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ABSTRACT

Background: Multiple sclerosis (MS), a complex disease associated with multifocal 
demyelination of the central nervous system and poorly understood etiology. It has 
been previously indicated that many factors, including oxidative stress and p38MAPK-
SGK1 pathway, contribute to the pathogenesis of MS.

Methods: This study, using an experimental autoimmune encephalomyelitis (EAE) 
model system, was aimed at investigating the molecular mechanisms determining 
interaction p38MAPK-SGK1 pathway and oxidative stress in MS pathogenesis. C57BL/6 
mice was immunized with MOG35-55 peptide for EAE induction, which was followed 
by determination of the effect of treatment with classic p38 inhibitor SB203580 and 
antioxidant tempol on the development and progression of EAE.

Results: Our experiments showed a dynamic change of immune inflammation, 
oxidative stress and p38MAPK-SGK1 pathway involvement in EAE demonstrating 
that p38MAPK-SGK1 pathway and oxidative stress contribute to the demyelination in 
central nerve system caused by Th17 inflammatory responses in a synergistic way. The 
administration of SB203580 and Tempol both markedly suppressed the progression 
of EAE. Furthermore, tempol showed a strong inhibiting effect to the p38MAPK-SGK1 
pathway similar to SB203580 suggesting that oxidative stress exacerbates EAE via 
the activation of p38MAPK-SGK1 pathway.

Conclusion: Cumulatively, our results show that oxidative stress p38MAPK-SGK1 
signaling pathway may be a central player in EAE and even in MS.

INTRODUCTION

Multiple sclerosis (MS), which affects one million 
people worldwide, is a central nervous system (CNS) 
associated autoimmune disease [1]. The etiology of MS 
is not completely understood [1]. It is characterized by 
demyelination, axonal damage, progressive impaired 
neurological function, and an inflammatory infiltrate [1]. 
The classical in vivo model to study MS is the experimental 
autoimmune encephalomyelitis (EAE) model. EAE 

exhibits all properties of MS, inclusive of demyelination, 
axonal damage, and neurological dysfunction, as well as 
sensitivity to clinically approved therapies against MS 
[1, 2]. Even though the precise etiology of MS is not 
yet known, inflammation induced by antigen-specific T 
cell immunity involving both Th1 and Th17 cells seems 
to be a central driver of MS pathogenesis [1, 3–5]. The 
inflammatory cascade is initiated by the CD4+ T cells in 
the CNS microenvironment, and subsequent secretion 
of toxicants like reactive oxygen species (ROS) by 
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other immune and resident cells mediate the killing of 
oligodendrocytes. Neurological dysfunction in MS results 
as a result of axonal (oligodendrocyte-myelin-axon) 
damage [6, 7]. Hence, it is not surprising that oxidative 
stress driven by inflammation is also a critical node in both 
EAE and MS pathogenesis [1, 8].

High levels of reactive oxygen species (ROS) is 
the major cause of oxidative stress, which can disrupt 
the blood-brain barrier (BBB). This leads to a cascade 
of events – leukocyte migration that in turn mediates 
myelin phagocytosis, and resultant axonal injury [1, 9]. 
Antioxidants based therapeutic interventions thus show 
promising results in attenuating development and alleviating 
progression of MS [10]. Moreover, many other factors such 
as Vitamin D deficiency and infectious mononucleosis have 
been proved to increase the risk of MS [11, 12].

Although a variety of factors may indeed be involved 
in MS, the current data does not elucidate the central 
regulator(s). The efficacy of either immune-modulating 
agents or anti-oxidants therapy is limited [8, 13]. However, 
how exactly neuroinflammation and oxidative stress 
cooperatively contribute to MS pathogenesis is largely 
unknown. It is still unclear which pathway is mediated by 
oxidative stress to achieve pathogenesis and progress in 
MS and EAE. It is known that stress activates the p38 MAP 
kinase (MAPK)-SGK1 signaling pathway that cumulatively 
generate the inflammatory responses [1]. Activivation of 
p38 MAPK has been shown to be required for production 

of IL-17 production by Th17 cells, both in vitro and in 
vivo, mandatorily requires p38 MAPK activation [14, 15]. 
Importantly, a number of recent studies have identified 
MAPK activation as a central player in MS and EAE [16]. 
We infer p38MAPK-SGK1 may be the converging point of 
such pathogenic mechanisms. Oxidative stress contributes 
to the pathogenesis of MS and EAE via p38MAPK-SGK1 
activation of central nervous system. Oxidative stress-
p38MAPK-SGK1 axis may regulate key immunopathogenic 
mechanisms underlying EAE.

In this study, we immunized C57BL/6 mice with 
MOG35-55 peptide to induce EAE and determined the 
effect of treatment with classic p38 inhibitor SB203580 and 
antioxidant tempol on the development and progression of 
EAE. Moreover, we determined the potential mechanisms 
underlying the action of them in inhibiting the development 
and progression of EAE in mice.

RESULTS

Treatment with either p38 inhibitor or 
antioxidant reduces the severity of EAE in mice

C57BL/6 mice were immunized with MOG35-55 in 
CFA to induce EAE before being randomly treated with 
SB203580, tempol, or vehicle alone. The development and 
severity of clinical signs in the different groups of mice 
were monitored longitudinally in Figure 1. The control 

Figure 1: Each of the two treatments inhibits the development and progression of EAE in mice. C57BL/6 mice were 
immunized with MOG35-55 in CFA to induce EAE and the mice were randomly treated with SB203580, tempol, or vehicle alone. The 
development and severity of EAE in individual mice were monitored longitudinally. Data are expressed as the mean ± SD of the clinical 
scores of each group of mice. n=12 per experimental group.
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EAE group of mice began to show clinical signs on day 
10 (mean onset time after immunization: 12.58 days) post 
immunization and all of them developed EAE eventually. 
The clinical signs of mice from EAE group got fastigium on 
day 20 post immunization. All the animals entered remission 
period before day 30 post immunization (Supplementary 
Tables 1 and 2). The mean score of EAE group was 2.08 on 
day 13 and 7.17 on day 18 while 4.33 on day 30.

The mice from intervention groups were treated 
by SB203580 or tempol once daily after immunization. 
The rate of EAE development in both SB203580-treated 
mice and tempol-treated mice was significantly lower than 
that in the EAE group (P<0.05) while the onset time and 
peak time were delayed (P<0.05). More importantly, the 
mean clinical scores in these two intervention groups were 
significantly lower than that in the EAE mice (P<0.05).

Treatment with p38 inhibitor and antioxidant 
both mitigate inflammatory infiltrates and 
demyelination in the CNS

We examined the pathologic changes in the spinal 
cords from the EAE groups on day 13, 20, and 30 post-
immunization by histology compared with the healthy 
control mice. Inflammatory infiltrate was not detected in 
the CNS and exhibited regularly arranged myelin in the 
spinal cord in the healthy control mice. In comparison, both 
inflammatory infiltrates and demyelination was prominent 
in the spinal cords of the vehicle-treated EAE mice. The 
inflammatory infiltrates were aggravated along with the 
change of EAE clinical signs and the mean degree of 
inflammation on day 20 was higher than that on either day 
13 or day 30 (Supplementary Figure 1). Compared with 
the vehicle-treated EAE mice, there were obvious reduced 
numbers of inflammatory infiltrates in the spinal cords of 
the SB203580-treated mice and tempol-treated mice. On 
day 20, the inflammation score of SB203580 group was 
lower than that of tempol group (P<0.05) (Figure 2A-2C, 
Supplementary Table 3).

The mean degree of demyelination also got worse 
with the course of disease from onset to remission period 
(Supplementary Figure 2). Semi-quantitative analysis 
revealed that the pathological scores of demyelination 
in the SB203580-treated mice and tempol-treated mice 
were significantly lower than that in the EAE mice 
(Figure 2D-2F, Supplementary Table 4).

The myelin sheath of lumber intumescentia became 
loose and irregularly on day 13 in the group of vehicle-
treated EAE mice. In fastigium, the structure of white 
matter got unclear and some sections displayed signs 
of broken, disaggregation or even deficiency of myelin. 
The axon became atrophied and degenerate at the same 
time (Supplementary Figure 3). On the sections from 
EAE group, the myelin sheath became much looser, 
more axons showed atrophy and degeneration, and the 
boundary between grey matter and white matter become 
unclear on day 30 (Figure 3A). There were not obvious 

change for the myelin sheath and axon in the sections of 
treatment groups on day 13. The damage of myelin and 
axons were mitigated during peak and remission period 
due to the p38MAPK inhibitor and antioxidant (Figure 
3B, 3C). Taken together, the results exhibited weakened 
inflammatory infiltration, reduced demyelinating area and 
lightened axonal injury in central nerve system of mice 
from intervention groups.

Treatment with p38 inhibitor and antioxidant 
both modulate inflammatory responses

We explored the variation of T cell 
immunity in control vehicle treated EAE mice by 
immunohistochemistry and Western blot assays. The 
transcription factor RORγt is an important regulator 
of Th17 differentiation. While there were low levels of 
RORγt and IL-17 expression in the spinal cord at day 13, 
much higher levels of RORγt and IL-17 expression were 
observed at day 20 in the EAE group of mice. The levels of 
expression were decreased at 30 days post immunization 
(Figure 4A, Supplementary Table 5).

Then we examined the impact of treatment with 
SB203580 and tempol on Th17 cell immunity in EAE mice 
on day 20. We observed that both of the reagents effectively 
mitigated EAE-related increase in the levels of RORγt and 
IL-17 expression in spinal cords, related to that in the EAE 
mice (Figure 4B, 4C-4E, Supplementary Table 6).

Treatment with p38 inhibitor and antioxidant 
both inhibit the p38MAPK-SGK1 pathway

The p38MAPK-SGK1 signaling pathway has been 
identified as a central player in MS and EAE. We examined 
the variation of p38MAPK-SGK1 pathway in EAE mice by 
Western blot assays. The expression of p-p38MAPK and 
SGK1 in spinal cords of EAE mice increased from onset time 
to the peak time (Figure 4A). The levels of SGK1 expression 
decreased at 30 days post immunization (Figure 4A). There 
was no change in the content of p38MAPK during this time. 
We next explored the expression levels of p-p38MAPK 
and SGK1 in spinal cords on day 20 to examine the impact 
of SB203580 and tempol. The levels of p-p38MAPK and 
SGK1 decreased significantly in the intervention groups 
of mice compared with that in vehicle-treated EAE mice 
(Figure 4B). There was no obvious difference in the levels 
of p38MAPK between the EAE and treatment groups. Taken 
together, treatment with p38 inhibitor and antioxidant both 
inhibit the p38MAPK-SGK1 pathway.

Both p38MAPK inhibitor and antioxidant can 
suppress oxidative stress and up-regulate HO-1

We measured the MDA expression to detect the level 
of oxidative stress during the course. We next explored 
the expression of HO-1 in spinal cords of EAE mice by 
western blot assays at different time points. The mean 



Oncotarget42811www.impactjournals.com/oncotarget

MDA concentration began to increase after the onset and 
got to a high level at the clinical peak stage of EAE while 
decreased in remission. The level of HO-1 continued to 
rise along the EAE course and got to the top on day30 
(Figure 4A, Supplementary Table 7). The level of MDA was 
significantly lower in either SB203580 or tempol treated 
group than that in EAE group at all the time points (Figure 
5A). Besides, treatment with both SB203580 and tempol 
increased the expression of HO-1 on day 20 (Figure 5B-
5D). Collectively, all these interventions lead to up-regulated 
HO-1 contributing to the antioxidant activity in mice.

DISCUSSION

Experimental autoimmune encephalomyelitis 
(EAE) is well documented as robust model to study MS 
pathogenesis [17]. CD4 T-helper (Th) lymphocytes are 
central in regulating host immune responses as well as 
inflammatory and autoimmune diseases [18]. Aberrant 
homeostasis in the pro-inflammatory T cell responses 
is a critical driver of MS pathogenesis, both in humans 
and EAE in rodents [3, 19–21]. T helper 17 (Th17) cells 
produce IL-17, IL-21, and IL-22, each one critical in 

Figure 2: Each of the two treatments inhibits the development and progression of EAE in mice. (A-C) Comparison of 
HE staining in different groups. There were obvious reduced numbers of inflammatory infiltrates in the spinal cords of the intervention 
groups of mice. (D-F) Comparison of LFB staining in different groups. The degree of demyelination in the intervention groups of mice was 
significantly lower than that in the EAE mice. Data shown are representative images from each group or expressed as the mean ± SD of 
each group (n = 6). A,D: EAE, B,E: SB203580, C,F: TEMPOL. Scale bar = 200 μm.

Figure 3: Images of electron microscope for different groups. (A) EAE, (B) EAE + SB203580, (C) EAE + TEMPOL.



Oncotarget42812www.impactjournals.com/oncotarget

mounting an immune response. For the same reasons, 
Th17 lymphocytes can also confer susceptibility to 
autoimmune diseases [4, 5]. Indeed, both Th1 and Th17 
cells have been shown to be critical in MS pathogenesis 
[22, 23]. RORγt is selectively expressed in Th17 cells and 
is effective in specifying the Th17 phenotype [24].

ROS is an important regulator of a multitude of 
cellular processes. However, impaired ROS homeostasis 
results in oxidative stress, in turn leading to damage to 
proteins, lipids and nucleic acids [25]. ROS-mediated 
oxidative stress contribute to MS by acting on distinct 
pathological processes including BBB disruption, which in 
turn enhances leukocyte migration and subsequent myelin 
phagocytosis, oligodendroglial damage and axonal injury 
[9, 26].

To counteract the detrimental effects of ROS the 
central nervous system is endowed with a powerful 
antioxidant defense mechanism to protect cells against 
ROS mediated toxicity and to maintain tissue redox 
balance. This stress response includes enhanced protein 
expression of Nrf2/ARE-regulated antioxidant enzymes 

like superoxide dismutases (SODs), peroxiredoxins 
(Prxs) and heme oxygenases (HOs) [27, 28]. Previous 
studies show that HO-1 or downstream products of heme 
metabolism may be interesting targets for MS treatment 
[29, 30]. Enhanced expression of endogenous antioxidant 
enzymes like HO-1 is suggestive of ongoing oxidative 
stress and activation of antioxidant defense mechanism 
in MS and EAE lesions and functions as a protective 
mechanism against ROS-mediated cellular toxicity [31]. 
A well-recognized indicator of peroxidation in the CNS 
is MDA [32].

Although the exact source of ROS may be 
ambiguous, the importance of ROS in the activation of p38 
is not. Antioxidants can completely abrogate its activation 
[33]. The p38MAP kinase (MAPK) signaling pathway 
is essential for in vitro and in vivo IL-17 production by 
regulating IL-17 synthesis in CD4 T cells [34, 35]. Serum 
glucocorticoid kinase 1 (SGK1), a serine/ threonine kinase 
is one of the substrates of p38MAPK. SGK1 is under 
transcriptional control of numerous stimuli [16]. Oxidative 
stress stimulates Sgk expression through a p38/MAPK-

Figure 4: (A, B) Representative photographs of Western blot analysis of p38, P-p38, SGK, IL-17, RORγt, and HO-1 in the lumbar 
enlargement of EAE mice at different time points (A), and different intervention groups (B). (C, D, E) Immunohistochemical detection 
of IL-17 in lumber intumescentia of spinal cords of mice from different groups. The expression of IL-17 in spinal cords increased in 
intervention groups.
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dependent pathway [36]. Evidence from mouse and 
human studies supports the role of p38MAPK-SGK1 in 
regulating key immunopathogenic mechanisms underlying 
autoimmune inflammatory disease of the central nervous 
system [37].

Our research showed a dynamic change of immune 
inflammation, oxidative stress and p38MAPK-SGK1 
pathway in EAE. Along with the worsening of EAE 
clinical signs, the induction of Th17 cells was boosted, 
oxidative stress leveled up while expression of p38MAPK 
and SGK1 increased. Either p38MAPK-SGK1 pathway 
or oxidative stress showed consistency for EAE course, 
suggesting a strong correlation between them. Our 
data demonstrates that p38MAPK-SGK1 pathway and 
oxidative stress may contribute to the demyelination 
in central nerve system caused by Th17 inflammatory 
responses in a synergistic way and indicates the need for 
additional investigations to exploit the interaction between 
them.

Pathogenic T cell responses against myelin antigens 
expressed in the CNS lead to MS. In the central nervous 
systems (CNS), activation of the p38MAPK pathway 
constitutes a key step in the development of several 
diseases including MS [38]. P38MAPK contributes to 

the differentiation of pathogenic T cells initiating the 
inflammatory cascade and is crucially involved in the 
tissue destruction and pathology mediated by other 
immune and resident cells. In two papers published on 
Nature, the authors link the process of Th17 differentiation 
with the protein kinase enzymes p38MAPK and SGK1 
[38, 39].

Although oxidant stress may indeed worsen 
autoimmune disease, the data provided do not establish 
exactly which pathways oxidant stress works on to 
achieve this [40]. Our data has demonstrated a strong 
correlation between oxidant stress and p38MAPK-SGK1 
pathway in EAE. Taken together, we infer that oxidative 
stress may contributes to the pathogenesis of EAE via 
p38MAPK-SGK1 activation of central nervous system. 
Oxidative stress-p38MAPK-SGK1 axis may regulate key 
immunopathogenic mechanisms underlying EAE. We 
evaluated whether treatment with the p38MAPK inhibitor 
or multifunctional antioxidant tempol affects the ensuing 
EAE. SB203580 is a prototypical ATP competitive 
imidazole based inhibitor and has been identified as a 
cytokine-suppressive anti-inflammatory drug [38]. Tempol 
is a superoxide dismutase mimetic. Tempol, by changing 
the redox status of the inflammatory microenvironment 

Figure 5: (A) The content of MDA in the spines of mice of different groups on day 13, day 20 and day 30 (n = 3 per group). *compared 
with other groups, P<0.05. (B, C, D) Immunohistochemical detection of HO-1 in lumber intumescentia of spinal cords of mouse from 
different groups.
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within the CNS, ameliorate murine viral encephalomyelitis 
[41]. However, the effects of tempol on MS are not known.

We discover that the administration of SB203580 
or Tempol markedly suppressed the progression of EAE. 
The mean clinical scores in the mice from treatment 
groups were lower than that in the vehicle-treated 
control EAE mice throughout the observation period. 
Histological examination showed weakened inflammatory 
infiltration, reduced demyelinating areas and lightened 
axonal injury in central nerve system. Results from 
immunohistochemistry and western blot analysis suggest 
the Th17 immunoreaction was much weakened correlating 
with diminished activation of p38MAPK-SGK1 and 
oxidative stress. We show in this study that the activation 
of p38MAPK is critical for the development of EAE, 
since inhibition of the p38MAPK pathway with selective 
small-molecule inhibitors prevented the development 
of clinical disease when administered prophylactically. 
Furthermore, ROS were involved in the p38MAPK-
controled T cell inflammation and ROS scavenging 
attenuated this process. Taken together, we suggest that 
oxidative stress exacerbates EAE via the activation 
of p38MAPK-SGK1 pathway particularly given that 
antioxidant therapy also inhibited the p38MAPK-SGK1 
pathway strongly in our research. P38MAPK-SGK1 
pathway acts as the converging point of oxidative stress 
and Th17 inflammatory responses in central nerve system. 
We propose the following mechanism underlying the 
oxidant stress and the pathogenesis of EAE: oxidant stress 
activates the p38MAPK-SGK1 pathway, which reinforces 
the Th17 phenotype and thus induces the pathological 
injury and neurological dysfunction. Oxidative stress 
p38MAPK-SGK1 pathway may be a central player in 
EAE and even MS.

To conclude, the observation of this study 
suggests a strong correlation between oxidant stress 
and p38MAPK-SGK1 pathway in T cell mediated 
autoimmune inflammation. Our data showed oxidative 
stress contributes to the pathogenesis of EAE via 
p38MAPK-SGK1 activation of central nervous system. 
Oxidative stress p38MAPK-SGK1 axis regulates key 
immunopathogenic mechanisms underlying EAE, an area 
that will warrant additional investigation in the future.

MATERIALS AND METHODS

Animals

Female C57BL/6 mice of 8 - 10 weeks of age were 
obtained from Vital River (Beijing, China) and kept in 
a specific pathogen-free facility with cycles of 12 hours 
dark/light and free access to food and water [1]. The 
experimental protocols were approved by the Institutional 
Animal Care and Use Committee of Hebei Medical 
University.

Induction and assessment of EAE and treatment

EAE was induced as described previously [1]. 
Briefly, mice were injected subcutaneously with 250 μg 
MOG35-55 peptide (Lysine Bio-system, Xian, China) 
emulsified in complete Freund's adjuvant (CFA, Sigma, 
St. Louis, USA) containing 4 mg/ml of heat-killed 
Mycobacterium tuberculosis (Difco Laboratories, Detroit, 
MI, USA). At 0 hour and 48 hours after immunization, 
mice were injected intraperitoneally with 500 ng pertussis 
toxin (Alexis, San Diego, CA, USA).

Randomized treated intraperitoneally once per 
day with vehicle or drugs - SB203580 at 5 mg/kg body 
weight, TEMPOL at 25 mg/kg body weight. The mice 
were examined daily for clinical signs of EAE and scored 
as follows: the scale ranged from 0 to 15 and is the sum 
of the state of the tail and all of the four limbs. For the tail 
the following scoring was followed - 0 reflected no signs, 
1 reflected a half paralyzed tail, and score of 2 reflected 
fully paralyzed tail. For each of the hind-or forelimbs, 
each assessed separately, 0 signified no signs, score 1 
signified weak or altered gait, score 2 signified paresis, 
while a score of 3 signified fully paralyzed limb. A fully 
paralyzed quadriplegic animal would thus a score of 14. 
Mortality equals a score of 15.

Histology and immunohistochemistry

Perfused through the left cardiac ventricle with 
saline, plus 0.5 M EDTA was performed on mice from 
each group for 5–10 minutes, subseuentlyfollowed by 
fixation with cold 4% paraformaldehyde (PFA) in 0.1 M 
phosphate buffer (pH 7.4). Thereafter spinal cords were 
dissected out and post-fixed in 4% PFA for 3–4 hours and 
processed for paraffin embedding. Five μm paraffin CNS 
sections of control, EAE, SB203580, and Tempol EAE 
treated mice were used for histological quantification 
of neurological damage in EAE mice. Two different 
stains were used to detect inflammatory infiltrates and 
demyelination. Sections were stained with Luxol Fast Blue 
(LFB) for the evaluation of demyelination [1]. The degrees 
of inflammation and demyelination on three non-serial 
sections of each mouse were assessed semi-quantitatively 
in a blinded manner [1, 39].

IHC was used to assess the expression of p38, 
p-p38, SGK1, IL-17, RORγt and HO-1 expression in the 
spinal cord tissue as described before [1]. The sections 
were incubated with anti-p38 MAPK, anti-p-p38 MAPK, 
anti-SGK1 (Cell Signaling Technologies, USA), anti-
IL-17, anti-RORγt, or anti-HO-1 (Bioworld, USA) at 4°C 
overnight.

Electron microscopy

Electron microscopy was performed as described 
before [1].
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Measurement of malondialdehyde (MDA)

The degrees of oxidative stress in the spines were 
assessed for the contents of malondialdehyde (MDA) as 
has been described before [1]. The concentrations of MDA 
were represented as nmol/mg proteins.

Western blot analysis

Western blot analysis was done as described 
before [1]. The relative levels of target protein to control 
expression were quantified by densitometric scanning.

Statistical analysis

Kruskal- Wallis test was used to analyze the 
difference in clinical scores among the different 
experimental groups, whereas the Mann-Whitney U 
test was used to assess the difference in clinical scores 
between two therapy groups of mice. The onset rates of 
EAE between groups were analyzed by chi-square test. 
All other statistical comparisons among groups were 
examined using Student's t test or ANOVA analysis 
followed by SNK-q test. Unless otherwise indicated, 
data were presented as mean ± standard deviation (SD). 
P values less than 0.05 were considered statistically 
significant.

Abbreviations

MS = Multiple sclerosis; EAE = experimental 
autoimmune encephalomyelitis; CNS = central nervous 
system; ROS = reactive oxygen species; BBB = blood–
brain barrier; HE = hematoxylin & eosin; LFB = Luxol 
Fast Blue; PFA = paraformaldehyde; SD = standard 
deviation; Th= T-helper; ODs =dismutases; Prxs = 
peroxiredoxins; HOs= heme oxygenases; MDA = 
Malondialdehyde; SGK1= Serum glucocorticoid kinase 1

Author contribution

Liang Wang and Bin Li participated in the design of 
the study, Mo-yuan Quan and Yuan Chen performed data 
analysis. Guo-jun Tan helped to revise the manuscript. Jing 
Zhang carried out data collection, Xiao-peng Liu helped to 
draft the manuscript. Li Guo performed statistical analysis. 
All authors read and approved the final manuscript.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

1.	 Ebers GC. Environmental factors and multiple sclerosis. 
Lancet Neurol. 2008; 7:268–77. 

2.	 Steinman L, Zamvil SS. How to successfully apply 
animal studies in experimental allergic encephalomyelitis 
to research on multiple sclerosis. Ann Neurol. 2006; 
60:12–21.

3.	 Komiyama Y, Nakae S, Matsuki T, Nambu A, Ishigame H, 
Kakuta S, Sudo K, Iwakura Y. IL-17 plays an important 
role in the development of experimental autoimmune 
encephalomyelitis. J Immunol. 2006; 177:566–73. 

4.	 Hofstetter HH, Ibrahim SM, Koczan D, Kruse N, 
Weishaupt A, Toyka KV, Gold R. Therapeutic efficacy of 
IL-17 neutralization in murine experimental autoimmune 
encephalomyelitis. Cell Immunol. 2005; 237:123–30.

5.	 Chen Y, Langrish CL, McKenzie B, Joyce-Shaikh 
B, Stumhofer JS, McClanahan T, Blumenschein W, 
Churakovsa T, Low J, Presta L, Hunter CA, Kastelein RA, 
Cua DJ. Anti-IL-23 therapy inhibits multiple inflammatory 
pathways and ameliorates autoimmune encephalomyelitis. 
J Clin Invest. 2006; 116:1317–26.

6.	 Frohman EM, Racke MK, Raine CS. Multiple sclerosis—
the plaque and its pathogenesis. N Engl J Med. 2006; 
354:942–55. 

7.	 Greenstein JI. Current concepts of the cellular and 
molecular pathophysiology of multiple sclerosis. Dev 
Neurobiol. 2007; 67:1248–65. 

8.	 Schreibelt G, van Horssen J, van Rossum S, Dijkstra 
CD, Drukarch B, de Vries HE. Therapeutic potential 
and biological role of endogenous antioxidant enzymes 
in multiple sclerosis pathology. Brain Res Rev. 2007; 
56:322–30. 

9.	 van Meeteren ME, Hendriks JJ, Dijkstra CD, van Tol 
EA. Dietary compounds prevent oxidative damage and 
nitric oxide production by cells involved in demyelinating 
disease. Biochem Pharmacol. 2004; 67:967–75. 

10.	 Gilgun-Sherki Y, Melamed E, Offen D. The role of 
oxidative stress in the pathogenesis of multiple sclerosis: 
the need for effective antioxidant therapy. J Neurol. 2004; 
251:261–68. 

11.	 Mpandzou G, Aït Ben Haddou E, Regragui W, Benomar 
A, Yahyaoui M. Vitamin D deficiency and its role in 
neurological conditions: A review. Rev Neurol (Paris). 
2016; 172:109–22. 

12.	 Thacker EL, Mirzaei F, Ascherio A. Infectious 
mononucleosis and risk for multiple sclerosis: a meta-
analysis. Ann Neurol. 2006; 59:499–503.

13.	 Bosch X, Saiz A, Ramos-Casals M, BIOGEAS Study 
Group. Monoclonal antibody therapy-associated 
neurological disorders. Nat Rev Neurol. 2011; 7:165–72. 

14.	 Commodaro AG, Bombardieri CR, Peron JP, Saito KC, 
Guedes PM, Hamassaki DE, Belfort RN, Rizzo LV, Belfort 
R Jr, de Camargo MM. p38{alpha} MAP kinase controls 
IL-17 synthesis in vogt-koyanagi-harada syndrome and 
experimental autoimmune uveitis. Invest Ophthalmol Vis 
Sci. 2010; 51:3567–74.

15.	 Lang F, Böhmer C, Palmada M, Seebohm G, Strutz-
Seebohm N, Vallon V. (Patho)physiological significance of 



Oncotarget42816www.impactjournals.com/oncotarget

the serum- and glucocorticoid-inducible kinase isoforms. 
Physiol Rev. 2006; 86:1151–78.

16.	 van der Meer JW, Netea MG. A salty taste to autoimmunity. 
N Engl J Med. 2013; 368:2520–21.

17.	 Pelletier D, Hafler DA. Fingolimod for multiple sclerosis. N 
Engl J Med. 2012; 366:339–47.

18.	 Zhu J, Paul WE. CD4 T cells: fates, functions, and faults. 
Blood. 2008; 112:1557–69.

19.	 Coffman RL. Origins of the T(H)1-T(H)2 model: a personal 
perspective. Nat Immunol. 2006; 7:539–41.

20.	 Zepp J, Wu L, Li X. IL-17 receptor signaling and T helper 
17-mediated autoimmune demyelinating disease. Trends 
Immunol. 2011; 32:232–39. 

21.	 Zozulya AL, Wiendl H. The role of regulatory T cells in 
multiple sclerosis. Nat Clin Pract Neurol. 2008; 4:384–98.

22.	 Cua DJ, Sherlock J, Chen Y, Murphy CA, Joyce B, Seymour 
B, Lucian L, To W, Kwan S, Churakova T, Zurawski S, 
Wiekowski M, Lira SA, et al. Interleukin-23 rather than 
interleukin-12 is the critical cytokine for autoimmune 
inflammation of the brain. Nature. 2003; 421:744–48. 

23.	 Segal BM. Th17 cells in autoimmune demyelinating 
disease. Semin Immunopathol. 2010; 32:71–77.

24.	 Ruan Q, Kameswaran V, Zhang Y, Zheng S, Sun J, Wang 
J, DeVirgiliis J, Liou HC, Beg AA, Chen YH. The Th17 
immune response is controlled by the Rel-RORγ-RORγ T 
transcriptional axis. J Exp Med. 2011; 208:2321–33.

25.	 Fialkow L, Wang Y, Downey GP. Reactive oxygen and 
nitrogen species as signaling molecules regulating neutrophil 
function. Free Radic Biol Med. 2007; 42:153–64.

26.	 Smith KJ, Kapoor R, Felts PA. Demyelination: the role of 
reactive oxygen and nitrogen species. Brain Pathol. 1999; 
9:69–92.

27.	 Itoh K, Wakabayashi N, Katoh Y, Ishii T, O’Connor 
T, Yamamoto M. Keap1 regulates both cytoplasmic-
nuclear shuttling and degradation of Nrf2 in response to 
electrophiles. Genes Cells. 2003; 8:379–91.

28.	 Bernstein AI, Miller GW. Oxidative signaling in 
experimental autoimmune encephalomyelitis. Toxicol Sci. 
2010; 114:159–61.

29.	 Liu Y, Zhu B, Luo L, Li P, Paty DW, Cynader MS. 
Heme oxygenase-1 plays an important protective role in 
experimental autoimmune encephalomyelitis. Neuroreport. 
2001; 12:1841–45.

30.	 Liu Y, Liu J, Tetzlaff W, Paty DW, Cynader MS. Biliverdin 
reductase, a major physiologic cytoprotectant, suppresses 
experimental autoimmune encephalomyelitis. Free Radic 
Biol Med. 2006; 40:960–67. 

31.	 Mehindate K, Sahlas DJ, Frankel D, Mawal Y, Liberman 
A, Corcos J, Dion S, Schipper HM. Proinflammatory 

cytokines promote glial heme oxygenase-1 expression and 
mitochondrial iron deposition: implications for multiple 
sclerosis. J Neurochem. 2001; 77:1386–95.

32.	 Seljeskog E, Hervig T, Mansoor MA. A novel HPLC 
method for the measurement of thiobarbituric acid reactive 
substances (TBARS). A comparison with a commercially 
available kit. Clin Biochem. 2006; 39:947–54. 

33.	 Swain WA, O’Byrne KJ, Faux SP. Activation of p38 MAP 
kinase by asbestos in rat mesothelial cells is mediated by 
oxidative stress. Am J Physiol Lung Cell Mol Physiol. 
2004; 286:L859–65. 

34.	 Yasuda S, Sugiura H, Tanaka H. p38 MAP kinase inhibitors 
as potential therapeutic drugs for neural diseases. Central 
Nervous System Agents in Medicinal Chemistry (Formerly 
Current Medicinal Chemistry-Central Nervous System 
Agents). 2011; 11:45-59.

35.	 Lu L, Wang J, Zhang F, Chai Y, Brand D, Wang X, Horwitz 
DA, Shi W, Zheng SG. Role of SMAD and non-SMAD 
signals in the development of Th17 and regulatory T cells. 
J Immunol. 2010; 184:4295–306.

36.	 Leong ML, Maiyar AC, Kim B, O’Keeffe BA, Firestone 
GL. Expression of the serum- and glucocorticoid-inducible 
protein kinase, Sgk, is a cell survival response to multiple 
types of environmental stress stimuli in mammary epithelial 
cells. J Biol Chem. 2003; 278:5871–82.

37.	 Krementsov DN, Thornton TM, Teuscher C, Rincon M. 
The emerging role of p38 mitogen-activated protein kinase 
in multiple sclerosis and its models. Mol Cell Biol. 2013; 
33:3728–34.

38.	 O'Shea JJ, Jones RG. Autoimmunity: Rubbing salt in the 
wound. Nature. 2013; 496:437-9.

39.	 Zhang GX, Gran B, Yu S, Li J, Siglienti I, Chen X, Kamoun 
M, Rostami A. Induction of experimental autoimmune 
encephalomyelitis in IL-12 receptor-β 2-deficient mice: 
IL-12 responsiveness is not required in the pathogenesis of 
inflammatory demyelination in the central nervous system. 
J Immunol. 2003; 170:2153–60.

40.	 Li B, Cui W, Liu J, Li R, Liu Q, Xie XH, Ge XL, Zhang 
J, Song XJ, Wang Y, Guo L. Sulforaphane ameliorates 
the development of experimental autoimmune 
encephalomyelitis by antagonizing oxidative stress and 
Th17-related inflammation in mice. Exp Neurol. 2013; 
250:239–49. 

41.	 Tsuhako MH, Augusto O, Linares E, Chadi G, Giorgio 
S, Pereira CA. Tempol ameliorates murine viral 
encephalomyelitis by preserving the blood-brain barrier, 
reducing viral load, and lessening inflammation. Free Radic 
Biol Med. 2010; 48:704–12. 


