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Multiple roles have been indicated for reactive oxygen species (ROS) in the immune system in recent years. ROS have been
extensively studied due to their ability to damage DNA and other subcellular structures. Noticeably, they have been identiﬁed as a
pivotal second messenger for T-cell receptor signaling and T-cell activation and participate in antigen cross-presentation and
chemotaxis. As an agent with direct toxic eﬀects on cells, ROS lead to the initiation of the autoimmune response. Moreover, ROS
levels are regulated by antioxidant systems, which include enzymatic and nonenzymatic antioxidants. Enzymatic antioxidants
include superoxide dismutase, catalase, glutathione peroxidase, and glutathione reductase. Nonenzymatic antioxidants contain
vitamins C, A, and E, glutathione, and thioredoxin. Particularly, cellular antioxidant systems have important functions in
maintaining the redox system homeostasis. This review will discuss the signiﬁcant roles of ROS generation and antioxidant
systems under normal conditions, in the immune system, and pathogenesis of multiple sclerosis.

1. Introduction
The oxidation reaction is the reaction in which the
electrons passed from one substance (reactant) to another
one. This reaction results in the production of ROS [1].
Fenton explained reactive oxygen species (ROS) for the
ﬁrst time in 1894, which are also known as free radicals
[2]. The most important type of radicals produced in
living systems is ROS [3]. Superoxide anion (O−2 ), hydrogen peroxide (H2O2), and hydroxyl radical (OH−) are
three main types of ROS [1]. Physiological concentrations
of ROS as second messengers are required to maintain the
cellular state including cell signaling, diﬀerentiation,
proliferation, and growth, apoptosis, and cytoskeletal
regulation. High local concentrations of ROS are produced by immune cells to kill pathogens [4], while the
much higher concentration of ROS can damage cellular
components such as proteins, lipids, and nucleic acids [5].
In this review, we will discuss how ROS and antioxidants
are produced in mammalian cells and the eﬀects of ROS

on immune cell function and in the pathogenesis of
multiple sclerosis.

2. Reactive Oxygen Species Generation
Reactive oxygen species (ROS) are produced by a diversity of
extracellular and intracellular agents [6]. Exogenous stimuli
such as UV radiation, air pollution, smoking, and environmental chemicals cause ROS generation [7]. Electron
leak from the mitochondrial respiratory chain and NADPH
oxidases are two major intracellular sources of ROS.
2.1. Superoxide and Hydrogen Peroxide Generation in the
Mitochondria. When electrons escape the Electron Transfer
Chain (ETC) in the mitochondria, ROS are produced [8].
Electrons are transferred to complex I by nicotinamide
adenine dinucleotide (NADH) and then transferred to
complex II through dihydroﬂavin adenine dinucleotide
(FADH2), both of which are located within the
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mitochondrial membrane. Afterward, the electrons are
transferred through ubiquinone and cytochrome C to
complex III and complex IV, respectively. Finally, H2O is
produced by electrons transferred to O2. Although this
reaction is highly conserved, sometimes electrons can leak
by complexes involved in the electron transport chain to
partially reduce O2, causing the production of superoxide
radicals [9, 10]. Therefore, the ﬁrst free radical produced
through the electron transport chain in mitochondria is
superoxide anion (O−2 ) [11]. Superoxide anion is the precursor of the other two ROS, H2O2 and OH−. Superoxide
anion is spontaneously converted into hydrogen peroxide
when an electron and two protons are added to O−2 . Furthermore, superoxide dismutase can convert superoxide to
H2O2 [12]. Then, H2O2 breaks down into hydroxyl radical
(OH) and a hydroxide ion. Hydroxyl radicals can be also
produced from the interaction between O−2 radical and
hydrogen peroxide in the Haber–Weiss reaction [1, 13].
Hydroxyl radical, the most powerful and harmful radical
among the ROS, is able to interact with all biological
macromolecules such as lipids, proteins, nucleic acids, and
carbohydrates [14].

membrane [20, 21]. At the same time, p47phox is phosphorylated and goes under conformational change, which
currently places two regions of SRC homology 3 in conjunction with proline-rich motifs in p22phox [19]. Additionally, via Phox homology domains, p47phox binds to
phosphatidylinositol 3-phosphate (PI3P) and PIP2 [3, 4]
stabilizing the p47phox position in cytochrome b558. When
p47phox, p67phox, and p40phox are trimerized in the cytosol, the other two regulatory subunits are bound by
p47phox [22].
After assembly and activation, NADPH oxidase generates superoxide by converting NADPH to NADP+, leading
to the release of two electrons and one H+; then cytochrome
b558 transfers two electrons to the lumen of the phagosome
which in turn reacts with two molecules of oxygen to form
two superoxide ions [19]. Isoforms of NOX exist in the
plasma membrane, as well as intracellular membranes of the
nucleus, mitochondria, and endoplasmic reticulum.
Depending on its location, O−2 can be released into intracellular or extracellular space [15].

2.2. Production of ROS by NADPH Oxidase. In addition to
mitochondria, intracellular ROS are generated by nicotinamide adenine dinucleotide phosphate oxidase (NOX)
protein family. Nicotinamide adenine dinucleotide oxidase
is a ﬂavocytochrome that was initially found in phagocytes.
It is involved in destroying pathogens by releasing superoxide or hydrogen peroxide in the phagocytic compartment
[15].
The NOX family consists of seven members (NOX1-5
and DUOX1-2), which are divided into three groups based
on the presence of domains other than the gp91phox
(NADPH oxidase-2 (NOX2)) domain [16]. The ﬁrst group
including NOX1, NOX3, and NOX4, have a similarity in size
and structure with gp91phox [17]. NOX5, as the second
group, has an amino-terminal calmodulin-like domain that
contains four binding sites for calcium. The NOX5 is
expressed upon activation of the calcium ionophore ionomycin. The third group contains Duox1 and Duox2 which
have a peroxidase-homology domain and uses ROS produced by the catalytic core to produce more potent oxidizing
species, which leads to oxidation of extracellular cells [18].
NADPH oxidase consists of four cytosolic subunits
p47phox, p40phox, p67phox, and a small G-protein Rac (p21
Rac), as well as gp91phox and p22phox, both known as
functional transmembrane heterodimers. NADPH oxidase
is activated by the assembly of these regulatory subunits with
gp91phox [18, 19].
In the resting cells, Rac2 via interaction with RhoGDI
remains inactive in the guanosine diphosphate (GDP)
bound state, while gp91phox and p22phox reside in intracellular vesicles. After starting phagocytosis, GDP-Rac2 by
the activity of a Rac guanine nucleotide exchange factor is
converted to GTP-Rac2. Then, Rac2 is transferred to the
plasma or phagosome membrane. In addition, gp91phox
and p22phox are transferred from the vesicle to the

All cells have an intrinsic mechanism that neutralizes excess
ROS and minimizes the adverse eﬀects caused by them, the
so-called antioxidant system [23]. Antioxidants are divided
into small molecules and enzymatic antioxidants. Small
molecules also known as antioxidants contain vitamins C, A,
and E, uric acid, antioxidant minerals (copper, ferritin, zinc,
manganese, and selenium), L-c-glutamyl-L-cysteinylglycine
(GSH), pycnogenol, and thioredoxin, which prevent cellular
damage [24]. Enzymatic antioxidants include superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPx), glutathione reductase (GR), and thioredoxin reductase [25]. The expression of antioxidant enzymes is
controlled by the transcription factor nuclear factor-E2related factor (Nrf2) [26].

3. Defense Mechanisms against Reactive
Oxygen Species

3.1. Superoxide Dismutases (SODs), Catalase, and
Peroxiredoxins. The ﬁrst line of the oxidative stress defense
system against ROS is the superoxide dismutases (SODs)
and catalase. Superoxide dismutases have four isoforms
including Mn-SOD, Cu, Zn-SOD, Ni-SOD, and extracellular
SOD. These enzymes convert superoxide radicals to oxygen
and hydrogen peroxide [27]. Catalase can convert H2O2 to
form water and molecular oxygen. Excessive expression of
catalase in cytosol or mitochondria has been shown to
protect cells from oxidative damage [28]. Another H2O2
scavenger is peroxiredoxins (PRX) (six isoforms of PRXs
have been known). Through the oxidation of its own cysteine
residues, PRX causes a reduction of H2O2 to H2O which gets
inactivated. Hence, the cysteine residues of thioredoxin
(TRX) are oxidized as the inactivated PRX is reactivated [29]
(Figure 1).
3.2. Glutathione. One of the most important antioxidant
systems in the cell is the glutathione system. The glutathione
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Figure 1: Antioxidant enzymes. The superoxide radical anion can be transformed either to H2O2 SOD. The hydrogen peroxide can be
converted to H2O and O2 by CAT and/or GPX/PRX. H2O2, hydrogen peroxide; SOD, superoxide dismutase; CAT, catalase; GPX, glutathione peroxidase; PRX, peroxiredoxin enzymes.

system contains glutathione peroxidase (GPX), glutathione
reductase (GR), and glutathione. Glutathione consists of
L-c-glutamyl-L-cysteine-y-L-glycine
(g-Glu-Cys-Gly)
which has a nonprotein thiol group of a cysteine residue
[30]. Glutathione exists in two forms including a reduced
form (GSH) and an oxidized form, called glutathionedisulﬁde (GSSG) [31].
Indeed, GSH acts as an electron donor that causes the
reduction of any disulﬁde bonds formed within cysteines of
cytoplasmic proteins [31]. Therefore, GSH can prevent interactions between oxidizing species and cellular components, especially nucleic acids and proteins. Additionally,
GSH acting as cosubstrate to the enzyme glutathione peroxidase (GPX) and glutathione reductase (GR) leads to a
reduction of peroxides. So far, eight isoforms of GPXs have
been recognized in the cytosol, mitochondria, endoplasmic
reticulum, peroxisomes, and extracellular space [32, 33].
Similar to PRX and TRX, GPX induces the conversion of
hydrogen peroxide into two molecules of water through the
oxidation of GSH. Then, glutathione reductase (GR) uses
NADPH to convert oxidized glutathione (GSSG) into GSH,
a process that leads to regenerating the pool of glutathione in
cells [33] (Figure 1).

conditions, Keap1 acts as an inhibitor, which interacts with
Nrf2 in the cytoplasm, preventing Nrf2 translocation to the
nucleus. Afterward, Nrf2-Keap1 binding to the E3 ubiquitin
ligase Cullin 3 (Cul3) causes ubiquitination of Nrf2, eventually degraded by the 26S proteasome [35, 36]. When
oxidative stress occurs in cells, ROS can induce the
breakdown of the Nrf2 and Keap1, through the oxidation of
cysteine residues (Cys273, Cys288, and Cys151) and the
activation of kinases, like protein kinase C (PKC), MAPK,
phosphatidylinositide 3-kinases (PI3Ks), and protein kinaselike endoplasmic reticulum kinase (PERK), causing phosphorylation of Nrf2 [34]. Subsequently, Nrf2 is stabilized
and transferred to the nucleus where it dimerizes with small
Maf proteins (Maf-F, Maf-G, and Maf-K). Then the heterodimers interact with ARE, resulting in the activation of
antioxidant response genes [37]. There are reportedly almost
200 induced genes involved in detoxiﬁcation and antioxidant defense by Nrf2, including SODs, glutathione synthetase (GSS), GR, GPXs, thioredoxin (TRX), thioredoxin
reductase (TRR), peroxiredoxin (PRX), and catalase [38].
The disturbance in the balance between oxidants and
antioxidants is called “oxidative stress” (OS) which causes
impairment in redox signaling and molecular damage [39].

3.3. Nrf2-Keap1-ARE Pathway. Antioxidant systems are
regulated at both mRNA expression and protein enzymatic
activity level; the former is regulated by Keap1-Nrf2-ARE
[34], leading to maintaining the redox balance in the cells.
The Nrf2-Keap1-Cul3 trimeric complex is divided into three
main cellular components: Kelch-like ECH-associated
protein 1 (Keap1), which is a known inhibitor of Nrf2
(INrf2), nuclear factor erythroid 2-related factor 2 (Nrf2),
and antioxidant response element (ARE), which is known as
a common promoter element of genes. Under homeostatic

4. Roles of Reactive Oxygen Species in the
Immune System
So far, the reports show that redox states have important
roles in immunity and T-cell function. Engagement of T-cell
receptor (TCR) with APC results in the production of intracellular ROS. Two variables determine the eﬀects of ROS
on adaptive immune responses, the lymphocyte subset, and
intracellular or extracellular ROS [19, 40]. Moreover, the
ROS levels aﬀect adaptive immune responses, such that a
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minimal increase in ROS level in the immune system may
raise normal immune function, whereas high levels of ROS
result in raised levels of proinﬂammatory cytokines through
the loss of Nrf2 [41]. Moderate levels of ROS can act as
biochemical mediators in immunity involved in several
cellular functions, primarily bacterial defense, cell proliferation, aggregation, chemotaxis, Ag processing, and signaling pathways [42].
4.1. Microbicidal Activity. One of the earliest and most
powerful defensive mechanisms against invading microorganisms in phagocytes is NOX-derived-superoxide in which
NADPH oxidase is activated after the ingestion of microorganisms into the phagosome [43]. Superoxide anion and
other products such as H2O2 and HOCl can kill microorganisms via destroying iron-sulfur centers such as those in
the respiratory chains of microorganisms. Furthermore, O−2
indirectly kills microorganisms via proteolytic digestion of
microorganisms. Indeed, O−2 leads to depolarization of the
phagosome membrane and a compensating inﬂux of H+ and
K+ into the phagolysosome, which removes proteases from
the anionic proteoglycan matrix by raising ionic strength
[44, 45].
4.2. Eﬀects of ROS on Antigen Cross-Presentation. Antigen
cross-presentation, a process that can present extracellular
antigens with MHCI molecules to CD8+ T cells, leads to the
initiation of CD8+ T-cell responses [46]. When exogenous
antigens are taken up via phagocytosis and partially degraded, they can be exported into the cytosol, where they are
degraded by the proteasome and then transferred to the ER
for loading on MHCI molecules [19, 47]. Studies have
demonstrated that one of the ROS roles in the immunity
system is the regulation of antigen cross-presentation via the
eﬀect on the phagosome pH [48]. ROS production in DC
phagosomes increases pH level not only through consuming
protons (H+) but also through oxidation of two cysteine
residues within the nucleotide-binding subunits of the enzyme which results in the inactivation of V-ATPase. Consequently, Ag is protected against endosomal degradation
and transported to the cytosol [49]. Studies have shown that
DCs isolated from patients with the chronic granulomatous
disease (CGD) or treated with NOX2 inhibitor demonstrate
impaired antigen cross-presentation [50].
4.3. Chemotaxis. Chemotaxis is a biological process in which
cells migrate in response to chemoattractant gradient, which
can regulate the migration of leukocytes such as neutrophils,
monocytes, and eﬀector T cells, and modulate inﬂammatory
reactions. Some studies have shown that ROS play an important role in the regulation of leukocyte chemotaxis to the
sites of injury or infection [51]. Studies have shown that
neutrophils isolated from CGD patients or treated with
NOX2 NADPH oxidase inhibitor, diphenyleneiodonium
chloride (DPI), or siRNA have silenced gp91phox or
p22phox causing faulty migration due to the inhibition of
ROS production [52]. When the herpes virus entry mediator
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(HVEM) interacts with LIGHT, a known member of the
tumor necrosis factor (TNF) family, it causes increased
inﬁltration of both macrophages and neutrophils and expression of chemokine receptors like CCR1 and CCR2,
through increasing ROS production [19]. Besides, the migration process in macrophages is regulated by Nox2-dependent ROS [53]. For instance, in angiotensin II-induced
hypertension model, macrophage inﬁltration into vessels is
reduced through the inhibition of Nox2 activity, while
lacking Nox2 oxidase activity reduces macrophage inﬁltration into atherosclerotic lesions [54].
4.4. Immune Modulatory. In addition to its antimicrobial
activity, ROS is also associated with the progression of inﬂammatory diseases via increased biological structures and
proinﬂammatory cytokines; however, recent observations
illustrated that ROS can act as a regulatory agent in the
immune system [19]. Treg function and ROS level have a
close relationship with each other. ROS levels divided the
mildly high tolerable levels or the intolerably higher range, in
the latter of which, ROS causes tissue damage and inﬂammatory reactions. However, at tolerable levels, ROS can act
as an anti-inﬂammatory agent in the immune system. Eﬁmova et al. showed that hypofunctional Tregs are associated
with lower levels of ROS [55]. In the same vein, Kim et al.
demonstrated the Treg function elevated by increased levels
of ROS. Superoxide radicals can act as a cofactor for IDO.
Therefore, the enzyme activity of IDO elevated by increased
levels of ROS [56].
4.5. Role of ROS as Second Messengers in Cellular Signaling.
Intracellular ROS, also known as second messengers, are
involved in some cellular functions such as cellular diﬀerentiation, tissue regeneration, and aging prevention [57].
The two factors that determine whether the redox systems
act as redox signaling or oxidative stress are the type of ROS
and its local concentration. Studies have demonstrated that
the eﬀects of the accumulation of superoxide on redox
signaling are lower than the oxidative stress [58]. One
important feature that enables H2O2 to act as an intracellular
signaling molecule is its potential for quick diﬀusion
through membranes [59]. Hence, H2O2 signal transduction
occurred through selectively oxidizing cysteine residues
within proteins. Redox signaling by H2O2 is also associated
with the source of generated H2O2. For instance, when H2O2
is produced by NADPH oxidases in the plasma membrane, it
targets the plasma membrane proteins [60]. ROS can regulate signaling not only through oxidizing cysteine residues
but also by the modulation of Ca2+ signaling. ROS can also
release Ca2+ by activating the inositol triphosphate (IP3)
receptor and oxidation of the ryanodine receptor, raising the
intracellular concentration of Ca2+ in immune cells, and
regulating diﬀerentiation, proliferation, and activation [19].
H2O2 can convert cysteine residues to cysteine sulfenic acid
(Cys-SOH) by oxidation, leading to the formation of
disulﬁde bonds, which in turn alter the protein function.
While higher levels of H2O2 transform oxidized thiolate
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anions to sulﬁnic (SO2H) or sulfonic (SO3H) species, this
species results in permanent protein damage [58].
Activation of T cells depends on three types of signals:
recognizing antigen via TCR-MHC complexes; the ﬁrst
signal, interactions of costimulatory molecules; the second
signal, ROS and proinﬂammatory cytokines; the third signal
required for eﬃcient activation of T cells [61]. The stimulation of TCR produces two species of oxidants, which tend
to regulate signal transduction through diﬀerent pathways.
For instance, hydrogen peroxide regulates the proliferative
signal through ERK activation, while O−2 enhances a prodeath signal in mature T cells via inducing FasL expression
[62]. Therefore, ROS are known as second messengers which
enhance TCR signaling through oxidation of calcium and
potassium channels, integrins, CD2, the TCR/CD3 complex,
and ZAP70. Further, ROS causes an activation of the ERK
and mitogen-activated protein kinase (MAPK) family
member [48].
4.5.1. MAPK/ERK Pathway. The MAPK/ERK pathway,
known as the Ras-Raf-MEK-ERK pathway, is necessary to
transduction of biological signals from the cell membrane to
the nucleus [63]. The MAPK/ERK pathway is activated by
several extracellular signals such as growth factors, cytokines, and T-cell receptor antigens [64]. Ligand binding to
cell surface receptors induces activation of the small GTPase
Ras, followed by MAP kinase kinases Raf activation by
phosphorylation [65]. Afterward, activated Raf leads to
activation of MAP kinase kinases MEK1/MEK2, and then
MAP kinases ERK1 and ERK2 are phosphorylated and
activated by MEK1/MEK2. Finally, ERK1/2 serves in the
phosphorylation of cytosolic substrates such as RSK [65, 66].
ERK1/2 can be transferred to the nucleus and activate
transcription factors such as Elk-1 [8]. ERK1/2 phosphorylation is regulated by two signaling pathways in T cells [67].
The ﬁrst signaling pathway mediates MAPKKK, MAPKK,
and MAPK by phosphorylation in the classical MAPK
pathway. ERK1/2 phosphatases such as He-PTP can regulate
the MAPK pathway in the other pathway signaling. Oxidative modiﬁcation of intracellular kinases like ASK-1 by
ROS leads to the activation of MAPK signaling cascade
[68, 69]. Increased upstream signaling pathways (e.g.,
MEK1/2 activation) by H2O2 result in enhanced phosphorylation levels of ERK1/2 and MEK1/2, which in turn
causes Lck shift from 56 to 60 kDa. One of the negatively
regulated TCR signaling enzymes is protein tyrosine
phosphatases (PTPs) which have cysteine residue in the
active site and sensitive to oxidation. H2O2 acts as a general
inhibitor of PTPs, converting Cys residue active site to
sulfenic acid (Cys-SOH). Therefore, H2O2 activates downstream signals such as MAPK by activating phosphorylation
cascades through the inhibition of protein tyrosine phosphatases activity [67, 70, 71].
One of the important MAPK signaling pathways is the
c-Jun N-terminal kinases (JNKs), also called stress-activated
protein kinases (SAPKs), which are activated via inﬂammatory cytokines and oxidative stress [72]. The JNKs are
involved in some cellular processes, including cell
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diﬀerentiation and cellular apoptosis pathways [73]. Like the
ERK pathway, the JNK signaling pathways including
MAPKKK (which contains MEKK1, MEKK2, MEKK3, and
MEKK4, MLK, and ASK1) and MAPKK consist of MKK4,
MKK3, MKK6, and MKK7. Phosphorylation of JNK on
critical threonine and tyrosine residues by activated
MAPKKK and MAPKK resulting in a transfer of JNK into
the nucleus is able to activate transcription factors such as
c-Jun, ATF, and Elk1 [74, 75]. Under physiological conditions, thioredoxin (Trx) is an antioxidant protein, which
binds to ASK1, and causes the inhibition of ASK1 kinase
activity; however, the oxidative stress leads to ASK1 separating from Trx by changing the conformation of Trx; then,
ASK1 could be oligomerized and autophosphorylated
[64, 76]. Glutathione S-transferase pi (GSTp) is a member of
the glutathione S-transferase family of enzymes, acting as
detoxiﬁcation of electrophilic metabolites, which can inhibit
JNK signaling pathway via the interaction with JNK, but
ROS induces activation of JNK through separating JNK from
glutathione S-transferase pi (GSTp) [77] (Figure 2(a)).
4.5.2. NF-κB Pathway. NF-κB proteins are important
transcription factors acting in inﬂammation and immunity,
which can be regulated by ROS [78]. Phosphorylation of
Tyr42 or other tyrosine residues of IκBα via H2O2 leads to
degradation of IκBα and ultimately activation of the NF-κB
pathway [79]. It has been shown that overexpression of
antioxidant proteins such as TRX1 leads to reduced NF-κB
activation by inhibiting IκB degradation [78]. The MEKK1,
also known as kinases upstream of IKK and redox-sensitive
kinase, could be inhibited by glutathionylation at C1238
through ROS [80]. H2O2 can transfer NF-κB into the nucleus
through phosphorylation serine of the p65 subunit of NFκB. An NF-κB-inducing kinase (NIK), also known as an
upstream kinase in the NF-κB pathway, is activated through
increasing phosphorylation by ROS [81] (Figure 2(b)).
4.5.3. Phospholipase C-c1 and Calcium. Through producing
second messengers such as diacylglycerol and inositol 1,4,5trisphosphate, phospholipase C-c1 (PLC-c1) induces the
activation of protein kinase C (PKC) and increases intracellular calcium level, which in turn regulates cell proliferation and diﬀerentiation. Phosphorylation tyrosine of
PLC-c1 by tyrosine kinases such as Src family kinases activates PLC-c1. The ROS could activate Src family tyrosine
kinases, which then phosphorylate PLC-c1 and PLC-c2.
PI3–K/Akt involved in signaling events is stimulated by
H2O2, which activates PLC-c1 [82, 83].
Calcium channels like RyR, IP3R, SERCA, PMCA, and
NCX are involved in the regulation of many signaling
pathways. RyR/IP3R plays an important role in channel
gating and assembly by posttranslational modiﬁcations of
Cys residues through redox modiﬁcations [84]. Therefore,
ROS enhances channel activity by thiol oxidation of RyR/
IP3R. ROS inhibits SERCA activity by oxidation of Cys
residues of SERCA pumps, thus reducing Ca2+ inﬂux from
the cytoplasm to ER [85].
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(a)

(b)

Figure 2: ROS eﬀects on TCR signaling. TCR engagement leads to ROS production (red stars) from NOX2 at the plasma membrane. (a)
Possible targets of ROS including LAT, ZAP70, SHP-1, Lck, and CD45. (b) Crosstalk of ROS with NF-κB signaling pathways. TCR, T-cell
receptor; NOX2, NADPH oxidase 2; ROS, Reactive oxygen species; LAT, linker for activation of T cell; ZAP70, Zeta Chain Of T-Cell
Receptor Associated Protein Kinase 70; SHP-1, Src homology 2 domain-containing protein tyrosine phosphatase 1; Lck, lymphocytespeciﬁc protein tyrosine kinase; MEKK1, mitogen-activated protein kinase kinase kinase 1; NIK, NF-κB inducing kinase.

4.6. Relationship between ROS Signaling and the Immune
System. The TCR is cross-linked when a naive T cell binds to
its cognate antigen, causing the activation of a variety of
signaling cascades and transcription factors that induce
rapid T-cell proliferation in response to infection. The
MAPK family is an important class of signaling proteins
appropriate for this process. The MAPK pathway is known
to be triggered early after the TCR binds to the antigen,
which results in the activation of several essential cell
transcription factors for inducing T-cell growth and survival
[86]. Several studies have already shown that ROS signaling

in activated T cells may be one mechanism by which the
MAPK pathway is regulated [87]. Mitochondrial ROS
(MtROS) function on the proinﬂammatory signaling
pathways trigger the production of cytokines. The key
pathways causing cytokine production are the MAPK
pathways ERK1/2, JNK1/2, and p38 and the pathways
leading to NF-κB activation [88]. The MtROS can also induce proinﬂammatory cytokine production in an inﬂammasome-independent manner, likely by inactivating MAPK
phosphatase which adversely regulates the transcription of
the proinﬂammatory cytokine gene [89]. The MtROS
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contributes to the production of NF-AT and IL-2 in T cell as
a result of the ROS-mediated modiﬁcation of kinases’ redox
status, which modulates the NF-AT and IL-2 pathways to
promote proliferation after stimulation [90]. Increased
generation of ROS as a result of inﬂammatory signaling will
mediate canonical activation of NF-κB and downstream
induction of inﬂammatory genes, activation of inﬂammasomes, and secretion of cytokines [91]. NOX-2-induced ROS
enhances interferon- (IFN-) c synthesis by increasing the
rates of JNK and NF-κB phosphorylation, STAT-1, and
T-bet transcription factors, and IL-2, IL-4, TNF-α, and GMCSF cytokine secretion. In addition, the NOX-2-derived
ROS reduces STAT3 phosphorylation and IL-10, TGF-β,
and IL-17 production [92, 93].
4.7. Eﬀects of ROS on T-Cell Diﬀerentiation. Many researchers have identiﬁed ROS as an agent capable of
modulating the diﬀerentiation of various T-cell subsets
through the regulation of GATA-binding protein 3, signal
transducer and activator of transcription, and T-box transcription factor [86]. The evidence has shown the expression
of transcription factors STAT1, STAT4, and T-bet and
production of cytokines, such as IL-2, IL-4, IFN-c, and TNFα, to be diminished in T cells of NOX-deﬁcient animals.
Moreover, phosphorylation of STAT3 and the production of
IL-10, TGF-β, and IL-17 have been shown to be increased in
p47phox deﬁcient T cells [94]. In NOX-deﬁcient mice, T cells
demonstrate lessened IL-4 and augmented IL-17 production, displaying Th17 phenotype [92]. Additionally, in
mouse models of IEX-1 gene deﬁciency as well as those
treated with mitochondria ROS inhibitors like N-acetylcysteine and mitoquinone, diﬀerentiation to Th17 phenotype is reduced [95, 96]. Inhibition of ROS sources via the
utilization of antioxidants leads to increased IFN-c production in T cells, promoting Th1-mediated immune responses. Hence, increased levels of ROS triggered to
promote both IL-4 and IL-2 production in T cells lead to
T-cell diﬀerentiation towards the Th2 phenotype [86, 97].
Several studies have mentioned the important role of Nrf2 in
the activation and diﬀerentiation of T cells. Findings indicate
the decrease of expression levels of activation markers such
as CD25 and CD69, as well as decreased production of IL-2,
in T cells treated with Nrf2 activators [98]. The mouse model
with Keap1 deﬁciency shows systemic activation of Nrf2
and, similar to cells treated with Nrf2 activators, shows
decreased IFN-c and increased IL-4, IL-5, and IL-13 production. They also prevent T-bet binding to DNA while
enhancing GATA-3 ability to bind to DNA. Therefore, these
studies reveal that the diﬀerentiation of inﬂammatory Th cell
subsets can be inhibited via Nrf2 [99, 100].
4.8. ROS and T-Cell Death. The elimination of
activated lymphocytes during the terminal phase of the
immune response occurs in cytokine or the activation-induced cell death (AICD). However, a small portion of the
expanded T cells remain which provided immune protection
when encountering the same antigen again [101]. The latter
mechanism is necessary for preserving the homeostasis of
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T cells and is mainly regulated by the death receptor Fas
(CD95) [102]. The resting T cells expressed a low level of
CD95; however, the activated T cells increased the level of
CD95 L through the induction of NF-AT or NF-κB [103].
Endogenous superoxide, which can induce the expression of
CD95 L in T cells via activating NF-κB, causes AICD [104].
In T cells, the survival of naive cells depends primarily on
high Bcl-2 expression, while in antigen-speciﬁc T cells, the
amount of Bcl-2 decreases signiﬁcantly at the immune response [89]. Therefore, Bcl-2 expression is downregulated
via ROS that causes intrinsic apoptosis [105]. ROS scavenger
such as GSH can decrease ROS-induced apoptosis of naive
and memory T cells [106]. Several studies have also shown an
association between the progression of apoptosis and intracellular GSH depletion [92, 106].
4.9. Mitochondrial Hyperpolarization and T Cells.
Mitochondrial metabolic activity plays a crucial role in
regulating the activation, proliferation, and programmed
death of T cells [107]. Producing reactive oxygen intermediates (ROI) and ATP synthesis, which is strictly controlled
by the mitochondrial transmembrane potential (ΔΨm),
induces T-cell activation and death pathway selection [108].
T-cell mitochondrial hyperpolarization (MHP) has been
correlated with increased levels of cellular ROS [109]. T-cell
activation via TCR/CD28 costimulation leads to MHP,
which is correlated with temporary inhibition of F0F1ATPase, increased ROI generation, ATP depletion, and
necrosis sensitivity. Therefore, ΔΨm elevation seems to be a
critical checkpoint for T-cell fate [110]. The studies have
shown that the production of MHP is an early event preceding phosphatidylserine (PS) externalization, activation of
caspases, and destruction of ΔΨm in H2O2 [29] and Fasinduced apoptosis in Jurkat human leukemia T cells and
normal human peripheral blood lymphocytes (PBLs) [111].
H2O2 via enhancing ΔΨm and production of ROI causes
induction of apoptosis of PBLs in healthy subjects, which
need mitochondrial conversion into an ROI. For instance,
OH occurred through the Fenton reaction [112]. Furthermore, elevated baseline ΔΨm and levels of ROI could have
major roles in altered activation and spontaneous death of
lupus T cells [110]. Further, CD4+ T cells with MHP secrete
higher levels of IFN-c, which propose a signiﬁcant role of
MHP in CD4+ T-cell diﬀerentiation into TH1 lineage3 [113].

5. Role of ROS in the Mechanisms of
MS Pathogenesis
Apart from the physiological conditions, ROS levels can
aﬀect an adaptive immune system, as well as serving as a risk
factor in the development and progression of autoimmune
disorders [23]. Moreover, the antioxidant system, mainly
GSH, has been impaired in chronic degenerative diseases,
particularly inﬂammatory immune-mediated ones [31].
Hence, through the production of novel autoantigens, oxidative stress leads to the autoimmune response [1]. Cumulating
evidence
has
implicated
ROS
in
neuroinﬂammatory disorders such as multiple sclerosis
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(MS), causing cellular injury via overwhelming the antioxidant capacity [114].
Multiple sclerosis is an autoimmune disease of the
central nervous system (CNS), characterized by demyelination and axonal injury. Several studies have indicated the
onset of MS between the ages of 20 and 40, but some reports
have revealed that MS may occur in young children and
elderly adults. The cause of MS has not clearly elucidated. It
is described as a multifactorial disease. Several reports have
revealed genetic and environmental factors as well as inﬂammation and oxidative stress as key players in the
pathogenesis of MS [115, 116]. The initial events in the
formation of MS include autoreactive CD4+ T cells recognizing myelin-like peptides presented by antigen-presenting
cells in the periphery and subsequently inﬁltrating into the
CNS through BBB and then reactivating in the CNS by the
respective antigen, leading to loss of myelin in the brain and
spinal cord. Numerous studies have shown that neuroinﬂammation and oxidative stress are concurrently involved
in the pathogenesis of MS. Noticeably, oxidative stress plays
a pivotal role in the initiation and progression of MS
[90, 117].
Endothelium cells, which act as the interface between the
CNS and the periphery, are regulated by ROS in MS patients.
High ROS levels induce damage to brain endothelium and
dysfunction in the blood-brain barrier (BBB). ROS-mediated increased BBB permeability is followed by the inﬁltration of leukocytes and transendothelial migration of
monocytes into the CNS. ROS perform such an event by
changing the phosphorylation state of junctional proteins
and cytoskeleton rearrangements, as well as inducing the
expression of occludin and ZO1 [23, 118, 119]. Similar to
NF-κB, ROS induce the expression of many genes such as
TNF-a, inducible nitric oxide synthase (iNOS), cell adhesion
molecules (CAMs) such as intracellular adhesion molecules
(ICAM-1), vascular cell adhesion molecule 1 (VCAM-1),
and platelet endothelial cell adhesion molecule-1 (PECAM1) in blood-brain barrier-endothelial cells (BBB-ECs)
[116, 120]. As well, redox reactions regulate T-cell traﬃcking
into the CNS via activating matrix metalloproteinases.
Production of large amounts of ROS by migrating inﬂammatory cells induces T lymphocytes and monocyte-derived
macrophages, which in turn induces neuroinﬂammation,
myelin phagocytosis, oligodendrocyte loss, neuronal and
axonal damage, and disease progression in MS [121, 122].
Moreover, microglia, also known as the resident macrophage cells in the CNS, can act in myelin degradation by
producing great amounts of superoxide, hydroxyl radicals,
hydrogen peroxide, and nitric oxide. NADPH oxidase
changes the morphology and proliferation of microglia
through generating hydrogen peroxide and is also crucial to
the regulation of the expression of several proinﬂammatory
functions of microglia. Therefore, these events trigger the
development of neurological pathologies [25, 122, 123]. In
addition, the whole-genome microarray analysis has
revealed that the p22 subunit of the Nox2 is upregulated in
the microglial cells and astrocytes [123]. Oligodendrocytes, a
type of glial cells that produce the myelin sheath, are susceptible to oxidative stress due to lower levels of antioxidant
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enzymes and free radical scavengers and high levels of PUFA
and iron. Cellular redox could also inhibit the expression of
myelin genes in human primary oligodendrocytes through
H2O2 [124, 125].
The CNS exhibits high oxygen consumption and has a
high rate of polyunsaturated fatty acids (PUFAs), which are
particularly susceptible to oxidative damage. Myelin sheaths
contain 30% protein and 70% lipid, which are vulnerable to
lipid peroxidation (LPO) by free radicals, leading to the
production of malondialdehyde (MDA), acrolein 4-hydroxy-2-nonenal (HNE), and 4-hydroxy-2-hexenal (4HHE) [126, 127].

6. Antioxidant Systems and Multiple Sclerosis
One of the factors that may regulate the pathogenesis of MS
is endogenous antioxidant enzyme systems. Several reports
have highlighted the increased expression of antioxidant
enzymes, such as SOD1 and SOD2, and catalase in actively
demyelinating MS lesions; hence, increased expression of
antioxidant enzymes in inﬂammatory MS lesions is associated with neuroinﬂammation [117, 128]. The inﬂammation and cell death in the brain could be regulated by Nrf2.
Thus, the activation of the Nrf2 pathway has distinct roles in
detoxiﬁcation of ROS as well as developing MS through
regulating levels of certain enzymes [23, 129]. The inﬂammatory response in the brain and microglial activation increases in Nrf2-deﬁcient mice compared to normal mice. In
addition, the severity of the pathology in experimental
autoimmune encephalomyelitis (EAE), MS animal model,
has been shown to be increased in Nrf2 deﬁcient mice
[130, 131]. Treatment with sulforaphane, tBHQ, and Nrf2inducing agents results in a reduction of neurodegeneration
in animal models; therefore, the inﬂuences of activation of
the Nrf2 pathway in the pathogenesis of MS include (1)
decreased leukocyte adhesion by Nrf2 activation and preventing leukocyte inﬁltration into the CNS; (2) decreased
microglial activation by Nrf2 activation and limiting myelin
phagocytosis and breakdown via increasing levels of antioxidant enzymes; (3) scavenging ROS by induction of antioxidant enzymes and subsequently reducing the loss of
BBB integrity as well as inhibiting oxidative damage to
neurons and oligodendrocytes; and (4) induction of oligodendrocyte diﬀerentiation by Nrf2 activation via restoring
redox balance, thereby reducing demyelination and axonal
injury [114, 132, 133].
The SOD, as part of a physiological response to oxidative
stress, has pivotal roles in protecting neurons against ROS in
MS pathogenesis. Increased gene and protein expression of
SOD1 in foamy macrophages and astrocytes and increased
SOD2 protein expression in reactive astrocytes have been
detected in actively demyelinating MS lesions. The SOD
activity has been also presented to be higher in RRMS than
controls [128, 134, 135]. The impaired peroxisomal function
where catalase is mainly located increases the severity of
clinical signs in a rat model for EAE by decreasing both
catalase gene expression and activity. Moreover, the upregulation of catalase expression through viral vectors reduces
clinical signs in EAE rats. The mRNA expression and activity
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Figure 3: Summary of ROS function in the pathogenesis MS. CNS, central nervous system; VCAM, vascular cell adhesion molecule.

of catalase have been reported to be increased in MS patients
than controls as well [114, 136].
Glutathione peroxidase has been identiﬁed with a protective role in neuroinﬂammation such as MS. The EAE
treated with glutathione peroxides restores BBB integrity
[137]. Moreover, low concentrations of GSH are important
indicators of oxidative stress during the progression of MS
[138]. The activity of glutathione peroxidase was reported as
an important part of the antioxidant cellular defense system
and was found to be increased in the serum of MS patients,
along with glutathione reductase activity which is also increased in MS patients. Furthermore, glutathione and
α-tocopherol concentrations decrease in the demyelinating
plaques [116, 138]. Evidence has revealed that the glial cells
play pivotal roles in GSH levels. The engagement of the
glutathione system in astroglial cells causes diminished

antioxidant defense and subsequent neuronal damage
[138, 139]. Moreover, the failure of the antioxidant defense
occurs due to a genetic defect of glutathione synthesis. The
activity of SOD and GPx was reported to be reduced in
CD4+T cells of MS patients. Moreover, in those with Nrf2
deﬁciency, diﬀerentiation to Th1 and inﬁltration into the
optic nerve is increased [140–142].
Dimethyl fumarate (DMF) has recently been approved as
a drug for RRMS, which has anti-inﬂammatory and neuroprotective eﬀects. DMF and its primary metabolite,
monomethyl fumarate (MMF), can improve patient outcomes not only through preventing diﬀerentiation of naive
CD4 T cells into eﬀector Th1 cells but also by inhibiting
cellular inﬁltration into the CNS, leading to activation of
Nrf2-ARE pathway, which is involved in the cellular response to oxidative stress [143–145].
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7. Conclusion
The NADPH oxidase and electron transport chain within the
mitochondria contribute to the generation of oxidative
species. Contrary to previous studies that showed that ROS
can act as a harmful agent on the cellular components such
as DNA, protein, and lipid, researchers now have revealed
that some of the immune system processes such as proliferation, diﬀerentiation, intracellular signaling, chemoattraction, and antigen cross-presentation are regulated by
moderate levels of ROS. Though high levels of ROS can be
damaging to the immune system, the cellular antioxidant
system plays an important role in regulating intracellular
levels of ROS. The expression of antioxidant system enzymes
is regulated through the Nrf2-Keap1-Cul3 trimeric complex,
regulating ROS levels in mammalian cells. The reports have
revealed that ROS may be involved in the initiation and
progression of autoimmunity diseases such as MS (Figure 3).
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C. R. Zárate-Bladés, and A. R. Pinto, “The impact of in utero
HIV exposure on gut microbiota, inﬂammation, and microbial translocation,” Gut Microbes, vol. 10, no. 5,
pp. 599–614, 2019.
O. P. Joﬀre, E. Segura, A. Savina, and S. Amigorena, “Crosspresentation by dendritic cells,” Nature Reviews Immunology, vol. 12, no. 8, pp. 557–569, 2012.

11
[47] M. Hansson, A. Romero, F. Thorén, S. Hermodsson, and
K. Hellstrand, “Activation of cytotoxic lymphocytes by interferon-α: role of oxygen radical-producing mononuclear
phagocytes,” Journal of Leukocyte Biology, vol. 76, no. 6,
pp. 1207–1213, 2004.
[48] R. Holmdahl, O. Sareila, A. Pizzolla et al., “Hydrogen peroxide as an immunological transmitter regulating autoreactive T cells,” Antioxidants & Redox Signaling, vol. 18,
no. 12, pp. 1463–1474, 2013.
[49] F. Kotsias, E. Hoﬀmann, S. Amigorena, and A. Savina,
“Reactive oxygen species production in the phagosome:
impact on antigen presentation in dendritic cells,” Antioxidants & Redox Signaling, vol. 18, no. 6, pp. 714–729, 2013.
[50] M. Oberkampf, C. Guillerey, J. Mouries et al., “Mitochondrial reactive oxygen species regulate the induction of CD8
(+) T cells by plasmacytoid dendritic cells,” Nature Communications, vol. 9, no. 1, p. 2241, 2018.
[51] H. Hattori, K. K. Subramanian, J. Sakai, and H. R. Luo,
“Reactive oxygen species as signaling molecules in neutrophil chemotaxis,” Communicative & Integrative Biology,
vol. 3, no. 3, pp. 278–281, 2010.
[52] H. Hattori, K. K. Subramanian, J. Sakai et al., “Small-molecule screen identiﬁes reactive oxygen species as key regulators of neutrophil chemotaxis,” Proceedings of the National
Academy of Sciences, vol. 107, no. 8, pp. 3546–3551, 2010.
[53] S. Chaubey, G. E. Jones, A. M. Shah, A. C. Cave, and
C. M. Wells, “Nox2 is required for macrophage chemotaxis
towards CSF-1,” PLoS One, vol. 8, no. 2, Article ID e54869,
2013.
[54] A. E. Vendrov, Z. S. Hakim, N. R. Madamanchi, M. Rojas,
C. Madamanchi, and M. S. Runge, “Atherosclerosis is attenuated by limiting superoxide generation in both macrophages and vessel wall cells,” Arteriosclerosis, Thrombosis,
and Vascular Biology, vol. 27, no. 12, pp. 2714–2721, 2007.
[55] O. Eﬁmova, P. Szankasi, and T. W. Kelley, “Ncf1 (p47phox)
is essential for direct regulatory T cell mediated suppression
of CD4+ eﬀector T cells,” PLoS One, vol. 6, no. 1, Article ID
e16013, 2011.
[56] H. R. Kim, A. Lee, E. J. Choi et al., “Reactive oxygen species
prevent imiquimod-induced psoriatic dermatitis through
enhancing regulatory Tcell function,” PLoS One, vol. 9, no. 3,
Article ID e91146, 2014.
[57] H. Kong and N. S. Chandel, “Regulation of redox balance in
cancer and T cells,” Journal of Biological Chemistry, vol. 293,
no. 20, pp. 7499–7507, 2018.
[58] M. Schieber and N. S. Chandel, “ROS function in redox
signaling and oxidative stress,” Current Biology, vol. 24,
no. 10, pp. R453–R462, 2014.
[59] C. R. Reczek and N. S. Chandel, “ROS-dependent signal
transduction,” Current Opinion in Cell Biology, vol. 33,
pp. 8–13, 2015.
[60] A.-B. Al-Mehdi, V. M. Pastukh, B. M. Swiger et al., “Perinuclear mitochondrial clustering creates an oxidant-rich
nuclear domain required for hypoxia-induced transcription,” Science Signaling, vol. 5, no. 231, p. ra47, 2012.
[61] L. E. Padgett and H. M. Tse, “NADPH oxidase-derived
superoxide provides a third signal for CD4 T cell eﬀector
responses,” The Journal of Immunology, vol. 197, no. 5,
pp. 1733–1742, 2016.
[62] S. Devadas, L. Zaritskaya, S. G. Rhee, L. Oberley, and
M. S. Williams, “Discrete generation of superoxide and
hydrogen peroxide by T cell receptor stimulation,” Journal of
Experimental Medicine, vol. 195, no. 1, pp. 59–70, 2002.

12
[63] M. D. Brown and D. B. Sacks, “Protein scaﬀolds in MAP
kinase signalling,” Cellular Signalling, vol. 21, no. 4,
pp. 462–469, 2009.
[64] Y. Son, Y. K. Cheong, N. H. Kim, H. T. Chung, D. G. Kang,
and H. O. Pae, “Mitogen-activated protein kinases and reactive oxygen species: how can ROS activate MAPK pathways?” Journal of Signal Transduction, vol. 2011, Article ID
792639, 6 pages, 2011.
[65] S. Meloche and J. Pouysségur, “The ERK1/2 mitogen-activated protein kinase pathway as a master regulator of the G1to S-phase transition,” Oncogene, vol. 26, no. 22, pp. 3227–
3239, 2007.
[66] S. Yoon and R. Seger, “The extracellular signal-regulated
kinase: multiple substrates regulate diverse cellular functions,” Growth Factors, vol. 24, no. 1, pp. 21–44, 2006.
[67] K. Lee and W. J. Esselman, “CAMP potentiates H2O2-induced ERK1/2 phosphorylation without the requirement for
MEK1/2 phosphorylation,” Cellular Signalling, vol. 13, no. 9,
pp. 645–652, 2001.
[68] J. Matsukawa, A. Matsuzawa, K. Takeda, and H. Ichijo, “The
ASK1-MAP kinase cascades in mammalian stress response,”
Journal of Biochemistry, vol. 136, no. 3, pp. 261–265, 2004.
[69] M. Cargnello and P. P. Roux, “Activation and function of the
MAPKs and their substrates, the MAPK-activated protein
kinases,” Microbiology and Molecular Biology Reviews,
vol. 75, no. 1, pp. 50–83, 2011.
[70] Y. A. Helou, V. Nguyen, S. P. Beik, and A. R. Salomon, “ERK
positive feedback regulates a widespread network of tyrosine
phosphorylation sites across canonical T cell signaling and
actin cytoskeletal proteins in Jurkat T cells,” PLoS One, vol. 8,
no. 7, Article ID e69641, 2013.
[71] S. Javadov, S. Jang, and B. Agostini, “Crosstalk between
mitogen-activated protein kinases and mitochondria in
cardiac diseases: therapeutic perspectives,” Pharmacology &
Therapeutics, vol. 144, no. 2, pp. 202–225, 2014.
[72] H. Nishina, T. Wada, and T. Katada, “Physiological roles of
SAPK/JNK signaling pathway,” Journal of Biochemistry,
vol. 136, no. 2, pp. 123–126, 2004.
[73] G. L. Johnson and K. Nakamura, “The c-jun kinase/stressactivated pathway: regulation, function and role in human
disease,” Biochimica et Biophysica Acta (BBA)-Molecular Cell
Research, vol. 1773, no. 8, pp. 1341–1348, 2007.
[74] S. S. Leonard, G. K. Harris, and X. Shi, “Metal-induced
oxidative stress and signal transduction,” Free Radical Biology and Medicine, vol. 37, no. 12, pp. 1921–1942, 2004.
[75] C. Davies and C. Tournier, “Exploring the function of the
JNK (c-Jun N-terminal kinase) signalling pathway in
physiological and pathological processes to design novel
therapeutic strategies,” Biochemical Society Transactions,
vol. 40, no. 1, pp. 85–89, 2012.
[76] H. Nagai, T. Noguchi, K. Takeda, and H. Ichijo, “Pathophysiological roles of ASK1-MAP kinase signaling pathways,” BMB Reports, vol. 40, no. 1, pp. 1–6, 2007.
[77] M. Castro-Caldas, A. N. Carvalho, E. Rodrigues,
C. Henderson, C. R. Wolf, and M. J. Gama, “Glutathione
S-transferase pi mediates MPTP-induced c-Jun N-terminal
kinase activation in the nigrostriatal pathway,” Molecular
Neurobiology, vol. 45, no. 3, pp. 466–477, 2012.
[78] M. J. Morgan and Z.-G. Liu, “Crosstalk of reactive oxygen
species and NF-κB signaling,” Cell Research, vol. 21, no. 1,
pp. 103–115, 2011.
[79] J. Yin, J. Duan, Z. Cui, W. Ren, T. Li, and Y. Yin, “Hydrogen
peroxide-induced oxidative stress activates NF-κB and Nrf2/

Autoimmune Diseases

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

Keap1 signals and triggers autophagy in piglets,” RSC Advances, vol. 5, no. 20, pp. 15479–15486, 2015.
J. Yang, Y. Lin, Z. Guo et al., “The essential role of MEKK3 in
TNF-induced NF-κB activation,” Nature Immunology, vol. 2,
no. 7, pp. 620–624, 2001.
F. Christian, E. L. Smith, and R. J. Carmody, “The regulation
of NF-κB subunits by phosphorylation,” Cells, vol. 5, no. 1,
2016.
X.-T. Wang, K. D. McCullough, X.-J. Wang, G. Carpenter,
and N. J. Holbrook, “Oxidative stress-induced phospholipase
C-c1 activation enhances cell survival,” Journal of Biological
Chemistry, vol. 276, no. 30, pp. 28364–28371, 2001.
L. Zhu, C. Jones, and G. Zhang, “The role of phospholipase C
signaling in macrophage-mediated inﬂammatory response,”
Journal of Immunology Research, vol. 2018, Article ID
5201759, 9 pages, 2018.
I. Bogeski and B. A. Niemeyer, “Redox regulation of ion
channels,” Antioxidants & Redox Signaling, vol. 21, no. 6,
pp. 859–862, 2014.
P. Kaplan, E. Babusikova, J. Lehotsky, and D. Dobrota, “Free
radical-induced protein modiﬁcation and inhibition of Ca2+ATPase of cardiac sarcoplasmic reticulum,” Molecular and
Cellular Biochemistry, vol. 248, no. 1-2, pp. 41–47, 2003.
E. L. Yarosz and C.-H. Chang, “The role of reactive oxygen
species in regulating T cell-mediated immunity and disease,”
Immune Network, vol. 18, no. 1, p. e14, 2018.
J. Kwon, S. Devadas, and M. S. Williams, “T cell receptorstimulated generation of hydrogen peroxide inhibits MEKERK activation and lck serine phosphorylation,” Free Radical
Biology and Medicine, vol. 35, no. 4, pp. 406–417, 2003.
M. Herb, A. Gluschko, K. Wiegmann et al., “Mitochondrial
reactive oxygen species enable proinﬂammatory signaling
through disulﬁde linkage of NEMO,” Science Signaling,
vol. 12, no. 568, Article ID aar5926, 2019.
Y. Yang, A. V. Bazhin, J. Werner, and S. Karakhanova,
“Reactive oxygen species in the immune system,” International Reviews of Immunology, vol. 32, no. 3, pp. 249–270,
2013.
D. G. Franchina, C. Dostert, and D. Brenner, “Reactive
oxygen species: involvement in T cell signaling and metabolism,” Trends in Immunology, vol. 39, no. 6, pp. 489–502,
2018.
S. J. Forrester, D. S. Kikuchi, M. S. Hernandes, Q. Xu, and
K. K. Griendling, “Reactive oxygen species in metabolic and
inﬂammatory signaling,” Circulation Research, vol. 122,
no. 6, pp. 877–902, 2018.
X. Chen, M. Song, B. Zhang, and Y. Zhang, “Reactive oxygen
species regulate T cell immune response in the tumor microenvironment,” Oxidative Medicine and Cellular Longevity, vol. 2016, Article ID 1580967, , 2016.
N. Ma, J. Zhang, R. J. Reiter, and X. Ma, “Melatonin mediates
mucosal immune cells, microbial metabolism, and rhythm
crosstalk: a therapeutic target to reduce intestinal inﬂammation,” Medicinal Research Reviews, vol. 40, no. 2,
pp. 606–632, 2020.
H. M. Tse, T. C. Thayer, C. Steele et al., “NADPH oxidase
deﬁciency regulates Th lineage commitment and modulates
autoimmunity,” The Journal of Immunology, vol. 185, no. 9,
pp. 5247–5258, 2010.
L. Zhi, I. V. Ustyugova, X. Chen, Q. Zhang, and M. X. Wu,
“Enhanced Th17 diﬀerentiation and aggravated arthritis in
IEX-1-deﬁcient mice by mitochondrial reactive oxygen
species-mediated signaling,” The Journal of Immunology,
vol. 189, no. 4, pp. 1639–1647, 2012.

Autoimmune Diseases
[96] N. Ma, P. Guo, J. Zhang et al., “Nutrients mediate intestinal
bacteria-mucosal immune crosstalk,” Frontiers in Immunology, vol. 9, p. 5, 2018.
[97] Y. J. Jang, W.-K. Kim, D. H. Han, K. Lee, and G. Ko,
“Lactobacillus fermentum species ameliorate dextran sulfate
sodium-induced colitis by regulating the immune response
and altering gut microbiota,” Gut Microbes, vol. 10, no. 6,
pp. 696–711, 2019.
[98] A. E. Turley, J. W. Zagorski, and C. E. Rockwell, “The Nrf2
activator tBHQ inhibits T cell activation of primary human
CD4 T cells,” Cytokine, vol. 71, no. 2, pp. 289–295, 2015.
[99] C. E. Rockwell, M. Zhang, P. E. Fields, and C. D. Klaassen,
“Th2 skewing by activation of Nrf2 in CD4+ T cells,” The
Journal of Immunology, vol. 188, no. 4, pp. 1630–1637, 2012.
[100] T. Suzuki, S. Murakami, S. S. Biswal et al., “Systemic activation of NRF2 alleviates lethal autoimmune inﬂammation
in scurfy mice,” Molecular and Cellular Biology, vol. 37,
no. 15, 2017.
[101] A. Krueger, S. C. Fas, S. Baumann, and P. H. Krammer, “The
role of CD95 in the regulation of peripheral T-cell apoptosis,” Immunological Reviews, vol. 193, no. 1, pp. 58–69,
2003.
[102] D. R. Green, N. Droin, and M. Pinkoski, “Activation-induced
cell death in T cells,” Immunological Reviews, vol. 193, no. 1,
pp. 70–81, 2003.
[103] M. Li-Weber and P. H. Krammer, “The death of a T-cell:
expression of the CD95 ligand,” Cell Death & Diﬀerentiation,
vol. 9, no. 2, pp. 101–103, 2002.
[104] D. A. Hildeman, “Regulation of T-cell apoptosis by reactive
oxygen species,” Free Radical Biology and Medicine, vol. 36,
no. 12, pp. 1496–1504, 2004.
[105] S. Orrenius, V. Gogvadze, and B. Zhivotovsky, “Mitochondrial oxidative stress: implications for cell death,” Annual Review of Pharmacology and Toxicology, vol. 47, no. 1,
pp. 143–183, 2007.
[106] C. Friesen, Y. Kiess, and K.-M. Debatin, “A critical role of
glutathione in determining apoptosis sensitivity and resistance in leukemia cells,” Cell Death & Diﬀerentiation, vol. 11,
no. 1, pp. S73–S85, 2004.
[107] J. Chen, A. V. Chernatynskaya, J. W. Li et al., “T cells display
mitochondria hyperpolarization in human type 1 diabetes,”
Scientiﬁc Reports, vol. 7, no. 1, p. 10835, 2017.
[108] A. Perl, P. Gergely, G. Nagy, A. Koncz, and K. Banki,
“Mitochondrial hyperpolarization: a checkpoint of T-cell life,
death and autoimmunity,” Trends in Immunology, vol. 25,
no. 7, pp. 360–367, 2004.
[109] A. Perl, P. Gergely, and K. Banki, “Mitochondrial dysfunction in T cells of patients with systemic lupus erythematosus,” International Reviews of Immunology, vol. 23,
no. 3-4, pp. 293–313, 2004.
[110] P. Gergely, B. Niland, N. Gonchoroﬀ, R. Pullmann,
P. E. Phillips, and A. Perl, “Persistent mitochondrial hyperpolarization, increased reactive oxygen intermediate
production, and cytoplasmic alkalinization characterize altered IL-10 signaling in patients with systemic lupus
erythematosus,” Journal of Immunology (Baltimore, Md.:
1950), vol. 169, no. 2, pp. 1092–1101, 2002.
[111] F. Puskas, P. Gergely, K. Banki, and A. Perl, “Stimulation of
the pentose phosphate pathway and glutathione levels by
dehydroascorbate, the oxidized form of vitamin C,” The
FASEB Journal, vol. 14, no. 10, pp. 1352–1361, 2000.
[112] P. Gergely, C. Grossman, B. Niland et al., “Mitochondrial
hyperpolarization and ATP depletion in patients with

13

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

systemic lupus erythematosus,” Arthritis & Rheumatism,
vol. 46, no. 1, pp. 175–190, 2002.
J. Zhu, H. Yamane, and W. E. Paul, “Diﬀerentiation of effector CD4 T cell populations,” Annual Review of Immunology, vol. 28, no. 1, pp. 445–489, 2010.
J. van Horssen, M. E. Witte, G. Schreibelt, and H. E. de Vries,
“Radical changes in multiple sclerosis pathogenesis,” Biochimica et Biophysica Acta (BBA)-Molecular Basis of Disease,
vol. 1812, no. 2, pp. 141–150, 2011.
N. Lev, D. Ickowicz, Y. Barhum, N. Blondheim, E. Melamed,
and D. Oﬀen, “Experimental encephalomyelitis induces
changes in DJ-1: implications for oxidative stress in multiple
sclerosis,” Antioxid Redox Signal, vol. 8, no. 11-12,
pp. 1987–1995, 2006.
G. G. Ortiz, F. P. Pacheco-Moises, O. K. Bitzer-Quintero
et al., “Immunology and oxidative stress in multiple sclerosis:
clinical and basic approach,” Clinical and Developmental
Immunology, vol. 2013, Article ID 708659, 14 pages, 2013.
M. Gironi, B. Borgiani, C. Cursano et al., “The peripheral
network between oxidative stress and inﬂammation in
multiple sclerosis,” European Journal of Inﬂammation,
vol. 12, no. 2, pp. 351–363, 2014.
H. Lee, H. J. Kim, J.-M. Kim, and N. Chang, “Eﬀects of
dietary folic acid supplementation on cerebrovascular endothelial dysfunction in rats with induced hyperhomocysteinemia,” Brain Research, vol. 996, no. 2,
pp. 139–147, 2004.
J. Haorah, B. Knipe, J. Leibhart, A. Ghorpade, and
Y. Persidsky, “Alcohol-induced oxidative stress in brain
endothelial cells causes blood-brain barrier dysfunction,”
Journal of Leukocyte Biology, vol. 78, no. 6, pp. 1223–1232,
2005.
S.-R. Kim, Y.-H. Bae, S.-K. Bae et al., “Visfatin enhances
ICAM-1 and VCAM-1 expression through ROS-dependent
NF-κB activation in endothelial cells,” Biochimica et Biophysica Acta (BBA)-Molecular Cell Research, vol. 1783, no. 5,
pp. 886–895, 2008.
I. Tasset, E. Agüera, F. Sánchez-López et al., “Peripheral
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