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Objective(s): In the present study, C57BL/6 female mice (n=56) were used to explore the 
neuroprotective effects of riboflavin in motor disability of experimental autoimmune 
encephalomyelitis (EAE) as a model of multiple sclerosis.  
Materials and Methods: The animals were assigned into 7 groups: sham-operated 1 (SO1), healthy mice 
receiving PBS (phosphate buffer saline); sham-operated 2 (SO2), healthy mice receiving PBS and 
riboflavin; sham treatment 1 (ST1), EAE mice receiving water; sham treatment 2 (ST2), EAE mice 
receiving sodium acetate buffer; treatment 1 (T1), EAE mice receiving interferon beta-1a (INFβ-1a); 
treatment 2 (T2), EAE mice receiving riboflavin; treatment 3 (T3), EAE mice receiving INFβ-1a and 
riboflavin. After EAE induction, scoring was performed based on clinical signs. Upon detecting score 
0.5, riboflavin at 10 mg/kg of body weight and/or INFβ-1a at 150 IU/g of body weight administration 
was started for two weeks. The brain and spinal cord levels of brain-derived neurotrophic factor 
(BDNF), interleukin-6 (IL-6), and interleukin-17A (IL-17A) were studied using real-time PCR and 
ELISA methods. 
Results: BDNF expression and protein levels were increased in the brain and spinal cord of the T3 
group compared with the other groups (P<0.01). IL-6 and IL-17A expressions were increased in the 
brains of the T3 and T1 groups, respectively, compared to the other groups (P<0.01). The daily clinical 
score was reduced significantly by riboflavin in both effector and chronic phases of the disease 
compared with that of the controls (P<0.05).  
Conclusion: Our findings showed that riboflavin is capable of suppressing the neurological disability 
mediated by BDNF and IL-6. 
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Introduction 
Multiple sclerosis (MS) is a neuroinflammatory 

disease mediated by immune-cell in the central nervous 
system (CNS) (1). Experimental autoimmune 
encephalomyelitis (EAE) is a commonly employed 
animal model of MS. Several studies report the critical 
pathogenic role of inflammatory cytokines in the 
pathogenesis of MS/EAE (2, 3). In this context, 
interleukin-6 (IL-6) protects against reactive oxygen 

species (ROS) excitotoxicity decreasing the neuronal 
death in MS (4). IL-6 induces differentiation of T-cells 
into Th17 cells, which secrete interleukin-17A (IL-17A).  

IL-6 production in astrocytes is stimulated by IL-17 
in a positive feedback loop (4). 

Brain-derived neurotrophic factor (BDNF) is an 
important regulator of neuronal maturation and 
protection which is expressed in and around MS 
lesions (5). 
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Interferon beta (INFβ) is one of the most widely 
used drugs for MS, which is involved in the 
regulation of cytokines (6) and inhibition of IL-17 
secretion (7). However, a major limitation of this 
drug is that 30 to 50 percent of MS patients do not 
respond to INFβ therapy (8).  

Riboflavin is an essential nutrient in the human 
diet  (9); it is important in the myelin formation             
(10-15). Studies have shown that riboflavin 
deficiency in young chickens leads to general 
demyelinating polyneuropathy (12, 13, 15-20). 
Lipids of myelin, cerebrosides, sphingomyelin, and 
phosphatidylethanolamines, as critical components 
of the myelin sheath, are reduced in riboflavin 
deficiency. Riboflavin is also involved in the 
regulating processes of the nervous system (21). 
Reduced tissue levels of the riboflavin-based 
coenzymes flavin adenine dinucleotide (FAD) and 
flavin mononucleotide (FMN), leading to reduced 
cellular energy levels, may be associated with 
neurologic abnormalities characterized by segmental 
demyelination in riboflavin deficit chickens (15). 

Increased production of ROS and oxidative 
damage have been reported in the pathogenesis of 
MS and EAE (22, 23). Riboflavin is one of the 
antioxidant nutrients that may protect the body 
against oxidative stress via the glutathione redox 
cycle (24). We assess whether dietary antioxidants 
along with conventional treatments might be 
beneficial in MS treatment, and aimed to find 
whether riboflavin may have neuroprotective effects 
in motor disability of EAE. Furthermore, it was 
proposed that these effects can be mediated through 
gene expression and protein levels of BDNF and 
immunologic factors including IL-6 and IL-17 in the 
CNS of EAE. The answers to these questions could 
eventually be applied to predict the possible role of a 
new nutrition therapy aspect in MS patients.  

 
Materials and Methods  
Animals 

Ten-week-old C57BL/6 female adult mice 
(weighing 20–25 g) were purchased from Pasteur 
Institute (Tehran, Iran) and housed in standard cages 
under the following controlled conditions: 12 hr 
light/dark cycle; temperature 20±2°C and 50–60 % 
relative humidity with ad libitum access to food and 
water. Animals were preserved for 1 week for 
acclimation. Measures to improve welfare assistance 
and clinical status, as well as endpoint criteria, were 
established to minimize suffering and ensure animal 
welfare. Additionally, wet food pellets were placed 
on the bed-cage when the animals began to develop 
clinical signs to facilitate access to food and water. 

The mice (n=56) were assigned into 7 groups 
randomly (8 in each) (2) as follows:  

1) Sham+ phosphate buffer saline (PBS) (sham 
operated 1 or SO1), mice receiving PBS as vehicle 

(Veh) of pertussis toxin (PTX); 2) Sham +PBS+ 
Riboflavin (sham operated 2 or SO2), mice receiving 
PBS and riboflavin (Puritan's Pride Co., 1233 
Montauk Highway Oakdale, NY 11769-9001, United 
States); 3) EAE+Veh1 (EAE Sham treatment 1 or 
ST1), mice received the same volume of water (as 
vehicle of riboflavin); 4) EAE+Veh2 (Sham treatment 
2 or ST2), EAE mice received sodium acetate buffer 
(as vehicle of interferon beta-1a (INFβ-1a )); 5) EAE+ 
INFβ-1a (treatment 1 or T1), EAE mice received 
INFβ-1a (150 IU/g of body weight, subcutaneously; 
6) EAE+ Riboflavin (treatment 2 or T2), EAE mice 
received riboflavin (at 10 mg/kg of body weight, as 
gavage); 7) EAE+ INFβ-1a + Riboflavin (treatment 3 
or T3), EAE mice received INFβ-1a + riboflavin. 
 

EAE induction and experimental groups 
EAE was induced in the female mice at +10 weeks 

of age by Hooke Kit™ (Hooke labs, EK2110, 
Lawrence, MA, USA) according to the manufacturer’s 
guidelines as follows: After inhaled anesthesia                 
with ether to minimize stress, immunization was 
done by injecting 0.1 ml Myelin Oligodendrocyte 
Glycoprotein-35-55 (MOG35-55) emulsion in complete 
Freund’s adjuvant (CFA) to the flanks of each mouse 
(0.2 ml/mouse) subcutaneously, followed by 
administration of pertussis toxin (PTX) in PBS within 
2 hr and 22–26 hr after injection of the emulsion 
intraperitoneally (0.1 ml/mouse) (25, 26). Healthy 
control animals in sham groups were incubated with 
PBS without PTX and MOG35-55. Treatment started on 
the first day of clinical signs observation (days 9–14 
post-immunization) and consisted of daily oral 
gavage of riboflavin/water for two weeks (27, 28) or 
of the medication alone with INFβ-1a (RECIGEN®, 
CinnaGen Co., Tehran, Iran) / sodium acetate buffer, 
subcutaneously for the following two weeks (8).  
 

Clinical evaluation 
Mice were checked for the clinical symptoms of 

the EAE daily starting on one day before 
immunization until 35 days after immunization (dpi). 
The animals were daily evaluated for the signs of 
EAE according to Soleimani's procedure (29) using 
the 10 score system as follows: 0, no clinical disease; 
0.5, partial tail paralysis; 1.0, complete tail paralysis; 
1.5, complete tail paralysis and discrete hind limb 
weakness; 2.0, complete tail paralysis and strong 
hind limb weakness; 2.5, unilateral hind limb 
paralysis; 3, complete hind limb paralysis; 3.5, hind 
limb paralysis and forelimb weakness; 4.0, complete 
paralysis (tetraplegia); 5.0: moribund or dead. Three 
clinical parameters were analyzed in order to 
compare the course of EAE: to detect the severity of 
disease, cumulative disease index (CDI) score was 
calculated as the average of the sum of daily clinical 
scores for each mouse. The disease onset was 
calculated as the average of the first day of clinical 
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symptom for each mouse in the group. The peak 
disease score was calculated as the average of the 
highest individual score for each mouse in the group. 

 
Tissue harvesting and sectioning 

At the end of the each stage, animals were 
anesthetized deeply with ketamine (90 mg/kg) and 
xylazine (10 mg/kg) (30). Then, the animals were 
sacrificed; the whole brain and the spinal cord were 
removed and rinsed in ice-cold PBS (0.02 mol/l, pH 
7.0–7.2) to remove excess blood thoroughly. Specimens 
were placed on an ice-cold surface, cut in half, and 
weighed. Both brain hemispheres and spinal cord were 
snap-frozen in liquid nitrogen and stored at −80 °C until 
further processing (31). 
 
Molecular and biochemical assays 

In order to measure all biochemical and 
molecular parameters in the same region, the whole 
brain and spinal cord were removed for further 
assays (32).  
 
RNA preparation and cDNA synthesis 

Total RNA was extracted from whole brain and 
spinal cord with RNeasy® Lipid Tissue Mini Kit 
(Qiagen®, Hilden, Germany) according to the 
manufacturer’s instructions. All gene expression results 
were shown as arbitrary units relative to expression of 
the gene encoding β-actin. cDNA was synthesized from 
≤ 5 µg of total RNA using the oligo(dt)12-18 primers 
(InvitrogenTM by Life Technologies, Frankfurt, 
Germany) according to the manufacturer’s protocol.  
 
Quantitative real-time PCR 

mRNAs were quantified for BDNF, IL-6, and IL-
17A  using a step one fluorescence-based real-time 
PCR (Applied Biosystems, Foster City, CA, USA) using  
mouse TaqMan® probe (Applied Biosystems, Foster 
City, CA, USA) according to the manufacturer's 
instructions. For each gene, the samples were run in 
triplicate and the experiments were repeated three 
times (33).  The number of targets, normalized to an 
endogenous reference was defined by the Ct 
(threshold cycle) method  for comparing the relative 
expression ratio in real-time PCR between the 
treatment and the control groups (34).  

 
Enzyme-linked immunosorbent assay (ELISA) 

BDNF protein levels were assayed using BDNF 
EMAX® ImmunoAssay System (Promega, Madison, 
USA) (35). IL-6 and IL-17A levels were assayed using 
ELISA kits according to their manufacturer’s 
instructions (Diacolon, France) (1).  

 
Statistical methods 

For analyzing the ELISA, real-time PCR, and 

clinical observation at different phases of EAE data, 
ANOVA test followed by LSD post hoc test were 
applied. (1). GEE (Generalized Estimating Equations) 
model was used to compare the clinical scores 
between the experimental groups and evaluate the 
interaction between riboflavin and INFβ-1a (36). All 
results were presented as mean and the standard 
error of the mean (mean± SEM). A P-value less than 
0.05 was considered significant. Analyses were 
conducted using SPSS for Windows® v. 21 (SPSS Inc., 
Chicago, USA).  

All procedures were carried out in accordance with 
the conventional guidelines for experimentation with 
animals (NIH Publication, revised 1996) and approved 
by the Ethics Committee for Animal Experimentation at 
the Ahvaz Jundishapur University of Medical Sciences 
(AJUMS, NRC-9208).  

 

Results 
Riboflavin supplementation increases BDNF 
expression in the brain and spinal cord and also IL-6 
expression in the brain  

Real-time PCR revealed that BDNF expression was 
dramatically increased (P<0.01) in the brain and spinal 
cord of the T3 EAE group compared with the intact and 
EAE mice groups (Figures 1a and 1b). Also, IL-6 
expression was increased in the brain of the T3 EAE 
group compared with intact and EAE mice groups 
(Figure 1c, P<0.01).  
 
INFβ-1a but not riboflavin supplementation 
increases IL-17A expression in the brain  

IL-17A expression was increased (P<0.01) in the 
brains of the T1 EAE group as compared to that of 
intact and EAE mice groups (Figure 1e).  
 
Riboflavin supplementation increases protein levels 
of BDNF in the brain and spinal cord  

A markedly increased BDNF protein level in the 
whole brain of T3 EAE animals was seen compared 
to ST2, T1, and T2 EAE mice (P= 0.048; P= 0.041, 
P=0.023, respectively, Figure 2a). Animals in T1 and 
T2 groups showed significantly increased levels of 
BDNF in the spinal cord compared to the healthy 
controls and EAE mice (P <0.01, Figure 2b). In the 
sham+PBS group, a significant increase in BDNF 
levels was observed in the spinal cord but not in the 
brain of the mice compared to the other groups 
(Sham+PBS+Riboflavin and EAE animals, Figure 2b). 
No significant differences were found between the 
experimental groups in terms of IL-6 and IL-17A 
levels in the brain (Figures 2c and 2e) and spinal 
cord (Figures 2d and 2f).  
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Figure 1. Real-time PCR results of relative expression of brain-derived neurotrophic factor (BDNF), interleukin-6 (IL-6), and interleukin-17A (IL-
17A) mRNA in the brain and spinal cord. (a) (c) Animals in the T3 group showed significantly increased relative expression of BDNF and IL-6 in the 
brain compared to sham operated, sham-treated, and treatment groups (*P<0.01, **P<0.01). (e) Experimental autoimmune encephalomyelitis 
(EAE) mice in the T1 group showed significantly increased relative expression of IL-17A in the brain compared to sham operated, sham-treated, 
and treatment groups (***P<0.01). (b) Animals in the T3 group showed significantly increased relative expression of BDNF in the spinal cord 
compared to sham operated, sham-treated, and treatment groups (*P<0.01). Data are given as mean ± SEM analyzed by one-way ANOVA and LSD’s 
post hoc test. SO1 (sham operated 1, sham +PBS); SO2 (sham operated 2, sham+ PBS+ riboflavin); ST1 (sham treatment 1, EAE+ Veh1); ST2 (sham 
treatment 2, EAE +Veh2); T1 (treatment 1, EAE + INFβ-1a); T2 (treatment 2, EAE +riboflavin); T3 (treatment 3, EAE + INFβ-1a + riboflavin); BDNF 
(brain-derived neurotrophic factor). The experiments were repeated three times in duplicates. (n = 8 for all groups) 
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Figure 2. Protein quantification of the brain-derived neurotrophic factor (BDNF), interleukin-6 (IL-6), and interleukin-17A (IL-17A) 
expression in the whole brain and spinal cord by enzyme-linked immunosorbent assay (ELISA). (a) Animals in T3 group showed 
significantly increased BDNF protein  levels in the brain compared  to ST2, T1, and T2 experimental autoimmune encephalomyelitis (EAE) 
mice (*P = 0.048; ** P = 0.041, *** P =0.023, respectively). (c), (d), (e), and (f) There are no differences between the experimental groups in 
terms of IL-6 and IL-17 protein levels in the brain and spinal cord. (b) Animals in SO1 and SO2 groups, also EAE animals in ST1, ST2, and T3 
groups showed significantly decreased BDNF expression in the spinal cord compared to EAE mice in T1 and  T2 groups (*P= 0.001, **P= 
0.008, *** P =  0.000; **** P = 0.001, ***** P = 0.003; ****** P= 0.041, + P = 0.001; ++ P = 0.008, +++ P = 0.000, ++++ P =0.001). Results are 
shown as pg/mg tissue BDNF and pg/ml IL-6 and Il-17.  Data are given as mean ± SEM analyzed by one way ANOVA and LSD’s post hoc test. 
SO1 (sham operated 1, sham+ PBS); SO2 (sham operated 2, sham+ PBS+ riboflavin); ST1 (sham treatment 1, EAE+ Veh1); ST2 (sham 
treatment 2, EAE +Veh2); T1 (treatment 1, EAE + INFβ-1a); T2 (treatment 2, EAE +Riboflavin); T3 (Treatment 3, EAE + INFβ-1a + 
Riboflavin); BDNF (brain-derived neurotrophic factor). The experiments were repeated three times in triplicates. (n = 8 for all groups) 
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Table 1. Comparison of the daily clinical score between the study 
groups in different phases of experimental autoimmune 
encephalomyelitis (EAE) 

 

 

* Daily clinical score was significantly different between all 
experimental study groups and reduced significantly in the 
riboflavin treated groups rather than others at both two phase of 
the EAE (P<0.01). ANOVA followed by the LSD’s post hoc test was 
applied to analyze data. Effector phase (days 26–35 after 
immunization); chronic phase (days 30 to 35 post-immunization); 
ST1 (sham treatment 1, EAE+ Veh1); ST2 (sham treatment 2, EAE 
+Veh2); T1 (treatment 1, EAE + INFβ-1a); T2 (treatment 2, EAE 
+riboflavin); T3 (Treatment 3, EAE + INFβ-1a + riboflavin) 
 
 

Riboflavin supplementation ameliorates motor 
disability in EAE Mice 

There was a significant difference between all 
study groups in terms of clinical score means in both 
effector and chronic phases of the disease. Clinical 
score of the disease was significantly lower in the 
riboflavin treated group compared with that of the 
controls at both effector and chronic phases (P<0.05, 
Table 1).  

Animals in T1 group showed higher EAE disease 
severity as measured by CDI (41.7± 5.2) compared 
with ST2, T2, and T3 groups (22.8±6.3, 23.5±2.8, and 
19 ± 4.9, respectively; P<0.05, Figure 3a). In the T1 
EAE mice, peak disease score means were 
significantly higher than ST2 and T3 EAE mice 
(P<0.016, Figure 3b). T2 and T3 EAE mice showed 
significantly delayed onset of disease compared to 
ST1 EAE mice (P<0.04, Figure 3c). 

GEE model showed that INFβ-1a worsens the 
clinical scores (P=0.249). Riboflavin alone and in 
combination with INFβ-1a improved the clinical 
scores (P<0.01, Figure 4). 

GEE model showed that INFβ-1a worsens the 
clinical scores (P=0.249). Riboflavin alone and in 
combination with INFβ-1a improved the clinical 
scores (P<0.01, Figure 4).   

 

Discussion 
To our knowledge, this is the first report that has 

surveyed the effect of riboflavin supplementation on 
the motor disability and the levels of neurotrophins 
and cytokines in the brain and spinal cord of the EAE 
model of MS, addressing a new aspect of MS 
treatment. The results of this study demonstrated 
that riboflavin has positive effects on the EAE disease 
process. Riboflavin alone and in concordant use with 
INFβ-1a diminished the clinical severity of EAE and 
had an inhibitory effect on the EAE course, started at  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
Figure 3. Effects of the riboflavin supplementation on motor 
disability in experimental autoimmune encephalomyelitis 
(EAE) mice. (a) Starting from day 7 post immunization (p.i.), T1 
EAE mice (n = 8) showed significantly higher mean of the CDI 
score than ST2 (n = 8), T1 (n = 8), T2 (n = 8), and T3 (n = 8) EAE 
mice (*P<0.032, one-way ANOVA test). (b) In  the T1 and T3 
EAE mice, peak disease score means were significantly less than 
ST2 EAE mice (*P<0.016, one-way ANOVA test). (c) T2 and T3 
EAE mice showed significantly delayed onset of disease 
compared with ST1 EAE mice (n = 10) (*P<0.04, one-way 
ANOVA test). CDI (cumulative disease index, daily clinical 
scores for each mouse); Peak disease score (the mean of the 
highest individual score for each mouse in the group); Disease 
Onset (averaging the first day of clinical signs for each mouse); 
ST1 (sham treatment 1, EAE+ Veh1); ST2 (sham treatment 2, 
EAE +Veh2); T1 (treatment 1, EAE + INFβ-1a); T2 (treatment 2, 
EAE +Riboflavin); T3 (treatment 3, EAE + INFβ-1a + riboflavin). 
(n = 8 for all groups) 
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Figure 4. Clinical assessment of experimental autoimmune   encephalomyelitis (EAE) mice. Clinical signs (n =8 mice/group) were 
monitored   daily and the EAE mice were compared for 35 dpi. The intervention protocol was started after observation of the first signs of 
EAE induction and was continued for 2 weeks. Differences were observed between the EAE mice in different groups from 11 to 15 dpi (*P< 
0.05). In order to study the interactions between riboflavin and INFβ-1a on motor disability score, GEE (generalized estimating equations) 
model was used. Test of Model Effect indicated that concomitant use of riboflavin and INFβ-1a has a better effect than the use of INFβ-1a 
alone. ST1 (sham treatment 1, EAE+ Veh1); ST2 (sham treatment 2, EAE +Veh2); T1 (treatment 1, EAE + INFβ-1a); T2 (treatment 2, EAE 
+riboflavin); T3 (treatment 3, EAE + INFβ-1a + riboflavin). (n= 8 for all groups)  

 
the onset of the disease and continued to the peak (in 
both effector and chronic phases). We have 
previously shown that riboflavin supplementation 
(10 mg/day) for six months significantly reduced the 
expanded disability status scale (EDSS) for MS 
patients by 26.4 % compared with MS patients 
taking a placebo (15.4 % ) (37).  

We also evaluated the effect of riboflavin and 
INFβ-1a combination on neurologic disability. The 
purpose of this combination was to evaluate the 
possible interactions with riboflavin supplement. 
GEE model illustrated that INFβ-1a worsens the 
clinical scores, whereas combined administration of 
the INFβ-1a and riboflavin is more effective than the 
INFβ-1a administration alone (Figure 4). Since, lower 
CDI scores and late onset were observed in both 
groups receiving the combination of riboflavin/INFβ-
1a and also riboflavin alone, and on the other hand, 
there were no differences between the groups 
receiving the combination of riboflavin and INFβ-1a 
and riboflavin alone in terms of clinical score, it can 
be concluded that the improvement might be 
attributed to riboflavin administration independent 
of INFβ-1a. 

These effects were associated with modulation of 
the neurotrophic and immunologic activities. To 
investigate the role of immunologic mediators on 
riboflavin-mediated amelioration of the disease, the 
cytokines concentrations were evaluated in CNS.  We 
hypothesized that by administrating riboflavin, 
BDNF protein levels would be increased while the 
levels of IL-6 (inflammation-regulatory) and IL-17A 
(pro-inflammatory) in the whole brain and spinal 
cord of EAE mice would be reduced. To test our 

hypothesis, we assessed the levels of BDNF, IL-6, and 
IL-17A in the whole brain and spinal cord of the 
healthy controls and EAE animals. This analysis 
seems relevant because cytokines play important 
roles in the polarization of immune responses. In this 
context, IL-6 expression was increased in the whole 
brain of EAE mice receiving both riboflavin and 
INFβ-1a, and IL-17A expression was increased in the 
whole brain of EAE mice receiving INFβ-1a 
compared to those of other experimental groups 
(Figure 1).  

To investigate the role of neurotrophic mediators 
in riboflavin-related amelioration of the disease, the 
expression and protein levels of BDNF were 
evaluated in the CNS. We showed a markedly 
increased gene expression (P<0.01) and protein 
levels (P<0.05) of BDNF in the whole brain of EAE 
mice receiving both riboflavin and INFβ-1a 
compared to sham and other treated EAE groups.  

Studies have shown that riboflavin is involved in 
the metabolism of essential fatty acids in the brain 
lipids and the pathological effects of riboflavin 
deficiency are similar to fatty acid deficiency leading 
to rapid onset of abnormal development and 
maturation of the brain (10). Riboflavin selectively 
interferes in the peripheral nerve myelin synthesis 
(11). Moreover, mitochondrial dysfunction is known 
to cause neuronal injury (23). In addition, riboflavin 
has a role as a cofactor for succinate dehydrogenase 
in the complex II of mitochondrial respiratory chain 
generating intracellular adenosine triphosphate 
(ATP) (38). Since, CNS response to circulating 
neurotrophins depends on the intracellular ATP 
availability, enhancement of  mitochondrion survival 

http://www.google.com/url?url=http://en.wikipedia.org/wiki/Expanded_Disability_Status_Scale&rct=j&frm=1&q=&esrc=s&sa=U&ei=Op_kVJHYDJOhugSpr4GYCw&ved=0CBoQFjAB&sig2=N9QhnfvFP-ys555bkrUtxA&usg=AFQjCNHd3AisQ_Mx8O9ft5HjXwW2CFi1xQ
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and bio-energy with riboflavin increases its 
responsiveness to BDNF neurotrophin followed by 
increased production of myelin in MS (39).   

However, in this study, BDNF protein levels were 
higher in the spinal cord of mice receiving either 
riboflavin or INFβ-1a compared to the healthy 
controls and other EAE mice. This unexpected result 
is inconsistent with our hypothesis about the 
beneficial effects of IFNβ-1a with riboflavin 
according to clinical scores of animals. Higher levels 
of BDNF in the spinal cord of mice receiving IFNβ-1a 
can be interpreted as follows. As previous studies 
have mentioned, IFN-β effects are specific for each 
disease state & immune subsets.  IFN-β is the most 
effective in relapsing-remitting MS (RRMS) regulated 
by T cells and the least effective in progressive MS, 
which has chronic plaque with the least number of T-
cells and a large number of monocytes (40). This 
different treatment effect may explain why IFNβ-1a 
therapy is effective in increasing the levels of BDNF 
in the spinal cord but not the brain. Moreover, Th17 
plays an essential role in the MS process (41). 
However, no study has evaluated the role of BDNF in 
the regulation of Th17 cells. It is possible that the 
differentiation of these cells in the early stages of 
maturation has been regulated by BDNF. Also, BDNF 
may act in Th17 cells protection against activation-
induced apoptosis (42). At the moment, more studies 
are needed to confirm the role of BDNF in the 
regulation of Th17 cells.  

Moreover, it seems that mRNA expression and 
protein levels of BDNF are dramatically up-regulated 
in inflammatory pain models (43). Peripheral tissue 
inflammation induces an increased BDNF synthesis 
in the dorsal root ganglion and an elevated 
anterograde transport of BDNF to the spinal dorsal 
horn (44). Here, it may be thought that the gene 
expression and protein levels of BDNF observed in 
the treatment groups of the present study have been 
due to increased BDNF levels in inflammatory pain 
models. However, given that the EAE sham groups 
receiving water as Veh 1 (in ST1 group) and sodium 
acetate buffer as Veh 2 (in ST2 group) showed no 
significant increase in the gene expression and 
protein levels of BDNF in the whole brain compared 
with treatment groups, it could be accepted that the 
increased BDNF levels in the brain may be caused by 
riboflavin and/or IFNβ-1a administration. 

In this study, we have shown an increased 
expression of IL-6 coincided with increased 
expression of BDNF in the whole brain and the spinal 
cord of EAE mice receiving both riboflavin and INFβ-
1a. Another study sought the immune factors that 
regulate the BDNF levels and affect the survival of 
neuronal cells in vitro (5). IL-6 probably has a 
proliferative effect on astrocytes in vitro (45, 46), 
synergistically with other factors (47). In vitro assays 
showed that both virus-infected microglia and 
astrocytes secrete IL6, and that IL-6 induces the 

secretion of the neurotrophin nerve growth factor 
(NGF) by the latter (48). Microglia proliferates when 
stimulated with IL-6 in the culture, and IL-6 probably 
promotes survival through inducing BDNF (49). It 
was observed that IL-6 induces the neuronal 
differentiation of the rat pheochromocytoma PC12 
cell line, similar to the prototypical NGF 
neurotrophin (50, 51). In vivo, IL-6 knockout mice do 
not up-regulate this neurotrophin in dorsal root 
ganglia (DRG) following nerve injury (49). As a 
result, IL-6 behaves in a neurotrophin-like fashion 
and seemingly makes understandable why the 
cytokine family is known as neuropoietins (4). 
Therefore, it was not surprising that both BDNF and 
IL-6 expression were increased following the 
administration of riboflavin and INFβ-1a throughout 
the brain.  

In our study, we identified that disability is 
reduced in EAE mice treated with both riboflavin and 
riboflavin+INFβ-1a, while EAE mice treated with 
INFβ-1a did not respond to this medicine and the 
disease worsened. Studies showed that INFβ is 
ineffective in treating Th17-induced EAE and 
symptoms increase in these mice (8). One proposed 
hypothesis is that these non-responders have                    
the aggressive Th17 disease. To counteract 
inflammation, their immune system up-regulates 
INFβ. Since endogenous INFβ levels are already high, 
INFβ treatment is ineffective. A second hypothesis is 
that INFβ is pro-inflammatory during Th17 disease 
(52). Not only INFβ treatment would be ineffective, 
but it could also worsen the symptoms (8). This 
result is in concordance with the findings on RRMS, 
in which the patients with high IL-17F and INFβ 
show exacerbated disease. Thus, INFβ has polar 
effects in different contexts, leading to benefit in Th1 
conditions, but harm in Th17 conditions (8). 
Moreover, it has been shown that IFNβ alone could 
not inhibit IL-17 production in purified naïve CD4 
cells (8). Th17 inhibition likely requires the 
synergistic effects of IFNβ and IFNγ. Indeed, it was 
found that IFNβ or IFNγ alone could not attenuate IL-
17 production, but, IFNβ and IFNγ together reduced 
IL-17 (8). It is likely that the treatment prescribed in 
this study has prevented the effect of INFβ-1a on 
protein levels of IL-17 by reducing the levels of IFNγ 
in the brain and the spinal cord.  

The limitation of our study was lack of a group for 
controlling the EAE mice receiving the combination of 
riboflavin and INFβ. However, since there was no 
statistically significant difference between ST1 (sham 
treatment 1, EAE+ Veh1) and ST2 (sham treatment 2, 
EAE +Veh2) groups, this limitation can be bridged. 

Results of this study may demonstrate a new 
approach for the application of riboflavin 
supplementation in EAE and MS and therefore, suggest 
further studies to investigate the possible role of using 
riboflavin in amelioration of severity of MS.  
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Conclusion  
Our findings showed that supplementation of 

riboflavin increases the gene expression and protein 
levels of BDNF in the whole brain and the spinal cord 
as well as an increase in IL-6 gene expression in the 
whole brain in EAE mice suggesting that IL-6 and 
BDNF could have a role in the observed beneficial 
effects of riboflavin on neurological motor disability 
and therefore, they could be a target of strategic 
therapies. These findings strongly suggest that 
riboflavin dietary supplementation can be regarded 
as a possible therapeutic agent working with INFβ-
1a to reduce the deleterious effects of neurological 
disability in an EAE model of MS.  
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