
vealed the activation of dynamin-related protein 1 (Drp1), a mitochondrial fission protein,
in cultured oligodendrocytes treated with TNFα or ROS and in the EAE and cuprizone
models [99]. Inhibiting Drp1 activation with its selective inhibitor P110 attenuates mito-
chondrial fragmentation and cell death in cultured oligodendrocytes treated with TNFα
and ROS. Treatment with P110 attenuates disease severity, oligodendrocyte loss, and myelin
damage in mice undergoing EAE, and it also reduces oligodendrocyte loss and myelin
damage in the cuprizone model [99]. Conversely, another in vitro study showed that the
mitochondrial division inhibitor 1 (mdivi-1) efficiently suppresses Drp1-mediated mito-
chondrial fission but does not alter oligodendrocyte viability during the lethal activation of
AMPA receptors [100].

Furthermore, several studies suggest that mitophagy influences oligodendrocyte via-
bility in demyelinating diseases. However, these studies are highly contradictory [95,101].
It has been shown that the concentrations of PARKIN and PINK1 (the master regulators of
mitophagy) are elevated in the serum and cerebrospinal fluid of patients with MS [102,103].
A study showed that treatment with Haloperidol or Clozapine impairs mitophagy and
attenuates demyelination in the cuprizone model [101]. In contrast, another study showed
that treatment with Matrine enhances mitophagy and attenuates disease severity, oligoden-
drocyte loss, and demyelination in the EAE model [95]. Collectively, these data suggest the
significant contribution of mitochondrial damage to oligodendrocyte apoptosis and the
involvement of mitochondrial quality control mechanisms (especially mitochondrial fission
and mitophagy) in regulating mitochondrial function and oligodendrocyte viability in MS
and its animal models. However, the precise roles of mitochondrial fission and mitophagy
in oligodendrocytes in MS and EAE remain elusive and warrant further investigation.

2.4. The UPR

The endoplasmic reticulum (ER) serves as the hub for the modification and folding of
membrane and secretory proteins in eukaryotic cells. Disruptions in protein modification
or folding cause the buildup of unfolded or misfolded proteins within the ER, resulting
in ER stress and the activation of ER stress sensors, including inositol requiring enzyme 1
(IRE1), pancreatic ER kinase (PERK), and activating transcription factor 6 (ATF6). The
activation of these three ER stress sensors coordinates an adaptive program known as the
UPR [104–106]. The activation of PERK inhibits global protein translation but promotes
the translation of the transcription factor ATF4 by phosphorylating eukaryotic translation
initiation factor 2α (eIF2α). ATF4, in turn, enhances the expression of various stress-
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responsive genes, including cytoprotective genes and CHOP (CAATT enhancer–binding
protein homologous protein). The upregulation of CHOP downregulates the activity of
the PERK-eIF2α pathway by increasing the expression of GADD34 (growth arrest and
DNA damage 34), which, along with PP1 (protein phosphatase 1), dephosphorylates p-
eIF2α (phosphorylated eIF2α), establishing a robust negative feedback loop (Figure 1). The
activation of IRE1 causes the splicing of X-box binding protein 1 (XBP1) mRNA, inducing
the expression of stress-responsive genes. ATF6 becomes active as it translocates to the
Golgi complex, where proteases S1P and S2P cleave it. The cleaved ATF6 then moves to the
nucleus, acting as a transcription factor that stimulates the expression of stress-responsive
genes. The principal goal of the UPR is to reinstate ER homeostasis and facilitate cellular
adaptation to challenging conditions [104–106]. Nevertheless, in cases where adaptive
measures fall short, the UPR activates apoptosis programs as a means to eliminate stressed
cells. [107,108]. Recent studies revealed the UPR activation in oligodendrocytes in MS and
EAE [109–111]. Significantly, a substantial body of research suggests that the UPR plays a
crucial role in regulating the viability of oligodendrocytes in these diseases [111–113].
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Figure 1. Schematic diagram of the PERK-eIF2α-NF-κB-A20 pathway. ER stress initiates PERK
phosphorylation, leading to phosphorylation of eIF2α. P-eIF2α facilitates the translation of ATF4.
ATF4, in turn, stimulates the expression of CHOP. CHOP induction downregulates the PERK-eIF2α
pathway by increasing the expression of GADD34, which forms a complex with PP1, known as the
GADD34-PP1 complex, to dephosphorylate p-eIF2α. P-eIF2α also triggers the activation of NF-κB
pathway by inhibiting the translation of IκBα. NF-κB activation can stimulate the expression of
multiple anti-apoptotic proteins, including A20/TNFAIP3.

Several studies have highlighted the protective role of the PERK-eIF2α pathway in
safeguarding oligodendrocytes and myelin from inflammation during EAE [111–113]. A
study reported that CNS-specific IFN-γ expression prior to EAE onset leads to a reduction
in EAE severity and alleviation of EAE-induced oligodendrocyte apoptosis, demyelination,
and axon degeneration [50]. The protective effects of IFN-γ in EAE are linked to PERK
activation in oligodendrocytes, and they are completely abrogated by global PERK heterozy-
gous knockout [50]. Previous reports also demonstrated that mice with PERK knockout,
specifically in oligodendrocytes, exhibit increased EAE severity, along with heightened
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oligodendrocyte loss, myelin damage, and axon degeneration [23,25]. Moreover, a mouse
model featuring the controllable activation of the PERK pathway, specifically in oligoden-
drocytes, termed PLP/Fv2E PERK mice, was generated [16]. These mice express Fv2E-PERK,
an engineered PERK variant controlled by the dimerizer AP20187 and independent of ER
stress, exclusively in oligodendrocytes [16]. The administration of a low dose of AP20187
moderately activates the PERK-eIF2α pathway, specifically in oligodendrocytes, without
impacting their viability or function under normal conditions. Strikingly, the moderate
activation of PERK, specifically in oligodendrocytes, initiated before EAE onset, mitigates
disease severity and attenuates oligodendrocyte apoptosis, myelin damage, and axon
degeneration in the EAE model [16]. Additionally, earlier research has also proposed the
therapeutic promise of selective inhibitors targeting GADD34, Guanabenz and Sephin1, in
MS. Treatment with these inhibitors increases p-eIF2α levels in oligodendrocytes, resulting
in decreased disease severity and an improvement in oligodendrocyte survival and myelin
damage in the EAE model [114,115]. Collectively, these findings underscore the protective
role of the PERK-eIF2α pathway in oligodendrocytes in MS and EAE.

Furthermore, recent investigations propose that the activation of the PERK-eIF2α
pathway promotes oligodendrocyte survival in MS and EAE by activating the NF-κB
pathway [25]. ATF4 is recognized as the principal transcription factor of the PERK-eIF2α
pathway [104–106]. However, a recent study revealed that ATF4 knockout selectively in
oligodendrocytes does not affect EAE severity or the associated oligodendrocyte death,
myelin damage, or axon degeneration, despite the observed activation of ATF4 in oligoden-
drocytes in the EAE model [116]. Consistent with this, a prior study demonstrated that the
global knockout of CHOP, a major ATF4-target gene, has a minimal effect on EAE develop-
ment [117]. Hence, it appears unlikely that ATF4 participates in the beneficial role of the
PERK-eIF2α pathway in oligodendrocytes in the EAE model. Conversely, the PERK-eIF2α
pathway has the capability to activate NF-κB signaling by suppressing the translation of
its inhibitor IκBα (Figure 1) [118]. Studies conducted both in vitro and in vivo have shown
that the activation of the PERK-eIF2α pathway results in the activation of NF-κB signaling
in oligodendrocytes. [16,119]. Both in vitro and in vivo studies have also suggested that the
activation of NF-κB signaling protects oligodendrocytes against inflammation [24,119,120].
Importantly, a recent investigation revealed that heightened NF-κB activation selectively in
oligodendrocytes fully counteracts the detrimental impacts of PERK knockout in oligoden-
drocytes during EAE [25]. These data suggest that the activation of NF-κB serves as the
fundamental mechanism accountable for the beneficial role of the PERK-eIF2α pathway in
oligodendrocytes in MS and EAE (Figure 1).

While one report showed that the IRE1 pathway is activated in MS lesions [109], there
is no evidence that this pathway is involved in modulating oligodendrocyte function or
viability under physiological and pathological conditions [113,121,122]. Conversely, recent
research proposes a role for the ATF6α pathway in MS and EAE. A report showed that
global ATF6α knockout increases disease severity and facilitates oligodendrocyte death and
demyelination, but it does not impact inflammation in the EAE model [123]. Interestingly,
the detrimental effects of ATF6α knockout observed in the EAE model are linked to
impaired expression of BiP (immunoglobulin heavy chain-binding protein), a major ATF6α-
target gene, in oligodendrocytes [123]. Consistent with these findings, another study
demonstrated that mice with heterozygous BiP knockout exclusively in oligodendrocytes
exhibit worsened disease severity and exacerbated oligodendrocyte loss and demyelination
during EAE [121]. Consequently, these findings indicate that the ATF6α-BiP pathway exerts
protective effects on oligodendrocytes in MS and EAE.

2.5. NF-κB Signaling

The transcription factor NF-κB plays a critical role in modulating inflammation and
cell viability in inflammatory diseases like MS and EAE [120,124,125]. It manifests as a
heterodimer or homodimer within the Rel family, encompassing p65, c-Rel, RelB, p50, and
p52 [126,127]. In its inactive state, NF-κB is confined to the cytoplasm by interacting with its



Cells 2024, 13, 116 8 of 16

inhibitors (IκBs). Upon activation, NF-κB separates from IκBs and relocates to the nucleus,
where it binds to the κB consensus DNA sequence, triggering the transcription of genes
associated with inflammation and cell viability. NF-κB can be activated by various path-
ways, including the IκB kinase 2 (IKK2)-dependent canonical pathway, the noncanonical
pathway, and atypical pathways [120,127,128]. The canonical pathway is triggered when
cell surface receptors bind to their ligands (such as TNF receptors binding with TNFα),
leading to the formation of the IKK complex, composed of IKK1, IKK2, and NEMO. This
complex phosphorylates IκBα, resulting in its polyubiquitination and rapid degradation
by the proteasome. Subsequently, NF-κB is released [126,127]. Atypical pathways, which
are IKK2-independent but IκBα dependent, can activate NF-κB through mechanisms that
reduce the level of IκBα [120,127,128]. The NF-κB pathway is further regulated by many
negative feedback regulators, including A20/TNFAIP3, IκBα, Cezanne, and CYLD, among
others [129]. A20/TNFAIP3 can attenuate NF-κB activation by blocking the canonical path-
way [129]. IκBα can attenuate NF-κB activation by blocking both the canonical pathway
and atypical pathways [129].

The NF-κB pathway is activated in both inflammatory cells and oligodendrocytes in
MS and EAE [16,130,131]. While it is well-documented that the activation of the NF-κB
pathway in inflammatory cells, such as T cells and monocytes, contributes to the devel-
opment of MS and EAE by fostering inflammation [120,125,132–134], there is intriguing
evidence suggesting a protective role for NF-κB activation in oligodendrocytes against in-
flammation in these conditions [120]. Numerous in vitro studies showed that the activation
of the NF-κB pathway enhances the survival of oligodendrocytes exposed to inflammatory
mediators [119,135–137]. Another in vitro study showed that the enhanced expression of
cellular FLICE (FADD-like IL-1β-converting enzyme)-inhibitory protein (cFLIP), an NF-κB-
target gene, safeguards oligodendrocytes from the cytotoxicity of TNFα [138]. An in vivo
study employing mice expressing IκBα∆N (a deletion mutant, devoid of the N-terminal
36 amino acids of IκBα, acts as a dominant suppressor of NF-κB signaling [139]), selectively
in oligodendrocytes revealed that the enforced expression of IκBα∆N impedes the activa-
tion of NF-κB signaling in oligodendrocytes and makes (re)myelinating oligodendrocytes
more susceptible to the cytotoxicity of IFN-γ in young, developing mice as well as in the
cuprizone-induced demyelination/remyelination model [24]. Blocking NF-κB activation
in oligodendrocytes via the enforced expression of IκBα∆N also results in very severe
EAE disease severity without affecting inflammation [24]. Moreover, using mice with
enforced expresses a low level of IKK2ca (a constitutively active form of IKK2), specifi-
cally in oligodendrocytes. A study reported that the enforced expression of a low level of
IKK2ca leads to the mild activation of NF-κB signaling in oligodendrocytes, and that the
mild activation of NF-κB signaling in oligodendrocytes does not impact oligodendrocyte
differentiation or viability under normal, physiological conditions but mitigates disease
severity, oligodendrocyte loss, and myelin damage in the EAE model [25]. Additionally, a
study reported that the sensitivity of oligodendrocytes to inflammation is heightened when
cFLIP is knocked down using a virus expressing cFLIP-specific shRNA [138]. In contrast, a
study reported that IKK2 knockout exclusively in oligodendrocytes has a minimal impact
on EAE development [140]. Another study showed that the long-term expression of a high
level of IKK2ca, specifically in oligodendrocytes, causes the strong activation of NF-κB
signaling and results in neuroinflammation and myelin abnormalities in the CNS of adult
mice [141]. These data suggest that the beneficial or detrimental effects of NF-κB activation
on oligodendrocytes are dose-dependent and/or context-dependent.

Evidence suggests that the IKK2-dependent canonical pathway can activate NF-κB
in oligodendrocytes in MS and EAE [125,142]. Recent studies demonstrated that the ac-
tivation of the PERK-eIF2α pathway in response to ER stress triggers the activation of
NF-κB signaling in oligodendrocytes by repressing the translation of IκBα (an atypical
pathway) (Figure 1) [16,25,119]. Interestingly, evidence suggests that the atypical pathways,
instead of the IKK2-dependent canonical pathway, are the major contributors to the cy-
toprotective effects of NF-κB activation on oligodendrocytes in MS and EAE [16,25,140].
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Oligodendrocyte-specific IKK2 knockout (blockage of the IKK2-dependent canonical NF-κB
pathway) does not affect EAE development [140]. Conversely, the oligodendrocyte-specific
expression of IκBα∆N (blockage of both the IKK2-dependent canonical NF-κB pathway
and atypical NF-κB pathways) dramatically exacerbates EAE disease severity [24]. The
oligodendrocyte-specific expression of IKKca, which activates NF-κB without the involve-
ment of its upstream pathways (including the canonical pathway, the non-canonical path-
way, or atypical pathways), mildly activates NF-κB signaling and results in attenuated
oligodendrocyte death in the EAE model [25]. Oligodendrocyte-specific PERK knockout
diminishes NF-κB activation and exacerbates oligodendrocyte death in the EAE model [25].
Importantly, mild NF-κB activation caused by IKKca expression specifically in oligoden-
drocytes completely rescues the adverse effects of PERK knockout on oligodendrocytes in
the EAE model [25]. These data suggest the protective effects of the PERK-eIF2α -NF-κB
pathway on oligodendrocytes in MS and EAE (Figure 1).

NF-κB is recognized for its cytoprotective role by inducing specific anti-apoptotic
genes, such as A20/TNFAIP3, cIAPs, cFLIP, Bcl-2, and/or Bcl-xL (Figure 1) [127,143,144].
However, the precise mechanisms through which NF-κB activation safeguards oligoden-
drocytes against inflammation in MS and EAE remain elusive. A recent study, employing
whole-genome RNA sequencing, revealed that mild NF-κB activation induced by IKKca ex-
pression, specifically in oligodendrocytes, significantly upregulated only 12 genes. Among
these, A20/TNFAIP3, an NF-κB-target, anti-apoptotic gene, stood out [25]. This study
further illustrated that NF-κB activation increases A20/TNFAIP3 expression under normal
conditions and during EAE. Moreover, this study showed that the detrimental effects of
PERK knockout on oligodendrocytes in the EAE model are accompanied by impaired
A20/TNFAIP3 expression in oligodendrocytes [25]. These results propose the intriguing
notion that A20/TNFAIP3 may mediate the protective effects of NF-κB activation on oligo-
dendrocytes in MS and EAE (Figure 1). Importantly, recent investigations have linked
polymorphisms in TNFAIP3 (encoding the A20 protein), associated with a reduced function
or expression of A20, with an increased susceptibility to MS [145–147]. Despite these obser-
vations, the role of A20/TNFAIP3 in oligodendrocytes in MS and its animal models has not
been explored. A thorough examination of the role of A20/TNFAIP3 in oligodendrocytes
and its impact on the protective effects of NF-κB activation on oligodendrocytes in animal
models of MS is justified.

3. Therapeutic Potential and Future Directions

Growing evidence indicates that the death of oligodendrocytes caused by inflamma-
tion significantly contributes to the development of MS. To impede disease progression in
MS patients, it is imperative to explore therapeutic approaches that safeguard oligodendro-
cytes from inflammation. Despite notable advancements in anti-inflammatory treatments
for MS, there remains a critical gap in the absence of an effective intervention to mitigate
oligodendrocyte death and demyelination. A primary hurdle in MS research involves
comprehending the mechanisms dictating oligodendrocyte viability and formulating thera-
peutic strategies to shield these cells and preserve myelin in the face of inflammation.

Accumulating evidence suggests that targeting the Nrf2-mediated oxidative stress re-
sponse holds promise as a therapeutic strategy for a range of diseases, including MS [148,149].
Several small chemical compounds that selectively influence the activity of the Nrf2-mediated
oxidative stress response have been identified, including DMF, SF (isothiocyanate), CDDO-Me
(triterpenoid), and RTA 408 (triterpenoid). Several of these compounds have advanced to
clinical trials for treating various diseases. Notably, DMF has received approval for use in the
treatment of MS [148–150]. Significant advancements have been achieved in the identification
of small chemical compounds that specifically modulate the activity of the three individual
pathways of the UPR [113,151]. Notably, Salubrinal, identified as a selective inhibitor of phos-
phatase complexes accountable for the dephosphorylation of p-eIF2α [152], and Guanabenz
and Sephin1, which bind selectively to GADD34 and hinder the activity of the GADD34/PP1
complex, consequently diminishing the dephosphorylation of p-eIF2α [153,154], are among
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the compounds showing promise. Multiple studies have suggested the therapeutic potential
of Salubrinal, Guanabenz, and Sephin1 in the context of MS [114,115,155]. Moreover, signifi-
cant strides have been achieved in the discovery of small chemical compounds that mitigate
mitochondrial damage [156]. Notably, Urolithin A, identified as a mitophagy activator, has
demonstrated the ability to reduce mitochondrial damage and enhance cell survival across
various disease models [157,158]. A recent study has suggested the therapeutic potential of
Matrine, another mitophagy activator, in the context of MS [95]. While the development of
small chemical compounds targeting Nrf2-mediated oxidative stress response, the UPR,
and the maintenance of mitochondrial homeostasis holds promise for therapeutic advance-
ment, effectively modulating these biological processes for MS treatment without inducing
adverse effects poses a formidable challenge.

The current available data highlight the crucial roles played by IFN-γ signaling,
oxidative stress, mitochondrial damage, the UPR, and NF-κB signaling in influencing
oligodendrocyte viability in MS. However, their precise roles and underlying mechanisms
remain unclear and necessitate further investigation. Conversely, it is established that oligo-
dendrocyte progenitor cells (OPCs) possess the ability to proliferate and differentiate into
remyelinating oligodendrocytes responsible for repairing myelin damage in demyelinated
lesions in MS. Despite this regenerative potential, MS exhibits insufficient oligodendro-
cyte regeneration and remyelination, leading to the accumulation of unrepaired lesions
and a progressive decline in neurological function [159–162]. Evidence suggests that re-
myelinating oligodendrocytes face increased vulnerability to various insults compared to
mature oligodendrocytes due to the substantial production demands for myelin proteins
and lipids necessary for assembling myelin sheaths, coupled with their elevated metabolic
rate [9,111,113]. It is imperative to comprehend the mechanisms dictating the viability of
remyelinating oligodendrocytes in MS demyelinating lesions, which may or may not share
similarities with the mechanisms discussed in this review.

4. Conclusions

In this review, we summarize the current literature on the intrinsic mechanisms gov-
erning oligodendrocyte viability in MS and its animal models and discuss the therapeutic
potential of targeting these mechanisms.

Author Contributions: Z.L. and W.L. determined the scope, wrote, and reviewed the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: Wensheng Lin is supported by grants from the National Institutes of Health (NS105689) and
the Department of Defense through the Multiple Sclerosis Research Program (W81XWH-22-1-0757).

Conflicts of Interest: The authors declare no competing financial interests.

References
1. Noseworthy, J.H.; Lucchinetti, C.; Rodriguez, M.; Weinshenker, B.G. Multiple sclerosis. N. Engl. J. Med. 2000, 343, 938–952.

[CrossRef] [PubMed]
2. Frohman, E.M.; Racke, M.K.; Raine, C.S. Multiple sclerosis—The plaque and its pathogenesis. N. Engl. J. Med. 2006, 354, 942–955.

[CrossRef] [PubMed]
3. Reich, D.S.; Lucchinetti, C.F.; Calabresi, P.A. Multiple Sclerosis. N. Engl. J. Med. 2018, 378, 169–180. [CrossRef] [PubMed]
4. Filippi, M.; Bar-Or, A.; Piehl, F.; Preziosa, P.; Solari, A.; Vukusic, S.; Rocca, M.A. Multiple sclerosis. Nat. Rev. Dis. Primers 2018,

4, 43. [CrossRef] [PubMed]
5. Steinman, L. Assessment of animal models for MS and demyelinating disease in the design of rational therapy. Neuron 1999, 24,

511–514. [CrossRef] [PubMed]
6. Kipp, M.; Vander, S.B.; Vogel, D.Y.; Puentes, F.; Valk, P.; Baker, D.; Amor, S. Experimental in vivo and in vitro models of multiple

sclerosis: EAE and beyond. Mult. Scler. Relat. Disord. 2012, 1, 15–28. [CrossRef] [PubMed]
7. Kipp, M.; Nyamoya, S.; Hochstrasser, T.; Amor, S. Multiple sclerosis animal models: A clinical and histopathological perspective.

Brain. Pathol. 2017, 27, 123–137. [CrossRef]
8. Lassmann, H.; Bradl, M. Multiple sclerosis: Experimental models and reality. Acta Neuropathol. 2017, 133, 223–244. [CrossRef]
9. Baumann, N.; Pham-Dinh, D. Biology of oligodendrocyte and myelin in the mammalian central nervous system. Physiol. Rev.

2001, 81, 871–927. [CrossRef]

https://doi.org/10.1056/NEJM200009283431307
https://www.ncbi.nlm.nih.gov/pubmed/11006371
https://doi.org/10.1056/NEJMra052130
https://www.ncbi.nlm.nih.gov/pubmed/16510748
https://doi.org/10.1056/NEJMra1401483
https://www.ncbi.nlm.nih.gov/pubmed/29320652
https://doi.org/10.1038/s41572-018-0041-4
https://www.ncbi.nlm.nih.gov/pubmed/30410033
https://doi.org/10.1016/S0896-6273(00)81107-1
https://www.ncbi.nlm.nih.gov/pubmed/10595504
https://doi.org/10.1016/j.msard.2011.09.002
https://www.ncbi.nlm.nih.gov/pubmed/25876447
https://doi.org/10.1111/bpa.12454
https://doi.org/10.1007/s00401-016-1631-4
https://doi.org/10.1152/physrev.2001.81.2.871


Cells 2024, 13, 116 11 of 16

10. Stadelmann, C.; Timmler, S.; Barrantes-Freer, A.; Simons, M. Myelin in the Central Nervous System: Structure, Function, and
Pathology. Physiol. Rev. 2019, 99, 1381–1431. [CrossRef]

11. Bradl, M.; Lassmann, H. Oligodendrocytes: Biology and pathology. Acta Neuropathol. 2010, 119, 37–53. [CrossRef] [PubMed]
12. Patel, J.; Balabanov, R. Molecular mechanisms of oligodendrocyte injury in multiple sclerosis and experimental autoimmune

encephalomyelitis. Int. J. Mol. Sci. 2012, 13, 10647–10659. [CrossRef] [PubMed]
13. Titus, H.E.; Chen, Y.; Podojil, J.R.; Robinson, A.P.; Balabanov, R.; Popko, B.; Miller, S.D. Pre-clinical and Clinical Implications of

“Inside-Out” vs. “Outside-In” Paradigms in Multiple Sclerosis Etiopathogenesis. Front. Cell. Neurosci. 2020, 14, 599717. [CrossRef]
[PubMed]

14. Prineas, J.W.; Parratt, J.D. Oligodendrocytes and the early multiple sclerosis lesion. Ann. Neurol. 2012, 72, 18–31. [CrossRef]
[PubMed]

15. Barnett, M.H.; Prineas, J.W. Relapsing and remitting multiple sclerosis: Pathology of the newly forming lesion. Ann. Neurol. 2004,
55, 458–468. [CrossRef] [PubMed]

16. Lin, W.; Lin, Y.; Li, J.; Fenstermaker, A.G.; Way, S.W.; Clayton, B.; Jamison, S.; Harding, H.P.; Ron, D.; Popko, B. Oligodendrocyte-
specific activation of PERK signaling protects mice against experimental autoimmune encephalomyelitis. J. Neurosci. 2013, 33,
5980–5991. [CrossRef]

17. Hisahara, S.; Araki, T.; Sugiyama, F.; Yagami, K.; Suzuki, M.; Abe, K. Targeted expression of baculovirus p35 caspase inhibitor in
oligodendrocytes protects mice against autoimmune-mediated demyelination. EMBO J. 2000, 19, 341–348. [CrossRef]

18. Hisahara, S.; Okano, H.; Miura, M. Caspase-mediated oligodendrocyte cell death in the pathogenesis of autoimmune demyelina-
tion. Neurosci. Res. 2003, 46, 387–397. [CrossRef]

19. Hövelmeyer, N.; Hao, Z.; Kranidioti, K.; Kassiotis, G.; Buch, T.; Frommer, F. Apoptosis of Oligodendrocytes via Fas and TNF-R1 Is
a Key Event in the Induction of Experimental Autoimmune Encephalomyelitis. J. Immunol. 2005, 175, 5875–5884. [CrossRef]

20. McGuire, C.; Volckaert, T.; Wolke, U.; Sze, M.; de Rycke, R.; Waisman, A. Oligodendrocyte-specific FADD deletion protects mice
from autoimmune-mediated demyelination. J. Immunol. 2010, 185, 7646–7653. [CrossRef]

21. Balabanov, R.; Strand, K.; Goswami, R.; McMahon, E.; Begolka, W.; Miller, S.D. Interferon-gamma-oligodendrocyte interactions in
the regulation of experimental autoimmune encephalomyelitis. J. Neurosci. 2007, 27, 2013–2024. [CrossRef] [PubMed]

22. Ren, Z.; Wang, Y.; Tao, D.; Liebenson, D.; Liggett, T.; Goswami, R. Overexpression of the dominant-negative form of interferon
regulatory factor 1 in oligodendrocytes protects against experimental autoimmune encephalomyelitis. J. Neurosci. 2011, 31,
8329–8341. [CrossRef] [PubMed]

23. Hussien, Y.; Cavener, D.R.; and Popko, B. Genetic inactivation of PERK signaling in mouse oligodendrocytes: Normal de-
velopmental myelination with increased susceptibility to inflammatory demyelination. Glia 2014, 62, 680–691. [CrossRef]
[PubMed]

24. Stone, S.; Jamison, S.; Yue, Y.; Durose, W.; Schmidt-Ullrich, R.; Lin, W. NF-κB Activation Protects Oligodendrocytes against
Inflammation. J. Neurosci. 2017, 37, 9332–9344. [CrossRef] [PubMed]

25. Lei, Z.; Yue, Y.; Stone, S.; Wu, S.; Lin, W. NF-κB Activation Accounts for the Cytoprotective Effects of PERK Activation on
Oligodendrocytes during EAE. J. Neurosci. 2020, 40, 6444–6456. [CrossRef] [PubMed]

26. Traka, M.; Podojil, J.R.; McCarthy, D.P.; Miller, S.D.; Popko, B. Oligodendrocyte death results in immune-mediated CNS
demyelination. Nat. Neurosci. 2016, 19, 65–74. [CrossRef]

27. Faissner, S.; Plemel, J.R.; Gold, R.; Yong, V.W. Progressive multiple sclerosis: From pathophysiology to therapeutic strategies. Nat.
Rev. Drug. Discov. 2019, 18, 905–922. [CrossRef] [PubMed]

28. Hauser, S.L.; Cree, B.C. Treatment of Multiple Sclerosis: A Review. Am. J. Med. 2020, 133, 1380–1390. [CrossRef]
29. Charabati, M.; Wheeler, M.A.; Weiner, H.L.; Quintana, F.J. Multiple sclerosis: Neuroimmune crosstalk and therapeutic targeting.

Cell 2023, 186, 1309–1327. [CrossRef]
30. Schroder, K.; Hertzog, P.J.; Ravasi, T.; Hume, D.A. Interferon-gamma: An overview of signals, mechanisms and functions.

J. Leukoc. Biol. 2004, 75, 163–189. [CrossRef] [PubMed]
31. Popko, B.; Corbin, J.G.; Baerwald, K.D.; Dupree, J.; Garcia, A.M. The effects of interferon-gamma on the central nervous system.

Mol. Neurobiol. 1997, 14, 19–35. [CrossRef] [PubMed]
32. Popko, B.; Baerwald, K.D. Oligodendroglial response to the immune cytokine interferon gamma. Neurochem. Res. 1999, 24,

331–338. [CrossRef] [PubMed]
33. Gysemans, C.; Callewaert, H.; Overbergh, L.; Mathieu, C. Cytokine signalling in the beta-cell: A dual role for IFNgamma. Biochem.

Soc. Trans. 2008, 36, 328–333. [CrossRef] [PubMed]
34. Ng, C.T.; Fong, L.Y.; Abdullah, M.H. Interferon-gamma (IFN-γ): Reviewing its mechanisms and signaling pathways on the

regulation of endothelial barrier function. Cytokine 2023, 166, 156208. [CrossRef] [PubMed]
35. Krebs, D.L.; Hilton, D.J. SOCS: Physiological suppressors of cytokine signaling. J. Cell. Sci. 2000, 113 Pt 16, 2813–2819. [CrossRef]

[PubMed]
36. Imitola, J.; Chitnis, T.; Khoury, S.J. Cytokines in multiple sclerosis: From bench to bedside. Pharmacol. Ther. 2005, 106, 163–177.

[CrossRef] [PubMed]
37. Baerwald, K.D.; Popko, B. Developing and mature oligodendrocytes respond differently to the immune cytokine interferon-

gamma. J. Neurosci. Res. 1998, 52, 230–239. [CrossRef]

https://doi.org/10.1152/physrev.00031.2018
https://doi.org/10.1007/s00401-009-0601-5
https://www.ncbi.nlm.nih.gov/pubmed/19847447
https://doi.org/10.3390/ijms130810647
https://www.ncbi.nlm.nih.gov/pubmed/22949885
https://doi.org/10.3389/fncel.2020.599717
https://www.ncbi.nlm.nih.gov/pubmed/33192332
https://doi.org/10.1002/ana.23634
https://www.ncbi.nlm.nih.gov/pubmed/22829266
https://doi.org/10.1002/ana.20016
https://www.ncbi.nlm.nih.gov/pubmed/15048884
https://doi.org/10.1523/JNEUROSCI.1636-12.2013
https://doi.org/10.1093/emboj/19.3.341
https://doi.org/10.1016/S0168-0102(03)00127-5
https://doi.org/10.4049/jimmunol.175.9.5875
https://doi.org/10.4049/jimmunol.1000930
https://doi.org/10.1523/JNEUROSCI.4689-06.2007
https://www.ncbi.nlm.nih.gov/pubmed/17314297
https://doi.org/10.1523/JNEUROSCI.1028-11.2011
https://www.ncbi.nlm.nih.gov/pubmed/21653838
https://doi.org/10.1002/glia.22634
https://www.ncbi.nlm.nih.gov/pubmed/24481666
https://doi.org/10.1523/JNEUROSCI.1608-17.2017
https://www.ncbi.nlm.nih.gov/pubmed/28842413
https://doi.org/10.1523/JNEUROSCI.1156-20.2020
https://www.ncbi.nlm.nih.gov/pubmed/32661025
https://doi.org/10.1038/nn.4193
https://doi.org/10.1038/s41573-019-0035-2
https://www.ncbi.nlm.nih.gov/pubmed/31399729
https://doi.org/10.1016/j.amjmed.2020.05.049
https://doi.org/10.1016/j.cell.2023.03.008
https://doi.org/10.1189/jlb.0603252
https://www.ncbi.nlm.nih.gov/pubmed/14525967
https://doi.org/10.1007/BF02740619
https://www.ncbi.nlm.nih.gov/pubmed/9170099
https://doi.org/10.1023/A:1022586726510
https://www.ncbi.nlm.nih.gov/pubmed/9972883
https://doi.org/10.1042/BST0360328
https://www.ncbi.nlm.nih.gov/pubmed/18481951
https://doi.org/10.1016/j.cyto.2023.156208
https://www.ncbi.nlm.nih.gov/pubmed/37088004
https://doi.org/10.1242/jcs.113.16.2813
https://www.ncbi.nlm.nih.gov/pubmed/10910765
https://doi.org/10.1016/j.pharmthera.2004.11.007
https://www.ncbi.nlm.nih.gov/pubmed/15866318
https://doi.org/10.1002/(SICI)1097-4547(19980415)52:2%3C230::AID-JNR11%3E3.0.CO;2-B


Cells 2024, 13, 116 12 of 16

38. Lin, W.; Harding, H.P.; Ron, D.; Popko, B. Endoplasmic reticulum stress modulates the response of myelinating oligodendrocytes
to the immune cytokine interferon-gamma. J. Cell. Biol. 2005, 169, 603–612. [CrossRef]

39. Panitch, H.S.; Hirsch, R.L.; Schindler, J.; Johnson, K.P. Treatment of multiple sclerosis with gamma interferon: Exacerbations
associated with activation of the immune system. Neurology 1987, 37, 1097–1102. [CrossRef]

40. Renno, T. Interferon-gamma in progression to chronic demyelination and neurological deficit following acute EAE. Mol. Cell.
Neurosci. 1998, 12, 376–389. [CrossRef]

41. Sun, D.; Newman, T.A.; Perry, V.H.; Weller, R.O. Cytokine-induced enhancement of autoimmune inflammation in the brain and
spinal cord: Implications for multiple sclerosis. Neuropathol. Appl. Neurobiol. 2004, 30, 374–384. [CrossRef] [PubMed]

42. Corbin, J.G. Targeted CNS expression of interferon-gamma in transgenic mice leads to hypomyelination, reactive gliosis, and
abnormal cerebellar development. Mol. Cell. Neurosci. 1996, 7, 354–370. [CrossRef] [PubMed]

43. LaFerla, F.M.; Sugarman, M.C.; Lane, T.E.; Leissring, M.A. Regional hypomyelination and dysplasia in transgenic mice with
astrocyte-directed expression of interferon-gamma. J. Mol. Neurosci. 2000, 15, 45–59. [CrossRef]

44. Ferber, I.A. Mice with a disrupted IFN-gamma gene are susceptible to the induction of experimental autoimmune encephalomyeli-
tis (EAE). J. Immunol. 1996, 156, 5–7. [CrossRef]

45. Willenborg, D.O.; Fordham, S.; Bernard, C.C.; Cowden, W.B.; Ramshaw, I.A. IFN-gamma plays a critical down-regulatory role in
the induction and effector phase of myelin oligodendrocyte glycoprotein-induced autoimmune encephalomyelitis. J. Immunol.
1996, 157, 3223–3227. [CrossRef] [PubMed]

46. Krakowski, M.; Owens, T. Interferon-gamma confers resistance to experimental allergic encephalomyelitis. Eur. J. Immunol. 1996,
26, 1641–1646. [CrossRef]

47. Furlan, R. Intrathecal delivery of IFN-gamma protects C57BL/6 mice from chronic-progressive experimental autoimmune
encephalomyelitis by increasing apoptosis of central nervous system-infiltrating lymphocytes. J. Immunol. 2001, 167, 1821–1829.
[CrossRef]

48. Gao, X.; Gillig, T.A.; Ye, P.; D’Ercole, A.J.; Matsushima, G.K.; Popko, B. Interferon-gamma protects against cuprizone-induced
demyelination. Mol. Cell. Neurosci. 2000, 16, 338–349. [CrossRef]

49. Lin, W.; Kemper, A.; Dupree, J.L.; Harding, H.P.; Popko, B. Interferon-gamma inhibits central nervous system remyelination
through a process modulated by endoplasmic reticulum stress. Brain. 2006, 129, 1306–1318. [CrossRef]

50. Lin, W.; Bailey, S.L.; Ho, H.; Harding, H.P.; Ron, D.; Miller, S.D.; Popko, B. The integrated stress response prevents demyelination
by protecting oligodendrocytes against immune-mediated damage. J. Clin. Investig. 2007, 117, 448–456. [CrossRef]

51. Lin, W.; Lin, Y. Interferon-γ inhibits central nervous system myelination through both STAT1-dependent and STAT1-independent
pathways. J. Neurosci. Res. 2010, 88, 2569–2577. [CrossRef] [PubMed]

52. Fortunato, G.; Calcagno, G.; Bresciamorra, V.; Salvatore, E.; Filla, A.; Capone, S.; Liguori, R.; Borelli, S.; Gentile, I.; Borrelli, F.; et al.
Multiple sclerosis and hepatitis C virus infection are associated with single nucleotide polymorphisms in interferon pathway
genes. J. Interferon. Cytokine. Res. 2008, 28, 141–152. [CrossRef] [PubMed]

53. Matsuyama, T.; Kimura, T.; Kitagawa, M.; Pfeffer, K.; Kawakami, T.; Watanabe, N.; Kundig, T.M.; Amakawa, R.; Kishihara, K.;
Wakeham, A. Targeted disruption of IRF-1 or IRF-2 results in abnormal type I IFN gene induction and aberrant lym-phocyte
development. Cell 1993, 75, 83–97. [CrossRef] [PubMed]

54. Tobore, T.O. Oxidative/Nitroxidative Stress and Multiple Sclerosis. J. Mol. Neurosci. 2021, 71, 506–514. [CrossRef] [PubMed]
55. Ohl, K.; Tenbrock, K.; Kipp, M. Oxidative stress in multiple sclerosis: Central and peripheral mode of action. Exp. Neurol. 2016,

277, 58–67. [CrossRef]
56. Kannan, K.; Jain, S.K. Oxidative stress and apoptosis. Pathophysiology 2000, 7, 153–163. [CrossRef]
57. Klein, J.A. Oxidative stress, cell cycle, and neurodegeneration. J. Clin. Invest. 2003, 111, 785–793. [CrossRef]
58. Thorburne, S.K.; Juurlink, B.H. Low glutathione and high iron govern the susceptibility of oligodendroglial precursors to

oxidative stress. J. Neurochem. 1996, 67, 1014–1022. [CrossRef]
59. Juurlink, B.H.; Thorburne, S.K.; Hertz, L. Peroxide-scavenging deficit underlies oligodendrocyte susceptibility to oxidative stress.

Glia 1998, 22, 371–378. [CrossRef]
60. Lassmann, H.; Van, H.J. Oxidative stress and its impact on neurons and glia in multiple sclerosis lesions. Biochim. Biophys. Acta

2016, 1862, 506–510. [CrossRef]
61. Stephenson, E.; Nathoo, N.; Mahjoub, Y.; Dunn, J.F.; Yong, V.W. Iron in multiple sclerosis: Roles in neurodegeneration and repair.

Nat. Rev. Neurol. 2014, 10, 459–468. [CrossRef] [PubMed]
62. Matute, C.; Alberdi, E.; Domercq, M.; Pérez-Cerdá, F.; Pérez-Samartín, A.; Sánchez-Gómez, M.V. The link between excitotoxic

oligodendroglial death and demyelinating diseases. Trends. Neurosci. 2001, 24, 224–230. [CrossRef]
63. Kostic, M.; Zivkovic, N.; Stojanovic, I. Multiple sclerosis and glutamate excitotoxicity. Rev. Neurosci. 2013, 24, 71–88. [CrossRef]

[PubMed]
64. Zhang, H.; Davies, K.A.; Forman, H.J. Oxidative stress response and Nrf2 signaling in aging. Free. Radic. Biol. Med. 2015, 88 Pt B,

314–336. [CrossRef]
65. Saha, S.; Buttari, B.; Panieri, E.; Profumo, E.; Saso, L. An Overview of Nrf2 Signaling Pathway and Its Role in Inflammation.

Molecules 2020, 25, 5474. [CrossRef] [PubMed]
66. Ma, Q. Role of nrf2 in oxidative stress and toxicity. Annu. Rev. Pharmacol. Toxicol. 2013, 53, 401–426. [CrossRef] [PubMed]

https://doi.org/10.1083/jcb.200502086
https://doi.org/10.1212/WNL.37.7.1097
https://doi.org/10.1006/mcne.1998.0725
https://doi.org/10.1111/j.1365-2990.2003.00546.x
https://www.ncbi.nlm.nih.gov/pubmed/15305983
https://doi.org/10.1006/mcne.1996.0026
https://www.ncbi.nlm.nih.gov/pubmed/8812062
https://doi.org/10.1385/JMN:15:1:45
https://doi.org/10.4049/jimmunol.156.1.5
https://doi.org/10.4049/jimmunol.157.8.3223
https://www.ncbi.nlm.nih.gov/pubmed/8871615
https://doi.org/10.1002/eji.1830260735
https://doi.org/10.4049/jimmunol.167.3.1821
https://doi.org/10.1006/mcne.2000.0883
https://doi.org/10.1093/brain/awl044
https://doi.org/10.1172/JCI29571
https://doi.org/10.1002/jnr.22425
https://www.ncbi.nlm.nih.gov/pubmed/20648647
https://doi.org/10.1089/jir.2007.0049
https://www.ncbi.nlm.nih.gov/pubmed/18338947
https://doi.org/10.1016/S0092-8674(05)80086-8
https://www.ncbi.nlm.nih.gov/pubmed/8402903
https://doi.org/10.1007/s12031-020-01672-y
https://www.ncbi.nlm.nih.gov/pubmed/32767188
https://doi.org/10.1016/j.expneurol.2015.11.010
https://doi.org/10.1016/S0928-4680(00)00053-5
https://doi.org/10.1172/JCI200318182
https://doi.org/10.1046/j.1471-4159.1996.67031014.x
https://doi.org/10.1002/(SICI)1098-1136(199804)22:4%3C371::AID-GLIA6%3E3.0.CO;2-6
https://doi.org/10.1016/j.bbadis.2015.09.018
https://doi.org/10.1038/nrneurol.2014.118
https://www.ncbi.nlm.nih.gov/pubmed/25002107
https://doi.org/10.1016/S0166-2236(00)01746-X
https://doi.org/10.1515/revneuro-2012-0062
https://www.ncbi.nlm.nih.gov/pubmed/23152401
https://doi.org/10.1016/j.freeradbiomed.2015.05.036
https://doi.org/10.3390/molecules25225474
https://www.ncbi.nlm.nih.gov/pubmed/33238435
https://doi.org/10.1146/annurev-pharmtox-011112-140320
https://www.ncbi.nlm.nih.gov/pubmed/23294312


Cells 2024, 13, 116 13 of 16

67. Licht-Mayer, S.; Wimmer, I.; Traffehn, S.; Metz, I.; Brück, W.; Bauer, J.; Bradl, M.; Lassmann, H. Cell type-specific Nrf2 expression
in multiple sclerosis lesions. Acta Neuropathol. 2015, 130, 263–277. [CrossRef]

68. Liessem-Schmitz, A.; Teske, N.; Scheld, M.; Nyamoya, S.; Zendedel, A.; Beyer, C.; Clarner, T.; Fragoulis, A. Nrf2 Signaling in
Sodium Azide-Treated Oligodendrocytes Restores Mitochondrial Functions. J. Mol. Neurosci. 2018, 66, 229–237. [CrossRef]

69. Larabee, C.M.; Desai, S.; Agasing, A.; Georgescu, C.; Wren, J.D.; Axtell, R.C.; Plafker, S.M. Loss of Nrf2 exacerbates the visual
deficits and optic neuritis elicited by experimental autoimmune encephalomyelitis. Mol. Vis. 2016, 22, 1503–1513.

70. Johnson, D.A.; Amirahmadi, S.; Ward, C.; Fabry, Z.; Johnson, J.A. The absence of the pro-antioxidant transcription factor Nrf2
exacerbates experimental autoimmune encephalomyelitis. Toxicol. Sci. 2010, 114, 237–246. [CrossRef]

71. Lee, D.H.; Gold, R.; Linker, R.A. Mechanisms of oxidative damage in multiple sclerosis and neurodegenerative diseases:
Therapeutic modulation via fumaric acid esters. Int. J. Mol. Sci. 2012, 13, 11783–11803. [CrossRef] [PubMed]

72. Kasarełło, K.; Jesion, A.; Tyszkowska, K.; Matusik, K.; Czarzasta, K.; Wrzesień, R.; Cudnoch-Jedrzejewska, A. Effect of dimethyl
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