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Abstract

Introduction: GSK-3 is an immune regulator that plays a role in the modulation of cytokine-producing 
effector T cells associated with inflammation and demyelination of the CNS in EAE. Objective: This 
study aimed to evaluate the treatment paradigm of a single dose of GSK-3 inhibitor administration 
at various time courses for the protection of the CNS from EAE. Materials and Methods: Effects 
of GSK-3 inhibition on intracellular cytokine levels were evaluated from in vitro naïve CD4+ T cell 
cultures. Immunized C57BL/6 female mice with MOG35-55 in conjunction with CFA and Ptx were 
used as a chronic inflammatory EAE disease model. Tideglusib (NP12), a Thiadiazolidinone class, 
selective, and non-ATP competitive GSK-3 inhibitor, was injected intraperitoneally at pre-EAE, 
same-day of immunization or disease onset. After 30 days post-immunization, brain, and spinal cord 
tissues were collected for inflammation and demyelination analysis by H&E and luxol fast blue 
staining, respectively, whereas cytokine profiles of the serum were assessed by cytokine beads array.  
Results: The inhibition of GSK-3 in CD4+ T cells increased IL-10 production. The administration 
of Tideglusib during pre-EAE and same-day, but not during disease onset, significantly reduced 
clinical symptoms and delayed disease onset. Histopathological analysis of spinal cord tissues 
showed a significant decline in the number of inflammatory cell infiltration with a concomitant 
reduction in demyelination through the blocking of GSK-3, especially during pre-EAE and same-
day. Upregulation of IL-10 via GSK-3 inhibition coincided with the downregulation of cytokine-
associated effector T cells, including IFN-γ, IL-9, IL-17A, IL-17F, IL-21, and IL-23. Increased IL-4 
production, however, was only significant in the pre-EAE group. Conclusion: The neuroprotective 
effects of Tideglusib against EAE are time-dependent. Downregulation of Th1 and Th17 hallmark 
cytokines by Tideglusib in EAE may be associated with IL-10 production. 
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INTRODUCTION

Neuroinflammation is a common feature shared 
by many neurological diseases including multiple 
sclerosis (MS).1 MS is characterised as a chronic 
autoimmune demyelinating disease of the central 
nervous system (CNS) in which experimental 
autoimmune encephalomyelitis (EAE) is 
commonly used as an animal model of MS. 
EAE is classically induced in rodents through 
immunisation with encephalitogenic antigens 
such as myelin basic protein (MBP), proteolipid 
protein (PLP), or myelin oligodendrocyte 
glycoprotein (MOG)35–55 peptide in conjunction 
with complete Freund’s adjuvant (CFA) and 

pertussis toxin (Ptx).2,3 EAE is typically 
mediated by CD4+ T cells, including T helper 
(Th) 1 (IL-2, interferon [IFN]-γ and tumour 
necrosis factor [TNF]-α), Th17 (IL-9, IL-17, 
IL-21, and IL-23) and most recently Th9 (IL-9) 
cell phenotypes.2,4–8 The pathogenesis of EAE 
often mimics classic MS, characterised by the 
infiltration of encephalitogenic of Th1 and/or 
Th17 cells into the CNS and the secretion of 
its associated inflammatory cytokines, which 
manifest as inflammation-causing damage to the 
myelin sheath and neuronal axons.8,9

 As the major contributor to EAE pathology, 
blocking of Th1 and Th17 cell proliferation 
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through the inhibition of Glycogen Synthase 
Kinase-3 (GSK-3) leads to a reduction in 
signal transducer and activator of transcription 
(STAT) 1 and STAT3 expression, transcription 
factors responsible for the development of 
Th1 and Th17 cells, respectively.9,10 These 
result in the alleviation of disease symptoms 
and the elimination of the chronic progressive 
phase of debilitating EAE.9 Besides, the 
immunoregulatory effects of GSK-3 inhibition 
in controlling inflammatory responses have been 
investigated in EAE, through the expression of 
IL-10. This possibly via the modification of the 
IL-10 promoter leading to the expression of the 
transcription factors c-Maf, Nfil3, and GATA-3 
in the functional effector T cells.11

 GSK-3 is a serine/threonine protein kinase 
that contributes to both pro- and anti-
inflammation processes and plays pivotal roles 
in many signaling cascades.12 The occurrence 
of neuroinflammation in MS is partly due 
to dysregulated activities of GSK-3.13 In the 
previous studies, pharmacological inhibition of 
GSK-3 has been demonstrated as a therapeutic 
intervention in the amelioration of many 
neurological disorders.14 The involvement 
of GSK-3 in neurodegenerative diseases 
such as Alzheimer’s disease (AD) has been 
long established.15,16 Growing evidence has 
demonstrated the involvement of GSK-3 in 
neuroinflammatory-related diseases through 
the activation of transcription factors, including 
nuclear factor kappa B (NFκB) and STAT3 that 
mediate inflammatory responses.10 The elevation 
of GSK-3 expression has been investigated to 
be associated with a neurological disorder and 
brain pathology.17 In the AD study, the inhibition 
of GSK-3 in the transgenic mouse model has 
protected the animal from neuronal death, making 
it a potential target for the disease therapy.18,19 
However, GSK-3 study in MS is relatively new 
and limited. The necessity for the development 
of MS therapy is vital considering the limitations 
presented with available therapies such as MS 
drugs namely Betaferon (Interferon beta 1b), 
Fingolimoid, Glatiramer acetate, Rituximab, and 
Alemtuzumab, outweighed by significant adverse 
effects including leukopenia, lymphopenia, 
urticarial and increase risk of infection, 
respectively, primarily in the debilitating 
progressive phase. Thus, exploration of other 
mechanisms such as inhibition of GSK-3 can be 
a target for therapeutic potential in modulating 
progressive MS. 
 In this present study, we investigated 

whether GSK-3 inhibition affected the EAE 
score clinically and histopathologically, and 
altered cytokine profiles in a time-dependent 
manner. The inhibition of GSK-3 reduced the 
severity of EAE and CNS pathology, in which 
better protection was seen at earlier points of 
a treatment course. Immunomodulatory effects 
of the GSK-3 inhibitor may be correlated with 
the downregulation of Th1 and Th17-associated 
cytokines with a concomitant increase in IL-10 
levels. 

MATERIAL AND METHODS

Animals and EAE induction 
A total of 30 female C57BL/6 mice aged 
between 8 to 14 weeks old with an average 
weight of 20±4 g was obtained from the Monash 
University, Malaysia, and maintained under 
regulated light and temperature conditions at 
the animal facilities of the Faculty of Medicine 
and Health Science, Universiti Putra Malaysia 
(UPM). All procedures were performed in 
accordance with the animal welfare codes and 
approved by the Institutional Animal Care and 
Use Committee (IACUC) UPM/IACUC/AUP-
RO69/2015 directed by UPM. The mice (n = 
6 per group) were immunised subcutaneously 
in the flanks with an encephalitogenic cocktail 
containing MOG35-55 (100 μg/mouse) and 
H37RA Mycobacterium tuberculosis (1 mg/
mouse) emulsified in CFA (Invivogen, USA). 
After one- and 48-hours post-immunisation, 
the mice were injected intraperitoneally with 
Ptx (400 ng/mouse) from Bordetella pertussis 
(Merck, USA). The mice were monitored and 
weighed daily until day 30. EAE symptoms were 
evaluated according to grading scale as follows: 
0 = no signs; 1 = flaccid tail; 2 = difficulty in 
righting and hindlimb weakness; 3 = unsteady 
gait and total hindlimb paralysis; 4 = complete 
paralysis of hind and forelimb and incontinence; 
5 = moribund 25.

Administration of the GSK-3 inhibitor 
Tideglusib (NP12, NP031112) (Sigma), a 
Thiadiazolidinone (TDZD) family, selective 
and non-ATP competitive GSK-3 inhibitor, was 
injected intraperitoneally (200 μL, 5 mg/kg) at 
three days prior to EAE induction (pre-EAE), 
two hours after EAE induction (same-day) or 
during the first disease symptom appearance 
(onset). The vehicle control group received 200 
μL phosphate-buffered saline (PBS) through 
the same route. Naïve healthy mice served as a 
negative control group.
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Purified CD4+ T cells isolation and culture
CD4+ T cells were isolated from the spleen of 
naïve C57BL/6 mice and purified by using a 
magnetic separation EasySep Mouse Naive CD4+ 
T cell Isolation Kit (Stemcell Technologies). 
The cells were cultured on anti-CD3 (1 mg/
mL) and anti-CD28 (2 mg/mL) coated plates in 
RPMI medium (Sigma) supplemented with 5% 
heat-inactivated FCS (Gibco), HEPES (Gibco), 
β-mercaptoethanol (Sigma), and penicillin/
streptomycin (Gibco) in the presence or absence 
of Tideglusib (5 μM). Following three days in 
culture, recombinant human IL-2 (20 U/mL; 
Stemcell Technologies) was added at 20 U/mL.11 

Intracellular cytokine staining (ICCS)
Following 7 days in culture, live CD4+ T cells 
were isolated by Histopaque (Sigma) through 
centrifugation. The cells were stimulated for 
3 h at 37°C with RPMI medium containing 
Phorbol 12-myristate 13-acetate (PMA) (5 ng/
mL), ionomycin (500 ng/mL), and GolgiStop 
(BD Biosciences). The cells were stained with 
a fixable viability dye efluor 780 (eBioscience), 
followed by surface-stained with anti-CD4 
FITC (Biolegend). Following the incubation 
with IC fixation and permeabilisation buffer 
(eBioscience), the cells were stained with anti-
IFN-γ PECy7, anti-IL-10 allophy-cocyanin 
(APC), and/or anti-IL-4 PE (Biolegend) 
intracellularly. The intensity of conjugated 
fluorescence was measured on BD LSR II flow 
cytometer and analysed using FlowJo (Tree Star 
Inc.) software 11. 

Histopathology
Mice from each group were sacrificed at day 30 
post-immunisation. The brain and spinal cord 
were collected and fixed with paraformaldehyde 
fixative. Tissue sections were prepared and 
embedded in paraffin and sliced into 5 µm 
sections. Following deparaffinisation, hydration, 
and washing in PBS, the tissues were then stained 
with haematoxylin and eosin (H&E) and Luxol 
fast blue (LFB) staining using standard protocols. 
H&E staining process was conducted using an 
autostainer device (Tissue-Tek Prisma, Japan), 
whereas, in LFB staining, slides were immersed 
in 0.1% LFB solution (Acros, USA) at 56°C 
overnight and washed with 95% ethanol and 
distilled water. The slides were differentiated 
for 30 seconds each in 0.05% lithium carbonate 
(Sigma-Aldrich, USA) and 70% ethanol 
followed by several washes in distilled 
water. The slides were then mounted with 

Dibutylphthalate Polystyrene Xylene (DPX) and 
coverslip before analysis under a bright light 
microscope.26 Inflammatory cell infiltration and 
demyelination of the tissues were assessed and 
scored under light microscopy, adapted from 
Li et al., 2013 and as follows; Inflammatory 
cell scoring: 0 = no inflammatory cells; 1 = 
a few scattered inflammatory cells; 2 = an 
organization of inflammatory infiltrates around 
blood vessels; 3 = extensive perivascular cuffing 
with extension into adjacent parenchyma or 
parenchymal infiltration without obvious cuffing; 
Demyelination scoring: 0 = none; 1 = rare foci; 
2 = a few areas of demyelination; 3 = large 
(confluent) areas of demyelination.26

Serum cytokine profile
Serum from all experimental mice was extracted 
at day 30 post-immunisation and analysed for 
murine IL-4, IL-9, IL-10, IL-17A, IL-17F, 
IL-21, IL-23, and IFN-γ using LEGENDplex 
Mouse Th Cytokine Panel kit (BioLegend, USA) 
according to the manufacturer’s instructions and 
BioLegend’s LEGENDplexTM Data Analysis 
Software.

Statistical analysis
Data are presented as mean ± standard deviation, 
which were assessed by using ANOVA, followed 
by post-test. Differences are considered 
significant at * = P < 0.05, ** = P < 0.01, and *** 
= P < 0.001. Statistical analyses were conducted 
using GraphPad prism software version 7.0.

RESULTS

GSK-3 inhibitor increased IL-10 production 
in CD4+ T cells
Pathogenesis of MS is predominantly mediated 
by autoreactive CD4+ T cells. It has been shown 
previously that GSK-3 played a significant 
role in the regulation of Th1 cells and EAE 10. 
This has been associated with the reduction of 
IFNγ-induced STAT1 and IL-12-induced STAT4 
activation through tyrosine phosphorylation 
which is downregulated by GSK-3 inhibitors, e.g. 
lithium chloride, CHIR99021, and TDZD-8. In 
addition, the expression of immunomodulatory 
cytokine, IL-10, which is prominently involved 
in EAE recovery, is notably controlled by GSK-
3.11 TDZD-8 derivative, Tideglusib has reached 
clinical trial for AD. However, little is known 
whether this small molecule inhibitor can alter 
the pathogenic effects of CD4+ T cells in EAE. 
In this work, we examined whether the inhibition 
of GSK-3 by Tideglusib affected the production 
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of IFN-γ and IL-10 in purified splenocytes 
CD4+ T cells cultured with anti-CD/anti-CD28. 
The ICCS data showed that these stimulated 
CD4+ T cells produced a low number of cells 
expressing both IFN-γ and IL-10 in the control 
setting (Figure 1). The treatment with Tideglusib 
slightly increased the percentage of both cytokine 
levels but not IL-4. 

GSK-3 inhibition alleviated clinical symptoms 
of EAE
In the previous findings by Beurel et al., 2013, 
daily treatment commencing three days prior to 
immunisation of EAE mice with TDZD-8 (5 mg/
kg) was shown to reduce clinical symptoms of 
the disease.10 We speculated that the differential 
time of treatment would exhibit different effects 
on disease symptoms and sought to see whether 
a single dose of Tideglusib could retain disease 

FIG. 1: Inhibition of GSK-3 induces the production of IL-10 in CD4+ T cells. Naïve CD4+ T cells were isolated 
from the spleen of C57BL/6 mice and were cultured on anti-CD3 and anti-CD28 coated plates in the 
presence or absence of 5 μM Tideglusib. Following 7 days in the culture, the live CD4+ T cells were 
isolated by Histopaque solution and stimulated for 3 h with PMA/ionomycin and Golgistop, followed 
by ICCS for IFNγ, IL-10, and IL-4. In the flow cytometry analysis, the plots were gated on live CD4+ T 
cells. Data are representative of three independent experiments.

alleviation throughout the study. Therefore, we 
investigated the effects of GSK-3 inhibition in 
MOG35-55-induced EAE mice by a single dose of 
non-ATP competitive GSK-3 inhibitor Tideglusib 
(5 mg/kg) at varying time points, namely pre-
EAE (Tideglusib administration at three days 
prior to immunisation), same-day (Tideglusib 
administration on the day of immunisation), and 
onset (Tideglusib administration at the point of 
disease onset). Clinical scores were evaluated for 
30 days post-immunisation and the evaluation 
are summarised in Table 1. The administration 
of Tideglusib in both pre-EAE and same-day 
groups delayed disease onset and significantly 
reduced the severity of EAE compared with the 
vehicle control group (Figure 2A). A significant 
reduction in EAE clinical score was also observed 
in the onset group. The treatment of EAE with 
Tideglusib also improved the body weight in 
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FIG. 2: Inhibition of GSK-3 reduces the severity of EAE. C57BL/6 mice were injected with 100μg MOG35-55 
in CFA emulsion. Pertussis toxin was injected on days 0 and 2. A 200 μl PBS (vehicle) or a single dose 
(5 mg/kg) of Tideglusib was administered to EAE mice at pre-EAE (three days prior to immunisation), 
same-day (two hours after immunisation), and onset (on the day of disease symptom manifest). Clinical 
symptoms and body weight were recorded daily for 30 days. Graphs display (A) clinical score and (B) 
total body weight of mice during EAE progression and GSK-3 inhibition. Data on the graphs are of six 
animals per group and the values shown are mean ± SEM. 

Table 1: Inhibition of GSK-3 at different time points in EAE mice

Group Disease incidence Day of onset Mean max score 
Vehicle 6/6 (100%) 14±0.5 2.8±0.4
Pre-EAE 3/6 (50%) 19±3.2* 1.2±0.3*
Same-day 4/6 (66.6%) 15±1.0 1.7±0.3*
Onset 6/6 (100%) 14±0.5 1.7±0.4*

*Significant difference achieved when p < 0.05
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all treated groups compared with the vehicle 
control group (Figure 2B). Although blocking 
of GSK-3 at the same-day or during onset may 
lead to disease recovery, inhibition of GSK-3 
at pre-EAE provided better protection from the 
severity of EAE.

Inhibition of GSK-3 protected central neuro-
invasion and demyelination
To evaluate the role of GSK-3 inhibition in the 
protection of the CNS environment, tissues from 
the brain and spinal cord were collected for 
histopathological analysis of inflammatory cell 
infiltration and demyelination. Histopathological 
examinations of spinal cord tissues in the 
vehicle-treated EAE mice showed mild to severe 
degree of inflammation in the ventral and dorsal 
columns of the white matter, which exhibited 
typical EAE with considerable lymphocytes 
infiltration at several foci of inflammation 
(Figure 3A), accompanied by extensive 
demyelination (Figure 3C). A significant 
reduction of inflammatory cell infiltration counts 
in the spinal cord was observed in both the 
pre-EAE and same-day groups when compared 
to the vehicle control group. A slight reduction 
of cell infiltration was also seen in the onset 
group. Pathological analysis of inflammation and 
demyelination of the spinal cord is summarised 
in Table 2. 
 On the other hand, the coronal section 
of the brain stained with H&E showed no 
significant histological difference between 
all groups, suggesting that no cell infiltration 
occurred in the brain (Figure 3B). The LFB 
staining of the pre-EAE and same-day groups, 
however, revealed that Tideglusib substantially 
prevented axonal damage and demyelination 
in the cerebral cortex region of the brain, 
when compared with the vehicle control group
(Figure 3D). The injection of Tideglusib during 
clinical symptoms manifestation could only 
provide a slight reduction of inflammatory cell 
entry and demyelination. Thus, early inhibition 
of GSK-3 activity could provide better protection 
to the mice from EAE. 

GSK-3 inhibition regulated cytokine protein 
levels in EAE mice
To determine the effects of cytokine production 
at varying time points of GSK-3 inhibition, blood 
samples were collected through cardiac puncture 
on day 30 of post-immunisation. Results shown 
in Figure 4 show a significant increase in the 
secretion of IFN-γ, IL-9, IL-17A, IL-17F, IL-
21, and IL-23 in the vehicle-treated EAE mice, 
compared with the naïve control group. The 
treatment with Tideglusib in the pre-EAE, same-
day, and onset groups significantly reduced the 
levels of all pro-inflammatory cytokines when 
compared to mice treated with vehicle alone. 
On the other hand, the level of IL-4 increased 
substantially when Tideglusib was given at pre-
EAE alone. No change in IL-4 level was seen in 
other groups. Interestingly, the production of IL-
10 was elevated in all Tideglusib-treated groups 
compared with the vehicle control group. These 
data could suggest that the inhibition of GSK-3 
by Tideglusib may contribute to the suppression 
of pro-inflammatory cytokine-mediated chronic 
inflammatory EAE disease, which coincided 
with the induction of IL-10. However, further 
investigations are required in order to evaluate 
the involvement of IL-10 in EAE recovery and 
suppression of Th1, Th9, and/or Th17-associated 
cytokines.

DISCUSSION 

Pathogenic phenotypes of Th1, Th9, and/or Th17 
effector cells are known as major contributors to 
the development of EAE through the release of 
associated cytokines, as well as the infiltration 
of immune cells including CD4+ T and dendritic 
cells into the CNS, and the activation of 
microglia, the CNS resident macrophages, that 
leads to the occurrence of neuroinflammation, 
demyelination, and neuronal cell death.6,27 
Protein kinase, GSK-3, is a promising target as 
a new therapeutic approach for EAE, previously 
shown to induce aberration in Th17 production,11 

neuronal apoptosis, and impaired remyelination.28 

In the chronic progression of EAE, pathogenic 
response of Th1 and Th17 is inhibited through the 

Table 2: Histopathological score of the spinal cord of Tideglusib-treated EAE mice at 
different time course

Vehicle Pre-EAE Same day Onset
Inflammation 2.8±0.4 1.1±0.4* 1.3±0.5* 2.6±0.4
Demyelination 2.6±0.4 1.3±0.5* 1.5±0.5* 2.3±0.5

*Significant difference achieved when p < 0.05



419

GSK-3 IN AUTOIMMUNE ENCEPHALOMYELITIS

FIG. 3: Histopathological changes in spinal cord tissues from Tideglusib-treated EAE mice. Representative H&E 
staining of the (A) spinal cord and (B) brain for cells infiltration assessment and LFB staining of the (C) 
spinal cord and (D) brain for demyelination assessment from EAE mice that treated with a single dose 
of Tideglusib (5 mg/kg) at pre-EAE (three days prior to immunisation), same-day (two hours after im-
munisation) and onset (on the day of disease symptom manifest) or vehicle (treated with PBS) and control 
group served as healthy and untreated mice. Image of tissue sections were taken at a magnification of 4X 
(Bar = 500 μm) and 20X (Bar = 200 μm). Arrows indicate the cell infiltration and demyelination areas. 
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FIG. 4: GSK-3 inhibitor alters cytokine profiles during EAE progression. Serum was isolated from blood collected 
on day 30 of naive, vehicle, pre-EAE, same-day, and onset groups. Cytokine levels were determined using 
LEGENDplex Mouse Th Cytokine Panel (BioLegend, USA). Data were presented as mean ± standard 
deviation of three independent experiments and analysed using one-way ANOVA followed by post-test. 
*p < 0.05, **p < 0.01 or ***p < 0.001. 
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blocking of GSK-3 activity.11,28 However, there 
is limited evidence to evaluate the effective time 
for treatment in alleviating symptoms of EAE. In 
this present study, we investigated the efficacy 
and effects of GSK-3 inhibition at different times 
of treatment on CNS pathology and determined 
its underlying mechanisms through assessment 
of serum cytokine production.
 Before we investigated the effects of GSK-3 
inhibition in EAE animal model, we sought to 
confirm whether Tideglusib can alter the cytokine 
profiles of CD4+ T cell culture by assessing 
the IFN-γ, IL-4, and IL-10 production. Our 
data showed similar profiles to other GSK-3 
inhibitors,11 whereby Tideglusib increased the 
percentage of cells producing IL-10+ and co-
producing IFN-γ+/IL-10+. Control of GSK-3 
activity on IL-10 expression in effector T cells has 
been well described in previous findings.11 The 
role of GSK-3 in the regulation of Th1 cells has 
also been implicated and investigated in EAE.10,11 
However, little is known whether a single dose 
and time of treatment could ameliorate this 
progressive disease.
 It has been shown in a previous report by 
Beurel et al., 2013, that a daily injection of 5 
mg/kg TDZD-8 was more effective in delaying 
disease onset and reducing the severity of EAE 
compared with a lower dose (2.5 mg/kg) in 
female SJL/J mice immunised with PLP139-151 
peptide.10 In the present study, we found that a 
single injection with the same dose of Tideglusib 
(5 mg/kg) was sufficient to alleviate MOG35-55-
induced EAE in C57BL/6 mice throughout 30 
days of disease progression. The different times 
of treatment, however, determined the efficacy 
of the GSK-3 inhibitor in controlling EAE. Our 
data demonstrated that Tideglusib administration 
at pre-EAE was highly effective in attenuating 
EAE by delaying disease onset and providing 
total protection from the encephalitogenic 
response. Reduction of the clinical symptoms and 
increase in the body weight was also noticeable 
in the same-day and onset groups, indicating 
regulatory effects of the GSK-3 inhibitor in 
alleviating EAE disease. This is in accordance 
with the data presented by De Sarno et al., 2008 
on lithium efficacy in repressing EAE clinical 
severity and delaying disease onset.29 In addition, 
a single dose of GSK-3 treatment was sufficient 
to provide effective recovery throughout 30 days 
of disease monitoring, suggesting a long-term 
effect of Tideglusib in blocking GSK-3 activity. 
  One of the potential approaches in attenuating 
the severity of EAE is through the induction of 

IL-10 production.30 IL-10 is of major interest 
in the study of EAE due to its capability in 
suppressing effector T cell-mediating of the 
disease, which is associated with a reduction in 
the disease severity. One established method had 
shown that repetitive intranasal administration 
of Ac1-9 (4Y) MBP increased IL-10 production 
in the Tg4 EAE model, subsequently protecting 
the mice from the ongoing disease.31 Besides, the 
inhibition of GSK-3, a regulatory molecule of 
various biological functions and cell signaling, 
in the MBP-induced EAE in Tg4 mice could 
potentially induce IL-10 production and alleviate 
clinical symptoms of EAE.11 Interestingly, IL-10 
that is co-produced in Th1 cells provides negative 
feedback to the subsequent immune responses.32 
The mechanism of IL-10 upregulation in 
Th1 cells through the control of GSK-3 has 
been studied in IL-10 promoter, inducing the 
transcriptional activity of transcription factors 
C-MAF, GATA-3, and NFIL3.11 It has also 
been revealed that IL-10 produced through the 
inhibition of GSK-3 are of Th1-, Th2-, and/
or Th17-derived cytokines.11 Our data showed 
that GSK-3 administration during pre-EAE, 
same-day, or onset significantly increased IL-
10 production. This finding coincided with the 
downregulation of Th1 and Th17-associated 
pro-inflammatory cytokines, including IFN-γ, 
IL-17A, IL-17F, IL-21, and IL-23. Interestingly, 
IL-9-secreting Th9 and/or Th17 cells, which have 
been found to contribute to the development 
of EAE,6,33 were also inhibited by the GSK-3 
inhibitor. These data suggest that the involvement 
of IL-10 in the inhibition of effector cell functions 
is through the control of IL-10 upregulation by 
GSK-3. However, further investigations on the 
same setting using an anti-IL-10 neutralizing 
antibody could be useful to determine the role of 
IL-10 in EAE attenuation by GSK-3 inhibitors. 
 The inhibition of GSK-3 alters the pathogenic 
effects of Th1 and Th17 effector cells through 
reduced expression of their associated pro-
inflammatory cytokines. IFN-γ plays a pivotal 
role in EAE progression via the stimulation 
of macrophage infiltration into the CNS and 
microglia cells activation.34,35 High levels of 
IFN-γ were observed in EAE mice, but the 
blocking of GSK-3 by Tideglusib significantly 
downregulated its production. Concurrently, the 
secretion of IL-17A, IL-17F, and IL-21 by Th17, 
as well as IL-23 required for Th17 phenotype 
maintenance, was blocked in the presence of 
the GSK-3 inhibitor. As previously reported by 
Beurel et al., (2011), the inhibition of GSK-3 
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affects Th17 differentiation through the inhibition 
of transcription factor STAT3 activation and 
IL-6 production, which are required for Th17 
cell polarisation.36 Furthermore, the production 
of IL-9 by Th9 and/or Th17, which plays a 
role in EAE development, was blocked in the 
presence of Tideglusib.5 The blocking of IL-9 
expression by the GSK-3 inhibitor suggests the 
amelioration of Th17 pathogenic response by the 
GSK-3 inhibition mechanism. This is consistent 
with previous studies that demonstrated Th17-
derived IL-9 cytokine blockade delayed the 
disease onset.33 IL-4 is a cytokine responsible 
for Th2 cell differentiation, which subsequently 
produces IL-10 and IL-4 itself. In contrast to 
Th1 and Th17 cells, the presence of the GSK-3 
inhibitor does not affect Th2 cell polarization.10,36 
However, the inhibition of GSK-3 could induce 
IL-4+/IL-10+ co-producing cells in polarised 
Th2 cells.11 The increase in IL-4 production 
shown in the pre-EAE group was possibly by 
GSK-3 inhibition-induced Th2 polarization 
which was established prior to immunisation, 
thus provide better protection to the mice from 
the disease. On the contrary, low levels of IL-4 
in the same-day and onset groups may indicate 
the polarisation of Th1 and Th17 cells had 
taken place during and/or after immunisation 
of mice. However, further investigations are 
required to reveal the role of the GSK-3 inhibitor 
in cytokine alteration in different effector cell 
phenotypes. Interestingly, elevated IL-10 levels 
were observed in all Tideglusib-treated mice. 
These findings may indicate that increased IL-10 
production is associated with the inhibition of 
GSK-3. However, further investigations would 
provide better insight into the role of IL-10 in 
modulating EAE through GSK-3 regulation.

CONCLUSION

This study demonstrated that the efficacy and 
neuroprotective effects of Tideglusib on EAE 
mice were time-dependent and associated with 
the downregulation of Th1 and Th17 hallmark 
cytokines. The increase in IL-10 production by 
Tideglusib could imply the possible role of this 
immunosuppressive cytokine in the protection 
of the CNS from neuroinflammation. These 
findings could provide preliminary support to 
the new intervention and strategy for the use 
of Tideglusib in the treatment of EAE or MS.
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