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Abstract: Aberrant canonical Wnt–β-catenin signaling has been reported in multiple 

sclerosis (MS), although the results are controversial. The present study aimed to examine 

the role of the Wnt–β-catenin pathway in experimental MS and also to test moringin (4-[α-l-

rhamnopyranosyloxy]-benzyl isothiocyanate), resulting from exogenous myrosinase hydrolysis 

of the natural phytochemical glucomoringin 4(α-l-rhamnosyloxy)-benzyl glucosinolate as a 

modulator of neuroinflammation via the β-catenin–PPARγ axis. Experimental autoimmune 

encephalomyelitis (EAE), the most common model of MS, was induced in C57BL/6 mice by 

immunization with MOG
35–55

. Released moringin (10 mg/kg glucomoringin +5 μL myrosinase/

mouse) was administered daily for 1 week before EAE induction and continued until mice were 

killed on day 28 after EAE induction. Our results clearly showed that the Wnt–β-catenin pathway 

was downregulated in the EAE model, whereas moringin pretreatment was able to avert this. 

Moringin pretreatment normalizes the aberrant Wnt–β-catenin pathway, resulting in GSK3β 

inhibition and β-catenin upregulation, which regulates T-cell activation (CD4 and FoxP3), 

suppresses the main inflammatory mediators (IL-1β, IL-6, and COX2), through activation of 

PPARγ. In addition, moringin attenuates apoptosis by reducing the expression of the Fas ligand 

and cleaved caspase 9, and in parallel increases antioxidant Nrf2 expression in EAE mice. Taken 

together, our results provide an interesting discovery in identifying moringin as a modulator of the 

Wnt–β-catenin signaling cascade and as a new potential therapeutic target for MS treatment.
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Introduction
The central logic of the Wnt–β-catenin-dependent or Wnt canonical pathway has 

been revealed in the past two decades. The Wnt-signaling pathway regulates many 

biological events occurring in the developmental and adult phases of all animals.1 Wnts 

are a family of secreted signaling proteins, which activate either β-catenin-dependent 

or -independent intracellular pathways by binding to the seven-pass transmembrane 

receptors of the Frizzled family.2 Generally, the Wnt1 class acts via the canonical 

pathway, while the Wnt5 class acts via the noncanonical pathway.3,4 The key role of the 

canonical Wnt pathway is the stabilization of β-catenin present in the cytoplasm. When 

the Wnt ligand is absent, β-catenin binds with the adenomatous polyposis coli–Axin 

complex, which promotes β-catenin phosphorylation via the GSK3β enzyme. Then, 

phosphorylated β-catenin binds with the ubiquitin complex, resulting in degradation.3,5 

Wnt signaling prevents GSK3β activity, and thus increases the amount of β-catenin, 

which translocates into the nucleus and associates with TCF/LEF transcription factors, 

leading to the regulation of Wnt target genes.3
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Wnt–β-catenin signaling is involved in the development 

of sensory and motor neurons present in the brain and spinal 

cord via regulation of all facets of neuronal activities, includ-

ing differentiation, proliferation/senescence, and survival/

apoptosis.6–8 Moreover, Wnt-signaling pathway aberrations 

are associated with the adulthood diseases of the central 

nervous system (CNS), which points to its critical role in 

the development of the mature CNS.1,8 Growing evidence 

shows the importance of the Wnt–β-catenin pathway to 

stabilize neuronal cell survival and death in neurodegenera-

tive diseases, such as Alzheimer’s disease and Parkinson’s 

disease.1,9–11 In addition, the Wnt–β-catenin pathway seems 

to be involved in the pathogenesis and modulation of 

chronic pain in experimental autoimmune encephalomyelitis 

(EAE) mice,12 the most commonly used model for multiple 

sclerosis (MS). However, the role of the Wnt canonical 

pathway in MS is still unclear.

MS is a chronic inflammatory disease caused by an 

induction of autoreactive immune responses effected from 

T and B lymphocytes, which results in the demyelination 

of the myelin sheath around neurons in the CNS.13,14 It is 

noteworthy to emphasize that the present-day treatments 

for MS provide palliative relief, but do not cure the disease. 

Moreover, these treatments trigger many side effects that 

hinder their application for a prolonged period.15 Therefore, 

new drugs that may act on the underlying etiology with no 

side effects are urgently required to treat MS.

In the last few decades, PPARγ, an important target for 

diabetes treatment,16 has aroused great interest for its thera-

peutic role in brain disorders.17 In addition, since PPARγ 

is linked with the Wnt–β-catenin pathway,18,19 identifying 

novel PPARγ activators through Wnt–β-catenin pathway 

regulation has become a promising therapeutic approach 

for brain diseases.

In this regard, we investigated moringin (4-[α-l-

rhamnopyranosyloxy]-benzyl isothiocyanate) as a modula-

tor of neuroinflammation via the β-catenin–PPARγ axis in 

an experimental model of MS. Moringin is released from 

the precursor 4-(α-l-rhamnosyloxy)-benzyl glucosinolate 

(glucomoringin [GMG]), found predominantly in the seeds 

of Moringa oleifera, the most widely distributed plant of 

the Moringaceae family, by myrosinase (β-thioglucoside 

glucohydrolase; EC 3.2.1.147)-catalyzed hydrolysis.

Moringin has recently been characterized and proven 

to possess a broad range of biological activities, including 

protective effects against neurodegenerative disorders and 

particularly MS.20,21 In the present study, we evaluated the 

regulatory role of moringin in the Wnt canonical pathway 

and PPARγ activation in a mouse EAE model.

Materials and methods
Isolation and purification of glucomor­
ingin and myrosinase
GMG was isolated from M. oleifera seeds (PKM2 cake 

powder; Indena India Pvt Ltd, Bangalore, India) in two 

sequential steps – anion-exchange and size-exclusion 

chromatography – according to previously reported 

methods.22,23 The PKM2 cake powder was treated with boiling 

70% ethanol, in order to quickly deactivate the endogenous 

enzyme myrosinase. GMG was extracted at medium speed 

using an Ultra-Turrax homogenizer for 15 minutes, and 

the resulting homogenate was centrifuged at 17,700× g for 

30 minutes. The isolation of GMG from the extract was 

carried out by one-step anion-exchange chromatography.24 

The extract was loaded on a DEAE Sephadex A-25 (GE 

Healthcare UK Ltd, Little Chalfont, UK) anion-exchange 

column (150×26 mm) conditioned with 25 mM acetate buf-

fer (pH 5.6). After being washed with 1 L of distilled water, 

GMG was eluted with 500 mL of aqueous K
2
SO

4
, 0.2 M. The 

eluate was concentrated to dryness using a rotary evaporator at 

60°C–70°C under reduced pressure. Three subsequent extrac-

tions were carried out with 70–100 mL of boiling methanol. 

The alcoholic extract was then filtered and concentrated to 

15%–20% of the initial volume. The solution was warmed and 

slowly added dropwise to 200 mL of absolute ethanol that had 

been previously cooled to -20°C. This led to the precipitation 

of a white powder. After centrifugation, the solid GMG (as 

potassium salt) was dried and sealed under vacuum to prevent 

moisture uptake by the highly hygroscopic solid. The purity 

of GMG was further improved by gel filtration performed 

using an XK 26/100 column packed with Sephadex G-10 (GE 

Healthcare UK Ltd) connected to a fast protein liquid chroma-

tography (LC) system (AKTA; GE Healthcare UK Ltd).25

The mobile phase was water at a flow rate of 2 mL/min, 

and the eluate absorbance was monitored at 254 nm. After 

the void volume was discarded, 5 mL fractions were collected 

and analyzed by high-performance LC (HPLC), and those 

containing GMG were pooled and freeze-dried.26 The purity 

was assayed by HPLC analysis of the desulfo-derivative 

according to the ISO 9167-1 method,27 yielding approxi-

mately 99% based on peak area value and more than 95% 

on a weight basis, due to its high hygroscopic properties,28 

determined by a calibration curve of standard desulfo-GMG 

available in our laboratory. The enzyme myrosinase was 
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isolated from white mustard (Sinapis alba) seeds according 

to a reported method with some modifications.29

Briefly, the enzyme was extracted from white-mustard 

seeds with water and purified by affinity chromatography 

on Con A Sepharose (GE Healthcare UK Ltd). Then, the 

active fractions coming from affinity chromatography were 

pooled and dialyzed against 50 mM phosphate buffer, pH 

6.5, containing 0.15 M NaCl. The dialyzed Myr solution 

was concentrated and loaded onto a prepacked Superdex 200 

HiLoad 26/60 gel-filtration column (GE Healthcare UK Ltd) 

equilibrated with 50 mM phosphate buffer, pH 6.5, containing 

0.15 M NaCl connected with the fast protein LC system. The 

active fractions were pooled and concentrated with Amicon 

stirred cell model 8400 using an ultrafiltration membrane at 

30 kDa molecular weight cutoff (EMD Millipore, Billerica, 

MA, USA). The stock solution used in the present study had 

a specific activity of 60 U/mg of soluble protein. Enzymatic 

activity was 32 U/mL, and the solution was stored at 4°C in 

sterile saline solution at neutral pH until use. One myrosinase 

unit was defined as the amount of enzyme able to hydrolyze 

1 μmol/min of sinigrin at pH 6.5 and 37°C.30

enzyme bioactivation of glucomoringin
GMG (1 mg/mL) was suspended in phosphate-buffered 

saline (PBS; pH 7.2), and enzyme bioactivation of the 

phytochemical compound was required for mouse treatment. 

The in situ action of myrosinase (20 μL/mL) for 15 minutes 

at 37°C allowed the delivery of moringin quickly. Moreover, 

the total conversion of pure GMG into moringin before 

animal administration was confirmed by HPLC analysis, as 

reported in our previous work.31

induction of experimental autoimmune 
encephalomyelitis
This study was carried out in strict accordance with the rec-

ommendations in the guide for the care and use of laboratory 

animals of the National Institutes of Health. The protocol was 

approved by the Ministry of Health “General Direction of ani-

mal health and veterinary drugs” and this study was approved 

by “Animal Welfare Bodies” of IRCCS Centro Neurolesi 

Bonino-Pulejo, Messina, Italy. Particularly, animal care was 

in compliance with Italian regulations on the protection of 

animals used for experimental and other scientific purposes 

(D.lgs 26/2014). All efforts were made during experimental 

procedures, to minimize animal suffering and also to reduce 

the number of animal used. Male C57BL/6 mice (20–25 g) 

were anesthetized with an anesthetic cocktail consisting of 

tiletamine plus xylazine (10 mL/kg intraperitoneally). EAE 

was induced in mice using the peptide MOG
35–55

 (MEVG-

WYRSPFSRVVHLYRNGK, peak area by HPLC $95%; 

AnaSpec Inc., Fremont, CA, USA), based on Paschalidis  

et al.32 Mice were subcutaneously injected with 300 μL/flank 

of the suspension consisting of an equal volume of 300 μg 

MOG
35–55

 in PBS and complete Freund’s adjuvant consisting 

of 300 μg heat-killed Mycobacterium tuberculosis H37Ra 

(BD, Franklin Lakes, NJ, USA). After MOG
35–55

 injection, 

the animals immediately received an intraperitoneal injec-

tion of 100 μL Bordetella pertussis toxin (500 ng/100 μL; 

Sigma-Aldrich Co., St Louis, MO, USA) and 48 hours later. 

EAE induction followed a sequence of progressive degen-

eration with visible signs, such as tail flaccidity and loss of 

hind-leg movement.

experimental design
Mice were randomly separated into the following groups 

(n=35 total animals):

1. naïve group (n=5) – mice without any injection, serving 

as controls.

2. moringin control group (n=5) – mice not subjected to EAE 

induction, but injected with moringin (10 mg/kg GMG 

+5 μL Myr/mouse), killed as controls of drug safety and 

tolerance.

3. Myr control group (n=5) – mice not subjected to EAE 

damage, but only injected with Myr (5 μL Myr/mouse) 

to evaluate possible side effects, including allergenic 

reactions after administration.

4. EAE group (n=10) – mice receiving MOG injection.

5. EAE + moringin (n=10) – MOG-injected mice adminis-

tered with moringin (10 mg/kg GMG +5 μL myrosinase/

mouse); moringin administered intraperitoneally daily for 

1 week before EAE induction and continued daily after 

EAE induction until death.

After 28 days of EAE induction, mice were killed and spi-

nal cord tissues collected and processed for further analyses.

clinical disease-score evaluation
Mice showed initial signs of MS, including loss of tail 

tonus, hind-limb paralysis, and loss of body weight, after 

14 days of EAE induction. Clinical neurological score was 

assessed according to a standardized scoring system:33 0, 

no visible signs; 1, partial flaccid tail; 2, complete flaccid 

tail; 3, hind limb hypotonia; 4, partial hind-limb paralysis; 

5, complete hind-limb paralysis; and 6, moribund or dead 

animal. Mice with a clinical score $5 were killed to avoid 
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animal suffering. The following clinical disease parameters 

were assessed: incidence, day of onset of clinical signs, peak 

disease score, cumulative disease score (CDS), and mortality 

(Table 1). The first assessment of neurological disease score 

was measured on the day of EAE induction (day 0), and all 

subsequent assessments were performed every 48 hours until 

mice were killed. Days’ difference in the disease parameter 

is reported compared to the day of EAE induction (day 0). 

Days are reported as mean ± standard error of mean of all 

mice for each experimental set.

immunohistochemistry
Spinal cord tissues removed from the cervical region were 

fixed in 10% (w/v) PBS-buffered formaldehyde and embed-

ded in paraffin. The tissues were cut into 7 μm sections. After 

deparaffinization, tissues were incubated with 0.3% (v/v) 

hydrogen peroxide in 60% (v/v) methanol for 30 minutes to 

terminate endogenous peroxidase activity. Then, the tissue 

sections were blocked in 2% (v/v) normal goat serum in PBS 

for 20 minutes at room temperature.

Tissue sections were incubated overnight with the fol-

lowing primary antibodies:

•	 anti-IL-1β polyclonal antibody (1:50 in PBS v/v; Santa 

Cruz Biotechnology Inc., Dallas, TX, USA)

•	 anti-IL-6 polyclonal antibody (1:100 in PBS v/v; Abcam, 

Cambridge, UK)

•	 anti-Fas-ligand polyclonal antibody (1:100 in PBS v/v; 

Abcam)

•	 anti-cleaved caspase-9 monoclonal antibody (1:200 in 

PBS v/v; Abcam)

•	 anti-CD4 polyclonal antibody (1:100 in PBS v/v; Santa 

Cruz Biotechnology Inc.)

•	 anti-FoxP3 monoclonal antibody (1:100 in PBS v/v; Santa 

Cruz Biotechnology Inc.).

To avoid endogenous cross-reactivity of biotin- or 

avidin-binding sites, tissue sections were blocked separately 

with biotin and avidin for 15 minutes. Tissue sections were 

rinsed with PBS and incubated with secondary antibody. 

Specific labeling was performed using a biotin-conjugated 

antirabbit IgG and avidin–biotin peroxidase complex 

(VectaStain; Vector Laboratories, Burlingame, CA, USA). 

Then, the tissue sections were stained using a DAB per-

oxidase-substrate kit (Vector Laboratories), followed by 

hematoxylin counterstaining. In addition, tissue sections 

were incubated with either primary or secondary antibody to 

assess antibody specificity. In these cases, no positive stain-

ing was observed in the tissue sections, indicating that the 

immunoreactions were positive in all the experiments carried 

out. Immunohistochemical staining was evaluated using light 

microscopy (Leica DM 2000 combined with Leica ICC50 

HD camera), and images were acquired by Leica Application 

Suite version 4.2.0 software.

Western blot analysis
Spinal cord tissues were homogenized in ice-cold extraction 

buffer consisting of 0.32 M sucrose, 10 mM Tris–HCl 

(pH 7.4), 5 mM NaN
3
, 2 mM ethylenediaminetetraa-

cetic acid (EDTA), 1 mM ethyleneglycoltetraacetic acid 

(EGTA), 50 mM NaF, 10 mM 2-mercaptoethanol, and 

protease-inhibitor tablets (Hoffman-La Roche Ltd, Basel, 

Switzerland). The homogenates were kept on ice for 

15 minutes, centrifuged (1,000 g for 10 minutes at 4°C), 

and the supernatant removed to estimate cytosolic proteins. 

The pellets were resuspended in ice-cold lysis buffer con-

sisting of 10 mM Tris–HCl (pH 7.4), 150 mM NaCl, 1 mM 

EDTA, 1 mM EGTA, 1% Triton X-100, and protease-

inhibitor tablets. The resuspended pellets were kept on ice 

for 10 minutes, centrifuged (15,000× g for 30 minutes at 

4°C), and the supernatant removed to estimate nuclear pro-

teins. Supernatants were preserved at -80°C until use. The 

quantity of protein was calculated with protein-assay reagent 

(Bio-Rad Laboratories Inc., Hercules, CA, USA). Bovine 

serum albumin was used as the standard. Proteins (30 μg) 

were resolved on sodium dodecyl sulfate polyacrylamide 

minigels (8% or 12%) and transferred onto polyvinylidene 

difluoride membranes (Immobilon-P transfer membrane; 

EMD Millipore). After transfer, membranes were blocked 

with PBS containing 5% nonfat dried milk (PBS-milk 

(PM)) for 1 hour at room temperature, and incubated for 

overnight at 4°C overnight with specific antibodies: Wnt1 

Table 1 clinical parameters of eae

Group Incidence 
(%)

Day of disease onset 
(mean ± SD)

Peak disease 
(mean ± SD)

Cumulative disease 
score (mean ± SD)

Mortality

eae 100 12.2±0.62 3.72±0.3 28.21±10.4 0/10
eae + moringin 100 14.3±0.5 1.26±0.2* 7.91±1.07* 0/10
naïve 0 0 0 0 0/5

Notes: *P,0.005 compared to eae group. incidence was calculated as the percentage of mice that displayed any clinical signs of disease. One-way multiple comparisons with 
Tukey’s test were used to determine the statistical significance of differences. All data calculated from two experiments. Day of onset, first day mice showed clinical signs; 
peak of disease, maximum score observed between days 0 and 28; cumulative disease score, mean of sum of daily scores observed between days 0 and 28.
Abbreviations: eae, experimental autoimmune encephalomyelitis; sD, standard deviation.
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(1:250; Santa Cruz Biotechnology), β-catenin (1:500; Cell 

Signaling Technology, Danvers, MA, USA), CK2α (1:250; 

Santa Cruz Biotechnology Inc.), GSK3β (1:250; Santa Cruz 

Biotechnology Inc.), p-β-catenin (1:500; Santa Cruz Bio-

technology Inc.), PPARγ (1:250; Santa Cruz Biotechnology 

Inc.), COX2 (1:250; Santa Cruz Biotechnology Inc.), and 

Nrf2 (1:250; Santa Cruz Biotechnology Inc.). Then, mem-

branes were washed in PBS and incubated with horserad-

ish peroxidase-conjugated antimouse, -goat, or -rabbit IgG 

secondary antibody (1:2,000; Santa Cruz Biotechnology 

Inc.) for 1 hour at room temperature. Membranes were 

stripped and reprobed with β-actin (1:1,000; Santa Cruz 

Biotechnology Inc.) to confirm uniform protein loading. 

Protein bands were detected by an enhanced chemilumi-

nescence system (Luminata Western; EMD Millipore), and 

images were taken by ChemiDoc™ MP (Bio-Rad Labora-

tories Inc.) and quantified for relative expression of proteins 

using ImageJ software.

statistical analysis
Statistical analysis was performed using GraphPad Prism 

version 6.0 (GraphPad Software, Inc., La Jolla, CA, USA). The 

data were statistically analyzed by one-way analysis of variance 

and Bonferroni post hoc tests for multiple comparisons. A 

P-value #0.05 was considered statistically significant. Data are 

reported as mean ± standard error of mean of n experiments.

Results
Moringin ameliorates clinical disease 
score
Clinical disease score was evaluated as a functional neurologi-

cal parameter. EAE is a well-documented model of MS in the 

mouse and resembles the hallmarks of the disease, such as 

paralysis, loss of body weight, inflammation, demyelination 

in the CNS and blood–brain barrier leakage.34 In order to 

study the role of moringin obtained by myrosinase hydrolysis 

(Figure 1A) in regulating susceptibility to EAE, mice were 

Figure 1 Treatment with moringin ameliorates clinical score in eae mice.
Notes: (A) chemical structure and enzymatic reaction for bioactivation of glucomoringin by myrosinase. (B) clinical disease score. scores expressed as mean ± seM of all 
measurements of each experimental group. naïve group (n=5), eae group (n=10), eae + moringin (n=10). naïve vs eae, **P=0.0018; naïve vs eae + moringin, **P=0.005; 
eae vs eae + moringin, **P=0.0019. One way­analysis of variance with Bonferroni test were used to determine the statistical significance of differences. Data are expressed 
as mean ± seM.
Abbreviations: eae, experimental autoimmune encephalomyelitis; seM, standard error of mean; gMg, glucomoringin; iTc, isothiocyanate.
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pretreated with moringin and immunized with MOG
35–55

. 

The mice were monitored every 48 hours to assess clinical 

EAE signs. Compared to the EAE group, moringin pretreated 

mice showed a significant reduction in disease incidence and 

average CDS. The lower CDS in the EAE + moringin group 

was also reflected as a significant reduction in the severity 

of disease (Table 1). Indeed, EAE mice displayed a chronic-

progressive clinical course, while significant reduction in 

clinical score was observed in EAE mice pretreated with 

moringin. No sign of motor deficits was noticed in naïve ani-

mals (Figure 1B). These results suggest that moringin reduces 

disease progression and increases recovery of neurological 

function in EAE mice.

Moringin regulates the Wnt–β-catenin 
signaling pathway in eae development
Western blot analysis was performed in order to observe 

the modulation of the Wnt–β-catenin signaling pathway 

after EAE induction in mouse spinal cord. Achieved results 

showed that the Wnt–β-catenin canonical pathway was 

downregulated in EAE mice. Lower Wnt1 expression 

(Figure 2A) was found in spinal cord tissues taken from 

EAE mice compared to naïve and control ones, which led 

to enhanced expression of GSK3β (Figure 2B), which acts 

synergistically with CK2α (Figure 2C) in the multiprotein 

complex that phosphorylates cytoplasmic β-catenin, encour-

aging its ubiquitination and degradation. Indeed, β-catenin 

nuclear translocation was prevented in spinal cord tissues 

taken from EAE mice (Figure 2D), whereas cytoplasmic 

p-β-catenin expression was increased (Figure 2E). On the 

contrary, moringin pretreatment positively regulated the 

Wnt–β-catenin signaling pathway in EAE mice. As dem-

onstrated by Western blot analysis performed in spinal cord 

tissues, increased Wnt1 expression was found in pretreated 

EAE mice compared to untreated ones (Figure 2A). In addi-

tion, moringin pretreatment reduced the expression levels of 

GSK3β and CK2α (Figure 2B and C), by inhibiting phos-

phorylation of cytoplasmic β-catenin (Figure 2D). These 

results were further corroborated by enhanced expression 

of β-catenin in the nucleus (Figure 2E).

Moringin modulates apoptosis triggered 
by Wnt–β-catenin signaling pathway 
downregulation
In order to investigate apoptosis, we studied Fas-ligand 

expression by immunohistochemistry in spinal cord sec-

tions. Results showed negative staining for Fas in naïve mice 

(Figure 3A), moringin controls (Figure 3B), and Myr control 

mice (Figure 3C). On the contrary, marked immunopositiv-

ity for Fas in untreated EAE mice (Figure 3D, arrows) was 

found. Moringin-pretreated EAE mice showed negative 

staining for Fas (Figure 3E).

It is well known that activation of caspases is involved in 

apoptosis induction. Negative staining of cleaved caspase 9 

was observed in naïve mice (Figure 4A), as well as in control 

groups (Figure 4B and C). Immunohistochemistry results 

also showed that cleaved caspase-9 level was considerably 

increased in EAE mice (Figure 4D). Moringin pretreat-

ment totally suppressed the level of cleaved caspase 9 

(Figure 4E).

Moringin regulates production of cD4 
and Treg cells
CD4 T-cell expression is involved in cell-mediated immunity 

and the pathogenesis of MS, with destruction of the axonal 

myelin sheath in several areas of the spinal cord mediated 

mainly by self-reactive CD4 T cells. Immunohistochemical 

analysis performed in spinal cord sections showed negative 

staining for CD4 in naïve (Figure 5A), moringin controls 

(Figure 5B), and Myr control mice (Figure 5C). Positive 

staining for CD4 was observed in EAE mice (Figure 5D); 

conversely, no positive staining for CD4 expression was 

obtained in mice pretreated with moringin (Figure 5E). In 

addition, in order to verify whether treatment with moringin 

could modulate the production of regulatory T (T
reg

) cells, 

we evaluated expression of the transcription factor FoxP3 by 

immunohistochemical analysis. Our results showed negative 

staining for FoxP3 in naïve mice (Figure 6A) and in moringin, 

as well as the Myr control group (Figure 6B and C). Spinal 

cord sections from EAE mice showed positive staining for 

FoxP3 (Figure 6D), which was not observed in the tissues of 

EAE mice pretreated with moringin (Figure 6E).

Moringin modulates neuroinflammation 
triggered by Wnt–β-catenin signaling 
pathway downregulation
Enhanced expression of proinflammatory cytokines has been 

associated with many neurodegenerative diseases, includ-

ing MS. Furthermore, as it is known that Wnt–β-catenin 

signaling can regulate cytokine production, we analyzed the 

expression of IL-1β and IL-6 in spinal cord tissues collected 

from EAE-untreated and moringin-pretreated EAE mice by 

immunohistochemical staining.

As shown in Figure 7, no positive staining for IL-1β 

(Figure 7A) or IL-6 (Figure 8A) was obtained in naïve 
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mice, in the moringin control group (Figures 7B and 8B), 

or in Myr ones (Figures 7C and 8C), while high levels of 

the these proinflammatory mediators were noticed in spinal 

cord tissues of EAE mice. Specifically, positive inflamma-

tory cells are indicated by arrows in spinal cord sections 

stained with IL-1β and IL-6 (Figures 7D and 8D, respec-

tively) and arrowheads show vascular endothelium positive 

for IL-6 (Figure 8D). Negative staining for IL-1β and IL-6 

was observed in spinal cord tissues from EAE mice pre-

treated with moringin (Figures 7E and 8E, respectively). In 

addition, we investigated COX2 expression by Western blot 

analysis (Figure 9A). A basal level of COX2 was detected 

in naïve animals and control groups, while its level was 

significantly increased in EAE mice. Moringin-pretreated 

Figure 3 Moringin modulates Fas-ligand expression in eae.
Notes: immunohistochemical localization for Fas ligand in spinal cord tissues from naïve mice (A), ctl + moringin (B), ctl + Myr (C), eae mice (D), and eae mice pretreated 
with moringin (E). all images are representative of three independent experiments. The arrows indicate positive staining for Fas-ligand in cytoplasmic membranes of spinal 
cord tissues.
Abbreviations: eae, experimental autoimmune encephalomyelitis; ctl, control.

Figure 4 Moringin modulates cleaved caspase-9 expression in eae.
Notes: immunohistochemical localization for cleaved caspase 9 in naïve mice (A), ctl + moringin (B), ctl + Myr (C), eae mice (D), and eae mice pretreated with 
moringin (E). all images are representative of three independent experiments. The arrows indicate positive staining for cleaved caspase-9 in nuclei of spinal cord tissues.
Abbreviations: eae, experimental autoimmune encephalomyelitis; ctl, control.
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EAE mice showed reduced COX2 expression. In addition, 

we investigated whether moringin could be a potential acti-

vator of PPARγ via Wnt–β-catenin signaling. By Western 

blot analysis, a mild increase in PPARγ expression was 

found in EAE mice, while administration of moringin 

markedly increased PPARγ levels. Neither naïve mice nor 

the Myr control group showed any expression for PPARγ, 

whereas the moringin control group showed PPARγ expres-

sion (Figure 9B).

Moreover, as it is widely recognized that Glucosinolates 

(GLs) exert their protective effects by the capacity to induce 

expression of several enzymes via the Keap1–Nrf2–ARE 

pathway,35,36 we investigated expression of Nrf2. By Western 

blot analysis, we found that moringin pretreatment enhanced 

Figure 6 Moringin modulates FoxP3 expression in eae.
Notes: immunohistochemical evaluation for FoxP3-naïve mice (A), ctl + moringin (B), ctl + Myr (C), eae mice (D), and eae mice pretreated with moringin (E). all images 
are representative of three independent experiments.
Abbreviations: eae, experimental autoimmune encephalomyelitis; ctl, control.

Figure 5 Moringin modulates cD4 expression in eae.
Notes: immunohistochemical evaluation for cD4 in naïve mice (A), ctl + moringin (B), ctl + Myr (C), eae mice (D), and eae mice pretreated with moringin (E). all images 
are representative of three independent experiments.
Abbreviations: eae, experimental autoimmune encephalomyelitis; ctl, control.
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Nrf2 expression in EAE mouse spinal cord, while in untreated 

EAE mice, Nrf2 was absent (Figure 9C).

Discussion
MS is documented as the most common root of neurological 

disability.37 Recent research has described the importance 

of the Wnt–β-catenin signaling pathway for normal 

functioning of the adult CNS, and its aberration has been 

reported in degenerative and inflammatory CNS diseases, 

like MS.1,9,12,38,39 Moreover, Wnt signaling has been reported 

in immune cells present in the CNS, such as macrophages, 

microglia, and astrocytes, suggesting the critical role of 

the Wnt pathway in inflammation-mediated CNS injury 

and recovery.40,41 Although it is well known that the Wnt 

Figure 8 Moringin modulates il-6 expression in eae.
Notes: immunohistochemical evaluation for il-6 in naïve mice (A), ctl + moringin (B), ctl + Myr (C), eae mice (D), and eae mice pretreated with moringin (E). all images 
are representative of three independent experiments. The arrows indicate positive staining for inflammatory cells in vascular endothelium of spinal cord tissues.
Abbreviations: eae, experimental autoimmune encephalomyelitis; ctl, control.

Figure 7 Moringin modulates il-1β expression in eae.
Notes: immunohistochemical localization for il-1β in spinal cord tissues from naïve mice (A), ctl + moringin (B), ctl + Myr (C), eae mice (D), and eae mice pretreated 
with moringin (E). All images are representative of three independent experiments. The arrows indicate positive staining for inflammatory cells in vascular endothelium of 
spinal cord tissues.
Abbreviations: eae, experimental autoimmune encephalomyelitis; ctl, control.
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β

Figure 9 Moringin­modulated inflammatory mediators and Nrf2 activity in EAE.
Notes: Western blot analysis for cOX2 (A). naïve vs eae, ***P=0.0005; eae vs eae + moringin, ##P=0.0012. Western blot analysis for PParγ (B). eae vs eae + moringin, 
##P=0.0038. Western blot analysis for nrf2 (C). naïve vs eae, **P=0.0039; eae vs eae + moringin, ##P=0.003. all Western blot analyses were performed on spinal cord 
tissues sampled at 28 days from eae induction. β-actin was used as internal control. Blots are representative of three separate and reproducible experiments. statistical 
analysis was carried out on three repeated blots performed on separate experiments. Data are expressed as mean ± seM.
Abbreviations: eae, experimental autoimmune encephalomyelitis; ctl, control; nD, not detectable.

canonical pathway can modulate the immune system by 

repressing the inflammatory process during MS, the role 

of the Wnt canonical pathway in regulating remyelination 

remains controversial.42 Some studies have supported the 

notion that the Wnt–β-catenin pathway may act as a negative 

modulator of the remyelination process, via inhibiting 

oligodendrocyte differentiation and myelin formation.43–45 

Conversely, results from recent studies suggested that the 

Wnt canonical pathway may promote remyelination.38,46,47

In the present study, we evaluated the involvement 

of the Wnt–β-catenin pathway in the etiopathology of an 

experimental EAE model and also tested a formulation of 

moringin, obtained from GMG by myrosinase-catalyzed 

hydrolysis, as a modulator of neuroinflammation via 

the β-catenin–PPARγ axis. In accordance with previous 

studies,12,48 our results showed that the canonical Wnt–β-

catenin pathway is inactivated in EAE development. We 

found that in mice subjected to EAE, cytoplasmic β-catenin 

was constantly phosphorylated by increased expression of 

CK2α and GSK3β, which inhibited nuclear translocation 

of β-catenin and consequent activation of Wnt target genes 

involved in cell survival. The enhanced activity of CK2α 
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and GSK3β was paralleled by Wnt1 suppression. Moreover, 

upregulation of GSK3β induced the degradation of β-catenin, 

which resulted in apoptosis of neurons. Apoptosis was con-

firmed by significant positive staining for proapoptotic Fas 

and cleaved caspase 9 in the spinal cord sections of EAE 

mice. Pretreatment with moringin markedly ameliorated the 

clinical score induced by EAE.

Interestingly, moringin pretreatment reverted the abnor-

mal Wnt–β-catenin signaling of EAE mice. We found that 

moringin reduced levels of CK2α and GSK3β, which in turn 

increased Wnt1 and nuclear β-catenin levels. Reduction in 

GSK3β expression was further supported by the absence 

of cytoplasmic phosphorylated β-catenin, which resulted 

in the attenuation of apoptosis, evidenced by reduction in 

Fas and cleaved caspase 9. Moreover, we noticed that in 

the spinal cord of EAE mice, CD4 and FoxP3 levels were 

elevated, which indicated engagement and infiltration of T
reg

 

cells in the CNS. MOG-induced activation of CD4+/Foxp3+ 

T
reg

 cells have been already demonstrated in EAE mice.49 

The proinflammatory mediators IL-1β, IL-6, and COX2 were 

also increased. Moringin repressed EAE-associated T
reg

-cell 

activation by diminishing CD4 and FoxP3 levels. Addition-

ally, moringin decreased IL-1β, IL-6, and COX2 levels in 

EAE mice. Indeed, similar suppression of T-cell response in 

EAE has been demonstrated by sulforaphane, another widely 

examined isothiocyanate present in cruciferous vegetables.50,51 

From our findings, we propose that moringin may control 

EAE-associated T
reg

-cell molecules via Wnt-signaling activa-

tion. It is well known that the Wnt-signaling pathway regu-

lates T-cell activation.52,53 Increased Wnt1/β-catenin levels 

and decreased GSK3β level in moringin-administered EAE 

mice corroborated our notion, suggesting the active inhibition 

of MOG-induced T-cell activation via the moringin-mediated 

Wnt-signaling pathway.

Studies in recent years have demonstrated the beneficial 

efficacy of PPARγ agonists in the treatment of MS and 

other neurodegenerative diseases to suppress inflammatory 

and oxidative stress.54–56 Since PPARγ is associated with 

the Wnt–β-catenin pathway,18,19 we investigated whether 

moringin could be a potential activator of PPARγ via 

CK2α

Wnt–β-catenin OFF Wnt–β-catenin ON

Wnt

Extracellular Extracellular

CytoplasmCytoplasmFrizzled

β-Catenin

GSK3β GSK3β
APC

APC

CK2α
β-Catenin

β-Catenin β-Catenin

β-Catenin

β-Catenin
Apoptosis

TCF/LEF PPARγ, Nrf2

Frizzled

Wnt

Nucleus

P

Figure 10 Wnt–β-catenin canonical pathway.
Notes: in the absence of the Wnt ligand (off), β-catenin is phosphorylated by the destruction complex formed by axin, aPc, cK2α, and gsK3β, leading to β-catenin 
degradation and subsequent induction of neuronal cell death. in the presence of the Wnt ligand, the Wnt canonical pathway is activated (on), and β-catenin is not 
phosphorylated by the destruction complex formed by axin, aPc, cK2α, and gsK3β. Therefore, β-catenin is free to translocate into the nucleus, where it binds with the 
TcF/leF transcription factors and promotes the transcription of Wnt target genes.
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Wnt–β-catenin signaling. We observed a mild increase in 

PPARγ levels in EAE mice, which might have resulted from 

an innate anti-inflammatory response. Interestingly, EAE 

mice administered with moringin exhibited marked upregu-

lation in PPARγ expression. We assume that the observed 

reduction of the proinflammatory mediators IL-1β, IL-6, and 

COX2 in moringin-treated EAE mice might be attributed to 

elevated levels of PPARγ.

Moreover, moringin pretreatment augmented antioxi-

dant Nrf2 expression in EAE mice. It has been well docu-

mented that isothiocyanates may exert their antioxidative 

effects by Nrf2 activation.36,57 Of note, it is important to 

emphasize that GSK3β downregulation increases Nrf2 

expression.36 We assume that the enhanced expression 

of Nrf2 might have resulted from the moringin-regulated 

reduction of GSK3β. Our results are in parallel with 

previous studies, where it has been reported that synthetic 

sulforaphane, another widely examined isothiocyanate 

present in cruciferous vegetables, increased the level 

of Nrf2 by reducing GSK3β expression.58–60 Figure 10 

shows a graphic representation of β-catenin signaling-

mediated PPARγ and Nrf2 regulation in the presence or 

absence of Wnt.

Conclusion
Our results demonstrated that in EAE mice, moringin nor-

malizes the aberrant Wnt–β-catenin pathway and inhibits 

GSK3β. Furthermore, moringin suppresses proinflammatory 

mediators via PPARγ activation and attenuates apoptosis. We 

propose that moringin might be a potential PPARγ agonist 

in the treatment of MS.
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