
Citation: Maldonado, P.P.; Guevara,

C.; Olesen, M.A.; Orellana, J.A.;

Quintanilla, R.A.; Ortiz, F.C.

Neurodegeneration in Multiple

Sclerosis: The Role of

Nrf2-Dependent Pathways.

Antioxidants 2022, 11, 1146. https://

doi.org/10.3390/antiox11061146

Academic Editor: Stanley Omaye

Received: 5 May 2022

Accepted: 8 June 2022

Published: 10 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

antioxidants

Review

Neurodegeneration in Multiple Sclerosis: The Role of
Nrf2-Dependent Pathways
Paloma P. Maldonado 1,†, Coram Guevara 1,†, Margrethe A. Olesen 2, Juan Andres Orellana 3 ,
Rodrigo A. Quintanilla 2 and Fernando C. Ortiz 1,*

1 Mechanisms of Myelin Formation and Repair Laboratory, Instituto de Ciencias Biomédicas, Facultad de
Ciencias de Salud, Universidad Autónoma de Chile, Santiago 8910060, Chile; palomix.mr@gmail.com (P.P.M.);
coram.guevara@cloud.uautonoma.cl (C.G.)

2 Laboratory of Neurodegenerative Diseases, Instituto de Ciencias Biomédicas, Facultad de Ciencias de la
Salud, Universidad Autónoma de Chile, Santiago 8910060, Chile;
margrethe.olesen@cloud.uautonoma.cl (M.A.O.); rodrigo.quintanilla@uautonoma.cl (R.A.Q.)

3 Departamento de Neurología, Escuela de Medicina y Centro Interdisciplinario de Neurociencias,
Facultad de Medicina, Pontificia Universidad Católica de Chile, Santiago 8330024, Chile; jaorella@uc.cl

* Correspondence: fernando.ortiz@uautonoma.cl
† These authors contributed equally to this work.

Abstract: Multiple sclerosis (MS) encompasses a chronic, irreversible, and predominantly immune-
mediated disease of the central nervous system that leads to axonal degeneration, neuronal death,
and several neurological symptoms. Although various immune therapies have reduced relapse rates
and the severity of symptoms in relapsing-remitting MS, there is still no cure for this devastating
disease. In this brief review, we discuss the role of mitochondria dysfunction in the progression of
MS, focused on the possible role of Nrf2 signaling in orchestrating the impairment of critical cellular
and molecular aspects such as reactive oxygen species (ROS) management, under neuroinflammation
and neurodegeneration in MS. In this scenario, we propose a new potential downstream signaling
of Nrf2 pathway, namely the opening of hemichannels and pannexons. These large-pore channels
are known to modulate glial/neuronal function and ROS production as they are permeable to
extracellular Ca2+ and release potentially harmful transmitters to the synaptic cleft. In this way, the
Nrf2 dysfunction impairs not only the bioenergetics and metabolic properties of glial cells but also
the proper antioxidant defense and energy supply that they provide to neurons.

Keywords: multiple sclerosis; Nrf2-dependent pathways; neuroinflammation; pannexin-1; glial cells;
reactive oxygen species; mitochondria

1. Introduction

Multiple sclerosis (MS) is an irreversible, progressive pathology that originates in the
autoimmune attack of T and B lymphocytes against self-antigens of the myelin and oligo-
dendrocytes (OLs). This phenomenon leads to axonal degeneration, neuronal death, and
several neurological symptoms, including mobility and sensory impairment, fatigue, and
temporary vision loss. MS encompasses demyelinated insults at early stages, followed by a
spontaneous, yet incomplete or poor myelin repair process at the lesion site (i.e., remyeli-
nation) [1]. Extensive attention has been given to understanding the cellular mechanisms
underlying the demyelination and myelin repair processes. However, although axonal
degeneration relies on demyelination and poor trophic support from OLs [2,3], axonal and
neuronal injury can also occur without demyelination [2]. This shows that other processes
that go hand in hand with demyelination could account for the neurodegenerative features
that correlate with the MS clinical hallmarks. The cornerstones of remyelination are glial
cell-mediated neuroinflammation, the over-production of mitochondrial reactive oxygen
species (ROS), and mitochondrial dysfunction. Importantly, these features occur in other
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neurodegenerative disorders such as Alzheimer’s disease (AD), Parkinson’s disease (PD),
and amyotrophic lateral sclerosis (ALS) [4]. Another aspect common to neurodegenerative
and/or neurological disorders, including MS, is the deficiency of the Nrf2 (nuclear factor
erythroid 2-related factor 2) signaling pathway, a critical antioxidant transcription factor
that prevents mitochondrial failure, oxidative stress, and neuroinflammation.

In this brief review, we compile and discuss the evidence supporting a pivotal role of
disrupted Nrf2 signaling in orchestrating glia-mediated ROS increase and mitochondrial
dysfunction at the onset of MS.

2. Multiple Sclerosis

Myelin is a specialized membrane that enwraps axons, making fast saltatory action
potential propagation possible and providing metabolic support to the neurons [1,5]. A lack
of myelin (i.e., demyelination) across the central nervous system (CNS) white matter tracts
(i.e., corpus callosum, optic nerve, cerebellar white matter, and spinal cord) characterizes
MS. Demyelination leads, in turn, to axonal degeneration, neuronal death, and several
neurological disabilities that manifest in very variable symptoms [1,6,7]. This neurodegen-
erative disease affects around 2.5 million people worldwide [6], representing the second
most common cause of disabilities in the young adult population. The relapsing–remitting
form of MS (RRMS) is the most common MS type present in the population, accounting
for around 85% of the cases. RRMS is characterized by the appearance of attacks—or
relapses—where patient symptoms worsen, followed by periods of remission of these neu-
rological manifestations [6]. Over 10 to 15 years of evolution, about 40–50% of patients have
developed the secondary progressive form of the disease (SPMS), accumulating disability
without remission. Only about 15% of patients exhibit the primary progressive (PPMS)
form of the disease at the onset, featured by the progressive accumulation of neurological
damage. Thus, there are three major clinical forms of MS: RRMS, SPMS, and PPMS [1,6,8].

The early years of MS encompass demyelinated lesions followed by spontaneous,
although incomplete, myelin repair processes. In these lesions, OPCs differentiate into
remyelinating oligodendrocytes, which are the myelin-forming cells of the CNS. However,
this process usually results in incomplete myelinization or the production of low-quality
myelin. This failure in remyelination precedes a progressive axon degeneration aggra-
vating the neurological symptoms in MS patients, such as mobility and sensory impair-
ment, fatigue, and temporary loss of vision, among many others leading to progressive
disease [1,5,6,9–11]. Thus, primary demyelination leads to neurodegeneration, causing
devastating neurological damage and disability in MS patients. Unfortunately, the mech-
anisms of neurodegeneration behind MS progression are only partially understood and
treated. We speculate that, similar to other neuroinflammatory-characterized diseases, the
microenvironment generated during the demyelination process could be a critical context
explaining neurodegenerative features.

In these days, the successive increase in neurodegenerative features is clinically esti-
mated by indirect measurements of relevant parameters, such as disability accumulation
(expanded disability status scale—EDSS), cognitive tests, and brain atrophy index based
on magnetic resonance imaging (MRI) [12]. Nevertheless, reliable biomarkers indicating an
accurate estimation of quality and degree of neurodegeneration during MS progression are
still missing [13,14].

3. Glial Cell-Mediated Neuroinflammation

Neuroinflammation is the complex innate immune response (sometimes adaptive)
against internal or external agents, aiming to resist or resolve harmful threats to restore
homeostasis [4,15,16]. Two glial cells, microglia and astrocytes, are cornerstones in this
process as they restrain infection and eliminate pathogens, cell debris, and misfolded
proteins. During intense pathological conditions, neuroinflammation becomes persistent
and detrimental to proper brain function, with the above glial cells being the architects of
this phenomenon. In particular, they experience a long-lasting morphological, molecular,
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and functional change called “reactive gliosis”. While this process is an adaptive mechanism
necessary for limiting acute injury and favoring wound repair, when it persists, it can
become a detrimental response if these glial cells neglect their supportive role toward
neurons. In MS, the first autoimmune attack against myelin and OLs settles a chronic
and escalating neuroinflammatory niche that fosters the activation of microglia, astrocytes,
and perivascular macrophages [1]. At one end, the dysfunctional activation of microglia
contributes to MS disease pathology by promoting the release of proinflammatory cytokines,
chemokines, ROS, and glutamate, a subject that has been extensively studied [16–20] for a
recent review see [16].

On the other hand, astrocytes are activated either directly by the initial pathogenic
immune insult or indirectly by microglial mediators such as IL-1β [21] and interferon-γ
(IFN-γ) [22]. In that scenario, astrocytes release IL-23, inducing CD4+T differentiation and
maintaining the proinflammatory Th17 lineage [23], an essential immune cell type in CNS
demyelinating diseases [24]. Most of these inflammatory cascades enhance ROS produc-
tion by affecting mitochondrial bioenergetics and the antioxidant response of neurons.
Accordingly, oxidative stress and mitochondrial failure markers are present in post mortem
brain tissue, cerebrospinal fluid (CSF), and serum samples from MS patients and animal
models [13,25].

Although significant efforts have been made to understand and ameliorate the acute
neuroinflammatory components of MS, the pathophysiological mechanisms of inflamma-
tion, mitochondrial dysfunction, and oxidative stress as well as the concomitant neurode-
generation are still crucial parts of a puzzle that have not yet been completely defined.

4. Mitochondria and Neuronal Function

Mitochondria are pivotal organelles in charge of energy supply by controlling adeno-
sine triphosphate (ATP) production, redox balance, and the intracellular free Ca2+ concen-
tration ([Ca2+]i) in neuronal cells [26]. These processes are critical to sustaining proper
brain cell communication at the synaptic cleft [26,27] The structure of the mitochondria
consists in an outer membrane (OMM) and an inter membrane (IMM) that allow the pas-
sage of metabolites and make up the intermembrane space where the proton gradient is
created. Finally, in the mitochondrial matrix, we found the mitochondrial DNA, which
plays an active role in the stability, replication, and transcription of several mitochondrial
genes [28,29]. Mitochondria regulate their shape, size, and number through mitochondrial
dynamic processes of fission and fusion commanded by Mitofusins 1 and 2 (Mfn), optic
atrophy type-1 (OPA-1; a fusion process protein), and mitochondrial fission-1 (fis-1) and
dynamin-related protein 1 (Drp-1) involved in the fission process [30,31].

Neurons depend critically on the mitochondrial function to maintain and execute
membrane excitability, neurotransmission, and plasticity [32–35] along with the control
of changes in [Ca2+]i, which contributes to neurotransmitter release [36] (Figure 1). For
instance, presynaptic mitochondria can buffer [Ca2+]i levels observed in mouse neuro-
muscular junction (NMJ) [37], which is critical for inducing exocytosis and endocytosis
processes [38]. Mitochondrial localization in synaptic regions is also a key factor for proper
chemical communication [39]. Studies performed in isolated synaptosomes from a mouse
hippocampus exposed to FM1-43 (a lipophilic indicator of synaptic vesicles) showed ac-
cumulated synaptic vesicles associated with mitochondria [39]. In this line, Talbot and
colleagues [40] showed that stimulus trains triggered on motor terminals induced mito-
chondrial localization in synaptic zones, where mitochondrial [Ca2+] increased and decayed
concomitantly with the stimuli [40]. Furthermore, recent reports have confirmed the im-
portance of mitochondrial Ca2+ regulation for releasing synaptic vesicles [35,41–43]; see
seminal articles in [35,43]. Reinforcing this notion, using 3D electron microscopy recon-
struction, Smith and colleagues [42] revealed that presynaptic boutons with mitochondria
contain more synaptic vesicles compared with boutons lacking mitochondria [42].
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Figure 1. Mitochondrial dysfunction in MS progression. Mitochondria are essential for neuronal
function by maintaining bioenergetics through the synthesis of ATP in the electron transport chain
(ETC) and by supporting neuron-to-neuron communication by governing [Ca2+]i in the presynaptic
compartment and then facilitating neurotransmitters release. During MS, the neuroinflammatory
environment that characterizes demyelination, i.e., increased ROS levels along with the release of
proinflammatory cytokines by glial cells, leads to impaired mitochondrial dynamics, alterations in
the synthesis of ATP due to decreases in the expressions of ETC complexes 1 and 4, and decreases in
the mitochondria content at presynaptic level, impairing neuronal survival and communication (for
details, see the main text). This figure was created in Biorender.
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As expected, considering its role in synaptic transmission, mitochondrial transport
also contributes to neuronal plasticity. Indeed, the proper distribution of mitochondria
plays a critical role in dendrites and axonal function [44]. Mitochondria are morphologically
more elongated in dendritic zones, where it favors the fusion process; however, during
long-term potentiation (LTP), mitochondrial fission predominates in dendritic spines [45].
Significantly, mitochondrial dynamics can influence dendritic arborization and growth [46].
For example, primary hippocampal cultures depolarized by an increase in extracellular K+

(KCl 90 mM) showed an increase in dendritic spine number and mitochondrial localization
in the same dendritic region after stimulation [46]. Consistently, preventing mitochondrial
fission reduced mitochondrial [Ca2+], precluding NMDAR-dependent LTP induction in
hippocampal slices [45,46]. In fact, pioneer studies proposed Drp1 as a pivotal element
orchestrating these plasticity processes [47]. For instance, Purkinje cells with a reduced
Drp1 function induced by dominant-negative expression showed abundant elongated mi-
tochondria correlating with a significant decline in the mitochondrial function of dendritic
areas affecting dendritic morphology [47]. Furthermore, hippocampal neurons transfected
with Drp1-K38A (a dominant-negative form carried a critical mutation in its GTPase do-
main), presented a decrease in dendritic spines density and mitochondria number [46].
Importantly, both elements were later rescued by Drp1 overexpression [46].

In summary, mitochondrial function and dynamics are essential to proper neuronal
performance and communication. Accordingly, mitochondrial dysfunction has been ex-
tensively studied in pathological contexts characterized by a loss of neuronal function
and survival, being nowadays considered a hallmark of neurodegenerative disorders such
as MS.

5. Mitochondrial Dysfunction: A Hallmark in the Pathogenesis of MS

As mentioned, MS is an etiologically unknown disease leading to neurological dis-
abilities by demyelination in central white matter observed in young adults between the
age of 20–40 [48]. Although studies continue to elucidate the causes, symptoms, and
characteristics of MS, recent findings have shown that mitochondrial dysfunction plays a
pivotal role in the onset and progression of MS and their related pre-clinical animal models
(Figure 1) [49–55]; for revision see [55].

Mitochondrial impairment has been associated with axonal degeneration followed by
demyelination in MS [50,52]. An observation of post mortem MS brain tissues showed an
impaired axoplasm, reduced organelle content, and fragmented neurofilaments compared
with age-match healthy brain samples [56]. Interestingly, reduced axonal integrity in MS
samples was associated with mitochondrial impairment. Here, these findings showed a
decreased expression of the electron transport chain (ETC) protein complexes, with com-
plexes I, III, IV, and V being negatively affected. These abnormalities are conducive of
impaired mitochondrial respiratory activity [56]. Furthermore, Mahad and colleagues [57]
observed a reduction in the expressions of mitochondrial complexes I and IV, which were
significantly associated with inflammatory demyelination and microglial activation in MS
brain samples [57]. Complementarily, the authors analyzed mitochondrial immunoreac-
tivity using confocal laser microscopy in others cell types from MS brain patients. Here,
they observed a massive loss of COX-I expression in the oligodendrocyte and astrocyte
populations [57]. Consistently, new reports showed a significant decrease in the activity of
mitochondrial complex IV in demyelinated axons from post mortem MS tissue [58]. In addi-
tion, it has been reported that mitochondrial content is significantly greater in neurons with
demyelinated axons, leading to defective mitochondrial transport [59,60]. Therefore, axonal
integrity is essential to mitochondrial transport, and a lack of myelin could negatively pre-
vent mitochondrial transport into synaptic zones, blocking neuronal communication and,
finally, triggering MS onset. Interestingly, a recent study provided evidence supporting a
putative protective role for this increased mitochondrial content in demyelinated axons [51].
By using an in vitro model of demyelination (i.e., lysolecithin-induced demyelination in
cerebellar organotypic cultures), the authors define the accumulation of mitochondria in de-
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myelinated axons as the “axonal response of mitochondria to demyelination” (ARMD; [51]).
The authors reported that this ARMD is deficient in axons that finally lose myelin, but when
they promote ARMD artificially, the axons were protected from acutely demyelination.
These results certainly open new possible roles for the accumulation of mitochondria in
axons subjected to demyelination [51].

Oxidative stress has been well documented in many neurodegenerative diseases
including MS [16,61]. In this context, oxidative damage induced by an increase in ROS and
reactive nitrogen species (NS) has been frequently suggested in MS-based studies in both
cerebrospinal fluid samples and animal models [16,61–63].

Oxidative stress induces abundant mitochondrial protein nitration associated with
mitochondrial bioenergetics failure and mitochondrial DNA (mitoDNA) mutations, and
triggering apoptosis in MS brains [50,64,65]. Furthermore, an analysis of cortical slices of
MS brain showed a significant presence of oxidative damage, which contributed to axonal
demyelination in neurons and oligodendrocytes being more sensitive than astrocytes and
microglia [66]. More importantly, the activation of mitochondrial permeability transition
pore (mPTP) has been proposed to play a crucial role in oxidative damage and mitochon-
drial impairment present in MS progression [67]; however, future studies are needed to
elucidate mPTP’s role in the pathogenesis of MS.

Although mitochondrial injury remains to be proposed as a hallmark in MS, accu-
mulative studies have consistently demonstrated that mitochondrial dysfunction plays a
pivotal role in the MS onset and progression (Figure 1). However, others studies are still
necessary to better characterize the impairments in mitochondrial bioenergetics, dynamics,
and transport, which have been broadly reported in other neurodegenerative diseases.
Closely related, oxidative damage associated with inflammation, mitochondrial injury, and
neuronal harm has been extensively reported in MS [16,55,61]. Therefore, examining possi-
ble abnormalities in the antioxidant pathways and their contribution to the pathogenesis of
MS is a critical aspect. One of the principal antioxidant rescue pathways and its role in MS
will be discussed the next section.

6. Nrf2 Signaling Network: A Key Player Combatting Oxidative Stress, Mitochondrial
Dysfunction, Neuroinflammation, and Neurodegeneration in MS

Although in homeostasis, ROS are produced during cellular respiration and neuro-
transmission, their excessive concentrations are detrimental to cell survival. ROS balance
is controlled by the activation of the Nfr2 pathway, which is a transcriptional factor en-
coded by the gene NFE2L2 related to the Cap’n’collar family of transcriptional factors.
They regulate the basal and stress-inducible expression of over 250 genes containing the
antioxidant response elements (ARE) sequence in their promoters [68,69]. These genes
constitute a defensive response to ROS overproduction, encoding for heme oxygenase-1
(HO-1), NAD(P) H quinone oxidoreductase-1 (NQO1), glutathione S-transferase (GST),
glutamate-cysteine ligase (GCL), and glutathione peroxidase (GPx) [68] (Figure 2). Effec-
tively, in response to ROS overproduction, Nrf2 translocates to the nucleus, activating the
Nrf2-ARE pathways. The latter enhances cellular energy and redox potential response,
thereby reducing oxidative damage and mitochondrial dysfunction by increasing ATP
production and regulating mitochondrial bioenergetics [70] (Figure 2).

During redox imbalance, as observed in MS, the Nrf2 pathway fails to keep ROS at
physiological levels [71–74]. Accordingly, studies indicate that the Nrf2 pathway could
be a valuable therapeutic target to ameliorate oxidative stress, mitochondrial impairment,
and neuronal damage observed in chronic neurodegenerative diseases [75–77]. In this line,
post mortem tissue studies from AD patients, show an absence of Nfr2 in the nucleus of
hippocampal neurons, while it is normally observed in control patients [75]. Its lack of
a nucleus might suggest that Nrf2 is likely not performing its nuclear factor activities, a
phenomenon that could be crucial for AD progression [75]. Consistent with this idea, the
inhibition of GSK-3β (a kinase involved in tau pathology present in AD), along with lithium
administration, increases the transcriptional activity of Nrf2 [78]. The latter combined with
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the observation that Nrf2−/− mice exhibit higher levels of hippocampal oxidative damage
and inflammation than wild-type mice [79] implicates that Nrf2 signaling impairment is
critical for neuronal damage observed in AD.
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Figure 2. Nrf2 response to oxidative stress. Under an oxidative environment, Keap1 releases Nrf2,
which translocates from the cytoplasm to the nucleus, where it binds to the ARE sequence, activating
the anti-inflammatory response elements (ARE) pathway. This pathway allows for the transcription
of genes that code for the main antioxidant enzymes, which will modulate mitochondrial damage
by decreasing ROS and facilitating ATP synthesis. HO-1: heme oxygenase-1. NQO1: H quinone
oxidoreductase-1. GST: glutathione S-transferase. GCL: glutamate-cysteine ligase. GPx: glutathione
peroxidase. This figure was created in Biorender.

On the other hand, mounting evidence has suggested that the Nrf2 factor could
contribute to chronic neuroinflammation [80,81]. Indeed, NFκB-dependent responses,
another major pathway activated by oxidative stress, are regulated by Nrf2 [82,83], whereas
its activation represents a critical antioxidant checkpoint for astrocytes, conferring them
neuroprotective properties during neuroinflammation [84]. Consistent with this, Nrf2-
dependent genes are activated in stressed astrocytes [85], whereas Nrf2−/− microglia fail to
promote the expressions of HO-1 and NQO1 [86]. More relevant, Nrf2−/− microglia shift
their reactive profile towards increased production of IL-6, IL-1β, and iNOS and reduced
phagocytic capacity [86]. This evidence along with other similar studies permits us to
propose Nrf2 as a potential pharmacological target for ameliorating neurodegenerative
changes induced by neuroinflammation [87].

Evidence from animal studies has reinforced the possible dialogue of the Nfr2 pathway
with inflammation and redox homeostasis. Indeed, the treatment with dimethyl fumarate
(DMF) prevents inflammation and oxidative damage in different models of neurodegen-
erative diseases, such as AD [88] and MS [89,90]. The alleviative influence of DMF on
cytokine and ROS production and the migratory activity of immune cells at the blood–brain
barrier (BBB) have been linked to the activation of the Nrf2 pathway. Since 2013, DMF has
been approved by the U.S. Food and Drug Administration (FDA) as a treatment option for
adults with RRMS, and part of its beneficial effects on MS have been hypothesized to occur
via Nrf2 activation [91–93]. The latter has been inferred from studies in two commonly
used animal models of MS: the experimental autoimmune encephalomyelitis (EAE) and
treatment with cuprizone [94]. Nrf2 and its downstream target proteins increase their
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levels after 1–3 weeks but decrease after five weeks of cuprizone treatment, indicating
that Nrf2 expression mimics the disease progression [95]. In the same line, Nrf2−/− mice
treated with cuprizone show increased apoptosis of oligodendrocytes, neuroinflammation,
and axonal damage compared with wild-type controls [96]. In addition, Nrf2−/− animals
display a higher susceptibility towards cuprizone within the anterior white commissure, a
relatively insensitive structure to this drug in wild-type animals [96]. More importantly,
DMF treatment reduces symptom severity in EAE mice and preserves myelin content and
axon density, a response being lost in Nrf2−/− mice [97]. Although recent evidence indi-
cates that DMF could reduce the activity of pro-inflammatory microglia [98], the molecular
and cellular mechanisms underlying these phenomena and how glial cells participate in
them in MS remain unknown.

7. Large-Pore Channels: A Possible Link between Glial Cell Dysfunction and Nrf2 in
Multiple Sclerosis

Hemichannels and pannexons belong to the large-pore channel family, and mounting
evidence suggests that their activation leads to glial cell dysfunction in diverse neuroinflam-
matory conditions [99]. In contrast with most plasma membrane channels that selectively
permeate ions such as K+, Na+, and Cl−, large-pore channels constitute conduits for the
passage not only of ions but also small molecules, as they have greater pore diameters than
selective ion channels. Hemichannels are composed of six connexin monomers around a
central pore that allow for the passage of ions and small molecules between the cytosol
and the extracellular space [100]. On the side, pannexons result from the oligomeriza-
tion of seven pannexins, a three-member family of proteins (Panx1-3) with equivalent
secondary and tertiary structures to connexins with the ability to form plasma membrane
channels [101]. In the CNS, astrocytes and microglia express functional connexin 43 (Cx43)
hemichannels and Panx1 channels, and other studies also have observed microglial con-
nexin 32 (Cx32) hemichannels [102,103]. Although neurons and oligodendrocytes express
Panx1 channels, the existence of hemichannels in these cells has not been consistently
determined [104,105].

In the brain, glial cell hemichannels and pannexons permit the release of gliotrans-
mitters that have been found crucial for synaptic transmission and plasticity as well as
behavior and memory [106–110]. Nonetheless, during pathological conditions, the exacer-
bated activity of these channels in microglia, astrocytes, and oligodendrocytes has been
linked to the homeostatic disturbances occurring in the pathogenesis and progression of
different brain diseases [99,111,112]. This idea comes from studies demonstrating that
osmotic and ionic imbalances induced by the uncontrolled influx of Na2+ and Cl− through
hemichannels/pannexons could result in further aquaporin-mediated cell swelling and
plasma membrane breakdown [113,114]. In addition, it has been proposed that because
hemichannels/pannexons are permeable to Ca2+, their uncontrolled opening could lead
to Ca2+ overload and the consequent production of free radicals, lipid peroxidation, and
plasma membrane damage [99]. Alternatively, exacerbated hemichannel/pannexon activity
could also induce the release of potentially harmful molecules for neighboring cells, such
as glutamate, ATP, and D-serine [99].

Recent studies have shed light on a potential molecular mechanism linking MS, Nrf2
signaling, and glial connexins. Using the EAE mice, Shijie and colleagues [115] demon-
strated that treatment with carbenoxolone (CBX), a general blocker of gap junction channels,
hemichannels, and pannexons, attenuated EAE clinical symptoms [115]. The ameliorative
effects of CBX were proposed to occur by reducing the release of glutamate from acti-
vated microglia through these large-pore channels. Interestingly, it has been shown that
the activation of the Nrf2/HO-1/CO pathway inhibits the expression of Cx43 in spinal
astrocytes, reducing neuropathic pain [116]. This evidence supports a putative causal
relationship between the activation of the Nrf2 pathway and the modification of Cx43
expression, the most ubiquitous connexin-forming hemichannels in astrocytes [116]. In
the same line, Cx43 triggers protective effects in diabetes via activation of the Nrf2/ARE
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pathway [117,118]. Reinforcing the notion of Nrf2 activation/Cx43 regulation, protective
effects of bone marrow mesenchymal stem cells against intracerebral hemorrhage have
been linked to Cx43 upregulation along with Nrf2 nuclear translocation in astrocytes [119].
Notably, in this study, the knockdown of Cx43 by siRNA restrained Nrf2 nuclear transloca-
tion likely because Cx43 and Nrf2 seem to establish direct protein interactions. Altogether
this evidence suggests a reciprocal regulation of Nrf2 signaling and Cx43 with significant
potential consequences for glial cell function (Figure 3).
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Figure 3. The impact of impaired Nrf2 pathway on glial large pore channels during MS. Under
neuroinflammatory conditions, the increase in ROS triggers typically the activation of the Nrf2
transcription factor in glial cells (such as astrocytes and microglia), inducing the anti-inflammatory
response element (ARE) pathway activation that finally restore the ROS levels. In these conditions,
Nrf2 maintains an inhibitory tone on Cx43 hemichannels, keeping their activity in a physiological
range. In contrast, during MS the proper function of the Nrf2 transcription factor is impaired, which
result in decreased activation of ARE pathways accompanied of persistent and exacerbated opening
of large pore channels, including Cx43 hemichannels and likely Panx1 channels in glial cells (see the
main text). This figure was created in Biorender.

Despite information directly connecting the opening of hemichannels with the patho-
genesis and progression of MS lacking, a couple of studies have proposed a role for
pannexons. Pioneering experiments by Negoro and colleagues [120] found that EAE mice
exhibit increased expressions of Panx1 and Cx43 in the bladder mucosa linked to dysfunc-
tional micturition, a common disorder in MS [120]. Notably, the ablation of Panx1 reduced
bladder dysfunction and prevented Cx43 and IL-1β upregulation in EAE mice. Consistent
with this evidence, multiple studies by Meier’s Laboratory have shown that probenecid,
a Panx1 channel blocker, counteracts clinical symptoms and inflammation observed in
several MS models [121–123]. However, the molecular and cellular mechanisms behind
this protective action of probenecid are unknown [124].
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8. Concluding Remarks

A pending aspect in the multiple sclerosis research field is to unravel the relationship
between the glial neuroinflammation, demyelination, and the failed activation of endoge-
nous responsive mechanisms such as the Nrf2-signaling, which under normal conditions
play critical roles in preventing mitochondrial failure, oxidative stress, and neuroinflamma-
tion. Current evidence suggests a regulation of Nrf2 signaling on the activity of Cx43-based
channels and vice versa. In the same line, some studies permit us to speculate that another
large-pore channel, those based on the assembly of Panx-1, could also contribute to the Nrf2
activation-dependent response. Although there is some agreement that neuroinflammation,
oxidative stress, mitochondrial dysfunction, and Nrf2-impaired signaling are vital elements
in the development of neurodegenerative diseases such as multiple sclerosis, there is still
no certainty on the cellular/molecular targets involved. Here, we propose that the change
in permeability of glial connexin and pannexin-based channels represents a critical aspect
of this problem. Future studies must elucidate whether the opening of hemichannels and
pannexons in the CNS could contribute to inflammation and the redox imbalance observed
in MS by a mechanism involving the dysfunction of Nrf2 signaling.
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Michaličková, D. Edaravone Attenuates Disease Severity of Experimental Auto-Immune Encephalomyelitis and Increases Gene
Expression of Nrf2 and HO-1. Physiol. Res. 2022, 71, 147–157. [CrossRef]

50. Al-Kafaji, G.; Bakheit, H.F.; AlAli, F.; Fattah, M.; Alhajeri, S.; Alharbi, M.A.; Daif, A.; Alsabbagh, M.M.; Alwehaidah, M.S.;
Bakhiet, M. Next-Generation Sequencing of the Whole Mitochondrial Genome Identifies Functionally Deleterious Mutations in
Patients with Multiple Sclerosis. PLoS ONE 2022, 17, e0263606. [CrossRef]

51. Licht-Mayer, S.; Campbell, G.R.; Canizares, M.; Mehta, A.R.; Gane, A.B.; McGill, K.; Ghosh, A.; Fullerton, A.; Menezes, N.;
Dean, J.; et al. Enhanced Axonal Response of Mitochondria to Demyelination Offers Neuroprotection: Implications for Multiple
Sclerosis. Acta Neuropathol. 2020, 140, 143–167. [CrossRef] [PubMed]

52. Campbell, G.R.; Mahad, D.J. Mitochondrial Changes Associated with Demyelination: Consequences for Axonal Integrity.
Mitochondrion 2012, 12, 173–179. [CrossRef] [PubMed]

53. Mao, P.; Reddy, P.H. Is Multiple Sclerosis a Mitochondrial Disease? Biochim. Biophys. Acta-Mol. Basis Dis. 2010, 1802, 66–79.
[CrossRef] [PubMed]

54. Andrews, H.E.; Nichols, P.P.; Bates, D.; Turnbull, D.M. Mitochondrial Dysfunction Plays a Key Role in Progressive Axonal Loss in
Multiple Sclerosis. Med. Hypotheses 2005, 64, 669–677. [CrossRef] [PubMed]

55. de Barcelos, I.P.; Troxell, R.M.; Graves, J.S. Mitochondrial Dysfunction and Multiple Sclerosis. Biology 2019, 8, 37. [CrossRef]
[PubMed]

56. Dutta, R.; McDonough, J.; Yin, X.; Peterson, J.; Chang, A.; Torres, T.; Gudz, T.; Macklin, W.B.; Lewis, D.A.; Fox, R.J.; et al.
Mitochondrial Dysfunction as a Cause of Axonal Degeneration in Multiple Sclerosis Patients. Ann. Neurol. 2006, 59, 478–489.
[CrossRef] [PubMed]

57. Mahad, D.; Ziabreva, I.; Lassmann, H.; Turnbull, D. Mitochondrial Defects in Acute Multiple Sclerosis Lesions. Brain 2008, 131,
1722–1735. [CrossRef] [PubMed]

58. Mahad, D.J.; Ziabreva, I.; Campbell, G.; Lax, N.; White, K.; Hanson, P.S.; Lassmann, H.; Turnbull, D.M. Mitochondrial Changes
within Axons in Multiple Sclerosis. Brain 2009, 132, 1161–1174. [CrossRef] [PubMed]

59. Campbell, G.R.; Ohno, N.; Turnbull, D.M.; Mahad, D.J. Mitochondrial Changes within Axons in Multiple Sclerosis: An Update.
Curr. Opin. Neurol. 2012, 25, 221–230. [CrossRef]

60. Sathornsumetee, S.; McGavern, D.B.; Ure, D.R.; Rodriguez, M. Quantitative Ultrastructural Analysis of a Single Spinal Cord
Demyelinated Lesion Predicts Total Lesion Load, Axonal Loss, and Neurological Dysfunction in a Murine Model of Multiple
Sclerosis. Am. J. Pathol. 2000, 157, 1365–1376. [CrossRef]

61. Tobore, T.O. Oxidative/Nitroxidative Stress and Multiple Sclerosis. J. Mol. Neurosci. 2021, 71, 506–514. [CrossRef] [PubMed]
62. Adamczyk, B.; Adamczyk-Sowa, M. New Insights into the Role of Oxidative Stress Mechanisms in the Pathophysiology and

Treatment of Multiple Sclerosis. Oxid. Med. Cell. Longev. 2016, 2016, 1973834. [CrossRef] [PubMed]
63. Greco, A.; Minghetti, L.; Sette, G.; Fieschi, C.; Levi, G. Cerebrospinal Fluid Isoprostane Shows Oxidative Stress in Patients with

Multiple Sclerosis. Neurology 1999, 53, 1876–1879. [CrossRef] [PubMed]
64. Lu, F.; Selak, M.; O’Connor, J.; Croul, S.; Lorenzana, C.; Butunoi, C.; Kalman, B. Oxidative Damage to Mitochondrial DNA and

Activity of Mitochondrial Enzymes in Chronic Active Lesions of Multiple Sclerosis. J. Neurol. Sci. 2000, 177, 95–103. [CrossRef]
65. Qi, X.; Lewin, A.S.; Sun, L.; Hauswirth, W.W.; Guy, J. Mitochondrial Protein Nitration Primes Neurodegeneration in Experimental

Autoimmune Encephalomyelitis. J. Biol. Chem. 2006, 281, 31950–31962. [CrossRef]
66. Lassmann, H.; van Horssen, J. Oxidative Stress and Its Impact on Neurons and Glia in Multiple Sclerosis Lesions. Biochim. Biophys.

Acta-Mol. Basis Dis. 2016, 1862, 506–510. [CrossRef]
67. Su, K.; Bourdette, D.; Forte, M. Mitochondrial Dysfunction and Neurodegeneration in Multiple Sclerosis. Front. Physiol. 2013,

4, 169. [CrossRef]
68. Hirotsu, Y.; Katsuoka, F.; Funayama, R.; Nagashima, T.; Nishida, Y.; Nakayama, K.; Engel, J.; Yamamoto, M. Nrf2-MafG

Heterodimers Contribute Globally to Antioxidant and Metabolic Networks. Nucleic Acids Res. 2012, 40, 10228–10239. [CrossRef]
69. Kobayashi, E.H.; Suzuki, T.; Funayama, R.; Nagashima, T.; Hayashi, M.; Sekine, H.; Tanaka, N.; Moriguchi, T.; Motohashi, H.;

Nakayama, K.; et al. Nrf2 Suppresses Macrophage Inflammatory Response by Blocking Proinflammatory Cytokine Transcription.
Nat. Commun. 2016, 7, 11624. [CrossRef]

70. Dinkova-Kostova, A.T.; Abramov, A.Y. The Emerging Role of Nrf2 in Mitochondrial Function. Free Radic. Biol. Med. 2015, 88, 179.
[CrossRef]

http://doi.org/10.1016/j.neuron.2018.09.025
http://doi.org/10.1016/j.cell.2004.11.003
http://doi.org/10.1016/j.mcn.2015.12.006
http://doi.org/10.4140/TCP.n.2014.469
http://doi.org/10.33549/physiolres.934800
http://doi.org/10.1371/journal.pone.0263606
http://doi.org/10.1007/s00401-020-02179-x
http://www.ncbi.nlm.nih.gov/pubmed/32572598
http://doi.org/10.1016/j.mito.2011.03.007
http://www.ncbi.nlm.nih.gov/pubmed/21406249
http://doi.org/10.1016/j.bbadis.2009.07.002
http://www.ncbi.nlm.nih.gov/pubmed/19607913
http://doi.org/10.1016/j.mehy.2004.09.001
http://www.ncbi.nlm.nih.gov/pubmed/15694681
http://doi.org/10.3390/biology8020037
http://www.ncbi.nlm.nih.gov/pubmed/31083577
http://doi.org/10.1002/ana.20736
http://www.ncbi.nlm.nih.gov/pubmed/16392116
http://doi.org/10.1093/brain/awn105
http://www.ncbi.nlm.nih.gov/pubmed/18515320
http://doi.org/10.1093/brain/awp046
http://www.ncbi.nlm.nih.gov/pubmed/19293237
http://doi.org/10.1097/WCO.0b013e3283533a25
http://doi.org/10.1016/S0002-9440(10)64650-0
http://doi.org/10.1007/s12031-020-01672-y
http://www.ncbi.nlm.nih.gov/pubmed/32767188
http://doi.org/10.1155/2016/1973834
http://www.ncbi.nlm.nih.gov/pubmed/27829982
http://doi.org/10.1212/WNL.53.8.1876
http://www.ncbi.nlm.nih.gov/pubmed/10563647
http://doi.org/10.1016/S0022-510X(00)00343-9
http://doi.org/10.1016/S0021-9258(19)84109-1
http://doi.org/10.1016/j.bbadis.2015.09.018
http://doi.org/10.3389/fphys.2013.00169
http://doi.org/10.1093/nar/gks827
http://doi.org/10.1038/ncomms11624
http://doi.org/10.1016/j.freeradbiomed.2015.04.036


Antioxidants 2022, 11, 1146 13 of 15

71. Chen, P.C.; Vargas, M.R.; Pani, A.K.; Smeyne, R.J.; Johnson, D.A.; Kan, Y.W.; Johnson, J.A. Nrf2-Mediated Neuroprotection in
the MPTP Mouse Model of Parkinson’s Disease: Critical Role for the Astrocyte. Proc. Natl. Acad. Sci. USA 2009, 106, 2933–2938.
[CrossRef]

72. Branca, C.; Ferreira, E.; Nguyen, T.V.; Doyle, K.; Caccamo, A.; Oddo, S. Genetic Reduction of Nrf2 Exacerbates Cognitive Deficits
in a Mouse Model of Alzheimer’s Disease. Hum. Mol. Genet. 2017, 26, 4823–4835. [CrossRef] [PubMed]

73. Brandes, M.S.; Gray, N.E. NRF2 as a Therapeutic Target in Neurodegenerative Diseases. ASN Neuro 2020, 12, 1759091419899782.
[CrossRef] [PubMed]

74. Michaličková, D.; Hrnčíř, T.; Canová, N.K.; Slanař, O. Targeting Keap1/Nrf2/ARE Signaling Pathway in Multiple Sclerosis. Eur.
J. Pharmacol. 2020, 873, 172973. [CrossRef]

75. Ramsey, C.P.; Glass, C.A.; Montgomery, M.B.; Lindl, K.A.; Ritson, G.P.; Chia, L.A.; Hamilton, R.L.; Chu, C.T.; Jordan-Sciutto, K.L.
Expression of Nrf2 in Neurodegenerative Diseases. J. Neuropathol. Exp. Neurol. 2007, 66, 75–85. [CrossRef] [PubMed]

76. Rojo, A.I.; Innamorato, N.G.; Martín-Moreno, A.M.; De Ceballos, M.L.; Yamamoto, M.; Cuadrado, A. Nrf2 Regulates Microglial
Dynamics and Neuroinflammation in Experimental Parkinson’s Disease. Glia 2010, 58, 588–598. [CrossRef] [PubMed]

77. Rosito, M.; Testi, C.; Parisi, G.; Cortese, B.; Baiocco, P.; Di Angelantonio, S. Exploring the Use of Dimethyl Fumarate as Microglia
Modulator for Neurodegenerative Diseases Treatment. Antioxidants 2020, 9, 700. [CrossRef] [PubMed]

78. Rojo, A.; Sagarra, M.; Cuadrado, A. GSK-3beta down-Regulates the Transcription Factor Nrf2 after Oxidant Damage: Relevance
to Exposure of Neuronal Cells to Oxidative Stress. J. Neurochem. 2008, 105, 192–202. [CrossRef] [PubMed]

79. Gabbita, S.P.; Lovell, M.A.; Markesbery, W.R. Increased Nuclear DNA Oxidation in the Brain in Alzheimer’s Disease. J. Neurochem.
1998, 71, 2034–2040. [CrossRef] [PubMed]

80. Min, K.J.; Yang, M.S.; Kim, S.U.; Jou, I.; Joe, E.H. Astrocytes Induce Hemeoxygenase-1 Expression in Microglia: A Feasible
Mechanism for Preventing Excessive Brain Inflammation. J. Neurosci. 2006, 26, 1880–1887. [CrossRef]

81. Sivandzade, F.; Prasad, S.; Bhalerao, A.; Cucullo, L. NRF2 and NF-ҚB Interplay in Cerebrovascular and Neurodegenerative
Disorders: Molecular Mechanisms and Possible Therapeutic Approaches. Redox Biol. 2019, 21. [CrossRef]

82. Cuadrado, A.; Martín-Moldes, Z.; Ye, J.; Lastres-Becker, I. Transcription Factors NRF2 and NF-KB Are Coordinated Effectors of
the Rho Family, GTP-Binding Protein RAC1 during Inflammation *. J. Biol. Chem. 2014, 289, 15244–15258. [CrossRef]

83. Wardyn, J.D.; Ponsford, A.H.; Sanderson, C.M. Dissecting Molecular Cross-Talk between Nrf2 and NF-KB Response Pathways.
Biochem. Soc. Trans. 2015, 43, 621. [CrossRef] [PubMed]

84. Vargas, M.; Johnson, J. The Nrf2-ARE Cytoprotective Pathway in Astrocytes. Expert Rev. Mol. Med. 2009, 11. [CrossRef] [PubMed]
85. Scuderi, S.; Ardizzone, A.; Paterniti, I.; Esposito, E.; Campolo, M. Antioxidant and Anti-Inflammatory Effect of Nrf2 Inducer

Dimethyl Fumarate in Neurodegenerative Diseases. Antioxidants 2020, 9, 630. [CrossRef] [PubMed]
86. Lastres-Becker, I.; Ulusoy, A.; Innamorato, N.; Sahin, G.; Rábano, A.; Kirik, D.; Cuadrado, A. α-Synuclein Expression and Nrf2

Deficiency Cooperate to Aggravate Protein Aggregation, Neuronal Death and Inflammation in Early-Stage Parkinson’s Disease.
Hum. Mol. Genet. 2012, 21, 3173–3192. [CrossRef] [PubMed]

87. Johnson, D.; Johnson, J. Nrf2–a Therapeutic Target for the Treatment of Neurodegenerative Diseases. Free Radic. Biol. Med. 2015,
88, 253–267. [CrossRef]

88. Cuadrado, A.; Kügler, S.; Lastres-Becker, I. Pharmacological Targeting of GSK-3 and NRF2 Provides Neuroprotection in a
Preclinical Model of Tauopathy. Redox Biol. 2018, 14, 522–534. [CrossRef] [PubMed]

89. Hayashi, G.; Jasoliya, M.; Sahdeo, S.; Saccà, F.; Pane, C.; Filla, A.; Marsili, A.; Puorro, G.; Lanzillo, R.; Brescia Morra, V.; et al.
Dimethyl Fumarate Mediates Nrf2-Dependent Mitochondrial Biogenesis in Mice and Humans. Hum. Mol. Genet. 2017, 26,
2864–2873. [CrossRef] [PubMed]

90. Mills, E.A.; Ogrodnik, M.A.; Plave, A.; Mao-Draayer, Y. Emerging Understanding of the Mechanism of Action for Dimethyl
Fumarate in the Treatment of Multiple Sclerosis. Front. Neurol. 2018, 9, 5. [CrossRef] [PubMed]

91. Gopal, S.; Mikulskis, A.; Gold, R.; Fox, R.J.; Dawson, K.T.; Amaravadi, L. Evidence of Activation of the Nrf2 Pathway in Multiple
Sclerosis Patients Treated with Delayed-Release Dimethyl Fumarate in the Phase 3 DEFINE and CONFIRM Studies. Mult. Scler.
2017, 23, 1875–1883. [CrossRef] [PubMed]

92. Hammer, A.; Waschbisch, A.; Kuhbandner, K.; Bayas, A.; Lee, D.H.; Duscha, A.; Haghikia, A.; Gold, R.; Linker, R.A. The NRF2
Pathway as Potential Biomarker for Dimethyl Fumarate Treatment in Multiple Sclerosis. Ann. Clin. Transl. Neurol. 2018, 5,
668–676. [CrossRef] [PubMed]

93. Bomprezzi, R. Dimethyl Fumarate in the Treatment of Relapsing-Remitting Multiple Sclerosis: An Overview. Ther. Adv. Neurol.
Disord. 2015, 8, 20–30. [CrossRef] [PubMed]

94. van der Star, B.J.; Vogel, D.Y.S.; Kipp, M.; Puentes, F.; Baker, D.; Amor, S. In Vitro and in Vivo Models of Multiple Sclerosis. CNS
Neurol. Disord. Drug Targets 2012, 11, 570–588. [CrossRef] [PubMed]

95. Draheim, T.; Liessem, A.; Scheld, M.; Wilms, F.; Weißflog, M.; Denecke, B.; Kensler, T.W.; Zendedel, A.; Beyer, C.; Kipp, M.; et al.
Activation of the Astrocytic Nrf2/ARE System Ameliorates the Formation of Demyelinating Lesions in a Multiple Sclerosis
Animal Model. Glia 2016, 64, 2219–2230. [CrossRef]

96. Nellessen, A.; Nyamoya, S.; Zendedel, A.; Slowik, A.; Wruck, C.; Beyer, C.; Fragoulis, A.; Clarner, T. Nrf2 Deficiency Increases
Oligodendrocyte Loss, Demyelination, Neuroinflammation and Axonal Damage in an MS Animal Model. Metab. Brain Dis. 2020,
35, 353–362. [CrossRef]

http://doi.org/10.1073/pnas.0813361106
http://doi.org/10.1093/hmg/ddx361
http://www.ncbi.nlm.nih.gov/pubmed/29036636
http://doi.org/10.1177/1759091419899782
http://www.ncbi.nlm.nih.gov/pubmed/31964153
http://doi.org/10.1016/j.ejphar.2020.172973
http://doi.org/10.1097/nen.0b013e31802d6da9
http://www.ncbi.nlm.nih.gov/pubmed/17204939
http://doi.org/10.1002/glia.20947
http://www.ncbi.nlm.nih.gov/pubmed/19908287
http://doi.org/10.3390/antiox9080700
http://www.ncbi.nlm.nih.gov/pubmed/32756501
http://doi.org/10.1111/j.1471-4159.2007.05124.x
http://www.ncbi.nlm.nih.gov/pubmed/18005231
http://doi.org/10.1046/j.1471-4159.1998.71052034.x
http://www.ncbi.nlm.nih.gov/pubmed/9798928
http://doi.org/10.1523/JNEUROSCI.3696-05.2006
http://doi.org/10.1016/j.redox.2018.11.017
http://doi.org/10.1074/jbc.M113.540633
http://doi.org/10.1042/BST20150014
http://www.ncbi.nlm.nih.gov/pubmed/26551702
http://doi.org/10.1017/S1462399409001094
http://www.ncbi.nlm.nih.gov/pubmed/19490732
http://doi.org/10.3390/antiox9070630
http://www.ncbi.nlm.nih.gov/pubmed/32708926
http://doi.org/10.1093/hmg/dds143
http://www.ncbi.nlm.nih.gov/pubmed/22513881
http://doi.org/10.1016/j.freeradbiomed.2015.07.147
http://doi.org/10.1016/j.redox.2017.10.010
http://www.ncbi.nlm.nih.gov/pubmed/29121589
http://doi.org/10.1093/hmg/ddx167
http://www.ncbi.nlm.nih.gov/pubmed/28460056
http://doi.org/10.3389/fneur.2018.00005
http://www.ncbi.nlm.nih.gov/pubmed/29410647
http://doi.org/10.1177/1352458517690617
http://www.ncbi.nlm.nih.gov/pubmed/28156185
http://doi.org/10.1002/acn3.553
http://www.ncbi.nlm.nih.gov/pubmed/29928650
http://doi.org/10.1177/1756285614564152
http://www.ncbi.nlm.nih.gov/pubmed/25584071
http://doi.org/10.2174/187152712801661284
http://www.ncbi.nlm.nih.gov/pubmed/22583443
http://doi.org/10.1002/glia.23058
http://doi.org/10.1007/s11011-019-00488-z


Antioxidants 2022, 11, 1146 14 of 15

97. Linker, R.A.; Lee, D.H.; Ryan, S.; Van Dam, A.M.; Conrad, R.; Bista, P.; Zeng, W.; Hronowsky, X.; Buko, A.; Chollate, S.; et al.
Fumaric Acid Esters Exert Neuroprotective Effects in Neuroinflammation via Activation of the Nrf2 Antioxidant Pathway. Brain
2011, 134, 678–692. [CrossRef]

98. Mela, V.; Gaban, A.S.; O’neill, E.; Bechet, S.; Walsh, A.; Lynch, M.A. The Modulatory Effects of DMF on Microglia in Aged Mice
Are Sex-Specific. Cells 2022, 11, 729. [CrossRef]

99. Abudara, V.; Retamal, M.A.; Del Rio, R.; Orellana, J.A. Synaptic Functions of Hemichannels and Pannexons: A Double-Edged
Sword. Front. Mol. Neurosci. 2018, 11, 435. [CrossRef]

100. Cheung, G.; Chever, O.; Rouach, N. Connexons and Pannexons: Newcomers in Neurophysiology. Front. Cell. Neurosci. 2014,
8, 348. [CrossRef]

101. Dahl, G. The Pannexin1 Membrane Channel: Distinct Conformations and Functions. FEBS Lett. 2018, 592, 3201–3209. [CrossRef]
[PubMed]

102. Orellana, J.A.; Avendano, B.C.; Montero, T.D. Role of Connexins and Pannexins in Ischemic Stroke. Curr. Med. Chem. 2014, 21,
2165–2182. [CrossRef] [PubMed]

103. Takeuchi, H.; Jin, S.; Wang, J.; Zhang, G.; Kawanokuchi, J.; Kuno, R.; Sonobe, Y.; Mizuno, T.; Suzumura, A. Tumor Necrosis
Factor-Alpha Induces Neurotoxicity via Glutamate Release from Hemichannels of Activated Microglia in an Autocrine Manner. J.
Biol. Chem. 2006, 281, 21362–21368. [CrossRef] [PubMed]

104. Vejar, S.; Oyarzún, J.E.; Retamal, M.A.; Ortiz, F.C.; Orellana, J.A. Connexin and Pannexin-Based Channels in Oligodendrocytes:
Implications in Brain Health and Disease. Front. Cell. Neurosci. 2019, 13, 3. [CrossRef] [PubMed]

105. Sanchez-Arias, J.C.; Wicki-Stordeur, L.E.; Swayne, L.A. Perspectives on the Role of Pannexin 1 in Neural Precursor Cell Biology.
Neural Regen. Res. 2016, 11, 1540. [CrossRef] [PubMed]

106. Ardiles, A.O.; Flores-Muñoz, C.; Toro-Ayala, G.; Cárdenas, A.M.; Palacios, A.G.; Muñoz, P.; Fuenzalida, M.; Sáez, J.C.;
Martínez, A.D. Pannexin 1 Regulates Bidirectional Hippocampal Synaptic Plasticity in Adult Mice. Front. Cell. Neurosci.
2014, 8. [CrossRef]

107. Chever, O.; Lee, C.Y.; Rouach, N. Astroglial Connexin43 Hemichannels Tune Basal Excitatory Synaptic Transmission. J. Neurosci.
2014, 34, 11228–11232. [CrossRef]

108. Meunier, C.; Wang, N.; Yi, C.; Dallerac, G.; Ezan, P.; Koulakoff, A.; Leybaert, L.; Giaume, C. Contribution of Astroglial Cx43
Hemichannels to the Modulation of Glutamatergic Currents by D-Serine in the Mouse Prefrontal Cortex. J. Neurosci. 2017, 37,
9064–9075. [CrossRef]

109. Stehberg, J.; Moraga-Amaro, R.; Salazar, C.; Becerra, A.; Echeverría, C.; Orellana, J.A.; Bultynck, G.; Ponsaerts, R.; Leybaert, L.;
Simon, F.; et al. Release of Gliotransmitters through Astroglial Connexin 43 Hemichannels Is Necessary for Fear Memory
Consolidation in the Basolateral Amygdala. FASEB J. 2012, 26, 3649–3657. [CrossRef]

110. Walrave, L.; Vinken, M.; Albertini, G.; de Bundel, D.; Leybaert, L.; Smolders, I.J. Inhibition of Connexin43 Hemichannels Impairs
Spatial Short-Term Memory without Affecting Spatial Working Memory. Front. Cell. Neurosci. 2016, 10, 288. [CrossRef]

111. Sargiannidou, I.; Vavlitou, N.; Aristodemou, S.; Hadjisavvas, A.; Kyriacou, K.; Scherer, S.S.; Kleopa, K.A. Connexin32 Mutations
Cause Loss of Function in Schwann Cells and Oligodendrocytes Leading to PNS and CNS Myelination Defects. J. Neurosci. 2009,
29, 4736. [CrossRef] [PubMed]

112. Papaneophytou, C.; Georgiou, E.; Kleopa, K.A. The Role of Oligodendrocyte Gap Junctions in Neuroinflammation. Channels 2019,
13, 247. [CrossRef] [PubMed]

113. Díaz, E.F.; Labra, V.C.; Alvear, T.F.; Mellado, L.A.; Inostroza, C.A.; Oyarzún, J.E.; Salgado, N.; Quintanilla, R.A.; Orellana, J.A.
Connexin 43 Hemichannels and Pannexin-1 Channels Contribute to the α-Synuclein-Induced Dysfunction and Death of Astrocytes.
Glia 2019, 67, 1598–1619. [CrossRef] [PubMed]

114. Paul, D.L.; Ebihara, L.; Takemoto, L.J.; Swenson, K.I.; Goodenough, D.A. Connexin46, a Novel Lens Gap Junction Protein, Induces
Voltage-Gated Currents in Nonjunctional Plasma Membrane of Xenopus Oocytes. J. Cell Biol. 1991, 115, 1077–1089. [CrossRef]

115. Shijie, J.; Takeuchi, H.; Yawata, I.; Harada, Y.; Sonobe, Y.; Doi, Y.; Liang, J.; Hua, L.; Yasuoka, S.; Zhou, Y.; et al. Blockade of
Glutamate Release from Microglia Attenuates Experimental Autoimmune Encephalomyelitis in Mice. Tohoku J. Exp. Med. 2009,
217, 87–92. [CrossRef]

116. Zhou, L.; Ao, L.; Yan, Y.; Li, C.; Li, W.; Ye, A.; Liu, J.; Hu, Y.; Fang, W.; Li, Y. Levo-Corydalmine Attenuates Vincristine-Induced
Neuropathic Pain in Mice by Upregulating the Nrf2/HO-1/CO Pathway to Inhibit Connexin 43 Expression. Neurotherapeutics
2020, 17, 340–355. [CrossRef]

117. Chen, Z.; Xie, X.; Huang, J.; Gong, W.; Zhu, X.; Chen, Q.; Huang, J.; Huang, H. Connexin43 Regulates High Glucose-Induced
Expression of Fibronectin, ICAM-1 and TGF-B1 via Nrf2/ARE Pathway in Glomerular Mesangial Cells. Free Radic. Biol. Med.
2017, 102, 77–86. [CrossRef]

118. Yang, Y.; Li, J.; Zhang, L.; Lin, Z.; Xiao, H.; Sun, X.; Zhang, M.; Liu, P.; Huang, H. CKIP-1 Acts Downstream to Cx43 on the
Activation of Nrf2 Signaling Pathway to Protect from Renal Fibrosis in Diabetes. Pharmacol. Res. 2021, 163. [CrossRef]

119. Chen, X.; Liang, H.; Xi, Z.; Yang, Y.; Shan, H.; Wang, B.; Zhong, Z.; Xu, C.; Yang, G.Y.; Sun, Q.; et al. BM-MSC Transplantation
Alleviates Intracerebral Hemorrhage-Induced Brain Injury, Promotes Astrocytes Vimentin Expression, and Enhances Astrocytes
Antioxidation via the Cx43/Nrf2/HO-1 Axis. Front. Cell Dev. Biol. 2020, 8, 302. [CrossRef]

120. Negoro, H.; Lutz, S.E.; Liou, L.S.; Kanematsu, A.; Ogawa, O.; Scemes, E.; Suadicani, S.O. Pannexin 1 Involvement in Bladder
Dysfunction in a Multiple Sclerosis Model. Sci. Rep. 2013, 3, 2152. [CrossRef]

http://doi.org/10.1093/brain/awq386
http://doi.org/10.3390/cells11040729
http://doi.org/10.3389/fnmol.2018.00435
http://doi.org/10.3389/fncel.2014.00348
http://doi.org/10.1002/1873-3468.13115
http://www.ncbi.nlm.nih.gov/pubmed/29802622
http://doi.org/10.2174/0929867321666131228191714
http://www.ncbi.nlm.nih.gov/pubmed/24372216
http://doi.org/10.1074/jbc.M600504200
http://www.ncbi.nlm.nih.gov/pubmed/16720574
http://doi.org/10.3389/fncel.2019.00003
http://www.ncbi.nlm.nih.gov/pubmed/30760982
http://doi.org/10.4103/1673-5374.193221
http://www.ncbi.nlm.nih.gov/pubmed/27904473
http://doi.org/10.3389/fncel.2014.00326
http://doi.org/10.1523/JNEUROSCI.0015-14.2014
http://doi.org/10.1523/JNEUROSCI.2204-16.2017
http://doi.org/10.1096/fj.11-198416
http://doi.org/10.3389/fncel.2016.00288
http://doi.org/10.1523/JNEUROSCI.0325-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19369543
http://doi.org/10.1080/19336950.2019.1631107
http://www.ncbi.nlm.nih.gov/pubmed/31232168
http://doi.org/10.1002/glia.23631
http://www.ncbi.nlm.nih.gov/pubmed/31033038
http://doi.org/10.1083/jcb.115.4.1077
http://doi.org/10.1620/tjem.217.87
http://doi.org/10.1007/s13311-019-00784-7
http://doi.org/10.1016/j.freeradbiomed.2016.11.015
http://doi.org/10.1016/j.phrs.2020.105333
http://doi.org/10.3389/fcell.2020.00302
http://doi.org/10.1038/srep02152


Antioxidants 2022, 11, 1146 15 of 15

121. Hainz, N.; Becker, P.; Rapp, D.; Wagenpfeil, S.; Wonnenberg, B.; Beisswenger, C.; Tschernig, T.; Meier, C. Probenecid-Treatment
Reduces Demyelination Induced by Cuprizone Feeding. J. Chem. Neuroanat. 2017, 85, 21–26. [CrossRef] [PubMed]

122. Hainz, N.; Wolf, S.; Beck, A.; Wagenpfeil, S.; Tschernig, T.; Meier, C. Probenecid Arrests the Progression of Pronounced Clinical
Symptoms in a Mouse Model of Multiple Sclerosis. Sci. Rep. 2017, 7, 17214. [CrossRef] [PubMed]

123. Hainz, N.; Wolf, S.; Tschernig, T.; Meier, C. Probenecid Application Prevents Clinical Symptoms and Inflammation in Experimental
Autoimmune Encephalomyelitis. Inflammation 2016, 39, 123–128. [CrossRef] [PubMed]

124. Ortiz, F.; Puebla, C. Pannexin 1-Based Channels Activity as a Novel Regulator of Multiple Sclerosis Progression. Neural Regen.
Res. 2020, 15, 65–66. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jchemneu.2017.06.003
http://www.ncbi.nlm.nih.gov/pubmed/28629631
http://doi.org/10.1038/s41598-017-17517-5
http://www.ncbi.nlm.nih.gov/pubmed/29222419
http://doi.org/10.1007/s10753-015-0230-1
http://www.ncbi.nlm.nih.gov/pubmed/26276126
http://doi.org/10.4103/1673-5374.264450
http://www.ncbi.nlm.nih.gov/pubmed/31535649

	Introduction 
	Multiple Sclerosis 
	Glial Cell-Mediated Neuroinflammation 
	Mitochondria and Neuronal Function 
	Mitochondrial Dysfunction: A Hallmark in the Pathogenesis of MS 
	Nrf2 Signaling Network: A Key Player Combatting Oxidative Stress, Mitochondrial Dysfunction, Neuroinflammation, and Neurodegeneration in MS 
	Large-Pore Channels: A Possible Link between Glial Cell Dysfunction and Nrf2 in Multiple Sclerosis 
	Concluding Remarks 
	References

